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CHAPTER 94

Chronic kidney 
disease: definition, classification, 
and approach to management
Ashish Upadhyay, Lesley A. Inker, and Andrew S. Levey

Introduction
Chronic kidney disease (CKD) is an important global public health 
problem (Levey et al., 2007). More than 2 million people worldwide 
are estimated to be receiving treatment with dialysis or transplanta-
tion for chronic kidney failure, and this population has been grow-
ing at an approximate rate of 7% per year (Lysaght, 2002). However, 
poor outcomes from CKD are not limited to kidney failure but also 
include a wide array of morbidity and mortality related to compli-
cations, particularly from decreased kidney function and cardio-
vascular diseases (CVD).

The National Kidney Foundation (NKF) sponsored the Kidney 
Disease Outcomes Quality Initiative (KDOQI) clinical prac-
tice guidelines in 2002, which described the conceptual model, 
definition, and classification of CKD (Kidney Disease Outcomes 
Quality Initiative (K/DOQI), 2002). These guidelines were sub-
sequently adopted with minor modifications by the international 
guideline group Kidney Disease Improving Global Outcomes 
(KDIGO) in 2004 (Levey et  al., 2005). The CKD guidelines 
represented a fundamental paradigm shift, from viewing kid-
ney disease as a life-threatening condition affecting few people 
requiring care by nephrologists, to a common condition meriting 
attention by general internists, and requiring a concerted public 
health approach for prevention, early detection, and manage-
ment (Rettig et al., 2008; Levey et al., 2009a). In less than a dec-
ade, the guidelines have had a major effect on clinical practice, 
research, and public health, but have also generated substantial 
controversy (Eckardt et  al., 2009; James et  al., 2010; Levey and 
Coresh, 2012). In 2009, KDIGO held a controversies conference 
to re-examine the CKD definition and classification. Participants 
at this conference reached a consensus to retain the 2002 KDOQI 
definition of CKD, but recommended including the cause of CKD 
and the level of albuminuria in the revised classification system 
(Levey et al., 2011). Based on these recommendations, KDIGO 
recently updated the 2002 KDOQI guidelines in 2012 (Kidney 
Disease:  Improving Global Outcomes (KDIGO) CKD Work 
Group, 2013).

The goal of this chapter is to review the current conceptual model 
and definition, current and proposed classification systems, the 
rationale for the definition and classification, as well as approach to 
the care of patients with CKD.

Definition and classification of chronic 
kidney disease
Conceptual model of CKD
Fig. 94.1 shows the KDOQI conceptual model for the development, 
progression, and complications of CKD (Levey et al., 2009a; Kidney 
Disease Outcomes Quality Initiative (K/DOQI), 2002). This model 
describes the natural history of CKD. Kidney failure is identified as 
the end stage of CKD, which is preceded by the stages of decreased 
glomerular filtration rate (GFR), kidney damage, and antecedent 
conditions associated with higher risk for developing CKD. The 
model suggests that kidney disease worsens over time by transition-
ing through a defined sequence of stages, regardless of the cause and 
rate of progression through each stage. Thus, it should be possible 
to detect CKD prior to kidney failure by testing for markers of kid-
ney damage and estimating the level of GFR. The horizontal arrows 
pointing from left to right emphasize the progressive nature of CKD. 
However, the rate of progression is variable and not all CKD pro-
gresses; thus, a diagnosis of CKD does not equate with eventual 
development of kidney failure. Interventions in earlier stages may 
slow or prevent the progression to later stages. Early stages of kidney 
disease may be reversible, and individuals with kidney failure can 
revert to earlier stages through kidney transplantation, shown as 
dashed arrowheads pointing from right to left. Recent studies sug-
gest that CKD is a risk factor for development of acute kidney injury 
(AKI), and that episodes of AKI may increase the risk for progres-
sion of CKD (Ishani et al., 2009; Lo et al., 2009; Pannu et al., 2011).

The model also highlights that adverse outcomes of CKD are not 
limited to progressive decline in kidney function. Other complica-
tions include metabolic and endocrine complications of decreased 
GFR, such as anaemia, bone and mineral disorders, malnutrition 
and neuropathy, representing mild forms of uraemic manifesta-
tions, nephrotic syndrome in patients with marked albuminu-
ria, and CVD, often leading to death. More recently recognized 
complications are threats to patient safety from systemic toxicity 
and nephrotoxicity due to drugs and procedures, infections, and 
impaired cognitive and physical function. These complications may 
arise at earlier stages and patients with CKD can suffer from compli-
cations of CKD without progression to kidney failure. Strategies for 
prevention, early detection, and treatment of CKD complications 
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may prolong survival and improve quality of life even if there is no 
effect on kidney disease progression.

Finally, the conceptual model also identifies a population at 
increased risk for developing CKD. Attributes which differentiate 
the population at higher risk from the population at lower risk are 
defined as ‘risk factors’ for development of CKD. Increased risk can 
arise from exposure to factors that cause kidney damage, such as 
hypertension or diabetes, or increased susceptibility to kidney dam-
age, such as older age or reduced nephron mass. Some risk factors 
may be modifiable and, in principle, detection and modification of 
these risk factors could delay or prevent the development of CKD.

Definition of chronic kidney disease: diagnostic 
criteria and their rationale
Definition
CKD is defined as the presence of kidney damage or GFR < 60 
mL/min/1.73 m2 (GFR in mL/min/1.73 m2 may be converted to 
mL/s/1.73 m2 by multiplying by 0.01667) for ≥ 3  months, irre-
spective of cause (Table 94.1) (Kidney Disease Outcomes Quality 
Initiative (K/DOQI), 2002; Levey et al., 2005). An important aspect 
of the definition is that the criteria are objective and can be ascer-
tained by simple laboratory tests, and can be irrespective of cause. 
Kidney failure is defined as either (a) GFR < 15 mL/min/1.73 m2 
(which in most cases will be accompanied by signs and symptoms 
of uraemia) or (b)  a need to start kidney replacement therapy 
(dialysis or transplantation). Kidney failure is not synonymous 
with end-stage renal disease (ESRD), the administrative term in 
the United States and elsewhere that indicates treatment by dialysis 
or transplantation. The term ESRD does not include patients with 
kidney failure who are not treated with dialysis and transplantation.

Rationale for kidney damage as a diagnostic criterion  
for the definition of CKD
Presence of kidney damage qualifies for the definition of CKD 
even in the absence of low GFR as kidney damage portends a poor 

prognosis for the major outcomes related to CKD. Ascertainment of 
damage is usually made without kidney biopsy. Because most kid-
ney disease is due to diabetes or hypertension, persistent proteinu-
ria or albuminuria is the principal marker. Epidemiologic studies 
in diverse populations have shown graded relations between higher 
albuminuria and mortality and kidney outcomes, in addition to, 
and independent of, low GFR and risk factors for CVD (Chronic 
Kidney Disease Prognosis Consortium et al., 2010; Hemmelgarn 
et al., 2010; Astor et al., 2011; Gansevoort et al., 2011). In addition, 
albuminuria has also been shown to be independently associated 
with other CKD complications like anaemia, acidosis, hypoalbu-
minaemia, hyperparathyroidism, and hypertension (Inker et  al., 
2011). The generally accepted threshold for albuminuria as a 
marker of kidney damage is 30 mg/day, roughly equivalent to a uri-
nary albumin to creatinine ratio of > 30 mg/g or > 3 mg/mmol. 
Apart from albuminuria and proteinuria, abnormalities in urine 
sediment (e.g. presence of red blood cells, white blood cells, tubular 
cells, or casts), imaging studies (e.g. hydronephrosis, asymmetry in 
kidney size, polycystic kidney disease, small echogenic kidneys), 
and blood and urine chemistry measurements (those related to 
altered tubular function, such as renal tubular acidosis) may reflect 
kidney damage and can fulfil the criterion for kidney damage.

Rationale for decreased GFR as a diagnostic criterion  
for the definition of CKD
Reduced kidney function, specifically a GFR < 60 mL/min/1.73 m2, 
is also defined as CKD. The level of GFR is usually accepted as the 
best overall index of kidney function in health and disease (Smith, 
1937). The normal level of GFR varies according to age, sex, and 
body size. GFR in healthy young adults is approximately 120–130 
mL/min/1.73 m2 and declines by approximately 1 mL/min/1.73 m2 
per year after the third decade (Davies and Shock, 1950; Lindeman 
et al., 1985). Thus, a GFR level of < 60 mL/min/1.73 m2 represents 
the loss of half or more of the adult level of normal kidney function. 
More than 25% of individuals aged 70 years and older have a GFR < 
60 mL/min/1.73 m2 in the United States, which may reflect intrinsic 
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Fig. 94.1 Conceptual model for chronic kidney disease. This diagram presents the continuum of development, progression, and complications of chronic kidney 
disease (CKD) and strategies to improve outcomes. Green circles represent stages of CKD; aqua circles represent potential antecedents of CKD; lavender circles represent 
consequences of CKD; and thick arrows between circles represent the development, progression, and remission of CKD. ‘Complications’ refers to all complications of 
CKD, including complications of decreased GFR and cardiovascular disease. Complications may also arise from adverse effects of interventions to prevent or treat the 
disease. The horizontal arrows pointing from left to right emphasize the progressive nature of CKD. Dashed arrowheads pointing from right to left signify that remission is 
less frequent than progression.
Modified from American Journal of Kidney Diseases (Kidney Disease Outcomes Quality Initiative (K/DOQI), 2002; Levey et al., 2009a).

 

 

 

 



Table 94.1 Criteria for definition of chronic kidney disease

Criteria Comment

Duration ≥ 3 months, based on 
documentation or inference

Duration is necessary to distinguish chronic from acute kidney diseases:
◆ Clinical evaluation can often suggest duration
◆ Documentation of duration is usually not available in epidemiologic studies

Glomerular filtration rate (GFR) <60  
mL/min/1.73 m2

GFR is the best overall index of kidney function in health and disease:
◆ The normal GFR in young adults is ~ 125 mL/min/1.73 m2. GFR < 15 mL/min/1.73 m2 is defined as kidney failure
◆ Lower levels are rare in young individuals (<40 years), are associated with increasing complications of CKD, and are 

associated with adverse outcomes, including cardiovascular disease morbidity and mortality in individuals with or 
without diabetes

◆ Decreased GFR can be detected by current estimating equations for GFR based on serum creatinine (estimated 
GFR) but not by serum creatinine alone

◆ Decreased estimated GFR can be confirmed by measured GFR.

Kidney damage, as defined by structural 
abnormalities or functional abnormalities 
other than decreased GFR

Pathologic abnormalities (examples). Clinical diagnosis is based on pathology and cause. Markers of kidney damage 
may reflect pathology:
◆ Glomerular diseases (diabetes, autoimmune diseases, systemic infections, drugs, neoplasia)
◆ Vascular diseases (atherosclerosis, hypertension, ischaemia, vasculitis, thrombotic microangiopathy)
◆ Tubulointerstitial diseases (urinary tract infections, stones, obstruction, drug toxicity)
◆ Cystic disease (polycystic kidney disease)

History of kidney transplantation. In addition to pathologic abnormalities observed in native kidneys, common 
pathologic abnormalities include the following:
◆ Chronic allograft nephropathy (non-specific findings of tubular atrophy, interstitial fibrosis, vascular and 

glomerular sclerosis)
◆ Rejection
◆ Drug toxicity (calcineurin inhibitors)
◆ BK virus nephropathy
◆ Recurrent disease (glomerular disease, oxalosis, Fabry disease)

Albuminuria as a marker of kidney damage (increased glomerular permeability, urine albumin-to-creatinine ratio 
(ACR) >30 mg/g):a

◆ The normal urine ACR in young adults is <10 mg/g. Urine ACR categories 10–29, 30–300 and > 300 mg are 
termed ‘high normal, high, and very high, respectively. Urine ACR > 2000 mg/g is accompanied by signs and 
symptoms of nephrotic syndrome (low serum albumin, oedema and high serum cholesterol)

◆ Threshold value corresponds approximately to urine dipstick values of trace or 1+, depending on urine 
concentration

◆ High urine ACR can be confirmed by urine albumin excretion in a timed urine collection
◆ Higher levels are associated with adverse outcomes, including progression of kidney disease and cardiovascular 

disease in individuals with or without diabetes mellitus
◆ Therapies that reduce albuminuria are associated with slowing the progression of diabetic and non-diabetic 

kidney disease

Urinary sediment abnormalities as markers of kidney damage:
◆ Red blood cell casts in proliferative glomerulonephritis
◆ White blood cell casts in pyelonephritis or interstitial nephritis
◆ Oval fat bodies or fatty casts in diseases with proteinuria
◆ Granular casts and renal tubular epithelial cells in many parenchymal diseases (non-specific)

Imaging abnormalities as markers of kidney damage (ultrasound, computed tomography, and magnetic resonance 
imaging with or without contrast, isotope scans, angiography):
◆ Polycystic kidneys
◆ Hydronephrosis due to obstruction
◆ Cortical scarring due to infarcts, pyelonephritis or vesicoureteral reflux
◆ Renal masses or enlarged kidneys due to infiltrative diseases
◆ Renal artery stenosis
◆ Small and echogenic kidneys (common in later stages of CKD due to many parenchymal diseases)

(continued)
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degenerative processes or the high prevalence of systemic vascular 
diseases that affect the kidney (Coresh et al., 2007). The definition 
of decreased GFR as a criterion for CKD does not vary with age. 
Whatever its cause, a GFR < 60 mL/min/1.73 m2 in the elderly is 
an independent predictor of adverse outcomes such as death and 
CVD, and is associated with an increased prevalence of systemic 
complications (Chronic Kidney Disease Prognosis Consortium 
et al., 2010). Similar to younger patients, adjustment of drug doses 
is required in the elderly with lower GFR.

Classification of chronic kidney disease
The NKF/KDOQI classification of CKD is based solely on the 
severity of the disease as indicated by the level of GFR, with higher 
stages representing lower GFR levels: GFR > 90 mL/min/1.73 m2 
(stage 1), 60–89 mL/min/1.73 m2 (stage 2), 30–59 mL/min/1.73 
m2 (stage 3), 15–29 mL/min/1.73 m2 (stage 4), and < 15 mL/
min/1.73 m2 (stage 5) (Kidney Disease Outcomes Quality Initiative  
(K/DOQI), 2002). Patients receiving treatment with dialysis are sub-
classified as GFR stage 5D to highlight the specialized care required 
for dialysis. As growing volume of evidence suggested an important 
role of albuminuria in the pathogenesis of disease progression and 
complications, the KDIGO sponsored an international conference 
in 2009 to examine the relationship of GFR and albuminuria to 
mortality and kidney outcomes (Levey et al., 2011). On the basis 
of data from 45 cohorts with > 1.5 million participants, the KDIGO 
conference recommended to modify the KDOQI classification by 
adding albuminuria stages, subdivision of stage 3, and the underly-
ing cause of CKD (Levey et al., 2011). Based on these recommen-
dations, KDIGO recently updated the 2002 KDOQI classification 
system (Tables 94.2, 94.3, and 94.4, ) (Kidney Disease: Improving 
Global Outcomes (KDIGO) CKD Work Group, 2013). The combi-
nation of GFR, albuminuria and cause will help to classify patients 
according to their risk for CKD complications (Table 94.5).

Use of GFR and albuminuria categories to assess  
for future complications
Both lower GFR and higher albuminuria are independently asso-
ciated with a higher risk for all of the major CKD complications, 
including all-cause mortality, cardiovascular mortality, progressive 

kidney disease, kidney failure, and AKI (Figs 94.2 and 94.3) (Levey 
et al., 2011). The KDIGO conference put forth a ‘heat map’ that 
combines GFR and albuminuria categories into four groups based 
on a composite of risks for the five outcomes: low (green), moder-
ate (yellow), high (orange), and very high (red) (Fig. 94.4) (Levey 
et al., 2011).

Use of GFR and albuminuria categories to assess  
for concurrent complications
Concurrent complications of decreased GFR include anaemia, 
acidosis, bone and mineral disorders, malnutrition, hyperten-
sion, neuropathy, and decreased quality of life (Kidney Disease 
Outcomes Quality Initiative (K/DOQI), 2002). As shown in 
Fig. 94.5, the burden of complications is especially high in CKD 
GFR stages 4–5 (GFR < 30 mL/min/1.73 m2) (Inker et al., 2011). 
A recent analysis of data from the United States-based National 
Health and Nutrition Examination Surveys (NHANES) showed 
a minimal association between higher levels of albuminuria 
and a higher prevalence of anaemia, hypoalbuminaemia, acido-
sis, hypertension, and hyperparathyroidism (Inker et  al., 2011). 
Higher albuminuria was not associated with hyperphosphataemia. 
Lower estimated GFR, on the other hand, was strongly associated 
with all six of these complications. Susceptibility to side effects of 
medications or diagnostic and therapeutic procedures, such as 
imaging studies, are increased at lower GFR, and are not known to 
vary by the level of albuminuria.

Approach to the care of patients 
with chronic kidney disease
CKD care is directed by the cause of CKD and the levels of GFR and 
albuminuria. Identification of the cause may allow for a ‘specific’ 
therapy directed at the underlying pathologic processes. Thereafter, 
staging based on GFR and albuminuria can be used to guide 
‘non-specific’ therapies to slow progression and reduce complica-
tions (Tables 94.2 and 94.3).

Evaluation
Fig. 94.6 provides a five-step guide for the detection and evalu-
ation of CKD (Levey and Coresh, 2012). During routine health 

Criteria Comment

Renal tubular syndromes as markers of kidney damage:
◆ Renal tubular acidosis
◆ Nephrogenic diabetes insipidus
◆ Bartter and Gitelman syndromes
◆ Fanconi syndrome
◆ Cystinuria
◆ Familial hypomagnesaemia with hypercalciuria and nephrocalcinosis (FHHNC)

a Albumin-to-creatinine ratio (ACR) conversion factor 1.0 mg/g = 0.113 mg/mmol. Urinary creatinine excretion reflects muscle mass; it varies with age, sex, race, diet, and nutritional status, 
and generally exceeds 1.0 g/day in healthy adults. Therefore urine ACR (mg/g) is usually less than urinary albumin excretion rate (mg/day). Urine albumin excretion rate of 30–300 and > 
300 mg/day correspond to microalbuminuria and macroalbuminuria, respectively. Normal urine contains small amounts of albumin, low molecular weight serum proteins, and proteins 
derived from renal tubules and the lower urinary tract. In most kidney diseases, albumin is the predominant urine protein, comprising approximately 60% of urine total protein when total 
protein is very high. Values corresponding to normal, high-normal, high, very high and nephrotic range total protein are approximately < 50, 20–50, 50–500, > 500, and > 3500 mg/day. 
Reproduced from The Lancet (Levey and Coresh, 2012).

Table 94.1 Continued

 

 

 

 

 

 

 

 



Table 94.2 Categories of CKD by the level of GFR

Category GFR levels (mL/
min/1.73 m2)

Terms Clinical action plan

G1a > 90 Normal or high Diagnose and treat the cause

Treat comorbid conditions

Evaluate for CKD risk factors

Start measures to slow CKD progression

Start measures to reduce CVD risk

G2a 60–89 Mildly decreasedb Estimate progression

G3a 45–59 Mildly to moderately decreased Adjust medication dosages as indicated

Evaluate and treat complicationsG3b 30–44 Moderately to severely decreased

G4 15–29 Severely decreased Prepare for kidney replacement therapy (transplantation and/or dialysis)

G5 < 15 Kidney failure

(add D if treated by dialysis)

Start kidney replacement therapy (if uraemia present)

a GFR stages G1 or G2 without markers of kidney damage do not fulfil the criteria for CKD.
b Relative to young adult level.

GFR in mL/min/1.73 m2 may be converted to mL/s/1.73 m2 by multiplying by 0.01667.

CVD = cardiovascular diseases; GFR = glomerular filtration rate.

Table 94.3 Categories of CKD by the level of albuminuria

Category AER (mg/day) Approximately equivalent ACR Terms Clinical action plan

(mg/mmol) (mg/g)

A1 < 30 < 3 < 30 Normal to mildly 
increased

Diagnose and treat the cause

Treat comorbid conditions

Evaluate for CKD risk factors

Start measures to slow CKD progression

Start measures to reduce CVD risk

A2 30–299 3–30 30–299 Moderately 
increaseda

Treatment with renin–angiotensin system blockers and lower 
blood pressure goal if hypertensive

A3 ≥ 300 ≥ 30 ≥ 300 Severely increased Treat nephritic or nephrotic syndrome (if present)

a Relative to young adult level.

AER = albumin excretion rate; ACR = albumin-to-creatinine ratio; CVD = cardiovascular diseases.

Table 94.4 Classification of CKD based on presence or absence of systemic disease and location of pathologic-anatomic findings

Examples of systemic diseases affecting the kidney Examples of primary kidney diseases (absence  
of systemic diseases affecting the kidney)

Glomerular diseases Diabetes, autoimmune diseases, systemic infections, drugs, neoplasia 
(including amyloidosis)

Diffuse, focal or crescentic proliferative glomerulonephritis; 
focal and segmental glomerulosclerosis; membranous 
nephropathy; minimal change disease

Tubulointerstitial 
diseases

Systemic infections, autoimmune, sarcoidosis, drugs, urate, environmental 
toxins (lead, aristolochic acid), neoplasia (myeloma)

Urinary tract infections, stones, obstruction

Vascular diseases Decreased perfusion (heart failure, liver disease, renal artery disease); 
atherosclerosis, hypertension, ischaemia, cholesterol emboli, vasculitis, 
thrombotic microangiopathy, systemic sclerosis

ANCA-associated vasculitis; fibromuscular dysplasia

Cystic and congenital 
and diseases

polycystic kidney disease, Alport syndrome, Fabry disease, oxalosis Renal dysplasia, medullary cystic disease

Diseases affecting the 
transplanted kidney

Acute rejection; chronic rejection; calcineurin inhibitor toxicity; recurrence 
of native kidney disease (diabetes, oxalosis, Fabry disease)

BK virus nephropathy; recurrence of native kidney disease 
(glomerular disease)

ANCA = antineutrophil cytoplasmic antibody.

Note: genetic diseases are not considered separately because some diseases in each category are now recognized as having genetic determinants.
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check-ups, efforts should be made to identify individuals who 
are at high risk for CKD (Table 94.1). Those deemed at high risk 
should at a minimum have a measurement of serum creatinine 
to estimate GFR and an assessment of albuminuria. The optimal 
frequency of testing for high-risk individuals, however, has not 
been well studied. Various guideline groups recommend yearly 

testing for patients with diabetes, hypertension, human immu-
nodeficiency virus infection, hepatitis C infection, and malig-
nancies (Chobanian et al., 2003, 2011; Gupta et al., 2005; Kidney 
Disease:  Improving Global Outcomes (KDIGO), 2008b). Until 
evidence is available, it is reasonable to suggest that individuals at 
increased risk who do not have these conditions be tested at least 

Table 94.5 Kidney measures as risk factors for CKD complications

Complications (current and future) Kidney measures Other risk factors for complications

GFR Albuminuria Cause

Progressive decline in GFR + +++ +++ High blood pressure, male sex, black race, younger age

Worsening albuminuria + +++ +++ High blood pressure

Acute kidney injury +++ + - Age, comorbid conditions

Kidney failure +++ + +++

CVD and mortality +++ +++ ++ Age, history of CVD, CVD risk factors

Drug toxicity +++ + Drug exposure, liver disease

Metabolic/endocrine +++ + +

Others (infection, cognitive 
impairment, frailty, etc.)

++ ++ ++ Age, comorbid conditions

CVD = cardiovascular diseases; GFR = glomerular filtration rate.
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Fig. 94.2 CKD complications by estimated GFR and albuminuria. Summary of CKD complications by estimated GFR (eGFR) and albuminuria in general population 
cohorts. eGFR is a continuous variable. The three lines represent urine albumin-to-creatinine ratio (ACR) of < 30mg/g or dipstick negative and trace (blue), urine 
ACR 30–299 mg/g or dipstick 1+ positive (green), and urine ACR ≥ 300mg/g or dipstick ≥ 2+ positive (red). All results are adjusted for age, sex, race, history of clinical 
cardiovascular disease, and cardiovascular disease risk factors (smoking, systolic blood pressure, diabetes, and serum total cholesterol), and compared with reference 
point of eGFR of 95 mL/min/1.73 m2 and ACR of < 30 mg/g or dipstick negative (diamond). Each point represents the pooled relative risk from a meta-analysis. Solid 
circles indicate statistical significance compared with the reference point (P < 0.05); triangles indicate non-significance. Red arrows indicate eGFR of 60 mL/min/1.73 m2. 
HR = hazard ratio; OR = odds ratio.
Reproduced from Kidney International (Levey et al., 2011).
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every 3 years. If CKD is diagnosed, the cause should be sought, 
and staging should be done on the basis of GFR and albuminuria 
levels.

Determination of the cause
A presumptive cause for CKD (Table 94.4) is generally established 
after a complete review of medical history, clinical course, and the 
assessment of urine, laboratory, and imaging findings. Specialized 
diagnostic tests, such as kidney biopsy and invasive imaging stud-
ies, are only performed when a definitive diagnosis is expected to 
change treatment or provide a better understanding of prognosis. 
Hence, it is anticipated that the underlying cause may not be known 
with certainty in many patients.

It is also important to understand that there are geographic vari-
ations in the cause of CKD. Diabetes and hypertension are the most 
common causes in Europe and North America whereas glomeru-
lar diseases are predominant in East Asia. Glomerular and inter-
stitial diseases related to chronic infections are more common in 
the developing world. Tubulointerstitial diseases are known to be 
endemic in certain areas like the Balkans and Scotland.

Assessment of kidney damage
Urine examination, laboratory measurements, and imaging of kid-
ney and urinary tract are used in the assessment of kidney damage. 
Urinalysis entails macroscopic, dipstick, and microscopic examina-
tion of urine to assess for specific gravity, pH, blood, protein, glu-
cose, abnormal cells, casts, and crystals that might indicate damage. 
Laboratory measurements are important to quantify proteinuria, 
or to look for urine and serum measurements related to abnormal 
tubular function. Imaging studies are especially important to assess 
damage in individuals with a history of polycystic kidney disease, 
kidney stones, or childhood vesicoureteral reflux.

Albuminuria is the principal marker of damage. In addition to 
albumin, other types of urine protein includes low-molecular-weight 
proteins that are filtered by the kidney and incompletely reab-
sorbed by the tubules, proteins derived from tubular epithelium 
(e.g. Tamm–Horsfall protein), and proteins derived from the lower 
urinary tract. Healthy persons usually excrete only 50–100 mg/day 
of total protein in the urine. However, because of the wide range 
and multiple potential causes for transient increases in proteinu-
ria, such as fever, urinary tract infections, and exercise, the upper 
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Fig. 94.3 CKD complications based on estimated GFR and albuminuria. Summary of CKD complications by estimated GFR (eGFR) and albuminuria in general 
population cohorts. eGFR is a categorical variable. All results are adjusted for age, sex, race, history of clinical cardiovascular disease, and cardiovascular disease risk factors 
(smoking, systolic blood pressure, diabetes, and serum total cholesterol), and compared with the reference cell (Ref). Each cell represents a pooled relative risk from a 
meta-analysis; bold numbers indicate statistical significance at P < 0.05. Incidence rates per 1000 person-years for the reference cells are 7.0 for all-cause mortality,  
4.5 for cardiovascular disease mortality, 0.04 for kidney failure, 0.98 for acute kidney injury (AKI), and 2.02 for kidney disease progression. Absolute risk can be computed 
by multiplying the relative risks in each cell by the incidence rate in the reference cell. Colours reflect the ranking of adjusted relative risk. The point estimates for each cell 
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yellow, the rank numbers 15–21 are orange, and the rank numbers 22–28 are coloured red.
Reproduced from Kidney International (Levey et al., 2011).
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limit of normal usually extends to levels as high as 200–300 mg/
day to avoid false-positive results. In addition, persistence of high 
level of proteinuria for at least 3 months is required to define CKD. 
Albumin is the predominant urinary protein in most proteinuric 
kidney diseases, and albuminuria is the earliest sign of kidney 
disease secondary to diabetes, glomerular diseases, and hyperten-
sion. The ratio of albumin or total protein concentration to creati-
nine concentration in a spot urine specimen has replaced 24-hour 
excretion rates as the preferred method for quantifying albumi-
nuria and proteinuria. These ratios give an approximate measure 
of the daily albumin or protein excretion in milligrams (Ginsberg 
et al., 1983). Although spot ratios are convenient and corrects for 
variations in urinary albumin or protein concentration due to dif-
ferences in hydration, they may not accurately estimate 24-hour 
excretion rates in patients with a urine creatinine excretion that 
is substantially higher or lower than the normal range. Table 94.6 
shows the normal and abnormal values for albuminuria and pro-
teinuria for different types of measurements.

Estimation of GFR
(see also Chapter 7.)

GFR is estimated from a serum creatinine concentration in the 
standard clinical practice. A  number of creatinine-based equa-
tions are available for GFR estimation, and most use a combina-
tion of age, sex, race, and body size as surrogates to account for the 

non-GFR determinants of serum creatinine. The Modification of 
Diet in Renal Disease (MDRD) Study equation is the most widely 
used estimating equation (Levey et al., 1999). The MDRD Study 
equation is reasonably accurate for GFR < 60 mL/min/1.73 m2, but 
has increased imprecision and bias for higher GFR (Stevens et al., 
2007a). The Chronic Kidney Disease-Epidemiology Collaboration 
(CKD-EPI) equation is more accurate and less biased than the 
MDRD Study equation, particularly at higher levels of GFR (Levey 
et al., 2009b; Levey and Stevens, 2010; Stevens et al., 2010; Earley 
et al., 2012), and also is more accurate at predicting risk for future 
adverse outcomes (Matsushita et al., 2012). The Cockcroft and Gault 
equation is simpler but its routine use is no longer recommended as 
its performance is less accurate than the other equations with the 
use of standardized creatinine assays (Stevens et al., 2007b). The 
MDRD Study and CKD-EPI equations were both developed in the 
United States and only have a choice of black (African Americans) 
or non-black for race. It is therefore not known how these equa-
tions fare in all other geographic areas and racial groups, and modi-
fications have been proposed for individuals from China and Japan 
(Rule and Teo, 2009). All creatinine-based estimating equations 
may be inaccurate in individuals with unusual body composition, 
such as in a setting of limb amputation, extreme obesity, or spi-
nal cord injury (Stevens and Levey, 2009). If an accurate estimate 
of GFR is required, a clearance measurement should be obtained, 
either a 24-hour urine collection for creatinine clearance or a 

Composite ranking for
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and albuminuria:
(KDIGO 2009)
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Fig. 94.4 Composite ranking for relative risks by GFR and albuminuria (KDIGO). Composite ranking for relative risks by glomerular filtration rate (GFR) and albuminuria 
(Kidney Disease: Improving Global Outcomes (KDIGO) 2009). As in Fig. 94.3, colours reflect the ranking of adjusted relative risk. The ranks assigned in Fig. 94.3 were 
averaged across all five outcomes for the 28 GFR and albuminuria categories. The categories with mean rank numbers 1–8 are green (low risk), mean rank numbers 9–14 
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diagonal hash marks is extrapolated based on results from the meta-analysis of chronic kidney disease cohorts. The highest level of albuminuria is termed ‘nephrotic’ 
to correspond with nephrotic range albuminuria and is expressed here as > 2000 mg/g. Column and row labels are combined to be consistent with the number of 
estimated GFR (eGFR) and albuminuria stages agreed on at the conference.
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clearance of an exogenous filtration marker, such as iothalamate or 
iohexol.

Cystatin C is an endogenous filtration marker that is not rou-
tinely used in clinical practice but has been suggested as a pos-
sible alternative to serum creatinine. Cystatin C is less affected 
by race and muscle mass than serum creatinine, but is affected 
by other non-GFR determinants that are not fully understood 
(Stevens et al., 2009). While serum cystatin C level alone pro-
vides GFR estimates that are nearly as accurate as those esti-
mated from serum creatinine level, estimated GFR from cystatin 
C is not more accurate than creatinine-based estimating equa-
tion (Stevens et al., 2008, Stevens et al., 2011). An equation that 
includes both serum creatinine and cystatin C provides the 
most precise and accurate estimates (Inker et al., 2012), and the 
KDIGO guidelines recommend eGFR based on creatinine and 
cystatin C as a confirmatory test for decreased GFR in settings 
where eGFR based on creatinine may be inaccurate (Kidney 
Disease:  Improving Global Outcomes (KDIGO) CKD Work 
Group, 2013). In addition, cystatin C has been shown in some 
studies to be a better predictor of adverse events than serum cre-
atinine or GFR estimated from serum creatinine, particularly in 
elderly or patients with CVD (Shlipak et al., 2005; Peralta et al., 
2011a, 2011b; Shlipak et al., 2013). It is possible that non-GFR 

determinants of cystatin C may explain some of this improved 
risk prediction.

Management
Tables 94.2 and 94.3 describe the clinical action plan for patients 
with CKD based on the level of GFR and albuminuria. These 
non-specific recommendations and treatments should be instituted 
along with specific treatments for the cause of kidney disease, if 
the cause is known and treatments are available. For both GFR and 
albuminuria, the main focus of management is on estimating and 
slowing the progression of CKD, reducing CVD risk, and avoid-
ing exposure to nephrotoxic agents. For GFR, additional focus 
should be on evaluating and treating complications (Table 94.5), 
adjusting drug doses on the basis of kidney function, and prepar-
ing for kidney replacement therapy (transplantation or dialysis) 
when GFR falls to < 30 mL/min/1.73 m2. For albuminuria, slow-
ing progression and treating albuminuria with renin–angiotensin 
system blockers should be considered. Specialized nephrology care 
is recommended for severe reduction in GFR or high albuminuria, 
uncertain diagnosis, or difficult to manage complications.

Referral criteria recommended in major guidelines are enumer-
ated in Table 94.7.
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Fig. 94.5 CKD complications by albuminuria and estimated GFR categories. Prevalence rates are unadjusted.
Adapted from Inker et al. (2011).
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Table 94.7 Criteria for nephrology referral

Guideline group Referral criteria

National Kidney 
Foundation/Kidney 
Disease Outcomes Quality 
Initiative (NKF/KDOQI) 
(2002, 2004)

Age < 18

eGFR < 30 mL/min/1.73 m2

ACR > 30 mg/mmol

Haematuria not secondary to urological conditions

Inability to identify a presumed cause of CKD

Increased risk for progression of kidney disease

GFR decline > 30% within 4 months without explanation

Difficult to manage complications of CKD such as anaemia secondary to CKD requiring erythropoietin stimulating therapy, or 
abnormalities of bone and mineral metabolism requiring phosphorus binders or vitamin D preparations

Hyperkalaemia (serum potassium concentration > 5.5 mEq/L)

Resistant hypertension (BP > 130/80 mm Hg despite adherence to a three-drug antihypertensive regimen that includes a diuretic)a

Difficult-to-manage complications of blood pressure lowering agentsa

National Institute for 
Health and Clinical 
Excellence (NICE) (2008)

eGFR < 30 mL/min/1.73 m2

Proteinuria (ACR ≥ 70 mg/mmol, PCR ≥ 100 mg/mmol, or 24-hour protein excretion ≥ 1g) unless due to diabetes and already treated

Proteinuria (ACR ≥ 30 mg/mmol, PCR ≥ 50 mg/mmol, or 24-hour protein excretion ≥0.5g) with haematuria

Rapidly declining eGFR (>5 mL/min/1.73m2 per year, or >10 mL/min/1.73m2 per 5 years)

People with, or suspected of having, rare or genetic causes of CKD

CKD with renal artery stenosis

Caring for Australasians 
with Renal Impairment 
(CARI) (Levin et al., 2008; 
Johnson, 2011)

eGFR <30 mL/min/1.73 m2

Proteinuria (ACR ≥ 30 mg/mmol, PCR ≥ 50 mg/mmol, or 24-hour protein excretion ≥ 0.5g)

Rapidly declining eGFR (> 5 mL/min/1.73 m2 per 6 months)

CKD with difficult to control blood pressure with at least 3 agents

CKD with unexplained anaemia (Haemoglobin < 10 g/dL)

1.  Recognition of increased risk for CKD (Table 94.1)
• Increased susceptibility to CKD
• Exposure to diseases or conditions that cause CKD

2.  Testing for CKD
• Measure serum creatinine to estimate GFR
• Measure urinary albumin or protein
• Search for other markers of kidney damage specific to the risk
   (urine sediment or imaging abnormalities, renal tubular syndrome)
• Confirmatory tests (if indicated)

3.  Detection of CKD
• GFR <60 mL/min/1.73 m2 (measured or estimated)
• Kidney damage (pathologic abnormalities, markers, or history of kidney
   transplantation)
• Duration >3 months (documented or inferred)

4.  Evaluation of clinical diagnosis for implementation of specific therapy
• Diabetic kidney disease (type 1 or type 2)
• Non-diabetic kidney disease (glomerular diseases other than diabetic kidney
   disease, vascular diseases, tubulointerstitial diseases. cystic diseases)
• Kidney disease in kidney transplant recipients

5.  Evaluation of GFR and albuminuria categories for implementation of
     non-specific therapy

Fig. 94.6 Detection and evaluation of chronic kidney disease. 
CVD = cardiovascular disease; GFR = glomerular filtration rate; HBV = hepatitis 
B virus; HCV = hepatitis C virus; HIV = human immunodeficiency virus; 
NSAID = non-steroidal anti-inflammatory drugs.

Table 94.6 Albuminuria and proteinuria measures (see also Chapter 50)

Measure Categories

Normal 
to mildly 
increased

Moderately 
increased

Severely 
increased

AER (mg/24 hours) < 30 30–300 > 300

PER (mg/24 hours) < 150 150–500 > 500

ACR

(mg/mmol) < 3 3–30 > 30

(mg/g) < 30 30–300 > 300

PCR

(mg/mmol) < 15 15–50 > 50

(mg/g) < 150 150–500 > 500

Protein reagent strip Negative to 
trace

Negative to + + or greater

ACR = albumin-to-creatinine ratio; AER = albumin excretion rate; 
PCR = protein-to-creatinine ratio; PER = protein excretion rate.

(Continued)
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Persistent eGFR < 30 mL/min/1.73 m2

Progressive decline in kidney function

Proteinuria (ACR ≥ 60 mg/mmol, PCR ≥ 100 mg/mmol, 24-hour protein excretion ≥ 900mg, 24-hour albumin excretion ≥ 500mg)

Inability to achieve treatment targets

Rapid changes in kidney function

Japanese Society of 
Nephrology (2009)

eGFR < 50 mL/min/1.73 m2

Proteinuria (PCR > 0.5 g/g or 2+ by dipstick)

Dipstick positive for proteinuria and haematuria

Rapidly progressive kidney disease

CKD stages 1–3 with difficult to control blood pressure

a Kidney disease or hypertension specialist.

ACR = albumin-to-creatinine ratio; eGFR = estimated glomerular filtration rate; PCR = protein-to-creatinine ratio.

Table 94.7 Continued
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Chronic kidney disease 
in the developed world
Morgan E. Grams and Josef Coresh

Overview
Chronic kidney disease (CKD) is an important and increasingly 
common public health issue within the developed world. Both 
reduced glomerular filtration rate (GFR) and albuminuria are 
independently and continuously associated with acute kidney 
injury (AKI), cardiovascular disease (CVD), end-stage renal dis-
ease (ESRD), and death. A disease of multiple aetiologies but most 
commonly attributed to diabetes and hypertension, CKD rates and 
progression vary widely by population. Some explanations of the 
variation are intrinsic to the population studied—the age distri-
bution, the frequency of high-risk genetic alleles (such as those in 
polycystic kidney disease (PKD) and apolipoprotein 1 (APOL1), 
for example), and the burden of chronic conditions such as diabe-
tes and hypertension—but some are extrinsic, such as variation in 
diagnostic scrutiny and CKD staging, creatinine assay standardiza-
tion, and GFR estimating equations, as well as the threshold for 
renal replacement therapy (RRT). For these reasons, comparing 
CKD rates across countries is a daunting task. Nonetheless, accu-
rate identification and staging of CKD in the developed world is 
essential to optimal care, including adherence to current guidelines 
and the development of new and effective interventions.

Introduction
Often asymptomatic until the advanced stages of disease, CKD 
has been historically under-recognized by both patient and pro-
vider. Increased appreciation of CKD-related sequelae, coupled 
with advances in CKD reporting and staging, may improve CKD 
detection and treatment. Recent progress includes the standardi-
zation of serum creatinine assays (Myers et  al., 2006; College of 
American Pathologists, 2011), the introduction and refinement of 
GFR estimating equations (Levey et al., 1999, 2009), the issuance 
of clinical practice guidelines (Kidney Disease Outcomes Quality 
Initiative (KDOQI)) for CKD staging (Table 95.1) (National Kidney 
Foundation, 2009), and the incorporation of routine estimated GFR 
(eGFR) reporting by most laboratory systems (College of American 
Pathologists, 2011). As a result, CKD identification—even at the 
population level (e.g. <http://www.cdc.gov/diabetes/projects/kid-
ney.htm>)—is increasingly feasible. A  suggested CKD classifica-
tion system incorporating albuminuria may further improve CKD 
recognition (Levey et al., 2011); and, once standardized, cystatin 
C-based determination of CKD should help improve uniformity 

in national and international evaluations, independent of diet and 
muscle mass.

Epidemiology of chronic kidney disease
Prevalence of CKD
While many countries maintain registries to track the preva-
lence and incidence of kidney disease requiring dialysis or 
transplantation, estimating the rates of earlier stages of kidney 
disease is more difficult. True and comparable estimates require 
a population-representative sample, standardized biomarker 
assays, and uniform estimating equations. For example, using 
the creatinine-based Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation tends to result in a lower 
prevalence of CKD than does the creatinine-based Modification of 
Diet in Renal Disease (MDRD) Study equation introduced in 1999 
(Levey et al., 2009; Stevens et al., 2011). Prevalence determined by 
the newer biomarker cystatin C is similar to or even greater than 
that based on serum creatinine (Astor et al., 2009; Peralta et al., 
2011). International comparisons are additionally complicated by 
the use of population-specific GFR estimating equations (e.g. the 
Japanese eGFR equations (Matsuo et  al., 2010; Kitiyakara et  al., 
2012)).

In the United States, the gold standard for population-based stud-
ies may be the National Health and Nutrition Examination Survey 
(NHANES) (Coresh et al., 2007). In this study, prevalence of CKD 
stages 3–5 was 7% in the 1999–2004 survey. Estimates of CKD 
prevalence in other general population cohorts range from 1% to 
57% (Matsushita et al., 2012) with variations largely dependent on 
the age and ethnic distribution of the study participants, as well as 
the prevalence of chronic conditions—diabetes, hypertension, obe-
sity, and cardiovascular disease—thought to be the primary causes 
of CKD in the developed world (Table 95.2) (de Boer et al., 2011).

Incidence of CKD
Only limited information exists on the incidence of CKD in the 
developed world, primarily because the calculation of incidence 
requires longitudinal follow-up and multiple comparable meas-
ures of kidney function within an individual. Hence, the most 
accurate estimations of CKD incidence stem from long-running 
prospective cohorts with planned, interval measurement of kid-
ney function. Retrospective analyses of administrative databases 
are less ideal, as patients at higher risk for CKD may have their 
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kidney function measured more often, creating an ascertainment 
bias, and trends in CKD reporting/assay standardization are dif-
ficult to control for. In addition, measures of CKD incidence have 
not been standardized, with some studies evaluating CKD onset 
and others requiring a minimal level of change to rule out random 
variation around the CKD cut-point (e.g. 25% decline in eGFR 
and eGFR < 60 mL/min/1.73 m2) (Bash et al., 2009).

In the United States, a few large prospective cohorts have meas-
ured incident CKD. The Framingham study, a population-based 

cohort of predominantly white individuals with a relatively low 
rate of diabetes (2.7%), found that 9.4% of an initially CKD-free 
population developed Stage 3 or worse CKD over an 18.5-year 
follow-up (Fox et al., 2004). A 10-year increase in age more than 
doubled the odds of developing CKD. The Atherosclerosis Risk 
in Communities (ARIC) study, a population-based cohort of 
45–64-year-old black (25.6%) and white (74.4%) individuals with 
a much higher rate of diabetes (11.4%), reported 7.3% CKD inci-
dence over 8.8 years, or 10.4 cases per 1000 person-years (Bash 
et al., 2009). In the Cardiovascular Health Study (CHS), among 
older adults without baseline CKD, incident CKD was detected at 
year 7 in 10% using creatinine and 19% using cystatin C (P < 0.001) 
(Shlipak et al., 2009). Older age was associated with an increased 
risk of CKD in all of these studies. Consistent results emerged in 
a retrospective review from the United Kingdom, which found an 
overall CKD incidence of 1.3 cases per 1000 person-years, ranging 
from 0.02 in the youngest (< 20 years) to 12 cases per 1000 person 
years in the oldest (80+) age group (Drey et al., 2003).

Substantial variation in CKD rates by ethnicity has been dem-
onstrated in three long-running US cohorts. The Coronary Artery 
Risk Development in Young Adults (CARDIA) cohort, a study 
of black and white individuals aged 18–30  years, reported a 1% 
incidence of CKD over 20 years of follow-up; however, the risk of 
CKD among black participants was 2.6 times that among white 
individuals (Muntner et al., 2012). This was also true in the older 

Table 95.1 K/DOQI stages of CKD based on eGFRa

Stage Description GFR (mL/min/ 
1.73 m2)

1 Kidney damage with normal or increased GFR ≥ 90

2 Kidney damage with mild reduced GFR 60–89

3 Moderate reduced GFR 30–59

4 Severe reduced GFR 15–29

5 Kidney failure < 15 or dialysis

Based on data, a consensus statement from the Kidney Disease: Improving Global 
Outcome (KDIGO) conference suggested adding albuminuria categories (albumin to 
creatinine ratio of < 30, 30–299, 300+ mg/g) and cause of CKD as additional components 
of a CKD staging system (Levey et al., 2011).

Table 95.2 Prevalence of CKD (eGFR < 60 by CKD-EPI) in the developed world % (Matsushita et al., 2012)

Study name Study region Study size Mean age 
(years)

% female % black % HTN % DM % with CKD

Aichi Japan 4731 48 20 0 26 7 1

ARIC USA 11,441 63 56 22 48 17 7

AusDiab Australia 11,179 52 55 0 33 9 6

Beaver Dam USA 4885 62 56 0 51 10 15

CHS USA 2988 78 59 17 64 16 21

CIRCS Japan 11,871 54 61 0 36 5 3

ESTHER Germany 9641 62 55 0 60 19 14

Framingham USA 2956 59 53 0 40 10 7

Gubbio Italy 1682 55 56 0 39 5 1

HUNT Norway 9659 62 55 0 82 18 11

IPHS Japan 95,451 59 66 0 50 5 4

MESA USA 6733 62 53 28 45 13 9

MRC UK 12,371 81 61 0 34 8 57

NHANESIII USA 15,563 47 53 28 29 12 7

Ohasama Japan 1956 63 64 0 41 10 5

PREVEND Netherlands 8385 49 50 1 33 4 4

Rancho 
Bernardo

USA 1477 71 60 0 55 12 22

REGARDS USA 27,306 65 54 40 59 21 11

ULSAM Sweden 1103 71 0 0 75 19 8

CKD = chronic kidney disease; DM = diabetes mellitus; HTN = hypertension.
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Multi-Ethnic Study of Atherosclerosis (MESA) cohort. Here, black 
people and Hispanics had higher rates of incident CKD than white 
people and those of Chinese ethnicity, although the effect was not 
statistically significant after adjustment for baseline hyperten-
sion and diabetes (Peralta et al., 2011). In the ARIC study, African 
Americans had higher incidence rates than white people for CKD 
hospitalizations and a creatinine rise but not for incidence of eGFR 
< 60 by the MDRD Study equation (Bash et al., 2009).

Awareness of CKD
Recognition of CKD is low, particularly in the earliest stages of 
disease. In a survey of US physicians, only 59% of family medi-
cine physicians and 78% of general internal medicine physicians 
correctly identified stage 3–4 CKD in a hypothetical scenario 
(Boulware et  al., 2006). In clinical practice, physician awareness 
may be even lower. For example, in an Italian study, general practi-
tioners recognized CKD in only 10.8% of their patients with stage 3 
and in 72.6% of those with stage 4–5 (Ravera et al., 2011). Clinical 
studies of physician awareness should be interpreted cautiously, 
however: recognition is generally assessed from claims, which rep-
resent physician documentation translated to a billing code, a vari-
ably sensitive and specific process.

Since CKD diagnosis hinges on laboratory tests, patient aware-
ness of CKD understandably lags that of physicians. In the United 
States, many studies of patient recognition use the NHANES ques-
tionnaire, which asks, ‘Have you ever been told you have weak or 
failing kidneys (excluding kidney stones, bladder infections, or 
incontinence)?’ The proportion of CKD patients answering this 
question in the affirmative is very low: 5.2% in 1999–2000, com-
pared with 6.7% in 2001–2002, and 6.0% in 2003–2004 (Plantinga 
et al., 2008). Estimates of awareness are minimally affected by the 
estimating equation used; in the Kidney Early Evaluation Program 
(KEEP), 9.5% of participants were aware of MDRD-based CKD, 
compared with 10.0% of participants aware of CKD-EPI based 
CKD (Kurella Tamura et al., 2011).

Genetics of CKD
The large variation in CKD rates by ethnicity—more specifically, the 
strong predisposition to non-diabetic kidney disease among those 
of African descent—has been the subject of recent intense inves-
tigation (Friedman and Pollak, 2011). In 2008, two genome-wide 
admixture association studies demonstrated a strong link between 
a locus on chromosome 22 and non-diabetic kidney disease among 
African Americans (Kao et al., 2008; Kopp et al., 2008). Subsequent 
studies identified two genetic variants in APOL1 (a gene in close 
linkage disequilibrium with myosin heavy chain 9 gene (MYH9), the 
gene originally thought to contain the causal variants) that, in indi-
viduals with two risk alleles, confers a 10- to 7-fold increased risk 
of focal segmental glomerulosclerosis and hypertension-associated 
ESRD (Genovese et  al., 2010; Tzur et  al., 2010). Present in 50% 
of African Americans (and 10–15% have two risk alleles), the G1 
and G2 APOL1 gene variants may be even more strongly linked to 
HIV-associated nephropathy (Kopp et al., 2011; Fine et al., 2012). 
In contrast to diabetic nephropathy, which is considered a complex 
disease with multiple genetic and environmental causes with sur-
prisingly little effect of APOL1, some suggest that APOL1-mediated 
nephropathy in African-Americans is a predominantly Mendelian 
disease, with 3 million African Americans carrying the high-risk 
homozygous genotype (Friedman and Pollak, 2011).

Epidemiology of end-stage renal disease
Prevalence of ESRD
ESRD, or the most advanced stage of CKD, is defined both by the 
degree of kidney failure and by treatment: kidney disease requir-
ing RRT. This functional definition merits consideration when per-
forming international comparisons and evaluating ESRD trends 
over time. As countries develop economically, ESRD rates increase, 
and this chapter covers only the most highly developed countries 
in the world (20 out of 40 countries included in the United States 
Renal Data System (USRDS) Annual Data Report) (USRDS, 2010). 
The threshold for initiating dialysis may vary substantially by coun-
try:  in 2001, for example, the mean serum creatinine at dialysis 
initiation was 7.3 mg/dL in the United States compared with 8.5 
mg/dL in Australia and New Zealand (Stewart et al., 2004; USRDS, 
2010). In addition, there are strong trends towards earlier delivery 
(i.e. at higher levels of GFR) of RRT in recent years (Rosansky et al., 
2009; Grams et al., 2011).

The prevalence of ESRD has grown at a far greater rate (annu-
alized mean, 1998 to 2009, 3.9%) in comparison with ESRD inci-
dence (2.0% over the same period). This is attributable both to the 
increased numbers of patients initiating RRT and the better survival 
of patients already on RRT. In absolute terms, the United States has 
the largest number of ESRD patients (558,239 in 2009), followed 
by Japan (281,212). Scaled by population, Taiwan (2447 cases per 
million population), Japan (2205 cases per million population), 
and the United States (1811 cases per million population) have the 
highest prevalence rates, followed by Belgium, Canada, France, 
Greece, and Spain (1141, 1119, 1094, 1065, and 1034, respectively). 
Luxembourg and Iceland had the lowest prevalence rates. The rate 
of growth in ESRD prevalence was fairly uniform across developed 
countries with the exception of Taiwan, in which the prevalence 
rate averaged a 6.3% increase per year (Fig. 95.1) (USRDS, 2010).

Incidence of ESRD
Data regarding ESRD incidence are more readily available than 
for CKD incidence for two reasons. First, in contrast to the earlier 
stages of CKD, the functional definition of ESRD renders it neces-
sarily symptomatic, apparent to both patient and provider. Second, 
many countries track ESRD patients with national registries. In the 
United States, for example, the USRDS follows all patients initiated 
on maintenance haemodialysis and/or receiving kidney transplan-
tation (USRDS, 2010).

The United States and Taiwan have by far the highest rates of 
ESRD among the developed world, at 371 and 357 incident cases 
per million population in 2009, respectively (Fig. 95.2). While 
unadjusted rates have increased steadily over time, rates adjusted 
for age, sex, and ethnicity have remained fairly stable from 1996 
to 2008, with a 1.1% uptick in 2009 (USRDS, 2010). Similar to the 
ethnic variation seen in CKD rates, ESRD incidence is 3.5 times 
higher among African Americans than white Americans (USRDS, 
2010). Throughout the developed world, only Japan is close to the 
United States and Taiwanese incidence rates, at 287 new cases per 
million population. The lowest rates of ESRD were seen in Finland 
and Iceland (83 and 88 cases per million population, respectively). 
Greece, Belgium, and Luxembourg presented the highest rates in 
Europe (204, 201, and 227 cases per million population, respec-
tively). Trends over time were fairly uniform:  the unadjusted 
average annualized increase in incidence rate within developed 
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Fig. 95.1 Prevalence rates of ESRD, 1998–2009.
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Fig. 95.2 Unadjusted ESRD incidence rates, 1998–2009. Diabetic nephropathy—clearly a term fraught with uncertainty, as the majority of ESRD patients receiving 
this diagnosis are never biopsied—comprised a differing proportion of incident ESRD cases by country. In 2009, for example, the Netherlands reported that 14.9% 
of the incident ESRD cases were due to diabetes, whereas Taiwan, Japan, New Zealand, and the United States all attributed > 40% of incident ESRD cases to diabetic 
nephropathy. Rates of ESRD due to diabetic nephropathy were highest among the 65 to 74-year-old age group; particularly in Taiwan and the United States, where the 
rates were estimated at 713 and 628 cases per million population, respectively (USRDS, 2010).
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countries was 2.0% from 1998 to 2009, with a median of 1.9%. 
Spain did experience a declining rate of ESRD (175 cases per mil-
lion population in 2004 compared with 129 cases per million popu-
lation in 2009), while Sweden and Scotland remained stable over 
the 12-year period (USRDS, 2010).

Dialysis modality in ESRD
The distribution of dialysis modality differs by country (Table 95.3). 
In the United States, for example, there were 113,636 incident dialy-
sis cases in 2009, with 6.9% and 1.1% started on peritoneal dialysis 
and home haemodialysis, respectively (USRDS, 2010). In contrast, 
the use of modalities other than in-centre haemodialysis was much 
more common in New Zealand, Australia, and Finland—perhaps 
due to their relatively low population densities.

Relationship between CKD prevalence  
and ESRD incidence
The relationship between CKD prevalence and ESRD incidence is 
complex. The determinants of ESRD incidence include underlying 
CKD prevalence, rates of CKD progression, incidence of mortality 
prior to ESRD, and the rates of acceptance of patients into RRT pro-
grammes. National policy and practice patterns may contribute: a 
country with a lower threshold for RRT initiation (e.g. dialysis is 
initiated at higher levels of GFR) will have a higher rate of ESRD 
than a country that forestalls RRT initiation or offers conservative 
management alternatives to individuals in ill health.

As an example, although CKD prevalence is roughly similar in 
Europe and the United States, the incidence of ESRD is dramatically 
different. A comparison of rates between Norway and the United 
States revealed a similar distribution of patients among CKD stages, 
but 2.5 times the relative risk of ESRD in US white people versus 
Norwegians (98% white) (Hallan et al., 2006). Disparities between 
the countries’ ESRD incidence were larger among patients older 
than 60 (relative risk, 3.0) and women (relative risk, 3.5). Whether 
this reflects differences in underlying comorbidities or differences 
in practice patterns is unclear. The proportion of incident ESRD 
due to diabetic nephropathy was much higher in the United States 
(41% vs 11% from 1995 to 1997), and the number of pre-dialysis 
visits with a nephrologist was much lower (41% had five visits or 
more, compared with 73% in Norway). Other detailed international 
comparisons have not been done; however, in the United States, 

there is a strong inverse association between per capita income and 
incidence rates of ESRD (Young et al., 1994).

Renal replacement therapy: transplantation
Within the developed world, rates of kidney transplantation ranged 
from 14.9 (Greece) to 63.1 (Canada) per million population in 
2009, or 7.3% (Greece) to 52.1% (Norway) when scaled by ESRD 
incidence (USRDS, 2010). These rates were similar when aver-
aged over 1998–2009 (Fig. 95.3). The prevalence of kidney trans-
plant recipients with a still-functioning allograft ranged from 215 
(Greece) to 562 (United States) per million population in 2009; 
however, scaled by ESRD prevalence, this ranged from 31% (United 
States) to 70% (Canada). Transplantation rates in Japan, not avail-
able for recent years, have historically ranked among the lowest in 
the developed world (Satayathum et al., 2005). Internationally, rates 
of transplantation are consistently highest among young, white, 
better educated, and wealthier patients, with shorter dialysis vin-
tage (Satayathum et al., 2005).

Prognosis
CKD
CKD is an independent risk factor for multiple adverse outcomes. 
The two commonly measured components of CKD, reduced GFR 
and albuminuria, independently contribute to the risk of AKI, 
ESRD, cardiovascular disease, and mortality (Matsushita et  al., 
2010; Astor et al., 2011; Gansevoort et al., 2011). Adverse outcomes 
are interrelated—AKI can be a precursor to ESRD (Hsu et al., 2009), 
which may in turn increase the risk of cardiovascular disease and 
death—and the relative incidence of outcomes differs by patient 

Table 95.3 Worldwide distribution of haemodialysis in 2009

Top 5 haemodialysis Top 5 home 
haemodialysis

Top 5 peritoneal 
dialysis

Country % using 
modality

Country % using 
modality

Country % using 
modality

Luxembourga 99.0 New 
Zealand

16.3 New 
Zealand

35.0

Japan 96.7 Australia 9.3 Sweden 23.6

Greece 92.1 Denmark 4.9 Denmark 21.7

United States 90.9 Finland 3.8 Finland 21.5

Austria 90.6 Canada 3.5 Australia 21.1

a2008 figures.
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Fig. 95.3 Rates of kidney transplantation per incident ESRD, 1998–2009.
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population. In many studies of renal disease progression, such as 
the African American Study of Kidney Disease and Hypertension 
(AASK) (Alves et al., 2010) and the MDRD Study (Menon et al., 
2009), the rates of ESRD are greater than that of pre-ESRD death. 
However, this is likely not true in the general population, where 
the incidence of CKD far exceeds that of ESRD. Indeed, in a US 
study using administrative data, the rates of death were consist-
ently higher than those of ESRD in each stage of CKD (e.g. the 
rates of death and ESRD were 45.7% and 19.9%, respectively, for 
patients with stage 4 CKD) (Keith et al., 2004). In general, lower 
GFR, higher proteinuria, and younger age independently increase 
the relative risk of ESRD versus pre-ESRD death (O’Hare et  al., 
2007). In contrast, diabetes, vascular disease, and older age confer 
an increased risk of pre-ESRD death. Among US veterans ages 85 
and older, the rate of death exceeded ESRD regardless of level of 
kidney function (O’Hare et al., 2007).

Dialysis
Mortality rates on dialysis remain exceedingly high. In a recent 
observational cohort of 32,065 nationally-representative haemodi-
alysis patients in the United States, the mortality rate was 18.6 deaths 
per 100 person-years (Foley et al., 2011). Certain patient character-
istics may predispose to a heightened mortality risk—older age and 
diabetes, for example, as among the non-ESRD population (Villar 
et al., 2007)—and ethnicity may modify these relationships (Kucirka 
et al., 2011). The interval between haemodialysis sessions may play 
a role: the majority of adverse events may occur on days after the 
2-day gap in treatment (Foley et al., 2011). The effect of dialysis 
modality remains a subject of debate—confounded by selection 
bias (Quinn et al., 2011) and frequent modality switches—and may 
vary by patient subgroup (Weinhandl et al., 2010).

Because of the importance of age, ethnicity, and comorbidity 
distributions, as well as profound differences in local policy and 
practice, international comparisons of dialysis survival require 
cautious interpretation. That stated, a striking difference in mor-
tality has been noted across different countries: the 1-year mortal-
ity rate reported in 2003 was 6.6% in Japan, 15.6% in Europe, and 
21.7% in the United States (Goodkin et al., 2003). Within Europe, 
the United Kingdom had the highest mortality rate (18.6 deaths 
per 100 patient-years), followed by Germany (16.3 deaths per 100 
patient-years), Spain (15.3 deaths per 100 patient-years), Italy, and 
France (13.8 and 13.3 deaths per 100 patient-years, respectively) 
(Rayner et al., 2004). Plausible explanations for these differences 
include variations in underlying comorbidities (e.g. diabetes and 
atherosclerotic cardiovascular disease), types of vascular access at 
initiation of dialysis, delivered dose of dialysis, level of care and 
education, and nutritional status and supplementation (Foley and 
Hakim, 2009).

Transplantation
Kidney transplantation is the preferred mode of RRT in ESRD, 
imparting a significant survival advantage over remaining on dialy-
sis (Wolfe et al., 1999; Oniscu et al., 2005). The survival benefit asso-
ciated with transplantation varies by recipient age, comorbidities, 
and quality of the donor organ (Merion et al., 2005). In the United 
States, post-transplant mortality has improved over time, coincid-
ing with the advent of modern immunosuppressive regimens. As 
of 2008, the 5-year crude survival rate was 91% for recipients of 
living donor kidneys and 84% for recipients of standard deceased 

donor kidneys (Axelrod et  al., 2010). Comparisons with other 
countries are difficult because of differences in allograft quality and 
the make-up of transplant recipients; however, long-term mortality 
may be slightly higher in the United States compared with Canada 
(adjusted hazard ratio, 1.35) (Kim et al., 2006).
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Chronic kidney disease 
in developing countries
Luxia Zhang and Haiyan Wang

Introduction
The spread of non-communicable diseases (NCDs) presents a 
global crisis, which is a barrier to the development of goals includ-
ing reduction of poverty, health equity, economic stability, and 
human security (Beaglehole et al., 2011). NCDs accounted for 61% 
of the estimated 58 million deaths and 46% of the global burden 
of diseases worldwide in 2005 (Wagner and Brath, 2012). Among 
NCDs, chronic kidney disease (CKD) is of particular significance. 
It is recognized that the burden of CKD is not only limited to its 
impact on demands for renal replacement therapy (RRT) but has 
equally major impacts on the health of the overall population. For 
example, it is now well established that among the general popu-
lation as well as in the diabetic or hypertensive population, the 
prognosis, especially the mortality and acceleration of cardiovas-
cular events, depends on kidney involvement (Go et al., 2004; Bello 
et al., 2005; Matsushita et al., 2010). Also, CKD is associated with 
other major serious consequences including increased risk of acute 
kidney injury (AKI), increased risk of mineral and bone disease, 
adverse metabolic and nutritional consequences, infections, and 
reduced cognitive function. As the consequence of these amplify-
ing effects, the financial expenditure and medical resources con-
sumed for the management of CKD patients is much higher than 
expected. The burden of CKD is likely to have profound socioeco-
nomic and public health consequences, especially in developing 
countries. This chapter focuses on the situation of CKD in develop-
ing countries.

Prevalence of chronic kidney disease
In 2002, the Kidney Disease Outcomes Quality Initiative (KDOQI) 
of the National Kidney Foundation released a practice guideline for 
CKD (National Kidney Foundation, 2002). Since then, numerous 
cross-sectional surveys on the prevalence of CKD have been pub-
lished. For example, results of the National Health and Nutrition 
Examination Surveys (NHANES) 1988–1994 in the United States 
revealed a prevalence of 10.0%; this number increased to 13.1% 
in 1999–2004 (Coresh et al., 2007). Studies from other developed 
countries reported similar prevalences (Chadban et  al., 2003; 
Hallan et al., 2006).

Data on CKD burden in developing countries is relatively scanty. 
A  recent systematic review of CKD in population-based stud-
ies included 26 studies which were published before July 2006 
(Zhang and Rothenbacher, 2008). Among them, only four (15.4%) 

were from developing countries, including Mexico, China, and 
Thailand (Zhang and Rothenbacher, 2008). Furthermore, data 
from developing countries provided heterogeneous results, which 
makes comparisons difficult. There are three major methodologi-
cal factors that may contribute to this heterogeneity. Firstly, most 
of the studies did not use a sampling scheme to obtain a repre-
sentative sample of the general population. For example, in a study 
from Mexico by Amato et al. (2005), participants were randomly 
selected from lists of patients assigned to primary care facilities. 
Other studies involved participants of certain professions (such as 
government employees (Varma et al., 2010) or employees of the 
Electric Generation Authority (Domrongkitchaiporn et al., 2005)), 
or participants from certain areas (such as rural areas (Mani, 2006; 
O’Donnellet al., 2011) or certain big cities (Agarwal et al., 2005; 
Zhang et al., 2008; A. Chen et al., 2009; W. Chen et al., 2009b)). The 
limited representativeness of the study population jeopardizes the 
generalizability of the results, and also makes it hard to compare 
between studies. Secondly, the definition of ‘renal function decline’ 
is different among studies. Older studies provided estimates based 
on serum creatinine cut-offs or the Cockroft–Gault (CG) equation 
to define CKD (Barton et al., 2004; Agarwal et al., 2005; Singh et al., 
2009), all of which are proved to be less accurate than the currently 
recommended creatinine-based estimations of glomerular filtra-
tion rate (GFR). Recent studies have employed an estimated glo-
merular filtration rate (eGFR) < 60 mL/min/1.73 m2 to define renal 
function decline; this is now recommended in recently released 
Kidney Disease: Improving Global Outcomes (KDIGO) guidelines 
for CKD classification and management (Wheeler et  al., 2013). 
In that guideline, it is also recommended that the 2009 Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) creati-
nine equation should be used for estimating GFR. An alternative 
creatinine-based GFR estimating equation is acceptable only if 
this equation has a comparable performance. Thirdly, the method 
of evaluating proteinuria is different among studies. Some earlier 
studies did not provide information on proteinuria (J. Chen et al., 
2005). Hence, the available data are not sufficient to provide the 
prevalence of CKD in the general population for most developing 
countries, making between inter-country comparisons difficult.

Among the developing countries, there are two recent national 
surveys of CKD employing standard protocols recommended by 
KDOQI guidelines. The first one is the Thai Screening and Early 
Evaluation of Kidney Disease (SEEK) study (Ingsathit et al., 2010). 
A stratified-cluster sampling method was used to obtain a sample 
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of 3459 participants (Ingsathit et al., 2010). eGFR was calculated 
by using the Modification of Diet in Renal Disease (MDRD) Study 
equation, and albuminuria was defined by the urinary albumin to 
creatinine ratio (uACR) of 30 mg/g creatinine or higher (Ingsathit 
et al., 2010). The prevalence of CKD was reported to be 17.5% (95% 
confidence interval (CI) 14.6–20.4%) (Ingsathit et al., 2010). The 
second study is The China National Survey of Chronic Kidney 
Disease. In this study, a multistage, stratified sampling method 
was used to obtain a representative sample of people aged 18 years 
or older in the general population of China (Zhang et al., 20120. 
eGFR was calculated by the Chinese equation (Ma et al., 2006), and 
the definition of albuminuria was the same as in the Thai SEEK 
study. The prevalence of CKD was reported to be 10.8% (95% CI 
10.2–11.3%) (Zhang et al., 2012). Both studies revealed a preva-
lence of CKD comparable to (if not higher than) that of previous 
reports from developed countries, indicating that CKD has become 
a leading public health problem in certain developing countries.

As for the prevalence of end-stage renal disease (ESRD), lack of 
organized ESRD treatment programmes has precluded establish-
ment of ESRD registries in most large developing countries. Some 
of reported data are rough estimates based on individual experi-
ence. According to the 2011 annual data report from the United 
States Renal Data System (USRDS), the prevalence of ESRD in 
developing countries varied substantially, from 110 per million 
population (Philippines) to 1314 per million population (Jalisco, 
Mexico) (USRDS, 2011). As for the incidence of ESRD in devel-
oping countries, it also varied from 13 per million population 
(Bangladesh) to 597 per million population (Morelos, Mexico). 
However, the reports from hospital-based data cannot accurately 
provide prevalence and incidence estimates in developing coun-
tries because of incomplete coverage, inability of many patients to 
reach a hospital, and lack of a proper referral system.

Causes of chronic kidney disease
Diabetes contributes heavily to the burden of CKD in develop-
ing countries. One should, however, realize that the term ‘dia-
betic nephropathy’ is fraught with uncertainty as the majority of 
patients with ESRD who receive this diagnosis are not biopsied (see 
Chapter 149). A study of ESRD patients in a large urban population 
in India indicated that diabetic kidney disease comprised 40–47% 
of incident cases between 2002 and 2005 (Modi and Jha, 2006). 
Several hospital-based studies in India suggested that around 30% 
of referred CKD cases were diabetic kidney disease (Agarwal and 
Srivastava, 2009). Reports from Latin America also indicated that 
diabetes is the leading cause of ESRD (30.3% of incident popula-
tion) (Cusumano and Gonzalez Bedat, 2008). Furthermore, it is 
predicted that the proportion of CKD attributable to diabetes will 
continue to rise in the near future, due to the following facts. Firstly, 
the rapid surge in diabetes has been observed in almost all devel-
oping countries. For example, the prevalence of diabetes in China 
increased from 1% in 1980 (Zhong, 1982) to 9.7% in 2008 (Yang 
et al., 2010). In urban Indian adults, diabetes prevalence increased 
from 3% in the early 1970s to 12% in 2000, with a narrowing 
rural–urban gradient (Ramachandran, 2005). A similar trend has 
been observed in other Asian countries such as Bangladesh, Nepal, 
and Indonesia (Chan et al., 2009), sub-Saharan African (Mbanya 
et al., 2010), and Latin America (Escobedo et al., 2009). It is specu-
lated that factors including general and abdominal obesity, nutrition 

transition and changes in diet and lifestyle, and smoking contribute 
to the increasing number of diabetes in developing countries (Chan 
et al., 2009). Secondly, the rate of underdiagnosed diabetes is high 
in developing countries, and a disparity in healthcare is observed 
between urban and rural areas. In a national survey of diabetes in 
China, 59.7% of patients were diagnosed through screening (Yang 
et al., 2010). In South Africa, > 50% of people were aware of their 
diabetic condition in an urban area (Levitt et al., 1993), compared 
with only 15% of people who have documented diabetes in rural 
area (Motala et al., 2008). Finally, the burden of diabetes in some 
developing countries is disproportionately high or is predicted to 
escalate in young to middle-aged adults (Chan et al., 2009; Mbanya 
et  al., 2010), which means long disease exposure and therefore 
more chronic complications, including CKD.

Hypertension is also one of important causes of CKD in devel-
oping countries, which leads to 13–21% of ESRD cases (Barsoum, 
2006) (see Section 10 of this textbook). The status of hypertension is 
similar to diabetes, including escalating prevalence, low awareness 
rate, and suboptimal treatment, especially in rural area. For exam-
ple, a national survey of hypertension in 1991 suggested that the 
overall prevalence of hypertension among people aged > 15 years 
in China was 13.6% (Tao et al., 1995). Ten years later, the number 
was reported to be 23% in urban areas and 18% in rural areas (Wu 
et al., 2008). The awareness rate and control rate of hypertension 
was 24% and 19% (Wu et al., 2008), which is lower than reported 
from developed countries.

Chronic glomerulonephritis is an import cause of CKD in 
developing countries, based on the data from dialysis registry and 
hospital-based data (see Section 3 of this textbook). According to 
a report from the Dialysis and Transplantation Registration Group 
of China in 1999 (Dialysis and Transplantation Registration Group, 
2001), 49.9% of patients receiving chronic dialysis were diagnosed 
as chronic glomerulonephritis. A recent report from Beijing, China 
(Beijing Hemodialysis Quality Control and Improvement Center, 
2012)  indicated that chronic glomerulonephritis remained the 
leading cause of haemodialysis in 2011, especially among young 
patients. However, an increasing tendency of diabetic nephropathy 
was noticed among incident patients, especially in patients aged > 
50 years. Data from Indonesia and Malaysia also revealed similar 
results (Liu and Hooi, 2007; Prodjosudjadi and Suhardjono, 2009). 
The histopathological types of glomerulonephritis in the developing 
countries vary considerably. Immunoglobulin A (IgA) nephropa-
thy predominates in China, Southeast Asia, and the Pacific region. 
For example, a study involving 5398 consecutive patients receiving 
a renal biopsy indicated that IgA nephropathy comprised 50.7% of 
primary glomerulonephritis (Zhou et al., 2009). By contrast, focal 
segmental glomerulosclerosis is the most common type among the 
black populations of Africa (15–25%), Saudi Arabia (40%), India 
(up to 46%), and South America (up to 43%) (Barsoum, 2006).

Infectious diseases also contribute to the burden of CKD in 
developing countries. The number of people infected with human 
immunodeficiency virus (HIV) is estimated to be 33 million, and 
67% of them are in sub-Saharan Africa (AIDS Foundation, n.d.). 
Ninety per cent of new HIV infections are in developing countries 
(Piot and Tezzo, 1990). It is known that infection with HIV and 
its treatment can produce a variety of kidney diseases, including 
glomerular (e.g. collapsing focal segmental glomerulosclerosis), 
vascular (e.g. thrombotic microangiopathy), and tubulointerstitial 
disorders (Wyatt et al., 2008, 2009) (see also Chapter 187).
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In cross-sectional surveys, the prevalence of CKD with HIV 
infection varied substantially (from 3.5% to 48.5%) (Naicker and 
Fabian, 2010), partly due to different study populations and differ-
ent methodologies. Besides HIV infection, other infectious diseases 
including malaria, schistosomiasis, hepatitis B and hepatitis C also 
contribute to the burden of CKD in developing countries (Hossain 
et al., 2009; Nugent et al., 2011) (see also Section 8 in this book).

A significant proportion of the population in developing coun-
tries, especially in Asia and Africa, depends on indigenous local 
medical systems. A longitudinal study from Taiwan indicated that 
regular users of Chinese herbal medicines have a 20% increased 
risk of developing CKD (Wen et al., 2008). A recent study (Zhang 
et al., 2013) using a national representative sample in China indi-
cated that long-term intake of herbs containing aristolochic acid 
was independently associated with eGFR < 60 mL/min/1.73 m2 and 
albuminuria, with an odds ratio of 1.83 (95% CI, 1.22–2.74) and 
1.39 (95% CI, 1.03–1.87), respectively. Longitudinal studies from 
Taiwan revealed that use of aristolochic acid-containing herbs, 
especially > 60 g of Mu Tong or Fangchi from herbal supplements, 
is associated with increased risk of developing kidney failure (Lai 
et al., 2010).

Despite improving maternal and infant mortality rates, a high 
prevalence of maternal malnutrition and low-birth-weight deliver-
ies is still seen in developing countries. For example, it is reported 
that 30% of infants are underweight in India (Yajnik et al., 2009). 
And the percentage of babies not weighed or with unknown birth 
weight is high in developing countries, due to the absence of scales 
and trained staff (Goto, 2011). Low birth weight has been associ-
ated with later hypertension, congenital low nephron number, and 
accelerated kidney senescence, which would have an impact on 
kidney damage in the later adult life (Luyckx and Brenner, 2005; 
Luyckx et al., 2009). A meta-analysis indicates that low birth weight 
is associated with subsequent risk of CKD, with an odds ratio of 
1.73 (95% CI 1.44–2.08) (White et al., 2009).

The health and economic burden  
of chronic kidney disease
A recent editorial (The Lancet, 2013) and subsequent series of arti-
cles in The Lancet between July and August 2013, discuss many 
aspects related to the global burden of AKI and CKD, in particular 
low-income countries.

One of the ultimate outcomes of CKD is ESRD, which necessi-
tates ever-growing dialysis and transplantation programmes, and 
therefore places an unaffordable financial burden on developing 
countries. A recent national survey in China estimates the num-
ber of patients with CKD in China to be 120 million (Zhang et al., 
2012). If 1% of them progress to ESRD, the total costs of dialysis 
would be twice of the current healthcare budget in China. Actually 
the dialysis rate is quite low in many developing countries com-
pared to that in developed countries, which is limited by the afford-
ability and accessibility of the treatment. A session of haemodialysis 
costs US$100 in Nigeria, twice the minimum monthly wage paid 
to federal government workers (Katz et  al., 2011). In India, the 
average cost of haemodialysis per year is around US$9000–14,000, 
while the average annual income in India is US$8000. Hence, 
affordability is a major constraint to dialysis treatment. Another 
obstacle is accessibility of treatment. For example, in China almost 
all haemodialysis centres are located in cities (Zhang et al., 2009). 

Nowadays the majority of haemodialysis centres in major cities 
are believed to be running at capacity. In the last 2 years, perito-
neal dialysis (PD) has grown at a rate of 30% annually in China 
(Zhang et al., 2008), but most of the PD centres are still located 
in cities. A recent cohort study (Xu et al., 2012) revealed that low 
personal income was independently associated with all-cause and 
cardiovascular death, as well as initial peritonitis in patients receiv-
ing PD. The situation is similar in India (Agarwal and Srivastava, 
2009) and in Africa (Katz et al., 20110, which places a further bur-
den on patients who often have to travel (often with families) to a 
dialysis centre. Furthermore, health equity (regarding both afford-
ability and accessibility) remains a major challenge to policymakers 
in developing countries despite the resurgence of interest to pro-
mote it. The sheer inadequacy of financial and human resources for 
health and the progressive undermining of state capacity in many 
under-resourced settings have made it extremely difficult to pro-
mote and achieve significant improvements in equity in health and 
access to healthcare.

The economic cost associated with milder forms of CKD was 
even higher. For instance, according to data from USRDS, costs for 
Medicare patients with CKD reached US$34 billion, and accounted 
for nearly 16% of total Medicare dollars in 2009 (USRDS, 2012). The 
expenditures further increased in presence of diabetes and heart 
failure (USRDS, 2012). Part of the high cost of CKD is driven by its 
close association with other non-communicable chronic diseases. 
Cardiovascular disease (CVD) and CKD share common risk fac-
tors such as hypertension, diabetes, smoking, obesity, hyperlipidae-
mia, and ageing as well as some non-traditional risk factors such as 
vitamin D deficiency, hyperphosphataemia, anaemia, albuminuria, 
and HIV infection (Sarnak et al., 2003). In a meta-analysis con-
ducted by pooling 45 general population cohorts involving 105,872 
individuals, eGFR and ACR are multiplicatively associated with 
risk of overall and cardiovascular (CV) mortality (Matsushita et al., 
2010). Even CKD stages 1 or 2 are associated with an increased 
risk of adverse overall, CV, and renal outcomes (Matsushita et al., 
2010; Gansevoort et al., 2011). Even though the Chinese population 
is thought to have a relatively lower risk of CVD (Ma et al., 2006; 
Zhang et al., 2012), a recent study (USRDS, 2011) indicated that 
individuals with subtle decreased renal function seem much more 
likely to have multiple CV risk factors and have higher prevalence 
of CVD than those without CKD. Arterial changes such as elevated 
carotid artery intima-media thickness were observed in early stage 
CKD patients (Modi and Jha, 2006). Furthermore, Chinese studies 
revealed that CKD is associated with high burden of other chronic 
conditions, including metabolic syndrome (Zhang et  al., 2007), 
cognitive decline (Wang et al., 2010), and ocular fundus pathology 
(Gao et al., 2011), which all contribute to the adverse patients’ out-
come and to elevated healthcare costs.

Prevention and early detection  
of chronic kidney disease
In the developing world, CKD prevention programmes are rela-
tively non-existent. Although CKD shares common risk factors 
and/or coexists with other NCDs, it has not received the same kind 
of attention.

Lifestyle intervention for common risk factors for NCDs is 
important in the prevention of CKD. Several priority interven-
tions were chosen to cope with the global NCD crisis, including 
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accelerated tobacco control, salt intake reduction, promotion of 
healthy diets and physical activity, and reduction of harmful alco-
hol consumption (Beaglehole et al., 2011). Those interventions are 
cost-effective in countries with a variety range of incomes (Gaziano 
et al., 2007). Cost-effective lifestyle and behavioural changes can 
be achieved on a population basis through legislation, government 
influence, manufacturing changes, mass education campaigns, and 
bans on negative advertisements (Gaziano et al., 2007). In addition, 
optimal control of diabetes and hypertension should be pursued 
(Barsoum et al., 2006).

Based on data from developed countries, screening for CKD 
among ‘high-risk’ population (e.g. aged > 60 years or with hyper-
tension or diabetes) is proved to be cost-effective (Boulware et al., 
2003). It has been shown that community-based screening pro-
grammes in developing countries are feasible (Perico et al., 2009), 
provided the screening tools are simple and cheap. Even if a urinary 
dipstick test is a less precise measure of albuminuria, it is still useful 
for risk stratification and initial screening (Matsushita et al., 2010). 
Studies in developed countries on the cost-effectiveness of tertiary 
prevention of CKD by treatment of hypertension, albuminuria, and 
use of renin–angiotensin system inhibitors have shown that early 
intervention is more cost-effective than late intervention (Palmer 
et al., 2000, 2004; Ruggenenti et al., 2001). Therefore, screening for 
CKD among high-risk populations is warranted, especially con-
sidering the low awareness rate of CKD in developing countries 
(Zhang et al., 2012). Along these lines, the Research and Prevention 
Committee of the International Society of Nephrology  – Global 
Outreach (ISN-GO) has developed a global early detection and 
intervention programme for emerging countries that can be imple-
mented according to the peculiar needs and organization facilities 
of the given country (Perico et al., 2009).

In view of the close linkage and overlapping management strat-
egies, programmes to combat CKD, diabetes, hypertension, and 
CVD need to be closely integrated in developing countries. As 
experience from Indian medical society has shown, these inte-
grated early stages of prevention and management could be per-
formed at low cost by medical assistants and nurses. However, in 
the face of an immature primary care system in developing coun-
tries, the involvement of a nephrologist is still needed to train the 
primary care medical care level and to establish a referral system. 
Studies are required to analyse successful experiences and to exam-
ine the cost-effectiveness of such approaches in different countries.
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Progression to end-stage renal disease 
(dialysis or transplantation)
Data describing progression to renal replacement therapy (RRT) 
comes from large observational cohort studies in Australia, Canada, 
the United Kingdom, and the United States (Hsu et al., 2002; Iseki 
et al., 1996; Wen et al., 2008; Jafar et al., 2009; White et al., 2010; 
McDonald et al., 2010; Jolly et al., 2011; Hallan et al., 2012). Of note, 
in general or non-referred cohorts, the progression to end-stage 
renal disease (ESRD) is much lower than in those patients known 
to nephrologists. It is important to consider the patient population 
in describing the probability of progression. The Chronic Kidney 
Disease Prognosis Consortium (CKD-PC) has described the prob-
ability of ESRD in general populations, high-risk populations, 
and CKD populations (Matsushita et al., 2010; Astor et al., 2011; 
Gansevoort et al., 2011; Levey et al., 2011; Nitsch et al., 2013). On 
aggregate, there is the highest probability of progression in the CKD 
group, with the expected dose–response reduced risk in those in 
high-risk and general populations, respectively. The CKD-PC has 
used the parameters of proteinuria and estimated glomerular fil-
tration rate (eGFR) to develop risk ratios for important outcomes, 
including progression to ESRD (Matsushita et  al., 2010; Van der 
Velde et  al., 2011)  in 45 different cohorts obtained from clinical 
trials, clinical databases, and administrative datasets. The findings 
therein have been corroborated in multiple other studies: those with 
the highest levels of proteinuria are at greatest risk for progression, 
irrespective of eGFR, those with lower eGFR values are also at risk, 
but those with intermediate values of eGFR and little or no protein-
uria do not appear to be at risk for progression (Iseki et al., 2003; 
Halbesma et al., 2006; Hemmelgarn et al., 2006, 2010).

In referred cohorts, those known to nephrologists, it appears that 
approximately 70% of patients demonstrate some rate of decline 
in eGFR, of which a much lesser number end up on dialysis in 
any given year (Keith et al., 2004; Levin et al., 2008; Astor et al., 
2011). Over the long term, predictors of progression include male 

gender, younger age, heavy proteinuria, lower eGFR, diabetes, and 
hypertension. Recent prediction models published have included 
additional laboratory variables such as phosphate, bicarbonate, and 
albumin to improve the precision of the model, but from a clini-
cal standpoint, the first six clinical variables are easily incorporated 
into clinical decision-making as simple parameters (Hunsicker 
et al., 1997; Keane et al., 2006; Halbesma et al., 2011; Tangri et al., 
2011). The search for additional and better prediction models and 
refinement of existing ones is ongoing.

There are ethnic differences in progression rates, whereby 
African Americans, Asians, Aboriginal peoples, and Hispanics all 
appear to have faster rates of decline than Caucasians. While this 
may be confounded by socioeconomic factors and access to care, 
there is accruing data that true genetic factors play an important 
role (Hallan et al., 2006; Barbour et al., 2008, 2010; Pakov et al., 
2008; Bui et al., 2009; Chen et al., 2009; Sood et al., 2010; Conley 
et al., 2012).

The diversity of outcomes of people with CKD cannot be over-
stated. There is remarkable variability in outcomes of patients at 
each stage of CKD, and the trajectories of progression are not lin-
ear. This leads to confusion among patients and care providers, and 
difficulties in decision-making and planning. The trajectories can 
be impacted by hospitalizations, episodes of acute kidney injury 
(AKI) which often but not necessarily occur in the context of hos-
pitalizations, infections, and cardiovascular (CV) events (either 
natural or investigation related). Thus, the complexity of the pre-
diction of progression to ESRD is underscored by the events that 
occur to people with CKD, which impact both the trajectory as well 
as the probability of surviving to ‘achieve’ that outcome. Li et al. 
describe a number of different trajectories, as a function of time of 
follow-up, in that the longer people are followed, the more variable 
is the trajectory over time; O’Hare et al. describe four trajectories 
using dialysis within 2 years as the outcome; others have described 
non-progression over time (John et  al., 2004; Imai et  al., 2008;  
Li et al., 2012; O’Hare et al., 2012) (see Figs 97.1 and 97.2).
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In the following sections, the probability of these outcomes, their 
predictors, and interactions with other factors are described in 
more detail.

Markers of progression
While progression has long been thought to be associated with 
age, it is better understood as a consequence of the comorbidi-
ties that accrue as a function of ageing, and thus markers of ‘true 
progression’ have been sought (Lindeman, 1984; Fliser et al., 1997; 
Lindeman et al., 1998). As has been discussed above, the rate at 
which this decline occurs varies according to the underlying popu-
lation, presence of albuminuria/proteinuria, comorbidities, and 
exposures to nephrotoxins or AKI events (Coca et  al., 2009; La 
France et al., 2010; James et al., 2011). Nonetheless, there is accru-
ing data which helps clinicians and researchers to identify true pro-
gression, within individuals, as opposed to biological variability or 
simple, slow ‘age’-related decline.

In a general population study, Prevention of Renal and Vascular 
End-Stage Disease (PREVEND), decline in kidney function at the 
population level is described and reports eGFR decline which is 
variable as a function of proteinuria (Halbesma et al., 2006). The 
variability in rates of progression was closely linked to the amount 
of proteinuria:  those with no proteinuria experienced a loss in 

eGFR of 0.2 mL/min/1.73 m2 over 4 years whereas those with an 
elevated urinary albumin to creatinine ratio (UACR) experienced 
a much faster rate of 2.3–7.2 mL/min/1.73m2 over 4  years. In a 
Japanese general population, followed for > 10 years, the decline 
was less at 0.36 mL/min/1.73m2 (Imai et al., 2008). Proteinuria is 
recognized as an important marker of progression, as has been 
demonstrated in numerous studies (Halbesma et  al., 2006; Imai 
et al., 2008; Hemmelgarn et al., 2010). In general, the studies sug-
gest progression rates of approximately 0.3–1 mL/min/1.73m2 per 
year among participants without proteinuria or co-morbidity, with 
much higher rates (two to three times) in those with any degree of 
with proteinuria or co-morbidity. There are some population-based 
studies, identifying those with impaired kidney function, but in the 
absence of proteinuria measurements, which describe similarly low 
rates of renal decline (John et al., 2004; Halbesma et al., 2006). This 
apparent paradox is best understood in the context of the popula-
tions studied (i.e. general populations versus referred cohorts).

Additional predictors of progression, above and beyond the 
aetiology of CKD, include the presence of hyperphosphataemia, 
hyperuricaemia, dyslipidaemia, and acidosis. Many of these would 
be considered to be markers of severity of CKD, and thus it is 
potentially difficult to sort what is ‘chicken and egg’ with respect to 
marker of severity versus marker of progression per se. Nonetheless, 
biological and experimental data do support these metabolic and 
laboratory abnormalities in the context of progression (Krowlewski 
et al., 1994; Ravid et al., 1998; Iseki et al., 2001; Obermayr et al., 
2008; Kovedsky et al., 2009; Menon et al., 2010; Tangri et al., 2011). 
Cohort studies have described more rapid progression in those 
with hyperuricaemia and acidosis, and small studies of interven-
tions for these two abnormalities, either alone or together, have 
demonstrated promising results to attenuate reduction in GFR (Siu 
et al., 2006; Goicoechea et al., 2010). Larger studies will improve 
our understanding of both predictors of CKD progression and 
effective interventions.

Markers of oxidative stress, inflammation, and fibrosis have 
been examined in the context of predicting progression, but are 
not yet appropriate for use in clinical care. They do, however, 
serve to inform pathological mechanisms and thus avenues for 
clinical interventions. For a comprehensive overview of biomark-
ers important in progression of CKD, the reader is referred to an 
excellent review (Fassett et al., 2011). N-terminal pro-brain natriu-
retic peptide (NT-pro-BNP) and troponin I have also been iden-
tified as predictive of progression (Desai et al., 2011). The role of 
specific molecules like asymmetric dimethylarginine (ADMA), 
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transforming growth factor beta (TGF-β), and interleukin 6 (IL-6) 
remain areas of active study (Roberts et al., 2006; Young et al., 2009; 
Baretto et al., 2010).

Progressive kidney disease remains problematic for clinicians 
and researchers alike. Improved understanding of the predictors of 
progression, best interventions to slow rates of progression, and the 
impact of progressive disease on resource utilization and patient 
outcomes remain active areas of investigation.

Chronic kidney disease and risk of death
CKD can lead to a significant reduction in lifespan. Most of this 
reduction is due to the increased burden of cardiovascular disease 
(CVD), but it has been increasingly recognized that CKD increases 
risk of non-cardiac death as well.

The mortality rates on maintenance dialysis have been the most 
extensively reported but recent research has helped to quantify the 
increased risk of mortality attributed to CKD in patients not on 
dialysis (CKD-ND). In addition, the presence of albuminuria, and 
episodes of AKI have also been shown to impact mortality. This 
section will highlight what is currently known with respect to the 
increased risk of mortality due to kidney disease.

Risk of death in CKD patients not on dialysis
The risk of death attributed to a reduced eGFR has been evaluated 
in several population-based studies (Garg et  al., 2002; Muntner 
et al., 2002; Go et al., 2004; Nitsch et al., 2013).

In a large American study, > 1.1 million community-based adults 
with CKD-ND (eGFR < 60 mL/min/1.73 m2) were followed for a 
median of 2.84 years (Go et al., 2004). An independent, graded asso-
ciation was noted between a reduced eGFR and the risk of death. As 
eGFR declined, the risk of death from any cause increased sharply. 
The adjusted hazard ratios (HRs) for death were 1.2, 1.8, 3.2, and 
5.9 for eGFR 45–59, 30–44, 15–29, and < 15 mL/min/1.73 m2,  
respectively. This translates to a mortality risk increase from 17% 
at an eGFR of 45–59 mL/min to a staggering 343% at an eGFR of 
< 15 mL/min.

In 2006, a systematic review of the association between CKD-ND 
and the risk for all-cause and CV mortality was conducted (Tonelli 
et al., 2006). Thirty-nine studies that followed > 1.3 million par-
ticipants were included. The unadjusted relative risk for mortality 
in those with CKD versus those without, ranged from 0.94 to 5.0. 
The absolute risk for death increased exponentially with decreasing 
function. Adjusting for common associated patient factors such as 
diabetes and hypertension reduced, but did not negate the increased 
risk of death. In this meta-analysis, CV deaths (representing 58% of 
deaths) were the largest driver for the increased risk of death.

In 2010, the results of a large global collaborative meta-analysis 
were reported. Results of the CKD-PC highlighted that both lower 
eGFR and the presence of albuminuria independently predicted 
mortality in the general population independent of cardiac risk fac-
tors (Matsushita et al., 2010). In a collaborative meta-analysis of > 
1 million patients in the general population cohort, the consortium 
found that lower eGFR and higher albuminuria were risk factors 
for all-cause and CV mortality, independent of each other and of 
CV risk factors. The HRs for all-cause mortality at eGFRs of 60, 45, 
and 15 mL/min/1.73 m2 were 1.18, 1.57, and 3.14 respectively when 
compared to an eGFR of 95 mL/min/1.73 m2. The presence of albu-
minuria also carried an increased risk of mortality. Compared with 

UACR of 0.6 mg/mmol, adjusted HRs for all-cause mortality were 
1.2, 1.63, and 2.22 for UACR 1.1, 3.4, and 33.9 mg/mmol respec-
tively. Subsequently, the analysis of cohorts at risk for CKD (Astor 
et al., 2011) or with CKD (van der Velde et al., 2011) has demon-
strated similar associations. In addition, a recent meta-analysis of 
these cohorts assessed for the presence of a sex interaction in the 
associations of eGFR and UACR with all-cause mortality, CV mor-
tality, and ESRD (Nitsch et al., 2013). This study demonstrated that 
both sexes face an increased risk of all-cause mortality, CV mortal-
ity, and ESRD with reduced eGFR and increasing UACR.

Importantly, the association of kidney disease measures, eGFR, 
and albuminuria with mortality or ESRD has also been consistently 
found in those with or without hypertension (Mahmoodi et  al., 
2012), diabetes (Fox et al., 2012), and also regardless of age (Hallan 
et al., 2012).

There are multiple possible explanations for the increased risk of 
death for patients with CKD. Prior CVD and known risk factors for 
CVD represent some of the risk. However, when adjusted for these 
known risks, CKD still carries a strong, independent, and graded 
risk of death. Several possible explanations have been given includ-
ing endothelial dysfunction, inflammation, pro-coagulability, anae-
mia, left ventricular hypertrophy, arterial stiffness, and calcification 
(Levin et al., 1999; Hsu et al., 2002; Raggi et al., 2002; Shiplak et al., 
2003, 2005; Muntner et al., 2004). The answer probably lies in a 
combination of some, if not all of the above factors. The mechanism 
by which this multitude of factors leads to increased mortality in 
CKD is still poorly elucidated.

Risk of death in CKD patients on dialysis
Although dialysis is a life-saving treatment for patients with ESRD, 
the mortality rate for those on dialysis remains exceedingly high. 
In general, becoming dialysis dependent carries a prognosis worse 
than most cancers. Although many factors must be taken into 
consideration, the lifespan of a 60–64-year-old starting dialysis 
in the United States is approximately 4.5 years and 8 years for a 
40–44-year-old patient (United States Renal Data System (USRDS), 
2009). Factors that have been associated with decreased survival on 
dialysis include burden of co-morbidities, length of time on dialysis 
(Chertow et al., 2000), and either low or high pre-dialysis potas-
sium levels (Kovesdy et al., 2007).

In terms of specific modality of dialysis (haemodialysis (HD) or 
peritoneal dialysis (PD)), data is still conflicting regarding whether 
one modality has improved long-term outcomes over another. 
After several trials to address this question, we do know that 
there is no large survival advantage between modalities of dialy-
sis as conventionally prescribed. However, there is currently a sig-
nificant amount of research looking at outcomes with short daily 
and nocturnal HD (Nesrallah et al., 2004; Nesrallah et al., 2006). 
Preliminary results have been encouraging, with studies showing an 
improved survival among patients using nocturnal and short daily 
compared to conventional dialysis in one recent study (Johansen 
et al., 2009). Another study showed that patients on nocturnal HD 
had a similar survival to patients who received a deceased donor 
transplant (Pauly et al., 2009). However, recent randomized trials 
investigating whether more frequent HD sessions compared to 
the conventional three-times-weekly regimen showed some clini-
cal and/or biochemical advantages, but none of these trials could 
give answers to the question of whether frequent dialysis amelio-
rates long-term dialysis patient survival; none of them was indeed 

 

 

 

 



SECTION 5 the patient with reduced renal function770

designed for addressing this most important outcome parameter 
(Lameire et al., 2012).

CVD remains the major cause of death in this population, 
accounting for up to half of all deaths. Of the cardiac causes, sudden 
cardiac death (SCD), most commonly due to ventricular arrhyth-
mias, is the most common specific cause of death, representing 
close to 27% of all-cause mortality in dialysis patients (USRDS 
2010). It is well known that obstructive coronary artery disease is 
not the only contributor to SCD in dialysis patients. Other myocar-
dial abnormalities, including left ventricular hypertrophy, endothe-
lial dysfunction, and myocardial perfusion abnormalities are also 
thought to be factors (Young, 2011).

Studies have also shown an enhanced risk of SCD in the first 
HD session of the week after a 2-day dialysis-free interval (Bleyer 
et al., 1999). This study compared the risk of SCD on Monday (for 
patients dialysing Monday, Wednesday, and Friday) or on Tuesday 
(for patients dialysing Tuesday, Thursday, and Saturday) and found 
a 50% higher risk on the Monday or Tuesday.

An increased risk of SCD has also been shown in patients using 
a low potassium dialysate (<2 mEq/L), low calcium dialysate, and 
increased ultrafiltration volumes (Pun et al., 2011), therefore, these 
may be modifiable changes that can be made to the HD prescrip-
tion to reduce the risk of SCD.

The majority of literature has focused on HD patients and few 
studies assess these outcomes in PD. However, SCD is also the 
leading cause of death in PD patients noted in a prospective 5-year 
observational study from Hong Kong that reported 24% of the 
deaths in the cohort were attributed to SCD, similar to HD cohorts 
(Wang et al., 2010).

After CVD, infections and withdrawal of dialysis (either due to 
patient request, or the inability to provide dialysis to the patient) 
are the next most frequent causes of death in dialysis patients. 
Infections in CKD are detailed extensively in the ‘Infections’ sec-
tion of this chapter.

Risk of mortality following acute kidney injury
It has been shown in several studies that in-hospital AKI increases 
in-hospital mortality for a variety of conditions (Uchino et  al., 
2005). Logically, if an individual survives a period of AKI but is 
left with CKD, their mortality will be increased as well, as has been 
demonstrated (Coca et al., 2009). Recent literature also suggests 
that in patients with normal pre-hospitalization kidney function, 
those with an episode of resolved hospital-acquired AKI have an 
increased subsequent risk of CKD and death compared to those 
that did not have AKI in hospital (Lafrance et al., 2010; Bucaloiu 
et  al., 2011). This highlights the need for active surveillance of 
patients with AKI in hospital, regardless of whether it resolves prior 
to discharge. (See Chapter 237 for more details.)

Conclusion/implications for future research
The risk of death is increased in CKD regardless of severity of 
kidney disease. The risk increases significantly as kidney function 
declines. Despite modest improvements over the last 40 years, the 
prognosis of patients on dialysis is still poor.

Increased CV mortality represents an important factor but is not 
the only cause of increased death in CKD patients. Further pro-
spective studies that aim to understand the causes and mechanisms 
of the increased risk of mortality in people with CKD, irrespective 
of dialysis status, are required.

Current treatment strategies mirror the risk factor modifica-
tion of the non-CKD population. Further prospective research is 
required to determine the most useful interventions. In addition, 
randomized controlled trials (RCTs) with modification to current 
methods of dialysis are required to ensure advances in dialysis tech-
nology and prescriptions lead to a reduction in mortality.

Cardiovascular disease and events
CVD is the major cause of death for people with CKD (Go et al., 
2004). CVD in CKD is characterized by accelerated atherosclero-
sis, arteriosclerosis, vascular calcification, and cardiomyopathy 
(predominantly left ventricular hypertrophy). At the time of CKD 
diagnosis, a significant proportion of patients have established 
CVD, and CVD prevalence increases as renal function declines 
(Martínez-Castelao et al., 2011; Foster et al., 2013). In the National 
Health and Nutrition Survey (NHANES) 2007–2010, the preva-
lence of CVD was 29.6% with CKD stages 3–5 and 13.0% with 
stages 1 and 2, compared to 5.5% of those without CKD after con-
trolling for age, sex, and race (Foster et al., 2013).

In CKD patients without established CVD, expert groups 
advocate that they be considered in the highest risk category for 
future CV events (Sarnak et  al., 2003). Whether this statement 
applies uniformly to all groups with CKD is unknown, as large 
population-based studies show conflicting results. In the Women’s 
Health Study, an eGFR < 60 mL/min/1.73 m2 was associated with an 
increased risk of CVD death but not other CVD events or non-CVD 
mortality (Kurth et al., 2009). Similarly, both men and women with 
moderate CKD in NHANES did not have an increased risk of CVD 
(Garg et al., 2002). In contrast, a population-based study in Iceland 
demonstrated that all stages of CKD are associated with coronary 
heart disease (Di Angelantonio et  al., 2010). By evaluating both 
urinary protein excretion (urine dipstick or UACR) and GFR, the 
ability to predict future CVD events is improved. A meta-analysis 
from the CKD-PC evaluating 1.2 million individuals from 21 gen-
eral population cohorts found that eGFR < 60 mL/min/1.73 m2 
and UACR ≥ 1.1 mg/mmol are independent predictors of all-cause 
and CV mortality (Matsushita et al., 2010). Similar findings were 
observed in a high-risk population cohort with hypertension, dia-
betes, and established CVD (van der Velde et al., 2011).

The rate of decline in kidney function also predicts CV events. 
A  cohort study in older individuals defined rapid decline as  
> 3 mL/min/1.73 m2 based on cystatin C measurements found after 
adjustment for demographics, CVD risk factors, and baseline kid-
ney function, that rapid kidney function decline was significantly 
associated with heart failure (HR 1.32), myocardial infarction  
(HR 1.48), and peripheral arterial disease (PAD) (HR 1.67), and did 
not differ by the presence or absence of CKD at baseline (Shlipak 
et al., 2009).

Both traditional and non-traditional risk factors likely contribute 
to the increased CV risk observed in CKD. Hypertension, smok-
ing, diabetes, dyslipidaemia, and older age are highly prevalent in 
CKD populations (Abboud and Henrich, 2010). While they do not 
entirely explain the increased CV risk, they do appear to be the 
most important contributors in this population (Muntner et  al., 
2005; Shlipak et al., 2005). In a large population-based cohort, tra-
ditional risk factors had an area under the curve (AUC) of 0.73 to 
explain CV mortality among older patients with eGFR < 60 mL/
min/1.73 m2; adding novel risk factors to the model only increased 
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the AUC to 0.74 (Shlipak et al., 2005). The relationship between 
certain risk markers and CV events in CKD stage 5D often differs 
from that in the general population, a phenomenon termed reverse 
epidemiology; whether the same is true in non-dialysis CKD 
remains unknown.

Atherosclerotic disease may not follow the same pathways in 
people with CKD as compared to those with normal renal func-
tion, and there are several non-traditional risk factors unique to 
CKD that may contribute to or accelerate the CV risk. There is a 
multitude of observational data linking these non-traditional risk 
factors to poor CV outcomes throughout the spectrum of CKD; 
however, none have been proven a necessary cause in CVD. 
Purported non-traditional risk factors include uric acid, sympa-
thetic over-activity, bone mineral metabolism (serum phosphate 
concentration, calcium loading, and more recently FGF23 (Isakova 
et  al., 2011)), anaemia, arterial stiffness, chronic overhydration, 
inflammatory markers (especially ADMA and IL-6), uraemic tox-
ins, and oxidative stress.

Outcomes after an acute coronary syndrome (unstable angina and 
myocardial infarction) in CKD patients are worse compared to the 
non-CKD population. Observational studies and a large meta-analysis 
in the general population demonstrate that in those with a cardiac 
event, short- and long-term CV morbidity and mortality are inversely 
and independently associated with kidney function, especially at 
eGFR < 15 mL/min/1.73 m2 (Shlipak et al., 2002; Anavekar et al., 
2004; Cardinal et al., 2010; Campbell et al., 2012). Observational data 
also consistently shows increased risk of serious operative compli-
cations in CKD patients. The incidence of postoperative death after 
coronary artery bypass grafting is three- to sevenfold higher in CKD 
stages 4–5ND than in non-CKD patients (Cooper et al., 2006).

Non-atherosclerotic CVD considerations in CKD
Congestive heart failure (CHF) is very common in CKD patients 
(USRDS, 2004). The mechanisms that lead to CHF are pressure over-
load, volume overload, and CKD-associated non-haemodynamic 
factors that affect the myocardium (Ronco et  al., 2009). CKD is 
associated with increased mortality in heart failure (Smith et al., 
2006), with a higher mortality observed in diastolic compared to 
systolic heart failure in CKD patients (Ahmed 2007).

An increased risk of stroke is observed in CKD patients (USRDS, 
2009). A large meta-analysis found that an eGFR < 60mL/min/1.73 m2  
was associated with an increased risk of incident stroke (pooled rel-
ative risk 1.43) compared to those with eGFR > 90 mL/min/1.73 m2 
(Lee et al., 2010). Proteinuria or albuminuria also increases stroke 
risk. CKD also portends a worse prognosis after stroke; the risk of 
fatal stroke is higher than overall stroke risk in those with eGFR  
<60 mL/min/1.73 m2 (Lee, BMJ 2010).

Atrial fibrillation is common in individuals with CKD-ND, with 
prevalence rates of approximately 20%. CKD is an independent risk 
factor for development of this arrhythmia, the risk increasing as 
GFR declines. A community-based study found the age-adjusted 
risk of incident atrial fibrillation of 2.2, 5.1, and 6.6 per 1000 person 
years for eGFR ≥ 60, 30–59, and < 30 mL/min/1.73 m2, respectively 
(Watanabe et al., 2009). The presence of CKD and proteinuria pre-
dict adverse outcomes (stroke and peripheral thromboembolism) 
(Fang et al., 2011).

There is a high prevalence of PAD in CKD. The Chronic Renal 
Insufficiency Cohort Study shows a PAD prevalence of 7% in 
CKD-ND patients. In general, the weight of evidence points to 

worse outcomes after percutaneous or surgical management of 
PAD in CKD patients.

There are several limitations and knowledge gaps in our cur-
rent understanding of CVD in CKD. Firstly, the most important 
limitation is the lack of inclusion of patients with significant CKD 
from CV trials. Certainly, a uniform, accurate definition of CKD 
incorporating albuminuria cut-offs (possibly standardized for age) 
is important to categorize patients appropriately according to CV 
risk in trials. Longitudinal studies evaluating clinical, standard 
laboratory parameters and biomarkers in CKD patients are under-
way, and will hopefully improve prediction of adverse events in this 
population, and may identify other contributing factors to CVD in 
CKD. Finally, (large-scale) intervention trials for traditional and 
purported non-traditional CV risk factors are needed to elucidate 
if intervention decreases adverse outcomes in this population.

Infections
Risk of infection
Infection is an often underappreciated source of morbidity and 
mortality in CKD. In CKD-ND populations, a graded increase in 
the risk of hospitalization and death due to infection is observed 
as kidney function declines (James et al. 2008, 2009; USRDS, 2011; 
Dalrymple et al., 2012). Infection is also a major cause of hospitali-
zation in CKD-D patients on dialysis (CKD-D), with rates peaking 
within the first 3 months following dialysis initiation, particularly 
in HD (Collins et  al. 2009). Furthermore, infection consistently 
ranks as a leading cause of mortality in CKD-D, accounting for 
about 20% of deaths in the United Kingdom (Caskey et al. 2010).

Studies of infections in CKD focus mainly on episodes requiring 
hospitalization or causing death. Since many infections (including 
those requiring intravenous and intraperitoneal antibiotics) are treated 
on an outpatient basis particularly in dialysis patients, existing epide-
miological data can be considered to underestimate the true burden 
of infectious diseases in all stages of CKD (Dalrymple and Go, 2008).

Risk factors
Risk factors for infections causing hospitalization or death have 
mainly been described in CKD-D. These include advanced age, 
comorbidities (diabetes mellitus, heart failure, ischaemic heart dis-
ease, stroke, chronic lung disease, malignancy, inability to ambu-
late), nutritional compromise (low body mass index, low albumin), 
and use of immunosuppressive medications (Powe et  al., 1999; 
Allon et al., 2005; Slinin et al., 2006; Dalrymple and Go, 2008; Guo 
et al., 2008; Dalrymple et al., 2010).

In HD, central venous catheter use is a major risk factor for 
infection. In addition, both HD and PD result in the potential for 
repeated infectious exposures due to the nature of the procedures 
themselves (e.g. interruption of intact skin). Finally, uraemia is 
associated with abnormalities in both innate and adaptive immu-
nity that increase susceptibility to infection and result in hypore-
sponsiveness to vaccines. These abnormalities are discussed in 
detail in Chapter 128.

A lower risk of sepsis requiring hospitalization was reported in 
one observational study of individuals on dialysis prescribed statin 
medications (Gupta et al., 2007). Mixed results have been reported 
in similar studies in the general population. RCTs are required to 
determine whether or not statins have a role in preventing infection.
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Infections in CKD patients not on dialysis
The risk of hospital admission and death due to various infections 
in CKD-ND has been described recently. The risk is graded and 
rises with advancing CKD. These findings are consistent for the 
majority of serious infections.

Risk of bloodstream infection-related hospitalization and death 
was quantified retrospectively in an elderly (aged 65 or greater with 
at least one measure of creatinine available in 2001) cohort of > 
25,000 (27% with CKD) from Canada. Over a median follow-up 
of 3.2 years, 3.1% were hospitalized with bloodstream infection. 
Compared to those with Modification of Diet in Renal Disease 
(MDRD; MDRD Study Group, 1991) formula-estimated GFR ≥ 60 
mL/min/1.73 m2, the adjusted HRs for death were 1.34, 1.61, and 
4.1 for GFR 45–59, 30–44, and < 30 mL/min/1.73 m2, respectively. 
Results for hospitalization were very similar (James et al., 2008).

Risk of pneumonia-related hospitalization and death increased 
with declining MDRD formula-estimated GFR in a second retro-
spective cohort study from Canada of > 250,000 adults (aged 18 
or greater with at least one measure of creatinine available in 2003 
or 2004)  followed for a median of 2.5  years. Not unexpectedly, 
the elderly accounted for the greatest absolute number of hospital 
admissions and deaths; however, the relative risk of these outcomes 
was greatest in younger individuals (James et al., 2009).

Rates of all infection-related hospitalizations have been reported in 
US cohorts where CKD was defined using diagnosis codes. For elderly 
US Medicare beneficiaries (aged 66 or greater) in 2009, the adjusted 
hospital admission rate due to any infection was 1.5 times greater in 
those with CKD (56 per 1000 patient-years in the non-CKD popu-
lation versus 82 per 1000 patient-years in non-dialysis-dependent 
CKD). Hospitalization rates increased as CKD worsened:  from 
69 per 1000 patient-years in stages 1 and 2 CKD, to 78 per 1000 
patient-years in stage 3 CKD, to 107 per 1000 patient-years in stages 
4 and 5 (non-dialysis) CKD. Similar trends were observed regardless 
of the site of primary infection (skin, circulatory, lung, genitourinary, 
musculoskeletal, and abdominal) (USRDS, 2011).

Two recent reports have reinforced these findings. In an analy-
sis of the Cardiovascular Health Study participants (5142 people 
aged 65 years or greater, excluding GFR < 15 mL/min/1.73 m2), 
30% were hospitalized at least once for infection over a median 
follow-up period of 11.5 years. Reduced kidney function, in this 
study estimated using a cystatin C-based method, was again associ-
ated with a graded increase in adjusted risk of all infectious hos-
pitalizations, including pulmonary and genitourinary infections 
(Dalrymple et al., 2012). Examination of infection-related mortal-
ity among NHANES III participants yielded very similar results. In 
addition, heavier proteinuria was a risk factor for hospitalization 
due to infection in this study (Wang et al. 2011).

Infections in CKD patients on dialysis
Infection is often listed as the second leading cause of mortality in 
CKD-D (Foley, 2007). It accounted for about 20% of deaths in dial-
ysis patients in the United Kingdom in 2009 (Caskey et al. 2010). 
The first few months following dialysis initiation appear to be a par-
ticularly high-risk period for infectious hospitalizations, especially 
for HD patients (Collins et al., 2009).

The risk of septicaemia or bacteraemia varies by dialysis and vas-
cular access type. In HD, they occur more frequently when tempo-
rary or cuffed catheters are used than when an arteriovenous graft of 

fistula (AVG or AVF) is used. Rates of sepsis and bacteraemia in PD 
are similar to those reported in HD with an AVF (Ishani et al., 2005).

Reported rates of catheter-related bacteraemia in HD vary 
between and within countries, but range from < 1 to 4 per 1000 
catheter days in most reports. While catheter use for HD remains 
a concern in certain countries, it should be remembered that that 
the majority of septic events are accounted for by non-vascular 
access-related causes. For example, among the 1846 participants in 
the prospective HEMO Study, only one-fifth of all infection-related 
first hospitalizations were felt to be related to vascular access (Allon 
et al., 2003).

Vascular access-related infections in HD are discussed in detail 
elsewhere (see Chapter 269).

In comparison to the general population, mortality rates from 
sepsis in dialysis are alarmingly high. In the United States for the 
years 1994–1996, the adjusted annual mortality was between 100 
and 300 times that observed from sepsis in the general population. 
The impact is especially significant in younger individuals (Sarnak 
and Jaber, 2000).

Peritonitis is a major infectious complication of PD, and is dis-
cussed in detail elsewhere (see Chapter  266). Reported rates of 
PD-associated peritonitis vary by jurisdiction. In a large North 
American survey, peritonitis occurred at a rate of about one epi-
sode per 30 patient-months (Mujais, 2006). Mortality from an epi-
sode of peritonitis is < 4%, and peritonitis accounts for about 20% 
of infection-related deaths on PD (Li et al., 2010). The significance 
of this finding is highlighted in Australia and New Zealand, where 
the risk of infection-related death was found to be greater in PD 
than in HD, largely due to an excess of deaths from bacterial and 
fungal peritonitis episodes (Johnson et al., 2009).

Pneumonia (inpatient and outpatient) is common in 
dialysis-dependent CKD, with a reported incidence of 21% (27.9 
per 100 patient-years) within the first year of dialysis initiation 
in US Medicare beneficiaries starting dialysis between 1996 and 
2001 (hospitalization rate 6.1 per 100 patient-years). The cumula-
tive 1-year survival following pneumonia was only 51% at 1 year. 
Interestingly, the risk of pneumonia was higher in HD than PD 
patients (29.0 compared to 18.2 per 100 patient-years, respectively) 
in this report (Guo et al., 2008). In contrast, no difference in pneu-
monia rates between modalities was reported in Australia and  
New Zealand (Johnson et al., 2009).

In a US study comparing pulmonary infectious mortality in dial-
ysis to the general population, the annual mortality rate in all age 
groups combined was reported to be 14–16 times greater in those 
on dialysis (Sarnak and Jaber, 2001).

Long-term implications of serious infections in CKD
In addition to the immediate risks posed by infections, these 
events also portend a poor longer-term prognosis in the subse-
quent months and years. In US dialysis patients, increased risks of 
CV morbidity (including heart failure, myocardial infarction, and 
stroke) and death have been reported up to 5 years following an 
infectious event (Ishani et al., 2005; Guo et al., 2008). Inflammatory 
pathways may be the pathophysiologic link between infections and 
adverse CV outcomes (Foley, 2007).

Opportunities for prevention of infections in CKD
In view of the high risk of infectious events in CKD and the asso-
ciated poor outcomes, efforts to prevent infections are extremely 
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important. This includes addressing modifiable individual risk 
factors (e.g. nutrition), reducing pathogen exposure (e.g. reducing 
central venous catheter use in HD, avoiding hospitalization and 
procedures where possible) and vaccination (e.g. influenza, pneu-
mococcus, and hepatitis B) (Dalrymple and Go, 2008).

The topic of vaccination in CKD is discussed in Chapter 128.

Hospitalizations
Risk of hospitalization
Given the multitude of complications associated with CKD, it is 
not surprising that hospitalization rates are high in this popula-
tion, especially dialysis patients. The most common reason for 
hospital admission is CVD, followed by infection (USRDS, 2011). 
Hospitalization represents a major source of morbidity and health-
care expenditure throughout the entire CKD spectrum.

Hospitalization in CKD patients not on dialysis
The increased risk of hospitalization with declining kidney func-
tion in CKD-ND has been described recently in several cohorts in 
the United States, Canada, and the United Kingdom. It has been 
consistently reported that the risk of hospital admission increases 
as GFR declines. Proteinuria is also an important independent risk 
factor for hospitalization.

In an American study of > 1.1 million adults (mean age 52 years) 
in the Kaiser Permanente Renal Registry in California with at least 
one serum creatinine measured between 1996 and 2000 and fol-
lowed for a median of 2.8 years, the adjusted HRs for any hospital 
admission were 1.1, 1.5, 2.1, and 3.1 for MDRD formula-estimated 
GFR 45–59, 30–44, 15–29, and < 15 (non-dialysis dependent)  
mL/min/1.73 m2 compared to ≥ 60 mL/min/1.73 m2, respectively 
(Go et al., 2004).

Findings were similar in a report from the USRDS of elderly 
Medicare beneficiaries (age 66 years or greater). Overall hospital 
admission rates were three to five times higher in CKD (defined 
using diagnosis codes) than in those without a CKD diagnosis; 
however, with adjustment for disease severity (including comor-
bidities and prior hospitalization) the risk was 1.4 times greater. In 
2009, the adjusted hospital admission rate for non-dialysis depend-
ent CKD was 444 per 1000 patient-years compared to 318 per 1000 
patient-years in those without CKD. Rates increased as CKD wors-
ened (407 per 1000 patient-years in stages 1 and 2, 438 per 1000 
patient-years in stage 3, 560 per 1000 patient-years in stage 4 and 
stage 5 (non-dialysis) CKD). The most common reasons for hospi-
tal admission were CVD (about 30%) and infections (about 20%) 
(USRDS, 2011).

A series of studies of a community-based cohort from Alberta, 
Canada used a province-wide laboratory registry to determine the 
associations between MDRD formula-estimated GFR and pro-
teinuria with the risk of hospitalization for various CV events and 
with AKI. About 1  million adults were included with a median 
follow-up of 35 months. Risk of hospitalization with AKI increased 
with declining kidney function, as did the risk of hospitalization for 
myocardial infarction, congestive heart failure, peripheral vascu-
lar disease, and transient ischaemic attack/cerebrovascular attack. 
Worsening proteinuria was also consistently and independently 
associated with increased risk of these outcomes, highlighting its 
importance as a risk factor for adverse events in CKD (Hemmelgarn 
et al., 2010; James et al., 2010; Bello et al., 2011).

A recent analysis including > 10,000 community-dwelling elderly 
individuals (aged 75 years or greater) from 53 general practices in 
the United Kingdom supports the findings in the previous studies. 
Those with CKD-Epidemiology Collaboration formula-estimated 
GFR < 30 mL/min/1.73 m2 were at increased risk of hospitaliza-
tion. Dipstick positivity for proteinuria was also independently 
associated with hospital admission over a 2-year follow-up period 
(Nitsch et al., 2011).

Hospitalization in CKD patients on dialysis
Among individuals with CKD, the hospitalization risk is highest 
for those on dialysis. The first 3 months after initiation of dialysis 
are a particularly high-risk period for hospitalization (Collins et al., 
2009). This has been attributed in part to the high frequency of cath-
eter use in incident HD patients. As in the non-dialysis-dependent 
CKD population, the most common reason for hospital admission 
is CVD, followed by infection (USRDS, 2011).

In US prevalent dialysis patients, the adjusted all-cause hospitali-
zation rate has remained fairly stable over the past decade, at about 
1.9 per patient-year, although the infectious hospitalization rate has 
been steadily increasing. In 2009, the adjusted hospital admission 
rate for CVD was 0.55 per patient-year, and for infections was 0.47 
per patient-year. Rehospitalization occurred in 36% within 30 days 
of discharge, indicating that this is a major cause of morbidity in 
dialysis patients. Overall, PD patients had fewer hospitalizations 
than their HD counterparts matched for various comorbidities and 
indicators of disease severity (USRDS, 2011).

Hospital admission and readmission rates have recently been 
reported in the United Kingdom. In a retrospective, 5-year obser-
vational study in Northern Ireland, the median number of hospital 
admissions was three per HD patient. Similar to the observations 
reported by the USRDS, hospital admissions were especially com-
mon within the first 100 days of dialysis initiation, accounting for 
just over 50% of all hospital admissions. Importantly, duration of 
hospital stay was also noted to be far longer in HD patients by a 
factor of 3.75 (Quinn et al., 2011).

Summary: chronic kidney disease  
long-term outcomes
CKD, defined as reduction in kidney function or evidence of kid-
ney damage present for a duration of 3 months or longer, has been 
definitively associated with poor long-term outcomes in numerous 
populations. While heterogeneity within populations is appreciated, 
the fact remains that those with CKD are at risk for progression of 
CKD, AKI, hospitalizations, infections, CVD (atherosclerotic and 
non-atherosclerotic), and death. Increasingly data have become 
available which identify both traditional and non-traditional risk 
factors for these adverse outcomes but few intervention trials have 
been conducted with help to guide therapy. Of note, an increasing 
commitment is observed within the international renal commu-
nity to conduct large RCTs to answer important questions relevant 
for patients. Examples include the SHARP study (Study of Heart 
and Renal Protection), which determined that use of a combined 
lipid-lowering strategy of simvastatin and ezetimibe does reduce 
atherosclerotic events in those with CKD, with little adverse effects; 
the IDEAL study which determined that early start of dialysis was 
not associated with benefits and may have associated increased 
costs; and the TREAT study which determined that higher target 
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haemoglobins using erythropoietic-stimulating agents in diabetic 
CKD-ND patients did not result in improved mortality and was 
associated with harm (Pfeffer et  al., 2009; Baigent et  al., 2011; 
Cooper et al., 2011).

Thus, while we continue to better define high-risk populations, 
best interventions for delaying CKD progression, and complications 
such as infections, hospitalizations, and death, it would behove the 
community to review and apply results of well-conducted RCTs, 
and design future studies to address important clinical questions. 
These collaborative efforts will serve to improve understanding and 
outcomes in years to come.
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CHAPTER 98

Cardiovascular disease and 
chronic kidney disease: overview
David J. Goldsmith

Introduction
Many studies in various populations have reported that reduced 
estimated glomerular filtration rate (eGFR) and raised albuminu-
ria are associated with cardiovascular disease (CVD). Data from 31 
published and unpublished cohort studies involving > 1.4 million 
individuals were assessed in meta-analyses. After adjustment for 
traditional cardiovascular risk factors and albuminuria, the risk gra-
dient for cardiovascular mortality changed little when eGFR was >  
75 mL/min/1.73 m2 but increased linearly once < 75 mL/min/1.73 m2.

Cardiovascular mortality was about twice as high in patients 
with stage 3 chronic kidney disease (CKD) and three times higher 
at stage 4 than that in individuals with normal kidney function. 
In contrast to the non-linear risk relationship for eGFR, the asso-
ciation of albuminuria with cardiovascular risk has no threshold 
effect, even after adjustment for traditional cardiovascular risk 
factors and eGFR. The adjusted risk of cardiovascular mortality is 
more than doubled at the upper end of the microalbuminuria cat-
egory (3–30 mg/mmol, 30–300 mg/g), compared with the risk in 
individuals with normal albuminuria.

This lack of threshold effect indicates that albuminuria even 
at the upper end of the normal range (threshold 3 mg/mmol,  
30 mg/g) confers cardiovascular risk. This is independent of, but 
additive to, diabetes and raised blood pressure (BP) (Fig. 98.1) (see 
Chapter 97).

The proportion of deaths from CVD increases as eGFR declines. 
In a Canadian cohort, when adjusted for age and sex, CVD 
accounted for 27.5% of deaths in individuals with normal kid-
ney function versus 58.0% in those with kidney failure. A similar 
increase in the proportion of deaths due to CVD is observed among 
people with raised albuminuria.

When adjusted for gender, life expectancy due to CVD is short-
ened by 1.3, 7.0, 12.5, and 16.7 years, respectively, in patients aged 
30 years with eGFR stages 3A, 3B, 4, and 5 (45–59, 30–44, 15–29, 
and < 15 mL/min/1.73 m2, respectively), compared with that in 
individuals with normal kidney function. Kidney transplantation 
does not completely correct this deficit in longevity.

Pathophysiology
Increased cardiovascular risk in individuals with CKD is due partly 
to the high prevalence of traditional risk factors, such as raised BP 
and diabetes. Smoking too has a most malign influence on both the 
heart and the kidney in CKD (see Chapter 103).

Raised blood pressure
Raised BP is both a familiar and strong risk factor for development 
of CKD. Even in its earliest manifestations, CKD tends to raise BP, 
which is likely to increase cardiovascular risk in affected patients 
(see Chapter 100). Data from cohort studies suggest that antihy-
pertensive therapy would more effectively reduce cardiovascular 
risk in patients with CKD than in those without this disorder. Few 
prospective studies, however, support this assumption. A  target 
BP of < 140/90 mmHg is considered appropriate to prevent CVD 
in patients with CKD, but a BP target of < 130/80 mmHg is now 
widely recommended for albuminuric patients (see Chapter 99).
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Left ventricular hypertrophy, sudden cardiac death, 
and cardiomyopathy
In patients with early or advancing CKD, the prevalence of left 
ventricular hypertrophy (LVH) (see Chapter  107) is strikingly 
increased. When eGFR is < 30 mL/min/1.73 m2, around 50% of 
patients develop LVH, of which most is concentric hypertrophy. 
Apart from hypertension, renal anaemia (see Chapter  123) and 
increased vascular stiffness (see Chapter 111) seem to have pivotal 
roles in development of LVH and thus reduced coronary reserve. 
The latter could be aggravated by reduced cardiac capillary den-
sity in CKD and impaired coronary dilatory responses. Expression 
of endothelial nitric-oxide synthase is downregulated, which sug-
gests a possible mechanism for coronary endothelial dysfunction 
in early stages of CKD. Histologically, LVH in CKD is character-
ized by myocardial fibrosis that is thought to impair contractility 
when severe. The high prevalence of LVH, with its associated risk of 
cardiac-rhythm disturbances, could at least partly explain why the 
prevalence of sudden cardiac death (see Chapter 108) is increased 
in people with CKD. In the general population, sudden cardiac 
death accounts for roughly one death per 1000 person-years and for 
around 5–10% of all deaths, whereas among individuals with kid-
ney failure, the rates are around 50–60 deaths per 1000 person-years 
and 25% of total mortality (nearly half of all CV mortality). Besides 
the high prevalence of LVH, abnormal electrolyte concentrations 
and increased prevalence of coronary artery disease are predispos-
ing factors for sudden cardiac death in patients with CKD.

Atherosclerosis and valvular heart disease are frequently seen 
in patients with kidney failure, but also occur in those with 
early CKD. The key modulators in this field have not been eluci-
dated in intervention trials, but seem likely to include calcifica-
tion inhibitors (e.g. fetuin-A and matrix Gla protein), promoters  
(e.g. hyperphosphataemia), and calcium-phosphate product, para-
thyroid hormone, and leptin. (See Chapters 115 and 120).

Distinguishing heart failure from volume overload in patients 
with advanced CKD can be difficult, but there seems little doubt 
that volume control is important in preventing heart failure as well 
as in treating it (see Chapters 107 and 268).

Cardiorenal syndrome (CRS) is a group of diagnoses defined 
as disorders of the heart and kidney, whereby dysfunction in one 
organ may induce dysfunction in the other. The umbrella term and 

discrete subtypes (Table 98.1) were developed by the Acute Dialysis 
Quality Initiative (ADQI) to emphasize the bidirectional pathways 
and to provide context for identification of the complex patho-
physiological interactions occurring in different types of combined 
heart and kidney disorders (House et al., 2010).

The value of a concept of a specific (or several) cardiorenal syn-
dromes is not clear.

Lipids, oxidative stress, inflammation, endothelial 
function, and advanced glycation end products
Dyslipidaemia and low-grade inflammation are also caused by 
CKD (see Chapters 102 and 110). In patients with impaired kidney 
function and high albuminuria, lipid profiles become atherogenic, 
owing partly to defective high-density lipoprotein cholesterol 
function and excessive oxidation of low-density lipoprotein cho-
lesterol. Mechanisms of increased systemic inflammation in CKD 
are unclear, but increased production of inflammatory mediators 
has been attributed to raised oxidative stress (see Chapter 112) and 
accumulation of postsynthetically modified proteins and toxins 
that are cleared with normal renal function. Advanced glycation 
end products (AGEs) and receptors for AGEs (RAGEs) are much 
studied in CKD and may be both markers and drivers of CVD.

Renin–angiotensin system, renalase,  
and asymmetric dimethylarginine
Other factors that raise cardiovascular risk in patients with CKD 
include increased activity of the renin–angiotensin system and sym-
pathetic nerve activity in CKD. Angiotensin stimulates production 
of superoxide, interleukin 6, and other cytokines (see Chapter 110). 
Bioavailability of nitric oxide, which is involved with vascular 
smooth-muscle contraction and growth, platelet aggregation, and 
leucocyte adhesion to the endothelium, becomes decreased (see 
Chapter  113). Activity of renalase is lowered in individuals with 
CKD. This enzyme is produced by the kidney and inactivates cat-
echolamines. All these vasoactive factors impinge on endothelial 
function (see Chapter 113). Another key factor for endothelial func-
tion seems to be asymmetric dimethylarginine (ADMA). Plasma 
ADMA concentrations increase with decreasing kidney function 
and predict mortality and cardiovascular complications in CKD 
patients (see Chapter  113). ADMA inhibits generation of nitric 
oxide, reduces cardiac output, and raises both systemic vascular 
resistance and BP. Increased concentrations of ADMA and sympa-
thetic overactivity are strongly associated with concentric LVH.

Mineral and bone metabolites
Patients with impaired kidney function frequently develop 
deficiency of active vitamin D because of a lack of its precur-
sor, impaired activity of the kidney enzyme 1  α-hydroxylase, 
which converts this precursor to the active hormone, or both. 
Observational studies in patients with CKD have shown associa-
tions between vitamin D deficiency and increased risk of cardio-
vascular events, and experimental data suggest that the vitamin 
D pathway is involved in modifying cardiac structure and func-
tion. Elevated serum phosphate, fibroblast growth factor 23, 
and calcium concentrations have both been associated with the 
development of future CVD in CKD, and also in the general, 
populations—as yet no interventional study has tested whether 
these associations are causal. (See Chapter 115.)

Table 98.1 Discrete subtypes of cardiorenal syndrome as defined 
by the ADQI

Name Description

Acute cardiorenal 
syndrome

Type 1 Acute worsening of cardiac function leading 
to renal dysfunction

Chronic cardiorenal 
syndrome

Type 2 Chronic abnormalities in cardiac function 
leading to renal dysfunction

Acute renocardiac 
syndrome

Type 3 Acute worsening of renal function causing 
cardiac dysfunction

Chronic renocardiac 
syndrome

Type 4 Chronic abnormalities in renal function 
leading to cardiac disease

Secondary cardiorenal 
syndromes

Type 5 Systemic conditions causing simultaneous 
dysfunction of the heart and kidney

ADQI: Acute Dialysis Quality Initiative.
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Conclusions
Too few randomized controlled trials have been conducted 
into prevention of CVD in this most susceptible CKD popula-
tion; indeed, much effort has been expended to exclude CKD 
patients from the majority of CVD trials. Until this ends, while 
we can make long lists of associations and risk factors, we can 
make comparatively much shorter lists of useful, practical, proven 
interventions.
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Recommendations 
for management of high renal 
risk chronic kidney disease
Charles J. Ferro and Khai Ping Ng

Introduction
Worsening chronic kidney disease (CKD) is associated with 
increasing morbidity and mortality, mainly as a consequence of car-
diovascular disease (Fig. 99.1) (Matsushita et al., 2010). Population 
studies have consistently shown that people with CKD identified by 
screening have a far greater likelihood of cardiovascular death than 
progression to end-stage renal disease (ESRD) (Keith et al., 2008). 
Preventing further deterioration of renal function and reducing the 
cardiovascular risk in this population is essential to improve the 
clinical outcomes of CKD patients.

The concept that CKD is a single entity with generic treatment is 
clearly a huge oversimplification and requires that CKD be viewed 
as a single process despite a range of primary diseases. Nevertheless 
it is a useful concept and is supported by the effectiveness of some 
generic therapies and on data suggesting final common physiologi-
cal pathways underlie the progression of CKD irrespective of the 
initiating causation (Turner et al., 2012) (see Chapter 136). Indeed, 
extensive studies have shown that the rate of loss of renal function 
may be largely due to common secondary factors often unrelated 
to the original renal disease. These factors are often also cardiovas-
cular risk factors and so preventing the progression of CKD and 
reducing cardiovascular risk often are not mutually exclusive but 
indeed complementary.

Even though the risk of progressive kidney disease and cardio-
vascular disease increases with even minimal renal impairment 
and microalbuminuria (Fig. 99.1), there is a much higher risk when 
the estimated glomerular filtration rate (eGFR) falls significantly 
below 60 mL/min/1.73 m2 especially in the presence of proteinuria 
(Levey et al., 2011; Turner et al., 2012). This chapter will focus on 
the management of these high-risk patients. Given that many local, 
national, and international societies produce their own, often fre-
quently updated, guidelines on the management of CKD a selection 
of useful websites is given in Box 99.1.

The increasing use of treatments to attenuate CKD progression 
has coincided with a plateau of ESRD incidence in the United States 
and United Kingdom in the last few years (Byrne et  al., 2010). 
However, incidence is still high and the field has not seen a truly 
new preventative therapy in over a decade. Nevertheless there is 
a growing literature that multidisciplinary programmes including 
patient education and using evidence-based guidelines can slow 

down the progression of CKD, decrease hospitalizations, improve 
arteriovenous fistula creation before haemodialysis, and decrease 
mortality both before and after the initiation of dialysis (Lee et al., 
2007; Snyder et al., 2009). These programmes have been found to 
be cost-effective.

Interventions influencing prognosis
Hypertension
Whereas the evidence that blood pressure lowering confers renal 
and cardiovascular protection is clear, the optimal level of blood 
pressure control is less well established. The MDRD Study showed 
that the level of proteinuria significantly modulates the effect of 
blood pressure lowering such that a lower blood pressure target  
(≤ 125/75 mmHg vs ≤ 140/90 mmHg) was associated with a slower 
rate of GFR decline among patients with > 1 g/day of proteinuria. 
Secondary analysis revealed significant correlations between rate of 
GFR decline and achieved blood pressure and long-term follow-up 
showed lower mortality and incidence of ESRD randomized to 
the low blood pressure target (Peterson et al., 1995). The African 
American Study of Kidney Disease and Hypertension (AASK) 
study did not show any additional benefit in targeting a blood 
pressure lower than 140/90 mmHg although there was a trend for 
this in patients with proteinuria consistent with the MDRD study 
(Wright et al., 2002).

Several studies have suggested worse patient and renal out-
comes with low achieved blood pressure (systolic 110–120 mmHg) 
(Cushman et al., 2010) There is therefore no evidence to support 
lowering blood pressure to below a systolic pressure of 120 mmHg 
and caution should be exercised particularly in patients who may 
suffer harm from excessive lowering of blood pressure such as 
patients with autonomic neuropathy or postural hypotension.

The inherent difficulty associated with setting specific numeric 
targets for blood pressure control as well as the limited nature of the 
supporting evidence has recently been discussed in detail (Lewis, 
2010). On balance, systolic blood pressure should be controlled 
to < 140 mmHg and the diastolic blood pressure to < 90 mmHg. 
For patients with significant proteinuria (urine albumin:creatinine 
ratio > 70 mg/mmol; urine protein:creatinine ratio > 100 mg/mmol; 
24-hour urinary protein excretion > 1 g) or diabetes and CKD, 
a lower blood pressure (< 130/80 mmHg) is desirable. Lowering 
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systolic blood pressure to < 120 mmHg should be avoided accord-
ing to some guidance. However, this probably should not apply to 
teenagers or young adults and on occasion it may be useful to relate 
blood pressures to age norms. In the major paediatric study on con-
trol of blood pressure in CKD, a target of below the median for age 
was used rather than an absolute value (Escape Trial Group, 2009).

Use of angiotensin converting enzyme inhibitors  
and angiotensin receptor blockers
Several large prospective randomized controlled trials among dif-
ferent groups of patients with CKD provide evidence that angioten-
sin converting enzyme inhibitors (ACEIs) or angiotensin receptor 
blockers (ARBs) afford significant renal protection in addition to 
that attributable to blood pressure lowering. Specifically, ACEI 
treatment reduces CKD progression in patients with diabetic 
nephropathy (Lewis et al., 1993) and in non-diabetic patients with 
proteinuria > 1 g/day (Wright et al., 2002). Treatment with ACEIs, 
compared with other antihypertensive drugs, significantly lowers 
the incidence of ESRD after adjustment for differences in level of 
blood pressure control. However, the benefit appears to be confined 
to patients with proteinuria > 0.5g/day (Casas et al., 2005). ARB 
treatment has also been shown to afford significant renal protection 
in patients with established diabetic nephropathy (Brenner et al., 
2001; Lewis et al., 2001).

Microalbuminuria is strongly positively associated with an 
increased risk of cardiovascular morbidity and mortality (Fig. 99.1).  
ACEIs and ARBs appear to be superior to more conventional 
antihypertensive therapies at reducing urinary albumin excretion 

in diabetic, non-diabetic, and hypertensive populations (Brenner 
et al., 2001; Lewis et al., 2001). There is also a large body of evidence 
indicating that ACEI or ARB treatment reduces or delays progres-
sion from microalbuminuria to overt nephropathy and reduces car-
diovascular risk in diabetic patients with microalbuminuria (Jafar 
et al., 2003).

A number of small studies have suggested that using higher doses 
of an ACEI or ARB or indeed using a combination of these agents 
might result in superior outcomes, especially in reducing progres-
sion of kidney disease, compared to using conventional doses of 
single agents. This approach has, however, recently been called 
into question by both the withdrawal of the COOPERATE study 
(Kunz et al., 2008) and the publication of the ONgoing Telmisartan 
Alone and in combination with Ramipril Global Endpoint Trial 
(ONTARGET) (Mann et  al., 2008). This large-scale trial found 
that using a fixed dose combination of an ACEI and ARB resulted 
in worse renal outcomes (Mann et al., 2008). The injudicious use 
of ACEIs and ARBs in patients with CKD has further been called 
into question by investigators suggesting that they may increase 
the rate of progression in some patient groups, especially those 
with advanced CKD (Goncalves et  al., 2011). Current evidence 
does not support the use of ACEI or ARB treatment for all patients 
with CKD.

Large prospective randomized controlled studies have reported 
significant reductions in cardiovascular morbidity and mortal-
ity associated with ACEI treatment (Yusuf et al., 2000; Fox, 2003). 
Interestingly, secondary analysis of the Prevention of Events with 
ACEI (PEACE) trial found a significant reduction in all-cause 
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Fig. 99.1 Hazard ratios and 95% confidence intervals (CIs) for all-cause and cardiovascular mortality according to spline estimated glomerular filtration rate (eGFR) and 
albumin-to-creatinine ratio (ACR). Hazard ratios and 95% CIs (shaded areas) according to eGFR (A, C) and ACR (B, D) adjusted for each other, age, sex, ethnic origin, 
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mortality associated with ACEI treatment in the CKD subgroup 
but not in patients with normal renal function (Solomon et  al., 
2006). It would, therefore, seem reasonable to use ACEI or ARB 
treatment for reduction of cardiovascular risk as well as slowing of 
CKD progression.

Direct renin inhibitors and mineralocorticoid receptor inhibitors 
have shown some promise when combined with ACEIs or ARBs in 
small studies looking at surrogate endpoints (Parving et al., 2008; 
Edwards et al., 2009). However, larger hard outcome studies are 
needed before these agents are recommended for routine use in 
CKD patients. Indeed, the recent ALTITUDE trial examined the 
use of a direct renin inhibitor (DRI) combined with ARB therapy 
in patients with diabetic nephropathy was terminated early due to 
safety concerns in view of the elevated incidence adverse events.

In summary, ACEI or ARB treatment should form part of the 
antihypertensive therapy of patients with CKD and urinary protein 
excretion of > 0.5 g/day unless there is a specific contraindication. 
Patients with CKD and proteinuria > 0.5 g/day should have their 
ACEI or ARB and other antihypertensive treatment escalated to 
achieve the lowest possible level of proteinuria. Similarly, patients 

with diabetes mellitus and microalbuminuria should be treated 
with an ACEI or ARB, unless there is a specific contraindication. 
The use of ‘dual-blockade’ with various combinations of ACEI/
ARB/DRI has so far been proven disappointing.

Hyperlipidaemia
Despite prior evidence to suggest that lipid-lowering with statins 
had a small but significant effect on CKD progression by reduc-
ing annual decline by 1.22 mL/min/year compared with placebo 
(Sandhu et al., 2006) as well as reducing proteinuria (Douglas et al., 
2006), the largest study of lipid-lowering in CKD patients (SHARP; 
Study of Heart and Renal Protection) failed to demonstrate benefit 
in terms of slowing CKD progression (Baigent et al., 2011). The 
study did however show cardiovascular benefits. Lipids in CKD are 
discussed in Chapter 102.

Statins are a well-established treatment to reduce cardiovascular 
risk in a wide range of populations for both primary and secondary 
prevention. The benefits are effective regardless of baseline choles-
terol levels, with an approximate 20% reduction in the 5-year risk of 
cardiovascular events per 1 mmol/L reduction in serum cholesterol. 

Box 99.1 Online sources of guidelines

Nephrology guidelines

Kidney Disease: Improving Global Outcome (KDIGO)
<http://www.kdigo.org>
European Renal Best Practice (ERBP)
<http://www.era-edta.org/page-8-38-0-38-erbpeuropeanrenalbestpractice.html>
Renal Association Guidelines (United Kingdom)
<http://www.renal.org/Clinical/GuidelinesSection/Guidelines.aspx>
National Institute for Health and Care Excellence (NICE) guidelines on CKD
<http://www.nice.org.uk/CG73>
National Kidney Foundation Kidney Disease Outcome Quality Initiative (NKF KDOQI) (United States)
<http://www.kidney.org/professionals/kdoqi/guidelines_commentaries.cfm>
Caring for Australasians with Renal Impairment (CARI) guidelines (Australia)
<http://www.cari.org.au/guidelines.php>

Cardiovascular guidelines

World Health Organization cardiovascular guidelines
<http://www.who.int/cardiovascular_diseases/guidelines/Pocket_GL_information/en/index.html>
National Institute for Health and Care Excellence (NICE) guidelines on cardiovascular disease
<http://www.nice.org.uk/guidance/index.jsp?action=byTopic&o=7195>
American College of Cardiology/American Heart Association (ACC/AHA) joint guidelines
<http://my.americanheart.org/professional/StatementsGuidelines/ACCAHA-Joint-Guidelines_UCM_321694_Article.jsp>
National Heart Lung and Blood Institute guidelines (United States)
<http://www.nhlbi.nih.gov/guidelines/current.htm>

Hypertension guidelines

World Health Organization/International Society of Hypertension guidelines
<http://www.who.int/cardiovascular_diseases/guidelines/hypertension/en/>
British Hypertension Society guidelines
<http://www.bhsoc.org/>
America Society of Hypertension guidelines
<http://www.ash-us.org/For-Professionals/Position-Papers.aspx>
National Heart Lung and Blood Institute guidelines (United States)
<http://www.nhlbi.nih.gov/guidelines/current.htm>
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Post hoc analysis and meta-analysis of studies, which included some 
patients with CKD, demonstrated that statins remained effective at 
reducing cardiovascular risk and mortality (Strippoli et al., 2008). The 
CKD patients included in these studies had relatively mild CKD and 
most were included in these trials because of other cardiovascular 
risk factors and not because of CKD per se. In general, CKD patients 
have a very similar reduction (~ 20%) in cardiovascular mortality 
to the general population with a 1 mmol/L reduction in low-density 
lipoprotein cholesterol (Strippoli et al., 2008). These findings have 
been confirmed by the SHARP study (Baigent et al., 2011).

To justify primary prevention with lipid-lowering therapy, an 
estimate of cardiovascular risk is required. Available tools to assess 
cardiovascular risk do not adequately incorporate the impact of 
reduced GFR or increased proteinuria. Until such revised tools are 
available, and given the lack of specific evidence for intervention in 
the CKD population, the standard tools should probably continue 
to be used despite the expected higher risk. See also Chapter 102.

Dietary protein
Dietary protein restriction was one of the earliest treatments used 
in CKD and it is reviewed in Chapter 101. In summary, while pro-
tein restriction has been shown to ameliorate symptoms associ-
ated with advanced CKD its effects on progression of earlier CKD 
are less clear-cut. It lowers phosphate and uric acid intake, as well 
as improving metabolic acidosis (Turner et  al., 2012). Protein 
restriction has been shown in many animal studies to reduce CKD 
progression possibly by lowering glomerular hyperfiltration and 
fibrosis (Turner et  al., 2012). However, clinical trials have been 
much less clear as to its efficacy, perhaps because blood pressure 
and other factors were better controlled. The largest and best study 
so far, the MDRD Study showed no effect (Klahr et  al., 1994). 
A meta-analysis did find a reduced requirement for dialysis asso-
ciated with restricted protein diets in non-diabetic CKD (Fouque 
et al., 2009) but this is difficult to interpret when the best study 
produced a different result. In the meta-analysis, because of study 
heterogeneity an optimum level of protein intake could not be 
suggested.

While most agree that high-protein diets are likely to be hazard-
ous (Chapter  101) substantial protein restriction requires a sig-
nificant amount of effort from physicians, dieticians, and patients 
if it is also to be safe. Careful monitoring of nutritional status is 
required to avoid malnutrition. Provided the burden is acceptable 
to the patient and malnutrition is avoided, a target of 0.8 g of pro-
tein per kg body weight per day seems reasonable (Turner et al., 
2012). See also Chapter 101.

Dietary salt
Western populations consume substantially higher amounts 
of sodium than is necessary, and this is associated with a 
higher prevalence of hypertension and cardiovascular disease 
(Bibbins-Domingo et al., 2010). There is relatively little evidence on 
whether a high sodium intake is specifically associated with poorer 
renal outcomes, or whether reducing sodium intake improves renal 
outcomes. However, given the impact of sodium reduction on 
blood pressure (Vollmer et al., 2001), and the known impact of high 
blood pressure on renal function and proteinuria, it seems sensible 
to adopt the general population recommendation of maintaining 
dietary sodium at < 2.4 g/day (100 mmol/day or < 6 g/day of salt). 
See also Chapter 101.

Acidosis
The concentration of hydrogen ions is normally managed by sev-
eral buffering and elimination systems, including the kidney. Lower 
blood pH and reduced plasma bicarbonate levels thus accompany 
deterioration of renal function, especially when the GFR falls below 
20mL/min/1.73 m2 (Hsu et al., 2002). Some experimental evidence 
as well as small studies in humans have suggested that lightening 
the acid load could stabilize or temporarily improve renal function. 
A randomized controlled trial in 134 patients with CKD demon-
strated improvements in the rate of decline of renal function as 
well as a decrease in the need for dialysis in patients treated with 
sodium bicarbonate (de Brito-Ashurst et al., 2009). While further 
larger and confirmatory studies are awaited it would seem reason-
able to treat patients with evidence of acidosis on blood tests with 
oral sodium bicarbonate given its simplicity, safety, and low cost. 
This is described further in Chapter 148.

Smoking
Smoking has been identified as a risk factor for the development 
and progression of CKD (Yoshida et  al., 2008)  (Chapter  103). 
A small study has also intriguingly suggested that stopping smok-
ing may slow down the rate of renal function deterioration (Schiffl 
et al., 2002). Regardless, the clear evidence of smoking as a risk 
factor for cardiovascular and respiratory disease makes smoking 
cessation a critical intervention for improving survival in CKD 
patients. See also Chapter 103.

Interventions with uncertain  
or no effect on prognosis
Chronic kidney disease–mineral and bone disorder
Although there are strong associations between markers of min-
eral bone disease in CKD (CKD-MBD), including associations of 
mortality with serum phosphate levels in the general population 
as well as in patients with advanced CKD (Fig. 99.2) (Chue et al., 
2010, 2011), it has been hard to prove that any interventions benefit 
progression of CKD or mortality, even in patients on dialysis. This 
is discussed further in Chapters 109, 117, and 118.

Anaemia
Renal anaemia is considered in detail in Chapter 123. Anaemia 
was hypothesized to play a role in the early development of car-
diovascular disease but the publication of several trials includ-
ing CREATE (Drueke et al., 2006), CHOIR (Singh et al., 2006), 
and in particular the placebo-controlled TREAT (Pfeffer et al., 
2009) have challenged the ‘cardiovascular’ rationale behind anae-
mia correction to higher targets. It is now recognized that com-
plete anaemia correction is not advisable but partial correction 
may still be important, with different targets applying to different 
subgroups (Locatelli et al., 2009).

Uric acid
Hyperuricaemia increases as GFR declines. Uric acid is clearly toxic 
to the kidney in very high concentrations such as in tumour lysis. 
However, whether more modest elevations are detrimental is much 
less clear (Filiopoulos et al., 2012), although there is evidence from 
small trials that lowering uric acid concentrations with allopurinol 
is associated with improvements in surrogate markers of cardiovas-
cular disease (Filiopoulos et al., 2012). The little evidence available 
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together with the occasional risk of severe allergic reactions to 
allopurinol make recommending routine lowering of uric acid dif-
ficult except in the context of recurrent gout.

Obesity
Obesity is associated with a number of conditions known to increase 
the risk of CKD including hypertension, diabetes mellitus, and heart 
failure (Guh et al., 2009), and its impact on CKD is considered in 
detail in Chapter 106. However, the evidence that obesity is an inde-
pendent risk factor for CKD or associated with increased rate of 
progression is limited. Intriguingly, small studies in patients after 
bariatric surgery show improvements in blood pressure control, 
proteinuria, and inflammatory markers as well as in GFR although 
this last parameter needs to be interpreted with caution and con-
firmed in larger studies with harder endpoints (Navaneethan et al., 
2009). Nevertheless, given the negative impact of obesity on general 
and cardiovascular health it makes sense to recommend weight loss 
using lifestyle modification, in patients with CKD.

Exercise
Patients with CKD have reduced exercise capacity and muscle 
strength which can improve with the introduction of an exercise 
programme (Kosmadakis et al., 2012). Regular, moderate exercise 
reduces cardiovascular risk in the general population (Paffenbarger, 
2000). Although there is no solid evidence that regular exercise 
improves cardiovascular or renal outcomes in patients with CKD, 
the positive impact exercise has on general health and as part of a 
weight-loss programme makes it seem reasonable to recommend 
regular moderate exercise to CKD patients.

Glycaemic control in diabetes mellitus
Observational studies suggest that HbA1C influences cardiovas-
cular event rates and survival (Coresh et al., 2007). There is also 
strong evidence that improved glycaemic control prevents the 
development of microalbuminuria, progression of renal dysfunc-
tion, and microvascular complications in patients with both type 
1 and 2 diabetes mellitus as well as reducing cardiovascular events 
and improving overall survival (de Boer et al., 2011).

The precise level of glycaemic control to be achieved remains 
somewhat controversial. Recent randomized trials have indicated 
that aiming for more intensive glycaemic control may be associated 

with adverse events, mainly hypoglycaemia, and increased overall 
mortality (Gerstein et al., 2011). Whereas the benefits of good gly-
caemic control are well established, the potential risks should also 
be considered and therapeutic targets should therefore be individu-
alized and agreed with the patient.

Hyperhomocystinuria, vitamin B12, and folate deficiency
Higher homocysteine levels are associated with increased mortal-
ity and vascular disease in the general population and in patients 
with CKD (Zoccali et al., 2007). Homocysteine levels are higher 
in patients with all levels of renal impairment (Ganji et al., 2003), 
and are approximately three times higher in patients with ESRD 
(Heinz et al., 2009). Homocysteine levels can be reduced by sup-
plementation with folic acid by approximately 25%, and vitamin 
B12 by approximately 7%. Trials of folate supplementation in both 
the general and CKD population, however, have failed to show any 
benefit (Lonn et al., 2006; Vianna et al., 2007).

There are of course sound haematopoietic rationales for the use 
of folate supplements if there is anaemia or macrocytosis which 
can be attributed to folate deficiency. Indeed, correction of folate 
deficiency is generally good clinical practice irrespective of putative 
effects on homocysteine levels or vascular disease risk.
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CHAPTER 100

Hypertension as a cause 
of chronic kidney disease: what 
is the evidence?
Teena Tandon and Rajiv Agarwal

Introduction
Hypertension is a major public health problem worldwide. In the 
United States, it is estimated that one out of every three people has 
hypertension (Centers for Disease Prevention, 2013). After diabe-
tes, hypertension is the second most common cause of end-stage 
renal disease (ESRD) (United States Renal Data System, 2013). But 
is it? Or is the hypertension in many of these patients caused by 
subclinical renal disease? 

To insinuate hypertension as a cause of chronic kidney disease 
(CKD), there are two levels of evidence—observational and inter-
ventional. First, the observational data are reviewed. Next, we review 
those randomized trials that have targeted blood pressure lowering 
to different levels in people with CKD to evaluate whether such 
interventions have any effect on CKD progression or cardiovascular 
disease. Finally, there is emerging evidence that specific genes may 
confer susceptibility to CKD rather than hypertension per se.

Observational data associate hypertension 
with end-stage renal disease
Several large observational studies associate hypertension with 
CKD. Those that have used ESRD as an endpoint are discussed 
further.

The Multiple Risk Factor Intervention Trial (MRFIT) (Klag et al., 
1996) was a randomized primary prevention trial to test the effect 
of a multifactor intervention programme such as blood pressure 
control, diet modification for reducing blood cholesterol, and cessa-
tion of smoking on mortality from coronary heart disease in 12,866 
high-risk men aged 35–57 years. In this trial, 332,544 men screened 
from 1973 to 1975 were followed prospectively over 16 years. Over 
this time, 814 cases of ESRD were identified. A continual and pro-
gressive increase in risk of ESRD was noted with increasing level 
of blood pressure. With optimal blood pressure (systolic blood 
pressure < 120  mmHg) as reference, stage 1 hypertension (sys-
tolic 140–159  mmHg or diastolic 90–99  mmHg) was associated 
with adjusted relative risk (RR) for ESRD of 3.1, stage 2 hyperten-
sion (systolic 160–179 mmHg or diastolic 100–109 mmHg) with 
adjusted RR of 6.0, stage 3 hypertension (systolic 180–209 mmHg 
or diastolic 110–119 mmHg) with adjusted RR 11.0, and stage 4 

(systolic ≥ 210 mmHg or diastolic ≥ 120 mmHg) hypertension with 
even a higher adjusted RR for ESRD of 20 (Table 100.1). These data 
suggest that risk for CKD increases above systolic blood pressure 
>140 mmHg. Systolic blood pressure higher by 1 standard devia-
tion (SD) was associated with a doubling of the risk of ESRD (P < 
0.001) whereas diastolic blood pressure higher by 1 SD was associ-
ated with a 2.5-fold increase in the risk of ESRD (P < 0.001).

Although MRFIT was limited to men, the Okinawa study (Tozawa 
et al., 2003) in Japan followed both men and women. Unlike the 
MRFIT study, the Okinawa study was without interventions. An 
observational cohort of 46,881 men and 51,878 women in Okinawa, 
Japan were evaluated at baseline and followed over 17  years. In 
both men and women, there was a significant positive association 
between systolic and diastolic blood pressure and the risk of devel-
opment of ESRD. The RR for ESRD with each 10 mmHg increase 
in systolic blood pressure was 1.29 among men and 1.34 among 
women; for each 10 mmHg increase in diastolic blood pressure, the 
RR for ESRD was 1.56 in men and 1.69 in women. This study also 
concluded that in both men and women, high-normal blood pres-
sure and hypertension are independent risk factors for ESRD.

Jafar et al. (2001, 2003) performed a meta-analysis that included 
11 randomized trials in 1860 patients with non-diabetic renal dis-
ease to evaluate the effect of achieved systolic blood pressure on renal 
outcome. Achieved systolic blood pressure of 110–129 mmHg and 
urine protein excretion < 2.0 g/day were associated with the lowest 
risk for CKD progression. Higher levels of systolic blood pressure 
were associated with a steep increase in the risk of CKD progression. 
Furthermore, achieved systolic blood pressure < 110 mmHg was also 
associated with increased risk of CKD progression. Although this 
meta-analysis included randomized trials, most of these trials did 
not randomize patients to two different blood pressure goals. In fact, 
all the trials in this meta-analysis tested the notion whether angio-
tensin converting enzyme inhibitor (ACEI) use can slow the pro-
gression of CKD. Thus, a cause and effect relationship is difficult to 
establish. Given this limitation, the authors appropriately concluded 
that ‘reverse causation cannot be excluded with certainty’. Moreover, 
although achieved systolic blood pressure of 110–129 mmHg was 
ideal, the adjusted RR for CKD progression was not statistically 
significant in when systolic blood pressure during follow-up was 
between 120–129 mmHg (adjusted RR 1.23; 95% confidence interval 
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(CI) 0.63–2.40) or between 130–139 mmHg (adjusted RR 1.83; 95% 
CI 0.97–3.44). Thus, achieved blood pressure of 140 mmHg or more 
was associated with increased CKD progression.

Thus, high blood pressure is strongly associated with ESRD. This 
risk for ESRD is present even when hypertension is mild and occurs 
in the absence of history of diabetes or any other identifiable cause 
of ESRD. Nonetheless, association of blood pressure with ESRD 
does not establish causation. To insinuate that blood pressure is a 
cause of progressive CKD and therefore ESRD, randomized con-
trolled data will be reviewed.

Randomized trials linking hypertension 
to chronic kidney disease
Most of the evidence evaluating the level to which blood pressure 
should be lowered to has emerged from observational studies and 
post hoc analyses of randomized controlled trials that did not lower 
blood pressure to pre-specified goals. There are only three pro-
spective randomized multicentre trials that have asked the ques-
tion of how far blood pressure should be lowered to prevent the 
occurrence of ESRD and slow the progression of CKD. These tri-
als were the Modification of Diet in Renal Disease (MDRD) Study, 
the African American Study of Kidney Disease (AASK), and the 
Ramipril Efficacy in Nephropathy (REIN-2) trial.

The MDRD Study (Klahr et al., 1994) was a randomized con-
trolled trial that tested the interventions of dietary modification 
and blood pressure lowering among 840 patients with CKD. Two 
studies were performed. In study 1, 585 patients with glomerular 
filtration rates (GFRs) of 25–55 mL/min/1.73 m2 body surface area 
were randomly assigned using a 2 × 2 factorial design to dietary or 
blood pressure modifications. The diets were either a usual-protein 
diet or a low-protein diet and blood pressure levels were usual- or 
a low-blood pressure group. Blood pressure assignments were by 
mean arterial pressure, 107 or 92 mmHg respectively in the two 
groups. In study 2, 255 patients with GFRs of 13–24 mL/min/1.73 
m2 body surface area were randomly assigned to the low-protein 
diet or a very-low-protein diet with a keto acid-amino acid sup-
plement, and a usual- or low-blood pressure groups. The mean 
follow-up was 2.2 years. In study 1, the mean decline in the GFR 
at 3 years did not differ significantly between the diet groups or 
between the blood pressure groups. There was no delay in the time 
to the occurrence of ESRD or death. In both studies, in post hoc 
analyses, patients who had more pronounced proteinuria at base-
line had a significantly slower rate of decline in the GFR when they 
were randomized to the lower blood pressure group.

The AASK (Wright et  al., 2002)  used a 2  × 3 factorial design 
to compare the effects of two levels of blood pressure con-
trol and three antihypertensive drug classes on GFR decline in 
black patients with hypertension and CKD. African Americans 
(N = 1094) aged 18–70 years with GFR between 20 and 65 mL/
min/1.73 m2 from 21 clinical centres throughout the United States 
were randomly assigned to one of two mean arterial pressure goals, 
102–107 mmHg (usual goal; N = 554) or 92 mmHg or less (lower 
goal; N = 540), and to initial treatment with either a beta blocker 
(metoprolol 50–200 mg/day; N = 441), an ACEI (ramipril 2.5−10 
mg/day; N = 436) or a dihydropyridine calcium channel blocker 
(amlodipine 5−10 mg/day; N = 217). Open-label agents were added 
to achieve the assigned blood pressure goals. Participants were fol-
lowed up for 3–6.4 years. The main outcome measures were the 
following: rate of change in GFR (GFR slope); clinical composite 
outcome of reduction from baseline in GFR by 50% or more (or 
25 mL/min/1.73 m2), ESRD, or death. Achieved blood pressure 
averaged (SD) 128/78 (12/8) mmHg in the lower-blood pressure 
group and 141/85 (12/7) mmHg in the usual-blood pressure group. 
The mean GFR slope from baseline through 4 years did not differ 
significantly between the lower-blood pressure group (−2.21 (0.17) 
mL/min per 1.73 m2 per year) and the usual-blood pressure group 
(−1.95 (0.17) mL/min per 1.73 m2 per year; P = 0.24), and the lower 
blood pressure goal did not significantly reduce the rate of the clin-
ical composite outcome (risk reduction for lower blood pressure 
group = 2%; 95% CI −22% to 21%; P = 0.85). Thus, no additional 
benefit of slowing progression was observed with the lower blood 
pressure goal.

Blood pressure control for renoprotection in patients with 
non-diabetic chronic renal disease (REIN-2) (Ruggenenti et al., 
2005)  assessed the effect of intensified versus conventional 
blood pressure control on progression to ESRD. Participants 
with non-diabetic proteinuric nephropathies on ACEI ramipril 
(2.5–5 mg/day) were randomly assigned to either conventional 
(diastolic < 90 mmHg; N = 169) or intensified (systolic/diastolic 
< 130/80 mmHg; N = 169) blood pressure control. To achieve the 
intensified blood pressure level, patients received add-on therapy 
with the dihydropyridine calcium-channel blocker felodipine 
(5–10 mg/day). The primary outcome measure was time to ESRD 
over 36 month follow-up, and analysis was by intention to treat. 
Over a median follow-up of 19  months, 38/167 (23%) patients 
assigned to intensified blood pressure control and 34/168 (20%) 
allocated conventional control progressed to ESRD (hazard ratio 
(HR) 1.00; 95% CI 0.61–1.64; P = 0.99). The study was terminated 
early for futility. Among patients with non-diabetic proteinuric 
nephropathies receiving background ACEI therapy, no additional 
benefit from further blood pressure reduction by felodipine could 
be shown.

Taken together, no study testing two different levels of blood 
pressure control was able to demonstrate that lower blood pres-
sure delayed the rate of progression of renal failure. Due to lack 
to robust data for lower blood pressure, the 2012 KDIGO guide-
lines on blood pressure control in CKD patients recommend 
changing blood pressure target to <140/90  mmHg in all CKD 
patients. However, in patients with proteinuria, weak evidence 
justifies blood pressure targeted to < 130/80  mmHg (Kidney 
Disease:  Improving Global Outcomes (KDIGO) CKD Work 
Group, 2013).

Table 100.1 MRFIT trial showed that risk of ESRD increases with stage 
of hypertension

Stage of 
hypertension

Systolic blood 
pressure

Diastolic blood 
pressure

Adjusted RR 
of ESRD

Stage 1 140–159 mmHg 90–99 mmHg 3.1

Stage 2 160–179 mmHg 100–109 mmHg 6.0

Stage 3 180–209 mmHg 110–119 mmHg 11.0

Stage 4 >210 mmHg >120 mmHg 20.0
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Mild kidney disease as cause 
of hypertension
Early kidney disease as measured by albuminuria may antedate 
hypertension. We review the major studies to date that have associ-
ated albuminuria or proteinuria with the subsequent development 
of hypertension (Table 100.2).

The Prevention of REnal and Vascular ENd stage Disease 
(PREVEND) (Brantsma et al., 2006) cohort selected participants 
in 1997 from 40,856 individuals from the general population in 
the Netherlands. Selection was based on their albumin concentra-
tion in a spot morning urine sample to enrich the cohort for the 
presence of albuminuria. The number completing the first survey 
(1997–1998) was 8592. At follow-up (2001–2003), the number of 
individuals completing the second survey was 6894. For this analy-
sis, 4635 individuals who did not have hypertension (N = 2247) or 
self-reported renal disease (N = 12) at baseline and participated 
in the first and second surveys were followed up for a mean of 
4.3 years. Baseline urinary albumin excretion was measured on two 
consecutive 24-hour samples. A strong and independent associa-
tion was found between urine albumin excretion with the risk of 
developing subsequent hypertension (OR 2.29; 95% CI 1.77–2.95). 
An interaction between urinary albumin excretion and estimated 
GFR was also found (P = 0.030), indicating that with elevated uri-
nary albumin excretion and lowered estimated GFR, but still within 
the normal range, the risk for developing hypertension was the 
greatest.

The association between urinary albumin excretion and the risks 
of hypertension and blood pressure progression has been examined 
in the Framingham offspring study (Wang et  al., 2005). Among 
1499 non-hypertensive individuals (58% women) without diabetes, 

during a mean follow-up of 2.9 years, 230 participants (15%) devel-
oped hypertension and 499 (33%) progressed to a higher-blood 
pressure category; blood pressure categories were as defined by 
the sixth report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure. In 
multivariable logistic regression that adjusted for known risk fac-
tors, urine albumin/urine creatinine ratio (UACR) was a signifi-
cant predictor of incident hypertension (adjusted OR 1.20; 95% 
CI 1.01–1.44, per 1-SD increment in log UACR). Compared with 
those in the lowest UACR quartile, participants in the highest 
quartile (men: > 6.66 mg/g; women: > 15.24 mg/g) had an approxi-
mately twofold risk of developing hypertension (adjusted OR 1.93; 
P = 0.006) and 1.5-fold risk of hypertension progression (adjusted 
OR 1.45; P = 0.03).

Among 1065 postmenopausal women from the first Nurses’ 
Health Study and 1114 premenopausal women from the second 
Nurses’ Health Study who had UACR < 25 mg/g and who did not 
have diabetes or hypertension, Forman et al. (2008) examined the 
association of UACR and incident hypertension. Among the older 
women, 271 incident cases of hypertension occurred during 4 years 
of follow-up, and among the younger women, 296 incident cases 
of hypertension occurred during 8 years of follow-up. Participants 
who had UACR in the highest quartile (4.34–24.17 mg/g for older 
women and 3.68–23.84 mg/g for younger women) were more likely 
to develop hypertension than those who had UACR in the low-
est quartile (HR 1.76 (95% CI 1.21–2.56) and HR 1.35 (95% CI 
0.97–1.91) for older and younger women, respectively). Higher 
UACRs, even within the normal range, are independently associ-
ated with increased risk for development of hypertension among 
women without diabetes. The effects of UACR on incident hyper-
tension was independent of age, body mass index (BMI), estimated 

Table 100.2 Details of studies relating albuminuria to hypertension

Study Method Results

PREVEND trial 
(Brantsma et al., 2006)

Community-based prospective cohort study

Examined association of urinary albumin excretion (UAE) (measured 
by two 24-hour urine collections) and hypertension in 4635 patients 
with normal blood pressure followed for 4.3 years

Baseline UAE associated with risk of developing hypertension 
(OR 2.29; 95% CI 1.77–2.95 per tenfold increase in UAE)

Framingham offspring 
study (Wang et al., 
2005)

Community-based prospective cohort study

Followed 1499 patients for 2.9 years

15% developed hypertension and 33% progressed to higher 
blood pressure. Thus, UAE predicts hypertension (adjusted OR 
1.2; 95% CI 1.01–1.44)

Forman et al. (2008) Nurses’ Health Study (NHS) cohort

1065 nurses from NHS I followed

over 4 years

1114 nurses from NHS II followed over 8 years

Participants did not have hypertension and diabetes and submitted a 
spot urine sample at enrolment

Compared to lowest quartile of UAE, highest quartile had HR 
1.76 (P = 0.004) of incident hypertension in NHS I and HR 1.35 
(P = 0.06 for trend) in NHS II

Jessani et al. (2012) Cluster randomized controlled trial, nested cohort study

Followed 1272 normotensive non-diabetic people in Pakistan for 
2 years

Odds of developing hypertension higher in top quartile of UAE 
compared to lowest quartile

Palatini et al. (2005) 1033 patients screened for hypertension (ambulatory blood pressure 
monitoring) and never treated for disease. Required hypertension to be 
present for admission into the cohort. UAE assessed by 24-hour urine

UAE not helpful for predicting hypertension progression
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GFR, baseline blood pressure, physical activity, smoking, and fam-
ily history of hypertension.

Similar findings have emerged from an Indo Asian popula-
tion (Jessani et al., 2012). In a nested cohort study with a cluster 
randomized controlled trial of 1272 normotensive, non-diabetic 
Pakistani adults aged ≥ 40  years with UACR < 30 mg/g, sub-
jects were followed for up to 2 years for incident hypertension. 
Incident hypertension was defined as new onset of systolic blood 
pressure ≥ 140 mmHg, or diastolic blood pressure ≥ 90 mmHg, 
or initiation of antihypertensive therapy. A total of 920 (72.3%) 
participants completed the 2-year final follow-up at which time 
11.4% developed hypertension. The odds (95% CI) for incident 
hypertension were 2.45(1.21–4.98) for those in the fourth (top) 
quartile (≥ 6.1 mg/g) and 2.12 (1.04–4.35) in the third quartile 
(3.8–6.1 mg/g) compared to those in the lowest quartile (< 2.8 
mg/g) of UACR. In addition, a significant interaction between 
UACR and baseline systolic blood pressure was observed sug-
gesting that the odds (95% CI) of incident hypertension with 
UACR were greater at lower baseline systolic blood pressure 
(interaction P = 0.044).

Some studies have questioned the association of albuminuria 
with hypertension. The Hypertension and Ambulatory Recording 
Venetia STudy (HARVEST) (Palatini et al., 2005) study in 17 out-
patient clinics in Italy evaluated 1041 young stage 1 hyperten-
sive subjects. Thus, the HARVEST participants were required to 
have a baseline systolic blood pressure of 140–159  mm Hg or 
a diastolic blood pressure of 90–99  mm Hg. Such individuals 
would be classified as having prevalent hypertension. Urinary 
albumin excretion rate was measured from 24-hour collections 
and 24-hour ambulatory monitoring was performed to assess 
blood pressure. The end point the development of sustained 
hypertension as defined by supine office systolic blood pressure ≥ 
150 mmHg or supine office diastolic blood pressure ≥ 95 mmHg 
on two consecutive visits. At baseline, when compared to sub-
jects with normoalbuminuria and normal filtration, those with 
microalbuminuria with hyperfiltration (P < 0.001) and or normal 
filtration (P = 0.04) had higher 24-hour systolic blood pressure. 
During the 12 years of observation, 461 of 1033 available subjects 
developed sustained hypertension. In a Cox analysis, neither 
microalbuminuria nor hyperfiltration were significant predic-
tors of development of sustained hypertension. Given the greater 
correlation of urinary albumin excretion with 24-hour ambula-
tory blood pressure, it is possible that when 24-hour ambulatory 
blood pressure monitoring is available urinary albumin excre-
tion offers little to improve the prediction of incident hyperten-
sion. However, the results of the HARVEST study do not apply to 
a population that is truly normotensive at baseline.

Thus, hypertension is simply not a cause of kidney damage but 
taken together, the above studies suggest that early kidney damage 
may antedate hypertension in many people.

Nephron mass and hypertension
Loss of nephrons due to peripheral cysts supports the hypoth-
esis proposed by Brenner et al. (1988) and others that reduced 
number of nephrons contributes to hypertension in the general 
hypertension. This is reviewed in Chapter  138. This nephron 
number hypothesis was tested in autopsy study in Germany 
(Keller et al., 2003). A three-dimensional stereologic technique 

was used to compare the number and volume of glomeruli in 
10 middle-aged white patients (35–59 years of age) with a his-
tory of hypertension or left ventricular hypertrophy (or both) 
and renal arteriolar lesions with the number and volume in 10 
normotensive subjects matched for sex, age, height, and weight. 
All 20 subjects had died in accidents. People with hypertension 
had significantly fewer glomeruli per kidney than matched nor-
motensive controls (median 702,379 vs 1,429,200). Those with 
hypertension also had a significantly greater glomerular volume 
than the controls (median 6.50 × 10−3 mm3 vs 2.79 × 10−3 mm3;  
P < 0.001) but very few obsolescent glomeruli. These data provide 
evidence to support the concept that a low number of nephrons 
are associated with hypertension.

Genetic mutations as a cause 
of ‘hypertensive’ chronic kidney disease
In 2008, landmark papers reviewed in Chapter  341 showed a 
very strong association between the increased incidence of focal 
segmental glomerulosclerosis (FSGS) in African Americans and 
markers associated with the MYH9 gene on chromosome 22. 
These analyses used the new technique of admixture analysis that 
depended on tracking segments on ‘African’ DNA in a mixed popu-
lation. Further work showed that the same genetic variants could 
also account for much of the excess of renal disease in African 
Americans (Kao et al., 2008; Freedman et al., 2009). Renal disease 
in most of these individuals had been classified as hypertensive. 
African American patients have a high incidence rate of ESRD 
(Kidney Disease:  Improving Global Outcomes (KDIGO) CKD 
Work Group, 2013) attributed to hypertension at 33% compared 
to < 25% in all other racial groups. Hypertensive ESRD is found 
to aggregate in select African American families and relatively few 
patients with mild to moderate essential hypertension ultimately 
develop CKD.

The MYH9 gene is associated with autosomal dominant renal 
disease, but Genovese et  al. (2010) showed that the strongest 
association signal came not from the MYH9 gene but from the 
adjacent APOL1 gene. APOL1 (Freedman et al., 2010; Friedman 
and Pollak, 2011; Freedman and Langefeld, 2012)  mutations 
are found exclusively among individuals of African descent 
and have traditionally been known to provide protection from 
sleeping sickness (trypanosomiasis). So far, little is known about 
how these variants might predispose to renal disease, but fur-
ther evidence continues to emerge about their importance (see 
Chapter 341).

These studies have shown that APOL1 mutations produce a dis-
tinct category of kidney disease that manifests in African ancestry 
population and support the notion that it is a genetic cause and not 
necessarily hypertension that predisposes to kidney disease.

This disease association has altered our understanding of the 
factors that initiate hypertensive ESRD. Several studies have previ-
ously shown that high blood pressure does not commonly lead to 
progressive nephropathy in African American patients. It is now 
apparent that many patients with African American ancestry and 
ESRD attributed to hypertension may have been misdiagnosed and 
actually have APOL1-associated FSGS. This could explain the fail-
ure of intensive blood pressure reduction, including with the use of 
ACE inhibition, to slow nephropathy progression in hypertensive 
African Americans with CKD.
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Once translated from research to bedside genetic screening, 
these risk markers will have potential clinical uses especially in 
transplantation. Genetic screening could be used to identify those 
donors with better graft survival, as well as for high-risk, black, live 
donors, reducing risk of subsequent nephropathy.

Unusual renal causes of hypertension
Fatty kidney
Kidneys have the potential to accumulate ectopic fat in the renal 
sinus. Excessive accumulation of fat within the renal sinus (fatty 
kidney) displaces and compresses the low-pressure renal lymphat-
ics and veins, as well as the ureters. It is thought that compression 
of these structures increases renal hydrostatic pressure and acti-
vates the renin–angiotensin–aldosterone system (RAAS) which 
leads to hypertension. Chughtai et al. (2010) tested this associa-
tion among 205 patients aged 55–85 years who were recruited as 
part of the Pulmonary Edema and Stiffness of the Vascular System 
(PREDICT) trial, an ongoing prospective observational study the 
aim of which is to identify abnormalities of the cardiovascular 
system that predicts the first episode of congestive heart failure in 
middle-aged and elderly individuals. After accounting for age, sex, 
height, BMI, and intraperitoneal fat, multivariable linear regression 
revealed that renal sinus fat was associated with the number of pre-
scribed antihypertensive medications (P = 0.010), stage II hyper-
tension (P = 0.02), and renal size (P ≤ 0.001). Foster et al. (2011) 
showed similar findings in the Framingham Heart Study cohort. In 
this cross-sectional study, 2923 patients (mean age: 54 years; 51% 
women and mainly white) underwent quantification of renal sinus 
fat area using computed tomography. They found that prevalence of 
fatty kidney was 30.1% (N = 879). Individuals with fatty kidney had 
a higher risk of hypertension (odds ratio (OR) 2.12; P < 0.0001), 
which persisted after adjustment for BMI (OR 1.49; P < 0.0001). In 
this study, fatty kidney was also associated with an increased risk 
for CKD (OR 2.30; P = 0.005), even after additionally adjusting for 
BMI (OR 1.86; P = 0.04).

However, further research is necessary to evaluate the longitudi-
nal associations of renal sinus fat with markers of renal function.

Renal cysts
Hypertension has classically been associated with autosomal 
dominant polycystic kidney disease (ADPKD) (Chapman et  al., 
2010) and in fact predates the loss of renal function in these indi-
viduals (see Chapter 306). It has been postulated that in ADPKD, 
increased cyst growth and renal volume leads to compression of 
renal vasculature resulting in activation of the RAAS. RAAS acti-
vation leads to sodium retention, increased system vascular resist-
ance, further cyst growth, and renal fibrosis, all of which lead to 
hypertension and renal disease.

Not only ADPKD but simple renal cysts have also been associ-
ated with hypertension (Luscher et al., 1986). A simple renal cyst 
is one of the most common types of acquired renal cysts whose 
prevalence increases with age and varies according to gender. In 
1942, Farrell and Young first reported the association of a simple 
renal cyst in an 18-year-old student with hypertension follow-
ing trauma to the right kidney at age 6 (Farrell and Young, 1942). 
Following nephrectomy, hypertension resolved. Since then several 
authors have reported cure or improvement of hypertension after 
decompression of large cysts while others have refuted this finding. 

To examine this association, investigators in Korea (Chin et  al., 
2006)  retrospectively identified 436 persons with a simple renal 
cyst(s) and 436 matched controls from among 6603 patients having 
routine health check-ups and abdominal ultrasounds. They then 
analysed the medical record of study subjects with careful atten-
tion to the confounding effects of age, gender, proteinuria, GFR, 
and hypertension on the existence of a simple renal cyst, hyperten-
sion, and renal dysfunction. The presence of a cyst was related to 
hypertension but not to renal dysfunction. The number and the size 
of cysts were independent risk factors to the prevalence of hyper-
tension. In this study, subjects with peripheral cysts had higher 
prevalence of hypertension compared to perihilar cysts refuting 
the role of RAAS activation by cysts as a cause of hypertension. 
The authors postulated that the loss of nephrons along with ageing 
was involved in both development of hypertension and formation 
of a simple renal cyst. Ageing process along with decreased cortical 
mass causes aberrant tubular growth to generate cyst formation, 
especially in peripheral region as well as hypertension subsequent 
to reduced number of nephrons. Additional loss of renal cortex by 
peripheral cysts may increase the probability of hypertension.
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CHAPTER 101

Diet and the progression 
of chronic kidney disease
Juan Jesús Carrero, Hong Xu, and Bengt Lindholm

Introduction
The dietary management of non-dialysed CKD patients has focused 
on limiting the intake of substances which lead to accumulation of 
urea, potassium, phosphorus, and sodium.

The hypothesis that a high dietary protein intake leads to progres-
sive CKD through a mechanism of glomerular hyperfiltration has 
been taught for decades. However, the evidence that low-protein 
diets (LPDs) halt CKD progression is weak. Recent advances in 
nutritional epidemiology have given us the opportunity to exam-
ine the relationships between diet and CKD. This chapter is an 
overview of dietary factors and interventions that can affect pro-
gression. We restrict this review to patients in the earlier stages 
of CKD; conservative management of Stage 5 CKD is considered 
in Chapter 145.

Nutritional epidemiology is complex. The estimation of indi-
viduals’ nutritional intake depends mostly on semi-quantitative 
food frequency questionnaires and food diaries, which are 
dependent on the accuracy of the reporters, and the precision 
by which these records are translated into estimation of actual 
intakes by use of food composition tables. The study of diet and 
disease progression or incidence also assumes that dietary habits 
remain more or less constant over time. Given the mixture of 
nutrients (we eat meals, not single nutrients), the effect attrib-
uted to a single item may be influenced by other components 
in the foods. Finally, diet is inevitably linked to lifestyle-related 
factors such as obesity, smoking, and physical activity which also 
influence patient outcomes.

Macronutrients and progression  
of chronic kidney disease
Protein intake: not high, but weak evidence for 
restriction
From early studies it was postulated that a high-protein diet results 
in glomerular hyperfiltration, leading to kidney injury. Thus, it is 
plausible that the high protein intake would affect the kidneys of 
healthy adults or those with CKD. In the Nurse’s Health Study, a 
high intake of non-dairy animal protein in women with mild kid-
ney insufficiency was associated with albuminuria and a signifi-
cantly greater loss in glomerular filtration rate (GFR) (Lin et al., 
2011). This agreed with observational data linking higher intake 

of protein-rich foods with albuminuria in the community and in 
individuals with hypertension and diabetes.

High-protein diets are therefore not recommended in patients 
with clear-cut CKD. Apart from its effect on renal blood flow, die-
tary protein is a source of nitrogen, phosphorus, potassium, and 
metabolic acids that need to be excreted by the kidneys. Conversely, 
dietary protein restriction may protect against the progression of 
CKD by haemodynamic-mediated reductions in intraglomerular 
pressure as well as by changes in cytokine expression and matrix 
synthesis.

Various randomized controlled trials (RCTs) have evaluated 
both the efficacy and safety of a LPD in patients with progres-
sive CKD, but the evidence remains inconclusive. Protein restric-
tion to approximately 0.6–0.8 g/kg/day improved a number of 
uraemic symptoms and was associated with a modest and not 
significant benefit on CKD progression (Aparicio et  al., 2000; 
Bernhard et al., 2001). Other RCTs including those in type 1 dia-
betic nephropathy patients showed that LPDs resulted in slower 
decline of GFR (Walker et al., 1989; Zeller et al., 1991). However, 
in the Modification of Diet in Renal Diseases (MDRD) Study, 
600 individuals with moderate CKD, a low- versus usual-protein 
diet (0.58 vs 1.3 g/kg/day) did not result in a slower decline of 
kidney function (Klahr et  al., 1994). A  longer-term follow-up 
using national registries of these patients suggested that there 
might be an early benefit with low protein intake on the need for 
renal replacement therapy initiation or the composite of ESRD 
or all-cause mortality (Levey et al., 2006). Several meta-analyses 
have examined the relationship between a LPD and the initia-
tion of renal replacement therapy by pooling data from previous 
interventions. The largest of these, based on 10 RCTs, concluded 
that CKD patients taking a LPD had a reduced risk for end-stage 
renal disease (ESRD) than those consuming higher amounts of 
protein (Fouque and Laville, 2009). To date, given the lack of 
conclusive data, dietary protein restriction cannot be recom-
mended as a routine kidney protective strategy for patients with 
CKD. However, the safety of LPD and its beneficial effects on 
uraemic symptoms are obvious so its prescription may be justi-
fied in selected cases.

Apart from the quantity of protein intake, the source of pro-
tein may also be important. Whereas animal protein and amino 
acid mixtures may increase GFR, vegetable protein and egg 
whites produce little or no effect. However, it should be noted that 
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animal protein intake can increase serum creatinine directly as 
well as indirectly by increasing muscle mass, which could have 
influenced the interpretation of those trials. Interventional stud-
ies with non-serum creatinine-based measures of GFR as the out-
come are needed before strong recommendations can be made 
about animal versus vegetable sources of protein in early CKD. 
In more advanced CKD, however, vegetable sources of protein 
might have additional benefits, such as lower absorption rate 
of bound-phosphate. Indeed, a cross-over trial in CKD stage 
4 patients showed that 7  days of vegetarian diet with equiva-
lent nutrients to a meat diet led to lower serum phosphate and 
decreased fibroblast growth factor 23 (FGF23) levels (Moe et al., 
2011). Vegetarian diets are also associated with a decreased pro-
duction of uraemic toxins such as p-cresyl sulphate and indoxyl 
sulphate, which have been implicated in CKD progression. 
Finally, a diet high in vegetable sources of protein might lead to 
lower endogenous production of acid.

The 2012 KDIGO guidelines suggest the use of a lower, 
high-quality protein diet of 0.8 g/kg/day among select pre-dialysis 
patients who are highly motivated to follow such a diet (Stevens 
et al., 2013). Other recommendations, such as those from the US 
National Kidney Foundation or International Society of Renal 
Nutrition and Metabolism suggest a lower range of protein restric-
tion in CKD stages 3–5 to 0.6–0.8 g/kg/day, provided there are no 
signs of malnutrition.

A concern of LPDs in non-dialysed CKD is that they might 
eventually compromise nutritional status. RCTs have not shown 
that a LPD results in malnutrition (Klahr et al., 1994; Aparicio 
et al., 2000; Bernhard et al., 2001), possibly because these stud-
ied patients are subjected to more stringent dietary counselling 
and control. This supports the advantages of appropriate dietary 
counselling and monitoring in CKD. Adequate caloric intake 
must be ensured and at least 60% of the ingested protein must 
be of high biologic value or contain a high percentage of essen-
tial amino acids to ensure net nitrogen balance. Because dietary 
protein is a source of metabolic acids that stimulate skeletal mus-
cle protein breakdown, LPDs may be associated with less meta-
bolic acidosis. If the patients appear to be at risk of malnutrition, 
the LPD can be supplemented with essential amino acids and/or 
keto acids. The use of hypercaloric renal-specific supplements in 
the context of a LPD was associated with protein intake closer to 
the target values, better nutritional measures, and better adher-
ence to therapy than a LPD alone (Montes-Delgado et al., 1998). 
Likewise, keto-acids of essential amino acids can also be used 
because of their capacity to neutralize the excessive nitrogen resi-
dues through transamination and limit the production of urea, 
while, at the same time, allowing the preservation of nutritional 
status (Mircescu et al., 2007).

Adherence to a LPD is often difficult for an individual. The ques-
tion of the effectiveness of LPD in slowing the progression of CKD 
is irrelevant if patients are not able to follow it. Nutritional edu-
cation programmes and dietitians’ advice are effective in increas-
ing patient adherence (Paes-Barreto et al., 2013), but the support 
of family members and whoever prepares the food is also criti-
cal. Ideally, the LPD prescribed has to be pleasant, varied, and not 
too restrictive. A recent study proposed a simplified approach to 
a LPD prescription (Piccoli et al., 2013), using a vegetarian LPD 
supplemented with ketoanalogues. The simplified diet was based 
on the idea of forbidden and allowed foods (forbidden: fish, meat, 

milk, eggs and derivatives (except in the context of the free-choice 
meals); everything else is allowed). The diet was essentially vegan, 
with an average of 0.6 g/kg/day protein intake and of 30–35 kcal/kg/
day, and was supplemented with ketoanalogues. To improve com-
pliance, one to three free-choice meals per week were allowed and 
the foods were not weighed. Adherence and feasibility were good, 
suggesting this as an easier way to put this theory into practice.

Compliance with dietary protein restriction can be estimated 
from measurement of urea in a 24-hour urine collection, assuming 
that daily intake is relatively constant and the patient is in a steady 
state (shown by a stable blood urea nitrogen and/or body weight). 
In this setting, nitrogen (N)  excretion roughly equals nitrogen 
intake. The former can be estimated from:
 
N excretion  urinary urea N excretion  non-urea N excret  iion  

Non-urea nitrogen excretion (sum of non-urea urine nitrogen plus 
faecal nitrogen) is relatively constant, averaging 31 mg/kg per day.

Moderate urinary protein loss can be ignored, but each gram 
excreted above 5 g/day should be added to the above formula. Each 
gram of nitrogen is derived from 6.25 g of protein. Thus:

Estimated dietary protein intake 
 6 25 urine urea N  31  . mmg kg/   

If, for example, 24-hour urine urea nitrogen excretion is 8.2 g in a 
60 kg woman excreting 3.5 g of protein per day, then:

 Estimated dietary protein intake  6 25 8 2  1 86   62   . . . .99 g  

Thus, protein intake in this example is approximately 1 g/kg per day.

Fat intake
Although there is limited evidence that reduction in total dietary 
fat intake per se decreases CVD, replacement of dietary saturated 
fat and trans-fat with unsaturated fat is recommended for preven-
tion of CVD in the general population. The potential of dietary fat 
interventions for CKD progression has so far been mainly limited 
to the study of n-3 polyunsaturated fatty acids (PUFAs) derived 
from fish oil. Less is known of the health risks of a diet with an 
unhealthy fat profile.

There are three main types of fatty acids in humans: saturated 
fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and 
PUFAs. The latter two are further classified into n-3, n-6, and n-9 
(or omega-3, -6, and -9) subfamilies (IUPAC-IUB Commission on 
Biochemical Nomenclatur, 1978). Major dietary sources of fatty 
acids are summarized in Table 101.1. Fatty acids have many bio-
logical functions, for example, a source of energy, basic building 
blocks of lipids and membranes, second messengers regulating 
gene expression, precursors of eicosanoids, and as antioxidants, 
anti-inflammatory agents, and anticoagulants.

Epidemiological studies investigating associations between SFAs 
and kidney function suggest a negative effect of SFAs on kidney 
function. In the Nurses’ Health Study, women within the highest 
quartile of SFA intake had increased odds of GFR decline ≥ 30% 
during 12 years (Lin et al., 2010). In contrast, most, but not all epi-
demiological studies investigating associations between n-3 PUFA 
and kidney function suggest a protective effect against the decline 
in GFR. Owing to the purported salutary effects of n-3 PUFAs, 
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several RTCs have tested benefits of n-3 PUFA supplementation 
on proteinuria/albuminuria and renal function in patients mostly 
with diabetic nephropathy, immunoglobulin A  (IgA) nephropa-
thy, or lupus nephritis. These studies are characterized by their 
small sample size and short duration. Only a few found signifi-
cant effects of reducing proteinuria/albuminuria or retarding the 
reduction of GFR. Though not reaching statistical significance, the 
other RCTs generally showed benefits on markers of kidney dam-
age. A meta-analysis pooling all these studies concluded that there 
was a greater reduction in urine protein excretion in the interven-
tion group compared to the control group (Miller et  al., 2009). 
Moreover, this pooled analysis showed that the decline in GFR is 
slower in those with n-3 PUFA supplementation than in the con-
trols, but this effect did not reach statistical significance (Miller 
et  al., 2009). Currently, there are no specific recommendations 
regarding dietary fat intake in patients with CKD. Along with the 
recommendations made at the general population level, a reduc-
tion in SFA intake and an increase in n-3 PUFA intake should be 
advocated for cardioprotection. When recommending fish intake 
in CKD patients, prescribers should advice on the phosphate to 
protein ratio of different fish species.

Carbohydrate intake
Sugar and sweeteners
There is no macronutrient whose consumption has increased as 
much in humans as sugars and sweeteners, especially after the 
introduction of soda drinks in the 1940s. Much research is devoted 
to the association between these nutrients and the development of 
obesity. What are the potential roles in the development of CKD? 
A number of epidemiological studies have suggested an association 
between consumption of sugary drinks/sodas and the presence of 
CKD in the community. The consumption of these items has also 
been associated with the development of albuminuria or CKD and 

with a faster GFR decline (Bomback et al., 2009; Lin et al., 2011). 
There is currently no evidence of an effect of interventional stud-
ies restricting sugar/sweetener intake in CKD patients. A RCT in 
patients with CKD stages 2–3 demonstrated, however, that a low 
fructose diet significantly reduced a number of inflammatory bio-
markers and blood pressure (Brymora et al., 2012). There are some 
plausible explanations to explain these links. First, dietary sugar 
(and particularly fructose) may increase uric acid levels, which 
in turn may promote hypertension and kidney damage. Second, 
excessive sugar intake may promote obesity, which in turn may 
promote kidney damage. Third, excessive sugar intake increases the 
risk of diabetes mellitus, which is the most common cause of CKD 
(Karalius and Shoham, 2013).

Fibre intake
Because potassium concentrations are high in fruits and vegetables, 
CKD and dialysis patients are counselled against taking these. This 
might result in a decreased intake of fibre. A recent study found 
that CKD patients with lower fibre intake have elevated serum 
C-reactive protein levels and increased mortality (Krishnamurthy 
et al., 2012). In a series of RCTs, a higher intake of fruits and veg-
etables in patients with CKD stages 1–4 was compared to the effi-
cacy of oral bicarbonate. The rationale was that high-alkali fruit 
intake would reduce the dietary acidic load and be able to control 
acidic status and subsequent kidney injury; In CKD stage 2, both 
treatments attenuated kidney injury to a similar extent (Goraya 
et  al., 2012). In CKD stages 3–4, metabolic acidosis was signifi-
cantly reduced by both treatments (although as expected more in 
the bicarbonate group) (Goraya et al., 2013). With increased but 
controlled fruit/vegetable intake, hyperkalaemia was not induced 
(Goraya et al., 2013). There is no evidence that fibre or fruit/vegeta-
ble intake can delay CKD progression.

Micronutrients and progression  
of chronic kidney disease
Dietary salt: usually restrict intake
Hypertension is a well-established cause and complication of CKD 
and a mediator of CKD progression. Epidemiological evidence 
suggests that salt consumption at a community level may impair 
kidney function. For instance, dietary sodium was associated 
with an increased odds ratio for albuminuria in obese, but not in 
normal-weight, adults (Aaron et al., 2011). In a 14-years follow-up 
study, higher dietary sodium intake was independently associated 
with an estimated GFR decline ≥ 30% from baseline (Lin et  al., 
2010). Dietary programmes restricting salt intake in the com-
munity are effective in controlling hypertension, for example, the 
Dietary Approaches to Stop Hypertension (DASH)-Sodium study, 
in which lowering sodium intake to 1 or 0.6–1.0 g/day reduced 
systolic blood pressure by 7.1 and 11.5 mmHg, respectively (Sacks 
et al., 2001). There is, however, no evidence from interventional 
trials to support the belief that a reduction of dietary sodium will 
prevent the development of CKD.

The kidney is the major organ of salt excretion and so plays a 
key role in the maintenance of sodium balance. Most patients with 
moderate-advanced CKD have decreased ability to excrete a high 
sodium load and develop salt sensitive hypertension. Indeed, the 
prevalence of salt sensitive hypertension increases with age espe-
cially when kidney function is declining. In contrast, CKD subjects 

Table 101.1 Major dietary sources of fatty acids

Common name Dietary sources

Saturated fatty acids

Palmitic acid Meats, cheeses, butter, palm oil

Stearic acid Animal fat, cocoa butter and shea butter

Monounsaturated fatty acids

Palmitoleic acid Macadamia oil, sea buckthorn oil

Oleic acid Sunflower oil, safflower oil

Polyunsaturated fatty acids

n-6 subfamily:

Linoleic acid Sunflower seed, corn, soya, sesame, canola, 
safflower and their oils

Arachidonic acid Meat, eggs

n-3 subfamily:

Alpha-linolenic acid Rapeseed, soybeans, walnuts, flaxseed, perilla, 
chia, hemp and their oils

Eicosapentaenoic acid Oily fish, seafood, seaweed, krill oil, seal oil

Docosahexaenoic acid Oily fish, seafood, seaweed, krill oil, seal oil
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with tubulointerstitial disease may maintain normal blood pressure 
because they excrete salt more readily. An interventional study (Yu 
et al., 2012) assigned 176 patients with non-dialysed hypertensive 
CKD to a low-sodium diet (2300 mg/day) over 7 days. Compared 
with a control group, the sodium restriction group had greater 
reduction in systolic and diastolic blood as well as a reduction in 
urine protein excretion.

The ideal sodium intake for non-dialysed CKD patients is a 
matter of debate. Most guidelines specific to the nutritional man-
agement of CKD patients recommend an upper limit of 2.3 g/
day (Fouque et  al., 2007; Levin et  al., 2008). The United States 
dietary guidelines recommend a stricter target of 1.5 g/day for 
people with CKD. The nature of the Western diet and the excess 
of salt in processed foods, mean that a careful dietary plan may 
not be sufficient to achieve these goals. In fact, mean 24-hour uri-
nary sodium excretion in large studies suggests that CKD patients 
commonly have sodium intakes far above those recommenda-
tions. Identified barriers to adherence to a salt restrictive diet are 
(a) perceived taste/palatability of low-sodium foods, (b) conveni-
ence/difficulty (e.g. time, availability of low-sodium foods, inter-
ference with socialization, and cost) or, (c)  lack of knowledge 
or understanding (e.g. lack of perceived benefit and inability to 
identify low-sodium foods). Bread, baked products, pre-cooked 
foods, and sausages are the most common sources of sodium in 
a Western diet besides the salt added to meals. Sodium content is 
often reported on food labels, and as a rule of thumb, foods con-
taining < 0.5 g of sodium/100 g can be considered low in sodium. 
Spices and aromatic herbs may replace sodium to enhance taste 
and appetite. A skilled nutritionist is needed to assist patients in 
restricting dietary salt.

Various RCTs suggest that dietary sodium restriction enhances the 
renal and cardiovascular protective effects of first-choice antihyper-
tensive therapies in patients with diabetic and non-diabetic kidney 
disease. For instance, treatment with angiotensin receptor block-
ers (ARBs) compared with non-renin–angiotensin–aldosterone 
system (RAAS) intervention produced the greatest long-term 
effects on renal and cardiovascular events in the lowest tertile 
of sodium intake (Fig. 101.1) (Lambers Heerspink et  al., 2012). 
Conversely, drug-resistant hypertension, including therapy with 
angiotensin-converting enzyme inhibitors (ACEIs) or ARBs, is 
often caused by a high level of salt intake.

Dietary potassium: restrict only when indicated
The kidney excretes 90% of dietary potassium and in the pres-
ence of kidney dysfunction, the intestinal excretion of potassium 
is increased as a compensatory mechanism. With advanced renal 
insufficiency, acidosis, or other chronic conditions, the patient’s 
ability to excrete potassium can be impaired. Impaired potassium 
excretion is the consequence not only of the loss of kidney func-
tion, but also an impairment in the action of protective hormones 
(e.g. aldosterone) or use of medication than can influence potas-
sium levels, such ACEIs, ARBs, or non-steroidal anti-inflammatory 
drugs. Fortunately, there are adaptative mechanisms that increase 
the excretion of potassium through both the kidney and gut, mak-
ing it possible to comply with potassium restriction approaches.

There have been few investigations of the influence of dietary 
potassium modifications on CKD progression, but the clinical con-
sequences of hyperkalaemia justify the need to reduce potassium 
intake. On the other hand, there is substantial evidence that diets 
rich in potassium (e.g. fruits and vegetables) reduce the likelihood 
of developing chronic diseases, such as coronary heart disease and 
diabetes. The National Kidney Foundation’s expert panel recom-
mended potassium restriction for individuals with advanced CKD 
stages 4–5 (Kidney Disease Outcomes Quality Initiative (K/DOQI), 
2004). However, in pre-dialysis patients, the need for potassium 
restriction is variable and limits the validity of general recom-
mendations. For instance, potassium supplementation is seldom 
justified in those on diuretics. In contrast, potassium restriction 
is needed in those with hyperkalaemia receiving RAAS block-
ers. Steroids, ACEIs, and potassium-sparing diuretics may induce 
hyperkalaemia. Loss of intracellular potassium is promoted by aci-
dosis and hyperglycaemia. Hence, serum potassium levels should 
guide the potassium intake in these patients, and before restricting 
dietary potassium, a careful exploration for other causes of hyper-
kalaemia is necessary.

As a practical recommendation to patients, leaching or boiling 
vegetables in water reduces their mineral content and may be a use-
ful adjunct to a diet low in potassium. However, such techniques 
may induce loss of nutrients other than potassium, so the patient’s 
nutritional status must be continuously monitored. An excessive 
consumption of fruits and vegetables may lead to hyperkalaemia, 
but fruits and vegetables also provide other nutrients of interest for 
CKD management. Finally, it should also be remembered that food 
additives may contain significant quantities of ‘hidden’ potassium.

Dietary phosphorus: restrict when indicated
Organic phosphorus is bound to protein, so the amount of pro-
tein eaten will predict phosphorus intake. The intestinal absorp-
tion of dietary phosphorus is lower if it comes from animal sources 
(40–60% absorbed) than that from vegetable sources (10–30% 
absorbed). In addition, inorganic phosphorus, which is added to 
processed foods for conservation and enhancement of taste, is 
almost entirely absorbed in the intestine and represents an impor-
tant ‘hidden’ source of phosphorus in the diet. As the amount of 
inorganic phosphorus is often not reported in food labels, accurate 
estimation of the real phosphorus intake of CKD patients is dif-
ficult. Besides the amount of protein in the diet and its absorption, 
serum phosphorus concentration depends on additional processes 
that regulate phosphorus metabolism, including renal excretion of 
phosphorus, and changes in bone turnover.
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Because there are physiologic adaptations in the stages of earlier 
CKD that prevent excessive phosphorus retention, the inability to 
promote phosphorus excretion to avoid phosphorus accumulation 
and hyperphosphataemia occurs when GFR level decreases below 
40 mL/min (Moranne et  al., 2009). The major adaptation is the 
stimulation of parathyroid hormone (PTH) release, which increases 
phosphorus excretion by the proximal tubule. In addition, FGF23 
activation will reduce serum phosphorus concentration because 
phosphorus excretion is stimulated, and the production of calci-
triol is reduced, suppressing intestinal phosphorus absorption. 
The metabolism of these molecules is described in more detail in 
Chapter 119.

In patients with moderate/advanced CKD, higher serum phos-
phorus levels have been associated with increased mortality risk 
(Eddington et  al., 2010). There is no clinical evidence that high 
phosphorus intake accelerates CKD progression. In CKD indi-
viduals with moderate/advanced CKD in whom the phosphorus is 
high, it is reasonable to restrict phosphorus intake and to prescribe 
phosphorus binders. A low-phosphorus diet decreases serum phos-
phorus and FGF23 levels (Di Iorio et al., 2012), but the combined 
prescription of this diet and phosphate binders was more effective 
than either of those approaches alone (Isakova et al., 2013). The 
rationale for limiting phosphorus intake in non-dialysed CKD 
should not be CKD slowing CKD progression but preventing sec-
ondary hyperparathyroidism and renal bone disease. It will also 
reduce the need for calcium-containing phosphate binders which 
carry a risk of promoting soft tissue calcification. Current recom-
mendations for phosphorus intake in CKD stages 3 and 4 are simi-
lar to dialysis patients, that is, to reduce intake to 800–1000 mg/day, 
in conjunction with use of phosphate binders if appropriate (Ikizler 
et al., 2013).

Dietary calcium
Calcium supplementation of 2–4 g/day reduces PTH levels in 
advanced CKD (Barsotti et al., 1998). Given that administration of 
calcium-containing phosphate binders in haemodialysis patients 
results in increased vascular calcification, concern has been raised 
regarding the safety of the excess calcium intake in non-dialysed 
individuals with CKD. There are no RCTs establishing the safe 
level of calcium intake in pre-dialysis CKD or its role in disease 
progression. In a calcium balance study, normal individuals and 
patients with CKD stages 3 and 4 were in slightly negative to 
neutral calcium balance on an 800-mg calcium diet (Spiegel and 
Brady, 2012). Normal individuals were in modest positive calcium 
balance on a 2000-mg diet, whereas CKD patients on the same diet 
were in marked positive calcium balance. Furthermore, increased 
calcium intake significantly decreased 1,25-dihydroxy-vitamin D 
and PTH levels, but it did not alter the serum calcium concentra-
tion. On the basis of this study, a diet of 2000 mg/day of calcium 
in CKD patients might result in a positive calcium balance with 
the extra calcium deposited in tissues leading to metastatic calci-
fication. Therefore, it is reasonable to restrict total calcium intake 
to the currently recommended dose of 1500 mg/day (National 
Kidney Foundation, 2000).

Vitamins
Vitamins are essential co-factors in normal metabolism. Besides 
an insufficient intake, vitamin deficiency can occur because of 
proteinuria with losses of protein-bound elements or decreased 

intestinal absorption of micronutrients, impaired cellular metab-
olism, circulating inhibitors, or increased losses during dialysis. 
There is very little information about the minimum requirements 
or recommended dietary vitamin allowances in patients with CKD. 
With the exception of vitamin D, no single study has provided evi-
dence of a possible role of vitamin supplementation in retarding 
CKD progression.

Because one of the premises of the science of nutrition is to 
restore levels of defined nutrients, vitamin supplementation prob-
ably does little harm and may provide benefits. Because periph-
eral neuropathy and hyperoxalaemia can occur with high doses 
of vitamin B6 (pyridoxine) and vitamin C (ascorbic acid), respec-
tively, megavitamin therapy should be avoided. Plasma vitamin 
A (retinol) levels are usually increased in CKD patients and, as 
excess can cause anaemia, dry skin, pruritus, and even hepatic 
dysfunction in uraemic patients, vitamin A  supplementation is 
not recommended. Vitamin E has the potential to suppress oxida-
tive injury of cells and therefore protect against progressive renal 
insufficiency in CKD. In experimental models of CKD, vitamin E 
supplementation reduced renal injury in rats with IgA nephrop-
athy or glomerulosclerosis following subtotal nephrectomy or 
diabetes. Plasma vitamin E concentrations are usually normal in 
non-dialysed CKD patients.

Serum vitamin D concentrations in individuals with CKD not 
on dialysis decrease progressively with the reduction in GFR. 
Low vitamin D levels have been associated with inflammation 
and insulin resistance and predict mortality in non-dialysed CKD 
patients. A recent study demonstrated an association between vita-
min D metabolites and ESRD initiation in patients with moder-
ate/advanced CKD (Kendrick et  al., 2012). Recommendations 
on vitamin D at these disease stages are complex. Opinion-based 
guidelines (<http://www.kidney.org/professionals/kdoqi/guide-
lines_bone/Guide7.htm>) indicate vitamin D supplementation in 
CKD patients with serum vitamin D levels < 30 ng/mL. There are 
still no RCTs demonstrating a benefit of vitamin D supplementa-
tion in this patient population.

Diet as a whole
Excessive calorie intake
Caloric restriction is the only intervention that consistently reduces 
the primary ageing process across multiple species. In addition, and 
regardless of protein intake, caloric restriction seems to slow kid-
ney injury in various animal models of glomerular adaptation. It 
has been speculated that in conjunction with the epidemic of obe-
sity as a risk factor for CKD progression, excessive calorie intake 
rather than specific micro- or macronutrients may influence this 
risk (Kramer, 2013). Interestingly, a RCT allocated overweight and 
obese adults with proteinuria from diabetic and non-diabetic kid-
ney diseases to either a usual diet or a diet that reduced their caloric 
intake by 500 kcal/day (Morales et al., 2003). The study maintained 
the same protein intake in both groups during 5 months of treat-
ment. Results showed that the group with caloric restriction lost 
only approximately 4% of their initial body weight, yet proteinuria 
decreased by > 30%. In comparison, the group that continued to 
follow the usual diet showed increased proteinuria (Morales et al., 
2003). When considering the risk of CKD progression, total caloric 
intake along with the caloric source should at least be considered 
as risk factors.
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Dietary patterns and CKD progression
Because of the correlation of micro- and macronutrients within 
dietary patterns and the consistent dietary behaviour over time 
for most individuals, it is likely that the overall dietary pattern and 
cumulative exposure to a particular dietary pattern may be more 
influential on CKD than excess or deficiency of one specific macro- 
or micronutrient (Kramer, 2013). Much has been said about the 
problems of the ‘Western diet’, which is characterized by high 
intake of red meat; animal fat; sweets and desserts; low intake of 
fresh fruits and vegetables and low-fat dairy products; and contains 
a high amount of highly processed foods containing refined sug-
ars and saturated fats and trans-fats. In the Nurses’ Health Study, 
increased urine albumin excretion and higher odds of rapid decline 
in estimated GFR have been reported among individuals with con-
sistent Western dietary patterns (Lin et al., 2011).

In contrast, more healthy dietary patterns are associated with 
decreased risk for chronic diseases. This is true of the Mediterranean 
diet, characterized by a high intake of vegetables, legumes, fruits, 
nuts, cereals, and olive oil; a moderately high intake of fish; a 
low-to-moderate intake of dairy products; a low intake of saturated 
fats, meat, and poultry; and a regular but moderate intake of wine 
during meals. In a population-based study, a greater adherence to a 
Mediterranean diet associated with lower odds on presenting with 
CKD (Fig. 101.2) and was a predictor of mortality in those with 
manifest CKD (Huang et al., 2013). A recent RCT showed as an 
ancillary outcome, an improvement of renal function after 1-year 
following a Mediterranean-like dietary pattern in elderly indi-
viduals at high risk of coronary heart disease (Diaz-Lopez et al., 
2012). Because blood pressure reduction may be one of the most 
important means of mitigating progression of established CKD, the 
DASH diet, especially when combined with salt restriction, could 
theoretically delay kidney disease progression as long as serum 
phosphorous levels could be controlled despite the high intake of 
dairy products in this diet. Adherence to a DASH-type dietary pat-
tern was associated with incident microalbuminuria (Chang et al., 
2013) and more rapid kidney function decline (Lin et al., 2011). 

A  secondary analysis of the original DASH study also showed 
that a diet high in fruits and vegetables decreases urinary albumin 
excretion in those with urinary albumin excretion > 7 mg/24 hours 
(Jacobs et al., 2009).

It is possible that physical activity and smoking or occupational 
exposures that affect kidney disease risk correlate with dietary pat-
terns. Thus, a recent study from the National Health and Nutrition 
Examination Survey (NHANES) III cohort of about 3000 partici-
pants with GFR < 60 mL/min/1.73 m2 showed that adherence to 
a healthy lifestyle (assessed on the basis of smoking habits, body 
mass index, physical activity, and dietary quality) was associated 
with lower all-cause mortality risk (Ricardo et al., 2013).

Summary
There is anecdotal and experimental evidence that high protein 
intake may be harmful in moderate CKD, and cause symptoms in 
advanced CKD.  Evidence for low-protein diets slowing the rate of 
progression of CKD comes from animal experiments, but in studies 
in CKD in humans in which blood pressure is well controlled, its 
effects are weak or absent.  Furthermore the diets are different to 
comply with and carry some risk of malnutrition.

Salt intake should be restricted in most patients with reduced 
GFR or proteinuria, except where there is a salt-wasting tubular 
problem. 

Diet otherwise should be generally healthy and mixed, without 
substantial restriction unless or until blood levels (in particular 
potassium, phosphate) dictate otherwise.
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Lipid disorders of patients 
with chronic kidney disease
Alan G. Jardine and Rajan K. Patel

Introduction
Chronic kidney disease (CKD) is associated with dyslipidaemia and 
a high prevalence of cardiovascular disease (CVD) (Kidney Disease 
Outcomes Quality Initiative (K/DOQI) Group, 2003; Prichard, 
2003; Sarnak et al., 2003; Jardine et al., 2008). The pattern of dys-
lipidaemia is variable, and depends on the stage of CKD, dialysis 
and transplantation, proteinuria, drug therapy, and primary disease 
(e.g. diabetes). It is simplest, therefore, to refer to dyslipidaemia, 
rather than hyperlipidaemia, as cholesterol concentrations may not 
be raised.

The pattern of CVD in patients with CKD is unusual. 
Atheromatous coronary disease is common in early CKD but, 
in advanced and end-stage CKD, where absolute cardiovascular 
(CV) event rates are greatly increased, sudden death and heart 
failure predominate (coronary artery disease (CAD)) (Sarnak 
et  al., 2003). Moreover, there are confounding factors, such as 
the presence of malnutrition and inflammation (Liu et al., 2004), 
and co-morbid disease, specifically diabetes. In spite of this, most 
clinical guidelines, now recommend that CKD be treated as a CV 
risk factor and recommend the use of statin-based, lipid lowering 
therapy (Kidney Disease Outcomes Quality Initiative (K/DOQI) 
Group, 2003).

Understanding the relationship of CV risk factors with glomeru-
lar filtration rate (GFR) is central to understanding the impact and 
treatment of dyslipidaemia in this population. It relies on inter-
preting data from the range of patient groups—from those with 
minimal reduction in GFR to those with end-stage renal disease 
(ESRD), treated by dialysis, where the pattern of dyslipidaemia and 
CV disease is closer to that seen in pre-dialysis patients with CKD 
4 and 5 (Jardine et al., 2008).

Lipid metabolism in chronic kidney disease
The characteristic features of dyslipidaemia associated with CKD 
are elevated triglycerides (TGs), reduced high-density lipoprotein 
cholesterol (HDL-C), increased intermediate-density lipoprotein 
cholesterol (IDL-C), but no consistent effect on low-density lipo-
protein cholesterol (LDL-C) and total cholesterol (Kidney Disease 
Outcomes Quality Initiative (K/DOQI) Group, 2003; Prichard, 
2003; Jardine et  al., 2008). These are associated with qualitative 
changes in lipoproteins, including an excess of TG-rich, imma-
ture, atherogenic lipoproteins (Vaziri, 2006). The determinants 
of these abnormalities include reduced GFR, proteinuria, drug 

therapy, primary disease (notably diabetes), and the associated 
effects of advanced CKD, which are mediated by altered enzyme 
and receptor function (Vaziri, 2006; Jardine et al., 2008). The major 
effects are due to reduced lipoprotein lipase (LPL) gene expression 
and function (Roullet et al., 1986; Pandak et al., 1994; Klin et al., 
1996; Attman et al., 1997; Vaziri et al., 2001a). In CKD, circulat-
ing factors also impair LPL function, including low APOE, which 
reduces substrate binding to endothelial LPL (Attman et al., 1993; 
Vaziri et al., 2001b). LPL is also inhibited by other factors in CKD 
including drugs, elevated parathyroid hormone (PTH), and insulin 
resistance (Guarnieri et al., 1978; Attman et al., 1993). Impaired 
LPL-mediated lipolysis of very low-density lipoproteins (VLDLs) 
and chylomicrons (CMs), contributes to increased circulating CMs 
and VLDLs. Hepatic lipase (HL) activity (Kimura) is also impaired 
(Deighan et al., 2001; Kimura et al., 2003; Vaziri et al., 2004; Jardine 
et al., 2008) causing impaired clearance of IDL and increased TG 
content in IDL, LDL, HDL, and CM.

The rate-limiting enzyme for cholesterol biosynthesis, 
3-hydroxy-3-methylglutaryl-coenzyme A  (HMG-CoA) reduc-
tase, is not affected by GFR (Vaziri et al., 1999). In patients with 
nephrotic-range proteinuria, HMG-CoA reductase expression is 
increased (Acton et  al., 1996; Liang and Vaziri, 2002)  and may 
contribute to increased cholesterol concentration. A  low GFR 
is also associated with reduced hepatic lecithin:cholesterol acyl 
transferase (LCAT) gene expression (Vaziri et al., 2004) and conse-
quently, in cholesterol esterification. LCAT deficiency in models of 
CKD (Guarnieri et al., 1978; Roullet et al., 1986) and patients with 
ESRD also causes failure of HDL maturation, and reduced plasma 
HDL cholesterol. Cholesterol ester transfer protein (CETP) pro-
motes exchange of cholesterol ester for TG, between HDL and 
IDL. CETP is increased in patients receiving haemodialysis and in 
the presence of proteinuria, causing elevated HDL-TGs (Guarnieri 
et al., 1978).

CKD-associated changes in lipoproteins also contribute to 
reduced synthesis and maturation of HDL. HDL contains APOA-I 
and -II, which activate LCAT and hepatic lipase, and which are 
reduced in CKD (Vaziri et al., 1999). APOA-II is also a ligand for 
SRB-1, an HDL binding protein which mediates the disposal of 
HDL cholesterol ester and TG (Acton et al., 1996). Acyl-coenzyme 
A cholesterol acyl transferase (ACAT) prevents de-esterification of 
cholesterol esters (Vaziri, 2006), the increase in ACAT activity in 
CKD thus further impairs HDL-mediated cholesterol uptake and 
maturation (Liang and Vaziri, 2002).
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Hypertriglyceridaemia is one of the characteristic features of 
uraemic dyslipidaemia (Keane, 1996; Prichard, 2003; Cases and 
Coll, 2005; Vaziri, 2006). Hepatic acyl-coenzyme A  diglyceryl 
transferase (DGAT) activity, the final step in TG biosynthesis 
(Vaziri, 2003), is increased in proteinuric states.

These enzymatic changes in CKD combine with alterations in 
receptor proteins to produce the characteristic dyslipidaemia. 
In the liver, LDL receptor-related protein (LRP) clears plasma 
IDL and CM remnants (targeted by APOE and APOB) (Vaziri, 
2006). Its reduction in CKD, leads to elevated levels of CMs and 
IDL. Similarly, reduced expression of the VLDL receptor impairs 
APOE-dependent VLDL clearance and results in increased plasma 
VLDL (Vaziri and Liang, 1996b; Liang et al., 1998). Low levels of the 
LDL receptor in the liver, in the presence of proteinuria, but not low 
GFR (Liang and Vaziri, 1999; Fielding and Fielding, 2001; Vaziri, 
2006), contribute to increased LDL and dyslipidaemia. APOA-I 
and -II are key constituents of HDL, which are reduced in ESRD 
(Vaziri et al., 1991; Vaziri, 2006) and contribute to low HDL lev-
els. APOA-I is the ligand for the ATP binding cassette transporter 
(ABCA1) and SRB-1 that mediate incorporation of cholesterol 
by HDL in cells, and cholesterol transfer to the liver (Vaziri and 
Liang, 1996a). Reduced SRB-1 in proteinuric states (Vaziri et al., 
2001a; Vaziri, 2003) also contributes to failure of reverse cholesterol 
transport.

All these defects contribute to the overall pattern of 
dyslipidaemia—the pattern reflecting the effects of low GFR and 
proteinuria. The key features are an increase in TG-rich, immature 
particles; with elevated TGs, reduced HDL-C and increased IDL-C 
rather than the increase in LDL-C that is associated with increased 
risk of CVD in other populations (Vaziri, 2006; Jardine et al., 2008).

Dyslipidaemia and cardiovascular disease 
in chronic kidney disease
Cardiovascular outcomes
Many studies have examined the relationship between GFR and 
CV outcomes. These include post hoc analyses of CV interven-
tion trials. These must be interpreted with caution, as patients were 
recruited on the basis of pre-existing coronary heart disease or CV 
risk, and a high risk of coronary disease. Patients with primary 
progressive renal disease do not necessarily share the same pattern 
of CVD; whilst coronary heart disease may predominate in early 
CKD, the excess risk in advanced and RSRD is for heart failure and 
sudden cardiac death. This has important implications for interpre-
tation of the relationship between lipids and CV events. Analysis 
of data from a large US healthcare network demonstrated that esti-
mated GFR (eGFR) < 60 mL/min was associated with increased 
risk of CV events (Go et al., 2004) in > 1 million patients with a 
mixture of underlying diseases. Post hoc analyses of interventional 
trials of lipid-lowering therapy (Prichard, 2003; Anavekar et  al., 
2004; Tonelli et al., 2006) have shown a similar inverse relation-
ship between eGFR and outcome. However, in end-stage renal fail-
ure (and most likely pre-dialysis CKD 4 and 5), the relationship 
between total cholesterol or LDL-C and CV mortality is ‘J’ or ‘U’ 
shaped, in contrast to the linear relationship seen in other high-risk 
populations (Liu et al., 2004). This is an example of reverse epi-
demiology (K. Kalantar-Zadeh et al., 2003; C. P. Kalantar-Zadeh, 
2007). When inflammatory markers, such as interleukin 6 and 

C-reactive protein, are corrected for, the underlying relationship 
between lipids and CV events is similar to the general population 
(Liu et al., 2004). These observations highlight two issues with the 
application of established relationships between dyslipidaemia 
and their management in CKD. The first is that the dyslipidaemia 
is different from that in the general population, and that there are 
confounding risk factors in advanced and end-stage CKD, such as 
inflammation, that mask the relationship between dyslipidaemia 
and CV events (K. Kalantar-Zadeh et al., 2003). The second is that 
hyperlipidaemia is an established risk factor for atheromatous CAD 
and this relationship holds with pooled CV events only when CAD 
is the major component. In advanced and end-stage CKD, coronary 
events are a minor component of total CV disease and relationship 
between lipids and individual events are obscured. These observa-
tions are relevant because we rely on the established relationship 
between lipids and CV disease in the general population, and the 
proven benefit of lipid lowering with statins, for primary and sec-
ondary prevention. If these relationships do not hold in the renal 
population then it is difficult to plan preventative strategies without 
specific trial data (Jardine et al., 2008).

Renal outcomes
Glomerulosclerosis shares histological and pathophysiological 
features with atherosclerosis (Border and Ruoslahti, 1992; Attman 
et  al., 1993). The glomeruli are replaced by extracellular matrix, 
produced by mesangial cells. LDL-C and oxidized LDL increase 
matrix production by mesangial cells in vitro, and are found in 
biopsies (Takemura et al., 1993; Abrass, 2004). Experimental hyper-
cholesterolaemia causes glomerulosclerosis and tubular injury that 
is limited by lipid-lowering therapy (Takemura et al., 1993; Marsh, 
1996; Yoshimura et al., 1999; Abrass, 2004; Verhulst et al., 2004). 
A similar association in patients with CKD (Attman et al., 1993, 
1997) has been interpreted as suggesting that statin therapy may 
limit renal damage.

Lipid-lowering therapy  
in chronic kidney disease
HMG-CoA reductase inhibitors (statins)
Short-term studies have shown the efficacy and safety of statin 
therapy in patients with CKD (Baigent et al., 2005, 2011; Landray 
et al., 2006). Many have been post hoc analyses (based on eGFR) 
of statin intervention trials, and there are relatively few trials in 
patients with primary renal disease, or who were selected on the 
basis of GFR. Of these, the UK-HARP study (Baigent et al., 2005), 
a prelude to the SHARP study, was a 2 × 2 placebo controlled study 
of aspirin and simvastatin 20 mg per day in 448 patients with CKD 
(serum creatinine >150 µmol/L; including 206 patients receiving 
renal replacement therapy, two-thirds of whom were transplant 
recipients). Simvastatin reduced total cholesterol by 18%, LDL-C by 
30%, non-HDL-C by 28%, and TG by 15%; there was a 5% increase 
in HDL-C. Similar effects were seen in dialysis and non-dialysis 
patients. In the subsequent UK-HARP-II study (Landray et  al., 
2006), 203 non-transplant patients with CKD (152 pre-dialysis) 
received simvastatin with, or without, ezetimibe 10 mg per day; 
the combination offering a further substantial reduction in lipids 
benefit compared to simvastatin alone, without increasing adverse 
events. Ezetimibe addition resulted in a 25% greater reduction 
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in total cholesterol, 21% in LDL-C, and 27% greater reduction in 
non-HDL-C (Baigent et al., 2005). In the main outcome study that 
followed—the Study of Heart and Renal Protection (SHARP)—
patients with CKD (two-thirds of whom were dialysis independent) 
received simvastatin 20 mg plus ezetimibe 10 mg daily or placebo 
with an associated mean reduction in LDL-C (68%) compared 
to 14% in the control arm, and similar relative changes in other 
subfractions (Baigent et al., 2011). However, the absolute effect of 
the combination of ezetimibe and simvastatin was no greater than 
statin alone in other studies, and in the HARP-I and -II studies. 
In ESRD, which is most likely to reflect the response in patients 
with pre-dialysis CKD, the Die Deutsche Diabetes Dialyse Studie  
(4D study) of atorvastatin 10 mg per day in type 2 diabetic haemo-
dialysis patients, active therapy reduced LDL-C from 121 to 72 mg/
day (Wanner et al., 2005). The AURORA Study (A Study to Evaluate 
the Use of Rosuvastatin in Subjects on Regular Haemodialysis: An 
Assessment of Survival and Cardiovascular Events) (Fellstrom 
et al., 2009), of 10 mg rosuvastatin daily produced a 43% reduction 
in LDL-C, 27% reduction in total cholesterol, and 16% reduction 
in TG, with a 2.9% rise in HDL-C after 3 months. In renal trans-
plant recipients, with varying degrees of renal impairment, in the 
Assessment of LEscol in Renal Transplantation (ALERT) study, flu-
vastatin 40–80 mg per day was associated with a 32% reduction in 
LDL-C compared with placebo (Holdaas et al., 2003, 2005).

Non-statin agents
Fibrates are used in the treatment of hypertriglyceridaemia, which 
might suggest a role in CKD. However, their use has been asso-
ciated with myositis, rhabdomyolysis and acute kidney injury 
(Broeders et  al., 2000; Deighan et  al., 2001)  particularly when 
used in combination with statins. An older study which compared 
cerivastatin and fenofibrate in the nephrotic syndrome showed 
comparable reductions in total cholesterol, but cerivastatin had 
greater impact on LDL-C (23 vs 8% reduction) atherogenic LDL, 
whereas fenofibrate produced a greater reduction in TG (41 vs 
14%), TG-rich remnants, and an increase in HDL. Niacin, and nic-
otinic acid derivatives, have a spectrum of actions that suggest pos-
sible benefits in uraemic dyslipidaemia—to increase HDL-C and 
reduce TG. However, efficacy data are limited and these agents are 
not universally available (Owada et al., 2003). The use of phosphate 
binders, specifically sevelamer and related compounds, which bind 
lipids in the gut reducing cholesterol absorption, may also contrib-
ute to lipid lowering, although this is not their primary indication 
(Chertow et al., 2002).

Adverse effects and guidelines
Statins commonly cause gastrointestinal symptoms including bloat-
ing, diarrhoea, nausea, and constipation, but these do not appear 
more common in CKD. There may be an increased risk of muscular 
symptoms and rhabdomyolysis (particularly when combined with 
fibrates) although the absolute risk is very small. Fibrates have been 
associated with acute kidney injury (Broeders et al., 2000). Thus, 
although fibrates have their benefits, statins have been favoured in 
clinical use but the combination of statins and fibrate is discour-
aged in published guidelines. Statins are the most commonly used 
first-line agents. They differ in their metabolism and, specifically, 
metabolism by the microsomal enzymes—CYP3A4 and CYP2C9. 
Recommendations about dosage reduction for individual agents 
according to the degree of renal impairment vary, but in general it 

is not necessary to reduce dosage by > 50%, unless agents are used 
in combination with ciclosporin (Broeders et al., 2000; Chertow 
et al., 2002; Prichard, 2003; Vaziri, 2006; Campese and Park, 2007).

Intervention—clinical trials
Several studies have investigated lipid-lowering therapies in 
patients at different stages of CKD, with varying degrees of renal 
impairment and proteinuria. In general, the pattern and propor-
tional effects on lipid subtypes are similar to those seen in other 
patient populations, but cardiovascular protection and survival 
benefits have been more difficult to demonstrate in patients with 
advanced and ESRD.

Analysis of the Pravastatin Pooling Project (PPP) of 19,700 
patients from the LIPID, WOSCOPS, and CARE studies (Shepherd 
et al., 1995; Sacks et al., 1996; The Long-Term Intervention with 
Pravastatin in Ischaemic Disease (LIPID) Study Group, 1998; 
Tonelli et  al., 2004), identified 63% of patients with ‘mild’ CKD 
(eGFR 60–90 mL/min) and 23% with eGFR < 60 mL/min; lower 
eGFR being associated with older age, coronary disease, and hyper-
tension. Patients randomized to statin therapy had a lower risk of 
CV endpoints regardless of the level of CKD (Heart Protection 
Study Collaborative Group, 2002; Sever et al., 2003; Tonelli et al., 
2005). Mortality was also reduced in the subgroup recruited from 
secondary prevention studies, where CV mortality is the main con-
tributor to all-cause mortality (Sever et al., 2003). A further analysis 
showed comparable benefits on CV events of pravastatin in patients 
with CKD (eGFR < 60 mL/min or < 90 mL/min plus proteinuria) 
and diabetes, who are more likely to have a defined renal disease. 

Similar proportionate benefits of statin therapy have been reported 
in post hoc analyses of large-scale CV outcome studies including 
the Heart Protection Study (HPS) (Holdaas et  al., 2001)  which 
included 20,500 patients with serum creatinine 1.5–2.3 mg/dL) 
treated with simvastatin 40 mg per day; the 4S study (Holdaas 
et al., 2011), patients recruited to the JUPITER study of rosuvas-
tatin 10 mg daily (identified on the basis of a modest increase in 
CRP as the primary CV risk factor), and a pooled analysis of all 
studies involving fluvastatin (Upadhyay et al., 2012), 20–80mg. The 
detail of these studies has been extensively reviewed, along with 
many other similar analyses, in three contemporary meta-analyses 
(Tonelli et al., 2004; Holdaas et al., 2001; Kassimatis and Goldsmith, 
2010). Further detail is provided below but the overall message 
can be summarized. All statins provide comparable short-term 
lipid-lowering effects in patients with CKD, with placebo-like 
adverse event profiles. In patients with mild to moderate CKD, 
the reduction in CV risk is comparable to non-renal populations  
and, in populations with the very highest risk of coronary disease 
and coronary mortality (e.g. 4S), the reduction in CVD is accom-
panied by a reduction in mortality. However, the precise benefits of 
lipid lowering are less clear in patients with advanced CKD.

The Prevention of Renal and Vascular End stage Disease 
Intervention Trial (PREVEND-IT) is the only prospective, 
interventional trial of lipid lowering confined to patients with 
pre-dialysis CKD. With hindsight, it was underpowered, includ-
ing just 864 patients with microalbuminuria, randomized to fos-
inopril 20 mg and pravastatin 40 mg daily, or placebo, in a 2 × 2  
design. Although the main study failed to show a significant 
benefit other than reduction of microalbuminuria by angio-
tensin blockade (Asselbergs et al., 2004), a subsequent analysis 
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showed a significant reduction in CV events in a subgroup of 
patients with microalbuminuria as part of the metabolic syn-
drome (Geluk et al., 2005). Renal transplant recipients (RTRs) 
commonly have a degree of renal impairment. In the Assessment 
of LEscol in Renal Transplantation (ALERT) study (Holdaas 
et al., 2001, 2003, 2005), RTRs with a mean serum creatinine of 
around 150 μmol/L were treated with fluvastatin, 40–80 mg/day, 
or placebo. All lipid parameters were associated strongly with the 
development of coronary events, and although the primary study 
failed to show a significant benefit of statin therapy on pooled CV 
events, a 2-year extension to the main study did reveal a benefit 
of statin therapy.

Since it is likely that patients with advanced CKD have CVD that 
is most like that of patients with ESRD, it is worth considering the 
available trials in ESRD. The 4D trial (Wanner et al., 2005), failed to 
show a significant reduction in CV events in 1255 type 2 diabetic 
haemodialysis recipients, despite the potent effects of atorvastatin 
20 mg/day on lipid levels. Post hoc analyses did, however, how a sig-
nificant reduction in the risk of cardiac events and all-cause mor-
tality in patients with high baseline LDL-C (> 145 mg/dL) (Palmer 
et al., 2012). In the AURORA trial of rosuvastatin 10 mg/day in 
2776 haemodialysis patients (Fellstrom et al., 2009), LDL-C was 
reduced by 43% but there was no reduction in the composite CV 
endpoint. There was, however, a reduction in CV events in a post 
hoc analysis of patients with diabetes (Holdaas et al., 2011). Thus, 
whilst neither 4D nor AURORA showed overall benefit, post hoc 
analyses suggest benefits in patients at high risk of atheromatous 
coronary disease, although dyslipidaemia is a relatively minor CV 
risk factor in this group while other factors such as inflammation or 
vascular calcification may play a larger part. The intervention may 
have been too late in the natural history of such a complex disease.

The most informative study for the management of dyslipidae-
mia across the spectrum of CKD is the SHARP study (Baigent et al., 
2011). SHARP included 9270 CKD patients, allocated to simvastatin 
20 mg plus ezetimibe 10 mg daily (SIM/EZE, see HARP-II above) 
(Landray et al., 2006). One-third of the population were dialysis 
dependent at the outset, another third developed ESRD during the 
study. In the two-thirds who were not dialysis dependent at the 
outset, the eGFR spanned the range. The primary endpoint was 
refined in the light of the studies above to focus on atheromatous 
CV disease, more likely to be responsive to lipid-lowering therapy. 
In patients treated with SIM/EZE, LDL-C fell by 0.85 mmol/L and 
major adverse CV events by 17% (hazard ratio 0.83, 95% confidence 
interval 0.74–0.94, P = 0.0021). Reduction in coronary revasculari-
zation was a major determinant of benefit. However, there was no 
survival benefit. The benefit was seen despite a high discontinua-
tion rate, typical of this population, and in spite of a placebo-like 
side effect profile. SHARP is a study that is unlikely to be replicated 
and thus provides the best trial evidence we have for statin therapy. 
The ‘take-home message’ is clear: lipid lowering has significant ben-
efits across the spectrum of CKD, specifically the prevention of ath-
erosclerotic CV events.

Three recent systematic reviews and meta-analyses provide fur-
ther support for the benefit of statins in CKD patients. They pro-
vide a list of the primary CV intervention trials which have been 
subjected to post hoc analysis on the basis of eGFR (see above). 
Upadhyay et al. included five randomized trials in CKD (includ-
ing dialysis) and 13 post hoc analyses from CV intervention tri-
als. Lipid lowering using statin-based therapy was associated with 

a 22% reduction in CV events and 26% reduction in myocardial 
infarction (Upadhyay et al., 2012). Palmer et al. included 80 studies 
with 51,099 subjects, confirming the benefit of statins on all-cause 
and CV mortality and CV events in non-dialysis CKD patients 
(Palmer et al., 2012). The most recent meta-analysis, by Hou and 
colleagues, of 48,000 patients included 31 clinical trials, and is prob-
ably the most complete and informative (Hou et al., 2013). In these 
studies statin therapy—regardless of the agent used—was associ-
ated with a 23% reduction in relative risk for major CV events, an 
18% reduction in coronary events, and a 9% relative risk reduction 
in cardiac death. However, there was no significant effect on stroke, 
renal function, progression to ESRD, or side effects. Although the 
take-home message from this meta-analysis is broadly similar to 
the other two, the authors clearly showed that the relative benefits 
of statin therapy are less in more advanced CKD. This may reflect 
the impact of confounding risk factors as CKD progresses, or the 
relative reduction in the proportion of CV events that are lipid 
dependent and therefore receptive to statin therapy.

There are few trials that have assessed non-statin therapy in 
CKD. However, a post hoc analysis of the VA-HIT study (Tonelli 
et al., 2004) in which patients with coronary disease and low HDL 
received gemfibrozil identified 40% of the patients with a creatinine 
clearance < 75 mL/min. This subgroup had a similar 25% reduc-
tion in CV events to the overall study population. Gemfibrozil 
use was associated with a 35% reduction in TG, a 5% increase in 
HDL-C, but no significant reduction in LDL-C, with the implica-
tion that fibrates may have similar benefits to statins in patients 
with pre-existing CHD, who have low HDL-C. However, there are 
no large-scale trials of fibrates in CKD and the side effect profile 
is less good than statins which is one of the reasons that statins 
have been almost exclusively adopted in the CKD population and 
in other patient groups.

Renal endpoints
The parallels between atherosclerosis, and the evidence linking 
hyperlipidaemia and progression of renal disease, have led to the 
expectation that statins may protect against progression of CKD. 
Small-scale studies using simvastatin, pravastatin, and fluvastatin 
have provided evidence to support this notion. A study by Bianchi 
and colleagues in 56 patients with proteinuric, progressive renal 
disease, demonstrated that atorvastatin (in combination with 
blockade of the renin–angiotensin system) reduced proteinuria, 
and the rate of loss of GFR by approximately 50% (Bianchi et al., 
2003). A pooled analysis of nearly 4000 patients included in clinical 
trials of rosuvastatin noted a progressive increase (1–3 mL/min) 
in patients receiving rosuvastatin therapy (Vidt et al., 2006). The 
rosuvastatin development programme identified a small increase 
in proteinuria in patients receiving statin therapy. However, 
meta-analyses of the available data do not support a major effect 
of statins on renal function or proteinuria (Upadhyay et al., 2012). 
A small Australian study—the Lipid lowering and Onset of Renal 
Disease (Fassett et al., 2010) (LORD) study of 123 patients reported 
a 29% reduction in the rate of decline of GFR over 3 years in CKD 
stage 2–4 patients receiving atorvastatin 10 mg/day, associated with 
a reduction in NGAL, a marker of renal injury. Overall, the avail-
able data do not suggest a particularly strong effect of statins on 
renal function, but provide reassurance for the absence of signifi-
cant adverse effects.
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Treatment: guidelines and targets
The majority of national and international guidelines for patients 
with renal disease support the use of statins in patients with CKD. 
Similar guidelines from other national and international bod-
ies aimed at other primary disease groups in cardiology, diabetes 
transplantation, and hypertension, recommend the use of statins 
for patients with coexistent CKD.

The National Kidney Foundation KDOQI guidelines (KDOQI, 
2007; Slinin et al., 2012) chose to endorse the use of statins and 
targets from other populations. They recommend annual measure-
ments of lipids for all patients, statin therapy, and target LDL-C lev-
els ≥ 2.6 mmol/L (100 mg/dL). They also recommended that CKD 
1–4 be treated as a CV risk factor equivalent. In practice, most 
patients with CKD stages 1–4 have other risk factors (diabetes, 
hypertension, and dyslipidaemia) that would make them eligible 
for CV risk management.

A similar approach has been adopted in the guidelines for treat-
ment in other countries including the United Kingdom although 
most guidelines acknowledge the absence of specific outcome trial 
data. The most recent KDOQI guidelines (<http://www.kdigo.
org>) have endorsed CKD as a CV risk, and the use of statins for all 
patients with CKD. However, rather than adopt targets from other 
populations these guidelines recommend only a single lipid meas-
urement and no target lipid levels ‘fire and forget’.

The UK National Institute for Health and Care Excellence (NICE) 
guideline on lipid lowering recommends use of atorvastatin 20 mg 
for primary or secondary prevention, increasing the dose if the 
achieved reduction in non-HDL cholesterol is < 40% (rather than a 
target level) (NICE, 2014).

Conclusions
The risk of developing CVD is increased in patients with CKD. 
There is no doubt that dyslipidaemia is a major contributory fac-
tor to the development of premature CVD but the relationship is 
complex. The pattern of dyslipidaemia is related to GFR, the pres-
ence and severity of proteinuria, diabetes, and other confounding 
factors. The spectrum of CVD changes from lipid-dependent, ath-
eromatous coronary disease in early CKD, to lipid-independent, 
non-coronary disease—which manifests itself as heart failure, and 
sudden cardiac death—in advanced and ESRD.

The value of statin-based, lipid-lowering therapy is proven to 
reduce coronary events across the spectrum of CKD; the relative 
reduction in overall CV events, however, diminishes as CKD pro-
gresses and the proportion of lipid-dependent coronary events 
declines. Nonetheless, there is a strong argument, enshrined in 
clinical guidelines, for the use of statin-based therapy across the 
spectrum of CKD. The argument is particularly strong for those 
patients with progressive loss of GFR who will eventually require 
transplantation, where preventive therapy should commence as 
early as possible in the course of the disease process. The SHARP 
study establishes the benefits and endorses the use of lipid-lowering 
therapy in CKD stages 1–4 (Baigent et al., 2011) and, although there 
is uncertainty about the initiation of statin therapy in CKD stage 5, 
there is no rationale for stopping agents started earlier in the natu-
ral history of progressive disease for compelling indications, or in 
those who will ultimately be transplanted.

The place of HDL-raising and TG-lowering therapy will need 
to be assessed in future trials. The most important result of the 

trials of lipid lowering in CKD is that lipid-dependent atheroma-
tous cardiovascular disease is only one component of the greatly 
increased burden of CVD that affects patients, proportionately less 
in advanced CKD, and that lipid-lowering therapy is only one ele-
ment of management.
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Smoking in chronic 
kidney disease
Stephan R. Orth

Introduction
Chronic kidney disease (CKD) is a growing worldwide problem. 
The prevalence of CKD in Western populations is high (Hallan 
et al., 2006), and the number of CKD stage 5 patients has increased 
dramatically during the last decades. This rise is expected to con-
tinue, particularly in developing countries where—in contrast to 
developed countries—smoking and other cardiovascular risk fac-
tors are increasing substantially.

Diabetes and hypertension are major risk factors for CKD, and 
data increasingly indicate that smoking also has a negative effect 
on the kidney. The consequences of cigarette smoking for CKD 
patients are severe, affecting both the progression of CKD and car-
diovascular disease. This is not fully acknowledged by physicians 
and CKD patients. The lack of any change in smoking behaviours 
of patients entering renal replacement therapy between 2000 and 
2005 (Orth and Hallan, 2008)  emphasizes the need to improve 
smoking cessation rates in CKD patients.

Smoking-associated chronic kidney disease 
risk in the general population
The Multiple Risk Factor Intervention Trail (MRFIT) investi-
gated 332,544 men and documented that smoking was signifi-
cantly associated with an increased risk of end-stage renal disease 
(ESRD) (Klag et al., 1996), but the magnitude of the effect was not 
reported. A  study by Pinto-Sietsma et  al. (2000) involved 7476 
participants of the Prevention of REnal and Vascular ENd stage 
Disease (PREVEND) trial. They found a correlation of urine albu-
min excretion rate with the number of cigarettes smoked. After 
adjustment for potential confounders, current smokers smoking < 
20 cigarettes/day or > 20 cigarettes/day had an elevated risk of high 
normal urine albumin concentration (relative risk (RR) 1.33 and 
1.98, respectively). Halimi et al. (2000) studied 28,409 volunteers 
from the general population. They found that current and former 
smokers had a marked risk of macroalbuminuria (adjusted RR 
3.26 and 2.69, respectively), indicating irreversible kidney damage 
related to smoking. Smokers had a slight, but significantly higher 
creatinine clearance than non-smokers, at least in men, leading to 
the hypothesis that smoking induces hyperfiltration in the early 
phase of smoking-related renal functional alteration (Orth, 2002a, 
2002b); this notion has recently been supported by a Japanese 
study investigating 10,118 middle-aged men with no signs of renal 

dysfunction at study entry (Maeda et al., 2011). After 6 years of 
observation, current smokers had a 1.32 higher risk for the devel-
opment of glomerular hyperfiltration and a 1.51 times higher risk 
for proteinuria than non-smokers. This effect was dose depend-
ent and adjusted for several renal risk factors. A study by Briganti 
et al. (2002) involving 11,247 randomly selected, population-based 
Australians, showed that lifetime smoking exposure was signifi-
cantly associated with CKD stage ≥ 3 in men, but not women. This 
finding led to the hypothesis that men may be more susceptible to 
the adverse renal effects of smoking (Orth and Ritz, 2002).

One of the first cohort studies focusing on change in kidney 
function related to smoking analysed data obtained from 4142 
non-diabetic subjects (Bleyer et al., 2000). After adjustment for 
potential confounding factors, the number of cigarettes smoked/
day was highly correlated with progression of CKD. For every 
five cigarettes smoked/day the RR for an increase in serum cre-
atinine ≥ 27 μmol/L over a minimum of 3 years increased by 31%. 
The corresponding increase per 10 mmHg rise in blood pressure 
was 16%.

Since 2003, smoking as a renal risk factor in the general popula-
tion has been addressed in several studies. Two studies found no 
effect of smoking on renal function: the study by Vupputuri and 
Sandler (2003) was a case–control study (N = 1070) limited by its 
retrospective nature investigating incident CKD only. The other 
study used baseline data of the PREVEND trial (Verhave et  al., 
2005). In a cross-sectional analysis, no contribution of smoking, 
cholesterol:high-density lipoprotein ratio, and antidiabetic medi-
cation was found. However, a large number of studies have docu-
mented a negative effect of smoking on renal function, the most 
important being that of Haroun et al. (2003). The endpoint of this 
large, community-based prospective cohort study of 20 years’ dura-
tion was ESRD or kidney disease listed on the death certificate. 
Current cigarette smoking was associated with ESRD or CKD death 
in both men (hazard ratio (HR) 2.4) and women (HR 2.9). The risk 
attributed to smoking was 31%. Similarly, current smoking had 
an adjusted HR of 1.84 for ESRD after 25 years in a recent analy-
sis of 12,866 randomly assigned men of the Multiple Risk Factor 
Intervention Trial (MRFIT) (Ishani et al., 2006).

A recent community-based, 10-year follow-up study from 
Japan investigating 123,764 subjects aged > 40 years (Yamagata 
et al., 2007) found that smoking was a predictor of CKD in men 
and women (RR for CKD stages 3 and 4 1.13 and 1.16, respec-
tively). The equal risk in men and women was also found in a 

 

 

 



SECTION 5 the patient with reduced renal function808

population-based, cross-sectional study from Norway involving 
65,193 subjects (Hallan et al., 2006). A significant, dose-dependent 
increase in risk of CKD (glomerular filtration rate (GFR) < 45 
mL/min/1.73 m2) in men and women was seen above a cumu-
lative lifetime cigarette exposure of 25 pack-years (adjusted RR 
1.42 for 25–49 pack-years and 2.05 for > 50 pack-years, respec-
tively). Of note, the CKD risk was very high in subjects who, in 
addition to smoking > 25 pack-years, were obese and physically 
inactive, pointing to the possibility of a biological interaction 
of these lifestyle-related variables. In 2981 Italian subjects aged 
65–84 years, current smoking (> 20 cigarettes/day) was the strong-
est independent predictor of a pathological loss of renal function 
(odds ratio (OR) 2.3) (Baggio et al., 2005). This was independent 
of baseline serum creatinine and argues for smoking being a very 
important risk factor for CKD in elderly subjects, which was also 
confirmed by a South-East Asian population-based study (Joshi 
et al., 2006). Using a hard clinical endpoint, that is, CKD stage 5, 
an analysis of a population-based cohort of 65,589 Norwegians 
who had been followed up for a median time-period of 10.3 years 
(Hallan and Orth, 2011) revealed that former and current smok-
ers < 70 years of age at inclusion had significant multi-adjusted 
HRs of 3.32 and 4.01 for CKD stage 5 compared to those who 
never smoked. In men, the risk increased with a significantly 
higher trend for strong smoking; however, the risk significantly 
decreased with increased elapsed years since smoking cessation. 
Despite the fact that, as often observed, females had smoked less 
than males (10.2 vs 15.8 pack-years) and the number of females 
reaching CKD stage 5 was lower (46 vs 78), the effect of smok-
ing on the risk of CKD stage 5 was similar (HRs of 2.94 and 4.3 
in current-smoking women and men, respectively), but probably 
due to these reasons the statistical power was insufficient to reach 
statistical significance in females.

Taken together, these recent studies clearly demonstrate that 
smoking, particularly heavy smoking and high cumulative smok-
ing exposure, is an independent risk factor for CKD in both male 
and female subjects of the general population.

Smoking-associated histological renal 
findings in the general population
Only a little information is available about the type of CKD asso-
ciated with smoking. In a population-based case–control study, 
Ejerblad et  al. (2004) documented that the strongest association 
was found with nephrosclerosis, but significant positive associa-
tions were also reported for glomerulonephritis.

Smoking-associated renal risk in patients 
with diabetes mellitus
From 1978 to 2002, numerous studies (for review, see Orth, 2002a, 
2002b) have accumulated evidence that smoking promotes the pro-
gression of all stages of diabetic nephropathy in both type 1 and 
type 2 diabetes: it

1. increases the risk to develop microalbuminuria

2. accelerates progression from the stage of microalbuminuria to 
macroalbuminuria

3. accelerates progression from early stages of diabetic nephropa-
thy to ESRD.

Recent prospective studies have supported these earlier find-
ings: de Boer et al. (2007) reported the data from an observational 
extension of the randomized, prospective Diabetes Control and 
Complications Trial (DCCT). Among 1105 patients with type 1 
diabetes and normal urine albumin excretion at baseline, a 4.3-fold 
greater rate of GFR decline (measured by [125]-iothalamate clear-
ance) was observed in active versus non-active smokers, tht is, 
−0.77 versus −0.18 mL/min/1.73 m² per year. Additional data 
were provided by a prospective observational study involving 227 
Caucasian patients with type 2 diabetes and nephropathy (Rossing 
et al., 2004). The subjects were followed for 6.5 years, and a mean of 
7 measurements of GFR (using 51Cr-EDTA plasma clearance) was 
performed per patient over time. A faster rate of GFR decline was 
independently associated with heavy smoking.

A cross-sectional study evaluating 32,208 type 2 diabetes patients 
not known to have albuminuria adds further information regarding 
the early stage of diabetic renal involvement (Parving et al., 2006). 
Smoking was an independent risk factor for increased urine albu-
min excretion. A follow-up study of 185 patients with type 1 and 
type 2 diabetes with and without nephropathy found that smok-
ing was independently associated with a decrease of estimated GFR 
(Orth et al., 2005).

In summary, several recent studies provide evidence that smok-
ing is a risk factor for all stages of diabetic renal damage. The impact 
on the rate of progression seems to be substantial, resulting in a 
shortening of the dialysis-free interval by a factor of 2–4.

Smoking-associated renal risk in patients 
with primary (essential) hypertension
Smoking is a strong predictor of increased urine albumin in 
patients with primary hypertension (for review, see Orth, 2002a, 
2002b). Furthermore, a prospective 7-year study investigating 
225 patients (Warmoth et al., 2005)  found that estimated GFR 
declined faster in patients with ‘severe’ as compared to those with 
‘mild’ hypertension, and GFR declined faster in smokers versus 
non-smokers, independent of urine albumin:creatinine ratio. An 
approximately fourfold faster decline of GFR was seen in smok-
ers with severe primary hypertension, despite optimal blood 
pressure control (Regalado et al., 2000). In this latter study smok-
ing was by far the most powerful predictor of renal functional 
decline.

Smoking-associated renal risk in patients 
with primary renal disease
The diseased kidney appears to be particularly sensitive to the 
adverse effects of smoking. The data available are, however, lim-
ited. A retrospective case–control study in patients with immuno-
globulin (IgA)-nephropathy and autosomal dominant polycystic 
kidney disease (ADPKD) was the first to document an increased 
risk of ESRD in the 144 male patients investigated (Orth et  al., 
1998). The risk increased with the number of cigarettes smoked 
over time. After adjustment for possible confounders, multivari-
ate analysis revealed that the risk of ESRD was excessively high in 
patients who had not been treated with an angiotensin-converting 
enzyme inhibitor. On the other hand, a study of 554 patients with 
ADPKD did not find that cigarette smoking influenced the disease 
course (Paterson et al., 2005). This conflicts with a recent study of 
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323 patients where smoking was correlated with rapid progression 
of ADPKD (Ozkok et al., 2013).

Smoking-associated renal risk  
in renal transplant recipients
There is evidence that smoking is a risk factor for progressive loss 
of renal graft function. A cohort study of 645 adult renal allograft 
recipients (Sung et al., 2001) found that smokers had a significantly 
worse kidney graft survival as compared to non-smokers (84%, 
65%, and 48% at 1, 5, and 10 years, respectively, vs 88%, 78%, and 
62%). Pre-transplant smoking adversely affected death-censored 
graft survival in recipients of cadaveric (P  =  0.02) and of living 
donor kidneys (P = 0.02), independent of acute rejection episodes. 
In a multivariate analysis, pre-transplant smoking was associated 
with a RR of 2.3 for graft loss. Among patients with a smoking his-
tory, death-censored graft survival was significantly improved by 
quitting smoking before transplantation. This finding is of major 
importance for the management of patients with CKD who are 
being considered for renal transplantation.

Other studies have also found an adverse effect of smoking 
(Matas et al., 2001; Lin et al., 2005; Zitt et al., 2007). Of the 279 
patients investigated in an Austrian study (Zitt et al., 2007), smok-
ers had higher serum creatinine concentrations (2.3 ± 2.7 mg/dL 
vs 1.8 ± 1.4 mg/dL, P = 0.21) and were more likely to develop 
transplant failure (33.3 vs 21.2%, P = 0.25). Statistical significance 
was not achieved perhaps because of the small number of smokers 
included in the study. Others have found only a negative impact 
of smoking on graft survival which was not censored for recipient 
death (Fellstrom et al., 2005). It is worth noting that three studies 
have shown that the donors’ history of smoking is an independ-
ent risk factor for shortened graft survival (Sung et al., 2001; Lin 
et al., 2005; Heldt et al., 2011). This deserves further investigation 
and, if confirmed, should be considered in the validation of organ 
quality.

Undergoing renal transplantation showed a strong incentive for 
patients to stop smoking (Banas et al., 2008).

Potential mechanisms 
of smoking-associated renal damage
Investigations of the mechanisms underlying the adverse effects of 
smoking on the kidney are hampered by several factors. First, renal 
susceptibility genes or polymorphisms may play a role influencing 
the magnitude of the nephrotoxic effect of smoking in different 
individuals. Second, it has become clear that a number of complex 
and heterogenous mechanisms play a role. This may be compli-
cated by several yet unidentified confounding factors associated 
with smoking or interacting with smoking. Third, > 4000 chemicals 
in the form of particles and gases found in cigarette smoke could 
be responsible for its nephrotoxic effect. Both non-haemodynamic 
and haemodynamic mechanisms potentially play a role.

Non-haemodynamic mechanisms
Endothelial cell dysfunction, activation of growth factors (angio-
tensin II (ANG II), endothelin 1 (ET-1), transforming growth fac-
tor beta 1 (TGF-β1)), tubulotoxic effects, oxidative stress, platelet 
activation, impaired lipoprotein and glycosaminoglycan metabo-
lism, modulation of immune mechanisms, vasopressin-mediated 

antidiuresis, and insulin resistance are all affected by exposure to 
cigarette smoke (for review, see Orth, 2002a, 2002b).

In an in vitro study using human mesangial cells, Jaimes et al. 
(2007) reported that nicotine induced cell proliferation and 
increased fibronectin production by 50%. Both mesangial cell 
proliferation and increased production of fibronectin are media-
tors of progression of CKD. This study documented that nicotinic 
acetylcholine receptors (nAChRs), which mediates cell prolifera-
tion (Dasgupta and Chellappan, 2006), are expressed on human 
mesangial cells. In a study using rat mesangial cells it was shown 
that exposure of these cells to cigarette smoke concentrate (CSC) 
induced an increase of TGF-β1, a major mediator in the genesis 
of renal fibrosis, and 8-epi-prostaglandin F2 alpha (8-epi-PGF2α), 
a marker of lipid peroxidation (Mur et al., 2004). Similar results 
have been found both in other experimental models and in humans 
(Cucina et al., 1999; Esmatjes et al., 1999; Chuahirun et al., 2004). 
In non-macroalbuminuric patients with type 2 diabetes, cessation 
of smoking led to a significant reduction of urine TGF-β1 excre-
tion. This supports the view that there is likely to be a beneficial 
effect of smoking cessation on progression of early diabetic renal 
damage.

Other environmental and occupational exposures may influ-
ence the magnitude of renal damage caused by smoking. Cigarette 
smokers are exposed to significant amounts of cadmium (Cd) and 
lead (Pb) which accumulate in kidney tissue more than in any 
other organ and are toxic at very low doses. In studies from Egypt, 
smoking was shown to have toxic effects on tubular cells and these 
were synergistic to occupational Pb, mercury, and silica expo-
sure. Dietary Cd and Pb appear to confer mild tubular dysfunc-
tion, whereas dietary exposure plus cigarette smoking is associated 
with tubular and glomerular dysfunction (for review, see Orth and 
Hallan, 2008). The dietary risk for renal Cd toxicity in the general 
population of the United States (Diamond et al., 2003) and Japan 
(Ikeda et al., 2006) seem to be negligible, provided that there are no 
additional exposures. Smoking 20 cigarettes/day over longer peri-
ods of time leads to 45–70% higher accumulation doses of Cd in the 
renal cortex (Diamond et al., 2003). In patients at high risk for CKD 
the burden of cumulative exposure to the nephrotoxins conferred 
by smoking may increase its impact on the kidney: in subjects with 
diabetes, low-level Cd exposure is associated with early-onset dia-
betic nephropathy (Satarug and Moore, 2004).

The magnitude of the effect of the different non-haemodynamic 
mechanisms contributing to smoking-associated renal damage 
remains unclear.

Haemodynamic mechanisms
Blood pressure and heart rate are increased by smoking, largely 
from the action of nicotine (for review, see Orth, 2004). Since 
increased blood pressure is the most important factor promoting 
progression of CKD, it is likely to play an important role in medi-
ating smoking-induced renal damage. The rise in blood pressure 
is due to an increase in cardiac output and total peripheral vas-
cular resistance. The blood pressure rise appears immediately 
and occurs before any increase in circulating catecholamines (for 
review, see Omvik, 1996). Some data implicate an alteration of the 
diurnal rhythm of blood pressure in smokers, for example, a lower 
night:day ratio of systolic and diastolic blood pressure in healthy 
smokers as compared to non-smokers (Hansen et  al., 1994). 
Alterations of the night:day blood pressure profile are associated 
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with a change in renal and cardiovascular risk. It is of note that 
smoking interacts with the effects of some antihypertensive 
drugs. At least in non-renal patients, smoking blunts the antihy-
pertensive effect of β-blockers (Trap-Jensen, 1988). Furthermore, 
in the short term, cigarette smoking blunts the beneficial effect of 
amlodipine on arterial stiffness (Matsui et al., 2005).

Besides changes in systemic haemodynamics, smoking also 
alters intrarenal haemodynamics (Orth, 2004). In brief, the data 
support the hypothesis that smoking induces an increase in glo-
merular pressure through impaired renal autoregulation, especially 
in patients with renal disease. In healthy subjects, an increase in 
renal vascular resistance (RVR) is observed. This is thought to be 
‘physiologic’ and to protect the glomeruli from the increase in sys-
temic blood pressure resulting in unchanged intraglomerular pres-
sure. The ‘physiologic’ increase in RVR is inhibited by pretreatment 
with a β-blocker (Benck et al., 1999), which led to the hypothesis of 
smoking-induced β1-receptor mediated renin and ANG II produc-
tion (Orth, 2002a, 2002b).

Histopathological features 
of smoking-induced renal damage
Bangstad et al. (2002) prospectively investigated 18 patients with 
type 1 diabetes and microalbuminuria over 8 years. A renal biopsy 
was performed at baseline and at the end of the study. The pro-
gression of glomerular structural damage was more pronounced 
in smokers than in non-smokers. Baggio et al. (2002) performed 
a renal biopsy study in 96 patients with type 2 diabetes and found 
that heavy smoking was associated with increased glomerular base-
ment membrane thickness.

Lhotta et al. (2002) investigated 107 patients with CKD. Most of 
them had glomerular disease with marked proteinuria and uncon-
trolled blood pressure. The only histopathological alteration associ-
ated with smoking in male patients was more severe myointimal 
hyperplasia of intrarenal arterioles. In patients with a renal trans-
plant, the same group reported that fibrous intimal thickening of 
small arteries was the only significant lesion associated with smok-
ing (Zitt et al., 2007). Only one more study in patients with primary 
renal disease is available: Myllymaki et al. (2005) investigated 202 
patients with IgA nephropathy. No correlation of smoking habits 
with histopathological changes was observed.

In the general population without apparent renal disease, only 
little information on the effect of smoking is available. Arteriolar 
wall thickening, mainly as a result of fibroelastic intimal prolifera-
tion and hyaline thickening in the intima have been reported (for 
review, see Orth, 2002a, 2002b, 2004). These findings support the 
notion that the CKD of smokers in the general population is related 
to nephrosclerosis (Ejerblad et al., 2004). The fact that smoking is a 
risk factor for ischaemic nephropathy, which is an increasing cause 
of ESRD in elderly subjects, is undisputed (for review, see Orth, 
2002a, 2002b).

Idiopathic nodular glomerulosclerosis (INGS) is a rare entity 
linked to heavy smoking (Nasr and D’Agati, 2007), with < 50 cases 
documented. Median time from biopsy to ESRD was < 3  years 
(Nasr and D’Agati, 2007). In cases of rapid CKD progression in 
heavy smokers, even in those who gave up several years previously, 
or without other risk factors that might result in vascular injury, 
INGS should be considered. Nasr and D’Agati (2007) proposed 

the term ‘smoking-associated nodular glomerulosclerosis’ for this 
entity.

In summary, the histopathological changes conferred by 
smoking are mainly in the renal artery and the intrarenal arte-
rioles. A specific, but rare smoking-related renal manifestation 
is INGS.

Smoking cessation improves the prognosis 
of chronic kidney disease
The studies of this issue all find a positive effect of smoking ces-
sation. Chase et  al. (1991) observed that in patients with type 1 
diabetes and nephropathy in whom blood pressure was adequately 
controlled, cessation of smoking significantly reduced urine albu-
min excretion, although glycaemia was not perfectly controlled. 
Sawicki et al. (1994) performed a prospective follow-up study over 
1 year in a sequential sample of 34 smokers, 35 non-smokers, and 
24 ex-smokers with type 1 diabetes, hypertension, and diabetic 
nephropathy. They reported progression of diabetic nephropa-
thy in 53% of current smokers, but only 33% of ex-smokers (and 
11% of non-smokers). These data were confirmed in patients with 
type 2 diabetes (Gambaro et al., 2001) with progression in 22% of 
ex-smokers vs 42% in smokers (and 23% in non-smokers). They 
also found a reduction of urine TGF-β1 excretion as a marker of 
renal injury after smoking cessation (Chuahirun et  al., 2004). 
Smoking cessation before renal transplantation leads to better graft 
survival. The most convincing evidence is the observation that in 
male subjects in the general population the risk of CKD stage 5 
significantly decreased with increased elapsed years since smoking 
cessation (Hallan and Orth, 2011).

Conclusion
Smoking emerges as an important modifiable renal risk factor for 
the following reasons:

1. Multiple studies document an association of smoking with renal 
damage in subjects of the general population, patients with dia-
betes mellitus, and hypertension.

2. There is evidence of a beneficial effect of smoking cessation on 
renal outcome.

3. Some smoking-related phenomena are proven to be harmful for 
the kidney, for example, an increase in blood pressure.

4. Experimental evidence shows that cigarette smoke affects sys-
tems which are known to be mediators in the genesis of progres-
sive renal damage, both in vivo and in vitro.

Motivation of patients to quit smoking should be immediately 
implemented, because it is certainly a cost-effective and beneficial 
strategy in the management of CKD, ESRD, and cardiovascular 
disease morbidity and mortality in renal patients. Advice to stop 
smoking is an integral part of the management of patients with 
renal disease.
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Analytical aspects 
of measurements and laboratory 
values in kidney disease
Edmund J. Lamb and Finlay MacKenzie

Introduction
Nephrology has always been closely linked to the laboratory. In the 
early nineteenth century, Dr Richard Bright at Guy’s Hospital, London, 
demonstrated the presence of heat ‘coagulable’ urine amongst some 
patients with dropsy, effectively linking laboratory investigation with 
a clinical syndrome (albuminous nephritis, later Bright disease). 
Bright and others subsequently effectively established the forerunner 
of a laboratory service to support the management of patients with 
kidney disease, including the demonstration of raised concentrations 
of blood urea in such patients (Peitzman, 2007; Cameron and Turner 
2015). Even in the late twentieth century, many renal wards had a 
laboratory side-room where basic tests were undertaken. Many of the 
present senior generation of nephrologists would have trained with a 
basic knowledge of urinalysis by microscopy.

Today’s high-throughput, highly automated laboratories are a 
different environment altogether, run by laboratory profession-
als with their own specialized knowledge of analytical technology 
and serving many masters. But the strong link with nephrology 
remains. Kidney function tests are the commonest request made 
to most clinical biochemistry laboratories (e.g. ~ 50 million serum 
creatinine requests per year in the United Kingdom) and the labo-
ratory support required by an average renal centre is extensive 
(Table 104.1). As with many areas of medicine, guidelines and tar-
gets have become central to the practice of nephrology. Given their 
quantitative nature, laboratory values provide attractive targets for 
guideline makers and national registries now routinely amass data 
from patients with kidney failure throughout the Western world. 
But for guidelines to be useful, the results they rely upon must be 
standardized: the same result should be produced on a clinical sam-
ple, within clinically meaningful limits, in all laboratories in which 
it is measured.

Clinicians generally believe the numbers with which laboratories 
provide them, but this faith is not always well placed. It is important 
that the factors that contribute to a laboratory result and its vari-
ability are understood and taken into account.

Sources of variation in laboratory results
Laboratory analytes are subject to three main sources of vari-
ation:  pre-analytical, analytical, and biological. Pre-analytical 

influences include patient preparation (e.g. fasting/non-fasting, 
posture, diurnal variation), sample collection (e.g. preservative, 
tourniquet application) and handling (e.g. transport time, storage, 
centrifugation procedure). Pre-analytical variation can be signifi-
cantly minimized by adopting standard practice (e.g. phlebotomy 
practices, time of day). Analytical variation is of two types, ran-
dom and systematic, and these are usually termed precision and 
bias respectively. Random analytical variation is inherent to an ana-
lytical system and the methodology used which arises from sources 
such as fluctuations in temperature, variability in volume of sample 
and/or reagent and inconsistent handling of materials. The ana-
lytical precision of a method is typically expressed as its coefficient 
of variation (CVA, standard deviation/mean × 100%): nowadays, 
for most automated methods for most analytes CVAs of < 5% are 
achieved by laboratories.

Systematic error or bias is, in practice, the difference between 
obtained results and the estimate of the true value obtained using 
an accepted reference method, that is, accuracy. Quantitative lab-
oratory results rely on the principle of comparing the reaction of 
the unknown solution (e.g. serum or urine) with that of a stand-
ard solution containing a known quantity of the analyte of interest. 
The nature of that standard, and the matrix in which it is dissolved, 
can be crucial to the way in which it reacts in a chemical assay. 
Clearly both a standard’s nature and matrix should behave as per 
the sample and analyte of interest; this is known as commutabil-
ity. Non-laboratorians are often surprised to realize that this is not 
the case; furthermore that such standards are often not interna-
tionally or even nationally agreed, resulting in variation between 
laboratories (and hospitals/healthcare systems). The design of an 
assay can also have a profound influence on the result that is pro-
duced: for example, the time at which the rate reaction is initiated 
in a Jaffe assay for creatinine, or the antibodies used in an immuno-
assay (see below). Ideally these problems are attenuated by the use 
of high-order reference measurement materials and/or reference 
procedures, often based on isotope dilution-mass spectrometry 
(ID-MS), as promoted by the Joint Committee of Traceability in 
Laboratory Medicine (JCTLM) (<http://www.bipm.org/en/com-
mittees/jc/jctlm>). Once an exact concentration has been assigned 
to an internationally agreed reference preparation of the compound 
of interest, routine clinical methods can then be aligned to this 
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procedure. This process represents an enormous undertaking, ini-
tiated and supported by professional bodies (e.g. the International 
Federation of Clinical Chemistry and Laboratory Medicine 
(IFCC)). It is commonly many years before a suitable reference 
material can be produced, characterized, value-assigned by a refer-
ence measurement procedure, and transferred to routine practice. 
Even then, the process is not infallible. Furthermore, for some ana-
lytes with complex molecular forms it is likely that higher-order 
reference measurement procedures can never be developed:  in 

these instances the best solution is to obtained harmonized, as dis-
tinct from standardized, laboratory methods (Miller et al., 2011).

Biological variation has two components:  (1)  within-subject/
intraindividual (CVI) variation, the random fluctuation around 
a homeostatic set-point, and (2) between subject/interindividual 
variation, the difference between different individuals’ set points. 
The components of variation can be derived from carefully con-
trolled studies (Fraser and Harris, 1989). The data can be used in 
several ways by clinicians to aid interpretation of laboratory data, in 
particular when monitoring a patient’s condition. From knowledge 
of the CVI and CVA it is possible to calculate the reference change 
value (RCV), the critical difference between two sets of results that 
must be exceeded before it can be inferred, with 95% confidence, 
that a true change has occurred. Data can also be used to calcu-
late the number of samples required to estimate the homeostatic 
set point (true value) of an individual, and assess the utility of ref-
erence values: for example, when an analyte shows low intraindi-
vidual but high interindividual variation (e.g. serum creatinine), 
then population-derived reference intervals will be of limited value. 
The significance of biological variation and, in particular, the RCV 
is often underestimated. From the laboratory perspective, biologi-
cal variation data can be used as one means of setting analytical 
performance targets. For example, it is generally considered that 
minimum, desirable, and optimal performance in terms of ana-
lytical precision should be defined by CVA < 75%, 50%, and 25% 
respectively of the corresponding CVI for an analyte. These specifi-
cations correspond to increases in result variability (over and above 
biological variation) of 25%, 12%, and 3% respectively.

Creatinine measurement
Creatinine (Mr 113 Da) is a nitrogenous waste product derived 
from breakdown of phosphocreatine in muscle. The use of cre-
atinine as a marker of glomerular filtration rate (GFR) was first 
developed in 1926 by Rehberg and it is now the most widely used 
endogenous marker of GFR, expressed either as its serum con-
centration or its renal clearance (Rehberg, 1926) (NB creatinine 
measurements are equivalent in serum and plasma. The term 
‘serum’ is used throughout this chapter). Consequently, it is the 
most common means by which chronic kidney disease (CKD) is 
staged and progression assessed, and by which acute kidney injury 
is identified.

A method for the assay of serum creatinine was first described 
by Jaffe in 1886, involving reaction with alkaline sodium picrate 
to form an orange-red coloured complex. Although there are 
now a variety of approaches to creatinine measurement, includ-
ing enzymatic, high-performance liquid chromatography and 
ID-MS methods, the Jaffe assay remains the commonest method. 
However, 125 years later, the precise reaction mechanism remains 
unclear. Measurement of creatinine using the Jaffe reaction suf-
fers from two main problems:  non-specificity and spectral 
interferences.

Many compounds have been reported to produce a Jaffe-like 
chromogen, including ketone bodies, protein, glucose (Fig. 104.1), 
ascorbic acid, pyruvate, guanidine, levulose, aminohippurate, uric 
acid, blood-substitute products, and cephalosporins (Spencer, 
1986; Weber and van Zanten, 1991). Jaffe assays are also highly sus-
ceptible to spectral interference from bilirubin, haemoglobin, and 
lipaemia. Enzymatic assays are also not immune to these effects. 

Table 104.1 Basic laboratory support for renal replacement therapy 
programmes

Clinical condition Laboratory tests

Acute dialysis

Dialysis disequilibrium Creatinine, urea and electrolytes, 
bicarbonate, calcium

Pyrexia C-reactive protein, white cell count, blood 
cultures

Bleeding Clotting screen, platelets

Chronic dialysis programmes

Anaemia Ferritin, transferrin saturation, vitamin B12, 
folate, blood film, PTH, C-reactive protein

Sepsis C-reactive protein, blood, urine specimens 
for microscopy, culture and sensitivity

Nutrition Albumin, phosphate

Cardiovascular disease risk Lipid profile

Dialysis-related amyloid β2-microglobulin (not routinely measured)

CKD-MBD Pre-dialysis plasma calcium, phosphate 
(monthly in haemodialysis patients; 
3-monthly in peritoneal dialysis patients)

Alkaline phosphatase

PTH (at least every 3 months)

Aluminium in patients receiving 
aluminium-based phosphate binders 
(3-monthly)

Adequacy of haemodialysis as 
assessed by urea clearance

Pre-dialysis and post-dialysis urea

Sepsis, abdominal pain in 
peritoneal dialysis

Microscopy and culture of peritoneal 
dialysate

Adequacy of peritoneal dialysis as 
assessed by weekly small solute 
clearance

Dialysate creatinine, urea

Peritoneal membrane 
characteristics assessed by 
peritoneal equilibration test

Plasma and dialysate glucose and 
creatinine

Transplant monitoring

Immunosuppression Trough (or 2-hour) whole blood 
ciclosporin, tacrolimus, and sirolimus

Graft function Serum creatinine, serum and urine 
electrolytes

CKD = chronic kidney disease; MBD = mineral and bone disorder; PTH = parathyroid 
hormone.
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The degree and direction of interference depends on the precise 
reaction conditions chosen and the concentration of the interfer-
ent present in the patient’s sample. As a result of reaction with 
non-creatinine chromogens, Jaffe methods typically overestimated 
true serum creatinine concentration by approximately 20% at 
physiological concentrations (Myers et al., 2006). Many manufac-
turers have addressed this problem by taking into account these 
non-specific reactions, aligning the calibration of their assays so 
that results more closely mimic those of the reference method 
(ID-MS). These so-called compensated assays generally produce 
more accurate results but may over-compensate at low concentra-
tions. They make an assumption that the non-creatinine chromo-
gen interference is a constant between samples, which is clearly an 
over-simplification (Fig. 104.1).

There are also physiological reasons why creatinine is an imper-
fect marker of kidney function. Its serum concentration is affected 
by age, gender, exercise, certain drugs (e.g. cimetidine, trimetho-
prim), muscle mass, and nutritional status. Creatine in muscle 
is converted to creatinine when meat is cooked with resultant 
increases in serum creatinine after cooked meat ingestion (Preiss 
et  al., 2007). The impact may be large, for example, producing 
25% decreases in estimated GFR. Delayed separation (beyond  
14 hours) of serum from erythrocytes leads to a significant increase 
in apparent serum creatinine concentration using some Jaffe (but 
not enzymatic) assays, possibly due to release of non-creatinine 
chromogens from the red cells (Shepherd et  al., 2007). Perhaps 
most importantly, serum creatinine concentration remains within 
the reference interval until significant renal function has been 
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Fig. 104.1 Variability of serum creatinine measurement as demonstrated by quality assessment data with particular emphasis on the effects of glucose. The top panel 
(specimen 60A) consists of an unadulterated serum sample with an approximate serum creatinine concentration of 82 umol/L. It can be seen that the overall coefficient 
of variation across all 311 laboratories participating in the scheme is 7.8%, with reported concentrations varying from approximately 70 to 100 umol/L. Specimens 60B and 
60C consist of the same base serum with 16 and 32 mmol/L glucose added respectively. Note the right shift of the data, with means of the largest Jaffe method group 
(compensated kinetic Jaffe), for example, shifting from 80 to 87 to 95 umol/L. For a 72-year-old Caucasian female this would equate to GFRs estimated using the MDRD 
equation of 64, 58, and 52 mL/min/1.73 m2. By contrast, the mean of the enzymatic method group (shaded, arrow) is unaffected by the addition of glucose. (Exercise 
dated January 2011.)
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lost. The reference interval encompasses the range of muscle mass 
observed in the population. This contributes to the insensitivity of 
creatinine as a marker of diminished GFR. Additionally, in patients 
with CKD, extrarenal clearance of creatinine becomes significant 
due to degradation as a result of bacterial overgrowth in the small 
intestine, further blunting the anticipated increase in serum creati-
nine in response to falling GFR. Thus, whilst an increased serum 
creatinine concentration does generally equate to impaired kidney 
function, a normal serum creatinine does not necessarily equate to 
normal kidney function.

Mean CVI for serum creatinine has been reported as 4.3% 
(Gowans and Fraser, 1988), indicating a desirable analytical per-
formance goal of < 2.2%. Intralaboratory imprecision at a concen-
tration of 88 umol/L varies between approximately 2.0% and 8.4% 
(Myers et al., 2006). Clearly, many laboratories are therefore outside 
desirable and even minimum performance standards. Allowing for 
a CVI of 4.3% and a CVA of 3.0% generates an RCV for serum cre-
atinine of approximately 14%. Proficiency studies demonstrate that 
whilst between-laboratory CVs of approximately 3% are achiev-
able within method groups, overall between-laboratory agreement 
across methods is much poorer, for example, approximately 8% at a 
concentration of 80 umol/L (Fig. 104.1).

The publication of the Modification of Diet in Renal Disease 
(MDRD) Study equation in 1999 (Levey et  al., 1999)  and its 
subsequent use in the classification of CKD (National Kidney 
Foundation, 2002)  refocused efforts on the problems of stand-
ardization of serum creatinine assays. The realization that interna-
tional creatinine standardization didn’t exist, and that bias between 
methods affected GFR estimates (Coresh et al., 2002; Lamb et al., 
2005; Murthy et al., 2005) surprised the nephrology community. 
The more a method overestimates ‘true’ creatinine, the greater will 
be the underestimation of GFR, and vice versa. Miller et al. calcu-
lated that allowing for a total error in estimated GFR of 15%, the 
maximal allowable bias of a creatinine assay at a concentration of  
88 umol/L would be 3 umol/L, a target achieved by very few labora-
tories or methods (Miller et al., 2005).

Recently, the National Institute of Standards and Technology 
(NIST) in collaboration with the National Kidney Disease 
Education Program (NKDEP) have developed standard refer-
ence material (SRM) 967, with target creatinine concentrations of  
88 umol/L (1.0 mg/dL) and 354 umol/L (4.0 mg/dL) in a frozen 
serum matrix. The material was value-assigned using mass spec-
trometry and issued in 2007 (Dodder et al., 2007). This material, 
in combination with gas chromatography-ID-MS reference meth-
odology, was used by reagent manufacturers to restandardize their 
methods (Panteghini et al., 2006) and by the end of 2009 most clini-
cal laboratory methods had calibration traceable to the reference 
measurement procedure and standard (Miller, 2009).

International standardization is clearly desirable but will not elim-
inate problems due to imprecision and the variable non-specificity 
of Jaffe reactions. The latter can only be overcome by the use of 
more specific methods; that is, effectively enzymatic assays for 
routine clinical purposes. Problems of both bias and imprecision 
with creatinine measurement remain and, in both cases, have their 
greatest impact in the near-normal range. The last decade wit-
nessed an impressive realignment of nephrology, pathology, and 
industry efforts to improve the measurement of serum creatinine 
for the benefits of patients. It is disappointing that only approxi-
mately 25% of UK laboratories currently use enzymatic methods 

and, as we have seen, old problems of non-specificity have not gone 
away. Nevertheless creatinine measurement (and GFR estimation) 
is performed better than hitherto. But continued efforts at quality 
improvement are still required.

Urinary protein and albumin
As observed by Bright nearly 200  years ago, the appearance of 
notable amounts of protein in the urine suggests renal disease. 
Its presence defines a patient as having kidney disease, irrespec-
tive of their GFR. Although not all patients with CKD will have 
proteinuria, proteinuria is a common finding in patients with kid-
ney disease and its presence is a strong indicator of a poorer prog-
nosis (Chapter 50; Turner 2013). Here we consider the analytical 
approach and rationale used in the measurement of urinary total 
protein compared to that of albumin.

There is no consistent definition of proteinuria (Lamb et  al., 
2009). ‘Clinical’ proteinuria has commonly been defined as equiva-
lent to a colour change of ‘+’ or greater on the relevant pad on a rea-
gent strip. This equates to approximately 300 mg/L of total protein 
or a protein:creatinine ratio (PCR) of 50 mg/mmol, or protein loss 
of approximately 500 mg/day (assuming an average urine volume 
of 1.5 L/day). The normal urinary total protein loss is < 150 mg/day. 
The proteins lost are made up of albumin (typically < 30 mg/day) 
and some smaller proteins, together with proteins secreted by the 
tubules, of which Tamm–Horsfall glycoprotein predominates. In 
almost all pathological situations, as urinary total protein increases 
so does the relative contribution of albumin:  when proteinuria 
exceeds 1 g/day, it is usual for 70–90% of this to be attributable to 
albumin.

For more than 50 years, proteinuria has commonly been detected 
using reagent strip (‘dipstick’) devices. In these, the reagent pad is 
impregnated with tetrabromphenol blue and a citrate pH 3 buffer. 
The reaction is based on the ‘protein error of indicators’ phenom-
enon in which certain chemical indicators demonstrate one colour 
in the presence of protein and another in its absence. Thus tetra-
bromphenol blue is green in the presence of protein at pH 3 but 
yellow in its absence. A variety of laboratory methods exist for the 
measurement of protein in urine. They include (1)  the original 
Lowry method (Lowry et al., 1951), (2) turbidimetry after mixing 
with trichloroacetic or sulphosalicylic acid (Nishi and Elin, 1985), 
(3) turbidimetry with benzethonium chloride (McDowell, 1985), 
and dye binding with (4) Coomassie Brilliant Blue (Wimsatt and 
Lott, 1987), (5) pyrogallol red molybdate (Watanabe et al., 1986), 
and (6) pyrocatecholviolet-molybdate, which is used in dry-slide 
applications. The benzethonium chloride and dye-binding meth-
ods are the most popular in current clinical use.

These methods do not give equal analytical specificity and sen-
sitivity for all proteins, tending to react more strongly with albu-
min than with globulin and other non-albumin proteins (e.g. 
Bence Jones protein) (Sedmak and Grossberg, 1977; McElderry 
et al., 1982; Nishi and Elin, 1985): the same is true of reagent strips 
(Bowie et al., 1977; Gyure, 1977; James et al., 1978). Indeed, some-
what confusingly, one commercial application of this principle has 
been manufactured as AlbustixTM, although the chemical principle 
underlying this test is identical to those devices that claim to meas-
ure ‘protein’ (Gyure, 1977).

Total protein measurement is more difficult in urine than in 
serum. The concentration of urinary protein is normally low 
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(100–200 mg/L); large sample-to-sample variation in the amount 
and composition of proteins is common; the concentration of 
non-protein potentially interfering substances is high relative to 
the protein concentration and very variable; and the inorganic ion 
content is high. Significant positive interferences include amino-
glycosides (Marshall and Williams, 2004), non-visible haematu-
ria (Yilmaz and Yucel, 2006), and certain plasma expanders (de 
Keijzer et al., 1999). Reagent strips are also subject to false positive 
interferences, including alkalinized urine (e.g. due to urinary tract 
infection or the presence of quaternary ammonium compounds). 
Their performance is also affected by the presence of coloured com-
pounds such as bilirubin and certain drugs (e.g. ciprofloxacin, qui-
nine, and chloroquine) (Scotti da Silva-Colombeli and Falkenberg, 
2007). Further, results appear to be operator dependent (Rumley, 
2000). An evaluation of two commercial reagent strips concluded 
that these devices could only reliably distinguish between urinary 
protein concentrations of < 200 and > 3000 mg/L (James et  al., 
1978). Performance of reagent strips in quality assessment schemes 
is generally poor (Fig. 104.2).

There is no JCTLM reference measurement procedure and no 
SRM for urinary total protein. Since a variable mixture of pro-
teins is measured this is unlikely to ever be achieved. Calibration 
differences are one of the major determinants of intermethod 

variability (Heick et al., 1980; Chambers et al., 1991; Marshall and 
Williams, 2000).

Following the advent of radioimmunoassay, work by Keen, 
Viberti, and others in the 1960s and 1970s demonstrated that 
patients with diabetes mellitus often had increased loss of urinary 
albumin compared to the non-diabetic population (Keen and 
Chlouverakis, 1963, 1964). Loss of > 20 micrograms/min (approxi-
mately > 30 mg/24 hours) came to be termed ‘microalbuminuria’ 
and it was soon realized that this was a risk factor for progression 
of diabetic nephropathy (Viberti et al., 1982). With the availabil-
ity of sensitive assays for urinary albumin and effective treatments, 
validated in large multinational trials, measurement of urinary 
albumin became standard practice in diabetes during the 1980s 
and 1990s and enshrined in clinical practice guidelines (National 
Institute for Health and Clinical Excellence, 2004, 2008b). Amongst 
patients with diabetes, the classification of diabetic nephropathy 
has been based upon urinary albumin loss (commonly expressed 
as an albumin:creatinine ratio (ACR)).

There is also strong evidence linking albuminuria to cardio-
vascular and non-cardiovascular morbidity and mortality in 
non-diabetic individuals (Matsushita et al., 2010). Albuminuria also 
predicts future decline in GFR (Kronborg et al., 2008; Obermayr 
et  al., 2008)  and requirement for renal replacement therapy  
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Fig. 104.2 Between-laboratory variability of urinary albumin and total protein measurement. Data from the United Kingdom National External Quality Assessment 
Scheme (UKNEQAS) illustrating typical between-laboratory agreement of urinary total protein and albumin assays in a urine sample. Note the relatively wide range of 
responses overall with the total protein data (upper panel), and the high within-method CVs for the total protein method groups. This situation can be compared with 
that for urinary albumin (lower panel). It can be seen that nearly all laboratories are using specific antibody-based turbidimetric methods. The mean result is 145 mg/L 
(0.145 g/L) and between-laboratory agreement is better than that for total protein, with an overall CV of 5.8%. At higher concentrations the between-laboratory variation 
of total protein methods improves and equals that of urinary albumin measurement, presumably in part as albumin becomes the predominant protein. The UKNEQAS 
also surveys the quality of reagent strip devices. Although several types of device are in use, the predominant method group (87 of 135 participants) is that manufactured 
by Siemens (Siemens plc, Camberley, Surrey, UK). In this distribution 8% of Siemens users classified the sample as negative, 30% as ‘trace’, 56% as + and 6% as ++ or greater. 
(Exercise dated May 2007.)
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(van der Velde et al., 2009). Most commonly, proteinuria reflects 
albuminuria and there are calls (Lamb et  al., 2009), including 
amongst guideline groups (National Kidney Foundation, 2002; 
Levey et  al., 2005; National Institute for Health and Clinical 
Excellence, 2008a) suggesting that urinary total protein measure-
ment should be replaced by albumin in most situations. Certainly 
the Kidney Disease: Improving Global Outcomes (KDIGO) classifi-
cation of CKD is clear in that it requires urinary albumin measure-
ment as a marker of kidney damage to facilitate diagnosis of stage 
1 and 2 CKD and for risk stratification (Kidney Disease: Improving 
Global Outcomes (KDIGO) CKD Work Group, 2013), with a diag-
nostic threshold value of 3.0 mg/mmol.

There are physiological and analytical reasons why albumin 
should be preferred to total protein as a marker of glomerular dam-
age. In health, relatively small amounts of albumin (< 30 mg/day) 
are lost in the urine. Because of this, and additionally because total 
protein assays are imprecise at low concentrations, relatively large 
(e.g. several-fold) increases in urine albumin loss can occur with-
out causing a significant measurable increase in urinary total pro-
tein (Newman et al., 1995).

Urinary albumin is predominantly measured using quantita-
tive immunoturbidimetric or nephelometric approaches capa-
ble of detecting albumin at low (e.g. 5–10 mg/L) concentrations. 
As for total protein, there is currently no JCTLM listed reference 
measurement procedure or SRM available, although ongoing 
work by NKDEP, the IFCC, and the Japanese Society of Clinical 
Chemistry is addressing this issue (Miller, 2008; Miller et  al., 
2009). Most commonly, urinary albumin assays are standardized 
against a serum-based calibrant (ERM_DA-470k/IFCC) distrib-
uted by the Institute for Reference Materials and Measurements of 
the European Commission, as has been recommended by KDIGO 
(Levey et al., 2005). Consequently both within-method agreement 
and between-laboratory agreement tends to be superior for urinary 
albumin compared to total protein (Fig. 104.2).

However, there are some grounds for caution. Changes in 
albumin loss may also reflect overall changes in vascular perme-
ability and therefore may not indicate an explicit deterioration 
in renal function (Gosling, 1995). Concerns have been expressed 
that replacing urinary total protein measurement with albumin 
may cause tubular proteinuria to be missed (National Kidney 

Foundation, 2002) although there seems to be no foundation for 
this (Lamb et  al., 2009). Although, intuitively, standardization 
issues should be more easily addressed than those for total protein 
measurement, albumin is a complex protein with varying forms 
identified (Blaabjerg and Hyltoft Petersen, 1979; Miller, 2008). The 
most significant concern is the risk of the antigen excess (‘prozone’ 
phenomenon), in which samples with very high albumin con-
centrations may be falsely reported as low or normal using some 
immunoassay approaches (Fig. 104.3).

Protein excretion displays considerable biological variability, and 
may be increased by upright posture, exercise, fever, symptomatic 
urinary tract infection (Carter et al., 2006), heart failure, and kid-
ney disease (Chapter 50). Biological variation studies have reported 
CVI of 40% for urinary total protein (36% for urinary albumin) 
from an early morning urine sample in healthy individuals. Thus 
a desirable performance goal of 20% for urine protein assays can 
be set. Whilst most laboratories should be able to achieve this, 
between-method and between-laboratory variation remains poor 
(Fig. 104.2). A significant reduction in intraindividual variation can 
be obtained by expressing results as a PCR (or ACR in the case of 
albumin), effectively correcting for urinary concentration/dilution 
(Newman et al., 2000). Standard urine reagent strips cannot make 
this adjustment; hence these tests can only give a rough indication 
of the presence or absence of pathological proteinuria (Ralston 
et al. 1988; Waugh et al. 2004). Recently, automated devices capa-
ble of reading the colour changes of reagent strips using reflectance 
spectrometry have become available. These reduce interoperator 
variability and improve diagnostic accuracy (Rumley, 2000; Waugh 
et al., 2005). A creatinine test pad has been added to some reagent 
strip systems to enable a PCR to be reported and so reduce the 
intraindividual variation seen with random urine collections (Guy 
et al., 2009). Similarly, reagent strip devices are now available that 
can measure urinary albumin at low concentrations and report the 
result as an ACR (Graziani et al., 2009).

Although Bright was detecting a mixture of proteins in heated 
urine, it was recognized that the major protein coagulating was 
albumin. For many years, methods of specifically measuring low 
concentrations of albumin were unavailable, and the clinical sci-
ence and underpinning evidence of nephrology evolved based 
upon measurement of total protein in urine using chemical or 
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physical methods. The technical merits of using albumin measure-
ment rather than total protein have been discussed above. Routine, 
sensitive and cheap methods for urinary albumin measurement 
have been available for many years. It is time for nephrology to fully 
embrace the advantages of specifically measuring the single most 
important protein in kidney disease.

Parathyroid hormone
Parathyroid hormone (PTH) is a single-chain, 84-amino acid pep-
tide hormone produced by the parathyroid glands in response to 
a decrease in the extracellular concentration of ionized calcium, 
its main role being to increase plasma calcium concentration. It is 
cleaved both within the parathyroid gland and after secretion into 
amino (N)-terminal, carboxy (C)-terminal, and mid-region frag-
ments, which are metabolized in the liver and kidney.

The bony complications of kidney failure, driven by phosphate 
retention and failure of vitamin D activation, have been known 
to nephrologists for many years. With the advent of easily obtain-
able PTH measurements it appeared that a suitable marker to 
detect and manage chronic kidney disease-mineral bone disorder 
(CKD-MBD), as it has now been termed, was finally available. The 
last decade has also seen intense interest in the vascular calcifica-
tion that characterizes renal failure, with attempts being made to 
relate this complication to PTH concentrations.

There has been an evolution of increasingly specific PTH assays 
(Fig. 104.4). Beginning in 1963 (Berson et al., 1963) and continu-
ing through the 1980s, radioimmunoassays (RIAs) were used: these 
are now considered ‘first-generation’ PTH assays. RIA techniques 
involved a single antibody directed towards epitopes primarily 
located in the mid-region or C-terminal regions of the molecule. 
These assays proved to be unreliable because of different character-
istics of the antisera used and the realization that PTH circulates not 
only in the form of the intact peptide but also as multiple fragments. 
Most RIAs for PTH thus cross-reacted with and detected a variety 

of C-terminal PTH fragments as well as full-length PTH(1–84), 
yielding a wide variety of results. Furthermore, measurements of 
PTH using C-terminal RIAs were inaccurate in patients with CKD 
as a result of impaired renal excretion of these fragments, result-
ing in marked elevation compared to subjects with normal kidney 
function.

The development of a second generation of PTH assays from 
1987, the two-site immunoradiometric assays (IRMAs), improved 
upon many of the inadequacies of the single-antibody RIAs (Brown 
et  al., 1987; Nussbaum et  al., 1987). A  capture antibody binds 
near the N-terminus and a second solid phase-coupled antibody 
binds to the C-terminus. Such assays were more reproducible than 
RIAs, particularly among patients requiring treatment with dialy-
sis. These so-called intact PTH assays were thought to detect pre-
dominantly full length PTH(1–84). They remain the most widely 
used methods for measuring PTH clinically today, although they 
now commonly employ non-radioactive (e.g. chemiluminometric) 
detection systems.

In the mid 1990s, a Canadian research group discovered that 
another molecular form of PTH, thought to be PTH(7–84), was 
being detected by the second-generation assays (Lepage et  al., 
1998; D’Amour et al., 2005b). As would be predicted, given earlier 
experiences with RIAs, this fragment accumulates as GFR declines 
(Brossard et al. 2000), typically accounting for approximately half 
of the PTH measured by second-generation assays in patients with 
kidney failure. Discrete biological activities of PTH(7–84) (Huan 
et al., 2006), antagonistic to PTH(1–84), have been mooted, as have 
diagnostic uses of its measurement (Herberth et al., 2010): the sig-
nificance of these remain uncertain at present.

The discovery that the second-generation ‘intact’ PTH assays 
measure other PTH molecules has led to the development of specific 
PTH(1–84) assays, referred to as third-generation assays. These are 
defined by their ability to measure whole intact PTH(1–84) with-
out cross-reacting with PTH(7–84). Exploitation of the difference 
between the two N-terminal regions has provided an antibody that 
exclusively detects PTH(1–84); polyclonal antibodies are targeted 
to epitopes within the first four amino acids from the N-terminal 
(Gao et al., 2001). Third-generation assays are at present expensive 
and very few are automated: consequently they are not widely avail-
able in clinical practice.

As for urinary total protein and albumin discussed above, 
there is no reference method for PTH measurement. Significant 
intermethod variability exists (Fig. 104.5), to influence clinical 
decision-making (Fig. 104.6) (Lamb et al. 2007). Joly et al. com-
pared PTH concentrations measured with 15 commercial immu-
noassays in samples of pooled plasma from dialysis patients (Joly 
et al., 2008). They used the Nichols Allegro PTH assay as the ref-
erence, since it was upon this assay that KDOQI guidelines were 
predominantly based; however this assay is no longer available. The 
median bias ranged from −45 to +123%. Similar results have been 
observed by others (Cantor et al., 2006).

Intermethod variability may be explained in part by prob-
lems of antibody specificity and lack of common standardization 
(D’Amour et al., 2005a). Commercially available assays show dif-
fering recovery of PTH(1–84), and differing cross-reactivity with 
PTH(7–84):  data from the United Kingdom National External 
Quality Assessment Scheme (UKNEQAS) estimated between 69% 
and 102% cross-reactivity with PTH(7–84) for commercially avail-
able second-generation assays (Lamb et  al., 2007). This reflects 

First-generation PTH assays

N-PTH RIA Mid/C-PTH RIA

84341

Second-generation PTH assays

�ird-generation PTH assays

Fig. 104.4 Reactivity of PTH assays with differing fractions of circulating PTH. 
Early radioimmunoassays (RIAs) used a single antibody targeted against the N-, 
mid-, or C-terminal portion of the molecule. Second-generation assays used two 
antibodies (‘sandwich assays’) targeted against both the N- and mid/C-terminal 
portion of the molecule. Third-generation assays also use two antibodies but 
the N-terminal antibody is directed against the first few N-terminal amino acids, 
hence not capturing N-terminally truncated molecules, for example, PTH(7–84).

Reproduced with permission from Kidney Disease Improving Global Outcomes (KDIGO) 
(2009). KDIGO clinical practice guideline for the diagnosis, evaluation, prevention, and 
treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kidney Int 
Suppl, S1–130.
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differences in antibody specificities and affinities, which are indi-
vidual to each manufacturer. The problem is further compounded 
by the differential retention and accumulation of PTH(7–84) and 
other PTH fragments in CKD.

Nearly 50 years after the first PTH immunoassays were devel-
oped, there remains no agreed common standard between PTH 
assays, that is, the human PTH(1–84) calibrators present in the 
assays differ from company to company. A reference preparation of 
purified human PTH for PTH immunoassays (WHO 79/500) was 
prepared in 1981 (Zanelli and Gaines-Das, 1983). However, its con-
tent was formally defined in international units (0.1 IU/ampoule) 
whereas PTH measurements tend to be expressed in mass or molar 
units. Some manufacturers have claimed traceability to 79/500 but 
its nominal mass concentration was probably inaccurate and did 
not provide a sound basis for conversion to the use of mass units 
for reporting PTH. A  newer preparation based on recombinant 
PTH and defined in mass units has been prepared by the National 
Institute of Biological Standards and Controls (NIBSC/WHO 
95/646, <http://www.nibsc.ac.uk/documents/ifu/95-646.pdf>) 
and its commutability between assays is being established (<http://
whqlibdoc.who.int/hq/2009/WHO_BS_09.2115_eng.pdf>). It is 
hoped that the introduction of this material will lead to significant 
improvement in assay comparability (Sturgeon et al., 2011).

Measured PTH concentration is also affected by a variety of 
pre-analytical factors. Assay results can differ if samples are meas-
ured in plasma or serum, and depending on the temperature and 
speed at which they are processed. Many studies have found that, 
at room temperature, PTH is more stable in blood samples col-
lected into ethylendiaminetetraacetic acid (EDTA)-preserved tubes 
than in tubes containing no preservative (Teal et al., 2003, 2004; 
English et al., 2007). Changes in measured PTH concentrations as 
a result of different storage conditions are sufficient to affect clini-
cal decision-making in many cases (Joly et al., 2008). There is pre-
liminary evidence that PTH measured by third-generation assays is 
more stable than when measured by second-generation assays (i.e. 
suggesting that PTH(1–84) is more stable ex vivo than PTH(7–84)) 
(Teal et al., 2004; Cavalier et al., 2012).

Other contributors to PTH variability are also poorly appreci-
ated. For example, central venous catheter PTH concentrations in 
haemodialysis patients are reported to be 30% higher than those in 
peripheral blood samples (Vulpio et al., 2010).

Reported CVI for PTH is 26% in healthy individuals 
(Ankrah-Tetteh et al., 2008) with a similar value being reported 
in stable haemodialysis patients (Gardham et al., 2010). Given this 
high value, not unexpected for a hormone under dynamic feed-
back control and with a short half-life, most modern, automated 
methods can achieve desirable and even optimal analytical preci-
sion. However, in terms of interpreting the data that is generated, 
it should be noted that this produces an RCV required to be 95% 
certain of a true change in value having occurred of 72%; in other 
words, a PTH concentration of 300 ng/L followed by one of 500 
ng/L would not necessarily be truly different from each other. 
Further, ideally 26 specimens are required to estimate a dialysis 
patient’s PTH homeostatic set-point within ±10% (Gardham et al., 
2010). In practice, what this means is that whilst extreme values 
of PTH probably do indicate adynamic or hyperparathyroid bone 
disease, most results fall in an indefinite zone where biological and 
analytical variability precludes meaningful interpretation. It should 
be noted that the high CVI of PTH renders interpretation against 
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reference ranges, upon which clinical targets have been based, 
of little value: most information can be gained by monitoring an 
individual’s trend in concentration, as recently suggested (Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work 
Group, 2009).

PTH has been used as a surrogate marker of underlying bone 
status in patients with kidney disease for many years. National and 
international guideline groups even suggest targets of PTH con-
centration that should be aimed for. There are many reasons why 
PTH is unsuitable for this purpose (Drueke, 2008): in this section 
we have reviewed the technical limitations of PTH in this setting. 
The current lack of standardization is an absolute impediment to 
the development of any meaningful clinical targets. However, as we 
have seen earlier with serum creatinine, even standardization fails 
to circumvent the problems of non-specificity. Third-generation 
PTH assays are probably suitably specific, but their wider avail-
ability will first require clear demonstration of their clinical ben-
efit. Currently such advantages have not been shown (Inaba et al., 
2004) although suggestions of improved stability of measured PTH 
are clearly a strong argument. Once a standardized, specific assay is 
available, it will be imperative to strictly define pre-analytical con-
ditions of sampling and storage (Hanon et al., 2013). Only then will 
we be able to ascertain whether PTH really provides useful infor-
mation in the assessment of CKD-MBD.

General conclusions
In the assessment of their complex patients, nephrologists rely 
heavily on objective, quantitative laboratory data. It is unreason-
able to expect practitioners to fully understand the methodology, 
traceability, and variability that underlie every single result that a 
laboratory produces:  that is the role of laboratory professionals. 
Interpretation of data should be underpinned by traceability to a 
higher-order reference method and calibration linked to a stand-
ardized reference material. Without these prerequisites, accuracy 
cannot really exist and clinicians using differing methods are not 
dealing in the same ‘currency’. Once ‘trueness’ is established, as it is 
now for serum creatinine, for example, we need to understand how 
normal biological variability influences our interpretation and lab-
oratories need to ensure that assays are fit for purpose and able to 
meet performance targets. A critical component of this is participa-
tion in external quality assessment schemes, which provide ongo-
ing reassurance of the validity, or otherwise, of laboratory outputs.

Nephrologists may be unaware that ‘routine’ clinical assays that 
have been in use for many years remain non-standardized and 
incompletely characterized. Nephrologists and pathologists need to 
work together to ensure that laboratory data better serves patients.
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Effect of lifestyle modifications 
on patients with chronic 
kidney disease
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Erin J. Howden, and Jeff S. Coombes

Lifestyle and disease progression
Lifestyle plays an important role in the development and man-
agement of chronic kidney disease (CKD). Sedentary lifestyles 
as well as diet and obesity are all contributors to the develop-
ment of CKD and associated comorbidities, type 2 diabetes, 
and cardiovascular disease (CVD). The role of lifestyle factors 
(Fig. 105.1) including physical inactivity, diet, and obesity in the 
development and progression of CKD are discussed in the fol-
lowing sections.

Physical inactivity and low exercise capacity
Physical inactivity leading to low exercise capacity is common in 
CKD patients and is associated with reduced glomerular filtration 
rate (GFR) (Finkelstein et al., 2006) as well as CVD and diabetes, 
common comorbidities in CKD. In end-stage renal disease (ESRD) 
patients, an exercise capacity below 17.5 mL/kg/min is associated 
with an increased mortality (Sietsema et al., 2004). However, while 
CKD patients are at increased risk of cardiovascular (CV) death 
(Foley et al., 1998), the relationship between exercise capacity and 
mortality has not been reported.

Diet
(See Chapter 101.)

Protein
The recommended level of dietary protein for a healthy adult is 
approximately 0.8 g/kg body weight (Anonymous, 1985). However, 
the average Western diet contains up to 2.0 g/kg body weight. The 
use of high-protein diets has led to the conjecture that they may 
contribute to the development of CKD by sustained increase in 
intraglomerular pressure and hyperfiltration. This is supported by 
a study (De Miguel et  al., 2011), where rats fed a high-protein 
(30%) and salt diet developed elevated urine albumin:creatinine 
ratio compared to those fed a normal- or low-protein diet (18% or 
6% respectively). Despite a lack of evidence linking high-protein 
diets with renal damage in healthy adults, the same argument has 

been proposed to recommend dietary protein restriction in CKD 
patients. Multiple trials have investigated the role of dietary pro-
tein in the progression of CKD. Meta-analyses of these studies 
indicate that although dietary protein restriction reduces renal 
mortality (Fouque and Laville, 2009), the rate of GFR decline was 
only 0.53 mL/min/year (Kasiske et al., 1998) leading to the con-
clusion that better therapies are needed to slow the rate of CKD 
progression.

Salt
Sodium retention occurs in most patients with CKD. This is dis-
cussed in Chapter 101.

Phosphate
In CKD there is impaired excretion of phosphate leading to hyper-
phosphataemia. This is discussed further in Chapter 101.

Alcohol
Several epidemiological studies have attempted to identify the 
role of alcohol consumption in development of CKD. Inverse 
trends have been reported between alcohol consumption and 
CKD in Japanese men (Funakoshi et al., 2012), and between alco-
hol consumption and development of elevated creatinine levels or 
decreased GFR over a 14-year follow-up period (Schaeffner et al., 
2005) leading to the conclusion that moderate alcohol consump-
tion (up to two standard drinks per day) may actually decrease the 
risk of renal dysfunction. However alcohol consumption was not 
related to CKD incidence in the National Health and Nutrition 
Examination Survey study (Stengel et al., 2003). Excessive alco-
hol, through an effect on blood pressure, will have an adverse 
effect on CKD.

Obesity
Obesity may be considered a risk factor for the development of 
CKD. A recent meta-analysis of cross-sectional and case–control 
studies (Wang et al., 2008) reported that in industrialized coun-
tries, 16.5% of CKD in men and 26.3% in women could be related 
to excess weight and obesity. In addition, overweight people have 
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a 40% higher risk of developing CKD, and obese people an 83% 
higher risk, which is independent of incidence of diabetes and 
hypertension (Wang et al., 2008). The relationship between obe-
sity and progression of CKD (as well as mortality) is less obvi-
ous. This may be due to the common use of body mass index 
to indicate obesity (Teta, 2010). Increased visceral fat has been 
linked with higher fasting plasma insulin and triglyceride lev-
els and greater prevalence of atherosclerosis in dialysis patients 
(Yamauchi et  al., 2003), while the detrimental effects of oxida-
tive stress and inflammation noted with obesity are augmented 
in patients with CKD and may contribute to decrements in renal 
function (Ramos et al., 2008).

Evidence for lifestyle in the management 
of chronic kidney disease
Exercise
While the benefit of exercise training in patients with ESRD has 
been investigated widely, with observed improvements in CV fit-
ness, physical functioning, and decreases in CV risk (Segura-Orti 
and Johansen, 2010), the potential benefits of exercise in less severe 
CKD have not been well investigated (Howden et al., 2012). The 
Kidney Disease Improving Global Outcomes clinical practice 
guidelines (2013) emphasize that regular physical activity should 
be strongly encouraged, especially to manage CV risk.

Aerobic exercise
Aerobic exercise capacity has strong independent associations 
with mortality in both healthy and chronic disease populations. 
Specifically in ESRD, VO2 peak is a strong predictor of survival 
and is thought to provide additional prognostic information 
(Sietsema et  al., 2004). A  Cochrane review of CKD in adults 
found that aerobic exercise training improved exercise capac-
ity in both patients with CKD and ESRD (Heiwe and Jacobson, 
2011). Aerobic exercise training also improves physical func-
tion (Boyce et al., 1997), reduces resting blood pressure (Boyce 
et al., 1997), arterial stiffness (Mustata et al., 2011) and markers 
of oxidative stress (Pechter et al., 2003), and may improve renal 
function (Pechter et al., 2003; Toyama et al., 2010). In patients 
with ESRD, aerobic exercise training improves health-related 
quality of life (HRQOL) (Segura-Orti and Johansen, 2010) and 
reduces insulin resistance (Goldberg et  al., 1983), oxidative 
stress biomarkers (Wilund et  al., 2010), and inflammation 
(Afshar et al., 2010).

Resistance exercise
CKD causes a progressive reduction in muscle strength and 
skeletal muscle mass. In ESRD the effects of protein wasting are 
more pronounced and therefore the rationale for inclusion of 
this type of training is stronger. The effects of resistance exer-
cise training in CKD have been investigated in a small number 
of studies (Segura-Orti and Johansen, 2010; Heiwe and Jacobson, 
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2011). Whilst there is only low-level evidence at present in CKD 
patients, the results suggest improvement in muscle function and 
strength, functional mobility, and inflammatory status are pos-
sible. In a meta-analysis (Segura-Orti and Johansen, 2010)  the 
potential benefits of exercise in HD patients were described. 
This review identified moderate-level evidence for increases 
in HRQOL, large non-significant increases in strength follow-
ing resistance training, and encouraging findings in terms of 
increased muscle cross-sectional area in two separate studies fol-
lowing resistance training. Two other studies have investigated 
the effect of intradialytic resistance training on inflammatory 
markers with inconsistent findings. Afshar et al. (2010) reported 
reductions in C-reactive protein following 8 weeks of intra-
dialytic exercise training, and Cheema and colleagues (Cheema 
et al., 2011) reported no change in any pro- or anti-inflammatory 
cytokines following 12 weeks of high-intensity, progressive intra-
dialytic resistance training.

Combination exercise training
Three studies (Clyne et  al., 1991; Cook et  al., 2008; Howden 
et al., 2013) have investigated the effect of the combination of 
aerobic and resistance training in CKD patients, but only one 
of these was a randomized controlled trial (Howden et  al., 
2013). While all studies reported that exercise capacity and 
muscle endurance were increased with combination training, 
the effects on kidney function and blood pressure are less clear. 
One uncontrolled study reported no change in kidney function 
(Clyne et al., 1991) while in the other estimated GFR decreased 
in a subgroup of 12 of 32 patients (Cook et al., 2008). In com-
parison, the most recent study reported significant improve-
ments following 12 months of exercise and lifestyle intervention 
in CV parameters including left ventricular function in patients 
with moderate CKD (Howden et al., 2013). In ESRD the ben-
efits reported from this type of training include improvements 
in VO2 peak (Deligiannis et al., 1999; van Vilsteren et al., 2005), 
muscle strength, dialysis adequacy and general health percep-
tion (van Vilsteren et al., 2005), and heart rate variability and 
the incidence of arrhythmias (Deligiannis et  al., 1999). The 
2011 Cochrane review reported that combination high-intensity 
exercise training results in a significant decrease in resting sys-
tolic and diastolic blood pressure of between 4 to 7 mmHg in 
adults with CKD. This finding is clinically important given that 

even small reductions in blood pressure in the general popu-
lation can reduce coronary heart disease, stroke and all-cause 
mortality (Heiwe and Jacobson, 2011).

Interdialytic exercise has been reported to be superior to intra-
dialytic exercise in terms of outcomes (Moinuddin and Leehey, 
2008). However, there is a role for intradialytic exercise as there 
is generally a lower withdrawal rate when this type of exercise 
is used.

Exercise recommendations
The 2011 Cochrane review on CKD in adults suggests that the 
current level of scientific evidence supports the recommendation 
that exercising regularly for > 30 minutes/session three times/week 
will improve physical fitness, walking capacity, CV function, and 
HRQOL (Heiwe and Jacobson, 2011). A recent position statement 
(Smart et  al., 2013)  suggests that exercise training include aero-
bic, resistance, and flexibility activities. While individual recom-
mendations by stage and/or treatment modality of kidney disease 
do not exist at present, Table 105.1 is suggested to guide exercise 
prescription.

To improve adherence to exercise training and reduce the risk 
of injury, it is suggested that exercise programmes should be pre-
scribed and supervised by exercise physiologists and other appro-
priately trained health professionals. Special considerations include 
the recommendation that HD patients who perform intradialytic 
exercise only do so in the first 2 hours of the HD session, peritoneal 
patients perform exercise without fluid in the peritoneal cavity, and 
all patients be counselled on the effects of exercise on their medica-
tion and co-morbidities (Smart et al., 2013).

Dietary interventions
Diet may affect the development and progression of renal dis-
ease either by directly affecting the kidneys or through secondary 
mechanisms including affecting metabolic disease parameters such 
as hypertension.

Protein and calorie control
Protein energy malnutrition (PEM), as indicated by low serum 
albumin and/or pre-albumin levels, is present in up to 70% of 
dialysis patients (Fouque et al., 2007), and is one of the strongest 
predictors of mortality in patients with CKD (Kalantar-Zadeh 
et al., 2011). Diagnostic criteria for PEM include unintentional 

Table 105.1 Exercise training recommendations for CKD patients

Aerobic Resistance Flexibility Comment

Frequency 
(week)

5 2 5–7 Resistance training should be performed on 
non-consecutive days

Intensity Moderate to vigorous 
(RPE 11–16/20)

10–15 repetitions of 60–70%  
1 RM

– Pre-exercise screening is suggested, especially in 
patients planning to exercise at higher intensity

Duration ≥ 30 to < 90min ≥ 30min to < 90min 10 min Low fitness: suggest start at 10 min continuous

Example Walking, jogging, cycling, 
swimming

Exercise against gravity, 
therabands, machine and free 
weights

Combine with aerobic and 
resistance session

Inclusion of balance exercises for those at risk of falls

RM = repetition maximum; RPE = rating of perceived exertion.
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weight loss, low serum albumin, and sarcopenia, and there is 
increasing evidence that PEM is associated with increased mor-
bidity, mortality, and impaired quality of life (Kalantar-Zadeh 
et al., 2011). The European Best Practice Guidelines on nutrition 
states that dietary protein intake in clinically stable chronic HD 
patients should be at least 1.1 g protein/kg ideal body weight 
(IBW)/day while energy intake should be at least 30 kcal/kg 
IBW/day in order to prevent wasting (Fouque et al., 2007). In 
pre-dialysis patients the protein recommendations are lower, 
reflecting the possible relationship between protein intake 
and CKD progression. The Dietitians Association of Australia 
guidelines for the nutritional management of CKD (Ash et al., 
2006)  recommend a protein intake of between 0.75 and 1.0 g 
protein/kg IBW/day in stage 3 CKD and 0.75 g/kg IBW/day 
with at least 50% coming from high-biological value sources in 
stage 4. The same body recommend a minimum energy intake 
of at least 146 kJ/kg IBW/day in patients with stage 4 CKD and 
that energy intake be determined as for healthy individuals in 
less advanced disease (Ash et al., 2006).

Dietary salt intake
(See Chapter 101)

Phosphate and calcium
(See Chapter 101)

Alcohol
While the direct evidence for a link between alcohol consump-
tion and CKD is low, there is evidence from observational stud-
ies that alcohol intake may have a dose-dependent relationship 
with blood pressure, particularly at levels above two drinks per 
day (Xin et  al., 2001). In addition, a meta-analysis (Xin et  al., 
2001) reported that decreased alcohol consumption in previously 
heavy drinkers resulted in decreases in systolic blood pressure 
and diastolic blood pressure by 3.3 and 2.0 mmHg respectively. 
Given the link between hypertension and the development and 
progression of CKD (Hanratty et  al., 2011), the results suggest 
that heavy drinking may be detrimental to blood pressure and 
thereby renal function.

Antioxidant and anti-inflammatory supplements
Omega-3 fatty acids have been investigated for their role in reduc-
ing inflammation shown in animal (Peake et al., 2011) and human 
(Zhao et al., 2004) models. Supplementation studies in pre-dialysis 
CKD patients have reported improvements in surrogate CVD mark-
ers including 24-hour ambulatory heart rate and blood pressure. 
In dialysis patients, similar supplementation studies have reported 
decreased C-reactive protein and interleukin 6 levels, attenuation 
of adrenergic activity, and decreased insulin resistance. No study 
has, however, investigated CVD outcomes in CKD patients after 
omega-3 fatty acid supplementation. An overview of the evidence 
for and against supplementation is provided in a review (Fassett 
et al., 2010).

A number of small trials (many with a non-randomized 
open-label design and in ESRD patients) have been conducted to 
determine the potential benefits of supplementation with the anti-
oxidants vitamins C and E or N-acetylcysteine (NAC) on oxidative 
stress. The outcomes of studies investigating the benefits of anti-
oxidant supplementation have been summarized previously (Del 

Vecchio et al., 2011; Coombes and Fassett, 2012). Briefly, the bal-
ance of evidence indicates that supplementation with vitamin E or 
NAC reduce oxidative stress but the evidence for a benefit from 
vitamin C is equivocal.

There is accumulating evidence for the efficacy of soy protein as 
an alternative protein source with studies showing reductions in 
plasma urea levels following a soy-based diet in mice with surgi-
cally induced uraemia (Tomayko et  al., 2011), improved kidney 
function in rats with renal failure (Yang et al., 2008), and trends 
towards decreases in C-reactive protein levels in HD patients (Fanti 
et al., 2006).

Bariatric surgery
(See Chapter 106).

Summary and recommendations 
for lifestyle management
Lifestyle is an important contributor to the development and pro-
gression of CKD. Sedentary lifestyles and unhealthy diets contrib-
ute directly to the obesity that appears to contribute to increases 
in oxidative stress and inflammation that may trigger or pro-
gress CKD. The effect of lifestyle interventions such as increased 
physical activity and weight loss have been widely researched 
particularly in patients with ESRD and shown to reduce disease 
progression and improve quality of life in CKD patients. Similarly 
surgical interventions designed to restrict nutrient intake to assist 
weight loss have also been reported to improve markers of CKD 
progression.
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Malnutrition, obesity,  
and undernutrition 
in chronic kidney disease
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Obesity
By the World Health Organization’s definition of obesity as a body 
mass index (BMI) > 30kg/m2, 33.8% of adults (> 19 years of age) 
and 17% of children and adolescents in the United States (aged 
2–19 years) are obese (Centers for Disease Control and Prevention, 
2011). There is evidence that obesity is an independent risk factor 
for both chronic kidney disease (CKD) and end-stage renal dis-
ease (ESRD) (Iseki et al., 2004; Hsu et al., 2006; Munkhaugen et al., 
2009). Obesity also independently increases progression of native 
CKD from other causes and in those who have received renal allo-
grafts (Meier-Kriesche et al., 2002; Ducloux et al., 2005). Obese men 
and morbidly obese women have a three- to fourfold increase in 
lifetime risk for advanced CKD (Ejerblad et al., 2006). Compared to 
lean incident dialysis patients, the overweight and obese have 17% 
and 40% odds for a family history of ESRD (Speckman et al., 2006).

Most studies used surrogate markers of renal disease, mainly 
proteinuria, albuminuria, and estimated glomerular filtration 
rate (eGFR) to examine the impact of obesity on renal outcomes. 
Data from the African American Study of Kidney Disease and 
Hypertension (AASK) cohort showed that BMI is independently 
associated with both urine total protein:creatinine and urine 
albumin:creatinine ratios in African Americans (particularly those 
aged < 61) with baseline hypertensive nephrosclerosis (Toto et al., 
2010). Patients with higher BMI had higher urine total protein and 
albumin excretion rates. This association was independent of blood 
pressure, level of kidney function, glycaemia, and hyperuricae-
mia. These findings have also been supported by the Kidney Early 
Evaluation Program (KEEP) which has consistently found an asso-
ciation between BMI and microalbuminuria in all non-Caucasian 
ethnic groups (Jolly et al., 2010). In the Framingham Study, a higher 
BMI was independently associated with an increased risk of devel-
oping proteinuria (Foster et  al., 2008). With decreased urinary 
protein excretion, metabolic improvement and a decline in cardio-
vascular risks are seen (Mykkanen et al., 1998; Hsu et al., 2009). For 
a 50% decrease in albuminuria, cardiovascular risk declines by 18% 
and heart failure risk by 27% (De Zeeuw et al., 2004).

The metabolic syndrome is independently associated with 
decreased eGFR (Kawamoto et  al., 2008). Waist:hip ratio and 

individual components of the metabolic syndrome are also indepen-
dently associated with CKD and ESRD (Elsayed et al., 2008; Savica 
et al., 2010). BMI, waist circumference, or fat mass are each associ-
ated with increased risk of rapid eGFR loss (in those aged > 65),  
after adjustment for age, gender, race, and smoking (De Boer et al., 
2009). Risk was larger for those with eGFR < 60 mL/min/1.73 m2 
at baseline.

Obesity-related kidney disease includes albuminuria, glomeru-
lomegaly, and obesity-related glomerulopathy (ORG) (Mathew 
et al., 2011), a form of secondary focal segmental glomerulosclero-
sis (Fig. 106.1), the incidence of which is increasing in the obesity 
pandemic (Kambham et al., 2001; Eknoyan, 2007). ORG does not 
usually cause nephrotic syndrome, has a more benign course, and 
slower progression to renal failure. Podocyte density and number 
are decreased, and correlate with the degree of proteinuria and 
renal function impairment (Chen et  al., 2006). Obesity-related 
renal dysfunction may be due to glomerular capillary hypertension, 
and mediated by transforming growth factor-beta (Torun et  al., 
2007), and adipocyte-derived cytokines like leptin, interleukin-6 
(IL-6), tumour necrosis factor-alpha (TNF-α), resistin, mac-
rophage colony simulating protein-1 (MCP-1), and plasminogen 
activator inhibitor-1 (PAI-1) which increase protein permeability 
in glomerular capillaries and enhance renal fibrosis (Henegar et al., 
2001; Zhang et al., 2005; Wahba and Ma, 2007). Adipokines, like 
adiponectin, have been associated with proteinuria and increased 
glomerular permeability to plasma proteins (Ahima, 2008; Sharma 
et al., 2008). There is an alteration in renal haemodynamics leading 
to hyperfiltration (Wuerzner et al., 2010) and upregulation of the 
renin–angiotensin system (Agrawal et al., 2009). Compared to nor-
mal healthy subjects, severely obese, non-diabetic individuals (BMI 
> 38 kg/m2) have 51% and 31% higher GFR and renal plasma flow 
(RPF) respectively (Chagnac et al., 2000). Another recent study in 
non-diabetic subjects of African descent showed that a high BMI  
(> 25) is associated with increased GFR, effective RPF, and filtration 
fraction (Wuerzner et al., 2010). But after adjustment of body sur-
face area (BSA), no association was found between BMI and GFR, 
questioning the appropriateness of indexing GFR for BSA in high 
BMI (> 25) population.
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Weight loss is associated with a decrease in albuminuria. 
However, it has been associated with lower eGFR possibly because 
the decreased muscle mass reduces creatinine production (Agrawal 
et al., 2008). Voluntary weight loss is associated with a decline in 
albuminuria (Shen et al., 2010). A meta-analysis showed that every 
1 kg weight loss results in 110 mg or a 4% decrease in urinary pro-
tein excretion, independent of baseline weight and decline in mean 
arterial pressure (Afshinnia et  al., 2010). Even after adjusting for 
angiotensin-converting enzyme inhibitor use, similar results were 
obtained. Interestingly, a 0.7 mg decrease in microalbuminuria was 
seen with every week of weight loss intervention. Both surgical and 
non-surgical weight loss reduce proteinuria and blood pressure, 
but only surgical interventions showed normalization of creati-
nine clearance (Navaneethanet al., 2009). In extreme obesity stage 
3 CKD patients who had undergone bariatric surgery, decrease in 
the BMI from 49.8  kg/m2 to 34.5  kg/m2 had an improvement of 
mean GFR from 47.9 to 61.6 mL/min/1.73 m2 at 12 months after 
surgery (Navaneethan and Yehner, 2009). eGFR was used and the 
study could not exclude a serum creatinine decline due to a decrease 
in muscle mass and creatinine generation. It should be noted that 
the current methods of estimating GFR were based on lean subjects 
(Eknoya, 2011). In obese individuals, the Modification of Diet in 
Renal Disease (MDRD) Study equation is more dependable than 
the Cockcroft–Gault formula which grossly overestimates creatinine 
clearance (bias of 86 mL/min). The MDRD equation also has an error 
of 11.7 mL/min in obese subjects (Friedman et al., 2010). This study 
used a simple and accurate iohexol-based protocol for comparison.

Education of patients about the risks of obesity, periodic assess-
ment for excess body fat (weight and waist circumference), and con-
tinual brief advice on healthy diet and exercise is an important task 
for healthcare providers including nephrologists. Blood pressure, 
HbA1c, eGFR, lipids, and glucose, and urine albumin:creatinine 
ratio should be measured in obese subjects attending a pre-dialysis 
clinic.

Large studies with longer follow-up are needed to assess the effect 
of weight loss on the risk of progression to ESRD. The existing evi-
dence showing the potential for slowing or reversing the progres-
sion of CKD with weight loss, medically supervised weight loss, or 
bariatric surgery means that these measures should be considered 
in obese individuals (Praga and Morales, 2010).

Undernutrition
Nutrition is a vital contributing factor in the morbidity and mortal-
ity of CKD patients. It is well recognized that a low serum albumin 
at the time of initiation of dialysis and throughout a patient’s time 
on dialysis is associated with increased morbidity and mortality 
(Lowrie et al., 1994; Iseki et al., 1996; Pifer et al., 2002; Amaral et al., 
2008; Fouque et al., 2008a). In a study of > 13,000 dialysis patients, 
a serum albumin of 3.5–3.9 g/dL had an odds ratio of death of 1.48 
compared to 3.13 for an albumin concentrations of 3.0–3.4 g/dL 
(Owen et al., 1993). Similar results have been seen in adolescents. 
Amaral and colleagues studied 675 adolescents requiring haemo-
dialysis and found those with a serum albumin > 4.0 g/dL had a 
57% decreased risk for death and fewer hospitalizations per time at 
risk compared to those with lower albumin concentrations (Amaral 
et al., 2008). Hypoalbuminaemia was once considered an indica-
tor of malnutrition; however, chronic inflammation is the more 
important cause of hypoalbuminaemia. The multiple variables that 
contribute to the phenomenon of undernutrition and resultant 
cachexia are shown in Fig. 106.2.

Malnutrition or protein calorie malnutrition is often inadequate 
in describing the muscle wasting, skin and hair changes, and pre-
mature ageing seen with uraemia. Malnutrition only refers to inad-
equate diet; however, this is rarely the sole problem identified in 
kidney disease patients. In 2008, the International Society of Renal 
Nutrition and Metabolism (ISRNM) defined the term protein 
energy wasting (PEW) to define the loss of body protein mass and 
fuel reserves (Fig. 106.2) (Praga and Morale, 2010). Three diagnostic 
criteria must be present: low serum albumin (or low transthyretin 
or cholesterol), reduced body mass, and reduced muscle mass (sar-
copenia). Reports show 18–75% of CKD patients on maintenance 
haemodialysis has some form of wasting (Kalanter-Zadeh et  al., 
2003; Praga and Morale, 2010). Using this classification emphasizes 
that it is not only an inadequate diet, but also systemic inflamma-
tion and oxidative stress that causes increased protein catabolism 
and decreased anabolism. Many believe initiating dialysis ear-
lier would mitigate some of the proinflammatory cytokines and 
improve survival. However, the IDEAL study showed no difference 
between early (eGFR 10–14 mL/min) or late (5–7 mL/min) dialysis 
initiation (Cooper et al., 2010). Only when clear signs of uraemia 
are present does initiation of dialysis early improve outcomes.

Pathophysiology of protein energy wasting
Many processes contribute to PEW:  low nutrient intake, acidae-
mia, inflammation, anaemia, oxidative stress, altered responses to 
anabolic hormones, increased levels of retained toxins, and nutri-
ent losses in the dialysate. There is a survival paradox in dialysis 
in that a higher BMI is associated with decreased mortality, in 
contrast to the general population (Meuwese et  al., 2011). This 
may be secondary to increased prevalence of PEW and inflam-
mation in patients with lower BMI ultimately leading to increase 

 

Fig. 106.1 A light microscope photograph of obesity-related glomerulopathy: a 
hypertrophied glomeruli with discrete lesion (arrow) of segmental sclerosis with 
hyalinosis and adhesion to Bowman’s capsule.
With help from Hong Qu, MD, Pathologist, St John Hospital and Medical Center, Detroit, 
MI, USA.
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atherosclerotic cardiovascular disease and vascular disease lead-
ing to increased morbidity and mortality, especially after reaching 
dialysis (Kalanter-Zadeh et al., 2003; Friedman et al., 2010).

Comorbid conditions may also contribute to the decreased nutri-
ent intake observed in CKD. Diabetics are prone to poor dietary 
intake due to dietary restrictions, gastroparesis, pancreatic insuf-
ficiency, and bacterial overgrowth (Noori and Kopple, 2010). 
Depression, gastrointestinal side effects of multiple medications, 
and restricted mobility also contribute to anorexia. Patients with 
nephrotic syndrome also have increased PEW from renal losses 
of albumin leading to further progression of CKD. Higher lev-
els of albuminuria are associated with higher all-cause mortality 
and increased need for renal replacement therapy (Hemmelgarn 
et  al., 2010). The Chronic Kidney Disease in Children (CKiD) 
study found proteinuria is linked to worsening GFR, which leads 
to growth restriction during childhood development (Copelovitch 
et al., 2011).

Metabolic acidosis contributes to the hypercatabolic state by 
increasing oxidation of branched-chain amino acids:  leucine, 
valine, and isoleucine (Stein et al., 1997; Qureshi et al., 1998; Chiu 
et al., 2009). The concentrations of these amino acids are decreased 
in CKD patients, especially in chronic dialysis. Increased parathy-
roid hormone concentrations (secondary hyperparathyroidism) 
enhance muscle release of amino acids. Vitamin K and 25-hydroxy 

vitamin D have been shown to be deficient in patients with CKD 
stages 3–5 and sufficient levels correlated with improved nutri-
tional status and higher serum albumin levels (Holden et al., 2010).

Dialysis therapy itself compounds the negative nitrogen balance 
seen in kidney disease patients. Amino acids are lost during haemo-
dialysis and peritoneal dialysis (PD), 5–8 g/session and 5–12 g/day 
respectively, increasing catabolism and resting energy expenditure 
(Fouque et al., 2011). The glucose contents of PD fluid may contrib-
ute to early satiety and decreased oral intake. Stankovic-Popovic 
and colleagues found that patients using biocompatible peritoneal 
dialysis solutions (neutral solutions with lower glucose and cal-
cium) had lower C-reactive proteinss, less left ventricular hypertro-
phy, thinner intima media thickness of the carotid, and improved 
nutritional status (Stankovic-Popovic et  al., 2011). Continuous 
ambulatory PD patients supplemented with high alkali dialysate 
had fewer hospitalizations and an increase in body weight and 
mid-arm circumference at 1 year (Chiu et al., 2009). The dose of 
dialysis influences the nutritional status of patients. Until recently, 
adequacy of dialysis was judged mainly on Kt/V; 1.2 for thrice 
weekly haemodialysis and 2.0 for PD. Dialysis hours were only con-
sidered if ‘adequacy’ was not achieved. There is now less focus on 
Kt/V and more on clinical parameters and treatment time as pre-
dictors of improved morbidity and mortality (Zsom et al., 2008). 
Increasing dialysis time from the standard 3.5 hours to > 4 hours 

Comorbid conditions:
DM, cardiovascular
disease, infection, aging

Anorexia,
acidosis, anemia

Oxidative and carbonyl
stress

Volume overload

Uremic toxins

Cachexia

Hypercatabolism

Malnutrition
(undernutrition),

low nutrient intake
Inflammation

Protein-energy
wasting (PEW)

Endocrine disorders, vitamin
D deficiency, ↑ PTH, diabetes,
decreased insulin/IGF signaling

Nutrient loss during dialysis

Dialysis treatment related factors,
AV graft, dialysis membrane

↑ Production of inflammatory
cytokines

↓ Nutrient intake,
prescribed dietary
restrictions

↓ Albumin, transthyretin & lipids
↑ CRP

↑ Mortality, ↑ hospitalization,
↓ quality of life

Atherosclerotic cardiovascular
disease, vascular calcification
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Fig. 106.2 Schematic representation of the causes and manifestations of the protein energy wasting syndrome in kidney disease.
Reproduced with permission from Foque, D et al. A proposed nomenclature and diagnostic criteria for protein energy wasting in acute and chronic kidney disease. Kidney International, 73, 
391–398.
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was associated with lower relative risk (RR) of death (0.81) and for 
every additional 30 minutes of dialysis time there was a 7% lower 
risk of death. Ultrafiltration rates > 10 mL/kg/hour were associated 
with higher risk of intradialytic hypotension and higher mortal-
ity. This may explain why longer dialysis times improve outcomes. 
Longer times allow slower ultrafiltration (Saran et al., 2006). Before 
the widespread use of biocompatible dialysis membranes a greater 
induction of the inflammatory cascade occurred with increasing 
hours and this induced catabolism (Parker et al., 1996). Daily and 
overnight dialysis regimens also appear to improve nutritional status 
and morbidity and mortality (Chazot and Jean, 2009; Sikkes et al., 
2009). The type of dialysis access is also associated with clinical and 
laboratory parameters of PEW. In a study by Wystrychowski et al., 
those with central venous access which changed to arteriovenous 
fistula or graft showed improvements in their serum albumin con-
centrations, decreased white blood cell counts, and increasing hae-
moglobin levels (Wystrychowski et al., 2009).

The increased production of the proinflammatory cytokines 
(TNF-α and IL-6) and oxidative stress in CKD increases resting 
energy expenditure when compared to normal controls and these 
may induce anorexia. IL-6 also enhances muscle protein break-
down via the nuclear factor kappa B pathway (Qureshi et al., 1998; 
Kalanter-Zadeh et al., 2003; Friedman et al., 2010; Miyamoto et al., 
2011). Inflammation reduces insulin-like growth factor-1 variabil-
ity and synthesis thereby decreasing anabolic actions of growth 
hormone contributing to muscle atrophy (Garibotto et al., 2008; 
Friedman et al., 2010).

Diagnosis
The diagnosis of obesity is obvious but PEW requires tools that 
allow identification of those at risk. The consensus statement from 
ISRNM recommended the use of serum chemistries (albumin < 3.8 
g/dL, pre-albumin < 30 g/dL, cholesterol < 100 mg/dL); body mass 
(BMI < 23 kg/m2; unintended weight loss > 5% over 3 months or 
> 10% over 6 months; total body fat percentage < 10%); reduced 
muscle mass (loss of muscle mass > 5% over 3 months or > 10% 
over 6 months); reduced mid arm circumference area (> 10% less 
than 50th percentile for reference population); creatinine produc-
tion; and dietary intake (unintentional low dietary protein intake  
< 0.8 g/kg/day or unintentional low dietary energy intake < 25 kcal/
kg/day for at least 2 months) (Friedman et al., 2010). These mark-
ers are not universally accepted. Serum albumin, for example, is 
affected not only by nutrient intake, but also inflammation. The use 
of nutrition scales has been proposed to identify patients with PEW, 
however other than the Subjective Global Assessment (SGA) scale, 
none have been tested and are not at present recommended for use. 
Current guidelines recommend measurement of body weight and 
albumin at least monthly and SGA scale at least every 6 months 
(National Kidney Foundation, 2000; Mutsert et al., 2009).

The eGFR, which relies on plasma creatinine, will be affected by 
patients’ muscle mass and protein intake. Relying on 24-hour urine 
creatinine may overestimate ‘GFR’ because creatinine is secreted by 
the proximal tubule. The Cockcroft–Gault equation, an estimate of 
creatinine clearance, also commonly overestimates the GFR. The 
MDRD and Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) equations are now preferred. The extended version of 
MDRD includes age, sex, race, creatinine, BUN (blood urea nitro-
gen), and albumin. CKD-EPI has been shown to be more accurate 
than MDRD at a higher GFR (Levey et  al., 2009). Cystatin C, a 

variable felt to be more accurate than creatinine to assess kidney 
function, is not affected by protein intake, but is not widely avail-
able (Tangri et al., 2011). Other common laboratory abnormalities 
seen in undernourished patients include low urea and a normal 
anion gap despite a metabolic acidosis.

Treatment
Many treatment strategies have been used to prevent the worsen-
ing of PEW. Targeting albumin levels of > 40 g/L improves survival 
in both adults and adolescents, with as high as 57% decreased risk 
of death when achieved (Fouque et al., 2008a). Increased resting 
energy expenditure in CKD stages 4 and 5 requires an energy 
intake of 35 kcal/kg body weight in subjects < 60  years old or 
30–35 kcal/kg body weight in those > 60 years to compensate for 
increased catabolism (Qureshi et al., 1998; Miyamoto et al., 2011; 
Wright and Jones, 2011). Patients who start renal replacement 
therapy without continual assessment and advice may present 
later with symptoms of malnutrition. Care of nutrition as part of 
patients’ CKD management appears to be the main protective fac-
tor against progressive wasting (Qureshi et al., 1998). Oral pro-
tein supplements improved SGA score, but are limited by high 
non-compliance rates (Fouque et al., 2008b). Administering these 
during dialysis sessions improves adherence and increases serum 
albumin (Moretti et al., 2009).

Limiting protein consumption also in the hope of prevent-
ing progression of CKD need not affect nutritional status. The 
MDRD Study group showed protein restriction from the typical 
Western diet of 1.3 g/kg ideal body weight (IBW)/day to 0.58 g/kg/
day slowed decline in GFR during follow-up (Klahr et al., 1994). 
Current guidelines allow patients to restrict their protein intake 
to 0.6 g/kg IBW/day until CKD stages 4–5 at which time should 
be increased to 0.75 g/kg IBW/day. To prevent sarcopenia, elderly 
patients should not be protein restricted < 0.8 g/kg IBW/day. 
Once patients are started on dialysis, protein restrictions should 
be discontinued and a liberal protein intake encouraged to pre-
vent further PEW (at least 1.2 g/kg IBW/day) (Qureshi et al., 1998; 
Miyamoto et al., 2011).

Correcting metabolic acidosis is an important component of the 
treatment in CKD patients because this improves nitrogen balance. 
Kidney Disease Outcomes Quality Initiative guidelines recommend 
maintaining serum bicarbonate at >22 mmol/L in CKD patients. 
The results of recent studies in dialysis patients led to recommen-
dation of even higher concentrations: the goal is > 24 mmol/L. If 
serum bicarbonate falls below the normal ranges, patients should 
be supplemented with oral sodium bicarbonate (Hemmelgarn 
et al., 2010; Miyamoto et al., 2011).

Water-soluble vitamins are lost during dialysis treatment so 
patients with poor nutrition should be supplemented (Tangri et al., 
2011). Specifically, vitamin B6, folate, and ascorbic acid can be 
depleted, and monitoring these levels in severe PEW or cachexia 
should be considered (Miyamoto et al., 2011).

Role of renal dietitian  
and medical nutrition therapy
CKD patients require specific dietary advice by a renal dietitian 
(Boxes 106.1 and 106.2). A medical nutrition therapy for kidney 
disease patients is a healthcare benefit covered by Medicare and 
most HMO insurance plans in the United States.
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The obesity–cachexia continuum 
in paediatric chronic kidney disease
Data on demographic and clinical characteristics of CKD in 
a paediatric population come from large prospective stud-
ies including The North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS) and the ItalKid Project. The 
CKiD study started in 2005. It has enrolled > 600 children of 
ages 1–16 years with mild to moderate CKD; 25% of these chil-
dren were overweight or obese. The important outcomes being 
examined include the CKiD equation (a more precise and accu-
rate GFR estimate), CKiD bedside equation (bedside-applicable 
update to original Schwartz formula), the finding that > 50% of 
children were hypertensive, and 39% of these were not being 
treated, and in 48% of those receiving treatment the blood pres-
sure was not controlled (Copelovitch et al., 2011). Seventeen per 

cent of children had left ventricular hypertrophy, with 9% hav-
ing concentric left ventricular remodelling. A lower GFR, obesity, 
and nephrotic-range proteinuria were associated with increased 
prevalence of dyslipidaemia.
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Left ventricular hypertrophy 
in chronic kidney disease
Carmine Zoccali, Davide Bolignano, 
and Francesca Mallamaci

Introduction
Chronic kidney disease (CKD) is a major risk factor for cardio-
vascular (CV) disease (Matsushita et al., 2010). CKD patients who 
progress to kidney failure (stage 5), are at particularly high risk. 
Although CV disease in these patients is similar to that in the gen-
eral population (Zoccali, 2008), their absolute risk for fatal CV 
events is over 10 times higher than that in in the general population 
(de Jager et al., 2009). Congestive heart failure (CHF), the terminal 
stage of left ventricular (LV) disorders including LV hypertrophy 
(LVH) and LV systolic and diastolic dysfunction, has a 30% preva-
lence in CKD-5 patients on dialysis (CKD-5D) and 3-year survival 
in these patients is only 17% (Trespalacios et al., 2003). Even mild 
to moderate reductions in the glomerular filtration rate (GFR) sig-
nal an increased risk for LVH in essential hypertension (Perticone 
et al., 2008) and in the general population (Moran et al., 2008) and 
the prevalence of this disorder in CKD patients increases progres-
sively as renal function deteriorates (Levin, 2003; Park et al., 2012).

Clinical epidemiology of left ventricular 
hypertrophy and left ventricular 
dysfunction in chronic kidney disease
LV mass indexing in CKD
LV mass is proportional to body size. To make an allowance for 
this relationship, LV mass is indexed to body surface area (BSA) 
or height (either crude height or height to the power of 2.71) (de 
Simone et  al., 1995). Indexing by BSA is problematic in CKD 
because weight, a basic parameter for the calculation of BSA, 
decreases in malnourished patients and is proportionally higher in 
those who are volume expanded (Zoccali et al., 2001). Decrease in 
body weight by loss of lean and fat mass determines an overesti-
mation of LV mass when this is indexed to BSA. On the contrary, 
increase in body weight by volume expansion leads to an underes-
timation of LV mass by the same indexing. Thus, measurements of 
LV mass indexed by BSA in CKD can be distorted in an unpredict-
able way and in opposite directions by malnutrition and extracel-
lular volume expansion. The decision on whether to index LV mass 
by BSA or by height2.71 can influence estimates of the prevalence 
of LVH in CKD-5D, and, more importantly, its capacity to predict 
cardiac risk. Indeed in these patients the height2.71-based method 

is superior to the BSA-based method for predicting death and CV 
events (Zoccali et al., 2001) (see ‘Pathophysiology of left ventricular 
hypertrophy in chronic kidney disease’). Furthermore, the prog-
nostic value of subcategorizing patients according to concentric 
or eccentric LVH becomes apparent only when LVM is indexed to 
height2.71 (Zoccali et al., 2001). Although no study has specifically 
investigated this issue in patients with stage 2–4 CKD, it appears 
likely that the superiority of the indexing by height extends also to 
these stages. Renal physicians should ask cardiologists and echo-
cardiography technicians to index LVM by height in echocardiog-
raphy reports in CKD-5D patients and perhaps also in patients at 
earlier stages of CKD.

LVH and CKD stages
LVH as measured by nuclear magnetic resonance (NMR) imaging 
has a 12% prevalence in stage 2 CKD patients (Moran et al., 2008). 
The prevalence in stage 3–5 CKD varies from 27% to 74% (Tucker 
et al., 1997; Levin, 2003; Paoletti et al., 2005; Stewart et al., 2005; 
Peterson et al., 2007; Eckardt et al., 2009; Nardi et al., 2009) (Fig. 
107.1), a phenomenon depending on differences in background 
risk factors and comorbidities. The study reporting the lowest LVH 
prevalence (27%) included patients with an average age of 50 years 
and without cerebrovascular, peripheral vascular, cardiac valvular, 
or coronary disease and with satisfactory compliance to antihy-
pertensive drugs prescription (Tucker et al., 1997). The study with 
the highest prevalence (74%) focused on a series of non-diabetic 
patients with an average age of 63 years and excluded only patients 
with very severe ischaemic heart disease (Paoletti et  al., 2005). 
Similarly, the study which detected the second highest prevalence 
(64%) was based on elderly, high-risk patients enrolled in the 
African American Study of Kidney disease (AASK) (Peterson et al., 
2007). With the exception of a survey (prevalence 16.4%) which did 
not adopt pre-specified echocardiographic criteria but relied sim-
ply on the diagnosis of LVH (Stack and Saran, 2002), LVH has been 
found to be highly prevalent in stage CKD-5D patients (Greaves 
et  al., 1994; Foley et  al., 1998; Zoccali et  al., 2001)  (Fig. 107.1). 
Among 3487 participants of the Chronic Renal Insufficiency 
Cohort (CRIC) Study (Park et al., 2012), by far the largest survey 
on LVH in CKD performed so far, the prevalence of LVH was 32% 
in patients with a GFR > 60 mL/min/1.73m2 and rose stepwise at 
more advanced stages to reach a prevalence of 75% in stage 4–5 
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CKD, a figure close to that in previous studies in stage 5D CKD 
patients (Foley et al., 1998; Zoccali et al., 2001). Echocardiography 
overestimates LV mass as compared to NMR (Stewart et al., 1999). 
Yet the prevalence of LVH by this very accurate and precise tech-
nique was only slightly lower (64%) (Patel et al., 2009) (Fig. 107.1) 
than that observed in the two studies in the same population that 
relied on echocardiography (74% and 77%). Even though disorders 
of LV mass and LV function are mainly seen as a consequence of 
CKD, it was hypothesized that the presence of this alteration may 
act as a factor accelerating renal function loss in CKD (Shlipak 
et al., 2009; Chen et al., 2011; Paoletti et al., 2011). However, this 
phenomenon may simply reflect shared risk factors for heart and 
kidney disease.

Cardiomyopathy in stage 3–5 CKD patients
In the CRIC study which enrolled a cohort of CKD patients with-
out heart failure, the prevalence of concentric LVH rose stepwise 
at progressively severe CKD stages to 50% in patients with stage 
4–5 CKD (Park et al., 2012), a proportion close to that registered in 
studies in stage 5D CKD patients (Zoccali et al., 2001). Alterations 
in left ventricular function are classically divided into two broad 

categories:  diastolic dysfunction and systolic dysfunction. As to 
diastolic function, Doppler mitral flow velocities (E, early, and A, 
late atrial, and their ratio (E⁄A)) have long been used for the inves-
tigation of diastolic function. The ratio of early mitral flow velocity 
(E) to early mitral annulus velocity (E′), the E⁄ E′ ratio, is now the 
preferred indicator of diastolic function. Impaired diastolic func-
tion is often the first detectable abnormality in many cardiac dis-
eases and represents a frequent alteration in unselected patients 
with moderate to severe CKD. In fact, 65% of the latter display 
alterations in indices of diastolic function as determined by con-
ventional echocardiographic methods, and as many as 82% show 
diastolic dysfunction by tissue velocity imaging (Hayashi et  al., 
2006). Quite surprisingly, in the CRIC study (Park et al., 2012) con-
centric LVH was not associated with progressively severe diastolic 
dysfunction (an obligatory sequel of concentric LVH (Paulus et al., 
2007)). This phenomenon may depend on the poor sensitivity of 
the echocardiographic method adopted in CRIC for measuring LV 
diastolic function as compared to colour tissue Doppler velocity 
imaging (Hayashi et al., 2006). No excess risk for LV systolic dys-
function assessed by ejection fraction (EF) measured at endocardial 
level was observed in the same study (Park et al., 2012). However, 
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as discussed below, this measurement of LV may underestimate the 
degree of LV systolic dysfunction in patients with concentric LVH, 
the prevailing geometric pattern in the CRIC study.

Cardiomyopathy in dialysis (CKD-5D) patients
Diastolic dysfunction is very common in CKD (Pecoits-Filho 
et al., 2012). This abnormality as measured by the E/A ratio pre-
dicted mortality in a Japanese study in CKD-5D patients (Sharma 
et al., 2006), but because of the difficulty of grading diastolic func-
tion and the high frequency of this alteration in kidney failure, 
this measurement is unlikely to provide additional information 
beyond that given by LV mass indexing (LVMI) for risk stratifica-
tion in this population. Left ventricular systolic function can be 
estimated by echocardiography based on measurements made at 
endocardial level, that is, by standard fractional shortening or EF 
(the most popular index of systolic function). As these methods 
can overestimate cardiac contractility in patients with concen-
tric LVH, a geometry-independent index of myocardial contrac-
tile efficiency—midwall fractional shortening—was introduced 
20 years ago (Shimizu et al., 1991).

Systolic dysfunction is the strongest predictor of recurring heart 
failure in dialysis patients. Furthermore, the mean time to death 
in patients with this abnormality is only 38 months (Parfrey et al., 
1996). Because reversal of cardiomyopathy in kidney failure is 
difficult to achieve, it is important to focus attention on patients 
when they are at an asymptomatic phase. No study has, however, 
tested the prognostic value of systolic function indicators in asymp-
tomatic patients at stage 3–5 CKD. In asymptomatic CKD-5D 
patients the proportion of patients with systolic dysfunction is at 
least seven times higher than in coeval cohorts in the community 
(Zoccali et al., 2004b).

Of note, midwall fractional shortening identifies a much greater 
proportion of kidney failure patients with abnormal systolic func-
tion than does standard EF (48% vs 22%) (Zoccali et al., 2004b) 
(Fig. 107.2). This phenomenon can be attributed to the high preva-
lence of concentric LVH (about 50%) in this population. As already 
noted in studies of individuals with essential hypertension, at com-
parable levels of midwall fractional shortening, both EF and frac-
tional shortening at endocardial level systematically overestimate 
systolic function in stage 5D CKD patients with concentric LVH 

(Zoccali et al., 2004b). Importantly, LV systolic dysfunction, meas-
ured either by midwall fractional shortening or by standard EF, is a 
strong and independent predictor of incident CV complications in 
these patients (Zoccali et al., 2004b).

Collectively, these findings suggest that echocardiographic assess-
ment of LVMI and myocardial contractility may be useful in sec-
ondary prevention in patients with kidney failure. Both progression 
of LVH (Zoccali et al., 2004a) and worsening systolic dysfunction 
(Zoccali et al., 2004b) predict CV events in kidney failure indepen-
dently of baseline values and traditional and emerging risk factors.

Current Kidney Disease Outcomes Quality Initiative guidelines 
recommend that echocardiography be repeated at 3-year intervals 
in dialysis patients (K/DOQI Workgroup, 2005). However there is 
still no study testing whether treatment policies guided by meas-
urement of LVMI and LV function actually produce better out-
comes in this high-risk population.

Cardiomyopathy in renal transplant patients
After successful transplantation the risk for CV complications 
reduces from over 10 times higher to three to five times higher 
than that of the coeval general population (Jardine et al., 2011). 
Kidney transplantation attenuates some CV risk factors peculiar to 
CKD, including anaemia and arteriovenous fistula, and improves 
hyperparathyroidism and volume overload. Furthermore, some 
immunosuppressive drugs like mammalian target of rapamycin 
(mTor) inhibitors may promote the regression of LVH after trans-
plantation (Paoletti et  al., 2012). On the other hand after renal 
transplantation the prevalence of hypertension and hyperlipi-
daemia increases along with the risk of obesity and excess weight 
resulting in insulin resistance and diabetes (Jardine et al., 2011).

The prognostic value of LVH in transplant patients has not been 
properly studied. Persisting or de novo LVH as assessed by electrocar-
diography predicts death in transplant patients (Rigatto et al., 2003), 
as it does in the general population. Similarly, LVH, as assessed by 
echocardiography, predicted the risk for incident CV events in a 
small cohort of non-diabetic transplant patients (Arnol et al., 2010).

Whether renal transplantation has a beneficial effect on LVH is con-
troversial. Improvement of LVH after transplantation was observed 
in some studies (Ferreira et al., 2002; Rigatto et al., 2003) but not in 
others (Hernandez et al., 1997; De Lima et al., 2002). Time-related 

Ej
ec

tio
n 

fr
ac

tio
n 

(%
)

En
do

ca
rd

ia
l f

ra
ct

io
n

sh
or

te
ni

ng
 (%

)

90(A) (B)

80

70

60

50

40

30

60

50

40

30

20

10
0 5 10

Midwall fractional
shortening (%)

Midwall fractional
shortening (%)

15 20 25 30 0 5 10 15 20 25 30

Fig. 107.2 Relationship between midwall fractional shortening with ejection fraction (A) and endocardial fractional shortening (B). (), patients with concentric 
remodelling or concentric LVH; (), patients with eccentric LVH or normal LV geometry.
From Sharma et al. (2006).

 

 



SECTION 5 the patient with reduced renal function840

changes in LV mass from pre-dialysis stage to renal transplantation 
were analysed in a retrospective cohort study including 60 patients 
(Hernandez et  al., 2007). In this study the prevalence of LVH in 
stage 3–5 CKD patients was 61% (37 patients). Twelve patients with 
initially normal LV mass developed de novo LVH, five after starting 
dialysis and seven after renal transplantation. Antecedent LVH per-
sisted after transplantation in 29 cases. Only in eight patients with 
LVH at pre-dialysis stage did LVH regress after transplantation. 
Overall, 68% of transplant patients in this cohort had LVH. These 
results were confirmed by Patel et al. (2008) who applied NMR to 
measure LV mass in a matched cohort study comparing 25 patients 
studied before and after transplantation with 25 patients studied 
twice while remaining on chronic dialysis treatment. There was no 
significant change in LVMI between patients who underwent renal 
transplantation and those who remained on dialysis.

Even though LVH may regress after renal transplantation in 
some cases, the prevalence of LVH after transplantation remains 
close to that seen in dialysis patients and a functioning renal graft 
should not be seen as a guarantee of LVH regression. Predictors 
for LVH reversal in renal transplant recipients are the use of 
angiotensin-converting enzyme inhibitors (ACEIs) but age, the 
presence of LVH before transplantation, anaemia, hypertension, 
and poor renal function after transplantation are all predictors of 
persistence of LVH after transplantation (Hernandez et al., 2007).

Pathophysiology of left ventricular 
hypertrophy in chronic kidney disease
LVH is an adaptive mechanism aimed at compensating increased 
cardiac work demand (Selvetella et  al., 2004). However, such a 
physiological mechanism may be maladaptive in disease states 
because the persistence of stimuli to myocyte growth may eventu-
ally translate into myocardial disease. From an anatomical point 
of view, myocardial hypertrophy can be classified as concentric or 
eccentric (Ganau et al., 1992) (Fig. 107.3).

In concentric hypertrophy, the muscular component of the LV 
(LV wall) predominates over the cavitary component (LV volume). 
As a consequence, the end-diastolic volume is small and inadequate 
to maintain cardiac output under varying physiological demands. 
Furthermore, thick LV walls reduce ventricular compliance (dias-
tolic dysfunction).

In eccentric hypertrophy, tensile stress elongates myocardiocytes 
and increases LV end-diastolic volume. The LV walls are relatively 
thinner and with reduced ability to contract (systolic dysfunction).

In CKD, diverse casual factors concur in generating LVH and due 
to the frequent coexistence of volume expansion, hypertension and 
exposure to various myocardial growth factors (see below), myo-
cardial hypertrophy (thicker LV wall) often goes along with cavity 
enlargement (increased LV end-diastolic volume). Defective neo-
vascularization and sustained myocardial hypertrophy in CKD leads 
to cardiomyocyte ischaemia and activates biological signals promot-
ing extracellular matrix expansion and myocardial fibrosis (Amann 
et al., 1992). Fibrosis and ischaemia in turn exacerbate cardiac wall 
stiffness and impair cardiac contractility leading to LV dysfunction 
and, ultimately, CHF. Fibrosis also disturbs the physiologic trans-
mission of electric conduction within the myocardium producing 
anomalous re-entry pathways and arrhythmias. These are a leading 
cause of death in stages 5 and 5D CKD (Roberts and Green, 2011). 
The pathophysiology of LVH in CKD is shown in Fig. 107.4.

Pathogenesis of concentric left ventricular 
hypertrophy in chronic kidney disease
Afterload-related risk factors
Hypertension and arterial stiffness, two factors imposing a high 
afterload to cardiac work, are the main causal risk factors for 
LVH in CKD patients (London, 1998). High afterload triggers 
the expression of embryonic genes altering the myocardial cell 
phenotype (Toischer et  al., 2010). Activation of the intracardiac 
renin–angiotensin system (RAS) by a high afterload is crucial in 
LVH (Lijnen and Petrov, 1999) but angiotensin II and aldosterone 
can elicit myocardial cell hypertrophy and fibrosis also indepen-
dently of their effect on blood pressure (BP) and arterial compli-
ance (Ritz, 2009).

CKD bone-mineral disorders
In experimental models, low vitamin D levels are causally involved 
in LVH via activation of the intracardiac RAS (Strozecki et  al., 
2001). Vitamin D supplementation effectively reduces LVH, car-
diac fibrosis, and microvascular remodelling in these models 
(Bodyak et al., 2007). However, the implication of these findings 
for the treatment of CKD patients remains uncertain because a 
recent clinical trial with paricalcitol, an active form of vitamin D, 
produced a reduction in left atrial volume but no effect on LV mass 
in these patients (Thadhani et al., 2012). Hyperphosphataemia has 
been associated with LVH in CKD-5D patients (Achinger and 
Ayus, 2006) and the adverse effect of phosphate on the myocar-
dium is suspected to be mediated by fibroblast growth factor 23 
(FGF23, see Chapter 117), a bone-hormone with a constellation 
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Fig. 107.3 Anatomical classification of myocardial hypertrophy.
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of effects on Ca-P metabolism including 1,25 dihydroxy-vitamin 
D downregulation. Intramyocardial or intravenous injection of 
FGF23 causes concentric LVH in normal mice and FGF23 antago-
nism prevents LVH in mice with 5/6 ablation of renal mass (Faul 
et  al., 2011). Accordingly, high plasma levels of FGF23 associ-
ate with LVH in CKD patients (Gutierrez et al., 2009; Faul et al., 
2011). Parathyroid hormone (PTH)-induced arterial rigidity and 
increased afterload are additional plausible mechanisms for LVH 
in CKD (Walker et  al., 2010). However, interventions targeting 
PTH levels, such as calcimimetics, improve cardiac fibrosis but do 
not cause regression of LVH (Koleganova et al., 2009).

Sympathetic overactivity and nitric oxide inhibition
High sympathetic activity is a risk factor in CKD (Neumann 
et  al., 2004). Well beyond hypertension and arterial stiffness 
(Chapter 111), norepinephrine (noradrenaline) per se stimulates 
myocardial growth in vitro in a dose–response fashion (Simpson, 
1983). Elevated norepinephrine is a hallmark of concentric LVH 
in CKD-5D patients (Zoccali et al., 2002b) and elevated sympa-
thetic activity predicts LVH in moderate to severe CKD (Siddiqi 
et  al., 2010). Sympathetic activity is closely related to the nitric 
oxide (NO) system (Sartori et al., 2005). LV mass in CKD is associ-
ated both with asymmetric dimethyl arginine (ADMA; an endog-
enous NO synthase inhibitor) and with sympathetic nerve firing 
in pre-dialysis CKD patients (Grassi et al., 2011) and with ADMA 
and circulating norepinephrine in stage 5D CKD patients (Zoccali 
et  al., 2002a, 2002b). Rats with aortic banding, an experimental 
intervention increasing afterload, develop concentric LVH that 
can be prevented by the administration of a β1-blocker. However, 
blockade of the NO synthase activity by LNMA completely abol-
ishes the protective effects of β1-blockade on the left ventricle (Liao 
et al., 2004). These experimental findings are in line with the obser-
vation that NO blockade by ADMA and high norepinephrine are 

in same pathway leading to adverse clinical outcomes in stage 5D 
CKD patients (Mallamaci et al., 2004).

Inflammation, oxidative stress, Na+/K+-ATPase 
inhibition, and the mTOR pathway
Inflammation, high levels of endothelin-1, and oxidative stress are 
all relevant factors implicated in LVH (Ritz, 2009). Advanced glyca-
tion end products (AGEs), a series of pro-inflammatory compounds 
which exert toxic effects on various organ systems, trigger LVH 
in a rat model (Candido et al., 2003) and high levels of the decoy 
receptor of these compounds (RAGEs) are inversely correlated with 
LVMI in CKD patients (Leonardis et al., 2012). These finding sug-
gest that effective endogenous blocking of AGEs by RAGEs may 
attenuate the effect of these compounds on LVH. The inhibition of 
xanthine oxidase, a key enzyme implicated in reactive oxygen spe-
cies generation, attenuates systolic overload-induced left ventricular 
hypertrophy and dysfunction in mice (Xu et al., 2008). The relevance 
of this pathway in CKD patients is now supported by a clinical trial 
showing that xanthine oxidase inhibition by allopurinol induces 
regression of LVH in this population (Kao et al., 2011). Inhibition 
of Na+/K+-ATPase sarcolemmal activity is another relevant mecha-
nism operating via oxidative stress (Kennedy et al., 2006) via acti-
vation of the extracellular signal-regulated kinase (ERK), a strong 
pro-oxidant kinase. Marino-bufagenin, circulating inhibitor of Na+/
K+-ATPase which accumulates in advanced CKD, causes LVH and 
diastolic dysfunction in experimental models (Kennedy et al., 2006). 
Ouabain, another endogenous inhibitor of Na+/K+-ATPase which 
reaches high plasma levels in CKD, is directly related to LV mass and 
LV volume in CKD-5D patients (Stella et al., 2008). Na+/K+-ATPase 
apart, ERK signalling can be also stimulated by the activation of 
mTOR (Lee et al., 2007). The role of mTOR in determining LVH has 
been extensively examined in cardiomyocyte cultures as well as in 
a variety of experimental models of cardiac hypertrophy (Lee et al., 
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2007), including a mouse model of CKD (Siedlecki et al., 2009). In 
this model, LVH can be prevented by the mTOR inhibitor rapamy-
cin. However, the relevance of this pathway in CKD is still unclear. 
Everolimus reduced LV mass in a small trial in transplant patients 
(Paoletti et al., 2012). Yet, trials testing mTOR inhibitors in auto-
somal polycystic kidney disease have been disappointing (Huber 
et al., 2011). New-generation mTOR inhibitors, specifically target-
ing this receptor at the organ level like folate-conjugated rapamycin 
(Shillingford et al., 2012) in the kidney, will soon allow organ benefit 
at minimal systemic toxicity in humans.

Diabetes and insulin resistance
LVH and LV systolic and diastolic dysfunction are highly prevalent 
in diabetic patients (Tenenbaum et al., 2003; Boonman-de Winter 
et al., 2012). Although abnormal glucose homeostasis plays a major 
role in pathological cardiac remodelling (Poornima et al., 2006), 
other metabolic factors, such as insulin resistance (Spoto et  al., 
2012) and increased non-esterified fatty acids (Liu et al., 2001) may 
significantly alter cardiac structure and function.

Pathogenesis of eccentric left ventricular 
hypertrophy in chronic kidney disease
Volume overload, a pervasive complication of CKD at all stages, is 
the major driver of eccentric remodelling, particularly in CKD-5D 
patients (Ozkahya et al., 1998). Chronic fluid volume expansion 
imposes a sustained tensile stress to the ventricular wall which 
activates specific gene pathways leading to asymmetric growth of 
myocytes, apoptosis, and fibrosis (Du et  al., 2010). Interdialysis 
fluid gain goes along with LVH in a dose–response fashion 
(London et al., 1997) and the intensification of ultrafiltration by 
frequent haemodialysis (HD) improves myocardial mechan-
ics and the cardiac gene expression profile (Chan et al., 2012a). 
Furthermore, frequent HD attenuates LVH and reduces mortality 
as compared to standard dialysis in CKD-5D patients (Chan et al., 
2012b). An arteriovenous fistula triggers sustained haemodynamic 
adaptations including reduced systemic vascular resistances and 
increased venous return and cardiac output. Severity of LV dila-
tion in HD patients correlates with AV fistula flow (London et al., 
1997). Partial regression of LVH in transplanted patients has been 
attributed to AV closure (Cridlig et al., 2008). Severe (Foley et al., 
1996), but not mild to moderate (Drueke et  al., 2006)  anaemia 
leads to eccentric LVH in CKD, predicts new-onset cardiac fail-
ure, and death. Accordingly, partial correction of severe anaemia 
improves LV dilation (Evans et al., 1990; Beusterien et al., 1996; 
Foley et al., 2000) while haemoglobin (Hb) normalization in CKD 
patients with mild to moderate anaemia does not modify either LV 
end diastolic volume or LV mass (Drueke et al., 2006).

Treatment of left ventricular disorders 
in chronic kidney disease
Notwithstanding the fact that LVH and LV dysfunction are so 
frequent in pre-dialysis CKD patients and almost universal in 
CKD-5D patients, few randomized trials aimed at testing treat-
ments for these disorders have been performed. Available trials are 
shown in Tables 107.1 and 107.2. Trials are grouped on the basis of 
the main study outcome (either LVH or LV systolic dysfunction) 
and according to the target population, that is, pre-dialysis CKD 

patients and CKD-5D patients. The same trials are discussed below 
according to the pharmacological intervention made.

Drug treatment of left ventricular 
hypertrophy and left ventricular 
dysfunction in chronic kidney disease and 
CKD-5D patients
Angiotensin-converting enzyme inhibitors
In patients with CKD, LVH is a risk factor for death and CV com-
plications independent of BP (Zoccali et al., 2004a). A substantial 
number of CKD patients display LV dilatation and dysfunction, 
that is, alterations frequently associated with a history of myo-
cardial infarction (MI) and cardiac ischaemia. CKD-5D patients 
with LV dysfunction are at high risk of death even if asympto-
matic (Zoccali et al., 2004b). Because at comparable BP reductions 
ACEIs are superior to other drugs for causing regression of LVH in 
patients with heart disease and, because the RAS is hyperactivated 
in CKD, ACE inhibition represents the first choice in these patients.

Until now, no specific trial has tested the effect of ACEIs on the 
regression of LVH in pre-dialysis CKD patients. A  randomized 
trial (FOSDIAL, Fosinopril in Dialysis) (Zannad et  al., 2006), 
tested fosinopril in CKD-5D patients with echocardiographic 
LVH. Regression of LVH was not considered as an endpoint in this 
study, which was based on clinical events only. The drug produced 
only a minor decrease (−7%) in the combined endpoint including 
CV death, non-fatal stroke, heart failure, MI, or revascularization. 
Of note, Fosinopril produced a −5/−3 mmHg BP fall as compared 
to placebo in hypertensive patients but it did not modify arterial 
pressure in normotensive patients. No detailed data on LV mass 
and function in patients enrolled in the FOSDIAL study (Zannad 
et al., 2006) were reported. ACEIs are unlikely to induce favour-
able effects on LV mass when administered to normotensive dial-
ysis patients. Indeed, ramipril had no influence on this outcome 
measure in a randomized controlled trial (RCT) in dialysis patients 
with LVH by echocardiography and optimal BP control (average 
BP = 125/69 mmHg) (Yu et al., 2006).

In another RCT (Yilmaz et al., 2010)  in 112 HD patients ran-
domized to amlodipine or ramipril, LVMI progressed in both 
treatment groups despite the achievement of a stable BP control. 
Subgroup analyses in this study showed that the effect of these 
drugs on LVMI depends on the underlying geometry of the LV 
because a significant decrease occurs in patients with concentric 
remodelling only.

In the SAVE trial (Survival and Ventricular Enlargement) in asymp-
tomatic patients with LVEF < 40% after MI, captopril was associated 
with a 19% reduction in all-cause mortality and a 37% decrease in the 
risk of progressing to heart failure (Pfeffer et al., 1992). Importantly, 
these beneficial effects were registered in all patients groups includ-
ing those with moderate CKD and those with adjunctive therapies 
such as thrombolytics, aspirin, and/or β-blockers.

Angiotensin II receptor blockers
When added to ACEIs, angiotensin II type 1 receptor blockers (ARBs) 
exert favourable effects on LV remodelling, haemodynamic meas-
urements, neurohumoral activity, and CV mortality in patients with 
CHF (McKelvie et al., 1999; Pfeffer et al., 2003). Secondary analyses 
in CHARM (Candesartan in Heart Failure: Assessment of Reduction 

 

 

 

 

 

 



Table 107.1 Randomized controlled trials of drug interventions on LVH

RCTs of stage 1 to stage 5 CKD (pre-dialysis)

Authors, year, 
country

Type of study Population Intervention Comparator Follow-up Results Notes

Zamboli et al.,

2011

Italy

RCT

Open-label

40 hypertensive 
patients with mild 
to moderate CKD

Furosemide 25–75 
mg/day

Non-diuretic 
antihypertensive 
treatments

52 weeks LVMI by Echo was more reduced in patients 
receiving furosemide (−7.9, interquartile range 
(IQR) −15.8 to −1.4 g/h2.7) than in controls  
(0.0, IQR −6.2 to +9.5 g/h2.7, P = 0.013)

Absolute reduction of LVMI correlated 
with reduction in extracellular water in 
furosemide-treated patients (r = 0.458, 
P = 0.042) but not in controls

Thadhani et al.,

2012

Multicentre

RCT

Double-blind

227 CKD patients 
with mild to 
moderate LVH, 
and normal LVEF

Paricalcitol 2 
micrograms/day

Placebo 48 weeks Changes in LVMI were not different between 
groups (paricalcitol 0.34 g/m2.7 (95% CI, −0.14 
to 0.83 g/m2.7) vs placebo −0.07 g/m2.7 (95% CI, 
−0.55 to 0.42 g/m2.7))

No differences were observed also in 
Doppler measures of diastolic function 
including peak early diastolic lateral 
mitral annular tissue velocity

Kao et al.,

2011

UK

RCT

Double-blind

134 CKD stage 3 
patients with LVH

Allopurinol 300 
mg/day

Placebo 9 months After treatment, ΔLVMI was more significantly 
reduced in allopurinol than in placebo group 
(-1.42 ± 4.67 g/m2 vs −1.28 ± 4.45 g/m2; P = 0.036)

End-systolic volume and ejection 
fraction did not change with treatment 
of allopurinol. Changes in LVMI 
correlated with flow-mediated dilation, 
PWV, end-diastolic volume, and urine 
protein:creatinine ratio

Chen et al.,

2008

Taiwan

RCT

Open-label

69 patients with 
CKD stage 4-5

Darbepoetin alfa 
(DA) or

epoetin alfa (EPO)

No EPO therapy 24 weeks LVMI decreased significantly in

both the EPO (−5.7 ± 14.2 g/m2) and DA groups 
(−5.6 ±

15.8 g/m2). The decrease in LVMI was not 
different

between groups

The ejection fraction increased in both 
treatment groups (EPO group: 2.45% ± 
2.28%, DA group: 1.64% ± 2.95%) and 
decreased in controls (-1.15% ± 3.69%) 
(P = 0.004 among groups)

Akizawa et al., 2011

Japan

RCT

Open-label

321 CKD patients Darbepoetin alfa 
(DA)

Recombinant 
EPO (rHuEPO)

48 weeks LVM remained stable in the rHuEPO group and 
significantly decreased in the DA group (−7.8 g/
m2; 95% CI: −12.1 to −3.6 g/m2, P < 0.001)

No significant differences in the 
incidence of CV and adverse events 
between the two groups

Paoletti et al.,

2012

Italy

RCT

Open-Label

30 non-diabetic 
renal transplant 
recipients (RTRs)

Everolimus 
(EVL) plus 
reduced-exposure 
cyclosporin 
A (CsA)

Standard dose 
CsA

12 months LVMI significantly decreased in the EVL group 
(difference between groups: 9.2 ± 3.1 g/m2.7, 
p = 0.005)

Changes in BP were similar in the two 
groups

(Continued)



RCTs of stage CKD-5D

Authors,

year,

country

Type of study Population Intervention Comparator Follow-up Results Notes

Zannad et al.,

2006

France

RCT

Double-blind

397 HD patients Fosinopril 5–20 mg 
daily

Placebo 24 months In those patients who were hypertensive

at baseline, SBP and DBP were significantly 
decreased in the fosinopril as compared to the

placebo group

Patients in the fosinopril group had 
a higher baseline LVM, higher rates 
of diabetes, disease, peripheral artery 
disease and stroke

Yu et al.,

2006

Taiwan

RCT

Double-blind

46 normotensive 
HD patients

Ramipril 2.5 mg 3 
times/week

Placebo 12 months No significant within-group or between-group 
differences in LVM at entry, 6 and 12

months after treatment, and 1 month after 
washout

In the ramipril group, BP decreased 
significantly at 6 and 12 months after 
treatment

Mitsuhashi et al.,

2009

Japan

RCT

Double-blind

40 hypertensive 
HD patients

Losartan Placebo 12 months Compared with the control group, losartan 
significantly decreased LVMI and pulse 
wave-velocity

Significant correlations between changes 
in LVMI and changes in night-time 
short-term BP variability

Yilmaz et al.,

2010

Turkey

RCT

Blinding not 
stated

112 HD patients Amlodipine Ramipril 12 months LVMI progressed in both treatment groups: 15.2% 
in amlodipine vs 10.3% in ramipril group (P = 0.38)

In patients with

concentric LVH, LVMI regressed −13.2% 
in ramipril and −9.8% in amlodipine 
group. In patients with eccentric LVH, 
LVMI increased 3.4% in ramipril and 5.2% 
in amlodipine group

Li and Wang,

2011

China

RCT

Blinding not 
stated

144 HD patients Isosorbide 30–120 
mg/day

Standard therapy 
not including 
nitrates

24 weeks LVMI decreased more in the nitrate group 
(−14 g/m2.7) than in controls (−7.6 g/m2.7). The 
prevalence of LVH in the nitrate and control 
groups decreased 17.2% and 9.8%, respectively

The incidence of acute LV failure was 
1.4% in the nitrate group and 11.1% in 
the non-nitrate group (P = 0.03)

Table 107.1 Continued



Table 107.2 Randomized controlled trials of drug interventions on LV dysfunction

RCTs of stage 1 to stage 5 CKD (pre-dialysis)

Authors, year, 
country

Type of study Population Intervention Comparator Follow-up Results Notes

Pfeffer et al.,

1992

USA

RCT

Double blind

2221 patients with 
recent AMI and 
LVEF < 40%

Captopril 
6.25–12.5 mg 
daily

Placebo 42 months Patients on captopril were less likely to 
reach a composite endpoint of progressive 
LV dysfunction and all-cause mortality 
(P = 0.006)

19% reduction in all-cause mortality and 37% in the 
risk of progressing to heart failure after treatment 
with captopril. These effects were registered also in 
patients with moderate kidney failure

Hillege et al.,

2006

Multicentre

RCT

Double blind

(secondary analysis 
of CHARM trial)

2743 patients with 
symptomatic HF 
(NYHA class II–IV) 
with LVEF ≤ 40% or 
> 40%

Candesartan 
4–32 mg daily

Placebo 48 months Cardiovascular death, CHF hospitalization 
and all causes mortality were lower in the 
candesartan group

No interaction between renal function and 
beneficial effects of candesartan, indicating that the 
effect of treatment is similar in CKD and non-CKD 
patients

Edwards et al.,

2009, 2010

UK

RCT

Doubleblind

112 CKD patients 
stage 2–3

Spironolactone 25 
mg/day

Placebo 40 weeks Compared with placebo, spironolactone 
improved LVM by Echo (−14 ± 13 g vs 
−3 ± 11 g, P < 0.01) and various indexes of 
LV function

Spironolactone improved also pulse wave velocity, 
augmentation index, and aortic distensibility

Wali et al., 2011

Multicentre

Pooled analysis 
of data from two 
double-blinded

RCTs

1959 post-AMI 
patients with 
LVEF < 40%

(CAPRICORN) 
and 2289 CHF 
patients with 
LVEF < 25% 
(COPERNICUS)

Carvedilol 
12.5–50 mg daily 
(CAPRICORN)

Carvedilol 
6.25–25 mg daily

(COPERNICUS)

Placebo 4–8 weeks Carvedilol decreases by 24% the risk of all- 
cause and CV mortality.

The majority (60.8%) of patients had moderate 
to severe CKD (eGFR < 60 mL/min). In 
patients with

CKD stage 3B (eGFR < 45mL/min), the efficacy 
of carvedilol was not significantly different from 
placebo

RCTs of stage 5D-CKD

Cice et al.,

2001, 2003

Italy

RCT

Doubleblind

114 HD patients 
with chronic heart 
failure and dilated 
cardiomyopathy

Carvedilol 
6.25–50 mg/day

Placebo 24 months Carvedilol significantly improved LVEF, 
LV end-diastolic volume and end-systolic 
volume

Carvedilol significantly reduced all cause (−21.5%) 
and CV mortality (−38.6%) and hospitalization rate 
(−24.4%)

Cice et al.,

2010

Italy

RCT

Double blind

332 HD patients 
with CHF (NYHA 
class II–III), LVEF < 
40%

Telmisartan 
(progressively 
increased to 80 
mg/day)

Placebo 36 months Telmisartan improved LV diastolic 
diameter: −0.12 ± 0.6 in telmisartan vs 
−0.04 ± 0.3 (cm/m2) in placebo (P < 
0.0001); and LVEF: 5.8 ± 6.7% in telmisartan 
vs 3.1 ± 4.4% in placebo (P < 0.0001)

Telmisartan significantly reduced all-cause mortality 
(35.1% vs 54.4%; P < 0.001), CV

death (30.3% vs 43.7%; P < 0.001), and hospital 
admission for CHF (33.9% vs 55.1%; P < 0.0001)

Taheri et al.,

2009

Iran

RCT

Double blind

16 HD patients 
with CHF and LVEF 
< 45%

Spironolactone 
25 mg/3 times a 
week

Placebo 6 months Mean LVEF increased more in 
spironolactone than in placebo group 
(6.2 ± 1.64 vs 0.83 ± 4.9; P < 0.05)

Mean LVM decreased significantly in the 
spironolactone group but increased in the placebo 
group (−8.4 ± 4.72 vs 3 ± 7.97; P = 0.02)
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in Mortality and Morbidity) (Hillege et  al., 2006), a trial which 
enrolled 269 patients with eGFR < 60 mL/min, showed no interac-
tion between renal function and the beneficial effect of candesartan, 
indicating that the benefit of this angiotensin II blocker extends to 
CKD patients with heart failure. In hypertensive HD patients, losar-
tan added to calcium antagonists and other drugs (Mitsuhashi et al., 
2009), decreased LVMI and pulse wave velocity (PWV) with reduced 
BP variability during the night. Telmisartan, added to ACEIs and 
β-blockers in CKD-5D patients with heart failure (New York Heart 
Association (NYHA) stages II–IV) and LVEF < 40%, reduced mor-
tality by 49% (Cice et al., 2010). This remarkable risk reduction may 
depend on the peculiarly favourable effect of telmisartan on the 
parasympathetic–sympathetic balance, a key issue in kidney failure. 
Indeed, telmisartan increases parasympathetic activity while leaving 
sympathetic activity unmodified (Karas et al., 2005). Interventions 
aimed at countering hypertension, LVH, and systolic dysfunction in 
CKD patients care demand special attention at maintaining BP at the 
best tolerated level, particularly so in dialysis patients. Indeed about 
10% of patients enrolled in the telmisartan study had to be excluded 
because of excessive BP reduction (Cice et al., 2010).

Aldosterone antagonists
Aldosterone is one of the most potent factors implicated in LVH 
and in myocardial fibrosis. ACEIs and ARBs do not completely 
suppress aldosterone production. The addition of aldosterone 
receptor blockers might therefore potentiate the protective effect 
of ACEIs and ARBs on LV remodelling and LV function. In a rand-
omized trial in 112 patients with CKD stages 2 and 3, the addition 
of spironolactone to ACEIs and ARBs improved LVMI, as well as 
LV systolic and diastolic function, PWV, and aortic distensibility 
(Edwards et al., 2009, 2010). In a small, randomized study of 16 
CKD-5D patients on HD with moderate to severe heart failure, 
spironolactone reduced LVMI and produced a significant increase 
in the mean EF without increasing the risk of episodes of hyper-
kalaemia as compared to the placebo group (Taheri et al., 2009).

The impact of spironolactone treatment on hard CV outcomes, 
such as mortality or major CV events in CKD patients, is still 
unknown. The fact that mineralocorticoid receptor antagonists 
increased mortality by 40% (P = 0.005) in a recent trial (O’Meara 
et  al., 2012)  in patients with heart failure and atrial fibrillation 
(including 46.5% with moderate to severe CKD) is a reason for 
concern. A phase II clinical trial testing a novel, non-steroidal min-
eralocorticoid receptor antagonist in patients with heart failure 
and CKD is underway (Pitt, 2012). This study will provide answers 
on the safety and efficacy of this novel compound as compared to 
spironolactone in CKD patients with compromised LV function.

β-blockers
Prescription of β-blockers is formally recommended in patients 
who have suffered an MI because these drugs reduce the rate of 
sudden death and recurrent MI. A post hoc analysis of the SAVE 
trial suggested that β-blockers may also retard the progression 
of ventricular disease because the use of these drugs was associ-
ated with a 30% reduction in the risk of CV death and with a 21% 
reduction in the risk of heart failure. This retrospective analysis is in 
line with the results of the CAPRICORN (Carvedilol Post-Infarct 
Survival Control in Left Ventricular Dysfunction) study (Dargie 
et al., 2001) which prospectively tested the effect of carvedilol in 
patients with EF < 40% that were being treated with an ACEI. In 

a recent meta-analysis (Wali et al., 2011) based on individual data 
of patients with LV dysfunction and estimated GFR (eGFR) < 60 
mL/min (N = 4217) pooled from the CAPRICORN (Dargie et al., 
2001)  and COPERNICUS (Carvedilol Prospective Randomized, 
Cumulative Survival study) studies (Packer et al., 2002), carvedilol 
decreased the risks of all-cause and CV mortality by 24% but appar-
ently had no effect on sudden cardiac death. However, in a sensitiv-
ity analysis among heart failure subjects with CKD stage 3B (eGFR 
< 45 mL/min), the efficacy of carvedilol was not significantly differ-
ent from placebo.

β-blockade may be particularly relevant in stage CKD-5D 
patients with LV disorders because sympathetic activity assessed by 
plasma norepinephrine increases in proportion to the severity of 
LV systolic dysfunction these patients (Zoccali et al., 2002b). The 
beneficial effect of carvedilol in this population was demonstrated 
in a randomized, placebo-controlled trial that showed a consistent 
improvement in LV volumes, LV function, and cardiac arrhythmia 
(Cice et al., 2001) and longer survival in patients treated with this 
β-blocker (Cice et al., 2003).

The use of BP lowering agents in stage CKD-5D patients with LV 
disorders demands strict surveillance. Indeed, as in the telmisartan 
trial (Cice et al., 2010) and in the carvedilol trial (Cice et al., 2001, 
2003) about 5% of patients dropped out from the study because of 
intolerable hypotension.

Furosemide
Volume expansion and positive sodium balance is a dominant 
cause of LVH in CKD patients (Agarwal, 2011). In stage CKD-5D 
patients the adoption of a clinical policy emphasizing ultrafiltra-
tion (UF) intensification and reduction of salt intake produced 
impressive reductions in LVH in this population (Ozkahya et al., 
1998; Agarwal et  al., 2011). While it is beyond question that 
volume-dependent hypertension can be corrected by loop diuret-
ics, the effect of these drugs on LVMI in CKD patients has been 
tested in only one study. In this open-label trial (Zamboli et al., 
2011), 40 patients with mild to moderate CKD were randomized to 
furosemide or non-diuretic antihypertensive treatments. After 52 
weeks, LVMI reduced more in patients receiving furosemide than 
in controls (P = 0.001) and the absolute reduction of LVMI corre-
lated with achieved extracellular water decrease.

Other antihypertensive drugs
Sustained-release nitrate isosorbide was more effective than stand-
ard antihypertensive therapy for reducing LVH in a RCT of 144 HD 
patients (Li and Wang, 2011).

Correction of anaemia 
with erythropoiesis-stimulating agents
The effect of anaemia correction on LVH in CKD patients on 
conservative or renal replacement therapy has been examined in 
various studies with contrasting results (Foley et al., 2000; Roger 
et al., 2004; Ayus et al., 2005; Levin et al., 2005; Parfrey et al., 2005; 
MacDougall et al., 2007; Cianciaruso et al., 2008). A meta-analysis 
(Parfrey et al., 2009)  including 15 trials (five of which were ran-
domized and controlled) collected data from 1731 patients. The 
correction of anaemia with erythropoiesis-stimulating agents 
reduced LVMI only in those subjects with severe anaemia at base-
line (Hb < 10 g/dL) who were treated to increase Hb to levels not 
exceeding 12 g/dL. No further benefit was registered above this 
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threshold. Another trial previous to the meta-analysis (Chen et al., 
2008) demonstrated that epoetin alfa and darbepoetin alfa have a 
similar effect in lowering LVMI in patients with CKD stage 4–5 not 
yet on dialysis, contradicting the hypothetical superiority of darbe-
poetin alfa over recombinant human erythropoietin (rHuEPO) for 
causing regression in LVH in CKD patients (Akizawa et al., 2011).

Vitamin D
Vitamin D deficiency is a CV risk factor in the general population 
(Hsia et al., 2007; Wang et al., 2008). In CKD patients, the use of 
calcitriol or other active forms of vitamin D predicts a lower risk 
for CV events (Teng et al., 2003, 2005). Experimental models in 
Dahl rats (Bodyak et al., 2007) and in the 1α-hydroxylase knockout 
mice (Zhou et al., 2008) have consistently demonstrated that these 
compounds reduce LVMI and improve LV diastolic function.

Vitamin D deficiency triggers hyperparathyroidism, which itself 
may be another factor implicated in LVH. Parathyroidectomy leads 
to a significant improvement in LVMI in non-hypertensive patients 
with primary hyperparathyroidism (Stefenelli et al., 1997) and also 
in CKD-5D patients as well (Chow et al., 2003). However, lowering 
PTH levels by a calcimimetic (cinacalcet) decreases cardiac fibrosis 
but did not modify LV mass in an experimental study in rats with 
subtotal nephrectomy (Koleganova et al., 2009).

Two small, non-randomized, prospective studies support the 
hypothesis that vitamin D supplementation might improve LV 
function in CKD-5D patients (Matias et al., 2010; Bucharles et al., 
2012). A randomized trial testing the effect of vitamin D on LVMI 
in CKD stages 3-5, OPERA, proved negative (Wang et al., 2014), as 
did the PRIMO study (Thadhani et al., 2012), in which paricalcitol 
at 2 micrograms/day (a dose sufficient to suppress PTH blood lev-
els) failed to improve LVMI and diastolic function over a 48-week 
period, although it reduced CV disease-related hospitalizations and 
left atrial volume and prevented the increase in brain natriuretic 
peptide levels in subjects with higher baseline LVMI.

Allopurinol
The inhibition of xanthine oxidase activity promotes the regression 
of LVH in experimental models of CKD (Laakso et al., 2004; Xu 
et al., 2008). In a recent double-blind, placebo-controlled, paral-
lel study in 67 patients with CKD stage 3, allopurinol significantly 
reduced LVH and improved endothelial function after 9 months of 
treatment (Kao et al., 2011). This requires further testing.

Drug treatment of left ventricular 
hypertrophy in renal transplant patients
There are few controlled trials aimed at assessing the effect of drug 
treatment on LVH in the transplant population. In the largest study, 
an ACEI (lisinopril) was compared with a calcium channel blocker 
(controlled-release nifedipine) (Midtvedt et al., 2001). Similar BP 
control was achieved in the two study arms and LVMI regressed 
by 15% in both groups indicating that hypertension control 
improves LVH independently of the antihypertensive agent used. 
Both ciclosporin and tacrolimus may exacerbate hypertension and 
LVH in transplant recipients. Ciclosporin augments sympathetic 
nerve activity, increases endothelin, and inhibits NO synthesis 
(Hoorn et  al., 2012), all factors which may have BP-dependent  
and -independent effects on LV mass (see ‘Left ventricular hyper-
trophy in chronic kidney disease pathophysiology’). In renal 

transplant recipients, the reduction of the dose of ciclosporin by 
50% decreased the risk of hypertension without increasing rejection 
risk (Pascual et al., 2003). Tacrolimus has lower pro-hypertensive 
potential than ciclosporin (Margreiter, 2002). Yet used in combina-
tion with sirolimus it worsens hypertension. Observational studies 
show that that this combination has a negative impact upon graft 
survival (Meier-Kriesche et al., 2005). Everolimus reduced LV mass 
in a small trial in transplant patients (Paoletti et al., 2012). However, 
until now no beneficial effect of this drug on LVH has been shown 
in clinical trials in patients with adult polycystic kidney disease 
treated with this mTor inhibitor. Furthermore it remains to be seen 
whether the favourable effect of these drugs on LVH translates into 
better CV outcomes in renal transplant patients.

Treatment of left ventricular hypertrophy 
and left ventricular disorders in patients 
with kidney failure on dialysis (stage 
5D-CKD)
Comparative trials between PD and HD pose virtually insur-
mountable difficulties (Korevaar et  al., 2003)  and until now no 
RCT comparing PD to HD in the management of LV disorders in 
patients with kidney failure has been performed (Table 107.3). US 
Renal Data System-based analyses including over 100,000 incident 
end-stage renal disease patients suggest that mortality is higher 
in PD patients with CHF and that the risk excess in PD patients 
becomes progressively more marked with increasing duration of 
follow-up (Stack et al., 2003). Subclinical extracellular fluid expan-
sion is more common in peritoneal than in HD patients (Enia et al., 
2001). Subtle volume expansion is associated with hypertension 
and LVH, both of which trigger LV systolic dysfunction.

Uncontrolled studies show that UF intensification and low die-
tary salt intake reduce LVMI considerably in HD patients (Ozkahya 
et  al., 1998). In a secondary analysis of the DRIP (Dry-Weight 
Reduction in Hypertensive Hemodialysis Patients) trial, which 
tested whether additional volume reduction by UF intensification 
improves BP control in hypertensive HD patients, Agarwal et al. 
(2011) found that this intervention reduced the LVMI (–7.4 g/m2 at 
4 weeks; P = 0.005, and –6.3 g/m2 at 8 weeks; P = 0.045). However, 
this change was mainly driven by a fall in LV end-diastolic volume 
rather than by a regression of the muscular component (LV wall 
thickness) of the LV (Zoccali et al., 2011).

In a randomized trial (Alvestrand et al., 2011) in 34 apparently 
CV disease-free patients comparing haemofiltration (HF) versus 
standard, low-flux HD, there was a more pronounced decrease in 
LVMI in patients randomized to HF. However the interpretation of 
this study is difficult because more patients in the HF arm were on 
antihypertensive treatment than in the control arm.

Culleton et al. (2007) were the first to compare the effects of a dial-
ysis intensification regimen (nocturnal HD; five or six dialysis ses-
sions per week, each lasting 6 hours) to conventional thrice-weekly 
HD in a randomized clinical trial including 51 patients. Nocturnal 
HD significantly reduced (by 8%) the LV mass as measured by NMR 
while no change was reported in the other study arm. This decline in 
LV mass was associated with a decrease, or discontinuation of, anti-
hypertensive medications in about 60% of patients of the same arm.

In the FHN (Frequent Haemodialysis Network) trial (Chan et al., 
2012), 245 patients were randomized either to six times per week 

 

 

 

 



Table 107.3 Randomized controlled trials comparing different dialysis schedules or different extracorporeal treatments on LVH

Authors, year, country Type of 
study

Population Intervention Comparator Follow-up Results Notes

Culleton et al., 2007, 
Canada

RCT 52 HD patients Frequent nocturnal 
HD (6 times/week)

Conventional 
HD (3 times/
week)

6 months Frequent nocturnal HD significantly 
improved LVM

(mean difference between groups, 15.3 g; 
P = 0.04)

Frequent nocturnal HD was also associated with 
improved

BP

Rocco et al., 2011, 
multicentre

RCT 87 HD patients Frequent nocturnal 
HD (6 times/week)

Conventional 
HD (3 times/
week)

12 months No significant reduction in LVM (by 
NMR) and death between the two arms 
at the end of the study

Patients in the nocturnal arm had improved

control of hypertension. There was a trend for 
increased vascular access events in the nocturnal 
arm

Agarwal et al., 2011, 
USA

RCT 113 hypertensive 
HD patients

Ultrafiltration 
intensification

(UF)

Standard HD 8 weeks In the control group, LVMI increased 
from baseline by +3.5 g/m2 at 4 weeks 
and +0.3 g/m2 at 8 weeks (P = NS). In the 
UF group, LVMI reduced by –7.4 g/m2 at 
4 weeks (P = 0.005) and –6.3 g/m2 at 8 
weeks (P = 0.045)

The change in LVM

diameter was –10.9 g/m2 more in UF than in the 
control group at 4 weeks (P = 0.012) but not significant 
at 8 weeks

Alvestrand et al., 2011, 
multicentre

RCT 34 incident HD 
patients

Haemofiltration 
(HF)

HD 24 months In the HF group, LVMI decreased by 22 ± 
48 g/m2; in the HD group the decrease 
was 15 ± 57 g/m2 (P = 0.03)

Blood pressure and

other study variables did not differ between the two 
groups

Chan et al., 2012, 
multicentre

RCT 245 HD patients Frequent (daily) HD 
(6 times/week)

Conventional 
HD (3 times/
week)

12 months Frequent HD reduced LVM index (6.9 g/
m2; P = 0.003) as measured by NMR

Changes in LVM were associated with changes in 
blood pressure (R = 0.54, P < 0.001). High rate of 
vascular access events in the FAD group
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daily in-centre (frequent) HD, or to conventional HD. After 1 year, 
frequent HD resulted in a significant reduction of LVMI (−6.9 g/
m2; P = 0.003) and as a decline in mortality. Overall, a 39% decline 
in the occurrence of the composite primary endpoint of the study 
(either death or LVMI reduction) was registered in the frequent 
HD arm as compared to the control arm.

In another FHN trial (Rocco et al., 2011) comparing frequent 
nocturnal HD to conventional dialysis for the same composite end-
point, a 32% risk reduction was observed, but failed to achieve sta-
tistical significance because of the limited study power.

A  meta-analysis (Susantitaphong et  al., 2012)  examined the 
effects of frequent or extended HD on cardiac morphology and 
function by including data from 38 single-arm studies, five crosso-
ver trials, and three RCTs. In the pooled analysis of these studies, 
frequent HD reduced LVMI by −31.2 g/m2 (P < 0.001), which was 
a substantially greater effect than that registered in the three RCTs 
(−7.0 g/m2; P < 0.001) mentioned above. Frequent or extended HD 
also reduced BP and improved to an important extent LV systolic 
function (+6.7%), indicating potential major effects of HD inten-
sification for the prevention of CV complications in this high-risk 
population. In both FHN trials, there was an increase in adverse 
vascular access events in the active arms of these studies. Because 
of this problem, frequent HD treatments on LVM should be care-
fully balanced against the added burden of more frequent vascular 
access interventions.

Cardiac resynchronization
Cardiac resynchronization therapy (CRT) with or without ICD 
implantation is increasingly applied for the treatment of heart fail-
ure in selected cases. This device consists of a specialized pacemaker 
that synchronizes the pumping activity of the left and right ventricles. 
Indications for CRT implantation include EF < 35%, a QRS interval 
> 130 ms, and the presence of heart failure symptoms. CRT may be a 
valid treatment option in suitable CKD and in dialysis patients; how-
ever, there are still no studies based on clinical endpoints and the appli-
cation of this treatment remains driven by clinical experience only.

Dysrhythmias
The incidence of sudden cardiac death is increased in CKD, but 
most markedly in dialysis patients.  This is considered further in 
Chapter 108.
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Cardiorenal syndrome
The function of the kidney and the heart are closely linked, with 
injury to one organ frequently leading to dysfunction of the other 
(Schrier et al., 2007; Dar and Cowie, 2008). This bidirectional asso-
ciation was the impetus for coining the term ‘cardiorenal syndrome’ 
(CRS). In recent years, Ronco et al. have attempted to formalize the 
different clinical and mechanistic links which characterize simulta-
neous cardiac and renal dysfunction (Ronco et al., 2008).

The prevalence of cardiovascular disease (CVD) and inci-
dence of death as a consequence, is high in chronic kidney dis-
ease (CKD). This CVD risk begins at an early stage of renal 
injury—microalbuminuria—and rapidly progresses with advanc-
ing kidney damage (Shamseddin and Parfrey et  al., 2011). The 
Hypertension Optimal Treatment (HOT) study (Ruilope et  al., 
2001), which included 18,790 patients across 26 countries, showed 
baseline serum creatinine to be highly predictive of adverse car-
diovascular outcomes. Individuals with higher baseline serum 
creatinine levels (> 1.5 mg/dL) had an increased relative risk for 
cardiovascular mortality of 3.24 (95% confidence interval (CI) 
2.13–4.94; P < 0.001) when compared to those with a lower serum 
creatinine (< 1.5mg/dL), after adjusting for blood pressure, age, 
gender, smoking habits, previous CVD, diabetes, and total serum 
cholesterol. These findings have been consistently reproduced 
in other longitudinal, cross-sectional, and randomized studies 
(Hajhosseiny et al., 2013).

Subjects with CKD stage 3 (around 10% of the population) 
(Hajhosseiny et al., 2013) are more likely to succumb to CVD than 
progress to dialysis-requiring renal failure. Cardiovascular out-
comes, therefore, should be the priority in patients with CKD, even 
at the earliest stages of disease.

Sudden cardiac death
The association between cardiac and renal disease has been thor-
oughly studied, but there is a paucity of studies of the most impor-
tant (numerically and clinically) complication—that of sudden 
cardiac death (SCD). The evidence that is available supports the 
belief that SCD in these populations is different to that seen in 
the general population, with distinct mechanistic predispositions, 
working in concert with combinations of traditional cardiovascular 
insults and risk, leading to premature death.

SCD is defined as death from an unexpected circulatory arrest, 
usually from a cardiac arrhythmia occurring within 1 hour of the 
onset of symptoms, and in which medical intervention (such as 
defibrillation) may potentially reverse the event (Zipes et al., 2006). 
The incidence of SCD has a wide geographical variation, but in the 
United States there are thought to be between 300,000–350,000 
cases per year (Gillum, 1989; Myerburg et  al., 1993; Escobedo 
and Zack, 1996; Zheng et al., 2001; Cobb et al., 2002; Roger et al., 
2011), with similar estimates in Europe (Priori et al., 2001). Using 
the ‘1 hour definition’, SCD is estimated at approximately 1 death 
per 1000 subject years, accounting for 6–13% of all deaths in the 
general population (Priori et al., 2001; Chugh et al., 2004; Zipes 
et al., 2006). However, using a ’24-hour’ cut-off, SCD was shown 
to account for 18.5% of all deaths in a European community dwell-
ing cohort (de Vreede-Swagemakers et al., 1997). Further broaden-
ing the definition, Parekh et al. (2008) found that SCD accounted 
for 22% of all deaths in ‘unexpected out of hospital death from an 
underlying cardiac cause’. Varying definitions of SCD clearly have 
important implications for aetiology. For example, when using 
definitions with an extended time course for SCD, arrhythmia will 
become less of a contributing factor and thromboembolic causes 
become more prominent.

As already discussed, patients with end-stage renal disease 
(ESRD) have an extreme susceptibility to cardiovascular mortality, 
accounting for almost half of all deaths (Levey et al., 1998; United 
States Renal Data System, 1998). The rate of SCD in ESRD is par-
ticularly high, even compared to individuals with less severe renal 
dysfunction (Pun et al., 2009), with estimates of 60% of deaths in 
ESRD patients being a result of SCD (Herzog, 2003). In a large 
retrospective longitudinal study, Pun et  al. investigated SCD in 
19,440 patients with CKD (Pun et  al., 2009). Overall, 522 sub-
jects suffered SCD, with an overall rate of 4.6/1000 patient years. 
There was a progressive increase in the rate of SCD with increasing 
stages of CKD. The rate of SCD per 1000 patient years was as fol-
lows: estimated glomerular filtration rate (eGFR) 15–59 mL/min, 
7.3 (95% CI 2–13); eGFR < 15 not on dialysis, 12.6 (95% CI 5–20); 
and dialysis, 24.2 (95% CI 14–34). Dialysed patients with ESRD 
therefore experience almost a three- to fourfold increased risk of 
SCD compared to those in stages 3–4 (moderate to severe CKD) 
and 20-fold higher than the general population. In another study, 
Wang et al. (2010) followed up 230 patients in ESRD for 5 years. 
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During the follow-up, 115 deaths occurred, 28 (24.3%) of which 
were attributed to SCD.

In the dialysis population, the incidence of SCD rises with both 
the time that the patient has been a dialysis patient, as well as the 
time since the last dialysis session (Karnik et al., 2001; Bleyer et al., 
2006). Bleyer et al. (2006) reviewed 228 patients on haemodialysis, 
reporting a higher than expected mortality (1.7-fold) in the first 
12 hours after dialysis. The rate also increased as the time since 
dialysis exceeded 36 hours, peaking between 60 and 72 hours after 
dialysis. Additionally, there was a threefold increase in the rate of 
mortality in the 12-hour period prior to haemodialysis at the end 
of the weekend interval. The 4D study investigated type 2 diabetic 
patients on haemodialysis in 178 German dialysis centres with a 
follow-up period of nearly 4 years (Ritz and Wanner, 2008). More 
than a quarter of all deaths were SCD, while other non-‘sudden’ 
cardiac causes (such as coronary artery disease and heart failure 
(HF)) accounted for 18% of cases. Table 108.1 is a compilation of all 
the studies that have investigated the link between CKD and SCD, 
demonstrating this very strong association.

Mechanisms
Standard cardiovascular risk factors contribute to the high rate of 
cardiac events in CKD cohorts, as was demonstrated in the Choices 
for Healthy Outcomes in Caring for ESRD study (Longenecker 
et al., 2002). The prevalence of coronary artery disease in patients 
with ESRD starting dialysis has been reported to be 38–40%, but 
this is likely to be an underestimate. Many patients have atypi-
cal symptoms, and an analysis of 67 asymptomatic haemodialy-
sis patients showed 42% had ≥ 50% stenosis of at least one major 
coronary artery, and 29% had stenosis of a proximal coronary 
artery (Charytan et  al., 2007). The HEMO study confirmed the 
high prevalence of coronary artery disease in dialysis patients, 
and showed that ischaemic heart disease accounted for 62% of 
hospital admissions during 2.8 years of follow-up (Cheung et al., 
2004). Furthermore, secondary outcomes are worse in CKD, with 
in-hospital mortality after acute myocardial infarction (MI) corre-
lating with degree of renal dysfunction: 2% in those with normal 
renal function, 6% with mild CKD, 21% with severe CKD, and 30% 
in dialysis-dependant patients (Wright et al., 2002). Similar find-
ings were observed in the data 2–5 years post infarct (Herzog et al., 
1998; Herzog, 1999).

The diagnosis and management of coronary artery disease in 
patients with advanced CKD remains a challenge and is based on 
limited evidence (Goldsmith and Covic, 2001).

The incidence of SCD is much higher in dialysis patients, than 
is death directly attributable to obstructive coronary artery disease 
(Saravanan and Davidson, 2010). Foley et al. (2005) showed that after 
adjustment for covariates, the odds ratios for patients with eGFR < 
60 versus > 60 mL/min/1.73 m2 were as follows: 1.3 (95% CI 1.0–1.7;  
P = 0.05) for body mass index > 30 kg/m2, 40.2 (95% CI 11.1–145.1; 
P < 0.001) for homocysteine > 11 μmol/L, 3.5 (95% CI 2.8–4.4; P < 
0.001) for anaemia, and 10.4 (95% CI 3.9–27.8; P < 0.001) for two 
or more cardiovascular risk factors. Whilst it is true that patients 
with CKD are less likely to receive cardiovascular pharmacologi-
cal interventions (Shlipak et al., 2002), such as β-blockers, aspirin, 
angiotensin-converting enzyme inhibitors, thrombolytic therapy, 
and interventional procedures such as primary angioplasty (Fox 
et al., 2010; Szummer et al., 2011), Pun et al. (2009) showed that the 

relationship between eGFR and SCD persisted after accounting for 
medication use and revascularization therapy. Indirect support of 
non-atherosclerotic mechanisms comes from the poor outcome of 
dialysis patients following coronary artery bypass surgery. There is 
still a 7% annual risk of sudden death from arrhythmia after revas-
cularization, comparable to general dialysis populations (Herzog 
et  al., 2008). Furthermore, ischaemic electrocardiogram (ECG) 
changes observed on ambulatory monitoring in a cohort of dialysis 
patients were not associated with cardiovascular outcomes over a 
2-year follow-up period (Conlon et al., 1998). The relative lack of 
an effect of systolic failure in predicting SCD in ESRD is remarkable 
(Mangrum et al., 2006a). This is in contrast to the general popula-
tion. There must be other distinct mechanisms accounting for SCD 
in renal patients.

Endothelial dysfunction and microvascular disease
Microalbuminuria is a surrogate marker of early atherosclerosis 
(Stehouwer and Smulders, 2006), and consequent coronary heart 
disease (CHD) mortality (Agewall et al., 1995; Bigazzi et al., 1995; 
Jensen et al., 1995; Kuusisto et al., 1995; Pontremoli et al., 1996; 
Mykkanen et  al., 1997). It has been postulated that microalbu-
minuria reflects endothelial dysfunction of small and large arter-
ies (Stehouwer, 2004). In diabetes mellitus, microalbuminuria is 
accompanied by a series of markers of endothelial dysfunction. 
In type 1 diabetes, it is associated with increased plasma concen-
trations of von Willebrand factor (vWF), vascular cell adhesion 
molecule-1, angiotensin-converting enzyme, endothelin, and plas-
minogen activator inhibitor-1 (PAI-1), high urinary excretion of 
type IV collagen fragments, and impaired endothelium-dependent, 
nitric-oxide-mediated vasodilation. In type 2 diabetes, microalbu-
minuria is associated with elevated plasma vWF, thrombomodulin, 
tissue-type plasminogen activator (t-PA), PAI-1, and serum type 
IV collagen (Stehouwer et al., 1997). This relationship has also been 
shown in non-diabetic populations (Pedrinelli et al., 1994; Kario 
et al., 1996; Clausen et al., 1999, 2001; Volpe et al., 2003). In a small 
study of 20 diabetic patients, Kawagishi et  al. (1999) examining 
L-arginine-mediated vasodilation in the brachial, central retinal, 
and renal interlobar arteries. In all three vascular beds, this marker 
of endothelial function was significantly impaired in microalbu-
minuric compared to normoalbuminuric individuals. The link 
between microalbuminuria and resistant vessel structural and 
functional changes has been reviewed by Khavandi et al. (2009).

A quarter of ESRD patients experience symptoms of angina in the 
absence of coronary artery stenosis, explained probably by microvas-
cular disease (Elsner, 2001). Nitric oxide has vasodilator, antiplate-
let, antiproliferative, antiadhesive, permeability-decreasing, and 
anti-inflammatory properties (Stehouwer and Smulders, 2006) and 
as such, any interruptions in its function or availability will signif-
icantly increase the risk of CHD. In a population-based study of 
645 subjects, Stehouwer et al. (2004) investigated the relationship 
between microalbuminuria and endothelial nitric oxide synthesis. 
Microalbuminuria was defined as urinary albumin-creatinine ratio 
≥ 2 mg/mmol. Endothelium-dependent, flow-mediated vasodila-
tion (FMD), a measure of endothelial nitric oxide synthesis, and 
endothelium-independent, nitroglycerine-induced vasodilation 
(NID) of the brachial artery were measured ultrasonically. FMD 
was 0.12 mm in the presence of microalbuminuria, and 0.18 mm 
in its absence (P = 0.002). After adjustment for age, sex, baseline 
arterial diameter, and other potential confounders, FMD was 

 

 

 



Table 108.1 The main studies that have investigated the association between CKD and SCD

Study Outcome Number of 
participants

Comparison Adjustment for covariates Result (95% CI; P value) Statistically 
Significant 
correlation

Deo et al., 2008 Sudden cardiac death 2760 eGFR > 60 mL/min/1.73 m2

< 60 vs ≥ 40 mL/min/1.73 m2

< 40 mL/min/1.73 m2

3.5%

4.6%

13%

Positive

Deo et al., 2008 Sudden cardiac death 2760 eGFR 40–60 mL/min/1.73 m2 vs > 60 mL/
min/1.73 m2

eGFR < 40 mL/min/1.73 m2 vs > 60 mL/min/  
1.73 m2

None HR 1.36 (95% CI 0.91–2.04; P < 0.001)

HR 4.65 (95% CI 2.86–7.55; P > 0.001)

Positive

Deo et al., 2008 Sudden cardiac death 2760 eGFR 40–60 mL/min/1.73 m2 vs > 60 mL/
min/1.73 m2

eGFR < 40 mL/min/1.73 m2 vs > 60 mL/min/  
1.73 m2

Multivariate HR 1.14 (95% CI 0.76–1.74; P < 0.001)

HR 3.16 (95% CI 1.88–5.33; P > 0.001)

Positive

Chonchol et al., 
2007

Sudden cardiac death N/A eGFR < 75 mL/min/1.73 m2 vs > 75 mL/min/  
1.73 m2

Multivariate HR 2.00 (95% CI 1.01–4.02) Positive

Goldenberg et al., 
2006

Sudden cardiac death 1232 Every 10 unit reduction in eGFR Multivariate HR 1.17 (95% CI 1.01–1.36; P = 0.03) Positive

Pun et al., 2009 Sudden cardiac death 19,016 eGFR 15–59 mL/min/1.73 m2 vs > 60 mL/min/ 
1.73 m2

None HR 1.88 (95% CI 1.56– 2.28; P < 0.0001) Positive

Pun et al., 2009 Sudden cardiac death 19,440 Every 10 unit reduction in eGFR Multivariate HR 1.11 (95% CI 1.06–1.17; P < 0.001) Positive

Pun et al., 2009 Sudden cardiac death 19,440 eGFR < 15mL/min/1.73 m2 vs > 60 mL/min/  
1.73 m2

None HR 4.68 (95% CI 3.06–7.17) Positive

Ritz and Wanner, 
2008

Sudden cardiac death 178 dialysis 
centres

Haemodialysis and SCD Incidence 26% Positive

Ganesh et al., 2001 Sudden cardiac death 12,833 Haemodialysis and SCD Incidence 27% Positive

Ganesh et al., 2001 Sudden cardiac death 12,833 Serum PO4 > 6.5 mg/dL vs 2.4–6.5 mg/dL Multivariate RR 1.20 (P < 0.005) Positive

Ganesh et al., 2001 Sudden cardiac death 12,833 Per 1 mg/dL increase in serum PO4 Multivariate RR 1.05 (P < 0.001) Positive

Saravanan and 
Davidson, 2010

Sudden cardiac death Prevalent 
dialysis 
patients in the 
United States, 
2005–2007

Dialysis and SCD Incidence 26.3% Positive

Genovesi et al., 
2009

Sudden cardiac death 476 Dialysis and SCD Incidence 30% Positive

Parekh et al., 2008 Sudden cardiac death 1041 Dialysis and SCD Incidence 22.2% Positive

Go et al., 2004 Any cardiovascular events 1,120,290 eGFR < 15 mL/min/1.73 m2 vs > 60 mL/min/  
1.73 m2

Multivariate HR (95% CI 3.1–3.8) Positive

(Continued)



Study Outcome Number of 
participants

Comparison Adjustment for covariates Result (95% CI; P value) Statistically 
Significant 
correlation

Soman et al., 2002 Complete heart block 2254 Long-term dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

Multivariate HR 3.64 (95% CI 1.77–7.48; P = 0.0004) Positive

Soman et al., 2002 Asystole 2254 Long-term dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

Multivariate HR 2.36 (95% CI 1.00–5.57; P = 0.05) Positive

Soman et al., 2002 Sustained ventricular 
tachycardia

2254 Long-term dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

Multivariate HR 2.07 (95% CI 1.02–4.22; P = 0.04) Positive

Soman et al., 2002 Ventricular fibrillation 2254 Long-term dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

Multivariate HR 2.42 (95% CI 1.13–5.15; P = 0.02) Positive

Beattie et al., 2001 Ventricular fibrillation 731 Chronic dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

None OR 2.95 (95% CI 0.95–9.22; P = 0.07) Borderline 
Positive

Beattie et al., 2001 Complete heart block 731 Chronic dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

None OR 5.88 (95% CI 1.42–24.34; P = 0.03) Positive

Beattie et al., 2001 Asystole 731 Chronic dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

None OR 11.84 (95% CI 2.32–60.41; P = 0.009) Positive

Beattie et al., 2001 Acute mitral regurgitation 731 Chronic dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

None OR 7.08 (95% CI 1.64–30.60; P = 0.02) Positive

Beattie et al., 2001 Cardiogenic shock 731 Chronic dialysis vs corrected-CrCl 81.5 mL/
min/72 kg

None OR 4.09 (95% CI 1.73–9.68; P = 0.003) Positive

Table 108.1 (Continued) 
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0.038  mm (95% CI 0.001–0.075) lower when microalbuminuria 
was present (P = 0.04), and decreased linearly across microalbumi-
nuria categories (by 0.027 mm (0.007–0.046) per category increase 
of microalbuminuria; P  =  0.007). NID was similar in individu-
als with and without microalbuminuria. Results were similar in 
individuals regardless of diabetes. Accumulation of asymmetric 
dimethylarginine inhibits nitric oxide synthesis in endothelial cells, 
causing endothelial injury and vasoconstriction, which combined 
are pro-atherosclerotic (Ravani et al., 2005).

Dyslipidaemia
Microalbuminuria is also associated with deranged lipid profiles 
(Chaturvedi et  al., 2001). Kahri et  al. (1994) compared the lipid 
concentrations of 52 microalbuminuric patients with 64 nor-
moalbuminuric patients. Median concentration of high density 
lipoprotein (HDL) and HDL2 cholesterol was 11.6 (P = 0.01) less 
in microalbuminuric patient compared with normoalbuminuric 
patients. HDL cholesterol: apoA-I + apoA-II ratio was significantly 
lower in micro- (19.7 ± 4.2 (± standard deviation (SD)); P < 0.01) 
than in normoalbuminuric patients (22.1  ± 4.4). Post-heparin 
plasma lipoprotein lipase: hepatic lipase ratio was lower in micro-
albuminuric patients compared with normoalbuminuric patients 
(1.65 vs 1.05 (median), P < 0.01). Plasma cholesteryl ester transfer 
protein activity was higher in the patients with microalbuminuria 
than in normoalbuminuric patients (P < 0.05). In a similar study, 
Jones et al. (1989) observed that patients with microalbuminuria 
had significantly higher concentrations of low density lipoprotein 
(LDL) cholesterol (mean 3.33 (standard error (SE) 0.20) vs 2.84 
(0.12) mmol/L) and very low-density lipoprotein cholesterol (0.30 
(0.05) vs 0.17 (0.03) mmol/L) than controls but significantly lower 
concentrations of HDL2 subfraction cholesterol (0.32 (0.04) vs 0.54 
(0.04) mmol/L). Concentrations of total triglyceride (1.11 (0.14) 
vs 0.68 (0.08) mmol/L), very LDL triglyceride (0.56 (0.10) vs 0.30 
(0.05) mmol/L), apolipoprotein B (0.88 (0.06) vs 0.67 (0.03) g/L), 
fibrinogen (2.2 (0.1) vs 1.9 (0.1) g/L), and diastolic arterial pres-
sure (80 (2) vs 74 (2) mmHg), were also higher in patients with 
microalbuminuria. Endothelial dysfunction increases permeabil-
ity of arteries, giving rise to microalbuminuria, which in turn is 
damaging to blood vessels, initiating a vicious cycle of endothelial 
injury. When combined with an atherosclerotic lipid profile, the 
effect of prerenal disorders on cardiovascular morbidity can be 
appreciated (Deckert et al., 1989; Heymann et al., 2012; Jenkins and 
Goldsmith, 2012).

Inflammation
Chronic low-grade inflammation has been linked to CVD when 
associated with microalbuminuria. Low-grade inflammation is 
an early marker of many conditions including CVD and is typi-
cally assessed by measuring plasma levels of C-reactive protein 
and cytokines such as interleukin (IL)-6 and tumour necrosis 
factor alpha (Stehouwer and Smulders, 2006). Several studies 
looking into these biomarkers have shown that low-grade inflam-
mation is independently associated with microalbuminuria, loss 
of renal function, and development and progression of CVD 
(Jager et al., 2002; Stehouwer et al., 2002; Schram et al., 2005). 
As renal function declines, concentrations of inflammatory 
cytokines increase. Inflammation has been proposed as a trigger 
of SCD through premature atherosclerosis and cytokine-induced 

plaque instability, as well as direct effects on myocardial conduc-
tion (Parekh et al., 2008; Shamseddin and Parfrey, 2011). High 
concentrations of the inflammatory marker homocysteine have 
been associated with atherothrombotic events and cardiovas-
cular mortality in haemodialysis patients (Ducloux et al., 2000; 
Mallamaci et al., 2002; Ganji and Kafai, 2003; Heinz et al., 2009; 
The Renal Association 2010). Hard-endpoint randomized clini-
cal trial interventional studies with folate, and vitamin B12 have 
consistently been negative (Weiner et al., 2012). Other cytokines, 
including IL-6, may contribute to arrhythmias through ion chan-
nel dysfunction (Parekh al., 2008). A number of other biomark-
ers for coronary ischaemia are in development, for example, 
ischaemia modified albumin which has been shown to increase 
sensitivity and specificity for detecting ischaemia and conse-
quent cardiac mortality when used in combination with troponin 
levels (Sharma et al., 2006). Single-photon emission computed 
tomography using the iodinated fatty acid analogue iodine-123 
methyliodophenyl-pentadecanoic acid and 201thallium chloride, 
can identify impaired myocardial fatty acid metabolism sec-
ondary to ischaemia and has the potential to identifying ESRD 
patients at risk of SCD (Nishimura et al., 2008).

Electrolyte disturbances
Haemodialysis itself is pro-arrhythmic—reflected by the decline 
in SCD after renal transplantation (United States Renal Data 
System, 2006) and conversely the sudden increase in SCD when 
re-commencing dialysis in failing transplants (Messa et al., 2008). 
The contribution of dialysis per se to SCD is multifactorial, but the 
most important mechanism is likely to be the large and sudden 
shifts in fluid and electrolytes, which provoke arrhythmias (Yetkin 
et al., 2000; Burton et al., 2008). The incidence of SCD is substan-
tially higher in the 12 hours before and after haemodialysis (Bleyer 
et al., 2006; Shamseddin and Parfrey, 2011). This could in part be 
explained by the rapid reduction in electrolyte concentration, in 
particular potassium during dialysis (Kanbay et  al., 2011). Pun 
et al. (2009) showed the electrolyte composition of the dialysate 
contributes to rapid fluctuations in plasma electrolytes, which 
may cause cellular membrane repolarization instability, leading to 
arrhythmias (Shamseddin and Parfrey, 2011). Even after adjusting 
for covariates, low potassium and low calcium dialysate remain 
independent risk factors for SCD (Kovesdy et al., 2007). Cardiac 
arrests are also more frequent after the 2-day gap from the previous 
haemodialysis session, supporting the importance of volume status 
in arrhythmia generation (Santoro et al., 2008).

If arrhythmias in dialysis patients were simply attributable to elec-
trolyte imbalance and shifts, one would expect lower rates of SCD 
with peritoneal dialysis compared with haemodialysis. Although 
there is an initial advantage associated with peritoneal dialysis, 
this is likely to be attributable to the lesser burden of comorbidity 
in these individuals (Collins et al. 2002) and differences in base-
line renal function (Jansen et al., 2002). Indeed, after several years 
of initiating renal replacement therapy, SCD rates are similar in 
haemodialysis and peritoneal dialysis (United States Renal Data 
System, 2006). A number of studies have investigated dialysis dos-
ing (Port et al., 2002), frequency (Marshall et al., 2006), and modal-
ity (Cheung et al., 2003) for differences in cardiovascular outcomes. 
These have largely been inconclusive, although high-flux haemo-
diafiltration (Cheung et al., 2003) and short daily haemodialysis 
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seem to be associated with an improved prognosis. Culleton et al. 
demonstrated regression in left ventricular (LV) mass with frequent 
nocturnal haemodialysis, whilst conventional regimens were asso-
ciated with hypertrophy (Culleton et al., 2007).

Calcium, phosphate, and vitamin D
Derangements of plasma calcium, phosphate, parathyroid hor-
mone, and vitamin D concentrations are extremely common in 
CKD. Hyperphosphataemia is evident from CKD stage 4, and is 
common in ESRD present in 40–80% of patients undergoing hae-
modialysis (Block et al., 1998). Hyperphosphataemia is associated 
with secondary hyperparathyroidism, vascular smooth muscle 
proliferation, vascular calcification, and coronary atherosclerosis 
(Schwarz et  al., 2000; Shamseddin and Parfrey, 2011)  as well as 
mortality (Block et al., 1998).

Ganesh et  al. (2001) showed that patients with serum PO4 > 
2 mmol/L had a 20% higher risk of SCD than those with serum 
PO4 < 2 mmol/L (P < 0.005), and with every 0.3 mmol/L increase 
in serum PO4, the relative risk of SCD increased by 5% (P < 0.001). 
There was also an association between parathyroid hormone and 
SCD. Due to the intricate negative feedback mechanisms involved 
in mineral bone metabolism, changes in the plasma phosphate 
influence calcium levels. Given the crucial importance of intracel-
lular calcium in excitation-contraction coupling of the heart, it is 
conceivable that such variations may interfere with electrical stabil-
ity, resulting in abnormal conduction and late potential formation 
(Bozbas et al., 2007; Kanbay et al., 2011). Calcification secondary 
to hyperphosphataemia may also contribute to microvascular dys-
function (Amann and Ritz, 2000).

Vitamin D has biological effects beyond mineral and bone 
metabolism. Vitamin D insufficiency or deficiency is very com-
mon in the CRS, and the majority of haemodialysis patients have 
effective vitamin D deficiency (Peterlik and Cross, 2005; Holick, 
2007; London et  al., 2007; Nibbelink et  al., 2007; Wolf et  al., 
2007; Wang et al., 2008; Barreto et al., 2009; Mehrotra et al., 2009; 
Pecovnik-Balon et al., 2009; Ravani et al., 2009; Drechsler et al., 
2010), predominantly but not exclusively from impaired kidney 
production of 1,25-dihydroxyvitamin D (1,25(OH)2D) (Drechsler 
et al., 2010). Drechsler et al. (2010) measured 25(OH)D in 1108 
diabetic haemodialysis patients who participated in the German 
Diabetes and Dialysis Study and were followed up for a median of 
4 years. Patients with severe vitamin D deficiency (25(OH)D of < 
25 nmol/L) had a threefold higher risk of SCD compared with those 
with sufficient 25(OH)D concentrations > 75 nmol/L (hazard ratio 
(HR) 2.99; 95% CI 1.39–6.40). Furthermore, cardiovascular events 
and all-cause mortality were strongly increased (HR 1.78; 95% CI 
1.18–2.69, and HR 1.74; 95% CI 1.22–2.47, respectively), all persist-
ing in multivariate models. Recent observational evidence suggests 
strong links between low vitamin D levels and an impressive range 
of cardiovascular and renal pathology (Peterlik and Cross, 2005; 
Holick, 2007; Wang et al., 2008; Drechsler et al., 2010), including 
stroke, MI, sudden cardiac death, LV mass and function, arterial 
calcification, hypertension, diabetes, albuminuria, and chronic kid-
ney disease. The potential mechanisms of action vary, with the ubiq-
uitously expressed vitamin D receptor, fibroblast growth factor 23,  
redox pathways, and the renin–angiotensin–aldosterone system 
all playing a role (Green et al., 2006; Nibbelink et al., 2007; Chen 
et al., 2008; Tishkoff et al., 2008; Drechsler et al., 2010). Vitamin 

D has also been shown to have anti-inflammatory effects by down 
regulation of prostaglandins and nuclear factor kappa B (McCarty, 
2004; Moreno et al., 2005; Krishnan and Feldman, 2010) There is no 
randomized controlled trial data so guidelines do not recommend 
supplementation for purposes beyond prevention of CKD-mineral 
and bone disorders (Covic et al., 2010).

Vascular calcification
Disordered calcium homeostasis results in diffuse myocardial and 
vascular calcification, resulting in reduced coronary flow during 
diastole (Shamseddin and Parfrey, 2009). These fibrotic and calcific 
changes are associated with conduction defects and arrhythmias 
(Myerburg, 2001). Coronary artery calcification (CAC) represents 
the atherosclerotic burden for CHD and cardiac mortality (Wexler 
et  al., 1996). In a population-based study, Nakano et  al. (2010) 
investigated 126 patients with CKD for evidence of atherosclero-
sis and calcification. Adjusted odds ratio for eGFR < 30 versus > 
60 mL/min/1.73 m2 and vascular calcification was 4.71 (95% CI 
1.78–12.50, P = 0.002). Di Iorio et al. (2006) investigated cardiac 
calcification and QT dispersion in 32 haemodialysis and 12 CKD 
stage 4 patients. A significantly greater number of patients receiv-
ing haemodialysis (62.5%) showed cardiac calcification than those 
with CKD stage 4 (33%; P = 0.01). QT dispersion showed a linear 
correlation with calcification scores in both groups (r = 0.899 and 
P < 0.0001 and r = 0.901 and P < 0.0001). In a recent randomized 
controlled trial, Di Iorio et  al. (2012) demonstrated significant 
regression of CAC in CKD patients who were taking the phosphate 
binder sevelamer, with an equally significant reduction in all-cause 
mortality (Di Iorio et al., 2011). In addition to myocardial fibrosis 
and vascular calcification, disordered mineral bone metabolism 
can also lead to valvular abnormalities. Studies have shown that up 
to 40% of ESRD patients have mitral annular calcification, which 
is in-turn associated with coronary disease and all-cause mortality 
(Sharma et al., 2007).

Autonomic dysfunction
Renal and CVD is also linked by cardiovascular autonomic dysfunc-
tion (C-AD) (Beijers et al., 2009). Microalbuminuria has been shown 
to be strongly associated with C-AD in several studies (Jermendy 
et al., 1996; Ritz and Stefanski, 1996; Wirta et al., 1999; Smulders 
et al., 2000; Moran et al., 2004). C-AD has also been linked to CVD 
and mortality (Gerritsen et  al., 2001; Maser et  al., 2003). Various 
pathophysiological pathways have been proposed including impaired 
heart rate variability (HRV), resting tachycardia, exercise intolerance, 
abnormal blood pressure regulation, and orthostatic hypotension 
(Pop-Busui, 2010). Beijers et al. (2009) investigated the link between 
microalbuminuria, C-AD, and CVD, by following 490 individu-
als aged 50–75 years for a median of 13.6 years. Microalbuminuria 
was defined as an albumin-to-creatinine ratio > 2.0 mg/mmol in an 
early-morning spot-urine sample. After adjustments for age, sex, glu-
cose tolerance, and other risk factors, C-AD was found to be asso-
ciated with microalbuminuria (β = 0.16 (95% CI 0.01–0.33)). Both 
microalbuminuria (relative risk 2.09 (1.07–4.08)) and C-AD (1.74 
(1.04–2.89)) were associated with cardiovascular mortality.

Renal injury promotes sympathetic overactivity (Ye et  al., 
1998)  and ESRD is characterized by unopposed sympathetic 
activity (Converse et  al., 1992). Renal norepinephrine release is 
enhanced by 30% in the cortex of subtotally nephrectomized rats 
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(Rump et al., 2000) and human studies have shown an association 
between high circulating levels of norepinephrine in ESRD and 
SCD (Zoccali et al., 2002). Sympathetic overactivity is particularly 
pronounced during haemodialysis sessions. Reduced release of the 
enzyme renalase from injured kidneys has also been implicated in 
disordered autonomic activity (Xu et al., 2005).

HRV describes the variation in the beat-to-beat interval of the 
heart rate (Kanbay et al., 2011) and is a surrogate of physiologi-
cal autonomic regulation—the balance between sympathetic and 
parasympathetic drive which governs heart rate (Kanbay et al., 
2011). A decreased HRV has been shown to be associated with 
increased risk of ventricular arrhythmias and cardiac death in 
the general population (Task Force of the European Society 
of Cardiology and the North American Society of Pacing and 
Electrophysiology, 1996; Green et al., 2006; Kanbay et al., 2011). 
Individuals receiving both haemodialysis and peritoneal dialysis 
have a reduced HRV (Green et al., 2011). In a small study of 32 
haemodialysis patients (Coquet et  al., 2005), parasympathetic 
activity during the non-dialytic period was significantly reduced. 
In another study of 175 haemodialysis patients with left ventricu-
lar hypertrophy (LVH) (Nishimura et al., 2010), HRV was a strong 
predictor of SCD. SCD-free survival rates at 5 years were 29.4% 
and 98.1% in patients with low frequency:high frequency ratios of 
1.9 (reflecting sympathetic over activity) or more, and below 1.9 
(without sympathetic over activity), respectively. In 95 patients 
on haemodialysis or peritoneal dialysis, or with CKD stages 
4–5, Roumelioti et  al. (2010) showed that patients with ESRD 
exhibited disordered autonomic nervous system tone, manifest-
ing as a failure to increase HRV during wakefulness and sleep. 
Furuland et al. (2008) showed that the autonomic dysregulation 
and reduced HRV observed in ESRD is also seen in less advanced 
CKD 4. This study showed that treating anaemia, at least in part, 
reversed this dysfunction and increased HRV. Two other studies 
have shown that renal transplantation may improve HRV and 
restore the autonomic regulation to near normal (Rubinger et al., 
2009; Yang et al., 2010). Nishimura et al. (2004, 2010) showed that 
impaired parasympathetic activity, and the cardiovascular auto-
nomic neuropathy seen in diabetic individuals on haemodialysis 
closely correlated with LVH. The ratio between low-frequency 
and high-frequency measures of HRV reflects sympathetic/vagal 
balance, and has been shown to predict SCD in dialysis popula-
tions (Saravanan et al., 2010) and among haemodialysis patients 
with LVH (Nishimura et al., 2010). Baroreceptor sensitivity and 
baroreflex effectiveness indices are other measures of autonomic 
responsiveness and have also been shown to be predictive of SCD 
in CKD (Johansson et al., 2007).

Electrocardiographic markers  
and LV structure and function
Myocardial haemodynamics and remodelling
LV mass, composition, and geometry are altered early in renal dis-
ease. LVH increases as renal function declines, with 75% of patients 
starting dialysis having LVH (Foley et al., 1998b) and this progresses 
while they continue on dialysis treatment (Foley et  al., 1998a). 
Stewart et al. (2005) investigated 296 patients with various degrees 
of CKD and demonstrated a degree of LVH in all stages of renal dis-
ease, progressively worsening as the stage of CKD advanced. Levin 

et al. (1996) investigated LVH in 175 pre-dialysis patients, demon-
strating more prevalent and severe LVH with progressive decline in 
renal function. 26.7% of patients with creatinine clearance (Ccr) > 
50 mL/min; 30.8% of those with Ccr between 25 and 49 mL/min, and 
45.2% of patients with severe renal impairment (Ccr < 25 mL/min)  
had LVH respectively (P = 0.05). The mean left ventricular mass 
index (LVMI) differed significantly between the three groups (97.5 
g/m2 vs 100.8 g/m2 vs 114.4 g/m2, respectively; P < 0.001). The 
extent of LVH and fibrosis was more severe still in patients with 
ESRD (Mark et al., 2006; Kanbay et al., 2011).

LVH is predictive of cardiac death in dialysis patients inde-
pendent of blood pressure and is associated with a 60% increased 
risk of SCD in diabetic patients on dialysis (Krane et  al., 2009). 
Regression of LVH confers a survival advantage (London et  al., 
2001). Uraemia is associated with a number of deleterious redox 
and pro-inflammatory changes (Roberts and Green, 2011) and in 
patients with CKD, the term ‘uraemic cardiomyopathy’ describes 
the abnormal structural remodelling of the heart, with LVH, fibro-
sis, and consequent diastolic and systolic dysfunction (Ix et  al., 
2006; Deo et al., 2008; Pun et al., 2009).

Endomyocardial biopsies in dialysis patients with dilated cardio-
myopathy show remodelling with interstitial fibrosis and myocyte 
hypertrophy (Roberts and Green, 2011). This can be seen as dif-
fuse late gadolinium enhancement on magnetic resonance imaging 
(Mark et al., 2006). Fibrotic tissue interferes with normal conduct-
ing systems in the myocardium, which when combined with the 
profound electrolyte derangements seen in CKD (Soman et  al., 
2002), could trigger arrhythmias (Dhoble et al., 2008; Kanbay et al., 
2011). Myocardial fibrosis is associated with increased dispersion 
of repolarization, which is associated with arrhythmias (Tun et al., 
1999). Furthermore, as the diameter and length of the myocytes 
increase in uraemia, the capillary length per unit myocardial vol-
ume decreases, so-called vascular rarefaction, resulting in a myo-
cyte/capillary mismatch (Amann et al., 1998; Drueke and Massy, 
2010). It is thought that the resultant ischaemia, particularly during 
high oxygen demand could contribute to increased arrhythmoge-
neity (Yang et al., 2007; Kanbay et al., 2011). Iron overload is also 
common in ESRD and has been shown to be prognostic (Besarab, 
1999), possibly through causing intercardiomyocytic fibrosis 
(Wardman and Candeias, 1996)  and conduction abnormalities. 
Indeed, high iron saturation has been shown to correlate with QTc 
dispersion (Wu et al., 2004).

Patients on regular haemodialysis are subjected to significant 
haemodynamic insults, with 20–30% of sessions resulting in sig-
nificant intra-dialytic hypotension (Kanbay et al., 2011). Anaemia 
and hypovolaemia can have deleterious effects on preload, con-
tributing to aberrant myocardial haemodynamics and consequent 
arrhythmias. This helps to explain the association between anaemia 
and the development of LVH (Foley et al., 1996). Although studies 
targeting anaemia by administration of erythropoiesis-stimulating 
agents have shown some benefit in cardiovascular parameters 
(Frank et al., 2004), the optimal haemoglobin levels have not been 
defined, and correction of anaemia is not recognized as a means to 
prevent SCD. Nonetheless, anaemia could act synergistically with 
local ischaemia, leading to regional wall motion abnormalities and 
ultimately LV systolic dysfunction (McIntyre, 2010; Kanbay et al., 
2011). Myocardial stunning (Burton et  al., 2009; Kanbay et  al., 
2011), causing temporary reversible systolic impairment, has been 
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implicated in the increased incidence of SCD in haemodialysis 
patients compared to peritoneal dialysis (62.2 vs 42.8 events/1000 
patient-years) (Green et al., 2011).

Late potential
A number of ECG markers, including QRS duration, QT interval, 
and QT dispersion, have been proposed as predictors of arrhyth-
mias in dialysis patients (Stewart et  al., 2005). Signal averaged 
ECG (SAECG) is a high-resolution ECG technique using multiple 
electric signals, averaged to remove interference and reveal small 
variations in the terminal deflection of the QRS complex—the late 
potential (LP) (Goldberger et al., 2008; Saravanan and Davidson, 
2010). LPs represent areas of delayed and abnormal ventricular 
activation, which act as a focus for malign re-entrant arrhythmias 
(Morales et  al., 1998; Twahir et  al., 1999; Windhagen-Mahnert 
et al., 2000; Kanbay et al., 2011).

A common trigger to LPs is scarred and fibrosed myocardium, 
which result in aberrant conduction. Studies have shown that 
20–25% of the dialysis population have evidence of LPs at base-
line (Morales et  al., 1998), significantly higher than in the gen-
eral population (0–7%) (Denes et al., 1983; Morales et al., 1998). 
Premature ventricular complexes correlate with LVH in haemodi-
alysis patients (Sforzini et al., 1992) and severe ventricular ectopy 
and non-sustained ventricular tachycardia are more common in 
ESRD patients–the frequency increases before and after the dialysis 
session (Meier et al., 2001).

QT dispersion
QTc dispersion is defined as the difference between the longest and 
shortest QT intervals in a 12-lead ECG recording (Kanbay et al., 
2011). Patients with chronic renal failure have greater QTc intervals 
and QTc dispersion compared with those with normal renal func-
tion (Yildiz et al., 2001; Kantarci et al., 2002). These are associated 
with polymorphic ventricular tachycardia (torsade de pointes) and 
SCD (Patane et al., 2008). Patients with ESRD have significant LVH 
(Foley et al., 1995) and intercardiomyocytic fibrosis (Stewart et al., 
2005), which results in incongruous depolarization and repolariza-
tion. Dialysis has been shown to prolong the QTc interval, and this 
appears to correspond with fluctuations in serum calcium levels 
(Covic et al., 2002). Moreover, even a single session of haemodi-
alysis increases QT dispersion in both adults and children (Cupisti 
et al., 1998; Lorincz et al., 1999; Morris et al., 1999; Ozdemir et al., 
2005). Dialysis patients with a QTc dispersion > 74 ms have been 
shown to be at risk of serious ventricular arrhythmias or sudden 
death (Beaubien et al., 2002; Wang et al., 2002). In a small study 
of 21 uraemic and 21 non-uraemic patients, Wang et  al. (2002) 
showed that uraemic patients with acute MI had greater QTc dis-
persion (84 vs 55 ms, P < 0 .001) and greater 1-year mortality rates 
(48% vs 18%, P = 0.003). They were less likely to receive reperfu-
sion therapies (5/21 vs 17/21 patients, P = 0.002) compared with 
non-uraemic patients with acute MI. A number of other factors 
have also been implicated in the greater QTc dispersion in haemo-
dialysis patients. These include age, LDL cholesterol, phosphate 
levels, iron stores, parathyroid hormone, and low dialysate calcium 
and potassium levels (Wu et al., 2005; Di Iorio et al., 2006; Genovesi 
et al., 2009). In addition, Di Iorio et al. demonstrated a significant 
positive association between CAC and QTc interval, suggesting a 
protective role for agents such sevelamer which oppose CAC pro-
gression (Di Iorio et al., 2011).

T-wave alternans
Microvolt T-wave alternans (TWA), or repolarization alternans, 
is a measure of beat-to-beat variations in the timing, amplitude, 
or morphology of the T wave in the ECG (Kanbay et al., 2011). 
Regional or temporal dispersion of repolarization is the mecha-
nism and therefore a measure of abnormal ventricular repolariza-
tion, and a surrogate for measuring arrhythmias and SCD (Kanbay 
et  al., 2011). In a pilot study measuring TWA in nine patients 
before and immediately after an early week haemodialysis session, 
seven of nine individuals had non-negative (i.e. higher risk) trac-
ings either before or after haemodialysis. Of the four subjects with 
tracings initially negative, two became non-negative after haemo-
dialysis (Friedman et al., 2007). Secemsky et al. (2011) recorded 
HRV, heart rate turbulence (HRT), and TWA in 28 haemodialysis 
patients. Abnormalities were common, with 82%, 75%, and 96% 
of patients reaching threshold for HRV, HRT, and TWA respec-
tively in at least one 24-hour period. Patel et al. (2011) compared 
200 ESRD patients with 30 LVH patients and found that abnor-
mal microvolt TWA were more common in ESRD compared than 
in patients with LVH (57.5% vs 26.7%, respectively, P = 0.002). In 
ESRD patients, microvolt TWA was significantly associated with 
uraemic cardiomyopathy, clinical history of atherosclerosis (cor-
onary, cerebral, peripheral) and diabetes mellitus, older age, and 
haemodialysis therapy.

Prevention of sudden cardiac death 
in chronic kidney disease
Statins
The use of statins in CKD is generally recommended, as it is shown 
to reduce the incidence of cardiac events (see Chapters 102, 99). 
However reductions in mortality have not been evident in several 
studies, even in ESRD, a group with particularly high mortality is 
likely to be explained by the significant structural changes to the 
myocardium, and propensity to arrhythmia at this stage of renal 
disease (Green et al., 2011).

Beta blockers
Beta blockers are the established standard pharmacotherapy in 
secondary prevention of ischaemic heart disease, and their ben-
efits are thought to be largely attributable to reducing SCD (de Bie 
et al., 2009). As a result of the exclusion from clinical trials, there is 
limited data on the use of antiarrhythmic drugs in advanced stages 
of CKD. Given the sympathetic overactivity typical of CKD and 
ESRD, a benefit of beta blockade would be plausible. Foley et al. 
(2002) demonstrated the significant survival advantage associ-
ated with beta-blocker therapy in dialysis patients, and other stud-
ies have confirmed this benefit in preventing SCD after aborted 
cardiac arrests. Cice et  al. (2003) randomized 114 patients with 
dilated cardiomyopathy receiving dialysis to carvedilol or placebo. 
At 2 years, 51.7% of patients in the carvedilol group died, com-
pared with 73.2% in the placebo group (P < 0.01). Furthermore, 
there were significantly fewer cardiovascular deaths (29.3%) and 
hospital admissions (34.5%) among patients receiving carvedilol 
than among those receiving a placebo (67.9% and 58.9%, respec-
tively; P < 0.00001). Pun et al. (2007) studied cardiac arrests in 729 
dialysis patients between 2002 and 2005 and found that use of beta 
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blockers was associated with a dose-dependent increase in survival. 
However, in a post hoc analysis of 4217 CKD patients by Wali et al. 
(2011), treatment with carvedilol decreased the risks of all-cause 
mortality (HR 0.76; 95% CI 0.63–0.93; P = 0.007), cardiovascular 
mortality (HR 0.76; 95% CI 0.62–0.94; P = 0.011), HF mortality 
(HR 0.68; 95% CI 0.52–0.88; P = 0.003), first hospitalization for 
HF (HR 0.74; 95% CI 0.61–0.88; P = 0.0009), and the composite 
of cardiovascular mortality or HF hospitalization (HR 0.75; 95% 

CI 0.65–0.87; P < 0.001) but there was no significant effect on SCD 
(HR 0.76; 95% CI 0.56–1.05; P = 0.098). The above data, though 
not high-level evidence, supports the use of beta blockers in CKD. 
These agents are, however, under-utilized in ESRD, with reports 
showing < 30% of haemodialysis patients receiving them (Abbott 
et al., 2004). There are many reasons for this and some of the ration-
ale for exclusion in these patients is justified (e.g. hypotensive and 
hyperkalaemic complications), more patients would be likely to 

Table 108.2 Summary of studies investigating the link between beta blockers, CKD and SCD

Study Outcome Population Comparison Hazard ratio (95% CI), P 
value

Statistically 
Significant

Cice et al., 2003 All-cause mortality 114 on dialysis Carvedilol vs placebo 0.51 (0.32–0.82), P < 0.01 Positive

Cice et al., 2003 All cardiovascular mortality 114 on dialysis Carvedilol vs placebo 0.32 (0.18–0.57), P < 0.0001 Positive

Cice et al., 2003 Sudden deaths 114 on dialysis Carvedilol vs placebo 0.76 (0.52–1.13), P = 0.12 Negative

Cice et al., 2003 Hospital admission for 
worsening heart failure

114 on dialysis Carvedilol vs placebo 0.19 (0.09–0.41), P < 0.00001 Positive

Pun et al., 2007 24-hour mortality following 
cardiac arrest

729 on dialysis Beta blocker vs no beta 
blocker

0.61 (0.44–0.86), P = 0.005 Positive

Pun et al., 2007 6-month mortality following 
cardiac arrest

729 on dialysis Beta blocker vs no beta 
blocker

0.32 (0.17–0.61), P = 0.0006 Positive

Wali et al., 2011 Cardiovascular mortality 2566 CKD patients (eGFR ≤60 mL/
min/1.73 m2)

Carvedilol vs placebo 0.77 (0.62–0.94) Positive

Wali et al., 2011 First hospitalization for HF 2566 CKD patients (eGFR ≤60 mL/
min/1.73 m2)

Carvedilol vs placebo 0.74 (0.62–0.88) Positive

Wali et al., 2011 Sudden cardiac death 2566 CKD patients

(eGFR ≤60 mL/min/1.73 m2)

Carvedilol vs placebo 0.76 (0.56–1.05) Negative

Wali et al., 2011 HF mortality 1450 CKD patients

(eGFR ≥45–60 mL/min/1.73 m2)

Carvedilol vs placebo 0.52 (0.35–0.77) Positive

Wali et al., 2011 Hospitalization for HF 1450 CKD patients

(eGFR ≥45–60 mL/min/1.73 m2)

Carvedilol vs placebo 0.62 (0.50–0.77) Positive

Wali et al., 2011 Sudden cardiac death 1450 CKD patients

(eGFR ≥45–60 mL/min/1.73 m2)

Carvedilol vs placebo 0.62 (0.41–0.94) Positive

Wali et al., 2011 HF mortality 1116 CKD patients

(eGFR ≤45

mL/min/1.73 m2)

Carvedilol vs placebo 0.86 (0.61–1.21) Negative

Wali et al., 2011 Hospitalization for HF 1116 CKD patients

(eGFR ≤45

mL/min/1.73 m2)

Carvedilol vs placebo 0.92 (0.75–1.13) Negative

Wali et al., 2011 Sudden cardiac death 1116 CKD patients

(eGFR ≤45

mL/min/1.73 m2)

Carvedilol vs placebo 1.04 (0.64–1.71) Negative

Tangri et al., 2011 Sudden cardiac death 1747 on haemodialysis Beta blocker vs no beta 
blocker

0.87 (0.62–1.22) Negative

Tangri et al., 2011 Sudden cardiac death 1747 on haemodialysis with IHD Beta blocker vs no beta 
blocker

0.65 (0.42–1.01), P = 0.03 Positive

Chonchol et al., 
2008

Acute MI/sudden cardiac 
death

245 Beta blocker 1.03 (0.74–1.42) Positive

323 No beta blocker 1.29 (1.01–1.66)

HF = heart failure; IHD = ischaemic heart disease; MI = myocardial infarction.
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benefit from their use (Furgeson and Chonchol, 2008). Table 108.2 
summarizes the main studies that have investigated the effective-
ness of beta blockers on SCD.

Implantable cardioverter defibrillators
In the general population, use of implantable cardioverter defi-
brillators (ICDs) has consistently been proven to be superior to 
medical therapy in the prevention of SCD (de Bie et al., 2009; 
Green et al., 2011; Kanbay et al., 2011). Unfortunately, patients 
with CKD have repeatedly been excluded from interventional 
trials of ICDs (Green et al., 2011; Kanbay et al., 2011; Shamseddin 
and Parfrey, 2011). This is in part due to the increased frequency 
of procedural complications in CKD patients, such as pneu-
mothoraces, thrombosis, haematomas, increased defibrillator 
threshold, and possibly infection (Herzog et al., 2005; Hreybe 
et al., 2006; Cuculich et al., 2007; Dasgupta et al., 2007; Green 
et al., 2011). Herzog et al. (2005) analysed 6173 dialysis patients 
post cardiac arrest using Medicare records. Estimated 1-, 2-, 
3-, 4-, and 5-year survivals after 30 days from admission in the 
ICD group were 71%, 53%, 36%, 25%, and 22%, respectively. 
In the non-ICD group, there were 49%, 33%, 23%, 16%, and 
12% (P < 0.0001). ICD implantation was independently asso-
ciated with a 42% reduction in the risk of death (relative risk 
0.58 (95% CI 0.50–0.66)). However, using a decision analysis 
model on whether ICD should be used in CKD to prevent SCD, 
Amin et al. (2008) found that the benefit of an ICD for primary 
prevention of SCD in patients with CKD depends primarily on 

the patient’s age and stage of kidney disease. With CKD stages 1 
and 2, ICD implantation reduces mortality. However, in patients 
with more advanced stages of CKD, the benefit is less significant 
and age dependent. This is largely attributed to patients with 
advanced CKD having a higher procedural risk and decreased 
life expectancy. With average procedural mortality, ICD implan-
tation is favoured at ages < 80 for stage 3, ages < 75 for stage 4, 
and ages < 65 for stage 5. As procedural mortality rates increase, 
age thresholds for ICD implantation decrease. This is supported 
by another study of 6378 patients at different stages of HF and 
CKD (Alsheikh-Ali et al., 2011), in which 421 arrhythmic and 
1188 non-arrhythmic deaths occurred over a median follow-up 
of 34  months. More severe HF or CKD were associated with 
increased risk of both arrhythmic and non-arrhythmic death. 
The increase in the risk of non-arrhythmic death in those with 
most advanced HF was disproportionately higher than that of 
arrhythmic death, and this disproportionate effect was more 
exaggerated in the presence of more advanced CKD. In a simi-
lar study, Cheema et al. (2010) showed that mortality rate was 
higher in those with eGFR < 60 mL/min and those with ESRD 
on haemodialysis (43% and 54%, respectively) than in patients 
with eGFR ≥ 60 mL/min (23%, P < 0.0005). Although there was 
a trend towards improved survival in haemodialysis outpatient 
clinics with on-site automatic external defibrillators compared 
to those without, this benefit may have been attributed to a 
higher number of patients on appropriate pharmacotherapy, and 
after adjusting for these differences survival rates were similar 

Table 108.3 Summary of studies investigating the link between implantable cardioverter defibrillators (ICDs), CKD, and SCD

Study Outcome Population Comparison Hazard ratio (95% 
CI), P value

Statistically 
Significant

Herzog et al., 2005b All-cause mortality 6173 on dialysis ICD vs no ICD 0.58 (0.50–0.66), P < 
0.0001

Positive

Herzog et al., 2005b 1-year survival 6173 on dialysis ICD vs no ICD 71% vs 49% P < 0.0001 Positive

2-year survival 53% vs 33%

3-year survival 36% vs 23%

4-year survival 25% vs 16%

5-year survival 22% vs 12%

Charytan et al., 2011 Overall mortality 11,160 on dialysis ICD vs no ICD 0.86 (0.81–0.91) Positive

Hiremath et al., 2010 All-cause mortality ESRD ICD vs no ICD 0.40 (0.19–0.82), 
P = 0.013

Positive

Eckart et al., 2006 Overall mortality 741 patients with and 
without CKD

ICD with CKD vs ICD without CKD 1.69 (1.32–2.17), P < 
0.001

Positive

Levy et al., 2008 Overall mortality 346 CKD patients 
treated with ICD

eGFR < 45 mL/min/1.73 m2 vs eGFR > 
75 mL/min/1.73 m2

8.82 (3.07–25.4), P < 
0.00001

Positive

Levy et al., 2008 Overall mortality 346 CKD patients 
treated with ICD

eGFR 45.0–59.9 mL/min/1.73 m2 vs 
eGFR > 75 mL/min/1.73 m2

1.70 (0.52–5.52), 
P = 0.38

Negative

Levy et al., 2008 Overall mortality 346 CKD patients 
treated with ICD

eGFR 60.0–74.9 mL/min/1.73 m2 vs 
eGFR > 75 mL/min/1.73 m2

1.76 (0.55–5.66), 
P = 0.34

Negative

Sakhuja et al., 2009 Overall mortality Meta-analysis of 7 
studies with 2516 CKD 
patients receiving ICD

CKD on dialysis vs CKD not on dialysis 2.44 (1.42–4.20), 
P = 0.001

Positive
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(Herzog et  al., 2005; Lehrich et  al., 2007). One meta-analysis 
has also questioned the efficacy of ICD implantation in ESRD 
(Sakhuja et al., 2009).

These data support the conclusion that younger patients and 
those with less advanced CKD will benefit from ICD therapy, 
whilst the elderly and those with ESRD may not. There are, how-
ever important caveats and caution should be exercised in accept-
ing these conclusions. LV systolic function is the greatest predictor 
of SCD in the general population, and hence central to risk stratify-
ing patients for ICDs (Moss et al., 2002). However, in patients with 
ESRD, only 15% have significant LV systolic dysfunction (Parfrey 
and Foley, 1999; Mangrum et al., 2006b) and studies have shown 
that > 70% of ESRD patients dying of SCD did not have severe sys-
tolic dysfunction (Mangrum et al., 2006a). One prospective study 
of mortality in dialysis patients did not find severe LV systolic dys-
function to be an independent predictor of SCD (Genovesi et al., 
2009). Dialysis patients have also been shown to receive a greater 
number of appropriate shocks from ICDs (Robin et  al., 2006). 
Furthermore, the lifetime risk of SCD for dialysis patients with 
normal LV function is 25% (Mangrum et al., 2006a), which in itself 
is clear evidence that current risk stratifying tools used for the gen-
eral population are not appropriate for these patients. Despite this, 
the main determinant of ICD implantation in ESRD patients is LV 
systolic function. Taken together with the mechanistic data sup-
porting distinct pathological mechanisms in these patients, the effi-
cacy of ICD implantation in ESRD patients cannot be fairly judged 
(Saravanan and Davidson, 2010). It is possible to show only 8% 
of dialysis patients who have survived cardiac arrest receive ICD 
implants, this represents suboptimal secondary prevention (Herzog 
et al., 2005). The Implantable Cardioverter Defibrillator in Dialysis 
patients (ICD2) trial (a first) (de Bie et al., 2008), is a prospective 
randomized controlled study to evaluate the efficacy and safety of 
prophylactic ICD therapy in reducing SCD rates in dialysis patients 
aged 55–80 years with a mean follow-up time of 4 years, and is 
much needed. This will include a total of 200 patients, using a pri-
mary endpoint of sudden cardiac (arrhythmic) death. Table 108.3 
summarizes the main studies that have investigated the effective-
ness of ICD on SCD.
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CHAPTER 109

Epidemiology of calcium, 
phosphate, and parathyroid 
hormone disturbances 
in chronic kidney disease
Patrick Biggar, Hansjörg Rothe, and Markus Ketteler

Introduction
The kidneys play a dominant role in the regulation of serum calcium 
and phosphate balance. Calcium and phosphate concentrations 
are governed by several powerful hormonal systems, for example, 
vitamin D, parathyroid hormone (PTH), and fibroblast growth 
factor 23 (FGF23). Serum calcium concentrations are maintained 
within a narrow range. When outside these limits, acute deleteri-
ous cardiovascular events can ensue, that is, cardiac arrhythmias. 
Longer-term hypo- or hypercalcaemia have more protracted effects 
on the skeleton and vasculature. Although serum phosphate lev-
els are apparently not as closely regulated as calcium and may fol-
low a circadian rhythm, preventing phosphate overload by renal 
excretion is important to the organism. Large observational studies 
suggest a close link between disorders of secondary hyperparathy-
roidism, calcium and phosphate balance, and adverse outcomes in 
chronic kidney disease (CKD), but definitive prospective and inter-
ventional data are scarce. The following chapter attempts to outline 
current knowledge of CKD-related disturbances in calcium and 
phosphate handling.

Background
General CKD epidemiology
The prevalence of CKD is estimated to be about 7% in the younger 
population (≥ 30  years), with a steadily increasing prevalence 
(23–36%) in older populations (≥ 64 years) (Zhang et al., 2008). 
In the last 10 years, it has been recognized that CKD is a power-
ful cardiovascular and all-cause mortality risk predictor. In most 
studies, it is stronger than key traditional risk factors including 
hyperlipoproteinaemia, diabetes, or smoking (Levey et al., 2011). 
A major consequence of the progressive loss of renal function is 
the development of disturbances in calcium and phosphate homeo-
stasis including secondary hyperparathyroidism. Major cardiovas-
cular events in CKD patients are strongly associated with severe 
and progressive cardiovascular calcification, linked to disturbances 
in calcium and phosphate homeostasis. This changed the percep-
tion of ‘renal osteodystrophy’, or the formerly bone-centric view of 

this problem (Moe et al., 2006). The term CKD-mineral and bone 
disorders (CKD-MBD) was coined to reflect that MBD is more a 
‘syndrome’ of both the bone and cardiovascular system.

Hyperphosphataemia as a cardiovascular risk factor
In 1998, Block et al. described an association between serum phos-
phate and mortality in dialysis patients (Block et al., 1998). Since 
then, the interpretation of elevated phosphate levels in CKD has 
changed from the perception of supposedly inert hyperphospha-
taemia towards the recognition that increased phosphate levels in 
CKD may have detrimental clinical consequences inducing calci-
fication of the vasculature and of soft tissues. This conceptual shift 
was supported by in vitro data demonstrating that in the presence 
of high extracellular phosphate concentrations, vascular smooth 
muscle cells (VSMCs) may undergo a procalcifying phenotype 
switch towards an osteoblast-like cell, induced by an active uptake 
of phosphate into the cytoplasm (Giachelli, 2009). This process was 
termed ‘osteochondrogenic differentiation’ entailing local produc-
tion of bone proteins (alkaline phosphatase, osteopontin, osteocal-
cin) and precalcified matrix vesicles, which are shuttled out of the 
cells and deposited into the vascular wall. Clinical evidence is still 
weak that active intervention and reduction of phosphate levels, 
for example, via phosphate binders or targeted dietary phosphate 
restriction, translates into improvements of prognosis. However, it 
is an accepted fact that this process occurs in arteries of patients in 
late stages of CKD, including children on dialysis (Moe et al., 2002; 
Shroff et al., 2010).

Current knowledge
Epidemiology of deranged phosphate homeostasis 
in dialysis patients
In 2004, an additional retrospective databank analysis of 40,538 
haemodialysis patients in the Fresenius Medical Care (FMC) North 
America Patient Statistical Profile System showed serum phospho-
rus concentrations > 5.0 mg/dL are associated with an increased 
relative risk of death (1.07, 1.25, 1.43, 1.67, and 2.02 for serum 
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phosphorus 5.0–6.0, 6.0–7.0, 7.0–8.0, 8.0–9.0 and ≥ 9.0 mg/dL, 
respectively) after adjustment for case mix and laboratory variables 
(Block et al., 2004) (Fig. 109.1).

In the United States Renal Data System (USRDS) Dialysis 
Morbidity and Mortality Study, approximately 54% of haemodialy-
sis patients in 1993 were hyperphosphataemic (Slinin et al., 2005). 
Ten years later, the Dialysis Outcomes and Practice Patterns Study 
(DOPPS) estimated that 47% of patients were hyperphosphataemic 
(>5.5 mg/dL) in spite of frequent usage of phosphate binders in 
approximately 80% of patients in this analysis (Tentori et al., 2008). 
Many additional observational studies have found very similar pro-
portions and associated risk predictions for hyperphosphataemia 
in dialysis patients, especially when time-averaged serum concen-
trations, and not just cross-sectional data, were taken into account 
(Kalantar-Zadeh et al., 2006).

Phosphate in pre-dialysis stages
The clinical sequelae of moderately increased phosphate levels in 
earlier CKD stages have also been studied. In a study of 439 patients 
with moderate CKD, higher serum phosphate levels still within 
the conventional normal range were associated with the degree of 
vascular calcification (Adeney et al., 2009). Even after adjustment 
for demographics and estimated glomerular filtration rate (eGFR), 
each 1 mg/dL increment in serum phosphate concentration was 
associated with a 21% (P = 0.002), 33% (P = 0.001), 25% (P = 0.16), 
and 62% (P = 0.007) greater prevalence of coronary artery, thoracic, 
aortic valve, and mitral valve calcification, respectively. Additional 
adjustment for traditional risk factors for atherosclerosis, includ-
ing parathyroid hormone and 1,25-dihydroxyvitamin D levels did 
not alter these associations. There were similar findings in the pro-
spective analysis of 1203 non-dialysis CKD patients in the Chronic 
Renal Insufficiency Standards Implementation Study (Eddington 
et al., 2010).

Surprisingly, analyses of the general population including indi-
viduals with normal and only moderate kidney disease also associ-
ate comparatively higher phosphate levels, even within the standard 
normal range, with an impaired prognosis. A cross-sectional study 
of 1370 individuals, including 440 with a GFR ≤ 60 mL/min/1.73 m2,  
demonstrated an association between serum phosphate and pro-
gressive arterial stiffness in the peripheral arteries of the lower 
extremities typical for development of medial arterial calcification 
as measured by ankle–brachial index (Ix et al., 2009). Additional 
knowledge has also accrued from major, primarily non CKD stud-
ies. In a cholesterol-lowering trial on 4127 participants without 
known kidney disease, each 1 mg/dL increase in serum phosphate 
concentration was associated with a 22% greater adjusted risk for 
all-cause mortality and a 20% greater risk for recurrent myocar-
dial infarction (Tonelli et al., 2005). These results are remarkable 
given that average serum phosphate concentrations are usually kept 
stable over a wide range of renal dysfunction. In a study of 3490 
US Veterans between 1999 and 2002, Kestenbaum et al. confirmed 
that normal phosphate levels are maintained until renal function is 
grossly impaired (Kestenbaum et al., 2005) (Fig. 109.2), probably 
as a result of regulatory systems counteracting the loss of kidney 
clearance capacity.

Again, mortality rose within the conventional normal phosphate 
range, and the association also remained after adjusting for creati-
nine clearance (Table 109.1).

Serum phosphate levels in different populations
Low socioeconomic status may be involved in the relative increase 
in serum phosphate. Poverty, which disproportionately affects 
racial and ethnic minorities, leads to excess intake of relatively 
inexpensive processed and fast foods enriched with highly absorb-
able phosphate additives. Natural phosphate is mostly contained 
in food as organic esters, phosphoproteins, and phospholipids, 
and bound phosphate is only absorbed at a maximum proportion 
of between 40% and 60% (Ritz et al., 2012). In contrast, enhanced 
food items may contain phosphate salts of which 80–100% may be 
readily absorbed.
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Race may be another determinant of serum phosphate levels, 
because despite a similar prevalence of early-stage CKD, black 
patients are more likely to develop more severe hyperphosphatae-
mia. Gutiérrez et al. showed in a cross-sectional analysis of race, 
socioeconomic status, and serum phosphate among 2879 partici-
pants in the Chronic Renal Insufficiency Cohort (CRIC) study that 
after adjustment for age, gender, eGFR, diabetes, haemoglobin 
A1c, PTH, activated vitamin D, phosphate binder use, and dietary 
phosphate intake, serum phosphate remained 0.10 mg/dL higher 
in black than in white patients (p < 0.001) (Gutiérrez et al., 2010). 
Division of incomes into tertiles (≤ $20,000, $20,000–50,000,  
≥ $50,000 per annum) was the basis for further analysis showing 
that participants with the lowest incomes or who were unemployed 
had higher serum phosphate concentrations than participants with 
the highest incomes or who were employed (P < 0.001). Compared 
with white people with the highest incomes, both black and white 
people with the lowest incomes had more than twice the likeli-
hood of hyperphosphataemia in multivariable-adjusted analysis. 
Interestingly, black people had 0.11–0.13 mg/dL higher serum 
phosphate levels than white people in the highest income groups, 
whereas there was no difference by race in the lowest income group 
(Fig. 109.3).

Analyses of serum phosphate concentrations in 14,261 adults par-
ticipating in the Third National Health and Nutrition Examination 
Survey (NHANES III) demonstrated that in this cohort the absolute 
amount of phosphate intake was actually significantly decreased 
with lower income. However, it confirmed that poverty and adverse 
health outcomes were associated with increased serum phosphate 
and twice the odds of hyperphosphataemia (≥ 4.4 mg/dL) in 
unadjusted and multivariable-adjusted logistic regression models 
(odds ratio 2.2, 95% confidence interval (CI) 1.5–3.2) (Gutiérrez 
et al., 2011).

Phosphate binder use and outcomes
Several observational studies have investigated the association of 
phosphate binder treatment and mortality in CKD populations. The 
ArMoRR Study was a prospective cohort study of 10,044 incident 

haemodialysis patients and calculated 1-year mortality stratified for 
treatment with or without phosphate binders (Isakova et al., 2009). 
The results showed that phosphorus binder therapy initiated within 
the first 90 days after start of dialysis was independently associated 
with decreased mortality compared with no therapy. Patients with 
phosphate binder treatment initiated before dialysis was started 
were excluded from the primary analysis. However, an exploratory 
and not prespecified analysis of this subgroup revealed an even bet-
ter outcome than those patients who received treatment within the 
first 3 months of dialysis initiation. Kovesdy et al. observed a cohort 
of 1188 men with moderate to advanced CKD in a single-centre set-
ting, out of which 344 patients were treated with phosphate bind-
ers during a follow-up of 3 years (Kovesdy et al., 2010). Phosphate 
binder therapy was associated with significantly lower mortality 
(adjusted hazard ratio, 0.61; 95% CI, 0.45–0.81; P < 0.001).

In 2013, the results of a large prospective European observa-
tional study on CKD-MBD parameters and treatment (COSMOS) 
were published demonstrating a 22% reduction in all-cause and a 
29% reduction in cardiovascular mortality in patients treated with 
phosphate binders. The open-cohort study comprised 6797 patients 
followed prospectively for 3 years in 227 dialysis centres from 20 
European countries. Remarkably, a reduction in mortality was also 
demonstrated in patients administered calcium-based phosphate 
binders, whilst more marked reductions were noted in patients on 
phosphate-binder combinations (Cannata-Andía et al., 2013).

Although the epidemiological evidence for an association 
between serum phosphate levels and morbidity is overwhelming, 
a recent study by Block et al. underlines the need for additional 
prospective studies to evaluate whether these parameters are mod-
ifiable risk factors (Block et al., 2012). In this prospective, rand-
omized, placebo-controlled pilot study of 148 patients in CKD 3B 
and 4 assigned to either one of three phosphate binders (sevelamer, 
lanthanum carbonate, or calcium acetate) with a follow-up of 
9 months, patients on placebo unexpectedly showed significantly 
lower increases in calcification of the coronary arteries (18.1% vs 
80.6%; P = 0.05) and abdominal aorta (3.4% vs 15.4%; P = 0.03). 
Phosphate and FGF23 were only moderately improved on active 
phosphate binder medication. Subanalysis of the three different 

Table 109.1 Mortality rates and Cox regression results by phosphate 
category

Serum phosphate level No. of 
patients

Crude mortality 
rate per 1000 
person–years (no. 
of deaths)

Adjusted hazard 
ratio (95% CI)a

mg/dL mmol/L

< 2.5 < 0.81 201 101.7 (54) 0.95 (0.69–1.32)

2.5–2.999 0.81–0.9699 684 102.6 (180) Reference

3.0–3.499 0.97–1.1299 1098 125.1 (327) 1.15 (0.95–1.39)

3.5–3.999 1.13–1.2899 887 162.7 (309) 1.32 (1.09–1.61)

4.0–4.499 1.29–1.4499 388 192.8 (144) 1.34 (1.05–1.71)

4.5–1.999 1.45–1.6199 141 256.9 (62) 1.83 (1.33–2.51)

≥ 5.0 ≥ 1.62 91 304.7 (38) 1.90 (1.30–2.79)

a Multiple adjustments, for example, age, race, gender, prevalent diabetes, ischaemic heart 
disease, serum calcium, etc.

From Kestenbaum et al. (2005).
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phosphate binder groups revealed that the majority of the adverse 
effect was associated with calcium acetate, but the subgroups were 
too small to allow conclusive interpretations or test mortality 
associations.

Epidemiology of calcium disturbances
Until the turn of the millennium, serum calcium levels were adjusted 
to the upper conventional normal range to suppress and control 
secondary hyperparathyroidism utilizing calcium-containing 
phosphate binders and the dialysate calcium bath to achieve this. 
With the introduction of calcium-free phosphate binders, a debate 
ensued as to whether calcium was actually the cause of the devel-
opment and progression of vascular calcification or just an inno-
cent bystander. Serum calcium is tightly regulated and, thus, is 
not reliable as a sole and integrative marker of the whole calcium 
load. The Kidney Disease Outcomes Quality Initiative (KDOQI) 
guidelines, published in 2003, suggested maintaining serum cal-
cium levels in the lower normal range, while in 2009 the Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD guide-
lines returned to recommending levels along the normal range for 
any CKD stage, due to the weakness of evidence for any recommen-
dation of active treatment beyond these ranges (National Kidney 
Foundation, 2006; Kidney Disease:  Improving Global Outcomes 
(KDIGO) CKD-MBD Work Group, 2009).

In 2007, Levin et al. provided data from a cross-sectional obser-
vation (SEEK) of 1814 CKD patients not on dialysis, showing that 
although PTH increased at early stages of CKD, hypocalcaemia, as 
defined as serum calcium < 8.4 mg/dL, only developed when renal 
disease was significantly advanced, that is, at GFR levels of < 20–30 
mL/min (Levin et al., 2007). Serum phosphate too increased only 
when renal function was significantly impaired (Fig. 109.4).

Analysis of The North American Fresenius Medical Care (FMC) 
dialysis patient database by Block et al. in 2004 showed a modest 
mortality risk prediction for rising serum calcium levels (Block 
et  al., 2004). Curiously, the lower the calcium levels, the bet-
ter the life expectancy of this cohort. Floege et al. reported their 
observational findings in 7970 patients treated in European FMC 
facilities over a median of 21 months. In addition to confirming 
increased mortality in CKD 5D, subjects with high and low phos-
phate levels showed increased all-cause mortality at serum calcium 

concentrations at both < 2.1 mmol/L and > 2.3 mmol/L (Floege 
et al., 2011) (Fig. 109.5).

Calcium balance in chronic kidney disease
The kinetics and dynamics of calcium absorption, distribution, and 
excretion are complex. Serum calcium is an inadequate parameter 
of calcium load assessment (Byrne et al., 2009) but with sufficient 
vitamin D ingestion of approximately 1000 mg of calcium daily 
may compensate for calcium losses (Bushinsky, 2010). In a study 
comparing normal individuals to patients with CKD stages 3 and 
4 on daily diets containing 800 or 2000 mg elemental calcium for 
9 days, both normal individuals and CKD patients were in slightly 
negative to neutral calcium balance on the 800 mg calcium diet 
(Spiegel and Brady, 2012). On the 2000 mg diet, normal individuals 
were in modest positive calcium balance, while patients with CKD 
were in marked positive calcium balance. Although increased cal-
cium intake significantly decreased 1,25-dihydroxy vitamin D and 
intact PTH levels, serum calcium concentrations remained unal-
tered. Furthermore, Dhingra et al. were not able to detect an effect 
of serum calcium concentrations on cardiovascular disease (CVD) 
risk in their evaluation of 3368 Framingham Offspring study par-
ticipants (mean age, 44 years; 51% women) initially free of CVD 
and CKD. They did confirm the association between serum phos-
phate and CVD risk (Dhingra et al., 2007).

Recently, Hill et  al. analysed calcium balance prospectively in 
patients in CKD stages 3B–4 (Hill et al., 2013). These patients were 
housed on a metabolic ward for 2 weeks and were given diets con-
taining approximately 1 g of calcium and 1.4 g of phosphate per 
day. After 1 week, 500 mg calcium carbonate was co-administered 
to the same diets with each meal. Complete urine and stool sam-
pling was performed for the whole period. The key results were 
that these patients were in a neutral calcium and phosphate bal-
ance at baseline with these diets. However, when calcium carbon-
ate was added, a strongly positive calcium balance was observed, 
while total phosphate balance remained unaltered (despite calcium 
carbonate binding phosphate). These results support the calcifica-
tion results in CKD stage 3B–4 patients associated with the use of 
calcium acetate described by Block et al. (2012).

Numerous observational studies have indeed shown independ-
ent associations between calcium load and vascular calcification 

100

80

60

Pa
tie

nt
s (

%
)

40

20

0

80
(n = 61)

79–70
(n = 117)

69–60
(n = 230)

59–50
(n = 396)

Calcium <8.4 mg/dL

Prevalence of abnormal serum calcium,
phosphorus, and intact PTH by GFR

Phosphorus <4.6 mg/dL

Intact PTH >65 pg/mL

49–40
(n = 355)

39–30
(n = 358)

29–20
(n = 204)

<20
(n = 93)

GFR level mL/min

Fig. 109.4 Prevalence of abnormal serum calcium, phosphorus and intact PTH 
by glomerular filtration rate at 10 mL/min intervals (Levin et al., 2007).

1 1.25 1.5

3

2.5

2

1.8

1.5H
R 

(lo
g 

sc
al

e)

1

1.75 2 2.25

Calcium (mmol/L)

2.5 2.75 3 3.25 3.5 3.75 4

Baseline calcium
Time-updated calcium

Fig. 109.5 Association between serum calcium and mortality HR in CKD-5D. 
(Floege et al., 2011).

 

 



CHAPTER 109 epidemiology of ca, po4 and pth in ckd 873

and morbidity (Goodman et  al., 2000; Oh et  al., 2002). These 
association data are now supported by in vitro and in vivo stud-
ies demonstrating that calcium potently and actively induces the 
process of ‘osteochondrogenic differentiation’ (Shroff et al., 2010). 
Managing calcium load is desirable not only in CKD because cal-
cium supplementation may be associated with health risks. In 
the general population, negative effects of augmenting standard 
nutritional diets with calcium supplements have been identified 
as associated with increased morbidity and mortality without any 
significant benefit of reduction in osteoporotic fractures (Bolland 
et al., 2010). As a consequence, many osteoporosis societies pres-
ently discourage increasing total daily intake of calcium > 1000 
mg/day in the general population which—in contrast to the CKD 
population—should be able to adapt by increasing calcium excre-
tion (Dachverband Osteologie, 2009).

Combined effects of elevated  
serum calcium and phosphate
Menon et  al. failed to demonstrate an independent association 
between serum phosphorus level and calcium-phosphorus product 
with all-cause or CVD mortality after adjustment for GFR in their 
retrospective analysis of data collected in 840 participants for the 
Modification of Diet in Renal Disease (MDRD) Study. The mean 
serum phosphorus level was 3.8 mg/dL, the calcium-phosphorus 
product was 34.7 mg2/dL2, the glomerular filtration rate (GFR) was 
33 mL/min/1.73 m2, and all-cause and CVD mortality rates were 
25% and 15%, respectively (Menon et al., 2005). Nonetheless, there 
is rising clinical suspicion that combined derangements of both cal-
cium and phosphate lead to even more extensive vascular and soft 
tissue calcification (Shroff et al., 2010).

In the Kidney Early Evaluation Program (KEEP) study, as eGFR 
decreased from 60 mL/min/1.73 m2 to < 30 mL/min/1.73 m2, calcium 
levels decreased from approximately 9.55 to 9.34 mg/dL (P < 0.001), 
phosphate levels increased from 3.70 to 4.15 mg/dL (P <0.001), and 
PTH levels increased from 66.3 to 164 pg/mL (P <0.001) (Levin et al., 
2007). NHANES 1999–2004 showed comparable trends supporting 
the importance of including PTH with calcium and phosphate mon-
itoring for individuals with estimated GFR < 60 mL/min/1.73 m2  
(Vassalotti et al., 2008).

Larsson et  al. recently evaluated a community-based cohort 
of 2176 men with a mean age of 50.1 years (Larsson et al., 2010). 
During follow-up over approximately 29.8 years, 1009 men died 
and 466 of these deaths were a result of CVD. Both serum phosphate 
and calcium × phosphate product were independent predictors of 
total mortality (hazard ratio per standard deviation, 1.06, P = 0.03 
and 1.07, P = 0.01, respectively) and cardiovascular mortality (haz-
ard ratio with both parameters 1.10; P = 0.01; P = 0.008). Serum 
calcium was associated with risk of total mortality (1.08; P = 0.02) 
and non-cardiovascular mortality (1.10; P = 0.04). The results were 
unaffected by multivariate adjustments in subsamples of individu-
als with an estimated GFR > 90 mL/min and low-to-normal serum 
calcium and phosphate. Larsson et al. concluded that circulating 
calcium and phosphate levels are associated with risks of total, car-
diovascular, and non-cardiovascular mortality in the community 
and that their conjoint effects are additive (Fig. 109.6).

A meta-analysis of prospective randomized trials by Jamal 
et al. supports the relevance of a combined approach to a reduc-
tion of phosphate and calcium loading in end-stage renal failure 

by demonstrating a 22% decrease in mortality in patients receiv-
ing calcium-free phosphate binders as compared to calcium-based 
binders (Jamal et al., 2013).

Epidemiology of secondary 
hyperparathyroidism
Secondary hyperparathyroidism (sHPT) develops early in 
CKD-MBD. A recent analysis of serum PTH levels over different 
stages of CKD in a large non-dialysis cohort revealed that > 20% 
of patients at a GFR of < 60 mL/min and > 70% of patients at a 
GFR of < 30 mL/min had developed sHPT, based on intact parathy-
roid hormone (iPTH) levels above the normal range (Isakova et al., 
2011). In this context, a sufficient vitamin D concentration seems 
to be of greater importance to prevent sHPT in early CKD than 
previously anticipated (Ravani et al., 2009). Based on recent data, 
it appears worthwhile to correct inadequate 25-hydroxy vitamin 
D at any CKD stage to prevent premature or overwhelming sHPT 
development, besides any potential pleiotropic effects of additional 
vitamin D.

Since late-stage CKD and especially dialysis patients are consid-
ered to be in a PTH-resistant state, some degree of sHPT seems 
to be required. The KDOQI 2003 guidelines therefore set a target 
range of iPTH levels of 150–300 pg/mL as favourable. In 2009, the 
KDIGO guidelines extended the range to between two- and nine-
fold elevations above the upper normal range of the employed assay 
(National Kidney Foundation, 2006; Kidney Disease:  Improving 
Global Outcomes (KDIGO) CKD-MBD Work Group, 2009). The 
reasons for this revision were study results on bone turnover and 
mortality associated with serum PTH concentrations. While iPTH 
levels of below approximately 100 pg/mL were strongly associ-
ated with biopsy-proven adynamic bone disease and levels above 
approximately 600 pg/mL with high-turnover bone disease, inter-
mediate iPTH levels were not reliably predictive of the type of 
renal osteodystrophy (London et al., 2008). Furthermore, mortal-
ity risk predictions were only recognizable when PTH levels were 
very low (< ~ 100 pg/mL) or high (> 600–800 pg/mL) (Block et al., 
1998, 2004; Slinin et al., 2005). Compared to the predictive power 
of hyperphosphataemia, the effect of high iPTH is more modest. 
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Fig. 109.6 Relation of serum [Ca × Pi] to total mortality. Regression line and 
95% confidence limits from a multivariable regression spline model in subsample 
with serum Ca and Pi in the normal range, adjusting for albumin, eGFR, diabetes, 
use of antihypertensive medication, systolic and diastolic blood pressures, total 
cholesterol, triglycerides, body mass index, and smoking. Knot placements at 
serum [Ca × Pi] are 1.83, 2.06, and 2.35 mmol2/L2 (Larsson et al., 2010).
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The more recent Analysing Data, Recognising Excellence and 
Optimising Outcomes (ARO) trial has confirmed the latter associa-
tions, while strengthening the previous KDOQI target range show-
ing the most favourable outcome associations (Floege et al., 2011).

Future perspectives
Guidance by phosphatonins
Estimations of phosphate load by measuring phosphatonins and, 
especially, FGF23 levels may, in the future, deliver more information 
and explain supposed discrepancies in the present epidemiologi-
cal observations. In the course of the development of CKD-MBD 
development, rising FGF23 may indeed be the very first measur-
able event, long before visible hyperphosphataemia ensues. Early 
FGF23 upregulation may be an adaptive physiological mechanism 
protecting the body from developing hyperphosphataemia for as 
long as possible, and it will probably be crucial in this context to 
identify the trigger of this FGF23 release and the threshold when 
rising FGF23 levels may become maladaptive.

In 2011, Gutiérrez et  al. published their results associating 
dietary and non-dietary parameters with plasma FGF23 in 1261 
participants of the cross-sectional Health Professionals Follow-up 
Study (mean age 64 ± 9 years, mean creatinine 0.9 ± 0.2 mg/dL,  
mean FGF23 64  ± 28 RU/mL) (Gutiérrez et  al., 2011). In 
multivariable-adjusted analyses, each 5-year increase in age was 
associated with 2.1 RU/mL higher FGF23, each 500 mg increase 
in phosphate intake was associated with 3.4 RU/mL higher FGF23, 
and each 0.1 mg/dL increase in creatinine was associated with 3.4 
RU/mL higher FGF23. Participants in the highest category of body 
mass index had 9.5 RU/mL higher FGF23 than those in the lowest, 
smokers had 17.1 RU/mL higher FGF23 than non-smokers, and 
participants with hypertension had 6.0 RU/mL higher FGF23 than 
those without hypertension. Elevated PTH, phosphate, uric acid, 
and triglyceride levels were all associated independently with higher 
FGF23 in models adjusted for age, creatinine, and other factors. In 
a subset of 748 participants with appropriate data, inflammatory 
biomarkers comprising haemoglobin A1c, adiponectin, interleukin 
6 (IL-6), vascular cell adhesion molecule 1, intercellular adhesion 
molecule 1, and soluble tumour necrosis factor (TNF) receptors 1 
and 2 (markers of TNF-α-activity) were associated independently 
with higher FGF23.

There may be candidates other than FGF23, such as soluble 
Klotho and intestinal phosphatonins, which may develop into use-
ful co-biomarkers. At present, routine measurements of such fac-
tors including FGF23 in clinical practice cannot be recommended. 
There is no clearly defined clinical consequence of such results. 
Additionally, assays are not readily available and are expensive.

Phosphate additive restriction
Attention to the role of phosphate additives in the food supply is 
increasing, especially in CKD patients. Industrially processed food 
contains much higher phosphate concentrations than natural food, 
because of enhancement with phosphate salts. The major difference 
between natural and added phosphates is the intestinal absorption 
rate. Specifically targeting and restricting food items containing 
high amounts of readily absorbable phosphate additives may allow 
diets that do not inherit the risk of protein malnutrition while sig-
nificantly reducing phosphate exposure (Ritz et al., 2012). A pro-
spective cohort study of dialysis patients was able to provide proof 

of principle, by achieving a net reduction of 0.6 mg/dL of serum 
phosphate levels via educational efforts (avoidance of phosphate 
additive-rich fast foods and supermarket food items) (Sullivan 
et al., 2009). The key requirement for transferring this approach 
into a successful general clinical strategy would be transparent and 
quantitative labelling of all enhanced food items.

Genetic epidemiology
Pharmacogenetic stratifications may in the future play a role in tar-
geting therapies. Genes related to calcium and phosphate metabo-
lism are amongst the most important loci for CKD: STC1 is one 
of five genes identified in the first genome-wide association study 
showing an association with CKD (Sullivan et al., 2009). STC1 is 
a human homologue of the calcium maintenance factor stannio-
calcin, which plays a major role in calcium-phosphate homoeosta-
sis in fish. A second study revealed 23 further genes and identified 
the solute carrier SLC34A1, which encodes the NaPi-2a cotrans-
porter (Yoshiko et al., 2002). This transporter is expressed in apical 
sites of the epithelial cells in the small intestine and in the kidney, 
where it is located in the brush border of renal proximal tubular 
cells, and mediates reuptake of inorganic phosphate. Mutations in 
this gene are implicated in hypophosphataemic nephrolithiasis and 
osteoporosis.

Genetic variation plays a role not only in CKD, but also in nor-
mal calcium physiology as serum calcium levels are to a certain 
degree genetically determined irrespective of comorbidities. In a 
meta-analysis of four genome-wide association studies (GWAS), 
1.26% of variance in serum calcium concentration of European 
individuals was explained by rs1801725, a missense variant near 
the calcium-sensing receptor gene locus (Kapur et  al., 2010). 
Polymorphisms of the interleukin 21 receptor and the PTH gene 
were identified in a genome-wide association study of femoral neck 
bone mineral density (Guo et al., 2010), which is the most impor-
tant risk phenotype for osteoporosis and significantly correlates 
with hip fracture rate and mortality. The Notch signalling pathway 
and especially the JAG1 gene, which showed an association with 
bone mineral density and osteoporotic fractures in another GWAS 
with Asian and European populations (Kung et al., 2010), may also 
be linked to CKD-MBD, since renal involvement occurs in 40% of 
JAG1-mutation-positive individuals (Kamath et al., 2013).

It has long been held that genetic patterns could play a role in 
CKD-MBD, since the progression rate of metabolic bone disease in 
CKD is race dependent. When comparing interethnic differences 
in the progression of sHPT in patients with chronic kidney disease 
living in the San Francisco bay area, de Boer et al. found a clear 
difference in Asian patients with identical degrees of worsening 
renal function leading to slower progression of sHPT as compared 
with non-Asians (De Boer et  al., 2002). Almost 95% of Chinese 
and Japanese individuals carry the rs1042636 polymorphism of the 
calcium-sensing receptor gene which leads to receptor molecules 
being more sensitive to calcium ions and calcimimetics, while 
most black people and white people carry the less sensitive allele 
(Yokoyama et al., 2002; Rothe et al., 2005; Vezzoli et al., 2007).

The CKD-MBD pattern with bone and cardiovascular patho-
physiology mutually influencing each other is reflected by sev-
eral studies suggesting an impact of genetic variation in calcium-, 
phosphate-, and PTH-related gene loci on cardiovascular mortal-
ity: the Ala986Ser polymorphism of the calcium-sensing receptor 
gene was found to be associated with the incidence of coronary 
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artery disease (defined by coronary angiography) in a cohort of 
3259 German patients (März et al., 2007). Polymorphisms of the 
vitamin-D receptor gene were found to influence the mortality risk 
in Spanish haemodialysis patients (Marco et al., 2001).

It is worth remembering that all these genetic associations may 
serve as risk markers (rather than risk factors) in defined popu-
lations, but may not necessarily be reproducible in others due to 
varying linkage within different haplotype blocks. The question 
whether a given association is indeed causal and the underly-
ing agent a true risk factor or not, will have to be approached by 
Mendelian randomization trials based on genetic epidemiology. In 
a nephrology setting, this was first performed when apolipoprotein 
(a) phenotypes were found to predict the risk of carotid atheroscle-
rosis in end-stage renal disease patients (Kronenberg et al., 1994). 
Genetic influence on the course of renal disease is by no means a 
one-way road as epigenetic phenomena such as DNA methylation 
altering gene expression and transcription are modified in the urae-
mic environment (Bochud and Rousson et al., 2010).
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CHAPTER 110

The role of inflammation 
in chronic kidney disease
Juan Jesús Carrero and Peter Stenvinkel

Introduction
For more than a decade, the consequences of systemic inflam-
mation have gained attention in nephrology. In fact, this ‘novel’ 
risk factor is nowadays regarded as ‘traditional’ in the majority of 
patients with chronic kidney disease (CKD).

Although the release of pro-inflammatory cytokines has acute 
beneficial effects that are vital for survival, chronic systemic eleva-
tion is likely to be detrimental. This is the problem in the uraemic 
milieu, characterized by a state of persistent low-grade inflamma-
tion. Chronic inflammation is typified by the persistent effect of a 
causative stimulus, which leads to destruction of cells and tissues. 
In CKD, and especially in end-stage renal disease (ESRD), the sys-
temic concentrations of both pro- and anti-inflammatory cytokines 
are several-fold higher, due to both decreased renal clearance and 
increased tissue production. This chapter describes the physiopa-
thology, implications, monitoring, and potential therapeutic man-
agement of these complex inflammatory processes.

Pathogenesis of inflammation  
in chronic kidney disease
Prevalence of inflammation
Based on C-reactive protein (CRP) measurements, inflammation 
is a common feature in advanced CKD worldwide. The European 
dialysis patient currently has a mean CRP of 7–8 mg/L and a 
median of 4–5 mg/L. In the United States, levels are slightly higher 
and in Asian dialysis patients substantially lower. Findings are simi-
lar in patients with CKD at stages 3 to 5 not yet on dialysis. Data 
from the National Health and Nutrition Examination Survey III 
(NHANES III) show that about 50% of the patients with a glomer-
ular filtration rate (GFR) of 15–60 mL/min had CRP levels > 2.1 
mg/L. In addition, the aged-adjusted probability of having CRP > 
2.1 mg/L rose from 44% to 69% at estimated GFR of 60 and 30 mL/
min, respectively. One could argue that the ‘uraemic inflammation’ 
and disease burden determines the basal level of inflammation and 
that the dialysis procedure per se has some but not extensive addi-
tional impact. However, it is not known whether the inflammatory 
process would be aggravated if dialysis were not initiated. Thus, 
although the dialysis procedure per se may provoke inflammation, 
dialysis treatment could also be a stabilizing factor in a dynamic 
inflammatory process.

The many causes of inflammation  
in chronic kidney disease
The many and varied factors, inherent or not to the uraemic milieu, 
that contribute to systemic inflammation in these patients are out-
lined in Table 110.1. Of those, intercurrent clinical events are the 
most important. Infectious agents and microorganisms, such as 
Chlamydia pneumoniae are causative or contributory factors to the 
inflammatory cascade, being also associated with atherosclerosis 
progression. Reductions of kidney function per se, and even small 
changes in residual renal function (RRF) seem to have an impact 
on the magnitude of ‘uraemic inflammation’. It has been hypoth-
esized that retention of circulating cytokines, advanced glycation 
end products, and pro-oxidants initiate the pro-inflammatory 
milieu when renal function declines. Additional mechanisms by 
which failing kidney function may promote inflammation include 
sympathetic overactivity (and/or blunted vagal nerve activity) or 
chronic inflammatory process associated to periodontitis. Based on 
the finding of histological evidence of chronic inflammation in the 
uraemic gastrointestinal tract (i.e. oesophagitis, gastritis, enteritis, 
and colitis), it can be speculated that impairment of the intestinal 
barrier function with increased permeability of large molecules and 
increased penetration of bacteria may also contribute to uraemic 
systemic inflammation.

The haemodialysis (HD) procedure per se (Chapter 255) can 
also contribute to increased systemic inflammation as a result of 
the interaction of circulating monocytes with non-biocompatible 
membranes, blood contact with non-sterile dialysate solution, use 
of impure dialysate, the extent of convective transport, and the fre-
quency and duration of dialysis. However, the dialysis procedure is 
unlikely to be a major instigator of inflammation because of the high 
prevalence of elevated inflammation biomarkers in ESRD patients 
not yet undergoing renal replacement therapy. Overhydration and 
volume overload may, through bacterial or endotoxin translocation 
in patients with severe gut oedema, lead to immunoactivation and 
increased inflammatory cytokine production. Finally, strong inter-
relations between inflammation, RRF, and left ventricular hyper-
trophy (Chapter 101) (LVH) have been documented in dialysis 
patients.

Obesity (Chapter 106), a common finding in CKD patients, may 
also contribute to enhanced inflammatory activity. Both truncal 
fat mass or abdominal fat deposition have been associated with 
increased systemic inflammation in dialysis patients. The reasons for 
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this association relate to the capacity of adipocytes and fat-infiltrated 
macrophages to secrete adipokines, interleukin (IL)-6, or tumour 
necrosis factor (TNF) into systemic circulation. The majority of adi-
pokines (such as leptin and visfatin) seem to have pro-inflammatory 
effects. Considering the dramatic effect that loss of RRF has on the 
clearance of adipokines, the systemic effects of adipokine imbalance 
in CKD patients may be even greater than in the general popula-
tion. Pro-inflammatory genes have been shown to be upregulated 
in visceral fat from CKD patients as compared to matched controls.

External and internal environmental stresses may affect the phe-
notype through changes in the epigenome. Aberrant DNA meth-
ylation may, in relation to uraemic dysmetabolism, have complex 
interactions promoting development of premature cardiovascular 
disease (CVD). As epigenetic mechanisms regulating the func-
tional properties of the genome are heritable through cell divi-
sions and may be sensitive to an abnormal environment (such as 
uraemia) they could be potential new targets for interventions. 
Shortening of telomeres (nucleoprotein complexes protecting the 
chromosome ends that are involved in chromosome stability and 
repair) has been associated with an inflammatory phenotype and 
increased mortality in HD patients. In this context, it is of interest 
that telomere shortening to a critical length results in loss of histone 
and DNA methylation at mammalian telomeres, concomitant with 
increased histone acetylation.

Recent studies suggest that the inflamed uraemic phenotype is 
also the result of genetic factors. Asian dialysis patients treated 
in the United States also have a markedly lower adjusted relative 
risk of mortality than Caucasians. Indeed, a substantial heritability 
(35–40%) has been found for CRP, and many studies demonstrate 
a significant impact of genetic variations on the uraemic inflamma-
tory response.

Clinical implications of systemic inflammation
The pleiotropic nature of pro-inflammatory cytokines impinges 
upon the development of common complications in CKD, briefly 
outlined in Table 110.2.

Inflammation leading to protein energy wasting
The causes of protein energy wasting (PEW; Chapters 106, 274) 
include a spectrum of chronic debilitating conditions in which per-
sistent inflammation is a common feature, such as HIV, tuberculosis, 

congestive heart failure, obstructive pulmonary disease, malignan-
cies, and septicaemia. PEW is associated with anorexia, progressive 
weight loss, and depletion of both adipose tissue and skeletal mus-
cle, and is present in many ESRD patients. Inflammatory cytokines 
interact with several pathways in the central nervous system to 
affect specific brain areas related to appetite regulation. Also, IL-6 
per se may stimulate muscle protein breakdown and promote wast-
ing. Increased levels of IL-6 have been related to various markers of 
wasting in uraemic patients, indicating an important role for this 
cytokine in the development of PEW and muscle catabolism. As 
IL-6 also inhibits the secretion of insulin-like growth factor (IGF)-
1, decreased IGF-1 signalling may also be involved in the uraemic 
sarcopenic process. However, signs of PEW are limited to patients 
with body mass indices (BMIs) < 20 kg/m2, but also to patients 
with normal and high BMIs. In each of these BMI categories, CRP 
and IL-6 concentrations were higher in wasted patients than in 
non-wasted patients, demonstrating that excess weight does not 
exclude the occurrence of PEW (i.e. obese sarcopenia). There are 
several additional mechanisms by which inflammation can lead to 
muscle wasting in CKD patients: increased insulin resistance, acti-
vation of ATP-ubiquitin proteolytic pathway, and increased energy 
expenditure. It should be stated that to date, there is no solid evi-
dence that normalization of inflammatory markers would lead to 
differences in nutritional status. In a recent longitudinal study of 
prevalent HD patients, higher serum IL-6 levels were associated 
with all-cause mortality without additional changes in clinical and 
laboratory markers of nutritional status.

Inflammation leading to vascular calcification
There is a wealth of data linking the vascular calcification 
(Chapter 120) process and systemic inflammation. TNF can induce 
mineralization of calcifying vascular cells in vitro and co-culture 
of these cells with monocyte/macrophages (the source of most 
cytokines) can accelerate mineralization. Receptor activator of 
nuclear factor-kappa B ligand (RANKL) is a membrane-bound or 
soluble cytokine essential for osteoclast differentiation, whereas 
the decoy receptor osteoprotegerin (OPG) masks RANKL activ-
ity. As both seem to influence the inflammatory component of 
atherosclerosis, it is of interest that OPG upregulates endothe-
lial cell adhesion molecule response to TNF. These findings sug-
gest a mechanism by which OPG may stimulate inflammation in 

Table 110.1 Causes of inflammation in chronic kidney disease

Modifiable Non-modifiable

Reduction of kidney function (toxin retention) Genetic/racial differences

Intercurrent clinical events (comorbidities, 
infections)

Haemodialysis procedure

Volume overload

Sympathetic and parasympathetic imbalance

Obesity/overweight

Environmental factors (lifestyle, epigenetics?)

Impaired intestinal barrier function

Table 110.2 Consequences of inflammation in chronic kidney disease

Protein-energy wasting Anorexia

Muscle proteolysis

Insulin resistance

Pro-catabolic environment

Increased energy expenditure

Vascular calcification Mineralization of vascular cells

Altered synthesis of bone turnover agents

Endocrine disorders Resistance to growth hormone/IGF-1 action

Low thyroid hormone levels

Testosterone deficiency

Psychosocial disorders Depression

Sleep disorders
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atheroma and thereby promote the progression and complications 
of atherosclerosis, which is in accord with the observed detrimen-
tal effects on survival of both increased inflammation and OPG 
levels in HD patients. On the other hand, vascular calcification, as 
part of the atherosclerotic process, is due to the deposition in the 
arterial intima of basic calcium phosphate crystals, similar to those 
that mineralize bone. It was recently shown that these crystals 
could interact with and activate human monocyte-derived mac-
rophages, inducing a pro-inflammatory state via protein kinase C 
and MAP kinase pathways. This implies a vicious circle of inflam-
mation and arterial calcification that could explain the associations 
between inflammation and outcome in CKD. Finally, the most 
well-studied circulating inhibitor of ossification is fetuin-A. Mice 
lacking the gene encoding for fetuin-A rapidly develop ectopic soft 
tissue ossification and die at an early age. In CKD, low levels of 
circulating fetuin-A are associated with cardiac valvular calcifica-
tion, increased cardiovascular burden, and elevated mortality risk. 
Inflammation and PEW may be important causes of a decrease 
in serum fetuin-A levels in patients with CKD, as it behaves as a 
negative acute phase reactant (see Chapters 111, 120).

Inflammation, endocrine disorders, and depression
The kidney is a key modulator of endocrine function and an impor-
tant target for hormonal action. As a direct consequence, the urae-
mic state is associated with abnormalities in the synthesis or action 
of many hormones. Evidence suggests that this hormonal dysme-
tabolism may be aggravated by persistent inflammation. Resistance 
to the anabolic drive by the growth hormone (GH)/IGF-1 axis 
contributes to the loss of strength and muscle mass in adult CKD 
patients. The inflammatory response inhibits GH action, and GH 
forearm perfusion studies demonstrated that a resistance to phar-
macologic doses of GH is not related to uraemia per se but rather to 
an increased inflammatory state. Persistent inflammation may also 
be an important cause of the ‘low triiodothyronine (T3) syndrome’ 
frequently observed in ESRD. Indeed, a single-dose injection of 
IL-6 in healthy humans downregulates the peripheral conversion 
of thyroxine into T3. Because of this, some authors have hypoth-
esized that subclinical hypothyroidism or the ‘low T3 syndrome’ 
is an intermediate link between inflammation, PEW, and CVD in 
uraemia. Finally, low-grade persistent inflammation in uraemia 
may also promote testosterone deficiency, contributing to the over-
all pro-catabolic state of uraemia.

Depressive symptoms are more frequent with gradual reduction 
in renal function and relate to poor outcome and mortality in this 
and other patient groups. Cytokines are thought to be important 
mediators of brain immune connection and may play an important 
role in the pathogenesis of depression due to their effect on neu-
rotransmitters and neurohormones. In dialysis patients, depressive 
symptoms seemed to worsen in the presence of increased IL-6 lev-
els, and 8 weeks of fluoxetine treatment in depressed HD patients 
decreased serum IL-1β levels. Depression may also link to fatigue 
and unwillingness to eat, contributing to the vicious cycle of ano-
rexia, physical inactivity, PEW, and worse outcome. All of these 
have also been attributed, in part, to the effects of systemic inflam-
mation. Sleep disorders have also been linked to systemic inflam-
mation in dialysis patients and it is of interest that the correction of 
these disorders by cognitive behavioural therapy also reduced CRP 
levels in a Taiwanese study.

Inflammation as a catalyst of other risk factors
Persistent low-grade inflammation in CKD may, in addition to puta-
tive direct pro-atherogenic effects, serve as a catalyst and modulate 
the effects of other risk factors for PEW and CVD (Fig. 110.1). The 
concurrent presence of inflammation, CVD, and PEW associates 
with higher mortality rates than expected from the single effects of 
these features, illustrating the existence of a real interaction effect 
that conveys a syndrome where the whole is more than the sum 
of its parts. Also, persistent inflammation in dialysis patients has 
supra-additive effects in the prediction of mortality associated to 
low S-albumin or increased ADMA. Persistent inflammation can 
also accelerate and/or exacerbate the complications of vascular 
calcification. For instance, whereas elevated OPG in the context 
of an inflammatory milieu strongly predicted survival, such effect 
was not observed in uninflamed dialysis patients. Similarly, ESRD 
patients with a genetic predisposition to low fetuin-A levels had a 
higher mortality rate in the presence of inflammation. A significant 
prognostic value of serum fetuin-A levels in HD patients was only 
observed in the context of persistent inflammation. Also, the asso-
ciations between loss of RRF and valvular calcification and LVH in 
peritoneal dialysis (PD) patients were closely dependent on both 
the calcium × phosphate product and the inflammatory status. 
Taken together, an active interplay between vascular calcification 
and atherosclerosis via inflammation may exist. This seems to cata-
lyse this effect against a background of severe mineral disturbances. 

• Oxidative stress
• High ADMA
• Vascular calcification
• Protein energy wasting

Risk for death and
cardiovascular events 

Uraemic milieu

Persistent inflammation

Synergistic effect
and interaction

Persistent inflammation Risk for death and
cardiovascular events

Fig. 110.1 Persistent inflammation as a catalyst for other risk factors in CKD. Certain risk factors in the uraemic milieu are clear and independent predictors of mortality 
and cardiovascular risk. This risk seems independent of inflammatory status. However, the presence of concurrent inflammation seems to exacerbate the risk associated 
to these factors over and above that expected from their solo effects. This denotes an additive and in some cases multiplicative interaction, appealing to the hypothesis 
we propose that persistent inflammation acts as a catalyst and amplifier of other risk factors.
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The effects of various interventions should, therefore, always be 
analysed separately in inflamed and uninflamed CKD patients.

Monitoring inflammation
CRP is the prototypic marker of inflammation because of its reli-
ability, low cost, and availability. When monitoring inflammation 
in the clinical setting, however, the reasons why CRP needs to be 
measured and the likelihood that diagnostic and therapeutic strate-
gies might be needed should be considered. Despite a decade of 
extensive research on the causes and effects of uraemic inflam-
mation, no randomized trials with testing of inflammatory mark-
ers as the primary intervention have been performed, nor have 
cost-effectiveness analyses been completed to assess additional 
costs or cost savings through the use of such tests. Consequently, 
the following suggestions about the routine monitoring of inflam-
matory markers are not evidence based and reflect the authors’ 
opinion.

Inflammation and prediction of mortality
Prospective epidemiological studies in HD, PD, and kidney trans-
plant patients have all shown that a single measurement of inflam-
matory biomarkers is an independent predictor of poor outcome. 
There is, nevertheless, biological intra- and interindividual vari-
ability for inflammatory mediators in the setting of CKD, even 
more for the non-specific CRP responses. While decreased renal 
function, increased number of co-morbidities, PEW, and the urae-
mic environment affect interindividual inflammatory variability, 
intraindividual variation may be further exacerbated by intercur-
rent clinical events, changes in RRF, type of vascular access, mem-
brane bio-incompatibility, dialysate backflow, endotoxaemia, and 
the intermittent presence of dialysis. Volume status, fluid intake, 
and RRF are also associated with this phenomenon. Although it is 
important to understand and to evaluate inflammation in the con-
text of its variability as disease evolves, few studies have addressed 
the consequences of regular monitoring of inflammatory markers 
on outcome. Of those, it seems that the average of serial measure-
ments of CRP or IL-6 provides a better survival prediction than 
single measurements. Patients with a persistent CRP elevation 
during a specific time period exhibit worse outcome that those 
with persistent low levels or those increasing their CRP concentra-
tion. Although epidemiological research may suggest that regular 
monitoring of inflammation can be helpful in determining patient 
prognosis, no solid evidence exists to date demonstrating the 
advantage of regular CRP monitoring in dialysis units. Whether 
CRP measurements in uraemic patients add prognostic value 
beyond that provided by traditional risk factor algorithms (such 
as the Framingham risk factor score) is not clear. While this has 
never been addressed in CKD patients, studies at a general popu-
lation level suggest that CRP measurements provide very limited 
predictive value for mortality over and above established risk fac-
tors, such as hypertension, cholesterol, and smoking. Such a study 
was acknowledged by the American Heart Association/Centers for 
Disease Control and Prevention (AHA/CDC) as being indicative 
that insufficient evidence existed to support the use of CRP as a 
clinical tool in the prediction of cardiovascular events. CRP levels 
may, however, help in the clinical decision process by improving the 
discrimination of subjects that have died and the reclassification of 
risk prediction by the Framingham scales at a general population 

levels. Whether this is the case in the CKD population, in whom 
a considerable proportion of Framingham risk factors are already 
present, is doubtful.

Why and when should inflammation be monitored?
In dialysis units, monthly CRP estimation could help to monitor 
the presence of contaminated water or dialysis fluid, and audit vas-
cular access status, especially central line. CRP screening should 
not be an alternative to screening for major risk factors in deter-
mining patient risk, but should complement clinical judgement. 
Additional reasons for performing CRP measurements could be 
to motivate individuals with persistently elevated CRP levels to 
improve their lifestyles (such as smoking cessation, dental care, 
dietary modification, exercise, and weight loss) or to comply with 
drug therapies.

At the patient level, regular CRP screening could lead to the dis-
covery of the underlying causes of inflammation and appropriate 
treatment. During short-term monitoring, the most clinically inter-
esting patients are those presenting a ‘smouldering’, chronically ele-
vated CRP level in the range of 5–50 mg/L (Table 110.3). Possible 
causes of these smouldering elevations include access graft-related 
or catheter-related infections, peripheral arterial disease, silent 
coronary ischaemia, ulcers, inflammatory bowel disease, malignan-
cies, periodontitis, inflammation in failed transplants, tuberculosis, 
or hepatitis. According to AHA/CDC recommendations, a second 
CRP measurement taken 2 weeks after the first might be useful in 
identifying transient processes excluding biological variation in 
usual clinical practice. Patients with elevated CRP levels within this 
smouldering range should undergo an extensive clinical work-up, 
whether they have clinical symptoms or not. This scenario, in our 
view, is the most important and justified use for CRP screening at 
present. Indeed, careful patient monitoring is warranted after infec-
tious processes, as it has been found that during the 30 days fol-
lowing an infection-related hospitalization in dialysis patients, the 
risk of cardiovascular events increases by 25%. There is a subset of 
patients undergoing dialysis with CRP elevations for no apparent 
reason. In patients with rapidly rising CRP levels or levels consist-
ently > 50 mg/L, the clinician should seek overt infection, as well 
as other conditions associated with elevated CRP levels, such as 
malignancy or relapse of vasculitis. These diagnoses clearly show 
dynamic changes in the individual CRP distribution curve over 
time. The studies addressing longitudinal changes in inflammatory 
status discussed above could assist clinicians in their interpreta-
tion of the outcomes of monitoring of inflammatory status. Clearly, 
persistent CRP elevations or increases in inflammatory biomark-
ers identify patients. Strenuous efforts should be made to find the 
causes to target treatment.

Treatment of inflammation  
in chronic kidney disease
There are no sufficiently powered randomized controlled trials 
(RCTs) targeting a decrease in inflammation as a means of improv-
ing outcome in CKD patient with underlying co-morbid illnesses, 
at high risk of death. Current recommendations for treating inflam-
mation in patients with CKD are, therefore, mainly patient specific. 
Based on the concept that inflammation plays a pivotal role in the 
development of the uraemic phenotype, circulating inflammatory 
markers could be primary targets for treatments including not 
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only specific anti-inflammatory therapies but also various anti-
oxidative and ‘antiwasting’ approaches. When identifying a patient 
with elevated inflammatory markers, the clinician first needs to 
seek complications that may be caused by systemic inflammation. 
Particular sources of inflammation, such as bowel bacterial over-
growth, non-infected dialysis catheters, and failed kidney trans-
plants should also be considered.

When pre-existing complications (including dialysis-related 
causes), have been excluded as a cause of persistent inflammation, 
interventional strategies could be cautiously considered. Although 
no specific treatment recommendations for uraemic inflammation 
can be currently recommended, physical, nutritional, and phar-
macological approaches have shown beneficial effects on surro-
gate biomarkers of inflammation in ESRD in small RCTs. We may 
also expect favourable effects of these approaches on depression, 
fatigue, and general well-being.

Certain medications have demonstrated non-specific immu-
nomodulatory effects in CKD. For example, in inflamed patients 
with moderate CKD, rosuvastatin treatment reduced CRP and 
improved both cardiovascular events and all-cause mortality 
(Ridker et al., 2010). In contrast, data on the effects of statins on 
inflammatory biomarkers in ESRD are not as consistent (Krane 
et al., 2008; Fellstrom et al., 2009). Accumulating evidence reveals 
an anti-inflammatory potential for cholecalciferol supplementation 
on circulating inflammatory markers in CKD patients (Matias et al., 
2010; Stubbs et al., 2010). Sevelamer, which possesses LPS-binding 

properties, has also been associated with a reduction in circulating 
CRP and endotoxin levels in patients with CKD, as well as ame-
lioration of endothelial dysfunction (Caglar et al., 2008; Stinghen 
et al., 2010). Angiotensin-converting enzyme inhibitors/angioten-
sin receptor blockers showed suppressive effects on inflammation 
in various CKD studies (Yilmaz et al., 2009; Yamamoto et al., 2010). 
Eight-week treatment with aliskiren, a direct renin inhibitor, also 
lowered CRP levels in patients on dialysis (Morishita et al., 2011). 
One study showed that allopurinol treatment in patients with mod-
erate CKD resulted in a significant lowering of CRP in addition to a 
reduction in cardiovascular risk, hospitalization and delay in renal 
progression (Goicoechea et al., 2010).

Of the currently available anticytokine therapies, etanercept, a 
TNF-receptor antagonist, was tested in uraemic persistent inflam-
mation in a small number of patients on HD, primarily aiming at 
an improvement in nutritional profiles. Forty-four weeks of treat-
ment with etanercept showed a positive effect on albumin and 
pre-albumin levels compared to the placebo group with no adverse 
events, while the treatment resulted in a non-significant change in 
CRP and IL-6 (Don et al., 2010). In a recent small prospective con-
trolled trial, 22 HD patients with signs of inflammation were rand-
omized to recombinant human IL-1 receptor antagonist (anakinra) 
or placebo over 4 weeks (Hung et al., 2011). Those who received 
IL-1ra treatment showed an impressive 53% reduction in CRP, 40% 
reduction in IL-6 levels, and 23% increase in mean pre-albumin so 
further studies are needed.
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CHAPTER 111

Vascular stiffness in chronic 
kidney disease: pathophysiology 
and implications
Jonathan N. Townend and Charles J. Ferro

Introduction: chronic kidney disease  
and cardiovascular risk
Chronic kidney disease (CKD) is associated with an elevated risk 
of cardiovascular disease with an inverse graded relationship with 
glomerular filtration rates (GFRs) < 60 (Go et al., 2004) and prob-
ably < 90 mL/min/1.73 m2 (Van Biesen et al., 2007). Individuals in 
the general population with early-stage CKD are far more likely to 
die from cardiovascular disease than progress to end-stage renal 
disease (ESRD) (Keith et  al., 2004). Whilst cardiovascular risk 
in ESRD is extreme, the burden of cardiovascular disease in the 
early stages of CKD is much greater in terms of public health. This 
increased cardiovascular risk cannot be explained by ‘traditional’ 
risk factors (Baigent and Landray, 2007).

The development of cardiovascular risk-lowering therapies is 
however hindered by the fact that although the epidemiological 
association between CKD and cardiovascular risk is robust, the 
pathophysiological mechanisms underlying the relationship are 
not understood (Chue et al., 2010; Moody et al., 2013). Although 
approximately 50% of all ESRD deaths are due to cardiovascular 
disease, only 18% of these are attributable to vasculo-occlusive dis-
eases such as myocardial infarction, the remainder being attributed 
to sudden cardiac death, arrhythmia, or congestive heart failure 
(Chue et al., 2010). Heart failure is a major cause of morbidity and 
mortality in CKD with incident rates three to four times higher 
than in non-CKD subjects (Fig. 111.1; Chapter 98) (Foley et al., 
2005; United States Renal Data System, 2012). Powerful evidence 
suggests that increased arterial stiffness is a major cause of this 
structural heart disease in CKD.

Vascular pathology  
in chronic kidney disease
There appear to be two distinct vascular pathologies occurring in 
CKD patients: atherosclerosis and arteriosclerosis (Edwards et al., 
2006; Moody et  al., 2013). Atherosclerosis is an intimal disease 
characterized by fibro-atheromatous plaques which lead to vascu-
lar occlusion. In CKD, there are distinct morphological differences 
compared to patients with normal kidney function, including 
increased plaque calcification and increased intimal and medial 

thickness (Schwarz et al., 2000). The other characteristic feature 
of CKD is thickening and calcification of the medial arterial layer, 
known as arteriosclerosis. Increased collagen content, calcifica-
tion, hyperplasia, and hypertrophy of vascular smooth muscle 
cells (VSMCs) all result in wall hypertrophy, a process strongly 
associated with arterial stiffness (Edwards et al., 2006). Although 
associations have also been established between the degree of arte-
rial stiffness and atheromatous plaque burden (van Popele et al., 
2001), most studies on the subject have failed to demonstrate a 
significant influence of traditional atherosclerotic risk factors on 
the development of arteriosclerosis, suggesting that other mecha-
nisms are driving this process (Cecelja and Chowienczyk, 2009). 
Whilst endothelial dysfunction and intimal disease are known to 
contribute to arterial stiffening, the relationship between arterio-
sclerosis and atheromatous disease remains poorly understood 
(Moody et al., 2013).

The clinical importance of arterial stiffness
A major function of the aorta and large arteries is to buffer oscil-
latory changes in blood pressure (BP) that result from intermittent 
ventricular ejection. The highly distensible arterial system ensures 
that most tissues receive near steady flow with no exposure to peak 
systolic pressures. This mechanism is so efficient that there is almost 
no drop in mean pressure from ascending aorta to peripheral arteries 
(Avolio et al., 2009). It is hypothesized that loss of arterial distensi-
bility makes the aorta more rigid and less able to accommodate the 
volume of blood ejected by the left ventricle. This causes a greater 
pressure augmentation in systole and higher pulse pressures (Davies 
et al., 2008). An alternative explanation for the elevated systolic pres-
sure that accompanies an increase in arterial stiffness is the more 
rapid return of reflected waves of ventricular contraction from the 
distal vasculature (Franklin et al., 1997). Healthy compliant arteries 
reflect waves returning to the ascending aorta in diastole, thus aug-
menting diastolic pressure and coronary blood flow, whilst in aged 
stiffer arteries the reflected waves return earlier in systole, augment-
ing systolic and pulse pressures and increasing ventricular afterload. 
Although an attractive idea, there is now abundant evidence show-
ing that reflected waves arrive in systole irrespective of age (Baksi 
et al., 2009). These data, together with information available from 
techniques that separate reflected waves from reservoir pressure, 
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strongly suggest that the ‘cushioning effect’ or Windkessel model 
appears to be the more important physiological explanation (Wang 
et  al., 2003). Regardless of the underlying mechanism, as arterial 
stiffness increases the myocardium, brain, and kidneys are exposed 
to higher systolic pressures and greater pressure fluctuations result-
ing in myocardial, cerebral, and renal microvascular damage and an 
increased risk of stroke and potentially renal impairment (Fig. 111.2) 
(O’Rourke and Safar, 2005). Furthermore, the lower diastolic pres-
sure reduces diastolic coronary perfusion and promotes subendo-
cardial ischaemia, myocardial fibrosis, and ventricular stiffening. It 
also places greater reliance on systolic coronary perfusion, conferring 
heightened vulnerability of the myocardium to any decline in systolic 
function (Chue et al., 2010).

Cardiac function is physiologically matched with arterial func-
tion through ventricular-arterial coupling to ensure maximum car-
diac work and efficiency (Chen et al., 1998). When arterial stiffness 
increases, the left ventricle generates greater end-systolic pressures 
that enhance ventricular systolic wall stress and increase ventricu-
lar stiffness. These compensatory adaptations maintain cardiac 
performance with enhanced contractility at rest, but at a price: car-
diac reserve is reduced, diastolic function is impaired, and the car-
diovascular response to alterations in pressure and volume load is 
blunted leading to haemodynamic instability (Chen et al., 1998). 
Myocardial oxygen consumption also increases, promoting suben-
docardial ischaemia (Watanabe et al., 1993). Increased ventricular 
stiffening further impairs diastolic coronary perfusion through 
increased compression of the coronary microvasculature (Davies 

et al., 2006). Whilst this is a common feature of advanced disease 
characterized by left ventricular hypertrophy (LVH), it is often pre-
sent despite normal ventricular wall thickness (Chen et al., 1998). 
Reduced aortic distensibility also correlates with reduced exercise 
capacity despite normal or enhanced left ventricular (LV) systolic 
function (Hundley et al., 2001). Increased arterial stiffness due to 
underlying CKD may therefore explain heart failure with preserved 
ejection fraction, otherwise known as diastolic heart failure.

It is known that the rate of deterioration in renal function is a pow-
erful predictor of future cardiovascular events and mortality, with 
some studies suggesting it is a better predictor than baseline renal 
function (Matsushita et al., 2009; Shlipak et al., 2009). Both systolic 
and pulse pressure, independently predict progression of CKD and 
blood pressure lowering remains the cornerstone of CKD manage-
ment with the primary aim of slowing decline in GFR (National 
Kidney Foundation 2002; Madero et al., 2013). Several, although not 
all (Upadhyay et al., 2009; Chue et al., 2011), studies have found an 
association between arterial stiffness and the incidence (Madero et al., 
2013) or progression of CKD (Takenaka et al., 2005; Taal et al., 2007; 
Ford et al., 2010) independently of blood pressure. The differences 
between these studies serve to emphasize the fact that actually very 
little is known about the natural history of arterial stiffness and CKD 
and in particular the complex interactions between age, uraemia, 
blood pressure, and medication in CKD patients (Chue et al., 2013a).

Arterioventricular interaction
Although the higher cardiovascular risk conferred by the presence 
of LVH is well recognized, the threshold for hypertrophy is arbi-
trary and it is becoming increasingly accepted that LV mass is a con-
tinuous variable and no biological dichotomy exists (Schillaci et al., 
2000). Furthermore, > 70% of incident dialysis patients have estab-
lished LVH, indicating that structural heart disease develops in the 
earlier stages of CKD (Foley et al., 1995). Abnormalities of LV func-
tion associated with early CKD and their relationship to arterial 
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CVA/TIA 26.0%
CVA/TIA 20.2%
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CHF 43.6% AMI 12.5%
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Fig. 111.1 Cardiovascular disease in patients with and without chronic kidney 
disease. 31 December 2005 and 2010 point prevalent Medicare enrollees, age 66 
and older, with fee-for-service coverage for the entire calendar year. AMI, acute 
myocardial infarction; CHF, congestive heart failure; CKD = chronic kidney disease; 
CVA = cerebrovascular accident; TIA = transient ischaemic attack.
Adapted from USRDS 2012 Annual Data Report (United States Renal Data System, 2012).
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Fig. 111.2 Consequences of increased arterial stiffness in chronic kidney disease. 
Increased arterial stiffness leads to increases in systolic blood pressure (BP) and 
pulse pressure causing myocyte hypertrophy, increased ventricular afterload, 
and reduced coronary perfusion, resulting in diastolic and systolic dysfunction 
and ultimately congestive heart failure. Raised systolic and pulse pressures also 
promote further vascular damage increasing the risk of stroke and potentially the 
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Adapted from Chue et al. (2010).
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stiffening have only recently been studied. Compared to controls, 
patients with stage 2 and 3 CKD had delayed ventricular relaxation, 
increased LV end diastolic stiffness and pressure, and elevated left 
atrial volumes (Edwards et al., 2008). Ventricular-arterial coupling 
was preserved with an increase in both arterial elastance (stiffness) 
and LV elastance, suggesting that aortic stiffness drives the develop-
ment of LV stiffness in early CKD (Edwards et al., 2008).

LV systolic dysfunction is also common in ESRD but was con-
sidered rare in early CKD. Nevertheless, a study in normotensive 
patients with stage 2 and 3 CKD has demonstrated evidence of 
impaired longitudinal tissue deformation despite confirmed normal 
LV function on conventional echocardiographic criteria (Edwards 
et al., 2008). These abnormalities are associated with adverse car-
diovascular outcomes in late stage CKD (Rakhit et al., 2007).

Measurement of arterial stiffness
Arterial stiffness represents a convenient shorthand term for altera-
tions in the mechanical properties of blood vessels. The term arterial 
stiffness lacks a precise definition and has no mathematical relation-
ship to the mechanical properties of arteries. As such, arterial stiff-
ness is a purely descriptive term that cannot be directly measured or 
quantified. Inferences can be made about the mechanical properties 
of arteries by measuring pulse pressure or by measuring a variety 
of ‘stiffness indices’ or surrogates using a number of commercially 
available devices. Such devices usually measure one of three possible 
types of arterial stiffness: systemic stiffness (i.e. the entire circula-
tion), regional or segmental stiffness (i.e. measure of the stiffness 
of a segment of the arterial tree), or local stiffness (i.e. a measure of 
the stiffness in a small section of one blood vessel) (Hamilton et al., 
2007). When reading an article on ‘arterial stiffness’ it is important 
to know what is actually being referred to and measured.

Pulse pressure
The measurement of pulse pressure (diastolic subtracted from sys-
tolic blood pressure) is the simplest surrogate measure of arterial 
stiffness. It is determined by cardiac stroke volume and arterial 
stiffness (Dart and Kingwell, 2001). Pulse pressure indicates the 
degree of impairment of buffering of larger arteries.

Pulse wave velocity
Carotid-femoral or aortic pulse wave velocity (aPWV) is cur-
rently considered the ‘gold-standard’ measurement of arterial stiff-
ness (Laurent et al., 2006). The principal determinants of PWV are 
described by the Moens–Korteweg equation (Hamilton et al., 2007). 
In a given blood vessel filled with blood of fixed density, PWV is 
proportional to the square root of the Young’s modulus of elastic-
ity of that vessel. That is, the stiffer the vessel the faster the PWV. 
However, the square root relationship between PWV and Young’s 
modulus means that changes in PWV are not a particularly sensitive 
measure of changes in the mechanical properties of an artery.

PWV is usually obtained by measuring the time taken for a pulse 
wave to travel a specified distance, the distance being divided by 
the time to give velocity. Distance is usually estimated using a tape 
measure over the body surface; timing is performed by measur-
ing the interval between points on a pressure or flow waveform 
using a proximal and distal sensor (Cohn et al., 2004). There are 
various devices on the market for measuring PWV (DeLoach and 
Townsend, 2008; Ferro et al., 2012).

Pulse wave analysis and augmentation index
The characteristics of small blood vessels may be inferred by ana-
lysing pulse waveforms obtained in larger, more proximal, feeding 
vessels. Stiffening of small arteries alters the magnitude and tim-
ing of reflected waves that can often be identified visually in late 
systole or more reliably by computer analysis of the diastolic pres-
sure decay part of the pressure waveform (Ferro et al., 2002). Near 
the aortic root, the initial rise in pressure following LV ejection 
is rapidly superimposed with a reflected pressure wave returning 
from the periphery. The augmentation index (AIx) (Fig. 111.3) is a 
mathematical expression by which the increment in pressure after 
the first systolic shoulder to the peak of the aortic pressure is cal-
culated as a percentage of pulse pressure (Ferro et al., 2002). The 
AIx depends on multiple factors including the shape of the forward 
wave, which is influenced by LV outflow and the elasticity of the 
ascending aorta, as well as the timing of the reflected wave, a factor 
influenced by gender, height, heart rate, reflected wave amplitude, 
and vessel stiffness. As such it must be interpreted with caution 
(Williams, 2004).

Central systolic pressure (the pressure representing the precise 
load to which the left ventricle is subject) can be calculated using 
validated transfer functions from peripheral arterial waveforms 
(Fig. 111.3). Although theoretically an attractive concept, doubt 
persists as to whether these central blood pressure measurements 
derived from pulse wave analysis provide additional prognostic 
information compared with brachial blood pressure measurements 
(Ng et al., 2014).

Local assessment of arterial stiffness
The terms ‘compliance’ (a change in volume or cross-sectional 
area for a given change in pressure) and ‘distensibility’ (a frac-
tional change in volume or cross-sectional area for a given change 
in blood pressure) are often used interchangeably with stiffness. 
Changes in arterial diameter for a given distending pressure can 
be measured using ultrasound or magnetic resonance imaging 
(Fig. 111.4) (Chue et al., 2012a; Wall et al., 2013). However, meas-
urement of distending pressure is difficult. This is because it is dif-
ficult to place a pressure sensor physically next to an ultrasound 
probe or in a magnetic resonance scanner and invasive pressure 
catheters can influence local flow and are not suitable for routine 
use. Thus pressure waveforms taken elsewhere in the circulation are 
often used and these can introduce pressure errors and phase delay 
(Meinders and Hoeks, 2004).

Arterial stiffness and mortality
aPWV measured in most reports by applanation tonometry using 
the carotid and femoral arteries, is the most widely used measure 
of arterial stiffness and is a powerful independent predictor of 
all-cause mortality and cardiovascular events in ESRD, hyperten-
sives, the elderly, diabetics and the general population (Laurent 
et al., 2006; Chue et al., 2010; Moody et al., 2013). Cardiovascular 
risk and aPWV are both increased with only minor reductions in 
renal function (Wang et al., 2005). Aortic distensibility measured by 
cardiac magnetic resonance imaging is reduced compared to con-
trols in stage 2 and 3 non-diabetic CKD (Edwards et al., 2008). An 
understanding of the potential mechanisms underlying increased 
arterial stiffness in CKD is important for devising strategies to pre-
vent or reverse this pathophysiology.
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Mechanisms of increasing arterial stiffness 
associated with chronic kidney disease
Increasing arterial stiffness with age
Increased arterial stiffness and systolic and pulse pressures are 
characteristic features of ageing in Western populations and are 
independent risk factors for mortality (Franklin et al., 2001) and 
development of heart failure (Haider et  al., 2003). Indeed, the 

detection and treatment of systolic hypertension now domi-
nates clinical practice and isolated systolic hypertension is a 
well-recognized clinical entity (Dustan, 1989). Furthermore, for 
any given systolic blood pressure, event rates are inversely related 
to diastolic blood pressure indicating that increased pulse pressure 
is an important independent risk factor for cardiovascular disease 
in older age groups (Amery et al., 1985; Medical Research Council 
Working Party, 1985; Coope and Warrender, 1986; Dahlof et al., 
1991; SHEP Cooperative Research Group, 1991; MRC Working 
Party, 1992; Staessen et al., 1997; Liu et al., 1998; Franklin et al., 
1999; Staessen et al., 2000). Although these findings have been ques-
tioned (Lewington et al., 2002), they can potentially be explained 
by arterial stiffness being the dominant cause of elevated blood 
pressure and cardiovascular disease with age, and in pathophysi-
ological conditions such as CKD (Franklin et al., 2001; Lewington 
et al., 2002).

The biomechanical properties of the arteries are largely depend-
ent on the relative quantities of collagen and elastin, the main 
scaffolding proteins of the extracellular matrix (ECM) (Lee et al., 
2012)  as well as intrinsic changes in VSMCs (Qiu et  al., 2010). 
Numerous studies have shown that the large arteries stiffen with 
age with overproduction of abnormal collagen fibres and relative 
loss of elastin from the ECM (Greenwald, 2007; Lee et al., 2012). 
The elastin lamellae become sparser with signs of fragmentation 
and calcification, whilst collagen molecules progressively acquire 
cross-links. A major unresolved question is whether these changes 
are truly time dependent or reflect exposure to the risk factors 
listed below. Similarly, the possible effect of the age-related decline 
in GFR on arterial stiffness remains unknown. Recent evidence 
suggests that nitric oxide-donating drugs may reverse the relative 
loss of elastin and increase in arterial stiffness that occurs with age 
(Raveaud et al., 2009; Pierce et al., 2012) and improve endothelial 
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Fig. 111.3 The central proximal aortic waveform generated from pulse wave analysis. Systolic pressure is represented by the peak of the pulse wave (P1). The inflection 
point (P2) represents the arrival of reflected waves from the periphery. The pressure difference between P1 and P2 is the augmentation pressure. This is expressed as a 
percentage of pulse pressure to derive the augmentation index.

Fig. 111.4 Transverse slice through the aorta at the level of the pulmonary artery 
using magnetic resonance imaging. Cross-sectional areas for the ascending (ASC 
AO) and proximal descending aorta (PROXIMAL DESC AO) are determined in 
systole and diastole to measure regional aortic distensibility.
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function and cardiac hypertrophy independent of blood pressure 
(Dovinova et al., 2009). These agents may thus be able to prevent 
or reverse the increasing arterial stiffness associated with ageing 
and CKD.

Alterations in the extracellular matrix
Evidence of altered ECM structure in CKD comes from studies of 
subtotally nephrectomized rats in which aortic wall thickness was 
significantly greater than in controls (Amann et al., 1997). ECM 
volume was increased, elastic fibres were smaller, and collagen 
‘islands’ were evident. VSMCs were larger and greater in number 
with ultrastructural changes suggesting increased secretory activ-
ity. No studies have yet examined changes in arterial microstruc-
ture in human CKD, but the coronary arteries of CKD patients 
show increased medial thickness and lower luminal area than those 
of non-CKD controls (Schwarz et al., 2000).

The mechanisms underlying ECM changes in CKD are currently 
unknown but matrix metalloproteinases (MMPs) have been impli-
cated (Marson et al., 2012). These endopeptidase enzymes regulate 
the ECM and are produced by vascular and inflammatory cells. 
Increased MMP production enhances collagen and elastin turno-
ver through enzymatic cross-link degradation (Jacob 2003) causing 
unravelling and weakening of the ECM. There are data supporting 
this mechanism in hypertensive patients (Yasmin et al., 2005) but 
also accumulating evidence of a role for MMP in the development 
of arterial stiffness in CKD, including the presence of increased vas-
cular MMP activity in ESRD patients compared to healthy controls 
(Chung et al., 2009). This highlights a potential target for future 
therapeutic intervention (Castro et al., 2011; Marson et al., 2012).

Advanced glycation end products
Irreversible covalent cross-linking of collagen and elastin with car-
bohydrates or carbonyl compounds through non-enzymatic glyca-
tion results in the formation of advanced glycation end products 
(AGEs) (Reiser et al., 1992). Such postsynthetic glycation occurs 
widely in patients with impaired glucose tolerance and diabetes 
mellitus and to a lesser extent with ageing, although it is unclear 
whether or not this is inevitable or a consequence of exposure to 
factors such as oxidative stress and inflammation (Konova et al., 
2004). Affected collagen is stiffer and less susceptible to slow 
hydrolytic degradation; glycation may also influence arterial stiff-
ening through generation of reactive oxidant species and nitric 
oxide deactivation, promoting endothelial dysfunction (Bucala 
et al., 1991).

Levels of circulating AGEs correlate directly with serum cre-
atinine in diabetic and non-diabetic CKD (Makita et  al., 1991; 
Schwedler et  al., 2002; Arsov et  al., 2014). AGEs accumulate in 
ESRD as demonstrated by skin autofluorescence and they are inde-
pendently associated with increased arterial stiffness (Ueno et al., 
2008) and mortality (Arsov et al., 2014). Although there is some 
suggestion that AGEs are implicated in the development of arte-
rial stiffness in CKD, this finding is not universal (Schwedler et al., 
2002). Hypertensive subjects and older patients treated with AGE 
cross-link breakers demonstrate significant reductions in arterial 
stiffness and endothelial dysfunction (Kass et  al., 2001; Zieman 
et al., 2007). Further studies are required to determine whether die-
tary AGE restriction or the use of AGE cross-link breakers could 
be a method of reducing arterial stiffness in CKD (Boutouyrie 
et al., 2011).

Endothelial dysfunction
The vascular endothelium is recognized as having multiple com-
plex functions which regulate vascular tone, thrombosis, hae-
mostasis, permeability, and cell adhesion (Moody et  al., 2012). 
Although the term ‘endothelial dysfunction’ was originally coined 
to describe impaired endothelium-dependent vasodilatation to 
specific stimuli such as acetylcholine a much wider definition is 
now accepted encompassing the multiplicity of roles played by 
the vascular endothelium (Moody et al., 2012). Endothelial dys-
function is strongly associated with increased arterial stiffness in 
healthy individuals (McEniery et al., 2006).

Endothelial dysfunction (Chpater 113) has been thought to be 
an early and important feature of CKD (Thambyrajah et al., 2000). 
This may reflect relatively high levels of oxidative stress and reduced 
renal clearance of uraemic toxins such as asymmetrical dimethy-
larginine (ADMA) (Vallance et al., 1992) although this view has 
recently been challenged as CKD does not appear to be associated 
with endothelial dysfunction in the absence of other cardiovas-
cular risk factors and hypertension (Lilitkarntakul et  al., 2011). 
ADMA, together with its structural isomer symmetrical dimethy-
larginine, inhibits nitric oxide synthesis dose-dependently in vitro 
and increases basal vascular tone and BP in humans (Vallance et al., 
1992; Bode-Boger et al., 2006). Pro-atherogenic actions of ADMA 
are evidenced by the association of high plasma ADMA concen-
trations with increased carotid intima-media thickness in ESRD 
patients (Zoccali et al., 2002).

Endothelin peptides (Chapter 114) are synthesized by endothe-
lial cells and are powerful vasoconstrictors acting on VSMCs. They 
are implicated in the pathogenesis of several cardiovascular condi-
tions and the progression of CKD (Dhaun et al., 2006; Chapter 114). 
Infusion of endothelin-1 in healthy humans to increase plasma lev-
els to those seen in ESRD is associated with significant increases in 
aPWV, central systolic pressure, and pulse pressure (Vuurmans et al., 
2003). Short-term endothelin-A receptor antagonism in non-diabetic 
CKD reduces proteinuria and arterial stiffness independent of 
BP lowering (Dhaun et al., 2009). Long-term effects of endothelin 
antagonism on cardiovascular risk in CKD are yet to be determined, 
but there is emerging evidence that endothelin antagonists may be 
of value in treating resistant hypertension, perhaps through direct 
effects on arterial stiffness (Dhaun et al., 2007, 2009, 2013).

Although it is accepted that endothelial dysfunction promotes 
arterial stiffening, a study of cultured endothelial cells in vitro sug-
gests that stiff arteries themselves further reduce nitric oxide bio-
availability through diminished expression of endothelial nitric 
oxide synthase (Peng et  al., 2003). Arterial stiffness may there-
fore be self-perpetuating. Novel agents such as ghrelin appear to 
improve endothelial dysfunction (Tesauro et al., 2009) and offer 
potentially promising avenues for further investigation in CKD 
(Gunta and Mak, 2013).

Chronic inflammation and infection
Although commonly regarded as a risk factor for atheroma, a 
clear association between inflammation (Chapter 110) and arte-
rial stiffness also exists. This is demonstrated by studies of condi-
tions of chronic systemic inflammation (Maki-Petaja et al., 2006; 
Cachofeiro et al., 2008) and by studies of inflammatory markers 
and arterial stiffness in the healthy population (Yasmin et al., 2004). 
More specifically, aortic inflammation, as assessed using positron 
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emission tomography imaging, has recently been shown to influ-
ence aortic stiffness (Joly et al., 2009). The long-term use of immu-
nosuppressive agents in inflammatory disorders is associated with 
a reduction in surrogate markers of cardiovascular risk (Choi et al., 
2002) and such agents require further cautious investigation.

Pro-inflammatory cytokines damage endothelial cells by increas-
ing the release of acid sphingomyelinase, which depresses endothe-
lial cell signalling and function. Low glutathione levels further 
increase activation of sphingomyelinase (Liu and Hannun, 1997). 
Replenishment of glutathione using N-acetylcysteine, a cheap 
and well-tolerated food supplement, has been shown to improve 
endothelial function and cardiovascular outcomes in two small 
studies of patients with ESRD (Tepel et al., 2003; Wittstock et al., 
2009) and further assessment of its potential in reducing arterial 
stiffness is warranted.

Inflammatory degradation of ECM elastin has been shown to 
accelerate arterial calcification in animal CKD models (Aikawa et al., 
2009; New and Aikawa, 2011), prompting potential exploration of 
the role of immunosuppression and selective inhibition of elastase 
enzymes as therapeutic interventions in arterial stiffness reduction.

A number of chronic infections, including Cytomegalovirus 
(CMV) have been associated with cardiovascular disease in epi-
demiological studies although the mechanisms remain largely 
unknown. Although the evidence linking CMV seropositiv-
ity with arterial stiffness in the general population remains weak 
(Espinola-Klein et al., 2000; Steptoe and Halcox, 2008; Parrinello 
et al., 2012) there is new evidence linking CMV seropositivity with 
arterial stiffness in patients with early CKD (Wall et  al., 2013). 
Ultimately, reducing the prevalence of CMV seropositivity might 
be a potential way of reducing the burden of cardiovascular disease 
in the general population.

The renin–angiotensin–aldosterone system
Angiotensin II (Chapet 210) is a powerful vasoconstrictor but also 
promotes inflammation by stimulating VSMCs to generate intra-
cellular superoxides and inflammatory cytokines (Kranzhofer 
et al., 1999). Furthermore, it induces vascular remodelling through 
VSMC hypertrophy and proliferation, increased collagen synthe-
sis and increased production of MMP (Takagishi et al., 1995) This 
ECM remodelling can be controlled by angiotensin-converting 
enzyme inhibitors (ACEIs) (Ahimastos et  al., 2005). ACEIs and 
angiotensin II receptor blockers (ARBs) also inhibit AGE forma-
tion in a dose dependency in vitro, possibly by reducing genera-
tion of reactive oxygen species and reactive carbonyl compounds 
(Miyata et al., 2002).

Short- and long-term inhibition of the renin–angiotensin–  
aldosterone system (RAAS) with ACEIs and ARBs is associated with 
reductions in arterial stiffness but is almost invariably accompanied 
by BP reduction (Ahimastos et al., 2005; Mitchell et al., 2007). The 
relative importance of BP-lowering is difficult to distinguish from 
the direct tissue effects. In a longitudinal study of haemodialysis 
patients treated with ACEIs, BP lowering combined with decreased 
aPWV was associated with reduced all-cause and cardiovascular 
mortality (Guerin et al., 2001). Such mortality benefits were absent 
in subjects with unaltered aPWV despite BP reduction, lending some 
support to the theory that RAAS inhibition reduces risk through a 
BP-independent mechanism in ESRD.

Aldosterone levels, which frequently remain elevated despite 
treatment with ACEIs and ARBs, are correlated with arterial 

stiffness in hypertensive men independently of BP (Blacher et al., 
1997). Aldosterone increases arterial stiffness independently of 
wall stress in subtotally nephrectomized rats given high-salt diets 
(Lacolley et al., 2002) and these effects are inhibited by the miner-
alocorticoid receptor (MR) antagonist eplerenone. MR activation 
is associated with endothelial dysfunction and activation of VSMC 
genes involved in vascular fibrosis, inflammation and calcification 
(Brown, 2008). Aldosterone upregulates expression and sensitivity 
of vascular angiotensin receptors in rats (Ullian et al., 1992). The 
MR antagonist spironolactone inhibits angiotensin II-mediated 
VSMC proliferation in vitro, reduces aortic and myocardial col-
lagen accumulation (Lacolley et al., 2001) and reduces oxidative 
stress and endothelial dysfunction (Virdis et al., 2002). In subtotally 
nephrectomized rats, spironolactone reduces proteinuria, arterial 
pressure and cardiac hypertrophy (Greene et al., 1996). These stud-
ies highlight the importance of aldosterone in the development of 
cardiovascular and renal injury in animal models of CKD.

There are limited data on the influence of RAAS on arterial stiff-
ness in human CKD. A pilot study of 25 stage 2 and 3 CKD patients 
demonstrated that ARB treatment improved small artery compli-
ance (Garg et al., 2005). In a randomized placebo-controlled trial, 
the addition of spironolactone to ACEI/ARB therapy in patients 
with stage 2 and 3 CKD significantly reduced both arterial stiff-
ness and LV mass, supporting the hypothesis that aldosterone is 
a major mediator of arterial stiffness and LVH in CKD (Edwards 
et al., 2009, 2010). There was, however, a significant reduction in BP 
such that an effect of BP lowering on arterial stiffness could not be 
excluded. Larger studies are required to determine whether treat-
ment with MR antagonists can lower arterial stiffness safely and 
blood pressure independently, in patients with CKD and whether 
this is associated with improved clinical outcomes.

A recent meta-analysis of RAAS blockade with either ACEIs 
or ARBs in CKD revealed a significant reduction in cardiovascu-
lar outcomes and the incidence of heart failure when compared 
to placebo, although no reduction in cardiovascular, or all-cause 
mortality, was noted (Balamuthusamy et al., 2008). The mechanism 
explaining this improvement in cardiovascular outcome arises is 
unknown, but an assessment of arterial stiffness parameters in such 
patients may be informative.

Diet
Observational studies highlight the importance of environmental 
factors such as high-salt diets (Chapter 101) in the development 
of hypertension and arterial stiffness (Safar et al., 2000). Dietary 
sodium enhances age-related vascular changes by promoting 
VSMC hypertrophy and increased VSMC tone. It also increases 
collagen cross-linking and facilitates aldosterone-induced oxida-
tive stress and inflammation (Safar et al., 2000). In the presence 
of aldosterone, small increases in plasma sodium concentrations 
decrease nitric oxide release and increase endothelial cell stiffness 
in vitro (Oberleithner et al., 2007). Restricting dietary sodium in 
hypertensive subjects effectively reduces arterial stiffness (Gates 
et al., 2004). The Western diet is relatively rich in dietary oxidants, 
AGEs, and bioavailable phosphate (Ferro et al., 2009). These sub-
stances undergo renal metabolism or excretion and therefore accu-
mulate in CKD. The influence of dietary factors such as sodium, 
phosphate, and pro-oxidant compounds on arterial structure and 
function in subjects with and without CKD is poorly understood 
and is a fertile area for future research.
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Vascular calcification and disorders  
of bone and mineral metabolism
Vascular medial calcification (Chapter 120) is prominent in CKD 
and plays an important role in the pathogenesis of arterial stiff-
ness (Fig. 111.5). The extent of arterial calcification correlates with 
severity of arterial stiffness independent of age and BP in ESRD and 
CKD (Toussaint et al., 2008) and is a strong predictor of all cause 
and cardiovascular mortality in ESRD (London et al., 2003).

Vascular calcification describes deposition of calcium-phosphate 
mineral (hydroxyapatite) in cardiovascular tissues. Long thought 
to be a passive process, there is now strong evidence that arterial 
calcification is actively regulated, involving direct osteogenic gene 
activation together with suppression of calcification inhibitors. 
Exposure of VSMCs to high concentrations of intracellular calcium 
and phosphate in vitro results in their phenotypic switch to an oste-
ogenic cell type with upregulation of genes promoting matrix min-
eralization and calcium deposition (Jono et al., 2000). Osteogenic 
differentiation is driven by upregulation of transcription factors 
such as core-binding factor-alpha-1 (CBFα1) and bone morphoge-
netic protein (BMP), which control expression of osteogenic pro-
teins such as osteocalcin, osteonectin and alkaline phosphatase.

Upregulation of transcription factors is also induced by 
hyperphosphataemia, which is common in advanced CKD. 
A  sodium-dependent phosphate co-transporter, Pit-1, facilitates 
movement of inorganic phosphate into VSMC, which stimulates 
cbfa1 expression dose dependently (Jono et al., 2000). Osteogenic 
proteins are also expressed in VSMC following their exposure to 
uraemic serum in vitro (Chen et al., 2002); this occurs independently 
of phosphate concentration, suggesting that the uraemic milieu, per-
haps through oxidative stress, directly induces vascular calcification.

Loss of inhibitors of mineralization such as fetuin A, osteoprote-
gerin, and matrix G1a protein (MGP) is associated with progressive 

arterial and ectopic soft tissue calcification. Levels of MGP are 
inversely correlated with severity of coronary artery calcification 
(Jono et  al., 2004). In a cross-sectional study of ESRD patients, 
fetuin A levels were lower than in healthy controls and were associ-
ated with increased cardiovascular and all-cause mortality (Ketteler 
et al., 2003). The loss of these inhibitors in vivo may allow calcifi-
cation to occur at relatively low phosphate concentrations, as sug-
gested by the association of modestly elevated serum phosphate 
(still within the reference range) with greater prevalence of coro-
nary, aortic, and valvular calcification independent of serum vita-
min D and parathyroid hormone (PTH) levels in studies of CKD 
patients (Adeney et al., 2009).

Calcium-based phosphate binders and vitamin D supplementa-
tion used in the treatment of bone and mineral disorders associ-
ated with CKD may contribute to hypercalcaemia and subsequent 
soft tissue calcification. Vitamin D therapy, however, is associated 
with reduced cardiovascular mortality in observational studies of 
ESRD (Shoji et al., 2004). This may be partly explained by reduced 
vascular calcification through suppressed CBFα1 synthesis (Drissi 
et al., 2002). Hyperparathyroidism, commonly present in advanced 
CKD, may also contribute to vascular calcification. PTH recep-
tors are present on VSMCs and parathyroidectomy is associated 
with reduced calcium deposition (Rostand and Drueke, 1999). 
Hyperparathyroidism is strongly associated with hypertension, 
increased arterial stiffness, LVH, cardiac fibrosis, impaired cardiac 
contractility, impaired endothelial function, and cardiovascular 
mortality (Rostand and Drueke, 1999).

Raised serum phosphate levels even within the reference range, 
are associated with cardiovascular mortality in the general popula-
tion and in CKD, renal transplant, and ESRD patients (Connolly 
et  al., 2009; Ferro et  al., 2009). In animal models of CKD, high 
dietary phosphate and hyperphosphataemia induce cardiac fibrosis 
and arterial wall thickening (Amann et al., 2003). In patients with 
CKD serum phosphate is independently associated with LV mass 
(Chue et al., 2012a). The importance of vascular calcification as a 
determinant of arterial stiffness suggests that treatments that sup-
press or inhibit this process may be effective in maintaining arterial 
function. Interestingly, LV mass, bone density, and arterial calcifi-
cation appear to be very closely inter-related (Chue et al., 2012b). 
There are a variety of therapeutic targets but powerful phosphate 
binders are already available. The results of studies determining 
their influence on markers of vascular calcification and parameters 
of arterial stiffness will have implications for the management of 
cardiovascular risk in the CKD population (Block et al., 2012; Di 
Iorio et al., 2012; Chue et al., 2013b).

Conclusion
This ‘modern’ paradigm of arterial stiffness providing the link 
between CKD and cardiovascular disease would not be a surprise 
to Richard Bright (Fig. 111.6) and other pioneers of renal and car-
diovascular medicine in the nineteenth and early twentieth centu-
ries (Ferro et al., 2012). Difficulties in measuring arterial stiffness 
meant that blood pressure measurement using a sphygmomanom-
eter became the focus of research and treatment throughout most 
of the twentieth century. Blood pressure control has saved countless 
lives through the years but the limitations of blood pressure meas-
urements are increasingly recognized. Non-invasive, clinic-based 
measurements of arterial stiffness are now simple, reliable, and 

Fig. 111.5 Lateral lumbar spine radiography demonstrating calcification of the 
anterior and posterior walls of the abdominal aorta.
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widely available (DeLoach and Townsend, 2008). Consensus groups 
have been set up producing guidelines for measurement (Laurent 
et  al., 2006), reference ranges (Reference Values for Arterial 
Stiffness Collaboration, 2010), and meta-analyses on the predictive 
value of different parameters of arterial stiffness on cardiovascular 
outcomes (Reference Values for Arterial Stiffness Collaboration, 
2010; Vlachopoulos et al., 2010). Interventions targeting arterial 
stiffness as a means of reducing the cardiovascular risk of a large 
and expanding CKD population should now be tested.
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Oxidative stress and its 
implications in chronic 
kidney disease
Nosratola D. Vaziri

Introduction
Chronic kidney disease (CKD) is invariably associated with inflam-
mation in which oxidative stress is likely to be an important mecha-
nism of damage (Himmelfarb et al., 2002; Himmelfarb and Hakim, 
2003; Vaziri, 2004a, 2004b; Cachofeiro et al., 2008).

Generation and metabolism  
of ROS in normal condition
Transformation of molecular oxygen to water in the cell involves 
its acquisition of four electrons from hydrogen (O2 + 4H → 2H2O).  
For most of the oxygen processed in the cell conversion to water 
happens in a single step. However, conversion to water for the 
remaining 1–4% of oxygen occurs with the transfer of one elec-
tron at a time. This leads to production of highly reactive and 
short-lived intermediary oxygen metabolites, called reactive oxy-
gen species (ROS) (Li et al., 2008; Bartz and Piantadosi, 2010; 
Gutteridge and Halliwell, 2010). Superoxide anion (O2

•−) and 
hydrogen peroxide (H2O2) which are the primary ROS produced 
in the body are the by-products of one and two electron reduc-
tions of O2 respectively.

The great majority of ROS produced in the cell are generated in 
the mitochondria. In addition, small amounts of superoxide anion 
and hydrogen peroxide are produced in the cytoplasm by various 
cytosolic enzymes such as oxygenases, oxidases, and peroxidases.

Although uncontained superoxide and hydrogen peroxide can 
cause oxidative stress and cytotoxicity, under normal condition the 
body is well equipped to neutralize them. For instance, superox-
ide anion is normally converted to hydrogen peroxide (O2

•− + 2H 
→ H2O2) by members of the superoxide dismutase (SOD) family 
which include Mn-SOD (in mitochondria), Cu, Zn-SOD (in cyto-
plasm), and extracellular SOD (EC-SOD). Hydrogen peroxide is 
normally converted to water by catalase and glutathione peroxi-
dase. Thus, under normal conditions, superoxide and hydrogen 
peroxide do not cause oxidative stress or tissue injury. On the con-
trary, they provide vital functions as signalling molecules or second 
messengers for various growth factors and hormones (Bartz and 
Piantadosi, 2010).

Antioxidant defence system
The body’s antioxidant system consists of numerous endogenous 
antioxidant enzymes, phase 2 detoxifying enzymes, and antioxidant 
molecules, as well as many dietary ROS scavengers and antioxidant 
nutrients. The individual components of this system work in a coor-
dinated manner to protect against ROS-mediated cytotoxicity and 
tissue injury. Deficiency of one cannot be compensated by super-
normal amounts of the other(s) (Gutteridge and Halliwell, 2010).

Production of various antioxidant and phase 2 detoxifying 
enzymes and related proteins is regulated by the nuclear factor 
erythroid-2-related factor 2 (Nrf2) which plays a central role in 
basal activity and coordinated induction of over 250 genes such 
as those encoding catalase, SODs, UDP-glucuronosyltransferase, 
NAD(P)H:quinone oxidoreductase-1 (NQO1), haem oxygenase-1 
(HO-1), glutamate cysteine ligase, glutathione S-transferase, glu-
tathione peroxidase, and thioredoxin, among others (Li et al., 2008; 
Wakabayashi et al., 2010).

Under normal conditions, most of the constitutively produced 
Nrf2 is held in the cell cytoplasm as an inactive complex and 
processed for degradation by binding to the repressor molecule, 
Kelch-like ECH-associated protein 1 (Keap1). Keap1 contains a 
number of cysteine residues that function as sensors of the cellular 
redox state. Each Nrf2 molecule is bound by two Keap1 molecules 
(‘hinge and latch’ model). Oxidation or covalent modification of 
the thiols in some of these cysteine residues results in conforma-
tional changes in Keap1 molecules which limits their ability to 
bind Nrf2 and facilitate its proteasomal degradation. This leads 
to accumulation of the active Nrf2 and its translocation to the 
nucleus (Kobayashi et al., 2006; Wakabayashi et al., 2010) where 
it undergoes heterodimerization with other transcription factors 
such as small Maf. It then binds to the regulatory sequences, called 
‘antioxidant response elements’ (AREs) or ‘electrophile response 
elements’ (EpREs), in the promoter regions of its target genes and 
initiates their transcription. An alternative pathway of activation 
(nuclear translocation) of Nrf2 is phosphorylation of its threonine 
or serine residues by upstream kinases, such as protein kinase C, 
mitogen-activated protein kinases, phosphatidylinositol-3-kinase/
Akt, casein kinase-2, and the endoplasmic reticulum enzyme 
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PERK (Cullinan and Diehl, 2004; Surh et  al., 2008; Uruno and 
Motohashi, 2011).

By regulating the constitutive expression and inductive upregula-
tion of the cellular antioxidant and anti-inflammatory machinery, 
Nrf2 plays a central role in protection against oxidative stress (Li 
et al., 2008; Wakabayashi et al., 2010). This assertion is supported 
by the inability of the Nrf2 deficient mice to mount an antioxi-
dants response to oxidative stress. Moreover, these animals develop 
a lupus-like autoimmune nephritis and show exacerbation of 
diabetes-induced oxidative stress, inflammation, and nephropathy 
(Yoh et al., 2001, 2008).

Diversion of primary ROS to secondary  
ROS in pathological states
Unlike normal condition where superoxide and hydrogen perox-
ide are readily contained by the enzymes cited above, under patho-
logical conditions, they become substrates for generation of highly 
cytotoxic and enzymatically uncontainable products. For instance, 
in the presence of transition metals such as iron, hydrogen peroxide 
is converted to hydroxyl radical (•OH) which is the most reactive 
and cytotoxic ROS (H2O2 + Fe2+ → •OH + OH− + Fe3+). Similarly, 
in the presence of nitric oxide (NO), superoxide is converted to 
peroxynitrite (NO + O2

• → ONOO−), a highly reactive nitrogen 
species. Finally, in the presence of myeloperoxidase, which is abun-
dantly expressed in granulocytes and macrophages, hydrogen per-
oxide is converted to hypochlorous acid (H2O2 + Cl− → HOCl). 
HOCl which is commonly known as bleach is a highly reactive and 
cytotoxic reactive halogen species. These extremely cytotoxic sec-
ondary reactive products are responsible for many of the patho-
logical lesions found in a variety of degenerative and progressive 
diseases (Halliwell, 2007).

Oxidative stress in chronic  
kidney disease
ROS produced in the course of metabolism and signal transduction 
processes are normally contained by the natural antioxidant defence 
system. Oxidative stress occurs as a result of either increased pro-
duction of ROS, depressed capacity of the antioxidant system, 
or both (Halliwell, 2007). In the presence of oxidative stress, the 
uncontained or uncontainable ROS attack, denature, and modify 
structural and functional molecules and activate redox-sensitive 
transcription factors and signal transduction pathways. These 
events lead to tissue damage and dysfunction by promoting necro-
sis, apoptosis, inflammation, fibrosis, and other disorders. As out-
lined below, oxidative stress in CKD is due to a combination of 
increased production of ROS and impaired antioxidant capacity.

Increased production of ROS  
in chronic kidney disease
ROS production is markedly increased in the diseased kidney, as 
well as vascular and various other tissues. This is primarily driven 
by mitochondrial dysfunction, activation, or upregulation of the 
ROS-producing enzymes, for example, NAD(P)H oxidase (NOX) 
isoforms, cyclooxygenase-2, lipoxygenase, and uncoupled nitric 
oxide synthase (NOS) as well as endoplasmic reticulum stress 
(Vaziri et al., 2004a; Cachofeiro et al., 2008; Aminzadeh et al., 2012).

Increased ROS production in the diseased kidney is, in part, 
also driven by upregulation of the intrarenal angiotensin system 
which is marked by significant increases in expression the angio-
tensin II receptors (AT1 and AT2) and the number of angioten-
sin II-producing cells. Interestingly, macrophages constitute a 
large segment of the angiotensin II-producing cells and represent 
an ectopic source of this hormone in the diseased kidney (Vaziri 
et  al., 2007). Moreover the kidney contains angiotensinogen, 
angiotensin-converting enzyme, and renin (Vio and Jeanneret, 
2003; Kobori et al., 2007). Thus the kidney serves as both a source 
and the target of angiotensin II. Interestingly, liver appears to be 
the source of the angiotensinogen found in the kidney (Matsusaka 
et al., 2012).

Binding of angiotensin II to the AT1 receptor results in produc-
tion of superoxide by NAD(P)H oxidase which is consistently 
upregulated in the kidney and vascular tissue of animals with CKD 
(Vaziri et al., 2003; Kim et al., 2011). Thus upregulation of the intra-
renal angiotensin system plays an important part in the pathogen-
esis oxidative stress in the diseased kidney (Shah et al., 2007).

Oxidative stress in CKD is invariably coupled with the activation 
of nuclear factor kappa B (NF-κB) and inflammatory cell infiltra-
tion in the diseased kidney (Fujihara et al., 2007; Kim et al., 2011). 
In fact, rats with CKD induced by subtotal nephrectomy as well 
as Imai rats with spontaneous focal segmental glomerulosclero-
sis exhibit oxidative stress and upregulation of ROS-producing 
enzymes which are accompanied by activation of NF-κB and infil-
tration of immune cell in the kidney (Fujihara et  al., 2007; Cho 
et al., 2009; Kim et al., 2011).

In many forms of immune complex-induced and complement-  
mediated glomerulonephritis, such as antiglomerular basement 
membrane antibody-mediated glomerulonephritis and membrano-
proliferative glomerulonephritis, both the infiltrating leucocytes 
and the resident cells contribute to oxidative stress by producing 
ROS (Boyce et al., 1989; Poelstra et al., 1990; Oberle et al., 1992; 
Gaertner et al., 2002).

Although, when present, infiltrating leucocytes play a major part 
in production of ROS in the diseased kidneys, oxidative stress is 
present in leucocyte-independent nephropathies such as puro-
mycin aminonucleoside-induced nephrotic syndrome (a com-
monly used model of minimal change disease) (Kawaguchi et al., 
1992) and in passive Heymann nephritis (a widely used model of 
membranous nephropathy) (Shah, 1988; Neale et al., 1993). These 
observations point to the native renal cells as the sole source of 
excess ROS production in these conditions.

Contribution of underlying diabetes  
to oxidative stress in CKD
Mesangial cells cultured in media with high glucose concentration 
to simulated hyperglycaemia show increased ROS generation (Ha 
et al., 1999, 2002), and isolated glomeruli from diabetic rats pro-
duce large amounts of superoxide and hydrogen peroxide (Chen 
et al., 2000; Koya et al., 2003).

In addition, diabetes results in accumulation of advanced glyca-
tion end products (AGEs) in the kidney and various other tissues. 
The AGEs have been shown to increase intracellular generation of 
ROS by binding to their receptors on macrophages and mesangial 
cells (Yan et al., 1994; Scivittaro et al., 2000). The primary sources 
of increased ROS production in diabetic nephropathy include 
NOX4 (Gorin et  al., 2005), uncoupled NOS (Satoh et  al., 2005), 
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and mitochondria (Nishikawa et  al., 2000; Brownlee, 2001; Lee 
et al., 2003).

Contribution of hypertension  
to oxidative stress in CKD
Production of ROS in kidney and arterial tissues is increased in all 
forms of hereditary and acquired hypertension (Rodríguez-Iturbe 
et al., 2004; Wilcox et al., 2005; Vaziri and Rodríguez-Iturbe, 2006). 
Oxidative stress in the renal and vascular tissues raises arterial 
pressure by increasing systemic vascular resistance and promoting 
sodium retention by several mechanisms.

◆ via ROS-mediated inactivation of NO, depletion of tetrahyd-
robiopterin (the NOS cofactor), and accumulation of the NOS 
inhibitor (asymmetrical dimethylarginine), oxidative stress 
lowers bioavailability of NO which is a potent vasodilator and 
natriuretic factor.

◆ via oxidation of arachidonic acid ROS promote formation of F2 
isoprostane which causes vasoconstriction and sodium retention 
(Rodríguez-Iturbe et  al., 2004; Wilcox et  al., 2005; Vaziri and 
Rodríguez-Iturbe, 2006).

◆ via activation of NF-κB, oxidative stress results in intra-
renal inflammation which promotes sodium retention 
(Rodríguez-Iturbe et al., 2012). Thus by raising systemic vascular 
resistance and renal sodium retention, oxidative stress increases 
arterial pressure.

Conversely, hypertension can raise ROS production and promote 
oxidative stress in the arterial wall as shown in the animal model 
of aorta coarctation. These animals show severe oxidative stress, 
upregulation of NAD(P)H oxidase, and ROS-mediated NO inac-
tivation in the hypertensive zone (proximal to coarctation) but not 
in the normotensive (distal to coarctation) zone of the arterial tree 
(Barton et al., 2001; Sindhu et al., 2005; Vaziri and Ni, 2005).

Thus, CKD-associated oxidative stress can contribute to the 
pathogenesis of hypertension and hypertension can contribute to 
the CKD-associated oxidative stress.

Contribution of inflammation  
to oxidative stress in CKD
Inflammation is a common feature of CKD (see Chapter  110). 
Together, systemic inflammation and oxidative stress contribute 
to the development and progression of atherosclerosis, cardio-
vascular disease, cachexia, anaemia, and many other morbidi-
ties in the CKD patients (Kaysen, 2004; Carrero and Stenvinkel, 
2010). Inflammation in CKD is due to the activation of the innate 
immune system, including monocytes, macrophages, granulocytes 
and resident cells. In fact end-stage renal disease (ESRD) patients 
exhibit:

◆ increased number of circulating monocytes expressing markers 
of activation and spontaneous production of cytokine and ROS 
(Yoon et al., 2007; Gollapudi et al., 2010)

◆ spontaneous activation, degranulation, and increased basal ROS 
production of polymorphonuclear leucocytes (Yoon et al., 2007)

◆ reduced number and impaired activity of regulatory T cells (Treg) 
which normally suppress the inflammatory response (Hendrikx 
et al., 2009; Meier et al., 2009)

◆ elevated chemokine expression and upregulation of ROS pro-
ducing pathways in various tissues, denoting participation of 
non-immune cells in the CKD-induced inflammation (Vaziri, 
2004a).

Several factors contribute to the activation of the innate immune 
system in CKD. These include:
◆ accumulation of pro-inflammatory oxidized low-density lipopro-

tein (LDL) and remnant lipoproteins coupled with the reduction 
of anti-inflammatory and antioxidant properties of high-density 
lipoprotein (HDL) (Vaziri et al., 2010; Vaziri and Norris, 2011)

◆ impaired Nrf2 activity leading to reduced production of 
endogenous antioxidant and anti-inflammatory enzymes 
and related proteins (Kim and Vaziri, 2010; Ruiz et  al., 2013; 
Aminzadehet al., 2013)

◆ comorbid conditions such as autoimmune disorders and diabetes
◆ accumulation of pro-oxidant and pro-inflammatory uraemic 

toxins, such as indoxyl sulphate and p-cresol sulphate which 
are by-products of colonic microbial flora (Aronov et al., 2011; 
Vaziri, 2012a)

◆ blood exposure to dialyser membrane and extracorporeal cir-
cuits and influx of dialysate impurities in the systemic circulation

◆ hypervolemia and hypertension
◆ episodes of intradialytic and post-dialytic hypotension leading 

to bowel ischaemia and leakage of endotoxin in the systemic 
circulation

◆ infections such as infected blood access, hepatitis, and peritonitis 
which commonly occur in haemodialysis and peritoneal dialysis 
patients

◆ alteration of the intestinal microbiome (Vaziri et  al., 2013a) 
which can contribute to systemic inflammation via loss of the 
protective and symbiotic properties of the normal microbial 
flora, and finally

◆ uraemia-induced impairment of the intestinal epithelial barrier 
structure and function which causes systemic inflammation by 
enabling the influx of endotoxin and other noxious luminal con-
tents into the systemic circulation (Vaziri et al., 2012c). Recent  
in vitro studies have identified urea and its hydrolysis to ammo-
nia by microbial urease as the main culprit in the breakdown of 
the intestinal epithelial tight junction in uraemia (Vaziri et al., 
2012a, 2012b, 2013b).

Role of dyslipidaemia in amplification  
and dissemination of oxidative stress in CKD
CKD results in deficiency and impaired antioxidant and 
anti-inflammatory properties of HDL, accumulation of small dense 
LDL, intermediate density lipoprotein (IDL), and chylomicron 
remnants (Vaziri et al., 2010) (see Chapter 102). Small dense LDL, 
chylomicron remnants, and IDL are highly prone to oxidation are 
readily oxidized in CKD patients. This process is accelerated by  
CKD-associated systemic oxidative stress and HDL deficiency and 
dysfunction. Plasma oxidized LDL and lipid peroxidation prod-
ucts are consistently elevated in CKD patients (Vaziri, 2006, 2010). 
Formation and accumulation of the oxidized forms of LDL, IDL, 
and chylomicron remnants play an important part in amplification 
of systemic inflammation and oxidative stress in this population. 
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Via binding to oxidized LDL receptor-1 (LOX-1), scavenger recep-
tor A-1 (SRA-1), and oxidized phospholipid receptors on mono-
cytes and macrophages, these oxidized lipoproteins cause release of 
pro-inflammatory cytokines and chemokines (Li and Mehta, 2000; 
Glass and Witztum, 2001) and thereby promote inflammation and 
oxidative stress. In addition by virtue of their presence in the circu-
lation, these pro-inflammatory particles serve as vehicles to readily 
disseminate inflammation throughout the body. Moreover, via lipid 
peroxidation chain reaction, these circulating oxidized particles 
facilitate the dissemination of oxidative stress in the CKD patients. 
Thus the CKD-associated alteration of lipid metabolism contrib-
utes to systemic inflammation and oxidative stress and hence 
cardiovascular disease, CKD progression, anaemia, cachexia, and 
wasting among other morbidities (Vaziri, 2014).

Role of iron overload and intravenous iron 
in CKD-associated oxidative stress
IV administration of iron (see Chapter 126) bypasses biological safe-
guards designed to prevent iron overload and iron-mediated oxida-
tive stress and inflammation. IV iron compounds are usually given 
as bolus injections of 100–1000 mg which when compared to the 
intestinal absorption of 1–2 mg/day represents a massive quantity. 
The rapid and direct delivery of massive amounts of iron in the cir-
culation overwhelms the available pool of free transferrin, stresses 
the reticuloendothelial system (RES), and leads to the rise in plasma 
and tissue pools of poorly liganded and catalytically active iron.

When bound by transferrin in the plasma, or by ferritin or met-
alloproteins in the intracellular compartment, iron is safely main-
tained in a catalytically inactive state. Poorly liganded ferrous iron 
reacts with H2O2 which is abundantly produced by the mitochon-
dria and inflammatory cells. This leads to conversion of ferrous to 
ferric iron and formation of hydroxyl radical which is a highly reac-
tive and cytotoxic free radical (H2O2 + Fe2+ → •OH + OH− + Fe3+;  
Fenton reaction). Ferric iron is then readily converted back to fer-
rous iron by superoxide which is widely generated by mitochon-
dria and cytoplasmic mono-oxygenases (Fe3+ + O2

•− → Fe2+ + O2;  
Haber Weise reaction), or by reducing molecules such as ascorbic 
acid. Through these reactions, poorly liganded iron leads to pro-
duction of •OH and intensification of oxidative stress. •OH causes 
cytotoxicity and tissue damage by attacking and denaturing DNA, 
lipids, proteins, and other molecules. In fact plasma concentration 
and urinary excretion of 8-hydroxy-20 deoxyguanosine (8-OHdG) 
which is the by-product of DNA damage by •OH is strongly associ-
ated with body iron stores and serum ferritin level (Kuo et al., 2008).

IV iron compounds consist of a ferric hydroxide core which 
is encased in a ‘carbohydrate shell’ to prevent rapid release of 
iron (Danielson, 2004)  and enable their uptake by the RES. 
Administration of these products results in saturation of transfer-
rin and the rise in catalytically active non-transferrin bound iron 
(NTBI) (Van Wyck et al., 2004; Van Campenhout et al., 2008). In 
fact, trials of IV iron products in ESRD patients have revealed a 
significant rise in the by-products of lipid, protein, and DNA oxi-
dation and of inflammatory mediators (Parkkinen et al., 2000; Kuo 
et al., 2008; Garcia-Fernandez et al., 2010). In addition, at phar-
macologically relevant concentrations IV iron products have been 
shown to cause endothelial damage and dysfunction (Limet  al., 
2004; Kamanna et al., 2011), impair immune system (Ichii et al., 
2012; Vaziri, 2013), and increase the incidence and severity of 
microbial infections (Ellis et al., 2013).

Inflammation and iron overload independently raise hepcidin 
and ferritin production which work in concert to inhibit intesti-
nal absorption and block release of iron from the storage sites (see 
Chapter 123). In addition to its effects on oxidative stress, it may 
be important that it can deprive invading pathogens from access 
to iron. Thus administration of IV iron in ESRD patients with ele-
vated ferritin (> 350 micrograms/L) and systemic inflammation or 
chronic infection can intensify oxidative stress and inflammation 
and compromise their defence against microbial infections.

Impaired antioxidant defence system 
in chronic kidney disease
Oxidative stress in CKD fails to elicit an appropriate antioxidant 
defence response (Ruiz et  al., 2013). In fact, oxidative stress in 
rats with CKD induced by 5/6 nephrectomy or adenine-induced 
chronic interstitial nephropathy and in the Imai rats with sponta-
neous focal segmental glomerulosclerosis is paradoxically associ-
ated with a marked and time-dependent decline in Nrf2 activity 
(see above) and a marked elevation of the Nrf2 repressor molecule, 
Keap1, in the remnant kidney (Kim and Vaziri, 2010; Kim et al., 
2011; Aminzadeh et al., 2012, 2013; Ruiz et al., 2013). The decline 
in the Nrf2 activity in these animals is accompanied by a steady 
fall in expression of Nrf2 target gene products, including antioxi-
dant enzymes (i.e. SOD isoforms, catalase, glutathione peroxidase, 
and HO-1), the key enzymes responsible for glutathione synthesis 
(i.e. glutamate-cysteine ligase catalytic and modifier subunits), and 
the major detoxifying enzyme, NQO1. In addition to rendering 
the diseased kidney more susceptible to oxidative stress, impaired 
Nrf2 function leads to amplification of intrarenal inflammation via 
ROS-mediated activation of NF-κB.

A number of studies have demonstrated the anti-inflammatory 
function of Nrf2 (Morimitsu et  al., 2002; Surh et  al., 2005; 
Chen et  al., 2006; Li et  al., 2008). Nrf2 gene ablation intensifies 
diabetes-induced oxidative stress, inflammation, and renal injury 
(Yoh et  al., 2008; Zheng et  al., 2011). Moreover ischaemic and 
nephrotoxic insults lead to more severe acute kidney injury and 
dysfunction and higher mortality in Nrf2-deficient compared to 
the wild-type mice (Liu et al., 2009).

Consequences of oxidative stress  
in chronic kidney disease
Oxidative stress causes cytotoxicity and tissue damage or dys-
function directly via ROS-mediated oxidation of the various 
molecules or indirectly by activating the redox-sensitive tran-
scription factors and signal transduction pathways. Some of the 
CKD-associated disorders in which oxidative stress is involved are 
briefly mentioned below:

Role of oxidative stress in CKD progression
Diseased kidneys in various models of CKD show accumulation 
of markers of oxidative stress, upregulation of ROS-producing 
enzymes, and impaired activation of the antioxidant pathway (Ruiz 
et al., 2013). The causal role of oxidative stress in CKD progres-
sion is evidenced by experiments which have shown the salutary 
effects of the therapeutic interventions which can fortify the endog-
enous antioxidant system (e.g. natural Nrf2 activators) (Sahin et al., 
2010; Molina-Jijon et al., 2011; Peng et al., 2011; Tsai et al., 2011) or 
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reduce ROS production (e.g. AT1 receptor blockers and ACE inhib-
itors) (Ruggenenti et al., 2012).

Role of oxidative stress in CKD-associated 
cardiovascular complications
Via ROS-mediated NO inactivation, reduced NO production, and 
LDL oxidation, oxidative stress causes endothelial dysfunction and 
atherosclerosis. Studies in animal models of CKD have revealed 
marked downregulation of NO synthase expression, ROS-mediated 
NO inactivation, endothelial dysfunction, and lipid accumulation 
in the artery wall (Vaziri et al., 1998a, 1998b, 2002).

Role of oxidative stress in CKD-associated anaemia
By depleting the erythrocytes’ antioxidant reservoirs and oxidiz-
ing their phospholipid membranes CKD-associated oxidative stress 
shortens the erythrocyte lifespan (Cruz et al., 2008; Babitt and Lin, 
2012). In addition, by promoting inflammation, oxidative stress 
causes erythropoietin resistance and raises hepcidin production 
which limits intestinal iron absorption and iron release from stor-
age sites, thereby limiting haemoglobin production.

Role of oxidative stress in CKD-associated  
systemic inflammation
As noted above via ROS-mediated activation of NF-kB and forma-
tion of pro-inflammatory oxidized lipoproteins, advanced protein 
and glycation end products, oxidative stress triggers the release of 
inflammatory cytokines and chemokines and activation of immune 
cells. Activated leucocytes and resident cells, in turn, generate ROS 
and reactive halogen and nitrogen species which help to amplify 
and perpetuate oxidative stress in CKD.

Role of oxidative/nitrosative stress in CKD-associated 
neurological disorders
Via oxidation of the polyunsaturated fatty acids which are highly 
prone to oxidation and are heavily abundant in neuronal tissues, 
oxidative stress can cause neurological damage and dysfunction. In 
addition, oxidative stress can cause neuronal injury by triggering 
excitotoxicity which is marked by elevation of intracellular ionized 
calcium, activation of neuronal NOS, formation of peroxynitrite, 
nitration of proteins, and mitochondrial damage. In fact, Deng 
et al. have demonstrated heavy accumulation of nitrotyrosine (a 
biomarker of oxidative and nitrosative stress) in the cerebral cortex 
of the CKD animals (Deng et al., 2001). This finding is of particular 
interest with regard to the cognitive dysfunction in CKD since for-
mation of nitrotyrosine and lipid peroxidation products is a criti-
cal step in the pathogenesis and progression of Alzheimer disease 
(Butterfield et al., 2011).

Potential strategies to attenuate chronic 
kidney disease-associated oxidative stress
Hypertension, hypotension and fluid volume control
AT1 receptor blockers and ACE inhibitors are likely to reduce oxida-
tive stress as the intrarenal angiotensin system is markedly upregu-
lated and is a major source of ROS production and inflammation 
in the diseased kidney tissue (Vaziri and Rodríguez-Itrube, 2006).

Hypervolemia is a common consequence of advanced CKD 
and when severe may contribute to systemic inflammation and 

oxidative stress. This is, in part, due to the impairment of intestinal 
epithelial barrier structure and function in the heavily oedematous 
bowels.

Rapid removal of fluid during haemodialysis frequently results 
in hypotension which can cause bowel ischaemia and epithelial 
barrier dysfunction enabling influx of endotoxin in the systemic 
circulation. This will amplify systemic inflammation and oxida-
tive stress. Lower weight gains, longer and more frequent dialysis 
can minimize intra- and post-dialytic hypotension and its adverse 
consequences.

Prevention, detection, and treatment of infection
Infections cause inflammation which is a major cause of oxidative 
stress. Thus prevention, detection, and treatment can attenuate oxi-
dative stress.

Adequate uraemia control
Urea hydrolysis to ammonia by microbial urease leads to formation 
of ammonium hydroxide in the intestinal lumen. This leads to the 
breakdown of the intestinal epithelial tight junction which causes 
systemic inflammation and oxidative stress by enabling the influx 
of endotoxin and other noxious luminal contents into the internal 
milieu (Vaziri et al., 2012a, 2012b, 2012c, 2013b). Consequently, 
strategies aimed at improving uraemia control such as reduction of 
dietary protein and longer and more frequent dialysis can help to 
attenuate oxidative stress and inflammation.

Adequate glycemia control in diabetics
By promoting mitochondrial dysfunction and formation of gly-
cated proteins which serve as ligands for catalytically active iron, 
poor glycemia control causes oxidative stress. In addition it leads 
to formation of AGEs which promote inflammation and thereby 
oxidative stress.

Avoidance of iron overload
The potential hazards of iron treatment were mentioned above 
(Vaziri, 2012b, 2013). Studies currently under way aim to test the 
safety and efficacy of different iron management regimens.

Potential strategies to enhance antioxidant capacity
Endogenous antioxidant capacity is suppressed in CKD (Kim et al., 
2010; Aminzadehet al., 2013; Ruiz et al., 2013; Vaziri et al., 2013a). 
Dietary restriction of fruits and vegetables prescribed to limit potas-
sium intake could contribute to this. This is because fresh fruits and 
vegetables contain numerous precious micronutrients including 
antioxidant compounds and serve as substrates for the generation 
of other nutrients by gut microbial flora (Ruiz et al., 2013). 

Dialysis results in not only the intended removal of the excess 
fluid, electrolytes, and uraemic retention products but also many 
small-sized molecules including antioxidant compounds. It is pos-
sible that this contributes to the pro-oxidant state.

Finally, recent demonstration of uraemia-induced changes in the 
structure and function of the gut microbiome (Vaziri et al., 2013a) 
which is a major source of important micronutrients can potentially 
contribute to the impaired antioxidant system in advanced CKD.

Future studies are needed to address the ideal composition of the 
diet and the potential benefit of prebiotics in CKD/ESRD popula-
tions. In addition, future studies are needed to identify strategies 
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aimed at restoring production of the endogenous antioxidant and 
phase 2 detoxifying enzymes and related molecules in these popu-
lations. However, studies in experimental animals have demon-
strated the salutary effects of natural Nrf2 activators. For example, 
sulphoraphane, an organosulphur compound found in crucifer-
ous vegetables, has been shown to ameliorate nephropathy in ani-
mals with streptozotocin-induced diabetes (Zheng et  al., 2011). 
Likewise, epigallocatechin-3-gallate (the bioactive polyphenol in 
green tea) has been shown to improve renal lesions in animal mod-
els of systemic lupus erythematosus (Tsai et al., 2011), in mice with 
anti-glomerular basement membrane glomerulonephritis (Peng 
et al., 2011), and in animals with cisplatin-induced nephrotoxicty 
(Sahin et al., 2010). Similarly, curcumin, a polyphenolic compound 
extracted from turmeric, has been shown to confer protection in an 
animal model of chromium-induced nephrotoxicity (Molina-Jijon 
et al., 2011). These observations support the role of Nrf2 deficiency 
in the pathogenesis of oxidative stress, inflammation, and progres-
sion of CKD. Future studies are needed to explore the potential util-
ity of Nrf2 agonists in patients with CKD.
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CHAPTER 113

Abnormal endothelial vasomotor 
and secretory function
Thimoteus Speer and Danilo Fliser

Endothelial function
The endothelium is the largest organ of the human body consisting 
of approximately 1013 cells with a total surface of roughly 1000 m2.  
Endothelial cells cover the vasculature as a barrier between the 
bloodstream and the vessel wall. However, the endothelium is more 
a complex control centre than a simple physical barrier. Endothelial 
cells are key regulators of the vascular homeostasis:  they control 
vascular tone, modulate inflammation of the vessel wall, and equili-
brate platelet activation and haemostasis, thereby interacting with 
other cell types of the vessel wall (e.g. vascular smooth muscle 
cells, macrophages) and circulating blood cells (e.g. mononuclear 
cells, platelets) (Fleming and Busse, 2003; Rao et al., 2007; Munzel 
et al., 2008). To regulate vascular function and structure, endothe-
lial cells produce a broad variety of anti-atherosclerotic substances 
(Table 113.1), of which nitric oxide (NO) is the best characterized 
and most studied. Generated by endothelial NO synthase (eNOS), 
NO induces relaxation of vascular smooth muscle cells, prevents 
expression of vascular cell adhesion molecules and adhesion of 
leucocytes, and inhibits platelet activation (Feletou et  al., 2012). 
Deterioration of these beneficial endothelial effects (endothelial 
dysfunction) is thought to be the first critical step in the pathogen-
esis of atherosclerosis (Ross, 1999).

Endothelial dysfunction
A widely used definition of endothelial dysfunction refers to an 
imbalance between the production of vasodilatory and vasocon-
strictive substances by the endothelium. However, endothelial 
dysfunction may include deterioration of more endothelial proper-
ties than dysregulation of the vascular tone. Accordingly, endothe-
lial dysfunction can generally be defined as an impairment of 
endothelial functional properties leading to abnormal endothelial 
activation.

Abnormal endothelial vasomotor function
The regulation of the vascular tone in cross-talk with vascular 
smooth muscle cells (VSMCs) is a key feature of the endothe-
lium. This is achieved by secretion of vasodilatory substances 
such as NO, prostacyclin, and endothelial-derived hyperpo-
larization factor (EDHF), which induce relaxation of VSMCs 
(Fig. 113.1A). However, in chronic kidney disease (CKD), sub-
stances such as homocysteine, endogenous methylarginines 
(e.g. asymmetric and symmetric dimethylarginine), or modified 

lipoproteins inhibit eNOS resulting in a reduced NO bioavail-
ability. Moreover, some of them activate endothelial oxidases 
(e.g. nicotinamide adenine dinucleotide phosphate, reduced 
(NADPH) oxidase, xanthine oxidase) to produce reactive oxy-
gen species (ROS), which can directly act on vascular smooth 
muscle cells, react with NO to form the peroxynitrite radical, 
or induce uncoupling of eNOS to produce ROS. In addition, 
cyclooxygenase-derived factors and endothelin-1 are released, 
causing together with ROS a contraction of the smooth muscle 
cells (Fig. 113.1B) (Forstermann, 2008; Shi and Vanhoutte, 2009; 
Vanhoutte, 2011; Feletou et al., 2012).

Abnormal endothelial secretory function
CKD is characterized by abnormal endothelial activation. 
Several substances circulating in the plasma of patients with 
impaired kidney function activate the transcription of dis-
tinct pro-inflammatory genes acting on endothelial transcrip-
tion factors like nuclear factor kappa B (NF-κB). The release 
of pro-coagulatory proteins (e.g. tissue factor) and activation 
of platelets induce a prothrombotic state. Vice versa, activated 
platelets secrete cytokines (e.g. IL-1β, RANTES), which further 
promote endothelial activation. Activated endothelial cells also 
produce cytokines, which act in an autocrine and paracrine man-
ner by stimulation and chemotaxis of circulating leucocytes. 
Endothelial cell adhesion molecules enable adhesion and trans-
migration of mononuclear cells and T lymphocytes resulting in 
endothelial inflammation (Endemann and Schiffrin, 2004; Rocha 
and Libby, 2009). Finally, abnormal endothelial activation leads 
to progressive endothelial apoptosis and damage with shedding 
of endothelial microparticles and detachment of endothelial cells 
(Fig. 113.2) (Martinez et al., 2005).

Pathophysiology of endothelial dysfunction 
in chronic kidney disease
Reduced kidney function leads to accumulation of compounds 
which are normally excreted by the healthy kidneys. They are 
referred as uraemic toxins when they impair biological functions 
(Vanholder and De Smet, 1999; Vanholder et al., 2003). As they 
circulate in the blood of the patients, it is obvious that some of them 
may exert direct effects on the vascular endothelium. Several in 
vitro experiments documented that exposure of endothelial cells to 
serum of uraemic patients induced abnormal endothelial activation 
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(Carbo et  al., 2008). Furthermore, CKD interferes considerably 
with several metabolic pathways leading to post-translational 
modifications of (lipo)proteins (Endemann and Schiffrin, 2004). In 
the following sections, endothelial effects of selected uraemic tox-
ins and metabolites will be reviewed. Uraemic toxins in general are 
reviewed in Chapter 254.

p-Cresyl sulphate and indoxyl sulphate
Both uraemic toxins are generated during bacterial fermenta-
tion of tryptophan- and tyrosine-containing proteins in the large 
intestine. They bind to albumin resulting in a reduced clearance by 
dialysis treatment. Moreover, their serum levels correlate well with 
cardiovascular mortality and progression of CKD (Barreto et al., 
2009; Meijers et  al., 2009; Wu et al., 2012). It was demonstrated 
that p-cresyl sulphate and indoxyl sulphate attenuate proliferation 
and migration of endothelial cells leading to endothelial damage 
with shedding of microparticles (Dou et al., 2004; Meijers et al., 

2009). Furthermore, indoxyl sulphate may contribute to endothe-
lial ROS production and promote vascular inflammation by expres-
sion of endothelial cell adhesion molecules (Dou et al., 2007; Ito 
et al., 2010).

Phosphate
High serum phosphate levels are related to cardiovascular events 
in the general population as well as in CKD patients (Ganesh et al., 
2001; Tonelli et al., 2005). Beside its role in the pathogenesis of vas-
cular calcifications, phosphate may directly interfere with endothe-
lial function. It increases endothelial ROS production by NADPH 
oxidases and diminishes NO bioavailability resulting in a decreased 
flow-mediated vasodilation in humans (Shuto et al., 2009).

Homocysteine
Homocysteine is a sulphur amino acid, biosynthesized from 
methionine. It belongs to the group of protein-bound uraemic 
toxins and is thought to be a cardiovascular risk factor. Several 
observational trials revealed an association between hyperhomo-
cysteinaemia and cardiovascular morbidity and mortality, although 
homocysteine-lowering therapies did not reduce the rate of car-
diovascular events in large randomized controlled trials in CKD 
and non-CKD patients (Zoccali, 2006; Zoccali and Mallamaci, 
2006; Heinz et al., 2010). Nevertheless, a great many of in vitro 
and in vivo studies demonstrated that homocysteine may inter-
act with distinct endothelial functions. Homocysteine activates 
endothelial NADPH oxidases and leads to uncoupling of eNOS. 
Moreover, reduced expression of antioxidative enzymes like glu-
tathione peroxidase and superoxide dismutase further enhances 
endothelial ROS production. Notably, homocysteine was shown to 
attenuate flow-mediated vasodilation in vivo (Papatheodorou and 
Weiss, 2007).

Methylarginines
The methylarginines asymmetric and symmetric dimethylargi-
nine (ADMA, SDMA) are generated in vivo by methylation of 
arginine residues in proteins by protein arginine methyltrans-
ferases. Type 1 protein arginine methyltransferase induces 
methylation of ADMA, whereas type 2 protein arginine methyl-
transferase induces methylation of SDMA. Methylarginines are 
released during protein degradation and circulate as free methy-
larginines in the serum. Whereas SDMA is mainly excreted by 
urine, ADMA undergoes enzymatic degradation by dimethyl-
aminohydrolase (DDAH). Both methylarginines are thought to 
be protein bound to a substantial degree. Therefore as DDAH 
enzyme activity and expression are reduced in kidney disease, 
it is reasonable that both methylarginines, ADMA and SDMA, 
accumulate when kidney function decreases. Elevated methyl-
arginine levels are particularly detectable in patients with incipi-
ent kidney disease. SDMA correlates well with the glomerular 
filtration rate, while this association is much weaker for ADMA. 
Moreover, both methylarginines are predictors for cardiovascu-
lar events in patients with CKD as well as in other clinical condi-
tions such as diabetes, hypertension, and coronary artery disease.

ADMA and SDMA interfere with cellular NO bioavailability. 
ADMA was shown to reduce endothelial NO production by direct 
inhibition of eNOS and thereby induces endothelial dysfunc-
tion. Although SDMA treatment of endothelial cells reduced NO 

Table 113.1 Vascular functions affected by endothelial cells and 
selected mediators

Function Factors

Regulation of vascular 
tone

Nitric oxide

Cyclooxygenase-derived products (e.g. 
prostacyclin)

Endothelial-derived hyperpolarizing factor (EDHF)

Endothelial-derived contracting factor (EDCF)

Endothelin-1

Angiotensin II

C-type natriuretic peptide

Bradykinin

Adrenomedullin

Regulation of thrombosis 
and haemostasis

Nitric oxide

Tissue plasmin activator (tPA)

Thrombomodulin

Prostaglandin

Plasminogen activator inhibitor-1 (PAI-1)

Tissue factor (TF)

Tissue factor pathway inhibitor (TFPI)

Platelet activating factor (PAF)

Von Willebrand factor (vWF)

Endothelial protein C receptor

Regulation of vascular 
inflammation

Monocyte chemotactic factor-1 (MCP-1)

Cell adhesion molecules (VCAM-1, ICAM-1, 
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production, a direct inhibition of eNOS has not yet been demon-
strated. However, both substances reduce the L-arginine trans-
port into endothelial cells by the transporters for cationic amino 
acids (CAT-1/2) resulting in a diminished substrate availability for 

eNOS. Hence, ADMA and SDMA may be involved into the patho-
genesis of CKD-associated endothelial dysfunction (Fig. 113.3) 
(Fliser et al., 2003; Kielstein et al., 2009; Leiper and Nandi, 2011; 
Schwedhelm and Boger, 2011).
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Fig. 113.1 Cross-talk between endothelial cells (ECs) and vascular smooth muscle cells (VSCMs) in health and chronic kidney disease.
(A) In healthy subjects, endothelial-derived factors like nitric oxide (NO), endothelial-derived hyperpolarizing factor (EDHF), and prostacyclin (PGI2) induce relaxation 
of vascular smooth muscle cells. (B) In chronic kidney disease, several substances inhibit endothelial NO production und induce production of reactive oxygen 
species (ROS) resulting in VSMC contraction. ADMA = asymmetric dimethylarginine; AGE = advanced glycation end product; SDMA = symmetric dimethylarginine; 
PG = prostaglandins; AngII = angiotensin II, TGFβ = transforming growth factor beta; TNFα = tumour necrosis factor alpha; TXA2 = thromboxane A2.

Fig. 113.2 Abnormal endothelial function. 5HT = serotonin; ADP = adenosine diphosphate; CAM = cell adhesion molecules; CEC = circulating endothelial cell; 
IL-6/8 = interleukin 6/8; MCP-1 = monocyte chemotactic protein; MMP = matrix metalloproteases; MP = microparticles; TF = tissue factor; vWF = von Willebrand factor.
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Fig. 113.3 Metabolism and role of the methylarginines asymmetric and symmetric dimethylarginine (ADMA and SDMA) in the regulation of the nitric oxide (NO) 
bioavailability. CAT = cationic amino acid transporter; DDAH = dimethylaminohydrolase; EC = endothelial cell; eNOS = endothelial nitric oxide synthase.

Lipoproteins
Dyslipidaemia is a common feature of patients with CKD (see 
Chapter 102), which is characterized by rather normal blood lev-
els of low-density lipoproteins (LDLs), but low blood levels of 
high-density lipoproteins (HDLs) (see Chapter 102). Beside their 
role as lipid transporters, lipoproteins may exert several direct 
vascular effects: HDL is known to preserve endothelial integrity 
and function mainly by stimulation of endothelial NO produc-
tion (Navab et al., 2011). In contrast, fatty streak formation by 
LDL cholesterol-loaded macrophages plays a crucial role in the 
development of atherosclerotic lesions (Rocha and Libby, 2009). 
However, CKD may induce substantial changes of lipoprotein 
composition and function.

Oxidative stress as it occurs in kidney disease (see Chapter 112) 
leads to oxidation of LDL and HDL. Oxidized LDL (oxLDL) pro-
motes a proinflammatory and procoagulatory endothelial phenotype 
mediated by the endothelial lectin-like oxLDL receptor (LOX-1). 
Moreover, oxLDL deteriorates endothelial-dependent vasodilation 
by reducing NO bioavailability (Heeringa and Tervaert, 2002).

Another recently identified post-translational modifica-
tion of lipoproteins in CKD patients is carbamylation. Urea 
(non-enzymatically) or myeloperoxidase (enzymatically) trig-
ger the carbamylation of HDL and LDL lysine residues (Wang 
et  al., 2007). Carbamylated lipoproteins were found in ath-
erosclerotic lesions of animals with experimental CKD. It was 
shown that carbamylated LDL may induce endothelial apoptosis 
and promote endothelial inflammatory activation (Apostolov 
et  al., 2010; Speer et  al., 2014). Although vascular effects of 

carbamylated lipoproteins are only partially understood, they 
might play an important role in CKD-associated endothelial 
dysfunction.

Notably, HDL—which is commonly referred to as ‘good cho-
lesterol’—undergoes considerable changes in CKD patients. In 
contrast to LDL, the protein composition of HDL is quite com-
plex. Proteomic analysis revealed that uraemia causes changes of 
HDL-associated proteins affecting its functional properties. The 
activity of HDL-associated antioxidative proteins is reduced, result-
ing in a diminished capacity of HDL to prevent oxidation of LDL 
(Kalantar-Zadeh et al., 2007; Vaziri et al., 2009; Holzer et al., 2011). 
Furthermore, HDL from CKD patients may promote endothelial 
adhesion of mononuclear cells and thereby endothelial inflamma-
tory activation. In addition, levels of apolipoprotein A1, which is 
mainly responsible for the endothelial protective effects of HDL, 
are reduced in patients with CKD (Vaziri et al., 2010; Speer et al., 
2013) (see Chapter 102).

Clinical assessment of endothelial function
Endothelial dysfunction is the first crucial step in the pathogen-
esis of atherosclerosis and is commonly accepted as a cardiovascu-
lar risk factor. It was convincingly demonstrated that endothelial 
dysfunction might be a predictor for cardiovascular events in the 
general population and particularly in patients with CKD (Suwaidi 
et al., 2000). Vice versa, endothelial dysfunction caused by hyper-
tension or diabetes was shown to predict worsening of kidney func-
tion, revealing that endothelial dysfunction might be a systemic 
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rather than a local phenomenon (Malyszko, 2010; Rabelink et al., 
2010; Nakagawa et  al., 2011). Therefore, it is conceivable that 
measuring endothelial function might be an important and use-
ful strategy to estimate cardiovascular risk and to assess effects of 
vascular-targeted therapies in CKD patients (Brunner et al., 2005; 
Deanfield et al., 2005).

Invasive methods
Quantitative angiography
Assessment of the vessel diameter by quantitative coronary angiog-
raphy in combination with Doppler flow measurements after infu-
sion of acetylcholine represents the gold standard for the clinical 
assessment of endothelial function. If the endothelium is intact, 
acetylcholine or other agonists (e.g. bradykinin, prostacyclin) 
induce endothelial release of NO leading to vasodilation. However, 
in patients with endothelial dysfunction, acetylcholine causes a 
vasoconstriction. Endothelial-independent vasodilation can be 
assessed by application of adenosine. Because of its invasiveness, 
the range of application is restricted (Deanfield et al., 2005; Hogas 
et al., 2010).

Venous occlusion plethysmography
Venous occlusion plethysmography to measure the blood flow is 
usually performed in the forearm vascular bed after arterial infu-
sion of NO agonists, as in quantitative angiography. This technique 
utilizes the fact that endothelial dysfunction represents a systemic 
disorder. It was demonstrated that there is a correlation between 
acetylcholine response in coronary arteries and in forearm blood 
vessels. As arterial cannulation is required, the usability of this pro-
cedure is limited (Deanfield et al., 2005; Hogas et al., 2010).

Non-invasive methods
The development and validation of non-invasive techniques 
brought clinical assessment of endothelial function to a broad field 
of application resulting in a variety of trials studying endothelial 
function under many different conditions. Today, the most widely 
used is probably flow-mediated vasodilation, but there are several 
other methods to assess endothelial function in patients, of which 
some are summarized in Table 113.2.

Flow-mediated vasodilation
As described by Deanfield and colleagues (1992), this method 
currently represents the most widely used technique to assess 
endothelial function in vivo. The diameter of the brachial artery is 
measured after reactive hyperaemia causing a release of NO by an 
increase of shear stress. To induce reactive hyperaemia, a sphyg-
momanometer cuff, which is placed distal to the brachial artery, is 
inflated to 200 mmHg and released 5 minutes later. Accordingly, 
endothelial-independent vasodilation can be tested after sublin-
gual application of nitroglycerine. Comparable to venous occlusion 
plethysmography, flow-mediated vasodilation was shown to cor-
relate well with invasive measurements of endothelial-dependent 
vasodilation in the coronary circulation (Fig. 113.4). Although the 
principle of this technique is quite simple, accurate performance 
necessitates highly experienced operators. Furthermore, environ-
mental factors like alimentation and exercise training affecting the 
results have to be ruled out (Landmesser et  al., 2004; Deanfield 
et al., 2005; Hogas et al., 2010).

Circulating (bio)markers of endothelial function
Beside invasive and non-invasive methods to assess endothelial 
function in the clinical setting, there are several markers reflect-
ing dysfunctional activation of endothelial cells circulating in the 
blood of patients with CKD. Mostly they are endothelial products 
or metabolites which are released when endothelial function dete-
riorates (Rabelink et al., 2010). Their serum levels are shown to be 
elevated in CKD patients and some of them are related to cardio-
vascular morbidity and mortality. Table 113.3 gives an overview 
about several circulating markers and their vascular function.

Circulating endothelial microparticles
Blood levels of endothelial microparticles are elevated in CKD 
patients. Endothelial microparticles are membrane vesicles of 
0.1–1.0 µm diameter. Several pro-inflammatory factors like tumour 
necrosis factor alpha (TNFα) and thrombin induce shedding of 

Table 113.2 Non-invasive methods to evaluate endothelial function 
in patients

Method Principle

Forearm blood flow Measurement of forearm blood flow by strain 
gauge plethysmography after application of 
endothelium-dependent vasodilators or reactive 
hyperaemia

Applanation tonometry Measurement of markers of arterial stiffness (see 
Chapter 111) (e.g. aortic pulse wave velocity 
and augmentation index) after β2-adrenoceptor 
stimulation

Laser digital Doppler Measurement of skin microcirculation during 
reactive hyperaemia or local application of 
endothelium-dependent vasodilators by 
iontophoresis

Fig. 113.4 Assessment of flow-mediated vasodilation in response to reactive 
hyperaemia.
Courtesy of Prof. Ulf Landmesser, Charite, Berlin, Germany.
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microparticles from endothelial cells in a NF-κB-dependent man-
ner. They contain several endothelial constituents like tissue factors, 
cell adhesion molecules, enzymes, and chemokines. Endothelial 
microparticles may impair endothelial-dependent vasodilation and 
promote pro-coagulatory activation. They express endothelial sur-
face markers like VE-cadherin, CD146, and endoglin, and can be 
numerated by flow cytometry (Rabelink et al., 2010; Dignat-George 
and Boulanger, 2011).

Circulating endothelial cells
Sustained endothelial activation causes detachment of endothe-
lial cells by changes in cell adhesion molecules, matrix molecules, 
and subsequent endothelial injury. Circulating endothelial cells 
represent a surrogate marker for advanced endothelial damage. 
They can be identified by expression of endothelial adhesion 
molecules like CD146 and VE-cadherin and absence of haema-
topoietic (CD45 and CD14) and progenitor (CD133) mark-
ers. The number of circulating endothelial cells is elevated in 
patients on dialysis and CKD which are associated with abnormal 
endothelial activation like vasculitis. Their number strongly cor-
relates with plasma markers of endothelial injury and a reduced 
flow-mediated vasodilation in patients. Although their effects on 
healthy endothelial cells are poorly understood, there is a grow-
ing body of evidence suggesting that circulating endothelial cells 
may promote endothelial inflammatory activation and aggravate 
endothelial dysfunction (Boos et al., 2006; Woywodt et al., 2008; 
Rabelink et al., 2010).
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CHAPTER 114

Endothelins and their antagonists 
in chronic kidney disease
Neeraj Dhaun and David J. Webb

The endothelin system
Endothelin (ET) was discovered in 1988 (Yanagisawa et  al., 
1988)  and is now known to be a family of three 21-amino acid 
peptides, each with distinct genes and tissue distributions, with 
powerful vasoconstrictor and pressor properties (Yanagisawa et al., 
1988; Inoue et al., 1989; Arinami et al., 1991). Of the three peptides, 
ET-1 is the major endothelial isoform and, in the human kidney, 
the only one so far shown to be expressed at the protein level (Karet 
and Davenport, 1996). Its main site of vascular production is the 
endothelial cell but it is also produced by other cell types including 
vascular smooth muscle cells and epicardial cells (Eid et al., 1994). 
Within the kidney, it is produced by glomerular epithelial and 
mesangial cells, and renal tubular and medullary collecting duct 
cells (Kohan, 1997). The renal medulla contains among the high-
est concentrations of immunoreactive ET-1 of any organ (Morita 
et al., 1991).

Regulation of ET synthesis occurs at the level of gene transcrip-
tion, with the gene product being the 212-amino acid pre-pro-ET-1. 
Enhanced gene transcription occurs with a wide range of stimuli 
(Wesson et al., 1998; Attina et al., 2005). Those pertinent to chronic 
kidney disease (CKD) include other vasoactive hormones, such as 
angiotensin and vasopressin, the cytokine interleukin-1, oxidized 
low-density lipoprotein, reduced extracellular pH, and ciclosporin. 
In contrast, prostacyclin, nitric oxide (NO), and the natriuretic 
peptides all inhibit gene transcription. Pre-pro-ET-1 is cleaved 
to big ET-1 (38 amino acids) which is largely biologically inac-
tive (Haynes and Webb, 1994). Endothelin converting enzyme 
then splits big ET-1 to the biologically active ET-1 and C-terminal 
fragment. Once synthesized, the secretion of mature ET-1 from 
endothelial cells is largely abluminal (Yoshimoto et  al., 1991), 
towards the adjacent vascular smooth muscle, suggesting an auto-
crine or paracrine mechanism of action.

ET-1 acts by binding to two cognate receptors, the ETA and ETB 
receptors (Arai et al., 1990; Sakurai et al., 1990) (see Tables 114.1  
and 114.2). Within blood vessels, both receptors are found on 
smooth muscle cells and their activation results in vasoconstric-
tion. ETB receptors are, however, predominantly found on the 
vascular endothelium where their activation results in vasodilata-
tion via prostacyclin and NO (DeNucci et al., 1988). Because most 
ET-1 is released abluminally, plasma concentrations of ET-1 do not 
accurately reflect ET-1 production. However, some is released into 
the circulation and the ETB receptor also acts as a clearance recep-
tor for this circulating ET-1. Therefore, reduction in ETB number, 

or ETB receptor blockade, may reduce ET-1 clearance, increasing 
plasma concentrations without altering production. ET receptors 
are widely distributed within the human kidney, with the ETA sub-
type localized to vascular smooth muscle, notably in the glomeruli, 
vasa recta, and arcuate arteries, whereas ETB receptors are more 
numerous (ETB to ETA ratio 2:1), and more widespread, with a high 
concentration in the collecting system (Karet and Davenport, 1996; 
Kuc et al., 2004).

Plasma ET-1 is elevated in CKD (Koyama et al., 1989; Dhaun 
et al., 2009a). This is likely due to a combination of reduced clear-
ance and increased production. Evidence exists for renal and 
vascular ET-1 acting as two independent systems (Serneri et al., 
1995). After systemic infusion of radiolabelled ET-1, labelled com-
pound makes up < 1% of total urinary ET-1 (Benigni et al., 1991). 
Therefore, neither glomerular filtration nor tubular secretion of 
plasma ET-1 accounts for urinary ET-1, which is therefore assumed 
to be primarily of renal origin. Urinary excretion of ET-1 is thus 
thought to reflect renal ET-1 production. Renal ET-1 is thought to 
have a role in the paracrine/autocrine regulation of renal and intra-
renal blood flow, glomerular haemodynamics, sodium and water 
homeostasis (Kohan and Padilla, 1993), and acid–base balance 
(Wesson, 2001).

Endothelin receptor antagonists
A number of selective ETA and mixed ETA/B receptor antagonists 
are in clinical development and active use, and several have a proven 
role in the management of pulmonary hypertension. Selectivity is 
usually calculated from in vitro competitive receptor assays. ‘Mixed’ 
antagonists have a ratio of ETA to ETB affinity < 100-fold greater 
for ETA than ETB (Davenport and Maguire, 2006; Davenport et al., 
2014), compared with ≥ 100-fold for ETA selective agents. Thus, 
selectivity may depend on dose, with higher doses of marginally 
ETA selective antagonists providing functionally important inhibi-
tory effects at the ETB receptor.

In models of disease where ET-1 generation is increased, it has 
been generally found that excess ETA receptor activation is harm-
ful, so its pharmacological antagonism may be clinically useful. 
Studies with ETB receptor knockouts and selective ETB antago-
nists suggest that selective ETB receptor antagonism is unlikely to 
be a useful therapeutic approach, though with exceptions (Lahav 
et al., 1999). There remains then the question of any potential ben-
efit of additional ETB receptor blockade when the ETA receptor is 
blocked. This will depend on the balance of ETB receptor activity, 
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particularly vascular smooth muscle cell ETB vasoconstrictor activ-
ity, and is likely to be tissue and disease specific. Ultimately, only 
direct head-to-head comparisons of selective ETA and equipotent 
(with respect to the dose of ETA antagonist) mixed ETA/B receptor 
antagonists will inform us as to the additional impact of additional 
ETB receptor blockade in disease states. Such studies are currently 
not available.

Glomerulopathies, proteinuric 
nephropathies, and chronic kidney disease
Glomerular injury is frequently associated with progressive CKD. 
This process typically involves glomerulosclerosis and interstitial 
fibrosis and occurs regardless of the nature of the initial renal insult. 
The mechanisms responsible for this continued renal deteriora-
tion are not fully understood (see Chapter 136), but likely involve 
a number of common pathways and may be distinct from those 
responsible for the original injury. There is substantial preclini-
cal data (e.g. see Dhaun et al., 2006) that ET may be an important 
mediator in these processes, and some supportive clinical observa-
tions (Barton, 2008). Some of this evidence is summarized below.

Animal studies of endothelin antagonism 
in renal disease
In a mouse model of immunoglobulin A (IgA) nephropathy, both 
ET-1 and ET receptor message increased alongside progression of 
the nephritis, and treatment with a selective ETA receptor antag-
onist ameliorated the histopathological lesions and proteinuria 
observed in this model (Nakamura et al., 1996).

In a rat model of proliferative nephritis, upregulation of ET-1 
protein and receptors has been shown at the level of the glomerulus 
(Yoshimura et al., 1995), and in this case non-selective ET receptor 
blockade reduced both the mesangial expansion and proteinuria 
characteristic of this model.

Similarly, in a murine model of lupus nephritis, again defined by 
abnormal glomerular proliferation, selective blockade of the ETA 
receptor improved glomerular structure and function translating to 
an overall benefit in renal function (Nakamura et al., 1995).

Finally, in rats with accelerated passive Heymann nephritis, a 
model of membranous glomerulonephritis, combined blockade 
of the ET and angiotensin systems showed greater renoprotective 
benefit than either treatment alone (Benigni et  al., 1998). Other 
models of CKD that benefit from ET receptor antagonism are listed 
in Box 114.1.

Clinical studies of endothelin antagonism 
in renal disease
The management of CKD in the clinic focuses on blood pressure 
(BP) and proteinuria reduction, both key parameters that limit 
CKD progression and reduce the associated cardiovascular risk 
(see Table 114.3). In addition, there are a number of other areas 
of CKD where there may be a role for the ET system and so where 
ET receptor antagonism may offer beneficial effects—these include 
endothelial dysfunction, atherosclerosis, arterial stiffness, and min-
eral bone disease. Clinical trials with ET receptor antagonists using 
these parameters as endpoints CKD are limited.

Hypertension
In non-diabetic hypertensive CKD patients the systemic vasodila-
tation seen with acute ETA receptor blockade (associated with a 
reduction in BP of ~ 10mmHg) (Dhaun et al., 2009b), is attenuated 
by concomitant ETB receptor antagonism (Goddard et al., 2004), 
suggesting that, at least in this disease state, vasoconstrictor ETB 
receptor activity is less important than ETB vasodilatory function. 

Table 114.1 Actions of ET-1 in the systemic vasculature—animal 
studies. This table shows the receptor responsible for each action but, 
particularly in the case of ETA receptor-mediated actions, does not 
exclude a small contribution from the ETB receptor

ETA receptor ETB receptor

Vasoconstriction Vasoconstriction

Increased arterial stiffness Endothelium-dependent 
vasodilatation

Endothelial dysfunction ET-1 clearance

Inflammation

Atherosclerosis

Cardiac hypertrophy

Table 114.2 Actions of ET-1 in the kidney—animal studies

ETA receptor ETB receptor Receptor 
uncertain

Renal vasoconstriction Renal vasodilatation Podocyte 
de-differentiation

Cortical vasoconstriction Medullary vasodilatation Diuresis

Afferent arteriolar 
constriction

Afferent arteriolar 
constriction

Acid–base balance

Efferent arteriolar 
constriction

Efferent arteriolar 
dilatation

Mesangial cell contraction Natriuresis

Mesangial cell proliferation

Extracellular matrix 
accumulation

Interstitial fibrosis

Box 114.1 Animal models of CKD improved by ET receptor 
antagonism

 ◆ Streptozocin-induced diabetes mellitus

 ◆ Renal mass reduction

 ◆ Proliferative glomerulonephritis

 ◆ Lupus nephritis

 ◆ Hypertensive nephrosclerosis

 ◆ Chronic ciclosporin administration

 ◆ Hypokalaemic nephropathy.
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Acute ETA receptor antagonism also improves renal haemodynam-
ics with a fall in renal vascular resistance and an increase in renal 
blood flow (Dhaun et al., 2009b). These changes are accompanied 
by no measurable effect on glomerular filtration rate (GFR). There 
is a concomitant fall in the filtration fraction suggesting that ET-1 
induces an ETA receptor-mediated vasoconstriction, preferentially 
affecting the efferent arterioles as with angiotensin 2, although not 
excluding and effects on mesangial cells and the filtration coeffi-
cient (Dhaun et al., 2009b).

In a similar non-diabetic proteinuric population, chronic dos-
ing with a selective ETA receptor antagonist also reduces BP albeit 
to a lesser extent (Dhaun et al., 2011). In this study a similar fall 
in systolic, diastolic and mean BP of approximately 4 mmHg was 
observed. Of note, in this trial patients already had good BP con-
trol (~ 125/75  mmHg) conforming to current CKD guidelines. 
Interestingly, in both these acute and chronic studies (Dhaun 
et al., 2009b, 2011) the majority of patients studied were already 
taking angiotensin-converting enzyme (ACE) inhibitors. Data 
from healthy subjects suggest a synergy between ETA receptor 
antagonism and ACE inhibition that is not only dependent on 
an unblocked ETB receptor but is also associated with a signifi-
cant natriuresis (Goddard et al., 2004). This is important clinically 
because patients with CKD are generally prescribed ACE inhibi-
tors, not only for BP control but also for their renoprotective effects. 
With regards to mixed ETA/B antagonism, sub-group analysis of the 
DORADO study, which looked at the mixed antagonist darusentan 
in resistant hypertension, suggests that a combined ETA/B block-
ing strategy may also be of benefit in lowering BP in non-diabetic 
CKD (Weber et al., 2009). In diabetic nephropathy, only one study 
has shown a fall in BP. This used the ETA selective antagonist atra-
sentan (ETA:ETB receptor selectivity of ~ 1200:1) and patients were 
dosed for 8 weeks. There was a fall in systolic BP of approximately 
8 mmHg and diastolic BP of approximately 6 mmHg (vet al., 2011).

Proteinuria
Proteinuria is one of the manifestations of glomerular hypertension 
(see Chapter 50). Albuminuria is incrementally associated with 
increased cardiovascular risk in both individuals with pre-existing 
risk (such as hypertensive patients) (Ibsen et  al., 2005)  and in 
individuals with no known risk factors (Wang et al., 2005). This 
is true even in the presence of normal renal function (Freedman 
et al., 2005). Importantly, in patients with hypertension, reduction 

of albuminuria—at least with blockers of the renin–angiotensin 
system—confers cardiovascular protection (Ibsen et al., 2005).

Both acute (Goddard et al., 2004; Dhaun et al., 2009b) and chronic 
(Dhaun et  al., 2011)  selective ETA blockade have been shown to 
reduce proteinuria in patients with non-diabetic proteinuric CKD. 
In the acute studies these effects were abolished by concomitant ETB 
receptor antagonism (Goddard et  al., 2004). As for BP reduction, 
mixed ETA/B antagonism has also been shown to reduce proteinuria 
in non-diabetic CKD (Weber et al., 2009). However, all these subjects 
had, at most, microalbuminuria compared to the chronic dosing study 
with the selective ETA antagonist (Dhaun et al., 2011) which included 
not only a wide range of non-diabetic proteinuric renal diagnoses (e.g. 
membranous glomerulopathy, IgA nephropathy, and focal segmental 
glomerulosclerosis) but also varying proteinuria (0.3–8 g/day).

The largest studies looking at the efficacy of ET receptor antagonism 
in reducing proteinuria have been in patients with diabetic nephropa-
thy. The first of these was a phase 2 study investigating the effects of 12 
weeks of treatment with avosentan, a relatively ETA-selective antag-
onist (ETA:ETB blockade ~ 300:1), on albuminuria in 286 patients 
with diabetic nephropathy already receiving renin–angiotensin sys-
tem blockade. Subjects had a creatinine clearance of approximately 
80mL/min and albuminuria of approximately 1500 mg/day (Wenzel 
et a., 2009). Avosentan, at all doses used, reduced albuminuria by 
20–30%. Fluid retention was a problematic side effect, however, and 
was more apparent at the higher doses of avosentan. Based on their 
interpretation of the data, the pharmaceutical company launched a 
phase 3 trial (Avosentan on doubling of Serum Creatinine, End stage 
renal disease and death in Diabetic Nephropathy (ASCEND)) exam-
ining the effects of avosentan on renal disease progression or death 
in type 2 diabetic nephropathy (Mann et al., 2010). A total of 1392 
patients were enrolled and avosentan reduced urine albumin to cre-
atinine ratio (ACR) by 40–50% compared to the 10% reduction seen 
with placebo. However, the trial was terminated early due to greater 
serious adverse cardiovascular events in the avosentan groups, 
including a threefold increase in the incidence of congestive heart 
failure (see ‘Adverse effects of endothelin receptor antagonists’). It is 
likely that the doses of avosentan used were too high and so blocked 
the ETB receptor as well as the ETA, an effect that would be predicted 
to promote fluid retention (Kohan et al., 2011). Furthermore, the 
ASCEND trial involved patients with advanced kidney disease who 
may have been more likely to retain fluid.

The failure of the ASCEND trial underscored the importance of 
careful patient selection and ET antagonist dosing in CKD. A sub-
sequent study evaluated the effects of varying doses of atrasentan 
or placebo given for 8 weeks on ACR in 89 subjects with diabetic 
nephropathy receiving stable doses of renin–angiotensin system 
inhibitors (Kohan et al., 2011). Atrasentan reduced ACR by approx-
imately 40% compared to the 11% reduction seen with placebo. The 
only adverse event was mild to moderate peripheral oedema that 
was dose related.

As yet, it remains unclear as yet to what extent these effects on 
proteinuria are explained by BP reduction alone. In both the acute 
and chronic dosing studies in non-diabetic CKD using a selective 
ETA receptor blocking approach there was, as expected, a correla-
tion between the changes in BP and proteinuria, with a greater fall 
in urinary protein seen in those patients with the greater fall in BP. 
However, both studies also had an active control which matched the 
reduction in BP seen with ETA antagonism. Despite a similar fall in 
BP with both the active control and the ETA antagonist, proteinuria 

Table 114.3 ET receptor antagonist studies in CKD patients

Effect ET receptor 
blockade

Dosing

↓ forearm blood 
flow

ETA Acute

↓ blood pressure ETA ETA/B Acute and 
chronic

↓ renal vascular 
resistance,  
↓ proteinuria

ETA Acute

↓ proteinuria ETA ETA/B Acute and 
chronic
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fell to a greater extent with the latter supporting a BP-independent 
effect. Furthermore, a renal haemodynamic study following chronic 
selective ETA antagonism suggests that falls in both GFR and filtra-
tion fraction are in part responsible for the reduction in proteinuria 
(Dhaun et al., 2011). This is similar to the effects seen with ACE 
inhibitors and so may translate to longer-term renoprotection. In 
the atrasentan study in diabetic nephropathy the reduction in ACR 
was evident after 1 week of treatment and was associated with a fall 
in BP, suggesting that the initial antiproteinuric effect of atrasentan 
may be haemodynamic.

Broader cardiovascular risk: endothelial dysfunction, 
atherosclerosis, and arterial stiffness
The endothelium is a crucial regulator of vascular tone (Endemann 
and Schiffrin, 2004) and its function is impaired in CKD, with a shift 
towards reduced vasodilatation, associated with a pro-inflammatory 
and pro-thrombotic state (see Chapter 113). Endothelial dysfunc-
tion is recognized to be a key early determinant in the progression 
to atherosclerosis, and is now well established to be independently 
associated with increased cardiovascular risk (Lerman and Zeiher, 
2005) and GFR loss (Perticone et al., 2010). Animal models show 
that ET-1 contributes to endothelial dysfunction (Amiri et  al., 
2004)  and ET receptor antagonism, predominantly with selec-
tive ETA antagonists, improves NO-mediated endothelial func-
tion (Barton et al., 1998; Best et al., 1999; Bauersachs et al., 2000). 
In addition to its effects on BP, ET-1 is pro-inflammatory (Dhaun 
et al., 2006) and is implicated in the development of atherosclero-
sis. Several animal models have shown benefit of both selective and 
mixed ET receptor antagonism in the development of atheroscle-
rotic lesions (Kowala et al., 1995; Barton et al., 1998; Babaei et al., 
2000; D’Uscioet al., 2002). There are currently no patient studies that 
focus on endothelial function in CKD. There are data that support a 
role for the ETA receptor in coronary vascular tone and endothelial 
dysfunction in coronary artery disease (Halcox et al., 2001, 2007). 
Furthermore, CKD is a feature of ageing, and in these subjects 
compared to younger ET-1 contributes to endothelial dysfunction 
(Westby et al., 2011). Also, in older subjects with early atherosclero-
sis, long-term administration of a selective ETA receptor antagonist 
improves coronary endothelial dysfunction (Reriani et al., 2010).

Arterial stiffness (see Chapter 111) is linked to endothelial dys-
function (Oliver and Webb, 2003) and the two commonly coexist 
in patients at increased cardiovascular risk. A number of interven-
tions that reduce arterial stiffness also improve endothelial func-
tion (Oliver and Webb, 2003). To date, there have been few studies 
addressing the relationship between these two markers of cardio-
vascular disease after treatment. However, both animal and human 
studies suggest that the endothelium is an important regulator of 
arterial stiffness. ET-1 increases arterial stiffness in animals (Amiri 
et al., 2004) and humans (Dhaun et al., 2009c). There are only two 
studies, one acute (Dhaun et al., 2009b) and one chronic (Dhaun 
et  al., 20011), both using a selective ETA receptor antagonist 
approach, in non-diabetic CKD. These show a reduction in arte-
rial stiffness with treatment but the extent to which this is inde-
pendent of BP is unclear. Interestingly, in the acute study (Dhaun 
et al., 2009b) the reduction in arterial stiffness seen with ET antago-
nism was greater in those taking dual ACE inhibitor/angiotensin 
receptor blocker treatment than in those receiving an ACE inhibi-
tor alone (Dhaun et al., 2009c). Indeed, there was a similar effect 

for proteinuria in this study. These findings support a role for ET 
antagonists to be considered in the multimodal regimen of the 
remission clinic.

Adverse effects of endothelin receptor 
antagonists
Side effects with ET receptor antagonists in clinical trials are com-
mon. The most frequently reported clinical adverse events are 
headache, dizziness, nausea, nasal congestion, and dyspnoea. These 
appear to be class effects and likely relate to vasodilatation. Liver 
toxicity is also common and is dose dependent. This has been par-
ticularly reported to occur with sulphonamide-derived compounds 
such as avosentan and sitaxsentan. Indeed, sitaxsentan was volun-
tarily withdrawn due to this side effect. Importantly, successful 
switching from a sulphonamide ET receptor antagonist that has 
caused liver enzyme derangement to a non-sulphonamide agent, 
such as ambrisentan, is an option for those patients requiring con-
tinued therapy (McGoon et al., 2009).

The mechanism of peripheral oedema with ET receptor antag-
onism remains unclear. ET-1 acts in the renal tubule via the ETB 
receptor to promote natriuresis and diuresis. Thus, peripheral 
oedema associated with vasodilatation could be aggravated by 
mixed ETA/B antagonists due to the reported ETB-mediated down-
regulation of the renal tubular epithelial sodium channel (Kohan 
et al., 2011). However, in clinical trials fluid retention appears to 
occur with both selective ETA and mixed ETA/B receptor antago-
nists. It is clearly of importance in studies with CKD patients. 
However, the DORADO study, using the ET receptor antagonist 
darusentan in patients with resistant hypertension, has shown this 
to be manageable (Weber et al., 2009).

Finally, all ET antagonists are contraindicated in pregnancy as 
they are teratogenic. As these drugs have only been available for 
a relatively short period of time their balance of risks and bene-
fits remains incompletely understood. Longer-term observational 
studies of individual ET receptor antagonists will be of benefit in 
this regard.
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CHAPTER 115

Chronic kidney disease-mineral 
and bone disorder: overview
Stuart M. Sprague and Menaka Sarav

Background
In normal individuals, serum concentrations of phosphorus 
(P)  and calcium (Ca) are maintained through the interaction of 
three hormones: parathyroid hormone (PTH), 1,25-(OH)2D (cal-
citriol), the active metabolite of vitamin D, and phosphatonins, of 
which fibroblast growth factor 23 (FGF23) is the best characterized. 
These hormones act on three primary target organs: bone, kidney, 
and intestine. The kidneys play a critical role in maintaining nor-
mal serum Ca and P concentrations; thus, derangements in mineral 
metabolism are common in patients with chronic kidney disease 
(CKD). Abnormalities are initially observed in patients with a glo-
merular filtration rate (GFR) of < 60 mL/min and are nearly uni-
form as the GFR becomes < 30 mL/min (Levin et al., 2007). With 
the progressive development of CKD, the body attempts to maintain 
normal serum concentrations of Ca and P with altered production 
of calcitriol, PTH, and FGF23. Disturbances of mineral metabolism 
include hyperparathyroidism, phosphate retention, hypocalcaemia, 
and vitamin D deficiency. These disturbances are associated with 
bone loss, fractures, cardiovascular disease, immune suppression, 
and increased mortality. In 2006, the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative (NKF KDOQI) cre-
ated a consensus group to better define the diseases associated 
with altered mineral metabolism in CKD, which was termed 
‘chronic kidney disease-mineral and bone disorder’ (CKD-MBD). 
It is a systemic disorder of mineral and bone metabolism found in 
patients with CKD, manifested by either one or a combination of 
the following:
◆ Abnormalities of Ca, P, PTH, or vitamin D metabolism
◆ Abnormalities in bone turnover, mineralization, volume, linear 

growth, or strength
◆ Vascular or soft tissue calcification.

It is important to note that this list was not intended to be 
all-encompassing and could expand as our understanding of disor-
dered mineral metabolism evolves (Moe et al., 2006).

Abnormalities of calcium, phosphorus, 
vitamin D, and parathyroid hormone
Increased PTH concentrations are generally the first clinically 
measured abnormality observed in patients with evolving CKD 
(Levin et al., 2007). Increases in PTH concentrations in the early 

stages of CKD are an adaptive mechanism to help maintain the 
serum Ca and P concentrations in the normal range. In addition 
to the increase in PTH, there is also an early increase in FGF23 
concentrations (Westerberg et al., 2007), as well as a decrease in 
calcitriol (Levin et  al., 2007). It is not until the development of 
CKD stages 4–5 that measurable abnormalities of Ca and P become 
apparent (Levin et al., 2007).

Calcium
In patients with CKD stages 3–4 there are no data to support an 
increased risk of mortality or fracture with increasing serum Ca 
concentrations. However, studies in dialysis patients show that 
variable degrees of hypercalcaemia become significantly associated 
with increased all-cause mortality (Block et al., 2004; Kestenbaum 
et al., 2005; Young et al., 2005; Kalantar-Zadeh et al., 2006; Tentori 
et al., 2008). In regards to hypocalcaemia, there is little evidence of 
an increase in relative risk until serum levels fall below 8.4 mg/dL 
(Tentori et al., 2008); however, one study did demonstrate that the 
increased relative risk of mortality with low serum Ca was reversed 
when adjusted for covariates (Block et  al., 2004). It is therefore 
unclear at what degree of hypocalcaemia there is an increased risk.

Phosphorus
In patients with CKD stages 2–5 who are not undergoing dialysis, 
higher concentrations of serum P, even within the normal range, 
have been associated with increased risk of all-cause or cardio-
vascular mortality (Kestenbaum et al., 2005). There are multiple 
studies in patients on dialysis with similar results, although slight 
differences in the levels at which serum P becomes significantly 
associated with increased mortality (Block et  al., 2004; Kimata 
Young et al., 2005; Kalantar-Zadeh et al., 2006; Tentori et al., 2008). 
Although a specific serum P concentration at which increased risk 
of mortality has not been defined, there is clear epidemiologic 
data supporting that lower serum P concentration is associated 
with better outcomes. Unfortunately, no study has demonstrated 
that lowering the serum P concentration to a specific value leads 
to improved outcomes. A meta-analysis found that, of the serum 
parameters of mineral metabolism, P had the greatest effect on 
mortality, followed by PTH (Covic et al., 2009).

FGF23 is a phosphate-regulating hormone that is secreted by 
bone cells. Both PTH and FGF23 inhibit renal tubular phosphate 
reabsorption. In the setting of CKD, the actions of both PTH 
and FGF23 maintain P balance by increasing the excretion of 
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P. However, with progressive loss of kidney function, these hor-
mones can no longer have a significant effect on renal P excretion; 
in fact, increased level of PTH may now have a negative effect on 
P balance, as it leads to increased bone P resorption. FGF23 levels 
continue to rise progressively with worsening renal dysfunction.

Vitamin D
Vitamin D deficiency in patients with CKD has generally been 
defined as 25-OH-vitamin D (calcidiol) levels of < 30 ng/mL 
(National Kidney Foundation, 2003). Such deficiency is com-
mon in CKD, being reported in 71% of stage 3 and 83% of stage 

4 CKD subjects (LaClair et al., 2005). This prevalence of vitamin 
D deficiency in an ambulatory CKD population is similar to that 
in non-CKD nursing home residents, hospitalized patients, and 
elderly women with hip fractures. The prevalence of severe vita-
min D deficiency (< 10 ng/mL) is 14% and 26% in stage 3 and 4 
CKD, respectively (LaClair et al., 2005). Several other investigators 
have confirmed widespread vitamin D deficiency in CKD, although 
not all of them have identified a correlation with the CKD stage 
(Gonzalez et al., 2004; LaClair et al., 2005; Elder and Mackun, 2006; 
Levin et  al., 2007). Vitamin D deficiency in patients with CKD 
stages 3 and 4 is associated with increased serum PTH (LaClair 
et al., 2005; Elder and Mackun, 2006; Zisman et al., 2007; Tomida 
et  al., 2009). It has also been associated with increased mortal-
ity in incident dialysis patients (Wolf et al., 2007) and increased 
cardiovascular events in peritoneal dialysis patients (Wang et al., 
2008). These data have led the Kidney Disease Improving Global 
Outcomes (KDIGO) to recommend systematic measurements 
(Table 115.1) of calcidiol levels in CKD patients; however, KDIGO 
authors conclude that there is insufficient data to suggest an opti-
mal level of vitamin D for these patients, while noting that there is 
also no reason to assume that they would require different levels for 
non-endocrine effects of vitamin D (KDIGO, 2009). Furthermore, 
definitive studies demonstrating that treatment with vitamin D 
leads to improvement in secondary hyperparathyroidism or other 
complications in patients with CKD are lacking.

Regulation of mineral metabolism is predominately due to circu-
lating calcitriol levels, which mediates its cellular function via both 
non-genomic and genomic mechanisms. Calcitriol facilitates the 
uptake of Ca in intestinal and renal epithelium, by increasing the 
activity of voltage-dependent Ca channels. Calcitriol then enhances 
the transport of Ca through and out of these cells, by upregulating 
the Ca transport protein calbindin and the basolateral Ca-ATPase 
(Hoenderop and Bindels, 2008; Boros et al., 2009). In addition, cal-
citriol also directly suppresses PTH synthesis (Silver et al., 1986; 
Brown et  al., 2006)  and is important for normal bone turnover 
(Goltzman et al., 2004; Anderson and Atkins, 2008). The predomi-
nant source of circulating calcitriol is from activation of calcidiol by 
1-α-hydroxylase (CYP27B1) in the kidney. This enzyme is stimu-
lated by PTH and inhibited by both calcitriol and FGF23. Other 
factors that are involved in the regulation of calcitriol include low 
Ca, low P, oestrogen, prolactin, and growth hormone (Shimada 
et al., 2005). Most cells in the body, other than renal cells, have the 
CYP27B1 enzyme and can produce calcitriol; however, this only 
acts as a local autocrine/paracrine factor and does not signifi-
cantly contribute to the circulating calcitriol levels or affect min-
eral metabolism (Stubbs et al., 2010). Calcitriol is degraded by the 
kidney enzyme 24,25-hydroxylase (CYP24), providing the primary 
metabolism of the active compound. Elevated serum levels of PTH 
increase CYP27B1 activity in the kidney (and possibly in other 
cells), thereby raising serum calcitriol levels and, subsequently, 
serum Ca. In its turn, calcitriol inhibits PTH secretion by the para-
thyroid glands, thus completing a typical endocrine feedback loop. 
As CKD progresses, there is a progressive decrease in calcitriol pro-
duction (Levin et al., 2007).

Parathyroid hormone
Serum PTH has long been considered a surrogate marker for bone 
disease and its ability to predict low- and high-turnover bone 
disease was the rationale for the target range of 150–300 pg/mL 

Table 115.1 Summary of the KDIGO guidelines and commentary

KDIGO 2009 guidelinesa KDIGO 2010 commentaryb

Monitoring 
biochemical 
components

Start at CKD 3

Include Ca, P, PTH, alkaline 
phosphatase (ALP)

Suggest using ALP as 
adjunct test

Goal PTH CKD 3–4: unknown

CKD 5: 2–9 times upper limit 
of normal for the assay

When PTH above upper 
limits of normal, evaluate 
correctable factors like P, Ca, 
vitamin D

Suggest a range 
corresponding to 
approximately 130–600 
ng/mL

Goal P CKD 3–4: normal range

CKD 5: towards normal range

Suggest lowering towards 
the reference range

Goal Ca Normal

Suggest to stay away from Ca × 
P product

Suggest monitoring in the 
reference range

Goal 25(OH) 
vitamin D

Start at CKD 3

Correct as in general 
population

Suggest expanded testing as 
well as treatment of 25(OH) 
vitamin D deficiency

PTH assay Clinical labs should report 
assay method handling and 
sampling

Recommend 2nd-generation 
assay

Recommend evolution in 
assay

Bone-specific 
ALP

In CKD 3–5D. Suggest testing 
bone-specific ALP in certain 
individuals. Very high or low 
levels predict underlying bone 
turnover

Suggest testing 
bone-specific ALP in certain 
individuals

Bone biopsy In CKD 3–5D. Reasonable to 
perform bone biopsy in various 
settings and before therapy 
with bisphosphonates in 
CKD-MBD patients

Expanded indications for 
bone biopsy, including 
before treatment with 
bisphosphonates

BMD testing CKD 3–5D. Suggest not 
routinely testing for BMD

Suggest restricted testing 
for BMD

Screening 
for vascular 
calcification

No recommendation given for 
routine screening for vascular 
calcification

–

a Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work Group (2009).
b Uhlig et al. (2010).
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in the K/DOQI guidelines for CKD stage 5D (National Kidney 
Foundation, 2003). Unfortunately, the assay used for those analyses 
is no longer available and subsequent studies have demonstrated 
that PTH levels within a range of 150–300 pg/mL are not predic-
tive of underlying bone histology (Barreto et al., 2008). Similar to 
other biochemical parameters of CKD-MBD, observational stud-
ies have found an association of all-cause mortality with various 
levels of PTH, concentrations > 600 pg/mL being associated with 
increased mortality (Block et al., 1998; Kimata et al., 2005; Young 
et al., 2005). However, at least one study showed an increased risk 
of all-cause mortality with PTH concentrations approaching 400 
pg/mL (Kalantar-Zadeh et al., 2006). Based on these observational 
data and considering the limitations associated with various PTH 
assays, the KDIGO guidelines suggested that target PTH concen-
trations should be assay specific and should range between two 
and nine times the upper limit of normal for the PTH assay being 
utilized. The guidelines also suggest that values within that range 
should be interpreted by evaluating trends and recommend inter-
ventions according to these trends (KDIGO, 2009). It is important 
to recognize that there are no randomized clinical trials which 
demonstrate that treatment to achieve specific PTH targets results 
in improved outcomes.

The immediate signal that regulates parathyroid glands to secrete 
PTH is changes in serum ionized Ca concentration. The PTH-Ca 
relationship is very tightly regulated, such that a very small decrease 
in the serum ionized Ca concentration will cause a maximal PTH 
secretion and vice versa (Goodman et al., 1995). The parathyroid 
gland is able to sense changes in the ionized serum Ca concentra-
tion via the activity of Ca-sensing receptor (Brown et al., 1993), 
which directly inhibits PTH secretion. PTH maintains normal 
serum Ca concentrations through both direct and indirect actions. 
PTH directly increases serum Ca via increasing bone resorption 
and renal tubular Ca absorption. Indirectly, PTH increases serum 
Ca by stimulating the renal synthesis of calcitriol, which is respon-
sible for the absorption of Ca from the gastrointestinal tract.

The 2009 KDIGO guideline (Kidney Disease: Improving Global 
Outcomes (KDIGO) CKD-MBD Work Group, 2009) and the 2010 
KDIGO commentary (Uhlig et al., 2010) agreed that the control 
of serum Ca, P, vitamin D, and PTH is central to the management 
of CKD-MBD. A  retrospective study in 2008 showed that being 
out of target for any of these parameters is associated with an 
increased risk of mortality. Furthermore, as more parameters are 
out of control, the higher the associated risk for mortality (Danese 
et al., 2008).

Abnormalities in bone turnover, 
mineralization, volume, linear growth, 
and strength
Renal osteodystrophy consists of abnormalities in bone mor-
phology occurring as a result of CKD. Its clinical manifestations 
include bone pain, muscle weakness, and fractures. Renal osteod-
ystrophy starts early in the course of CKD, with minor changes in 
bone histology found in patients with only mildly increased PTH 
(Hamdy, 1995). Besides elevations in PTH, disorders of Ca and P, 
vitamin D deficiency, and elevated FGF23 have also been shown 
to be associated with renal osteodystrophy (Juppner et al., 2010). 
The importance of bone disease in CKD is due to the increased risk 

of fractures, which, in turn, are associated with increased mortal-
ity. The incidence of hip fractures is higher in patients on dialysis. 
The risk increases with age (especially > 80 years old) and time on 
dialysis (> 4 years) and is higher in patients with low body mass 
index and in white females (Alem et al., 2000; Stehman-Breen et al., 
2000). Therefore, early diagnosis of bone disease in CKD patients 
is essential and it requires the use of several tools, including the 
following:
◆ Biochemical markers: serum PTH, Ca, P, and FGF23
◆ Markers of bone formation (alkaline phosphatase and osteocalcin) 

and bone resorption (tartrate-resistant acid phosphatase (TRAP), 
urine hydroxyproline, and N-terminal telopeptide (NTx))

◆ Bone imaging (bone mineral density (BMD) measured by 
dual-energy X-ray absorptiometry (DEXA) scan, quantitative 
computed tomography (qCT) or micro-magnetic resonance 
imaging (μ-MRI))

◆ Bone biopsy.

Biochemical markers like PTH, Ca and P suggest an association 
with bone disease; however, these markers are not very specific and 
correlate poorly with bone histomorphometry. Markers of bone for-
mation and bone resorption could have a potential role in assessing 
bone disease; however, there is marked diurnal variation in their 
levels and this makes it hard to interpret the results. Bone-specific 
or total alkaline phosphatase may provide useful information, in 
conjunction with PTH measurements, in assessing bone formation 
(Moe et al., 2006).

Bone strength and ultimately fracture risk is determined by two 
factors: the density and the quality of the bone. The ‘density of the 
bone’ is determined by the bone mass, while the ‘quality of the bone’ 
is determined by its architecture, turnover, and mineralization.

In non-CKD populations, the diagnosis of osteoporosis (loss of 
bone density/mass) is based on the results of BMD measurements, 
using DEXA. Fracture risk increases approximately 1.6-fold for 
every SD decrement in BMD, irrespective of gender (Cummings 
et  al., 2006; Rivadeneira et  al., 2007). Although CKD patients 
have decreased BMD, the degree of bone loss is not directly asso-
ciated with the decrease in estimated GFR (Jamal et  al., 2010). 
Interestingly, BMD measurements are not able to discriminate 
between the histological or microarchitectural abnormalities seen 
in CKD and thus have not been able to consistently discriminate 
between ESRD patients who fracture from those who do not frac-
ture (Jamal et al., 2007; Jamal, 2010).

As BMD accounts for only part of the variation seen in bone 
strength and only some of the observed reduction in fracture risk 
that occurs with treatment, recent developments have focused more 
on measuring bone structure and quality of trabecular and cortical 
bone rather than bone mass alone. This is done with the knowledge 
that a measure encompassing bone quality and structure along 
with bone mass will provide a better prediction of fracture risk 
than bone mass alone. Recent advances in high-resolution imaging 
technologies, notably qCT and μ-MRI, enable direct visualization 
and quantification of both trabecular and cortical bone. qCT meas-
uring the forearm may be useful, as it could separate cortical from 
trabecular bone loss, and at least one study demonstrated that cor-
tical bone density loss in dialysis patients may be associated with 
increased fracture risk (Jamal et al., 2006). However, qCT is not a 
readily available technology and places the patient at an increased 

 



CHAPTER 115 ckd mineral and bone disorder 919

exposure to radiation compared with traditional measurements of 
BMD. μ-MRI has the advantage of being free of radiation and has 
been shown to provide high spatial resolution. In fact, it is possible 
to obtain a three-dimensional representation of trabecular bone 
architecture in a volume of interest selected from a high-resolution 
set of contiguous slices, which thus can be analysed analogous to 
a physical bone biopsy (Wehrli et  al., 2002, 2004). These recent 
advances in high-resolution imaging technologies will require fur-
ther validation in larger patient studies to determine its ultimate 
clinical potential as an alternative to invasive biopsy in the evalua-
tion of patients with renal osteodystrophy.

It is important to remember that there are many potential causes 
for decreased bone density in CKD patients, including hypo-
gonadism, sedentary lifestyle, smoking, use of steroids, poor pro-
tein intake, vitamin D deficiency, diabetes and Ca deficiency. Thus, 
in dialysis patients, fractures are not necessarily related to osteo-
porosis. In a study that looked at 26 femoral neck fractures in 19 
chronic haemodialysis patients, the pathology was variable, with 
amyloidosis, aluminium toxicity, osteoporosis and steroid necrosis 
as the cause of fracture, in decreasing order of frequency (Hardy 
et al., 1994). Dialysis-related amyloidosis most commonly affects 
the synovial, but can produce cystic/lytic lesions in the long bone 
that mimic the changes of hyperparathyroidism. The recommenda-
tions of KDIGO, as well as the subsequent KDOQI commentary 
on KDIGO, conclude that BMD studies do not predict the type of 
renal osteodystrophy in patients with CKD-MBD and recommends 
against routine BMD testing in this patient population (Moe et al., 
2006; Uhlig et al., 2010).

As mentioned above, the gold standard to assess bone quality 
and to diagnose renal osteodystrophy is bone histomorphometry 
on a transcortical bone biopsy from the iliac crest, with double tet-
racycline labelling (Moe et al., 2006; Gal-Moscovici et al., 2008). 
Classically, bone disease in CKD has been classified in four major 
categories:
◆ Osteitis fibrosa cystica (high turnover)
◆ Mixed uremic osteodystrophy
◆ Adynamic bone disease (low turnover bone disease)
◆ Osteomalacia.

In 2006, the KDIGO consensus group came up with the TMV clas-
sification, so that bone biopsies are not classified via descriptive 
parameters, but scored on a quantitative assessment based on bone 
turnover, mineralization and volume. The TMV classification is as 
follows (Moe et al., 2006):

1. Turnover—low, normal, or increased

2. Mineralization—normal, or abnormal

3. Volume—decreased, normal, or increased.

The role of bone biopsies in renal osteodystrophy is further dis-
cussed in Chapter 122.

Vascular and soft tissue calcification
Extraskeletal deposition of Ca commonly occurs in patients with 
long-standing CKD. This may involve vascular, peri-articular, vis-
ceral, or subcutaneous deposition of Ca. Vascular calcification also 
occurs in disease states that do not involve the kidney. There are 
several pathologic mechanisms which result in the development 

of vascular calcification. In patients with atherosclerotic disease, 
the typical lesion is intimal calcification. The pathogenesis of inti-
mal calcification involves the deposition of Ca in the atheroscle-
rotic plaques within the intima of blood vessels. This is generally 
a progressive process that leads to vascular occlusion and com-
monly occurs in absence of renal disease (Amann, 2008). The other 
form of vascular calcification, which is common in patients with 
long-standing CKD is called Mönckeberg calcification or medial 
calcinosis (Proudfoot et  al., 1998). The Ca deposits within the 
media form a linear deposit in the vessel wall, while the lumen of 
the vessel generally remains open. This leads to very stiff arteries 
and has been associated with increased cardiac afterload, left ven-
tricular hypertrophy, and increased pulse wave velocity, all of which 
may have adverse effects on clinical outcomes of renal patients.

Pathophysiology of vascular calcification was initially thought 
to be a passive process and only a function of increased Ca × P 
product; however, recent evidence suggests that vascular calcifica-
tion is a tightly regulated process that resembles mineralization 
in bone (Moe and Chen, 2008). The current working hypothesis 
is that vascular smooth muscle cells de-differentiate or transform 
into osteocyte/chondrocyte-like cells. These cells then lay down 
an extracellular matrix of collagen and non-collagenous proteins 
and make matrix vesicles that somehow attach to the extracellular 
matrix and initiate mineralization. This process is regulated by the 
cells, the extracellular matrix proteins, and inhibitors that may act 
locally or systemically (Moe and Chen, 2008).

Even though the medial calcification is more frequently associ-
ated with CKD, there is a broad overlap of both intimal and medial 
calcification in the ESRD patient population. The factors that are 
involved in vascular calcification are increasing age, diabetes, time 
on dialysis, increased P levels, increased use of Ca-containing P 
binders, and high PTH levels (Goodman et al., 2000; Raggi et al., 
2002). Worsening secondary hyperparathyroidism is associated 
with increased coronary calcification in dialysis patients, indepen-
dently of Ca and P abnormalities (Coen et al., 2007). In dialysis 
patients, the presence of vascular calcifications, whether intimal or 
medial, is associated with decreased survival (London et al., 2003). 
However, it may be premature to embark on a screening pro-
gramme in the CKD population with plain radiographs or CT scan-
ning until data are available regarding therapeutic interventions 
to prevent or treat vascular calcifications. KDIGO 2009 does not 
recommend routine screening for vascular calcifications (Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work 
Group, 2009).

Calciphylaxis (calcific uraemic arteriolopathy) is characterized 
by spontaneous ischaemic necrosis of the skin, muscles, and/or sub-
cutaneous fat (Rogers et al., 2007). This occurs almost exclusively in 
patients with ESRD, most of whom are on haemodialysis; however, 
peritoneal dialysis has been reported to pose an even greater risk 
(Cordova et al., 2009). The classical presentation of calciphylaxis 
was associated with severe hyperphosphataemia and hyperparath-
yroidism and demonstrated marked clinical improvement within 
days of parathyroidectomy (Rogers et al., 2007). Although this clin-
ical presentation continues to occur, it is relatively rare since the 
introduction of aggressive management of hyperparathyroidism. 
Unlike the earlier presentation of calciphylaxis, current presenta-
tion is not necessarily associated with very high PTH concentra-
tions or improvement with parathyroidectomy (Rogers et al., 2007). 
Calciphylaxis is a disease with high morbidity and mortality and 
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with few effective treatments. Supportive care should emphasize 
aggressive wound debridement, systemic pain management, and 
normalization of serum Ca and P levels. Therapy with sodium thio-
sulfate has also been shown to be helpful (Cicone et al., 2004).

Post-transplant chronic kidney 
disease-mineral and bone disorder
Bone disease continues to be a major problem after renal transplan-
tation, resulting in accelerated loss of BMD, leading to osteopenia, 
osteoporosis, and increased risk of fractures. These complications 
occur predominantly in the first 6–12 months following transplan-
tation (Grotz et al., 1995; Moreno et al., 1999). Osteoporosis has 
been reported in up to 30% of renal transplant recipients.

Factors associated with increased risk of bone loss include long 
duration of dialysis and presence of renal osteodystrophy prior 
to transplantation, hypogonadism, lower body mass index, high 
cumulative dose of glucocorticoids, vitamin D deficiency, high 
FGF23, and high PTH levels prior to transplantation (Alshayeb 
et al., 2013).

After successful renal transplantation, serum PTH decreases sig-
nificantly in the first 3 months after surgery, but tends to stabilize at 
elevated levels after 1 year. Higher pre-transplant PTH and longer 
time on dialysis predict higher post-transplant PTH. The prevalence 
of hyperparathyroidism among renal transplant patients is estimated 
to be around 30–50%. Persistent hyperparathyroidism is a risk factor 
for hypercalcaemia, hypophosphataemia, worsening of bone disease, 
and possibly acute tubular necrosis after kidney transplant.

Hypophosphataemia is observed frequently after renal transplan-
tation (up to 90% in some reports) and it is an important risk fac-
tor for fractures. Decreased P reabsorption in the proximal tubules 
seems to be the main mechanism for hypophosphataemia, which 
in turn affects bone mineralization, by increasing osteoblast apop-
tosis, diminishing osteoblast activity and inhibiting osteoblast pro-
liferation. In addition to high PTH, high FGF23 also contributes to 
the renal P wasting. In fact, the risk of developing severe hypophos-
phataemia during the immediate post-transplant period is more 
closely linked to FGF23 than to PTH levels. The pre-transplant 
serum levels of FGF23 are thought to be the single most important 
predictor of post-transplant FGF23 levels. FGF23 remains signifi-
cantly increased even at 6 months post transplant (Bhan et al., 2006; 
Huang and Sprague, 2009).

Steroids may affect bone metabolism by increasing osteoclastic 
resorption and decreasing osteoblastic activity, as well as by pro-
moting apoptosis of osteoblasts. Therefore, low-turnover bone 
disease appears to be common in kidney transplant recipients. 
The role of calcineurin inhibitors in post-transplant bone disease 
remains controversial.

In renal transplant patients with an eGFR > 30 mL/min/1.73 m2  
(CKD stages 1–3T), the KDIGO guidelines suggest measuring 
BMD in the first 3 months after transplantation, if they receive cor-
ticosteroids or have risk factors for osteoporosis. In patients with 
CKD stages 4–5T, the same guidelines suggest that BMD testing 
should not be performed routinely, because BMD does not predict 
fracture risk as it does in the general population (Durieux et al., 
2002) and BMD does not predict the type of kidney transplant bone 
disease. Bone biopsy is thought to be the gold standard for the iden-
tification and classification of post-transplantation bone disease 
(Sprague, 2000; Alshayeb et al., 2013).

Calcium and calcitriol therapies have been shown to have ben-
eficial effects in some studies, with one study showing significantly 
less bone loss in the lumbar spine and increased BMD in the distal 
radius and femoral neck, compared with post-transplant patients 
treated with Ca and placebo (Josephson et  al., 2004; Weisinger 
et al., 2006; Huang and Sprague, 2009; Kalantar-Zadeh et al., 2012).

Cinacalcet, a calcimimetic, has been shown to correct hyper-
calcaemia and refractory hyperparathyroidism post transplant, 
with no side effects on the renal allograft. However, these stud-
ies involving cinacalcet are small and more prospective trials are 
needed. Parathyroidectomy may be indicated in patients who have 
persistent hypercalcaemia, symptomatic bone disease, fractures, 
or persistent hyperparathyroidism more than 1  year post trans-
plant (Josephson et al., 2004; Kidney Disease:  Improving Global 
Outcomes (KDIGO) Transplant Work Group, 2009).

Bisphosphonates, particularly if started in the initial months 
after renal transplantation, have been shown to prevent bone loss. 
However, there may be an increased risk of developing adynamic 
bone disease due to the bisphosphonates. Moreover, since the 
amount of bone loss after transplantation does not necessarily pre-
dict fracture risk, the indiscriminate use of bisphosphonates in this 
population is not recommended.
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Imaging for detection 
of vascular disease in chronic 
kidney disease patients
Paolo Raggi and Luis D’Marco

Introduction
The well-known severity of cardiovascular disease in patients suf-
fering from chronic kidney disease (CKD) requires an accurate 
risk stratification of these patients in several clinical situations. 
Imaging has been used successfully for such purpose in the gen-
eral population and it has demonstrated excellent potential among 
CKD patients as well. Both traditional risk factors for atheroscle-
rosis and factors more closely associated with progressive loss of 
renal function contribute to the high incidence of cardiovascular 
complications seen in these patients. As a result, two main forms 
of arterial pathology develop in patients with CKD: atherosclerosis, 
with accumulation of inflammatory cells, lipids, fibrous tissue and 
calcium in the subintimal space, and arteriosclerosis. The latter is 
characterized by accumulation of deposits of hydroxyapatite and 
amorphous calcium crystals in the muscular media of the vessel 
wall, and is believed to be more closely associated with alterations 
of mineral metabolism than with traditional atherosclerosis risk 
factors. The result is the development of what appears to be prema-
ture arterial ageing, with loss of elastic properties, increased stiff-
ness, and increased overall fragility of the arterial system. Despite 
intensifying research and increasing awareness of these issues, 
the underlying pathophysiology of the aggressive vasculopathy of 
CKD remains largely unknown (Drüeke and Massy, 2010). As a 
consequence, there are currently very limited pathways to prevent 
progression of vascular damage in CKD. This chapter explores the 
indications, strengths and weaknesses of several imaging modali-
ties employed to evaluate vascular disease in CKD, focusing on 
coronary arterial circulation and the peripheral arteries, with the 
exclusion of the intracranial arteries.

Non-invasive modalities
Cardiac computed tomography  
for vascular calcification
Cardiac computed tomography (CT) is considered the refer-
ence standard to assess the presence and quantify the extent of 
cardiovascular calcification. Although initially performed with 
electron-beam CT (EBCT), a technology no longer available on 
the market, imaging of cardiovascular calcification is currently 

performed with multi-detector CT (MDCT) scanners. The MDCT 
technology operates on the basis of a different imaging platform, 
but is considered of equivalent accuracy and reproducibility com-
pared to EBCT (Stanford et al., 2004). Image acquisition is slower 
with MDCT than with EBCT (lower temporal resolution), but the 
spatial resolution is higher (better image quality), although MDCT 
provides a higher radiation dose (1.5–2.5 mSv or 40–200 chest 
X-rays vs 0.6 mSv with EBCT) (Owen et al., 2011). Careful applica-
tion of several methods to reduce radiation exposure can render 
the MDCT technology similar to EBCT even under this aspect.

Quantification of calcification is performed on stand-alone 
workstations after image acquisition implementing one of three 
scores: the Agatston score (Agatston et al., 1990), the volume score 
(Callister et al., 1998), or the mass score (Rumberger and Kaufman, 
2003). The Agatston score is the most frequently reported and is 
calculated as the product of a calcified plaque area by its peak atten-
uation (or density, which in CT is measured in Hounsfield units). 
The sum of all scores in each calcified lesion identified along the 
course of the coronary arteries constitutes the total score. The vol-
ume and mass score are more reproducible than the Agatston score, 
but are less sensitive to the calcium content of the plaque that may 
be of interest in CKD patients.

In the general population, several retrospectives and prospective 
studies in asymptomatic subjects have shown that the presence and 
extent of coronary artery calcium (CAC) are independently associ-
ated with the risk of cardiovascular events and all-cause mortality 
within 3–5 years of screening (Budoff et al., 2006, 2007). In con-
trast, a CAC score of zero is associated with a very low risk of events 
(Shareghi et al., 2007).

The first CT observation in CKD patients was made by Braun 
et al. (1996); they described a higher prevalence and larger extent 
of CAC in CKD patients, in comparison with healthy subjects and 
patients with coronary artery disease (CAD) and normal renal 
function (Fig. 116.1). In patients with CKD, the prevalence of CAC 
increases with worsening renal failure (Kramer et al., 2005)—from 
40% in CKD stage 4 patients (Russo et al., 2004) to approximately 
85% in maintenance haemodialysis patients (Raggi et  al., 2002). 
In a comparison of 60 haemodialysis and 28 peritoneal dialysis 
patients there was no difference in prevalence and extent of CAC 
between dialysis modalities (70% and 73%, respectively) (Sigrist 
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et al., 2006). Extensive CAC has been reported not only in adults, 
but in paediatric patients and young adults as well (Oh et al., 2002). 
Matsuoka et al. followed 102 chronic haemodialysis patients and 
evaluated the impact of CAC on survival. After a 5-year follow-up, 
the cumulative survival was significantly lower in the high (score ≥ 
200) than in the low (< 200) CAC group (84% and 68%) (Matsuoka 
et al., 2004). Similarly, Block et al. showed a higher mortality risk 
with a high CAC score (> 400) among 127 hemodialysis patients 
followed for nearly 5 years from the time of screening (Block et al., 
2007). More recently, Shantouf et al. reported a high mortality risk 
in haemodialysis patients with both CAC score 101–400 and > 400, 
compared to a score of 0 (hazard ratio (HR) 8.5; 95% confidence 
interval (CI) 1.1–48.1, P = 0.02; and HR 13.3; 95% CI 1.3–65.1, 
P = 0.01, respectively). This association was independent of demo-
graphic characteristics, comorbidities, and other traditional and 
uremic-related risk factors (Shantouf et al., 2010).

The thoracic and abdominal aortas have also been explored for 
the presence and extent of calcification by means of CT imaging. 
A prospective evaluation of 101 Japanese patients with moderate 
to severe CKD (stages 3–5) found an association between declin-
ing estimated glomerular filtration rate (eGFR) and presence and 
extent of abdominal aortic calcification (Hanada et al., 2010). The 
extent of aortic calcification was associated with the occurrence 
of de novo cardiovascular events. Aortic calcification is prevalent 
and is predictive of future cardiovascular events even among renal 
transplant recipients (DeLoach et al., 2008).

Although CT imaging provides an accurate and quantitative 
assessment of the cardiovascular calcification burden in patients 
with CKD, there are some inherent limitations to this technique. 
High equipment cost and radiation exposure for the patient are the 
main limitations, along with the inability to perform imaging in 
the office setting and the need for advanced image training. Finally, 
although desirable, these techniques do not differentiate intimal 
(i.e. atherosclerotic) from medial calcification. Thus, other methods 

have been used to assess vascular damage in CKD, and some sim-
ple tools have compared favourably with CT as far as the ability to 
detect calcification and predict outcome (Bellasi et al., 2006; Okuno 
et al., 2007).

Computed tomography angiography
Coronary artery CT angiography (CCTA) is an emerging  
non-invasive technology utilized for the identification of obstruc-
tive CAD, as well as non-calcified atherosclerotic plaques 
(Achenbach and Raggi, 2010). The presence of obstructive as well as 
non-obstructive CAD detected with this technology has been linked 
with unfavourable outcomes (Chow et  al., 2010). Additionally, 
the excellent negative predictive value of CCTA for the presence 
of CAD renders it a very valuable tool to exclude the presence of 
disease in symptomatic patients with low-to-intermediate pre-test 
likelihood of CAD (Hoffmann et al., 2004).

Patients with CKD have been largely excluded from CCTA 
research protocols mostly due to the risk of iodine dye nephrotox-
icity. Furthermore, the heavy vascular calcification typically found 
in these patients may hamper the interpretability of the scans. Thus, 
the role of CCTA in CKD patients remains to be fully explored. 
In a prospective study of 4297 asymptomatic patients submitted to 
CCTA, 651 patients suffered from CKD stages 1–3; the investiga-
tors showed that the early stages of CKD are not independently 
associated with obstructive CAD (Cho et  al., 2010). Mao et  al. 
investigated 28 patients on maintenance haemodialysis undergoing 
pre-transplant evaluation for risk stratification; they reported that 
patients with no CAC (36%) had no evidence of obstructive CAD 
(Mao et al., 2010). However, patients with extensive CAC showed 
significant stenosis of one or more coronary arteries, defined as 
> 50% of the vessel lumen. The CCTA was feasible and the image 
quality was sufficiently good in every patient to confidently exclude 
significant CAD in the main coronary arteries. In 704 patients 
with normal or minimally abnormal renal function (N  =  635; 
eGFR ≥ 60 mL/min/1.73 m2) and mild-to-moderate CKD (N = 69; 
eGFR: 30–59 mL/min/1.73 m2) the optimal cut-off value of CAC to 
predict obstructive CAD was 140 (sensitivity 73% and specificity 
of 70%) (Yiu et al., 2013). The same research group provided initial 
evidence of the prognostic utility of CCTA in CKD. In 85 CKD 
patients with moderate CKD (eGFR: 30–59 mL/min/1.73m2), both 
renal dysfunction and obstructive CAD on CCTA were independ-
ent predictors of cardiovascular events after 2.5 years of follow-up 
(Yiu et al., 2011). Furthermore, moderate CKD added incremental 
prognostic value to obstructive CAD.

CT angiography is often used to obtain detailed images of the 
entire aorta, renal arteries, and iliofemoral axis (Fig. 116.2); these 
are of aid in planning interventions such as placement of aortic 
endografts and peripheral stents or gauging the size of peripheral 
arteries prior to introducing large-bore catheters for the perfor-
mance of interventional procedures.

At the time of this writing the role of CCTA remains unclear in 
patients with advanced renal failure; it may represent an acceptable 
alternative to invasive coronary angiography in patients with early 
CKD stages, provided that care is taken to prevent dye nephrotox-
icity. CCTA may be helpful in CKD stage 1–3 patients with atypi-
cal symptoms of CAD or in cases with an indeterminate stress test 
result, to exclude CAD. There is currently no indication for CCTA 
as a non-invasive screening test for CAD.

Fig. 116.1 Computerized tomography axial image of the chest and heart 
showing calcium deposits in the left main trunk (green) and left anterior 
descending coronary artery (yellow).
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Myocardial perfusion imaging
Performed via either positron emission tomography (PET) or 
single-photon emission computed tomography (SPECT), myo-
cardial perfusion imaging (MPI) is the reference standard for 
the non-invasive assessment of coronary circulatory function. 
Radioactive tracers are injected intravenously at rest and after stress 
and are extracted by the myocardium proportional to the extent 
of coronary blood flow. This technology provides information on 
global and segmental myocardial perfusion, as well as myocardial 
function (Fig. 116.3). PET further allows a precise assessment of 
coronary flow reserve, an index of coronary vasodilator capacity. 
Although MPI has traditionally been used to identify perfusion 
abnormalities due to coronary disease, it has become apparent 
that perfusion abnormalities may occur in the absence of critical 
stenoses. In this case the abnormalities are considered second-
ary to microcirculatory or endothelial dysfunction (Karohl and 
Raggi, 2011).

Several studies have demonstrated the diagnostic and prognos-
tic utility of MPI in various stages of CKD, including incident and 
prevalent dialysis patients (Hatta et al., 2009; Momose et al., 2009). 
Venkataraman et  al. reported that haemodialysis patients had a 
worse prognosis than patients with normal renal function for any 
myocardial perfusion defect size; furthermore, MPI performed 
better than invasive coronary angiography for risk stratification 
(Venkataraman et al., 2008). Of interest, CKD patients with perfu-
sion defects on SPECT, but non-obstructive coronary artery disease 

on invasive coronary angiography, were shown to have a higher  
cardiovascular risk than non-CKD subjects with non-obstructive 
coronary artery disease (Alqaisi et  al., 2008). This suggests that, 
even in the absence of critical coronary luminal stenoses, CKD 
patients may be at greater cardiovascular risk due to greater 
endothelial dysfunction and increased vascular stiffness compared 
to non-CKD patients.

Patel et al. retrospectively examined the cardiovascular outcome 
of 174 patients with CKD submitted to SPECT MPI for risk strati-
fication prior to renal transplantation. Patients with normal SPECT 
studies had a significantly lower cardiac event rate than those with 
abnormal studies (P = 0.006). The cardiac event-free survival after 
42 months of follow-up was 97% and 85% for patients with normal 
and abnormal MPI, respectively; furthermore, an abnormal MPI 
was the single best predictor of an unfavourable outcome (Patel 
et al., 2003). It should be noted, however, that a few others stud-
ies suggested that MPI does not offer any advantage over clinical 
evaluation and/or invasive angiography in assessing cardiac risk in 
CKD patients. De Lima et al. showed no additional benefit of MPI 
over a direct invasive angiogram to predict cardiovascular risk in 
126 renal transplant candidates (De Lima et al., 2003). Similarly, 
Patel et al. could not prove any benefit of screening for myocar-
dial ischaemia for the purpose of performing a revascularization 
procedure in 300 patients submitted to stress testing prior to renal 
transplantation (Patel et al., 2008). It would appear, therefore, that 
the debate is far from being set as to the most appropriate indica-
tion for MPI in advanced CKD.

Whether stress MPI should be performed to risk stratify advanced 
CKD patients, with the goal of initiating a targeted therapy, or 
whether it should be performed as a pre-transplant evaluation to 
reduce future cardiovascular risk, remains unclear at this stage. To 
date, the only patients with accepted indications for MPI are those 
with advanced CKD with clinical and electrocardiographic evi-
dence of CAD and patients with prior incomplete revascularization 
(KDOQI Workgroup 2005).

Planar roentgenography
Single plane radiography (planar X-ray) is the most widely avail-
able method to evaluate vascular calcification. It has been proposed 
that planar X-ray can be used to differentiate medial from intimal 
arterial calcification. Usually, the involvement of the arterial media 
appears as linear, railroad calcifications that delineate the wall of 
the artery; intimal calcification, instead, appears as patchy areas of 
calcification in affected regions (London et al., 2003). Planar radi-
ography has been used to image the aorta, radial, digital, and iliac 
arteries and has provided outcome information when utilized at 
each one of these sites.

Semi-quantitative approaches were developed to render the tech-
nique less subjective. Perhaps the most popular is the one intro-
duced by Kauppila et al. (1997). On lateral X-rays of the lumbar 
spine, areas of calcification are visualized along the profile of the 
abdominal aorta; focusing on aortic segments extending from the 
first to the fourth lumbar vertebra, several scores can be derived 
based on the number of plaques and the extent of calcification. 
With another semi-quantitative method, the femoral, iliac, radial 
and digital arteries are given a score of 1 for the presence of calci-
fication and 0 for absence of calcification, with a maximum score 
of 8 (Adragao et  al., 2004). Finally, Hashimoto et  al. validated a 
method to quantitate aortic arch calcification from 0 to 3, which 

(A) (B)

Fig. 116.2 Computerized tomography angiography of the abdominal aorta 
and arteries of the inferior limbs (volume rendering technique). (A) Image 
contains numerous areas of calcification along the arterial tree. (B) The areas of 
calcification have been removed and only the contrast filled lumen is now visible. 
This haemodialysis patient demonstrates extensive vasculopathy throughout the 
vascular tree.
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demonstrated a good correlation with CT measurements of aortic 
calcification (Hashimoto et al., 2009).

All scores have been shown to carry a prognostic value in CKD 
patients. In the study by Okuno et al., 515 maintenance haemodi-
alysis patients were followed for 51 ± 17 months after undergoing a 
lateral abdominal X-ray for detection of abdominal aorta calcifica-
tion (AAC) (Okuno et al., 2007). During this period there were 103 
deaths from all causes (41 were from cardiovascular disease) and the 
cardiovascular event rate was greater in patients with AAC (27.8% 
vs 9.8% death rate; and 11.6% vs 3.1% cardiovascular event rate, 
respectively). Kaplan–Meier analysis showed that both all-cause 
and cardiovascular mortality were significantly greater in patients 
with AAC compared to those without (P < 0.0001, log-rank test).

In a multicentre study conducted in 47 European dialysis centres, 
1084 dialysis patients were submitted to AAC scoring and meas-
urement of carotid-femoral pulse wave velocity (PWV) (Verbeke 
et al., 2010). During a 2-year follow-up, there were 234 deaths and 
91 non-fatal cardiovascular events. The risk of an adverse event 
increased 3.7-fold in patients with an AAC score of 5–15 (middle 
tertile) and 8.6-fold in patients with a score of 16–24 (top tertile) 

compared with the lowest tertile. Similarly, an X-ray score based on 
the number of calcified limb arteries was independently associated 
with coronary disease events (P < 0.008), peripheral arterial disease 
events (P < 0.001), and cardiovascular hospitalizations (P = 0.02) 
(Adragao et al., 2004).

Finally, Inoue et al. retrospectively evaluated a semi-quantitative 
aortic arch score as a predictor of events in 197 patients undergo-
ing chronic haemodialysis (Inoue et al., 2012). During a follow-up 
period of 69  ± 45  months, 89 patients suffered a cardiovascular 
event and the score was a significant independent predictor of an 
adverse outcome. Additionally, the progression of aortic arch calci-
fication was a predictor of all-cause and cardiovascular mortality in 
another study of 65 patients on haemodialysis (Ogawa et al., 2010).

As mentioned earlier in this chapter, in a cross-sectional study, 
Bellasi et  al. showed a good correlation between the AAC score 
described by Kauppila et al. (1997) and CAC burden assessed by 
cardiac CT, in 140 chronic haemodialysis patients (Bellasi et al., 
2006). These findings showed that a simple imaging method such 
as planar X-rays can be utilized to provide valid diagnostic and 
prognostic data in patients with CKD and could therefore play an 

Fig. 116.3 Stress and rest SPECT images of a patient with end-stage renal disease being evaluated for renal transplantation. After stress there is a perfusion abnormality 
in the inferior and basal segments of the left ventricle (arrows). The perfusion abnormality is only partially reversible at rest, suggesting a combination of scar from prior 
myocardial infarction and ischaemia in the territory of the right coronary artery.
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important role in the management of cardiovascular diseases in 
CKD patients. Advantages of the planar X-ray techniques include 
wide availability, ease of performance, low cost, and low radiation 
exposure. However, given their qualitative or semi-quantitative 
nature, their reproducibility is limited and highly operator 
dependent.

Ultrasonography
Carotid and ilio-femoral artery imaging
The ease of access of superficial vessels such as the carotid and 
ilio-femoral arteries, the non-invasive nature and relatively low cost 
of ultrasound (US)-based imaging methodologies and the ability to 
perform in-office evaluations make this technology a useful screen-
ing method for vascular disease in CKD. Duplex ultrasonography 
(bidimensional imaging with Doppler flow measurements) has 
been utilized for several years to estimate the severity of arterial 
luminal stenosis. However, besides quantification of stenosis, vas-
cular ultrasonography can be used to assess cardiovascular risk via 
other indirect markers of disease.

Quantification of carotid stenosis by Duplex is helpful in select-
ing the most appropriate CKD patients for endarterectomy. Recent 
evidence suggests that endarterectomy for severe carotid steno-
sis is more effective in lowering the risk of stroke in patients with 
mild-to-moderate CKD than in patients from the general popula-
tion (number needed to treat to avoid one stroke:  four for CKD 
patients and 10 for patients with normal renal function) (Mathew 
et  al., 2009). Nevertheless, more severe CKD states show worse 
prognosis with severe carotid stenosis than in cases with normal 
renal function (Tarakji et al., 2006). In a cohort of 1011 patients 
Debind and Van Den Brande reported that perioperative mortality 
was significantly higher in dialysis patients undergoing endarter-
ectomy compared to patients with normal renal function (3.9% vs 
1.0%, P = 0.013) (Debing and Van den Brande, 2006). Multivariate 
logistic regression analysis showed that haemodialysis was the 
best independent predictor of 30-day mortality (odds ratio = 3.76, 
P = 0.032). Duplex US has also been used very successfully to assess 
the severity of peripheral vascular disease (Hosokawa et al., 2005), 
as well as to follow the status of a renal graft after transplantation. 

In a retrospective evaluation of 113 kidney transplant patients, 
abnormal Duplex results showed a correlation with histopathologi-
cal changes; interlobar arteries showed atypical ultrasonographic 
changes that correlated with the presence of interstitial fibrosis/
tubular atrophy and vascular/glomerular sclerosis on biopsy (Gao 
et al., 2011).

Arterial intima-media thickness (IMT) was first quantified by 
B-mode US in the femoral arteries in the late 1980s. It quickly 
became known as a surrogate marker of subclinical atherosclero-
sis and several studies established the value of carotid artery IMT 
(Fig. 116.4) as an independent and non-invasive marker of risk of 
atherosclerotic events and stroke in the general population. Carotid 
IMT measurement has been applied, although not extensively, to 
the study of vascular pathology in patients with CKD (Tanaka et al., 
2012). Increased carotid IMT has been linked with declining renal 
function. In a study of 1003 patients with CKD a mild reduction in 
eGFR (mean 67.9 mL/min/1.73 m2) was associated with an increase 
in carotid IMT; the association was independent of classical ath-
erosclerosis risk factors and the presence of proteinuria (Tanaka 
et  al., 2012). Other investigators confirmed that this association 
is independent of risk factors such as body mass index, smoking, 
hypertension, dyslipidaemia, and diabetes (Kawamoto et al., 2008); 
however, in at least one study there was no independent association 
between IMT and CKD stages (Zhang et al., 2007).

During a mean follow-up of 29 months, Benedetto et al. showed 
a close association of baseline IMT with the occurrence of car-
diovascular and all-cause mortality in 138 haemodialysis patients 
(Benedetto et al., 2001). Nishizawa et al. followed prospectively 438 
haemodialysis patients for an average of 30 months and recorded 
82 deaths, of which 44 were cardiovascular (Nishizawa et al., 2003). 
Patients with moderately increased carotid IMT (1.0–2.0 mm) and 
those with severely increased IMT (≥ 2.0 mm) showed a signifi-
cantly higher risk of death from cardiovascular causes. Szeto et al. 
measured carotid IMT in 203 Chinese patients with stage 3–4 CKD 
and followed them for 48 months (Szeto et al., 2007). The cardio-
vascular event-free survival was 94.4%, 89.8%, 77.7%, and 65.9% 
for the 1st to the 4th IMT quartile, respectively (log rank test, 
P = 0.006). Each quartile of IMT conferred an additional 41.6% 
(95% CI 6.4–88.4%; P  =  0.017) excess hazard of cardiovascular 
events.

When performing bidimensional ultrasound imaging to measure 
IMT, a localized wall thickness > 1.5 mm is considered evidence of 
focal atherosclerotic plaque. Carotid plaques, and especially echo-
lucent ones, purportedly representing lipid-rich plaques, have been 
associated with a high risk of stroke and cardiovascular events in the 
general population. In a histological study of specimens collected 
during carotid endarterectomy performed for severe vessel steno-
sis (> 70%), the composition of carotid plaques of 107 patients on 
dialysis was characterized by a high content of calcium (Fig. 116.5), 
a low collagen content, and no increase in non-calcified plaque fre-
quency compared to patients with normal renal function (Pelisek 
et al., 2010). The presence of plaques carries an adverse prognostic 
value in CKD, as well as in patients with normal renal function. 
In an observational study, 167 chronic haemodialysis patients were 
followed for an average of 13 years after having been submitted to 
carotid artery imaging for identification of focal plaques (both cal-
cified and non-calcified) (Schwaiger et al., 2006). The investigators 
reported that cardiovascular events increased proportional to the 
number of plaques (from 21% for those without plaques to 43% for 

Fig. 116.4 Long-axis bidimensional ultrasound view of the left common carotid 
artery showing increased intima-media thickness of the far wall of the vessel 
(arrows).
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those with the largest number of plaques; P = 0.005). The number 
of plaques was also associated with the rapidity with which an event 
occurred after the index imaging test.

In a study investigating the prognostic value of the progression of 
IMT and carotid plaques in 103 haemodialysis patients, the appear-
ance of new plaques was largely independent of changes in IMT; 
furthermore the development of new plaques was an independ-
ent predictor of incident cardiovascular events after adjustment 
for baseline plaque burden and other risk factors, while IMT was 
not (Benedetto et al., 2008). The growth rate of new atherosclerotic 
plaques was significantly associated with all-cause mortality (HR 
(one plaque/year increase) 1.25; 95% CI, 1.04–1.50; P = 0.02) and 
the occurrence of fatal and nonfatal cardiovascular events (HR 
(one plaque/year increase) 1.32; 95% CI, 1.14–1.52; P  =  0.001). 
Therefore, both mortality and cardiovascular events were more 
frequent in patients forming new plaques (21 deaths per 100 
patient-years and 35 cardiovascular events per 100 patient-years) 
than in those who did not (10 deaths per 100 patient-years and 13 
cardiovascular events per 100 patient-years).

Bidimensional ultrasonography imaging provides an opportunity 
to qualitatively or semi-quantitatively evaluate the presence and 
extent of arterial calcification. A simple score based on the number 
of arterial sites showing calcification was devised for this purpose 
for patients suffering from CKD (Blacher et al., 2001). The score 
is based on a combination of US and planar X-ray techniques to 
detect and quantify arterial calcification: it is computed by adding a 
factor of 1 for the presence of calcification at each of the following 
sites: common carotid arteries, abdominal aorta, ilio-femoral arter-
ies, and lower limb arteries. The total score varies from 0 (complete 
absence of calcification) to 4 (calcification is present at each of the 
above sites). Blacher et al. (2001) used this method to follow 110 
haemodialysis patients for 53 ± 21 months in an observational pro-
spective study. There was a stepwise increase in risk of death for 
each numerical increase in score.

Limited evidence suggests that an increased IMT and the pres-
ence of carotid plaques are associated with the burden of coro-
nary artery calcium in CKD patients. In a cross-sectional study of  
47 maintenance haemodialysis subjects, 70% of the patients showed 
CAC (mean score:  1055  ± 232)  and 80% had an increased IMT 
(mean thickness: 0.96 ± 0.21 mm), as well as carotid plaques. The 

investigators described a positive correlation between the thickness 
of atherosclerotic plaques and CAC (P = 0.001) (Kurnatowska et al., 
2010). In a retrospective evaluation in 91 CKD stage 5 patients listed 
for kidney transplant, 81% (N  =  74) of the patients had carotid 
plaques and their presence was significantly associated with the 
severity of CAC in univariate analysis (P = 0.008); this association 
remained significant after adjustment for age, gender, race, CKD 
aetiology, and dialysis vintage (P = 0.025) (D’Marco et al., 2011). 
These findings suggest that measurement of IMT and detection of 
carotid plaques could serve as a surrogate marker for CAC in CKD 
(Yildiz et al., 2004).

Like all other non-invasive imaging techniques, bidimensional 
ultrasonography cannot be used to differentiate intima from media 
calcification; however, it is fully non-invasive, widely available, and 
its cost is moderate.

Cardiac magnetic resonance
Cardiac magnetic resonance (CMR) has become established as the 
most accurate non-invasive method to assess left ventricular mass, 
volume, and ejection fraction without need for contrast adminis-
tration. CMR further allows the assessment of severity of valvular 
regurgitation and stenosis with a high degree of accuracy (Stewart 
et al., 1999).

Similarly, magnetic resonance angiography (MRA) provides 
high-quality imaging of the aorta and peripheral vessels and has 
in many cases replaced conventional invasive angiography. The 
obvious advantage of MRA over conventional angiography and CT 
angiography is that it does not require iodine-based contrast media 
and does not use ionizing radiation. Nonetheless, the paramag-
netic medium gadolinium, used for vascular imaging and delayed 
enhancement of the myocardium to demonstrate the presence of 
scar and inflammation, has been associated with the occurrence of 
a lethal complication (nephrogenic systemic fibrosis) in advanced 
CKD and is therefore contraindicated in these patients. The appli-
cation of specific flow-dependent sequences (i.e. time-of-flight) 
allows imaging of short vascular segments (typically the carotid 
arteries) without the need for intravascular contract injection; 
this renders non-contrast-enhanced MRA ideal for the evaluation 
of patients with impaired renal function. In a retrospective study 
of 104 patients with end-stage renal disease, contrast-enhanced 
MRA (Fig. 116.6) showed an excellent negative and a good posi-
tive predictive value for the diagnosis of obstructive peripheral 
arterial disease, despite an extremely low complication rate (Perriss 
et al., 2005). Hence, if carefully planned, MRA to assess severity of 
peripheral arterial disease may be safe in some CKD patients.

Finally, cardiovascular MR has been demonstrated to be an accu-
rate method for assessment of aortic distensibility and stiffness in 
the general population and CKD patients. Zimmerli et al. reported 
that in the absence of symptomatic CAD, patients with CKD have 
significantly reduced aortic compliance compared to normal sub-
jects as measured by magnetic resonance imaging (Zimmerli 
et al., 2007).

Invasive studies
Angiography
Invasive coronary angiography (CA) remains the gold standard 
for the assessment of obstructive coronary and peripheral artery 
disease in the general population and in CKD patients. Patients 

Fig. 116.5 Long-axis bidimensional ultrasound view of the right common carotid 
artery showing a densely calcified atherosclerotic plaque (arrow head) casting a 
shadow on the vessel wall behind it (arrow).
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with CKD tend to have more severe and more extensive obstruc-
tive CAD than patients with normal renal function (Liu et  al., 
2012). Chonchol et al. reported an increasing prevalence of CAD 
with decreasing levels of renal function (51% in patients with eGFR  
≥ 90 mL/min/1.73 m2 and 84% with eGFR < 30 mL/min/1.73 
m2; P = 0.0046). CKD was associated with a greater likelihood of 
obstructive CAD even after logistic regression analyses controlling 
for demographic and comorbidity factors (Chonchol et al., 2008). 
The presence of obstructive CAD has a significant prognostic 
impact in patients with CKD. Gowdak et al. evaluated 301 patients 
receiving haemodialysis and awaiting kidney transplant, and 
found obstructive CAD in 136 patients. Independent predictors 
of obstructive CAD were a history of diabetes mellitus, peripheral 
arterial disease, and prior myocardial infarction. After 32 months 
of follow-up, the incidence of major adverse coronary events was 
45.2% in patients with CAD and 18.1% in those without CAD  
(P < 0.0001). Since obstructive CAD was detectable in < 50% of 
the patients, and in virtually none of the patients without one of 
the three predictors listed above, invasive angiography could not be 
recommended as the first-line modality to diagnose CAD in a very 
sizeable proportion of CKD patients (Gowdaka et al., 2007).

In another investigation, 167 CKD-5D patients were submit-
ted to clinical examination and MPI; invasive angiography was 
performed in a selected group of patients (De Lima et al., 2010). 
Absence of anginal symptoms and ischaemia on MPI were associ-
ated with an excellent outcome, while the presence of ischaemia, 
and especially the combination of ischaemia and obstructive CAD 
was associated with a high incidence of adverse events. Enkiri et al. 
suggested that the presence of CAD on invasive angiography is a 
better predictor of outcome than abnormal results on non-invasive 
testing in patients with advanced stages of CKD. In a small study of 
57 patients listed for kidney transplantation, the event-free survival 
after 3 years of follow-up was 50% and 73% for patients with and 

without CAD on invasive angiography, while non-invasive imaging 
failed to predict events effectively (Enkiri et al., 2010).

Intravascular ultrasound
Intravascular ultrasound (IVUS) is an invasive, catheter-based imag-
ing modality, which provides high-resolution cross-sectional images 
of the coronary arteries. The IVUS catheters emit high-frequency 
ultrasound waves and the reflection of such waves is used to 
reconstruct high-resolution images of the vessel wall (Fig. 116.7). 
Conventional invasive angiography has obvious limitations in the 
diagnosis of coronary atherosclerosis. Angiography displays only 
an opacified luminal silhouette, while IVUS permits imaging of 
both the lumen and vessel wall and allows some characterization of 
plaque composition (Bourantas et al., 2011). Indeed, it is fairly easy 
to differentiate an echolucent (dark), lipid-rich plaque from a dense, 
bright, echo-reflective, calcified plaque. However, when intimal cal-
cification is present, it casts a shadow that may obscure the presence 
of underlying medial calcification, thus rendering the identification 
of the two types of calcification difficult, even by IVUS. Although 
IVUS provides accurate quantitative and qualitative information, it 
is not routinely used during coronary angiography or angioplasty 
procedures, because of its risk:benefit ratio (cost, length of proce-
dure, risk of complications). Nevertheless, there are situations where 
IVUS is extremely valuable for both diagnosis and management of 
CAD, such as accurate assessment of luminal stenosis, appropriate 
deployment of an intracoronary stent (Bourantas et al., 2010), and 
visualization of the calcium content of an atherosclerotic plaque, to 
plan the appropriate type of intervention (Maehara and Fitzgerald, 
2000). Indeed, in the presence of extensive intimal calcification, dis-
section of the coronary artery wall can be expected during an angio-
plasty procedure (Fitzgerald et al., 1992).

The impact of renal function on coronary plaque composition 
has been evaluated with IVUS. Gruber et al. reported that patients 
with CKD on dialysis have more positive (outward) remodelling of 
the coronary arteries and larger arcs of calcium (i.e. degrees along 
the vessel luminal circumference covered by calcium) than patients 
with eGFR >70, 50–69, and <50 mL/min/1.73 m2 (P < 0.05 for all 
comparisons) (Gruberg et al., 2005). In an IVUS study of 89 CKD 
patients, the lipid volume was larger and the fibrous volume was 
smaller in coronary plaques of patients with an eGFR < 60 mL/
min/1.73 m2 compared to those with an eGFR > 60 mL/min/1.73 
m2 (Miyagi et al., 2009). Recently, Kono et al. identified the char-
acteristics of coronary plaques in 78 patients with increasing sever-
ity of CKD (Kono et  al., 2012). Using virtual histology-IVUS, 
researchers found a decreased necrotic core/dense calcium ratio 
in advanced CKD. Thus, plaque composition of coronary plaques 
changed from fragile (core rich in necrotic and pultaceous mate-
rial) to extensively calcified as the renal function decreased. Of 
note, total plaque volume was significantly higher in patients with 
acute myocardial infarction and unstable angina pectoris than in 
those with stable angina pectoris. Finally, in a subanalysis of 989 
patients recruited in several IVUS trials, there was no difference in 
atheroma volume at baseline and no difference in atheroma pro-
gression between patients with an eGFR < 60 mL/min/1.73 m2 or  
> 60 mL/min/1.73 m2 during follow-up (Nicholls et al., 2007).

Optical coherence tomography
Optical coherence tomography (OCT) is a catheter-based imaging 
technique that utilizes advanced photonics and fibreoptic wires to 

Fig. 116.6 Magnetic resonance angiography of the abdominal aorta, iliac, and 
femoral arteries (maximal intensity projection technique). The image shows 
severe stenosis of the aortic bifurcation and several areas of critical stenosis of the 
superficial femoral arteries bilaterally.
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characterize tissue composition on a microscopic scale (Takashi 
and Takashi, 2008). The fibreoptic wire emits light at a predeter-
mined wavelength towards the vessel wall and a mirror; when 
the reflected beams coincide an interference occurs. Eventually 
an image is obtained by recording the backscatter of light from 

the vessel wall (Bezerra et  al., 2009; Eshtehardi et  al., 2011). 
This method provides IVUS-like images but with approximately  
10 times higher resolution than IVUS, and more detailed struc-
tural information of the arterial wall that any other clinically avail-
able modality (Takashi and Takashi, 2008) (Fig. 116.8). Despite its 
high resolution, OCT is limited by its tissue penetration of only 
1–3 mm (Regar et al., 2010). The main clinical application of OCT 
in the general population is the assessment of coronary athero-
sclerosis and plaque characterization, the identification of intra-
vascular thrombus, as well as to guide stents deployment. Several 
studies have compared OCT and ex vivo coronary histology in 
the general population. The reported sensitivity and specificity of 
OCT for detecting thin-capped fibroatheromas (i.e. prone to rup-
ture causing an acute intravascular thrombosis) are 92% and 75% 
respectively (Yabushita, 2002). OCT has also been used to evaluate 
the effect of medical interventions, such as statin therapy, on the 
atherosclerotic plaque burden and composition. At this time there 
is no information regarding the specific use of OCT for the study 
of coronary artery disease in CKD. Investigators from Switzerland 
recently evaluated 32 renal arteries after a denervation procedure 
for treatment of resistant hypertension (Templin et al., 2013). The 
presence of thrombus was high following ablation (67% vs 18% 
prior to ablation, P < 0.001). Endothelial-intimal oedema (96% of 
the cases) and vasospasm (42%) were also frequently noted. The 
authors concluded that OCT visualizes vascular lesions not appar-
ent on angiography.

Angioscopy
This technique utilizes an angioscope (i.e. intravascular endoscope) 
to provide direct visualization of the vessel lumen and detailed 
information regarding the characteristics of the intimal surface of 
the artery, such as plaque surface colour, presence of thrombus, and 
plaque integrity (Ishibashi et al., 2006). Furthermore, angioscopy 
has been used to evaluate the effect of lipid-lowering drugs on ath-
erosclerosis disease burden (Ohsawa et al., 2002) and to elucidate 
the mechanism of acute coronary syndromes.

Angioscopy has been employed in patients with CKD to evalu-
ate the renal arteries of an allograft before kidney transplantation, 
in order to reduce the incidence of graft injuries. L’Hermite et al. 
(1990) reported a reduction in the incidence of post-transplant 
renal artery stenosis in 60 consecutive transplants with routine per-
formance of allograft angioscopy prior to surgery. Burgos et al. per-
formed angioscopy in 25 kidney allografts and found subintimal 
hematomas, intimal tear, atheromatous plaques, venous thrombo-
sis, and vascular injuries that needed microsurgical vascular recon-
struction before transplantation in 48% of them (Burgos et  al., 
1998). Angioscopy is also used in CKD to help performing native 
arteriovenous fistulas in individuals with a difficult access extrem-
ity (Roberts et al., 2005).

Angioscopy relies on transient balloon occlusion of the vessel, 
which may cause short lived periods of ischaemia, and is restricted 
to the surface morphology of lesions therefore it is unable to pro-
vide information on plaque composition.

Conclusions
The field of vascular disease in CKD is extensive and the vascular 
pathology of these patients is severe. Numerous imaging modali-
ties are available to help the physician make an accurate diagnosis 

Fig. 116.7 Intravascular ultrasound image of a coronary artery of a patient with 
CKD showing dense calcification of an atherosclerotic plaque (arrow head) casting 
a shadow on the vessel wall behind it (arrow).

Fig. 116.8 Intracoronary optical coherence tomography image of a patient with 
prior stent implantation (arrows point at the stent’s struts) demonstrating the 
presence of thrombus in the lumen of the coronary artery.

 

 



CHAPTER 116 imaging for detection of vascular disease in ckd 931

and choose the most appropriate therapeutic approach. Each of 
the modalities discussed in this chapter offers distinct advantages 
and disadvantages and requires a certain degree of proficiency for 
appropriate implementation and interpretation. Some of these 
modalities offer an insight into the mechanisms of vascular disease 
in CKD, although much remains to be discovered in the field.
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Pathophysiology of chronic 
kidney disease-mineral 
and bone disorder
Alexandra Voinescu, Nadia Wasi Iqbal,  
and Kevin J. Martin

Phosphate metabolism
Phosphate (P)  is an essential mineral in the body, critical for 
many biological processes, including bone development and bone 
integrity, cell membrane phospholipid content and function, cell 
signalling, and energy metabolism. Total adult body store of P 
equals approximately 700 g. Of total body stores, 85% of P is found 
in bone, linked with calcium (Ca) as hydroxyapatite crystals,  
14% intracellular, and only 1% in the extracellular space. Of extra-
cellular P, 70% represents the organic P fraction, found mainly in 
phospholipids, and 30% is the inorganic fraction. Fifteen per cent 
of the inorganic P is bound to plasma proteins, and the rest is 
complexed with sodium, magnesium, and Ca or circulates in free 
monohydrogen or dihydrogen forms. The P concentration in the 
extracellular compartment is the result of the interactions among 
intestinal uptake, renal excretion, and exchanges with bone and the 
intracellular compartment (Uribarri et al., 2007).

The average P intake in a developed country population is 
1000–1500 mg/day. Sixty to 80% of dietary P is absorbed in all intes-
tinal segments, being maximal in the small intestine. Intestinal P 
absorption occurs via two routes: a paracellular pathway, involving 
tight junctions and driven by a passive diffusional flux, and an active, 
transcellular transport, involving the type II sodium-dependent P 
cotransporter Npt2b. The energy for this transport process is pro-
vided by the sodium gradient induced by the sodium-potassium 
ATPase cotransporter at the basolateral membrane (Craver et al., 
2007). Besides Npt2b, two additional type III sodium-dependent 
P cotransporters, PiT1 and PiT2, have been found to be expressed 
in the intestine, but the precise role of these transporters remains 
to be determined (Sabbagh et al., 2009; Marks et al., 2010). The two 
major factors that regulate intestinal P absorption are dietary P and 
1,25 dihydroxyvitamin D (1,25(OH)2D), although other factors 
can also play a role, such as oestrogens, glucocorticoids, epidermal 
growth factor, metabolic acidosis, matrix extracellular phospho-
glycoprotein, and fibroblast growth factor 23 (FGF23) (Borowitz 
and Granrud, 1992; Xu et al., 2001, 2003; Miyamoto et al., 2005; 
Stauberet al., 2005; Marks et al., 2008).

The kidney plays a major role in maintaining P balance by excret-
ing the net amount of the absorbed P.  As P is not significantly 

bound to albumin, most of the P is filtered freely at the glomeru-
lus. At steady state, 80–90% of the filtered P is reabsorbed by the 
kidneys. Seventy to 80% of filtered P is reabsorbed in the proxi-
mal tubule through type II sodium-P cotransporters Npt2a and 
Npt2c, expressed at the apical membrane of renal proximal tubule 
cells. Knockout studies in mice showed that approximately 70% of 
the renal P absorption is mediated by Npt2a and 30% by Npt2c. 
Recently, type III P transporter PiT2 has been shown to contribute 
to P absorption in the proximal tubules. Double-knockout Npt2a/
Npt2c mice still exhibit some renal P reabsorption, indicating a 
role for PiT2 in this process (Beck et al., 1998; Tenenhouse et al., 
2003; Segawa et al., 2009; Villa-Bellosta et al., 2009). P transport 
across the basolateral membrane remains a poorly understood pro-
cess. Several P transport pathways have been postulated, including 
a P-anion exchanger, passive diffusion, or P transport via type II 
sodium-P cotransporters.

Multiple factors have been shown to modulate renal P trans-
port. Factors that stimulate P reabsorption include P depletion, 
insulin-like growth factor-1, growth hormone, thyroid hormone, 
and 1,25(OH)2D (Kurnik and Hruska, 1985; Bianda et al., 1997; 
Villa-Bellosta et al., 2009; Ishiguro et al., 2010). Factors that inhibit 
P reabsorption include parathyroid hormone (PTH), FGF23, P 
loading, volume expansion, metabolic acidosis, glucocorticoids, 
and calcitonin (Laron et al., 1957; Ambuhl et al., 1998; Blaine et al., 
2011). The main hormones that regulate renal P handling are PTH 
and FGF23.

Parathyroid hormone
PTH is an 84-amino acid protein, which is synthesized in the 
parathyroid glands and stored in secretory granules for release, 
in response to hypocalcaemia, hyperphosphataemia, and/or 
1,25(OH)2D deficiency. Following release, the circulating 1–84 
PTH has a relatively short half-life in plasma, of just minutes, and 
is cleaved into amino-terminal, carboxy-terminal, and mid-region 
fragments, which are metabolized in the liver and kidney.

The regulation of PTH secretion in response to changes in ion-
ized Ca is mediated by the Ca-sensing receptor (CaSR), which is 
a seven-membrane-spanning G-protein-coupled receptor. This 
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receptor is expressed in the parathyroid cells, thyroid C-cells, 
kidney, and likely bone. The CaSR is activated by elevations in 
extracellular Ca concentration, leading to inhibition of PTH secre-
tion. High levels of 1,25(OH)2D have a direct inhibitory effect on 
PTH gene transcription, as well as an indirect effect, by increas-
ing intestinal Ca absorption. Hyperphosphataemia may affect the 
regulation of intracellular Ca in parathyroid cells, resulting in the 
inhibition of phospholipase A2 and diminished synthesis of ara-
chidonic acid formation, the latter being a potent inhibitor of PTH 
release (Almaden et al., 2000). Hyperphosphataemia is also associ-
ated with reduced expression of the CaSR, thereby decreasing the 
ability of the parathyroid gland to respond to changes in ionized Ca 
(Ritter et al., 2002). In addition, high P intake induces parathyroid 
cell proliferation and growth through transforming growth factor 
alpha (TGF-α), mediated via the epidermal growth factor receptor, 
resulting in parathyroid hyperplasia and the development of sec-
ondary hyperparathyroidism (Cozzolino et al., 2005).

PTH binds to type I PTH receptor in proximal tubular cells, to 
activate cAMP-protein kinase A (AC-PKA) and the phospholipase 
C-protein kinase C (PKC) signal transduction pathways. Activation 
of both signalling pathways induces the internalization and catabo-
lism of the sodium-P cotransporters Npt2a and Npt2c, resulting 
in P wasting. On the other hand, PTH upregulates the transient 
receptor potential vanilloid (TRPV) transportersTRPV5 and 
TRPV6, calbindin28 K, the Na+/Ca2+ exchanger-1 (NCX1), and the 
plasma membrane calcium ATPase-1b (PMCA1b), which results 
in increased renal Ca reabsorption. In bone, PTH primarily utilizes 
the AC-PKA pathway in exerting both its catabolic and anabolic 
effects (Yang et al., 2007).

Fibroblast growth factor 23
FGF23 belongs to a group of molecules called phosphatonins, which 
are hormones that regulate P excretion. In addition to FGF23, other 
phosphatonins have been identified: secreted frizzled-related pro-
tein 4 (sFRP4), matrix extracellular phosphoglycoprotein (MEPE), 
and fibroblast growth factor-7 (FGF7) (Cai et al., 1994; Kumar et al., 
2000; White et al., 2000; Yamashita et al., 2000; Shimada et al., 2001; 
Berndt et al., 2003; Jonsson et al., 2003; Rowe et al., 2004). FGF23 
is a 32-kDa, 251-amino acid protein, predominately expressed in 
osteocytes and osteoblasts in the skeleton, but low levels of unclear 
significance can be found in pericyte-like cells that surround the 
venous sinusoids of the bone marrow, ventrolateral thalamic nuclei, 
heart, liver, thymus, and small intestine (Liu et al., 2003, 2006).

The kidney is the main target-organ for FGF23. FGF23 induces 
phosphaturia by suppressing the expression of Npt2a and Npt2c 
on the apical surface of the proximal tubular cells. The reduction 
in the number of Npt2a by FGF23 seems to be independent of 
PTH (Kuro-o, 2006). FGF23 suppresses the renal production of 
1,25(OH)2D, by inhibiting the 1-α-hydroxylase enzyme (CYP27B1) 
in the renal tubule, which stimulates the conversion of 25(OH)
D to 1,25(OH)2D, and also by enhancing the expression of 
24-hydroxylase (CYP24), which inactivates the1,25(OH)2D 
(Shimada et al., 2004a, 2004b). FGF23 exerts its biological func-
tions by binding to and activating its cognate FGF receptor (FGFR) 
in the presence of Klotho, a protein thought to be involved in age-
ing and being downregulated in CKD (Kuro-o et al., 1997; Kurosu 
et al., 2006; Urakawa et al., 2006). Klotho expression is restricted 
to a few tissues, including the distal convoluted tubules in the 

kidney, the parathyroid glands, the sinoatrial node, the pituitary, 
and the choroid plexus in the brain. It is still unclear how FGF23 
exerts its physiological effects on the proximal tubule in the kidney, 
while Klotho appears to be expressed in the distal tubular epithe-
lial cells. Klotho is expressed at the cell surface, but is also present 
in plasma as two secreted forms. The membrane-bound form can 
be cleaved to generate a second circulating species, and either of 
these forms of Klotho could possibly bind to FGF23 and FGFRs. In 
Klotho-deficient mice, the FGF23 concentration is increased, but is 
ineffective in controlling serum P levels. In conclusion, Klotho is a 
co-receptor that specifically increases the sensitivity of FGF recep-
tors to FGF23 (Kurosu et al., 2006; Urakawa et al., 2006; Segawa 
et al., 2007; Prieet al., 2009).

Besides its effect on tubular P handling, FGF23 may affect PTH 
synthesis and secretion through the mitogen-activated protein 
kinase (MAPK) pathway. In vivo and in vitro experiments demon-
strated that FGF23 inhibits PTH gene expression in parathyroid 
glands and decreases PTH secretion. In addition, FGF23 increases 
1-alpha-hydroxylase expression in bovine parathyroid cells, which 
may contribute to reduce PTH gene transcription (Ben-Dov et al., 
2007; Krajisnik et al., 2007; Prie et al., 2009).

FGF23 gene expression in bone is regulated by P and 1,25(OH)2D. 
Experimental and clinical studies showed that several days of die-
tary P loading lead to an increase in serum FGF23 in both mice 
and humans. However, extracellular P did not directly stimulate 
FGF23 mRNA levels or FGF23 gene promoter activity in osteoblas-
tic cultures (Ferrari et al., 2005; Perwad et al., 2005; Liu et al., 2006; 
Nishida et  al., 2006; Nakai et  al., 2010). 1,25(OH)2D stimulates 
FGF23 production both in vivo and in vitro, thought to be mediated 
through the vitamin D receptor (VDR). VDR-null mice did not 
show an increase in FGF23 levels after 1,25(OH)2D administration. 
FGF23 secretion is also regulated by local bone-derived factors, 
such as P-regulating gene with homologies to endopeptidases on 
the X chromosome (PHEX) and dentin matrix protein 1 (DMP1) 
(Liu et al., 2003; Lorenz-Depiereux et al., 2006). 1,25(OH)2D is also 
able to suppress PHEX mRNA levels in bone cells, and reductions 
in PHEX can result in increased FGF23 expression in osteocytes. 
Therefore, 1,25(OH)2D may upregulate FGF23 production in part 
indirectly by downregulation of PHEX expression (Hines et  al., 
2004; Collins et al., 2005; Saito et al., 2005; Liu and Quarles, 2007; 
Ramon et al., 2010).

Further details on FGF23 are presented in Chapter 119.

Calcium metabolism
Calcium plays an important role in bone mineralization, as well 
as a wide range of biological processes. Total adult body stores are 
approximately 1000 g. Ninety-nine per cent of total body Ca is in 
the skeleton in the form of hydroxyapatite; the remainder is con-
tained in the extracellular fluid and soft tissues. Fifty per cent of the 
total serum Ca is free (ionized), 40% is bound to albumin, and 10% 
is complexed with anions, such as P and citrate. Serum Ca concen-
tration is tightly controlled within a narrow physiologic range that 
is optimal for proper cellular functions of many tissues affected by 
Ca. The ionized fraction of Ca is the physiologically important frac-
tion that is regulated by the Ca-regulating hormones—PTH and 
1,25(OH)2D.

The average dietary intake of Ca is around 1000 mg/day, but 
there are wide variations. On average, 400 mg of Ca undergo net 
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absorption from the diet, and the unabsorbed and secreted com-
ponents appear in the stool. This Ca in the extracellular pool is in 
dynamic equilibrium with Ca entering and exiting the intestine, 
bone, and renal tubules.

Intestinal Ca absorption occurs throughout the small intestine 
and the colon, but the duodenum is the major site of this process. 
Ca absorption occurs across intestinal epithelium through pas-
sive, paracellular diffusional pathways, as well as through active, 
transcellular, vitamin D-dependent pathway. The active Ca uptake 
from the lumen across the brush border membrane occurs through 
TRPV5 and TRPV6, located on the apical membrane. The trans-
port of Ca through the cytosol requires a vitamin D-inducible pro-
tein, calbindin9K. At the basolateral membrane, Ca is removed from 
the cell by the Ca2+-ATPase PMCA1b and the Na+/Ca2+ exchanger 
NCX1 (van de Graaf et al., 2006). Each of these steps is regulated 
by 1,25(OH)2D.

In the kidney, 60% of the filtered Ca is reabsorbed mainly pas-
sively in the proximal tubule through paracellular pathways, by 
convection (solvent drag) and electrochemical gradients. Twenty 
per cent of Ca is reabsorbed in the thick ascending limb of the loop 
of Henle, of which about 2/3 is paracellular and 1/3 is transcellular. 
Fifteen per cent of the filtered Ca is reabsorbed in the distal convo-
luted tubule, the connecting tubule, and the initial part of the corti-
cal collecting tubule, through transcellular pathways. Luminal Ca 
enters the cells via the epithelial Ca channels, TRPV5 and TRPV6. 
Inside the cells, Ca binds with calbindin28 K and is transported 
through the basolateral membrane via PMCA1b and NCX1. This 
active transcellular transport is regulated by PTH, 1,25(OH)2D, 
Ca intake, and oestrogens. PTH stimulates renal Ca reabsorp-
tion by upregulating the expression of the TRPV5, calbindin28 K, 
NCX1 and PMCA1b (van Abel et al., 2005). Studies performed in 
VDR-null mice and 1-alpha-hydroxylase-knockout mice showed 
downregulation of TRPV5 and calbindin28 K, demonstrating an 
important role of vitamin D in regulating renal Ca absorption 
(Hoenderop et al., 2003).

Vitamin D metabolism
Vitamin D is a multifunctional hormone that affects many essential 
biological functions, ranging from immune regulation to mineral 
ion metabolism. Native vitamin D is available in the diet, either 
from plant sources, as vitamin D2 (ergocalciferol), or from ani-
mal sources, as vitamin D3 (cholecalciferol). Vitamin D3 is also 
produced in the skin from 7-dehydrocholesterol, by ultraviolet 
radiation. Both forms of vitamin D require further metabolism to 
become activated, and their respective metabolism is indistinguish-
able. Vitamin D is transported into the blood, where it circulates 
bound to vitamin D-binding protein (DBP) to the liver, and it gets 
hydroxylated by CYP27A1 (25-hydroxylase) to 25(OH)D (cal-
cidiol). The conversion of 25(OH)D to its most active form of the 
hormone, 1,25(OH)2D (calcitriol), occurs primarily in the kidney 
by the action of the CYP27B1 (1-alpha-hydroxylase) after the reab-
sorption of 25-hydroxyvitamin D together with DBP from tubu-
lar fluid by a megalin-dependent mechanism. This hydroxylation 
step is upregulated by several factors, including PTH, hypocalcae-
mia, hypophosphataemia, and 1,25(OH)2D itself and is inhibited 
by FGF23, hypercalcaemia, and hyperphosphataemia. Calcitriol 
is then released into the peritubular blood, where it circulates in 
plasma again bound to DBP. Calcitriol production occurs in many 

tissues and contributes to the circulating levels of calcitriol. Both 
25(OH)D and 1,25(OH)2D undergo degradation into the inactive 
metabolites by another enzyme, 24-hydroxylase (CYP24), which is 
located in many tissues. FGF23 stimulates the activity of the renal 
CYP24 enzyme. In CKD, FGF23 levels increase, suggesting that 
CYP24 can cause reductions in both 25(OH)D and1,25(OH)2D in 
target-tissues, by increased catabolism, thus decreasing the pool of 
25(OH)D available for 1-alpha hydroxylation (Omdahl et al., 2002).

1,25(OH)2D mediates its biological effects through its own mem-
ber of the nuclear hormone receptor superfamily, the VDR, that 
acts as a ligand-inducible transcription factor. Ligand-bound VDR 
functions as a heterodimeric complex with the 9-cis-retinoic acid 
nuclear receptor retinoid-X-receptor (RXR). The complex binds 
vitamin D response elements (VDREs) of target genes and regu-
lates the transcription of several genes important in mediating the 
effects of vitamin D on Ca and skeletal metabolism and its diverse 
biological effects (Ozono et al., 1991; Lowe et al., 1992). 1,25(OH)2D 
enhances the uptake of Ca in intestinal and renal distal epithelium 
by increasing the expression of TRPV5 and TRPV6, the intracellu-
lar expression of calbindin (9 kD in intestine and 28 kD in kidney), 
and the expression of the Ca ATP-ase at the basolateral mem-
brane. It also stimulates the intestinal P absorption. Other effects of 
1,25(OH)2D include increased bone formation and resorption. At 
the level of parathyroid gland, 1,25(OH)2D reduces PTH synthesis 
and secretion, decreases PTH cell proliferation, and increases the 
expression of Ca receptor, thereby sensitizing the parathyroid gland 
to inhibition by Ca (Canaff and Hendy, 2002).

Alterations in mineral metabolism 
in chronic kidney disease
Alterations in mineral homeostasis occur early in CKD. Transient 
P retention develops at an early stage of CKD, caused by reduced 
functioning kidney, with gradual decline in filtered P load.  
P retention stimulates FGF23 synthesis and secretion by osteocytes, 
which in turn inhibits tubular P reabsorption, causing increased 
renal P excretion. FGF23 decreases the production of calcitriol 
(1,25(OH)2D) and accelerates its metabolism by augmenting 
25-hydroxylase activity, which results in limited intestinal Ca and 

↓ Kidney
function

↑ S-P

↑FGF23

Suppressive effect decreases as kidney function declines

↓1,25D ↑PTH

Fig. 117.1 Alterations in mineral metabolism in CKD (dashed lines indicate 
counter-regulatory pathways). 1,25D = dihydroxyvitamin D (calcitriol); 
FGF23 = fibroblast growth factor 23; PTH = parathyroid hormone; S-P = serum 
phosphorus.
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P absorption and increases in PTH levels. PTH stimulates the 
production of 1,25(OH)2D, increases urinary Ca reabsorption, to 
counter the negative Ca balance, and inhibits renal P reabsorp-
tion, maintaining serum P levels in early stages of CKD. FGF23 
suppresses PTH release via stimulating the dimeric Klotho-FGF 
receptor at the parathyroid glands, but resistance to the effect of 
FGF23 appears as kidney function declines, because of decreased 
Klotho expression in the parathyroid glands and kidney. As CKD 
progresses, these adaptative mechanisms are overwhelmed, result-
ing in hyperphosphataemia and hypocalcaemia. These abnormali-
ties directly increase PTH levels, contributing to the development 
of secondary hyperparathyroidism (Fig. 117.1).
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CHAPTER 118

Management of chronic 
kidney disease-mineral 
and bone disorder
Alexandra Voinescu, Nadia Wasi Iqbal,  
and Kevin J. Martin

Monitoring of biochemical markers 
of chronic kidney disease-mineral  
and bone disorder
Both the 2003 Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines for bone metabolism and disease and the 
2009 Kidney Disease:  Improving Global Outcomes (KDIGO) 
guidelines for chronic kidney disease-mineral and bone disor-
der (CKD-MBD) advocate monitoring the serum levels of cal-
cium (Ca), phosphorus (P), 25-hydroxyvitamin D (25(OH)D),  
intact parathyroid hormone (PTH), and alkaline phos-
phatase (ALP) beginning with stage 3 CKD (National Kidney 
Foundation, 2003; Kidney Disease: Improving Global Outcomes 
(KDIGO) CKD-MBD Work Group, 2009). Table  118.1 shows 
the recommended frequency of monitoring of these laboratory 
parameters.

These levels should be assessed more frequently in response to 
changes in therapeutic interventions that affect these levels. Targets 
for biochemical parameters are summarized in Table 118.2.

Phosphorus and calcium
P and Ca should be maintained within the normal laboratory range 
in CKD stages 3 and 4.  Epidemiologic data suggest that higher 
serum P levels are associated with increased cardiovascular mor-
bidity and mortality in both the general population and CKD pop-
ulations. Studies in dialysis patients confirmed the association of 
P levels with mortality, although slight differences in the inflection 
point (the point at which P level becomes significantly associated 
with increased all-cause mortality) varied from 5.0 to 5.5 mg/dL  
(Block et al., 2004a), > 5.5 mg/dL (Noordzij et al., 2005), 6.0–7.0 
mg/dL (Kalantar-Zadeh et  al., 2006), and > 6.5 mg/dL (Tentori 
et al., 2008).

Observational studies in CKD patients showed an increased risk 
of all-cause mortality with Ca levels > 9.5 mg/dL. There is not much 
evidence of an association between low Ca levels and mortality 
(Block et al., 2004a; Tentori et al., 2008).

Parathyroid hormone
The KDOQI practice guidelines suggested that target intact PTH 
(second-generation PTH assay) in CKD stage 5D patients should be 
between 150 and 300 pg/mL, because the prevailing opinion at that 
time was that this range was associated with relatively normal bone 
turnover. This target range was based on findings derived from a 
second-generation assay that is no longer commercially available. In 
addition, there are data suggesting significant variability with PTH 
results among the different available assays. Observational studies 
found an increase in all-cause mortality with PTH levels > 400 pg/mL 
(Kalantar-Zadeh et al., 2006), > 480 pg/mL (Young et al., 2005), > 500 
pg/mL (Kimata et al., 2005) or > 600 pg/mL (Block et al., 2004a). Based 
on the above considerations, the KDIGO guidelines have broadened 
the range for target-PTH to two to nine times the upper limit of normal.

Vitamin D
Serum levels of 25(OH)D have been shown to be the best indicator 
of vitamin D status. The current KDOQI guidelines recommend 
screening for vitamin D deficiency and repeating testing at inter-
vals determined by the baseline values obtained (González et al., 
2004; LaClair et al., 2005; Wolf et al., 2007; Mehrotra et al., 2008).

Alkaline phosphatase
The frequency of measurement of ALP is similar to that of PTH 
and can provide additional information on bone turnover. Elevated 
serum ALP has been found to be associated with higher risks of 
hospitalization and death in CKD and dialysis patients (Blayney 
et al., 2008; Kovesdy et al., 2010).

Management of chronic kidney 
disease-mineral and bone disorder
The principles of therapy for secondary hyperparathyroidism 
include control of hyperphosphataemia, correction of hypocalcae-
mia, use of vitamin D sterols, use of calcimimetics, and parathy-
roidectomy (Box 118.1).
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Control of hyperphosphataemia
Hyperphosphataemia has been associated with increased cardio-
vascular morbidity and mortality, secondary hyperparathyroidism, 
and vascular calcification (Kestenbaum et al., 2005; Slinin et al., 
2005; Foley et al., 2009). Control of hyperphosphataemia remains 
the cornerstone of effective treatment of secondary hyperparathy-
roidism. The treatment strategies used to lower serum P levels 
include dietary P restriction, use of P binders, and removal of P 
with dialysis.

Diet
Several studies looked at the effect of dietary P restriction on 
abnormalities of bone and mineral metabolism, progression of 
renal dysfunction, and mortality (Williams et al., 1991; Martinez 

et al., 1997; Lafage-Proust et al., 1999). Foods rich in protein are 
an important source of dietary P, thus dietary P restriction can be 
associated with a decrease in dietary protein intake, which can lead 
to protein-calorie malnutrition.

Phosphorus binders
Aluminium salts
Aluminium hydroxide, an effective P binder, was the binder of 
choice for many years. However, long-term use of this binder was 
found to be associated with cognitive disturbances, osteomalacia, 
refractory microcytic anaemia, and myopathy. There is no evidence 
to suggest that even low levels of exposure to aluminium are safe for 
chronic use (Parkinson et al., 1979; Wills and Savory, 1983; Salusky 
et al., 1991; Malluche, 2002).

Ca-based binders
Ca acetate and Ca carbonate are inexpensive and effective in con-
trolling hyperphosphataemia. Ca citrate can enhance intestinal 
Ca and aluminium absorption; therefore, it is used infrequently 
as a P binder. Ca-based binders can be associated with the devel-
opment of hypercalcaemia, especially when used in combination 
with a vitamin D analogue (Sheikh et al., 1989; Emmett et al., 1991; 
Navaneethan et al., 2009). Long-term use of Ca-based P binders 
may contribute to soft tissue and vascular calcification, as suggested 
by some studies (Chertow et al., 2002; Block et al., 2005). KDOQI 
guidelines recommend limiting daily elemental Ca intake from 
binders to < 1500 mg per day. Ca-based binders should be avoided 
in patients with hypercalcaemia, vascular calcifications, or persis-
tently low plasma PTH levels.

Sevelamer
Sevelamer hydrochloride (Renagel®) and sevelamer carbon-
ate (Renvela®) are non-aluminium, non-Ca polymers that bind P 
through ion exchange. Sevelamer hydrochloride dissociates in 
the acidic environment of the stomach and gastrointestinal tract, 
exchanging the chloride ions attached to its polymer backbone for 
P ions, resulting in a decrease in serum bicarbonate concentration. 
Sevelamer carbonate does not decrease serum bicarbonate levels, 
and it may be used for patients at risk for metabolic acidosis (Delmez 
et al., 2007). Reported drawbacks of this binder are gastrointesti-
nal disturbances, high pill burden, and a relatively low affinity and 
selectivity for P (Suki et al., 2007). Sevelamer binds bile acids and 
decreases faecal bile acid excretion and lowers low-density lipopro-
tein cholesterol (Chertow et al., 1997). Some studies also showed 
beneficial effects of sevelamer on other biochemical parameters, 
including C-reactive protein, uric acid, fetuin-A, and fibroblast 
growth factor 23 (FGF23) (Yilmaz et al., 2012).

Table 118.1 KDIGO guidelines for laboratory monitoring according to CKD stage

CKD stage PTH and ALP Ca P 25(OH)D

3 Based on baseline level Every 6–12 months Every 6–12 months Based on

baseline level

4 Every 6–12 months Every 6–12 months Every 6–12 months Based on baseline

level

5 and 5D Every 3–6 months Every 1–3 months Every 1–3 months Based on baseline

level

Table 118.2 KDOQI and KDIGO guidelines for laboratory target range

Parameter KDOQI goal KDIGO goal

PTH (pg/
mL)

CKD 3: 35–70

CKD 4: 70–110

CKD 5: 150–300

2–9 × the upper normal limit

Ca (mg/
dL)

CKD 3: in the normal range

CKD 4: in the normal range

CKD 5: 8.4–10.2

In the normal range

P (mg/dL) CKD 3: 2.7–4.6

CKD 4: 2.7–4.6

CKD 5: 3.5–5.5

In the normal range

Towards the normal range

Box 118.1 Principles of therapy of secondary 
hyperparathyroidism

 ◆ Control of hyperphosphataemia:

• Diet
• P binders
• P removal with dialysis

 ◆ Correction of hypocalcaemia (if present)

 ◆ Vitamin D sterols

 ◆ Calcimimetics

 ◆ Parathyroidectomy.
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Lanthanum carbonate
Lanthanum carbonate is able to bind P across a wide pH range. 
Short-term trials have assessed the efficacy of lanthanum car-
bonate in decreasing serum P, PTH, and FGF23 levels (Finn 
et  al., 2004; Albaaj and Hutchison, 2005; Chiang et  al., 2005; 
Shigematsu et  al., 2012). Concerns have been expressed about 
the long-term safety of this drug, as experimental data showed 
that lanthanum accumulates in tissues such as liver and brain, 
and accumulation in bone has also been found in human stud-
ies (Hutchison et al., 2009). However, no significant toxicity has 
been found todate.

Iron-based binders
Iron-containing P binders are new options in the treat-
ment of hyperphosphataemia in CKD. Two molecules are 
most promising—sucroferric oxyhydroxide (PA21) and ferric 
citrate—and it appears that both products have similar efficiency 
with other P binders. has recently approved PA21for the treatment 
of hyperphosphataemia in patients with CKD receiving dialysis. 
This decision was based on the results of a phase 3 study involving 
> 1000 patients, demonstrating that PA21 controls hyperphos-
phataemia over the long term and has a lower pill burden than 
sevelamer carbonate (Floege et al., 2012). Ferric citrate has also 
received approval from the US Food and Drug Administration.

Combined magnesium- and Ca-based binders
Magnesium-containing P binders have been in use for many 
years and the interest upon them greatly increased lately, with the 
apparition of a new formulation:  magnesium carbonate plus Ca 
acetate. The use of this combination was supported by a phase 3 
non-inferiority trial, which confirmed head-to-head efficacy with 
sevelamer hydrochloride in haemodialysis patients. Furthermore, 
magnesium had an equally good tolerability profile and is relatively 
inexpensive, compared to sevelamer or lanthanum carbonate (de 
Francisco et al., 2010).

Comparative trials of different P binders
Effects of P binders on vascular calcifications
The results of the studies on progression of vascular calcification 
with sevelamer versus Ca-based P binders have been contradic-
tory. Two randomized controlled trials—Treat-To-Goal (TTG) and 
Renagel in New Dialysis (RIND)—showed a significant increase 
in the progression of vascular calcification in the Ca-based binder 
groups (Chertow et  al., 2002; Block et  al., 2005). The Calcium 
Acetate Renagel Evaluation 2 (CARE-2) trial compared prevalent 
haemodialysis patients assigned to Ca acetate or sevelamer, with 
both groups receiving atorvastatin to lower cholesterol levels. 
Although there was a high dropout rate, no significant difference 
was observed in the progression of coronary artery calcification 
between the two groups. Similarly, the Phosphate Binder Impact on 
Bone Remodeling and Coronary Calcification (BRiC) study found 
no difference in the rate of progression of vascular calcification 
between these binders (Barreto et al., 2008; Qunibi et al., 2008).

Effects of P binders on bone histology
The BRiC study also compared the effects of sevelamer and Ca acetate 
on bone histology and showed no significant differences in the two 
arms in bone turnover, mineralization, and volume (de Francisco 
et al., 2010). A few small trials have compared the effects of lantha-
num and Ca carbonate on bone histology. In one study there was an 

improvement in bone turnover and volume, but worsened miner-
alization in patients receiving lanthanum (Malluche et al., 2008). In 
another study, more of the patients who received Ca-based binders 
developed adynamic bone disease (Spasovski et al., 2006).
Effects of P binders on mortality
The RIND study showed an adjusted increased mortality in the 
Ca-based binder group (Block et al., 2007), whereas the Dialysis 
Clinical Outcomes Revisited (DCOR) study, which enrolled 2103 
haemodialysis patients assigned to either sevelamer or Ca-based 
binders, found no difference in mortality between the two groups 
(Suki et al., 2007). A recent meta-analysis of 11 open-label trials, 
including 4622 patients with CKD, revealed a 22% decrease in 
all-cause mortality among patients assigned to non-calcium-based 
P binders, compared with those assigned to calcium-based P bind-
ers (Jamal et al., 2013).

Phosphorus removal with dialysis
The kinetics of P removal differs significantly from classic urea 
kinetics. There is a rapid decline in P level during the first phase of 
haemodialysis, as a result of P removal from the extracellular space, 
followed by a second phase, during which P removal continues at 
a lower rate, as a consequence of P shift from intracellular com-
partments to plasma compartment. A rebound of P occurs within 
a couple of hours after termination of dialysis, reaching about 80% 
of pre-dialysis values.

P removal during haemodialysis is influenced by different fac-
tors of dialysis prescription, such as blood and dialysate flow rates, 
dialyzer membrane surface area, and ultrafiltration volume. With 
conventional thrice-weekly haemodialysis (4 hours per session), 
P removal reaches 600–900 mg per session (1800–2700 mg per 
week). Conventional haemodiafiltration improves P removal to 
about 1170 mg per session (Hou et al., 1991; Ayus et al., 2005). With 
short daily, extended daily, or three times weekly nocturnal haemo-
dialysis, P mass clearance is increased, potentially allowing com-
plete discontinuation of P binder use (Ayus et al., 2005; Culleton 
et al., 2007; Chertow et al., 2010).

Peritoneal P clearance is influenced by different peritoneal dialy-
sis modalities and peritoneal membrane permeability. Peritoneal 
P clearance appears to be correlated with creatinine clearance, 
but not with urea clearance. Weekly average P removal in patients 
on continuous ambulatory peritoneal dialysis (CAPD) has been 
reported to be around 70 mmol (2170 mg) with 4 × 2 L exchanges 
per day and 105 mmol (3250 mg) with 4 × 3 L exchanges per day 
(Messa et al., 1998). In high-transporter patients there is no differ-
ence in P clearance between CAPD and continuous cyclic perito-
neal dialysis (CCPD), whereas in high-average, low-average, and 
low-transporter patients, the peritoneal P clearance is higher with 
CAPD than with CCPD (Badve et al., 2008).

Control of hypocalcaemia
Hypocalcaemia, if present, should be corrected, because it is a 
potent stimulus for PTH secretion. However, its effect on arterial 
calcification remains unclear.

Vitamin D sterols
The use of vitamin D sterols is effective in the treatment of secondary 
hyperparathyroidism, as calcitriol lowers PTH levels and improves 
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bone histology. There are six active vitamin D derivatives currently 
available:  calcitriol, alfacalcidol, doxercalciferol, 22-oxacalcitriol, 
falecalcitriol, and paricalcitol. In the United States the available 
agents include calcitriol, paricalcitol, and doxercalciferol.

Calcitriol is the natural form of active vitamin D and was the 
first agent used for the treatment of hyperparathyroidism. Oral and 
intravenous therapies are similar with regard to both PTH suppres-
sion and side effects (Quarles et al., 1994).

The vitamin D analogue paricalcitol was introduced and devel-
oped aiming to obtain a more selective action on the parathyroid 
gland, while minimizing other effects of vitamin D sterols, such as 
hypercalcaemia and hyperphosphataemia. Sprague at al. compared 
the safety and effectiveness of intravenous paricalcitol and calcitriol 
in 263 haemodialysis patients and found that paricalcitol reduced 
PTH concentrations more rapidly and was associated with fewer 
episodes of hypercalcaemia and/or increased Ca × P product than 
calcitriol therapy (Sprague et al., 2003).

Doxercalciferol, a prohormone that can be activated by the liver 
into a vitamin D receptor agonist, appears to have the potential for 
lesser toxicity and has proven its efficacy in reducing PTH levels. 
Both oral and intravenous preparations are well tolerated and able 
to lower plasma PTH; however, hypercalcaemia seems to be less 
frequent with intravenous administration (Maung et al., 2001).

No head-to-head comparisons of different vitamin D analogues 
have evaluated patient-related outcomes.

Calcimimetics
Calcimimetics such as cinacalcet are positive allosteric modulators 
of the calcium-sensing receptor, sensitizing the parathyroid gland 
to extracellular Ca and thus leading to a decrease in circulating 
PTH levels (Nemeth et al., 2004). Several prospective randomized 
studies in dialysis patients with uncontrolled hyperparathyroidism 
have shown that the use of calcimimetics produces suppression of 
PTH, Ca, and P levels (Lindberg et al., 2003; Quarles et al., 2003; 
Block et al., 2004b; Moe et al., 2005). A prospective observational 
study found that cinacalcet treatment was associated with improved 
survival in haemodialysis patients (Block et al., 2010).

The ADVANCE trial was a prospective randomized controlled 
trial, designed to evaluate the effects of cinacalcet plus low-dose 
vitamin D on vascular and cardiac valve calcification in 360 preva-
lent adult haemodialysis patients, and it showed that coronary 
artery calcifications and valvular calcifications were significantly 
lower in the cinacalcet plus low-dose vitamin D group than in the 
vitamin D sterol alone group (Raggi et al., 2011).

In the EVOLVE trial, 3883 haemodialysis patients with 
moderate-to-severe secondary hyperparathyroidism were 
assigned to receive either cinacalcet or placebo. All patients 
were eligible to receive conventional therapy, including P bind-
ers, vitamin D sterols, or both. Cinacalcet did not significantly 
reduce the risk of death or major cardiovascular events (EVOLVE 
Trial Investigators et  al., 2012). The results of the trial need to 
be interpreted in the light of intention-to-treat analysis, which 
was complicated by the fact that almost 20% of patients in the 
placebo group began receiving commercial cinacalcet before the 
occurrence of a primary event. Using a lag sensoring analysis to 
try to account for this issue appears to suggest that mortality was 
significantly reduced in the cinacalcet group. Accordingly, these 
studies should be regarded as non-definitive rather than negative.

Parathyroidectomy
Why parathyroidectomy?
Surgical removal of hyperplastic parathyroid glands (parathyroid-
ectomy (PTX)) represents an extreme therapy—perhaps in some 
parts of the world considered to be a ‘last resort’ intervention—for 
severe secondary hyperparathyroidism in renal patients. The inter-
vention has many decades of ‘historical practice’, and it is poten-
tially applicable to patients with CKD pre-dialysis, on dialysis, or 
after successful kidney transplantation.

As a general rule however, especially in the clinical setting of 
progressive deterioration of biochemical parameters, and clini-
cal symptoms, care needs to be undertaken truly to establish that 
there will be more than merely ‘biochemical’ improvements in a 
patient’s well-being, when undergoing a potential PTX. In other 
words, clinical symptomatology (including pruritus, joint and bone 
pain, and muscle weakness) is expected to improve. Longer-term 
poor control of hyperparathyroidism can accelerate vascular and 
other ectopic calcifications, contribute to hypertension and dys-
lipidaemia, and can also lead to bone fractures and tendon rup-
tures. In well-selected patients rapid biochemical (serum Ca, P, and 
PTH) and clinical (pruritus and bone pain) improvements can be 
achieved, almost invariably, immediately after surgery; however, 
long-term benefits are much less clearly established (Urena et al., 
1989; Gagne et al., 1992; Coen et al., 2001; Mazzaferro et al., 2008), 
given the lack of randomized controlled trials comparing medi-
cal, surgical or no specific interventional therapy. Rarely, calcific 
uraemic arteriolopathy can be caused or accelerated by hyperpar-
athyroidism and here too a judicious PTX can be most efficacious. 
However, it should be remembered that in the modern era, most 
cases of calciphylaxis are accompanied by low PTH and low bone 
turnover, which would be harmed, not helped by PTX.

PTX rates have fallen significantly in the modern era of calcimi-
metic therapy, but this intervention is far from being historically 
obsolete.

When might PTX be justified?
As schematically reported in Box 118.2, clinical and biochemical 
parameters are generally used to indicate PTX. In contemporary 
clinical practice it is accepted that, before PTX surgery, there will 
be evidence of resistance to medical therapy with active drugs 
like vitamin D and, where these can be afforded, calcimimet-
ics. Unacceptably and chronically high serum levels of Ca and P, 
with or without therapy, are additional considerations (Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work 
Grou, 2009). PTX has been advocated also for calciphylaxis, accel-
erated cardiovascular calcifications, accelerated and/or severe bone 
mineral loss and spontaneous skeletal fractures, refractory anae-
mia due to bone marrow fibrosis, excessive pruritus, and severe 
skin lesions. In kidney transplantation, PTX is often indicated in 
case of persistent and uncontrolled threatening hypercalcaemia 
and high PTH (Rostaing et al., 1997; Evenepoel et al., 2004; Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work 
Group, 2009). However, it must be underlined that no precise bio-
chemical value or clinical criteria can be considered as absolute. 
It is not presently known whether early surgery, before any medi-
cal therapy, would result in better clinical, biochemical and skeletal 
outcomes (and as there are no randomized controlled trials, we do 
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not have information about a plethora of relevant outcomes, from 
biochemical to clinical).

As a general rough rule, patients with raised and rising total or 
bone-specific ALP are those who often have bone, muscle and skin 
symptoms, and typically PTX is performed in patients with raised 
Ca × P product, raised PTH and raised ALP concentrations.

Imaging techniques that can be considered prior to surgery, and 
certainly should be considered seriously prior to re-operations, 
include neck ultrasound, neck and cervical magnetic resonance 
scanning, computed tomography scanning, and nuclear scintig-
raphy. Local factors, including discussion with the local surgical 
team, will determine the best investigative approach.

When might it be wrong to perform PTX?
In some patients clinical worsening can be predicted following 
PTX (Box 118.3). Intra-operative neck hyperextension may result 
in medullary spine compression in cases of degenerative cervi-
cal arthropathy. Aluminium-related bone disease is expected to 
worsen following PTX. Furthermore, in less than expert hands or 
with highly complex patients, there is the risk of neck tissue, recur-
rent laryngeal, or phrenic nerve lesions.

Different types of PTX.
Three types of surgical PTX have been mostly performed:  total 
PTX without parathyroid tissue autograft in the forearm, total PTX 
with parathyroid tissue autograft in the forearm, and subtotal PTX 
(Ogg, 1967; Diaz-Buxo et al., 1981; Kaye, 1989; Gagne et al., 1992; 
Torres et al., 2002). The incidence of surgical complications, disease 
persistence and recurrent hyperparathyroidism in CKD patients 
appears to be comparable with all three types of surgery (Stanbury 
et al., 1960; Kaye, 1989; Gagne et al., 1992; Richards et al., 2006; 
Gasparri et al., 2009). Given the high risk of ectopic or supernumer-
ary glands in renal patients (Tominaga et al., 2001; Richards et al., 
2006; Gasparri et  al., 2009), a careful and complete exploration 
of the cervical area with identification of all possible parathyroid 
glands is common and good practice. Scanning for metabolically 
active (high blood flow) parathyroid tissue may be of value and is 
certainly of value in re-operations. Further possible interventions 
include minimally invasive video-assisted PTX (MIVAP) (Hindie 
et al., 1999; Alesina et al., 2010), local destruction through intrag-
landular injection of ethanol, vitamin D, and/or calcimimetics 
(Giangrande et al., 1985; Tanaka et al., 2005; Barbaros et al., 2009), 
or through the use of laser (Tanaka et al., 2006) or high-intensity 
focused ultrasound (HIFU) (Hansler et al., 2002; Adda et al., 2006; 
Carrafiello et al., 2006). The results obtained with these methods 
are still inconclusive (once again, no good evidence base exists, so 
careful thought is needed about locally available medical and surgi-
cal options).

Some centres offer intraoperative serum PTH concentration 
sampling; this helps to confirm the ‘completeness’ of PTX, but is 
cumbersome and expensive to organize, except in specialist centres.

Selective venous sampling of ‘mediastinal’ vein serum PTH con-
centrations can also sometimes help to confirm the presence of 
active parathyroid tissue in the chest in the challenging situation of 
ectopic parathyroid gland tissue.

Outcomes predicted for PTX in terms of mortality, 
biochemical control, and fractures.
For all types of PTX, improvements in mineral parameters, clini-
cal symptoms (pruritus, bone and muscular pain, quality of life), 
bone mass, and even morbidity and mortality have been described 
(Gagne et al., 1992; Richards et al., 2006; Kovatcheva et al., 2012). 
However, while serum Ca and P drop significantly in > 95% of 
patients (Urena et al., 1989; Gagne et al., 1992; Coen et al., 2001), 
PTH levels may only rarely fall within the recommended target 
ranges (EVOLVE Trial Investigators et al., 2012). Moreover, as for 
survival rate, the available studies indicating possible advantages are 
observational and may suffer significant biases, not allowing firm 
conclusions to be drawn about survival advantage (Kestenbaum 
et al., 2004; Rudser et al., 2012).

Box 118.2 Biochemical and clinical signs to evaluate 
when considering PTX

Biochemical

 ◆ Persistent (> 6 months) serum PTH > 800 pg/mL

 ◆ Uncontrolled hypercalcaemia and/or hyperphosphataemia

 ◆ High levels of bone biomarkers (bone-specific ALP, TRAP5b)

 ◆ < 30% reduction of serum PTH levels following aggressive 
intravenous or oral active vitamin D analogues treatment for 
12 weeks in a symptomatic patient

 ◆ < 30% reduction of PTH after 12 weeks of treatment with max-
imal doses of calcimimetics (180 mg/day) in a symptomatic 
patient.

Clinical

 ◆ Severe pruritus, muscular and osteo-articular pain, bone dem-
ineralization, fractures, accelerated vascular calcifications, 
calciphylaxis, peripheral calcifying uraemic arteriolopathy, 
erythropoietin-resistant anaemia, unexplained cardiomyopa-
thy, or heart failure

 ◆ Intolerance or allergy to calcimimetics at active doses

 ◆ Extreme parathyroid gland dimensions (volume > 500 mm3, 
diameter > 1000 mm, or estimated weight > 500 mg)

 ◆ Parathyromatosis.

Box 118.3 Contraindications to PTX

 ◆ Contraindication to general anaesthesia

 ◆ Severe degenerative cervical arthropathy (e.g. 
beta-2-microglobulin amyloid), heightening the risk of cervi-
cal hyperextension during surgery

 ◆ Severe cervical tissue fibrosis (previous surgeries or ethanol 
injections, irradiation or tumoural invasion)

 ◆ Aluminium overload

 ◆ Intrathoracic parathyroid glands (only accessible by emboliza-
tion or by thoracotomy)

 ◆ Adynamic bone disease on bone biopsy.
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Are there possible subpopulations  
which might benefit more from PTX  
than from calcimimetics?
Hypothetically, the typical dialysis patient who might benefit more 
from PTX would be a young patient (< 50 years), on the waiting list 
for kidney transplantation, high (> 800 pg/mL) or increasing PTH 
despite medical management (resistance established as described in 
the KDIGO recommendations) (Kidney Disease: Improving Global 
Outcomes (KDIGO) CKD-MBD Work Group, 2009), high Ca and 
P levels, developing cardiovascular calcifications, and having large 
parathyroid glands on ultrasounds examination (> 500  mm3). 
Predictably, this would avoid long-term medical management with 
its possible side effects, and, in the case of calcimimetics, consider-
able medical costs.

In cases where surgery is especially risky or patients are extremely 
unkeen to undergo surgery, then medical therapy (calcimimetics to 
lower serum PTH and Ca concentrations) is preferable, as long as 
it is followed by compliance and responsiveness in terms of bio-
chemistry and clinical symptomatology. Medical therapy is usually 
much slower to effect symptomatic or biochemical improvement 
compared to PTX (taking months, not days to weeks).
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Fibroblast growth factor 23,  
Klotho, and phosphorus 
metabolism in chronic 
kidney disease
Orlando M. Gutiérrez

Introduction
Phosphorus (P)  is an essential micronutrient involved in a num-
ber of critical biological processes including bone metabolism, 
energy transfer, and intracellular signalling. Systemic P homeosta-
sis is tightly regulated through a dynamic balance between dietary 
P absorption, urinary P excretion, and exchanges with bone, soft 
tissue, and intracellular stores. For over seven decades, parathyroid 
hormone (PTH) was considered the primary hormonal regulator of 
P balance via its modulation of vitamin D synthesis, bone resorp-
tion, and renal P handling. However, the more recent discovery 
and characterization of several new P-regulating hormones (col-
lectively termed ‘phosphatonins’(Cai et al., 1994)) has revolution-
ized our understanding of P metabolism and clarified much of the 
pathophysiology underlying disturbances in P homeostasis in health 
and chronic kidney disease (CKD). Fibroblast growth factor 23  
(FGF23) and Klotho in particular appear to play central roles in 
regulating mineral metabolism. Disturbances in the expression of 
FGF23 and Klotho are strongly linked to the genesis and progression 
of altered bone and mineral metabolism in CKD. Moreover, abnor-
mal concentrations of FGF23 and Klotho have been implicated in the 
pathogenesis of cardiovascular disease, kidney disease progression, 
and death in CKD patients. The focus of this chapter will be to review 
the role of FGF23 and Klotho in P and vitamin D homeostasis, their 
link to disturbances in P and vitamin D metabolism in kidney dis-
ease, and their potential role in mediating adverse outcomes in CKD.

Physiological actions of FGF23 and  
Klotho in health and  
in chronic kidney disease
FGF23
FGF23 was initially discovered as the causative factor for sev-
eral rare forms of osteomalacia/rickets that are either inher-
ited (X-linked hypophosphataemic rickets (XLH), autosomal 
dominant hypophosphataemic rickets (ADHR)) or acquired 
(tumour-induced osteomalacia (TIO)). All are characterized by 

hypophosphataemia due to urinary P wasting and low or inappro-
priately normal circulating 1,25 dihydroxyvitamin D (1,25(OH)2D) 
concentrations (Jonsson et al., 2003; Quarles, 2003). Collaborative 
efforts to uncover the genetic basis for ADHR culminated in the 
discovery that mutations in the gene encoding FGF23 were strongly 
associated with ADHR (ADHR Consortium, 2000). Mechanistic 
studies later showed that these mutations resulted in the synthesis 
and secretion of an FGF23 peptide that was resistant to proteolytic 
cleavage, allowing for the accumulation of excess quantities of bio-
logically active FGF23 in the circulation of ADHR patients (White 
et al., 2001; Bai et al., 2003). Studies subsequently showed that cir-
culating concentrations of FGF23 were also markedly elevated in 
patients with XLH and TIO (Shimada et al., 2001; Jonsson et al., 
2003), explaining the striking phenotypic similarities between 
these syndromes. Further, overexpression of fgf23 in animal mod-
els recapitulated the biochemical and metabolic derangements 
characteristic of these conditions (Shimada et al., 2001, 2004; Bai 
et al., 2003), indicating that excess FGF23 is the primary causative 
factor underlying these disorders. In parallel, studies showed that 
genetic mutations that result in decreased FGF23 bioactivity led to 
severe ectopic calcification due to excess serum P and 1,25(OH)2D 
concentrations (Chefetz et al., 2005; Ichikawa et al., 2005; Larsson 
et al., 2005a, 2005b; Kato et al., 2006), highlighting the critical role 
of FGF23 in regulating P and vitamin D metabolism.

The FGF23 gene encodes a protein of 251 amino acids and is 
most highly expressed in osteocytes and osteoblasts (Quarles, 
2008). The N-terminal domain of FGF23 contains the FGF homol-
ogy domain, whereas the C-terminal domain contains the unique 
71-amino acid sequence that distinguishes it from the other known 
members of the FGF family. Interestingly, FGF23 belongs to a sub-
family of FGFs (known as the FGF19 subfamily) that lack several 
amino acid residues in their C-terminal domain, allowing them 
to be more soluble in circulation, due to their low binding affin-
ity to heparin, and thus able to exert systemic actions in contrast 
to other FGFs (such as FGF1 and FGF2) that primarily exert par-
acrine/autocrine effects (Quarles, 2012). Binding of FGF23 to its 
cognate receptor is mediated by Klotho, a transmembrane protein 
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that is most highly expressed in the kidney and parathyroid glands  
(discussed in greater detail below) (Urakawa et al., 2006).

Role of FGF23 in P and vitamin D metabolism
Although primarily secreted by bone cells, the main sites of action 
of FGF23 are the kidneys and parathyroid glands (Fig. 119.1). In the 
kidneys, FGF23 stimulates the endocytosis of Na-P cotransporters 
(NPT2a and NPT2c) from the apical membrane of renal proximal 
tubular cells, resulting in diminished reabsorption of inorganic P 
filtered at the glomerulus (Saito et al., 2003). In addition, FGF23 
inhibits the synthesis of renal 25(OH)D-1α-hydroxylase (Bowe 
et al., 2001; Yamashita et al., 2002; Saito et al., 2003; Liu et al., 2006), 
the enzyme required to convert 25(OH)D to its more active metab-
olite, 1,25(OH)2D, and upregulates the activity of 24-hydroxylase 
(Inoue et al., 2005), the enzyme that represents the major catabolic 
pathway for both 25(OH)D and 1,25(OH)2D. In the parathyroid 
glands, FGF23 directly inhibits the synthesis and secretion of PTH 
(Ben-Dov et  al., 2007; Krajisnik et  al., 2007), perhaps represent-
ing a secondary, indirect mechanism for inhibiting 1,25(OH)2D 

synthesis. Furthermore, in contrast to its inhibitory effect on 
25(OH)D-1α-hydroxylase in the kidney, Krajisnik et al. showed that 
FGF23 stimulated the expression of 25(OH)D-1α-hydroxylase in 
bovine parathyroid gland tissue (Krajisnik et al., 2007). Although 
the reasons for this finding were unclear, the authors speculated 
that this may lead to increased local 1,25(OH)2D concentrations in 
parathyroid tissue, perhaps as an additional inhibitor of PTH syn-
thesis. Collectively, these actions appear to serve the main purpose 
of maintaining P homeostasis in states of P excess, by enhancing uri-
nary P excretion and diminishing intestinal P absorption by reduc-
ing the stimulatory effect of 1,25(OH)2D on Na-P cotransporters 
(NPT2b) in gut epithelial cells (Katai et al., 1999; Marks et al., 2010).

Consistent with these actions, the primary systemic regulators of 
FGF23 secretion are 1,25(OH)2D, dietary P intake and, potentially, 
PTH (Ferrari et al., 2005; Ito et al., 2005; Perwad et al., 2005; Saito 
et al., 2005; Antoniucci et al., 2006; Burnett et al., 2006; Liu et al., 
2006; Lavi-Moshayoff et al., 2010). 1,25(OH)2D directly stimulates 
FGF23 expression by binding to a vitamin D response element in 
the promoter region of fgf23 (Liu et al., 2006). Increased dietary P 
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intake also stimulates the secretion of FGF23 (Ferrari et al., 2005; 
Antoniucci et al., 2006; Burnett et al., 2006), though the mechanisms 
involved in the regulation of FGF23 secretion by dietary P remain 
unclear. Interestingly, in vitro and in vivo studies have failed to con-
vincingly show that inorganic P can directly stimulate FGF23 secre-
tion itself, suggesting that FGF23 may regulate net P balance instead 
of serum P per se. The effects of PTH on FGF23 are more contro-
versial. Whereas studies have shown that PTH indirectly stimu-
lates FGF23 by increasing systemic 1,25(OH)2D concentrations 
(Burnett-Bowie et al., 2009; Sridharan et al., 2010; Wesseling-Perry 
et al., 2010; Lopez et al., 2011), the data suggesting that PTH directly 
stimulates FGF23 are less consistent, with some (Lavi-Moshayoff 
et al., 2010; Lopez et al., 2011), but not all studies (Liu et al., 2006; 
Samadfam et al., 2009; Saji et al., 2010), showing that PTH augments 
the expression of fgf23 in bone cells. Further studies will need to 
clarify whether PTH directly regulates FGF23 or not. If so, it would 
support the notion that PTH and FGF23 exist in a classic negative 
feedback loop, whereby higher PTH concentrations directly induce 
the expression of FGF23 in order to inhibit both PTH and 25(OH)
D-1α-hydroxylase and thus serve as a physiological brake towards 
further PTH-induced stimulation of 1,25(OH)2D synthesis.

Systemic calcium (Ca) and iron also appear to regulate FGF23. 
Several groups have shown that Ca deficiency strongly inhibits 
the synthesis of FGF23 (Rodriguez-Ortiz et al., 2012; Quinn et al., 
2013), likely as an adaptive mechanism to increase 1,25(OH)2D 
concentrations and promote dietary Ca absorption. In line with 
these findings, dietary P loading failed to stimulate FGF23 secre-
tion in hypocalcaemic animals until the Ca deficiency had been 
reversed (Rodriguez-Ortiz et al., 2012; Quinn et al., 2013), suggest-
ing that P-induced stimulation of FGF23 secretion is at least partly 
dependent on the concurrent Ca economy. In addition, iron has 
been shown to regulate FGF23, potentially by altering cleavage of 
the FGF23 peptide (Farrow et al., 2011; Imel et al., 2011; Braithwaite 
et al., 2012; Wolf et al., 2013).

Several studies suggest that FGF23 may also have important effects 
on bone mineralization, independent of its effects on systemic P and 
vitamin D metabolism. Inactivating mutations in the genes that 
encode DMP1, PHEX, ANK1, and ENPP1—all local bone-derived 
factors that regulate bone mineralization—result in increased FGF23 
expression (Sitara et al., 2004; Feng et al., 2006; Lorenz-Depiereux 
et al., 2006; Levy-Litan et al., 2010; Lorenz-Depiereux et al., 2010; 
Chen et al., 2011; Quarles, 2012), suggesting that FGF23 may play 
a role in regulating bone mineralization. Further, overexpression of 
FGF23 in rat calvaria cells suppressed osteoblast differentiation and 
matrix mineralization independently of inorganic P (Wang et al., 
2008). A subsequent study demonstrated a similar inhibitory effect 
of excess FGF23 on matrix mineralization in an osteoblast-like cell 
line (Shalhoub et al., 2011). In contrast, complete absence of FGF23 
was associated with impaired skeletal mineralization despite ele-
vated circulating levels of P and vitamin D (Shimada et al., 2004; 
Sitara et al., 2004). Together, these results suggest that either over- or 
underexpression of FGF23 impairs bone mineralization via dysreg-
ulation of osteoblast function.

Role of FGF23 in altered P and vitamin D 
metabolism in CKD
FGF23 concentrations increase early in the course of 
CKD—perhaps as early as an estimated glomerular filtra-
tion rate (eGFR) of 90 mL/min/1.73 m2 (Ix et  al., 2010)—and 

progressively rise as kidney function declines, such that by the 
time that patients reach end-stage renal disease, FGF23 concen-
trations can be up to 1000-fold above the normal range (Larsson 
et  al., 2003; Gutierrez et  al., 2008). The increase in FGF23 in 
early CKD appears to be an appropriate physiological response 
to maintain normal P balance in the face of declining nephron 
mass, by increasing urinary P excretion and decreasing gut P 
absorption via decreased 1,25(OH)2D concentrations (Gutierrez 
et al., 2005). The importance of this response for maintaining P 
balance in CKD is supported by several observations. Hasegawa 
et al. examined the impact of lowering FGF23 concentrations on 
P homeostasis in CKD by injecting anti-FGF23 antibody in rats 
with experimentally-induced kidney disease (Hasegawa et  al., 
2010). Anti-FGF23 antibodies markedly lowered serum FGF23 
concentrations in these animals, resulting in decreased urinary 
fractional excretion of P and higher 1,25(OH)2D concentra-
tions. As a consequence, serum P concentrations significantly 
increased, despite concurrently elevated PTH concentrations. 
These data strongly suggest that increased FGF23 concentrations 
are essential for mitigating hyperphosphataemia in CKD—even 
in the face of concomitant hyperparathyroidism—by enhanc-
ing urinary P excretion and, perhaps more importantly, limiting 
intestinal absorption of P via lower 1,25(OH)2D concentrations. 
Consistent with these observations, studies have shown that 
restriction of dietary P absorption decreased, and in some cases 
normalized, blood FGF23 concentrations in animals or humans 
with CKD (Koiwa et al., 2005; Nagano et al., 2006; Oliveira et al., 
2010; Gonzalez-Parra et al., 2011; Moe et al., 2011; Shigematsu 
et al., 2012), supporting the concept that elevations in circulating 
FGF23 are essential adaptive changes for maintaining P homeo-
stasis in the face of unrestricted dietary P intake in kidney failure.

In line with the critical role of FGF23 in maintaining P bal-
ance in kidney injury, experimental and human data suggest that 
increases in FGF23 are among the earliest biochemical manifesta-
tions of disturbed P metabolism in CKD—chronologically pre-
ceding increases in PTH and serum P and decreases in serum Ca 
and 1,25(OH)2D concentrations. Hasegawa et al. showed that, fol-
lowing the induction of kidney injury in rats, FGF23 was the first 
analyte to increase in the serum, followed in sequential order by 
a decrease in 1,25(OH)2D concentrations and then an increase in 
PTH concentrations (Hasegawa et al., 2010). Given the powerful 
inhibitory effect of FGF23 on 1,25(OH)2D synthesis, these data 
suggest that increases in blood FGF23 concentrations may be the 
sentinel hormonal disturbance in P metabolism that initiates or 
accelerates the fall in 1,25(OH)2D concentrations in early-stage 
kidney failure, a key factor underlying the development of sec-
ondary hyperparathyroidism in CKD. In line with this, Isakova 
et  al. analysed the prevalence of abnormal concentrations of 
P, Ca, PTH, and FGF23 across narrow categories of eGFR in a 
cross-sectional sample of 3519 patients with CKD (Isakova et al., 
2011a). These investigators found that the prevalence of excess 
FGF23 was substantially higher than the other cardinal mani-
festations of disordered mineral metabolism (i.e. hyperparathy-
roidism, hypocalcaemia, and hyperphosphataemia) in the earliest 
stages of kidney disease. Moreover, using restricted cubic splines, 
these investigators showed that circulating FGF23 concentra-
tions started to increase prior to any of the other indices of min-
eral metabolism, first occurring around an eGFR cut-point of  
60 mL/min/1.73 m2.
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When taken together, these data suggest that FGF23 may be the 
earliest ‘bellwether’ of disturbances in P metabolism in kidney 
disease and thus, an important potential target for retarding the 
progression of disordered mineral metabolism in CKD patients. 
Since dietary P intake is among the strongest systemic physiologi-
cal stimuli of FGF23, this would support much earlier restriction of 
dietary P absorption (either through decreased intake or increased 
use of oral phosphorus binders) than is currently recommended 
in clinical practice guidelines. Moreover, since nutritional and 
activated forms of vitamin D strongly stimulate FGF23 secretion 
(Wesseling-Perry et al., 2011; Burnett-Bowie et al., 2012)—perhaps 
‘fuelling’ the fire of FGF23 excess—this may also suggest that the 
use of these therapeutics may need to be used in conjunction with 
dietary P restriction, or be curtailed in favour of dietary P restric-
tion in early CKD.

FGF23 and adverse outcomes in CKD
Beyond its critical role in regulating P and vitamin D metabolism, 
FGF23 may also have an important role in cardiovascular morbidity 
and mortality in CKD. Studies have shown that higher FGF23 con-
centrations were independently associated with higher risk of kid-
ney disease progression, cardiovascular disease events, and death 
in chronic haemodialysis patients and in patients with CKD not yet 
requiring haemodialysis (Fliser et al., 2007; Gutierrez et al., 2008; 
Jean et al., 2009; Seiler et al., 2010; Isakova et al., 2011b; Kendrick 
et al., 2011; Scialla et al., 2013a). In addition, higher FGF23 concen-
trations were associated with higher risk of cardiovascular disease 
events and death in individuals with mostly preserved kidney func-
tion (Parker et al., 2010; Ix et al., 2012).

While the mechanisms underlying these associations remain 
unclear, growing evidence suggests that FGF23 may directly 
mediate cardiovascular disease. A number of groups have shown 
that higher FGF23 concentrations were independently associated 
with higher left ventricular mass (Gutierrez et  al., 2009; Mirza 
et al., 2009c; Faul et al., 2011), and higher prevalence of left ven-
tricular hypertrophy, endothelial dysfunction, and vascular cal-
cification, even in individuals with preserved kidney function 
(Gutierrez et al., 2009; Mirza et al., 2009a, 2009b, 2009c; Kanbay 
et al., 2010; Faul et al., 2011). Further, lowering FGF23 concen-
trations was associated with improved endothelial function in 
patients with CKD (Yilmaz et al., 2012). Importantly, however, 
other studies have shown that FGF23 either does not induce or 
in fact protects against vascular calcification, suggesting that the 
link between FGF23 and vascular disease is not mediated via dys-
trophic calcification (Lim et al., 2012; Scialla et al., 2013b; Zhu 
et  al., 2013). In contrast, FGF23 was shown to directly induce 
hypertrophy of rat neonatal cardiomyocytes via FGFR-dependent 
activation of the calcineurin-NFAT signalling pathway in vitro, 
and induced LVH after intra-myocardial or intravenous injection 
of FGF23 in mice in vivo, revealing a direct stimulatory effect of 
FGF23 on myocardial hypertrophy (Faul et  al., 2011). Another 
study showed that FGF23 promoted LVH via alterations in intra-
cellular concentrations of calcium in cardiomyocytes, revealing 
another potential pathway by which FGF23 may induce cardiac 
hypertrophy (Touchberry et al., 2013). Together, these data sug-
gest that elevated FGF23 concentrations may induce or acceler-
ate cardiovascular disease in CKD and thus, may be a promising 
target of intervention for ameliorating cardiovascular outcomes 
in CKD patients.

Klotho
Klotho is a key regulator of mineral metabolism, glucose home-
ostasis, and endothelial function. Klotho exists in two forms, a 
transmembrane form and a circulating form, each with distinct 
functions. The transmembrane form serves as the critical co-factor 
required for FGF23 signal transduction in the kidney and the 
parathyroid glands (Kurosu et al., 2006; Urakawa et al., 2006). The 
secreted form has systemic effects modulating P and Ca metabo-
lism (Chang et al., 2005; Imura et al., 2007; Alexander et al., 2009; 
Hu et  al., 2010a), insulin sensitivity (Utsugi et  al., 2000; Anour 
et  al., 2012), and endothelial function (Saito et  al., 1998; Nagai 
et al., 2000). Collectively, these actions appear to contribute to the 
‘anti-ageing’ properties of Klotho (Kurosu et al., 2005), with poten-
tial implications for developing novel therapies to retard the devel-
opment of age-related diseases.

The discovery of Klotho was a fortuitous accident. In an attempt 
to develop a transgenic mouse model overexpressing the rab-
bit type-I sodium-proton exchanger, an exogenous transgene was 
accidentally inserted within the promoter region of what was later 
discovered to be the klotho gene (Kuro-o et al., 1997). Mice with 
this insertional mutation developed a phenotype strongly resem-
bling human ageing, characterized by growth retardation, inactiv-
ity, osteoporosis, arteriosclerosis, dystrophic calcification, and skin 
atrophy, among other age-related phenomena (Kuro-o et al., 1997). 
In addition, affected mice exhibited increased serum concentrations 
of Ca and P and hypoglycaemia (Kuro-o et al., 1997). Subsequent 
cloning of the klotho gene revealed that it encoded a 1012-amino 
acid long peptide with a single transmembrane domain and an 
extracellular domain with two internal repeats (KL1 and KL2) that 
exhibit β-glucosidase activity (Matsumura et al., 1998). In addition 
to the membrane-bound form, Klotho also has a circulating form 
that is derived either from alternative RNA splicing or cleavage of 
the extracellular domain by various proteases (Matsumura et al., 
1998; Shiraki-Iida et al., 1998; Imura et al., 2004; Chen et al., 2007; 
Bloch et al., 2009). Both the transmembrane and secreted forms of 
Klotho appear to be expressed primarily in the brain, the kidney, 
and the parathyroid glands (Kuro-o et al., 1997; Li et al., 2004), with 
lower-grade expression detected in a variety of other tissues.

Role of Klotho in P, Ca, and vitamin D metabolism
Both the transmembrane and secreted forms of Klotho have impor-
tant and sometimes overlapping roles in the regulation of mineral 
metabolism (Fig. 119.2). The transmembrane form of Klotho serves 
as the critical co-factor necessary for FGF23 to bind to its cognate 
receptor with high-enough affinity to effect signal transduction. 
Urakawa et  al. demonstrated that Klotho does so by converting 
FGF receptor 1 (FGFR1, isoform IIIc) from a general canonical 
receptor for FGFs into a specific receptor for FGF23, allowing for 
high-affinity binding of FGF23 to FGFR and subsequent activa-
tion of the early growth-responsive 1 (Egr-1) signalling pathway 
(Urakawa et al., 2006). Klotho also appears to form binary com-
plexes with FGFR3c and FGFR4, substantially increasing their 
affinity for FGF23 (Kurosu et al., 2006). The critical importance of 
these actions to FGF23 signal transduction is evidenced by klotho 
knockout mice that develop severe hyperphosphataemia, hyper-
calcaemia, and inappropriately elevated 1,25(OH)2D concentra-
tions, despite markedly elevated FGF23 concentrations (Nakatani 
et al., 2009), suggesting functional inhibition of FGF23 activity. In 
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addition to these actions, the localized tissue expression of trans-
membrane Klotho appears to provide tissue specificity for the 
actions of FGF23, despite the nearly ubiquitous expression of 
FGFRs throughout the body. Indeed, klotho is primarily expressed 
in the kidney and parathyroid glands (Kuro-o et al., 1997; Li et al., 
2004), the two main sites of FGF23 action.

The secreted form of Klotho also has independent phosphatu-
ric effects. Circulating Klotho directly induces phosphaturia by 
enhancing the endocytosis of Na-P cotransporters in proximal 
tubule cells via deglycosylation of N-linked glycans of NPT2a 
(Hu et al., 2010a). Thus, in addition to regulating P by acting as a 
co-factor for FGF23, Klotho also appears to directly modulate renal 
P handling.

Klotho regulates systemic Ca homeostasis via two main actions 
(Chang et al., 2005; Imura et al., 2007; Cha et al., 2008; Alexander 
et  al., 2009). Klotho increases the density of transient receptor 
potential cation channel, subfamily V, member 5 (TRPV5), on the 
apical aspect of distal nephron cells (Chang et al., 2005). TRPV5 is 
the primary channel responsible for transcellular Ca absorption in 
the kidney. By removing the terminal sialic acid residues on TRPV5 
via a putative sialidase activity, Klotho prevents the endocytosis of 
the channel, increasing its cell-surface abundance in distal nephron 
cells and thus, the reabsorption of filtered Ca from the tubule 
lumen (Cha et al., 2008). The importance of these actions for renal 
Ca handling is supported by klotho knock-out mice that show evi-
dence of renal Ca wasting, likely due to decreased TRPV5 channel 
density in distal nephron tubules (Alexander et al., 2009; Asai et al., 

2012). In addition to these actions, Klotho has also been shown to 
increase the activity of Na-K ATPase in the kidney and parathyroid 
glands, thereby augmenting transcellular Ca reabsorption by pro-
moting a greater Na gradient in distal nephron tubular cells and by 
potentiating PTH secretion in response to hypocalcaemia (Imura 
et al., 2007; Razzaque, 2008).

Role of Klotho in altered P and vitamin D 
metabolism in CKD
Disturbances in Klotho expression may play an important role in 
the development of altered mineral metabolism in CKD. Renal 
klotho expression was shown to be downregulated in a 5/6th 
nephrectomy animal model of CKD and in animals with experi-
mentally induced acute kidney injury (Aizawa et al., 1998; Sugiura 
et al., 2005; Hu et al., 2010b). In an ischaemia-reperfusion model 
of acute kidney injury, plasma and urine levels of Klotho decreased 
after the induction of kidney injury in rats and then returned to 
baseline levels with recovery of kidney function, suggesting that 
decreased expression of Klotho in response to kidney injury may 
be reversible (Hu et al., 2010b). Similarly, renal klotho expression 
was substantially decreased in nephrectomy specimens from CKD 
patients as compared to otherwise healthy controls (Koh et  al., 
2001), and Klotho concentrations in the urine of patients with acute 
kidney injury and CKD were found to be significantly lower than in 
healthy volunteers (Hu et al., 2010b; Hu et al., 2011). Although the 
reasons for the decreased expression of Klotho in kidney disease 
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are currently unclear, one study implicated epigenetic DNA hyper-
methylation of klotho by uraemic toxins as a potential mechanism 
(Sun et al., 2012).

The finding of decreased Klotho expression in kidney failure has 
led to the hypothesis that kidney disease may be a state of relative 
‘Klotho deficiency,’ potentially leading to FGF23 resistance in the 
kidney and the parathyroid glands. Several observations support 
this view. A number of groups have shown that the expression of 
klotho and the Klotho–FGFR complex were reduced in parathy-
roid glands from uraemic animals and CKD patients as compared 
to non-uraemic controls (Canalejo et al., 2010; Galitzer et al., 2010; 
Komaba et al., 2010; Kumata et al., 2010; Krajisnik et al., 2010). 
Further, overexpression of Klotho in an animal model of CKD 
resulted in decreased serum PTH concentrations than in wild-type 
animals with moderate CKD (Hu et al., 2011). Since transmem-
brane Klotho serves as the critical co-factor needed for FGF23 to 
bind to FGFR in the parathyroid glands and thereby inhibit PTH 
synthesis, these findings suggest that decreased Klotho expres-
sion in CKD may partly explain the diminished ability of FGF23 
to inhibit PTH synthesis in uraemic parathyroid glands as com-
pared to parathyroid glands from non-uraemic controls (Canalejo 
et al., 2010; Galitzer et al., 2010). Notably, however, other groups 
have shown that Klotho expression in parathyroid glands from 
uraemic animals or CKD patients was preserved or higher than 
in non-uraemic controls (Hofman-Bang et  al., 2010; Ohkido 
et al., 2010), underscoring the complexity of these relationships. 
Nevertheless, if decreased Klotho expression in uraemic parathy-
roid glands can be definitively confirmed, this would suggest that 
relative Klotho deficiency may abrogate the inhibitory effect of ele-
vated FGF23 concentrations on PTH synthesis and thus, represent 
a novel mechanism for secondary hyperparathyroidism in CKD.

Decreased Klotho expression in the kidneys may similarly inhibit 
the phosphaturic effects of FGF23 in renal proximal tubule cells. In 
support of this possibility is a study showing that overexpression 
of Klotho in animals with experimentally-induced CKD resulted 
in higher urinary P excretion and lower serum P concentrations 
than wild-type animals with moderate CKD (Hu et  al., 2011). 
Whether this was due to an improved ability of FGF23 to induce 
signal transduction in the kidney or a direct phosphaturic effect of 
circulating Klotho was unclear. If the former, it would support the 
concept that higher FGF23 concentrations in CKD may be due, in 
part, to end-organ resistance at the level of the kidney, an intriguing 
hypothesis that requires confirmation in future studies.

In addition to its effects on FGFR binding, decreased Klotho 
expression may also affect FGF23 concentrations through direct 
regulation of FGF23 synthesis. Smith et al. showed that mice over-
expressing Klotho developed markedly increased circulating FGF23 
concentrations via stimulation of FGF23 synthesis at the level of the 
bone (Smith et al., 2012). In light of these findings, and in contrast 
to current prevailing views that decreases in Klotho expression in 
CKD are ‘maladaptive’, it is possible that decreased Klotho expres-
sion may represent an appropriate response to lower circulating 
FGF23 concentrations by reducing Klotho-induced simulation of 
FGF23 synthesis in CKD.

Beyond its effects on mineral metabolism, there is growing evi-
dence that Klotho may also have important renoprotective proper-
ties. Hu et al. and Sugiura et al. demonstrated that overexpression 
of Klotho or administration of recombinant Klotho in animals 
protected them against renal ischaemic injury (Sugiura et al., 2005, 

2010; Hu et al., 2010b), whereas decreased Klotho expression exac-
erbated kidney injury after unilateral ureteral obstruction (Sugiura 
et  al., 2012). In addition, overexpression of Klotho or adminis-
tration of Klotho protein was shown to protect the kidneys from 
injury due to angiotensin II infusion (Mitani et al., 2002), chronic 
hypertension (Wang and Sun, 2009), uninephrectomy with or with-
out contralateral ischaemia-reperfusion (Hu et al., 2011; Nagasu 
et al., 2011), unilateral ureteral obstruction (Doi et al., 2011), and 
immune complex-mediated glomerulonephritis (Haruna et  al., 
2007), supporting a potential role for Klotho as a renoprotective 
factor.

Role of Klotho in endothelial function  
and insulin sensitivity
Even before its role in regulating mineral metabolism was first rec-
ognized, Klotho was shown to have important actions modulating 
endothelial function and insulin sensitivity. Circulating Klotho 
increases nitric oxide (NO) synthesis in endothelial cells, which is 
critical for maintaining vascular reactivity (Saito et al., 1998; Nagai 
et al., 2000). The importance of this action was demonstrated in 
Klotho-deficient mice which exhibited markedly reduced vasodila-
tion in response to acetylcholine challenge as compared to wild-type 
controls (Saito et  al., 1998). Importantly, parabiosis between 
wild-type and heterozygous klotho mice restored endothelial func-
tion in the Klotho-deficient animals, confirming the critical role of 
circulating Klotho in maintaining endothelial health (Saito et al., 
1998). Furthermore, adenovirus-mediated Klotho gene delivery in 
an animal model of accelerated atherogenesis improved vascular 
endothelial dysfunction, increased NO production, and reduced 
elevated blood pressure (Saito et al., 2000), and overexpression of 
Klotho protected endothelial cell health via both antioxidative and 
antiapoptotic effects (Ikushima et al., 2006; Rakugi et al., 2007). In 
addition, overexpression of Klotho decreased vascular calcification 
in an animal model of CKD, in part by inhibiting P-induced osteo-
genic changes in vascular smooth muscle cells (Hu et al., 2011), 
whereas Klotho knockdown promoted vascular calcification by 
potentiating FGF23 anticalficic effects (Lim et al., 2012), further 
supporting a key role of Klotho in protecting cardiovascular health.

The finding that Klotho-deficient mice developed hypoglycae-
mia despite very low circulating insulin concentrations led to the 
recognition that Klotho also has important sensitizing effects on 
insulin action (Kuro-o et al., 1997; Utsugi et al., 2000; Anour et al., 
2012). This was confirmed by Klotho-overexpressing transgenic 
mice that demonstrated resistance to both insulin and insulin 
growth factor 1 (IGF-1) via direct inhibition of the action of these 
hormones (Kurosu et al., 2005). Furthermore, insulin stimulates 
the shedding of Klotho into the circulation (Chen et  al., 2007), 
and peroxisome proliferator-activator receptor gamma (PPAR-γ) 
upregulates Klotho expression (Zhang et  al., 2008), suggesting 
important counter-regulatory relationships between Klotho and 
these key mediators of systemic glucose homeostasis. Whether 
these actions contribute to the anti-ageing properties of Klotho is 
possible (Kurosu et al., 2005), but requires further investigation.

Summary
The discovery and characterization of FGF23 and Klotho have rev-
olutionized our understanding of P and vitamin D metabolism, and 
clarified much of the mechanisms underlying disorders in mineral 
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metabolism in CKD. Disturbances in the expression of both FGF23 
and Klotho occur very early in the course of kidney disease, sug-
gesting that both hormones may show promise as novel biomarkers 
of early kidney disease. In addition, growing evidence that these 
hormones have direct and indirect effects on cardiovascular health 
above and beyond their effects on mineral metabolism suggests 
that therapies targeted at normalizing FGF23 and Klotho concen-
trations may help improve markedly poor outcomes in patients 
with CKD. Further studies aimed at clarifying pathophysiologi-
cal mechanisms by which FGF23 and Klotho contribute to bone 
and cardiovascular disease may help accelerate the development of 
these hormones as potential tools for guiding the clinical manage-
ment of disordered mineral metabolism in CKD.
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Vascular calcification
Adrian Covic, Mugurel Apetrii,  
Luminita Voroneanu, and David J. Goldsmith

Introduction
Chronic kidney disease (CKD) is a very prevalent condition, affect-
ing approximately 10% of the global population (Chronic Kidney 
Disease:  Improving Global Outcomes (KDIGO) Chronic Kidney 
Disease Working Group, 2013). It is well known that cardiovascular 
(CV) disease is a common complication in CKD and patients with 
advanced stages of CKD are more likely to die from CV disease than 
from kidney failure (Keith et al., 2004). In fact, some authors suggest 
that an inverse linear relationship exists between glomerular filtra-
tion rate (GFR) estimated with the Modification of Diet in Renal 
Disease (MDRD) formula (Levey et al., 1999), on one hand, and 
mortality and CV events, on the other hand (Go et al., 2004). This 
finding comes from the observation that CKD patients are not only 
exposed to traditional CV risk factors, but also to non-traditional 
risk factors, including mineral metabolism disturbances, anaemia, 
inflammation, and oxidative stress.  This relationship is due in part 
to the presence of excess vascular calcification (VC), particularly 
in the form of extensive coronary artery calcification (CAC), a fre-
quent complication of CKD patients which can be observed even 
in very young dialysis patients (Sigrist et al., 2007). Furthermore, 
the KDIGO guidelines published in August 2009 suggest that stage 
3–5D CKD patients with vascular/valvular calcifications may be 
considered to be at the highest CV risk (Kidney Disease: Improving 
Global Outcomes (KDIGO) CKD-MBD Work Group, 2009).

VC is a frequent, threatening complication, particularly in the 
scenario of CKD, and investigators have demonstrated that the 
extent and histopathological aspect of VC are predictors of subse-
quent vascular mortality (London et al., 2003). It is associated with 
fragmentation and reduction of elastic fibres in the arterial wall, 
vascular stiffening, and, hence, increased cardiac afterload (Wexler 
et al., 1996). From a morphologic point of view, there are at least 
two types of pathologic calcium (Ca) phosphate deposition in the 
arterial wall—namely, intima calcification (mostly associated with 
atherosclerotic plaques) and media calcification (associated with 
stiffening of the vasculature, resulting in significantly adverse CV 
outcomes) (Amann, 2008).

The main question which arises is about what drives the develop-
ment and maintenance, or progression, of such abnormal calcifica-
tion, and currently there are several hypotheses for explaining this 
complex process. Currently, the nephrology community agrees with 
the fact that not only Ca salts (e.g. from Ca-containing oral phos-
phate binders) can promote VC, and this comes from the observa-
tion that some CKD patients exposed to little elemental Ca are not 
spared from developing VC. This and the complex physiopathology 

suggest that probably many additional clinical factors are also asso-
ciated with VC in the population with CKD. Although research 
efforts in the past decade have greatly improved our knowledge of 
the multiple factors and mechanisms involved in VC in patients 
with kidney disease, many questions remain unanswered.

Epidemiology
VC is highly prevalent in patients with CKD, cases of rare calcifica-
tion syndromes being first reported 100 or more years ago (Bryant 
and Hale White, 1901). Although the case reports dating from 1855 
to 1945 (Mulligan, 1947) were typically a consequence of severe 
hypercalcaemia, the analysis of subsequent studies suggested that 
factors other than Ca intake and abnormalities of mineral metabo-
lism may promote the risk of VC.

Given that VC has been found in up to 70% of patients entering 
dialysis treatment (Block et al., 2005) and up to 92% of patients 
with long dialysis vintage (Blacher et al., 2001; Raggi et al., 2002; 
Goldsmith et  al., 2004), the process leading to VC development 
appears as a ‘continuum’ with increasing proportion of calcified 
patients from earlier stages of CKD to end-stage renal disease 
(ESRD) (Russo et al., 2007). Among CKD stages 3–5 (not dialysed) 
patients, published information showed that 47–83% had CV 
calcifications. This is thought to be related to the increasing age, 
the high prevalence of diabetes mellitus, the dialysis vintage, and 
the use of Ca-containing phosphate (P)-binders or the elevated P 
levels. Regarding age, VCs are present even in children on dialy-
sis therapy, with a prevalence of almost 20% in one study (Shroff 
et al., 2007; Kidney Disease: Improving Global Outcomes (KDIGO) 
CKD-MBD Work Group, 2009).  In young adults receiving dialy-
sis treatment (age ranges 20–30 years in one study, 19–39 years in 
a second study) with childhood-onset CKD, VC prevalence was 
87.5% and 92%, respectively (Goodman et  al., 2000; Oh et  al., 
2002; Kidney Disease:  Improving Global Outcomes (KDIGO) 
CKD-MBD Work Group, 2009). Furthermore, prevalent haemodi-
alysis (HD) patients had a higher likelihood of having detectable 
VC scores than incident ones, and the data are similar in peritoneal 
dialysis (PD) patients (Gallieni et al., 2012). Although studies of 
VC in kidney transplant recipients are few and small and have short 
follow-up, it seems that VC progression is substantial in prevalent 
patients (Marechal et al., 2012).

The progression of VC has been reported to vary from 50% to 
60% in ESRD patients (Goodman et al., 2000; Chertow et al., 2002, 
2004; Mehrotra et al., 2005) and from 20% to 36% in subjects with 
normal renal function (Budoff and Raggi, 2001; Gradaus et  al., 
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2001; Ketteler et al., 2003; Russo et al., 2004). Calcification scores 
nearly double in young adults on dialysis therapy for a mean of 
20 months (Goodman et al., 2000) and increase by 14% and 25% 
after 26 and 52 weeks, respectively, in a cohort of strictly controlled 
patients on dialysis (Chertow et al., 2002). However, the increase 
in the prevalence of VC over decades is also related to the better 
screening and imaging diagnostic techniques.

Pathophysiological mechanisms  
of vascular calcification
Although VC was viewed initially as a passive phenomenon, sec-
ondary to a simple precipitation of Ca and P in the vessel wall, the 
real mechanism is an active one and is not completely understood. 
It appears to be a cell-mediated, dynamic and actively regulated 
process that closely resembles the formation of normal bone tis-
sue (Giachelli et al., 2001; Shanahan et al., 2005; Moe et al., 2007; 
Schoppet et al., 2008; Massy and Drüek, 2012).The arterial remod-
elling in CKD patients, including fibroelastic intimal thickening, 
calcification of elastic lamellae, or more collagen deposition with 
relatively less elastic fibre content, involves several bone-associated 
proteins, including osteocalcin (OC), osteopontin, and osteopro-
tegerin (OPG), and many bone morphogenetic proteins, which 
are expressed in calcified arterial lesions and are associated with 
VC. The vascular smooth muscle cells (VSMCs) play an important 
role in this process. In CKD patients, VSMCs can suffer pheno-
typic transformation:  loss of inhibitor function, development of 
a calcifiable extracellular matrix, and induction of apoptosis and 
vesicle release. These phenotypic changes are accompanied by oste-
ogenic or chondrogenic differentiation of VSMCs and may lead to 
a calcified smooth muscle, in a process similar to bone formation. 
In other words, this pattern of VC is actually an ectopic ossifica-
tion. Moreover, uraemia induces differentiation of VSMCs into an 
osteoblast-like phenotype and also inhibits the differentiation of 
monocyte-macrophages into osteoclasts.

Recent data indicate that the starting point of VC in urae-
mia seems to be the formation of nanocrystals; these could 
directly stimulate calcification and vascular cell differentiation 
(Verberckmoes et al., 2007). The chemical analysis of the compo-
sition of VC described hydroxyapatite as the sole mineral phase 
of uraemic arterial calcifications. More recently, using synchro-
tron radiation analysis, Verberckmoes et  al. found amorphous 
calcium phosphate precipitate apatite in the aortic wall from 
rodent models of uraemic-induced VC and also whitlockite, a 
magnesium-substituted tricalcium phosphate or calcium magne-
sium orthophosphate ((Ca,Mg)3(PO4)2), in animals treated with 
calcitriol (Verberckmoes et al., 2007). In a freshly detailed investi-
gation of the composition of the iliac arteries in 30 dialysis patients, 
Schlieper et al. showed the co-localization of hydroxyapatite and 
whitlockite, confirming that this type of calcium phosphate crys-
tals is also found in the vascular space (Schlieper et  al., 2010). 
Additionally, calcification inhibitors fetuin-A, osteopontin, and 
matrix Gla protein (MGP) were also found in close association 
with VC.

Determinants of vascular calcification
The risk factors associated with VC can be differentiated in two 
groups: (1) the traditional ones, such as age, hypertension, diabetes, 
and dyslipidaemia; and (2) ‘non-traditional’ ones, including Ca and 

P metabolism abnormalities, extreme parathyroid hormone (PTH) 
serum levels, excess administration of Ca salts, inflammation, mal-
nutrition, and oxidative stress (see Table 120.1 and Fig. 120.1).

VC seems to be the result of the dysregulation of the equilibrium 
between calcification promoters and inhibitors.

Promoters of vascular calcification
Phosphate and calcium metabolism
The altered P and Ca metabolism seems to be one of the most 
important contributors to the development and progression of 
VC (Covic et al., 2010). There is strong evidence that VC is closely 
associated with serum levels of Ca, P, and Ca × P product. Two 
possible mechanisms have been proposed to explain this relation-
ship: a passive one, the direct Ca-P precipitation in the vasculature, 
and an active one, that induces the expression of bone-associated 
genes in VSMCs, which acquire the phenotype of bone-forming 
(osteoblast-like) cells. Recent studies indicate that elevated P has 
a major role in promoting osteogenic/chondrogenic differentiation 
of VSMCs, apoptosis, matrix vesicle release, and matrix remodel-
ling, whereas elevated Ca has a predominant role in promoting 
VSMC apoptosis and vesicle release (Shanahan et al., 2011).

Importantly, studies in vitro and in animal models show that the 
initiation of VC requires an increased uptake of Ca and P by the 
VSMCs. Extracellular P is transported into the cell through a type III 
sodium-dependent P cotransporter (Pit-1); the influx of P induces 
the upregulation of osteogenic/chondrogenic gene expression 
(Runt-related transcription factor 2 (Runx2), osteoblast-specific 

Table 120.1 Determinants of vascular calcifications

Promoters of VC Inhibitors of VC

Phosphate and calcium Fetuin-A

Parathyroid hormone Matrix Gla protein

Vitamin D Osteoprotegerin

FGF23 Vitamin K

Indoxyl sulphate Pyrophosphate

Inflammation

Oxidative stress

Progressive
kidney disease 

Dysregulated bone
metabolism 

PTH
vit. D

Abnormalities  in
Ca, P, Mg

metabolism   

Vascular calcification

Loss of calcification
inhibitors 

Mineral release

FGF23
P retention

Fig. 120.1 Mechanisms of vascular calcification in CKD patients.
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transcription factor Osterix (Osx), alkaline phosphatase (ALP), and 
osteopontin), and simultaneous downregulation of smooth muscle 
(SM) lineage gene expression (SMα actin and SM22α) (Shanahan 
et al., 2011). Ultrastructurally, the osteogenic/chondrogenic phe-
notype of VSMCs is characterized by the appearance of matrix 
vesicles containing apatite and calcifying collagen fibrils on the 
surface of VSMCs; these vesicles most likely act as early nuclea-
tion sites for calcification. The blockade of Pit-1 impairs miner-
alization and prevents induction of core binding factor 1 (Cbfa1)  
(a transcriptional activator of osteoblastic differentiation)/Runx2 
and osteoclast expression in VSMCs, even under high extracellu-
lar P concentrations. Moreover, elevated serum P also stimulates 
VSMC apoptosis, through downregulation of growth arrest-specific 
gene 6 (Shanahan et al., 2011).

In bovine and mice models, it was recently demonstrated that 
elevated P levels induced the production of mitochondrial super-
oxide (O2

·−) and activated nuclear factor kappa B (NF-κB) to 
promote VC (Shanahan et al., 2011). The mitochondrial reactive 
oxygen species (ROS) have an important contribution in inducing 
autophagy, a process with an essential role in maintaining chondro-
cyte and osteoblast/osteocyte survival and terminal differentiation. 
In a recent study, Dai et al. showed in a dietary adenine-induced 
rat model of chronic renal failure that P increases ROS levels and 
potentiates autophagy in cultured VSMCs and aortic walls; this pro-
cess was mediated by the sodium-dependent P cotransporter Pit1 
(Dai et al., 2013). The inhibition of autophagy significantly aggra-
vated P-induced Ca deposition; the possible mechanism seems to 
be related to the matrix vesicle release rather than cell apoptosis. 
Likewise, the administration of valproic acid, a pharmacologi-
cal inducer of autophagy, significantly ameliorated the increased 
calcification.

The role of Ca in promoting VC is complex. First of all, the ele-
vated Ca serum levels act additively, inducing the expression of 
Pit-1 and increasing the influx of P into the VSMC. Furthermore, 
Ca is essential for VSMC contractility and is tightly regulated by 
the Ca-sensing receptor (CaSR), as well as by voltage-gated Ca 
channels that mediate extracellular Ca uptake (Covic et al., 2010). 
The CaSR is capable of sensing changes in extracellular Ca concen-
trations and regulate vascular myogenic tone. When VSMCs are 
exposed to high extracellular Ca in vitro, the expression of CaSR 
is downregulated. The expression of this Ca receptor is also down-
regulated in CKD patients with VC. The ablation of Ca receptor 
increases VSMC calcification. Moreover, the treatment with calci-
mimetics could, at least theoretically, ameliorate calcification. Until 
now, the most plausible explanation for this protective effect in the 
presence of a functional Ca receptor seems to be its role in regulat-
ing the expression of MGP, a key inhibitor of VC.

Moreover, when VSMCs undergo osteogenic/chondrogenic 
differentiation, VSMCs downregulate voltage-activated L-type 
Ca channel expression (that mediate extracellular Ca uptake) 
and ryanodine expression (that mediates sarcoplasmic reticulum 
intracellular Ca release). These changes in both intracellular and 
extracellular Ca pools are likely to impact dramatically on VSMCs, 
promoting VC (Shanahan et al., 2011). Furthermore, the treatment 
with Ca channel blockers, which block the inward movement of Ca 
by binding to the L-type Ca channels, may slow the progression of 
calcification in hypertensive patients with or without renal failure.

If P appears to have the most important contribution in osteo-
genic differentiation of VSMCs, elevated Ca alone does not seem 

to mediate this phenotypic transition. Elevated Ca is involved in 
VSMC apoptosis, in VSMC matrix vesicle release, and in vesicle cal-
cification. The ability of Ca to promote matrix vesicle calcification 
seems to be related to the changes in annexin content, phospholipid 
composition, and matrix metalloproteinase (MMP)-9 activation 
(Chen et al., 2008). In normal condition, the calcification inhibitors 
(fetuin-A and MGP) will pass into the vesicles and will ameliorate 
the matrix vesicle calcification; however, in CKD patients, both 
fetuin-A levels and MGP levels are reduced. Additionally, Ca has 
been shown to upregulate MGP production in a number of studies, 
potentially as an adaptive response designed to inhibit calcification.

Nevertheless, a recent study showed a high prevalence (83%) of 
radiological VC in HD patients, even in those with good control of 
P and Ca levels, suggesting that these factors are not the only ones 
involved in the pathogenesis of VC (Levin et al., 2007).

Parathyroid hormone
The progression of CKD is associated with disorders of the mineral 
metabolism (hyperphosphataemia and hypocalcaemia), leading 
to development of secondary hyperparathyroidism, characterized 
by increased PTH and parathyroid gland hyperplasia. High PTH 
levels are responsible for the enhanced number and activity of 
osteoclasts, being a major contributor to increased bone resorp-
tion in CKD (National Kidney Foundation, 2003). As this process 
increases in severity, mesenchymal cells are activated and differen-
tiate into fibroblast-like cells, which form fibrous tissue, and fibrosis 
develops in the marrow space (Covic et al., 2010). High PTH levels 
could cause VC even in the presence of low Ca or normal P levels 
or preserved renal function. In vivo studies demonstrated that that 
continuous high PTH levels per se were capable of inducing VC 
development in rats, although the precise mechanism is unclear. 
It seems that this could be a direct effect of PTH on VSMCs, or an 
indirect one, increasing the Ca or the P load.

Vitamin D
The implication of vitamin D in VC is extremely complex. Although 
vitamin D determines an increase in serum Ca and P and indirectly 
promotes VC, new evidence suggests an important role for vitamin 
D in VSMC function and physiology.

VSMCs possess 25(OH) D-1-hydroxylase and vitamin D recep-
tor (VDR). The calcitriol effects on VSMCs are contrasting. At 
high doses, it promotes VSMC osteoblast-like phenotype and 
calcification by increasing the receptor activator of NF-κB ligand 
(RANKL)/OPG ratio, together with upregulation of proteins 
regulating mineralization and Ca transport. At low doses, calci-
triol suppresses VSMC proliferation, mediating the inhibition of 
endothelial growth factor (EGF), which is implicated in cell prolif-
eration (Shanahan et al., 2011). In uraemic mice, low doses of both 
calcitriol and paricalcitol have been shown to be protective against 
aortic calcification. In these circumstances, Zittermann et al. pos-
tulated a biphasic dose–response curve between vitamin D and VC, 
with adverse effects associated with very high and very low vitamin 
D levels (Zittermann et al., 2007).

Negative effects associated with vitamin D excess include 
hyperphosphataemia, hypercalcaemia, increased MMP levels, 
medial calcification, arterial stiffness, and left ventricular hyper-
trophy. Increased levels of proinflammatory cytokines, increased 
MMP levels, and a decrease in factors protective of endothelial 
cells are all associated with vitamin D deficiency (Drüeke and 
and Massy, 2012). Vitamin D deficiency might be also associated 
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with blood levels of inflammatory factors, including tumour 
necrosis factor alpha (TNF-α) and interleukin (IL)-10 or IL-1β 
(Evans et al., 2006). The association between proinflammatory 
factors and VC was reported in general and in CKD populations. 
Moreover, these cytokines are inversely related with fetuin-A, an 
inhibitor of VC.

In a recent in vitro experiment, using human VSMCs, Aoshima 
et  al. demonstrated the role of vitamin D sterols in reducing 
VSMC mineralization induced by exposure to high P and TNF-α 
(Aoshima et  al., 2012). The mechanism are multiple:  first, vita-
min D downregulates the expression of Cbfa1/Runx2 and osteo-
calcin, the genes involved in the transformation of VSMCs into 
osteoblatic-like cells; second, vitamin D sterols reduce the expres-
sion of MMP-2, which degrades elastin in the vessel wall and is a 
major contributor to VC.

Fibroblast growth factor 23
Fibroblast growth factor 23 (FGF23) is involved in the regula-
tion of P and of vitamin D metabolites. The level of FGF23 rises 
in CKD from early stages and causes renal P loss by inhibiting 
the Na-P cotransporter type IIa (NPT2a) in the renal proximal 
tubule (Juppner et al., 2010). It also suppresses the renal expres-
sion of CYP27B1, resulting in the impairment of 1,25(OH)2D 
synthesis (Chanakul et al., 2013). FGF23 binds to its receptor via 
alpha-Klotho, a pleiotropic transmembrane protein expressed in 
the kidney.

The relationship between FGF23 and VC is uncertain. Some 
human and animal studies showed that reduced FGF23 or Klotho 
activities are closely associated with VC, but others reported no 
independent association between them. Small sample sizes, differ-
ential approaches to adjust for confounding, imaging of different 
arterial beds, and lack of prospective data limit the conclusions that 
can be drawn from these studies.

The possible mechanism is not well understood. Through main-
taining a normal serum P in the early stages of CKD, FGF23 indi-
rectly contributes to decreased VC. On the other hand, FGF23 can 
reduce calcification by inhibiting vitamin D activity. Moreover, it 
has been speculated that FGF23 may directly inhibit VC (Memon 
et al., 2008).

Indoxyl sulphate
Indoxyl sulphate (IS), a protein-bound uraemic toxin, results from 
dietary tryptophan. Normally the kidneys excrete IS via proxi-
mal tubular secretion but, because of impaired renal function, IS 
accumulates in CKD patients. Additionally, IS cannot be removed 
efficiently by conventional HD because of its high affinity for albu-
min. Several studies have proposed that IS may play a role in VC. 
Yamamoto et  al. showed for the first time that IS can stimulate 
the proliferation of rat VSMC in vitro (Yamamoto et  al., 2006). 
It also promotes aortic calcification and aortic wall thickening in 
hypertensive rats; IS increases the expression of osteoblast-specific 
proteins, such as osteopontin, Cbfa1, ALP, and OC and promotes 
osteoblastic transdifferentiation of VSMC (Adijiang et al., 2008). 
More notably, IS promotes cell senescence with increased expres-
sion of SA-β-gal, p53, p21, p16, and Rb in the cells embedded in 
the calcification area in hypertensive rats (Kuilman et al., 2010). 
IS also stimulates the generation of ROS such as superoxide by 
upregulating NADPH oxidase Nox4, with an important role in the 
transdifferentiation of human aortic VSMC into cells with a more 
osteoblastic phenotype (Dou et al., 2007).

Leptin
Adipose tissue is an active endocrine organ, producing a variety 
of bioactive substances named adipocytokines, including hor-
mones and cytokines like adiponectine, leptin, IL-6, and TNF-α. 
Leptin in particular can accelerate the atherosclerotic process and 
VC in obese, diabetic, and renal populations (Bueno de Oliveira 
et al., 2013). Leptin levels in CKD patients rise progressively with 
declining GFR and are higher in dialysis patients. Leptin levels 
were significantly correlated with inflammatory markers (IL-6 
and C-reactive protein) and VC and its consequences: athero- and 
arteriosclerosis. A positive correlation between circulating levels 
of leptins and CAC was found in general and diabetic popula-
tions (Zeadin et al., 2009). The possible proatherogenic effects of 
leptin include induction of endothelial cell dysfunction, stimula-
tion of inflammatory processes, increased levels of oxidative stress, 
increased bone morphogenic protein 2 (BMP2) production, and 
increased migration and proliferation of VSMCs (Serrano et  al., 
2011). Recent data from Chavez et al. revealed that this migration 
and proliferation in response to leptin is determined by upregu-
lation of thrombospondin 1 expression, through a JAK2/ERK/
JNK-dependent mechanism this response is inhibited by a TSP-1 
blocking antibody (Chavez et al., 2012). Additionally, leptin could 
induce calcification via its hypothalamic receptors, generating 
an increased sympathetic activity and consecutively, osteoblast 
β-adrenergic receptors stimulation.

Recent studies showed that leptin is able to increase VC in vitro 
and in mice; these calcifying vascular cells had a 5- to 10-fold 
increase in ALP activity, a marker of osteogenic differentiation of 
osteoblastic cells, when treated with leptin.

Inhibitors of vascular calcification
Extracellular calcium regulatory proteins: fetuin-A and MGP
Fetuin-A is mostly synthesized in the liver and is a reverse acute-  
phase reactant. Fetuin-A is an extracellular Ca-regulatory protein 
acting as a potent inhibitor of Ca-P precipitation, binding to both 
Ca and P in the serum and forming small ‘calciparticles’ removed 
through the reticuloendothelial system. Moreover, fetuin-A inhib-
its calcification by binding hydroxyapatite structures and VSMC 
apoptosis by perturbing death-signalling pathways: it is internal-
ized by VSMCs and concentrated in intracellular vesicles and it 
is secreted via vesicle release from apoptotic and viable VSMC 
(Reynolds et al., 2005); the presence of fetuin-A in vesicles abro-
gates their ability to nucleate basic Ca-P; in addition, fetuin-A 
enhances phagocytosis of vesicles by VSMC. These observations 
provide evidence that the uptake of the serum protein fetuin-A 
by VSMCs is a key event in the inhibition of vesicle-mediated 
VSMC calcification. In vitro, fetuin-A antagonizes the antipro-
liferative action of TGF-β1 and blocks osteogenesis and deposi-
tion of Ca-containing matrix in dexamethosone-treated rat bone 
marrow cells.

Serum fetuin-A levels decline only late on during the course of 
progression of patients with CKD. Ketteler et al. showed that CKD 
patients with lower serum fetuin-A levels have increased mortality 
due to CV events, suggesting that fetuin-A is involved in prevent-
ing the accelerated extraskeletal calcification (Ketteler et al., 2003). 
Westenfeld et al. showed in a mouse model that fetuin-A deficiency, 
CKD, and high-P diet act synergistically in the pathogenesis of 
extraosseous calcification, but fetuin-A knockout mice developed 
the most severe vascular and other tissue calcification (Westenfeld 
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et al., 2009). A reduction in fetuin-A levels is associated with both 
all-cause and cardiovascular mortality in HD and PD (Hermans 
et al., 2007).

MGP, a small ubiquitous matrix protein, is produced by VSMCs 
and acts in the vascular wall. To achieve full biological activity, 
MPG needs to be activated by gamma-glutamate carboxylation 
or serine phosphorylation. The first of these depends on vitamin 
K and establishes its role as a calcification inhibitor. Studies have 
demonstrated that MGP inhibits calcification of cartilage and 
blood vessels (O’Young et al., 2011). The mechanism is not well 
established. MGP, or more precisely, the MPG-fetuin complex, 
inhibits the Ca crystal formation and Ca-P precipitation; alterna-
tively, MPG binds and inactivates BMP 2, inhibiting VSMC differ-
entiation to the osteoblast-like phenotype (Boström et al., 2001). 
MGP also appears to be an important factor in ensuring correct 
differentiation of VSMC. In CKD patients, increased amounts of 
MGP are found at sites of medial calcification; but recently it was 
reported that these arteries exhibit a poor MPG carboxylation sta-
tus and a high amount of uncarboxylated MPG (Krueger et  al., 
2009). However, this conclusion is based exclusively on immuno-
histochemistry, which can be influenced by non-specific binding 
and variable exposure of epitopes, particularly if MGP is bound to 
hydroxyapatite. Also, immunohistochemistry cannot distinguish 
between intact MGP and fragments. The role of the deficiency of 
carboxylated MPG in VC in the CKD population remains to be 
establishing in future studies.

Osteoprotegerin
OPG is a member of the TNF-related family and forms a system 
with RANK and the ligand of this receptor (RANKL). This system 
may play a role in bone–VC imbalance and could be a marker of 
VC extent and progression.

OPG is involved in maintaining the critical balance between 
bone formation (osteoblasts) and bone resorption (osteoclasts). 
RANKL expressed on osteoblastic cells binds to RANK on the sur-
face of osteoclasts; the RANKL–RANK interactions initiate intra-
cellular signalling cascades required for osteoclast differentiation 
and activity. OPG acts as a soluble decoy receptor competing for 
RANKL, preventing RANK–RANKL interactions and osteoclast 
differentiation and bone resorption.

Animal studies showed that OPG-deficient mice develop both 
severe osteoporosis and VC; additionally, another studies demon-
strated that OPG is integrated in atherosclerotic plaques. It is uncer-
tain if OPG is only a marker for atherosclerosis or if is an active 
constituent in the atherosclerotic process. Animal studies showed 
different results: Sandberg et al. (2005) found that the inactivation 
of OPG inhibits atherosclerotic plaque progression, while Morony 
et al. treated atherogenic diet-fed mice with OPG or vehicle for 5 
months and found that OPG injections significantly reduced the 
calcified lesion area without affecting atherosclerotic lesion size or 
number, vascular cytokines, or plasma cholesterol levels, support-
ing a role for OPG as an inhibitor of calcification and a marker, 
rather than a mediator, of atherosclerosis (Morony et al., 2008).

In the general population and in high-risk patients with diabetes, 
heart failure, or acute coronary syndrome, elevated levels of OPG 
have been reported, suggesting that an increase in OPG levels may 
represent a compensatory self-defensive mechanism against factors 
promoting VC, atherosclerosis, and other forms of vascular dam-
age (Venuraju et al., 2010). Moreover, these elevated plasma levels 

of OPG are associated with increased mortality in these high-risk 
categories (Omland et al., 2008).

In CKD patients, levels of OPG are generally elevated and 
inversely related to kidney function, with a subsequent decrease of 
OPG levels after renal transplantation (Kazama et al., 2002). These 
levels of OPG correlate with the degree of VC. In one study, Morena 
et al. found that in CKD patients CAC is strongly associated with 
plasma OPG; values of OPG > 757.7 pg/mL were predictive of the 
presence of CAC in these patients (Morena et al., 2009).

Data from several small cohort studies showed that elevated 
OPG levels predict CV and all-cause mortality in CKD patients. 
Sigrist et al. (2009) showed in a cohort of 134 subjects (60 HD, 28 
PD, and 46 CKD stage 4) that OPG was associated with increased 
odds of death. Nishiura et al. (2009) showed the same results in 
99 new HD patients. The high OPG group at baseline showed a 
higher prevalence of CV morbidity and mortality compared with 
the low OPG group after 41 months of follow-up. The same inter-
esting data are reported for renal transplantation. In a relatively 
small cohort of 173 renal transplantation recipients, Hjelmesaeth 
et al. (2006) showed that high OPG levels at baseline was associ-
ated with all-cause mortality and CV death. Svensson et al. (2012) 
demonstrated an association between elevated levels of OPG graft 
loss, CV events, cardiac mortality, and all-cause mortality in 1889 
renal transplant recipients.

Vitamin K
Vitamin K1 is the primary form of vitamin K found in the diet and 
the major form of vitamin K found in the liver and tissues. Vitamin 
K2 is a generic name for the family of menaquinones; between 
them, menaquinone-4 (MK-4) is the major form found in the ves-
sels. Vitamin K1 is converted to MK-4 in the pancreas, testes, and 
in the vessels.

Vitamin K plays an important role in the carboxylation of MGP 
and OC (McCabe et  al., 2013). Vitamin K is a cofactor for the 
carboxylase enzyme that is responsible for the formation of Gla 
residues that confer Ca-binding properties to MGP. High dietary 
vitamin K (K1 or MK-4) increases the carboxylation of MGP (K1); 
the dietary deficiency of vitamin K determines low tissue vitamin K 
levels and an increase in the level of inactive uncarboxylated MGP 
that is not able to oppose VC. On the contrary, increasing vitamin 
K via the diet increases tissue vitamin K levels, and increases levels 
of active carboxylated MGP which acts locally inhibiting VC.

Pyrophosphate
Pyrophosphate (PPi) is a potent inhibitor of medial VC, through its 
ability to inhibit hydroxyapatite formation (Lomashvili et al., 2004). 
PPi is produced by arterial smooth muscle; it is synthetized from 
extracellular ATP by the ectoenzyme nucleotide pyrophosphatase/
phosphodiesterase-1 (NPP1), and lack of this enzyme leads to mas-
sive arterial calcification in mice and humans (Prosdocimo et al., 
2010). Another potential source could be transport out of cells 
through the putative transporter ANK. The homozygous mice for a 
mutation in ANK develop aortic calcification on a high-P diet; but 
it is important to note that transport of PPi has never been directly 
demonstrated in cultured cells or in tissues.

PPi level is controlled by hydrolysis via a tissue-non-specific 
alkaline phosphatase (TNAP), which hydrolyses PPi and generates 
orthophosphate, the major determinant of hydroxyapatite forma-
tion. The TNAP inhibitors prevent only 50% of PPi hydrolysis, 
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suggesting that additional, but as yet unknown enzymes are also 
involved.

In HD patients, plasma PPi is deficient; these lower circulating 
levels of PPi in HD patients are not understood, but could result 
from higher hydrolysis (an increase in TNAP activity and PPi 
hydrolysis was demonstrated in uraemic rats), and from dialytic 
clearance (PPi is removed during the HD session) (Lomashvili et al., 
2008). The precise role of PPi in VC in CKD patients is unknown 
because of the complexity in measuring PPi and the unsure correla-
tion between circulating levels and levels in the vascular wall.

Recently, O’Neill et al. published the first study that compares the 
circulating PPi levels and VC in 115 patients with CKD stages 4 and 
5 (O’Neill et al., 2010). They found that both baseline calcification 
and change in calcification were independently and inversely asso-
ciated with plasma PPi, consistent with an inhibitory effect of PPi.

Genetic pathways of vascular calcification
VC has a high heritable component, studies in animal models sug-
gesting that genetic factors are important in the tendency to calcify. 
In contrast, there is a paucity of evidence concerning the role of 
genetic factors in the pathogenesis of VC in humans without renal 
failure. One large investigation concluded that, after adjusting for 
multiple risk factors, 42% of the residual variation in CAC quantity 
in patients with coronary disease was attributable to genetic factors. 
The genetic susceptibility to VC was attributed to the mutations 
in the ecto-NPP1 enzyme or to gene polymorphisms such as the 
ACE gene insertion/deletion and TNF gene polymorphism. Similar 
studies have not been performed in patients with renal dysfunction.

Methods for assessing vascular calcification
A number of non-invasive imaging techniques are available to 
investigate VC—plain X-rays to identify macroscopic calcifications 
of aorta and peripheral arteries; two-dimensional ultrasound for 
calcification of carotid arteries, femoral arteries, and aorta; echo-
cardiography for assessment of valvular calcification; and of course, 
computed tomography (CT) technologies that constitute the gold 
standard for quantification of coronary artery and aorta calcifica-
tion. All these methods have a series of advantages and limitations.

Computed tomography
Electron-beam computed tomography (EBCT) and newer 
multi-slice spiral CT (MSCT) are highly sensitive methods, assess-
ing accurately and quantitatively CACs, valvular and aortic calci-
fication, without contrast administration (Agatston et  al., 1990). 
These CT technologies are considered equivalent in accuracy and 
reproducibility even if they operate on the basis of different imag-
ing platforms. These methods could be successfully used to study 
prevalent calcifications, the progressive VC, and the impact of ther-
apy on VC (Haydar et al., 2004). The most frequently used is the 
Agatston score. This score is calculated as the product of a calcified 
plaque area by its peak density (measured in Hounsfield units). The 
sum of all scores in each calcified lesion identified along the coro-
nary tree constitutes the total score. The volume and mass score are 
more reproducible and appropriate for use with modern CT scan-
ners than the Agatston score (Sharples et al., 2004).

However, there are conflicting results about the correlation 
between the severity of CAC measured by EBCT and subsequent 
clinical cardiac events in dialysis patients (Kauppila et  al., 1997; 

Bellasi et al., 2006). This can be explained by the fact that an arte-
rial calcification score generated by CT scanning is a composite of 
both medial and intimal calcification. This is a limitation of these 
CT-based imaging techniques, as they are unable to distinguish 
between the two predominant arterial calcification sites (Okuno 
et al., 2007); the medial calcification increases the burden of disease 
without causing luminal obstruction (Sharples et al., 2004).

To evaluate coronary VC, especially aortic calcification, EBCT, 
MSCT, or even conventional CT may be used. Measuring the pro-
portion of aortic circumference showing calcification can generate 
an aortic calcification index (ACI). This method seems to be sim-
ple, relatively inexpensive, and useful for initial diagnosis of VC. 
Calcification of the aorta was associated with de novo CV events and 
increased arterial stiffness in CKD patients (Verbeke et al., 2011).

The most important limitation of these CT-based methods for 
VC assessment has already been mentioned—the incapacity to 
discriminate intimal from medial calcification; other additional 
limitations are (1) CT does not supply functional parameters of 
myocardial perfusion or function, (2) the radiation exposure, and 
(3) the expensive equipment and high costs of test.

Latero-abdominal plain radiography
This is a valuable and inexpensive tool for the detection of VC in 
CKD patients and is the only technique for the detection of VC 
included in the KDIGO guidelines for CVD in dialysis patients.

The method is semi-quantitative, possibly missing subtle changes 
in the evolution of VC. Kauppila et al. used lateral lumbar films to 
detect the presence of calcification in the abdominal aortic wall, in 
the region corresponding to the first through fourth lumbar ver-
tebrae, and developed a score of 0–24 based on the number and 
extent of calcification (Kauppila et al., 1997). Bellasi et al. reported 
a good correlation of this score with CAC score measured by EBCT 
in 140 prevalent dialysis patients (Bellasi et al., 2012). In two obser-
vational studies of > 1500 dialysis patients, the Kauppila score was 
highly predictive of all-cause mortality and CV events. Compared 
with the lowest tertile of AAC, the risk of a non-fatal CV events or 
death was increased by a factor of 3.7 in patients with a score of 
5–15 (middle tertile), and by a factor 8.6 in patients with scores of 
16–24 (Raggi et al., 2002).

Although widely available, simple, and inexpensive, this method 
also has a lot of limitations and provides only a semi-quantitative 
assessment of VC. It is also operator dependent, the reproduc-
ibility is unknown, so it is unlikely to be used to asses progression 
and treatment-related changes, and although validated for dialysis 
patients, it is not validated for early stages of CKD. Despite that, 
it has been suggested that it may yield some information about 
the localization of calcification within the arterial wall (intima vs 
media). Linear, railroad calcifications that delineate the wall of the 
artery in an angiogram-like pattern are thought to be representative 
of medial calcification, whereas patchy calcifications are believed 
to be associated with intimal atherosclerosis (Simon et al., 2010).

Ultrasound-based methods
Ultrasound is a universally available and a semi-quantitative tech-
nique helpful to assess VC in superficial vessels, such as the femo-
ral and carotid arteries. VC detected by ultrasound was associated 
with CV and all-cause mortality in dialysis patients (Leskinen 
et al., 2009).
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This method has two significant limitations: it is unable to dif-
ferentiate medial from intimal calcification, and data derived from 
ultrasound are qualitative and are unlikely to detect small changes, 
at least over the shorter term. Using transthoracic echocardiogra-
phy the valvular calcification can be quantified. This seems to be 
very important given the fact that calcification of the cardiac valves 
and arterial wall are closely associated in HD (CKD-5) patients 
(Kato et al., 2003). Although less frequent than VC, calcification 
of the cardiac valves is found in CKD-5 patients with a preva-
lence several-fold higher than in the general population (Ekart 
et al., 2005).

Using high-resolution ultrasound transducers, the intima—media 
thickness, a surrogate marker of subclinical atherosclerosis, can 
also be measured. In one study, Leskinen et al. found that valvular 
calcification in CKD patients is associated with increased carotid 
intima–media thickness, carotid plaque, coronary artery disease, 
and peripheral arterial disease (Leskinen et al., 2009).

Consequences of vascular calcification
Atherosclerosis
In CKD patients, atherosclerosis is highly prevalent and ampli-
fied compared with matched non-renal populations. This cannot 
be explained simply by the large number of risk factors that are 
present in dialysis patients; it is now well known that even young 
adults who have had CKD since childhood express advanced cor-
onary arterial sclerosis and calcification, which begins before the 
initiation of dialysis treatment and progresses rapidly after that. 
The coronary plaque morphology is different (Baber et al., 2012). 
Almost all patients express the type VII lesion, respectively calci-
fied atherosclerotic plaque, with a larger lipid index with a higher 
prevalence of Ca, cholesterol crystals, and plaque disruption. The 
degree of coronary atherosclerosis is well linked to the coronary 
calcification. There is an association between the Agatston score 
and the prevalence of atherosclerotic disease in HD patients. CAC 
(evaluated by EBCT) has been directly correlated with the severity 
and number of atherosclerotic lesions in numerous studies (Raggi 
et al., 2002). Additionally, the absence of the calcified plaques was 
recently identified as a protective factor.

Chronic kidney disease—vascular calcification 
and stroke
CKD patients have an increased stroke risk (Townsend, 2008). 
Patients with CKD have a greater prevalence of traditional risk 
factors; additionally, CKD is associated with an increase in 
non-traditional risk factors such as hyperhomocysteinaemia, 
inflammation, asymmetric dimethylarginine, oxidative stress, 
anaemia, and thrombogenic factors such as left ventricular hyper-
trophy, endothelial dysfunction, and arterial stiffness. Patients 
with CKD and stroke had an increased prevalence of intracranial 
artery calcification, varying in different studies from 76.2% to 95% 
(Bugnicourt et al., 2009). Although highly prevalent, the intracra-
nial artery calcification does not associate with ischaemic stroke.

Arteriosclerosis
Arteriosclerosis—arterial stiffness—and increased pulse wave 
velocity (PWV) are induced by VC. PWV measured in large elas-
tic arteries could be another indirect method for quantification of 

the VC. A positive correlation between VC and arterial stiffness 
measured by PWV has been demonstrated in both early CKD and 
HD patients (Sigrist et al., 2007). Several possible mechanisms for 
the association between arterial stiffness and VC can be hypoth-
esized. First, arterial calcification may induce arterial wall stiffness 
and increased PWV. A recent study in adult HD patients reported 
an association between 25- hydroxyvitamin D deficiency and arte-
rial stiffness (Patange et al., 2012). Second, increased arterial stiff-
ness may cause vessel wall damage and atherosclerosis (van Popele 
et al., 2001). Third, changes in the intrinsic properties of the arte-
rial wall by arterial remodelling may contribute to both processes 
in CKD patients (Shanahan et al., 2011). VCs (evaluated by differ-
ent methods) have been associated with increased arterial stiffness, 
in both pre-dialysis and dialysis patients. Guerin et al. showed a 
positive correlation between VC (semi-quantitative assessment 
based on a B-mode ultrasound-derived score calculated according 
to the number of arterial sites with calcifications) and increased 
stiffness of elastic type arteries such as aorta and common carotid 
artery (Guerin et  al., 2000). Block et  al. found a strong associa-
tion between PWV and radiological measures of abdominal aorta 
calcification, and less strongly associated with thoracic aorta and 
CAC (Block et al., 2007). Adragao et al. found also an independ-
ent and direct association between the simple VC score, assessed 
in plain radiographs of hands and pelvis, and increased stiffness of 
muscle arteries such as radial, iliac, and femoral arteries (Adragao 
et al., 2009). Decreased arterial compliance may be the product of 
numerous contributing factors such as change in the collagen elas-
tin ratio, atherosclerotic plaque, or the calcification of the intima 
or the media layer of the vessel wall. Moreover, CAC progression is 
associated with a simultaneous deterioration of the arterial compli-
ance and cardiac repolarization.

Mortality
Matsuoka et  al. followed 102 chronic HD patients and evalu-
ated the impact of CAC on survival. After a 5-year follow-up, the 
cumulative survival was significantly lower in the high (score ≥ 
200) than in the low (< 200) CAC group (84% and 68%) (Matsuoka 
et al., 2004). Similarly, Block et al. showed a higher mortality risk 
with a high CAC score (> 400) among 127 HD patients followed 
for nearly 5 years from the time of screening (Block et al., 2007). 
More recently, Shantouf et al. reported a high mortality risk in HD 
patients with both CAC score 101–400 and > 400, compared to 
a score of 0 (hazard ratio (HR) 8.5; 95% confidence interval (CI) 
1.1–48.1; P = 0.02; and HR 13.3; 95% CI 1.3–65.1; P = 0.01, respec-
tively). This association was independent of demographic charac-
teristics, comorbidities, and other traditional and uraemic-related 
risk factors (Shantouf et al., 2010).

Coronary artery disease
As discussed earlier in this chapter, patients with CKD tend to 
accumulate a large burden of coronary artery calcium (CAC) with 
worsening renal function. The correlation between CAC score 
severity and coronary artery disease is only modest (Sharples et al., 
2004) and the extent of CAC should not be used as an indication 
to perform invasive coronary angiography. However, in at least one 
study, CAC showed a good association with the presence of obstruc-
tive coronary artery disease especially when the score was > 400 
(Rosário et al., 2010). A major limitation of invasive angiography in 
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CKD, like all other modalities requiring injection of iodinated con-
trast media, is the risk of inducting further deterioration of renal 
function with iodine contrast; this potential complication requires 
careful management of the patient in preparation of the test and 
following its completion (Kelly et al., 2008).

Bone
The link between VC and bone in dialysis patients is extremely 
complex. There are some studies which have demonstrated an 
inverse relationship between VC and low bone turnover assessed by 
histomorphometric markers (Toussaint et al., 2009). London et al. 
found an association between systemic arterial calcifications (aorta 
and the main peripheral arteries) and indexes of low bone turno-
ver, but not trabecular volume (London et al., 2004). In contrast, 
Adragao et al. found an association between low bone volume and 
VC, but not with bone turnover (Adragao et al., 2009). Barreto et al. 
found a negative correlation between coronary calcifications and 
trabecular bone volume or its thickness (Barreto et al., 2008). The 
different arterial territories analysed and the relationships of the 
different bone changes (bone volume, osteoblast number, or tetra-
cycline labelling), which do not necessarily reflect the same mecha-
nisms, seem to explain these differences. In contrast, recent papers 
have not found any relation between VC and low bone turnover 
when multivariate analysis was performed.

The new modern concept sustains that it is not bone turnover 
itself which is related to VC, but bone resorption which is in excess 
compared to bone formation, which can occur at any rate of turno-
ver. In agreement with this concept, Baretto et al. reported that the 
correction of the balance in bone turnover, either high or low, pro-
tects against the progression of VC (Barreto et al., 2008).

The link between VC and bone is more than a part of the age-
ing process; the similarities between bone development and min-
eralization and the process of VC resulting from the experimental 
studies seems to be the responsible mechanism. Additionally, data 
from clinical studies found several common risk factors for VC and 
osteoporosis, like diabetes, inflammation, oxidative stress, oestro-
gen, vitamin D or vitamin K deficiency, or dyslipidaemia.

On the other hand, in epidemiological studies in general and 
CKD populations, the progressive VC was associated with lower 
bone mass and increased incidence of new osteoporotic fractures. 
This finding was confirmed in animal studies, which showed an 
inverse relation between VC and bone mass. The analysis of areas of 
VC showed overexpression of the family of secreted frizzled-related 
proteins (SFRPs) and circulating wingless/int (Wnt) protein inhibi-
tors. SFRPs are inhibitors of the Wnt pathway, which is actively 
involved in bone formation and VC.

Prevention and treatment
Lowering phosphate
P and Ca play central roles in the calcification process in CKD 
patients, justifying interventional trials aimed at reducing P level 
without increasing Ca intake by different molecules. One such 
compound is the non-absorbable agent  sevelamer which con-
tains neither Ca nor aluminium. This drug is a cationic polymer 
that binds P through ion exchange.  Randomized controlled tri-
als comparing sevelamer with Ca-containing P binders have been 
conducted with conflicting results on VC. The largest and best 
designed such clinical trial, which also evaluated progression of 

VC, was the ‘Treat-to-Goal’ study, conducted by Chertow et al. in 
200 HD patients, comparing the effects of sevelamer to Ca acetate 
on coronary artery and thoracic aorta calcification assessed by 
electron beam tomography. After a follow-up period of 1 year, the 
median absolute Ca score of coronary arteries and thoracic aorta 
increased significantly in the Ca treatment group but not in the 
sevelamer group (Chertow et  al., 2002). Furthermore, although 
serum P control was similar with both agents, Ca-based P binders 
were associated with a higher incidence of hypercalcaemia and an 
increased incidence of low PTH levels. A beneficial effect of seve-
lamer on CAC was also reported in another randomized controlled 
trial involving new HD patients with a follow-up of 18 months. The 
use of Ca-containing P binders conducted to more pronounced 
calcification in coronary arteries, measured by EBCT than did the 
use of sevelamer and this was particularly true in those with evi-
dence of coronary calcification at baseline (Block et al., 2005). In 
a post hoc analysis of this, a survival advantage was depicted in 
patients treated with sevelamer, although a subpopulation of the 
study that did not show initial cardiac calcification remained free 
of calcification, despite receiving Ca-containing P binders (Block 
et  al., 2007). The apparent survival benefit may also have been 
related to decreases in C-reactive protein, total cholesterol, and 
LDL cholesterol, also observed with greater frequency in associa-
tion with sevelamer. Of interest, in a recent post hoc analysis of 
the RIND trial, the authors reported that another surrogate marker 
of cardiovascular risk—epicardial adipose tissue (EAT)—was a 
predictor of mortality. EAT is fat located below the parietal peri-
cardium; it is capable of producing a large amount of inflamma-
tory mediators and it is believed to promote atherosclerosis via 
paracrine effects (D’Marco et al., 2013). The volume of EAT cor-
related positively with CAC; the 5-year survival rate was 44. 6% 
(95% CI 21.1–65.7) and 71.2% (95% CI 45.95–86.25) in patients 
with EAT above or below the mean (129 ± 69.5 cc), respectively. 
Interestingly, in a retrospective analysis investigators linked EAT 
to the malnutrition-inflammation-arteriosclerosis syndrome, as 
well as increased arterial stiffness in CKD subjects (Turkmen et al., 
2011; Turan et al., 2013). This suggests that markers such as CAC 
and EAT may be useful factors to consider for a better risk stratifi-
cation of CKD patients.

In contrast, the Calcium Acetate Renagel Evaluation (CARE)-2 
trial showed no difference in CAC progression between the Ca and 
sevelamer group (Chertow et al., 2004). The differences observed 
between these trials may be due, in part, to study limitations and 
the inclusion of a higher proportion of diabetic patients in the 
CARE-2 trial.

A growing number of alternative therapies are undergo-
ing evaluation, including nicotinamide and polynuclear iron 
(III)-oxyhydroxide phosphate (PA21). Nicotinamide, a metabolite 
of nicotinic acid (niacin, vitamin B3), inhibits the Na/Pi cotransport 
system in the gastrointestinal tract and kidneys and may be effective 
in lowering P levels in dialysis patients by reducing gastrointestinal 
tract phosphate absorption. However, data on the possible effect of 
nicotinamide on VC are missing (Cheng et al., 2012). PA21, a novel 
non-Ca P binder controls hyperphosphataemia over the long term 
and has a lower pill burden than sevelamer carbonate, according to 
a phase 3 study in in patients undergoing HD or PD. Furthermore, 
it appears that, at least in animal models, PA21 prevents the devel-
opment of VC in uraemic rats (Floege et al., 2012). However, these 
promising results need to be confirmed in humans.
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In conclusion, the small size of these studies and the conflicting 
results emphasize the need for large interventional trials looking at 
VC in addition to hard clinical endpoints.

Vitamin D receptor activators
Although vitamin D and its analogues are widely used to manage 
secondary hyperparathyroidism, there is some controversy as to 
whether active vitamin D compounds directly accelerate VC. This 
hypothesis is based on the fact that VSMCs possess 1a hydroxy-
lase to transform 25-hydroxyvitamin D into the active form 
1,25-dihydroxyvitamin D (Somjen et  al., 2005)  and also express 
the VDR (Wu-Wong et al., 2006). The vitamin D compounds may 
therefore induce VC through their calcaemic and phosphataemic 
actions. Oversuppression of PTH by vitamin D compounds leads to 
low-turnover bone disease, typically adynamic bone disease, which 
is associated with VC (London et al., 2004). Despite this, there is 
increasing evidence that the administration of native vitamin D to 
patients with low serum levels of vitamin D (which are very com-
mon in CKD) may be beneficial for survival.

In CKD patients, retrospective studies have shown a protec-
tive effect of 1a-hydroxyvitamin D3 supplementation on VC 
(Ogawa et al., 2010). Vitamin D analogues were designed to sup-
press PTH with less calcaemic and phosphataemic actions, they 
sometimes induce hypercalcaemia and hyperphosphataemia. 
Despite encouraging experimental results in rodent models of 
CKD (Becker et al., 2011) and in historical cohorts of selective 
VDR activators (Teng et al., 2003), but these findings still need to 
be confirmed in randomized controlled trials. In this regard, the 
PRIMO (Paricalcitol Capsule Benefits in Renal Failure-Induced 
Cardiac Morbidity) study assigned CKD patients (stageS 3 and 
4) to receive oral paricalcitol (2 micrograms/day) or placebo for 
48 weeks, and did not show any difference in cardiac structure 
or function between the two groups of patients (Thadhani et al., 
2012). Furthermore, episodes of hypercalcaemia were more fre-
quent in the paricalcitol group.

Calcimimetics
Calcimimetic agents act on the CaSR in the parathyroid gland, and 
reduce PTH levels by increasing the sensitivity of the CaSR to Ca 
without affecting Ca intake (Nemeth and Bennett, 1998) and this 
should result in less hypercalcaemia and hence an inhibition of 
the calcification process. In this regard, a large randomized study 
(ADVANCE) to evaluate the effects of cinacalcet plus low-dose 
vitamin D versus flexible dosage of vitamin D alone on VC in 360 
HD patients was conducted. No significant difference in CAC 
scores between the two groups was depicted, after a follow-up of 
52 weeks. Only a relative reduction in aortic valve calcification 
was observed in the cinacalcet arm (Raggi et al., 2011). However, 
these results need to be considered with caution since nearly 40% 
of those assigned to treatment with cinacalcet and low doses of 
vitamin D sterols unexpectedly received weekly doses of vitamin 
D throughout the study that exceeded amounts specified in the 
protocol. In a post hoc analysis, protocol-adherent subjects given 
cinacalcet and low doses of vitamin D (CPA) as specified in the 
study protocol had a lower progression of CV calcification com-
pared with control subjects in whom secondary hyperparathy-
roidism was treated with higher doses of vitamin D sterols alone 
(Urena-Torres et al., 2013).

Given these conflicting results, more trials are needed to definitely 
prove or disprove the usefulness of cinacalcet for treatment of VC.

Parathyroidectomy
In CKD patients with severe hyperparathyroidism who fail 
to respond to medical/pharmacological therapy, the 2009 
CKD-mineral and bone disorder (MBD) KDIGO guideline rec-
ommends parathyroidectomy (Kidney Disease: Improving Global 
Outcomes (KDIGO) CKD-MBD Work Group, 2009). Even if this 
strategy generally results in a marked, sustained reduction in levels 
of serum PTH, no data are available on the effect of parathyroidec-
tomy on mortality, fractures, or quality of life. It seems, however, 
that parathyroidectomy minimizes the progression of calcification 
by lowering the serum Ca and P concentrations but this is sup-
ported by few studies, such as the trial of Bleyer at al. which found 
that subtotal parathyroidectomy significantly decreased or stabi-
lized VC (Bleyer et al., 2005).

Vitamin K2
There is increasing evidence linking vitamin K deficiency to VC 
via a functional impairment of vitamin K-dependent calcifica-
tion modulators, such as MGP (Krueger et al., 2009). Its activity 
is dependent upon vitamin K-dependent carboxylation, which is 
critical in mediating the activity of the protein to inhibit calcifica-
tion locally (Krueger et al., 2009).

High dietary K1 also determines an increase in the carboxylation 
of OC, but only in the presence of an increase in OC production, 
such as in CKD. Although both forms of vitamin K act are as cofac-
tors, it is currently not known as to why conversion is necessary and 
whether there may be a separate role for MK-4.

In the general population, vitamin K contributes to bone health 
and reduces the incidence of clinical fractures. In the Rotterdam 
trial, low vitamin K intake was associated with a higher incidence 
of severe aortic calcification (Geleijnse et  al., 2004). In a rodent 
model of CKD, vitamin K status was found to be critical in the 
predisposition of blood vessels to calcification. The high dietary 
vitamin K1 intake attenuated the development of VC, whereas the 
treatment with therapeutic doses of warfarin markedly increased 
VC (McCabe et al., 2013).

Recent intervention studies in humans showed increased OC 
and MPG after vitamin K administration. In a pilot study of  
53 CKD patients, Ketteler et al. demonstrated that the daily admin-
istration of vitamin K determines a significant increase of MPG and 
OC (Westenfeld et al., 2012). Moreover, Holden et al. showed that 
the long-term use of warfarin in HD patients was independently 
associated with the severity of aortic valve calcification (Holden 
et al., 2007).

In conclusion, increasing MGP activity in arterial vessels could 
constitute a valuable therapeutic and prophylactic target allowing 
reduced progression or development of VC.

Magnesium
The role of magnesium in the pathogenesis of VC has been a 
matter of some debate in recent years. It seems that magnesium 
is directly involved in the prevention of calcification because it 
is a natural biological Ca antagonist, magnesium prevents early 
calcium phosphate hydroxyapatite crystal growth. Additionally 
it serves as a cofactor and/or modulator of vitamin K, MGP or 
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pyrophosphatases, well-known inhibitors of VC (Zyryanov et al., 
2002; Amizuka et al., 2005; Cunningham et al., 2012). Furthermore 
hypomagnesaemia promotes endothelial inflammation via oxida-
tion of HDL cholesterol

Given the potential involvement of high serum magnesium in 
reducing VC as shown by various observational studies (see Table 
120.2), some interventional studies have investigated the use of 
magnesium in CKD patients, though the level of evidence is low.

Data from a pilot study conducted over a period of 18 months 
showed that long-term administration of oral magnesium supple-
ments to CKD patients on intermittent HD therapy might retard 
arterial calcification assessed by EBCT (Spiegel et al., 2007; Massy 
and Drüeke, 2012). In another larger randomized study in ESRD 
patients on HD, oral magnesium supplementation over a 2-month 
period led to a significant reduction in carotid intima–media thick-
ness (Turgut et al., 2008; Massy and Drüeke, 2012). Although these 
results are promising, more randomized, double-blind controlled 
studies are needed to confirm the positive effect of magnesium sup-
plementation in reducing VC.

Additional therapies
There are only a few studies that have evaluated additional agents to 
help retard or regress VC in patients with renal failure. Some inter-
ventions that have been evaluated include bisphosphonates (Nitta 
et al., 2004) which are non-hydrolysable PPi analogues (Rezg et al., 
2011) and Ca-channel blockers like verapamil (Fleckenstein-Grun 
et al., 1995). The use of sodium thiosulfate to increase the functional 
ability of MGP to prevent VC is also being studied (Covic et al., 2010).

As expected, kidney transplantation seems also to ameliorate 
the progression of VC, as suggested in small non-randomized tri-
als, but data are limited (Oschatz et al., 2006). In contrast, another 
study showed that there is significant progression of CAC (assessed 
by EBCT) in most subjects post-renal transplantation (Schankel 
et al., 2007).
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CHAPTER 121

Fractures in patients 
with chronic kidney disease
Alastair J. Hutchison and Michael L. Picton

Introduction
Around the world the population is ageing. The European Union 
(EU)’s population has passed the half billion mark, at 501.1 million, 
in 2010. At the same time, the percentage of people over the age of 
65 years in the EU has also increased, from 15.6% in 2000 to 17.4% 
in 2010, with those over 80 years comprising 4.7% or 23.5 million 
people (European Commission and Eurostat, 2011).

Osteoporosis, defined by the World Health Organization (WHO) 
as a skeletal disorder characterized by compromised bone strength, 
predisposing to an increased risk of fracture, is rare before the age 
of 50 years, but the incidence of fractures in subsequent years rises 
progressively with age (Strom et al., 2011). The number of new frac-
tures in 2010 was estimated at 2.35 million in the five largest EU 
countries combined (France, Germany, Italy, Spain, and the United 
Kingdom), resulting in around 34,000 excess deaths. In Europe 
as a whole, the number of elderly is likely to increase markedly, 
and improvements in life expectancy indicate that the number of 
fractures will continue to rise as the population ages (Strom et al., 
2011). Chronic kidney disease (CKD) is also a common age-related 
condition, and whilst 8.5% of the total population in the United 
Kingdom has an estimated glomerular filtration rate (eGFR) of  
< 60 mL/min, over the age of 75 years the prevalence rises to > 33% 
(Stevens et al., 2007).

Since osteoporosis and CKD are both common conditions in the 
elderly, it is surprising that relatively little research has examined 
the relationship between them and the contribution of each to the 
other. It was not until around 2000 that several authors highlighted 
the increased risk of fracture in dialysis (CKD 5D) patients (Alem 
et al., 2000; Coco and Rush, 2000; Fontaine et al., 2000). However, 
over the past decade it has become clear that CKD stages 3, 4, and 5 
are all associated with an increased risk of fracture (Nickolas et al., 
2006; Kinsella et al., 2010; Jamal et al., 2012).

Fractures can occur in a variety of skeletal sites, but whereas 
patients with hip fractures are admitted to hospital and can be 
captured through hospital statistics and other healthcare agencies, 
patients with spine, forearm, rib, tibia, and fibula fractures are often 
managed as out-patients and generally do not result in hospital 
admission. Therefore, data capture for both incidence and outcome 
is much less reliable. Consequently, most of the data in this chap-
ter relates to hip fracture, and approximately 77,000 such fractures 
occur annually in the United Kingdom (population 62,000,000), at 
an estimated cost to the National Health Service (NHS) of £2 bil-
lion (from a total NHS budget of £104 billion), and with a 30-day 

mortality rate of nearly 9% (Currie et al., 2012). Hip fractures can 
be divided into those occurring at the femoral neck, and those 
which are intertrochanteric. Bone strength reflects the integra-
tion of two features: bone density and bone quality. Bone density is 
expressed as grams of mineral per area or volume and in any given 
individual is determined by peak bone mass and amount of bone 
loss. Bone quality refers to architecture, turnover, damage accumu-
lation (e.g. microfractures), and mineralization. A fracture occurs 
when a failure-inducing force (e.g. trauma) is applied to osteoporo-
tic bone. Thus, osteoporosis is a significant risk factor for fracture, 
and a distinction between risk factors that affect bone metabolism 
and risk factors for fracture must be made.

Fracture risk and mortality in dialysis 
patients
US patients on haemodialysis have a greater than fourfold increase 
in hip fractures compared to age- and gender-matched controls 
(Alem et  al., 2000). Across all 12 countries participating in the 
Dialysis Outcomes and Practice Patterns Study II (DOPPS II), 2.6% 
of the prevalent cross-section of patients (N = 12782) had a prior 
hip fracture (Jadoul et al., 2006). The overall unadjusted incidence 
of new hip fracture events was 8.9 per 1000 patient-years at risk, 
compared to around 1.8 per 1000 patient-years in the UK General 
Practice Research Database (Yang et al., 2006). The incidence of 
new fracture events of any type in DOPPS II was 25.6 per 1000 
patient-years. Furthermore, patients with CKD 5D had a 1-year 
mortality of 64% following a hip fracture, compared to 15–20% in 
the general population.

Risk factors for fracture in dialysis patients include the usual risk 
factors for osteoporotic fracture of older age, female gender, low 
body mass index, postmenopausal status, previous fracture, and 
use of psychoactive medications, such as antidepressant drugs, 
benzodiazepines, and narcotics. In addition, dialysis patients’ 
risk increases in proportion to the duration of renal replacement 
therapy, exposure to glucocorticoids, history of previous kidney 
transplantation, and suppressed or very elevated parathyroid hor-
mone (PTH) levels (Coco and Rush, 2000; Stehman-Breen et al., 
2000; Cueto-Manzano et al., 2003; Jadoul et al., 2006; Jamal et al., 
2012). This combination of factors results in a hip fracture inci-
dence for haemodialysis patients of both genders being similar to 
the incidence observed among non-uraemic individuals older by 
10–20 years (Jadoul et al., 2006).
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Fracture risk in patients with chronic kidney 
disease stages 3 and 4
In a group of 33,000 male US veterans, CKD 4, but not CKD 3, 
was associated with an almost fourfold increase in risk of incident 
hip fractures (Dooley et al., 2008). Using data from the Study of 
Osteoporotic Fractures among 9704 women (Cummings et  al., 
1990), Ensrud et al. found that decreasing eGFR (by Cockcroft and 
Gault method) was associated with increased risk of hip fracture. 
Compared with women with an eGFR of 60 mL/min or greater, 
the hazard ratio for hip fracture was 1.57 in those with an eGFR 
45–59 mL/min and 2.32 in those with an eGFR < 45 mL/min. In 
particular, women with a reduced eGFR were at increased risk of 
trochanteric hip fracture with a hazard ratio of 3.93 in women with 
an eGFR 45–59 mL/min and 7.17 in women with an eGFR < 45 
mL/min (Ensrud et al., 2007). No statistically significant associa-
tion between CKD and risk of vertebral fracture was found. Black 
women were excluded from the analyses because of their very low 
fracture rate, which is probably related to higher bone mineral den-
sity in Afro-Caribbean subjects (Nam et al., 2010). Several other 
studies have confirmed these associations between severity of CKD 
and risk of fracture (Jassal et al., 2007; LaCroix et al., 2008; Yenchek 
et al., 2012).

Osteoporosis and chronic kidney 
disease-mineral and bone disorder
Osteoporosis is defined as a metabolic bone disease characterized 
by low bone mass and microarchitectural deterioration of bony tis-
sue, leading to enhanced bone fragility and a consequent increase 
in fracture risk. This definition was refined by the WHO to include 
measurement of bone mineral density (BMD) by dual-energy X-ray 
absorptiometry (DXA). The resulting BMD is then converted into a 
T score or Z score. The T score is the number of standard deviations 
below the average for a young adult at peak bone density; there are 
different T scores, depending on which racial group of young adults 
is used as the reference. The Z score is the number of standard devi-
ations below the average for a person of the same age. The WHO 
developed guidelines for use in the clinical diagnosis of osteoporo-
sis, based on the T score, with a T score of < −1.0 being defined as 
osteopenic and a T score of < −2.5 being referred to as osteoporotic 
(Kanis, 1994). However, BMD testing alone is not optimal for the 
detection of individuals at high risk of fracture, since it has high 
specificity but low sensitivity. In other words, the risk of fracture 
is high when osteoporosis is present, but not necessarily low when 
BMD is normal. Indeed, the majority of osteoporotic fractures will 
occur in individuals with a negative test and, therefore, many agen-
cies do not recommend BMD as a population screening tool (Kanis 
et al., 2013).

The quality of bone is determined by the microarchitecture, bone 
remodelling activity, mineralization, collagen properties, and pres-
ence of microdamage (Sroga and Vashishth, 2012). Histologically, 
osteoporosis is characterized by a reduced quantity of normally 
mineralized bone, which is also structurally abnormal. Typically, 
bone resorption by osteoclasts is increased and bone formation by 
osteoblasts is also increased, but to a lesser extent, resulting in a 
net loss of bone. This imbalance between osteoclast and osteoblast 
activity may vary between trabecular bone (also called cancellous) 
and cortical bone (also called compact bone). Trabecular bone is 

found in long bones such as the femur, in vertebrae, and in flat 
bones such as the pelvis, whilst cortical bone is much denser and 
forms the outer shell around trabecular bone—for example, the 
shaft of the femur

The recognition that abnormalities of serum calcium, phospho-
rus (P), PTH, and vitamin D metabolism in CKD have deleterious 
effects on both the skeleton and the vascular tree led to the KDIGO 
committee proposal that this constellation of problems should be 
referred to as ‘chronic kidney disease-mineral and bone disorder’ 
(CKD-MBD) (Moe et al., 2006; Kidney Disease: Improving Global 
Outcomes (KDIGO) CKD-MBD Work Group, 2009). Clearly, 
CKD-MBD is associated with a variety of bone metabolism and 
hormonal disorders, which may variably influence trabecular or 
cortical bone, and could be predicted to significantly decrease bone 
quality and alter bone remodelling, but without necessarily reduc-
ing the BMD.

CKD and decreased bone strength
Metabolic and hormonal changes begin early in the course of CKD 
stage 3, so that PTH levels begin to rise once GFR falls below 60 mL/
min. As CKD progresses, 25(OH)D and 1,25(OH)2D levels tend 
to fall, while fibroblast growth factor 23 (FGF23) rises rapidly, fol-
lowed later by a rise in serum P (Isakova et al., 2011), and develop-
ment of acidosis and hypogonadism becomes increasingly apparent 
(Albaaj et al., 2006). These changes are likely to play varying roles 
in altering the bone remodelling process. Bone resorption may 
increase, bone formation may decrease, and mineralization can be 
impaired, with the result that microarchitecture deteriorates, with 
trabecular thinning or loss, cortical thinning, and increased poros-
ity. Bone biopsies taken early in the course of CKD demonstrate 
evidence of early renal osteodystrophy in 75% of subjects, although 
routine biochemistry results and radiological examinations remain 
normal (Hamdy et al., 1995). By the time patients are about to com-
mence dialysis, all have histological evidence of advanced osteod-
ystrophy, yet in one study > 90% of them had normal range BMD 
measurements (Hutchison et al., 1993).

Therefore, in CKD there is likely to be a variable reduction in 
bone quality and strength, which may be further influenced by 
the time course of CKD progression, the underlying cause and 
the therapeutic interventions utilized. Evidence for this has been 
found in a study of 70 patients with CKD stages 2–4, over 50 years 
of age, utilizing high-resolution peripheral quantitative computed 
tomography (HR-pQCT) to examine bone microarchitecture at 
the tibia and radius, compared with results from healthy subjects 
matched for age and gender. CKD men and women were found 
to have moderate, but significant trabecular impairment and, in 
men only, reduced cortical thickness, demonstrating that impair-
ment of trabecular microarchitecture can occur in the early stages 
of CKD (Bacchetta et  al., 2010). Furthermore, measurement of 
BMD by both DXA and HR-pQCT correlates with fracture history 
in patients with CKD stages 3–5, although the sensitivity and speci-
ficity of the techniques varies depending on the part of the skel-
eton studied and whether trabecular or cortical bone is considered 
(Nickolas et al., 2010).

From a patient’s perspective, fractures, bone pain, and tendon 
rupture are probably the most serious skeletal manifestations of 
renal osteodystrophy, yet methods of risk assessment and manage-
ment remain uncertain. Attempts to correlate bone histology, PTH 
level, other biomarkers of bone turnover, and fracture risk have 
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not proved useful for individual patient management (Hutchison 
et al., 1993, 1994; Lehmann et al., 2008), and BMD measurements 
in advanced CKD are known to be less reliable than in the general 
population.

Prediction of fracture risk in chronic kidney 
disease and dialysis patients
It is generally accepted that the WHO criteria or the presence of 
low-trauma fractures can be used for the diagnosis of osteoporosis 
in patients with CKD stages 1–3 but without biochemical evidence 
of osteodystrophy, since many of the osteoporosis treatment trials 
unintentionally included such patients. No such consensus exists 
regarding patients with CKD stages 4–5D, where diagnosis and 
treatment is largely opinion based.

Whilst DXA BMD can retrospectively distinguish between CKD 
patients who have already suffered a fracture and those who have 
not, prospective prediction of risk in the CKD population overall 
is much more difficult. It is now clear that even in the non-CKD 
population measurement of BMD alone is not as useful a tool for 
predicting fracture as was once thought. So, whilst a T score of 
< −2.5 is predictive, denser bone does not necessarily mean that 
future fracture is unlikely.

Studies in postmenopausal women demonstrate that around 
50% of all fractures occur in women with BMD T score values 
which are > −2.5 (Stone et  al., 2003; Schuit et  al., 2004). This is 
because the technique has relatively good specificity (63–82%), but 
low sensitivity (only 26% in some studies) (Nickolas et al., 2008). 
Furthermore, treatment of osteoporosis produces relatively modest 
increases in bone density of up to 7%, yet is associated with reduc-
tion in the fracture risk of up to 60% (Delmas and Seeman, 2004; 
Delmas et al., 2004). Treatment with sodium fluoride can produce 
substantial increases in DXA BMD, but without a correspond-
ing reduction in risk of fracture (Vestergaard et al., 2008). Simple 
demographic and clinical factors, such as gender, age, weight, race, 
history of prior fracture, and corticosteroid use, are in themselves 
predictive of risk and are independent of BMD (Nickolas et  al., 
2008). It is easy to appreciate why fracture prediction based on 
BMD becomes even more unreliable in the CKD population, with 
the additional and highly variable overlay of renal osteodystrophy. 
DXA measurements can be low, normal, or elevated in the presence 
of histologically confirmed secondary hyperparathyroidism, mixed 
osteodystrophy, adynamic bone, or osteomalacia, and relevance to 
fracture risk is difficult to ascertain. FGF23 level is now known to 
be independently associated with risk of vertebral fracture, but how 
this association could be utilized is unclear.

Whereas in the general population low BMD at one site predicts 
risk of fracture at other sites, this is not the case in CKD patients 
with osteodystrophy, where low BMD at a particular site does not 
reliably predict fracture even at that site. This is probably related 
to the differential effect of hyperparathyroidism on different types 
of bone, tending to cause catabolism of cortical bone with subpe-
riostial erosion, but tending to increase osteoblastic bone forma-
tion in other areas and increase trabecular thickness and number. 
Since resolution with DXA is inadequate to differentiate cortical 
and trabecular bone, it produces a composite measurement, which 
does not detect the predominant loss of cortical bone that typifies 
primary and secondary hyperparathyroidism.

Bone biopsy and histomorphometry 
to assess bone quality in chronic  
kidney disease
Double tetracycline-labelled trans-iliac bone biopsy is currently 
the only reliable method of visually and numerically assessing the 
microarchitecture of both cortical and trabecular bone in patients 
with CKD who also have renal osteodystrophy. Two doses of oral 
tetracycline are given to the patient with a 10-day gap between, and 
the biopsy is taken 4 days after the second dose. This produces a 5 
or 7 mm diameter cylinder of full thickness iliac bone, comprising 
cortical bone at either end with trabecular bone between. Provided 
the operator separates the subcutaneous muscle layers and the 
trephine does not trap any muscle beneath it before it enters the 
bone, it is a relatively well tolerated procedure with minimal pain 
or bleeding afterwards. It can be performed as a day-case procedure 
under local anaesthesia and, in the authors’ opinion, is less hazard-
ous than a renal biopsy in terms of possible complications.

Intact biopsy samples can also be imaged by micro-CT scanning 
to create three-dimensional (3D) pictures of trabecular microarchi-
tecture and used to estimate mechanical strength. Once the bone 
sample has been processed, it can be viewed by a variety of tech-
niques, including light microscopy, where the two bands of tetra-
cycline will fluoresce in ultraviolet light and the distance between 
them can be measured, then divided by 10 to give measurements 
of daily mineralization rate. Image analysis software can be used to 
analyse much of the biopsy, but only in the hands of an experienced 
osteopathologist. The analysis produces a wealth of descriptive and 
numerical data which has to be understood and interpreted by a 
nephrologist with a special interest in osteodystrophy to give it a 
clinical meaning and relevance. For these reasons and also because 
of its perceived invasiveness, bone biopsy in CKD patients is not 
undertaken routinely and is only available in a few renal centres 
around the world. Consequently, there remains great interest in 
developing non-invasive imaging techniques that can provide clini-
cally useful data.

Imaging techniques other than DXA 
in chronic kidney disease patients
DXA is only able to assess BMD in a two-dimensional areal fashion 
and has poor spatial resolution; referred to as areal BMD or aBMD. 
Quantitative computed tomography (QCT) scanning produces a 
volumetric measurement referred to as vBMD, and has higher reso-
lution of around 300 µm, so can distinguish cortical from trabecu-
lar bone in some sites. It utilizes a standard whole-body CT scanner 
and results correlate well with trabecular bone volume measured 
by histomorphometry on bone biopsy samples (Torres et al., 1986), 
but is still not able to predict type of osteodystrophy (Hutchison 
et al., 1993; Cueto-Manzano et al., 1999) or bone strength. Unlike 
DXA, QCT provides real bone density per bone volume (mg/mm3) 
but subjects the patient to relatively high radiation exposure of 
1–3 mSv.

HR-pQCT works on the same principles as conventional QCT 
but with a resolution of 82 µm. This enables it to provide details 
of trabecular microarchitecture that correlate with bone strength 
such as trabecular number, thickness, and separation. Like stand-
ard QCT it offers the possibility of analysing cortical and trabecular 
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bone separately, and is usually performed on a smaller scanner 
specifically developed for the quantitative determination of BMD 
in the forearm and tibia. They are less expensive and more mobile 
than whole-body scanners and the patient receives a radiation dose 
of only around 0.01 mSv, none of which is directed through critical 
radiosensitive organs. However, HR-pQCT cannot image proximal 
femur or spine.

Micro-magnetic resonance imaging (MRI) using 3 T and even 7 
T MR scanners can produce 3D images of trabecular bone architec-
ture which can then be analysed in a similar way to a bone biopsy. 
Micro-MRI techniques are at present in their infancy but the absence 
of radiation dose makes this an attractive technique for the future.

Falls prevention in chronic kidney disease
Strategies to prevent fractures in patients with CKD comprise pre-
vention of falls, pharmacological treatments for CKD-MBD, and 
pharmacological treatments for osteoporosis where present.

Muscular weakness and neuropathy are common in patients with 
all stages of CKD but vary in severity according to the underlying 
cause (West et al., 2012). These problems may be specifically associ-
ated with diabetes, in which case the patient may also have decreased 
vision and autonomic neuropathy leading to postural hypotension, 
plus the possibility of hypoglycaemic episodes. Postural hypoten-
sion is not uncommon in any patient taking diuretics or antihy-
pertensive agents, which would likely include most patients with 
CKD stages 4, 5, and most dialysis patients. Active involvement 
of physiotherapists in such patients’ care may be beneficial, and a 
Cochrane review has shown that group and home-based exercise 
programmes, and home safety interventions reduce rate of falls but 
not risk of falling (Gillespie et al., 2012). Interestingly t’ai chi exer-
cise does reduce risk of falling. This review also highlighted the fact 
that in the general population vitamin D supplementation does not 
reduce falls but may be effective in people who have lower vitamin 
D levels before treatment.

Pharmacological treatment of renal osteodystrophy
Pharmacological treatments that can normalize 25-hydroxyvitamin 
D3 levels might well be beneficial to bone strength, and native 
vitamin D replacement is becoming more widespread. However, 
evidence for the efficacy of this approach has yet to be produced, 
although it is well established that vitamin D analogues can reduce 
serum PTH levels. Controlling elevated PTH levels, which may 
lead to proximal myopathy as well as cortical bone loss, might be 
expected to reduce risk of fracture and falls, and such management 
is described in Chapter 118.

A combined post hoc analysis of safety data (parathyroidec-
tomy, fracture, hospitalizations, and mortality) from four similarly 
designed randomized, double-blind, placebo-controlled clinical 
trials enrolling 1184 subjects (697 of whom were treated with cina-
calcet, plus 487 control subjects) with end-stage kidney disease and 
uncontrolled secondary hyperparathyroidism suggested that ran-
domization to cinacalcet resulted in a significant reduction in the 
risk of fracture (Cunningham et al., 2005). However, the prospec-
tive randomized controlled EVOLVE study of cinacalcet treatment 
failed to demonstrate such benefits (The EVOLVE Trial investiga-
tors 2012). The association of FGF23 with fracture risk is a relatively 
recent discovery, and its clinical significance is completely unclear 
(Kanda et al., 2012).

Pharmacological treatment of osteoporosis in CKD
Treatment with pharmacological agents known to be effective for 
osteoporosis in the general population depends on being able to 
establish a diagnosis in the patient with CKD. Since DXA BMD 
measurements are unreliable in CKD 4, 5, and dialysis patients, 
and fractures in such patients may be secondary to osteodystrophy 
rather than osteoporosis, establishing a diagnosis without resorting 
to bone biopsy is difficult. Yet it is in these patients specifically that 
the mortality rate associated with fractures is exceptionally high. 
The available literature on the use of pharmacological agents in 
patients with CKD is mostly culled from large population-based 
studies that have incorporated subjects subsequently shown to have 
mild to moderate CKD. There is very little literature to guide the 
clinician in use of such agents in CKD 5 and 5D.

Oral bisphosphonates are widely prescribed in the gen-
eral population and appear to be effective and safe in CKD 1–3. 
Retrospective analyses suggest they are also safe in CKD stage 4, 
although IV administration can be nephrotoxic if given too quickly, 
or to patients who are not adequately hydrated, and particularly in 
the presence of other nephrotoxins such as radio-contrast media. 
Less than 1% of an oral bisphosphonate dose is absorbed but up 
to 60% of the drug available in the blood is bound rapidly to bone 
hydroxyapatite, impairing osteoclast cell function by inhibiting 
enzyme activity. The remainder is excreted unchanged via glomer-
ular filtration and active proximal tubular secretion, so that it is 
usual to reduce the dose by 50% in patients with CKD 4, 5, or 5D. 
Bisphosphonates accumulate in bone with a half-life of > 10 years. 
Little is known about removal by dialysis, which has not been well 
studied. Hypocalcaemia has been reported following bisphospho-
nate administration to patients with vitamin D deficiency which is 
of course common in CKD.

In CKD 5, bisphosphonates should only be given where the risk 
of mortality from further fractures is considered to be very high 
and low turnover states have been excluded. This is difficult without 
bone histology, but low turnover is likely in patients with serum 
PTH levels of less than twice the assay’s upper normal limit. It is 
unknown whether administration of bisphosphonates to patients 
with low bone turnover would be harmful or beneficial, but since 
there is a long established link between low turnover and vascular 
calcification, the consequences might not be only skeletal.

Oestrogen deficiency increases bone resorption by osteoclasts, 
and replacement therapy in postmenopausal women increases 
bone mass and risk of fracture. In the dialysis population, oestro-
gen deficiency and amenorrhoea is common even in premenopau-
sal women. Replacement therapy has been shown to be effective in 
stabilizing or even increasing BMD in such women on dialysis but 
is rarely prescribed—possibly as a result of concerns around risks of 
breast cancer and vascular disease.

Raloxifene is a selective oestrogen receptor modulator or 
SERM licensed for prevention and treatment of osteoporosis 
in the general population. In a 12-month study of raloxifene 
use in 25 postmenopausal haemodialysis patients, treatment 
was associated with significant improvements in lumbar spine 
BMD compared to placebo, and no evidence of increased risk 
of venous thrombosis or dialysis access thrombosis was seen 
(Hernandez et al., 2003). BMD at other sites did not change, but 
as explained above, BMD measurements are unreliable in this 
population. Subsequent similar small studies have confirmed 
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these findings but the significance is unclear (Ishani et al., 2008; 
Tanaka et al., 2011).

Teriparatide is a 34-amino acid fragment of human PTH which 
has anabolic properties similar to the intact molecule. It is effec-
tive in increasing BMD in patients with CKD 1–3 and normal 
PTH levels. It is contraindicated in patients with secondary 
hyperparathyroidism where it would only add to the problem. 
One might expect it to be beneficial to turnover in patients with 
adynamic bone, and a report of just seven such patients sug-
gested a beneficial effect, but its use remains controversial with 
no randomized trials in CKD 5 (Cejka et  al., 2010; Cejka and 
Haas, 2011).

Denosumab is a fully human monoclonal antibody to the recep-
tor activator of nuclear factor kappa B ligand (RANKL). It blocks 
the binding of RANKL to RANK and thereby decreases osteoclast 
activity and bone resorption, resulting in an increase in BMD. It 
does not depend on renal clearance for metabolism or clearance 
and is given as a single subcutaneous dose every 6 months (Block 
et  al., 2012). The 36-month Fracture Reduction Evaluation of 
Denosumab in Osteoporosis Every 6 Months (FREEDOM) trial 
enrolled 7808 women, some of whom had CKD 3 and 4, and ran-
domized them to denosumab or placebo (Jamal et al., 2011). The 
CKD patients were analysed post hoc and found to have the same 
benefit in terms of fracture risk reduction and increase in BMD 
as the non CKD subjects, although the benefit was not statistically 
significant in CKD 4 patients, possibly because they were few in 
number (N = 73). Hyperparathyroidism, hypocalcaemia, and vita-
min D deficiency were all exclusion criteria in this study.

All antiresorptive agents can reduce serum calcium significantly, 
particularly in advanced CKD and therefore attention should be 
paid to ensuring that patients are calcium and vitamin D replete 
prior to start of therapy.

Non-pharmacological treatments
Progressive load-bearing exercise is known to have osteogenic 
effects on the adult skeleton, and even moderate intensity walking 
may have beneficial effects on osteoporotic bone. Unfortunately 
such exercise effects have not been examined in CKD specifically, 
but there is a direct correlation between muscle strength and BMD, 
and muscle strength in dialysis patients is known to improve with 
strength training.

Dietary restrictions in CKD 4 and 5 may play a role in loss of bone 
mass. In a study of the use of low-protein diets and strict P reduc-
tion in pre-dialysis patients, around 50% developed at least moder-
ate osteoporosis over the 5 years of follow-up. Whether this related 
to inadequate P intake or some other iatrogenic dietary deficiency 
is not clear. Supplementary calcium and vitamin D in patients with 
severe kidney impairment is increasingly frowned upon given the 
association with increased vascular calcification and cardiovascular 
disease (2009), but clearly a careful dietary assessment is important 
to ensure that intake of all essential nutrients is adequate.
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CHAPTER 122

Spectrum of bone pathologies 
in chronic kidney disease
Stuart M. Sprague and James M. Pullman

Bone biopsy and histomorphometry 
in chronic kidney disease-mineral  
and bone disorder
Bone abnormalities are common complications of CKD. They start 
in patients with CKD stage 2 and are found in almost all patients, 
as they reach end-stage kidney disease (Malluche et al., 1976a). 
The Kidney Disease: Improving Global Outcomes (KDIGO) rec-
ommendations are that bone disease should be defined on the 
basis of bone histomorphometry, obtained by examination of 
bone biopsy (Moe et  al., 2006). Bone biopsy is a standardized 
procedure of harvesting trabecular bone from the iliac crest or, 
less commonly, from a long bone (Dempster et  al., 2013). The 
technique involves administration of tetracycline or a tetracy-
cline derivative approximately 3–4 weeks prior to the biopsy 
and then a different tetracycline derivative 3–5 days prior to the 
biopsy. The biopsy procedure itself consists of removing a core of 
predominately trabecular bone and is followed by histologic pro-
cessing, without the use of decalcification. This entails fixation 
of bone in 70–100% ethanol, which is then replaced stepwise by 
acetone and then methacrylate monomer dissolved in acetone. 
The methacrylate, which has now infiltrated the bone biopsy, is 
induced to polymerize, so that the bone becomes embedded in a 
hardened polyethacrylate block. Sections of 4–8 microns are cut 
from this block with a heavy duty microtome, mounted on glass 
slides and stained for microscopic evaluation. This process is a 
highly specialized technique and performed in relatively few lab-
oratories. It allows differentiation of mineralized from unmin-
eralized bone by light microscopy with standard stains, such as 
haematoxylin and eosin or Goldner’s trichrome, which cannot 
be done with decalcified bone, which is much easier to process. 
The tetracyclines administered before biopsy also act as stains, 
since they are incorporated into the hydroxyapatite matrix as it 
is laid down, where they show their presence by emitting light 
of a specific wavelength when illuminated by light at a differ-
ent wavelength (fluorescence). Under a fluorescence microscope, 
the tetracycline stains identify newly mineralized bone as lines 
of varying thickness at the bone–osteoid interface. Dividing the 
distance between the two tetracycline-labelled lines by the time 
interval between their administration yields the rate of bone 
apposition, an important dynamic measure of bone metabo-
lism and turnover. This measurement, when combined with 
quantitative light microscopic measurements of bone structures 

(histomorphometry) is particularly important in diagnosing dif-
ferent types of renal osteodystrophy. The nomenclature for these 
two types of measurement, static and dynamic, has been stand-
ardized (Dempster et al., 2013).

Clinically, bone biopsies are most useful for diagnosing diseases 
of bone turnover, as well as other metabolic disorders. However, 
with the advent of several new markers of bone turnover, bone 
biopsy has recently been reserved primarily for the diagnosis 
of renal osteodystrophy and for research purposes. For the past 
20–30 years, the classification of renal osteodystrophy has utilized 
fractional osteoid (unmineralized bone) volume and fibrosis with 
bone formation rate or activation frequency to distinguish different 
forms of renal osteodystrophy (Sherrard et al., 1993; Malluche and 
Monier-Faugere, 1994). Based upon these parameters, diagnostic 
nomenclature of renal osteodystrophy includes normal bone, ostei-
tis fibrosa cystica, adynamic bone, osteomalacia, and mixed urae-
mic osteodystrophy.

Normal bone is characterized by osteoblasts and scant osteoid 
lining trabeculae, along with scattered osteoclasts (Fig. 122.1A). 
High-turnover disease (predominant hyperparathyroidism or 
osteitis fibrosa cystica) shows simultaneously increased rates of 
bone formation and resorption, extensive osteoclastic and osteo-
blastic activity, and a progressive increase in endosteal peritrabec-
ular marrow space fibrosis (Fig. 122.1B). High osteoblast activity 
is manifested by an increase in unmineralized bone matrix. The 
number of osteoclasts and the total resorption surface are also 
increased in osteitis fibrosa cystica. There may be numerous dis-
secting cavities through which the osteoclasts tunnel into indi-
vidual trabeculae. In osteitis fibrosa cystica, collagen fibrils in the 
bone matrix are arranged in an irregular woven pattern in contrast 
to their parallel (lamellar) alignment in normal bone. Although 
woven bone has thicker trabeculae than normal bone, it is actu-
ally less strong, due to the non-parallel, disorderly arrangement of 
collagen fibrils.

The histologic features of low-turnover (adynamic) bone disease 
(Fig.  122.1C) are absence of cellular (osteoblast and osteoclast) 
activity, as shown by lack of osteoblast or osteoclast proliferation, 
osteoid formation , and endosteal fibrosis. New bone ceases to 
form or mineralize. Although low-turnover disease is common in 
the absence of aluminium, it was initially described as a result of 
aluminium toxicity. Special histochemical stains, such as aurintri-
carboxylic acid, demonstrate aluminium deposits at the minerali-
zation front (Fig. 122.1D) (Ott et al., 1982). Frequently, aluminium 
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bone disease is associated with osteomalacia, which is character-
ized by wide osteoid seams, a markedly decreased mineralization 
rate, absence of cell activity, and endosteal fibrosis (Fig. 122.1E). 
However, the presence of increased osteoid per se does not neces-
sarily indicate a mineralization defect, because increased osteoid 
can also appear when mineralization lags behind increased bone 
matrix synthesis.

Mixed uraemic osteodystrophy describes bone biopsies with 
features of secondary hyperparathyroidism and mineralization 
defect simultaneously (Fig. 122.1F). It involves variably increased 
osteoclastic and osteoblastic activity, endosteal peritrabecular 

fibrosis, and osteoid deposition, but with decreased tetracycline 
labelling, the latter being indicative of defective mineralization. 
Unfortunately, mixed uraemic osteodystrophy in particular, as well 
as high- and low-turnover bone disease, has been inconsistently 
and poorly defined.

The spectrum of bone histomorphometry 
in chronic kidney disease
Utilizing the classification system just described, the preva-
lence of different forms of renal osteodystrophy has changed 

(A) (B)

(C) (D)

(E) (F)

osteomalacia

Fig. 122.1 Spectrum of bone histology. Bone biopsies obtained after double tetracycline labelling. (Magnification 20×.)
(A) Normal bone. (B) Osteitis fibrosis cystica. (C) Adynamic bone. (D) Aluminium bone disease. (E) Osteomalacia.
(F) Mixed uraemic bone disease
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over the past decade (Table 122.1). Whereas osteitis fibrosa 
cystica due to severe hyperparathyroidism had previously been 
the predominant lesion, the prevalence of mixed uraemic oste-
odystrophy and adynamic bone disease has recently increased. 
However, the overall percentage of patients with high bone 
turnover, compared to low bone turnover, has not changed dra-
matically over the last 20–30  years, although adynamic bone 
disease has essentially replaced osteomalacia in the latter cat-
egory. Differences in mixed uraemic osteodystrophy are seen 
in patients not yet on dialysis; the series of bone biopsies yield 
widely different results, depending on the level of glomerular 
filtration rate, and the country in which the study was done 
(Gal-Moscovici and Sprague, 2008). However, it is clear from 
these data that histologic abnormalities of bone begin very 
early in the course of CKD. Also of importance is that histo-
logic changes due to secondary hyperparathyroidism remain 
common.

In contrast, low-turnover bone disease has diverse pathophysiol-
ogy. Aluminium was initially recognized as a neurotoxin (Alfrey, 
1978), however, in the 1980s, aluminium-induced osteomalacia was 
common, resulting in fractures, as well as myopathy and microcytic 
anaemia (Alfrey, 1993). The source of aluminium in these severe 
cases was felt to be elevated concentrations in dialysate water. 
Subsequently, aluminium-containing phosphate (P) binders were 
also identified as a source (Goodman, 1985; Salusky et al., 1991). 
Fortunately, exposure to aluminium is greatly limited and the inci-
dence of aluminium bone disease is relatively rare. However, the 
diagnosis of aluminium-induced bone disease can be difficult, as 
aluminium toxicity is due to tissue burden, not serum levels. Thus, 
if aluminium bone disease is suspected, bone biopsy remains the 
gold standard to make the diagnosis (National Kidney Foundation, 
2003; Jorgetti, 2009).

In the past 15–20 years, as aluminium has been removed as a 
cause of low bone turnover, a new entity, called adynamic bone 

disease, has been described (Andress, 2008). In adynamic bone 
disease (Fig. 122.1C), there is a paucity of cells, with resultant 
low bone turnover. In contrast to osteomalacia, in adynamic 
bone there is no increase in osteoid or unmineralized bone. The 
lack of bone cell activity led to the initial description of the dis-
ease as ‘aplastic’ bone disease. Early studies suggested that the 
disease was still due to aluminium, but it was later identified in 
the absence of positive staining for aluminium. The aetiology 
of adynamic bone disease is unknown, but major contributory 
factors are diabetes, ageing, and malnutrition (Andress, 2008). 
Pathophysiological mechanisms of low bone turnover include 
vitamin D deficiency, high serum P, metabolic acidosis, elevated 
circulating levels of cytokines like interleukin-1 and tumour 
necrosis factor, low oestrogen and testosterone levels, resist-
ance to parathyroid hormone (PTH), and, possibly, elevated 
fibroblast growth factor 23 levels. PTH receptor downregula-
tion is one potential mechanism to explain the bone resistance 
to PTH, due in part to persistently elevated PTH (PTH down-
regulates its own receptor) and to low 1,25(OH)2D levels (Massry 
et al., 1976). Other potential mechanisms of low bone formation 
include decreased osteoblast proliferation from the direct effect 
of accumulated uraemic inhibitors, and decreased circulating 
insulin-like growth factor 1 activity (Andress, 2008). Circulating 
fragments of PTH (so-called 7–84 amino acid fragments) may 
also be antagonists to PTH (Slatopolsky et al., 2000), resulting 
in an effective resistance to 1–84 amino acid PTH at the level 
of bone. There is also abnormal regulation of cell differentiation 
in the presence of renal failure, which may explain, in part, the 
relative paucity of cells in adynamic bone, although this remains 
to be proven. The pathophysiology of altered bone cell respon-
siveness is multifactorial. While most patients with low-turnover 
bone disease are asymptomatic, they are at increased risk of 
fracture, due to impaired remodelling (Coco and Rush, 2000; 
Ott et al., 2009), and are at risk of vascular calcification, due to 

Table 122.1 Bone biopsies results in predialysis patientsa

Reference N OFC (%) MHPTH (%) OM (%) MUO (%) ABD (%) Normal (%)

Ballanti et al., 2001 27 8 11 55 26

Coen et al., 1996 76 27 9 40 11 13

Dahl et al., 1988 60 80 2 18

Eastwood, 1982 38 87 45b 10

Hamdy et al., 1995 176 73 0.5 21 5.5

Hernandez et al., 1994 92 59 26 15

Hutchison et al., 1993 39 28 23 8 13 28

Lehmann et al., 2008 36 47 53

Mora Palma et al., 1983 327 54 34 12

Shin et al., 1999 58 9 36 10 12 24 9

Spasovski et al., 2003 84 9 12 18 23 38

Torres et al., 1995 38 30 10 2 10 48

aABD = adynamic bone disease; MHPTH = mild hyperparathyroidism; MUO = mixed uremic osteodystrophy; OFC = osteitis fibrosa cystica; OM = osteomalacia; SHPTH = severe 
hyperparathyroidism.
bPercentage of patients with SHPTH who also had OM.
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the inability of bone to buffer an acute calcium (Ca) load (Kurz 
et al., 1994).

New classification of bone disease in chronic 
kidney disease
As previously mentioned, the recommendations of KDIGO are 
that the definition of renal osteodystrophy be limited to describ-
ing the alterations of bone morphology in patients with CKD 
and is one measure of the skeletal component of the systemic 
disorder of chronic kidney disease-mineral and bone disorder 
(CKD-MBD) (Box 122.1) that can be quantifiable by histomor-
phometry (Moe et al., 2006). Historically, renal osteodystrophy 
has been defined, as detailed above, as a spectrum of disorders 
ranging from low-turnover (adynamic bone) to high-turnover 
disease (osteitis fibrosa), including a poorly defined entity 
termed mixed uraemic osteodystrophy, which combined vari-
ous degrees of bone turnover with a defect in mineralization 
(Sherrard et al., 1993). Unfortunately, mixed uraemic osteodys-
trophy has been defined differently by different investigators. As 
our understanding of bone biology progresses, there is increased 
appreciation of diverse physiologic processes leading to similar 
bone biopsy findings. In addition, there has been new informa-
tion on bone volume, as an independent parameter (Barreto 
et al., 2006). Thus, the previous classification system has been 
updated.

In order to clarify the interpretation of bone biopsy results in 
the evaluation of renal osteodystrophy, KDIGO decided to use 
three key histologic descriptors—turnover, mineralization, and 
volume (TMV system)—with any combination of types of each 
of the descriptors being possible in a given specimen, to describe 

bone disease (Moe et al., 2006) (Box 122.1). The TMV classifica-
tion (Table 122.2) provides a clinically relevant description of the 
underlying bone pathology, as assessed by histomorphometry, 
which in turn helps define the pathophysiology, and thereby guide 
therapy.

Turnover reflects the rate of skeletal remodelling, which is nor-
mally the coupled process of bone resorption and bone formation. 
It is assessed by obtaining dynamic measurements of osteoblast 
function, using double-tetracycline labelling. Either the bone 
formation rate or the activation frequency represents acceptable 
parameters for assessing bone turnover. Bone turnover is affected 
mainly by hormones, cytokines, mechanical stimuli, and growth 
factors that influence the recruitment, differentiation, and activity 
of osteoclasts and osteoblasts. Clinically, disorders in bone turno-
ver are associated with disturbed mineral homeostasis (Kurz et al., 
1994; Hruska et al., 2007) and increased fracture risk (Coco and 
Rush, 2000).

Mineralization reflects how well bone collagen becomes calcified 
during the formation phase of skeletal remodelling. It is assessed by 
static measurements of osteoid volume and osteoid thickness and 
by dynamic, tetracycline-based measurements of mineralization 
lag time, and osteoid maturation time. Causes of impaired miner-
alization include inadequate vitamin D nutrition, mineral (Ca or 
P) deficiency, acidosis, or aluminium toxicity. Clinically, defective 
mineralization may result in bone pain and/or fracture (Goldstein 
et al., 1980).

Bone volume represents the amount of bone per unit volume of 
tissue area. It is assessed as static measurements of bone volume in 
cancellous bone. Determinants of bone volume include age, gender, 
race, genetic factors, nutrition, endocrine disorders, mechanical 
stimuli, toxicities, neurological function, vascular supply, growth 
factors, and cytokines. Clinically, changes in bone volume would 
indicate changes in bone balance, which result in either osteoporo-
sis or osteosclerosis (Malluche et al., 1976b).

In dialysis patients, low bone volume and low bone turnover 
are more frequent than heretofore appreciated, whereas defective 
mineralization is relatively rare. Malluche et al. (2011) evaluated 
bone biopsies of 630 dialysis patients by the TMV system. They 
found racial differences:  white patients exhibited predominantly 
low turnover (62%), whereas black patients showed mostly normal 
or high turnover (68%). A mineralization defect was observed in 
only 3% of patients. In white patients, cancellous bone volume was 
low, normal, or high in approximately the same number of patients, 
whereas in black patients, cancellous bone volume was high in 
two-thirds of the patients. A subsequent study demonstrated that 
low-turnover bone had microstructural abnormalities, such as 
lower cancellous bone volume and reduced trabecular thickness, 

Box 122.1 Kidney Disease Improving Global Outcomes (KDIGO) 
classification of CKD-MBD and renal osteodystrophy

Definition of CKD-MBD

A systemic disorder of mineral and bone metabolism due to 
CKD manifested by either one or a combination of the following:

 ◆ Abnormalities of calcium, phosphorus, PTH, or vitamin D 
metabolism

 ◆ Abnormalities in bone turnover, mineralization, volume, lin-
ear growth, or strength

 ◆ Vascular or other soft tissue calcification.

Definition of renal osteodystrophy

 ◆ Renal osteodystrophy is an alteration of bone morphology in 
patients with CKD.

 ◆ It is one measure of the skeletal component of the systemic dis-
order of CKD-MBD that is quantifiable by histomorphometry 
of bone biopsy.

From Moe, S., Drueke, T., Cunningham, J., et al. (2006). Definition, 
evaluation, and classification of renal osteodystrophy: A position statement 
from Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int 
69(11), 1945–53.

Table 122.2 TMV classification system for renal osteodystrophy

Turnover Mineralization Volume

Low
Normal

Abnormal

Low

Normal Normal

High High

From Moe, S., Drueke, T., Cunningham, J., et al. (2006). Definition, evaluation, 
and classification of renal osteodystrophy: A position statement from Kidney 
Disease: Improving Global Outcomes (KDIGO). Kidney Int, 69(11), 1945–53.
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whereas high-turnover bone had material and nano-mechanical 
abnormalities, such as reduced mineral-to-matrix ratio and 
lower stiffness (Malluche et  al., 2012). These data suggest that 
turnover-related alterations in bone quality may contribute to the 
diminished mechanical competence of bone in CKD.

Bone pathology following renal 
transplantation
Bone fractures occur in up to 44% of successful renal transplant 
recipients (Sprague and Josephson, 2004). There are limited stud-
ies evaluating bone histology in these patients. The main alteration 
is an uncoupling of bone remodelling, resulting in a decrease of 
bone formation with persistent bone resorption, resulting in net 
bone loss. In a small cohort of young patients transplanted prior 
to the initiation of dialysis and treated predominantly with corti-
costeroids, bone biopsies revealed a mineralization defect as early 
as 6  months post transplantation (Julian et  al., 1991). Another 
study showed that both bone formation and mineralization were 
reduced following transplantation. Bone resorption that was above 
the normal range before transplantation remained increased at 
35 days after transplantation, whereas osteoid and osteoblast sur-
faces, which were also increased before transplantation, decreased 
significantly thereafter (Rojas et  al., 2003). An important obser-
vation was that, although none of the pretransplant biopsy speci-
mens showed evidence of apoptosis, 45% of post-transplant biopsy 
specimens showed significant apoptosis after only an average of 
35  days. Thus, the development of apoptosis and a decrease in 
osteoblast number and osteoblast surface play a contributory role 
in the pathogenesis of post-transplant bone disease, which may be 
related directly to the use of glucocorticoids (Rojas et al., 2003). 
The long-term effect of renal transplantation on bone histology 
most often results in adynamic bone disease (Monier-Faugere 
et al., 2000; Lehmann et al., 2007); however, the evaluation of bone 
biopsies approximately 4 years post transplant may show any of the 
seven histologic aspects: normal bone, osteitis fibrosa cystica, mild 
hyperparathyroidism, mixed uraemic bone disease, osteomalacia, 
adynamic bone disease, or osteoporosis.

The effect of other immunosuppressive agents on bone histology 
has also been examined. Bone biopsies performed approximately 
10  years after renal transplantation in patients whose treatment 
included ciclosporin monotherapy, azathioprine plus prednisone, 
or triple therapy revealed no differences related to immunosup-
pressant regimens (Cueto-Manzano et  al., 1999, 2003). A  sub-
group analysis of 21 patients with normal PTH levels showed that 
ciclosporin monotherapy was associated with a more pronounced 
decrease in bone thickness, compared with the other regimens 
(Cueto-Manzano et  al., 1999). In the multivariate analysis, male 
gender, time after transplantation, old age, and time on dialysis 
prior to transplantation were significant predictive factors for a 
negative effect on bone mass.

Treatment options for renal osteodystrophy
The mainstay of therapy for renal osteodystrophy should be aimed 
towards prevention. Thus, early detection of disorders in mineral 
metabolism is essential.

Treatment of osteitis fibrosa cystica should be focused on the 
prevention and correction of the factors leading to secondary 

hyperparathyroidism. It is reasonable to correct vitamin D defi-
ciency with either ergocalciferol (Zisman et al., 2007) or cholecalcif-
erol (Chandra et al., 2008), though there are limited data about the 
effects of such therapies on the bone. Hyperphosphataemia should 
be addressed with dietary P restriction, use of P binders, and ade-
quate dialysis (Sprague et al., 2007; Sherman and Mehta, 2009). The 
prevention and treatment of hypocalcaemia involves appropriate 
use of oral Ca supplements, correction of vitamin D deficiency, or 
adjustment of dialysate Ca concentration. If hyperparathyroidism 
persists, vitamin D receptor activators (Gal-Moscovici and Sprague, 
2010; Sprague and Coyne, 2010)  and/or calcimimetics (Sprague 
et al., 2009) are necessary. In severe cases, parathyroidectomy may 
be required; however, a bone biopsy should be considered prior to 
proceeding with parathyroidectomy (Kidney Disease:  Improving 
Global Outcomes (KDIGO) CKD-MBD Work Group, 2009).

Patients with CKD are frequently diagnosed with osteoporosis or 
osteopenia based upon BMD measurements. Although the World 
Health Organization (WHO) has defined osteopenia and osteopo-
rosis in the general population on the basis of BMD measurements 
at the lumbar spine or the femoral neck, CKD patients were excluded 
from studies used in the development of these criteria (Kanis, 1994). 
Patients with osteoporosis are frequently treated with bisphospho-
nates, in an attempt to decrease their fracture risk. Bisphosphonates 
are synthetic analogues of pyrophosphates that bind to hydroxyapa-
tite in the bone and reduce osteoclastic activity by decreasing osteo-
clast progenitor development and promoting osteoclast apoptosis 
(Rodan and Fleisch, 1996). There are limited prospective studies 
with bisphosphonates in patients with CKD. However, bone biop-
sies in both CKD and kidney transplants patients who have received 
bisphosphonates often revealed adynamic bone disease (Coco et al., 
2003; Amerling et al., 2010); furthermore, in a cohort analysis of 554 
transplant recipients, the use of bisphosphonates attenuated femoral 
neck bone loss, but did not result in fracture prevention (Conley 
et al., 2008). Therefore, the use of bisphosphonates for osteoporosis 
is controversial in patients with CKD.

The management of CKD-MBD should be focused on maintain-
ing normal bone turnover, by controlling the serum levels of P, Ca, 
vitamin D, and PTH. Unfortunately, there are no solid outcome 
data to support biochemical targets. Optimal PTH levels are espe-
cially uncertain. For dialysis patients, the KDIGO guidelines rec-
ommend target-PTH concentrations of two to nine times the upper 
limit of the reference range for the particular assay being utilized. It 
is also recommended to adjust therapy according to trends in PTH 
changes (Kidney Disease: Improving Global Outcomes (KDIGO) 
CKD-MBD Work Group, 2009).
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CHAPTER 123

Clinical aspects and overview 
of renal anaemia
Iain C. Macdougall

Introduction
The first suggestion that the kidney might be involved in eryth-
ropoiesis has been attributed to Richard Bright, when in 1835 
he described the association between ‘anaemia’ and ‘kidney dys-
function’. It was not until 70 years later that Carnot and Deflandre 
(1906) observed that serum from an anaemic donor rabbit injected 
into a normal rabbit resulted in increased erythropoiesis. A poten-
tial circulating factor was postulated, initially called haematopoi-
etin. Erslev extended these observations, also showing that plasma 
from anaemic rabbits contained a factor able to stimulate erythro-
poiesis, and indeed he described its potential as a therapeutic strat-
egy (Erslev, 1953). Four years later, in 1957, Jacobson, Goldwasser, 
and others showed that the kidney was the source of this hormone, 
which is now known as erythropoietin (Jacobson et  al., 1957). 
Removal of renal mass by nephrectomy rendered animals anaemic; 
this could be corrected by administration of plasma from animals 
with normal kidneys. Thus, the relative lack of erythropoietin pro-
duced by diseased kidneys remains the major causative factor in the 
pathogenesis of renal anaemia today.

Much of the morbidity associated with chronic kidney disease 
(CKD) can be attributed to the consequences of their chronic 
anaemia. The introduction of recombinant human erythropoietin 
in the early 1990s transformed the management of this condi-
tion, particularly in dialysis patients, many of whom were trans-
fusion dependent and iron overloaded. The striking response 
to administration of recombinant human erythropoietin con-
firmed the notion that a relative lack of erythropoietin was the 
major causative factor (Winearls et  al., 1986; Eschbach et  al., 
1987). The use of recombinant human erythropoietin and other 
erythropoiesis-stimulating agents is discussed in greater detail in 
Chapter 124, and this particular chapter will focus on the physi-
ological processes relevant to red cell production, as well as the 
prevalence, characteristics, pathogenesis, and physiological con-
sequences of renal anaemia.

Physiology
A number of physiological processes are relevant to normal red cell 
production, and it is the disturbance of these processes that result 
in chronic anaemia, including that associated with renal dysfunc-
tion. The main processes are erythropoiesis, regulation of erythro-
poietin production including the role of hypoxia-inducible factor 
(HIF), and regulation of iron supply including the role of hepcidin.

Erythropoiesis
The erythroid marrow is responsible for the production of red 
cells to maintain a red cell mass of approximately 30 ± 5 mL/kg in 
males and 25 ± 5 mL/kg in females. This is more usually assessed by 
measurement of the red cell count and haemoglobin concentration 
(for normal values see Table 123.1). The maintenance of the red 
cell mass, 1% of which is destroyed each day, depends on continual 
erythropoiesis, with the production of 2 million new red cells every 
second, or 173,000,000,000 new red cells every day. Pluripotent 
stem cells, primitive cells capable of both self-renewal and differ-
entiation, are present in the marrow at lower concentrations. These 
cells give rise to progenitor cells, committed to become either 
myeloid, erythroid, lymphoid, or megakaryocytic cells. Their dif-
ferentiation and multiplication is controlled by an array of growth 
factors (Fig. 123.1). Differentiation of the committed erythroid pre-
cursor into the primitive erythroid progenitor cell, ‘the burst form-
ing unit-erythroid’ (usually abbreviated to BFU-E), is largely under 
the influence of interleukin-3 (IL-3) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF). Multiplication and differen-
tiation of the BFU-E and the later ‘colony forming unit-erythroid’ 
(CFU-E) requires the presence of erythropoietin. The CFU-E 
is more sensitive to erythropoietin than the BFU-E, requiring 
lower concentrations for in vitro culture. Apart from erythropoi-
etin, CFU-E growth in culture requires the presence of insulin 
or insulin-like growth factor 1 (Sawada et al., 1989). The CFU-E 
undergoes successive divisions and gives rise to proerythroblasts 
and then erythroblasts. It is at the erythroblast state of red cell 
development that iron is incorporated into haem, a subunit of 
haemoglobin, which is the major oxygen-carrying pigment of the 
blood. Reticulocytes are then created, which are released into the 
bloodstream and become mature red cells.

Regulation of erythropoietin production  
and the role of hypoxia-inducible factor
Normal serum erythropoietin concentrations in man are of the 
order of 10–30 mU/mL as determined by immunoassay, which cor-
responds to between 2 and 7 pmol/L. Assuming a mean circulating 
half-life of 5–9 hours and a mean distribution volume of 0.07 L/kg, 
as determined in pharmacokinetic studies with recombinant eryth-
ropoietin, it can be estimated that the endogenous production of 
the hormone normally amounts to about 2–4 U/kg/24 hours.

Erythropoietin concentrations are decreased or increased under 
a variety of conditions, largely reflecting alterations of oxygen 
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delivery to tissues. Anaemia of whatever cause is the most powerful 
stimulus to an increase in serum erythropoietin, with an inverse 
relationship between the concentration of erythropoietin and the 
haemoglobin concentration (Eckardt et al., 1991) (Fig. 123.2). In 
severely anaemic patients, up to 1000-fold increases in plasma 
erythropoietin can be found.

The body contains no significant stores of erythropoietin, and 
there is no evidence to suggest that the clearance rate of the hor-
mone is subject to any physiological regulation. It would therefore 
appear that any change in serum erythropoietin concentration 
results from a change in the rate of production, the latter of which 
has been shown to be primarily determined by the expression of 
mRNA in liver and kidneys (Bondurant and Koury, 1986; Tan et al., 
1992). The relative contribution of liver and kidneys is primarily age 
dependent, with the liver being the predominant production site in 
the fetus, and the kidneys producing most of the erythropoietin in 
adults (Eckardt et al., 1992). However, it is possible for the liver to 
increase its erythropoietin production, such as under conditions of 
severe hypoxia (Tan et al., 1992; Eckardt et al., 1992) or following 
administration of pharmacological agents (Bernhardt et al., 2010). 
In renal failure, however, the liver does not compensate for loss or 
failure of the renal production of erythropoietin (Tan et al., 1991), 
and in anephric patients, serum erythropoietin concentrations are 
very low (Naets et al., 1986).

The cells producing erythropoietin in the kidney are peritubu-
lar fibroblasts in the renal cortex (Bachmann et al., 1993; Maxwell 
et  al., 1993)  (Fig. 123.3). The mechanism controlling erythropoi-
etin production is oxygen-dependent, and is regulated by an oxy-
gen sensor. Thus, the presence of local tissue hypoxia translates into 
increased erythropoietin gene activity in the liver and kidneys. This 
mechanism is a key element in the feedback control of erythropoie-
sis. Tissue hypoxia may occur secondary to a reduced arterial pO2 
(hypoxic hypoxia) or alternatively in conditions in which the arterial 
pO2 is normal and only tissue pO2 is reduced (anaemic hypoxia).

The major stimulus to increasing erythropoietin production 
is upregulation of HIF, which is the major transcription fac-
tor controlling the erythropoietin gene. HIF was discovered in 
the late 1980s by Semenza and colleagues (Semenza and Wang, 
1992), and is a heterodimer of an oxygen-regulated α-subunit 
and a constitutive β-subunit. Both subunits exist as a set of dif-
ferent isoforms, all belonging to the basic-helix-loop-helix PAS 
protein superfamily. The major regulation of the α-subunit occurs 
through oxygen-dependent degradation. This is mediated by the 
von Hippel–Lindau protein (pVHL), which acts as a ubiquitin 
ligase and targets HIFα for proteasomal destruction through the 
addition of a chain of ubiquitin molecules (Maxwell et al., 1999). 

Table 123.1 Normal haematological values

Haemoglobin (g/dL)

 Male 13.5–18

 Female 11.5–16

Haematocrit:

 Male 0.40–0.54

 Female 0.37–0.47

Red cell count (×1012/L):

 Male 4.5–6.5

 Female 3.9–5.6

Mean cell volume (MCV) (fL) 81–100

Mean cell haemoglobin (pg) 27–32

Mean cell haemoglobin concentration (g/dL) 32–36

Reticulocyte count (%) 0.8–2.0

Absolute reticulocyte count (×109/L) 25–100

Total blood volume (mL/kg) 70 ± 10

Plasma volume (mL/kg) 45 ± 5

Red cell volume (mL/kg):

 Male 30 ± 5

 Female 25 ± 5

Erythron transferrin uptake (μmol/L/day) 60 ± 12

Platelet count (×109/L) 150–400

White cell count (×109/L) 4.0–11.0

Pluripotent
stem cell

Reticulocytes RBCs

About 8 days

Erythropoietin

Ab 8 d

Erythropoiesis

Iron

Burst-forming
unit-erythroid
cells (BFU-E) 

Colony-forming
unit-erythroid
cells (CFU-E)

Proerythro-
blasts

Erythro-
blasts

SCF, IL-1, IL-3,
IL-6, IL-11

SCF, GM-CSF,
IL-3

Fig. 123.1 Normal erythropoiesis.
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pVHL only binds to HIFα in the presence of oxygen, and this 
interaction depends on hydroxylation of prolyl residues of the 
HIFα protein (Fig. 123.4). HIF prolyl hydroxylation is achieved 
through a family of prolyl hydroxylases, which require molecular 
oxygen as a substrate (Epstein et al., 2001; Jaakkola et al., 2001). 
An additional hydroxylation step was found to regulate HIF tran-
scriptional activity (Lando et al., 2002). HIF-1α and HIF-2α are the 
two principal oxygen-regulated HIF subunits. Although both are 
regulated in a very similar fashion in vitro (Wiesener et al., 1998), 
their expression in vivo appears to be cell-type specific. In the kid-
ney, HIF-1α is normally expressed in tubular cells and HIF-2α in 
peritubular endothelial cells and fibroblasts (Rosenberger et  al., 
2002). It is now recognized that HIF-2α rather than HIF-1α is 
the isoform that is most relevant for transcriptional induction of 

the erythropoietin gene in vivo. HIF acts at the 3′ enhancer of the 
erythropoietin gene, but there are other transcription factors that 
may influence erythropoietin gene regulation (Fig. 123.5). These 
include GATA2 and nuclear factor kappa B (NF-κB), which act at 
the 5′ promoter of the erythropoietin gene. GATA2 and NF-κB are 
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Fig. 123.2 Serum erythropoietin (EPO) levels in relation to the haemoglobin 
concentration in patients with anaemia due to both renal and non-renal causes.
From Eckardt et al. (1991)

(A)
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Fig. 123.3 In situ hybridization, demonstrating erythropoietin mRNA in 
peritubular fibroblasts of the renal cortex. Bachmann et al. (1999).
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Inhibition of HIF under
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HIF-α

Proteasomal degradation

HIF-α

OH OH OH OH

Proteasome

VHL

O2

HIF-α

HIF-PH

P300

HRE Gene e.g. EPO
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Fig. 123.4 Regulation of HIF.
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inhibitory to the erythropoietin promoter. Both HIF and GATA2 
have been targets for the development of future anti-anaemic 
therapies. Thus, inhibiting the enzyme that degrades HIF (pro-
lyl hydroxylase) will stabilize this transcription factor, and allow 
continued stimulation of the erythropoietin gene. Several prolyl 
hydroxylase inhibitors (HIF stabilizers) are now in phase 1, 2, or 3 
clinical trials (see Chapter 124).

Regulation of iron supply and the role of hepcidin
Along with other factors required for normal erythropoiesis (such 
as vitamin B12, folic acid, pyridoxine, ascorbic acid, thyroxine, and 
various trace elements), iron is pivotal to the development to a nor-
mal healthy red cell. The majority of iron in the body is contained 
in the red cell mass, in the form of haemoglobin. It is transported 
in plasma bound to transferrin, and is delivered to developing red 
cells via a specific membrane receptor.

The average obligatory daily iron loss is around 1–2 mg. This is 
compensated for by dietary iron intake, and under normal healthy 
conditions the same amount of iron is absorbed from the gut. Thus, 
an average Western diet contains about 14 mg daily, and of this, 
around 5–10% will be absorbed. Thus, dietary intake will provide 
sufficient iron to balance the daily losses. The iron in the body is 
recirculated in a closed loop; thus, red cells become obsolescent 

after 120  days, and the intracellular iron is recirculated via the 
reticuloendothelial system in the liver, spleen, and macrophages.

Understanding the regulation of iron supply was greatly enhanced 
just over a decade ago by the discovery of a peptide hormone, hep-
cidin, which is produced in the liver. This peptide is encoded for by 
the HAMP gene (hepatic anti-microbial peptide) gene and indeed 
this peptide has antimicrobial properties. Its major physiological 
role, however, is in the regulation of iron supply to the bone mar-
row (Ganz, 2011). Many factors control hepcidin production. It is 
upregulated in conditions in which there is iron sufficiency, inflam-
mation, active infection, and following intravenous administra-
tion. It is downregulated in iron deficiency, anaemia, or hypoxia. 
The major cytokine controlling hepcidin expression is interleukin 
6, which is upregulated in inflammatory states. The major action 
of hepcidin is to inhibit the efflux of iron from a number of cell 
types, due to its interaction with ferroportin, the only known cellu-
lar iron exporter protein in mammals (Ganz, 2011). Thus, hepcidin 
upregulation, as commonly occurs in patients with CKD, particu-
larly those on dialysis, is another major factor in the pathogenesis 
of renal anaemia. It explains why the majority of dialysis patients do 
not absorb iron in sufficient quantities to maintain a healthy iron 
balance, and this had led to the widespread use of intravenous iron 
in this patient population.

GATA

GATA-2 HIF-1α or 2αNF-κB

EPO gene

EPO promoter

INHIBITORY STIMULATORY

EPO enhancer

AGTCCCTGGGC

-ve

A/GCGTG

+ve

Fig. 123.5 Regulation of erythropoietin (EPO) gene expression.
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Prevalence
The prevalence of anaemia in patients with CKD increases according 
to the severity of renal dysfunction. Thus, anaemia is very uncom-
mon in CKD stages 1 and 2. It becomes significantly more common 
in late-stage 3, is reasonably common in stage 4, and is almost uni-
versal in stage 5 patients on dialysis. This can be shown schematically 
(Fig. 123.6), based on data from the National Health & Nutrition 
Examination Survey III (NHANES III) (Astor et al., 2002), which 
shows the average haemoglobin in this large US population survey, 
in relation to the stage of CKD. Prior to the introduction of eryth-
ropoietin as a therapy for chronic anaemia, the majority of dialysis 
patients were transfusion dependent, many requiring top-up red 
cell transfusions every 2–4 weeks to prevent debilitating symp-
toms of severe anaemia. It is also evident that patients with diabetic 
nephropathy have more severe anaemia than patients with CKD of 
other aetiologies, and some diabetics with fairly early nephropathy 
and only a mildly reduced glomerular filtration rate, suffer from an 
erythropoietin-deficient anaemia (Bosman et al., 2001).

As a group, haemodialysis patients tend to have more severe 
anaemia than those on peritoneal dialysis. Thus, the prevalence in 
the latter group of patients is less, and a number of factors have 
been proposed to explain this. Such factors include a greater degree 
of blood loss and haemolysis in haemodialysis patients, better 
removal of ‘uraemic middle molecules’, greater degrees of chronic 
inflammation in haemodialysis patients causing higher hepci-
din levels, and a higher prevalence of iron deficiency. Prior to the 
availability of erythropoietin, peritoneal patients tended to show a 
greater increase in haemoglobin concentration after starting dialy-
sis compared to their haemodialysis counterparts.

The severity of anaemia in dialysis patients is independent of 
the aetiology of kidney disease, with the exception of patients with 
adult polycystic disease who tend to have higher haemoglobin con-
centrations. This is due to higher erythropoietin levels as a result 
of erythropoietin production by the cysts. Similarly, a marked 
increase in haemoglobin, and even occasional polycythaemia, can 
occur in dialysis patients who develop acquired cystic disease of the 
kidneys. Again, the mechanism of the latter effect is thought to be 
increased secretion of erythropoietin from the cyst walls.

Characteristics
The anaemia associated with CKD is usually normochromic and 
normocytic. Thus, the mean cell volume (MCV) and mean cell hae-
moglobin concentration (MCHC) are usually within the normal 
range. However, if there is an additional factor contributing to the 
anaemia (such as iron deficiency), this may not be the case. On a 
practical note, if the MCV or MCHC are abnormal, then careful steps 
should be taken to exclude other contributing causes of anaemia.

The anaemia associated with CKD is hypoproliferative in origin, 
that is, erythropoietic activity in the bone marrow is reduced due 
to a relative lack of erythropoietin. This is reflected in a low-normal 
reticulocyte count, and low-reduced erythroid activity in a bone 
marrow sample.

Usually, the white cell and platelet counts are normal in CKD, 
and significant abnormalities of the leucocyte and megakaryocyte 
lineage should alert the physician to the presence of an underlying 
haematological condition.

Measurement of the serum vitamin B12, folate, and ferritin levels 
should be requested in any anaemic CKD patient. Concomitant iron 

deficiency is common and deficiencies of all of these haematinics 
are easily corrected by vitamin or iron supplementation. Although 
there may be a wide variability of haemoglobin at each stage of 
CKD, it may be helpful to relate the degree of anaemia to the degree 
of renal dysfunction. Thus, particularly in the early stages of CKD, 
anaemia is uncommon, and this may well be the presenting feature 
of another condition, such as occult bowel malignancy.

CKD patients with haemoglobinopathies, such as sickle cell dis-
ease or beta thalassaemia, are likely to have low MCV and MCH 
levels as a result of their genetic defect causing abnormal hae-
moglobin synthesis. Screening for these conditions in patients in 
whom their ethnic backgrounds suggest a higher likelihood of a 
haemoglobinopathy may be indicated.

Pathogenesis
Reduced erythropoietin production
A relative deficiency of erythropoietin production is the major 
cause of renal anaemia. Until recently, it was believed that this was 
due to progressive destruction of erythropoietin-producing cells in 
the kidney, leading to a reduced cellular capacity for erythropoietin 
production. More recent work, involving pharmacological inhibi-
tion of prolyl hydroxylase, suggests that there may be a defect of 
the oxygen-sensing system, rendering functioning cells less sensi-
tive to hypoxia (Bernhardt et al., 2010). Earlier work also suggested 
that the production capacity for erythropoietin may be preserved 
in chronic renal disease. For example, animals with experimentally 
induced kidney failure show a large rise in erythropoietin mRNA 
and plasma erythropoietin levels in response to severe hypoxia 
(Tan et al., 1991, 1992).

Regardless of the detailed mechanisms, patients with CKD gen-
erally have inappropriately lower levels of circulating plasma eryth-
ropoietin for their degree of anaemia compared to non-uraemic 
individuals (Eckardt et al., 1991). This was the strong rationale for 
suggesting that erythropoietin supplementation may ameliorate 
the anaemia of CKD.

Reduced red cell lifespan
The red cell lifespan in normal healthy individuals is around 
120 days, but this may be shortened to 60–90 days in patients with 
severe renal dysfunction. Some historical experiments showed that 
red cell survival normalized when cells from uraemic individuals 
were transfused into non-uraemic recipients (and conversely, red 
cells from non-uraemic donors were prematurely destroyed after 
transfusion into uraemic patients). This suggested that the main 
explanation for shortened red cell survival is extra-corpuscular 
(Loge et al., 1958). Such studies were, however, limited by the small 
number of patients enrolled, many of whom were in the terminal 
stages of uraemia. It seems likely, however, that red cells from urae-
mic patients have an increased susceptibility towards mechanical, 
alternative, and osmotic stresses (Rosenmund et  al., 1975), sug-
gesting that corpuscular factors may also play a role in premature 
red cell destruction. Several abnormalities of uraemic red cells 
have been described, including abnormalities in sodium transport. 
However, the exact mechanisms by which uraemia affects red cell 
metabolism, and the precise biochemical basis for reduced eryth-
rocyte survival have not been resolved. Low-grade haemolysis may 
occur in many patients and this may be more profound if there is 
any toxic contamination of dialysis fluid with zinc (Petrie and Row, 
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1977), copper (Manzler and Schreiner, 1970), nitrates (Carlson and 
Shapiro, 1970), formaldehyde (Orringer and Mattern, 1976), and 
chloramines (Eaton et al., 1973; Richardson et al., 1999).

‘Uraemic inhibitors’ of erythropoiesis
There has long been debate over whether substances present in 
uraemic serum may inhibit erythropoiesis. Such substances have 
included spermine, spermidine, putrescine, and parathyroid hor-
mone, amongst others.

CKD is also recognized as a chronic inflammatory state, in which 
a number of pro-inflammatory cytokines are upregulated. Several 
of these, including tumour necrosis factor alpha and interferon 
gamma, have been shown to inhibit erythropoiesis in vitro (Means 
and Krantz, 1992), and these factors are heavily implicated in the 
pathogenesis of the anaemia of chronic disease, outside the renal 
setting.

The ability of recombinant human erythropoietin to correct renal 
anaemia has, however, indicated that the action of such inhibitors, 
if present at all, can easily be overcome. Thus, ‘uraemic inhibition’ 
of erythropoiesis does not have a major pathogenetic role, although 
it may explain why (prior to the days of erythropoietin therapy), 
the initiation of dialysis was followed by an improvement in hae-
moglobin concentration (Zappacosta et al., 1982; De Paepe et al., 
1983). There is also some evidence that an increase in the intensity 
of dialysis can induce a rise in haemoglobin concentration with and 
without recombinant human erythropoietin therapy (Koch et al., 
1974; Ifudu et al., 1996).

Blood loss
Patients with CKD are prone to blood loss caused by the regu-
lar dialysis procedure, regular blood sampling, and occult gas-
trointestinal bleeding. It has been estimated that the annual 
blood loss in haemodialysis patients from dialysers and blood 
tests alone is between 1 and 4 L (Hocken and Marwah, 1971). 
Although dialyser blood loss has been reduced by modern dia-
lysers and dialysis techniques, it remains significant. In renal 
patients with unusually severe anaemia, excessive blood loss is 
often identified as the predominant cause (Linton et al., 1977). 
Mild gastrointestinal blood loss is common in patients with 
CKD, and may not be detected by faecal occult blood testing 
(Linton et al., 1977).

Iron and folate deficiency
Patients with CKD are often in negative iron balance. This is due 
to a combination of reduced iron intake, and also increased iron 
losses. Reduced intake is due to poor appetite, reduced dietary iron 
intake, poor absorption of oral iron due to upregulation of hepcidin 
activity, and interaction with various medications and foodstuffs 
that bind iron (such as phosphate binders, omeprazole, ciprofloxa-
cin, and tea). Increased iron losses are due to blood loss as indicated 
in the previous paragraph and this may be exacerbated by the use 
of heparin during dialysis, or the use of aspirin as cardiovascular 
risk prophylaxis.

Adequacy of folate supply is best estimated by measuring red cell 
folate rather than serum folate, although the latter is often used as 
the initial screening test. Although folate losses through dialysis are 
greater than by urinary excretion, these losses are usually balanced 
by a normal healthy diet. Occasionally, however, folate deficiency 
may be present and this should certainly be considered in any 

patient with a raised MCV (Hampers et al., 1967; Schaefer et al., 
2002). Several drugs may also exacerbate folate deficiency, includ-
ing phenytoin, methotrexate, etc.

Aluminium toxicity
In the past, aluminium intoxication was a significant cause of anae-
mia, classically associated with red cell microcytosis. Aluminium 
toxicity arose from a combination of high aluminium levels in the 
dialysate, as well as ingestion of aluminium-containing phosphate 
binders. With the use of modern-day dialysis techniques, dialysate 
aluminium levels are now negligible, and aluminium-containing 
phosphate binders are now rarely used. Thus, the contribution of 
aluminium overload to anaemia has largely disappeared.

Physiological consequences
In anaemic conditions, there is a reduced delivery of oxygen to the 
tissues, which in turn causes a variety of signs and symptoms in 
patients with CKD that may be difficult to distinguish from the 
symptoms of uraemia. If the anaemia is uncorrected, various physi-
ological adaptive mechanisms may occur to compensate for the 
suboptimal oxygen delivery, including modulation of the affinity 
of haemoglobin for oxygen (with a shift in the oxygen dissocia-
tion curve), as well as an increase in 2, 3 diphosphoglycerate lev-
els, an increase in cardiac output, and redistribution of blood flow 
from the skin to other organs. The symptoms and signs of anaemia 
include tiredness, lethargy, muscle fatigue, breathlessness at rest or 
on exertion, angina, palpitations, tachycardia, increased sensitivity 
to cold, loss of appetite, loss of libido, menstrual irregularity, poor 
memory and concentration, and impaired cognitive and neuro-
physiological function.

Bleeding diatheses
Severe renal impairment is often associated with a bleeding ten-
dency characterized by a prolonged skin bleeding time (Lindsay 
et al., 1975). Although uraemia results in various minor abnormali-
ties of clotting factors and platelet function, the degree of anaemia 
is of considerable importance. Thus, correction of anaemia usually 
results in a return of the bleeding time to normal; this has been 
shown in response to both red cell transfusion (Livio et al., 1982; 
Fernandez et  al., 1985)  and erythropoietin therapy (Moia et  al., 
1987; Macdougall et  al., 1991a). The mechanism of this effect is 
poorly understood, but improved contact of platelets with the vessel 
wall, enhanced adenosine diphosphate production, and improved 
platelet function may all play a part.

Cardiovascular effects
There are various adaptive cardiovascular mechanisms to anae-
mia, including an increase in cardiac output (partly due to an 
increase in stroke volume and partly due to an increased heart 
rate) and hypoxia-induced peripheral vasodilatation (which, with 
the decreased viscosity of anaemic blood, reduces peripheral vas-
cular resistance). In the long-term, the chronic increase in cardiac 
output leads to a compensatory increase in left ventricular mass, 
and this contributes to the left ventricular hypertrophy that is com-
mon in uraemic patients. Other cardiac effects include an increase 
in left ventricular end-diastolic dimensions, impaired myocardial 
contractility, and both systolic and diastolic dysfunction. Exercise 
capacity in CKD patients with anaemia is severely impaired, as are 
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measures of respiratory physiology, such as the maximum oxygen 
consumption, anaerobic threshold, and diffusion capacity of the 
lungs. Many of these adverse effects are reversed with correction of 
anaemia by red cell transfusion (Neff et al., 1971), renal transplan-
tation (Himelman et al., 1988), or recombinant human erythropoi-
etin (Macdougall et al., 1990b), suggesting that anaemia contributes 
significantly to the cardiac abnormalities associated with CKD.

Management
The management of CKD anaemia consists largely of the use of three 
treatment strategies: erythropoiesis-stimulating agents, iron sup-
plementation, and blood transfusions. Erythropoiesis-stimulating 
agents are discussed in Chapter 124 and iron therapy in Chapter 126. 
Blood transfusions are usually the last resort in chronic anaemia, 
and are reserved for patients resistant to erythropoiesis-stimulating 
agents or when such agents are inappropriate. Their effects are tran-
sient, and they are used mainly for short-term symptomatic relief. 
Excessive use is associated with iron overload, and there are also 
risks of transmission of infectious agents, as well as human leuco-
cyte antigen sensitization (which may render subsequent successful 
renal transplantation problematic).

Haematinic supplements should be used when there are con-
comitant haematinic deficiencies, such as vitamin B12 and folate 
deficiencies. Likewise, thyroxine supplementation may improve 
anaemia in cases of subclinical hypothyroidism.

Dialysis adequacy
Prior to the introduction of erythropoietin therapy, an improve-
ment in anaemia was seen in some patients during the first few 
months after dialysis, and this may be related to enhanced red cell 
survival (Koch et al., 1974). A cohort study of > 6000 haemodialysis 
patients in the United States from 1994 to 1998 showed that the dose 
requirements for recombinant human erythropoietin decreased as 
the urea reduction ratio (URR) increased, while the haematocrit 
increased as the URR increased (Coladonato et al., 2002). Similarly, 
in a study of 68 haemodialysis patients, Movilli et al. (2001) found 
that the weekly dose requirements of erythropoietin decreased as 
Kt/V increased. Multivariate regression analysis showed that Kt/V 
was the only independent variable affecting the dose of erythro-
poietin (Fig. 123.7). Increase in the intensity of dialysis can also 
improve the haemoglobin response to erythropoietin therapy 

(Ifudu et al., 1996). More recent studies designed to compare con-
ventional haemodialysis with high-flux dialysis or haemodiafiltra-
tion have also shown some positive results.

Androgen therapy
Prior to the advent of erythropoietin therapy, androgens were used 
to increase erythropoiesis, although their use has largely disap-
peared in most countries of the world. There is some evidence that 
they may be able to reduce the dose requirements of erythropoietin 
(Navarro, 2003). They may enhance erythropoiesis by two possi-
ble mechanisms: firstly, by stimulating endogenous erythropoietin 
production, and secondly via direct effects on red cell precursor 
cells in the bone marrow (Alexanian et al., 1967; Koch et al., 1974). 
Previously, androgens have been shown to cause partial relief of 
anaemia with a reduction in transfusion requirements (Eschbach 
and Adamson, 1973), but they tend to be beneficial in mild cases 
only and are limited by a high incidence of side-effects, such as viri-
lization, muscle and liver damage, and cholestasis (Neff et al., 1981).

Several new strategies for treating the anaemia of CKD are cur-
rently being investigated in clinical trials (Macdougall, 2012), 
including prolyl hydroxylase inhibitors and modulators of hepcidin 
activity, but their role in the management of this condition remains 
to be established.
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CHAPTER 124

Erythropoiesis-stimulating 
agents in chronic kidney disease
Iain C. Macdougall

Introduction
As discussed in Chapter 123, the major contributory factor to the 
pathogenesis of renal anaemia is an inappropriately low level of 
erythropoietin for the degree of anaemia. This was recognized in 
the 1970s, and it was postulated at that time that erythropoietin 
replacement therapy might be effective in the treatment of this con-
dition. However, making therapeutic erythropoietin available was 
much more problematic than making insulin available for diabet-
ics, and it was not until the advent of recombinant DNA technology 
that this became possible.

The first major breakthrough that laid the foundations for the 
large-scale production of therapeutic erythropoietin was the isola-
tion of the protein from 2500 L of urine obtained from patients 
with aplastic anaemia who had normal kidney function. These 
patients produced very high levels of erythropoietin in response 
to their severe anaemia, and this allowed a few picograms of the 
human protein to be isolated (Miyake et al., 1977). Using a cDNA 
library, the gene for human erythropoietin was successfully iso-
lated and cloned by Fuk-Kuen Lin and colleagues in the mid 1980s 
(Lin et al., 1985). A mammalian cell line (Chinese hamster ovary 
cells) was selected for the expression of this gene since, in contrast 
to recombinant insulin which could be produced in bacteria such 
as Escherichia coli, erythropoietin is a much more heavily glyco-
sylated molecule that requires mammalian cells for its production. 
The large-scale synthesis of recombinant human erythropoietin 
in Chinese hamster ovary cells was begun, and there was remark-
able fast-tracking of this product from bench to bedside. This was 
largely due to the realization that this was a breakthrough product 
that could potentially rescue dialysis patients from an existence 
of heavy transfusion dependence and iron overload. Groups of 
researchers on both sides of the Atlantic performed the first clini-
cal trials of recombinant human erythropoietin (later named epo-
etin), and two seminal proof-of-concept studies were published in 
The Lancet and The New England Journal of Medicine, respectively 
(Winearls et al., 1986; Eschbach et al., 1987). Large-scale clinical 
trials of erythropoietin were initiated, and the first epoetins were 
licensed for clinical use in renal anaemia in 1999 (United States) 
and 1990 (Europe). Since then, two biotechnological modifications 
have been made to the erythropoietin molecule to produce agents 
with a longer duration of action, and this class of drugs became 
known as erythropoiesis-stimulating agents (ESAs). Darbepoetin 
alfa (Aranesp®) was the first of these two to appear, and this was 
followed by methoxypolyethylene glycol-epoetin beta (Mircera®). 

More recently, an erythropoietin-mimetic peptide has been 
licensed for clinical use in dialysis patients in the United States 
(peginesatide; Omontys®).

Epoetin
The first two recombinant human erythropoietins to be produced 
were epoetin alfa and epoetin beta. Both proved to be highly effi-
cacious in correcting the anaemia associated with chronic kidney 
disease (CKD), and the majority of dialysis patients who were pre-
viously heavily transfusion dependent had a sustained increase in 
haemoglobin in response to this therapy. The usage of red cell trans-
fusions in dialysis units fell dramatically, and transfusional iron 
overload was gradually replaced by a condition of iron deficiency 
as the iron became utilized in red cell production (Fig. 124.1).

As with other protein therapeutics, epoetin had to be injected, 
either intravenously or subcutaneously, and the circulating 
half-life of epoetin is around 6–8 hours (Macdougall et al., 1991). 
Thus, injections are usually given two or three times per week. 
Haemodialysis patients may receive the drug either intravenously 
or subcutaneously, whereas other CKD patients (peritoneal dialy-
sis, kidney transplant recipients, and non-dialysis patients) receive 
the drug subcutaneously. A  haemoglobin concentration usually 
shows a significant increase at around 2 weeks following initiation 
of treatment, although a reticulocyte response may be detected ear-
lier (at around 3–4 days). Serum ferritin and other markers of iron 
status will often decline significantly by 1 month, and iron supple-
mentation may be required (see Chapter 126). Titration of the epo-
etin dose is often required to maintain haemoglobin levels within 
the desired target range (see below).

The effects of epoetin therapy in the early days were so striking, 
and a large number of publications appeared, documenting the sec-
ondary benefits of a sustained increase in haemoglobin concentra-
tion (Table 124.1). These benefits were largely on the cardiovascular 
system, but also included improved physical capacity and quality 
of life. Improvements in platelet function and bleeding tendency, 
brain and cognitive function, skeletal muscle function, immuno-
logical response, endocrine and sexual function, and nutrition were 
all reported. Adverse effects in the early days were felt to be mild 
and treatable, such as an increase in blood pressure in up to 20% 
of patients, vascular access thrombosis, and occasional hyperkalae-
mia due to less efficient dialysis. Adjustment to dosing strategies 
rendered such adverse effects less common. Rather strangely, there 
were few randomized controlled trials of epoetin performed in 
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the early days, one exception being the Canadian Erythropoietin 
Study Group, who conducted a double-blind, randomized, 
placebo-controlled trial of epoetin alfa in 118 haemodialysis 
patients with a haemoglobin of < 9 g/dL (Canadian Erythropoietin 
Study Group, 1990). The placebo group maintained a mean hae-
moglobin of 7.4  ± 1.2 g/dL, and the two active epoetin-treated 
groups achieved mean haemoglobin concentrations of 10.2 ± 1.0 
and 11.7 ± 1.7 g/dL, respectively. Improvements in quality of life 
and exercise capacity were seen, although there was a significant 
increase in diastolic blood pressure in the epoetin-treated patients, 
who also had a higher rate of vascular access clotting (11 of 78 
epoetin-treated patients versus 1 of 40 placebo-treated patients) 
(Canadian Erythropoietin Study Group, 1990). Larger randomized 
controlled trials were initiated to investigate whether normalizing 
anaemia completely (i.e. aiming for haemoglobin concentrations of 
around 14 or 15 g/dL) could provide additional benefits (discussed 
below under ‘Target haemoglobin’).

Biosimilar epoetins
The expiration of the patents for manufacturing epoetin a few years 
ago led to the development of new recombinant human erythro-
poietins. It became apparent though, in contrast to small-molecule 
‘generics’, that complex biological molecules such as proteins could 

not be reproduced identically to the originator products. The 
European Medicines Agency took a lead in developing a regulatory 
pathway for the approval of these reproductions of the originator 
molecules, and the term ‘biosimilar’ was introduced to classify the 
nature of these products.

The regulatory pathway requires that biosimilar epoetins must 
have similar efficacy and safety to the originator epoetins, accepting 
that the molecular structure (in terms of glycosylation patterns), 
and physicochemical properties of the compound may be differ-
ent from the originator molecules. Two distinct biosimilar epoetin 
molecules were approved in Europe, and were manufactured under 
five different brand names (Retacrit®, Silapo®, Binocrit®, Hexal®, 
and Abseamed®). All of these biosimilar epoetins have very similar 
pharmacokinetic and pharmacodynamic responses to the origina-
tor epoetins, and in some countries are considerably cheaper than 
the originators. While the efficacy is relatively easy to prove, the 
safety of the products is much harder, particularly the potential for 
increased immunogenicity. The development of antibodies against 
epoetin causing pure red cell aplasia (PRCA) (see below) may occur 
with all products, but there is a baseline incidence of around 1 in 
1000 cases. Proving conclusively that the biosimilar epoetins do 
not have a higher incidence of PRCA requires large numbers of 
patients and longer term exposure than is usually possible at the 
time of approval. For this reason, the European Medicines Agency 
introduced a requirement for biosimilar epoetins to be subjected to 
increased pharmacovigilance via mandated surveillance registries.

Darbepoetin alfa
As indicated above, the circulating half-life of epoetin is fairly 
short, at around 6–8 hours. For this reason, injections of the recom-
binant hormone have generally to be given two or three times a 
week, and since this is a long-term therapy (lifelong in patients 
unsuitable for kidney transplantation), efforts were directed at cre-
ating a longer-acting erythropoietic molecule. Experiments in mice 
conducted by Egrie and colleagues (Egrie et al., 1993) showed that 
the higher isomers of erythropoietin (those with a greater number 
of sialic acid residues) generated a more pronounced haemoglo-
bin response compared with the lower isomers. This was due to 
a reduced clearance and longer half-life. Attempts were therefore 
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Table 124.1 Secondary effects of anaemia correction

↑ brain/cognitive function ↓ angina

↑ endocrine function ↓ bleeding tendency

↑ exercise capacity ↓ cardiac output

↑ immune function ↓ depression

↑ muscle metabolism ↓ hospitalizations

↑ nutrition ↓ left ventricular hypertrophy

↑ quality of life ↓ transfusions

↑ sexual function

↑ sleep patterns

 

 



CHAPTER 124 erythropoiesis-stimulating agents in ckd 993

made to create a molecule with an even greater number of sialic 
acid residues, and to achieve this, an extra two glycosylation 
chains were required. Using site-directed mutagenesis, an epoetin 
analogue was created with five amino acid substitutions, and an 
additional two N-linked carbohydrate chains (Elliott et al., 2003). 
A pharmacokinetic study of darbepoetin alfa in peritoneal dialy-
sis patients indicated an intravenous half-life of 25.3 hours com-
pared with 8.5 hours for epoetin alfa (Macdougall et al., 1999). The 
half-life of this molecule following subcutaneous administration is 
also significantly prolonged, at around two- or threefold.

The molecule was initially named novel erythropoiesis stimulat-
ing protein (NESP), and later named darbepoetin alfa (Aranesp®). 
Darbepoetin alfa is still administered intravenously or subcutane-
ously, but the injections may be less frequent than for epoetin. Initial 
studies investigated the efficacy of once-weekly or once-every-2-
weeks administration, and in some non-dialysis patients, dosing 
frequencies up to once monthly may be effective (Jadoul et  al., 
2004). However, for the majority of patients, once-weekly and 
once-every-alternate-week administration is optimal. Other than 
the pharmacokinetic properties and reduced dosing frequency, the 
biological effects of darbepoetin alfa would appear to be the same 
as for epoetin.

Methoxypolyethylene glycol-epoetin beta
The next strategy to prolong the biological action of erythropoi-
etin to be investigated was pegylation of the molecule. Attaching 
a polyethylene glycol moiety to a protein is known to prolong its 
clearance from the circulation, and various pegylation chains of 
different chain lengths and different cross-linkage groups were 
investigated in both cell culture and animal models. The most 
active molecule was found to be a 30 kDa polyethylene glycol 
moiety integrated with epoetin via a succinimidyl butanoic acid 
(SBA) linkage group. This new molecule was initially called 
continuous erythropoietin receptor activator (CERA), and later 
termed methoxypolyethylene glycol-epoetin beta (Mircera®) 
(Curran et al., 2008). Pharmacokinetic studies in CKD patients 
indicated a very long half-life for this molecule, of around 130 
hours both intravenously and subcutaneously (Macdougall et al., 
2006). A comprehensive clinical trial development programme 
investigated dosing strategies of once-every-alternate-week 
and once-monthly administration, and it became clear that 
once-monthly dosing of this molecule was effective. Again, the 
biological effects and adverse event profile of methoxypolyethyl-
ene glycol-epoetin beta appears to be similar to that of the epo-
etins or darbepoetin alfa.

Peginesatide
Peginesatide is different from the previously discussed ESAs. It is an 
erythropoietin-mimetic peptide that shares the biological actions 
and molecular signalling characteristics of epoetin, but the mol-
ecule has no structural homology with the native or recombinant 
hormone.

The concept that a peptide could share functional mimicry 
with the erythropoietin protein was first reported by Wrighton 
and colleagues (Wrighton et al., 1996). The initial molecule to be 
assessed and characterized was erythropoietin-mimetic-peptide-1 
(EMP-1). EMP-1 was shown to bind to the erythropoietin recep-
tor, evoke an identical intracellular signalling cascade involving the 

JAK2/STAT-5 pathway. It promotes increased proliferation of both 
erythroleukaemic and primary bone marrow cells, and results in 
increased erythropoiesis in animals. Unfortunately, its biological 
potency was considered inadequate to justify further development 
of EMP-1 per se.

Peginesatide is, however, a similar molecule, but is dimerized and 
pegylated to prolong its biological activity. A pegylation chain is 
attached to the dimeric peptide spacer-linker (Fig. 124.2). As with 
EMP-1, peginesatide has the same biological actions as erythropoi-
etin, as shown in extensive cell and animal experiments (Fan et al., 
2006). Since then, phase 1 (Stead et al., 2006), phase 2 (Macdougall 
et al., 20011, and phase 3 (Fishbane et al., 2013; Macdougall et al., 
2013) studies have been successfully completed, testing the eryth-
ropoietic activity of peginesatide administered once-monthly intra-
venously or subcutaneously. In contrast to epoetin, darbepoetin 
alfa, and methoxypolyethylene glycol-epoetin beta, peginesatide is 
manufactured by synthetic peptide chemical techniques rather than 
using recombinant DNA technology. Like methoxypolyethylene 
glycol-epoetin beta, it appears to be effective with once-monthly 
administration. It is also immunologically distinct from the other 
ESAs, in that anti-peginesatide antibodies do not cross-react with 
erythropoietin, and similarly anti-erythropoietin antibodies do not 
cross-react with peginesatide. This characteristic has been used to 
treat patients who have developed PRCA due to anti-erythropoietin 
antibodies from the protein-based ESAs. Thus, peginesatide can res-
cue such patients who would otherwise be transfusion dependent, 
allowing ongoing stimulation of erythropoiesis despite the presence 
of anti-erythropoietin antibodies (Macdougall et al., 2009).

The phase 3 clinical studies were subjected to a detailed safety 
assessment, including a composite cardiovascular safety endpoint. 
Overall non-inferiority of peginesatide with the comparator ESAs 
(epoetin for dialysis patients; darbepoetin alfa for non-dialysis 
patients) was achieved, but somewhat unexpectedly, the sub-
group analysis of the non-dialysis patients indicated a 32% higher 

Spacer
linker Peptide

PEG

Cell surface

EpoREpoR

Fig. 124.2 Schematic representation of the peginesatide (Hematide®; Omontys®) 
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incidence of the composite safety endpoint compared to darbepo-
etin alfa (Macdougall et al., 2013). This was not seen in the dialysis 
patients (Fishbane et al., 2013), and peginesatide was then licensed 
for treating anaemia in dialysis patients in the United States, 
under the brand name of Omontys®. Unfortunately, within 1 year 
of launching the product, the manufacturers of peginesatide had 
to withdraw the product from the market due to life-threatening 
anaphylactic reactions, several of them fatal (US Food and Drug 
Administration, 2013).

Normal Hematocrit Trial, CREATE, CHOIR, 
and TREAT
Four large randomized controlled trials of ESA therapy have hugely 
influenced anaemia management in CKD (Besarab et  al., 1998; 
Drüeke et al., 2006; Singh et al., 2006; Pfeffer et al., 2009). The first of 
these was the Normal Hematocrit Trial conducted in US haemodi-
alysis patients receiving epoetin alfa, randomized to a haemoglobin 
concentration of around 14 g/dL versus a haemoglobin concentra-
tion of around 10 g/dL (Besarab et al., 1998). Observational data 
had suggested that a higher haemoglobin might improve survival 
and cardiovascular events, and the primary endpoint in the study 
was a composite of death and first non-fatal myocardial infarc-
tion. Their study was stopped prematurely at 29 months. At this 
point, there was a higher incidence of vascular access thrombosis, 
a suggestion of a higher incidence of death or non-fatal myocar-
dial infarction, and a threefold greater dose requirement for epo-
etin in patients randomized to the higher haemoglobin arm. The 
patients recruited to this trial, however, were a highly co-morbid 
group with heart failure and/or diabetes, and it was not clear at that 
time whether a higher haemoglobin might also be harmful in less 
co-morbid haemodialysis patients or even non-dialysis patients 
(Besarab et al., 1998).

Three further randomized controlled trials, in non-dialysis 
patients, however, have made it very clear that there are safety 

concerns associated with normalizing haemoglobin with ESA 
therapy in CKD patients. The CREATE study showed no difference 
in the primary composite cardiovascular endpoint between the 
group of patients randomized to target a haemoglobin of between 
13 and 15 g/dL versus the control group targeting a haemoglobin 
of between 10.5 and 11.5 g/dL (Drüeke et al., 2006). Furthermore, 
the higher haemoglobin group had an earlier initiation of renal 
replacement therapy.

The CHOIR study randomized a group of 1432 non-dialysis 
patients in the United States to a target haemoglobin of 13.5 ver-
sus 11.3 g/dL (Singh et  al., 2006). There were a greater number 
of events (composite of death, myocardial infarction, stroke, and 
hospitalization for heart failure) in the higher haemoglobin group 
(P  =  0.03) as well as a non-statistically-significant higher death 
rate in the patients randomized to the higher haemoglobin target 
(Singh et al., 2006).

The study with the greatest impact, however, has been the TREAT 
study (Pfeffer et al., 2009). This was a randomized, double-blind, 
placebo-controlled trial in 4038 non-dialysis CKD patients. The 
first group was randomized to target a haemoglobin of 13 g/dL with 
darbepoetin alfa, while the second group received placebo, being 
rescued only if their haemoglobin concentration fell below 9 g/dL. 
Targeting a higher haemoglobin concentration showed a significant 
reduction in the use of blood transfusions, but only a fairly modest 
improvement in quality of life (Pfeffer et al., 2009).

Furthermore, TREAT failed to show a reduction in time to death 
or a cardiovascular event (myocardial infarction, congestive heart 
failure or stroke) or end-stage renal disease. Among the compo-
nents of the primary cardiovascular composite endpoint, the risk 
of venous and arterial thromboembolism improved significantly, 
and the risk of stroke increased by twofold in patients targeting 
the higher haemoglobin (5% vs 2.6%; hazard ratio 1.92; 95% CI 
1.38–2.68) (Fig. 124.3). Furthermore, in patients with a history of 
malignancy at baseline, there was a > 10-fold increased rate of death 
from cancer (7.4% vs 0.6%; P = 0.02) (Pfeffer et al., 2009 (Fig. 124.3).
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Fig. 124.3 Safety concerns in the TREAT Study.
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Results from all of these four studies taken as a whole do not sug-
gest significant benefits in targeting a higher haemoglobin concen-
tration, and suggest possible harm. This has led to more conservative 
recommendations regarding the management of renal anaemia 
with ESA therapy in the United Kingdom (National Institute for 
Health and Clinical Excellence (NICE), 2011), Europe (Locatelli 
et al., 2013), and globally (National Kidney Foundation, 2012).

Practical aspects 
of erythropoiesis-stimulating agent use
Trigger haemoglobin
The results of the TREAT study suggested that many non-dialysis 
patients with advanced renal impairment do not have as rapid a 
fall in haemoglobin concentration as was previously thought. Thus, 
many patients randomized to the placebo group were able to con-
tinue with a haemoglobin of around 9–10 g/dL for considerable 
periods of time. Whereas, previously, a trigger for the introduction 
of ESA therapy was a haemoglobin of < 11 g/dL, this has now been 
largely reduced to < 10 g/dL. Indeed, the Kidney Disease: Improving 
Global Outcomes (KDIGO) Anaemia Management Guideline 2012 
suggests that ESA therapy should be introduced somewhere around 
9 or 10 g/dL, with the aim of preventing patients falling below 9 g/
dL (National Kidney Foundation, 2012). Intervening at a later stage 
appears to increase transfusion use, and this too carries risk, par-
ticularly in patients considering future kidney transplantation.

Target haemoglobin concentration
Likewise, the randomized controlled trials have hugely influenced 
the target haemoglobin concentration. It is now recognized that 
targeting a haemoglobin > 13g/dL confers more risks than ben-
efits, and the current anaemia guidelines advise against this. The 
UK NICE Anaemia Guideline update from February 2011 sug-
gests a haemoglobin target of between 10 and 12 g/dL. The KDIGO 
anaemia management guideline 2012 suggests that ‘ESAs should 
not be used to maintain a haemoglobin concentration above 11.5 
g/dL’ (National Kidney Foundation, 2012). The US Food and 
Drug Administration’s response to ESA therapy is to stipulate less 

emphasis on target haemoglobin and greater focus on using ESA 
therapy to avoid blood transfusion.

Resistance to ESA therapy
A small proportion of patients will exhibit a suboptimal response 
to ESA therapy (Johnson et al., 2007). This may be manifest by a 
failure to show an increase in haemoglobin concentration despite 
repeated increases in ESA dose. Alternatively, the patient might 
have previously shown a response to treatment, and subsequently 
developed resistance.

The causes of hyporesponsiveness to ESA therapy are listed 
in Table 124.2. Common causes include iron deficiency, infec-
tion or inflammation, and underdialysis. Less common causes 
include blood loss, vitamin B12 or folate deficiency, haemoly-
sis, primary bone marrow disorders, haemoglobinopathies, and 
antibody-mediated PRCA. Investigating a patient who is respond-
ing suboptimally to ESA therapy demands a stepwise approach 
(Fig. 124.4). If a patient is self-injecting, compliance with therapy 
should be questioned and confirmed. The reticulocyte count may 
give some indication of whether there is a primary problem with 
erythropoiesis, or whether the bone marrow is producing adequate 
numbers of red cells, but their survival is reduced as a result of 
bleeding or haemolysis.

The possibility of either absolute or functional iron deficiency 
should be entertained (see Chapter 126), and a trial of intravenous 
iron may be indicated. A  raised C-reactive protein may suggest 
underlying infection or inflammation, and this should be vigor-
ously investigated. Occult conditions should as tuberculosis or 
malignancy may prove somewhat elusive. An increase in dialysis 
prescription, and/or a change from conventional haemodialysis 
to haemodiafiltration may be of benefit. Screening for vitamin 
B12 or folate deficiency, occult bleeding, or haemolysis may be 
indicated. A  sharp fall in haemoglobin coupled with a very low 
reticulocyte count should alert the physician to the very rare con-
dition of antibody-mediated PRCA. Bone marrow examination 
may be required to exclude some haematological conditions such 
as myelodysplastic syndrome. A higher reticulocyte count makes 
it more likely that bleeding or haemolysis is the cause, and a full 
haemolysis screen and possible gastrointestinal investigations may 
be indicated.

Whereas, previously, physicians tended to escalate the dose of 
ESA therapy to higher levels, the randomized controlled trials 
reported above have suggested that this practice may be harmful. It 
is not clear whether the poor outcomes in ESA-resistant patients are 
due to higher doses of ESA therapy per se, or whether this simply 
represents a group of sicker patients. Nevertheless, repeated dose 
escalation in ESA-resistant patients is no longer generally advised, 
although all recent anaemia guidelines recommend individualiza-
tion of therapy with tailoring of the anaemia management strategy 
to the individual patient.

Adjuvant therapy
From the earliest days of ESA use, it became clear that intravenous 
iron supplementation enhanced the response to epoetin therapy, 
and allowed lower doses to be used. It became rapidly apparent that 
an inadequate iron supply to the bone marrow was a rate-limiting 
step in the process of erythropoiesis. Over the years, several other 
adjuvant therapies have been studied to ascertain whether simi-
lar results could be seen with these agents. The studies included 

Table 124.2 Causes of hyporesponsiveness 
to erythropoiesis-stimulating agent therapy

Common Iron deficiency

Infection/inflammation

Underdialysis

Less common Blood loss

Hyperparathyroidism

Aluminium toxicity

Vitamin B12/folate deficiency

Haemolysis

Bone marrow disorders

Haemoglobinopathies

Angiotensin converting enzyme inhibitors

Carnitine deficiency

Obesity (in subcutaneous administration)

Anti-EPO antibodies (pure red cell aplasia)
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trials of vitamin C and E supplementation, as well as vitamin B12 
and folate supplementation, L-carnitine supplementation, andro-
gens, and pentoxifylline. Some of these studies were conducted in 
a placebo-controlled, double-blind fashion (e.g. carnitine), but the 
cohorts in all studies were small and the studies have not been of a 
high enough calibre to influence clinical practice guidelines or sup-
port the use of any of these adjuvants in the routine management of 
renal anaemia. There may, however, be individual instances when 
these adjuvants could be considered, and particularly if there is evi-
dence of vitamin B12 or folate insufficiency in any patient, then the 
deficient vitamin should be supplemented.

Antibody-mediated pure red cell aplasia
A very rare complication of ESA therapy is the development of PRCA 
caused by anti-erythropoietin antibodies (Rossert et al., 2004). These 
antibodies not only neutralize the therapeutically administered 
ESA, but also the remaining endogenous erythropoietin in the CKD 
patient (Schellekens, 2008). Thus, there is almost complete shutdown 
of red cell production in the bone marrow, and the patient usually 
becomes transfusion dependent. The condition is characterized by 
a fairly rapid fall in haemoglobin concentration in a patient receiv-
ing ESA therapy, associated with a dramatic reduction in reticulocyte 
count (usually to < 20 × 109/L). A bone marrow examination will 
show absence or near-absence of erythroid progenitor cells, and a test 
for anti-erythropoietin antibodies will be positive.

In 2002, there was an ‘epidemic’ of cases of antibody-mediated 
PRCA, largely associated with a specific formulation of epoetin 
alfa (Eprex®; Erypo® in Germany). This evoked a root cause analy-
sis, and it seemed likely that a number of factors may be respon-
sible, including subcutaneous administration of epoetin alfa, a 
break in the cold storage chain, and increased immunogenicity 
to leachates in the rubber stoppers of the syringes (Boven et al., 
1996). Discontinuation of the use of rubber stoppers appears to 
have reduced the incidence of this complication, although a low 

background incidence of antibody-mediated PRCA remains, at 
approximately 1 in 100,000 cases.

Treatment of this condition requires immediate cessation of the 
current ESA, red cell transfusional support as required, and possible 
measures to reduce anti-erythropoietin antibody formation. Thus, 
a number of immunosuppressive therapeutic regimens have been 
suggested, including steroids, cyclophosphamide, and ciclosporin 
(Verhelst et  al., 2004). More recently, a small proof-of-concept 
study of administering peginesatide to patients suffering from 
this condition suggests that this treatment is effective (Macdougall 
et al., 2009).

A recent clinical trial of a biosimilar epoetin alfa, administered 
subcutaneously, detected two possible cases of PRCA, and again 
a detailed root cause analysis was initiated (Haag-Weber et  al., 
2012). This revealed the possibility that tungsten in the syringe was 
causing dimerization of the epoetin molecule, which in turn was 
increasing its immunogenicity (Seidl et al., 2012).

The future of erythropoiesis-stimulating 
agent therapy
Other strategies for enhancing erythropoietic activity have 
been investigated as a means of generating future treatments 
for anaemia (Macdougall, 2012). These include stabilization of 
hypoxia-inducible factor (HIF stabilizers), erythropoietin gene 
therapy, modulators of hepcidin activity (see Chapter  126), and 
inhibition of GATA-2.

Of these, the most advanced is the stabilization of HIF activ-
ity. This involves inhibition of a prolyl hydroxylase enzyme that 
is responsible for the degradation of HIF. Since HIF is the major 
transcription factor for upregulation of the erythropoietin gene, 
prolyl hydroxylase inhibition will enhance HIF activity, and in turn 
upregulate erythropoietin production (Bernhardt et al., 2010) (see 
Chapter 123 for molecular mechanisms).
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A number of candidate HIF stabilizers are in phase 1, 2, and 3 
clinical trials. They are normally administered once daily or three 
times a week, and the main advantage of these agents is that they 
are orally active. Thus, instead of patients having to receive regu-
lar injections of ESAs, the HIF stabilizers would allow the patients 
to increase their own endogenous erythropoietin production. 
It would appear also that these agents are potentially effective in 
anephric patients (Bernhardt et al., 2010), and it is assumed that, 
in such cases, the increased production of erythropoietin is occur-
ring in the liver. One potential limitation of this strategy, however, 
is that there are many other hypoxia-sensitive genes that may be 
upregulated by stabilization of HIF. These include genes involved in 
angiogenesis, gluconeogenesis, and connective tissue synthesis. The 
results of the ongoing clinical trials of these agents will determine 
their potential role in the management of renal anaemia.
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CHAPTER 125

Iron metabolism in chronic 
kidney disease
Jolanta Malyszko and Iain C. Macdougall

Iron biology: an overview
Iron is the most abundant transition metal in the human body and 
the fourth most common element in the earth’s crust. During the 
history of the planet and the evolution of the living organism, the 
abundance, availability, and suitability of iron have been critical to 
life. When life first evolved on earth, the atmosphere was believed to 
have been anoxic; subsequently there was a transition to the aerobic 
atmosphere of today due to the presence of photosynthetic bacteria. 
Ferrous iron (Fe(II)) is stable under anoxic conditions and does not 
auto-oxidize; with a change into aerobic conditions, Fe(II) can react 
with environmental oxygen, causing production of hydroxyl radi-
cals. Thus, iron is paradoxical, in the sense that it is at the same time 
an essential element for growth and survival to any form of life (pri-
marily to ensure the transport of oxygen and to catalyse reactions of 
electron transfer, nitrogen fixation, or DNA synthesis), but it is also 
toxic to cells due to its ability to catalyse free radical generation. 
Hence, all living organisms evolved sophisticated mechanisms to 
maintain appropriate iron levels in their cells and within their body. 
Such living organisms developed many proteins to convey iron in 
biological fluids or through cellular membranes, and to store it in a 
non-toxic and easy mobilizable form. Additionally, the absence of 
a physiological excretion mechanism requires iron homeostasis in 
the organism to be regulated by iron absorption from the intestine 
and the recycling of iron from senescent red blood cells (Roy and 
Enns, 2000; Philpott, 2002). Thus, the regulation of iron metabo-
lism involves the interaction between a number of specific pro-
teins as well as the interplay between iron absorption and iron loss 
(Beaumont et al., 2009). Intestinal iron absorption is modulated in 
response to the level of the body iron stores and by the amount of 
iron needed for erythropoiesis. This regulation is thought to oper-
ate through two control mechanisms: store regulators and eryth-
roid regulators.

Proteins involved in iron metabolism
The critical proteins involved in iron homeostasis include transfer-
rin (usually measured in the laboratory as the total iron binding 
capacity (TIBC)), transferrin receptor, and ferritin (the cellular 
storage protein for iron and an acute phase reactant (Bridges and 
Seligman, 1995)). The newest proteins known to be involved in 
iron metabolism are described in Table 125.1 and include among 
others the iron responsive element-binding protein (IRE-BP), 

divalent metal transporter, SFT (a stimulator of iron transport), 
ferroportin and hephaestin, hepcidin, (Ganz, 2003; Beaumont 
et  al., 2009), haemojuvelin (HJV) (Lin et  al., 2005)), bone mor-
phogenetic protein 6 (BMP6), (Andriopoulos et  al., 2009), and 
matriptase-2 (TMPRSS6), (Truksa et  al., 2009). Similarly, muta-
tions in the human TMPRSS6 gene have been identified in patients 
with iron-refractory iron deficiency anaemia—so-called IRIDA 
(Silvestri et al., 2008). IRIDA is associated with severe microcytosis, 
whereas the anaemia of chronic disease (ACD) is typically normo-
cytic. In IRIDA, high serum ferritin and low transferrin saturation 
(TSAT) are typical findings, even after parenteral iron treatment.

Although the fact that enhanced erythropoiesis increases iron 
absorption regardless of body iron loading has been known for 
a long time, the sensors of the erythropoietic state are only just 
beginning to be understood. Three proteins (erythropoietin (EPO), 
growth differentiation factor 15 (GDF15), and twisted gastrulation 
(TWSG1)) participate in this process. GDF15 is a family member 
of the transforming growth factor-β superfamily and is secreted by 
haemoglobinized erythroblasts during the final stages of erythro-
poiesis. Elevated serum GDF15 correlates with decreased hepci-
din and increased iron absorption in patients with β-thalassaemia 
(Tanno et al., 2007), or refractory anaemia with ring sideroblasts 
(Ramirez et al., 2009). All these patients have defective erythroid 
expansion. In vitro studies demonstrate a suppressive effect of 
GDF15 on hepcidin expression (Tanno et al., 2007). Interestingly, a 
more recent study shows that GDF15 expression is negatively regu-
lated by intracellular iron levels independent of hypoxia-inducible 
factor (HIF) and IRP activation (Lakhal et al., 2009). These findings 
are of interest because they are consistent with previous proposals 
that erythropoiesis is positively linked to intestinal iron absorption 
and storage iron mobilization, and that the erythroid factor domi-
nantly suppresses hepcidin expression in spite of iron overload. The 
liver is the key organ in iron metabolism, being the main site of hep-
cidin synthesis as well as the primary iron storage organ. An impor-
tant part of this process related to the transcriptional control of 
hepcidin biosynthesis occurs at the hepatocyte plasma membrane. 
Almost all the key factors in iron metabolism mentioned earlier, are 
synthesized in the liver. The BMP/HJV pathway (Babitt et al., 2006; 
Andriopoulos et al., 2009) whose central component is the glyco-
sylphosphatidylinositol (GPI)-anchored protein HJV encoded by 
the HFE2 gene (Papanikolaou et al., 2004) is the key signalling path-
way that regulates HAMP gene expression in response to liver iron 
stores. Firstly, transcriptional activation of BMP6 expression (Kautz 
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et al., 2008) initiates the signalling cascade which ultimately leads 
to hepcidin secretion by the hepatocyte. BMP6, produced probably 
by non-parenchymal liver cells (Zhang et al., 2001), subsequently 
binds to HJV at the extracellular side of the hepatocyte membrane, 
resulting in effective interaction of BMP6 with its transmembrane 
receptors. HJV thus serves as a BMP6 co-receptor. Therefore, the 
BMP/HJV pathway is now regarded as the main pathway control-
ling HAMP expression in response to liver iron levels. In addition, 
matriptase-2, a membrane-bound serine protease, by cleaving HJV, 
is proposed to remove a crucial constituent of the BMP/HJV path-
way from the membrane, and thus decrease HAMP expression.

Iron in health
Iron absorption from the diet
The total iron content of the normal human organism is about 
3–4 g (most if it being contained in haemoglobin in circulating 
erythrocytes: approximately 2.5 g). Smaller amounts are found in 
iron-containing proteins, such as myoglobin, cytochromes, catalase 
(about 400 mg), and bound to transferrin (3–7 mg) (Brittenham, 
1995). The remainder is storage iron in the form of ferritin or hae-
mosiderin. The daily iron requirement for erythropoiesis is about 
20–25 mg. It comes largely from macrophages, which have phagocy-
tosed senescent erythrocytes (Andrews, 2005). This process makes 
it possible to recycle approximately 25–30 mg of iron per day, which 
corresponds to the daily requirement of iron for erythropoiesis (Fig. 
125.1). In men, the storage pool of iron is about 1 g (mainly in the 
liver, spleen, and bone marrow). Due to iron losses with blood during 
menstruation, deliveries, pregnancies, etc., adult women have lower 
iron storage. In food, iron is found in two basic forms:  inorganic 
iron (both Fe(II) and Fe(III)) and haem, where iron is complexed 
to protoporphyrin IX. In an average diet, inorganic iron accounts 
for approximately 90% of total dietary iron (Anderson et al., 2005). 
The typical Western diet contains about 15 mg of iron. About 30% 
of this haem iron is promptly absorbed (Cook, 1982; Finch and 
Huebers, 1982). In the developed world, with relatively high meat 
consumption, more than half of all absorbed iron comes from the 
haem in haemoglobin or myoglobin in dietary meats. Inorganic 
iron, mainly from plant sources and accounting for almost all iron 
in the non-Western diet, is poorly absorbed. Less than 10% is taken 
up by mucosal cells. An alternative iron source comes from pharma-
ceutical iron supplements such as Fe(II) compounds. Haem iron is 
the most bioavailable iron, and its absorption remains unaffected by 
the diet composition. Diet-rich haem iron (i.e. in fish, poultry, and 
meat) contains more bioavailable iron than a vegetarian diet (30% 
versus 10%). Inorganic iron absorption is dependent on other die-
tary components. Non-animal sources of iron (i.e. cereals, breads, 
fruits, and vegetables) are absorbed better in the presence of ascor-
bic acid, which increases bioavailability by promoting the reduc-
tion of Fe(III) to soluble Fe (II)), whereas teas (rich in tannates), 
bran foods rich in phosphates, and phytates inhibit iron absorption 
because they form insoluble complexes. In addition, stomach acid-
ity enhances the solubility of inorganic iron. The intestinal absorp-
tion of iron from the duodenal villi is about 1–2 mg per day (i.e. 
30% of 1–2 mg of haem iron in the Western diet and about 10% of 
10–15 mg of non-haem iron). This makes it possible to compensate 
for losses, resulting mainly from the exfoliation of epithelial cells. 
Thus, iron homeostasis is regulated strictly at the level of intestinal 
absorption (Figs 125.2 and 125.3). Iron regulation is finely tuned at 
the level of intestinal absorption to avoid iron overload since there is 
no means to eliminate any iron absorbed in excess.

Iron is essential for cell metabolism and growth, and is distrib-
uted between three compartments in the cell, the transit pool, the 
storage pool, and the functional pool. The intracellular transit pool 
is often called the ‘labile iron pool’, and its exact chemical nature 
remains uncertain, although it has been suggested that iron(II) 
glutathione is a dominant component (Handelman and Levin, 
2008). The main storage compartment is cytosolic ferritin, from 
which iron can be mobilized as and when required. The functional 
iron pool can be divided into extra-mitochondrial and mitochon-
drial functional iron, the organelle in which haem synthesis and 

Table 125.1 Proteins involved in iron metabolism

Protein Function

Transferrin (Tf) Plasma iron transporter

Transferrin receptor (TfR) With a specific membrane receptor, delivering 
iron into the cells through interaction between 
this receptor and transferrin

Ferritin (Ft) Iron storage protein and an acute phase reactant

Iron responsive 
element-binding protein 
(IRE-BP)

Intracellular reporter of iron status

Iron regulatory protein 1 
and 2 (IRP1 and IRP2)

Cellular iron sensing proteins

Divalent metal transporter 
1 (DMT1, Nramp2, DCT1, 
Solute carrier family 11, 
member 2 (Slc11a2))

Duodenal iron transporter

SFT (a stimulator of Fe 
transport),

Transport protein that has been found to 
facilitate uptake of iron presented to cells as 
either Fe(II) or Fe(III)

Ferroportin (Ireg1, Slc11a2, 
Mtp1),

Cellular iron exporter

Hephaestin Likely cooperates with ferroportin for exporting 
iron to transferrin

TFR2 Mutations of which are responsible for a rare 
form of hereditary hemochromatosis

Haemojuvelin, (HJV, HFE2, 
hemochromatosis 2 gene, 
RGMc: repulsive guidance 
molecule C)

A hepcidin regulator, mutations of which are 
responsible for the common form of juvenile 
hemochromatosis; inhibit bone morphogenetic 
protein-Smad-mediated signalling required for 
effective hepcidin transcription

Hepcidin The key negative regulator of intestinal iron 
absorption as well as macrophage iron release

BMP-6 Role in regulation of hepcidin gene transcription

Smad pathway Role in regulation of hepcidin gene transcription

Tmprss6 (matriptase) Cleaves HJV on the plasma membrane, resulting 
in hepcidin inhibition by blocking the BMP/HJV 
activating pathway

GDF-15 Member of the TGF-β superfamily, secreted by 
haemoglobinized erythroblasts during the final 
stages of erythropoiesis, GDF15 expression is 
negatively regulated by intracellular iron levels
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iron-sulphur protein synthesis occur. The same properties that 
enable iron to be an efficient cofactor in controlled redox reactions 
are also responsible for its toxicity. Under physiological condi-
tions, iron mainly exists in two valence states, Fe2+ (ferrous) and 
Fe3+ (ferric). Cycling between the two states can lead to formation 
of reactive oxygen species (ROS) and thus oxidative stress. Iron is 
therefore highly regulated within the body, transported and stored 
tightly bound to iron-specific proteins in a non-redox active form. 
Iron in food exists largely as Fe3+, which upon reduction to Fe2+ 
by a membrane reductase and subsequent transport through the 
enterocyte membrane, is oxidized back to Fe3+ after being exported 
out of the enterocytes. Ferric iron is tightly bound to the transport 
protein transferrin in the plasma for delivery to the tissues (Hider 
and Kong, 2011). Iron is primarily stored in the form of ferritin 
in the liver and in the reticuloendothelial system. Under normal 
circumstances, iron uptake from the gut is tightly regulated, and 
transferrin is only approximately one-third saturated (Hentze et al., 
2010). Thus, the levels of non-transferrin bound iron (NTBI), a 
form of iron that might induce oxidative stress, are kept undetect-
ably low. The NTBI is taken up from the plasma in an unregulated 
manner by cells of the endocrine system, the heart, and other tis-
sues, where it can catalyse the formation of ROS, and thus induce 
oxidative stress (Brissot et al., 2012) The Fe2+ and Fe3+ iron redox 
cycling pair catalyses redox conversion of the relatively harmless 
oxygen products, superoxide anion and hydrogen peroxide, into 
the highly reactive hydroxyl radical. The reaction between Fe2+ and 
hydrogen peroxide is also called the Fenton reaction (Fenton, 1894):

(1) Fe2+ + H2O2 → Fe3+ + OH· + OH−

(2) Fe3+ + H2O2 → Fe2+ + OOH· + H+

Reaction (1) was suggested by Haber and Weiss in the 1930s (Haber 
and Weiss, 1932). In the net reaction the presence of iron is truly 
catalytic and two molecules of hydrogen peroxide are converted 
into two hydroxyl radicals and water. The generated radicals then 
engage in secondary reactions. Iron(II) sulphate is a typical iron 
compound in Fenton’s reagent. The exact mechanisms are debated 
(also non-OH· oxidizing mechanisms of organic compounds have 
been suggested) and, therefore, it may be appropriate to broadly 
discuss ‘Fenton chemistry’ rather than a ‘Fenton reaction’.

Hydroxyl radicals can damage a wide range of biological mac-
romolecules in the immediate vicinity (Geisser, 1998). The NTBI 
can increase the intracellular labile iron pool (Brissot et al., 2012), 
which can thus initiate a chain of reactions that result in lipid 
peroxidation, membrane disruption, DNA strand breakage, and 
immunological disturbances.

Iron transport and storage
Production of red blood cells is a very active process leading to 
daily production of 200 billion new mature erythrocytes in order 
to compensate for the destruction of senescent red blood cells by 
macrophages. Erythropoiesis is mainly controlled by erythropoi-
etin and availability of iron. In healthy individuals, three-quarters 
of their total body iron is present in circulating red blood cells, and 
the remaining one-quarter is stored mainly in the liver and bone 
marrow (Figs 125.4 and 125.5).

Normally, one-third of transferrin is saturated with iron (i.e. Fe/
TIBC equals 33%) (Bothwell, 1995). TSAT is decreased when iron 
supply to the plasma from macrophages and other storage sites 
is reduced, that is, iron deficiency anaemia, anaemia of chronic 
inflammation (disease), and in some cases of ferroportin mutations. 
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On the other hand, TSAT is increased when iron supply exceeds 
its demand, that is, aplastic, sideroblastic anaemia, hemochroma-
tosis, liver disease, and other forms of ineffective erythropoiesis. 
Transferrin receptors are present in hepatocytes and epithelial cells 
of the small intestine, including duodenal crypts (Worwood, 1989). 
They probably contribute to the body’s iron sensing (Kawabata et al., 
2001; Deaglio et al., 2002; Robb and Wessling-Resnick, 2004). Each 
receptor can bind two transferrin molecules and, after their endo-
cytosis, iron is offloaded (four Fe3+ atoms) in acidified vacuoles. 
Then the complex of the apotransferrin and transferrin receptor is 
recycled on the cell surface and released into circulation. Plasma 
iron transport is carried out by transferrin, which delivers iron 
into cells through its interaction with a specific membrane recep-
tor, the transferrin receptor (Johnson and Enns, 2004). When iron 
deficiency exists, the soluble transferrin receptor concentration in 
serum rises, even before the haemoglobin concentration is signifi-
cantly depressed (Das Gupta and Abbi, 2003). The sTfR concentra-
tion can therefore detect functional iron status (Baynes et al., 1994; 
Baynes, 1996), while ferritin reflects the iron storage status (Finch 
et al., 1986). Studies have shown that the level of sTfR is markedly 
elevated in iron deficiency anaemia but remains normal in anaemia 
due to chronic inflammation without iron deficiency and thus may 
be of some help in differentiating between iron deficiency anaemia 
and anaemia of chronic disorders (ACD) (Ferguson et al., 1992; 
Berlin et al., 2011). However, some data have demonstrated that 
sTfR offers little advantage over conventional laboratory indicators 
of iron status and might not assess the iron status of patients with 
ACD (Wians et al., 2001). Lee et al. (2002) demonstrated that sTfR 
is not superior to ferritin for detecting iron depletion, confirming 
the results obtained by Mast et al. (1998) previously. Therefore, the 
measurement of sTfR has not been introduced to the armamen-
tarium of tests used in the routine measurement of iron status. Lack 
of difference in serum sTfR between the two studied groups might 
be due to its low sensitivity and specificity in assessing iron status 
in a haemodialysis population.

Once taken up by a cell, iron has two possible fates: incorpora-
tion into iron proteins usually as haem or Fe-S clusters, or storage 
in ferritin for a later use during iron deficiency.

Ferritin is present in virtually all cells (including hepatocytes) 
and is the cellular storage protein for iron; it is, however, at the same 
time an acute phase reactant. Ferritin is a cage-like heteropolymer 
of 24 subunits of H- (heavy or heart) and L- (light or liver) types, 
which can hold up to 4500 iron atoms (Wang et al., 2010). Ferritin 
is unique among enzymes in that it stores its substrate after act-
ing upon it (Munro, 1986). As iron is transported into the ferritin 
multimer core, it is oxidized from Fe(II) to Fe(III) by the H-subunit 
(having ferroxidase activity) allowing formation of non-reactive 
ferrihydrate, which assembles as a solid in the core in a process 
involving L-subunit (Torti and Torti, 2002; Carrondo, 2003). 
Although ferritin is a predominantly cytoplasmic protein, a small 
quantity of glycosylated ferritin is secreted into the circulation. The 
serum level of ferritin generally reflects overall iron storage, with 1 
ng of ferritin per mL indicating approximately 10 mg of total iron 
stores (Finch et al., 1986). The intracellular correlate of transferrin 
is ferritin. Aside from its useful role as an indicator of iron stor-
age, the biological purpose of serum ferritin remains unknown. 
Ferritin receptors are present on lymphocytes and other cells, but 
its function is not fully defined (Chen et al., 2005). Bone marrow 
and liver biopsies and/or hepatic magnetic resonance imaging are 

more specific ways to measure tissue iron stores; however, serum 
iron indices are less invasive, less expensive, and clinically available.

Iron deficiency
Iron deficiency anaemia is the most common anaemia worldwide; 
on the other hand, both primary (haemochromatosis) and second-
ary defects in iron regulation leading to iron overload also result in 
human pathology. Most of the conditions associated with secondary 
iron overload are characterized also by anaemia. The source of iron 
may be parenteral (transfusions, iron compounds), from increased 
oral intake (diet, iron compounds), or enhanced iron absorption 
due to ineffective erythropoiesis or liver disease). Sometimes more 
than one factor can be present in the same patient. It is often crucial 
to diagnose the cause of disturbances in iron metabolism, in order 
to determine and deliver the appropriate treatment, including even 
organ transplantation in certain cases.

Iron deficiency may develop when unmet increased iron require-
ments or inadequate supply, or both, are present. The clinical 
presentation of iron deficiency may vary from a chance finding 
of laboratory abnormalities at routine screening in the absence of 
clinical symptoms on the one hand, to profound clinically relevant 
iron deficiency anaemia with pica.

Traditionally, iron deficiency has been classified in three progres-
sive stages (Cook et al., 2003):
◆ Storage iron depletion, characterized only by a fall in serum fer-

ritin below 12 ng/mL with normal haematological parameters 
(haemoglobin, red cell indices)

◆ Iron deficiency without anaemia, characterized with still normal 
haemoglobin levels, but with biochemical and haematological 
signs appearing, such as a decrease in TSAT, increase in circulat-
ing transferrin receptor, rise in erythrocyte zinc protoporphyrin, 
increase in % of hypochromic erythrocytes, and abnormally low 
reticulocyte haemoglobin content

◆ Iron deficiency anaemia, characterized by classical biochemical 
signs of iron deficiency with the haematological changes reflect-
ing iron-deficient erythropoiesis with anaemia, decreased MCV 
(mean corpuscular volume), MCH (mean corpuscular haemo-
globin), reticulocyte haemoglobin content and increased RDW 
(red distribution width).

Iron in chronic kidney disease
In chronic kidney disease (CKD), an important issue is the diagno-
sis of iron deficiency due to the fact that the laboratory criteria are 
markedly different from those in persons with normal renal func-
tion. Absolute iron deficiency is likely to be present in advanced 
CKD when ferritin falls below 100 ng/mL and TSAT falls below 
20% (Fernandez-Rogriguez et al., 1993). In normal subjects, these 
values of ferritin are within the normal range. This discrepancy in 
serum ferritin between normal subjects and CKD patients is partly 
due to the fact that ferritin is an acute phase reactant and CKD is 
a subclinical inflammatory state. However, a functional iron defi-
ciency (FID) may also commonly develop among patients with 
CKD. This is characterized by the presence of adequate iron stores 
as defined by conventional criteria, but with an inability to mobi-
lize this iron rapidly enough to adequately support erythropoiesis 
with the administration of erythropoietin. An inadequate amount 
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of iron is released from the liver and other storage sites. Among 
such patients, the serum ferritin level is either normal or elevated 
(often between 100 and 800 ng/mL), with a TSAT typically ≤ 20%.

The iron replete state is characterized by increased production 
of ferritin to permit adequate storage along with decreased pro-
duction of the transferrin receptor to minimize further iron entry 
into the cell. To establish the presence of iron overload (increased 
body iron burden) serum iron studies, various radiological tech-
niques, liver biopsy, and assessment of the response to phlebotomy 
or chelation therapy should be assessed (Jensen, 2004). In severe 
iron overload states, TSAT can approach 100% and the unsaturated 
iron-binding capacity can approach zero. A fasting TSAT ≥ 60% 
in men or ≥ 50% in women has an accuracy of > 90% in detecting 
patients with the homozygous form of hereditary haemochromato-
sis in whom clinical symptoms and/or documented iron overload 
is present (Edwards and Kushner, 1993). Serum ferritin concentra-
tions > 300 ng/mL in men and 200 ng/mL in women are suggestive 
of iron overload, provided that acute inflammation is also not pre-
sent (Edwards and Kushner, 1993).

In the older era, before the advent of erythropoietin therapy, 
patients with CKD had to cope with basal haemoglobin concentra-
tions of 5 or 6 g/dL, with periodic red cell transfusions to abrogate 
severe symptoms of lethargy and poor physical capacity. At that 
time, secondary haemosiderosis due to multiple blood transfu-
sions was not uncommon. Many of the patients became iron over-
loaded, with organ dysfunction due to tissue iron deposition. In the 
pre-erythropoietin era, high-volume blood transfusions were com-
mon practice for treating anaemia of CKD. In the recent Kidney 
Disease: Improving Global Outcomes guidelines even more liberal 

thresholds for the use of iron therapy is recommended, suggesting 
that clinicians consider the potential for iron to increase haemo-
globin in patients who have a serum ferritin concentration of 500 
ng/mL or less and a TSAT level of 30% or less (Drüeke and Parfrey, 
2012). Iron metabolism in CKD/haemodialysis patients is depicted 
in Fig. 125.6

Functional iron deficiency
An important issue in the diagnosis of iron deficiency in patients 
undergoing chronic haemodialysis is the markedly different labora-
tory criteria compared to those of patients with relatively normal 
renal function. It is now recognized that FID may commonly exist 
among patients with renal failure. This state is characterized by the 
presence of adequate iron stores, as defined by conventional cri-
teria, but with insufficient mobilization of the iron to adequately 
support erythropoiesis with the administration of erythropoiesis 
stimulating agents (Nissenson, 1997). In this setting, an inadequate 
amount of iron is released from the liver and other storage sites. The 
first reports on FID date back to 1989 (Macdougall et al., 1989; Van 
Wyck et al,. 1989), however, to date, no generally accepted defini-
tion has been agreed. It is, however, widely acknowledged that it is 
associated with lowered TSAT and elevated ferritin (Rambod et al., 
2008). The diagnosis of iron deficiency or FID is particularly chal-
lenging in patients with acute or chronic inflammatory conditions, 
because most of the biochemical markers of iron metabolism are 
affected by the acute phase reaction. Thus, serum iron and ferri-
tin may be falsely altered in complex medical situations (Rambod 
et al., 2008). There is also no consensus in the nephrology commu-
nity on the upper level of ferritin (Dukkipati and Kalantar-Zadeh, 
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2007). It was reported that serum ferritin is a reliable marker of 
bone marrow iron stores in haemodialysis patients (Rocha et al., 
2009). Although the number of iron-stained cells in bone mar-
row is the gold standard of iron stores, these patients may have 
a decreased serum iron level and thus limited iron available for 
erythropoiesis. Moreover, this is a cumbersome, costly and invasive 
method of determining body iron stores. FID usually responds to 
iron therapy, whereas inflammatory iron block usually does not. 
Unfortunately, with both FID and inflammatory iron block, the 
TSAT is < 20% and the ferritin level is elevated (between 100 and 
800 ng/mL). The response to erythropoietin or parenteral iron may 
help distinguish among these two possibilities. With erythropoietin 
administration, ferritin levels may decrease in patients with FID 
but not with inflammatory iron block. Inflammatory iron block is 
also most likely to be present if the administration of intravenous 
iron is associated with a progressive increase in ferritin concentra-
tion rather than with increased erythropoiesis.

Hepcidin—the iron gate-keeper
Hepcidin, a recently discovered small, cysteine-rich cationic pep-
tide, was isolated independently by two groups searching for novel 
antimicrobial peptides. In 2000, Krause et  al. isolated a novel 
peptide from plasma. Since it was produced by the liver and had 
antimicrobial properties, it was named liver-expressed antimicro-
bial peptide-1 (LEAP-1), whereas Park et al. (2001) isolated this 
peptide from human urine and designated it as hepcidin (hepatic 
bactericidal protein). As reviewed by Ganz (2003), the structure of 
hepcidin is highly conserved among mammals, suggesting a key 
role in major biological functions. The connections of hepcidin to 
iron metabolism were described by Nicolas et al. (2001) and Pigeon 
et al. (2001). Nicolas et al. (2001) identified that the murine gene 
hepcidin had a role in iron metabolism completely serendipitously. 
They worked on glucose metabolism-related transcription fac-
tor USF2 (upstream stimulatory factor 2) knockout mice, which 
unexpectedly were iron overloaded. It was found that instead of the 
USF2 gene, the hepcidin gene was disrupted in these mice, whereas 
Pigeon et al. (2001) searching for iron upregulated genes, discov-
ered that murine hepcidin mRNA expression was increased by iron 
overload and decreased by iron depletion.

Hepcidin is a product of the 2.5 kb HAMP gene, consisting of 
three exons and two introns, located on the long arm of chromo-
some 19 (NCBI Gene ID 57817). Hepcidin is expressed predomi-
nantly in the liver, but lower expression was also detected in the 
kidney, heart, skeletal muscle, and brain. Hepcidin-25, the major 
form of mature hepcidin, is cleaved from prohepcidin by con-
vertases. Hepcidin-25 has both iron-regulatory and antimicrobial 
properties (Park et al., 2001; Rivera et al., 2005). Localization of 
hepcidin in the kidney implicates an iron-regulatory role of this 
peptide hormone in the renal tubular system, possibly in connec-
tion with the iron transporter, divalent metal transporter-1. DMT1 
expression has been shown to be highest at the apical pole of epi-
thelial cells of distal tubules and collecting ducts, where hepcidin 
was also found. Kulaksiz et al. (2005) suggested that hepcidin is 
involved in a sophisticated regulation of renal iron transport and 
their RT-PCR experiments show that hepcidin was intrinsically 
produced in the kidney. The main function of hepcidin is homeo-
static regulation of iron metabolism and mediation of host defence 
and inflammation. Hepcidin is the predominant negative regulator 

of iron absorption in the small intestine, iron transport across the 
placenta, and iron release from the macrophages (Ganz 2003) (Fig. 
125.7). Hepcidin controls intestinal iron absorption by regulating 
ferroportin expression on the basolateral membrane of entero-
cytes. Hepcidin directly regulates the expression of ferroportin on 
cell membranes, binding to it and inducing its internalization and 
degradation, thus trapping iron in enterocytes, macrophages, and 
hepatocytes. The net effect of hepcidin is the diminished absorp-
tion of dietary iron and sequestration of iron in macrophages and 
hepatic stores. The absence of hepcidin synthesis naturally leads to 
a major loss of control over iron release by enterocytes and mac-
rophages followed by circulatory iron overload. Hepcidin, like 
other defensins, is an antimicrobial peptide killing them on con-
tact. However, it has not been found to have chemotactic proper-
ties, and it differs structurally from other defensins (Hunter et al., 
2002). Therefore, hepcidin wards off infections, in part as a defen-
sin (it possesses antimicrobial activity) (Yang et al., 2004), an acute 
phase protein and by causing hypoferraemia (Nemeth et al., 2003). 
Hepcidin is an acute phase protein that is synthesized to restrict the 
body’s iron stores, to prevent iron being requisitioned by invading 
microorganisms, but this itself does not explain how it responds to 
the body’s iron needs.

The peptide is apparently upregulated in uraemia, as in other 
chronic inflammatory states (Ganz, 2006; Ashby et al., 2009; Viatte 
and Vaulont, 2009; Zaritsky et al., 2009) and its presence has pro-
vided a biological explanation for why CKD patients absorb iron 
poorly from the gut, and also why many haemodialysis patients 
develop FID in the presence of inflammation (Malyszko and 
Mysliwiec, 2007)  (Fig. 125.8). Deteriorating renal function may 
enhance overall inflammatory responses because of the decreased 
renal clearance of factors that are directly or indirectly involved 
in inflammation, the same applied relation between residual 
renal function and inflammation (Malyszko et  al., 2009)  as well 
as hepcidin and residual kidney function (Malyszko et al., 2010). 
Ever since the discovery of hepcidin nearly 10 years ago, various 
groups of scientists have attempted to develop reliable assays for 
the measurement of this peptide in biological fluids. Hepcidin-25 
was initially identified in human blood using a mass spectrometric 
assay (Krause et al., 2000). Then Park et al. (2001) isolated urinary 
hepcidin-25 and hepcidin-20 using cation exchange chromatog-
raphy and reverse-phase high-performance liquid chromatogra-
phy. At present, there is no consensus on the best assay method 
for hepcidin, and assays for hepcidin detection and quantification 
in serum or urine have not been generally available. The detection 
and quantification of hepcidin in plasma and serum have been 
hampered by technical difficulties (small size of hepcidin, limited 
availability of the antigen, isolation of hepcidin from urine involves 
complex, and time-consuming procedures). This might be due to 
the fact that free serum hepcidin is very quickly cleared from the 
bloodstream by binding to ferroportin and its subsequent cellular 
internalization. Urine hepcidin assays seem to be preferable for 
studies on iron metabolism however, it does not apply for dialysed 
patients. It has also been demonstrated that inflammation (acute 
and chronic), intravenous iron, and erythropoietin administration 
(Ashby et al., 2009) influence hepcidin levels. It was also suggested 
that measurement of serum hepcidin might have a role in predict-
ing CKD patients’ response to intravenous iron therapy (Swinkels 
and Wetzels, 2008). However, Tessitore et al. (2010) reported that 
serum hepcidin did not predict the haemoglobin response to 

 



Fe

Fe

Fe

Fe

Duodenum

Fetus

Endometrium

Placenta

Umbilical Cord

Cervix

Stomach

Duodenum

Spleen

Hepcidin

H
epcidin

Hepcid
in

H
epcidin

Macrophages
with senescent RBC

Fig. 125.7 Hepcidin and iron transport. Iron absorption is reduced by hepcidin and iron is sequestered in liver and macrophages. Hepcidin also reduces iron transport 
across the placenta.

Macrophages
with senescent RBC

↑Hepcidin

+ +

Decreased hepcidin
excretion 

↓Fe absorption

↓Release of Fe from
macrophages 

Spleen

↓Release of Fe from
hepatocytes 

Mobilization of stored iron from liver

Hepcidin HepcidinH
epcidin

Release of recycled iron from 
macrophagesDuodenum

Stomach

Duodenum

Inflammation
Infection

IL-6

Fig. 125.8 Hepcidin in anaemia in dialysis patients. Hepcidin levels are increased, leading to functional iron deficiency.



CHAPTER 125 iron metabolism in chronic kidney disease 1007

intravenous iron loading. They used SELDI-TOF mass spectrom-
etry assay to measure serum hepcidin-25 and hepcidin-20. While 
their study suggested an important role for hepcidin in regulating 
iron homeostasis in HD patients on ESA, they did not support 
its utility as a predictor of iron needs, offering no advantage over 
established markers of iron status. To date, none of the published 
studies have focused on the FID, hepcidin, and other iron players 
in haemodialysis populations.

Nephrologists may quite rightly have a sense of déjà vu, recalling 
that the early assays for parathyroid hormone (PTH) detected frag-
ments of PTH rather than the intact molecule (Macdougall et al., 
2010). The ‘round robin’ exercise of comparing measurements of 
hepcidin among different assays worldwide has highlighted this 
problem, with a 10-fold variation between the more sensitive mass 
spectrometric methods and the immunoassays, such as the recently 
published ELISA (Kroot et al., 2009). We should exercise caution 
in the interpretation of these results as intra-individual variability 
of serum hepcidin-25 in haemodialysis patients has been recently 
reported (Peters et al., 2012). They measured hepcidin-25 in hae-
modialysis patients using mass spectrometry and ELISA. These 
findings suggest considerable variability of serum hepcidin levels 
in HD patients. As the authors stated, further inflammation and 
the use of iron did not impact on the degree of variability, and 
hepcidin levels were higher after an interdialytic period of 3 versus 
2 days.

In an experimental model, Sasu et al. (2010) reported that sup-
pression of hepcidin mRNA improved anaemia in a mouse model 
of inflammation and high-affinity antibodies neutralized hepcidin 
and increased haemoglobin levels. Thus anti-hepcidin antibod-
ies may be an effective treatment for inflammatory anaemia and 
manipulation of iron metabolism in vivo may allow investigation of 
the role of iron in other conditions. Thus, targeting hepcidin may 
have some utility as an adjunctive therapy in some conditions, such 
as β-thalassemia, iron overload, IRIDA, and ACD. Potential thera-
pies downregulating hepcidin may include mimicking soluble HJV, 
inhibition of BMP receptors (dorsomorphin), interruption of IL-6 
activation (tocilizumab-neutralizing antibody to IL-6, approved for 
rheumatoid arthritis, ameliorates anaemia in Castleman disease), 
inhibition of STAT3—curcumin and others. Inhibition of HIF pro-
lyl hydrolylase has also been shown to decrease hepcidin levels.

On the other hand, modulation of hepcidin activity may be asso-
ciated with some risks: inhibition of hepcidin may increase the risks 
of infection/inflammation, as well as tumour growth (serious infec-
tions including tuberculosis after tocilizumab use for rheumatoid 
arthritis), stabilization of HIF in some studies enhances tumour 
growth, interruption of BMP (particularly BMP-6) may result in 
calcification of tissues (including peritoneum), and interruption of 
the binding of hepcidin to ferroportin may enhance iron absorp-
tion and mobilization (Sun et al., 2012).

Summary
Iron metabolism is not well described in CKD. Although iron 
handling is frequently termed iron metabolism, iron itself is 
not metabolized in a classical sense. Systemic iron homeostasis 
involves meticulous control of intestinal iron absorption, effec-
tive utilization of iron for erythropoiesis, efficient recycling of 
iron from senescent erythrocytes, and controlled storage of iron 
by hepatocytes and macrophages. Hepcidin, a peptide hormone 

produced by the liver, has primary responsibility for modulating 
iron availability to meet iron needs. The diagnosis of iron defi-
ciency in CKD is an important issue since the laboratory crite-
ria are markedly different from those in persons with relatively 
normal renal function. In normal subjects, the values of ferritin 
are within the normal range. These discrepancies in serum fer-
ritin between normal subjects and CKD patients are partly due 
to the fact that ferritin is an acute phase reactant and CKD is a 
subclinical inflammatory state. FID may also exist among patients 
with CKD and should be differentiated from inflammatory block. 
Despite many years of research, there are no biomarkers consid-
ered as ‘gold standards’ for iron stores or availability, therefore the 
search for them continues.
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Iron management 
in renal anaemia
Iain C. Macdougall

Introduction
Although erythropoietin is the principal regulator of red cell pro-
duction, normal erythropoiesis can only occur with an adequate 
supply of iron to the bone marrow. If this does not occur, then red 
cells can still be produced, but they contain reduced amounts of 
haemoglobin since iron is the major component of haem. In the 
early stages of iron insufficiency, only a small proportion of the 
youngest red cells will be affected, but as the older populations of 
red cells become effete, a greater proportion of the total circulating 
red cell population will have reduced intracellular haemoglobin. 
Automated blood count analysers can track the evolution of this 
process. Thus, initially the reticulocyte haemoglobin content will 
be reduced, and later the haemoglobin content and haemoglobin 
concentration of the mature red cells will be low. Increasing num-
bers of red cells are affected. The mean cell haemoglobin content 
(MCH) and mean cell haemoglobin concentration (MCHC) will 
become abnormally low. Even later in this process, the volume of 
the red cells will be affected, and advanced iron deficiency is there-
fore also associated with a low mean cell volume (MCV) of the red 
cell population.

Detecting and treating this condition is important since a 
reduced haemoglobin content in the red cell population will result 
in an overall decrease in circulating haemoglobin concentration, 
and this will reduce the oxygen-carrying capacity of the blood. 
Various laboratory markers of iron status are available (see below), 
and additional supplemental iron may be given by either the oral or 
intravenous (IV) route.

Markers of iron status
Since the advent of erythropoiesis-stimulating agent (ESA) therapy, 
which increased the demand for iron due to the enhanced produc-
tion of red cells, the need for detecting iron insufficiency became 
more pertinent. There are quite a number of laboratory parameters 
of iron status recognized, with variable efficacy and availability 
(Table 126.1).

The serum ferritin is perhaps the most well known and widely 
available. Normal values in healthy individuals range from a lower 
level of approximately 20–30 micrograms/L up to an upper limit 
of around 300 micrograms/L. Levels < 20 micrograms/L indicate 
unequivocal iron deficiency and reduced total body iron stores, and 
there is no other explanation to account for this. However, values 
above this lower threshold do not exclude an inadequate supply 

to the bone marrow, and there are several possible causes for this, 
some of them highly relevant to patients with chronic kidney dis-
ease (CKD). Thus, serum ferritin is an acute phase reactant, and 
may be spuriously elevated in conditions where there is underly-
ing infection or inflammation. It is now recognized that patients 
with CKD, particularly those receiving regular haemodialysis, have 
a chronic inflammatory state, and thus the serum ferritin levels 
may be falsely elevated. Liver disease and underlying malignancy 
may have the same effect. Thus, patients with active liver disease 
may have ferritin levels in the thousands. Studies in patients with 
CKD reveal highly variable levels (Fishbane et al., 2009), and levels 
within the normal laboratory range are known to occur in patients 
who have obviously reduced iron content in their bone marrow 
(Stancu et al., 2010). Despite these limitations, measurement of the 
serum ferritin is widely used, being available in most hospital labo-
ratories, and is easy to perform.

Measurement of the serum iron is not a good indicator of iron 
deficiency, due to the considerable variability in normal measure-
ments. Furthermore, it is not the serum iron per se that is relevant 
to the diagnosis of iron deficiency, but rather its relationship to the 
circulating serum transferrin or total iron binding capacity (TIBC). 
This relationship is usually expressed as a percentage, and is known 
as the transferrin saturation (TSAT). In healthy individuals, the 
transferrin saturation is usually > 20%, and lower values are sug-
gestive of iron deficiency. Similarly, in conditions of iron overload, 
such as hereditary haemochromatosis, transferrin saturation levels 
may be in excess of 50%. Values even higher than this are also com-
mon shortly after administering IV iron.

The transferrin (or TIBC) levels may be reduced in states of mal-
nutrition, and the diurnal variation of iron also makes the trans-
ferrin saturation measurement unreliable as an indicator of iron 
deficiency. The transferrin saturation is, however, widely avail-
able in hospital laboratories, and along with serum ferritin is most 
widely used in patients with CKD.

Percentage of hypochromic red cells (%HRC) was introduced 
at around the same time as recombinant human erythropoietin 
became widely available (Macdougall et al. 1992). Modern-day flow 
cytometric methods allow the volume and haemoglobin concentra-
tion of individual red cells to be accurately calculated, and by ‘gat-
ing’ the red cell population according to size and haemoglobin, it is 
possible to ascertain if the proportion of circulating red cells with 
a low intracellular haemoglobin concentration is increasing. Early 
studies investigating this method used a lower cut-off haemoglobin 
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concentration of 28 g/dL, and in the normal healthy population, 
this would represent < 2.5% of the total red cell population. If 
this value increased to > 10% of the red cell population, this was 
regarded as unequivocally abnormal, and highly suggestive of iron 
insufficiency. There are, however, two problems with this measure-
ment: firstly, it is not available in many hospital laboratories, and 
secondly, the sample is required to be analysed shortly after the 
phlebotomy. Thus, any delay in the sample reaching the haematol-
ogy laboratory may cause spuriously abnormal results.

Reticulocyte haemoglobin content (CHr) is very similar to the 
measurement of hypochromic red cells, requiring specialized auto-
mated blood count analysers. In this instance, however, the hae-
moglobin content of the individual reticulocytes is assessed, and 
values < 29 pg per cell were reported to be indicative of iron insuf-
ficiency. Although this laboratory measurement was approved by 
the US Food and Drug Administration for reimbursement, the test 
suffers from the same limitations as for the %HRC, namely that the 
required automated blood count analysers are not widely available. 
The latest automated blood count analysers have developed other 
measurements of red cell or reticulocyte morphology, although 
their utility in the reliable detection of iron deficiency has not been 
established in robust scientific studies.

The serum transferrin receptor (sTfR) is used as a marker of iron 
deficiency in some clinical scenarios outside the renal setting. Levels 
of this protein are indeed increased in iron deficiency in an attempt 

to increase the cellular uptake of iron, but other factors may also 
affect the circulating levels of sTfR. Notably, any condition in which 
there is increased erythropoiesis (such as a haemolytic condition 
in a non-renal population, or with ESA therapy in a renal popula-
tion) will cause sTfR levels to increase. The measurement is also 
not readily available in many hospital laboratories, and its utility in 
detecting iron deficiency in patients with CKD is largely unproven.

Erythrocyte zinc protoporphyrin (ZPP) levels have been suggested 
as a marker of iron deficiency, largely in non-renal populations. 
Data in patients with CKD are, however, sparse, and the method 
is time-consuming and laborious. Most units do not have access to 
this measurement, and it has little or no role in the detection of iron 
deficiency in the renal setting.

Red cell indices (such as MCV, MCH, and MCHC) may sug-
gest underlying iron deficiency but, as indicated above, is a late 
phenomenon in the evolution of this condition. By the time the 
mean volume and mean haemoglobin concentration of a red cell 
population is reduced, iron deficiency is in an advanced state. 
Furthermore, other conditions affecting red cell morphology, such 
as sickle cell disease and haemoglobinopathies (e.g. thalassaemia) 
will also cause abnormalities in red cell indices.

Bone marrow stainable iron. It is possible to stain iron in the bone 
marrow, using reagents such as Prussian blue. Absence of any stain-
able iron in the bone marrow is strongly indicative of iron defi-
ciency, but this method is clearly invasive and impractical for serial 
monitoring.

Serum hepcidin. The development of reliable assays for measuring 
serum hepcidin raised expectations that this laboratory measure-
ment may circumvent many of the problems of the more traditional 
markers of iron status. This peptide is the major regulator of iron 
homeostasis (see Chapter 125), and it is possible to measure this 
molecule in serum using either an immunoassay or mass spec-
trometry. Immunoassays for hepcidin are now commercially avail-
able, but the specificity for biologically-active hepcidin is lacking, 
and thus the breakdown fragments of hepcidin (hepcidin-22 and 
hepcidin-20) may also be detected. Mass spectrometric methods 
are more accurate, but are clearly cumbersome, time-consuming, 
and costly. Furthermore, a study prospectively evaluating serum 
hepcidin as a marker of iron insufficiency showed a low sensitivity 
and specificity for this condition (Tessitore et al., 2010).

Classification of iron deficiency
Iron deficiency may be classified as either absolute or functional. 
Absolute iron deficiency is a condition in which the total iron stores 
are reduced, with a consequent starvation of the bone marrow for 
iron. Functional iron deficiency is when total body iron stores are 
normal or increased, but there is an inability to release iron from 
the stores rapidly enough to provide a ready supply of iron to the 
bone marrow.

Absolute iron deficiency may result from a low iron intake and/
or increased iron losses due to occult or overt bleeding. Functional 
iron deficiency may be further subclassified into (a) a condition in 
which erythropoietic activity is increased to a level in which the 
supplies of iron are unable to keep pace with the requirements of 
the bone marrow, and (b) a condition in which there is upregu-
lation of hepcidin due to acute or chronic inflammation, effec-
tively locking iron into the cells of the reticuloendothelial system 
in the liver, spleen, and macrophages. This is further exacerbated 

Table 126.1 Markers of iron status

Marker Characteristics

Serum ferritin Reasonable marker of iron stores, but artificially 
elevated in the presence of inflammation or liver 
disease

Transferrin saturation 
(TSAT)

Subject to considerable diurnal variation; widely used in 
the United States

Hypochromic red 
cells

Several studies suggest that this is the most sensitive/
specific maker of iron deficiency, but requires to be 
performed on a fresh blood sample, and requires 
specific automated blood count analysers which are 
not widely available

Reticulocyte 
haemoglobin 
content (CHr)

Also a fairly sensitive/specific maker of iron deficiency, 
but requires specific automated blood count analysers 
which are not widely available

MCV, MCH, MCHC Abnormalities of these red cell indices will only occur 
in long-standing iron deficiency, and therefore not a 
sensitive marker of iron status

Serum transferrin 
receptor

Used outside the nephrology setting, but not helpful 
in patients receiving ESA therapy since this parameter 
will increase in either iron deficiency or enhanced 
erythropoiesis

Erythrocyte zinc 
protoporphyrin 
levels

Largely a research investigation with no practical 
applicability

Serum hepcidin 
levels

A novel biomarker of iron status which remains 
experimental

Bone marrow Useful investigation, but invasive and not practical for 
repeat assessments
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by hepcidin-induced inhibition of dietary or oral iron via the gut 
enterocytes. In this latter scenario, it may be possible to circumvent 
this via administration of IV iron.

Detection of iron deficiency
Iron deficiency in patients with CKD is known to be common, due 
to a combination of low oral intake and increased iron losses (see 
Chapter 123). Given the critical role of iron in erythropoiesis, it is 
important to detect this condition early and replace supplemental 
iron as required.

Many studies have sought to determine the best markers of iron 
status to achieve this, usually employing a ‘gold standard’ of a hae-
moglobin response to the administration of IV iron. Tessitore et al. 
(2001) compared six of the previously-mentioned iron markers 
(ferritin, transferrin saturation, hypochromic red cells, reticulo-
cyte haemoglobin content, transferrin receptor, and erythrocyte 
zinc protoporphyrin). Receptor operator curve (ROC) analyses 
suggested that a level of hypochromic red cells > 6% yielded the 
greatest sensitivity/specificity, closely followed by the reticulocyte 
haemoglobin content. In this study, the serum ferritin and transfer-
rin saturation measurements were not much greater than the line 
of equality (i.e. the same sensitivity/specificity as tossing a coin). 
Despite the study, serum ferritin and transferrin saturation have 
been the most widely used and studied parameters, largely due to 
their widespread availability.

For serum ferritin, a minimum cut-off of 100 micrograms/L has 
been suggested for patients with CKD, despite the lower limit of 
normal in healthy individuals being around 20 micrograms/L. This 
is thought to be partly due to increased inflammation in the CKD 
population. There has been much debate about the upper limit of 
ferritin that excludes iron deficiency, and data from the DRIVE 
study suggested that some patients with ferritin levels up to 1200 
micrograms/L still respond to IV iron. Other than the DRIVE 
study, there is a paucity of data to support an accurate upper limit 
of ferritin to exclude iron insufficiency.

In haemodialysis patients, in whom there is an even greater 
degree of chronic inflammation than in the non-dialysis CKD 
population, the lower limit of acceptable ferritin to exclude iron 
deficiency has been reported in various clinical practice guidelines 
of renal anaemia management to be 200 micrograms/L. In short, in 
the setting of CKD, avoidance of serum ferritin level below 100 or 
200 micrograms/L has been recommended.

The clinical practice guidelines of renal anaemia management 
also suggest cut-off values for transferrin saturation, hypochromic 
red cells, and reticulocyte haemoglobin content. For many years, 
the minimum recommended acceptable level of transferrin satura-
tion was 20%. In line with the evidence base, however, it is clear 
that some patients with transferrin saturation levels between 20% 
and 30% may still respond to IV iron, and indeed a randomized 
controlled trial comparing cut-offs of 20–30% versus 30–40% sug-
gested reduced dosage requirements for recombinant erythropoi-
etin at the higher threshold. The Kidney Disease Improving Global 
Outcomes (KDIGO) clinical practice guideline on renal anaemia 
management published in August 2012 suggested that there may 
be some patients who will derive an increased haemoglobin and/
or a reduced ESA dosage requirement with transferrin saturation 
levels up to 30% (National Kidney Foundation, 2012). Beyond this, 
the risks of giving supplemental IV iron were thought to outweigh 

any possible benefits, although robust scientific data in this clinical 
situation are lacking.

Tessitore et al. (2001) suggested that a measurement of hypochro-
mic red cells above 6% was indicative of a functional iron deficiency, 
and this cut-off was adopted by the UK NICE anaemia clinical prac-
tice guideline (National Institute for Health and Clinical Excellence, 
2011). The European Best Practice Guideline, however, used a 
cut-off of 10%, suggesting that functional iron deficiency was likely 
with values above this (Locatelli et al., 2013). The studies of reticu-
locyte haemoglobin content (CHr) suggest that there may be a need 
for supplemental iron if this measurement is < 29 pg per cell. Data 
on any of the other markers of iron status mentioned above are too 
sparse or unreliable to assist in the detection of iron deficiency.

Iron supplementation
Following the detection of overt or suspected iron deficiency, it is 
important to consider the administration of supplemental iron. 
This may be given either orally (in tablet or syrup form) or intra-
venously (as a bolus injection or infusion). In previous days, iron 
could be given intramuscularly, but the injections were painful, 
often resulting in brownish discoloration of the skin, and with the 
risk of producing intramuscular haematomas. Thus, nowadays, 
only the oral or IV routes are used.

Oral iron
There are many preparations of oral iron available commercially. 
Traditionally, these have included the iron salts, such as ferrous sul-
phate, ferrous fumarate, iron succinate, and iron polymaltose. In 
most countries, ferrous sulphate is the cheapest and most widely 
available, with most preparations containing around 60–65 mg of 
elemental iron. This is usually administered two or three times a 
day, although absorption of iron from the gut is limited, and much 
of the iron is excreted in the faeces. In conditions in which there is 
underlying inflammation, hepcidin is upregulated and will further 
inhibit the absorption of oral iron. Thus, it is generally regarded 
that oral iron has no role in patients receiving regular haemodialy-
sis, in whom iron absorption is negligible.

Most of the iron salts also cause gastric or colonic irritation, due 
to a local Fenton reaction in the gut mucosa. The consequence of 
this is that many patients develop gastrointestinal side effects, such 
as nausea, vomiting, abdominal pain, bloatedness, constipation, 
or diarrhoea. For these reasons, many patients do not adhere to 
therapy, and compliance rates are low.

Absorption of supplemental oral iron is maximal if taken with-
out food, since various foodstuffs will interfere with gut absorption. 
This will, however, increase the propensity to develop side effects, 
which can be reduced by taking the oral iron with meals. The lat-
ter will, however, result in reduced iron absorption. Absorption of 
iron from the gut may also be inhibited by the co-administration of 
various medicinal products, including phosphate binders (widely 
used, especially in dialysis patients), proton pump inhibitors such 
as omeprazole, and various antibiotics including ciprofloxacin and 
tetracycline.

Thus, oral iron supplements have the advantages of being more 
physiological, cheap, and easier to administer, but have a number 
of limitations in terms of efficacy and side effects. For these reasons, 
many physicians choose to use IV iron preparations to supplement 
their patients.

 

 

 

 



CHAPTER 126 iron management in renal anaemia 1013

Intravenous iron
The concept of administering parenteral iron to man was intro-
duced in the 1930s, in a seminal paper published in The Journal of 
Clinical Investigation (Heath et al., 1932). Attempts were made to 
directly administer iron salts, such as iron oxyhydroxide, directly 
into the bloodstream, and a number of severe side effects were 
seen, including abdominal pain and vomiting, skin reactions, and 
profound haemodynamic effects. At that time, therefore, it was 
concluded that IV iron was too dangerous to be employed as a 
therapeutic agent.

In the 1940s and 1950s, however, physical chemists attempted to 
make ‘safer’ iron products, and the concept of encasing the iron 
oxyhydroxide molecule in a carbohydrate shell arose. Early carbo-
hydrates employed were dextran, sucrose, gluconate, and polymalt-
ose. These compounds allowed the iron to be released from the core 
(Fig. 126.1) of the molecule slowly enough for it to be taken up by 
circulating transferrin, and thereby avoiding the profound adverse 
effects of direct administration of iron salts.

Although both iron dextran and iron sucrose products became 
available in the 1950s, they were not widely used until the advent of 

recombinant erythropoietin, when suddenly there arose a renewed 
need for IV iron. Iron dextran released the iron most slowly from the 
carbohydrate shell, but iron dextran products had their own unique 
problem, namely anaphylactic reactions caused by pre-formed dex-
tran antibodies. These anaphylactic reactions were life-threatening 
in many cases, and indeed fatalities occurred. It has been recognized 
that anaphylaxis is more common with higher-molecular-weight 
dextrans compared to those of lower molecular weight (LMW), 
and in recent years LMW iron dextran products have been licensed. 
There is, however, still some concern that the risk of anaphylaxis 
with the LMW iron dextrans has not been abolished.

All IV iron preparations, however, may cause injection-related 
reactions, which are usually haemodynamic and caused by the 
vasodilatory properties of the iron complex. They may be due to 
the release of free iron into the circulation, but there is much less 
evidence for them being immunologically mediated than with the 
dextran-containing preparations. In most instances, the ‘free iron’ 
reactions are mild and self-limiting, and do not generally require 
hospitalization.

Iron is released more rapidly from iron sucrose and iron gluco-
nate compared to iron dextran, and thus lower maximum doses of 
these preparations can be administered at any one time (Fig. 126.2). 
Thus, whereas total dose iron infusions of the dextran-containing 
preparations may be given up to 3–4 g at one time, the maximum 
recommended dose of iron sucrose as a bolus is 200 mg, and that 
of iron gluconate is 125 mg. Higher doses of these products may be 
given if administered as a slow IV infusion.

In recent years, three new IV iron preparations have become 
available: ferric carboxymaltose, iron iso-maltoside 1000, and feru-
moxytol. All of these preparations benefit from the lack of need for 
a test dose (required for iron dextran-containing preparations), and 
may be administered as a larger dose over a shorter period of time.

Ferric carboxymaltose was developed and licensed by Vifor 
Pharma in Switzerland. This iron compound is able to be admin-
istered at a dose of 500 mg over 6 minutes, or 1000 mg as an infu-
sion over 15 minutes. No test dose is required, and this product 
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Fig. 126.1 Schematic representation of the structure of intravenous iron 
compounds, incorporating an iron oxyhydroxide core and a carbohydrate shell.
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has reduced the need for many non-dialysis patients to attend 
hospital for multiple visits for their ‘top-up’ of iron. Interestingly, 
a double-blind placebo-controlled trial of ferric carboxymaltose in 
heart failure patients showed some short-term beneficial effects, 
including improved heart failure class, quality-of-life, and physical 
capacity (Anker et al., 2009).

Iron iso-maltoside 1000 was developed by Pharmacosmos in 
Denmark, and is currently available in Europe only. Again, the 
main advantage of this product is that it is possible to administer 
doses of around 1000 mg as a single administration in < 1 hour. 
Comparative head-to-head studies of these newer iron products are 
not available.

Ferumoxytol started out as a magnetic resonance imaging con-
trast agent, with an administration rate of 510 mg of iron over 17 
seconds. It was then developed as an IV iron supplement for treat-
ing iron deficiency anaemia, and was licensed as Feraheme® in the 
United States and Rienso® in Europe. The need to give higher doses 
of IV iron at a single administration is greater in the non-dialysis 
than in the haemodialysis population, since the latter are already 
regularly attending hospital or a dialysis unit several times a week.

All of the IV iron products will supply supplemental iron 
directly to the circulation, and although IV iron is widely used in 
dialysis patients, the long-term safety of this practice has never 
been ascertained. There are theoretical concerns that IV iron 
administration may exacerbate oxidative stress, promote athero-
genesis, and increase cardiovascular toxicity, as well as increase 
the risk of bacterial or fungal infections, with many laboratory 
experiments providing supportive evidence. Data from obser-
vational studies has been conflicting, with some indicating no 
concerns (Feldman et al., 2004) and others suggesting a worse 
outcome with higher doses of iron. However, observational stud-
ies of this nature are hugely confounded, in that it is likely that 
the patients with higher co-morbidities will be given more IV 
iron. Thus, there is a need for properly conducted randomized 
controlled trials of IV iron with robust safety endpoints, as has 
been conducted for the ESAs.

Future of iron management
Ongoing research in this field to facilitate iron management in 
CKD has focused on a number of strategies. These include attempts 
to refine the criteria for the administration of supplemental iron. 
Although the preliminary data with hepcidin as a biomarker for 
iron insufficiency were disappointing, it may be possible to fur-
ther refine the utility of hepcidin in guiding the need for iron 
replacement.

Various attempts have been made to look at alternative means 
of delivering iron via the oral route, with studies being reported 
both in the laboratory and the clinical stage of development. It 
was hypothesized that haem iron may be better absorbed in CKD 
patients than ferrous sulphate, but a randomized head-to-head 
study with haem iron versus ferrous sulphate in peritoneal dialysis 
patients was negative. For haemodialysis patients, a strategy that 
was developed in the 1990s, and has now completed phase 2 trials, 
is the administration of iron sodium pyrophosphate in the dialysate, 
which is then absorbed across the dialysis membrane. Finally, strat-
egies to inhibit hepcidin activity, either by antagonizing the peptide 
directly, or modulating its action, or indeed inhibiting its synthesis 
are currently being examined.
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Introduction
Vitamin D was discovered almost a century ago, and the ‘sunshine 
vitamin’ has been in vogue with the scientific community and the 
general public for over a decade now. Presented by some investi-
gators as the panacea of human disease, others have questioned 
the therapeutic application of this steroid pro-hormone beyond 
traditional mineral-bone protecting effects. Epidemiological stud-
ies have demonstrated a strong association between vitamin D 
and kidney and heart disease, with some supplementation studies 
providing evidence for prevention and intervention of cardiorenal 
injury. Advances in our understanding of the molecular pathways 
at work, in particular the discovery of the ubiquitous expression of 
the vitamin D receptor (VDR) and its immunomodulating effects, 
has made justification for investigation in nearly every organ sys-
tem and disease process. Indeed, one might argue that the research 
community has been overwhelmed by the number of small- and 
medium-sized studies of vitamin D, in part leading to the ambigu-
ity of research findings, although undoubtedly compounded by the 
complexity of the underlying basic science, multiple confounding 
variables, reverse causation bias, challenging laboratory measure-
ments, and confusing nomenclature. Despite an ever-increasing 
body of epidemiological data in support of the association between 
vitamin D deficiency and human disease, there remain no ade-
quately powered trials to prove a cause-and-effect relationship to 
support these observations. The aim of this chapter is to provide a 
detailed description of the important pathways in the synthesis and 
metabolism of vitamin D, its biological and physiological roles, how 
it can be effectively measured in the clinical setting, and to discuss 
key studies investigating the consequences of vitamin D deficiency 
and depletion to a variety of target organs, as well as summarizing 
the results of existing therapeutic ‘supplement’ strategies.

Vitamin D biology
Vitamin D metabolism
Vitamin D is a fat-soluble steroid pro-hormone integral to the 
regulation and absorption of calcium and is therefore important 
in skeletal mineralization and bone metabolism. The nomenclature 
of vitamin D can be confusing, partly owing to its various forms, 
both active and inactive, and stages of metabolism and hydroxyla-
tion. Vitamin D2, or ergocalciferol is present in plants and some 
fish, whilst vitamin D3, cholecalciferol, is primarily synthesized 
photochemically from 7-dehydrocholesterol in the skin, follow-
ing exposure to ultraviolet B radiation in sunlight. Some vitamin 

D3 is also absorbed in the intestine from dietary sources such as 
oily fish and fortified dairy products. Vitamin D metabolites are 
transported in the circulation by plasma vitamin D-binding protein 
(Nykjaer et al., 1999). In the liver, these forms of vitamin D undergo 
hydroxylation by 25-hydroxylase (CYP2R1) and are converted to 
25-hydroxyvitamin D (25(OH)D), or calcidiol. In clinical practice, 
it is conventionally this form of vitamin D which is measured by 
laboratory assays and therefore the determinant of vitamin D status 
in the clinical setting (Holick, 2007).

The calcidiol–vitamin D-binding protein complex is trans-
ported to the kidneys and following glomerular filtration, 
enters proximal tubular epithelial cells, where it undergoes 
megalin-mediated uptake at the brush border. In tubular epi-
thelial cells, calcidiol is further metabolized by the enzyme 25 
hydroxyvitamin D-1-α-hydroxylase (CYP27B1), to the active form 
1,25-dihydroxyvitamin D (1,25(OH)2D3), or calcitriol (Brannon 
et al., 2008). CYP27B1 is present in a number of local and distant 
sites and cells in the body, including the skin, bowels, bone, and 
brain (Kulie et al., 2009) and regulates circulating concentrations 
of active vitamin D. Vitamin D can be directly inactivated by the 
enzyme 1,25-dihydroxyvitamin D3 24-hydroxylase (CYP24A1) by 
the addition of another hydroxyl(OH) group at position 24. This 
results in the generation of 1,24,25(OH)3 vitamin D3 and subse-
quently 1α-hydroxy-23 carboxy-24,25,26,27-tetranorvitamin D3, 
calcitroic acid, the inactive water soluble form of vitamin D which 
is excreted by the kidney. Although CYP27B1 can be downregu-
lated directly through signalling pathways with vitamin D itself, the 
regulation of vitamin D is primarily through a network of negative 
feedback interactions, with calcium, parathyroid hormone (PTH), 
and especially fibroblast growth factor 23 (FGF23) (Larsson, 
2010) playing prominent roles. Some of the complexity of the sys-
tem is shown in Fig. 127.1.

Vitamin D assays and measurements in the laboratory
Establishing a reliable and uniform means of measuring vitamin D 
and its various metabolites in the laboratory has been a challenge. 
PTH, for example, is notoriously tricky to measure accurately, and 
there are several different assays in current commercial use, giv-
ing widely different results (La’ulu and Roberts, 2010). There is a 
similar situation in the case of the vitamin D assays—1,25(OH)2D 
(which has a short half-life of a few minutes) is very laborious to 
measure, and correspondingly expensive, whereas 25(OH)D—with 
a much longer half-life of several weeks, acting as a ‘whole-body 
indicator’, is widely used for assessing vitamin D status, but is also 
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methodologically challenged (Carter, 2011). A dramatic increase in 
25(OH)D requests over recent years has prompted many labora-
tories to consider the use of automated immunoassays. To achieve 
this higher throughput, these methods have abandoned the tradi-
tional solvent extraction of samples and are therefore more prone 
to non-specific interference. The Vitamin D External Quality 
Assessment Scheme (DEQAS) has revealed method-related differ-
ences in 25(OH)D results, raising concerns about the comparability 
and accuracy of different assays. One clearly expressed opinion is 
that all 25(OH)D assays should be monitored by a proficiency test-
ing scheme and the results made available to clinicians and editors 
of scientific journals (Carter, 2011). Further, most assays measure 
vitamin D2 and D3 (whether mono- or di-hydroxylated) together; 
only some tandem mass spectrometry assays can reliably sepa-
rate and measure the two species separately. Clearly this is an area 
where considerable resource and time must be devoted to ensure 
widespread adoption of standardization.

Vitamin D, calcium, and parathyroid hormone
Vitamin D has essential roles in the regulation of calcium through 
reciprocal feedback mechanisms with PTH, plasma phosphorous, 
and FGF23. Under hypocalcaemic conditions, calcium-sensing 
cells in the parathyroid gland produce PTH, which is the main 
inducer of CYP27B1 activity, promoting the conversion of calcidiol 

to active calcitriol. This simulates PTH receptors on osteoblasts, 
which then increase osteoclastic activity in bone through enhanced 
RANK (receptor activator of nuclear factor kappa B (NF-κB))–
RANK ligand interaction. The resulting release of calcium into the 
circulation, combined with the direct effects of active vitamin D, 
work to inhibit the synthesis and suppress the expression of PTH 
(Holick, 2005, 2007). Vitamin D stimulates further calcium absorp-
tion in the intestine, as well as reabsorption from the distal tubule 
in the kidneys. Indeed, without vitamin D, only 10–15% of dietary 
calcium and about 60% of phosphorous is absorbed. The interac-
tion between calcitriol and VDRs increases calcium absorption 
to 30–40% and phosphorous absorption to approximately 80%. 
Calcitonin, a hormone produced by the C cells of the thyroid gland, 
can induce CYP27B1 activity under normocalcaemic conditions 
where the PTH system is downregulated (Doorenbos et al., 2009; 
Zhong et al., 2009). Healthy bone depends on a state of constant 
turnover and remodelling, which is maintained by the homeostasis 
of calcium, vitamin D and PTH described.

In the face of depleted vitamin D levels, calcium homeostasis is 
impaired and PTH left unsuppressed, leading to secondary hyper-
parathyroidism. Increased circulating PTH has damaging effects 
on skeletal integrity:  PTH increases bone turnover by inducing 
osteoblasts to stimulate the maturation of osteoclasts, which in 
turn cause osteoporosis (defined as bone mineral density on dual 
X-ray absorptiometry (DXA) scan ≥ 2.5 standard deviations (SDs) 
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Fig. 127.1 Vitamin D metabolism. Schematic diagram demonstrating the metabolism of vitamin D to its active forms and subsequent negative feedback loops with 
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below mean peak bone mineral density) and osteopenia (defined 
as bone mineral density on DXA scan between 1 to 2.5 SDs below 
mean peak bone mineral density) by increased degradation of 
mineralized collagen matrices, increasing the risk of bone frac-
ture. Deranged renal function contributes to vitamin D deficiency 
through multiple pathways, including loss of CYP27B1 activity and 
a decline in the production of active vitamin D, compounded by 
nutritional vitamin D deficiency/insufficiency. Aberrant vitamin D 
metabolism, calcium and PTH homeostasis, and osteopenia occur 
concurrently with drop in overall renal filtration, with PTH and 
FGF23 levels rising early, when estimated glomerular filtration rate 
(eGFR) falls below 60mL/min (Levin et al., 2007). High circulat-
ing levels of PTH and FGF23, in addition to other phosphatonins, 
physiologically causes phosphaturia through reduced tubular reab-
sorption of phosphate and thereby maintain normal serum phos-
phate levels. In the face of more advanced chronic renal failure, the 
failing kidney and reduced nephron numbers are unable to com-
pensate for this disparity and failure to excrete sufficient phosphate 
leads to increased serum phosphate, exacerbating hypocalcaemia. 
The resultant stimulation of PTH, in addition to increased synthesis 
of FGF23 by osteocytes, has additional deleterious effects on bone 
metabolism, as renal hydroxylation of vitamin D is further sup-
pressed, driving progression of secondary hyperparathyroidism. 
Conversely, over-suppression of PTH is detrimental to bone, as the 
loss of normal bone turnover results in adynamic bone disease and 
increases the risk of fracture.

Fibroblast growth factor 23
FGF23 is the most recently identified FGF protein (Shimada et al., 
2001). It was initially identified as the causative factor of autoso-
mal dominant hypophosphataemic rickets, which is character-
ized by hypophosphataemia due to reduced renal reabsorption of 
phosphate, inappropriately low to normal 1,25(OH)2D3 levels, and 
rickets/osteomalacia. FGF23 was also identified as an ectopically 
overproduced phosphaturic factor in tumour-induced osteomala-
cia (for a comprehensive review, see Larsson, 2010).

Over the last 5 years of clinical and laboratory research, FGF23 
has emerged as a negative regulator of circulating phosphate 
and 1,25(OH)2D3 levels. FGF23 induces phosphaturia through 
decreased expression and endocytosis of the sodium–phosphate 
co-transporters Npt2a and Npt2c in the kidney proximal tubule, 
and directly suppresses renal CYP27B1, leading to decreased 
conversion of 25(OH)D3 to its active metabolite 1,25(OH)2D3. 
Another mechanism by which FGF23 reduces both 25(OH)D3 and 
1,25(OH)2D3 levels is stimulation of CYP24A1, enhancing vitamin 
D degradation.

FGF23 excess is seen in autosomal dominant hypophosphatae-
mic rickets due to activating mutations in the FGF23 gene, causing 
FGF23 resistance to proteolytic degradation. Inactivating muta-
tions in the PHEX or DMP-1 genes lead to X-linked hypophos-
phataemic rickets and autosomal recessive hypophosphataemic 
rickets, respectively. In contrast, inactivating mutations in FGF23 
or in the GALNT3 gene, the latter responsible for post-translational 
O-glycosylation of FGF23, causes tumoural calcinosis, character-
ized by a reversed biochemical phenotype including hyperphospha-
taemia, elevated 1,25(OH)2D3 levels, and extensive soft tissue and/
or vascular calcification (for review, see Foley et al., 2008, 2009).

The Klotho protein is central to interactions between FGF23 
and vitamin D, participating in an inhibitory feedback system 

resulting in suppression of calcitriol synthesis through regulation 
of 1α-hydroxylase gene expression (Tsujikawa et al., 2003). Klotho 
causes modification of the low-affinity FGF receptors (FGF-R1), 
leading to high affinity receptors through the FGF-R1/Klotho com-
plex (Kurosu et al., 2006; Urakawa et al., 2006; de Borst et al., 2011). 
FGF23 binds to the FGF-R1-/Klotho complex, resulting in activa-
tion of the MAPK cascade, and ERK activation with Egr-1 expres-
sion (Kuro-o et al., 1997; Urakawa et al., 2006; Ben-Dov et al., 2007). 
Oxidative stress has been shown to cause downregulation of renal 
Klotho (Mitobe et al., 2005) and conversely, free-radical scavenging 
is able to rescue Klotho expression (Saito et al., 2003). Furthermore, 
the tumour necrosis factor (TNF) converting enzyme, which is 
upregulated in vitamin D deficiency (Dusso et al., 2010), and with 
angiotensin II, has been implicated in cleavage of the extracellular 
domain of Klotho (Chen et al., 2007). Besides its role as part of the 
FGF23 receptor complex, the beta-glucuronidase activity of Klotho 
is important in stabilizing the abundance of the TRPV5 in the api-
cal membrane of the tubular cells (Alexander et al., 2009, Chang 
et al., 2005). Loss of renal Klotho in chronic kidney disease (CKD) 
may therefore lead to calcium loss, which in turn promotes vitamin 
D activation. Over activation of Klotho provides renoprotection in 
mouse (Haruna et al., 2007) and rat (Wang and Sun, 2009) models 
of renal damage, through endothelial protection, with beneficial 
effects on redox and apoptotic processes (Ikushima et  al., 2006; 
Kuro-o, 2008).

Although the classical Klotho–FGF23R complex is needed for 
organ-specific binding in renal tubules, and the choroid plexus, 
FGF23 has more recently been shown to have biological effects 
without activating of Egr-1 (Urakawa et al., 2006), with less specific 
low affinity FGF23 binding to FGF receptors (Frey et al., 2008; Wang 
et al., 2008b). High levels of FGF23 suppress activation of vitamin 
D (Fliser et al., 2007) and FGF23 levels become progressively ele-
vated with worsening stages of CKD (Shimada et al., 2010; Isakova 
et al., 2011), where Klotho expression is downregulated (Galitzer 
et al., 2010; Hu et al., 2011). An increasing number of studies now 
link FGF23 levels with a number of cardiorenal outcomes (Cohen 
et al., 1991; El-Abbadi and Giachelli, 2007; Voormolen et al., 2007; 
Gutierrez et al., 2008; Parker et al., 2010a), even after allowing for 
the already impressive associations with plasma phosphate (Chen 
et al., 2002; Tonelli et al., 2005). These include atherogenesis (Mirza 
et al., 2009a), left ventricular (LV) remodelling (Block et al., 1998; 
Sprague et al., 2003; Mirza et al., 2009b; Kirkpantur et al., 2011), 
proteinuria (Yilmaz et al., 2010), vascular aging (Ikushima et al., 
2006), vascular calcification (Hu et al., 2011), endothelial dysfunc-
tion (Saito et al., 1998), and insulin resistance (Yamamoto et al., 
2005), which will be discussed in more detail in the relevant sec-
tions below. Of greatest interest will be understanding whether 
the marked reduction in synthesis of vitamin D that is seen with 
elevated FGF23 levels (Fig. 127.2) has the same effect on mortality 
and outcomes that we recognize with low or deficient circulating 
levels of 25(OH)D3 or 1,25(OH)2D3 (Wolf et al., 2007).

Vitamin D receptor
It is now known that the VDR, which mediates the biological 
actions of vitamin D, is not only present in what was tradition-
ally considered relevant organ systems, but instead is ubiquitously 
expressed throughout the body, including the heart, blood vessels, 
pancreas, brain, skeletal muscle, immune cells, and kidney (Dusso 
et al., 2005; Holick, 2006b; Doorenbos et al., 2009). The VDR is a 
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ligand-activated transcription factor, predominantly located in the 
nucleus, or in some cells, within lipid rafts of the plasma membrane 
(caveolae). When bound to 1,25(OH)2D3, the activated receptor 
recruits transcriptional cofactor molecules, including the retinoid 
X receptor (RXR), and translocates to vitamin D-response elements 
(VDREs) in the nucleus of target genes, where it acts on gene pro-
moters to regulate transcription. VDRs located in caveolae can also 
mediate ‘rapid responses’ through activation of a number of second 
messenger pathways, triggering cross-talk with voltage-gated cal-
cium or chloride channels, and thereby modulating the expression 
of target genes, as well as non-genomic effects (Saleh et al., 2003).

There is now overwhelming evidence that cells expressing the 
VDR in organs and tissues distant from the parathyroid gland, 
bone, kidney, and intestine, respond to 1,25 dihydroxyvitamin D 
exposure with important functional actions. Furthermore, VDR 
and CYP27B1 single-nucleotide polymorphisms (SNPs) influence 
the response to vitamin D receptor activators and the vitamin D 
binding protein, with functional, clinical consequences (Valdivielso 
and Fernandez, 2006; Hewison, 2012) on vitamin D metabolites 
(Arnaud and Constans, 1993) and their interaction with supple-
mentation and disease. For a detailed review please see Hewison 
(2012). These clinical and mechanistic observations have driven 
research into exploring roles for vitamin D beyond bone metabo-
lism, with the kidney, heart, and vasculature demonstrating par-
ticular involvement and interaction with the hormone. The effect of 
vitamin D and the VDR shall be considered in turn with discussion 
of its relevance to the related organ systems and disease.

Vitamin D immunobiology
As already discussed, the VDR is almost ubiquitously expressed in 
human cells, including cells of both the innate and adaptive immune 

systems. This wide distribution suggests that it has pleiotropic func-
tions in the regulation of immune responses. These immunomodu-
latory functions include both anti-inflammatory (‘regulatory’) and 
some pro-inflammatory effects.

Immune cells, notably T lymphocytes (Sigmundsdottir et  al., 
2007), monocytes/macrophages (Koeffler et  al., 1985; Reichel 
et  al., 1987a, 1987b; Liu et  al., 2006; Adams et  al., 2009), and 
dendritic cells (DCs) (Brennan et al., 1987), express not only the 
VDR but also have the capacity to activate vitamin D through 
expression of the relevant hydroxylase enzymes (CYP271B and 
CYP2R1). 25-hydroxylase is basally active, whereas expression 
of both 1α-hydroxylase and the VDR is induced in immune cells 
through innate immune signals such as interferon-gamma (IFN-γ)
(Reichel et  al., 1987a, 1987b; Koeffler et  al., 1985)  and engage-
ment of pathogen-associated molecular patterns (PAMPs), such 
as the toll like receptors (TLRs) (see Chapter  128) (Overbergh 
et al., 2000; Takeda and Akira, 2005; Liu et al., 2006; Stoffels et al., 
2006; Adams et al., 2009). During infection/inflammation, both the 
VDR and 1α-hydroxylase are activated, resulting in the complete 
activation and signalling machinery of vitamin D. In the immune 
system, vitamin D has many roles, including cell growth and pro-
liferation, cellular development, movement, cell-to-cell signalling, 
and cell death, all of which are mediated through direct effects on 
gene transcription (Baeke et al., 2011). Mechanistically, vitamin D 
complexed to the VDR modifies signals mediated by a number of 
intracellular transcription factors that target immune genes. These 
include NF-κB, AP-1, and NF-AT.

Vitamin D promotes innate immunity through induction of anti-
microbial proteins, such as cathelicidin and defensins (Liu et al., 
2006). Early work on vitamin D and immunity in the 1980s, whilst 
investigating the use of cod liver oil in the treatment of tuberculosis 
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Fig. 127.2 FGF23 in vitamin D biology. Illustration of FGF23 as a negative regulator of vitamin D and summary of interaction with parathyroid gland and kidney.
Crystal structure of FGF23 from Goetz et al. (2007).
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(Grad, 2004), showed that active 1,25(OH)2D reduces prolifera-
tion of Mycobacterium tuberculosis (MTB) in macrophages, an 
effect enhanced by IFN-γ (Rook et  al., 1986)  (which stimulates 
CYP27B1 in macrophages (Koeffler et al., 1985)). The transcrip-
tional response to MTB has subsequently been shown to include 
CYP27B1 and the VDR following PAMP-sensing by TLR2/1 
(Hewison, 2012, Liu et al., 2006). The monocytic response includes 
local activation of vitamin D in response to MTB, with 1,25(OH)2D 
binding to endogenous VDR, supporting an intracrine pathway. 
The antibiotic protein cathelicidin is a direct transcriptional target 
for the 1,25(OH)2D-VDR complex (Gombart et  al., 2005, Wang 
et al., 2004), and induction of cathelicidin enhances MTB death 
with monocytes (Liu et al., 2006), a response influenced by T-cell 
cytokines (Edfeldt et al., 2010). Vitamin D also induces cathelicidin 
in a number of cell lines, including bronchial epithelial cells (Yim 
et al., 2007), keratinocytes (Schauber et al., 2007), and myeloid cells 
(Gombart et al., 2005; Hewison, 2012).

Vitamin D also regulates/modifies adaptive immunity. Treatment 
with 1,25(OH)2D inhibits dendritic cell (DC) maturation (Griffin 
et  al., 2001), attenuating antigen presenting capacity (Hewison 
et al., 2003) and promoting a tolerogenic T-cell response (Penna and 
Adorini, 2000; Adorini et al., 2003). This results in reduced produc-
tion of inflammatory cytokines such as IFN-γ (Penna and Adorini, 
2000; Moro et al., 2008; Ghoreishi et al., 2009), TNF (Cohen-Lahav 
et al., 2007), interleukin (IL)-8, and IL-12 through both a direct 
effect on immune cells and indirect modification of antigen pre-
senting cells (APCs). Thus, VDR and CYP27B1 knockout mice 
develop lymphatic abnormalities secondary to increased numbers 
of mature dendritic cell (Griffin et al., 2001, Panda et al., 2001) and 
disordered signalling (Enioutina et al., 2009). In addition, vitamin 
D modulates T-cell function away from inflammatory phenotypes 
(Th1 and Th17), promoting, in collaboration with IL-2, develop-
ment of regulatory T cells (Tregs) and Th2 cells (Adorini, 2002; 
Adams and Hewison, 2008; Adorini and Penna, 2008; Brown and 
Slatopolsky, 2008; Joshi et al., 2011), thus regulating cell-mediated 
inflammatory responses. Indeed, administration of 1,25(OH)2D to 
renal patients expands Tregs (Barrat et al., 2002), which are dis-
cussed in more detail in Chapter 128.

The net effect of vitamin D on the immune system is enhanced 
innate immunity to pathogens and promotion of adaptive regulatory 
mechanisms in favour of inflammatory ones (McGregor et al., 2014).

Vitamin D and disease
Vitamin D deficiency and insufficiency
The optimal level of vitamin D remains a subject of contention 
but levels of 25-hydroxyvitamin D below 20 ng/mL (~ 50nmol/L) 
are generally accepted as representing deficiency of vitamin D 
(Lips, 2004; Bischoff-Ferrari et  al., 2006; Holick, 2006a, 2007; 
Doorenbos et al., 2009). Despite the fortification of food with vita-
min D, very large numbers of healthy as well as diseased individu-
als remain deficient. Data from the National Health and Nutrition 
Examination Survey (NHANES) suggest that levels of serum vita-
min D in the US population were reduced between the periods 
1988–1994 and 2001–2004 (Ginde et al., 2009). Environmental fac-
tors are likely to explain this trend, with increased use of sunscreen 
(Marwaha et al., 2005) and a sedentary lifestyle with reduced lev-
els of outdoor activity; both of which are associated with reduced 
vitamin D levels (Doorenbos et al., 2009). Approximately 41–53% 

of individuals in the United States have calcidiol levels < 28ng/mL  
(~ 70nmol/L) (Zadshir et al., 2005) and it is estimated that 1 bil-
lion individuals are vitamin D deficient worldwide (Holick, 2007), 
with increased prevalence in elderly cohorts and individuals with 
CKD, although studies have demonstrated suboptimal levels in 
up to 50% of adolescents also (Gordon et al., 2004; Sullivan et al., 
2005). Furthermore, individuals in countries distant from the equa-
tor have reduced vitamin D levels (McKenna, 1992; Vieth, 2004). 
Of interest, no vitamin D is made in the skin at latitude 52° N (the 
latitude of London) from October to March because atmospheric 
ozone filters out ultraviolet B unless the sun is high enough in the 
sky (Webb et al., 1988). Intrinsic factors such as ethnicity also effect 
vitamin D levels; Non-Hispanic black people absorb more ultravio-
let radiation in the melanin of their skin and therefore require more 
sun exposure to produce equivalent amounts of vitamin D. Such 
racial differences in vitamin D exposure and metabolism have been 
incriminated in varied survival patterns between different racial 
groups receiving renal replacement therapy (Wolf et al., 2008), and 
a recent study has suggested that ethnic differences in aortic pulse 
wave velocity, a measure of arterial distensibility, may be related to 
vitamin D levels (Rezai et al., 2011).

Vitamin D and target organ damage: overview
It is well recognized that osteoporosis and osteopenia are common 
in patients with CKD (Pichette et al., 1996; Marcen et al., 2007); 
as a subset of so-called renal bone disease. The mechanisms lead-
ing to bone disease in patients with renal dysfunction are highly 
complex, and some have been discussed above. In the clinical 
arena, there is a wealth of evidence from randomized controlled 
trials and subsequent meta-analyses, that replacing vitamin D in 
deficient individuals (Bischoff-Ferrari et al., 2009) and those with 
osteoporosis (Chapuy et al., 1992; Dawson-Hughes et al., 1997; Tang 
et al., 2007; Avenell et al., 2009) confers strong protective benefits 
against fractures. The Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines from the National Kidney Foundation pro-
vided a reference text in 2003 addressing mineral and bone disor-
ders in CKD. Initial recommendations advised that patients with 
any stage of CKD should have vitamin D levels measured annually 
and supplementation with calcitriol or one of its analogues given to 
maintain levels at 30 ng/mL (~ 75nmol/L) or higher (Brown, 2001; 
National Kidney Foundation, 2003; Holick, 2005), to reduce PTH 
levels and the risk of low bone mineral density and hip fracture 
(National Kidney Foundation, 2003). Updated guidelines released 
by in 2009 took a more conservative stance, emphasizing the impor-
tance of recognizing rates of progression and trends in abnormal 
biochemistry, although with lack of clarification on absolute refer-
ence levels (Kidney Disease: Improving Global Outcomes (KDIGO) 
CKD-MBD Work Group, 2009). For the practising clinician, issues 
pertaining to screening and monitoring 25-hydroxyvitamin D levels 
in the CKD and end-stage renal disease (ESRD) population, when 
to intervene and how to replete levels may remain confusing despite 
guidelines. The problem is born out of a lack of high-level evidence 
in the form of randomized controlled trials in these populations. 
Uncertainty in how best to implement guidance was further reviewed 
and discussed in a recent European Renal Best Practice statement. 
Although the purpose of this document was not to provide defini-
tive guidelines, the text did provide some pragmatic consensus on 
specific issues to aid clinicians in managing and preventing mineral 
and bone disorders in the CKD population (Goldsmith et al., 2010).
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The Institute of Medicine (IOM) advocates 25(OH)D serum 
levels of 20 ng/mL as sufficient to optimize bone mineral density 
(BMD) as a marker of skeletal health for most populations in the 
United States and Canada but concluded that there is currently 
insufficient trial data to support a role for vitamin D as a health 
outcome in non-skeletal outcomes, although encouraging further 
investigation to examine this possibility (Ross et  al., 2011). The 
American Society for Bone and Mineral Research supported the 
stance of the IOM (Slomski, 2011), whilst others have challenged 
their conservative position (Heaney and Holick, 2011). The recent 
guidelines published by the endocrine society recommend supple-
mentation with either vitamin D2 or vitamin D3 only for deficient 
patients, and concluded that there was not sufficient evidence to 
recommend screening individuals who are not at risk for deficiency 
or to prescribe vitamin D to attain the non-calcaemic benefit for 
cardiovascular protection (Holick et al., 2011).

The NHANES III study demonstrated calcidiol levels < 17.8 ng/mL  
(~ 44 nmol/L) to be associated with a 26% increased risk of all-cause 
mortality in the general population (Ginde et al., 2009). A systematic 
review of 35 studies reported a significant risk of mortality and cardi-
ovascular events in individuals with mineral disturbances: data sup-
ported a greater mortality risk with elevated phosphate, followed by 
calcium and then PTH (Covic et al., 2009). Whilst there is increased 
mortality with PTH levels > 300 ng/L (Kalantar-Zadeh et al., 2006), 
phosphate levels and total mortality follow a U-shaped curve (Floege 
et al., 2011). There is also some evidence describing a U-shaped asso-
ciation between 25(OH)D levels and health, with higher levels linked 
to some rare cancers (Stolzenberg-Solomon et al., 2010), although 
this finding has not been consistently reproduced.

Supplementation studies with vitamin D have been inconsistent. 
The Women’s Health Initiative (WHI) failed to show any benefit in 
outcomes of coronary artery calcified plaque burden (Manson et al., 
2010) and cerebrovascular disease (Hsia et al., 2007) with moder-
ate doses of calcium and low-dose vitamin D3 (400 IU daily) sup-
plementation in post-menopausal women over a 7-year follow-up 
period. The Randomised Evaluation of Calcium or Vitamin D 
(RECORD) trial (Avenell et al., 2012) investigated 5292 individu-
als, the majority of whom were women aged at least 70 years, with 
previous low-trauma fractures. Individuals were randomized 
to vitamin D3 (800 IU), calcium (1000 mg), both, or placebo for 
24–62 months, with up to 3 years of follow-up after intervention. 
Intention-to-treat analyses failed to show any significant benefit 
in vitamin D or calcium supplementation on any of the outcome 
measures; all-cause mortality, vascular-disease mortality, cancer 
mortality, and cancer incidence. Post hoc statistical analysis adjust-
ing for compliance did show a trend in favour of reduced mortality 
with vitamin D, and increased mortality with calcium were accen-
tuated, although the results remained non-significant.

A meta-analysis of 18 trials of vitamin D supplementation in 
a heterogeneous population demonstrated significant reduc-
tion in total mortality (Autier and Gandini, 2007), and this ben-
efit has been reproduced in patients with ESRD (Shoji et al., 2004; 
Teng et  al., 2005; Kalantar-Zadeh et  al., 2006; Melamed et  al., 
2006; Tentori et  al., 2006). A  recent Cochrane review supported 
the prognostic role of vitamin D3 supplementation in elderly, 
predominantly institution-bound and dependent women. The 
investigators analysed 50 randomized trials, including 94,148 par-
ticipants to assess any mortality benefit in vitamin D supplementa-
tion (Bjelakovic et al., 2011). Most trials included elderly women  

(> 70 years) and vitamin D was administered for a median of 2 years. 
Vitamin D was shown to reduce mortality (relative risk (RR) 0.97, 
95% confidence interval (CI) 0.94–1.00). When the different forms 
of vitamin D were assessed separately, only vitamin D3 decreased 
mortality significantly, and not vitamin D2, alfacalcidol, or calcitriol 
(although these analyses included smaller number and were there-
fore at risk of type II errors). Trial sequential analysis found that 
161 individuals needed treatment to prevent one death. There was 
an increased risk of nephrolithiasis (RR 1.17; 95% CI 1.02–1.34) in 
those treated with vitamin D3 and calcium combinations, and alfa-
calcidol and calcitriol increased the risk of hypercalcaemia.

Vitamin D and the kidneys
Epidemiologic data from clinical studies inform us that patients on 
renal replacement therapy (Wolf et al., 2007) or pre-dialysis, have 
more severe vitamin D deficiency than those with preserved kid-
ney function (Gonzalez et al., 2004; LaClair et al., 2005; Jean et al., 
2008). Cross-sectional studies have reported 78% and 97% of dialy-
sis patients from the United States (Wolf et al., 2007) and Europe 
(Jean et al., 2008) as vitamin D deficient respectively, as defined 
by levels < 30 ng/mL (~ 75 nmol/L), with up to 18% (Wolf et al., 
2007)  severely deficient, with levels < 10 ng/mL (~ 25nmol/L). 
These figures are consistent with data from patients on peritoneal 
dialysis (Wang et  al., 2008a). This association is not confined to 
individuals with ESRD and numerous studies have shown a posi-
tive correlation between stage of CKD and prevalence of vitamin 
D deficiency (Levin et al., 2007; Barreto et al., 2009). Furthermore, 
in patients with CKD, there is evidence that serum levels of active 
vitamin D are inversely related to the rate of renal decline and mor-
tality (Levin et al., 2007; Inaguma et al., 2008; Ravani et al., 2009). 
Mechanistically, VDRs are present in healthy kidneys:  in proxi-
mal and distal tubular epithelial cells (Tan et al., 2008), glomeru-
lar parietal epithelial cells (Zhang et  al., 2008a), collecting duct 
cells (Kumar et al., 1994), mesangial cells (Zhang et al., 2007), and 
podocytes (Zhang et al., 2008a). When these cells are cultured and 
treated with calcitriol or vitamin D analogues, there is modulation 
and expression of target genes, suggesting that these receptors are 
functional. Importantly, hydroxylases within the kidneys facilitate 
the conversion of calcidiol to calcitriol, supporting an autocrine/
paracrine and local relationship between the kidney and vitamin D.

In the clinical arena, these observations have been supported 
largely by retrospective data, showing that vitamin D supplemen-
tation is associated with reduced mortality in patients on dialysis, 
with a multivariate-adjusted odds ratio survival advantage of 0.60 
compared to those untreated (Wolf et al., 2007). Interestingly, the 
greatest association between vitamin D deficiency and mortality 
occurs in patients without overt cardiovascular disease, hyper-
tension, or diabetes (Melamed et al., 2008). One might speculate 
that injury caused by vitamin D deficiency, therefore, precedes and 
contributes to the development of overt cardiovascular disease. 
Fig 127.3 summarizes the  progression of biochemical abnormali-
ties with declining renal function and associated consequences in 
mineral bone disease and related cardiovascular complications.

Renin–angiotensin–aldosterone system interactions
Reduced vitamin D levels are associated with reduced renal blood 
flow in response to angiotensin II, providing indirect support 
for endogenous Renin–angiotensin–aldosterone system (RAAS) 
activation in response to vitamin D insufficiency (Forman et al., 
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2010). Calcitriol binds to the promoter region of the renin gene, 
blocking the activity of cyclic AMP response elements (CREs) and 
thereby causing a 90% downregulation of renal mRNA expression 
of renin (Li et al., 2002; Yuan et al., 2007). Indeed, renin expression 
is increased in VDR knockout mice, where RAAS is left unsup-
pressed in the absence of vitamin D, with resultant phenotypic con-
sequences of hypertension, renal injury (Li et al., 2002; Yuan et al., 
2007), and myocardial hypertrophy (Li et al., 2002). Calcitriol has 
also been shown to inhibit genes encoding the type 1 angiotensin II 
receptor in a dose-dependent manner in adipocytes (Morris et al., 
2005) (although this has not been studied in other cell lines), illus-
trating the dynamic relationship between vitamin D and the RAAS, 
with depleted vitamin D levels stimulating PTH release, which also 
work to inhibit renin. Intervention with calcitriol also decreases 
plasma renin and angiotensin II levels in haemodialysis patients 
with secondary hyperparathyroidism (Park et al., 1999; Khavandi 
et al., 2009). Mechanistic studies have shown that calcitriol binds 
to the VDR and blocks formation of the CRE–CREB–CBP com-
plexes in the promoter region of the renin gene, thereby reducing 
its expression (Yuan et al., 2007; Zhang et al., 2010). Calcitriol may 
also contribute to excretion of urinary acids and calcium through 
inhibiting HCO3− absorption in the medullary thick ascending 
limb (Good et al., 2003).

Studies of human renal tissue samples have shown reduced 
Klotho expression per nephron in CKD (Koh et  al., 2001), with 
increased Klotho expression in response to calcitriol (Tsujikawa 
et al., 2003).

A number of animal models representing RAAS activation, 
including the spontaneously hypertensive rate and 5/6 nephrec-
tomy model show downregulation of renal Klotho (Aizawa et al., 
1998). Klotho is negatively regulated by angiotensin II through the 
type 1 (AT1) receptor, and its effects are completely lost by losar-
tan, but not hydralazine (Mitani et  al., 2002; Yoon et  al., 2011). 
Furthermore, restoration of Klotho by gene transfer results in 
improvements in angiotensin-II induced proteinuria. In vitro 
administration of calcitriol to cultured adrenocortical cells causes 
reduced aldosterone levels (Lundqvist et al., 2010), and this effect is 
thought to be primarily driven through renin, rather than directly 
on aldosterone, as demonstrated by the non-significant elevations 
in aldosterone levels in VDR-null mice (Simpson et al., 2007). It is 
likely that any underlying regulatory mechanisms are complex with 
reciprocal pathways, as evidenced by reduced Klotho expression 
in the DOCA salt rat model, in which there is RAAS suppression 
and renal damage (de Borst et al., 2011). It is well recognized that 
angiotensin II contributes to oxidative stress through the NADPH 
oxidase system (Griendling et  al., 1994)  and RAAS inhibition 
reduces reactive oxygen species (Doran et al., 2007). Salt-restricted 
mice showed decreased Klotho mRNA and protein expression in a 
dose-dependent manner in response to ciclosporin-induced renal 
injury. Treatment with the angiotensin II AT1 receptor blocker, 
losartan, was able to rescue Klotho expression with consequent 
histological improvement in tubulointestinal fibrotic changes and 
measures of oxidative stress (Yoon et al., 2011).

Proteinuria
Large cross-sectional studies in community-dwelling individuals 
have demonstrated the increased risk of cardiovascular disease 
and all-cause mortality with decreasing eGFR (Go et  al., 2004; 
Matsushita et al., 2010). Independent of eGFR, microalbuminuria is 

a strong predictor of cardiovascular disease, even in ranges consid-
ered normal (Gerstein et al., 2001; Remuzzi et al., 2006; Ruggenenti 
and Remuzzi, 2006). One explanation for this has been that micro-
albuminuria shares an underlying vascular abnormality predispos-
ing patients to cardiovascular disease (Khavandi et al., 2009; van der 
Meer et al., 2010). However, it is now recognized that proteinuria 
also exerts damaging irreversible renal injury and contributes itself 
to renal decline, inflammation and fibrosis (Abbate et al., 2006). 
As expected, the NHANES study identified an association between 
vitamin D deficiency and increased risk of albuminuria (de Boer 
et al., 2007), although the evidence also suggests that vitamin D 
may protect against proteinuria (Freundlich et al., 2008) through 
modulation of the RAAS in cultured juxtaglomerular cells.

It is well established that activation of the RAAS is detrimental 
to both cardiac and renal function, with proven direct pro-fibrotic 
effects of aldosterone (Kramer et  al., 2007)  and renin (Nguyen 
et al., 2002). Blockade of the RAAS has therefore become estab-
lished as the mainstay of therapy in patients with CKD. RAAS 
blockade can, however, be limited by a reactive rise in renin sec-
ondary to volume depletion (van Veldhuisen et al., 1998; de Borst 
et  al., 2003), with consequent fibrosis (Hamming et  al., 2006). 
Further blockade of this reactive rise in renin may therefore pro-
vide additional benefit in nephroprotection. In the 5/6 nephrec-
tomy rat model, combined treatment with paricalcitol (a synthetic 
vitamin D analogue, 19-nor-1,25-dihydroxyvitamin D2) and 
enalapril provided greater renal benefit than did paricalcitol or 
enalapril alone (Mizobuchi et al., 2007). Although data from the 
ONTARGET (Yusuf et al., 2008) study failed to show benefit in the 
primary composite endpoint of death from cardiovascular causes, 
myocardial infarction, stroke, or hospitalization for heart failure, 
combination therapy with an angiotensin-receptor blocker (ARB) 
and an angiotensin-converting enzyme inhibitor (ACEI), there was 
a reduction in the incidence of new micro- or macroalbuminu-
ria, and reduced progression to macroalbuminuria in those with 
microalbuminuria, compared with individuals treated with mono-
therapy. This was supported in the CALM study (Mogensen et al., 
2000). Although renin inhibitors affect the enzymatic activity of 
renin, they do not affect production (Batenburg et al., 2008) and 
therefore vitamin D may have a niche in further inhibition of renin 
production in patients with CKD, in addition to an ACEI/aldos-
terone blocker, or in circumstances where traditional pharmaco-
logical blockers of RAAS are contraindicated (Zhang et al., 2008b). 
The anti-inflammatory properties of vitamin D (discussed below) 
might also add to the value of vitamin D as an adjunct to RAAS 
blockade, as inflammation is a determinant of resistance to RAAS 
blockade.

Diabetic nephropathy is the single most frequent cause of ESRD 
in the Western world (Molitch et  al., 2004)  and the association 
between diabetes and cardiovascular and renal disease has not 
been fully explained (Khavandi et al., 2009), although proteinuria 
has emerged as a potential unifying marker. In this respect, results 
of the VITAL trial (de Zeeuw et al., 2010) are particularly intrigu-
ing. VITAL randomized type 2 diabetic patients with albuminuria 
already receiving ACEIs or ARBs to 24 weeks of treatment with 
placebo and 1 or 2 micrograms/day of paricalcitol. Although the 
primary outcome of change in urinary albumin-to-creatinine ratio 
(UACR) did not reach statistical significance, there was evidence of 
a dose-dependent reduction in proteinuria with paricalcitol, with 
a dose of 2 micrograms/day resulting in a 20% reduction in UACR 
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and between-group difference of 18% (P = 0.053). The benefit was 
lost when paricalcitol was stopped and individuals treated with the 
lower-dose paricalcitol regimen had similar adverse events pro-
files to those on placebo, without an increase in traditional com-
plications of hypercalcaemia and hyperphosphataemia (Sprague 
et al., 2003).

The antiproteinuric effects of vitamin D were also tested by 
Agarwal et al. (2005), who examined data from three double-blind, 
randomized, placebo-controlled studies investigating use of pari-
calcitol for PTH suppression, with up to 24 weeks of follow-up. In 
patients with CKD stage 3 and 4, with secondary hyperparathy-
roidism, they showed that oral paricalcitol significantly reduced 
proteinuria (measured using urine dipstick readings), compared 
with placebo, with 31% having a reduction and 50% no change in 
proteinuria, compared to 15% and 62% respectively, in the placebo 
group. The benefit was observed regardless of diabetes mellitus, 
hypertension, and importantly, independent of use of RAAS block-
ing agents, supporting the potential additive antiproteinuric effects 
of vitamin D. The dosing regimen of paricalcitol varied from 1–2 
micrograms daily to a 2–4 micrograms, three times per week regi-
men, depending on PTH levels and the study.

Podocyte damage has emerged as an important precipitant in 
CKD, through parenchymal inflammation, tubular injury, and 
interstitial fibrosis. The Wnt/β-catenin signalling pathway has 
been shown to play a role in podocyte injury, leading to proteinu-
ria and renal fibrosis (Dai et al., 2009; He et al., 2009). Wnt pro-
teins transmit their signals by interacting with Frizzled receptors, 
and their co-receptors, members of the low-density lipoprotein 
(LDL) receptor-related protein 5/6. This triggers downstream sig-
nals, resulting in β-catenin dephosphorylation and stabilization, 
resulting in translocation to the nucleus, where it binds to T cell 
factor (TCF) and lymphoid enhancer-binding factor, or stimulates 
the transcription of Wnt target genes. The VDR competes with 
TCF for β-catenin binding. In an animal model of Adriamycin® 
nephropathy—characterized by podocyte injury and albuminuria, 
and later inflammatory and fibrotic changes—paricalcitol has been 
shown to inhibit Wnt/β-catenin signalling and thereby reduce pro-
teinuria (He et al., 2011). Paricalcitol-treated mice prevented loss of 
podocyte-specific neprhin, podocin and Wilms tumour 1 (WT1), 
with reduced glomerulosclerotic lesions. This supports the idea 
that paricalcitol exerts some of its antiproteinuric effects though 
podocyte protection.

In an open-label, non-placebo-controlled study, 50 patients with 
biopsy-proven immunoglobulin A  nephropathy and proteinuria 
(> 0.8 g/day), despite treatment with RAAS blocking agents for at 
least 3 months, were randomized to receive two doses (0.5 micro-
grams) of calcitriol per week or no treatment for 48 weeks (Liu 
et al., 2012). There were significant reductions in proteinuria in the 
calcitriol-treated group compared with the control group, with per-
centage change in urinary protein excretion of −19% compared to 
+21%, respectively. These changes were independent of eGFR and 
blood pressure, which were not changed. These findings have been 
supported by other studies (Szeto et al., 2008).

A double-blind, randomized controlled trial of a heterogenous 
group of 61 patients with varying aetiology and stage of CKD and 
proteinuria tested the effect of 1 microgram daily paricalcitol on 
proteinuria (Fishbane et al., 2009). Subjects were followed up for 
up to 6 months. There was a significant decrease in proteinuria in 
the paricalcitol group, with changes in mean spot urine protein/

creatinine ratios from baseline to last evaluation of +2.9% ± 19.0% 
in controls and −17.6% ± 47.8% in the paricalcitol group (P = 0.04). 
There were no changes in eGFR or blood pressure between the two 
groups.

Vitamin D and cardiovascular disease
Hypertension
A recent systematic review of the relationship between vitamin D 
levels and arterial hypertension by Pilz et al. concluded that ade-
quate levels of vitamin D are associated with lower arterial blood 
pressures, and that the antihypertensive effect of vitamin D is great-
est in individuals with a combination of both vitamin deficiency 
and a previous diagnosis of hypertension (Pilz et al., 2009). This 
was supported by another meta-analysis of three cohorts, where 
lower 25-hydroxyvitamin D concentrations were associated 
with incident hypertension, with a relative risk of 1.8. However, 
meta-analyses of 10 small, observational, and non-controlled trials 
showed supplementation non-significantly reduced systolic blood 
pressure (Pittas et al., 2010). Living at higher latitudes is associated 
with an increased risk of hypertension and cardiovascular disease 
(Zittermann, 2006) and in a study of patients with hypertension 
who were exposed to ultraviolet B radiation three times a week 
for 3 months, 25-hydroxyvitamin D levels increased by approxi-
mately 180% and this was associated with normalization of both 
systolic and diastolic blood pressure. Importantly, this benefit was 
not observed with ultraviolet A radiation, which has no influence 
on vitamin D levels (Krause et al., 1998). Although there is evi-
dence supporting the blood pressure lowering quality of vitamin D 
from a number of other small trials (size varying between 30 and 
150 participants) (Pfeifer et al., 2001), there remains a paucity of 
large trial data and the evidence is inconclusive in evaluating the 
effect of vitamin D supplementation on arterial blood pressure (Pilz 
et al., 2009).

A recent placebo-controlled study of high-dose vitamin D sup-
plementation in hypertensive patients in Denmark during winter 
randomized 130 hypertensive individuals, 92 of whom had low 
vitamin D levels at baseline (25(OH)D < 80 nmol/L) to a daily oral 
dose of 75 micrograms of cholecalciferol or placebo. Over a 20-week 
intervention period, no significant effect on overall 24-hour ambu-
latory blood pressure was observed, but there were significant 
reductions in central systolic blood pressure, measured by applana-
tion tonometry, of 6.8 mmHg (P = 0.007). Furthermore, in a sub-
group of patients who were vitamin D deficient at the start of the 
study, there was a borderline significant reduction in diastolic and 
systolic ABPM of 2.7 mmHg (P = 0.02) and 3.7 mmHg (P = 0.08) 
respectively. Another study of 114 postmenopausal women with 
serum 25(OH)D levels between 10 and 60 ng/mL were randomized 
to 2500 IU of vitamin D3 or placebo for 4 months (Gepner et al., 
2011). During the short follow-up, there was no observed benefit 
in endothelial function (evaluated using ultrasound brachial artery 
flow mediated (FMD) dilatation), arterial stiffness (measured using 
carotid-femoral pulse wave velocity), C-reactive protein (CRP), or 
blood pressure. The results of the DAYLIGHT study, a double blind 
trial randomizing 450 participants to 25-hydroxyvitamin D supple-
mentation with the primary endpoint of 24-hour ambulatory blood 
pressure monitoring are therefore eagerly awaited (Wang, 2011).

Vitamin D and diabetes
A growing body of evidence supports a role for vitamin D in glu-
cose homeostasis and the development of diabetes mellitus: studies 
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have consistently reported an increased incidence of diabetes melli-
tus in vitamin D-deficient individuals (Isaia et al., 2001; Chiu et al., 
2004; Hypponen and Power, 2006; Pittas et al., 2006; Chonchol and 
Scragg, 2007) and prevention of vitamin D deficiency in early life 
is protective against the development of type 1 diabetes (Mathieu 
et al., 2005; Danescu et al., 2009; Sloka et al., 2010). In animal mod-
els of type 1 diabetes, administration of high doses of active vitamin 
D has been shown to prevent diabetes, through immune regulation 
(Mathieu et al., 1994), the proposed mechanisms of which include 
modification of dendritic cell phenotype, lymphocyte proliferation 
and cytokine production (D’Ambrosio et  al., 1998, van Halteren 
et al., 2002) (discussed in further detail below). VDRs are present in 
pancreatic β cells, as is the vitamin D-dependent calcium-binding 
protein, calbindin-D28k (Sooy et al., 1999), which has been shown 
to be protective against cytokine-mediated beta cell destruction 
(Rabinovitch et al., 2001). Indeed, mechanistic studies have sup-
ported a direct effect of vitamin D on insulin action; pancreatic 
insulin secretion is inhibited by vitamin D deficiency (Norman 
et  al., 1980)  and animal rodent models with VDR knocked out 
(Zeitz et al., 2003) or with polymorphisms of the VDR (Mathieu 
et al., 2001, 2004; Palomer et al., 2008), have been associated with 
dysglycaemia. Insulin receptor numbers also increase after 24 
hours of treatment with 1,25(OH)2D3 in U-937 human promono-
cytic cells (Maestro et al., 2000). In the presence of active vitamin D, 
isolated beta cells from healthy animals produce insulin in response 
to a glucose challenge (d’Emden et al., 1989). The role of vitamin D 
in calcium handling is important for the action of insulin in skeletal 
muscle and adipose tissue (Milner and Hales, 1967; McCarty and 
Thomas, 2003). In a population of individuals at high risk of devel-
oping diabetes, cholecalciferol treatment was shown to increase 
disposition index, which reflects insulin action (Mitri et al., 2011).

Investigation of a cohort of 61 patients with type 2 diabetes mel-
litus and baseline 25(OH)D levels < 100 nmol/L, receiving either 
placebo or vitamin D3 (with a random dose of 100,000 or 200,000 
IU) (Witham et al., 2010b) found no significant difference in the 
primary outcome of FMD at 8 or 16 weeks. Systolic blood pressure 
was significantly lower in both treatment arms at 8 weeks (pla-
cebo 146.4 mmHg, 100,000 IU 141.4 mmHg, P = 0.04; 200,000 IU 
136.8 mmHg (P = 0.03 vs. placebo)) and brain natriuretic peptide 
(BNP) was lower at 16 weeks in the 200,000 IU group compared to 
placebo (placebo 34 pg/mL, 200,000 IU 21 pg/mL, P = 0.02). There 
was no change in insulin resistance or glycosylated haemoglobin. 
Recent analysis of the Diabetes Prevention Program (DPP) data—a 
study originally designed to compare intensive lifestyle modifica-
tion, metformin, and placebo in preventing diabetes mellitus in 
patients with ‘pre-diabetes’ (which included 2039 patients over a 
mean follow-up period of 3.2 years) showed those individuals in 
the highest tertile of vitamin D levels, with median concentration 
of 30.1 ng/mL, had a hazard ratio of 0.74 (95% CI 0.59–0.93) for 
developing diabetes compared with those in the lowest tertile, who 
had mean concentration of 12.8 ng/mL. Meta-analysis data have 
also supported evidence for a relationship between low vitamin 
D status, calcium, or dairy dietary intake, and prevalence of type 
2 diabetes, metabolic syndrome (Ford et  al., 2005; Pittas et  al., 
2007), and obesity (Wortsman et al., 2000; Arunabh et al., 2003). 
Central to the mechanisms proposed for the observed associations 
between vitamin D levels, hypertension and diabetes is alterations 
to RAAS, the molecular mechanisms of which were discussed 
previously.

Vitamin D and cerebrovascular events
Cross-sectional analyses have shown that hemiplegic patients with 
acute stroke have significantly reduced calcidiol concentrations 
compared with healthy controls (Poole et al., 2006) and a number of 
observational studies have shown vitamin D deficiency to be asso-
ciated with stroke (Michos and Blumenthal, 2007; Anderson et al., 
2010; Pilz et al., 2011). Data from a population-based study showed 
that elderly persons with low intake of vitamin D and low serum 
concentrations of calcitriol were at increased risk of future strokes, 
even after adjusting for confounding factors (Marniemi et  al., 
2005). Pilz et al. also showed low levels of calcidiol and calcitriol to 
be independently predictive of fatal strokes in The LUdwigshafen 
Risk and Cardiovascular Health (LURIC) study (Pilz et al., 2008a) 
in a cohort with risk factors for cardiovascular disease. Vitamin 
D supplementation in stroke patients has been shown to reduce 
osteopenia, fractures, and falls (Sato et al., 1997, 2005) and experi-
mental studies have shown that vitamin D has antithrombotic and 
neuroprotective effects, with the potential to reduce ischaemic 
cortical injury in rats (Aihara et al., 2004; Kiraly et al., 2006). The 
largest prospective study on vitamin D status and stroke (Anderson 
et al., 2010), the Intermountain Heart Collaborative (IHC), demon-
strated a twofold increased risk of incident stroke in patients with 
low serum 25(OH)D levels. A recent meta-analysis of RCT sug-
gests that there is no significant effect of vitamin D on incidence 
of strokes (Elamin et al., 2011), although the design of the studies 
pooled may not have been adequate to perform such an analysis 
(Muscogiuri et al., 2012).

Vitamin D and ischaemic heart disease
The relationship between vitamin D and cardiovascular disease has 
been of particular interest over the past four decades. The Tromsø 
heart study, one of the earliest trials investigating the link between 
high vitamin D intake and myocardial infarction, initially reported 
a causative role for vitamin D (Linden, 1974). However, a later study 
refuted this result (Schmidt-Gayk et al., 1977), and the cardiopro-
tective role of vitamin D was proposed after a positive correlation 
between levels of 25-(OH)D3 and high density lipoprotein choles-
terol levels was established (Auwerx et al., 1992). With the calcium 
deficiency hypothesis of hypertension (McCarron and Morris, 
1987) as its basis, an investigation of the effect of ultraviolet radia-
tion on blood pressure by Krause et al. found a significant drop in 
both systolic and diastolic values (Krause et al., 1998). These find-
ings have been reproduced in a number of other cross-sectional 
studies (Pilz et al., 2009; Almirall et al., 2010). Similarly, insuffi-
cient vitamin D levels are associated with congestive cardiac fail-
ure, possibly through deranged intracellular calcium metabolism 
(Zittermann et al., 2003). Deficiency of vitamin D has also been 
found to be associated with increased levels of CRP and other 
inflammatory markers, additional independent contributors to 
heart failure (Zittermann, 2006).

A recent meta-analysis of 28 studies incorporating close to 
100,000 participants found this figure to be as high as 57% for a 
cumulative outcome of cardiovascular disease, diabetes, and meta-
bolic syndrome (Parker et al., 2010b). Negative findings published 
by Hsia et al. (2007) as part of the WHI in 2007 cast uncertainty on 
the protective role of vitamin D in cardiovascular disease. However, 
there have been a number of criticisms in response to drawing con-
clusions from the WHI on the relationship between vitamin D 
and cardiovascular disease: the primary endpoint of the trial was 
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evaluation of fracture risk, there was concomitant calcium interven-
tion which was not adjusted for, there was sparse data for baseline 
vitamin D level and probably most importantly, suboptimal doses 
of vitamin D replacement were administered. It is therefore difficult 
to make accurate conclusions on cardiovascular protection from 
this study. A number of other cohort studies have shown a positive 
association between vitamin D deficiency and ischaemic heart dis-
ease (Giovannucci et al., 2008; Anderson et al., 2010; Bolland et al., 
2010). However, pooled data from six randomized controlled trials 
was unable to show any effect on risk of myocardial infarction from 
vitamin D supplementation (Elamin et al., 2011) (RR 1.02; 95% CI 
0.93–1.13), although these trials may have used sub-optimal dosing 
regimens of vitamin D also. The VITAL (VITamin D and OmegA-3 
TriaL) investigators are addressing some of these shortcomings and 
currently recruiting 20,000 individuals with the primary endpoint 
of major cardiovascular events and cancer.

Vitamin D and heart failure
The majority of patients reaching ESRD have abnormalities in LV 
size and function (Block et al., 2004). Alterations to cardiac func-
tion and remodelling occur early in renal dysfunction and progress 
in concert with reducing eGFR (Levin et al., 1996; Kovesdy et al., 
2010). Vitamin D deficiency is associated with congestive cardiac 
failure (Rostand, 1997) and the role of vitamin D in heart failure has 
been comprehensively reviewed elsewhere (Covic et al., 2010b). The 
relationship between the kidney and heart in failure of either organ 
is reciprocal and mutually detrimental (Ritz, 2009). Activation 
of an ‘adaptive’ cascade of neurohormonal pathways eventually 
leads to maladaptive changes to myocardial structure, fluid and 
electrolyte homeostasis, atherosclerosis, and blood pressure. The 
profound role of the RAAS in contributing to the pathology associ-
ated with vitamin D deficiency has already been emphasized and is 
clearly central to the mechanisms responsible for LV abnormalities. 
The Paricalcitol Capsule Benefits in Renal Failure-Induced Cardiac 
Morbidity (PRIMO) trial (Thadhani et al., 2012) randomized 227 
patients with CKD and left ventricular hypertrophy (LVH) (with 
preserved LV function) to paricalcitol or placebo over a 48-week 
period. PTH levels were reduced after just 4 weeks in those indi-
viduals in the treatment arm, and levels stabilized over the course 
of the study. At 48 weeks there was no difference between groups 
in change of left ventricular mass index (LVMI) on magnetic res-
onance imaging (MRI), or in diastolic function on echo. Cardiac 
hospitalizations were slightly lower in the vitamin-D group as 
compared with the placebo group, and increases in plasma BNP 
were less marked in the paricalcitol group. Paricalcitol did increase 
serum creatinine, decrease eGFR, and was associated with a slightly 
higher number of adverse events, mostly due to hypercalcaemia.

High PTH levels are associated with LVH and increased LVMI 
in healthy and uraemic populations (Harnett et  al., 1988; Saleh 
et al., 2003). Parathyroidectomy has been shown to reduce LVMI 
at 6 months (Piovesan et al., 1999) in patients with primary hyper-
parathyroidism. This occurs in the absence of alterations in blood 
pressure, supporting the notion that other risk factors drive LVH in 
hyperparathyroidism. Pilz and Tomaschitz have noted individual 
case reports of vitamin D-deficient children with dilated cardiomy-
opathy, suggesting that treatment with vitamin D might replicate 
these results in vivo (Pilz and Tomaschitz, 2009), although vitamin 
D deficiency rarely occurs in isolation and therefore other causative 
factors might contribute to the aetiology of cardiac abnormalities 

in these children. Covic et al. reported that mineral metabolism, 
along with anaemia and blood pressure represented the most 
important determinants for changes in LVMI in patients on dialy-
sis (Devlin et al., 1988). Supplementation of calcitriol in individuals 
undergoing haemodialysis is associated with a decline in renin and 
angiotensin II levels, with consequent regression of LVH (Piovesan 
et al., 1999).

Animal studies have provided mechanistic data to explain these 
observations; in mice with a genetic disruption of the VDR, there 
are increased levels of plasma angiotensin II and renin mRNA 
protein levels in the kidney (Goodman et al., 2000), with cardio-
myocyte hypertrophy, hypertension and increased levels of atrial 
natriuretic peptide (ANP), in addition to alterations in extracellu-
lar matrix production/deposition and fibrosis (Hujairi et al., 2004). 
Studies have also provided evidence for alterations in cardiac struc-
ture in response to vitamin D, independent of systemic suppres-
sion of RAAS (London et al., 2003, 2004), through local autocrine/
paracrine actions (Xiang et  al., 2005a). Vitamin D acts directly 
on cardiomyocyte structure and function, causing suppression 
of renin gene expression (Wang et al., 2008c). Salt-sensitive mice 
treated with an activated vitamin D analogue show reduced levels 
of BNP, ANP, and renin, mediated though downregulation of their 
respective genes (Bodyak et al., 2007). Similarly, vitamin D knock-
out mice show an increase in cardiomyocyte hypertrophy and renin 
levels, with the phenotypic consequences of hypertension and LVH 
(Xiang et al., 2005b). Human studies indicate that VDR polymor-
phisms may contribute to the development of LVH.

Faul et al. elegantly demonstrated the role of FGF23 in directly 
inducing LVH (Faul et al., 2011)  through a series of human and 
animal studies. Cellular animal data demonstrated the develop-
ment of myocyte hypertrophy in response to FGF23, whilst genetic 
models deficient in Klotho displayed elevated FGF23 levels, with 
consequent LVH. LVH was dependent on the FGF23 receptor acti-
vation of the calcineurin-nuclear factor of activated T cells (NFAT) 
signalling pathway; a recognized pathway in pathological hyper-
trophic remodelling (Heineke and Molkentin, 2006). This was 
independent of Klotho as a co-receptor. The investigators showed 
that an FGF23 receptor block to the 5/6 nephrectomy rat model of 
CKD attenuates hypertrophic changes, without significant changes 
in blood pressure (Faul et al., 2011). Following up the prospective 
Chronic Renal Insufficiency Cohort (CRIC) of 3070 CKD patients 
after 1 year, and examining baseline plasma FGF23 levels, preva-
lence of eccentric and concentric LVH was found to be inversely 
associated with increasing quartiles of baseline FGF23 (P < 0.001) 
after adjustment for a number of important co-variables, including 
blood pressure. In a subset of 411 patients without LVH at recruit-
ment, elevated FGF23 at baseline predicted the incidence of LVH 
during the follow-up over an average of 3 years. Indeed, for every 
unit increase in FGF23 there was seen a corresponding 4.4-fold 
increased risk (P = 0.001) of LVH (Faul et al., 2011).

In a cohort of 158 patients on long-term haemodialysis, Matias 
et al. (2010) examined the effect of oral cholecalciferol supplemen-
tation on various mineral, inflammatory, and cardiac parameters 
prospectively over 1 year. Oral cholecalciferol was prescribed once 
or three times per week, after each haemodialysis session, with regi-
mens varying from 50,000 IU once a week (in those with 25(OH)
D levels <15 ng/mL), to 10,000 once a week (levels between 16 and 
30 ng/mL) and 2,700 IU three times per week when levels were  
>30 ng/mL. Although there was no control group, there was a 
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reduction in serum calcium, phosphate and PTH after cholecalcif-
erol supplementation. There was a reduction in CRP and improve-
ments in albumin levels. Interestingly, BNP levels and LVMI were 
significantly reduced after cholecalciferol supplementation, and 
this correlated with the percentage change in 25(OH)D levels, inde-
pendent of angiotensin blocking agents. There are no large, con-
trolled intervention studies of vitamin D supplementation in heart 
failure which have shown any functional, structural or haemo-
dynamic benefit (Schleithoff et  al., 2006; Witham et  al., 2010a), 
although some other studies have shown a reduction in TNF-α, and 
BNP (Witte et al., 2005; Muscogiuri et al., 2012).

A cross-sectional study of > 3000 patients found a significant cor-
relation between low levels of both 25(OH)D3 and 1,25(OH)2D3, 
and rates of heart failure and sudden cardiac death (SCD) (Fig. 
127.3) (Pilz et al., 2008b). Pilz et al. found that the hazard ratios 
for death due to heart failure and for SCD were 2.84 (1.20–6.74) 
and 5.05 (2.13–11.97), respectively, at the 95% CI for patients with 
severe vitamin D deficiency. These findings were independent of 
other risk factors, and echo those of Zitterman et al. who found an 
independent association of high mortality rates in individuals with 
end-stage heart failure and very low levels of vitamin D (Zittermann 
and Koerfer, 2008). Drechsler and the 4D investigators confirmed 
that patients with severe vitamin D deficiency, with 25(OH)D level 
< 25  nmol/L (~ 10 ng/mL) had a threefold higher risk of SCD 
compared with those with sufficient 25(OH)D levels, defined as > 
75 nmol/L (~ 30 ng/mL) (Drechsler et al., 2010). Measured serum 
levels of BNP and markers of LVH have been found to correlate 
negatively with levels of vitamin D (Matias et al., 2010). In con-
junction with current understanding of the pathophysiology of 
heart failure, this association may be due to the effects of vitamin 
D on immune regulation in addition to its haemodynamic role, 

as discussed above (Hajjar et al., 2010). Conversely, animal mod-
els show that 1,25(OH)2D3 modulates cardiomyocyte contractility 
via a number of signalling mechanisms, potentiating relaxation 
and reducing the hypercontractility associated with diastolic heart 
failure (Green et al., 2006). Prevention of vitamin D deficiency is 
likely to prove a useful target for reducing incidence of heart failure 
and SCD.

Vitamin D and vascular biology
Endothelial dysfunction is an early insult in cardiovascular 
pathophysiology. Vitamin D deficiency has been associated with 
increased arterial stiffness and endothelial dysfunction, although 
supplementation studies to reverse these changes have been incon-
sistent. In 23 healthy subjects, vitamin D deficiency was shown to 
be associated with impaired brachial artery FMD (Jablonski et al., 
2011)—a validated measure of endothelial dysfunction. In a larger 
study of 554 healthy individuals, serum vitamin D was associ-
ated with improved brachial artery FMD (Al Mheid et al., 2011), 
and these findings have been reproduced in diabetic cohorts (Yiu 
et al., 2011). Amongst the proposed mechanisms for the endothe-
lial protection conferred by vitamin D are interactions with RAAS, 
smooth muscle cell remodelling, adhesion molecule expres-
sion, and anti-inflammatory changes with cytokines modulation 
(Muscogiuri et al., 2012). Not all studies, however, have shown pos-
itive effects of vitamin D on endothelial health. A trial of 61 diabetic 
patients randomized to high-dose vitamin D3 failed to show any 
improvement in FMD at 8 and 16 weeks, although a blood pres-
sure lowering effect was observed (Witham et al., 2010b). Another 
small, double-blind, randomized controlled trial of 24 patients 
piloted the effect of paricalcitol treatment on haemodynamic and 
biochemical factors (Alborzi et al., 2008): the majority of patients 
were in CKD stage 3, and those with CKD stage 4, 5, or ESRD were 
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Fig. 127.3 Biochemical abnormalities with declining renal function. Schematic diagram demonstrating progression of biochemical abnormalities with declining renal 
function and associated consequences in mineral bone disease and related cardiovascular complications.
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excluded from the study. All patients were taking an angiotensin 
blocking agent at time of recruitment. Paricalcitol had no signifi-
cant beneficial effects on FMD or blood pressure, although there 
were statistically significant reductions in CRP levels and proteinu-
ria in the treatment group versus placebo. It is possible that there 
exist ethnic variations in response to vitamin D supplementation, 
and in a study of African American adults, 60,000 IU per month 
of oral vitamin D3 for 16 weeks was shown to improve endothelial 
function (Harris et al., 2011).

Investigators in Dundee have recently completed a number of 
clinical studies investigating vitamin D supplementation on car-
diovascular health. In a double-blind, placebo-controlled trial of 
75 patients with a history of myocardial infarction, patients were 
randomized to receive 100,000 units of oral vitamin D3 or placebo 
at baseline, 2 months, and 4 months (total dose of 300,000 units) 
(Witham et al., 2013). The primary outcome was endothelial func-
tion measured using reactive hyperaemia index on fingertip ple-
thysmography, with 6 months of follow-up. The study failed to show 
any between-group difference in change in endothelial function, 
and the only secondary outcome to show a significant difference 
was decline in CRP, which was greater in the intervention group 
(−1.3 vs 2.0 mg/L; P = 0.03) compared with placebo. There were no 
significant differences in blood pressure, total cholesterol, or other 
serological parameters including TNF-α, BNP, and thrombomodu-
lin. A similar protocol was performed on 58 patients with a history 
of stroke, and baseline 25(OH)D levels < 75 nmol/L (Witham et al., 
2012). Individuals were randomized to 100,000 units of oral vita-
min D2 or placebo at baseline, and various serological tests includ-
ing lipids, myocardial and inflammatory biomarkers, as well as 
vascular parameters (endothelial function measured using brachial 
artery FMD) and blood pressure measured at baseline, 8 weeks, 
and 16 weeks. The only positive significant difference was FMD at 
8 weeks (6.9% vs 3.7%; P = 0.007), but repeat measures at 16 weeks 
showed no significant change. The investigators proposed that the 
relatively high average age of participants (67 years) and history of 
cerebrovascular disease may reflect advanced, established vascular 
changes, which are more difficult to reverse. It should also be noted 
that > 80% of individuals were on an angiotensin blocking agent.

Vascular calcification in CKD has been comprehensively 
reviewed by Covic et al. (2010a). Arterial stiffness has emerged as 
a powerful predictor of cardiovascular and all-cause mortality in 
patients with CKD (Blacher et  al., 1999), hypertension (Laurent 
et  al., 2001), and healthy individuals in the general population 
(Willum-Hansen et  al., 2006). Dialysis patients have very high 
calcification scores (Hujairi et al., 2004) and arterial calcification 
is common in patients with CKD, manifesting early in disease 
(Goodman et al., 2000). Calcification of arterial intima and media 
are both independently predictive of all-cause and cardiovascular 
mortality (London et al., 2003). Low levels of vitamin D are asso-
ciated with increased vascular stiffness (London et  al., 2007)  in 
patients with renal disease. Vascular stiffness is a strong predic-
tor of cardiovascular and all-cause mortality, through increasing 
afterload, contributing to LVH and reducing coronary perfusion 
(London et  al., 2004). Hyperphosphataemia has been associated 
with mortality in dialysis and pre-dialysis CKD populations, and 
this has been postulated as being secondary to vascular calcifica-
tion (Block et al., 1998; Voormolen et al., 2007). The resulting high 
serum phosphate levels have been associated with increased carotid 
intima–media thickness (Kuang et al., 2009), a widely used marker 

for atherosclerosis. Bone mineral density is reduced with decreas-
ing eGFR (Rix et  al., 1999)  and there is an inverse relationship 
between bone mineral density and carotid intima–media thickness 
(Nakashima et al., 2003), coronary artery calcification (Braun et al., 
1996), and increased cardiovascular mortality in CKD patients 
(Taal et  al., 2003)  and the general population (Samelson et  al., 
2004). It has been shown in dialysis and non-dialysis dependent 
CKD patients that hypercalcaemia is associated with an increased 
risk of death, possibly due to increased vascular calcification (Block 
et al., 2004; Kalantar-Zadeh et al., 2006; Kovesdy et al., 2010).

It is known that elevated phosphate induces changes in the 
phenotype of cultured vascular smooth muscle cells to osteoblast 
like cells, which can then deposit calcium in the vascular wall 
(El-Abbadi and Giachelli, 2007). This effect is dependent on a 
sodium-dependent phosphate co-transporter, Pit-1, that enables 
entry of phosphate into cells and is upregulated in uraemia and 
calcified arteries; abnormal function may increase the tendency to 
calcification (Chen et al., 2002). There is now evidence that eleva-
tions in serum phosphate within ‘normal’ ranges, is associated with 
increased cardiovascular disease (Dhingra et al., 2007; Foley et al., 
2008), notably LVH and vascular calcification (Foley et al., 2009) in 
community dwelling individuals.

Although original animal studies described the promotion of 
arterial calcification by high doses of vitamin D (Mertens and 
Muller, 2010), recent trials on humans suggest the opposite. In a 
cross-sectional examination of 203 subjects from the Northern 
Manhattan Study (Carrelli et al., 2011), there was an inverse rela-
tionship between 25(OH)D and both intima–media thickness 
(−0.01 per 10 ng/mL increase; P = 0.05) and maximal carotid plaque 
thickness ( = −0.10 per 10-ng/mL increase; P = 0.03). Another large 
prospective trial demonstrated that vitamin D levels were associ-
ated with increased risk of developing coronary artery calcification, 
after adjusting for a number of cardiovascular and metabolic covar-
iates. Interestingly, this study showed no correlation between low 
levels of the vitamin D and prevalence of atherosclerosis (de Boer 
et al., 2009). Similarly, London et al. reported a positive association 
between low levels of vitamin D and markers for atherosclerosis in 
a cross-sectional study of dialysis patients (London et al., 2007). 
A population-based cohort study suggests that low levels of vitamin 
D play a role in subclinical atherosclerotic plaque formation (Reis 
et al., 2009), and vitamin D deficiency is associated with a particu-
larly strong risk of coronary atherosclerosis in CKD cohorts (de 
Boer et al., 2009). Andrade et al. have shown an association between 
central arterial stiffness (CAS) as assessed by augmentation index 
and low 1,25-(OH)2D3 levels, and have also demonstrated a link 
between CAS and inflammatory markers such as CRP and certain 
matrix metalloproteinases (MMP) (Andrade et al., 2008). Although 
traditionally described as ‘non-classical’, these actions of vitamin D 
are regarded increasingly as key to its cardiovascular protective role 
(Matias et al., 2010).

There is currently inconsistent data on the effect of vitamin D 
on lipids (Gannage-Yared et  al., 2003; Zittermann et  al., 2009; 
Rajpathak et al., 2010). In a group of healthy individuals, serum 
25(OH)D levels were inversely associated with serum low-density 
lipoprotein cholesterol (LDL-c) (Gannage-Yared et  al., 2009)  in 
male subjects, independent of body mass index (Chiu et al., 2004). 
In a supplementation trial in postmenopausal women, there was no 
associated improvement in lipid profile with calcium and vitamin 
D supplementation (Gannage-Yared et al., 2003, Rajpathak et al., 
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2010). One study found calcium and vitamin D supplementation 
to be associated with reduced LDL-c levels, but the study design 
included a parallel weight loss programme (Major et  al., 2007). 
A  randomized controlled trial (Rajpathak et  al., 2010)  of over-
weight individuals found reductions in triglyceride concentra-
tions but no reduction in LDL-c over a 12-month supplementation 
period (Zittermann et al., 2009).

The chemokine CCL5/RANTES is a key mediator of atherogen-
esis and is mediated by expression of the NF-κB cellular inflam-
matory response regulator. The p65 subunit of the NF-κB protein 
complex binds to the VDR in proximal tubular epithelial cells  
in vitro, forming an anti-inflammatory complex which prevents 
the expression of CCL5/RANTES, and thereby modulates athero-
genesis in addition to more immediate immune mechanisms. In 
mesangial cells, vitamin D suppresses the activity of CCL2/MCP-1 
through actions on the IκBα subunit of NF-κB (Zhang et al., 2007). 
Calcitriol has also been shown to suppress NF-κB activity in mac-
rophages and reduce the production of TNF (Cohen-Lahav et al., 
2007), which has been implicated in vascular dysfunction and met-
abolic syndrome (Greenstein et al., 2009).

Vitamin D and immune-mediated pathology
A number of studies support an anti-inflammatory role for vitamin 
D (Mathieu and Adorini, 2002; Tan et al., 2008), not least murine 
experiments in which targeted disruption of vitamin D biochemis-
try (knockouts of the VDR or CYP27B1) increases susceptibility to 
autoimmune diseases (Adorini and Penna, 2008). This is in keep-
ing with epidemiological studies in humans demonstrating asso-
ciations between vitamin D insufficiency and autoimmune diseases 
including type 1 diabetes (Hypponen et al., 2001; Hypponen and 
Power, 2006), multiple sclerosis (MS) (Smolders et al., 2008), Crohn 
disease (Lim et al., 2005), systemic lupus erythematosus (Kamen 
and Aranow, 2008), rheumatoid arthritis (Adorini and Penna, 
2008), and Grave disease (Goswami et al., 2009). Indeed, polymor-
phisms in genes for the VDR and CYP27B1 protect against type 1 
diabetes (Ramos-Lopez et al., 2006; Bailey et al., 2007), as previ-
ously discussed. Clinically, this translates to an inverse relationship 
between vitamin D levels and CRP (Matias et al., 2010). The sig-
nificance of this in the cardiorenal nexus is the strong association 
between chronic inflammation and both cardiac and renal disease 
(Vidt, 2006; He et al., 2010), suggesting that vitamin D depletion 
can enhance cardiovascular risk through both direct effects on the 
cardiovascular system and indirectly through promotion of chronic 
inflammation.

It is well recognized that vitamin D is an effective therapeutic 
tool for certain inflammatory conditions such as psoriasis (Thaci 
et al., 2001) and that vitamin D repletion is at least a safe manoeu-
vre in vitamin-deficient human kidney transplant recipients 
(Courbebaisse et al., 2009). In rats, treatment with active vitamin 
D results in improved graft survival after kidney transplantation 
(Redaelli et al., 2002).

Emerging evidence also suggests that vitamin D-mediated 
upregulation of the natural antimicrobial proteins cathelicidin 
(CAP) (Wang et  al., 2004)  (through AP-1 and p38 (Dai et  al., 
2010)) and β-defensin 4 (DEFB4) (Wang et  al., 2004), provides 
pro-inflammatory functions that are critical to health, although 
data in support of this assertion is largely circumstantial and 
poorly characterized. As expected, in a cohort of septic patients 
in the intensive care unit, serum levels of cathelicidin correlate 

with vitamin D levels (Jeng et  al., 2009). Cathelicidin induction 
(at least from human keratinocytes) by vitamin D is significantly 
enhanced by the presence of the highly pro-inflammatory cytokine 
IL-17 (Peric et al., 2008) and appears to be a critical mediator of 
immunity against infection: low levels of CAP (and 25(OH)D) are 
associated with poorer outcomes from sepsis in ITU (Jeng et al., 
2009) and higher infection rates in patients with end-stage kidney 
disease (Gombart et al., 2009).

Vitamin D has been proposed to be important in prevent-
ing complications of chronic obstructive pulmonary disease 
(COPD) (Janssens et al., 2009). Polymorphisms in the VDR have 
been shown to influence decline in lung function, and the risk of 
wheezing (Bosse et al., 2009), asthma control and response to ster-
oid therapy in children (Raby et al., 2004) and adults (Raby et al., 
2004). Vitamin D upregulation of antimicrobial peptides may pro-
tect against viral and bacterial exacerbations in COPD (Celli and 
Barnes, 2007). COPD is now recognized as a generalized inflam-
matory state; analogous to the inflammatory environment seen in 
atherosclerotic cardiovascular disease, and therefore some benefits 
from vitamin D may be conferred through these pathways (Koli and 
Keski-Oja, 2000). In the NHANES III data, higher serum 25(OH)
D levels were associated with improvement in forced expiratory 
volume in 1 second (FEV1) (Black and Scragg, 2005), although 
baseline vitamin D levels did not influence rate of FEV decline over 
6 years of follow-up in the 196 smokers in the Lung Health Study 
(Kunisaki et al., 2011). A recent randomized trial of intermittent 
4-weekly boluses of 100,000 IU of vitamin D3 or placebo in 182 
patients with moderate to severe COPD failed to show any differ-
ence in the primary outcome of time to exacerbation over 1 year 
of follow-up, although a subset of patients with very low baseline 
25(OH)D levels (< 10 ng/mL) did see a difference. Secondary out-
comes of hospitalization, quality of life, FEV1 and mortality rates 
were also unchanged (Lehouck et al., 2012).

Vitamin D has been postulated to have protective effects in mul-
tiple sclerosis (MS) (Cantorna et al., 1996; Spach et al., 2004). In 
a large prospective study of 200,000 women over 30 years, using 
a comprehensive nutrition questionnaire, the incidence of MS 
decreased with increasing vitamin D intake (Munger et al., 2004). 
The large MS genome-wide association study implicated vitamin D 
genes in synthesis and degradation (Sawcer et al., 2011). A recent 
study examined the effect of 20,000 IU vitamin per week to standard 
disease modifying treatment in 66 patients with relapsing-remitting 
multiple sclerosis (Chataway, 2012; Soilu-Hanninen et al., 2012). 
There was a non-significant trend in change of the primary out-
come of T2 lesion volume on MRI scans between the two groups, 
with a median increase of 287 mm3 in the placebo group compared 
with 83 mm3 in the vitamin D treated group after 1 year of treat-
ment. There was significant improvement in gadolinium enhancing 
lesions and a small improvement in the Expanded Disability Status 
Scale (EDSS) and walking tests. Circulating levels of 25(OH)D have 
been shown to correspond with Treg activity in patients with MS 
(Smolders et al., 2008; Royal et al., 2009s) through direct effects 
on T cells and indirect pathways on antigen presentation to T-cells 
mediated through local dendritic cell expression of CYP27B1 and 
intracrine synthesis of 1,25(OH)2D.

The Nurses’ Health Study sought to examine the association 
between baseline vitamin D levels and the risk of developing 
Crohn’s Disease (Ananthakrishnan et al., 2012). The study bene-
fited from follow -p data on 72,719 women over 22-years, equating 
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to 1,492,811 person-years, however, the investigators used a multi-
variate model to predict 25(OH)D levels from self-reported dietary 
intake—a prediction tool used and validated in male participants 
from the Health Professionals Follow-up Study. The study showed 
that vitamin D sufficient women (predicted 25(OH)D levels ≥ 
30 ng/mL) had a 62% lower probability of being diagnosed with 
Crohn disease compared with those individuals vitamin D deplete 
(predicted 25(OH)D <20 ng/mL), with a hazard ratio of 0.38 (95% 
CI 0.15–0.97, p = 0.048). Women in the top 2 quartiles of 25(OH)
D levels had an even greater apparent protection from developing 
Crohn disease, and for each 1ng/mL increase in predicted 25(OH)
D levels, there was an associated 6% relative reduction in the 
risk of developing Crohn disease (multivariate HR, 0.94; 95% CI, 
0.89–0.99; p = 0.03).

Serum levels of 25(OH)D < 75 nM are associated with a higher 
incidence of TB (Wilkinson et  al., 2000, Wejse et  al., 2009), 
although causative effects remain uncertain. A dose of 100,000 IU 
2.5mg vitamin D2 suppressed growth of MTB in samples of whole 
blood in vitro (Martineau et  al., 2007). Studies using vitamin D 
supplementation (10,000 IU vitamin D3 daily) with conventional 
TB therapy have reduced the time to obtaining a negative acid-fast 
bacillus (AFB) sputum smear (Nursyam et al., 2006). Two rand-
omized controlled trial of vitamin D3 (Wejse et al., 2009; Martineau 
et al., 2011) using three to four doses of 100,000 IU were, however, 
unable to demonstrate any benefit in clinical outcomes for patients 
with TB, although one of these trials did not show any elevation in 
serum 1,25(OH)D levels in the treatment group (Wejse et al., 2009). 
Sub-analyses did show improvement in time to negative AFB sam-
ple in a cohort of TB patients with the Taq1 tt SNP within the VDR 
gene (Martineau et al., 2007). Vitamin D has been proposed as a 
potential therapy in other mycobacterial disease, including tuber-
culoid leprosy (Chaglassian, 1948). Vitamin D deficiency has also 
been linked with infection and mortality in patients with ESRD 
(Gombart et al., 2009).

Conclusions
Although vitamin D has been known to medical science for almost 
a century, it is only in the last 15 -20 years that we have realized 
that the biological effects of vitamin D extend far beyond the con-
trol of calcium metabolism. Recent observational evidence suggests 
strong links between low vitamin D levels and an impressively wide 
range of cardiovascular, renal and immune-mediated conditions, 
including stroke, myocardial infarction, sudden cardiac death, LV 
mass and function, arterial calcification, hypertension, diabetes, 
albuminuria, infectious disease, MS, airway disease, and CKD. 
Predictably therefore interest in this fascinating biological area has 
mushroomed with a plethora of laboratory, translational, and clini-
cal studies appearing. Despite these efforts, many questions remain 
unanswered and challenges remain to be overcome, including the 
current lack of standardization of vitamin D assays, the complexity 
of the other related biological pathways with which vitamin D and 
its metabolites interact, and also the many genetic factors affecting 
the handling and activity of vitamin D in man.

Although there are no definitive renal or cardiovascular guide-
lines on the subject matter, a number of consensus documents high-
light the difficulty in justifying renal supplementation for potential 
non-skeletal benefits at the current time, in the absence of large, 
high-quality trial evidence. Interventional studies in several of 

these therapeutic areas—from large-scale epidemiological ‘supple-
ment’ strategies to more targeted use of vitamin D analogues—are 
now beginning to explore whether manipulating vitamin D levels 
can modify vascular health and prevent cardiorenal diseases: par-
ticular interest will be focused on any potential benefit that may 
accrue from oral vitamin supplementation (cheap and safe) in the 
battle to prevent malign cardiac and renal outcomes in the millions 
of subjects with mild-to-moderate CKD.
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Introduction
Physiological health is critically dependent on balancing the need 
for immunological responsiveness against foreign pathogens 
against the requirement to maintain tolerance to self-components, 
commensal organisms, food-derived innocuous antigens, and 
semi-allogeneic fetal antigens. Disturbances in this homeostasis 
are characterized by immunodeficiency, autoimmune disease, fetal 
loss, and/or chronic inflammation, as shown in Fig. 128.1. Chronic 
kidney disease (CKD) occupies a unique niche in this model, dem-
onstrating features of both immunodeficiency, readily observed 
by responses to vaccination in patients with CKD that are poorer 
than in the general population (Stevens et al., 1984; Kreft et al., 
1997) and which become even less pronounced as CKD progresses 
(DaRoza et al., 2003), and chronic inflammation through immune 
activation, inferred by chronically raised serum markers of inflam-
mation, such as C-reactive protein, interleukin (IL)-6 and tumour 
necrosis factor (TNF) (Miyamoto et al., 2011).

These predicates of CKD are independent of chronic inflamma-
tory and immunodeficiency disorders that cause renal failure (e.g. 
lupus nephritis (Bomback and Appel, 2010), multiple myeloma 
(Bataille and Harousseau, 1997), and HIV (Douek et al., 2003)) or 
of consequence/complication of therapy (e.g. immunosuppression 
for vasculitis (Lode and Schmidt-Ioanas, 2005)). However, defects 
in the immune system are clearly compounded by other factors 
prevalent in the CKD population, such as advanced age, diabetes 
mellitus, malnutrition, and abnormalities of other organs that act as 
portals of entry for pathogens, for example, the lower urinary tract 
(Powe et al., 1999; Jaar et al., 2000).

The duality of chronic inflammation and immunodeficiency is of 
particular importance since accelerated cardiovascular disease as a 
result of chronic inflammation and infective illnesses from immu-
nodeficiency remain the two leading causes of death in patients 
with CKD.

Numerous defects in both the innate and adaptive immune 
responses have been described in CKD (Figs 128.2 and 128.3). 
Although these changes occur concurrently, for convenience 
and clarity, here they will be discussed in terms of deficiencies 
causing attenuation of immune responses (immunodeficiency) 
and acquired immune system changes resulting in chronic 
inflammation.

The majority of studies of the immune system in CKD have 
compared healthy individuals against those already on dialysis. 
Therefore, one infers, but cannot say with confidence, that immune 
system defects are continuous across progressive CKD (and become 
explicit when defects accumulate and translate into clinically meas-
urable dysfunction) rather than suddenly occurring at particular 

thresholds of CKD. Likewise, the immunological changes cannot 
be conclusively divorced from the physicochemical environment of 
dialysis. However, as far as possible, the effects of dialysis on the 
immune system will not be discussed here as these are expounded 
elsewhere (see Chapters 269–271).

Acquired immunodeficiency
Immunodeficiency in CKD is the result of defects at every level of 
immune responsiveness to foreign pathogens, including abnormal-
ities of antigen recognition, removal, and presentation, failure of 
T-cell co-stimulation, depletion and defect of effector T-cell (Teff) 
subsets, as well as defects in B cells.

Abnormalities in antigen recognition 
and phagocytosis/removal
Neutrophils, monocytes, and macrophages play a pivotal role in 
immunological health against bacterial pathogens because they are 
key to successful recognition and removal of pathogen-associated 
antigens or self-derived dangerous entities such as apoptotic and 
necrotic cells. It is not surprising, therefore, that reports of hypore-
activity (Ando et al., 2005), defective phagocytosis (Vanholder and 
Ringoir, 1993; Vanholder et al., 1993; Anding et al., 2003), impaired 
cytotoxicity (Prabhakar et al., 1997; Anding et al., 2003), matura-
tion (Lim et al., 2007; Verkade et al., 2007b), and even enhanced 
apoptosis (Cohen et  al., 2001)  in these immune cells correlate 
with bacterial agents as the primary infective source in patients 
with CKD (Abbott and Agodoa, 2001). Interestingly, decreased 
function of other innate immune cells such as mast cells and γδ 
T cells has not been conclusively connected with CKD—the acti-
vation state of these cells seems rather increased (Wu et al., 2007; 
Holdsworth and Summers, 2008). Studies of NK cells in CKD, on 
the other hand, are still lacking.

The exact mechanisms underlying these functional defects in 
neutrophils, monocytes, and macrophages in CKD are currently 
not well understood but several studies suggest that the uraemic 
environment accompanying CKD may impact on the function of 
the key danger recognition pathway in innate immune cells, namely 
the toll-like receptors (TLRs). TLRs are examples of signalling pat-
tern recognition receptors expressed on neutrophils, monocytes, 
and antigen-presenting cells (APCs) that bind pathogen-associated 
molecular patterns (PAMPs) and instruct innate effector functions, 
such as cell degranulation and phagocytosis as well as expression of 
immune responsive genes, such as T-cell co-stimulatory molecules 
(e.g. cluster of differentiation (CD)-80 and CD86) and cytokines 
(Fig. 128.4B). Indeed, the importance of the uraemic environment 
to at least some of these TLR-related defects is suggested by some 
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degree of normalization of function in the presence of non-uraemic 
serum (Lim et al., 2007).

Abnormalities in antigen presentation  
and T-cell activation
Besides impacting negatively on the direct recognition and 
removal of antigens by phagocytosis, uraemia also causes a defect 
in antigen-presenting capacity of key APCs including macrophages 
and dendritic cells (DCs). These cells are not only an important 
source of inflammatory cytokines but are also required for effec-
tive T-cell activation via presentation of antigen and provision 
of co-stimulatory signals. There are two types of DCs, myeloid 
(mDCs) and plasmacytoid (pDCs). The latter orchestrate antiviral 

immunity, producing type I interferons (e.g. IFN-α) in response to 
TLR7 and -9 ligands such as CpG-containing DNA, while the for-
mer induce T-helper (Th)-1 (and under some circumstances Th2) 
immunity through production of (predominantly) large quantities 
of IL-12 in response to TLR3 and -4 ligands. In CKD, not only is 
there a general reduction in total DC numbers (Hesselink et al., 
2005; Verkade et al., 2007b), irrespective of whether subjects are 
pre- or on dialysis (Hesselink et  al., 2005), but the deficiency is 
manifested more significantly in pDCs than mDCs (Agrawal et al., 
2010)—likely explaining the propensity of CKD patients to pre-
sent with increased inflammatory Th1 responses (see below). Part 
of this defect is related to impaired maturation of monocytes into 
DCs, which can be reversed to an extent by non-uraemic serum 
(Lim et  al., 2007). Uraemia not only shifts the balance of mDC 
versus pDC and related cytokine patterns but also causes a defect 
in the upregulation of co-stimulatory molecules required for effi-
cient T-cell activation, such as CD80 and CD86 (Girndt et al., 1993, 
2001) in macrophages and DCs. Similarly to the initiation of phago-
cytic function, expression of CD80 and CD86 is regulated by TLRs 
in these cells. Downregulated TLR expression in both pre-dialysis 
(Ando et al., 2006b) and dialysis (Kuroki et al., 2007) CKD patients 
can, therefore partially explain the deficiency in CD80 and CD86 
expression on APCs and poor monocyte responses to TLR agonists 
(Ando et al., 2006a, 2006b) in CKD.

Depletion and defect of effector T-cell subsets
Defective or altered APC function generally translates into subop-
timal T-cell activation or pathological skewing of Teff responses. T 
cells are critical agents in the maintenance of adaptive immunity 
and the development of immunological memory. They are divided 
into subtypes based on function (cytokine expression) (Fig. 128.5) 
and cell surface/intracellular molecule expression, for example, 
CD4+ and CD8+. CD4+ cells are further divided into effector (Teff; 
CD25−) or regulatory (Tregs; CD4+CD25hiCD127loFOXP3+) 
(Fig. 128.5). The latter are non-redundant in the prevention of 
autoimmune diseases and candidates for cellular immunotherapy 
in human diseases and solid organ transplantation (Afzali et al., 
2007; Sagoo et al., 2008). Effector cells comprise naïve (CD45RA+) 
and memory (CD45RO+) subsets, the latter composed of effector 
memory (CCR7−, displaying immediate effector function on stim-
ulation) and central memory (CCR7+, lacking immediate effector 
function but generating effector memory T cells on stimulation) 
types (Sallusto et al., 1999). Homeostatic maintenance of the cor-
rect balance between these T-cell subsets is critical in the mainte-
nance of adaptive immunological health, a balance that is disturbed 
in CKD.

Numerous abnormalities of T cells have been described in CKD. 
These include a reduction in overall T-cell numbers (Kurz et al., 
1986; Deenitchina et  al., 1995), including quantitative alteration 
of lymphocyte subsets (Deenitchina et al., 1995) such as depletion 
of naïve and central memory Teffs (Yoon et al., 2006). Failure to 
establish lasting immunological memory to vaccines can, in part, 
be explained by this depletion of memory Teffs. Since T cells in 
CKD exhibit an activated state (Meier et al., 2000), T-cell depletion 
is explained by a markedly enhanced rate of apoptosis in remain-
ing T-cell populations (Matsumoto et al., 1995; Meier et al., 2009). 
Other significant numerical T-cell perturbations, such as reduction 
in the relative ratios of CD4+ to CD8+ T cells in CKD (Yoon et al., 
2006) are more controversial, since preserved ratios have also been 
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Fig. 128.1 Immune homeostasis and its relationship to disease. The immune 
system must balance the requirement for response to foreign antigen against the 
need to maintain tolerance to self-components, commensals, and food-derived 
and semi-allogeneic fetal antigens. A disturbance of this homeostasis causing 
excessive immune responsiveness and/or deficiency in tolerogenic mechanisms 
can result in autoimmune diseases, chronic inflammation, and pregnancy 
failure. On the other hand, weak immune responsiveness and/or excessive 
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Fig. 128.2 Mechanisms underlying acquired immune deficiency in CKD results 
in a disturbance of both innate (monocytes and DCs) and adaptive (T and B cells) 
arms of the immune system, causing attenuation of responses to foreign antigens. 
The diagram summarizes the key elements affected. DC = dendritic cell.
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reported (Kurz et al., 1986; Deenitchina et al., 1995). The biology 
of Tregs in CKD is discussed in the ‘Regulatory T cell defects in 
CKD’ section.

Functionally, T cells show sluggish and/or defective responsive-
ness to stimulation (Kurz et al., 1986; Meuer et al., 1987; Cohen 
et al., 1997; Descamps-Latscha and Herbelin, 1993), which presum-
ably underlies the disturbances of acquired immunity observed in 
CKD (i.e. high vaccine failure rates and failure of tuberculin skin 
testing to diagnose latent tuberculosis) (Eleftheriadis et al., 2007). 
T-cell differentiation also appears to be aberrant, with a propensity 
to differentiate towards Th1, rather than Th2 (Sester et al., 2000; 
Ando et al., 2005). These predicates may be the result of failure of 
T-cell co-stimulation and interaction with APCs (see above), lower 
expression of the T-cell receptor (TCR)/CD3 complex (Stachowski 
et al., 1993) (essential for appropriate T-cell activation), as yet uni-
dentified antigen(s) in the CKD milieu, altered monocyte cytokine 
production (Meuer et al., 1987; Girndt et al., 1998) or a combina-
tion of these. Indeed, in patients with CKD, poor monocyte-derived 
DC function correlates with impaired T-cell responses to vaccines 
(Verkade et al., 2007a). There is also some evidence to suggest that 
high parathyroid hormone (PTH) levels in CKD contribute to the 
T cell hyporesponsiveness observed (Tzanno-Martins et al., 2000).

Defects in B cells
B cells have a repertoire of functionality in the immune system 
that has only in the recent past been recognized to go beyond 
antibody production. These include, in addition to antibody pro-
duction, proliferation, antigen presentation to T cells, cytokine 
production, and suppressive function. In the uraemic environment, 

generalized B-cell lymphopenia is the norm (Deenitchina et  al., 
1995; Fernandez-Fresnedo et  al., 2000; Pahl et  al., 2010), albeit 
with the caveat that the circulating environment may not reflect 
the total body B-cell compartment. Children with CKD appear to 
have a more significant deficiency in memory B cells (Bouts et al., 
2004)  than adults, in whom the deficiency is more generalized 
(Pahl et al., 2010).

Uraemic serum contains elevated levels of key B-cell growth 
factors, such as IL-17 and B-cell activation factor of the TNF fam-
ily (BAFF) (Pahl et al., 2010), as their production is significantly 
stimulated by chronic inflammation and lymphopenia (Mackay 
et  al., 2003), both hallmarks of CKD. However, transitional B 
cells (see Fig. 128.6) in the uraemic environment exhibit marked 
reduction in expression of receptors for B-cell growth factors, such 
as BAFF (Pahl et al., 2010). By extension, there is likely to be an 
impairment of growth, maturation and differentiation of B cells 
(Fig. 128.6) in CKD. In addition, B cells in CKD manifest mark-
edly enhanced apoptosis relative to B cells from healthy donors 
(Fernandez-Fresnedo et al., 2000), so depletion of B-cell numbers 
may reflect not only a block in differentiation and maturation but 
also accelerated cell death.

Functionally, defects in T lymphocytes described above likely 
also have an impact on T-cell-dependent B-cell responses, in par-
ticular antibody production against protein antigens. Although 
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during normal cell turnover and tissue homeostasis, is counterbalanced 
(‘regulated’) by suppressive mechanisms preventing unwanted inflammation.
(B) In CKD, this balance is offset by an increase in immune system activation and 
depletion/defect in regulatory elements, resulting in chronic inflammation.

Bacterium
(A)

(B)

Bacterium

Endocytic
pattern
recognition
receptor

Signalling
pattern
recognition
receptor

PAMPs

APC

TCR

APC

Cytokines

CD28

CD80/CD86PAMPs

�

�

MHC class II
plus peptide

Fig. 128.4 Endocytic and signalling pattern recognition receptors. 
Pathogen-associated molecular patterns (PAMPs) can be recognized by 
either endocytic (A) and/or signalling (B) pattern recognition receptors on 
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of naïve T cells is critically dependent on a TCR signal as well as a co-stimulus, 
whereas memory T cells are much less dependent on co-stimulation.
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there are reports of normal serum levels of immunoglobulins in 
patients on dialysis (Okasha et al., 1997), in vitro studies have also 
shown impaired T-cell-independent B-cell responses and produc-
tion of immunoglobulin (Ig)-M, IgG, and IgA in these individu-
als (Raskova et al., 1987; Smogorzewski and Massry, 2001). This 
deficiency may manifest in vivo as deficits in specific subclasses of 

IgG (Bouts et al., 2000) and may partly be related to elevated levels 
of intracellular calcium in B cells and high levels of serum PTH in 
CKD (Smogorzewski and Massry, 2001). When stimulated with a 
TLR-9 ligand (CpG), uraemic B cells also fail to produce a normal 
cytokine profile, secreting significantly higher concentrations of the 
pro-inflammatory cytokine IL-6 and TNF, than healthy control B 
cells (Pahl et al., 2010).

Chronic inflammation
Strong protective responses are initiated upon pathogen encoun-
ter by concerted actions of the innate and adaptive arms of the 
immune system. However, even in the absence of dangerous 
microbes, continuous, low-level immune activation is apparent and 
required for tissue integrity and removal of apoptotic cells. Under 
normal circumstances, there is a homeostatic balance between 
pro-inflammatory and anti-inflammatory mechanisms, which pre-
vents the development of autoimmune diseases (Fig. 128.3A). This 
is perhaps best demonstrated in humans in whom absence/muta-
tions in the transcription factor controlling Treg function (FOXP3) 
results in death from severe autoimmune disease (Bennett et al., 
2001; Baecher-Allan and Hafler, 2006) in the absence of discernible 
changes in the Teff compartment. Although, as discussed in detail 
above, CKD patients present with clear manifestations of decreased 
immune induction, their condition is concurrently also charac-
terized by hallmarks of an over-reactive immune response. This 
specific combination of immune deregulation in ‘both directions’ 
poses an additional layer of complexity in the design of appropriate 
therapeutic interventions.

Excessive immune system activation in CKD
Chronic inflammation in CKD, inferred from long-term eleva-
tions of serum markers, such as C-reactive protein, IL-6 and TNF 
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(Miyamoto et al., 2011), is detectable at early stages of CKD and 
is exacerbated as CKD progresses (Pereira et al., 1994). The patho-
genesis of inflammation is by either an increase in immune sys-
tem activation and/or depletion or defect in regulatory elements 
(Fig. 128.3B). Further, although it is accepted that many elements 
of the immune system show heightened activation in CKD, the 
true difficulty is in discerning whether these changes are the 
cause or the result of chronic inflammation. For example, solu-
ble levels of CD25 and CD23 (shed from T- and B-cell surfaces, 
respectively, after activation) are elevated in patients with CKD 
(Descamps-Latscha et al., 1995), suggesting that there is chronic 
activation of both T and B cells, but not specifying whether this 
would be the result or the cause of chronic inflammation. As far 
as possible, dialysis-specific alterations will not be discussed here 
(see Chapters 259 and 266).

Monocyte and neutrophil activation
Despite hyporeactivity and poor phagocytic (and 
antigen-presenting) function (see ‘Abnormalities in antigen rec-
ognition and phagocytosis/removal’), monocytic and polymor-
phonuclear (PMN) lineages show significant hyperactivation 
characteristics in CKD. In particular, they express surface mark-
ers, such as integrins (CD11b/CD18 for instance), required for 
cell-to-cell adhesion and for diapedesis into sites of inflammation 
(Yoon et al., 2007) and contribute significantly to oxidative stress 
by producing superoxide and hydrogen peroxide (Yoon et  al., 
2007). Elevated oxidative stress inhibits the anti-inflammatory 
properties of high-density lipoprotein (HDL) and increases the 
pro-inflammatory activity of low-density lipoprotein (LDL), which 
compounds the dyslipidaemia commonly seen in CKD (Vaziri 
et al., 2010). While there is general agreement that TLR expres-
sion is suppressed on monocytes and PMNs in CKD (Ando et al., 
2006b; Kuroki et al., 2007; Koc et al., 2011) and that the responses 
to TLR ligation are attenuated (Ando et  al., 2006a, 2006b), 
at least one report identified over-expression of TLR2 and -4  
(but nor TLR7 and -9) on monocytes and TLR4 on neutrophils 
and augmented production of the pro-inflammatory cytokines 
IL-6 and TNF on TLR4 ligation (Gollapudi et al., 2010), suggest-
ing that there may be considerable variation between individuals 
and/or some relationship between TLR expression and dialysis. 
Of note, patients with CKD (as early as CKD stage 3) have ele-
vated serum levels of lipopolysaccharide (LPS) (Goncalves et al., 
2006; McIntyre et al., 2011). LPS engages a number of receptors 
on immune cells, including TLR4, CD14, and TLR2 (Yang et al., 
1998), resulting in immune cell activation. High levels of LPS in 
the serum are presumably derived from intestinal bacteria since 
bowel oedema, caused by fluid overload (contributed to by loss of 
native urine output in patients on haemodialysis), is a potent risk 
factor for the permeabilization of the intestines to bacterial trans-
location (Krack et al., 2005). Although biologically plausible, LPS 
levels in patients with CKD do not always correlate with the levels 
of inflammatory markers in the serum (Goncalves et al., 2006), 
suggesting that chronic inflammation in these individuals is more 
complex than LPS alone. TLRs are also engaged by self-derived 
danger signals such as antigens exposed by non-healing injured or 
dying tissue, possibly explaining continuous activation of the TLR 
system in the absence of infection. Nevertheless, uraemic serum 
very clearly promotes adhesion of monocytes from healthy indi-
viduals to cultured endothelium (Moradi et al., 2010) providing 

a plausible link between monocytes, oxidative stress, and athero-
genesis in CKD.

Endocytic pattern recognition receptors are expressed on APCs 
and bind PAMPs to induce phagocytosis, antigen processing, and 
presentation in the context of major histocompatibility complex 
(MHC) class II (Fig. 128.4A). In addition to alterations in expres-
sion of TLRs, endocytic PAMPs are also altered in CKD. In par-
ticular, the macrophage scavenger receptors SR type I (Ando et al., 
1996; Konishi et al., 1997) and CD36 (Chmielewski et al., 2005) are 
both elevated on circulating monocytes, albeit only when patients 
have been established on dialysis. Since monocytes use these 
receptors for uptake of oxidized LDL, these observations may 
also be of relevance when considering the monocyte–oxidative 
stress–atherogenesis axis in CKD.

Mast cells are also overactive in CKD and contribute signifi-
cantly to progression of disease; notably, their presence is associ-
ated with fibrosis and loss of kidney function (Holdsworth and 
Summers, 2008).

Hypercytokinaemia
The levels of many cytokines, including IL-6, TNF, IL-12, IFN-γ 
and IL-10, are significantly elevated in the serum of patients with 
CKD. Some of this increase is clearly related to chronic immune 
system activation, particularly of innate cells such as mono-
cytes (see ‘Monocyte and neutrophil activation’), but additional 
non-renal factors, such as congestive cardiac failure (Sharma et al., 
2003) and genetic polymorphisms (especially at the IL-6 promoter 
(Bonafe et al., 2001) also play a part. Other tissues, in particular 
adipocytes, are also capable of producing IL-6 (Mohamed-Ali et al., 
1997), so in renal patients of large body habitus, may contribute sig-
nificant amounts of pro-inflammatory cytokines to the total body 
pool (Axelsson et al., 2004).

An inverse linear relationship between the serum concentra-
tions of these cytokines and renal function (Descamps-Latscha 
et al., 1995; Bolton et al., 2001; Pecoits-Filho et al., 2003) also sug-
gests that the cause of elevation is partly related to failure of renal 
clearance with worsening renal function. Indeed, in one study, 
the sole determinant of IL-6 concentration on multiple regression 
analysis was serum creatinine (Bolton et al., 2001). That failure of 
renal clearance is a significant contributor to hypercytokinaemia is, 
additionally, supported by demonstrations in rat models that IL-1β 
(Poole et al., 1990), and to a lesser extent TNF (Bemelmans et al., 
1993), are also removed through renal clearance. If nothing else, 
this is a compelling reason to persevere with strategies to preserve 
residual renal function in CKD.

Inflammatory cytokines, such as IL-6 (Pecoits-Filho et al., 2002), 
and to a lesser extent TNF (Stenvinkel et al., 1999), are linked to 
increased mortality in patients with CKD (as they are with mortal-
ity in the general population (Harris et al., 1999)), through an asso-
ciation with atherogenesis (Huber et al., 1999). However, important 
caveats need to be considered here. Firstly, it is unclear whether 
raised levels of inflammatory cytokines cause or are a consequential 
by-product of endothelial stress and plaque formation. Secondly, 
serum cytokine levels are poor reflectors of local concentrations at 
sites of production and may not be indicative of actual cytokine 
activity, which is dictated by receptor expression, receptor occu-
pancy, intracellular signal transduction, and chromatin structure 
of target genes. Finally, cytokines function in networks, positively 
and negatively regulating the expression of other cytokines, so 
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correlations between serum concentrations of individual cytokines 
and outcomes might reflect false positive associations based on 
interaction.

High levels of IL-12 (Sester et  al., 2000)  and IL-1β reflect the 
hyperactivation state of the monocyte/macrophage lineage and a 
predisposition to Th1 and Th17 differentiation in T cells (as illus-
trated in Fig. 128.5). Strong Th1 responses are also accompanied 
by elevated IFN-γ levels, which may contribute to excessive tissue 
injury and prolonged release of self-derived antigens that sustain 
activation of TLRs (see ‘Monocyte and neutrophil activation’) or 
the complement system (see ‘Complement activation’). Further, 
as there is a reciprocal relationship between Th1 and Th2 differ-
entiation (Fig. 128.5), and particularly Th2 cells are required for 
efficient antibody production against protein antigens, this may 
explain poor vaccine responses in advancing CKD and clinical 
improvements in SLE once end-stage renal failure has been reached 
(Coplon et al., 1983; Cheigh et al., 1990).

Clearly, continuously elevated levels of pro-inflammatory 
cytokines foster a perpetual cycle of progressive tissue damage and 
fibrosis that generates a chronic source of danger signals sustain-
ing induction of inflammatory mediators in CKD. However, these 
patients also present with high amounts of the anti-inflammatory 
cytokine IL-10 in circulation and the level of IL-10 corre-
lates inversely with inflammatory markers (Morita et  al., 1997; 
Stenvinkel et al., 2005). IL-10 was initially classified as Th2-specific 
cytokine with strong immunosuppressive properties towards 
Th1 cells, DCs, and monocytes by inhibiting the production of 
key inflammatory cytokines, including IL-2, IL-6, IL-12, IFN-γ, 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
and TNF (Moore et al., 2001). It is now clear, though, that IL-10 
can also be produced in substantial quantities by several additional 
immune cell populations: under uraemic conditions, high IL-10 
secretion by monocytes and macrophages has been connected 
with the increased stimulation of these cells by TLRs and comple-
ment observed in CKD (Morita et al., 1997). However, and highly 
relevant here, recent advances in the field suggest that Th1 cells 
acquiring the ability to co-express IL-10 in addition to IFN-γ upon 
environmental cues are the biggest source of IL-10 in vivo (O’Garra 
and Vieira, 2007). This co-production of IL-10 is thought to induce 
a (self-)regulatory state in Th1 cells and may be part of a normal 
Teff cell ‘life cycle’ as IL-10 induction has also been observed for all 
Teff cell subpopulations, including Th17 cells (O’Garra and Vieira, 
2007). Thus, the increased Th1 (IFN-γ+/IL-10+) response in CKD, 
together with heightened monocyte and macrophage activation and 
impaired renal IL-10 clearance are all probable contributing factors 
to high levels of circulating IL-10 in CKD. Further, polymorphisms 
in the Il10 gene promoter also affect IL-10 production by activated 
cells (Eskdale and Gallagher, 1995)  and CKD patients with the 
highest levels of IL-10 due to a specific polymorphic sequence show 
best response to hepatitis B vaccination (Girndt et al., 1995); this 
is likely due to the fact that IL-10 supports immunoglobulin class 
switching in B cells (Malisan et al., 1996). Interestingly, the protec-
tive effect of high IL-10 levels in CKD may extend beyond that of 
counter-balancing heightened immune activation and supporting 
antibody production and maturation. There are indications that 
IL-10 may also have direct anti-atherogenic properties via inhibi-
tion of immune cell diapedesis (Song et al., 1997) and the suppres-
sion of matrix metalloprotease (MMPs) activation and superoxide 
anion production (Niiro et al., 1992; Lacraz et al., 1995), which are 

required for atherosclerotic plaque rupture. Thus, increasing spe-
cifically IL-10 production in CKD patients could be a promising 
strategy to reset immune balance and actively stabilize plaques.

Complement activation
Besides TLRs, the complement system represents the second major 
danger recognition and removal system of the immune system 
(Walport, 2001). The complement system consists of > 30 fluid 
phase and cell membrane-bound proteins. There are three com-
plement activation pathways—the alternative, the classical, and 
the lectin pathway—that are activated in a cascade-like fashion 
upon recognition of danger signals including pathogens, infected 
cells, malignant cells, and apoptotic or necrotic cells. Activation of 
the pathways converge on the level of generation of the opsonins 
C3b and C4b, the generation of the anaphylatoxins C3a and C5a 
(mediators of the inflammatory reaction), as well as the induction 
of the terminal lytic pathway, characterized by formation of the 
membrane attack complex (MAC) and direct killing of targets (Fig. 
128.7). Increased systemic and local complement activation with 
subsequent damage of endothelial and epithelial cells has histori-
cally long been connected with acute and chronic kidney disease; 
complement deposition and activation are well acknowledged as 
mediators and markers of renal damage in conditions including glo-
merulonephritis, lupus nephritis, IgA nephropathy, ischaemia rep-
erfusion injury, and atypical haemolytic uraemic syndrome (Berger 
et  al., 2005; Tang and Sheerin, 2009; Vernon and Cook, 2012). 
Whether complement activation is cause or effect in CKD is cur-
rently a matter of discussion and research focus. In part, increased 
or prolonged complement activation in CKD is observed—similar 
to the situation described for TLRs (see ‘Monocyte and neutrophil 
activation’)—because damaged tissue generates self-derived dan-
ger signals that activate complement (Pickering et al., 2000; Brown 
et al., 2007). In addition, uraemia sustains excessive complement 
activation because factor D (a factor required for initial activation 
of the alternative pathway) and complement system-derived acute 
phase reactants (factor B, mannose-binding protein, and C3 activa-
tion fragments) (Fig. 128.7) accumulate due to decreased clearance 
via the damaged kidney (Deppisch et al., 2001).

However, the recent shift in paradigm, which now also attributes 
a vital role for complement in immune response contraction and 
immune homeostasis and not only the induction of inflammatory 
reactions (see ‘Hypercytokinaemia’) (Kemper and Atkinson, 2007; 
Kolev et al., 2014), suggests that complement dysregulation in CKD 
may also directly contribute to the altered T effector/Treg cell phe-
notype observed in these patients.

Defective regulatory elements
Many regulatory elements exist in the immune system, includ-
ing proteins (e.g. IL-10), small RNA species (microRNA), steroid 
hormones, and immune cells themselves. Two of these are par-
ticularly ‘hot topics’ at present, Tregs and vitamin D.  In patients 
with CKD, both of these show discernible abnormalities and will 
be discussed here.

Regulatory T-cell defects in CKD
There are several types of regulatory T cells in the immune system. 
Of these, naturally occurring CD4+CD25hiCD127loFOXP3+ Tregs 
are thought to be the most important in the prevention of auto-
immune diseases and the regulation of excessive immune system 
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activation during infective illnesses (Afzali et  al., 2007). Tregs 
inhibit activation, proliferation, and cytokine production in Teffs 
(Thornton and Shevach, 1998; Jonuleit et al., 2001), thus inhibit-
ing immune propagation in response to autoantigens and damping 
down responses following encounter with pathogen. The mecha-
nism of action of Tregs appears to be multiple, but there is an obli-
gate requirement for cell-to-cell contact or, at least, close proximity 
between Tregs and target cells (Takahashi et al., 1998; Thornton and 
Shevach, 1998). Such heterogeneity in function may reflect genu-
ine subpopulations in Tregs, of which emerging data suggests there 
are several (Miyara et al., 2009; Sakaguchi et al., 2010; Edozie et al., 
2014). Tregs can now be enriched/purified from the peripheral cir-
culation and expanded in vitro in such a way that they maintain 
their phenotypic characteristics (Battaglia et al., 2006; Trzonkowski 
et al., 2009; Tresoldi et al., 2011), making them one of the most 
viable candidates for trials of cell-based immune therapy (Sagoo 
et al., 2008) for the induction of transplant tolerance and ameliora-
tion of autoimmune diseases.

In CKD, there have been suggestions that Treg populations are 
diminished, functionally defective, and highly apoptotic (Hendrikx 
et al., 2009; Meier et al., 2009), possibly as a result of circulating fac-
tors in the uraemic environment, such as oxidized LDL (Meier et al., 
2009) and Th1-polarizing cytokines, such as IL-12. These observa-
tions are important from two perspectives. Firstly, they provide an 
additional reason for the chronic inflammation seen in CKD, in 
particular excessive Th1 responses. Secondly, defects in Tregs from 
patients with CKD effectively diminish the likelihood of successful 
trials of cell-based therapy. Our own observations and those of our 
collaborators, that patients with ESRF from non-autoimmune aeti-
ologies have comparable and functionally competent Treg subsets 
to healthy age- and sex-matched controls (Afzali et al., 2013), are 
in disagreement with the published literature. The difference may 
be related to a difference in the patient cohort studied (sex, age, 
and length of time on HD), the effect of the uraemic environment 
on Treg longevity and function or the biology of subpopulations 
of Tregs.
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though proteases such as kallikrin, thrombin, or cathepsins. The deposition of C3b on a target surface then initiates the feedback amplification loop. All activation 
conditions converge on the level of formation of C3 and C5 convertases. C3 and C5 convertases generate C3b, C5b, and the anaphylatoxins C3a and C5a. These effectors 
mediate lysis of target cells (MAC formation) or immune adherence and phagocytosis of the pathogen/antigen (C3b and C4b) or function as chemoattractants and 
activators of immunocompetent cells (C3a and C5a). MAC = membrane attack complex; MBL = mannan-binding lectin; MASP = MBL-associated serine protease
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A second population of IL-10-producing regulatory T cells, 
called Tr1 cells, may also be of interest in CKD. Although high 
numbers of Tr1 cells are present in patients developing spontane-
ous tolerance to a kidney or liver allograft (VanBuskirk et al., 2000), 
an investigation assessing population size and function of Tr1 cells 
in CKD has not yet been published. However it is practically fea-
sible to purify and expand ex vivo fully functional Tr1 cells from 
uraemic patients (Berglund et al., 2012). This indicates that the Tr1 
pool in this patient group is not completely absent, that these cells 
present with normal function at least upon in vitro activation and 
that their expansion potentially forms a base for adoptive therapy 
in kidney transplantation.

Vitamin D deficiency
Vitamin D plays an important role in mammalian immunology, 
irrespective of its role in the maintenance of serum (and, by infer-
ence, intracellular) calcium concentrations. The vitamin D receptor 
(VDR) is ubiquitously expressed on most immune cells (Veldman 
et al., 2000), including CD4+ and CD8+ lymphocytes and APCs. 
In contrast to endocrine vitamin D regulation, however, many 
immune cells also express the enzyme machinery required for 
vitamin D activation, notably 1α-hydroxylase and 25-hydroxylase 
(Hewison et  al., 2003). 25 hydroxylase is basally active whereas 
activity of both 1α-hydroxylase and the VDR is mediated by innate 
immune signals, in particular IFN-γ and PAMPs such as TLR ago-
nists (Overbergh et al., 2000; Stoffels et al., 2006). During infection/
inflammation, both the VDR and 1α-hydroxylase are activated, 
resulting in the complete activation and signalling machinery 
of vitamin D. In the immune system, vitamin D has many roles, 
including cell growth and proliferation, cellular development, 
movement, cell-to-cell signalling and cell death, all of which are 
mediated through direct effects on gene transcription (Baeke 
et al., 2011).

The overall effect is a promotion of innate immunity through 
production of antimicrobial proteins, such as cathelicidin and 
defensins (Liu et  al., 2006), and modulation of adaptive immu-
nity achieved through inhibition of pro-inflammatory effects (e.g. 
T-cell co-stimulation, production of IL-2, IL-6, IL-12, IL-23, and 
IFN-γ) and promotion of anti-inflammatory mechanisms (e.g. 
preferential Treg and Th2 development and activity in place of Th1) 
(Adams and Hewison, 2008; Adorini and Penna, 2008; Brown and 
Slatopolsky, 2008). The net effect is enhanced innate immunity to 
pathogens and promotion of adaptive regulatory mechanisms in 
favour of inflammatory ones.

A deficiency of vitamin D, as is highly prevalent in the CKD 
cohort, particularly as a result of dietary restrictions and loss of 
appetite, results in the two key immune predicates observed in 
CKD, namely impaired innate immune responsiveness, predispos-
ing to infection, and chronic inflammation. Vitamin D immune 
biology is discussed in greater depth in Chapter 127 but it is worth 
mentioning here that in patients on haemodialysis, infectious 
mortality very strongly correlates with cathelicidin levels, a sur-
rogate marker of vitamin D activity in the innate immune system 
(Gombart et al., 2009).

Conclusions
Patients with CKD are immunologically unique in demonstrating 
both a state of chronic inflammation and of immunodeficiency. 
While these phenomena are easy to observe, and abnormalities in 

almost all components of the immune system can be measured, it 
is frustratingly clear that their underlying defective pathways are 
complex and may potentially not follow a unifying pattern but 
rather be individual and patient specific. Thus, much needed novel 
strategies targeted at reversing these abnormalities rely fully on sig-
nificant progress in our understanding of immune response induc-
tion and regulation pathways as well as their respective cross-talk. 
The collective effort of researchers worldwide to identify aberrant 
pathways in human immune diseases via genome-wide associa-
tion studies (GWAS) and substantial progress in complementary 
technologies such as deep sequencing, chromatin landscape, and 
proteome analyses even from limited numbers of cells will likely 
increase the speed of the further functional dissection of the 
immune network.
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CHAPTER 129

The epidemiology of hepatitis 
viruses in chronic kidney disease
Fabrizio Fabrizi and Michel Jadoul

Introduction
The advanced stages of chronic kidney disease (CKD) are associ-
ated with a major increase in the risk for all-cause morbidity and 
mortality (Go et  al., 2004). Of interest, liver damage may con-
tribute to the high rates of hospitalization and mortality in CKD 
patients. Patients with CKD can develop a variety of acute and 
chronic diseases of the liver. The most common and serious causes 
of liver damage in CKD patients remain hepatitis B virus (HBV) 
and hepatitis C virus (HCV) infection; however, the vast major-
ity of the literature on liver disease in CKD refers to patients on 
maintenance dialysis or renal transplant recipients. Several stud-
ies, mostly small-sized, have however suggested that the prevalence 
of anti-HCV antibodies is also high among patients with the late 
stages of non D- CKD, ranging from 2.8% to 20% (Fabrizi et al., 
1994; Kumar et  al., 1994; Garcia-Valdecasas et  al., 1994; Fabrizi 
et al., 2001; Lopez-Alcorocho et al., 2001; Bergman et al., 2005; Sit 
et al., 2007; Iwasa et al., 2008). These prevalence figures should be 
interpreted in the light of the known prevalence of HCV in the gen-
eral population worldwide, known to be highest in Egypt, interme-
diate in Asia, the United States, and Southern/Eastern Europe, and 
lowest in Northern Europe (Lavanchy, 2009).

The features of hepatitis B and C virus infections in CKD, and 
their treatment, are discussed in Chapters 185 and 186.

Hepatitis C virus and pre-dialysis chronic 
kidney disease
The importance of HCV as a cause of liver damage in patients with 
CKD stage 4 has increased with the advent of pre-emptive kidney 
transplantation: understanding the characteristics of liver disease 
is important for the evaluation and management of potential renal 
transplant candidates (Table 129.1). Lemos et al. (2008) assessed 
the epidemiology and clinical significance of hepatitis C in a large 
cohort of uraemic patients not yet receiving dialysis in Brazil. Each 
patient with chronic HCV was matched, in a nested case–control 
study, with three pre-dialysis controls without viral hepatitis. 
A total of 1041 patients with a creatinine clearance of 36 ± 18 mL/
min were enrolled (49% had CKD stages 4–5). Forty-one (3.9%) 
patients were anti-HCV positive and, of these, 39 (95%) presented 
HCV viraemia. A population study conducted in the same region 
reported an anti-HCV prevalence of 1.4% (P < 0.001). When com-
pared to the control group, a larger proportion of patients with 

chronic HCV presented a history of blood transfusion before 1992 
(66.7% vs 10.3%; P < 0.001) and of major surgery (53.8% vs 17.1%; 
P < 0.001). Moreover, chronically HCV-infected patients presented 
significantly higher serum alanine aminotransferase (ALT) levels 
(1.3 vs 0.4 × ULN; P < 0.001). Logistic regression analysis showed 
that a history of blood transfusion before 1992, intravenous drug 
abuse and ALT level had an independent and significant associa-
tion with chronic HCV.

In a prospective, observational study in the United States on 
860 maintenance dialysis patients, patients had at dialysis start an 
anti-HCV positivity rate (14.4%) seven to eight times greater than 
the estimate for the general population (1.8%) (Alter et al., 1999). 
In these US inner city units, most of the HCV burden (prevalence 
16.8%) was thus acquired prior to starting dialysis, particularly 
among those who are younger, black, or have a history of drug use 
(Bergman et al 2005). The authors concluded that risk factors for 
HCV infection in patients receiving dialysis now may differ sub-
stantially from those identified 20 years ago. Transmission of HCV 
in the haemodialysis setting has clearly decreased because of the 
virtual elimination of HCV from the blood supply, at least in devel-
oped countries, the advent of erythropoiesis-stimulating agents and 
improved hygienic precautions. Rather, most anti-HCV (+) dialysis 
patients may have become infected before the initiation of dialysis.

HCV infection results in increased serum aspartate transami-
nase (AST) and ALT levels. Unfortunately, the diagnostic value of 
AST/ALT measurement to assess acute or chronic HCV is rather 
weak in CKD patients. Lower serum aminotransferase values in 
dialysis patients than in healthy controls have repeatedly been 
reported (Yasuda et al., 1995). This phenomenon may extend to 
CKD non-D patients. In a large (N = 407) cross-sectional survey 
of consecutive individuals with a serum creatinine > 2 mg/dL , 
Fabrizi et al. (2001) reported lower serum aminotransferase activ-
ity in comparison with healthy persons. The difference became 
greater after correction for viral markers (hepatitis B surface anti-
gen (HBsAg) and anti-HCV) and persisted in age-matched com-
parisons; AST, 17.9 ± 8 vs 20.4 ± 6 IU/L (P = 0.0001) and ALT, 
17.5 ± 10 vs 21.7 ± 11.3 IU/L (P = 0.0001). Although this is a single 
cross-sectional study, it seems reasonable to state that in patients 
with or without viral hepatitis, aminotransferase levels are higher 
in those with normal renal function, probably intermediate in 
pre-dialysis, and lowest in patients on dialysis. The suspected 
causes of the lower aminotransferase activity in CKD patients 
include a reduction in pyridoxal-5′ -phosphate, a coenzyme of 
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Table 129.1 Hepatitis C in pre-dialysis population: epidemiology

Authors (year) Prevalence rate Country

Fabrizi et al. (1994) 14% (44/221) Italy

Kumar et al. (1994) 6.2% (3/48) Pakistan

Garcia-Valdecasas et al. (1994) 7.9% (18/226) Spain

Lopez-Alchoroco et al. (2001) 17% (6/35) Spain

Bergman et al. (2005) 14.4% (57/396) United States

Sit et al. (2007) 7% (12/171) Turkey

Iwasa et al. (2008) 7.3% (29/400) Japan

Lemos et al. (2008) 3.9% (41/1041) Brazil

aminotransferase, the presence of ultraviolet-absorbing materi-
als, and high levels of uraemic toxins.

Hepatitis B virus and pre-dialysis chronic 
kidney disease
As for HCV, the prevalence rates of HBV in pre-dialysis patients are 
clearly related to their prevalence in the general population of the 
same regions, with a well-known north-to-south and west-to-east 
gradient.

Thus, not surprisingly, small reports from India (7%) or Turkey 
(10.5%) showed high HBsAg positive rates (Salako et  al., 2002; 
Chandra et al., 2004; Sit et al., 2007) whereas the rate of chronic 
HBsAg seropositive individuals with pre-dialysis CKD from Spain 
and Italy was between 0% and 3.7% (Lopez-Alcorocho et al., 2001; 
Fabrizi et al., 2001; Iwasa et al., 2008).

In a large cohort (N = 405) of pre-dialysis patients, the preva-
lence of HBsAg positivity was 3.7% (Fabrizi et al., 2001), a figure 
lower than in dialysis (8.7%) but greater than in healthy persons of 
the same region (0.5%). Multivariate analysis showed an independ-
ent and significant association between AST level (P = 0.017) and 
HBsAg positivity.

Numerous risk factors may predispose pre-dialysis patients 
to HBV or HCV infections:  these include high-risk behaviours 
(recreational drug use or unsafe sex), prolonged hospitalizations 
or frequent healthcare utilization potentially increasing nosoco-
mial exposure to infectious agents, impaired immune response 
from chronic uraemia, and decreased vaccine responsiveness. In 
addition, HBV may be a significant cause of glomerular disease 
(and thus CKD), at least in some regions of the world. A recent 
case series of biopsy-proven membranous nephropathy from 
China ascribed the disease to HBV in 12% of cases (Zeng et al., 
2008). Similarly, HCV has been implicated in the pathogenesis 
of a fraction of membranoproliferative glomerulonephritis (see 
Chapter 80).

Hepatitis B virus vaccine in pre-dialysis 
chronic kidney disease
Uraemic patients not requiring dialysis are now considered 
an important target population for hepatitis B vaccination. 
Seroprotection rates in response to HBV vaccine are poor in the 
haemodialysis compared with the general population (40–70% 

vs > 95%, respectively). In addition, antibody titres are lower and 
decline faster over time in dialysis patients (Rangel et al., 2000). 
Various authors have attempted different regimens to improve 
seroprotection rates with variable results (El-Reshaid et al., 1994; 
Marangi et al., 1994; Charest et al., 2000; Labriola and Jadoul, 2010. 
Numerous in vivo and in vitro experiments have shown multiple 
specific deficiencies in the immune response of patients with urae-
mia, such as diminished interleukin-2 secretion by T lymphocytes, 
impaired macrophage function, and lowered immunoglobulin pro-
duction (Girndt and Kohler, 2002). The impaired immune response 
to HBV vaccination appears to extend to other vaccination types 
and a number of factors have been implicated; inadequate dialysis, 
persistent uraemia, anaemia and malnutrition all have been sug-
gested to have an impact on the ability of patients to respond to 
HBV vaccine (Martin and Friedman, 1995).

Several studies have been conducted regarding the efficacy 
of vaccination for HBV in pre-dialysis patients and have shown 
greater seroconversion rates. The largest study (N  =  165), con-
ducted by DaRoza et  al. (2003), examined seroconversion rates 
according to CKD stage. Seroprotection rate was 82% (136/165). 
Multivariate analysis showed that patients with a lower estimated 
glomerular filtration rate (GFR) were less likely to seroconvert than 
those with better kidney function, independently of other predic-
tors of response (GFR < 10 mL/min; odds ratio 0.103; 95% CI, 
0.027–0.398; P = 0.001).
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Gastroenterology and 
renal medicine
Rishi M. Goel, Kamal V. Patel, and Terry Wong

Endoscopic procedures
Endoscopic procedures are widely performed for the investigation 
of iron deficiency anaemia (IDA) and gastrointestinal (GI) symp-
toms such as dyspepsia, gastro-oesophageal reflux disease (GORD), 
change in bowel habit, weight loss, and bleeding.

Patients on anticoagulant therapy should be discussed with the 
endoscopy department. Short-acting oral hypoglycaemics should 
be discontinued on the morning of the procedure. Insulin therapy 
should be omitted and such patients discussed with the endoscopy 
unit such that they receive a sliding scale and are investigated early 
during the list.

Oral bowel-cleansing agents
Oral bowel-cleansing agents (OBCAs) are used to purge the bowel 
prior to endoscopic and radiological examinations. Multiple 
OBCAs exist and local regimens vary greatly between different 
endoscopy units. The 2009 NHS National Patient Safety Agency 
report on OBCAs highlighted one death and 218 patient safety 
incidents relating to OBCA use. As a result, recommendations 
were made to reduce the risks associated with OBCA adminis-
tration. Hypovolaemia should be corrected prior to administra-
tion and patients should adhere to a low-fibre diet pre procedure. 
Polyethylene glycol agents have been found to be the safest in 
chronic kidney disease (CKD). Recent evidence suggests a split 
bowel preparation regimen given within 24 hours is most effective 
(Hassan et al., 2013). Regular medications should be checked as 
drug absorption may be impaired during OBCA administration. 
This is particularly important for patients such as renal transplant 
recipients who may require admission for intravenous immuno-
suppressant medication during OBCA administration. Where pos-
sible, nephrotoxic drugs including angiotensin-converting enzyme 
inhibitors (ACEIs), diuretics and non-steroidal anti-inflammatory 
drugs (NSAIDs) should be discontinued during OBCA administra-
tion and reinstated 72 hours post procedure (Connor et al., 2012). 
Oral iron should be discontinued at least 5 days prior to endoscopy 
to improve colonoscopy quality.

Table 130.1 shows the common characteristics and contraindica-
tions of various available OBCAs (Connor et al., 2012).

OBCAs are contraindicated in bowel obstruction, perforation, 
ileus, severe inflammatory bowel disease (IBD), and the presence 
of an ileostomy. Complications can occur with any OBCA and 

include acute phosphate nephropathy, hypovolaemia, hypokalae-
mia, hypo-/hypernatraemia, and hypermagnesaemia.

In patients undergoing chronic haemodialysis and receiving an 
OBCA, there is a risk of dialysis access thrombosis where intra-
vascular depletion may cause hypotension. Care should be taken 
to ensure that dialysis and concurrent OBCA administration does 
not result in profound hypovolaemia. Conversely, anuric patients 
taking polyethylene glycol preparations and significant oral intake 
may become fluid overloaded. Dialysis sessions should be coordi-
nated with the timing of OBCA administration and it is strongly 
recommended that dialysis and renal transplant patients have 
planned admissions for careful immunosuppressant drug monitor-
ing and fluid management.

Polypectomy
Polypectomy is generally safe, though it is advised that patients 
who undergo polypectomies of > 1 cm should be monitored closely 
for post-procedure bleeding. Additionally, they should undergo 
heparin-free dialysis at their next session.

There have been multiple case reports of peritonitis following 
colonoscopy ± polypectomy in continuous ambulatory peritoneal 
dialysis (CAPD) patients. These cases appear to have a favourable 
outcome following antimicrobial treatment. A  recent retrospec-
tive study found the peritonitis risk following colonoscopy without 
antibiotic prophylaxis to be 6.3%; however, prophylactic antibiot-
ics did not show a statistically significant reduction in peritonitis. 
Current advice is that CAPD patients should drain their dialysate 
prior to colonoscopy ± polypectomy and be considered for intrave-
nous prophylactic antibiotics (Piraino et al., 2011).

Endoscopic retrograde 
cholangiopancreatography, 
sphincterotomy, and dialysis
Patients who undergo an endoscopic retrograde cholangiopan-
creatography (ERCP) may have a sphincterotomy performed 
whereby a small cut is made in the sphincter of Oddi to widen 
its lumen. It is indicated for patients where drainage of the bil-
iary system is required such as in obstructive gallstone disease. 
Post-sphincterotomy bleeding is a risk which is exacerbated by 
coagulopathy and anticoagulation therapy (Ferreira and Baron, 
2007). It is advised that anticoagulants not be prescribed for 72 
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hours post procedure and patients should undergo heparin-free 
dialysis at their next session.

Patients undergoing procedures with a high risk of bacteraemia 
(e.g. ERCP of an obstructed biliary system) should receive prophy-
lactic antibiotics to reduce the chance of procedure-related sep-
sis. Also, patients taking immunosuppression medication or with 
severe neutropenia (< 0.5 × 109/L) should be discussed with local 
microbiology services for prophylactic antibiotics as they are at 
increased risk of post-procedure bacteraemia (Allison et al., 2009).

Colorectal cancer detection in renal 
transplant patients
Recently, the risk of colorectal cancer in the renal transplant 
recipient population has been found to be roughly twice that as 
compared to the general population. They appear to develop colo-
rectal cancers earlier and have a poorer prognosis probably due to 
increased tumour aggressiveness and a reduced immunological 
response. Current guidelines suggest faecal occult blood testing for 
renal transplant patients from the age of 50; however, consideration 

should be given to screening patients earlier allowing for preven-
tion (Blaker and Goldsmith, 2012).

Gastrointestinal haemorrhage
The most frequent cause for upper GI bleeding is chronic peptic 
ulceration. In a series of CKD patients with upper GI bleeding, 
37%, 23%, and 13% of cases were caused by gastric ulceration, duo-
denal ulceration, and angiodysplasias respectively (Feldman et al., 
2011). Fig. 130.1 shows the commonest causes of upper GI bleeding 
(Kumar and Clark, 2002).

The Glasgow–Blatchford Score or Rockall score can be used 
for risk assessment and stratification of upper GI bleeding prior 
to endoscopy (Stanley et al., 2009) and the Rockall score can spe-
cifically be used post procedure. Table 130.2 shows the pre- and 
post-endoscopy Rockall scoring system (Rockall et al., 1996). The 
scoring system illustrates which factors are associated with a high 
risk of rebleeding or death. Specifically, these scoring systems high-
light that renal failure confers a greater risk of morbidity and mor-
tality and these patients should be stabilized and scoped early.

Table 130.1 Comparison of oral bowel cleansing agents (OBCA): characteristics and contraindications

OBCA Advantages Tolerability and 
ease of use

Low-residue diet 
advised prior to 
dosing?

Specific complications? Specific 
contraindications?

Picolax® or Citrafleet® 
(sodium picosulphate 
and magnesium 
citrate)

Produces lowest watery 
residue Potentially 
advantageous for 
radiological investigation

Powder 
reconstituted with a 
low volume of water

Yes Higher risk of hyponatraemia  
(if excess water ingestion)

Risk of hypermagnesaemia in CKD

Relatively contraindicated in CKD 
stages 4 and 5

Evaluate patient if 
hypovolaemia present

Citramag®

(magnesium 
carbonate and citric 
acid)

Produces low watery 
residue

Powder 
reconstituted with a 
low volume of water

Yes Higher risk of hyponatraemia  
(if excessive water ingestion)

Risk of hypermagnesaemia in CKD

Relatively contraindicated in CKD 
stages 4 and 5

Evaluate patient if 
hypovolaemia present

Klean Prep®

(polyethylene glycol)

Less likely to cause 
hypovolaemia.

Can be used in renal 
impairment, cirrhosis and 
ascites.

Powder 
reconstituted with 
high volume of 
water (up to 4 L)

Yes Lowest risk of provoking 
hypovolaemia/hyponatraemia

Moviprep®

(polyethylene glycol)

Less likely to cause 
hypovolaemia

Bowel preparation 
completed within 
12 hours

Can be used in renal 
impairment, cirrhosis and 
ascites

Powder 
reconstituted with 
moderate volume of 
water (~ 2 L)

Yes Lowest risk of provoking 
hypovolaemia/hyponatraemia

G6PD deficiency

Fleet Phosphosoda® 
(sodium phosphate)

Well tolerated Low-volume liquid 
mixed with low 
volume of water

No. Avoid solid food Acute phosphate nephropathy

Hypocalcaemia resulting from 
hyperphosphataemia

Highest risk of hypovolaemia

Hypovolaemia

eGFR < 60 mL/min

Hepatic cirrhosis

Heart failure

Hypertension

Renin–angiotensin 
blockade
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Initial measures should be carried out including circulatory sta-
bilization and resuscitation with intravenous fluids and blood if 
necessary. Endoscopy should ideally be performed within 24 hours 
of presentation. Delayed gastric emptying is common in CKD 
(Feldman et al., 2011) and endoscopic views may be improved by 
the administration of prokinetics such as metoclopramide prior to 
the procedure. Figure 130.2 shows a bleeding gastric ulcer found 
at gastroscopy which was injected with adrenaline to achieve 
haemostasis.

Massive lower GI bleeding is rare. Patients should be initially 
fluid resuscitated as per upper GI bleeding management. Bleeding 
patients should be discussed with gastroenterologists and surgical 
teams to decide on investigation with endoscopy or less commonly, 
angiography. Fig. 130.2 shows the common causes for lower GI 
bleeding (Kumar and Clark, 2002).

Recent studies have shown that mortality in haemodialysis 
patients with upper GI bleeding is high. Angiodysplastic lesions are 
more likely to bleed in CKD patients and this may be related to 
uraemic platelet dysfunction (Feldman et al., 2011). The synthetic 
vasopressin analogue, desmopressin, has been shown to decrease 
bleeding tendency in uraemic patients (Hedges et al., 2007); how-
ever, great caution should be taken with its use as it has also been 
shown to be potentially cardiotoxic with case reports of cardiac 
arrest following administration (Pape et al., 2013).

Proton pump inhibitors (PPIs) are widely prescribed for func-
tional dyspepsia, GORD, and for the treatment of GI bleeding. 
A recent series of 210 renal biopsies for declining renal function 
revealed acute interstitial nephritis in 2.86% of cases in which there 
was a temporal relation with PPI use (Ray et al., 2010). This sug-
gests that PPIs are a rare but important cause of acute kidney injury.

Investigation of anaemia
The commonest cause of anaemia is iron deficiency affecting 30% 
of the world’s population and anaemia is a common cause for refer-
ral to gastroenterology. Anaemia is often seen in CKD and as kid-
ney function declines it increases in prevalence and severity and is 
a risk factor associated with worse prognosis. Erythropoiesis and 
iron homeostasis are impaired in CKD leading to anaemia.

Occult GI tract blood loss is the most common cause of 
iron-deficiency anaemia (IDA) in adult men and postmenopausal 
women and prompts urgent investigation with upper and lower 
endoscopy. Table 130.3 shows the pathological contributors to 
IDA in the United Kingdom with prevalence as percentage of total 
(Goddard et al., 2011).

All IDA patients should be screened for coeliac disease. If the 
upper and lower GI tracts are normal, then iron therapy should 
be given. Parenteral iron is indicated for those intolerant of oral 
preparations and blood transfusions should be given to those at 
risk of cardiovascular instability. In persistent IDA, video capsule 

Oesophagitis

Gastric carcinoma

Oesophageal varices

Gastric varices

Drugs (NSAIDs),
Alcohol

Haemorrhagic gastropathy
and erosions

Gastric ulcer

Duodenal ulcer

Mallory–Weiss
syndrome

Fig. 130.1 Common causes of upper GI bleeding.

Table 130.2 The Rockall scoring system for assessing risk of re-bleeding or death pre- and post-endoscopy. Note the high score attached to renal 
failure

Score

Variable 0 1 2 3

Age

(pre-endoscopy)

< 60 years 60–79 years > 80 years

Shock

(pre-endoscopy)

No shock (SBP > 100,  
HR < 100)

Tachycardia

(SBP > 100, HR > 100)

Hypotension

(SBP < 100)

Comorbidity

(pre-endoscopy)

No major comorbidity Cardiac failure, ischaemic 
heart disease, any major 
comorbidity

Renal failure, liver failure, 
disseminated malignancy

Diagnosis

(post-endoscopy)

Mallory–Weiss tear, no lesion 
identified and no stigmata of 
recent haemorrhage

All other diagnoses Malignancy of upper GI tract

Major stigmata of recent 
haemorrhage

(post-endoscopy)

None, or dark spot only Blood in upper GI tract, 
adherent clot, visible or 
spurting vessel

HR = heart rate; SBP = systolic blood pressure.
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endoscopy should be initially considered to investigate small bowel 
causes of GI blood loss.

Nutrition and the refeeding syndrome
First described in American prisoners of war in Japan during World 
War II, people are at risk of the refeeding syndrome when high cal-
orie nutrition is introduced into their diet following a prolonged 
period of starvation. This results in a rapid rise of insulin produc-
tion which leads to an increased cellular uptake of glucose, fluids, 
and electrolytes. Hypophosphataemia, hypomagnesaemia, hypo-
glycaemia, hypokalaemia, and other severe electrolyte imbalances 
may occur, which can result in life-threatening cardiac arrhythmias 
and respiratory depression (Marinella, 2011).

Renal patients usually require careful monitoring of their fluid 
status and electrolytes and renal physicians should be alert to look 
for features of the refeeding syndrome in malnourished patients. 
At-risk patients should be referred to a gastroenterology and nutri-
tion team for multidisciplinary management. Fluids, electrolytes, 
and vitamins should be replaced and nutrition should be intro-
duced gradually into the diet with careful monitoring.

Inflammatory bowel disease
Crohn’s disease (CD) is a chronic inflammatory condition of the 
GI tract typically involving the colon and ileum. Possible complica-
tions of the disease include abdominal and genitourinary fistulas. 
Population studies have shown that 50% of CD patients develop 
fistulas after 20 years (Schwartz et al., 2002). These patients invari-
ably require aggressive immunosuppressant treatment and have 
a 75% risk of surgery during their lifetime (Mowat et al., 2011). 
They should be referred for discussion in an IBD and surgical 
multidisciplinary forum.

5-Aminosalicylic acid drugs
5-Aminosalicylic acid (5-ASA) drugs are widely used as effec-
tive first-line treatment in ulcerative colitis and may have some 
modest benefit in CD. They are generally safe, however, they have 
been rarely associated with nephrotoxicity (including interstitial 
nephritis and the nephritic syndrome). This appears to idiosyn-
cratic and partly dose related (Muller et  al., 2005). Guidelines 
suggest annual measurement of serum creatinine (Mowat et al., 

(A)

(B)

(C)

Fig. 130.2 Bleeding gastric ulcer before (A), during (B), and after injection with 
adrenaline.

Angiodysplasia

Solitary ulcer of rectum

Haemorrhoids

Anal fissure

Polyps

Ischaemic colitis

Carcinoma

Diverticula

Colitis
Crohn’s
Ulcerative
Infective

Carcinoma of
caecum

Fig. 130.3 Common causes of lower GI bleeding (Kumar and Clark, 2002).
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2011) although a recent survey has shown that less than two-thirds 
of patients are screened for renal disease prior to treatment ini-
tiation (Zallot et al., 2013). We recommend that all patients who 
receive 5-ASA treatment are screened for pre-existing renal dis-
ease and have 6–12-monthly monitoring of their renal function. 
The 5-ASA should be discontinued if renal function deteriorates 
(Mowat et al., 2011) and usually returns to normal upon cessation 
of the offending 5-ASA. Corticosteroids have been successfully 
used to treat a case of refractory sulfasalazine-related renal failure 
(Alivanis et al., 2010).

Immunosuppressant medication 
in inflammatory bowel disease
Patients with IBD are usually treated with immunosuppressant 
medication, often in combination. Particular care must be taken 
for the renal transplant and IBD population, in whom these drugs 
confer an increased risk of opportunistic infections and cancer. 
All IBD patients should be screened for opportunistic infections 
prior to immunosuppressant use and ideally offered vaccination. 
It is advised that patients taking three or more immunosuppres-
sant medications in combination should receive co-trimoxazole 
prophylaxis (Rahier et  al., 2009). This is particularly relevant 
if they are taking a calcineurin inhibitor such as ciclosporin. 
Patients on immunosuppressant drugs who develop an oppor-
tunistic infection should be discussed with gastroenterology and 
microbiology teams. The immunosuppressant medication can 
usually be stopped temporarily and recommenced once the infec-
tion is treated.

Thiopurine medication is used as steroid-sparing and mainte-
nance treatment in IBD and is usually well tolerated. There is an 
approximate 3% idiosyncratic risk of myelotoxicity which reverses 
upon drug cessation. Three-monthly full blood count monitor-
ing is advised to check for neutropenia whilst receiving treatment. 
Patients taking long-term thiopurines have a fivefold increased risk 
of developing a lymphoproliferative disorder and an increased risk 
of non-melanoma skin cancer, although the absolute risk remains 
very small (Mowat et al., 2011).

Methotrexate is used in induction and maintenance treatment 
of CD. Co-prescription of folic acid is essential and blood moni-
toring should be performed monthly. It is renally excreted and 
is contraindicated in end-stage renal failure. The dose should be 
reduced by 50% if the estimated glomerular filtration rate (eGFR) 
< 50 mL/min.

Biologic anti-tumour necrosis factor (TNF) monoclonal antibody 
drugs are primarily used in the treatment of moderate to severe CD. 
Recent studies have shown that anti-TNF treatment is of benefit in 
the treatment of renal cell carcinoma (Harrison et al., 2007).

Nephrolithiasis
Nephrolithiasis is common in CD patients. With small bowel 
resection, there is a two- to threefold increase in oxalate stones 
and a 4–16% incidence of uric acid stones following ileostomy 
(Worcester, 2002; Ishii et al., 2009). In extensive small bowel dis-
ease or intestinal resection, fat malabsorption leads to luminal free 
fatty acids binding to calcium. Thus less calcium is available to bind 
and clear oxalate and resulting hyperoxaluria causes calcium oxa-
late stone formation. Uric acid stones are formed in hypermetabolic 
states and hypovolaemia (Feldman et al., 2011). Hypocitraturia and 
hypomagnaesuria have also been found to factors in stone formation 
in CD (Viana et al., 2007). Treatment should be directed towards 
treatment of fat malabsorption and rehydration. Low-oxalate diets 
may be trialled but are usually unpalatable (Hanson et al., 2005).

Hepatology and renal medicine
(See also Chapters 185, 186 on hepatitis B and C, and Chapter 169 
on hepatorenal syndrome.)

Table 130.3 Causes of iron deficiency in the UK general population 
(Goddard et al., 2011)

Contributor Prevalence

Occult GI blood loss

Common

Aspirin/NSAID use 10–15%

Colonic carcinoma 5–10%

Gastric carcinoma 5%

Benign gastric ulceration 5%

Angiodysplasia 5%

Uncommon

Oesophagitis 2–4%

Oesophageal carcinoma 1–2%

Gastric antral vascular ectasia 1–2%

Small bowel tumours 1–2%

Cameron ulcer in large hiatus hernia < 1%

Ampullary carcinoma < 1%

Ancylostoma duodenale < 1%

Malabsorption

Common

Coeliac disease 4–6%

Gastrectomy < 5%

Helicobacter pylori colonization < 5%

Uncommon

Gut resection < 1%

Bacterial overgrowth < 1%

Non-GI blood loss

Common

Menstruation 20–30%

Blood donation 5%

Uncommon

Haematuria 1%

Epistaxis < 1%
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Hepatitis C virus: introduction
Hepatitis C virus (HCV) can cause a chronic systemic infection. 
Three per cent of the world population is chronically infected. The 
interpretation of viral serology tests is summarized in Box 130.1.

Hepatitis C virus: renal manifestations
Patients with chronic HCV are 40% more likely to develop 
end-stage renal disease (ESRD) (Tsui et al., 2007). Type II cryoglo-
bulinaemia (TC) leading to membranoproliferative glomerulone-
phritis (MPGN), and isolated MPGN are the most common renal 
manifestations (Latt et al., 2012).

Approximately 10–15% of patients with chronic HCV will 
develop TC (Latt et  al., 2012). Anti-HCV antibodies are almost 
always present, and HCV RNA is detected in 70–100% of cases 
(Latt et al., 2012). The renal manifestation ranges from asympto-
matic proteinuria and/or haematuria to nephrotic/nephritic syn-
drome, causing typically a type I MPGN with immune complex 
deposition in the glomeruli (Ferri and Zignego, 2000). Ten per cent 
of cases can progress to ESRD (Tarantino et al., 1995).

Type III cryoglobulinaemia, membranous nephropathy, focal 
segmental glomerulosclerosis, post-infectious glomerulonephritis, 
thrombotic microangiopathies, immunoglobulin A nephropathy, 
and fibrillary or immunotactoid glomerulopathy are also associ-
ated with HCV infection (Latt et al., 2012). The first-line therapy 
for any HCV-related glomerulopathy should aim for eradication of 
HCV infection. Meta-analysis data confirms reduction in proteinu-
ria after 6 months of therapy with interferon alpha (IFN- α) (Fabrizi 
et al., 2007). The presence of TC may be a positive response predic-
tor to HCV-treatment (Vigani et al., 2011).

Symptomatic treatment (ACEIs, angiotensin receptor blockers, 
systemic vasodilators, diuretics, and lipid-lowering agents) have 
shown favourable outcomes for HCV-related CKD (Latt et  al., 
2012). Pathogenic therapies for TC including corticosteroids, cyto-
toxic agents, plasma exchange, and rituximab have also been used 
in severe HCV-related glomerulopathies (Latt et al., 2012).

Hepatitis C virus: dialysis patients
Ten to sixty-five per cent of haemodialysis (HD) patients are 
infected with chronic HCV, and geographical variation is consider-
able (Hayashi et al., 1991). The increased prevalence is secondary 
to increased exposure to contaminated medical equipment/blood 
products and because of long-term vascular access (Hayashi et al., 
1991). The prevalence is declining because of routine blood screen-
ing for HCV, increased compliance with stringent infection con-
trol protocols, and with routine use of recombinant erythropoietin, 
but still remains higher than the prevalence reported in non-HD 
populations (Tang and Lai, 2005). Screening with HCV antibody 

is recommended for all patients prior to commencing dialysis, and 
upon transfer from other dialysis units. Re-testing is recommended 
for unexplained abnormal aminotransferases. If a new infection is 
suspected to be nosocomial, testing is recommended for all patients 
potentially exposed.

Spontaneous clearance of HCV RNA is documented annually 
in 1% of treatment-naïve dialysis patients (Gordon et al., 2008). 
The natural disease progression towards cirrhosis and hepatocel-
lular carcinoma (HCC) is possibly less aggressive in HD patients 
compared to non-HD patients, but is still associated with increased 
all-cause mortality (Trevizoli et al., 2008).

Hepatitis C virus: renal transplantation
Outcomes after renal transplantation in HCV-seropositive recipi-
ents are inferior with respect to all-cause mortality and graft survival. 
One study reported 5-year survival at 77% in HCV-seropositive 
recipients compared to 90% in seronegative recipients, the increase 
in mortality secondary to cardiovascular disease, malignancy, and 
liver failure (Scott et al., 2010). Currently there are no safe licensed 
treatment options for HCV in renal transplant recipients. All cur-
rent available regimens are IFN based, and have a significant risk 
of graft failure. Successful eradication in renal transplant recipi-
ents with current available regimens also remains unsatisfactory. 
Post-transplantation immunosuppression can also significantly 
accelerate the natural course of HCV in a minority with fatal 
outcome, leading to poorer outcome than remaining on dialysis 
(Zylberberg et al., 2002).

Current UK transplant guidelines and European best prac-
tice guidelines recommend that potential transplant recipients 
always have consideration of HCV treatment prior to transplan-
tation, irrespective of liver fibrosis stage (British Transplantation 
Society, n.d.). Successful treatment pre transplantation improves 
long-term post-transplantation outcomes with better graft survival 
and reduced mortality. Post-transplantation rates of diabetes, pro-
gressive liver fibrosis, fibrosing cholestatic hepatitis, de novo glo-
merulonephritis, sepsis, and chronic allograft nephropathy are all 
significantly reduced (Vallet-Pichard et al., 2011). Regression of cir-
rhosis/fibrosis is also reported, and viral rebound after transplanta-
tion has not been reported (Serpaggi et al., 2006).

After successful eradication, transplant assessment should first 
exclude the presence of cirrhosis. In the absence of cirrhosis, the 
standard workup should continue, and patients while on the wait-
ing list should continue to have the liver disease evaluated regularly 
(at least annually). HCC always needs exclusion and remains a con-
traindication for renal transplantation.

Of equal importance is that the survival of the majority of 
HCV-seropositive recipients is significantly improved when com-
pared to HCV-seropositive patients remaining on dialysis (Kamar 
et  al., 2006; Kalantar-Zadeh et  al., 2007; Ingsathit et  al., 2013). 
Therefore some centres will not preclude HCV seropositive patients 
from isolated renal transplantation as this still remains the optimal 
management strategy for their ESRD, accepting inferior survival 
compared to HCV-seronegative recipients, and accepting currently 
there are no safe treatment options for HCV post renal transplanta-
tion. The decision for isolated renal transplant will depend on local 
policy, and the risk of accelerating HCV after immunosuppression 
will be balanced against inferior outcome to remaining on dialysis.

HCV-seropositive potential recipients with mild liver dam-
age confirmed histologically prior to transplantation have limited 

Box 130.1 Interpretation of viral serology

 ◆ The presence of anti-HCV antibodies with undetectable HCV 
RNA confirms exposure, in absence of chronic activity.

 ◆ The presence of anti-HCV antibodies and HCV RNA confirms 
chronic active HCV.

 ◆ HCV subtype and genotype is only required after chronic 
activity is confirmed.
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progression of liver fibrosis in the first 5 years after isolated renal 
transplantation (Roth et al., 2011). Therefore such candidates could 
be considered for isolated renal transplantation. After renal trans-
plantation, HCV-related liver fibrosis monitoring and HCC surveil-
lance are required as immunosuppression may accelerate both. In 
view of constraints on available suitable organs, HCV-seropositive 
patients may be candidates to receive organs from HCV-seropositive 
donors, with superior outcomes compared to remaining on dialysis 
(Kasprzyk et al., 2007).

If cirrhosis is confirmed, the Model for End-Stage Liver Disease 
(MELD) score, and/or hepatic venous pressure gradient should 
be measured. The mortality associated with major non-hepatic 
abdominal surgery in cirrhosis can be predicted by the severity of 
liver disease reflected by the MELD score and co-morbid conditions 
as defined by the American Society of Anaesthesiologists (ASA) 
physical status class (Teh et al., 2007). ASA class status IV and V 
predict significant risk for early (within 7 days) postoperative mor-
tality. MELD scores predict 30-day and 90-day mortality. Patients 
with a MELD score of 0–11, 12–25, and ≥ 26 have 5–10%, 25–54%, 
and 90% 90-day postoperative mortality for non-hepatic abdomi-
nal surgery respectively (Bhangui et  al., 2012). Therefore higher 
MELD scores preclude isolated renal transplantation without fur-
ther investigation. A  patient on dialysis automatically receives a 
minimum MELD score of at least 20 which may over-score the 
significance of underling liver disease. In most instances, hepatic 
venous pressure gradient measurement will be required. If the 
gradient is > 10  mmHg, then simultaneous liver–kidney trans-
plantation assessment should be considered, as the mortality from 
isolated renal transplant is significant secondary to fatal cirrhosis 
progression (Paramesh et al., 2012).

Hepatitis C virus: treatment in renal disease
In the absence of renal disease, pegylated interferon alpha 
(PEG-IFN-α) and ribavirin can achieve sustained virological 
response in 30–50% of patients with genotype 1 HCV, and in 65–90% 
of patients with genotypes 2 or 3 HCV (European Association 
for the Study of the Liver (EASL), 2011). Regimens including 
first-generation protease inhibitors (telaprevir/boceprevir) in 
patients with renal disease remain in trials or off-licence for selected 
individuals in experienced centres. Despite concerns of significant 
anaemia, successful treatment with triple therapy in HD patients 
who have failed standard treatment has been reported (Dumortier 
et al., 2013). The pharmacokinetics of calcineurin inhibitors and 
protease inhibitors are shared, and therefore there are significant 
concerns regarding drug accumulation and toxicity in transplant 
recipients on calcineurin inhibitors.

Two preparations of PEG-IFN-α are currently available, PEG-  
IFN-α2a which is primarily hepatically excreted, and PEG-IFN-α2b 
which is primarily renally excreted. In view of this, PEG-IFN-α2a 
remains the first-line agent in most centres, and INF-α is the agent 
recommended by the Kidney Disease Improved Global Outcome 
Foundation (Kidney Disease:  Improving Global Outcomes 
(KDIGO), 2008). Dose adjustment as per glomerular filtration rate 
(GFR)/creatinine clearance is required.

Ribavirin is renally excreted, and increased accumulation leads 
to significant haemolysis. Therefore combination therapy in CKD 
stages 3, 4, or 5 is relatively contraindicated and not licensed, when 
creatinine clearance is < 50 mL/min (EASL, 2011). In the absence 
of ribavirin, long-term response rates are substantially lower in 

the general population (EASL, 2011). Experienced physicians 
may therefore adopt dual therapy with cautious use of ribavirin to 
increase success rates, with appropriate dose titration and haemat-
opoietic support.

Ribavirin dosing of 200 mg per day to 200 mg every other day 
with haematopoietic support (increased erythropoietin doses) has 
been suggested by a few studies for advanced kidney disease, and 
has been routinely offered by experienced physicians (EASL, 2011). 
HD patients can be treated similarly with 200 mg of ribavirin after 
dialysis sessions (EASL, 2011). Experienced centres may also utilize 
low accelerated dosing regimens (LADR), starting with low doses 
of both drugs, and titrating up if tolerated. Viral kinetics are uti-
lized with these regimens to both prolong treatment when kinetics 
are favourable, and discontinue when futile treatment is predicted. 
Successful treatment has been reported in 27.3–78.8% of dialysis 
patients (average ~ 40%), and most studies have used monotherapy 
with PEG-IFN-α or IFN-α (Vallet-Pichard et al., 2011). Treatment 
for acute hepatitis C in dialysis patients is better tolerated and suc-
cessful in 50–90% of cases (Fabrizi et al., 2012).

For CKD stages 1 or 2, combined antiviral treatment using either 
PEG-INF-α and ribavirin is recommended by KDIGO recommen-
dations (Kidney Disease: Improving Global Outcomes (KDIGO), 
2008). Ribavirin is safe while creatinine clearance is > 50 mL/min. 
For CKD 3, 4, or 5, and HD patients, monotherapy with appropri-
ate dose adjustment to PEG-IFN-α2a or IFN-α is recommended 
by KDIGO. HD patients need IFN dose adjusted for a GFR of < 10 
mL/min.

Dialysis patients will experience increased significant adverse 
effects and therefore increased treatment drop-out rates compared 
to the general population. Mortality is reported with monotherapy 
and combined therapy, and while some centres will use combined 
therapy, the increased efficacy for this approach has not always 
been demonstrated in reported studies (Vallet-Pichard et al., 2011).

Renal transplant recipients have significant risk of acute or 
chronic cellular rejection (30–60%) with IFN treatment, result-
ing in graft loss and reduced patient survival (Vallet-Pichard et al., 
2011). Successful treatment chances are reduced in most studies  
(< 20%), and treatment drop-out rates are also significant. Therefore 
treatment is contraindicated unless benefits definitely outweigh 
risks, and considered if development of fatal fibrosing cholestatic 
hepatitis or severe de novo glomerulonephritis (Vallet-Pichard 
et  al., 2011). Only in this instance is the potential loss of graft 
function justified and most patients will need switching to HD 
(Vallet-Pichard et al., 2011). The specific treatment regimen will be 
in accordance with the centre experience, with either PEG-IFN-α2a 
or IFN- α, and with or without ribavirin.

Numerous IFN-free regimens are currently in trials. These regi-
mens have shown significant promise in phase II/III clinical studies 
in the general population, and are likely to provide safer IFN-free 
and possibly ribavirin-free alternative regimens in the near future. 
Promising regimens include the combination of the potent NS5B 
polymerase inhibitor sofosbuvir with a NS5A inhibitor, either ledi-
pasvir or daclatasvir. Success rates of > 93% have been shown irre-
spective of other treatment predictors such as HCV genotype, host 
genetics, and previous non-response to conventional treatment 
(Sulkowski et al., 2012; Gane et al., 2013). These regimens may offer 
the prospect of safe successful treatment in renal transplant recipi-
ents without the need for IFN, and are likely to increase treatment 
success rates in dialysis patients.
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Hepatitis B virus: introduction
Hepatitis B virus (HBV) is the most prevalent worldwide chronic 
infection, affecting 350–400 million individuals. Chronic infection 
is confirmed when HBV surface antigen (HBsAg) is positive for  
> 6 months. The natural history of chronic HBV (CHB) varies signif-
icantly between individuals from an inactive carrier state to progres-
sive CHB, which can progress to cirrhosis and HCC. The serological, 
virological, and biochemical characteristics of the different phases of 
CHB are summarized in Table 130.4. Treatment is indicated when 
there is significant necroinflammation or significant fibrosis (both 
more likely to occur in the immune reactive and immune escape 
phases), or CHB-related complication (EASL, 2012).

Hepatitis B virus in renal disease: prevalence  
and vaccination
The current prevalence of CHB in dialysed patients is < 10% in 
industrialized countries and 2–20% in developing countries, with 
significant prevalence in South East Asia and sub-Saharan Africa 
(Fabrizi et al., 2008b). This has declined because of blood screening 
and hygiene/infection control measures, and routine vaccination 
has been shown to be the best preventative intervention (preva-
lence of ~ 45% before vaccination era) (Crosnier et al., 1981; Fabrizi 
et al., 2008a).

The primary aim in renal patients is to avoid CHB. All patients 
should be tested at diagnosis of renal disease, and susceptible indi-
viduals with negative HBsAg and negative HBV core antibodies 
(anti-HBc) should be vaccinated. Maximum efficacy of the vaccine 
is derived if vaccination occurs early in the course or renal disease 
and this should be the aim. Susceptible patients should always be 
vaccinated before HD and before transplantation. Dialysis patients 

demonstrate low vaccine immunogenicity at 70%, and renal trans-
plant recipients even lower at 30%, compared to 90% in the gen-
eral population (Crosnier et al., 1981). Booster vaccines may play 
a role in improving immunogenicity, and could be offered every 
3–5 years if primary non-response or poor response to vaccination 
has been demonstrated (Vallet-Pichard et al., 2011).

Hepatitis B virus: renal manifestations
Membranous glomerulonephritis and MPGN are the most common 
renal manifestations, with renal biopsies demonstrating immune 
complex deposition and cytoplasmic inclusions in the glomerular 
basement membrane. In adults, there is slow progression of renal 
disease, usually presenting with nephrotic syndrome. Treatment of 
renal disease has been accomplished with long-term control of viral 
replication, and this can also be combined with immunosuppres-
sant therapy (Zheng et al., 2012). Cryoglobulinaemia is much rarer 
in CHB compared to HCV.

Hepatitis B virus: treatment options
The nucleos(t)ide analogues entecavir or tenofovir are recom-
mended as first-line treatment for treatment naive CHB (EASL, 
2012). Both drugs are potent HBV inhibitors with a high barrier 
to resistance. Finite treatment with (PEG)IFN-α can also be con-
sidered as first-line treatment, but is contraindicated in cirrhosis, 
autoimmune disease, severe depression, and in psychosis (EASL, 
2012). All three drugs can be used in patients with renal disease 
with relevant dose adjustment (Table 130.5), but there is no recom-
mended dose of tenofovir if creatinine clearance is < 10 mL/min  
and the patient is not on HD. IFN should not be used in renal trans-
plant recipients due to the significant rejection risk and the avail-
ability of alternative treatments.

Table 130.4 Serological, virological, and biochemical profiles of hepatitis B virus

HBsAg Anti-HBs Anti-HBc 
(total)

Anti-HBc IgM HBeAg Anti-HBe HBV DNA  
(IU/mL)

ALT

Acute HBV + − + + + +/− High ↑

Resolved infection − + + − − +/− Absent N

Resolved infection with low level 
viraemia (occult HBV)

- −/+ + − − +/− < 200 N

Vaccination − + − − − − Absent N

Susceptibility − − − − − − Absent N

Chronic HBVeAg + Immune 
tolerance phase

+ − + − + − > 20,000 N

Chronic HBVeAg + Immune 
reactive phase

+ − + − + −/+ Fluctuating ↑

Chronic HBVeAg –

Immune control/inactive carrier  
phase

+ − + − − + < 2000a N

Chronic HBVeAg –

Immune escape phase

+ − + − − +/− > 2000a ↑

Reactivation of HBV + − + +/− + +/− > 20,000 ↑

+ = positive, − = negative, N = normal, ↑ = elevated. ALT = alanine aminotransferase;
a HBV DNA cut-off levels may change in the future.
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In the general population, individuals with risk factors for kidney 
disease are at highest susceptibility to tenofovir-induced renal dis-
ease. Most studies exclude these patients in their inclusion criteria, 
and this is potentially why reported studies may have under-scored 
the importance of tenofovir-induced renal disease. Therefore con-
cerns regarding safety understandably exist in individuals with 
CKD. Some consider entecavir a safer agent in these patients.

Tenofovir exposure is associated with a small but significant 
decline in GFR, and this progression may be clinically silent 
(Rodriguez-Novoa et al., 2010). Toxicity is targeted mainly at the 
proximal tubule, developing in up to 15% with long-term use. 
Chronic reduction in GFR, severe cases of renal Fanconi syndrome, 
and acute kidney injury are rarer (Rodriguez-Novoa et al., 2010). 
Prompt discontinuation of tenofovir will lead to renal recovery in 
the majority of cases, highlighting the importance of aggressive 
renal function monitoring (with serum creatinine /urea and elec-
trolytes, eGFR, urine protein/creatinine ratio, and phosphate lev-
els) monthly for the first 12 months when tenofovir is commenced.

Treatment is started and continued in non-transplant candi-
dates in accordance with EASL guidelines, when liver biopsy shows 
moderate to severe active necroinflammation and/or fibrosis using 
a standardized scoring system (≥ A2 for necroinflammation and/
or ≥ F2 for fibrosis by METAVIR) (EASL, 2012). In regions where 
the newer nucleos(t)ide analogues are not available, lamivudine 
remains an alternative with appreciation that resistance to lamivu-
dine develops in 70% after 5 years of use (EASL, 2012).

Hepatitis B virus: renal transplantation
UK transplant guidelines recommend potential recipients who 
are HBsAg positive require assessment by a hepatologist if cir-
culating HBV DNA is present (British Transplantation Society, 
n.d.). Active viral replication and chronic active hepatitis con-
firmed by liver biopsy both have a poor prognosis if untreated 
before transplantation. In the absence of liver cirrhosis, 
long-term graft survival after isolated kidney transplantation is 
acceptable with appropriate pre-emptive treatment, with simi-
lar 5-year outcomes to HBsAg-negative recipients (Kalia et al., 
2011). Recipients with CHB-related cirrhosis require addi-
tional workup like those with HCV-related cirrhosis and usually 
require consideration for simultaneous liver–kidney transplan-
tation (discussed earlier).

All HBsAg-positive individuals for potential renal transplan-
tation and immunosuppression should be treated as should all 
anti-HBc-positive/HBsAg-negative patients with detectable HBV 
DNA (occult CHB), irrespective of donor status and irrespective of 
liver biopsy findings (EASL, 2012; British Transplantation Society, 
n.d.). Treatment should be with entecavir or tenofovir, and should 
be pre-emptive. There is a risk of HBV viral reactivation resulting 
in severe fibrosing cholestatic hepatitis or fulminant hepatitis when 
immunosuppression is commenced and equally there is a risk of 
immune restoration leading to rapid clearance of infected hepato-
cytes with spontaneous arrest of viral multiplication, which may 
result in fulminant hepatitis when immunosuppression is with-
drawn (Vallet-Pichard et al., 2011). Pre-emptive treatment is rec-
ommended to avoid both complications.

EASL guidelines recommend transplant recipients who are 
anti-HBc-positive/HBsAg-negative with undetectable HBV DNA 
should be followed carefully by means of 3-monthly alanine ami-
notransferase (ALT) and HBV DNA. Treatment should commence 
upon confirmation of HBV reactivation before ALT elevation 
(EASL, 2012). However, expert opinion is that HBV is still present 
in the liver and prior to immunosuppression is well controlled by 
the host’s cellular immunity. In the first phase after transplantation 
when the cellular immune system is severely impaired, pre-emptive 
therapy is advisable to avoid the risk of viral reactivation and subse-
quent potentially disastrous consequences. Pre-emptive treatment 
is an acceptable strategy (with lamivudine or entecavir).

With constraints on organ availability, kidney transplantation 
matching donor and recipient HBV status is not always possible. To 
expand the organ pool available, donors with CHB/HBV exposure 
are not excluded. UK transplant guidelines recommend a poten-
tial recipient must be consented appropriately prior to receiving 
organs exposed to HBV, and the risks of recipient acquiring HBV 
discussed (British Transplantation Society, n.d.).

Transplantation from HBsAg-positive donors into recipients 
who are HBsAg positive is acceptable, in accordance with UK 
transplant guidelines when deemed necessary, and HBV treatment 
should be commenced pre-emptively. UK transplant guidelines do 
not contraindicate transplantation from HBsAg-positive donors to 
HBV-immune recipients when deemed necessary. CHB risk fol-
lowing this is preventable by pre-emptive treatment or by boosting 
protective anti-HBs titres (to > 10mIU/mL) (Tuncer et al., 2012; 
British Transplantation Society, n.d.).

The CHB risk following transplantation of kidneys from 
HBsAg-positive donors to HBV-susceptible recipients is high but 

Table 130.5 Dose adjustments required to first-line recommended 
treatments

Pegylated 
interferon alpha 
2a (Pegasys®)

Tenofovir 
disoproxil 
(Viread®)

Entecavir 
(Baraclude®)

Standard 
dose

180 mcg OW 245 mg OD NN: 0.5 mg OD; 
LR: 1 mg OD

GFR 30–50 
mL/min

180 mcg OW but 
monitor renal 
function and FBC 
closely. Adjust to 
90–135 mcg OW if 
required

245 mg every 48 
hours

NN: 0.5 mg every 
48 hours; LR: 0.5 
mg OD

GFR 10–30 
mL/min

180 mcg OW 
but monitor 
renal function 
closely. Adjust to 
90–135 mcg OW if 
required

245 mg every 
72–96 hours

NN: 0.5 mg every 
72 hours; LR: 0.5 mg 
every 48 hours

GFR < 10mL/
min

135 mcg OW No safe 
recommended 
dose

NN: 0.5 mg every 
5–7 days; LR: 0.5 mg 
every 72 hours

Renal 
replacement 
therapy

Not dialysed as 
large molecule, thus 
may accumulate. 
Smaller doses of 
90–135 mcg OW 
usually required

For HD 245 mg 
every 7 days after 
dialysis session

For HD; NN: 0.5 
mg every 5–7 days; 
LR: 0.5 mg every 72 
hours after dialysis 
session

FBC = full blood count; GFR = glomerular filtration rate; HD = haemodialysis; 
LR = lamivudine resistance; NN = nucleoside naïve; OD = once daily; OW = once weekly.
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can be minimized by administering lifelong pre-emptive antiviral 
therapy (Akalin et  al., 2005). Such a policy could be considered 
when renal transplant is deemed urgent, when, for example, vascu-
lar access for HD is not possible.

Kidneys from anti-HBc-positive/HBsAg-negative donors with 
undetectable HBV DNA are associated with a low rate of CHB 
in the recipient, with no excess risk of graft failure or short-term 
mortality (Ouseph et  al., 2010; Mahboobi et  al., 2012). Lifelong 
treatment with lamivudine or booster vaccination to ensure ongo-
ing protective HBV immunity or HBV immunoglobulin admin-
istration at transplantation prevents CHB. Current UK transplant 
guidelines advise the recipient must be immunized to HBV in this 
situation, and further preventive therapy co-ordinated with a local 
hepatologist (British Transplantation Society, n.d.).

Hepatorenal syndrome: clinical features  
and classification
Hepatorenal syndrome (HRS) is a functional disorder with rapid 
deterioration in renal function in individuals with either cirrhosis 
or acute liver failure (Arroyo et al., 1996). The diagnosis requires a 
high index of clinical suspicion and confirmation after exclusion of 
other potential causes of renal injury. The most recent diagnostic 
criteria have been summarized in Box 130.2 (Arroyo et al., 1996; 
Salerno et al., 2007). Histologically, the kidneys are normal in HRS. 
The annual frequency in cirrhotic patients with ascites is 8%, how-
ever some reports suggest that incidence is as high as 40%. Thirty 
per cent of cirrhotic patients with spontaneous bacterial peritonitis 
or other infections, 25% of patients with severe alcoholic hepati-
tis, and 10% of patients requiring serial large volume paracentesis 
will develop HRS. It is classified traditionally into two types on the 
basis of clinical characteristics, and this has been summarized in 
Table 130.5 (Arroyo et al., 1996; Salerno et al., 2007). The prog-
nosis remains poor, with an average median survival time of only 

3  months with treatment and 1  month without treatment (Box 
130.3) (Ginès et al., 1993; Alessandria et al., 2005).

Hepatorenal syndrome: treatments
See also Chapter 169.

Medical therapies for HRS focus on reversing the underlying 
splanchnic and systemic vasodilation with vasoconstrictors, and 
expansion of circulatory volume. Terlipressin (a selective vasopres-
sin 1 receptor agonist) has been approved in Europe and in com-
bination with albumin improves serum creatinine levels with a 
benefit in short-term survival (meta-analysis data suggest a survival 
benefit of 15.9%, and reversal of type 1 HRS occurs in 40–50%) 
(Fabrizi et al., 2006). Fifteen per cent will have recurrence on treat-
ment withdrawal, and repeat treatment is appropriate. EASL always 
recommend therapeutic trial with terlipressin and albumin prior 
to liver transplantation assessment (EASL, 2010). Adjunctive renal 
replacement therapy is reserved for individuals who fail medical 
therapy, or patients who satisfy the standard criteria for emergency 
renal replacement therapy. The American Association for the Study 
of the Liver recommend medical therapy with octreotide and/or 
midodrine with albumin as first-line medical management as terli-
pressin is not available in the United States (EASL, 2010).

Medical therapy in isolation is appropriate in the context of an acute 
insult such as HRS precipitated by nephrotoxic drugs, GI bleeding, or 
spontaneous bacterial peritonitis until the acute insult has resolved. 
Otherwise medical management serves as a bridge to definitive treat-
ment for the liver disease (liver transplantation assessment).

Liver transplantation remains the only current therapeutic 
modality which can potentially treat and reverse both the under-
lying liver dysfunction and HRS. Post liver transplantation, up to 
35% of patients with HRS can require long-term renal replacement 

Box 130.2 Diagnostic criteria for hepatorenal syndrome (as 
defined by the International Ascites Club Consensus)

Major criteria

 ◆ Cirrhosis and ascites

 ◆ Serum creatinine >133 µmol/L (> 1.5 mg/dL)

 ◆ Absence of shock and hypovolaemia as defined by no sus-
tained improvement of renal function (creatinine decreasing 
to <133  µmol/L) following at least 2  days of diuretic with-
drawal, and volume expansion with albumin at 1 g/kg/day up 
to a maximum of 100 g/day

 ◆ No current or recent treatment with nephrotoxic drugs

 ◆ Absence of parenchymal renal disease as defined by proteinu-
ria < 0.5 g/day, no microhaematuria (< 50 red cells/high pow-
ered field), and normal renal ultrasonography

Minor criteria

 ◆ Urine volume < 500 mL/24 hours, urine sodium < 10 mEq/L

 ◆ Urine osmolality greater than plasma osmolality

 ◆ Serum sodium < 130 mEq/L.

Box 130.3 Classification of hepatorenal syndrome

Type 1

 ◆ Rapidly progressive acute kidney injury, with doubling of 
initial serum creatinine to > 221 µmol/L (> 2.5 mg/dL) in < 
2 weeks

 ◆ Often develops after a precipitating event (spontaneous bac-
terial peritonitis, haemorrhage, surgery, systemic infection, 
acute liver injury)

 ◆ Associated with impaired cardiac and liver function as well as 
encephalopathy

Type 2

 ◆ Moderate renal failure, not meeting type 1 criteria, which 
tends to fluctuate over time and may convert to type 1 HRS if 
there is a further insult such as the development of spontane-
ous bacterial peritonitis

 ◆ Serum creatinine level increases to > 133  μmol/L  
(> 1.5 mg/dL)

 ◆ Associated with refractory or diuretic resistant ascites

 ◆ Steady or slowly progressive course.
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therapy, and 3-year survival rate is approximately 60–65% com-
pared to 70–80% for patients transplanted without HRS (EASL, 
2010). Vasopressin analogue treatment prior to liver transplanta-
tion may improve outcomes post transplantation, and therefore 
should always be offered prior to transplantation (EASL, 2010). 
EASL guidelines recommend combined liver and kidney trans-
plantation assessment only be considered for individuals depend-
ent on renal replacement therapy for > 12 weeks, as the majority of 
patients will have some recovery in renal function after liver trans-
plantation (EASL, 2010).
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CHAPTER 131

Cutaneous manifestations 
of end-stage renal disease
Timur A. Galperin, Kieron S. Leslie, 
and Antonia J. Cronin

Introduction
A broad range of skin diseases occur in patients with end-stage 
renal disease (ESRD). Some of these conditions are benign, 
and have little impact on patients’ lives. Others, however, have 
a greater impact on quality of life, may be physically disabling, 
and even life-threatening. Mostly, they result from a combination 
of factors, such as electrolyte imbalance and co-morbid disease. 
Their early recognition and treatment is essential in order to 
reduce morbidity and mortality, and improve patient outcomes 
and quality of life.

In this chapter, we focus on two main categories of the cuta-
neous manifestations of ESRD:  non-specific and specific. The 
non-specific manifestations include skin-colour changes, xero-
sis, half-and-half nails, and pruritus. The specific manifestations 
include acquired perforating dermatosis, bullous dermatoses, 
metastatic calcification, and nephrogenic systemic fibrosis (NSF). 
Pathophysiology, clinical presentation, diagnosis, and treatment 
options are discussed.

Non-specific manifestations
Skin-colour changes
These are a heterogeneous group of asymptomatic disorders com-
monly seen in ESRD patients. They do not have dermatological 
sequelae (Attia et al., 2010; Markova et al., 2012).
◆ Pallor occurs in approximately 40% of patients with ESRD. Its 

occurrence is secondary to the anaemia of chronic renal disease. 
Pallor frequently improves with erythropoietin therapy.

◆ Hyperpigmentation is seen in approximately 20% of patients 
with ESRD. It is secondary to elevated melanocyte-stimulating 
hormone. Sun protection and daily sunscreen use are beneficial 
in reducing pigment alteration over time.

◆ Yellowing of the skin occurs as a result of excess urochrome and 
carotenoid deposition. It has no known effective treatment.

◆ Ecchymosis is common. It occurs as a result of platelet dys-
function, which is associated with increased serum urea 
and creatinine levels. It may improve with treatment with 
dialysis.

Half-and-half nails
Half-and-half nails, or Lindsay’s nails, occurs in about 20% of 
ESRD patients. The pathogenesis is unknown. Clinically, patients 
have asymptomatic nail changes. The proximal nail-plate turns 
white, and the distal nail-plate remains normal or becomes brown 
coloured. There is no effective treatment (Markova et al., 2012).

Xerosis
Xerosis occurs in approximately 50–85% of ESRD patients. Xerosis 
may be due to the dehydration of the stratum corneum, and 
reduced sebum and sweat production secondary to sebaceous and 
sweat gland atrophy. Xerosis presents with asymptomatic to pru-
ritic, dry, scaly skin on the trunk and extremities, as seen in Fig. 
131.1. Repeated scratching leads to lichenification (skin thickening) 
and prurigo nodularis (dome-shaped papules/nodules), as seen in 
Fig. 131.2. Xerotic skin is susceptible to cutaneous infection from 
abnormal barrier function. In order to reduce irritation, patients 
should limit hand-washing, showering, and bathing. Applying topi-
cal moisturizing emollients, avoiding contact with known skin irri-
tants, and using non-irritating fabrics such as cotton should also be 
recommended (Markova et al., 2012).

Pruritus
Pruritus is one of the most common symptoms associated with ESRD 
and occurs in approximately 40–50% of ESRD patients. The exact 
pathophysiology of uraemic pruritus is unknown, but it is complex 
and likely multifactorial (Kuypers, 2009; Wang and Yosipovitch, 
2010). The aetiological factors involved include the following:
◆ Neurocutaneous abnormalities:
•	 peripheral	neuropathy
•	 increased	substance	P	secretion	in	the	epidermis
•	 aberrant	signalling	of	cutaneous	C	nerve fibres
•	 increased	serum	β-endorphin (µ-receptor agonist)

◆ Electrolyte imbalance:
•	 hypercalcaemia
•	 hyperphosphataemia
•	 hypervitaminosis A
•	 hypermagnesaemia
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◆ Secondary hyperparathyroidism
◆ Xerosis
◆ Elevated interleukin 2 (IL-2) and interleukin 6 (IL-6)
◆ Iron deficiency anaemia
◆ Increased serum C-reactive protein
◆ Increased number of dermal mast cells and histamine
◆ Increased gamma-aminobutyric acid (GABA).

Uraemic pruritus may be localized to one area, but more com-
monly it is generalized. The severity and clinical characteristics 
vary considerably among patients. Patients may present clini-
cally with lichen simplex chronicus, excoriations, or prurigo 
nodularis from incessant scratching (Kuypers, 2009; Wang and 
Yosipovitch, 2010).

Before making the diagnosis of uraemic pruritus other causes of 
pruritus should be ruled out. Uraemic pruritus is notoriously dif-
ficult to treat. Table 131.1 presents a summary of effective treat-
ments to ameliorate the severity of pruritus. No single agent is 
entirely effective. Topical therapy, to relieve the xerosis that many 
patients have, has been of modest value, and few systemic medi-
cations have had significant effectiveness. Treatment is best per-
sonalized, and generally requires a combination of topical and 
systemic treatment (Kuypers, 2009; Feramisco et al., 2010; Wang 
and Yosipovitch, 2010).

Specific manifestations
Acquired perforating dermatosis
Perforating disorders are a heterogenous group of dermatoses char-
acterized by transepidermal elimination of dermal material. The 
acquired perforating dermatosis (APD) seen in ESRD patients is 
both clinically and histologically similar to the primary perforating 
disorders. APD usually develops once dialysis treatment has started. 
The prevalence of APD in dialysis patients is 2–11% (Markova 
et al., 2012). APD predominately affects African American patients. 
There is a strong association with chronic kidney disease (CKD) 
and diabetes mellitus (DM) (Kuypers, 2009).

Localized cutaneous irritation may lead to an inflammatory 
reaction to uraemic substances within the dermis, leading to 
the development of lesions. Patients present with firm, pruritic, 
dome-shaped papules/nodules with a central keratotic plug, dis-
tributed on the extensor portions of the extremities and trunk. The 
appearance of lesions in areas of traumatized skin (koebnerization), 
especially from scratching, is common (Kuypers, 2009; Karpouzis 
et al., 2010). Spontaneous resolution of lesions can occur.

APD is diagnosed clinically, and can be confirmed with a lesional 
biopsy. Individual case reports and small case series have provided 
evidence of effective treatment with topical and systemic therapies, 
phototherapy, and cryotherapy. A summary of these are set out in 
Table 131.2 (Kuypers, 2009; Karpouzis et al., 2010). There has not, 
as yet, been a randomized controlled trial to evaluate the efficacy of 
a single treatment.

Bullous diseases
Bullous diseases present with vesicles, or bullae on the skin and/
or mucous membranes. In ESRD patients, porphyria cutanea 
tarda (PCT), or pseudoporphyria may be seen. Both are due to the 

Fig. 131.1 Xerotic eczema.

(A)

(B)

Fig. 131.2 (A) Lichenified papules.
(B) Prurigo nodules.
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build-up of photosensitive molecules in the skin which causes skin 
fragility and vesiculation upon sun exposure (Markova et al., 2012).

Porphyria cutanea tarda
PCT is classified as acquired/sporadic, where 
uroporphyrinogen-decarboxylase (URO-D) is defective/deficient 
only in the liver, or an autosomal dominant, familial type, where 
the enzyme is deficient in all tissues. Heavy alcohol use, hepati-
tis C virus infection, human immunodeficiency virus infection, 
iron supplementation, and oestrogen use in women, decrease 
URO-D activity. Iron induces 5-aminolevulinate synthase, a reg-
ulatory enzyme that suppresses URO-D activity, increasing the 
plasma porphyrins. Plasma porphyrins can form complexes with 
high-molecular-weight proteins, such as albumin, which are poorly 
dialysable. PCT occurs as a result of decreased URO-D activity and 
limited clearance of the plasma porphyrins in haemodialysis (HD) 
patients. Peritoneal dialysis (PD) is more effective at clearing large 
molecules, compared to HD, and is the most probable reason that 
PCT is uncommon in patients on PD (Balwani and Desnick, 2012; 
Markova et al., 2012).

Patients have skin photosensitivity and fragility, and manifest 
clinically with tense vesicles/bullae distributed on the extensor 
forearms, and dorsum of the hands. Lesions heal leaving behind 
erosions, crusts, atrophic scarring, and milial cysts as seen in Fig. 
131.3. Sclerodermatous plaques, hypertrichosis, and hyperpig-
mentation in sun-exposed areas, especially on the face, are also 
commonly seen (Fig. 131.4). Increased serum levels of iron and fer-
ritin, increased excretion of uroporphyrin-I > uroporphyrin-III in 
the urine, increased levels of isocoproporphyrin-III in the faeces, 
and increased levels of plasma uroporphyrin are typical. In ESRD 
patients with true PCT, the total plasma porphyrin levels range 

from 39.8 to 291.0 g/dL (Balwani and Desnick, 2012; Markova 
et al., 2012).

Treatment includes avoiding triggers like alcohol, hepato-
toxic medications, and sun exposure. Daily use of sunscreen/
sunblock is an important preventative measure. Effective symp-
tomatic management involves decreasing hepatic iron stores. 
Erythropoiesis-stimulating agents (ESAs) in combination with 
small-volume phlebotomy (50–100 mL) once or twice weekly can 
induce remission within several months. Patients unable to tol-
erate phlebotomy can use desferrioxamine as an alternative with 
each dialysis session. High-flux membrane HD is better at remov-
ing plasma porphyrins, and can be used as an effective adjunct 
(Balwani and Desnick, 2012; Markova et al., 2012).

Pseudoporphyria
Pseudoporphyria is clinically and histologically identical to PCT 
without the serum and urine porphyrin abnormalities. The patho-
physiology of pseudoporphyria in ESRD patients is unknown. 
Patients develop vesicles/bullae, skin fragility, and scarring on 
sun-exposed surfaces, but not the sclerodermoid changes, hyper-
trichosis, or hyperpigmentation as seen in PCT. Treatment involves 
sun avoidance and sun protection as in PCT, and avoiding medi-
cations that induce pseudoporphyria, such as diuretics, antibiot-
ics, and antifungals. N-acetylcysteine, which increases antioxidant 
activity and reduces the number of free radicals, is an effective 
treatment for pseudoporphyria (Markova et al., 2012).

Metastatic calcification
Metastatic calcification is the deposition of calcium into cutaneous 
and/or subcutaneous tissues, which occurs as a result of elevated 
serum levels of calcium. It can also affect the blood vessels and 

Table 131.1 Effective treatments to ameliorate the severity of pruritus in dialysis patients

Topical Systemic Other

1. Moisturizing emollients 1. Gabapentin 100–300 mg PO 3 times/week after dialysis 1. High-permeability dialysis

2. Capsaicin 0.03% ointment 4 times per day 2. Pregabalin 25–75 mg PO QD 2. Narrow-band UVB 3 times/week

3. Pramoxine 1% lotion BID 3.  Nalfurafine 5 micrograms IV 3 times/week after dialysis or 2.5–5 
micrograms PO nightly

4. Sericin 8% cream BID 4. Cromolyn 135 mg PO TID

5. Topical cromolyn 4% cream QD 5. Sertraline 50 mg PO QD

6. Gamma-linolenic acid 2.2% cream TID 6. Thalidomide 100 mg PO nightly

7.  Glycerine 15% and paraffin 10% oil-water 
emulsion BID

7. Activated charcoal 6 g QD

BID = twice daily; IV = intravenous; PO = per oral; QD = daily; TID = three times daily; UVB = ultraviolet-B.

Table 131.2 Effective treatments for acquired perforating dermatosis

Topical therapy Systemic therapy Other therapies

1.  Superpotent topical steroid: clobetasol or betamethasone 
alone or in combination with a keratolytic agent

2.  Keratolytic agent: salicylic acid, urea, or ammonium lactate 
alone or in combination with a topical steroid

3. Retinoid

1. Antihistamines

2. Allopurinol 100 mg

3. Acitretin

4. Doxycycline 100 mg or minocycline 100–200 mg

1. Narrow-band ultraviolet B

2. Cryotherapy with liquid nitrogen
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viscera (Markova et  al., 2012). In ESRD, metastatic calcification 
is characterized by abnormal calcium and/or phosphate metabo-
lism and presents as either calcinosis cutis, or calcific uraemic 
arteriolopathy (CUA).

Calcinosis cutis
Calcinosis cutis, also known as benign nodular calcification, refers 
to the deposition of calcium within the cutaneous and subcuta-
neous tissues without tissue necrosis. Hyperphosphataemia, as 
a result of reduced renal clearance and insufficient removal with 
dialysis, is typical. Secondary hyperparathyroidism, with increased 

levels of intact parathyroid hormone (iPTH), mobilizes the release 
of calcium and phosphate from the bone into the serum which in 
turn increases serum calcium and phosphate levels. When serum 
calcium and phosphate levels reach a solubility threshold, calcino-
sis cutis can occur (Reiter et al., 2011; Markova et al., 2012).

Patients present with firm, white papules/plaques and nodules, 
with occasional exudation of white material. Lesions are distributed 
on the fingertips and peri-articularly. Fingertip lesions are usually 
painful. Peri-articular lesions are generally asymptomatic. The 
number and size of the lesions correlates with the serum phosphate 
level. Dietary phosphate restriction and phosphate binders can 
lower the serum phosphate levels. If necessary, parathyroidectomy 
in patients with elevated iPTH levels can be beneficial (Reiter et al., 
2011; Markova et al., 2012). Lesions improve when the hyperphos-
phataemia improves.

Calcific uraemic arteriolopathy
CUA, also known as calciphylaxis, is characterized by thrombosis 
of calcified small and medium-sized arteries and arterioles, along 
with fibrosis of the dermis and subcutaneous fat. CUA is a rare but 
potentially life-threatening complication of ESRD. It has an esti-
mated incidence of 1%, and prevalence of 1–4% in ESRD patients. 
Patients typically present in their 50s. CUA has a mortality rate of 
60–80%. Death usually occurs following sepsis and organ failure 
(Reiter et al., 2011; Markova et al., 2012).

The exact aetiology of CUA is unclear, but it is multifacto-
rial. Metabolic factors, systemic inflammation, oxidative stress, 
endothelial injury, along with certain triggers have been impli-
cated. A number of risk factors including local trauma, female gen-
der, Caucasian ethnicity, hypoalbuminaemia, therapy with calcium 
salts, vitamin D supplements, treatment with ESAs, warfarin, and 
iron supplements, have been implicated as triggering CUA. A sum-
mary of these and other independent risk factors are set out in 
Table 131.3.

CKD/ESRD, dialysis treatment, and commonly occurring 
co-morbid conditions, such as hypertension, hypercholesterolae-
mia, and DM, increase oxidative stress (Sowers and Hayden, 2010). 
Vascular calcification is stimulated by increased reactive oxygen 
species (ROS) from oxidative stress. Increased ROS also cause sys-
temic inflammation, as evidenced by increased levels of tumour 
necrosis factor alpha, and IL-1 and -6 (Sowers and Hayden, 2010). 
Glutathione, and other natural antioxidants, are decreased with 
chronicity of ESRD and other comorbid disorders. Endothelial 
injury and subsequent luminal narrowing are triggered by vas-
cular calcification. Luminal narrowing, combined with the natu-
rally low-flow rate of the cutaneous blood vessels, causes reduced 
blood flow, and can lead to blood stasis. Blood stasis contributes 
to a procoagulant environment in the narrowed vessels, increas-
ing the risk of thrombosis. Thrombosis can lead to local ischaemia 
and necrosis (Daudén and Oñate, 2008; Weenig, 2008; Sowers and 
Hayden, 2010).

Patients initially present with discomfort or localized pain over-
lying areas of erythema, or violaceous, reticulated discolouration of 
the skin, resembling levido reticularis. Progression of lesions can 
take several days to weeks. Lesions develop into painful plaques 
(Fig. 131.5), or sometimes nodules, bordered by a net-like viola-
ceous discolouration. Lesions are distributed bilaterally and sym-
metrically, and are generally located on the lower legs, which can be 
related to reduced circulation, and the abdomen and buttocks, both 

Fig. 131.3 Porphyria cutanea tarda. Healing crusted papules.

Fig. 131.4 Porphyria cutanea tarda. Hypertrichosis, hyperpigmented patches, and 
pink sclerodermatous plaques on the cheek.
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of which contain a large percentage of adipose tissue (Daudén and 
Oñate, 2008; Reiter et al., 2011). Haemorrhagic vesicles/bullae may 
precede the development of necrosis. Patients frequently develop 
tender, asymmetrical, non-healing ulcers. Lesion distribution is not 

a clear prognostic factor as previously thought (Daudén and Oñate, 
2008; Reiter et al., 2011). Systemic symptoms from vascular and 
extravascular calcification can also occur. Cardiac valvular or elec-
trical conduction dysfunction, myocardial, pulmonary, cerebrovas-
cular, and bowel infarction, myositis, and muscle weakness have 
also been reported (Daudén and Oñate, 2008).

At presentation, patients may have metabolic abnormalities, such 
as an elevated calcium-phosphate product, and elevated serum 
iPTH levels. However, most recent data indicates that electrolyte 
and iPTH levels are often within the normal range at presentation 
(Hayashi et al., 2012). Elevated C-reactive protein and erythrocyte 
sedimentation rate, hyperglycaemia, and hypercholesterolaemia 
may also be seen (Hayashi et al., 2012). Metabolic abnormalities 
alone are not predictive of disease, but should be noted, as they are 
thought to increase a person’s risk for vascular calcification.

Radiographic imaging may be helpful in reaching the diagnosis. 
On plain radiography small vascular calcifications can be iden-
tified, and a ‘net-like pattern’ of soft-tissue calcification has also 
been described; however, this observation has not been validated. 
Computed tomography can identify calcification of the internal 
organs, and calcified arterioles of the soft tissues. Mammography is 
the best modality currently available to identify soft-tissue arteriolar 
calcifications, although it is limited by affected tissue thickness. Bone 
scans can identify increased tracer uptake in affected regions of the 
sub-cutis (Shmidt et al., 2012). Lesion biopsy with dermatopatho-
logical examination remains the gold standard diagnostic method.

Early recognition, diagnosis, and treatment of CUA are impera-
tive in order to stop disease progression, and improve patient out-
comes. There is, however, a lack of data from controlled clinical 
trials to guide treatment, which is often difficult and supportive. 
Even with early intervention and management, it is generally 
acknowledged that pain relief can take weeks, and lesion healing 
can take several months. Management options are presented in 
Table 131.4 (Ross, 2011; Vedvyas et al., 2012).

Management includes adjusting and maintaining the serum cal-
cium and phosphate levels at target according to national guide-
lines (Vedvyas et al., 2012), whenever possible.

Sodium thiosulphate (STS) is a dialysable calcium chelator that 
improves antioxidant glutathione production, increases endothelial 

Table 131.3 Risk factors and triggering factors in calcific uraemic arteriolopathy

Demographic risk factors Medications and supplements Metabolic abnormalities

Female gender Calcium salts Albumin < 3.5 g/dL

Caucasian ethnicity Vitamin D Phosphate > 5.0 mg/dL

Obesity (BMI > 30 kg/m2) Erythropoietin-stimulating agents Calcium > 10.0 mg/dL

Warfarin iPTH > 300 ng/L

Iron Calcium × phosphate product > 70 mg2/dL2

Systemic corticosteroids Alkaline phosphatase > 300 IU/L

Aluminium >25 ng/mL

Factors increasing systemic inflammation and oxidative stress:
◆ Local trauma
◆ ESRD and associated dialysis therapy
◆ Hypertension, hypercholesterolaemia, obesity, and diabetes
◆ 4. Liver disease

iPTH = intact parathyroid hormone.

Fig. 131.5 Calcific uraemic arteriolopathy. (A) Eroded plaques on inner thighs. 
(B) Ulcerated plaques with a violaceous rim and central necrosis.
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nitric oxide production, and can lessen systemic inflammation. STS 
can relieve pain within days, and improve wound healing in around 
8 weeks (Vedvyas et al., 2012). Cinacalcet, a calcimimetic agent, 
is effective in patients with both normal and elevated iPTH lev-
els. Cinacalcet is considered to be an effective medical alternative 
to parathyroidectomy in this setting (Vedvyas et al., 2012). Tissue 
plasminogen activator (tPA) does not have a survival benefit when 
utilized as an adjunct treatment, but does have variable effectiveness 
for wound healing, albeit with several significant risks (el-Azhary 

et al., 2013). The utility of tPA as an adjunct therapy needs to be fur-
ther evaluated. Hyperbaric oxygen therapy (HBO) improves tissue 
oxygenation, which promotes wound healing. Several studies have 
reported that HBO prevented calciphylaxis progression. HBO has 
few sideeffects, but its use is limited by machine costs and limited 
access (Ross, 2011; Vedvyas et al., 2012).

The treatment of CUA is challenging. Controlling and mini-
mizing the deleterious effects of associated co-morbid conditions, 
and triggering factors is important (Ross, 2011). Identifying and 
treating the various aetiologies of vascular calcification and hyper-
coagulability with an individualized approach also appears to be 
important. A multi-intervention, standardized approach to treat-
ment has been effective in a single case series (Baldwin et al., 2011). 
Further investigation to evaluate the effectiveness and utility of a 
multi-intervention, standardized protocol for CUA is required.

Nephrogenic systemic fibrosis
Nephrogenic systemic fibrosis (NSF) is a rare, scleroderma-like 
disorder caused by exposure to gadolinium-based contrast agents 
(GBCAs) used in diagnostic imaging. NSF can occur infrequently 
in normouraemic patients, but is most commonly seen in patients 
with renal insufficiency and a glomerular filtration rate (GFR)  
< 30 mL/min. Individuals with the highest risk of acquiring NSF 
are those with a GFR of < 15 mL/min, dialysis patients with severe 
acute kidney injury (AKI), and those with ESRD on. It can also 
occur in renal transplant patients with abnormal graft function.

Improved awareness and screening of patients prior to 
GBCA-enhanced magnetic resonance imaging/angiography has 
reduced the incidence of NSF. NSF affects all ethnic groups, and 
affects males and females equally, with the majority of cases occur-
ring in middle-aged adults. The average age at onset is 51 years. The 
risk factors and disease triggers are set out in Table 131.5 (Elmholdt 
et al., 2011; Zou et al., 2011).

The pathogenesis of NSF is associated with Gd exposure, GFR, 
type and frequency of dialysis, and the occurrence of a concomi-
tant pro-inflammatory triggering event, such as vascular injury 
or infection. Gd is eliminated almost exclusively by the kidneys. 
It has a half-life of 1–2 hours in patients with normal renal func-
tion, but this is significantly elevated, to 9 hours or greater, in 
patients with renal insufficiency. Insoluble Gd–phosphate com-
plexes can deposit into the tissues, where Gd is phagocytized by 
macrophages. Macrophages and free Gd increase the production 
of transforming growth factor beta-1, and pro-fibrotic cytokines 
(IL-4, -6, -13, and interferon-gamma), which recruit circulat-
ing fibrocytes (CFs) into the area. Pro-inflammatory states, such 
as vascular injury, which induce the release of inflammatory 
cytokines, may also stimulate production of CFs (Bernstein et al., 
2012; Igreja et al., 2012).

CFs are bone marrow-derived, fibroblast-like, collagen-producing 
spindle cells that circulate within the blood and enter areas of 
injury and inflammation. Participate in wound healing, patho-
logic fibrosis, and cytokine/chemokine production. CFs are 
associated with fibrotic disorders, like keloid production, and 
scleroderma. The pathogenic role of CFs in NSF is supported by 
the rapidity of disease progression, symmetry of lesions, and the 
propagation of CD34+ dermal, spindled fibroblasts which are 
typically seen on biopsy specimens (Bernstein et al., 2012; Igreja 
et al., 2012).

Table 131.5 Risk factors and triggering factors in nephrogenic systemic 
fibrosis

Risk factors Triggering factorsa

Peritoneal dialysisb Vascular injury

Elevated serum phosphate level Infection

High-dose (>0.2 mmol/kg) of GBCA High-dose erythropoietin therapy

Multiple cumulative doses of GBCA 
(with an overall GBCA volume 
>0.2 mmol/kg)

Use of linear or non-ionic GBCA 
chelating agentsc

Irond

a Pro-inflammatory states; may stimulate production of bone-marrow derived circulating 
fibrocytes.
b Less effective at removing gadolinium than haemodialysis.
c Have less in vitro stability and affinity for gadolinium than the ionic and 
macrocyclic GBCAs.
d Can induce transmetallation of gadolinium.

GBCA = gadolinium-based contrast agents.

Table 131.4 Therapeutic modalities for calcific uraemic arteriolopathy

Correction of electrolyte imbalance Treatments to promote wound 
healing

Lower calcium concentration in the 
dialysate to 1.0–1.5 mEq/L

Sodium thiosulphate

Increase dialysis to 4–6 times per week Enhance nutritional status

Bisphosphonates (intravenous and 
oral)a

Albumin replacement, if required

Parathyroidectomy in patients with 
iPTH levels > 300 ng/Lb

Wound care, with surgical 
debridementc

Cinacalcet Antibiotics for infected lesions

Skin grafting, and biologic dressings

Hyperbaric oxygen therapy

a Controversial in those with a glomerular filtration rate < 30 mL/min, due to a possible risk 
of adynamic bone disease, and direct nephrotoxicity.
b Medical management is the ‘gold standard’ for normal to slightly elevated iPTH. 
Parathyroidectomy should only be considered if medical management fails.
c Controversial; there is a potential to induce new lesions, or lead to the progression of 
current lesions if the disease course is still active.

iPTH, intact parathyroid hormone.
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Patients present within several weeks to months following 
GBCA exposure with painful erythema and oedema that evolves 
rapidly into an erythematous firmness of the skin with indurated 
papules, and plaques, which may have a cobblestone appearance 
(Fig. 131.6). Lesions are generally symmetric, and distributed on 
the lower legs. There is a cephalad progression to the thighs, hands, 
arms, and less often to the trunk. Brawny hyperpigmentation of the 
skin, cutaneous fibrosis, and swelling, commonly occur, especially 
on the hands. Pain, burning, and pruritus may be felt in fibrotic 
areas. Flexion contractures result from progressive fibrosis, caus-
ing restricted joint mobility. Systemic fibrosis, affecting the skeletal 
muscle, liver, intestines, lungs, heart, or kidneys is not uncommon. 
Rarely patients can present with rapidly progressive fibrosis and 
fulminant disease, sometimes within weeks of disease onset (Zou 
et al., 2011; Bernstein et al., 2012; Igreja et al., 2012).

A clinical diagnosis may be challenging, since the initial presen-
tation is frequently subtle, and often mimics scleroderma. Other 
fibrosing disorders in the differential diagnosis include eosino-
philic fasciitis, and scleromyxoedema. Clinicians should suspect 
NSF in ESRD patients recently exposed to Gd. Laboratory studies 
can help exclude the fibrosing disorders. An example is autoanti-
body testing, such as anti-topoisomerase I (Scl-70), which is typi-
cally absent in NSF, but is more commonly present in scleroderma. 
The clinical and laboratory data, in conjunction with a deep skin 
biopsy, will help confirm the diagnosis (Bernstein et al., 2012; Igreja 
et al., 2012).

As a preventative measure, it is recommended that clinicians uti-
lize macrocyclic and ionic GBCAs in ESRD patients, or those with 
AKI, avoid using high doses of GBCA, and dialyse patients as soon 
as practically feasible after GBCA exposure (Zou et al., 2011).

Spontaneous resolution of NSF has been reported in cases 
of rapidly improved AKI, and in several renal transplant cases. 
Improved renal function has been shown to slow NSF progres-
sion, and can improve the symptoms of disease. Renal transplant 
for patients with NSF does not guarantee improvement of disease 
manifestations. However, several case reports suggest that success-
ful transplantation may produce skin softening, and increased joint 
mobility (Zou et al., 2011; Bernstein et al., 2012; Igreja et al., 2012). 
Oral corticosteroids, ultraviolet-A phototherapy, plasmapheresis, 
sirolimus, methotrexate, and pentoxifylline have shown minimal 
benefit. Several case reports of extracorporeal photopheresis and a 
few cases of high-dose intravenous immunoglobulin demonstrated 
clinical improvement. Physical therapy is an effective adjunct, 
decreasing the degree of joint contractures and restoring joint 
mobility (Bernstein et al., 2012; Igreja et al., 2012).

Imatinib mesylate (Gleevec®), a platelet-derived growth 
factor-receptor inhibitor, blocks signal transduction involved 
in fibrosis. Imatinib slowed NSF progression, improved disease 
symptoms, improved joint mobility, and caused skin softening in 
several cases (Igreja et al., 2012). Alefacept inhibits CD4+/CD8+ 
T-lymphocyte activation, and induces apoptosis of memory-effector 
T lymphocytes. Alefacept is effective in treating graft-versus-host 
disease, which can have a scleroderma-like appearance, and allevi-
ated the skin manifestations of NSF in a single case series (Robinson 
et al., 2011). Sodium thiosulphate improved the skin symptoms and 
joint mobility in a single case series (Bernstein et al., 2012). Further 
investigation is needed to identify optimal treatment.

Further Reading
Galperin, T. A., Cronin, A. J., and Leslie, K. S. (2014). Cutaneous manifesta-

tions of ESRD. Clin J Am Soc Nephrol, 9(1), 201–18.
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CHAPTER 132

The patient with reduced renal 
function: endocrinology
Tomas Thor Agustsson and Paul Carroll

Effects of reduced renal function 
on hormonal concentration and function
Over a century ago, Starling coined the term ‘hormone’ for the first 
time when describing the role of secretin in the control of pancreatic 
secretion (Bayliss and Starling, 1902). Although advances in bio-
chemistry, physiology, cell biology, molecular biology, and genetics 
have since then explained many of the mechanisms of endocrine 
disease and hormone function, the essential subject of endocri-
nology remains the same—the signalling, by secreted substances, 
which control and coordinate the function of multiple organs and 
processes. These processes affect both the precise short-term con-
trol of whole-body homeostasis and longer-term adaptation and 
developmental changes.

Effects on hormonal concentration
Most endocrine systems are tightly regulated in a cascade-like 
manner involving multiple-level feedback loops to attain circulat-
ing hormone levels that are most conducive to eliciting the appro-
priate target tissue response (Fig. 132.1). Thus circulating hormone 
concentrations are a function of the efficacy of these control mech-
anisms, glandular secretion patterns, and clearance rates. Reduced 
renal function and uraemia can interfere with all of these factors 
and cause significant derangements, which are often challenging to 
detect and interpret.

Effects on hormonal secretion
Reduced renal function alters metabolic and biochemical states result-
ing in appropriate responses to secretory stimuli with consequent 
changes in hormonal concentration. A good example is secondary 
hyperparathyroidism related to hypocalcaemia in renal failure.

The kidney itself is an important endocrine organ and is respon-
sible for the secretion of erythropoietin (involved in the regula-
tion of red cell production) and 1,25-dihydroxy vitamin D3 ((1,25 
(OH)2D3) involved in calcium and bone metabolism. Reduced 
secretion of these hormones follows reduced functional renal mass 
in progressive renal failure.

The most common effect of reduced renal function on other 
endocrine organs is one of reduced secretion. This effect can be 
caused by direct toxic effects on the endocrine gland, reduced 
stimulation from the superior part of the hormonal axis, or hypore-
sponsiveness of the gland. Hypersecretion is less common but has 
been described. Hyperprolactinaemia in renal failure is, for exam-
ple, partly caused by increased production (as well as reduced renal 

clearance), most likely related to changes in hypothalamic function 
and reduced dopamine production.

Effects on hormone clearance and metabolism
The kidney plays a key role in the catabolism of many polypeptide 
hormones, which therefore accumulate in renal failure.

At least one- to two-thirds of the metabolic clearance of vari-
ous polypeptide hormones is handled by the kidney. In early renal 
impairment, hormone clearance declines in parallel with renal blood 
flow, but as renal failure progresses, peritubular uptake decreases 
causing a disproportionate increase in serum concentrations.

Extrarenal catabolism and elimination of hormones can also 
be affected, especially in prolonged uraemia. There is some older 
experimental evidence to suggest that breakdown of insulin in skel-
etal muscle is reduced (Rabkin et al., 1979), and hepatic catabo-
lism of biologically active parathyroid hormone (PTH) is impaired 
(Hruska et al., 1981).

Effects on hormonal action
Various factors affected by renal function other than the circulating 
concentration can influence the function and effect of hormones.

Impaired activation of precursors
Many biologically active hormones are products of prohormones. 
These are sometimes elevated in renal failure indicating less effec-
tive conversion or activation. Pro-insulin is, for example, not con-
verted peripherally to insulin and C-peptide in end-stage renal 
failure (Zilker et al., 1988). The effects of impaired renal function to 
reduce the peripheral conversion of thyroxine (T4) to the more bio-
logically active triiodothyronine (T3) are also well described (Lim 
et al., 1977).

Multimolecular forms of variable bioactivity
Abnormalities in the metabolism of carbohydrates, lipids, and pro-
teins are well documented in chronic renal failure. In 1983, Kishore 
et al. described the abnormal glycosylation and sialylation of serum 
proteins in chronic renal failure (Kishore et al., 1983). Such abnor-
malities can lead to changes in the relative concentration of differ-
ent bioactive forms of a hormone, and change their excretion rate, 
thereby shifting the balance towards a less or even a more active 
form (Schaefer et al., 1991).

Hormone binding to plasma proteins
In plasma, most hormones are to varying degrees bound to pro-
teins. These binding proteins can change the action of the hormone 
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by competing at the receptor site or by affecting circulating concen-
trations of bioactive free hormone. The concentration of a number 
of insulin-like growth factor 1 (IGF-1) binding proteins with such 
inhibitory effect are for example raised in renal failure affecting its 
function (Lee et al., 1989; Blum et al., 1991; Tönshoff et al., 1996; 
Ulinski et al., 2000).

Changes in target tissue sensitivity
Target organ responsiveness to hormonal action can be affected 
by impaired renal function. The result is most often a reduced 
response, which can be caused by a number of factors:

1. Accumulation of competing or inhibiting molecules or toxins at 
the receptor level

2. The presence of molecules inhibiting or affecting active hor-
mone concentrations, for example, the above mentioned IGF-1 
binding proteins (Blum et al., 1991)

3. Structural changes in the hormone itself or its receptors, for 
example, by changes in glycosylation and sialylation (Kishore 
et al., 1993)

4. Changes in intracellular or post-receptor events. This is an 
increasingly recognized mechanism for increased hormone 
resistance in uraemia. Perhaps the best described example is 
the effect on the JAK2 and STAT signal transducing proteins in 
response to growth hormone (Fig. 132.2) (Schaefer et al., 2001; 
Rabkin et al., 2005).

Hypothalamic function and appetite 
control in reduced renal function
The hypothalamus plays a central role in the endocrine system. 
With its interplay with the pituitary, it organizes the appropriate 
hormonal responses to stimuli from higher centres, which arise 
from changes in the external environment. These range from altera-
tion in the supply of nutrients and ambient temperature to chal-
lenges that result in physical or psychological stress. Secretion of 
most of the hormones from the anterior pituitary is stimulated by 
peptide-releasing hormones, which are secreted from the hypo-
thalamus directly into the adenohypophyseal portal circulation.  
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Fig. 132.1 Peripheral feedback mechanism and the million-fold amplifying cascade of hormonal signals. Environmental signals are transmitted to the central nervous 
system, which innervates the hypothalamus, which responds by secreting nanogram amounts of a specific hormone. Releasing hormones are transported down a closed 
portal system pass the blood–brain barrier at either end through fenestrations, and bind to specific anterior pituitary cell membrane receptors to elicit secretion of 
micrograms of specific anterior pituitary hormones. These enter the venous circulation through fenestrated local capillaries, bind to specific target gland receptors, trigger 
release of micrograms to milligrams of daily hormone amounts, and elicit responses by binding to receptors in distal target tissues. Peripheral hormone receptors enable 
widespread cell signalling by a single initiating environmental signal, thus facilitating intimate homeostatic association with the external environment. Arrows with a dot 
at the start indicate a secretory process.
Reproduced from Norman and Litwack (1997).
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The hypothalamus is also under negative feedback control by hor-
mones secreted by the target organ (Fig. 132.1).

Oxytocin and antidiuretic hormone (ADH) are synthesized 
in the supraoptic and paraventricular nuclei of the hypothala-
mus and secreted from the posterior pituitary after being trans-
ported to the terminal of the nerve fibres. Oxytocin is produced 
in response to suckling of the nipple and stretching of the cer-
vix, while ADH is produced in response to changes in water bal-
ance (Fig 132.1). These effects are covered in other chapters (see 
Chapter 22).

The effects of reduced renal function on the production of 
different pituitary hormones will be discussed in respective 
chapters but several studies have shown direct effects on the 
hypothalamus.

Considering the negative impact of anorexia and malnutrition 
on morbidity and mortality in chronic renal failure (Qureshi et al., 
1998; Kopple, 1999; Kopple et al., 2000; Pupim et al., 2002) there 
has been considerable interest in the role of appetite hormones and 
hypothalamic control in this state.

Leptin is a small peptide hormone that is mainly, but not exclu-
sively, produced in adipose tissue. The circulating leptin concen-
tration therefore directly reflects the amount of body fat. Leptin 
has a pivotal role in regulating food intake and energy expendi-
ture, by binding to its receptors in the hypothalamus and through 
the release of other neurotransmitters. Moreover, leptin exerts 

several other important metabolic effects on peripheral tissue, 
including modification of insulin action, induction of angiogen-
esis, and modulation of the immune system. Leptin levels have 
been found to be elevated in chronic renal impairment and may 
contribute to loss of appetite and cachexia (Heimbürger et  al., 
1997; Sharma et al., 1997; Landt et al., 1998). The exact role of 
leptin in renal anorexia and cachexia remains to be characterized 
further.

Ghrelin is another hormone secreted from the stomach and 
pancreas (Kojima et  al., 1991)  involved in appetite regulation. 
It can act as a signal for meal initiation and plays a role in the 
regulation of gastrointestinal motility via a hypothalamic cir-
cuit. Studies have shown that impaired expression of ghre-
lin and its hypothalamic receptors in renal failure, may play a 
role in uraemic anorexia (Fu et al., 2012, 2013). Recent studies 
have also indicated that links between low ghrelin concentra-
tions and increased cardiovascular risk and inflammation in 
protein-energy wasted haemodialysis patients (Chou et al., 2010; 
Carrero et al., 2011a).

Changes to hypothalamic function and appetite control in 
reduced renal function are multifactorial and remain to be fully 
explained. In addition to the above described hormonal interplay, 
they are affected by inflammation, cytokine release, and input 
from higher centres. Implications for new treatment modalities 
are being explored.
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Fig. 132.2 Growth hormone-mediated JAK2/STAT signal transduction and changes in uraemia. GH activates several signalling pathways via JAK2, including the JAK/
STAT pathways. Binding of GH to its receptor (GHR) activates JAK2, which then self-phosphorylates. This is followed by phosphorylation of the GHR and, subsequently, 
STAT 1a, STAT 3, STAT 5a, and STAT 5b, members of a larger family of cytoplasmic transcription factors. These phosphorylated STATs form dimers that enter the nucleus, 
where they bind to specific DNA sequences and activate their target genes, IGF-1 and some suppressors of cytokine signalling (SOCS). Deletion of STAT5 expression 
leads to retarded body growth, and STAT5b is required for GH-mediated IGF-1 gene expression. In renal failure phosphorylation of JAK2 and the downstream signalling 
molecules STAT5, STAT3, and STAT1 is impaired, as are the nuclear levels of phosphorylated STAT proteins. This important cause of uraemic GH resistance may result, in 
part, from upregulation of SOCS2 and SOCS3 expression with suppressed GH signalling and also from increased protein tyrosine phosphatase activity, with enhanced 
dephosphorylation and deactivation of the signalling proteins.
Adapted from Rabkin et al. (2005).
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Pituitary function in reduced renal function
The anterior pituitary gland secretes a number of hormones 
involved in bodily homeostasis, metabolism, and development. 
These include:
◆ prolactin
◆ growth hormone (GH)
◆ thyroid stimulating hormone (TSH)
◆ adrenocorticotrophic hormone (ACTH)
◆ the gonadotrophins:  luteinizing hormone (LH) and follicle-  

stimulating hormone (FSH).

Once secreted into the circulation they interact with their target 
tissues, which are stimulated to secrete further hormones that feed 
back to inhibit release of the pituitary hormones (Fig 132.1). Where 
the target tissue does not produce a circulating hormone, such as in 
the case of prolactin, pituitary secretion is controlled by inhibitors. 
Prolactin is under inhibitory control of dopamine, but more com-
plex releasing and inhibiting hormones control GH release.

Prolactin
Monomeric human prolactin consists of 199 amino acids. The 
most obvious and perhaps main action of prolactin is to stimu-
late lactation in the postpartum period. It also interferes with the 
hypothalamo–pituitary–gonadal axis causing reduction in the 
secretion of gonadotrophins. Hyperprolactinaemia can therefore 
cause gynaecomastia in men and galactorrhoea in both men and 
women, and sexual dysfunction and infertility. At least 300 other 
less well characterized potential functions of prolactin have been 
described.

A large proportion of dialysis patients have hyperprolactinaemia 
related to their renal failure (Bommer et al., 1979; Lim et al., 1979; 
Muir et al., 1983). Its prevalence varies from 16–20% in patients 
with moderate renal insufficiency to 35–80% in end-stage renal 
disease (ESRD) or dialysed patients (Lim et  al., 1979; Cowden 
et al., 1981; Díez et al., 1995). Three molecular forms of prolactin 
with molecular weights of 23 (monomeric), 50–60, and > 100 kDa 
(macroprolactin) have been defined. All forms have been shown to 
increase in renal failure (Sari et al., 2012).

Hyperprolactinaemia is usually of modest magnitude and is due 
to a combination of reduced clearance and increased secretion 
(Sievertsen et al., 1980). In mild to moderate CKD, prolactin lev-
els are usually < 100 ng/mL. In dialysis patients, serum prolactin 
levels > 100 ng/mL are found in 14% of cases, sometimes reaching 
300–400 ng/mL (Iglesias et al., 2012). A primary mechanism seems 
to be inadequate dopaminergic inhibition leading to increased 
prolactin secretion (Lim et  al., 1979). Hyperprolactinaemia in 
uraemic patients can be suppressed by chronic dopaminergic 
stimulation (Bommer et  al., 1979; Muir et  al., 1983). Prolactin 
response to well-known stimuli such as thyrotrophin-releasing 
hormone (TRH), chlorpromazine, metoclopramide, and arginine 
or to insulin-induced hypoglycaemia is, on the other hand, blunted 
(Ramirez et  al., 1977; Schmitz and Møller, 1983; Rodger et  al., 
1986). There is therefore increased tonic background secretion 
with blunted response to more short-term stimuli. In renal failure 
the normal diurnal rhythm with sleep-induced nocturnal secretory 
bursts is also not found, although some episodic secretion occurs 
during the daytime (Biasioli et al., 1988).

Hyperprolactinaemia negatively affects gonadal function. 
Prolactin inhibits gonadotropin-releasing hormone (GnRH) pul-
satile secretion at the hypothalamus (Milenković et al., 1994) and 
suppresses both the normal pulsatile secretion of LH and FSH 
and their pituitary responsiveness to GnRH by a direct action at 
the anterior pituitary (Cheung, 1983). In addition, hyperprolacti-
naemia inhibits the positive feedback effect of oestrogen on gon-
adotropin secretion (McNeilly, 1980). Although the relationship 
between hyperprolactinaemia and signs and symptoms of hypog-
onadism and infertility in both sexes with normal renal function is 
well described (Franks et al., 1978; Spark et al., 1982) these mecha-
nisms may not be as simple in renal failure and the pathogenesis of 
these features are more multifactorial. The GnRH release in urae-
mic patients with hyperprolactinaemia is, for example, blunted, but 
the reduced peripheral clearance of LH prevents the association of 
hyperprolactinaemia with low LH levels.

Hyperprolactinaemia does not seem to be affected by dialy-
sis, but studies have shown that hyperprolactinaemia induced by 
uraemia is corrected following successful transplantation and the 
hypothalamo–pituitary–gonadal axis is restored (Lim et al., 1979; 
Peces et al., 1981; Rodríguez-Puyol et al., 1986; Grzeszczak et al., 
1990; Saha et al., 2002).

Growth hormone
GH is a 191-amino acid, single-chain polypeptide hormone, which 
is synthesized, stored, and secreted by somatotropic cells of the 
anterior pituitary and plays a key role in normal growth and devel-
opment in childhood. GH continues to be secreted in adulthood 
after growth cessation, implying important metabolic functions in 
adult life. Over the last decades our understanding of its impor-
tance throughout the entire lifespan has increased significantly. 
GH has an important function in carbohydrate metabolism where 
chronic GH exposure exerts potent anti-insulin effects at hepatic 
and peripheral sites, resulting in decreased glucose utilization, 
increased lipolysis, and tissue refractoriness of the acute insulin-like 
effects of GH. It is an anabolic hormone and causes urinary nitro-
gen retention, decreased plasma urea levels, and increased muscle 
mass. GH increases fat mobilization, decreases fat deposition, and 
activates hormone-sensitive lipase, resulting in increased lipolysis.

IGF-1, a critical growth factor induced by GH, is likely respon-
sible for many of the growth-promoting activities of GH (Le Roith 
et  al., 2001)  and it also directly regulates GH receptor function 
(Leung et al., 1997). IGF-1 also has important paracrine activity in 
extrahepatic tissues which appear critical for normal growth (Yakar 
et al., 1999).

Growth hormone secretion, concentrations, and clearance 
in impaired renal function
Fasting GH concentrations are elevated in children and adults 
with impaired renal function. This increase is in proportion to the 
extent of renal failure (Davidson et al., 1976; Ramirez et al., 1978). 
Basal GH concentrations and glucose or tolbutamide stimulated 
responses do not seem related to the nutritional state in uraemic 
patients (Allegra et al., 1988). Changes in GH concentrations and 
dynamics in renal failure are due to complex changes in both GH 
secretion and impaired clearance.

The kidney plays a key role in GH catabolism (Johnson and 
Maack, 1977). The clearance rate of GH is reduced by approximately 
50% in end-stage renal failure (Haffner et al., 1994). The increased 
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half-life of circulating GH both increases its basal concentration, 
and affects secretory and feedback mechanisms.

Most studies have shown increased secretion rates for GH in 
both children and adults with renal failure. Tönshoff et al. found a 
high-normal calculated GH secretion rate and an amplified num-
ber of GH secretory bursts in prepubertal children with ESRD, 
and postulated a relationship with attenuated pituitary feedback of 
bioactive IGF-1 (Tönshoff et al., 1995b). Veldhuis et al. identified 
elevated GH secretion rates in adults on haemodialysis (Veldhuis 
et al., 1994). GH secretion in pubertal patients with advanced renal 
impairment has, on the other hand, been found to be reduced 
(Schaefer et al., 1994). This may be because of altered somatotroph 
sensitivity of sex hormones, which are important for increased GH 
secretion during this stage.

Some work has been done to identify the underlying mecha-
nisms for these alterations in secretion rates, focusing mainly on 
hypothalamo–pituitary control. At least in children with renal 
failure, the GH response to intravenous GH-releasing hormone 
is augmented and prolonged (Bessarione et al., 1987). In normal 
renal function TRH does not affect GH secretion to any significant 
extent. Studies have shown a marked increase in GH secretion in 
response to exogenous TRH (Ramirez et al., 1978; Weissel et al., 
1979; Giordano et al., 1984). GH response to common dynamic 
stimulation tests is also altered in uraemia. Induced hypoglycaemia 
causes a sustained exaggerated GH rise, which is more pronounced 
in patients on haemodialysis than continuous ambulatory perito-
neal dialysis (CAPD) (Ramirez et al., 1978; Marumo et al., 1979; 
Rodger et al., 1986). Acute hyperglycaemia, which normally causes 
GH suppression, is related to a paradoxical GH increase in uraemia 
(Ramirez et al., 1978; Alvestrand et al., 1989). Interpretations of 
these results is challenging as the concentration of releasing factors 
and provocative agents is also affected by changes in renal function.

Two high- and low-affinity circulating growth hormone binding 
proteins (GHBPs) are a 20-kDa low-affinity binding protein and 
a 60-kDa high-affinity binding protein, the latter of which corre-
sponds to the extracellular domain of the hepatic GH receptor and 
binds half of circulating GH (Herington et al., 1986; Leung et al., 
1987). Concentrations of these high-affinity binding proteins have 
been found to be low in patients with chronic renal impairment 
(Baumann et al., 1989; Postel-Vinay et al., 1991). Concentrations 
of the high-affinity binding protein have been associated with GH 
receptor expression (Leung et al., 1987), and low concentrations 
are usually found in relative GH resistance. Elevated circulating 
GH and low concentrations of competing binding proteins may 
result in increased free GH at the receptor site, but studies show-
ing impaired intracellular signalling in response to GH indicate 
impaired intracellular signal transduction (Schaefer et al., 2001).

IGF-1 and other growth factors in impaired renal function
Plasma concentrations and bioactivity of IGF-1 and other growth 
factors, which mediate the effects of GH, are also affected by changes 
in renal function. Serum IGF-1 and IGF-2 levels in children with 
preterminal chronic renal failure are in the normal range, whereas 
in ESRD mean age-related serum IGF-1 levels are slightly, but 
significantly decreased and IGF-2 levels slightly but significantly 
elevated (Tönshoff et al., 1995a, 1996). As for GH, measured immu-
noreactive IGF is therefore near-normal in renal impairment, but 
studies have indicated that bioactivity is significantly reduced and 
meaningful interpretation of measured values can be challenging. 

Levels of free IGF-1 are reduced by 50% in relation to the degree of 
renal dysfunction (Frystyk et al., 1999). The same researchers have 
also shown the hepatic sensitivity to GH to be reduced by 50% in 
end-stage renal failure (Frystyk et al., 2012).

This discrepancy between low growth factor activity by bioassay 
and normal or even elevated IGF and GH by radioimmunoassay 
or radioreceptor assay suggest either the presence of a circulating 
inhibitor, changes in protein binding in plasma, altered receptor 
function, or impaired function of intracellular signal transduction 
pathways.

Six insulin-like growth factor-binding proteins have been identi-
fied in humans (IGFBP1–6). Of these IGFBP3 seems to be the most 
abundant, constituting > 95% of all circulating IGFBPs. In children 
with chronic renal failure the serum concentrations of IGFBP1, 
IGFBP2, IGFBP4, and IGFBP6 are increased (Lee et al., 1989; Blum 
et al., 1991; Tönshoff et al., 1995a; Powell et al., 1997a, 1999). Intact 
IGFBP3 (38 and 41 kDa) is, on the other hand, reduced in uraemia. 
The apparent increase in IGFBP3 on radioimmunoassay is due to 
increased low-molecular-weight IGFBP3 (14–19 kDa) with altered 
function (Liu et al., 1990; Lee et al., 1994). IGFBP1, IGFBP2, and 
IGFBP6 inhibit IGF-1 bioactivity in vitro, while the relationship 
to IGFBP3 is more complex (Kiepe et al., 2002). These inhibitory 
effects can be reduced by removing unsaturated IGFBP from serum 
(Blum et al., 1991). Some work has been done to determine what 
effects changes in IGFBP concentrations have on growth in children 
with renal failure. Serum levels of IGFBP1, IGFBP2, and IGFBP4 
correlate significantly and inversely with standardized height in 
children with renal failure, indicating a role in growth failure in this 
setting (Tönshoff et al., 1995a; Powell et al., 1997a; Ulinski et al., 
2000). The relationship with IGFBP3 is more complex. Normally 
there is a positive correlation between IGFBP3 levels and height in 
children. In chronic renal failure there is neither a positive nor a 
clear negative correlation. Studies have shown the effects on IGF-1 
bioactivity in renal failure to depend on the temporal relationship 
to IGF-1 exposure, which may explain this. GH therapy in children 
with chronic renal failure is known to elevate intact IGFBP3 where 
it is related to improved growth (Powell et al., 1997b).

These various effects of chronic renal failure on GH production 
and function are summarized in Fig. 132.3.

Growth hormone therapy in impaired renal function
As detailed above, average circulating GH concentrations are high 
in chronic renal failure but biological activity of growth factors, 
such as IGF-1, is low due to a number of factors. Delayed growth 
and reduced final height are well-known complications of renal 
failure in children. Therapy with pharmacological doses of recom-
binant GH has had significant interest in the last few decades. 
Early studies confirmed marked stimulation of growth with such 
treatment (Tönshoff et al., 1990). In addition to improved height, 
treatment with GH has shown improved concomitantly bone mod-
elling/remodelling, which appears beneficial for bone matrix min-
eralization in this setting (Nawrot-Wawrzyniak et al., 2013).

As mentioned previously, impaired growth in children with renal 
failure is multifactorial, and care must be taken to address all possi-
ble contributing factors. Failure to achieve adequate height despite 
optimal medical therapy is now considered an indication for GH 
therapy (Mahan and Warady, 2006). Studies have confirmed the 
efficacy of such treatment, both in children on dialysis and kidney 
transplant recipients, with regards to height and other parameters 
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such as body weight, muscle mass, and psychological health with-
out any concerns about safety (Hokken-Koelega et al., 1991; Fine 
et al., 1994, 1996; Postlethwaite et al., 1998; Haffner Schaefer, 2001; 
Vimalachandra et al., 2001; Nissel et al., 2008; Seikaly et al., 2009; 
Müller-Wiefel et  al., 2010; Santos et  al., 2010; Van den Heijkant 
et al., 2011). More recent reviews have shown an increased inci-
dence of intracranial hypertension amongst children treated with 
GH who have renal impairment, which underlines the importance 
of careful monitoring during treatment (Noto et al., 2011).

Studies in adults with ESRD indicate that GH may stimulate 
anabolism and improve indicators of body composition known to 
be associated with increased survival. These include decreased net 
urea production and/or serum urea, and sometimes phosphate and 
potassium (Ziegler et al., 1991; Ikizler et al., 1994; Iglesias et al., 
1998; Kopple et al., 2005). Metabolic studies have also indicated 
increased protein synthesis and more positive protein or nitrogen 
balance (Garibotto et al., 1997; Kopple et al., 2005; Pupim et al., 
2005). Mild hyperglycaemia occurred in some short-term studies 

(Iglesias et al., 1998; Ikizler et al., 1994). Most longer-term studies 
showed some increase in muscle mass, decrease in fat mass, and 
new bone formation (Jensen et al., 1999; Johannsson et al., 1999; 
Hansen et al., 2000; Kotzmann et al., 2001). GH was also found to 
increase serum erythropoietin, leptin, IGF-1, and IGFBP3, increase 
target organ sensitivity to PTH and bone mineral density in 
GH-deficient patients, and reduce serum PTH levels (Ziegler et al., 
1991; Sohmiya et al., 1998; Iglesias et al., 2002; Kopple et al., 2005; 
White et al., 2005, 2007; Joseph et al., 2008). The role of GH therapy 
in chronic renal failure may therefore be expanding, but larger con-
trolled trials are needed to substantiate this, particularly in adults. 
In the United Kingdom and other countries GH is licensed for use 
in pre-pubertal children provided nutrition and steroid use, along 
with stabilization of other medical issues has been achieved. The 
goals of therapy are to maintain muscle mass, well-being and maxi-
mize linear growth.

GH therapy has been shown to increase renal plasma flow 
and glomerular filtration rate (GFR) in healthy individuals 
(Christiansen et al., 1981). This observation and postulated effects 
of renal hyperfiltration (Brenner et al., 1982) on the progression of 
renal failure led to concerns about long-term safety of GH therapy 
in children with chronic renal failure. There is both experimental 
evidence and evidence from clinical studies in men that in chronic 
renal failure GH therapy does not increase GFR (Haffner et  al., 
1989) with no confirmed effects on progression rates of renal fail-
ure (Seikaly et al., 2009).

Thyroid function in impaired renal function
The importance and complexity of the interactions between thy-
roid hormones and renal function have been recognized for dec-
ades (Feinstein et  al., 1982; Kaptein et  al., 1982, 1984). During 
growth, thyroid hormones are important for normal renal develop-
ment (Bräunlich, 1984; Katyare et al., 2007; Gattineni et al., 2008). 
Thyroid hormones also have a role in maintaining normal renal 
function with their effects on water and electrolyte handling. The 
kidney, on the other hand, plays an important role in the metab-
olism of thyroid hormones. In renal failure there are significant 
changes in synthesis, secretion, metabolism, and elimination of 
thyroid hormones. The clinical characteristics and management of 
people with advanced kidney disease and thyroid dysfunction also 
warrant specific attention. It has also become increasingly impor-
tant to recognize that modern treatments used for kidney disease 
can affect thyroid function, antithyroid drugs can affect renal func-
tion, and drugs used for other conditions can affect both organs.

Uraemia affects both the function and size of the thyroid. Uraemic 
patients have a higher prevalence of goitre, especially women, and 
an overall increase in thyroid volume (Ramirez et al., 1976; Lim 
et al., 1977; Hegedüs et al., 1985; Kaptein, 1996; Kutlay et al., 2005). 
Thyroid nodules and thyroid cancer also appears to be more com-
mon in people with chronic renal failure (Miki et al., 1992, 1993).

Functional thyroid disease is also observed more commonly 
in people with chronic renal failure. Both hypothyroidism and 
hyperthyroidism are associated with changes in renal perfusion 
and function, and water and electrolyte homeostasis (Table 132.1). 
Chronic renal failure is associated with a higher prevalence of both 
overt and subclinical hypothyroidism, but not hyperthyroidism 
(Kaptein et al., 1988; Kaptein, 1996; Kutlay et al., 2005; Lo et al., 
2005). The prevalence of hypothyroidism in ESRD has been found 
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Fig. 132.3 Deranged growth hormone/IGF-1 axis in CKD. The GH/IGF-I axis 
in chronic renal failure (CRF) is changed markedly, compared with the normal 
axis shown here. In CRF the total concentrations of the hormones in the GH/
IGF-I axis are not reduced, but there is reduced effectiveness of endogenous GH 
and IGF-I, which probably plays a major role in reducing linear bone growth. The 
reduced effectiveness of endogenous IGF-I likely is due to decreased levels of free, 
bioactive IGF-I as levels of circulating inhibitory IGF-binding proteins (IGFBPs) 
are increased. In addition, less IGF-I is circulating in the complex with acid labile 
subunit (ALS) and IGFBP-3 as a result of increased proteolysis of IGFBP-3. Together, 
these lead to decreased IGF-I receptor activation and a decreased feedback to the 
hypothalamus and pituitary. Low free IGF-I and high IGFBP-1 and IGFBP-2 levels 
probably contribute to reduced renal function and lead to reduced stature. The 
direct effects of GH on bone, which are poorly understood, also are blunted.
Reproduced from Roelfsema and Clark (2001).
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to lie between 0% and 9.5%. Kaptein et  al. described a 2.5-fold 
increase in primary hypothyroidism in dialysis patients compared 
with people with other chronic conditions (Kaptein et al., 1988). 
Hypothyroidism in uraemia is more common in women and is 
associated with an increased frequency of high antithyroid anti-
body titres (Kaptein, 1996). Lo et al. (2005) also showed the fre-
quency of primary hypothyroidism, mainly in the subclinical form, 
increases as the GFR decreases. Such results may be difficult to 
interpret because the prevalence of other autoimmune conditions 
are higher in this patient group, which in itself infers a higher risk 
for thyroid disease.

The clinical assessment of thyroid status may be very challeng-
ing in the context of chronic renal failure. Many of the signs and 
symptoms, such as lethargy, pallor, and hypothermia, may be indis-
tinguishable. Biochemical assessment and careful interpretation is 
therefore necessary.

Thyroid function is affected in several different ways in chronic 
renal failure (Fig. 132.4). In the following sections we will discuss 

effects on the hypothalamo–pituitary–thyroid axis and peripheral 
thyroid hormone metabolism separately.

The hypothalamo–pituitary–thyroid axis in impaired 
renal function
Renal failure affects secretory activity and responsiveness to stimula-
tion and feedback inhibition in the hypothalamo–pituitary–thyroid 
axis at multiple levels. The result can be regarded as resetting of 
the central thyrostat towards lower circulating thyroid hormone 
concentrations.

In chronic renal failure, circulating TSH concentrations are 
usually normal or elevated, and several studies have confirmed a 
blunted response to its releasing hormone, TRH (Ramirez et al., 
1976; Weetman et  al., 1981; Kaptein, 1996; Singh et  al., 2006; 
Witzke et al., 2007). Normal TSH in the face of the elevated free 
thyroid hormones, usually observed in renal failure, also indicates 
an intrapituitary and/or intrathyroidal disturbance in thyroid hor-
mone secretory control. Studies in rodents have suggested impaired 
sensitivity of thyrotroph cells to negative feedback by thyroid hor-
mones. The duration and temporal pattern of the TSH response is 
also altered because of the prolonged half-life of both TSH and TRH 
with impaired clearance (Davis et al., 1982; Duntas et al., 1992). 
Previous studies have suggested that although the basal production 
of thyroid hormones is low, the gland’s responsiveness to exogenous 
TSH is preserved in renal failure (Silverberg et al., 1973).

The normal circadian rhythm of TSH secretion is disrupted in 
chronic renal failure, which also suggests a hypothalamic defect. 
The physiological nocturnal TSH surge is often blunted in these 
patients (Wheatley et al., 1989; Bartalena et al., 1990) and the usual 
pattern of pulsatile TSH secretion is altered towards low-amplitude, 
high-frequency pulses (Wheatley et al., 1989). TSH glycosylation is 
also altered, which may affect its bioactivity including during feed-
back inhibition (Kaptein, 1996).

Table 132.1 Effects of thyroid dysfunction on the kidney

Hypothyroidism Thyrotoxicosis

Increased serum creatinine Decreased serum creatinine

Decreased glomerular filtration Increased glomerular filtration

Decreased renal plasma flow Increased renal plasma flow

Decreased sodium reabsorption Increased tubular reabsorption

Decreased renal ability to dilute urine Resistance to recombinant human 
erythropoietin action?

Hyponatraemia

Adapted from Iglesias and Díez (2009).

Normal or high TSH
Altered TSH circadian rhythm
Reduced TSH response to TRH
Abnormal TSH glycosylation
Altered TRH and TSH clearance
 

Increased thyroid volume
High prevalence of goiter and hypothyroidism
High prevalence of thyroid nodules and thyroid
carcinoma
Low or normal total T3 and total T4
Reduced or normal free T3 and free T4
Reduction T3  conversion from T4 
Elevation of free T4 induced by heparin in HD
Normal total rT3 and elevated free rT3
Alteration in binding proteins
Reduced T4 response to exogenous TSH
Reduced iodine renal excretion
Elevated serum iodine

Chronic renal failure

Fig. 132.4 Effects of chronic renal failure on hypothalamo–pituitary–thyroid axis.
Adapted from Iglesias and Díez (2009).
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Thyroid hormone concentration and metabolism 
in impaired renal function
The kidneys contribute to the clearance of inorganic iodine, mainly 
through glomerular filtration (Koutras et al., 1972). As renal func-
tion deteriorates, serum iodine concentrations rise, but are not 
directly correlated to the degree of renal failure (Ramirez et  al., 
1976). A link between these high iodine concentrations in chronic 
renal failure and the development of goitre and hypothyroidism has 
been postulated (Sato et al., 1992; Kaptein, 1996), and high iodine 
exposure has been linked to the development of hypothyroidism in 
these patients (Brough and Jones, 2006). Some authors have even 
suggested treating hypothyroidism in dialysis patients primarily 
with iodine restriction before considering T4 replacement (Sanai 
et al., 2008).

Free and total T3 and T4 concentrations are usually normal or 
low in patients with chronic renal failure (Ramirez et al., 1976; Lim 
et al., 1977; Hegedüs et al., 1985; Kaptein et al., 1988; Kaptein, 1996; 
Singh et al., 2006). The most frequently observed change is relative 
or absolute reduction in T3 concentrations, which has been linked 
to decreased peripheral synthesis of T3 from T4 (Lim et al., 1977; 
Kaptein et al., 1988; Kaptein, 1996; Lo et al., 2005; Singh et al., 2006; 
Lim, 2001; Witzke et al., 2007). Several factors, including malnu-
trition and intercurrrent processes, may play a role in reduced T3 
production in uraemic patients. Both fasting and chronic disease 
are known to alter iodothyronine deiodination and reduce periph-
eral production of T3. Binding proteins are reduced because of 
chronic protein malnutrition causing reduced total thyroid hor-
mone concentrations. Inflammatory cytokines, such as tumour 
necrosis factor alpha and interleukin 1 have been shown to inhibit 
the expression of type 1 5′-deiodinase, the enzyme responsible 
for T3 conversion from T4 in peripheral tissue. This may explain 
how chronic inflammation and vascular damage associated with 
uraemia lead to reduced T3 production (Zoccali et al., 2005, 2006; 
Tauchmanovà et al., 2006; Carrero et al., 2007; Enia et al., 2007). 
Chronic metabolic acidosis may also contribute to this effect 
(Wiederkehr et al., 2004).

Reverse T3 (rT3) is an inactive metabolite of thyroid hormone 
which is typically raised in patients with non-thyroidal disease. 
This rise in total rT3 is absent in chronic renal failure (Kaptein et al., 
1983; Adler and Wartofsky, 2007). As for other thyroid hormones, 
rT3 clearance is reduced in renal failure, but there is redistribution 
from the vascular to the extravascular space and an increase in rT3 
cellular uptake. Measured free rT3 is usually high due to a reduction 
in its renal clearance (Kaptein et al., 1983; Kaptein, 1996).

The majority of thyroid hormones are bound to proteins in 
plasma with only a very small fraction circulating free. Only free 
T4 (fT4) and free T3 (fT3) are biologically active. The binding pro-
teins include thyroid hormone binding globulin, albumin, and 
pre-albumin. Changes in the concentrations of these binding pro-
teins can affect the measured values of thyroid hormones and the 
bioactive fraction. Measurement of free thyroid hormone by radio-
immunoassay is now readily available. Thyroid hormone-binding 
globulin concentrations are usually normal in haemodialysis 
patients (Pagliacci et al., 1987) and low or normal in patients on 
CAPD (Pagliacci et al., 1987). In nephrotic syndrome there is sig-
nificant loss of thyroxine binding proteins. Measured total thyroid 
hormones are therefore reduced, but free hormones are usually 
within the normal reference range (Feinstein et al., 1982). Patients 
with such protein loss who receive thyroxine replacement therapy 
may require significantly larger doses to compensate for this loss 
while maintaining euthyroidism.

The characteristic changes of the thyroidal axis in uraemia, 
primary hypothyroidism, and other states of chronic illness are 
compared in Table 132.1. Chronic non-thyroidal diseases are char-
acterized by a low T3 syndrome (Table 132.2). In this so-called sick 
euthyroid syndrome increased rT3 results from impaired peripheral 
conversion of T4 to T3. In chronic renal failure, T3 is low as in the 
low T3 syndrome, but rT3 is normal or even low as explained above.

Thyroid hormone activity, morbidity, and mortality 
in impaired renal function
As discussed earlier, the clinical assessment of thyroid status in 
chronic renal failure can be challenging, but patients often appear 
euthyroid. Normal or near-normal TSH production also suggests 
euthyroidism at the pituitary level.

There has been some debate about the role of thyroid hormones 
and the potential effects of thyroid replacement therapy on nitrogen 
balance and cachexia in chronic renal failure. Serum T3 is inversely 
related to serum protein concentrations. Maintaining a lower T3 
may therefore be of benefit by reducing protein breakdown (Verger 
et  al., 1987). Earlier studies also showed T3 supplementation to 
result in negative nitrogen balance in uraemic patients (Lim, 2001). 
These observations led to the believe that the low circulating thy-
roid hormones in chronic renal failure represented adaptation to 
this abnormal metabolic milieu to protect from unwanted protein 
loss and thyroid hormone supplementation would be of little use 
and even harmful.

More recent work has changed this view by showing a relation-
ship between plasma levels of T3, and various markers of nutri-
tion, inflammation, and endothelial activation in chronic renal 
failure (Carrero et al., 2007). These studies have shown a relation-
ship between low T3 values and raised inflammatory markers (e.g. 
high-sensitivity C-reactive protein, interleukin 6, vascular adhesion 
molecule 1), and poor cardiac function. This means that low T3 is in 
fact associated with a survival disadvantage. Similar relationships 

Table 132.2 Changes in thyroid hormone concentrations in ESRD, 
primary hypothyroidism, and other chronic non-thyroidal illness  
(‘sick euthyroid syndrome’)

ESRD Primary 
hypothyroidism

‘Sick euthyroid’

Total T3 ↓ ↓ ↓

Total T4 ↓ ↓ ↓

Reverse T3 = ↓ ↑

Reverse T3 ↓ ↓ ↓

Free T4 ↓ ↓ ↓

TBG CAPD: ↓
HD: =

= =

TSH = ↑ =

TRH test = or ↓ ↑ =

CAPD: continuous ambulatory peritoneal dialysis; HD: haemodialysis; TBG: thyroid binding 
globulin; TRH: thyrotrophin-releasing hormone; TSH: thyroid stimulating hormone.
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with T4 are less well described. The same study showed a correla-
tion between total T3 and increased all-cause and cardiac mortality 
in euthyroid patients with chronic renal failure. T3 has been found 
to be a survival marker for patients with chronic renal failure both 
on dialysis (Zoccali et al., 2006; Zoccali and Mallamaci, 2012) and 
peritoneal dialysis (Enia et al., 2007). Low levels of T3 before renal 
transplantation are also linked to decreased survival of the graft 
(Rotondi et al., 2008). Some authors therefore suggest measuring 
T3 in these populations to assess the relationship between thyroid 
dysfunction and risk of mortality.

Clinical management of thyroid dysfunction 
in impaired renal function
The prevalence of hypothyroidism is increased in chronic renal 
failure and there are potential implications for excessive morbid-
ity and mortality. The clinical diagnosis can be challenging. All 
patients with ESRD should therefore be screened for thyroid dis-
ease. Hypothyroidism should only be diagnosed if fT4 and fT3 are 
low and TSH is clearly elevated. If diagnosed, replacement therapy 
with regular monitoring is indicated.

Iodine clearance is reduced in chronic renal failure. Patients who 
receive large iodine loads related to repeated investigations involv-
ing contrast medium are therefore at increased risk of developing 
iodine related hyperthyroidism. Primary hyperthyroidism is very 
rare in patients with ESRD with only a few cases described in the lit-
erature (Soffer et al., 1980; Foley and Hamner, 1985; McKillop et al., 
1985; Alarcon et al., 1992; Nibhanupudy et al., 1993). Treatment of 
thyrotoxicosis in these circumstances is challenging. Renal clear-
ance of antithyroid drugs is reduced, radioiodine may also accu-
mulate, and due to the expanded iodine pool in ESRD large doses 
must be used to affect thyroid function. A preferred method might 
therefore be thyroid surgery after a short period of antithyroid drug 
therapy.

Drugs in thyroid and renal disease
A number of drugs used in kidney disease can cause thyroid dys-
function and drugs used in thyroid disease can affect renal function 
(Tables 132.3 and 132.4). Hypothyroidism caused by antithyroid 
drug therapy (carbimazole, neo-mercazole, propylthiouracil) can 
contribute to renal failure. These drugs have also been shown to 
cause different immunological reactions leading to different types 
of glomerulonephritis causing renal failure (Wang et  al., 2003; 
Calañas-Continente et al., 2005; Yu et al., 2007).

The development of autoimmune thyroid disease following use 
of immunomodulatory drugs in renal disease has become more 
common and better described with increased use of such agents 
(Table 132.3). Autoimmune thyroid disease can develop after use of 

alemtuzumab in transplant patients (Kirk et al., 2006). Treatment 
with interferon-α and lenalidomide in metastatic renal cell carci-
noma has been linked to hyperthyroidism due to thyroiditis (Kirk 
et al., 2006; Umemoto et al., 2007). The use of sunitinib in the ther-
apy for patients with metastatic renal cell cancer is also linked to 
the development of thyroid dysfunction, mainly hypothyroidism 
(Feldman et al., 2007; Rini et al., 2007), but thyrotoxicosis has also 
been described. The reason here is most likely transient destruc-
tive thyroiditis with subsequent hypothyroidism (Grossmann et al., 
2008). This course is unpredictable though. Careful monitoring of 
thyroid function is indicated in these patients and thyroid hormone 
supplementation should be started only if true hypothyroidism is 
confirmed. Over the last decade there has been an expansion in 
the development of such immunomodulatory drugs which will 
inherently carry risks for the development of thyroid dysfunction. 
Careful monitoring and caution is therefore suggested.

Several drugs used in routine therapy of chronic renal failure can 
affect thyroid hormone measurements and kinetics. Heparin com-
petes with T4 at intra- and extravascular binding sites which leads 
to elevated measured total T4 and fT4. Heparin used during dialysis 
raises T4 significantly for the following 24 hours (Van Leusen et al., 
1982). Blood samples to assess thyroid function should therefore be 
drawn at the beginning of a dialysis session. Frusemide, especially 
in high doses, also has a similar effect (Liewendahl et al., 1987).

Adrenal function in impaired renal function
Glucocorticoid secretion and metabolism are altered in renal fail-
ure. Patients with kidney disease are often treated with exogenous 
steroids which also affect investigative results and complicate their 
interpretation. The signs and symptoms of both glucocorticoid 
excess and deficiency are also difficult to distinguish from those 
of uraemia. Glucocorticoid excess, or Cushing syndrome, can pre-
sent with lethargy, proximal muscle weakness and atrophy, glu-
cose intolerance, osteopenia, and hypertension, and can easily be 
missed in the context of chronic renal failure (Sharp et al., 1986). 
Adrenal insufficiency also shares many signs and symptoms with 
renal failure such as lethargy, hypotension, and hyperkalaemia. The 
accurate diagnosis of adrenal dysfunction therefore relies heavily 
on interpretation of both basal and stimulated cortisol status. This 
requires understanding of the changes in dynamics associated with 
renal failure.

Hypothalamo–pituitary–adrenal axis in impaired  
renal function
In a similar way to other endocrine systems described above, the 
hypothalamo–pituitary–adrenal axis is affected at multiple levels 
in uraemia, affecting both secretion and feedback control. Basal 
ACTH is within the appropriate reference range (Ramirez et al., 

Table 132.3 Drugs that can cause thyroid dysfunction and/or renal disease

Drug Indication Thyroid dysfunction Renal disease

Antithyroid drugs Hyperthyroidism Hypothyroidism Glomerulonephritis

Lithium Bipolar disorder Hypothyroidism Nephrogenic diabetes insipidus

Amiodarone Arrhythmias Hypo/hyperthyroidism Acute kidney injury

Rifampicin Tuberculosis Hyperthyroidism Tubulointerstitial nephritis

Adapted from Iglesias and Díez (2009).
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1988; Siamopoulos et al., 1988) or increased in uraemia (McDonald 
et al., 1979; Luger et al., 1987). Elevated ACTH in the context of 
normal or elevated cortisol has raised speculations around altered 
ACTH bioactivity in uraemia. Despite this, cortisol production in 
response to exogenous synthetic ACTH has been found to be nor-
mal in chronic renal failure (Zager et al., 1985; Oguz et al., 2003). 
Further research in this area is needed.

Cortisol concentration and metabolism in impaired  
renal function
Most studies have shown basal cortisol concentrations within the 
normal reference range in chronic renal failure, although results 
have been somewhat discrepant (Wallace et al., 1980; Nolan et al., 
1981; Oguz et  al., 2003). Cortisol is conjugated to water-soluble 
metabolites by the liver which are then excreted by the kidneys 
but accumulate in renal failure. This complexity may explain why 
experimental results have varied. Some studies have indicated that 
although basal morning cortisol is within the normal range, both 
integrated 24-hour total and free cortisol are significantly raised in 
uraemia (Wallace et al., 1980). Most circulating cortisol is bound 
to proteins, including corticosteroid binding globulin and albu-
min. Studies indicate that protein binding is not altered in renal 
failure (McDonald et al., 1979; Wallace et al., 1980), but availability 
of binding proteins may be altered with protein loss. The diurnal 
rhythm and pulsatile mode of cortisol secretion normally observed 
is retained in renal failure. This may not be obvious from meas-
ured values in plasma as half-life is prolonged (Cooke et al., 1979; 
Wallace et al., 1980; Ramirez et al., 1982).

The enzyme 11β-hydroxysteroid dehydrogenase type 2 
(11β-HSD2) converts cortisol to cortisone in the distal convo-
luted tubule and cortical collecting duct (Edwards et al., 1988). It 
is also expressed in the human glomerulus (Kataoka et al., 2002). 
In normal human subjects, renal 11β-HSD2 acts as a tissue-specific 
protector of the non-specific type 1 mineralocorticoid receptor in 
aldosterone-selective tissues by shuttling cortisol to the inactive 
steroid cortisone, permitting selective occupancy of these receptors 
by aldosterone (Edwards et al., 1988). A number of studies have 
indicated impaired renal 11β-HSD2 activity in chronic renal failure. 
The aberrant metabolism of cortisol with increased mineralocorti-
coid receptor activity could contribute to some of the consequences 
of renal disease (hypertension and sodium retention) or may mod-
ify others (hyperkalaemia and decreased GFR) (Whitworth et al., 
1989; Homma et al., 2001; Mangos et al., 2003). These results have 
been confirmed in later studies and extended in the haemodialysis 
population. Two parameters considered to reflect 11β-HSD2 activ-
ity (cortisol/cortisone ratio and the ratio of their metabolites) were 
found to be significantly higher in dialysis patient compared with 
healthy controls (N’Gankam et al., 2002).

Pituitary–adrenal function tests
An overview of the most commonly used tests to assess disorders 
of glucocorticoid metabolism is given in Table 132.5 with a short 
description of each test in the following sections.
Baseline cortisol profile
A normal morning total cortisol can vary between around 
180–620 nmol/L and falls by around 50% by 6 p.m. Pituitary hyper-
secretion predominantly leads to increased evening levels, hypo-
pituitarism to decreased morning levels. Patients with Cushing 
syndrome often lose the normal diurnal variation in secretion. 
Other conditions such as obesity, depression, psychosis, and alco-
holism can cause similar disruptions complicating interpretation. 
There is assay cross-reactivity with some synthetic steroids includ-
ing prednisolone which must be kept in mind.
Dexamethasone suppression test
Today the dexamethasone suppression test is mainly used to 
exclude the diagnosis of Cushing syndrome. Variations of the test 

Table 132.5 Clinical synopsis of function tests to assess disorders of glucocorticoid metabolism (details in Forest, 1996)

Parameters Normal range Cushing’s Addison’s uraemia Post-transplant

Central Peripheral Primary Secondary

Serum cortisol profile 9 a.m.: 180–620 nmol/L

6 p.m.: 140–270 nmol/L

Evening 
cortisol ↑

Loss of diurnal 
rhythmicity

Morning 
cortisol ↓

Morning 
cortisol ↓

=/↑ ↓

Dexamethasone 
suppression test

Cortisol 
decrease

< 50 nmol/L ↓ ↓ Not useful Not useful = T1/2 ↑ Not useful

Basal ACTH 2.2–17.6 pmol/L ↑ ↓ ↑ ↓ =/↑ ↓

ACTH stimulation test Cortisol 
increase

To above 550 nmol/L or 
by >150 nmol/L

Not useful Not useful ↓↓ =/↓ = =/↓

CRF test ACTH 
increase

2–3fold basal = ↓↓ =/↑ =/↓ = ↓

Cortisol 
increase

>50% basal = ↓↓ ↓ ↓ ↓

Table 132.4 Drugs used in kidney disease that can affect thyroid 
function

Drug Indication Thyroid pathology

Alemtuzumab Renal transplant Autoimmune thyroiditis

Lenalidomide Metastatic renal cell carcinoma Hyperthyroidism

Sunitinib Metastatic renal cell carcinoma Hypo/hyperthyroidism

Adapted from Iglesias and Díez (2009).
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can help to distinguish between central and peripheral hypercor-
tisolism. Basal cortisol levels are measured and then a dose large 
enough to suppress cortisol production in healthy individuals is 
given. A post-suppression value of < 50 nmol/L is appropriate and 
excludes the diagnosis of Cushing syndrome.

In chronic renal failure, ACTH secretion is not suppressible by 
standard oral doses of dexamethasone (McDonald et  al., 1979; 
Rosman et al., 1982). Oral absorption of dexamethasone is reduced 
in uraemia, and suppression is eventually seen with larger doses 
(166,175). The half-life of cortisol is also increased in renal fail-
ure giving a delayed measured response (Workman et al., 1986). 
A 2-day dexamethasone suppression test is therefore suggested to 
exclude Cushing syndrome in chronic renal failure.
ACTH stimulation test
The ACTH stimulation test (Synacthen test) is used to exclude or 
diagnose adrenocortical insufficiency. After baseline cortisol and 
ACTH measurements, 250 micrograms of synthetic ACTH are given 
and the biochemical response measured an hour later. A cortisol 
rise to above approximately 550 nmol/L or by at least 150 nmol/L is 
considered appropriate and excludes adrenocortical insufficiency. 
Most studies have shown stimulated cortisol responses within the 
normal range in chronic renal failure (Zager et al., 1985). There is 
an increased tendency towards insufficient response in patients 
on haemodialysis (Williams et al., 1973), especially in the period 
after commencing dialysis (Rodger et al., 1986). The use of salivary 
cortisol, as a measure of free cortisol, has increased in the last few 
years. Arregger et al. recently showed ACTH-stimulated salivary 
cortisol to be an accurate biomarker for the diagnosis of adrenocor-
tical insufficiency in ESRD (Arregger et al., 2008).
CRH test
The CRH test assesses anterior pituitary function. Under normal 
conditions ACTH should increase two- to threefold and cortisol 
should rise by at least 50% after CRH administration. CRH phar-
macokinetics are not altered in ESRD. ACTH release from the 
pituitary occurs earlier, the overall response is blunted in uraemia 
(Luger et al., 1987; Siamopoulos et al., 1988).

Gonadal function in impaired renal 
function
Gonadal dysfunction is a frequent finding in both men and women 
with chronic kidney disease (CKD). The development of hypog-
onadism, associated symptoms, and sexual dysfunction in chronic 
renal failure is multifactorial. Different and varied factors have been 
implicated such as chronic malnutrition and cachexia (Warren, 
1983; Cavalli et  al., 2010), chronic inflammation (Kalyani et  al., 
2007), increased oxidative stress (Vaziri, 2004), hypertension, ath-
erosclerosis, and vascular disease (Isidori and Lenzi, 2005; Jackson 
et al., 2010; Santoro et al., 2010), drugs (Isidori and Lenzi, 2005), 
and other endocrine disorders such as diabetes (Grossmann et al., 
2010) and hyperprolactinaemia (Corona et al., 2007). Psychological 
factors such as depression and stress are also well-known risk fac-
tors which are very relevant in this context.

The hypothalamo–pituitary–gonadal axis in impaired 
renal function
Under normal conditions, GnRH is produced in the hypothalamus 
to stimulate gonadotropin release in a pulsatile manner. Peaks at 

around 90-minute intervals are necessary for normal gonadotropin 
secretion. In chronic renal failure both the amplitude and pulsa-
tility is impaired resulting in loss of normal pulsatile production 
of LH (Wheatley et al., 1987; Veldhuis et al., 1993). Basal GnRH 
levels are increased in ESRD, but improve after initiation of dialy-
sis (Matsubara et al., 1983). The pituitary response to GnRH has 
also been found to be altered in CKD. Some authors have described 
a normal or impaired response (Lim and Fang, 1975; Ramirez 
et al., 1992; Díez et al., 1997), and others delayed and sustained 
(Distiller et al., 1975; Schalch et al., 1975; Holdsworth et al., 1977; 
Handelsman, 1985). Gonadotropin concentrations, both LH and 
FSH, are increased in renal failure. The reason may be altered, and 
overall increased secretion, in combination with reduced renal 
clearance (Handelsman, 1985; Iglesias et al., 2012).

The initiation of haemodialysis or peritoneal dialysis rarely 
improves function of the hypothalamo–pituitary–gonadal axis, 
it may even deteriorate (Handelsman, 1985; Albaaj et  al., 2006; 
Karagiannis and Harsoulis, 2005; Zhang et  al., 2008). Successful 
renal transplantation, on the other hand, is an effective way to 
improve gonadal dysfunction, although full improvement may 
be delayed by > 2 years (Stanley et al., 1991; De Celis et al., 1999; 
Palmer, 1999; Albaaj et  al., 2006; Anantharaman and Schmidt, 
2007; Zhang et al., 2008).

Hyperprolactinaemia is another hormone derange-
ment associated with renal insufficiency, which affects the 
hypothalamo–pituitary–gonadal axis negatively (Box 132.1). This 
is described in a separate section.

FSH concentrations in uraemic men are in the upper normal 
range or elevated (Lim et al., 1980; Rodger et al., 1985; Rudolf 
et al., 1988). FSH secretion is regulated by a negative feedback via 
the testicular peptide inhibin. FSH regulates spermatogenesis. In 
men on dialysis, inhibin levels have not been found to correlate 
with either LH or FSH but are persistently raised (Sasagawa et al., 
1998). This may be related to decreased metabolic clearance of 
inhibin or testicular dysfunction due to chronic renal failure. 
FSH secretion is also suppressed by oestrogen or oestradiol, 
which may explain the normal or only mildly elevated FSH lev-
els in uraemic men despite deceased spermatogenesis (Rodger 
et al., 1985).

Testicular function in impaired renal function
Reduced testicular function and hypogonadism are common in 
chronic renal disease. Recent studies also suggest that testos-
terone deficiency can have important implications with regards 
to progression of kidney disease, libido, erectile dysfunction, 

Box 132.1 Known changes in the 
hypothalamic–pituitary–gonadal axis in renal failure

 ◆ Impaired hypothalamic cyclic release and pulse amplitude 
of GnRH

 ◆ Loss of normal pulsatile LH release by the pituitary

 ◆ Elevated serum concentrations of LH and FSH

 ◆ Altered gonadotropin response to GnRH

 ◆ Hyperprolactinaemia

 ◆ Decreased gonadal function (low testosterone/anovulation).
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reduction in muscle mass and strength, development of anae-
mia, progression of atherosclerotic disease, and even mortality in 
chronic renal failure. The importance of identifying this common 
problem and treating it if indicated is therefore becoming better 
recognized.

Gonadotropins are often raised in chronic renal failure, but 
circulating testosterone is often low. The resulting primary hypo-
gonadism is a well-known hormonal derangement in chronic 
renal failure, and has even been termed uraemic hypogonadism 
(Handelsman, 1985; Foulks and Cushner, 1986; Andrade et  al., 
2001; Holley, 2004). To diagnose hypogonadism in men at least 
two morning blood samples confirming abnormally low testos-
terone concentration in addition to symptoms related to hypo-
gonadism are recommended (Bhasin et  al., 2010). Most male 
uraemic patients have low serum testosterone levels, although 
there is a wide overlap with age-corrected normal concentrations 
(Ramirez et al., 1987). Gungor et al. recently found the prevalence 
of testosterone insufficiency (24%) and deficiency (66%) to be 
markedly raised in CKD compared with the normal population 
(Gungor et al., 2010) (Fig. 132.5).

Testicular hormone secretion has been shown to be affected directly 
in renal failure. Plasma testosterone and 5α-dihydrotestosterone 
(DHT) concentrations are significantly reduced in ESRD. The 
DHT to testosterone ratio is also reduced suggesting impaired 
5α-reductase activity. Sex hormone binding globulin (SHBG) or 
its binding capacity is within normal reference ranges (De Vries 
et  al., 1984; Ramirez et  al., 1987). The most important defect is 
with impaired testicular secretion rather than increased clear-
ance (Handelsman, 1985). This may partly be related to Leydig cell 
resistance to LH, but studies have shown a subnormal response to 
acute administration of LH analogues (Stewart-Bentley et al., 1974; 
Ramirez et al., 1987). Normal circadian rhythm of plasma testoster-
one, with a peak at 4–8 a.m. and a nadir at 8–12 p.m., is maintained 
in uraemic patients (Zadeh et al., 1975).

Clinical implications of uraemic hypogonadism
In addition to affecting libido and sexual function, which is dis-
cussed in Chapter 133, hypogonadism may have important impli-
cations for a number of other features of CKD.

The progression rate of many renal disease is affected by sex 
(Silbiger and Neugarten, 2008; Carrero, 2010). Some research into 

the cause of faster progression of ESRD in men points towards a 
proinflammatory, proapoptotic, and profibrotic effect of both 
endogenous and exogenous testosterone during acute and chronic 
kidney injury (Gafter et al., 1990; Sakemi et al., 1997; Reckelhoff 
et al., 2000; Elliot et al., 2007; Metcalfe et al., 2008; Verzola et al., 
2009). At present it is difficult to extrapolate these findings into 
clinical observations and the exact role and importance of hypog-
onadism in progression rates of ESRD in unknown.

Muscle mass, performance, and general physical function are 
impaired in ESRD, where the causes are multifactorial (Carrero 
et  al., 2008). Hypogonadism causes sarcopenia and many of the 
same effects on muscle function as ESRD (Handelsman, 1985; 
Handelsman and Dong, 1993; Handelsman and Liu, 1998). An 
association between testosterone levels and muscle mass and 
strength has been shown in dialysis patients (Carrero et al., 2009). 
Interventional studies have shown somewhat discordant results. 
Transdermal testosterone was not shown to have any significant 
effect on muscle in a recent study (Johansen et al., 2006). The more 
anabolic agent nandrolone has on the other hand been shown 
improve muscle function in dialysis patients (Johansen et  al., 
1999, 2006).

Anaemia is a common complication of ESRD. Erythropoietin 
(EPO) deficiency is considered the main contributing factor, but 
other factors such as testosterone deficiency may also play a role. 
Testosterone is known to affect erythropoiesis positively and to 
increase the sensitivity of progenitor cells to circulating EPO 
(Shahidi, 1973; Ballal et al., 1991; Teruel et al., 1995). Recent work 
by Carrero et al. indicated that hypogonadism may be an additional 
independent cause of anaemia and reduced EPO responsiveness in 
men with CKD (Carrero et al., 2012).

Several studies have described a correlation between testoster-
one deficiency and atherosclerotic complications, cardiovascu-
lar disease, and mortality. These have indicated that endogenous 
testosterone concentrations are inversely related to all-cause and 
cardiovascular mortality (Khaw et  al., 2007; Nettleship et  al., 
2009; Traish et al., 2009; Malkin et al., 2010). It may then follow 
that the increased risk of cardiovascular disease in ESRD is some-
how linked to the increased prevalence of hypogonadism in this 
population. Several studies have explored this and confirmed cor-
relations between low testosterone levels and many risk factors and 
markers of cardiovascular disease (Karakitsos et al., 2006; Yilmaz 
et al., 2011). Further studies have also shown a link between hypo-
gonadism and all-cause and cardiovascular mortality in CKD, 
ESRD, and in patients on haemodialysis (Carrero et  al., 2011b; 
Haring et al., 2011; Kyriazis et al., 2011; Yilmaz et al., 2011). In most 
of these studies inflammatory markers also showed a strong nega-
tive correlation to low testosterone indicating a high inflammatory, 
catabolic state.

Ovarian function in impaired renal function
The effects of uraemia has on the hypothalamo–pituitary–gonadal 
axis in women are in most ways similar to those in men. The 
cyclical nature of ovarian function and ovulation adds a few 
complexities which warrant discussion. Like in men physiologi-
cal pulsatile release of GnRH is followed by pulsatile release of 
gonadotropins. In normal women, short-term peaks of these hor-
mones occur about every 90 minutes during the follicular phase 
of the menstrual cycle. This pulsatile hormone release is modi-
fied by a positive and negative feedback mechanism via oestradiol 
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Fig. 132.5 Testosterone deficiency and insufficiency in chronic renal 
failure. Prevalence of normal testosterone levels (> 14 nmol/L), insufficiency 
(10–14 nmol/L), and deficiency (< 10 nmol/L) in the study population.
Reproduced from Gungor et al. (2010).
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and progesterone. Oestrogen lowers the amplitude of LH pulses 
whereas progesterone increases the amplitude and lowers the fre-
quency of these pulses (Djahanbakhch et al., 1984; Soules et al., 
1984). This spontaneous pulsatile LH secretion is disturbed in 
uraemic women (Swamy et  al., 1979). Some date indicate that 
it is absent in female dialysis patients (Swamy et al., 1979). The 
diurnal pulsatile secretion of LH and a high preovulatory peak 
of GnRH and, consequently, LH required for ovulation, are not 
found in most patients. Exogenous oestrogen does not induce the 
LH surge (Lim et al., 1980), suggesting an impaired positive feed-
back mechanism.

FSH is usually within the normal range found during the follicular 
and luteal phase in normal women; GnRH induces only a moderate 
increase in FSH. The decreased ratio of FSH to LH argues against 
primary ovarian failure and suggests a hypothalamic–hypophyseal 
dysregulation.

Normal oestradiol (E2) concentrations have been reported in 
pre-menopausal uraemic women. E2 levels are lower in uraemic 
women with hyperprolactinaemia (Gómez et al., 1980). The typi-
cal cyclic variations of E2 are not found in female dialysis patients. 
Luteinization of follicles (Morley et al., 1979) is absent or very rare, 
as indicated by indirect measures of progestional status (vaginal 
cytology, basal body temperature, luteal endometrial biopsies). As 
a consequence, the increase in progesterone which normally occurs 
in the second half of the menstrual cycle is absent. Non-luteal pro-
gesterone levels are normal or low, and testosterone also tends to be 
low (Hubinont et al., 1988).
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Sexual dysfunction
Tomas Thor Agustsson and Paul Carroll

Introduction
Sexual problems in patients with chronic renal failure are both com-
mon and varied and have been shown to significantly impair qual-
ity of life. Sexual dysfunction is found in at least two-thirds of both 
haemodialysis and peritoneal dialysis patients (Abram et al., 1975; 
Bommer et al., 1976; Diemont et al., 2000). Although interest in these 
problems has increased significantly in the last few decades it remains 
one of the least well-addressed complications of chronic renal failure.

Numerous factors may contribute. Physical factors include hor-
monal disturbances, side effects of drugs, altered penile smooth 
muscle function, reduced arterial blood flow and impaired penile 
blood pressure, venous leakage due to venous shunts, and neuro-
logical dysfunction. Psychological factors play an important role 
and to manage these issues effectively it is necessary to address all 
potential contributing factors. Sexual dysfunction in the majority 
of patients with chronic renal failure will be caused by a combina-
tion of physical and psychological factors.

Sexual dysfunction in men with chronic 
renal failure
Patients treated with haemodialysis often describe several problems 
relating to sexual function. The most common include loss of libido, 
erectile dysfunction (ED), impaired sense of satisfaction, ejacula-
tory problems, and concerns about fertility. Older studies found that 
ED affects 40–80% of all men on haemodialysis (Abram et al., 1975; 
Bommer et al., 1976; Toorians et al., 1997; Diemont et al., 2000), and 
at least half describe reduced libido (Toorians et  al., 1997). More 
recent studies confirm this high prevalence at 9% in predialysis 
patients to 70–80% in those receiving dialysis (Palmer, 1999, 2004). 
Some studies from the 1970s showed that libido and sexual function 
had already declined in the majority of uraemic men before start-
ing dialysis, with little or no change during dialysis therapy (Abram 
et al., 1975; Salvatierra et al., 1975; Sherman, 1975; Procci et al., 1981; 
Handelsman and Dong, 1993; Handelsman and Liu, 1998). If psycho-
logical factors around this step in treatment are effectively addressed, 
improvement after initiation of dialysis is more likely (Bommer et al., 
1976). Sexual dysfunction is less prevalent in transplant patients, but 
still affects at least half (Diemont et al., 2003), although there is often 
substantial improvement after successful transplantation.

Erectile dysfunction and its treatment
Several disease mechanisms can lead to ED in uraemia. The 
most important causes include vascular insufficiency, neurogenic 
causes, psychogenic problems, complications of drug therapy, 

and hormonal factors. Identifying these factors can guide tailored 
treatment.

Several tests have been developed to differentiate between 
ED caused by vascular, neurogenic, or psychogenic causes. 
Measurements of nocturnal penile tumescence can be used to differ-
entiate between psychogenic and organic causes of ED. This can be 
done by the ‘stamp test’, snap gauge band, or special strain transduc-
ers, which register the intensity and frequency of tumescence dur-
ing the night. A normal result indicates psychogenic ED (Karacan 
et al., 1977). The visual sexual stimulation test, with and without 
vibrotactile stimulation of the penis, is another laboratory-based 
test which can be used for the same purposes (Slob et al., 1990; 
Janssen et al., 1994). For a more detailed vascular diagnosis, meas-
urements of systolic pressure in the penile artery can be used. 
This can be achieved using a small sphygmomanometer cuff and 
Doppler sonography. Significant discrepancy (penile blood pres-
sure index < 0.6) indicates arteriogenic impotence. Intracavernosal 
injection of a vasodilating agent, such as 10 micrograms of prosta-
glandin E1 (PGE1), is perhaps a more accurate test of penile vas-
culature. In normal subjects this is followed by a full rigid erection 
within 10–15 minutes lasting for at least 30 minutes. Such injec-
tions closely mimic normal penile haemodynamic changes during 
erection and if the patient responds normally, vascular problems 
can be excluded and neurological or psychological causes should be 
addressed. If a vascular problem is suspected then further imaging 
with duplex ultrasound or angiography is indicated, especially if 
surgical repair is being considered.

Several simple tests can indicate whether severe neurological 
problems are present. Latency of the bulbus cavernous reflex can 
indicate damage to the pudendal nerve. Autonomic dysfunction 
can, for example, be assessed by measuring orthostatic hypoten-
sion, Valsalva ratio, and cold pressure hand tests.

Vascular causes for erectile dysfunction
Arterial blood flow
Adequate arterial blood flow and pressure in penile arteries are 
necessary for correct penile erection. An intercavernosal arterial 
blood pressure > 80 mmHg is essential for erection that is sufficient 
to allow penetration. During erection, the intercavernosal pressure 
is around 20 mmHg lower than the pressure in the pelvic arter-
ies. Systemic systolic pressure of at least 80–100 mmHg is therefore 
required to achieve an erection. Arterial occlusive disease will cause 
a greater gradient and insufficient penile pressures. It is interest-
ing and clinically a very important observation that intermittent 
claudication in the lower limbs develops at peripheral pressures of 
around 70 mmHg. ED can therefore be an earlier marker of signifi-
cant atherosclerotic disease (Jackson et al., 2010).

 

 

 

 

 

 

 

 



SECTION 5 the patient with reduced renal function1092

Vascular disease is thought to contribute to at least 60% of ED 
in non-uraemic patients (Virag et al., 1985a, 1985b). Considering 
the higher prevalence of atherosclerotic changes in the uraemic 
population this is likely to be even higher. This relationship and 
the precise aetiological significance of renal insufficiency in arte-
rial vascular ED is complex and somewhat difficult to define. 
Advancing age, diabetes mellitus, smoking, hypertension, hyper-
lipidaemia, homocysteinaemia, and disturbed calcium/phosphate 
metabolism are probably the main factors favouring arterial causes 
of ED in this population, just like in patients without renal insuf-
ficiency. A large proportion of dialysis patients also have diabetes 
mellitus which is known to cause ED through many related pro-
cesses including micro-and macroangiopathy and neuropathy 
(McConnell et al., 1982).
Venous leakage
Smooth muscle dysfunction followed by impaired veno-occlusion 
is a common cause for incomplete or insufficiently persisting erec-
tion in dialysis patients. During penile erection, venous efflux is 
reduced by the expansion of penile smooth muscle against the 
inflexible tunica albuginea, resulting in a compression of subtuni-
cal veins. Impaired relaxation of penile smooth muscle is the main 
reason for insufficient reduction of venous efflux from the cavern-
osal space, resulting in ED. Several causes for this impairment have 
been postulated. Precocious ageing and enhanced fibrosis which 
impacts smooth muscle function is common in dialysis patients 
(Sell and Monnier, 1990). Neural and neurohumoral factors are 
also likely to play a significant role.

Erectile dysfunction caused by drugs
Many commonly used drugs can affect libido and erectile func-
tion (Box 133.1). Some therapeutic agents interfere with central 
pathways involved in erectile function. These often affect libido 
at the same time. Monoamine oxidase (MAO) inhibitors and tri-
cyclic antidepressants have been reported to inhibit both erection 
and ejaculation. Tobacco and alcohol impair sexual function sig-
nificantly, both in subjects with and without renal failure (Mannino 
et al., 1994). In patients with significant arterio-occlusive disease, 

a direct correlation between erectile potency and blood pressure 
lowering can be observed with antihypertensive treatment.

Drugs commonly used in dialysis patients with negative effects 
on erectile function include sympatholytics (e.g. methyldopa, 
clonidine), some adrenergic receptor blocking agents (e.g. prazo-
sin), β-blockers (propranolol), and vasodilators (e.g. hydralazine); 
α-adrenergic agents such as clonidine may also act via constric-
tion of the cavernosal artery regulated by α2-adrenergic receptors 
(Hedlund and Andersson, 1985). Angiotensin-converting enzyme 
inhibitors and angiotensin receptor blockers affect erectile function 
to a lesser degree and are therefore often the preferred agents in 
men with ED requiring antihypertensive treatment.

Neurogenic causes for erectile dysfunction
Normal penile erection is a complex process influenced by sev-
eral humoral, neural, and local substances in addition to central 
effects. Different neurogenic processes are involved in this cascade 
of effects and can be affected in chronic renal failure. Direct nerve 
destruction, for example, after prostate surgery, proctocolectomy, 
or other pelvic surgery, can cause neurogenic ED. Autonomic neu-
ropathy is a much more common cause of ED in chronic renal fail-
ure. Intact parasympathetic activity is required for initiation and 
maintenance of normal erection. Studies have shown high preva-
lence of parasympathetic dysfunction in dialysis patients. Jassal 
et  al. described parasympathetic dysfunction in 65.9% of older 
dialysis patients (> 65 years of age) and 33.3% of younger dialy-
sis patients and in 11.8% and 0% of the older and younger control 
subjects, respectively. Combined parasympathetic and sympathetic 
dysfunction was seen in 41.5% and 11.9% of older and younger 
dialysis patients but not in any of the control groups (Jassal et al., 
1998a, 1998b). Some improvement in autonomic function has been 
observed after starting haemodialysis (Röckel et al., 1979; Zucchelli 
et al., 1985; Solders et al., 1986). When assessing causes of ED, auto-
nomic neuropathy related to diabetes mellitus and alcohol excess 
should always be considered.

Psychogenic causes for erectile dysfunction
The importance of psychological factors cannot be overestimated 
in any patient, male or female, presenting with sexual dysfunction. 
The correlation between depression and ED is well recognized. In 
the Massachusetts Male Aging Study, out of non-uraemic men with 
severe depression, 90% had ED, while 25% with minimal depres-
sion described ED (Feldman et al., 1994). The exact neuropsychi-
atric pathways involved in this disturbance are not entirely known, 
but a variety of cortical centres, hypothalamic nuclei, and periph-
eral sympathetic and parasympathetic nerve fibres are involved. 
Psychogenic stimuli to the sacral cord may inhibit reflex erections. 
Excessive sympathetic stimulation, elevated blood catecholamine, 
or both, can also increase penile smooth muscle tone, opposing the 
smooth muscle relaxation necessary for erection.

Overall, patients with chronic renal failure suffer from many 
physical and psychological stresses, which are likely to affect erec-
tile function. Depression is more common in patients receiving 
dialysis treatment than in healthy controls and transplant patients. 
The time lost to dialysis treatment, whether haemodialysis, chronic 
ambulatory peritoneal dialysis, or intermittent peritoneal dialysis, 
and the physical and psychological implications of such a severe 
disease and its therapy produce problems and increased stress at 
home and at work. Alternative social roles at home and in marriage 

Box 133.1 Drugs associated with erectile dysfunction

 ◆ Hormones: antiandrogens, oestrogen, progesterone

 ◆ β-blockers: propranolol, atenolol, pindolol

 ◆ Sympatholytics:  methyldopa, clonidine, guanethidine, phe-
noxybenzamine, reserpine

 ◆ Vasodilators: hydralazine

 ◆ Diuretics: thiazides, spironolactone

 ◆ Lipid-lowering drugs: clofibrate, gemfibrozil

 ◆ Sedatives: various barbiturates, bromides

 ◆ Psychotropic drugs: lithium with benzodiazepines, benzodiaz-
epines, phenothiazine, tricyclic antidepressants, monoamine 
oxidase inhibitors, diazepam with opiates

 ◆ Others: immunomodulatory agents, digoxin, cimetidine, ran-
itidine, anticholinergic drugs.
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may influence self-confidence and increase performance anxiety 
(Glass et al., 1987).

Hormonal factors
The different hormonal abnormalities associated with sexual dys-
function in men are discussed in detail in Chapter  132. These 
include hypogonadism, which is very common in CKD, end-stage 
renal disease (ESRD), and in dialysis patients, and affects both 
libido and erectile function significantly. Hyperprolactinaemia 
related to uraemia is also associated with hypogonadism and sexual 
dysfunction. Hypothyroidism can also be a contributing factor.

Treatment options for erectile dysfunction and hypogonadism 
in renal failure
Because of the multifactorial causes of ED and hypogonadism in 
renal failure some general principles apply and a holistic approach 
must be used. Optimal delivery of renal replacement therapy and 
adequate nutritional intake is important. Implicated drugs must be 
removed, but appropriate therapy for depression or other psycho-
logical factors must be considered along with correction of anaemia 
(Palmer, 1999) (Box 133.2).
Phosphodiesterase type 5 inhibitors
A number of phosphodiesterase type 5 (PDE5) inhibitors are now 
available on the market and have undoubtedly become the most 
commonly used therapy for ED. These include sildenafil, tadala-
fil, and vardenafil. By inhibiting cGMP-specific PDE5, they reduce 
cGMP clearance and enhance, but do not initiate, the erectile 
response of erotic stimuli. They do therefore not cause a sponta-
neous erection, and the appropriate stimulation is required to 
assess their efficacy. They do also depend on the integrity of local 
nerve supply as a source of nitric oxide (NO). Reduced arterial 
function on the other hand does not exclude beneficial effects of 
PDE5 inhibitors. Sixty per cent of men with diabetes, for example, 
report at least one successful attempt at intercourse after sildenafil 
(Rendell et al., 1999). PDE5 inhibitors are generally well tolerated 

and are cleared by hepatic metabolism. Their pharmacokinetics in 
renal failure are similar to healthy subjects and their efficacy has 
been shown to be good with around 50–60% of men on dialysis 
reporting an erection with sildenafil (Ayub and Fletcher, 2000; Türk 
et al., 2001; Sharma et al., 2006). Side effects in dialysed patients are 
not markedly different from non-renal patients (Goldstein et al., 
1998; Siegel and Grossman, 2001).

The most common side effects with PDE5 inhibitors include 
headache, dizziness, nasal congestion, and facial flushing (Goldstein 
et al., 1998; Siegel and Grossman, 2001). Several issues around this 
warrant special attention in the patient with renal failure. PDE5 
inhibitors are contraindicated in hypotensive patients, which may 
have implications for timing of treatment around dialysis and other 
drug therapy. PDE5 inhibitors should never be used with any form 
of nitrate drug, or NO donor drug as simultaneous therapy could 
cause severe hypotension. PDE5 inhibitors are metabolized by 
cytochrome P450, and simultaneous treatment with other drugs 
affecting this enzyme system must be considered. Tacrolimus can, 
for example, prolong the effects of these drugs.

The different PDE5 inhibitors available differ mainly in their 
onset of action and half-life, which have important implications for 
timing of treatment. Sildenafil is rapidly absorbed after oral admin-
istration and an erection can be expected after 15–20 minutes last-
ing for up to 2–3 hours (Rosas et al., 2001). Vardenafil reaches peak 
plasma concentrations after around 40–55 minutes, lasting a little 
longer than sildenafil (Montorsi et al., 2003). Tadalafil has a much 
longer half-life of 17.5 hours, and a later onset of action of 2 hours. 
It is therefore possible to use tadalafil as a chronic drug, even as 
a once-daily dose, which gives much more scope for spontaneity 
regarding sexual activity (Porst et al., 2003).

Vacuum devices and penile prosthesis
Lederer first described a vacuum constrictor device to treat ED in 
1917. This simple mechanical method involved placing the penis 
in a cylindrical chamber, applying a vacuum of 100–180 mmHg, 
and then a rubber band or ring is placed around the base of the 
penis. The success rate of this type of treatment is good at around 
70–80% with a relatively low drop-out rate of < 20% in most stud-
ies (Lawrence et al., 1998). Patients receiving anticoagulation are at 
increased risk of developing bruising and bleeding in association 
with this treatment.

Various forms of penile prosthesis have been used, includ-
ing semi-flexible prostheses and inflatable penile prostheses with 
two silicone or polyurethane cylinders and a fluid reservoir at the 
cavum Retzii and a small pump at the scrotum. If an arterial or 
venous cause has been identified and characterized various correc-
tive vascular procedures have been used with somewhat variable 
results.

Intracavernous injections and urethral suppositories
Intracavernosal injection of various drugs results in smooth muscle 
relaxation and can be used to treat ED. Papaverin has been used 
for this purpose, but now the drug of choice is the PGE1 analogue 
alprostadil. This acts on specific surface receptors on smooth mus-
cle cells and the adenylate cyclase system to cause relaxation and 
opening of both the vascular spaces of the erectile tissue and the 
feeding vascular arterioles (Linet and Ogrinc, 1996). Erection 
occurs after around 5–10 minutes and can last for up to 2 hours. 
This type of therapy is very effective, with 75–80% of men achieving 

Box 133.2 Potentially useful therapeutic options 
in hypogonadism and erectile dysfunction in chronic renal failure

 ◆ Antioestrogens: clomiphene citrate

 ◆ Dopaminergic agonists: bromocriptine

 ◆ Erythropoiesis-stimulating factors: erythropoietin

 ◆ Vitamins and essential trace elements: zinc and vitamin E

 ◆ Stimulators of endogenous testicular testosterone produc-
tion: human chorionic gonadotropin

 ◆ Sildenafil and other phosphodiesterase type 5 inhibitors

 ◆ Intracavernous injection of alprostadil

 ◆ Vacuum devices

 ◆ Urethral suppositories containing alprostadil

 ◆ Penile prosthesis

 ◆ Control of secondary hyperparathyroidism

 ◆ Renal transplantation

 ◆ Androgens: testosterone.
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an erection, but poorly tolerated with a high and early drop-out rate 
in most studies.

Prostaglandin may also be administered intraurethrally. PGE2 
can be administered as a pellet through a specific delivery device 
prior to intercourse. Here larger doses are required, and success 
rate is somewhat lower (40–65%). This method tends to be better 
tolerated than intracavernous injections.
Antioestrogens: clomiphene citrate
In 1976, Lim and Fang showed that long-term clomiphene treat-
ment can increase pituitary gonadotropin secretion and testoster-
one production in men with chronic renal failure (Lim and Fang, 
1976). Effects on spermatogenesis were inconclusive. A more recent 
study confirmed these findings in men receiving haemodialysis and 
in successful transplants subjects (Martin-Malo et al., 1993). These 
findings indicate that clomiphene may partially correct some of the 
hormonal disturbances of the gonadal axis in uraemic patients.
Dopaminergic agonists
Experimental data suggests that bromocriptine can improve 
Leydig cell function and sperm production in CKD (Yamamoto 
et al., 1997). Studies on human subjects receiving haemodialysis 
showed improvement in libido, erectile function, an increase in 

serum testosterone, and normalization of serum prolactin without 
changes in gonadotropins (Ramirez et al., 1985; Vircburger et al., 
1985). Other studies have not confirmed effects of bromocriptine 
on libido or sexual potency (Gómez et  al., 1980; Stegmayr and 
Skogström, 1985).
Erythropoiesis-stimulating factors
Studies have confirmed that effective treatment with recombinant 
human erythropoietin (rhEPO) in uraemic men receiving haemo-
dialysis is associated with improved testosterone concentrations, 
reduced gonadotropins, normalization of prolactin levels, and a 
reduction of exaggerated response of LH to exogenous administra-
tion of gonadotropin-releasing hormone (GnRH) (Schaefer et al., 
1988; Schaefer et al., 1989; Kokot et al., 1990; Ramirez et al., 1992; 
Yeksan et al., 1992b; Díez et al., 1997). These changes may be associ-
ated with the improved sexual activity reported in rhEPO-treated 
patients (Schaefer et al., 1989; Tokgöz et al., 2001; Wu et al., 2001).
Vitamins and essential trace elements
There is some experimental evidence to suggest that vitamin E has 
some protective effect on Leydig cell function (Verma and Nair, 
2002; Chen et al., 2005; Chandra et al., 2010). Studies in human 
subjects on haemodialysis showed some reduction in prolactin lev-
els but no other significant effect (Yeksan et al., 1992a).

Zinc deficiency is common in uraemic patients and has been 
linked to the development of hypogonadism (Mahajan et al., 1979; 
Nishi et al., 1984; Prasad, 1985). Zinc supplementation in men on 
haemodialysis has been shown to improve libido, sexual function, 
and raise serum testosterone levels in some studies (Antoniou 
et  al., 1977; Mahajan et  al., 1982), but not all (Del Río Vázquez 
et al., 1986).
Human chorionic gonadotropin
As previously described, uraemia is associated with marked tes-
ticular dysfunction and resistance to gonadotropin stimulation. It 
is therefore not surprising that treatment with human chorionic 
gonadotropin produces limited testosterone response and clinical 
effect (Rager et al., 1975; Ramirez et al., 1987). Some authors have 
reported normalization of testosterone levels, but only with pro-
longed use of large doses (Bundschu et al., 1976).
Renal transplantation
Successful renal transplantation is in many ways an effective 
treatment for uraemic hypogonadism and associated sexual dys-
function. A number of studied have confirmed normalization of 
hormonal profiles and significant improvement in libido and sex-
ual function (Chopp and Mendez, 1978; Procci et al., 1981; Van 
Coevorden et al., 1986; Ramirez et al., 1987; Akbari et al., 2003). 
This effect seems most pronounced in younger patients (Tsujimura 
et al., 2002).
Testosterone replacement therapy
Testosterone could be an attractive therapeutic option in urae-
mia. It has both anabolic and androgenic properties, which could 
be of benefit, and may improve some of the pathophysiological 
pathways related to increased mortality in ESRD (Iglesias et al., 
2012) (Table 133.1).

Relatively little work has been done around the safety, benefits, 
and efficacy of testosterone replacement therapy (TRT) in ESRD. 
The evidence available is rather limited to draw solid conclusions. 
Several pharmacokinetic studies have suggested that metabolic 
clearance rates of exogenous testosterone are similar in ESRD and 

Table 133.1 Favourable and unfavourable effects of testosterone 
replacement therapy in ESRD patients (Barton et al., 1982; Lawrence 
et al., 1998; Bhasin et al., 2010)

Favourable effects Unfavourable effects

Restoration of physiological levels of 
circulating serum testosterone

Erythrocytosis

Anabolic effects Acne and oily skin

Androgenic effects Detection of subclinical prostate 
cancer

Increased sense of well-being Growth of metastatic prostate cancer

Restoration of sexual function to 
normal (3–10%)

Reduced sperm production and 
fertility

Improvement in sexual function 
(50–70%)

Gynaecomastia

Erythropoiesis stimulation Growth of breast cancer

Reduction of erythropoietin 
requirements

Obstructive sleep apnoea

Fluid retention

Pain at injection site for intramuscular 
injections

Skin reactions for transdermal patches

Testosterone transfer to another 
person with transdermal gel

Alteration in taste or irritation of 
gums for buccal testosterone tablets

Infection from pellets and implants

Effects on liver and lipid profile for 
oral tablets

Adapted from Iglesias et al. (2012).
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healthy subjects, and TRT can be administered using the same 
guidelines as in healthy men (Stewart-Bentley et al., 1974; Barton 
et  al., 1982; De Vries et  al., 1984; Van Coevorden et  al., 1986; 
Lawrence et al., 1998; Singh et al., 2001; Johansen, 2004a, 2004b; 
Bhasin et al., 2010).

Spermatogenesis/fertility
Male fertility is significantly reduced in uraemia. Spermatogenesis 
is often impaired, even at relatively moderated degree of renal 
failure. Sperm counts are markedly decreased in men on dialysis, 
sperm abnormalities are frequent, and sperm motility is reduced. 
Ejaculatory volume is also reduced with diminished fructose 
and acid phosphatase content. Thus normospermia is observed 
in a minority of men on haemodialysis (Lim and Fang, 1975; 
Holdsworth et al., 1978; Tharandt et al., 1980). Testicular biopsies 
show arrest of maturation, which is indicative of lack of hormo-
nal stimuli rather than toxic effects which typically effect earlier 
stages of spermatogenesis (De Kretser, 1974; Lim and Fang, 1975; 
Holdsworth et al., 1977). Other authors have described atrophy of 
Sertoli cells and seminiferous tubules, interstitial fibrosis, and cal-
cification and thickening of tubular basement membrane (Lim and 
Fang, 1975). There is evidence to suggest that these morphological 
changes and decreased spermatogenesis do improve after success-
ful renal transplantation (Toorians et al., 1997; De Celis et al., 1999; 
Malavaud et al., 2000).

Generally there is little evidence that any type of hormonal treat-
ment increases male fertility in chronic renal failure. Studies using 
clomiphene have shown limited effect on spermatogenesis. There 
is limited correlation between gonadotropin concentrations and 
testosterone and spermatogenesis, although the higher the level of 
follicle stimulating hormone, the worse the prognosis for recovery 
of spermatogenic function with improvement of renal function. 
Management of reduced fertility in male patients with chronic renal 
failure should therefore focus on optimizing the nutritional state, 
optimizing renal replacement therapy, planning with intercourse 
planned around ovulation, avoiding excessive testicular tempera-
tures, and other practical measures. Family planning can also be 
postponed until after successful renal transplantation if possible.

Sexual dysfunction in women with chronic 
renal failure
Although less is known about sexual dysfunction in women than 
men with chronic renal disease, sexual behaviour and function is 
likely to be no less affected. For example, in an older study on dialy-
sis patients, 33% reported no sexual activity at all and 44% only 
one episode of intercourse per week or less (Levy, 1973). This study 
and later work have also showed marked deterioration in sexual 
function after commencing dialysis. Prior to this the majority of 
women report regularly having orgasm during intercourse, but 
after starting dialysis this falls to around 30% (Levy, 1973; Toorians 
et al., 1997; Diemont et al., 2000). This field does warrant further 
research.

Vaginal and menstrual problems
In around half of dialysed women, low plasma oestrogen is asso-
ciated with atrophic vaginitis, pruritus, and reduced pubic hair 
growth. Vaginal cytology documents disturbed hormonal status. 
The normal midcyclic increase of karyopyknosis index is absent. 

The presence of malignant cells is not increased. The prevalence 
and spectrum of vaginal infections are not considered to be differ-
ent in preuraemic or dialysis patients.

Menstrual irregularities develop along with uraemia. 
Amenorrhoea has been reported in 50–100% of female patients 
with end-stage renal failure (Goodwin et al., 1968; Huriet et al., 
1974; Espersen et  al., 1988). In many patients, amenorrhoea 
changes to irregular menstruation during maintenance haemodi-
alysis, but the majority of patients suffer from continuous amenor-
rhoea. Of those patients who do menstruate, 50–80% suffer from 
hypermenorrhoea, menorrhagia, or oligomenorrhoea (Rice, 1973; 
Huriet et al., 1974; Morley et al., 1979).

In the early years of dialysis, the midcycle increase in basal body 
temperature, which is normally an indicator of ovulation, was not 
observed in 95% of female dialysis patients. More recently studies 
have indicated more frequent ovulatory cycles, perhaps related to 
better correction of renal anaemia with erythropoietin (Schaefer 
et al., 1989). In women with anovulatory cycles, progesterone defi-
ciency results in incomplete maturation of the endometrium, fol-
lowed by hypermenorrhoea and dysfunctional bleeding, that is, the 
menstrual abnormalities common in many dialysed women result 
predominantly from disturbed hypothalamic–pituitary regulation 
and gonadal dysfunction. Uraemic coagulopathy and hepariniza-
tion during haemodialysis may intensify menstrual bleeding. In 
uraemic women, menstrual abnormalities may also be the con-
sequence of hyper- and hypothyroidism, severe diabetes mellitus, 
Addison disease, or severe disease such as carcinoma, tuberculosis, 
and immunological disorders.

Fertility
Basal body temperature, vaginal cytology, and luteal endometrial 
biopsies indicate that anovulatory cycles are common in women 
on maintenance haemodialysis (Huriet et al., 1974). However, gen-
eral infertility cannot be assumed. Ovulation in 45% of cycles has 
been reported, although with a slightly atypical hormonal pattern. 
More frequent ovulatory cycles have been reported only with bro-
mocriptine therapy (Wass et al., 1978), but also with rhEPO ther-
apy. In dialysed patients, some authors also reported a reduction of 
hyperprolactinaemia on rhEPO, but this was not confirmed by oth-
ers. It is recommended that during the reproductive age sexually 
active dialysis women should use contraception to avoid unwanted 
pregnancies.

If improved fertility is desired, bromocriptine therapy (2.5–5 mg) 
can induce resumption of menstrual bleeding and ovulatory cycles 
in some patients (Wass et al., 1978). Disappearance of amenorrhoea 
and the onset of ovulation have also been reported when anaemia 
was improved after rhEPO therapy (Schaefer et al., 1989).

Moderate ovarian hyperstimulation syndrome occurred with a 
GnRH agonist (leuprolide acetate) in an anephric dialysis woman 
(Hampton et al., 1991). Information is lacking about the efficacy 
of pulsatile GnRH given subcutaneously or intravenously in dialy-
sis patients, although this is a successful therapy in non-uraemic 
women with hypogonadotropic hypogonadism.

For further reading on pregnancy in patients receiving dialysis or 
following transplantation, see Chapter 294.

Treatment of menstrual problems and fertility
Before rhEPO was available, amenorrhoea and oligomenorrhoea 
were welcome symptoms in many anaemic female patients on 
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maintenance haemodialysis. If menstrual bleeding is required, the 
common failure of follicle luteinization can be treated with cyclical 
progesterone. This induces endometrial transformation and nor-
mal menstruation. In view of the increased risk of endometrial can-
cer in patients with anovulation and corpus luteum insufficiency, 
application of such intermittent progesterone therapy around three 
times a year should be considered. Alternatively, regular monthly 
oestrogen/progesterone combination therapy can be used, as in 
non-uraemic patients. Low-oestrogen-containing preparations are 
preferred to avoid potential effects on blood pressure. Oestrogen/
progesterone combinations are beneficial for bone disease in dialy-
sis patients.

Hypermenorrhoea can be stopped within 1 or 2 days by applica-
tion of high doses of progesterone. In patients with chronic hyper-
menorrhoea, or if menstruation in general is undesired, perhaps 
due to anaemia, endometrial atrophy can be induced by continu-
ous administration of high doses of progesterone. Alternatively, 
intermittent intramuscular injection of progesterone may prevent 
menstrual bleeding. However, such long-term exclusive progester-
one therapy increases bone problems in dialysis patients. For this 
reason intermittent oestrogen therapy or oestrogen/progesterone 
combinations for some months are particularly recommended. As 
a last resort, a hysterectomy can be performed.

Contraception and pregnancy in CKD
These are discussed in Chapters 293 and 295.
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Health-related quality 
of life and the patient 
with chronic kidney disease
Fredric O. Finkelstein and Susan H. Finkelstein

Introduction
The compromised health-related quality of life (HRQOL) of 
patients with end-stage renal disease (ESRD) is now well docu-
mented (Evans et al., 1985; Kimmel et al., 2000, 2003; Lopes et al., 
2002, 2004; Mapes et al., 2003; Kutner et al., 2004, 2005; Reynolds 
et al., 2004; Wu et al., 2004; Hedayati et al., 2005, 2008; Fukuhara 
et al., 2007; Finkelstein et al., 2009; Jaber et al., 2010; 2011; Lacson 
2010, 2012; Finkelstein et al., 2012 ). Clinicians were aware of these 
difficulties from the time dialysis treatments became readily avail-
able for patients with ESRD (Evans et al., 1985). A challenge for the 
nephrology community then became how to systematically docu-
ment the difficulties presented by both the disease itself as well as 
the treatment of the disease. A variety of well-validated instruments, 
thus, were developed to examine the problems encountered by the 
chronic kidney disease (CKD) patient. More recently, research has 
focused on how to not only document the impaired HRQOL of 
ESRD patients but also on how to develop treatment strategies to 
help the patients better cope with, understand, and work with their 
illness and its problems (Finkelstein et al., 2009).

It is important that the terms ‘quality of life’ and ‘HRQOL’ be 
understood so that clinicians are aware of implications of the active, 
ongoing research in these areas. Quality of life can be defined as an 
individual’s perception of their position in life in the context of the 
culture and value systems in which they live and in relation to their 
goals, expectations, standards, and concerns (Finkelstein et  al., 
2009). HRQOL can be defined as the extent to which one’s usual or 
expected physical, social, or emotional well-being (quality of life) is 
affected by a medical condition or its treatment (Finkelstein et al., 
2009). Thus, there are various domains that all impact on patient 
perceptions of their quality of life.

Assessing HRQOL
The assessment of the HRQOL of patients can be thought of as 
involving three classes of measurement. Generic instruments, 
which have been developed for use in the general population with 
a variety of diseases (e.g. SF-36® health survey (Medical Outcomes 
Trust, Boston, MA); Health Utility Index) cover a wide variety of 
generic domains. Disease-specific instruments focus on symptoms 
related to a specific disease or interventions directed at that disease 

(e.g. Kidney Disease Quality of Life) and symptom-specific instru-
ments focus on specific symptoms produced by or associated with 
a particular disease or its condition and/or treatment (e.g. time to 
recovery after a dialysis session).

These instruments rely on objective and/or subjective assess-
ments. Objective assessments involve obtaining precise measure-
ments in various domains, such as examining physical functioning 
with a 6-minute walk or other easily recorded measurement (Painter 
et al., 2002) or cognitive abilities with an instrument such as the 
Trailmaking Test or standard recall test (Suri et al., 2001). Subjective 
measures rely on the ability of the patients to report the presence 
and severity of symptoms and can be referred to as patient-reported 
outcomes (PROs). PROs can be defined as a measurement based on 
a report that comes directly from the patient about the status of his/
her health condition without amendment or interpretation of the 
patient’s response by a clinician (Concato and Feinstein, 1997; Food 
and Drug Administration, 2009).

Outcomes relate to HRQOL
It seems obvious that healthcare providers would have a keen inter-
est in improving the HRQOL of any patient. But, certainly inter-
est in developing treatment algorithms to improve the HRQOL of 
ESRD patients was given an impetus by studies demonstrating an 
association between reduced HRQOL measurements with mor-
tality and hospitalization rates in CKD patients after correction 
for the standard variables that were known to impact on patient 
outcomes. These studies helped underscore the importance of 
understanding how patients perceive their illness. The validity 
and reliability of many of these associations have now been con-
firmed. For example, the strong associations between the physical 
component score (PCS) and mental component score (MCS) of the 
SF-36® and depressive symptoms with mortality and hospitalization 
rates of ESRD patients, first noted in the Dialysis Outcomes and 
Practice Pattern Studies (DOPPS), has been confirmed in larger 
studies from the databases of large dialysis organizations. Thus, 
patients with lower PCS scores (< 25), indicating poorer reported 
quality of life, have a nearly twofold higher 1-year mortality rate 
than patients with scores > 46 (Lopes et al., 2002, 2004; Mapes et al., 
2003; Lacson et al., 2010). Similarly, patients with higher levels of 
depressive symptoms had dramatically higher mortality rates than 
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patients with lower scores (Lopes et al., 2004; Hedayati et al., 2005, 
2008; Lacson et al., 2012). For example, patients in the DOPPS who 
had Centre for Epidemiologic Studies Depression (CES-D) scores 
of 15–30 (indicating the presence of prominent depressive symp-
toms) had a nearly twofold greater mortality than patients with 
scores of 0–4. Furthermore, the response to even a single question 
(‘How would you say your health is in general?’) is an important 
predictor of mortality after correcting for the standard variables; 
patients who reported a poor state of health had a > 3.5 greater 
mortality rate than patients who rated their general health as very 
good or excellent (Thong et al., 2008).

Routine recording
One of the problems therefore is how to document patients’ per-
ceptions of their quality of life. Importantly, studies have shown 
that clinical staff, despite seeing haemodialysis (HD) patients three 
times per week, do not fully comprehend the symptoms which 
patients experience and the severity of these symptoms as perceived 
by the patient (Weisbord et al., 2007). Thus, developing strategies to 
capture patients’ perceptions of their quality of life is now being 
incorporated into routine patient care of ESRD patients and is in 
being mandated by the Centre for Medicare and Medicaid Services 
in the United States (Finkelstein et al., 2009). The notion of closely 
monitoring patients’ perceptions of their health has been attracting 
considerable attention recently and the National Institutes of Health 
in the United States is in the process of developing a battery of PRO 
assessment tools that can be used in clinical trials and patient care 
(<http://www.nihpromis.org>). The selection of instruments to be 
used to monitor ESRD patients routinely are in the process of being 
developed but will certainly need to include generic, disease-, and 
symptom-specific instruments since the measurement of all these 
areas can impact on outcomes and give insights to healthcare pro-
viders about how to help assist and manage patients (Finkelstein 
et al., 2009).

Improving HRQOL
How then can healthcare providers improve patients’ perceptions 
of their quality of life? First, it is important to examine the areas 
of difficulty perceived by the patient. Defining these areas permits 
the exploration of different approaches and treatment algorithms 
to be pursued. Depression, as an example, is a domain that has 
attracted considerable interest. This interest has been stimulated 
both by the strong association of depressive symptoms with 
poor outcomes and by the various treatment options that have 
been described to improve patients’ depressive symptomatology 
(Kimmel et al., 2000; Lopes et al., 2002, 2004; Hedayati et al., 2005, 
2008; 2012). Hedayati et al. have recently proposed a systematic 
approach to both diagnosing and treating depression in ESRD 
patients (Hedayati et al., 2012). Treatments that have been shown 
in randomized trials to improve depressive symptoms include cog-
nitive behavioural therapy and exercise programmes (Levendoglu 
et  al., 2004; Duarte et  al., 2009; Ouzouni et  al., 2009). Changes 
in the dialysis treatment regimen have resulted in improvement 
in symptoms in cohort studies (Reynolds et  al., 2004; Chertow 
et al., 2010; Jaber et al., 2010). And, pharmacological therapy with 
or without counselling can result in an improvement in depres-
sive symptoms (Hedayati et al., 2012). However, whether treating 

depression or not improves hospitalizations or mortality remains 
to be determined.

The impact of the dialysis treatment regimen on patient percep-
tions is attracting much more attention recently. This has occurred for 
two reasons. First is the recognition that as the length of time of renal 
replacement therapy increases, patients’ perceptions of their quality 
of life tends to deteriorate (Paniagua et al., 2005). For example, the 
HRQOL scores reported by patients enrolled in both the control and 
intervention group in the ADEMEX study demonstrated a progres-
sive decline in both the physical and mental component scores of the 
SF-36® despite receiving a standard and ‘acceptable’ peritoneal dialy-
sis (PD) treatment regimen (Paniagua et al., 2005). Second, recent 
studies have focused attention on the impact of changes in the dialy-
sis treatment regimens on HRQOL (Reynolds et al., 2004; Cullerton 
et al., 2007; Manns et al., 2009; Chertow et al., 2010; Jaber et al., 2010; 
Jaber et al., 2011; Unruh et al., 2011; Finkelstein et al., 2012). Thus, 
changing from conventional three times per week HD to six times 
per week home or in-centre dialysis can be associated with improve-
ments in restless legs, sleep disturbances, depressive symptoms, 
time to recovery after a dialysis session, and various domains on the 
SF-36® questionnaire (Reynolds et al., 2004; Cullerton et al., 2007; 
Manns et al., 2009; Chertow et al., 2010; Jaber et al., 2010; Jaber et al., 
2011; Unruh et al., 2011; Finkelstein et al., 2012). Patients’ percep-
tions of and satisfactions with their care with PD are generally better 
with PD than with HD (Rubin et al., 2004; Juergensen et al., 2006). 
Patients maintained on PD reported that their therapy had less of a 
negative impact on their lives than did HD patients and that they 
were more satisfied with the care provided to them by the dialysis 
centres (Rubin et al., 2004; Juergensen et al., 2006). Thus, paying 
attention to the impact of the dialysis treatment regimen on patients’ 
perceptions of their HRQOL is particularly important. Patients 
need to be monitored over time and changes in dialysis treatment 
regimens should be considered if there are deteriorations in various 
HRQOL measures and/or patients perceive that the therapy is hav-
ing too much of a negative impact on their lives.

Explaining prognosis
The importance of evaluating HRQOL needs particular empha-
sis when considering the treatment options available to elderly 
patients with various co-morbidities. Preliminary work done 
thus far has suggested that elderly patients are not well informed 
about palliative care options or about the actual impact of ESRD 
therapy on their HRQOL (Davison, 2010). Many elderly patients 
who have started dialysis report regretting this decision (Davison, 
2010). Data in fact suggests that elderly patients with two or more 
co-morbidities managed with a palliative care approach do not 
have a longer survival or improved HRQOL compared to patients 
treated with dialysis therapy (Murtagh et al., 2007; Chandna et al., 
2011). Thus, it is important to not only inform elderly patients 
carefully about their treatment options but also to monitor their 
HRQOL and the impact of dialysis on their HRQOL and adjust 
treatments accordingly.
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CHAPTER 135

Coagulopathies in chronic 
kidney disease
Seema Shrivastava, Beverley J. Hunt, 
and Anthony Dorling

Introduction
Abnormalities of coagulation are common in patients with chronic 
kidney disease (CKD). These can be divided into two catego-
ries: those secondary to uraemia or treatments for CKD and those 
in which a coagulopathy or its treatment contributes to the cause 
of CKD. In the former, both bleeding and thrombosis are seen at 
higher incidences than in the general population, whilst in the lat-
ter, thrombosis of the renal vasculature is the most common under-
lying pathology causing CKD.

Secondary coagulation abnormalities 
in chronic kidney disease
Haemorrhage
Bleeding in patients with CKD is more common than in the gen-
eral population with an overall incidence of bleeding episodes 
of 2.5–11% per year (Holden et  al., 2008). The highest risks are 
in those with lower glomerular filtration rates (GFRs) and those 
receiving anticoagulation. Bleeding is most commonly from the 
upper gastrointestinal tract, with gastric ulcer representing approx-
imately 35% of cases (Gheissari et al., 1990). Intracranial haemor-
rhage is the next most common with an incidence of 0.6–0.87% per 
year (fivefold higher than in the general population). Postoperative 
bleeding is also more common in CKD; for example, the risk of sig-
nificant bleeding post coronary artery bypass grafting doubles from 
3% to 6% in patients with a serum creatinine > 130 mmol/L. There 
is significant mortality and morbidity associated with bleeding in 
these patients; hospital stays are up to twofold longer and mortality 
is twice as high compared to those with normal renal function, with 
a case fatality rate of 60% following an intracranial bleed (Sohal 
et al., 2006).

Aside from the fact that patients with CKD are more likely to 
have epidemiological risk factors predisposing to bleeding, includ-
ing older age and cardiovascular co-morbidities, there are multiple 
pathophysiological changes, caused by uraemia, which contribute 
to the increased bleeding risk in these patients (see Table 135.1) 
(Gangji et  al., 2005; Pavord and Myers, 2011). Additionally, a 
high proportion of patients with CKD are on anticoagulant ther-
apy: 8–25% of patients on haemodialysis (HD) are receiving vitamin 
K antagonists (VKAs), 40% are on antiplatelet therapies, and most 

will receive either unfractionated or low-molecular weight-heparin 
(LMWH) during dialysis (Chan et al., 2009). The risk of bleeding in 
uraemic patients on anticoagulation is increased two- to threefold 
with an increased mortality risk compared to those not on antico-
agulants (Thorevska et al., 2004; Hetzel and Sucker, 2005; Nolin, 
2010; Saltiel, 2010) (see Table 135.2).

Thrombosis
The annual risk of venous thromboembolic events (VTEs) in the 
general population is 0.1% with individual risk increasing from 
0.001% in childhood to 1% in the elderly (Anderson et al., 1991). 
The overall risk of arterial thromboembolic events (ATEs) is 0.18%.

CKD is an independent risk factor for both. Risk correlates 
inversely with GFR, so patients with an estimated GFR (eGFR) < 60 
mL/min have a twofold higher incidence (0.45%) of VTE compared 
to eGFR > 60 mL/min (Wattanakit et  al., 2008; Wattanakit and 
Cushman, 2009, Folsom et al., 2010) and a 30–40% increase in fatal 
and non-fatal cardiovascular ATEs including myocardial infarction 
and stroke (Go et al., 2004; Di Angelantonio et al., 2007; Chronic 
Kidney Disease Prognosis Consortium, 2010; Lee et al., 2010). For 
instance, the baseline risk of stroke in non-anticoagulated patients 
with atrial fibrillation and eGFR > 60 mL/min is 1.63 per 100 
patient years, rising by 13% when eGFR is 45–60 mL/min and by 
39% when < 45 mL/min.

Albuminuria is an independent risk factor for VTEs and mortal-
ity (Go et al., 2009). The risk of VTE in patients with nephrotic 
syndrome is eight times higher than in the general population 
(Mahmoodi et  al., 2008), with an annual incidence of 1.02%. 
Historical data, based on venography, suggested a high incidence 
of renal vein thromboses in these patients of up to 22% but mod-
ern data using venous ultrasound suggest rates of < 0.5% (Kayali 
et al., 2008). The annual incidence of ATEs in nephrotic syndrome 
is 1.48%, with myocardial infarction accounting for almost 60%. 
For both ATE and VTE the risk is greatest in the first 6 months 
following diagnosis of nephrotic syndrome when the incidence is 
5.52% and 9.85%, respectively.

As well as an increased prevalence of traditional risk factors such 
as diabetes mellitus, obesity, and older age, there are also specific 
prothrombotic changes in CKD. First, reductions in the physiologi-
cal anticoagulants protein C, protein S, and antithrombin are seen 
in CKD, with prevalence rates of 12%, 4%, and 13.5% respectively, 

 

 

 

 

 



CHAPTER 135 coagulopathies in chronic kidney disease 1103

compared to < 0.5% in the general population. Secondly, increased 
levels of factor VIIIc and antiphospholipid (lupus anticoagulant 
and anticardiolipin) antibodies are more common (Ghisdal et al., 
2011). In addition, patients with CKD have elevated levels of cir-
culating microparticles, released by activated or apoptotic cells, 
which are procoagulant by virtue of their negatively charged phos-
pholipid composition (Faure et al., 2006). Additionally, platelets in 
CKD have been shown to be in a state of chronic activation, with 
an outer membrane expressing increased amounts of the negatively 
charged phosphatidylserine, promoting increased assembly of the 
prothrombinase complex (Bonomini et al., 2004). This is due, at 
least in part, to increased caspase activity in uraemic platelets. CKD 
and nephrotic syndrome are also associated with abnormalities of 
fibrin formation and fibrinolysis, although the mechanisms under-
lying these changes are not precisely defined (Undas et al., 2008).

Finally, there is an increased incidence of heparin-induced 
thrombocytopenia (HIT) in patients on HD, characterized by 
thrombocytopenia developing 4–10 days after starting unfraction-
ated heparin (and less commonly LMWH). It is due to antibodies 
against the heparin-platelet factor 4 (PF4) and heparin complex, 
which activate platelets and endothelial cells. These develop in up 
to 4% of patients on HD, though only 10% have platelet activating 
activity. Overdiagnosis of HIT can be minimized with use of a HIT 
clinical scoring system and platelet activation assays, which are 

superior to the enzyme immunoassay in discerning clinically rele-
vant anti-PF4 antibodies (Warkentin, 2011). Management includes 
the discontinuation of heparin and initiation of an alternative anti-
coagulant such as fondaparinux, danaparoid, or a direct thrombin 
inhibitor such as argatroban.

Although high plasma levels of homocysteine in CKD have 
been weakly associated with ATEs, recent interventional studies 
using vitamin B supplementation, to reduce plasma homocysteine 
levels, have failed to show a reduction in ATEs, emphasizing the 
limited value of measuring and treating increased levels. (Bostom 
et al 2011).

Coagulation abnormalities contributing 
to chronic kidney disease
Antiphospholipid syndrome
Antiphospholipid syndrome (APLS; see Chapter 164) is defined 
by the presence of antiphospholipid antibodies (aPLs) associated 
with VTE or ATE and/or specific types of pregnancy morbidity. 
Thrombosis can affect vessels of any size, and a large spectrum of 
renal thrombotic manifestations have been described, including renal 
artery stenosis, renal vein thrombosis, renal infarction, and throm-
botic microangiopathies (TMAs); the latter may produce an acute or 

Table 135.1 Factors contributing to increased risk of bleeding

Defect in:

Endothelial-platelet adhesion Platelet aggregation

Uraemia Small peptides (e.g. Arg–Gly–Asp) in serum competitively antagonize vWF 
and fibrinogen

Increased levels of nitric oxide (NO)

Presence of increased PTH, phenol and guanethidine in serum 
reduces platelet aggregation

Anaemia Reduced PCV alters pattern of laminar flow and disrupts platelet 
interactions with endothelium

Increased levels of NO (Hb scavenges NO)

Reduced haematocrit → less ADP and thromboxane A2

Platelet Conformational change in glycoprotein IIa–IIIb receptor (alteration in vWF 
interaction)

Reduced levels of ADP in platelet granules

Table 135.2 Anticoagulation considerations in CKD

Metabolism Effects due to kidney impairment Notes

Unfractionated heparin Hepatic (mainly) but renal excretion important 
when high doses given

Accumulation only in severe kidney 
impairment

Short half-life

Easy to monitor with activated partial 
thromboplastin time ratio

Antagonist available

Low-molecular-weight 
heparin

Mainly renally excreted Half-life increased in kidney 
impairment

Long acting

Monitor with anti-factor Xa levels

Protamine only partially reverses effect

Vitamin K antagonists 
(e.g. warfarin)

Mainly non-renal excretion

Traditionally drug labelled as not requiring dose 
adjustment but 25% less warfarin dose required 
than those with normal kidney function

Patients with eGFR < 30 mL/
min spend less time with INR in 
therapeutic range and have higher risk 
of over anticoagulation

Inhibition of vitamin K-dependent matrix 
Gla protein suggested as link between 
warfarin and vascular calcification.
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chronic haemolytic uraemic syndrome (HUS). aPLs can occur alone 
or in association with other autoimmune disease, especially systemic 
lupus erythematosus (SLE), in which they are found in approximately 
one-third of patients. SLE-related kidney disease has a worse prog-
nosis in patients with aPLs. Overall, renal abnormalities (defined by 
the presence of renal insufficiency and/or proteinuria with or with-
out microscopic haematuria) are present in 8–10% of patients with 
APLS (Sinico et al., 2010). The mainstay of treatment of established 
thrombosis in APLS is anticoagulation, usually a VKA running an 
international normalized ratio (INR) of 2–3 after a VTE. There is 
considerable debate and uncertainty about the appropriate INR for 
those with ATE, but many favour an INR of 3–4. Protocols for bridg-
ing and postoperative thromboprophylaxis at our institution can be 
obtained from a free iPhone app (<http://itunes.apple.com/gb/app/
thrombosis-guidelines/id448736238?mt=8>). Immunosuppression 
has no effect on thrombotic risk, although there are anecdotal reports 
of the beneficial role of plasma exchange, steroids, and cyclophos-
phamide in catastrophic APLS (Joseph et al., 2001).

Thrombotic microangiopathies
TMA is used to describe a spectrum of disorders characterized by a 
microangiopathic haemolytic anaemia, with prominent red cell frag-
mentation (due to red cells passing over fibrin strands), thrombocy-
topenia, and thrombosis in the microvasculature (see Chapter 174). 
The term encompasses patients with thrombotic thrombocytopenic 
purpura (TTP), HUS, and a variety of disorders in which TMA 
may be primary or secondary to another disorder such as malig-
nant hypertension. The histological renal lesion is characterized by 
thrombosis (mainly of the arterioles and capillaries) and the throm-
bus is due to a mix of platelets and fibrin except for TTP where the 
thrombus is almost purely platelets. Injury to the endothelium is 
the central factor in the sequence of events leading to most TMAs 
such as D+ HUS caused by Shiga toxins and hereditary forms of 
complement dysregulation including factor H deficiency in atypi-
cal HUS, but in TTP there is a deficiency of von Willebrand factor 
(vWF) cleaving protease or ADAMTS13. ADAMTS13 is responsi-
ble for breaking down large multimers of vWF. In the absence of 
ADAMTS13, large multimers of vWF cause spontaneous aggrega-
tion of platelets under high shear pressures seen in the microvas-
culature. TTP is a medical emergency with up to 90% of patients 
benefitting from urgent plasma exchange (Ruggenenti et al., 2001).
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CHAPTER 136

Mechanisms of progression 
of chronic kidney 
disease: overview
Neil Turner

Introduction
Patients at high risk of progressive renal disease leading to 
end-stage renal failure include some with continuing activity 
of the disease that first caused their kidney injury, but in many 
cases the injury is historic, the disease or insult that caused the 
injury having long passed. Patients at high risk form a minor-
ity of the very large numbers of patients in the population with 
chronic kidney disease (CKD), most of whom are elderly and 
have very slowly progressive or stable disease. The hallmarks of 
high renal risk and its management are discussed in Chapter 99, 
but it is interesting that the markers of high risk are to a large 
extent independent of the initiating renal condition. They can be 
summarized as

1. more severe existing injury (current glomerular filtration 
rate (GFR))

2. proteinuria

3. blood pressure

4. having a specific renal diagnosis

5. younger age (which may relate to (4)).

Explanations for progressive kidney disease need to bear in mind:
◆ the very close association between proteinuria and outcome, 

regardless of the cause of proteinuria (with the notable exception 
of minimal change disease)

◆ the regenerative capacity of parts of the nephron, versus the ten-
dency of injury to resolve or lead to scarring

◆ the protective effect of blood pressure reduction, and in particu-
lar of angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin receptor blockers (ARBs).

Three major current hypotheses attempt to explain the pro-
gression of CKD. They are not mutually exclusive. In addition, 
differences in healing versus scarring at the time of injury mech-
anisms may be important in determining whether amplifying 
mechanisms become established and whether or how fast they 
progress.

Hyperfiltration (nephron loss) hypothesis
Loss or ‘deficiency’ of nephrons leads to hyperfiltration in the 
remaining ones. By a mechanism that may involve static hydrody-
namic pressure and stretching, damage is done to the structure of 
the glomerulus—perhaps particularly to podocytes. There is evi-
dence for an association between nephron number at birth and 
CKD (see Chapter 138) in addition to the evidence that low GFRs 
are more likely to be associated with progression after renal dam-
age. Proteinuria is presumed to be a sign of ‘glomerular distress’ 
in hyperfiltration. The protective effect of ACEIs is assumed to be 
simply haemodynamic; the reduction in glomerular filtration pres-
sure reduces the stress on the glomerulus. It is interesting then that 
ACEIs can lead to complete remission of proteinuria in a number 
of circumstances (see Chapter 46).

However this explanation copes less well with the observation that 
glomerular diseases are more likely to progress than other types.

Toxicity of proteinuria hypothesis
Proteinuria caused by glomerular lesions leads to exposure of tubu-
lar cells to serum proteins, or substances bound to these proteins, 
and these are toxic to tubular cells, or other cells in the tubuloint-
erstitium. This injury leads to cell death and directly or indirectly 
triggers tubulointerstitial fibrosis (see Chapters 137 and 140). It has 
been repeatedly observed that the extent of tubulointerstitial fibro-
sis is one of the strongest predictors of long-term outcome, even in 
glomerular diseases. There is also a large body of evidence from in 
vitro studies of renal tubular cells in tissue culture. In this hypoth-
esis, the protective effect of ACEIs and ARBs is through reducing 
proteinuria at the glomerulus, and/or by altering the inflammatory/
reparative response in the tubulointerstitium.

Podocyte loss hypothesis
Podocytes are the final common pathway of most proteinuria (see 
Chapters  45, 50). This hypothesis postulates that these cells are 
themselves key to progression of glomerular disease. The degree of 
proteinuria is a marker of the degree of podocyte injury, and severe 
podocyte injury causes podocyte death (see Chapters 45, 60). There 
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is experimental evidence that 20% podocyte loss per glomerulus 
may be recoverable, but after 40% loss progressive renal failure is 
the norm (see Chapter 59). Podocytes are known to have limited 
ability to replace themselves and it is uncertain whether stem cells 
could be making a significant contribution to replacement in a 
disease setting. In this hypothesis, the protective effects of ACEIs 
could be attributable to direct effects on podocytes that leads to 
them adapting or signalling in a way that is ‘podocyte protective’. 
There are receptors for angiotensin (and many other mediators) on 
podocytes and good reason to believe that they may directly nor-
malize podocyte phenotype, including slit diaphragm structure, 
and improve podocyte survival.

An extension of this hypothesis argues that proteinuria may be 
toxic to podocytes, which would help to explain the ‘vicious cycle’ 
of progressive renal disease, and give an additional indirect mecha-
nism for the protective effect of ACEIs.

Healing versus scarring hypothesis
The nature and timing of a renal injury, and genetic factors, and age, 
may determine whether or not a renal injury leads to continuing pro-
gression or stable CKD.

Alternatively, following glomerular damage (for example caused 
by podocyte loss), the scarring we see is merely a secondary conse-
quenc of nephron loss (see Chapter 139).

It is possible that current protective therapies bias these pro-
cesses towards healing rather than scarring, and that there may be 
new ways to amend outcomes by influencing these pathways (see 
Chapter 140).

These mechanisms could be pertinent to both mechanisms of 
tubulointerstitial fibrosis in response to proteinuria, and to the 
ability of a glomerulus to survive with a reduced complement of 
podocytes without progressing to glomerulosclerosis.

 



CHAPTER 137

Proteinuria as a direct 
cause of progression
Jeremy Hughes

Introduction
Normal urine contains a small amount of protein (< 150 mg/day) 
but increased urinary protein excretion accompanies many renal 
diseases (see Chapter 50). There is a close association between 
the level of proteinuria and disease outcome in chronic kidney 
diseases irrespective of the cause of proteinuria and this raises 
the possibility that, in addition to being a marker of renal disease, 
proteinuria may exert independent detrimental effects upon the 
kidney.

This is one of the competing hypotheses to explain the tendency 
of renal diseases, and particular glomerular diseases, to progress 
long after the initial injury (see Chapter 136).

This hypothesis does not attempt to explain the progression of 
chronic kidney disease in all scenarios. Other mechanisms could 
also be involved including glomerular hyperfiltration and nephron 
number, excessive loss of podocytes and resultant glomeruloscle-
rosis, and chronic tissue hypoxia consequent to rarefaction of the 
microvascular capillary network (see Chapter 136). It has also been 
suggested that, as a result of age or other factors, the kidneys of indi-
viduals may differ in their capacity to repair renal damage following 
acute or chronic injury and may thus be at more risk of subsequent 
scarring and loss of renal function. All of these factors might affect 
the extent of injury and the rate of progression of chronic kidney 
disease so that these hypotheses and concepts are not mutually 
exclusive but may play differential roles in different diseases.

In this chapter we will consider the following questions:
◆ What happens to filtered protein under normal circumstances?
◆ What is the prima facie evidence that a high level of protein in 

tubular fluid is actually nephrotoxic?
◆ What is the impact of proteinuria in human disease?
◆ What filtered proteins or protein-associated substances are 

detrimental and what is the mechanism of their nephrotoxic 
effects?

How much protein is filtered  
and what happens to it?
In order to gain access to the glomerular filtrate, protein must 
pass through the glomerular endothelium, glomerular basement 
membrane, and across the podocyte slit diaphragm and damage 
to any of these structures may result in proteinuria (see Chapter 

50). The passage of proteins across these barriers is related to 
molecular size, configuration, and electrical charge. In health it 
is believed that there is very limited filtration of proteins of inter-
mediate molecular weight such as albumin and almost no filtra-
tion of high-molecular-weight proteins such that tubular cells are 
not exposed to high levels of protein in tubular fluid (reviewed in 
(D’Amico and Bazzi, 2003). This area, however, has become more 
controversial in recent years.

Experimental work using two-photon microscopy in 
non-proteinuric live rats tracked and quantified the filtration and 
tubular handling of fluorescently labelled albumin (Russo et  al., 
2007). These experiments indicated that the glomerular sieving 
coefficient for albumin was approximately 50-fold higher than pre-
viously thought from micropuncture studies. Also, the data sug-
gested that the high level of filtered labelled albumin was rapidly 
taken up by proximal tubular cells and passed into peritubular cap-
illaries by a process termed transcytosis involving cytoplasmic vesi-
cles containing albumin. This ‘albumin retrieval pathway’ appeared 
to be the predominant route of albumin absorption by proximal 
tubular cells and involved albumin binding to the apical cell surface 
receptors megalin and cubulin. Albumin binding to proximal tubu-
lar cells may also result in targeting to the lysosomal degradation 
pathway. The study of rats treated with the drug puromycin ami-
nonucleoside that induces the nephrotic syndrome indicated that 
the glomerular filtration of albumin was not different in nephrotic 
rats compared to untreated control rats so that the authors con-
cluded that the resultant albuminuria was secondary to a failure of 
tubular reabsorption of albumin. Further studies by the same group 
extended this work and suggested that impaired tubular reabsorp-
tion of albumin is partly responsible for the albuminuria found in 
rats with early diabetic nephropathy (Russo et al., 2009).

Although these studies using modern imaging tools are provoca-
tive, other studies (Tanner, 2009) have been unable to confirm these 
findings so that further work is undoubtedly required in this area 
(reviewed in Comper et al., 2008; Jarad and Miner, 2009; Nielsen 
and Christensen, 2010). However, the view that albuminuria may 
reflect, at least in part, a failure to reabsorb filtered albumin second-
ary to tubular pathophysiology and disease may need to be taken 
into account in future experimental and clinical studies. In addi-
tion, although this suggests that proximal tubular cells may be more 
actively engaged in filtered protein reabsorption under normal 
conditions than previously thought, it does not change the poten-
tial for elevated tubular levels of proteins not normally filtered (e.g. 
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high-molecular-weight proteins) and accompanying diverse mol-
ecules (e.g. cytokines, growth factors, and lipids) to exert adverse 
effects upon proximal tubular cells during proteinuric disease asso-
ciated with podocyte injury and loss.

Can proteins within tubular fluid 
lead to tubular cell injury and  
fibrosis?
A key question is whether an elevated level of protein in tubular 
fluid is injurious to tubular cells in the absence of any glomeru-
lar pathology or inflammation. Seminal studies used the atypical 
renal anatomy of the amphibian axolotl (Fig. 137.1) to address this 
question. The kidneys of the axolotl have both ‘open’ and ‘closed’ 
nephrons. The ‘open’ nephrons access the peritoneal cavity via cili-
ated funnels termed nephrostomes whilst the ‘closed’ nephrons are 
supplied by glomeruli. This unique architecture allowed the daily 
intraperitoneal injection of fetal calf serum to result in high lev-
els of tubular fluid protein within the open nephrons but not the 
closed nephrons so that the effect of tubular proteinuria in the 
absence of any upstream glomerular pathology could be exam-
ined (Gross et al., 2002). Histological assessment clearly indicated 
proteinaceous droplets within proximal tubular cells that were 
associated with upregulation of the pro-fibrotic cytokine trans-
forming growth factor beta (TGF-β) and the presence of peritubu-
lar interstitial fibrosis with collagen I and fibronectin deposition. 
Similar results were found in studies involving the injection of 
human transferrin, human low-density lipoprotein, and human 
immunoglobulin suggesting that the nature of the protein pre-
sent within the nephron lumen was not a critical factor. This work 
provided prima facie evidence that the presence of an abnormally 
high level of protein within the tubular fluid may be cytotoxic and 
pro-fibrotic.

Such an experiment is not feasible in rodents or humans but 
the tubular damage that may occur in patients with plasma cell 
dyscrasias and high levels of urinary free light chains is of inter-
est. Affected patients may present with the Fanconi syndrome, 
acute kidney injury, or progressive renal disease and this indi-
cates that the presence of a high level of a filtered protein, in this 

case free light chains, within the tubular fluid may be cytotoxic. 
Furthermore, the in vitro treatment of proximal tubular cells 
with free light chains may induce oxidative stress, cell activation 
(Ying et al., 2011), or apoptosis (Ying et al., 2012) (reviewed in 
Sanders, 2012).

What is the impact of proteinuria 
in human disease?
The severity of proteinuria at presentation or during clinical 
follow-up is a robust predictor of outcome in patients with diverse 
glomerular diseases including immunoglobulin (Ig)-A nephropa-
thy, membranous nephropathy, and focal segmental glomeruloscle-
rosis (reviewed in Erkan, 2013; and Chapter 50). In addition, the 
degree of proteinuria predicts outcome in diseases that do not pri-
marily affect the glomerulus as in patients with congenital anoma-
lies of the kidney and urinary tract (Litwin, 2004).

Indirect evidence for a causative role for proteinuria in the pro-
gression of disease comes from interventional studies using anti-  
proteinuric angiotensin-converting enzyme inhibitors (ACEIs) or 
angiotensin receptor blockers (ARBs). For example, patients treated 
with ramipril in the REIN study had a comparable blood pressure 
to patients in the control group but had a reduction in proteinuria 
and a better outcome (GISEN Group, 1997). Also, the Reduction of 
End Points in NIDDM with the Angiotensin II Antagonist Losartan 
(RENAAL) study demonstrated that patients with the greatest 
reduction in proteinuria exhibited more renoprotection at compa-
rable levels of blood pressure control (Brenner et al., 2001). A study 
of 542 patients with IgA nephropathy demonstrated that the level of 
proteinuria during follow-up was the strongest predictor of the rate 
of fall in glomerular filtration rate (GFR) (Reich et al., 2007). In this 
study, the rate of decline in GFR was 90% slower than the mean rate 
if the proteinuria was < 1 g per day.

Other agents that reduce proteinuria do not have a proven record 
in reducing the progression of human renal disease (though are often 
effective in animal models). It remains possible that the consistent 
association of a reduction in proteinuria with improved renal out-
come is an epiphenomenon. In this scenario, the reduction in protein-
uria could represent some other potentially renoprotective biological 
action of ACEIs and ARBs upon key cells such as podocytes, tubu-
lar cells, fibroblasts, etc. However, further evidence in support for a 
pathogenic role of proteinuria in the progression of kidney disease 
is derived from a combination of experimental in vitro and in vivo 
studies.

What filtered proteins or protein-associated 
substances are detrimental and what is 
the mechanism of their nephrotoxic effects?
Selective versus non-selective proteinuria
Although persistent proteinuria is a strong predictor of progres-
sive renal disease, previous work suggested that highly selective 
proteinuria, as in cases of minimal change disease (see Chapters 50 
and 55), is associated with less severe tubulointerstitial disease 
on renal biopsy (Bazzi et al., 2000). It has been proposed that this 
might reflect the detrimental effects of high-molecular-weight pro-
teins such as immunoglobulin and complement factors in patients 
with non-selective proteinuria. However, patients with selective 

Fig. 137.1 The axolotl, Ambystoma mexicanum.
Wikimedia Commons, <http://commons.wikimedia.org/wiki/File:Axolotl_Portrait.jpg>
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proteinuria may also exhibit a different clinical course with a bet-
ter response to treatment with steroids etc. so that the duration of 
disease is more limited. It should also be noted that patients with 
minimal change disease can progress to end-stage renal failure 
(Waldman et al., 2007) and further study of patients with selective 
versus non-selective proteinuria is merited.

Proteomics reveals the complexity of urine protein
Many studies have examined the effect of albumin upon rodent or 
human proximal tubular cell biology as it is found in abundance 
in proteinuric diseases but other proteins such as immunoglobu-
lin, transferrin, and serum fractions have also been studied. Recent 
developments in proteomic methodologies indicate the tremen-
dous range of proteins and peptides present in both normal urine 
and the urine of proteinuric patients (reviewed in Bonomini et al., 
2012; see Chapter 50) such that tubular cells will be undoubtedly 
be exposed to many more molecules than can be tested in vitro 
in cell culture studies. Some of these proteins/peptides may be a 
consequence of renal injury, represent a biomarker of disease 
activity, or be actively involved in disease pathogenesis such as 
pro-inflammatory cytokines or growth factors.

A real example of this is believed to be the activation of ENaC 
by filtered proteases in nephrotic syndrome, leading to the avid 
sodium retention that characterizes the syndrome (described in 
Chapter 53).

Exogenous proteins may activate tubular cells
A significant body of in vitro work accumulated over a number 
of years indicates that exogenous protein interacts with the recep-
tors megalin and cubulin on the apical cell surface of proximal 
tubular cells (reviewed in Birn and Christensen, 2006; Baines 
and Brunskill, 2008). Although cell surface-bound protein may 
be endocytosed and degraded, this is not necessarily required for 
the well-described activation of tubular cells by protein (reviewed 
in Zoja et al., 2003; Zandi-Nejad et al., 2004; Abbate et al., 2006). 
Exposure to proteins may result in activation of key transcription 
factors such as nuclear factor kappa B (NF-κB) and members of 
the signal transducers and activation of transcription (STAT) fam-
ily. In addition, it has been shown that factors associated with or 
bound to proteins such as free fatty acids and other lipids may 
also be biologically active and exert activatory effects upon tubu-
lar cells. Tubular cell activation may result in the production of 
many bioactive mediators such as endothelin-1 or the pro-fibrotic 
cytokine TGF-β.

Activated tubular cells link proteinuria to interstitial 
inflammation
Although in vitro experiments do not reflect the complexity of the 
intrarenal microenvironment, an interesting finding was that the 
exposure of the apical or luminal cell surface to protein resulted in 
the secretion of mononuclear cell chemokines such as chemokine 
(C-C motif) ligand 2 (CCL2—previously known as monocyte che-
moattractant protein-1) and CCL5 from the basolateral aspect of 
the cell (Fig. 137.2). These studies indicate that proximal tubular 
cells may first act as a sensor to detect proteins that either should 
not be present at all in the tubular fluid or are present at abnor-
mally high levels. Second, the resultant cell activation may then 
amplify and focus the pro-inflammatory stimulus towards the 

interstitium via basolateral chemokine-mediated recruitment of 
pro-inflammatory mononuclear cells such as monocytes and T 
cells. Following exposure to protein, tubular cells may also express 
adhesion molecules such as osteopontin (also a monocyte/mac-
rophage chemoattractant) and intercellular adhesion molecule 
1 (ICAM-1) that promotes the retention of recruited cells to the 
tubulointerstitium.

Proteinuria may induce tubular cell death
In addition to being activated by exposure to proteins, tubular cells 
may also be injured and undergo apoptosis by the induction of oxi-
dative stress (Matsui et al., 2010). Recent studies indicate that various 
physiological or pathological stresses can lead to the accumulation 
of abnormal misfolded proteins in the endoplasmic reticulum (ER). 
This ER stress induces the unfolded protein response (UPR) that 
upregulates the capacity of the ER to process these abnormal pro-
teins. Although the UPR may be protective, prolonged or severe ER 
stress may lead to cell death by apoptosis. Albumin treatment of rat 
proximal tubular cells resulted in ER stress-induced apoptosis in 
vitro with cellular markers of ER stress being clearly demonstrated 
in vivo in the renal tubules of proteinuric rats (Ohse et al., 2006). 
ER stress is becoming increasingly recognized as playing an impor-
tant role in renal disease including diabetic nephropathy in humans 
(reviewed in Cybulsky, 2010).

Complement activation and synthesis
The complement pathway is involved in many diseases affecting 
native or transplanted kidneys. Activation of complement in pro-
teinuric urine has been shown to mediate tubular injury in sev-
eral experimental proteinuric models including passive Heymann 
nephritis (a model of membranous nephropathy) and nephro-
toxic glomerulonephritis with complement depletion or genetic 
deficiency of complement factor 6 being markedly renoprotective 
(reviewed in Hsu and Couser, 2003). In addition to the presence 
of filtered complement components in the urine, proteinuria may 
stimulate the active synthesis of pro-inflammatory complement 
factors by tubular cells (Abbate et al., 2006).

Tissue biopsy studies support a role for proteinuria 
in tubulointerstitial disease
Cell culture studies indicate that proteins may activate tubular 
cells and induce the production of chemokines and mediators 
capable of promoting mononuclear cell recruitment and reten-
tion as well as interstitial fibrosis. Additional supportive data has 
been demonstrated in experimental models of chronic proteinuria 
including the protein overload model, puromycin nephrosis, pas-
sive Heymann nephritis, and Adriamycin® nephropathy. Pertinent 
experimental findings including increased NF-κB activity of 
tubular epithelial cells that increases further with the duration 
of proteinuria (reviewed in Abbate et al., 2006). Also, the tubular 
expression of CCL2 and osteopontin precedes the accumulation 
of a mononuclear cell infiltrate comprising T cells and monocytes/
macrophages. These findings have been shown to have human rel-
evance with increased activation of proximal tubular cell NF-κB 
as well as increased expression of CCL2, CCL5, osteopontin, and 
TGF-β evident in renal biopsies from patients with progressive 
membranous nephropathy (Mezzano et al., 2001). Interestingly, in 
this study, although there was evidence of robust proximal tubular 
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cell NF-κB activation in renal biopsies from patients with minimal 
change disease this was not accompanied by expression of CCL2, 
CCL5, osteopontin, or TGF-β (Fig. 137.2). Lastly, a strong asso-
ciation between proteinuria, urinary CCL2 levels, interstitial mac-
rophage infiltration, and tissue injury on renal biopsy was evident 
in a cohort of 215 patients with chronic kidney disease of diverse 
aetiology (Eardley et al., 2006).

Conclusion
In summary, proteinuric urine contains myriad proteins and 
peptides as well as other molecules that are capable of exerting 
important biological effects upon tubular cells and many studies 
have demonstrated the activatory or cytotoxic effect of proteinu-
ria upon proximal tubular cells in vitro and in vivo. The recruit-
ment of pro-inflammatory mononuclear cells by activated proximal 
tubular cells leads to tubulointerstitial inflammation that can result 
in the activation of pericytes to adopt a myofibroblast phenotype 
and promote fibrotic scarring. Thus, the totality of the accumulated 
experimental and clinical data strongly indicates that although 
proteinuria is undoubtedly the result of glomerular disease it also 
represents a potentially important cause of progression in patients 
with chronic kidney disease associated with proteinuria.
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CHAPTER 138

Nephron numbers and 
hyperfiltration as drivers 
of progression
Valerie A. Luyckx

Introduction: the nephron number 
hypothesis
The core hypothesis underlying this explanation for progressive 
renal disease (see Chapter 136) is that there is a threshold num-
ber of nephrons, below which survival of surviving nephrons is 
threatened by ‘hyperfiltration’, or some corollary of that. The term 
‘programming’ is used to define the process whereby long-term 
structural and functional changes occur as a consequence of envi-
ronmental conditions experienced during critical growth periods 
(McMillen et al., 2005). In 1988, Brenner et al. suggested that an 
individual’s nephron number, developmentally programmed in 
utero, may be a significant risk factor for hypertension and renal 
disease, and may explain the variable susceptibility to these diseases 
in individuals with similar exposures, for example, diabetes mel-
litus or sodium excess (Brenner et al., 1988).

This hypothesis extrapolated from the known relationship 
between surviving nephron mass and risk of renal disease pro-
gression in individuals with acquired nephron loss later in life, 
based on the concept of adaptive hyperfiltration in the remaining 
nephrons:  a kidney with fewer nephrons would have a reduced 
sodium excretory capacity, thereby augmenting blood pressure, 
and have a reduced renal reserve to sustain hyperfiltration and 
adapt after renal injury (Fig. 138.1) (Brenner et al., 1988, 1996).

It was suggested that low birth weight (LBW) may be a surrogate 
marker for a reduced nephron number at birth (Brenner et al., 1988). 
Since then, diverse animal models of developmental programming 
have demonstrated an association of LBW with low nephron num-
ber and subsequent risk of hypertension and renal dysfunction 
(Luyckx and Brenner, 2010). Not all LBW animals have low nephron 
number, however, and not all animals with low nephron number 
develop hypertension, therefore nephron number alone, although 
important, does not capture all risk (Luyckx and Brenner, 2010).

In support of the nephron number hypothesis, humans born with 
severely reduced nephron number, for example, with unilateral renal 
agenesis, bilateral renal hypoplasia, or oligomeganephronia, develop 
proteinuria, glomerulosclerosis, and progressive renal failure over 
time (Schreuder et al., 2008). In contrast, uninephrectomy later in life 
for kidney donation is generally accepted to be safe, although hyper-
tension, proteinuria, and occasional renal failure have been reported 
in some donors (Ibrahim et  al., 2009). These observations raise 
the question whether renal adaptation to a nephron deficit may be 

different if nephron loss occurs during development or after comple-
tion of nephrogenesis (Luyckx and Brenner, 2010). Animal data sug-
gests that glomerular maturation may be delayed when nephron loss 
occurs during development, which may have long-term implications 
increasing the risk of hypertension and renal disease (Nyengaard, 
1993). Importantly, cardiovascular disease and diabetes are also 
developmentally programmed, which likely compound the risk of 
renal disease in LBW individuals (McMillen et al., 2005).

Nephron number in humans
Counting of nephrons in human kidneys can only be done 
post-mortem, and is a tedious and highly specialized process (Bertram 
et al., 2011). Thus far nephrons have been counted in < 1000 individuals 
worldwide, therefore data is limited. Bertram et al. have performed the 
most comprehensive studies in humans and have found that nephron 
numbers vary widely from 210,332 to 2,702,079 per kidney (Bertram 
et al., 2011). Nephron numbers do decline with age, however among 15 
infants under 3 months of age, nephron number varied from 246,181 
to 1,106,062, suggesting that developmental programming during 
early life is the major determinant of nephron number (Bertram et al., 
2011). The up to 13-fold inter-individual variation in nephron number 
in these studies may reflect true differences between subjects, but given 
the magnitude, may also reflect confounding by the small sample sizes.

Renal development in humans begins during the 9th week and 
ends in the 36th week of gestation, therefore intrauterine condi-
tions as well as gestational age determine nephron number at birth 
(Hinchliffe et  al., 1993; Rodriguez et  al., 2004). Nephrogenesis 
in humans is thought to cease at birth, however in a cohort of 
extremely premature infants, evidence of ongoing glomerulogen-
esis was observed until day 40 postnatally, although nephron num-
bers remained lower than in normal birth weight (NBW) full-term 
infants (Rodriguez et al., 2004). In contrast, other authors did not 
find any increase in nephrogenesis between kidneys from prema-
ture or full-term infants who died at birth or 1 year of age, stating 
that ‘renal arrest’ occurs after birth (Hinchliffe et al., 1993).

Determinants of nephron number 
in humans
An individual’s nephron number is the result of complex life-long 
interactions between genetics, early development, and environment.
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Prenatal determinants of nephron number
Genetics
Major congenital and genetic abnormalities of kidney develop-
ment contribute to approximately 40–60% of childhood end-stage 
renal disease (ESRD) (Kemper et al., 2001; Schreuder et al., 2008). 
Full or partial deletion of > 25 genes involved in nephrogenesis are 
associated with reduced nephron number and renal hypoplasia in 
mice (Moritz et al., 2008). Developmental abnormalities associated 
with more subtle genetic polymorphisms, however, may not pre-
sent with childhood renal failure, but may impact nephron num-
ber and risk of future renal disease. Common polymorphisms of 
either PAX2 or RET, genes participating in ureteric bud branching, 
were associated with a 10% reduction in renal volume in Caucasian 
infants (Quinlan et al., 2007; Zhang et al., 2008). When inherited 
together, these alleles were associated with a 23% reduction in 
kidney volume (Zhang et  al., 2009). Newborn kidney volume is 
proportional to nephron number, therefore these polymorphisms 
are likely associated with reduced nephron number (Zhang et al., 
2008). Conversely, newborn kidney size was increased by 22% 
if a common variant of the ALHD1A2 gene, involved in retinoic 
acid metabolism, was present (El Kares et  al., 2010). Such poly-
morphisms may therefore contribute to the observed variability in 
nephron number in the general population.

Intrauterine environment and gestational age
In humans, nephron number correlates linearly with birth weight, 
with an increase of around 260,000 nephrons per kilogram of 
birth weight (Bertram et  al., 2011). Nephron numbers have not 
been counted in adults of known LBW, but were lower in LBW 

or premature infants compared to NBW full-term infants, dem-
onstrating the impact of an adverse intrauterine environment 
on nephrogenesis (Manalich et al., 2000; Rodriguez et al., 2004). 
In animal models, LBW and/or low nephron number have been 
associated with a variety of prenatal insults that are prevalent in 
humans, which point to potential conditions amenable to interven-
tion that could optimize nephron number in the offspring (Box 
138.1) (Luyckx and Brenner, 2010).

Postnatal determinants of nephron number
Nutrition and catch-up growth
Protein energy malnutrition early in the postnatal period is associ-
ated with a reduced glomerular filtration rate (GFR) at age 7 years 
in premature infants (Bacchetta et  al., 2009). Conversely, rapid 
growth within the first weeks to 2 years of life, especially after being 
born LBW, has been associated with increased risk of cardiovascu-
lar disease in adulthood (Luyckx et al., 2009). The pathophysiology 
underlying the latter observation has not been fully elucidated, but 
may be associated with accelerated renal and cardiovascular senes-
cence resulting from rapid catch-up growth (Hales and Ozanne, 
2003; Luyckx et al., 2009).

Nephron loss
Nephron number declines as a consequence of normal ageing, 
renal disease, and ongoing hyperfiltration (Brenner et  al., 1996; 
Hoy et al., 2008; Bertram et al., 2011). Individuals born with fewer 
nephrons may therefore reach a critical low nephron number ear-
lier than those born with higher nephron numbers and manifest 
with premature hypertension and renal disease.

Low nephron number
Clinical correlates:

LBW, prematurity, short stature,
female, gestational diabetes

exposure, ethnicity, small kidneys  

Altered renal sodium
handling 

Large glomeruli

Maternal factors
low birth weight, hypertension, 
pre-eclampsia

Gestational factors
• Maternal diet deficient in protein, 
  calories, vitamin A, iron
• Exposures: b-lactams,  gentamycin, 
   alcohol, steroids, ciclosporin A, 
   non-steroidal anti-inflammatory 
   drugs

Genetic polymorphisms : 
PAX2, RET

Hyperfiltration

↓ Renal functional reserve
↓ GFR

CKD and ESRD

Salt sensitivity

Hypertension

Glomerulosclerosis

Proteinuria

Fig. 138.1 Mechanisms and implications of developmental programming in the kidney.
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Clinical correlates of nephron number
Nephron number cannot be determined in vivo, therefore clini-
cal surrogates are required to identify individuals at risk of low 
nephron number (Hoy et al., 2008; Luyckx and Brenner, 2010).

Anthropomorphic correlates
◆ LBW is the strongest clinical marker for low nephron number 

(Hoy et al., 2008; Luyckx and Brenner, 2010; Bertram et al., 2011). 
LBW is defined by the World Health Organization as a birth 
weight < 2.5 kg, and > 30 million LBW babies are born annually 
worldwide (<http://www.who.int>). LBW may occur with intrau-
terine growth restriction (IUGR), resulting in an infant who is 
small for gestational age (SGA), or from the premature birth of 
an infant at an appropriate weight for gestational age (AGA). Very 
low birth weight (VLBW) is defined as a birth weight < 1.5 kg, 
high birth weight (HBW) is defined as a birth weight > 4.5 kg.

◆ Prematurity is associated with reduced glomerulogenesis 
(Rodriguez et al., 2004).

◆ Nephron number increases by 28,000 glomeruli per centimetre 
increase in height in adult males (Hoy et al., 2008). LBW is asso-
ciated with short stature.

◆ Nephron numbers vary by ethnicity. Aboriginal Australians have 
the lowest nephron numbers among the populations studied thus 
far (Hoy et al., 2008). LBW is highly prevalent in this population. 
Relative increase in nephron number per kilogram birth weight 
is higher among Caucasian compared with African American 
subjects (Bertram et al., 2011).

◆ Nephron number declines by 3676 nephrons per kidney per year 
after age 18 (Hoy et al., 2008).

◆ Females have 12% fewer nephrons than males (Hoy et al., 2008).

Kidney size

◆ Nephron number increases with increasing kidney mass in both 
neonates and adults, but is only measurable post-mortem or 
in the setting of kidney donation (Schmidt et al., 2004; Zhang 
et al., 2008).

◆ Renal volume can be calculated radiologically and is propor-
tional to renal mass. Renal volume has been used as a surrogate 
for nephron endowment, and was found to be lower in SGA 
compared to AGA infants as well as Australian Aboriginal com-
pared to Caucasian children (Spencer et al., 2001; Schmidt et al., 
2004), although the relationship was weakened by correction for 
body size (Rakow et al., 2008). The confounding effect of renal 
hypertrophy or nephron loss on kidney volume in the setting of 
low nephron number cannot be controlled for in these studies.

Glomerular volume

◆ In all studies to date, glomerular volume has been found to 
increase as nephron number and birth weight decrease, although 
filtration surface area has been calculated to remain relatively 
constant irrespective of nephron number (Hoy et  al., 2008; 
Bertram et al., 2011). This finding suggests that glomerular hyper-
trophy and hyperfiltration likely occur in compensation for low 
nephron number, which may maintain renal function initially, 
but as occurs in the setting of nephron loss, may not be sustaina-
ble over time and contribute to renal functional decline (Brenner 
et al., 2005). Consistent with this, increased glomerular size is a 
predictor of poorer outcomes among African American kidney 
donors, Aboriginal Australians, and Pima Indians (Luyckx and 
Brenner, 2010).

◆ Glomerular size correlates with body size, but in the absence of 
other possible causes should raise suspicion low nephron num-
ber (Hoy et al., 2008).

Birth weight and developmental 
programming of blood pressure  
and renal disease
Birth weight and blood pressure
The relationship between LBW and higher blood pressure has 
now been consistently demonstrated in diverse populations 
worldwide (Law and Shiell, 1996). The association tends to be 
less strong among adolescents, likely confounded by timing of 
growth spurts, and in some studies is absent in children of African 
American origin, though preserved in other children of African 
origin (Longo-Mbenza et  al., 1999; Hemachandra et  al., 2006). 
Importantly, in addition to LBW, superimposed rapid catch-up 
growth exacerbates the risk of higher blood pressures, demonstrat-
ing the long-term impact of early life nutrition (Huxley et al., 2000; 
Ben-Shlomo et al., 2008). Early blood pressure differences between 
subjects of LBW and NBW become greater with age, resulting in 
higher prevalence of overt hypertension in LBW subjects (Law 
et  al., 1993). Prematurity has also been associated with higher 
blood pressures in young adults, however LBW for gestational age 
was a stronger predictor of later life blood pressure than LBW of 
prematurity (Keijzer-Veen et al., 2005; Schmidt et al., 2005).

Box 138.1 Factors associated with reduced nephron numbers 
in experimental models (Luyckx and Brenner, 2010)

 ◆ Maternal dietary deficiency:

•	 low-protein diet

•	 50%	calorie	restriction

•	 vitamin	A deficiency

•	 iron	deficiency

 ◆ Uterine ischaemia:

•	 uterine	artery	ligation	or	embolization

 ◆ Increased glucocorticoid exposure:

•	 exogenous	glucocorticoids

•	 indirect	via	maternal	low	protein diet

 ◆ Maternal hyperglycaemia

 ◆ Gestational exposures:

•	 gentamicin

•	 beta-lactam	antibiotics

•	 ciclosporin

•	 alcohol.
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Birth weight and salt sensitivity
The premise underlying the low nephron number hypothesis is that 
a reduction in filtration surface area would limit sodium excretion. 
Consistent with this hypothesis, salt sensitivity has been demon-
strated in some, but not all, animal models of low nephron num-
ber (Gilbert et al., 2008; Luyckx and Mueller, 2012). Age appears to 
be an important modulator of salt sensitivity in developmentally 
programmed animals, possibly reflecting the impact of additional 
nephron loss with age, or loss of adaptive mechanisms over time 
(Gilbert, 2008; Salazar et al., 2008). In humans thus far, two small 
studies in children and adults have confirmed an inverse associa-
tion between salt sensitivity and birth weight, independent of GFR, 
suggesting a programmed alteration in sodium handling per se (de 
Boer et al., 2008; Simonetti et al., 2008).

Recent data from animal models suggests other programmed 
changes in addition to a reduction in filtration surface area likely 
contribute to the higher blood pressure in LBW subjects, as shown 
in Box 138.2 and reviewed in detail elsewhere (Nuyt and Alexander, 
2009; Luyckx and Brenner, 2010).

Birth weight and renal function
GFR, extrapolated from Amikacin clearance in newborns, was 
significantly lower in infants born either premature or with IUGR 
compared to NBW controls (Schreuder et al., 2009). In older chil-
dren, serum creatinines were found to be higher, and clearances of 
cystatin C lower in those who had been of LBW (Rodriguez-Soriano 
et  al., 2005; Franco et  al., 2008). Similarly, in young adults who 
had been very premature, GFRs were lower and serum creatinine 
and albuminuria were higher in those with lower birth weights 
(Keijzer-Veen et al., 2005). Taken together, these results support 
the hypothesis that renal function may be subtly impaired in young 
subjects of LBW. Interestingly, GFRs measured by iothalamate 
clearance at age 7.6 years were found to be lower in VLBW children 
born with IUGR or who experienced poor early postnatal growth 
compared to those who were AGA with normal growth (Bacchetta 
et al., 2009). This study emphasizes the independent impact of poor 
postnatal nutrition and extrauterine growth restriction on renal 
development in premature infants, and demonstrates a poten-
tial window where nephrogenesis may be positively impacted 
postnatally.

A possible confounder in studies of LBW and blood pressure 
or renal function is genetic background. To examine the relative 

contributions of environment and genetic background to renal pro-
gramming, GFR was measured at age 25 years in 265 twin pairs 
(Gielen et al., 2005). GFR was significantly lower in LBW compared 
to NBW twins, and within both dizygotic and monozygotic pairs, 
GFR was significantly lower in the twin of lower birth weight, dem-
onstrating an independent role for environmental and fetoplacental 
factors in renal programming.

Birth weight and renal functional reserve
GFR was measured before and after dopamine infusion or an 
amino acid load, to assess renal functional reserve, in 20-year-old 
subjects who had been premature, either SGA or AGA, or full term 
and NBW (Keijzer-Veen et al., 2007). The relative increase in GFR 
tended to be lower in SGA compared to AGA and control subjects, 
suggesting a reduced renal reserve in kidneys of LBW and prema-
ture individuals, possibly as a result of reduced nephron number.

Birth weight and proteinuria
In an Australian aboriginal population, the odds ratio for mac-
roalbuminuria was 2.8 (1.26–6.31) in subjects of LBW compared 
to those of NBW (Hoy et al., 1999). Since then, many other stud-
ies have supported an inverse relationship between urine protein 
excretion and birth weight (Painter et al., 2005; White et al., 2009). 
A U-shaped relationship was described among Pima Indians with 
type 2 diabetes, with birth weights < 2.5 kg or > 4.5 kg being associ-
ated with higher albuminuria (Nelson et al., 1998). In this cohort, 
exposure to maternal diabetes in utero was the strongest predictor 
of proteinuria in those of HBW. In a rat model, maternal diabetes 
was associated with reduced nephron numbers in the offspring, 
suggesting a possible relationship, which remains to be proven in 
humans, between gestational diabetes exposure and low nephron 
number (Amri et al., 1999).

Birth weight, chronic kidney disease, and end-stage  
renal disease
Low and high birth weight and short stature have been associ-
ated with increased prevalence of diabetic nephropathy in several 
cohorts (Rossing et al., 1995; Nelson et al., 1998). Other studies have 
shown a greater risk of progression of various primary renal dis-
eases, for example, immunoglobulin A nephropathy and nephrotic 
syndromes in subjects who had been of LBW (Duncan et al., 1994; 
Zidar et al., 1998; Teeninga et al., 2008). A recent meta-analysis of 
18 studies found an overall odds ratio of 1.73 (1.44–2.08) for risk 
of chronic kidney disease (CKD) with LBW (White et al., 2009). 
This study and others have also reported an increased odds ratio of 
ESRD in LBW subjects ranging from 1.4 to 1.7 (1.1–1.9) (Lackland 
et al., 2000; Vikse et al., 2008; White et al., 2009). Interestingly, some 
large cohorts have shown a U-shaped relationship between birth 
weight and risk of CKD, underscoring the importance of extremes 
of birth weight in renal risk (Nelson et al., 1998; Lackland et al., 
2000; Li et al., 2008). Some studies have reported diverse associa-
tions of birth weight and renal disease in males and females; how-
ever, these findings require more investigation (Li et al., 2008; Vikse 
et al., 2008).

Nephron number and disease
Nephron number and blood pressure
Nephron number was found to be significantly lower in a cohort 
of adult Caucasians with essential hypertension compared to a 

Box 138.2 Programmed factors contributing to increased blood 
pressure (Luyckx and Brenner, 2010)

 ◆ Low nephron number

 ◆ Salt sensitivity

 ◆ Increased expression/activity of renal sodium transporters

 ◆ Increased activity of renal renin–angiotensin system

 ◆ Altered renal and peripheral vascular reactivity

 ◆ Sympathetic nervous system hyperactivity

 ◆ Rapid catch-up growth

 ◆ Accelerated vascular senescence.
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matched cohort without hypertension (Keller et al., 2003). Similarly, 
among Caucasian and Australian Aboriginal subjects, higher blood 
pressures were associated with lower nephron numbers, and con-
versely, higher nephron number appeared to protect against hyper-
tension (Hoy et al., 2008). The relationship between blood pressure 
and nephron number is not as clear among African Americans, 
although glomerular size increases with increasing blood pressure 
(Hoy et al., 2008; Bertram et al., 2011).

Nephron number and renal pathology
In 140 human samples, nephron number was found to be inversely 
proportional to the percentage of glomeruli with obsolescent glo-
merulosclerosis and intimal thickening of interlobular arteries 
(Bertram et al., 2011). Secondary focal and segmental glomerulo-
sclerosis, associated with large glomeruli, was described in a small 
cohort of subjects who had been born prematurely and presented 
with clinical renal disease in later life (Hodgin et al., 2009). These 
authors hypothesized that low nephron number was a likely con-
tributor to the renal dysfunction in these subjects.

Kidney size and transplant outcomes
Several studies have examined the impact of donor kidney size 
relative to recipient size, as a predictor of long-term transplant out-
comes. Although not always consistent, in general, smaller kidneys 
transplanted into larger recipients tend to have poorer outcomes, 
suggesting a deficiency of nephron ‘dose’, relative to recipient meta-
bolic requirements, is a risk factor for functional decline over time 
(Luyckx and Brenner, 2010; Luyckx and Mueller, 2012).

Clinical implications and conclusions
The evidence that low nephron numbers are associated with adverse 
renal (among other) outcomes is strong. The mechanism behind its 
association with renal outcomes is the subject of some conjecture 
(see Chapter 136). The strand of evidence from low nephron num-
bers at birth helps to separate the question of nephron numbers 
from that of glomerular injury. Does it lead to podocyte stretch, 
injury and death (see Chapter 139)? Or is it a more direct conse-
quence of barotrauma, as a result of hyperfiltration? What is the 
nature of the link to proteinuria, which may itself be nephrotoxic 
(see Chapter 137)?

At present we do not have methods to augment nephron number 
in humans, although several approaches are being explored experi-
mentally (Luyckx and Mueller, 2012). The best proactive strategies 
to optimize nephron number in humans include adequate prenatal 
care and maternal nutrition, and careful management of premature 
infants, avoiding use of nephrotoxins and ensuring good postnatal 
nutrition.

With our current knowledge of clinical correlates of low nephron 
number, of which LBW is the most robust, we can identify indi-
viduals at risk for low nephron number. Many individuals are born 
with LBW around the globe. It is now clear that such individuals are 
at increased risk for later life hypertension, diabetes, cardiovascular 
and renal disease, which may be augmented by rapid weight gain or 
additional renal injury.

Avoidance of rapid catch-up growth and obesity in LBW infants, 
and education about nutrition and lifestyle choices in individuals 
at risk for low nephron number are clinically feasible strategies that 
will attenuate the progression of hypertension and programmed 

renal dysfunction over time, and may eventually impact the global 
epidemic of these non-communicable diseases.
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CHAPTER 139

Podocyte loss as a common 
pathway to chronic 
kidney disease
Wilhelm Kriz

Introduction
Podocyte loss is one of the potential unifying mechanisms to 
explain the progressive nature of many renal diseases, particularly 
glomerular diseases, independently of the initiating injury (see 
Chapter 136).

The majority of kidney diseases that progress to chronic renal 
failure start in the glomerulus. This raises the question of why glo-
merular diseases are particularly prone to end up in chronic renal 
failure, independent of whether the initiating disease is still flour-
ishing or not. The major challenge to glomeruli is the high intra-
glomerular pressure. Glomerular capillaries are constantly exposed 
to hydrostatic pressure gradients of 30–35  mmHg; elsewhere in 
the body only smooth muscle-armed arterioles tolerate such high 
pressure gradients. In addition, glomeruli are sensitive to immune 
attacks resulting in inflammatory diseases and, though it is not 
fully understood why, to the metabolic challenges associated with 
diabetes mellitus. On the other hand, and in contrast to tubules, 
glomerular cells tolerate ischaemic episodes well.

Compared to renal tubules, glomeruli have a very limited 
capacity for regeneration. Glomerular diseases are prone to enter 
self-sustained progression. This notable deficiency depends on one 
cell type of the glomerulus, namely, the podocyte (Pavenstadt et al., 
2003). Podocytes are a kind of post-mitotic cells. It appears that 
lost podocytes cannot be replaced by proliferation of neighbouring 
undamaged cells. We are born with a certain number of podocytes, 
roughly 800 per glomerulus for 2 million nephrons, an estimated 
1,600,000 in total. We constantly lose podocytes; however, without 
serious kidney disease we maintain a sufficient number until reach-
ing an advanced age. Glomerular diseases accelerate the usual loss 
of podocytes, and to make matters worse, it is not the total num-
ber of podocytes that matters, it is the number in each individual 
glomerulus. If in a certain glomerulus the number of podocytes 
falls below a certain level (roughly < 60%; (Lemley et al., 2002)) the 
glomerulus will not survive and the glomerulus together with the 
entire nephron will be lost.

There is a stereotyped sequence of events that leads from podo-
cyte insufficiency (a term first coined by Fries and colleagues (Fries 
et al., 1988)) and podocyte loss to the loss of the entire nephron 
(Kriz and Le Hir, 2005). This sequence is largely independent of the 
kind of disease present. Many glomerular diseases (e.g. immune dis-
eases and diabetic glomerulopathy) start within the endocapillary 

compartment with the involvement of endothelial and mesangial 
cells. As long as the disease process remains confined within the 
endocapillary compartment, the damage will undergo recovery, 
or will be repaired by scarring. Progression of glomerular diseases 
always begins with this involvement, with damage of the podocyte. 
Clinically, damage to the podocyte is indicated by proteinuria, more 
precisely by albuminuria, which represents an alarming symptom 
of a glomerular disease.

The fine structure of the glomerulus is detailed in Chapter 43. 
The sequence of events from a glomerular disease to renal fibrosis 
may be subdivided into several steps:

Step 1: loss of podocytes from the tuft
Progression of glomerular diseases always starts with the failure and 
loss of podocytes. As already mentioned, we steadily lose podocytes 
during our lifetimes, the rate being tremendously increased during 
episodes of glomerular disease. It is widely believed that the way 
of losing podocytes is by apoptosis (Böttinger, 2007). There is little 
structural evidence for such a mechanism, however; instead there is 
abundant evidence that podocytes are lost as viable cells by detach-
ment (Fig. 139.1).

Podocytes occupy a unique position on the outside of glomerular 
capillaries:  they are fixed to the glomerular basement membrane 
(GBM) only by their processes, their cell bodies float within the 
filtrate in Bowman’s space. This position is permanently challenged 
by the hydrostatic pressure gradient across the filtration barrier 
(Kriz and Endlich, 2005)  and the shear stress (Friedrich et  al., 
2006)  imposed on them by the flow of the filtrate in Bowman’s 
space. These challenges will greatly increase under pathologi-
cal conditions associated with hypertension and hyperfiltration. 
Under inflammatory conditions, the podocyte–GBM connections 
are challenged by complement factors and other inflammatory 
mediators. Thus, under disease conditions, podocytes are perma-
nently in danger of detaching from the GBM and being excreted 
with the urine.

Hara, Nakamura, and colleagues (Hara et  al., 1995, 1998; 
Nakamura et al., 2000a, 2000b, 2000c) were the first to find podo-
cytes in urinary sediments of patients with a variety of kidney 
diseases, in quantities correlating with the severity of the disease. 
Vogelmann and colleagues (Vogelmann et al., 2003) showed that 
the majority of urinary podocytes are still viable, thus podocytes 
detach not due to undergoing necrosis or apoptosis. These authors 
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also found urinary podocytes in healthy individuals, even if in 
small amounts. Since then, several groups (Petermann et al., 2004; 
Yu et al., 2005; Aita et al., 2009; Weil et al., 2011) have presented 
strong evidence that shedding of podocytes is a regular mechanism 
in experimental and human glomerular diseases and represents the 
usual way of how we lose podocytes.

Podocytes have developed strategies against the danger of detach-
ing from the GBM (Kriz et al., 2013). The mechanism of foot process 
effacement (FPE) may be interpreted as a process to reinforce podo-
cyte adherence to the GBM in injurious situation, by retracting the 
foot processes to broader contact areas (Fig. 139.1), that is accom-
panied by a switch to obviously more resistant integrin connections 
(from α3/β1 to αv/β3) (Schordan et  al., 2010; Greka and Mundel, 
2012). These changes are associated with a partial loss of the barrier 
function for macromolecules, thus with protein leakage. FPE is gener-
ally thought to cause protein leakage. It entails disassembly of the slit 
diaphragm and is associated with protein leakage, but probably greatly 
decreases protein leakage compared to a situation with progressing 
detachments. In acute inflammatory conditions, FPE may prevent the 
‘supergau’ (meltdown) of widespread detachments of podocytes.

FPE is not always successful, it may be futile. Detachment despite 
FPE indicates that the podocyte finally lost the struggle against 
detachment. If a majority of podocytes win, there is a chance for 
recovery—but only a chance. Even if a great majority in a cer-
tain glomerulus win, this does not guarantee the survival of the 
nephron. Even a single podocyte in its struggle against detachment 
may produce a fatal situation that initiates a development leading 

to the final loss of the nephron. A single podocyte may adhere to 
Bowman’s capsule and thereby become the nidus of a tuft adhesion 
to Bowman’s capsule.

Step 2: formation of a tuft adhesion to Bowman’s 
capsule
At sites of severe podocyte damage and podocyte loss, cell bridges 
between the tuft and Bowman’s capsule are established either by 
(1) parietal cells adhering to bare sites of GBM or by (2) adher-
ing of podocytes to the parietal basement membrane (PBM; Fig. 
139.2) (Kriz and Le Hir, 2005). The first mechanism is typical for 
degenerative diseases, for example, in experimental acute glomeru-
lar hypertension like in the deoxycorticosterone acetate–salt model 
(Kretzler et al., 1994).

The second mechanism, that is, podocytes adhering to Bowman’s 
capsule, occurs much more frequently and has been found in a 
great variety of experimental glomerular diseases. This behaviour 
of podocytes is ubiquitously seen in inflammatory glomerular dis-
eases (Le Hir et al., 2001) but is also widely found in degenerative 
diseases (author’s observations (Nagata and Kriz, 1992; Kriz et al., 
1995)). Podocytes in danger of detachment from the GBM seem 
to seek adhesion at other sites, by fixing to adjacent podocytes and 
parietal epithelial cells by formation of intercellular junctions and 
may finally penetrate through the parietal epithelium and adhere to 
the PBM (Le Hir et al., 2001). Here they seem to spread by pushing 
apart the parietal epithelial cells. Finally, a cell bridge between the 
tuft and the PBM becomes established.

Such individual cell bridges are the starting point for the forma-
tion of a firm tuft adhesion to Bowman’s capsule, finally consist-
ing of several bridging cells—podocytes and parietal cells—and 
interposed matrix, which generally is of parietal origin (Smeets 
et al., 2009).

No evidence has so far been presented that an adhesion can 
resolve. Therefore, a tuft adhesion may be regarded as the first com-
mitted lesion leading to progression (van Damme et al., 1990; Kriz 
et al., 1998).

Step 3: growing of an adhesion into a crescent
An adhesion generally initiates proliferative processes within 
Bowman’s capsule that may spread from the site of adherence in any 
direction forming what is generally called a crescent (Fig. 139.3). 
An adhesion may progress to more severe damage by several mech-
anisms including further podocyte loss at the flanks of the adhesion 
followed either by expansion of the adherent area or by invasion of 
parietal cells along the adhesion onto the tuft leading to the spread 
of sclerosis at the tuft (Smeets et al., 2009). Most importantly, the 
damage spreads within Bowman’s capsule by two mechanisms, by 
misdirected filtration or by cell proliferation, frequently a mixture 
of both (Kriz and Le Hir, 2005). Growing by misdirected filtration 
will occur in instances where the adhesion contains perfused glo-
merular capillaries. Such capillaries are devoid of any podocyte 
cover, allowing leakage of plasma proteins into the crescent result-
ing in a growing proteinaceous crescent. Proliferation of parietal 
cells and, to some extent, also podocytes (which in a dedifferenti-
ated stage seem to have regained the capacity to multiplicate) will 
lead to a cellular crescent (Smeets et al., 2009). Most crescents are of 
a mixed type with a predominance of cell proliferation.

These processes within Bowman’s capsule (i.e. inside the PBM) 
initiate a periglomerular response. Proliferation of local fibroblasts 

Fig. 139.1 Podocytes in the process of detachment from the GBM. Five 
podocytes (1–5) are seen that are in the process of disconnection from the tuft. 
Podocytes 1 and 2 have still partial contact to the GBM (highlighted in yellow), 
whereas podocytes 3 and 4 are connected by intercellular contacts (arrows) to 
podocytes 1 and 2 and podocyte 5 to podocytes 3 and 4. All podocytes look 
viable with cell nuclei that have a normal chromatin pattern. The spaces between 
naked GBM and detaching podocytes are shown in pink, capillary lumina in 
green. Note that areas with FPE are closely apposed to the GBM (arrowheads). 
(Transmission electron micrograph (TEM); rat after 8 weeks of growth stimulation 
by FGF2. Bar: 5 µm.)
Reproduced from Kriz et al. (1995) with permission.
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turning into matrix producing myofibroblasts and invasion of mac-
rophages establish the interstitial cap of a crescent. In advanced 
stages, the separating PBM will progressively be dissolved, leading 
to a mixing of the epithelial and interstitial portion of a growing 
crescent.

An advanced stage of this process is generally called focal seg-
mental glomerulosclerosis (FSGS), formerly called focal segmental 
glomerulosclerosis and hyalinosis, wherein hyalinosis (resulting 
from misdirected filtration) indicates the progressive nature of 
the lesion. Quantitative assessments (Gotzmann et al., 2004) have 
clearly proven that a loss of podocytes underlies this pathogenetic 
process. As the term ‘segmental’ indicates, in the beginning this 
process is restricted to a glomerular lobule. In cases where the 
underlying disease resolves, there seems to be a certain chance for 
this process to develop into a segmental scar (synechia) with some 
stability, permitting the rest of the glomerulus to function for some 
time (Kriz and Le Hir, 2005). However, progression of the dam-
age onto other segments of the glomerulus and/or onto the tubule 
remains an everlasting danger.

Step 4: encroachment of the glomerular lesion 
on the tubule
There is agreement that in cases of global glomerulosclerosis, 
the tubule—deprived of any filtrate—will undergo degeneration 
as well. In cases of segmental glomerular damage (with mainte-
nance of some filtrate delivery to the tubule), there are two major 
hypotheses regarding how a glomerular lesion may be transferred 
to the tubulo-interstitium. First, the loss of barrier function in 
such glomeruli leads to massive leakage of albumin and other 
high-molecular-weight compounds that are toxic to the tubule 

(A) (B)

Fig. 139.2 Formation of connections between the tuft and Bowman’s capsule. Schematics of injured glomeruli; the GBM is shown in black, mesangial cells in grey, 
endothelial cells in pink, podocytes in brown, parietal cells in blue, macrophages in violet, tubular cells in light brown, and interstitial cells in green. At sites of severe 
podocyte damage, cell bridges between the tuft and Bowman’s capsule are established either by parietal cells attaching to the GBM (A) or by podocytes attaching to 
the parietal basement membrane (B). The first mechanism has been observed in degenerative diseases with early podocyte loss, for example, glomerular hypertension 
and is frequently associated with the accumulation of a protein rich filtrate within Bowman’s capsule (‘misdirected filtration’, shown in yellow).The more frequent second 
mechanism is typical for inflammatory diseases but may be found in degenerative diseases, as well. Podocytes that appear to be in danger of detachment from the GBM 
may attach at other sites including at the parietal basement membrane (see text for further explanation).

Fig. 139.3 Adhesion crescent. A tuft adhesion to Bowman’s capsule is seen that has 
advanced to a crescent spreading within Bowman’s capsule. The crescent is of a mixed 
cell-matrix type consisting of proliferating cells and a proteinaceous matrix (indicating 
misdirected filtration). Outside the parietal basement membrane (PBM; arrows) a 
cap of proliferating interstitial cells is seen. At the glomerular urinary pole the crescent 
encroaches on to the tubule along its outside, that is, in between the tubular cells and 
the tubular basement membrane (TBM; asterisks). At several sites, the penetration of 
the protein-rich matrix into the lateral spaces between proximal tubular cells is seen 
(arrowheads). (Thy-1 mediated glomerulonephritis, rat. Bar 10 µm.)
Unpublished light micrograph from Kriz et al. (2003).
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(Remuzzi and Bertani, 1998). In response, tubular cells produce a 
variety of factors (cytokines, e.g. transforming growth factor beta 
(TGF-β)), which initiate a peritubular inflammation that, in turn, 
is harmful to the tubule and may initiate its degeneration. So far, 
only correlative evidence has been offered for such a mechanism; 
direct structural observations showing the association of segmental 
glomerular damage with damage of the corresponding tubule have 
not been presented.

The second discussed mechanism relies on the observation that a 
growing crescent, as soon as it reaches the glomerulo-tubular junc-
tion, may directly encroach upon the tubule (Figs 139.4 and 139.5). 
There, the process will spread in between the tubular epithelium and 
the tubular basement membrane (TBM). The mechanisms are the 
same as for the spreading of a crescent within Bowman’s capsule: mis-
directed filtration and cell proliferation, frequently a mixture of both. 
This will lead to a narrowing, eventually to a complete obstruction. 
As a consequence, the tubule will be partially or totally deprived 
from filtrate delivery. This will initiate the degeneration of the tubule; 
atrophy may be an intermediate stage (Kriz and Le Hir, 2005).

The evidence for the encroachment thesis of progression comes 
from consistent structural observations in a great variety of animal 
models and observations in human biopsy and autopsy material. 
Convincing quantitative evidence has been presented by LeHir and 
Besse-Eschmann (2003). In crescentic glomerulonephritis in mice, 
these authors examined 265 glomeruli in section series: 168 glomer-
uli were intact, did not show crescents, and all corresponding tubules 
exhibited a normal structure. Ninety-seven glomeruli had crescents, 
57 of these crescents did not extend onto the glomerulo-tubular 
junction, and all corresponding tubules showed a normal structure. 

The remaining 40 glomeruli had crescents that encroached upon the 
glomerulo-tubular junction and in all these cases the corresponding 
tubules showed features of degeneration. These data strongly speak 
(1)  in favour of the encroachment hypothesis (all crescent with 
involvement exhibited tubular damage) and (2) against the hypoth-
esis that protein leakage causes the tubular damage (57 crescents 
without involvement of the urinary orifice had no tubular damage). 
Fig. 139.6 shows a heavily injured glomerulus with an open urinary 
orifice and a fully intact proximal tubule.

Step 5: degeneration of the tubule
The degeneration of the tubule after obstruction of the urinary 
orifice starts at the most proximal segment and proceeds distally 
(Fig.  139.7). Tubule cells degenerate inside the envelope of the 
TBM. As presented in detail in recent work (Koesters et al., 2010; Li 
et al., 2010), autophagy represents the major mechanism, fratricide 
may participate. This process may finally lead to almost cell-free 
collapsed structures enclosed by wrinkled but continuous TBM. 
Cells crossing the TBM border of degenerating tubules were not 
encountered, neither any macrophages entering, nor any tubular 
cells leaving. Thus, macrophages are not involved in the decompo-
sition of tubular cells but may become engaged later in the removal 
of the TBM. Even in the case of a complete degeneration of a tubule 
and removal of its remnants, the glomerular remnants may sur-
vive for some time as an atubular inoperable structure (Marcussen, 
1995; Kriz et al., 2003).

It is worth noting that direct toxic or hypoxic injuries to the 
tubule may lead to other forms of epithelial degeneration, to necro-
sis and early tubulorrhexis.

(A) (B)

Fig. 139.4 Encroachment of a glomerular injury on the tubule. Schematics of injured glomeruli; the GBM is shown in black, mesangial cells in grey, endothelial cells in pink, 
podocytes in brown, parietal cells in blue, macrophages in violet, tubular cells in light brown, and interstitial cells in green. A progressing glomerular injury spreads within 
Bowman’s capsule. If this process reaches the glomerulo-tubular junction, it may encroach upon the tubule either by spreading of a misdirected filtrate (A; arched arrow) and/
or by cell proliferation (B). The first mechanism may be dominant in cases with perfused capillaries contained in the crescent (capillaries 2 and 3, 1 is shown being collapsed). 
In the majority of cases the second mechanism dominates: a proliferating crescent spreads within Bowman’s capsule and may reach the glomerulo-tubular junction. In 
consequence of a narrowing (shown here), eventually of a complete obstruction of the urinary orifice the tubule will be deprived from any filtrate delivery.
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Step 6: development of fibrosis
The degenerating tubule cells initiate (by so far insufficiently 
understood signalling) a local peritubular inflammation, which 
will finally lead to the removal of all tubular remnants and the for-
mation of a local area of fibrosis. The outstanding feature of the 
local inflammatory process surrounding a degenerating tubule 
consists of the massive accumulation of myofibroblasts (Fig. 139.7). 
According to our results, the only relevant source for these myofi-
broblasts are the residential interstitial cells, which are generally 
called fibroblasts, some authors call them pericytes (Humphreys 
et  al., 2010). The proposal that myofibroblasts may also develop 
from injured tubular cells by a process called epithelial to mesen-
chymal transition (EMT) was based on questionable data and has 
not found supporting evidence (Humphreys et al., 2010; Kriz et al., 
2011). Myofibroblasts organize the interstitial fibrosis by synthesiz-
ing type I collagen and finally by contraction of the affected area to 
a scar. The sum of such scars, each derived from the degeneration of 
a nephron, represents what is finally called renal fibrosis.

Fibrosis: consequence or cause?
(See also Chapter 140)

According to this sequence of progression, the progressive nature 
of kidney fibrosis is ultimately dependent on the progressing glo-
merular disease. There are two vicious cycles that account for the 
steadily ongoing progression of the disease in the glomerulus.

The first cycle concerns the podocytes in each individual glomer-
ulus; the second cycle concerns the entirety of glomeruli in function. 

If during a disease in a given glomerulus (first cycle) podocytes are 
lost, the remaining podocytes have to replace them and take over 
the tasks of the lost ones. They do this by undergoing hypertrophy 
covering an increased outer capillary surface including counteract-
ing the pressure gradient in an increased segment of a capillary. This 
process has limits. Excessive degrees of hypertrophy clearly increase 
the vulnerability of podocytes to any further challenge, thereby clos-
ing the cycle. Quantitative assessments (Wharram et al., 2005) have 
clearly proven that a loss of podocytes below a certain level (roughly 
60%) will lead to the loss of the nephron.

The second cycle starts with the loss of nephrons. A certain rate of 
nephron loss is probably tolerated without adverse consequences. 
However, sooner or later, a critical point will be reached where the 
remaining glomeruli are no longer able to cope with their task of 
producing an adequate volume of ultrafiltrate. They allow higher 
filtration pressures and, together with the podocytes, they in total 
undergo hypertrophy. Hypertrophy makes them more susceptible 
to damage. In particular, the exposure to higher pressures followed 
by hyperfiltration signifies a dramatically increased challenge. This 
vicious cycle is known as the glomerular overload hypothesis, 
first formulated by Barry Brenner (Hostetter et al., 1981; Brenner 
et al., 1996).

In addition, it is widely believed that the fibrosing process in 
the tubulo-interstitium may also acquire a progressive poten-
tial accounting for a self-sustained progression of the disease to 
end-stage renal failure—independent from any progression of 

Fig. 139.5 Encroachment of a crescent on the tubule. Two consecutive pictures 
of a heavily injured glomerulus with encroachment of a crescent on the tubule 
(highlighted in yellow). The tubule is undergoing decomposition. The cells have 
separated from the tubular basement membrane (TBM) and joined to a single 
strand, the tubular lumen is lost. The cells contain large amounts of autophagic 
vacuoles (arrows). Cell nuclei (asterisks) look normal with no signs of apoptosis. 
Outside the TBM a vivid interstitial proliferation is seen. (Thy-1 mediated 
glomerulonephritis, rat, after 2 weeks. Bar: 20 µm.)
Reproduced from Kriz et al. (2003) with permission.

Fig. 139.6 Protein leakage versus damage encroachment. Severely damaged 
glomerulus associated with a giant proteinaceous crescent. It may readily be 
suggested that the filtrate from this glomerulus contains abundant albumin and 
other proteins. The tubular orifice is patent; the epithelium of the proximal tubule 
(asterisks) shows no abnormalities. (Angiotensin II receptor 1 (AT1) overexpression 
in rat podocytes after 16 month. Bar: 20 µm.)
Unpublished light micrograph from Hoffmann et al. (2004) with permission.
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the disease in glomeruli. Therefore, we have to discuss the ques-
tion of whether fibrosis is merely a secondary process replacing 
lost nephrons or may fibrosis become harmful to so far healthy 
nephrons?

To address this we must first recognize that fibrosis may develop 
in different scenarios. Here, we have only considered fibrosis devel-
opment subsequent to glomerular injury. Fibrosis formation in 
conjunction with a chronic allograft dysfunction has other causes 
and follows other pathways. This is not a focal process related to 
individually diseased nephrons but starts more or less ubiquitously 
in the interstitium. Therefore, we must narrow our question to the 
relevance of fibrosis that starts as a focal process subsequent to the 
degeneration of individual nephrons. Although this may affect 
many nephrons at one time, it is nevertheless a process, which 
occurs in relation to individual nephrons.

So, the crucial question reads:  is fibrosis as it generally occurs 
subsequent to glomerular diseases harmful to intact nephrons? 
In most publications on this subject, this question is not explic-
itly raised: it is simply assumed, without explicit justification, that 
fibrosis is harmful. This assumption is essentially based on the 
observation that the decline in renal function in chronic renal dis-
ease correlates more closely with interstitial fibrosis than with glo-
merular fibrosis (Ridson et al., 1968; Bohle et al., 1977; Cameron, 
1992; d’Amico et al., 1995).

This correlation is taken as an argument in favour of a genuine 
interstitial mechanism of progression. Thereby one overlooks a 

crucial fact: as animal models (Kriz and Le Hir, 2005) and stud-
ies in the ageing human kidney show (Kanwar, 1984; Yang and 
Morrison, 1980), the remnants of a degenerative nephron, includ-
ing glomeruli, may be completely removed and replaced by fibrous 
tissue. Thus, the more nephrons degenerate, the more the inter-
stitial damage score will increase, while the glomerular damage 
score will decrease due to the disappearance of sclerotic glomeruli. 
Recent studies clearly show that the decline in renal function in 
chronic renal disease correlates best with the number of remaining 
nephrons (Nyengaard and Bendtsen, 1992; Lubran, 1995; Bajema 
et al., 1999). Thus, the evidence for the fibrosis hypothesis from 
these studies is far from being conclusive.

Our own observations in a great variety of animal models do not 
support the hypothesis that fibrosis may become a self-sustained 
process that injures healthy nephrons. We consistently found 
that tubule segments of healthy nephrons, even if completely sur-
rounded by degenerating tubules or being embedded in fibrotic 
tissue, preserve their normal structure—even in advanced stages. 
Fig. 139.8 shows an area of extensive nephron degeneration from 
an experimental fibrosis model (overexpression of TGF-β (Koesters 
et al., 2010) that contains a single structurally intact nephron fully 
surrounded by degenerating nephrons and fibrosing tissue. Thus, 
there is little evidence that the fibrosing process or the completed 
fibrosis are harmful to healthy nephrons.

The pathophysiological situation in a stage of advanced fibro-
sis consisting of fibrosing and fibrotic areas, deadly and partially 

Fig. 139.7 Degeneration of tubules subsequent to obstruction of the glomerular 
urinary orifice. TEM of a group of degenerating proximal tubules as a consequence 
of obstruction of the glomerular urinary orifice. The severity of epithelial 
changes increases downstream; upstream segments (1, 2, 3, 4) exhibit epithelial 
decomposition with autophagy of tubular cells (arrows; note the abundant 
autophagic vacuoles), in downstream segments (5, 6) the epithelial integrity 
is still preserved. The surrounding interstitium is expanded, rich in cells (many 
myofibroblasts, arrows) and fluid, and contains ample capillaries. Proximal tubules 
of unaffected nephrons exhibit an intact epithelium (asterisks). (Thy-1 mediated 
glomerulonephritis, rat, after 2 weeks. Bar: 30µm.)
Reproduced from Kriz et al. (2003) with permission.

Fig. 139.8 A healthy nephron surrounded by tubulointerstitial fibrosis. Within 
an area of extensive nephron degeneration (glomeruli 1–5 appear as a tubular 
remnants) a single well-structured glomerulus (6) is seen that has an open urinary 
orifice (arrow) and intact tubules (asterisks) embedded into an area composed 
of degenerating tubules and surrounding fibrosis. (TGF-β-induced kidney fibrosis 
after six cycles of DOX. Bar: 100 µm.)
Unpublished light micrograph from Koesters et al. (2010) with permission.
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damaged and some intact (but hypertrophied) nephrons must 
be considered as extremely complex. The chance to clearly deci-
pher profibrotic and antfibrotic mechanisms is small, at best, as is 
the chance for any successful therapeutic interventions. The fight 
against progression has to start earlier, and is most optimal at an 
early stage of the glomerular disease.

Acknowledgements
The author would like to thank Brunhilde Hähnel and Hiltraud 
Hosser for tireless technical and organizational help. The author 
gratefully acknowledges the continuous support of his work by the 
‘Gotthard Schettler Gesellschaft fuer Herz- und Kreislaufforschung’.

References
Aita, K., Etoh, M., Hamada, H., et al. (2009). Acute and transient podocyte 

loss and proteinuria in preeclampsia. Nephron Clin Pract, 112, c65–70.
Bajema, I., Hagen, E. C., Hermans, J., et al. (1999). Kidney biopsy as a 

predictor for renal outcome in ANCA-associated necrotizing glomerulo-
nephritis. Kidney Int, 56, 1751–8.

Bohle, A., Glomb, D., Grund, K., et al. (1977). Correlations between relative 
interstitial volume of the renal cortex and serum creatinine concentra-
tion in minimal changes with nephrotic syndrome and in focal scleros-
ing glomerulonephritis. Virchows Arch, 376, 221–32.

Böttinger, E. (2007). TGF-beta in renal injury and disease. Semin Nephrol, 
3, 309–20.

Brenner, B., Lawler, E., and Mackenzie, H. (1996). The hyperfiltration 
theory: a paradigm shift in nephrology. Kidney Int, 49, 1774–7.

Cameron, J. (1992). Tubular and interstitial factors in the progression of 
glomerulonephritis. Pediatr Nephrol, 6, 292–303.

D’Amico, G., Ferrario, F., and Rastaldi, M. (1995). Tubulointerstitial damage 
in glomerular diseases: its role in the progression of renal damage. Am J 
Kidney Dis, 26, 124–32.

Friedrich, C., Endlich, N., Kriz, W., et al. (2006). Podocytes are sensitive to 
fluid shear stress in vitro. Am J Physiol Renal Physiol, 291, F856–F865.

Fries, J., Mendrick, D., and Rennke, H. (1988). Determinants of immune 
complex-mediated glomerulonephritis. Kidney Int, 34, 333–45.

Gotzmann, J., Mikula, M., Eger A., et al. (2004). Molecular aspects of epithe-
lial cell plasticity: implications for local tumor invasion and metastasis. 
Mutat Res, 566, 9–20.

Greka, A. and Mundel, P. (2012). Cell biology and pathology of podocytes. 
Annu Rev Physiol, 74, 299–323.

Hara, M., Yamamoto, T., Yanagihara, T., et al. (1995). Urinary excretion of 
podocalyxin indicates glomerular epithelial cell injuries in glomerulone-
phritis. Nephron, 69, 397–403.

Hara, M., Yanagihara, T., Takada, T., et al. (1998). Urinary excretion of 
podocytes reflects disease activity in children with glomerulonephritis. 
Am J Nephrol, 18, 35–41.

Hoffmann, S., Podlich, D., Hähnel, B., et al. (2004). Angiotensin II type 1 
receptor overexpression in podocytes induces glomerulosclerosis in 
transgenic rats. J Am Soc Nephrol, 15, 1475–87.

Hostetter, T., Olson, J. L., Rennke, H. G., et al. (1981). Hyperfiltration in 
remnant nephrons: a potentially adverse response to renal ablation. Am 
J Physiol, 241, F85–F93.

Humphreys, B., Lin, S. L., Kobayashi, A., et al. (2010). Fate tracing reveals 
the pericyte and not epithelial origin of myofibroblasts in kidney fibro-
sis. Am J Pathol, 176, 85–97.

Kanwar, Y. (1984). Biology of disease. Biophysiology of glomerular filtration 
and proteinuria. Lab Invest, 51, 7–21.

Koesters, R., Kaissling, B., Lehir, M., et al. (2010). Tubular overexpression of 
transforming growth factor-ß1 induces autophagy and fibrosis but not 
mesenchymal transition of renal epithelial cells. Am J Pathol, 177, 632–43.

Kretzler, M., Koeppen-Hagemann, I., and Kriz, W. (1994). Podocyte 
damage is a critical step in the development of glomerulosclerosis in 

the uninephrectomized desoxycorticosterone rat. Virchows Arch, 425, 
181–93.

Kriz, W. and Endlich, K. (2005). Hypertrophy of podocytes: a mechanism 
to cope with increased glomerular capillary pressures? Kidney Int, 
607, 373–4.

Kriz, W., Gretz, N., and Lemley, K. (1998). Progression of glomerular dis-
eases: is the podocyte the culprit? Kidney Int, 54, 687–97.

Kriz, W., Hähnel, B., Hosser, H., et al. (2003). Pathways to recovery 
and loss of nephrons in anti-Thy-1 nephritis. J Am Soc Nephrol, 14, 
1904–26.

Kriz, W., Hähnel, B., Rosener, S., et al. (1995). Long-term treatment of rats 
with FGF-2 results in focal segmental glomerulosclerosis. Kidney Int, 48, 
1435–50.

Kriz, W., Kaissling, B., and Le Hir, M. (2011). Epithelial-mesenchymal 
transition (EMT) in kidney fibrosis: fact or fantasy? Clin Invest, 121, 
468–74.

Kriz, W. and Le Hir, M. (2005). Pathways to nephron loss starting from 
glomerular diseases—insights from animal models. Kidney Int, 67, 
404–19.

Kriz, W., Shirato, I., Nagata, M., et al. (2013). The podocyte’s response to 
stress: the enigma of foot process effacement. Am J Physiol Renal Physiol, 
304(4), F333–F47.

Le Hir, M. and Besse-Eschmann, V. (2003). A novel mechanism of nephron 
loss in a murine model of crescentic glomerulonephritis. Kidney Int, 
63, 591–9.

Le Hir, M., Keller, C., Eschmann, V., et al. (2001). Podocyte bridges between 
the tuft and Bowman’s capsule: an early event in experimental crescentic 
glomerulonephritis. J Am Soc Nephrol, 12, 2060–71.

Lemley, K., Lafayette, R. A., Safai, M., et al. (2002). Podocytopenia 
and disease severity in IgA nephropathy. Kidney Int, 61, 
1475–85.

Li, L., Zepeda-Orozco, D., Black, R., et al. (2010). Autophagy is a compo-
nent of epithelial cell fate in obstructive uropathy. Am J Pathol, 176, 
1767–78.

Lubran, M. (1995). Renal function in the elderly. Ann Clin Lab Sci, 25, 
122–33.

Marcussen, N. (1995). Atubular glomeruli in chronic renal disease. Curr Top 
Pathol, 88, 145–74.

Nagata, M. and Kriz, W. (1992). Glomerular damage after uninephrectomy 
in young rats. II. Mechanical stress on podocytes as a pathway to sclero-
sis. Kidney Int, 42, 148–60.

Nakamura, H., Ushiyama, C., Suzuki, S., et al. (2000a). Urinary podocytes 
for the assessment of disease activity in lupus nephritis. Am J Med Sci, 
320, 112–16.

Nakamura, T., Ushiyama, C., and Suzuki, S. (2000b). Effect of 
angiotensin-converting enzyme inhibitor, angiotensin II receptor 
antagonist and calcium antagonist on urinary podocytes in patients with 
IgA nephropathy. Am J Nephrol, 20, 373–9.

Nakamura, T., Ushiyama, C., Suzuki, S., et al. (2000c). Urinary excre-
tion of podocytes in patients with diabetic nephropathy. Nephrol Dial 
Transplant, 15, 1379–83.

Nyengaard, J. and Bendtsen, T. (1992). Glomerular number and size in rela-
tion to age, kidney weight, and body surface in normal man. Anat Rec, 
232, 194–201.

Pavenstadt, H., Kriz, W., and Kretzler, M. (2003). Cell biology of the glo-
merular podocyte. Physiol Rev, 83, 253–307.

Petermann, A., Pippin, J., Krofft, R., et al. (2004). Viable podocytes 
detach in experimental diabetic nephropathy: potential mecha-
nism underlying glomerulosclerosis. Nephron Exp Nephrol, 98, 
114–23.

Remuzzi, G. and Bertani, T. (1998). Pathophysiology of progressive 
nephropathies. N Engl J Med, 339, 1448–56.

Ridson, R., Sloper, J., and de Wardener, H. (1968). Relationship between 
renal function and histological changes found in renal-biopsy speci-
mens from patients with persistent glomerular nephritis. Lancet, 
2, 363–6.

 

 



CHAPTER 139 podocyte loss as a common pathway to ckd 1125

Schordan, S., Schordan, E., Endlich, K., et al. (2010). AlphaV-integrins 
mediate the mechanoprotective action of osteopontin in podocytes. Am 
J Physiol Renal Physiol, 300, F119–32.

Smeets, B., Uhlig, S., Fuss, A., et al. (2009). Tracing the origin of glomerular 
extracapillary lesions from parietal epithelial cells. J Am Soc Nephrol, 20, 
2604–15.

van Damme, B., Tardanico, R., Vanrenterghem, Y., et al. (1990). Adhesions, 
focal sclerosis, protein crescents, and capsular lesions in membranous 
nephropathy. J Pathol, 161, 47–56.

Vogelmann, S., Nelson, W., Myers, B., et al. (2003). Urinary excretion of 
viable podocytes in health and renal disease. Am J Physiol Renal Physiol, 
285, F40–F48.

Weil, E., Lemley, K. V., Yee, B., et al. (2011). Podocyte detachment in type 2 
diabetic nephropathy. Am J Nephrol, 33, 21–24.

Wharram, B., Goyal, M., Wiggins, J. E., et al. (2005). Podocyte depletion 
causes glomerulosclerosis: diphtheria toxin-induced podocyte depletion 
in rats expressing human diphtheria toxin receptor transgene. J Am Soc 
Nephrol, 16, 2941–52.

Yang, G. and Morrison, A. (1980). Three large dissectable rat glomerular 
models reconstructed from wide-field electron micrographs. Anat Rec, 
196, 431–40.

Yu, D., Petermann, A., Kunter, U., et al. (2005). Urinary podocyte loss is a 
more specific marker of ongoing glomerular damage than proteinuria.  
J Am Soc Nephrol, 16, 1733–41.



CHAPTER 140

Disordered scarring and 
failure of repair
Jeremy S. Duffield

Introduction
A fourth potential explanation for the progression of chronic renal 
disease (see Chapter 136) is that scarring following renal injury, partic-
uarly but not exclusively glomerular injury, becomes self-perpetuating.

The kidney has a large functional reserve in healthy nephrons 
that can be called upon to compensate for loss of nephron func-
tion elsewhere in the kidney. In fact, biopsy studies indicate sub-
stantial silent disease in patients with apparently normal function 
and no loss of filtration barrier (Christopher-Stine et al., 2007; Rule 
et al., 2010). This scenario might pertain to patients with hyperten-
sion, where ischaemia of the kidney cortex and medulla may be 
central to the pathogenesis of hypertension (Johnson et al., 2002; 
Rodriguez-Iturbe and Johnson, 2010). Therefore the burden of 
patients with occult compromise of kidney function, and ‘at risk’ 
of developing loss of organ function is likely to be significant. The 
patients with occult disease and those with overt CKD share simi-
lar histological characteristics:  glomerulosclerosis, inflammation, 
microvascular rarefaction, interstitial fibrosis, and tubule atrophy 
(Fig. 140.1). Although these pathological features involve distinct 
tissue compartments, increasing evidence suggests that these path-
ological manifestations are inter-related.

Although CKD can affect people of all ages it is predominantly a 
disease of ageing, and the fastest growing group of patients in devel-
oped nations are in the 45–64-year age range (United States Renal 
Data System, 2011). Animal studies and human biopsy findings sup-
port the notion that ageing per se is a cause of fibrosis and CKD 
(Abrass, 2000; Abrass et al., 2010; Rule et al., 2010). In addition, 
CKD is now recognized to be a frequent consequence of acute kid-
ney injury (AKI), particularly in older patients, and particularly in 
those with repeated AKI episodes (Ishani et al., 2009). Finally, CKD 
is the final common pathway for many acute kidney diseases such as 
vasculitis and other chronic systemic disorders, including diabetes 
and ischaemic vascular disease (Fig. 140.2). In these settings, even 
though the original disease may be quiescent or ‘burnt-out’, the CKD 
process remains self-sustaining and active, and able to drive pro-
gression of CKD towards organ failure and cardiovascular disease.

In kidney allografts, a similar disease process is frequently seen 
from 6 months after transplantation, known as chronic allograft 
dysfunction (CAD), previously chronic allograft nephropathy 
(CAN) (Racusen and Regele, 2010). Although the mechanisms 
of disease may be distinct in allografts, the pattern of disease is 
remarkably similar to CKD, characterized by glomerulosclerosis, 
inflammation, microvascular rarefaction, interstitial fibrosis, and 

tubule atrophy (Figs 140.1 and 140.2), and it is very likely that simi-
lar pathogenic paradigms will exist.

Failure of normal repair processes may increase the consequences 
of an insult would otherwise be recoverable.  Disordered control of 
scarring could increase the long term impact of a ‘healed’ injury.

Pathogenesis of kidney fibrosis
Normal tissue repair after injury
One approach to understanding pathogenesis in CKD is to 
understand how the normal adult kidney responds to injury (see 
also Chapter 221). In response to injury, tissues have great capac-
ity to repair and regenerate damaged areas. Low-level damage 
occurs continually throughout life and is repaired. Following a 
single acute injury, for the most part the tissues undergo normal 
and near-complete repair. It is frequently in circumstances of 
repetitive injury or following very severe injury that the fibro-
genic process occurs and fails to resolve.

What are the features of normal organ repair? (Table 140.1). 
Following tissue injury there is loss of cell viability, characterized by 
three cellular processes—necrosis, apoptosis, and autophagy—and a 
marked increase in local generation of an environment high in forma-
tion of radicals including oxidizing and nitrosylating molecules. These 
factors damage vital basement membranes and local connective tissue.

In response to this, local cells and recruited cells of the immune 
system acquire debriding and phagocytosing functions, and capac-
ity to survive in a hostile environment; in doing so they lose normal 
functions (Lupher and Gallatin, 2006). The debriding process may 
contribute to sterilization of the injured tissue and presentation of 
antigens. The phagocytic capacity of surviving and recruited cells 
contributes to clearance of damaged tissues and serves as an energy 
supply, critical to cell survival.

A critical gene that mediates phagocytic clearance by epithelial 
cells of debris in tubule lumens is the scavenger receptor kidney 
injury molecule 1 (KIM-1) (Ichimura et al., 2008). KIM-1 is also 
cleaved and shed into the tubule lumen where it serves as a marker 
of epithelial injury (Han et al., 2008).

In kidney, the proximal tubules, especially of the outer medulla 
(S3 segment), and peritubular capillaries in the outer medulla are 
susceptible to damage and cell death following ischaemic or toxic 
injuries, due to a combination of high metabolic rate and relatively 
compromised oxygen delivery and blood flow, and lack of anaero-
bic respiration (Duffield and Bonventre, 2005).
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Following the phase of clearance of damaged structures and dead 
tissues, local and recruited cells activate programmes of coordi-
nated organ regeneration. These programmes include, but are not 
restricted to, reactivation of cell-to-cell signalling pathways involved 
in organ development (nephrogenesis), by coordinately regulating 
cell fate, polarity, spatial orientation, migration, differentiation, and 
matrix deposition. These cell pathways include WNT, PDGF, FGF, 
HGF, IGF, TGF-β superfamily, NOTCH, HEDGEHOG, VEGF, and 
angiopoietins (Table 140.2) (Karihaloo et al., 2005; Kobayashi et al., 
2008; Lin et al., 2010; Sirin and Susztak, 2011).

Nephron regeneration requires re-epithelialization. Injured 
epithelial cells acquire a flattened migratory phenotype, and are 
able to synthesize new tubule basement membrane and migrate 
to close denuded areas. In addition to migration, the cells pro-
liferate. This process may be referred to as an epithelial to mes-
enchymal transition. In this state the epithelial cells are more 
likely to survive and activate developmental cell–cell signalling 
pathways that include WNT, HGF, IGF, EGF, FGF, NOTCH, and 
HEDGEHOG (Wang et al., 2003; Franquesa et al., 2005). These 
signalling pathways regulate activation of genes that control 
regenerative programmes.

At the same time as nephron regeneration occurs, regeneration 
of capillaries must occur, also requiring coordinated activation of 
developmental cell–cell signalling pathways. However, whereas 
nephrons rarely become disconnected following injury, capillar-
ies frequently lose connections and therefore re-capillarization is a 

complex process requiring three cell types, endothelial cells, peri-
cytes (mural cells), and macrophages.

Following damage, macrophages may be critical in a number 
of angiogenic events, including generating new tunnels in matrix 
for endothelial cells to grow through, in directing branching, and 
stimulating endothelial migration (Glod et al., 2006; Gelati et al., 
2008; Stefater et al., 2011).

Pericytes are critical in coordinating angiogenesis, deposition 
of new basement membrane, and stabilizing endothelial cells 
(Armulik et al., 2005; Schrimpf and Duffield, 2011; Schrimpf et al., 
2012). Endothelial cells, macrophages, and pericytes work in a 
coordinate manner by cell-to-cell signalling to successfully rebuild 
the capillary lumen and its basement membrane.

In many organs the presence of quiescent or active local tissue 
stem or progenitor cells contributes significantly to organ regen-
eration after injury, but the human kidney does not appear to have 
stem or progenitor cells that can rebuild the nephron (Humphreys 
et  al., 2008, 2011). Rather, the nephron appears to be rebuilt by 
surviving epithelial cells. The mechanism of reconstitution of the 
capillaries is less well understood and it is not known whether pro-
genitor cells contribute to vascular regeneration.

A normal component of tissue injury is the stimulation of tis-
sue fibrosis. Within days of acute injury, such as after ischaemic 
injury, there is increased matrix production in the interstitial 
space and within the mesangium. Activated pericytes, that are no 
longer associated closely with endothelial cells, synthesize matrix, 

(A) (B)

(C) (D)

Fig. 140.1 Characteristic fibrotic changes in glomeruli and interstitium of kidney cortex.
(A) Wedge-shaped sclerotic region showing dense pink material on periodic acid–Schiff (PAS)-stained section (arrowhead) and rather acellular weaker pink-stained 
material more peripherally (arrow) and obliteration of capillary loops. Also note the sclerotic region is fused to Bowman’s capsule where there is local destruction of the 
basement membrane and periglomerular fibrosis. At the lower pole note a combination of increased cellularity and fibrosis in the mesangium, and basement membrane 
thickening in glomerular loops. (B) Glomerulus showing typical focal segmental glomerulosclerosis (FSGS) changes with hyaline material (also referred to as fibrin cap 
(arrow) formed by leakage of plasma proteins into the subendothelial space of the glomerular capillaries, and areas of nodular expansion of mesangial areas with PAS 
pink fibrotic material. The remainder of the glomerulus is normal. (C) Silver methenamine combined with PAS-stained image of cortex from diabetic nephropathy, 
showing injured tubules (tubule atrophy and tubule cell vacuolization, apoptotic cells, arrow), marked reduction in capillary density (denoted by asterisk), expansion of 
the interstitial space with fibrotic material (fine black stain), and an increase in inflammatory cells. Note also thickening of the tubule basement membrane (black). (D) 
Trichrome-stained image of kidney cortex from ischaemic kidney disease showing marked expansion of interstitial fibrosis (cyan colour) which has overtaken all of the 
tubules. The fibrosis is cellular showing inflammatory cells and myofibroblasts. The remaining tubules all show tubular atrophy with intraluminal debris.
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presumably to stabilize the organ architecture, and maintain lumina 
of capillaries.

The glomerulus is essentially a modified vascular plexus and 
has been shown in animals to have significant regenerative capac-
ity (Ma and Fogo, 2007). Although it was believed that the podo-
cytes, which overlie the glomerular capillaries, are terminally 
differentiated and unable to proliferate, newer findings raise the 
possibility that some degree of replacement may be possible from 
parietal epithelial cells (Moeller et  al., 2004; Appel et  al., 2009; 

Shkreli et  al., 2011; and see Chapter 344). A vascular progeni-
tor cell may also exist that can replenish both of these cells in 
response to glomerular injury. It is already established that ‘glo-
merular pericytes’, mesangial cells, can be replenished from an 
extra-glomerular progenitor arising within the afferent arteriole 
(Pippin et al., 2013). Therefore acute injuries to the glomerulus 
may theoretically be able to result in capillary loop regeneration.

One of the most striking features of kidney repair after acute 
injury is the lack of complete nephron and microvascular regenera-
tion (Li et al., 2010). Whereas skin wounding results in a marked 
angiogenesis that can last for many months before eventual regres-
sion, and appears to be very important in normal wound heal-
ing, the angiogenic response after kidney injury is attenuated, 
and frequently the outcome is capillary rarefaction rather than 

Primary: lgAN/
Membranous/FSGS etc.

HYPERTENSION/RAS

OTHER PROCESSES

Glomerular
Diseases

Transplant
Nephopathy

Interstitial
Diseases

Chronic kidney disease

CV death

ESKD
Final common pathway

Vasculitis/SLE
Diabetic nephropathy
Cancer-related
Cryoglobulinaemia
Infectious
FSGS

Acute Kidney Injury (ATN)

Immune mediated
Toxins/toxic drugs

Vascular diseases
Inherited kidney /Diseases
Kidney Dysplasias
Cystic kidney Disease

ACUTE KIDNEY INJURY

Interstitial Fibrosis, Inflammation
Tubule atrophy, Peritubular capillary loss

(ischemia), Glomerulosclerosis

Fig. 140.2 Schema showing the multitude of kidney diseases that result in pathologically similar chronic disease processes in the kidney. CKD is characterized by 
glomerulosclerosis, capillary loss (glomerular and post glomerular), inflammation (leucocytes), interstitial fibrosis, and tubule injury (atrophy). These pathological features 
become self-perpetuating and are driven by a number of increasingly recognized cell-to-cell signalling pathways including the renin–angiotensin system acting through 
the angiotensin receptor 1. Episodes of AKI also accelerate the pathological processes in CKD. The outcome is disease progression which results in organ failure or 
cardiovascular events outside of the kidney.

Table 140.2 Developmental cell-to-cell signalling pathways activated 
in repair and chronic kidney disease

Vascular Epithelial

PDGF HGF

VEGF EGF

TGF-β TGF-β

NOTCH IGF

HEDGEHOG WNT

WNT

Table 140.1 Regenerative mechanisms activated after kidney injury

Phase I Endothelial activation and coagulation cascade activation

Activation of acute stress and survival pathways in resident cells

Recruitment of leucocytes

Activation and migration of myofibroblasts

Phase II Phagocytic clearance of dead cells, debris and damages 
membranes by leucocytes and surviving epithelial cell

Deposition of pathological extracellular matrix

Phase III Re-epithelializationa

Angiogenesisa

Basement membrane re-synthesis

Resorption of matrixa

Phase IV Remodelling of extracellular matrix

Disappearance of myofibroblasts and leucocytesa

a May be incomplete in the kidney.
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angiogenesis (Schrimpf et al., 2012). This occurs despite active pro-
liferation of endothelial cells suggesting an intrinsic regenerative 
defect in mammalian kidneys.

The final component of the regenerative process is the reso-
lution of inflammation. Inflammation (infiltration of leuco-
cytes) appears to be important for normal tissue regeneration, 
and many cells including macrophages are critical in the early 
regenerative process (Lin et al., 2010; Lee et al., 2011). During 
the later phase of resolution, macrophages play important roles 
in generating anti-inflammatory cytokines, including interleu-
kin 10, and resorbing increased matrix deposition by proteoly-
sis and endocytosis. Although resorptive roles for macrophages 
have been shown in organs such as the liver, this function for 
macrophages in the kidney has not been clearly demonstrated, 
and could potentially reflect another defect in the normal repair 
process inherent to the kidney. The remodelling phase which 
includes resorption of matrix, is important in the kidney to 
maintain normal tissue tension and architecture. Finally the total 
population of normal inflammatory cells slowly resides to leave 
a non-inflamed tissue.

Interstitial fibrosis
Understanding of the cellular origin of interstitial fibrosis in the 
kidney was dramatically changed by a series of studies from 2008. 
In a reversal of previous focus on tubular epithelial cells, attention 
turned to an extensive network of discrete mesenchymal cells in 
adult kidneys that were previously poorly appreciated (Lin et al., 
2008; Asada et al., 2011; Schrimpf and Duffield, 2011). These com-
prised up to 5% of all nucleated cells in the adult kidney, and are 
referred to as pericytes (mural cells) when seen attached to capil-
laries or resident fibroblasts when embedded in stroma between 
capillaries and tubules (Fig. 140.3). Genetic fate mapping studies 
in animal models of kidney disease indicate that these cells are 
the major precursors of myofibroblasts (Humphreys et al., 2010; 
Asada et  al., 2011). Myofibroblasts are the cells that in the kid-
ney interstitium synthesize and deposit fibrotic interstitial matrix. 
Although the fibrotic interstitial matrix comprises a multitude of 

proteins, glycoproteins, and proteoglycans including hyaluronan 
and fibronectin, the major constituents that define fibrotic matrix 
are collagen I  and collagen III fibrils. Myofibroblasts have been 
shown to be the cells responsible for the production and deposi-
tion of these proteins in the kidney (Fig. 140.4). Until recently, it 
has been difficult to study myofibroblasts since their definition was 
unclear, and all cells when cultured in vitro on plastic can generate 
fibrillar collagens and other characteristics of myofibroblasts; an 
unfortunate artefact of cell culture, making in vitro study of myofi-
broblasts problematic.

For more than a decade it was thought that epithelial cells were 
myofibroblast progenitors, and many studies of fibrogenic mecha-
nisms in the kidney have relied heavily on dissecting mechanisms 
on epithelial cells in culture. Now, a number of comprehensive 
critical genetic studies in animals have shown no evidence that epi-
thelial cells are myofibroblast progenitors (Zeisberg and Duffield, 
2010; Grgic et al., 2011).

Key features of myofibroblasts:
◆ myofibroblasts appear as a result of chronic or mal-adaptive 

activation of normal developmental pathways involved in 
angiogenesis.

◆ evidence suggests that myofibroblasts, after a protracted period 
of activation, lose pericyte functions and become persistently 
activated, developing a degree of autonomy, losing requirement 
of regulatory signals from other cells.

◆ the loss of pericyte functions results in microvascular instability 
that may result in capillary demise. Loss of capillaries promotes 
ischaemia, which will prevent normal regeneration from occur-
ring and will stimulate further inflammation.

◆ myofibroblasts are inflammatory cells themselves, able to gener-
ate an array of inflammatory cytokines and chemokines that may 
perpetuate a disease process.

◆ Since myofibroblasts are therefore critical in the outcome for 
capillaries, inflammation, and fibrosis, they are a central cellular 
target in chronic disease of the kidney.

Epithelial Cell

FOXD1 lineage pericyte

Lumen
Red blood cells

Injury

FOXD1 lineage
derived
myofibroblasts

Endothelial Cell

Capillary Basement
Membrane

Tubule Basement
Membrane

Fig. 140.3 Schema of pericyte to myofibroblast transition in kidney disease. In healthy adult kidney, pericytes are partially embedded in the capillary basement 
membrane of the peritubular capillaries and are closely attached to microvascular endothelial cells. In response to endothelial or epithelial injury, pericytes become 
activated and migratory, and enter cell cycle to proliferate. These changes constitute a transition to the myofibroblast cell type, which is the principal cell to deposit 
fibrillary collagens that constitute fibrosis. Whereas pericytes normally perform homeostatic roles in maintaining endothelial cell integrity, myofibroblasts lose this 
capacity, rendering the endothelium unstable, leaky, and liable to demise. Interstitial and capillary changes promote epithelial compromise. Activated epithelial cells 
contribute to tubule basement membrane thickening.
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Fig. 140.4 Characterization of pericytes and myofibroblasts in human kidneys.
(A) Transmission electron micrograph of human kidney cortex from a patient with interstitial fibrosis showing a peritubular capillary with adjacent myofibroblasts 
(MF) embedded in fibrillary collagen matrix (fibrosis). Note capillary basement membrane (CBM), and on the presence of a pericyte process (Pp) embedded in the 
CBM overlying the endothelial (EC) cytoplasm. (Bar = 2 µm.) (B) Immunofluorescent staining of normal, and CKD adult kidney cortex showing pericytes and arteriolar 
(a) vascular smooth muscle (red). Pericytes are attached to capillaries (blue). Tubules (brown/green) and nuclei (white) and laminin (green) can also be seen. Note in 
CKD the capillaries are diminished in number and are reduced in size due to expanding fibrotic matrix. Note that pericytes (red) are no longer attached to capillaries, 
but are now abundant in the interstitial space as myofibroblasts (red). (Bar = 50 µm.) (C) Interstitial fibrosis in a mouse model of adult human interstitial kidney disease 
showing cells expressing the myofibroblast marker αSMA (red) and cells synthesizing collagen Iα1 protein (green). Note that all collagen Iα1 producing interstitial cells 
also express αSMA in disease. Also note that podocytes in unaffected glomeruli also produce collagen Iα1 protein (a = arteriole; g = glomeruli where podocytes express 
collagen Iα1 protein). (Bar = 50 µm.)
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Although it now appears that epithelial cells are not themselves 
a significant source of myofibroblast progenitors, epithelial cells 
can serve as major stimulants of the fibrogenic process, particularly 
proximal tubule cells (Friedman et  al., 2013). Chronic or severe 
injury to epithelial cells results in a number of critical changes 
to epithelial cell function and phenotype that contribute to the 
fibrogenic process mainly by cell-to-cell signalling. Epithelial cells 
exposed to toxins such as cisplatin, aminoglycosides, or products 
of pathogens; chronic ischaemia; crystal formation; or unfavour-
able metabolic environments, activate cell-stress responses which 
include stress responses in the endoplasmic reticulum, abnormali-
ties in tertiary protein folding, and also chronic activation of the 
process of autophagy, an intracellular disposal system that is vital 
in recycling intracellular structures as a source of energy and new 
cellular building blocks such as amino acids (Scarlatti et al., 2009). 
Such stressed epithelial cells paradoxically downregulate nor-
mal metabolic pathways, generate increased oxygen radicals, and 
exhibit arrest of the cell cycle (Cybulsky, 2009; Yang et al., 2010; 
Chau et al., 2012). In addition to these processes, injured epithelial 
cells undergo phenotypic changes known as epithelial to mesen-
chymal transition, characterized by acquisition of a mesenchymal 
cell appearance, loss of polarity and cell junctions, and activation of 
mesenchymal transcription factors including SNAIL. Such epithe-
lial cells generate pro-inflammatory and profibrotic cytokines, and 
evidence of a more migratory, less polarized phenotype, unable to 
perform normal epithelial functions. Part of this stressed epithe-
lial response is to deposit increased tubular basement membrane 
(TBM), leading to TBM thickening, seen in many CKDs.

As a result of the capillary instability and loss of microvasculature, 
the expanding interstitial space, and the contractile forces that dis-
rupt normal tissue architecture, and stress responses in epithelial 
cells, normal tubular function is compromised. The tubules normally 
play critical roles in reabsorption of vital small molecules that are fil-
tered by the nephron, in addition to salts and water. These functions 
are compromised.

Tubules also perform critical secretory roles, particularly of 
organic anions, that are underappreciated, as estimates of glomeru-
lar filtration rate do not measure the capacity of tubules to secrete 
toxins. Tubular secretion of endogenous as well as exogenous tox-
ins is an important component of homeostasis and failure to clear 
such toxins may contribute to uraemic symptoms, disease progres-
sion, and cardiovascular disease. Uraemic toxins cleared by tubular 
secretion include hippurate, p-cresol, and indoxyl sulphate and are 
generated in part by gut flora (see Chapter 254). They are protein 
bound, therefore not filtered but are secreted by proximal tubu-
lar organic anion transporters OAT1, OAT3, and OATP (Ohtsuki 
et al., 2002; Dou et al., 2004; Deguchi et al., 2005; Enomoto and 
Niwa, 2007).

Glomerulosclerosis
The glomerulus is a specialized vascular bed comprising endothe-
lial cells with their respective mural cells. Whereas most capillary 
beds have a single population of mural cells, the glomerular cap-
illary loops have both a mesangial cell (true pericyte) with direct 
communication to the glomerular endothelium and also a highly 
specialized podocyte (pericyte-like) that lies on the abluminal glo-
merular capillary basement membrane (GBM) where it performs 
unique functions in tightly and regulating glomerular capillary per-
meability and flow. The mesangial cell has long been recognized 

as the precursor of the scar forming myofibroblast that deposits 
fibrillar matrix during mesangial expansion and nodule formation 
(Johnson et al., 1992). This expanding fibrillar matrix can encroach 
on capillary loops.

The composition of glomerulosclerosis is somewhat distinct 
from the composition of interstitial fibrosis and frequently contains 
plasma proteins. This difference may be due to leakage of plasma 
proteins into areas of tissue injury directly underlying the fenes-
trated and therefore highly permeable glomerular endothelial cells. 
This intra- and pericapillary material is known as hyaline due to its 
acellular glassy appearance in stained sections, but its composition 
is not fully characterized. The composition of glomerulosclerosis 
may also differ in that there may be high levels of GBM proteins 
deposited aberrantly in mesangial areas or in the capillary tuft.

In addition, injury to the glomerulus is characterized by oblitera-
tion of individual capillary loops structures, and therefore other cells 
including podocytes, leucocytes, and possibly endothelial cells may 
therefore contribute to the formation of fibrotic matrix in areas of 
capillary loop demise by aberrant deposition of GBM components.

Formation of glomerular crescents by excessive proliferation of 
parietal epithelial cells and podocytes in the urinary space as well as 
recruitment of periglomerular fibroblasts may all contribute to the 
development of encasing fibrosis that develops from a fibrocellular 
crescent (Alpers et al., 1994).

Surprisingly podocytes, rather than mesangial cells generate 
large amounts of collagen Iα1 protein in heath (Fig. 140.4) (Lin 
et al., 2008) so may be poised to have capacity to deposit fibrillar 
matrix in glomerular disease states where they proliferate.

Whereas in the cortex and medulla of the kidney, chronic or 
iterative kidney tubular or endothelial injury are major stimulants 
of fibrosis, in the glomerulus, deposition of immune complexes in 
mesangial or endothelial areas, inappropriate activation of leuco-
cytes in the glomerular microcirculation, direct endothelial tox-
icity, or toxicity to podocytes are frequent factors in glomerular 
fibrogenesis.

Link between glomerular disease and tubular disease 
and vice versa
While it is clear that injury to either the glomerular compartment or 
the tubulo-vascular compartment of the kidney contribute to organ 
fibrosis and functional compromise, glomerular disease alone has 
the capacity to lead to tubular disease. The peri-tubular capillar-
ies are supplied directly from the glomerular capillaries, therefore 
occlusion or constriction of glomerular capillaries, or injury to the 
glomerulus will compromise PTC blood flow. This compromise 
will stimulate ischaemic responses in the tubule and PTC endothe-
lium that is fibrogenic. In addition to this link, the tubule itself can 
feedback information directly to its own glomerulus, tubuloglo-
merular feedback (Wunderlich et al., 1980; Takabatake et al., 1983). 
Although incompletely understood, one mechanism involves salt 
delivery to the distal tubule. If delivery is increased, glomerular 
flow is diminished by an ATP-dependent mechanism. While this 
mechanism has a physiological role, in situations of chronic tubular 
disease, this mechanism may contribute to glomerular pathology.

Normal repair gone awry
Studies of cellular and molecular mechanisms involved in the 
normal repair process have demonstrated considerable overlap 
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between repair and chronic disease with fibrosis. In fact, increas-
ingly repair processes are clearly identified in chronic disease 
with fibrosis.

One explanation is that the kidney is continually trying to repair 
itself in response to injury, but the repetitive injury leads to a frus-
trated repair response, which is ineffective (Table 140.2). It is easy 
to imagine how a coordinated repair response such as a wave of 
tubule epithelial proliferation, migration of new cells along a dam-
aged basement membrane, and regeneration of that membrane 
could be easily thwarted by a new injury, which disrupts this pro-
cess. Alternatively in the glomerulus, mesangial cells and podo-
cytes actively engaged in regenerating GBM around a lumen may 
continue to synthesize membrane inappropriately if the capillary 
lumen subsequently loses flow and endothelium.

One tissue response to such scenarios may be to further upreg-
ulate the repair mechanisms that have already been instigated. 
However, it is likely that chronic disease is more complicated than 
simply overactivation of reparative and developmental cell signal-
ling pathways, although there is ample evidence that such pathways 
are overactivated (Lin et al., 2011). Equally a number of other pro-
cesses are in play:
◆ there is evidence that in chronic disease, activation of signalling 

pathways which recapitulate development, including TGF-β, 
stimulate intracellular production of oxygen radicals (oxida-
tive stress) via activation of NADPH oxidases, in distinction to 
normal development (Cucoranu et al., 2005; Hecker et al., 2009; 
Amara et al., 2010). Oxygen radical production (see Chapter 112) 
may contribute to tissue injury.

◆ although similar receptors are activated, the ligands that activate 
those receptors may be different and the signalling complexes 
that form are different, which results in distinct intracellular sig-
nalling pathway activation (Lin et al., 2011).

◆ compared with regeneration, the immune cells that are recruited 
to the tissue injury are activated differently resulting in a distinct 
repertoire of cytokines produced, which serve to amplify rather 
than resolve the inflammatory process (Duffield, 2010).

Mechanisms that perpetuate  
the scarring process
Although fibrogenesis is part of the normal wounding response, 
there is ample evidence of mechanisms by which fibrogenesis can 
become self-perpetuating.

Low nephron mass
(See Chapter 138)

It is widely accepted that in response to loss of nephrons, rather 
than grow new nephrons the kidney ‘adapts’ by increasing the func-
tion of the surviving nephrons. This overwork, is initially adaptive, 
but with time itself causes new disease. The process is known as 
hyperfiltration (Hostetter et  al., 1981). Overworked nephrons 
compensate by becoming larger. This increase in size has several 
consequences. It requires increased blood supply, and the shear 
forces within glomerular capillaries increase, resulting in rounds of 
endothelial cell and podocyte injury and activation, and inflamma-
tory responses, which stimulate fibrogenesis.

Repetitive stimuli
Chronic exposure to toxins, which may include dietary intake of 
herbs, metals, other plant- or pathogen-derived toxins, chemo-
therapies, or therapeutic agents cause cell injury or cell activation 
in the kidney. In conditions such as diabetes, long-term exposure 
of matrix components to elevated glycaemia results in glycation 
(covalent binding of sugar residues) of a heterogeneous group of 
proteins and lipids, known as advanced glycation end-products 
(AGEs). These AGEs can stimulate activation of the innate immune 
system which includes activation of all cell types in the kidney, by 
binding to pathogen recognition receptors. In fact, AGEs form in 
ageing without the presence of hyperglycaemia. This formation 
may, of course, reflect decreased turnover of membranes.

Ischaemia
The destruction of capillaries promotes ischaemia which itself 
drives inflammation due to release of pro-inflammatory factors. 
However, there are a number of other mechanisms that result in 
perpetuation.

Matrix stiffness
Elegant studies in fibrogenesis in the liver show that myofibroblasts 
and their progenitors in liver, hepatic stellate cells (HSCs), respond 
to tension with phenotypic changes. The higher the surface tension, 
the more activated phenotype myofibroblasts display (Georges 
et al., 2007; Olsen et al., 2011). In fact, simply culturing HSCs on 
normal tension gels renders them insensitive to activation. These 
findings have two profound implications. Firstly, in oedema states 
tissue tension increases and may therefore be a pro-inflammatory, 
profibrotic state. Secondly, as pathological fibrillar collagen matrix 
is deposited, it becomes cross-linked by enzymes such as lysyl oxi-
dases and transglutaminases. This crosslinking increases the stiff-
ness in a fibrogenic matrix.

Myofibroblast contractility
A characteristic of myofibroblasts is their contractile function. As 
myofibroblasts contract, tissue stiffness will likely increase. Novel 
therapies that target this crosslinking process selectively in path-
ological states may prove attractive new therapies to counteract 
fibrosis. However, one potentially deleterious outcome is that nor-
mal (non-pathological) fibrillar matrix, such as found in skin, eye, 
or large vessels, becomes compromised.

Matrix signalling
While pericytes normally find themselves embedded in, and con-
tribute to, a matrix environment which is an organized structure of 
the capillary basement membrane, when they become myofibro-
blasts, the matrix environment changes. Pericytes in health gener-
ate matrix rich in certain laminins (e.g. α4) and collagen IV, but 
pathological matrix comprises a different group of collagens and 
laminins. In vitro studies show that mesangial cells cultured on 
laminins found in normal basement membrane result in distinct 
cellular responses from those cultured on pathological laminins 
(Hansen and Abrass, 2003; Abrass et al., 2006). The matrix compo-
sition itself therefore dictates the phenotype and activation state of 
myofibroblasts.
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Chronic leucocyte activation
Inflammatory leucocytes show levels of inappropriate activation in 
chronically inflamed tissues. This activation state can result in per-
petuation of a fibrotic process by injuring or activating local cells 
including myofibroblasts, or by directly stimulating myofibroblasts 
with growth factors.

Epigenetic changes in myofibroblasts
Although this is an evolving area of research, there is early evidence 
that myofibroblasts undergo a number of epigenetic changes. These 
are modifications to the genomic DNA that render distinct chro-
mosomal areas activated or inactivated compared with the precur-
sor cells. Changes to the DNA can result in long-term phenotypic 
changes. One recent study identified a methylated part of the DNA 
that regulates expression of an inhibitor of the Ras signalling path-
way. The Ras pathway is a signalling pathway that regulates activa-
tion and migration (Bechtel et al., 2010; Mann et al., 2010).

Cell senescence
Although cells can proliferate in response to injurious stimuli, 
many cells in the body have a limited capacity to proliferate, able 
to undergo a restricted number of cell cycles. Curtailed prolifera-
tion is known as senescence and is associated with DNA damage 
and accumulation of P16INK4a (Yang and Fogo, 2010). This pro-
cess may be due to a shortening of the telomeres with each cell 
division, although alternative mechanisms involving DNA and 
mitochondrial damage appear to be more common. Senescence of 
epithelial cells, myofibroblasts and endothelial cells leads to abnor-
mal cytokine generation and altered responses to injury that may 
perpetuate the fibrosing process (Yang et al., 2011).

Fibrosis, chronic kidney disease, and ageing
Population studies show that normal aged organs are fibrotic. 
Frequently this fibrosis is silent. The glomeruli and interstitial 
compartment of kidney are no exception (Rule et al., 2010). Aged 
animals maintained in a sterile facility also show fibrosis in the kid-
ney with ageing. This process can be retarded by caloric restriction 
(Hernandez-Corbacho et al., 2011).

The fibrotic process of ageing, shows similar pathological features 
with CKD, in particular there is loss (rarefaction) of capillaries 
(Abrass et al., 2010). One component of this process is the glycation 
of proteoglycans or the presence of oxidized fatty acids in the cir-
culation that stimulate cell activation. Another is the wear and tear 
of the vasculature that occurs with pressure changes, flow changes, 
changes that result in pericyte and endothelial activation leading 
to capillary instability. Another is the decline of silent regenera-
tive and remodelling processes that occur including changes in the 
turnover of cell membranes, and another is the progression to cell 
senescence.

Studies in animals suggest that ad libitum diets promote cell 
stress responses that lead to greater production of oxygen radi-
cals, and mitochondrial injury in aged cells than in younger cells. 
Oxygen radicals stimulate cell activation and injury. All of these 
features promote pericyte/myofibroblast activation and the fibrotic 
process (Chen et  al., 2009; Mishra et  al., 2009; Hasegawa et  al., 
2010; Romano et al., 2010).

New findings indicate that the pathological fibrotic milieu leads 
to chromosomal instability in epithelial cells and renders them at 
risk of neoplastic change, in multiple organs including lung and 
liver. It is likely that this is true in kidney also, and patients with 
kidney disease are at elevated risk of developing many cancers 
including renal cell carcinomas (Boland et al., 2005; Walser et al., 
2008; Yan et al., 2009).

One intriguing possibility is that whereas the pericytes are 
essentially nurse cells for the endothelium and, when they become 
activated myofibroblasts, they lose those nursing functions, peri-
cytes may also provide homeostatic signals to epithelium, main-
taining them in a quiescent state. Following pericyte activation to 
myofibroblasts, the epithelial cells are now in a toxic inflammatory 
environment, but they have lost vital homeostatic signals from the 
pericyte population. While other possible explanations exist, one 
additional benefit that might result from treating fibrogenesis is a 
reduced risk of the development of cancer.
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CHAPTER 141

Modality selection for renal 
replacement therapy
Raj Thuraisingham and Cormac Breen

Introduction
Most patients with advanced chronic kidney disease (CKD) experi-
ence a steady and progressive loss of kidney function to the point 
where renal replacement therapy (RRT) is required to sustain life 
(Fig. 141.1). The choice of RRT modality is of great importance and 
in many ways defines the management of CKD. In countries with 
well-developed renal services, the backbone that underpins the care 
of such patients is the low-clearance or pre-dialysis clinic in the case 
of patients with known CKD. In most centres this is a multidiscipli-
nary clinic that includes nephrologists, specialist nurses, dieticians, 
and often psychologists and social workers. One of the aims of the 
clinic should be to inform patients of the choices available to them 
and guide them through the complex decision-making process 
such that they are able to start their chosen treatment modality in 
a timely fashion. The methods and timing of information delivery 
need to be considered very carefully as they can profoundly influ-
ence the paths and outcomes patients experience. Patients who pre-
sent late crucially miss out on this process and it is clear that they 
suffer as a result, proving the value of such schemes (Stack, 2003).

The presence of a pre-dialysis or low-clearance clinic does not, 
however, always ensure favourable outcomes. Numerous studies 
have explored methods to improve the processes in such clinics. 
Many have suggested that patients are not provided with sufficient 
information on treatment options (Mehrotra et al., 2005). Along 
with the quantity and quality, when the information is delivered 
has profound long-term implications as it is clear that the initial 
mode of therapy often determines patients’ long-term dialysis 
modality (Morton et al., 2010). Detailed analysis of qualitative data 
has shown that there is great inertia on the part of both clinicians 
and patients to move from one modality to another and, as the 
default position in many centres is haemodialysis (HD), there often 
is a systematic bias away from peritoneal dialysis (PD) and other 
home-based treatments, especially in patients who present late 
(Saggi et al., 2012). Not only is the timing of information provision 
important, the way patients are presented with the information can 
have a profound influence as factors such as medical and nursing 
bias will often steer patients towards particular treatment modali-
ties (Morton et  al., 2010). Novel ideas such as using established 
patients as mentors to help ease new patients through this difficult 
time has been shown to be of some benefit (Morton et al., 2010).

Interventions such as creating vascular access often mean that 
other treatment modalities are never considered. This is especially 
important as many guidelines suggest that patients have their 

vascular access created early to avoid starting dialysis with central 
venous catheters (CVCs). This raises another issue. In the elderly 
the likelihood of a patient with stage 4 CKD dying prior to needing 
dialysis is far in excess of those who eventually progress to dialysis. 
If all the patients with stage 4 opting of HD have vascular access 
procedures in a timely manner, many of these will never be used 
(O’Hare et al., 2007).

In England alone, £1 of every £77 spent by the National Health 
Service (NHS) is for the care of kidney patients (NHS Kidney Care 
Report, 2012, It is therefore not surprising that in less affluent 
countries, socioeconomic factors play a vital role in the treatment 
of patient with stage 5 CKD with dialysis not being generally avail-
able for many patients with CKD. Transplantation however is more 
cost-effective and provides patients with a better quality of life and 
allows them to contribute economically to their families and soci-
ety; however, deceased donor programmes are not fully established 
in the less affluent nations.

Even in developed nations, socioeconomic factors have been 
shown to play a role in the choice of RRT modality in that patients 
from more deprived backgrounds may be less likely to be referred 
for transplantation (Udayaraj et al., 2010, 2012). Also factors such 
as poor quality of housing may limit the ability of patients to under-
take home-based treatment modalities such as PD and home HD.

From the clinicians’ perspective, there are two key scenarios to 
consider for patients with CKD. First, is the patient who is referred 
in a timely manner to renal services prior to developing CKD stage 
5 disease. Second, is the patient who presents late or ‘crash-lands’. 
The options open to an individual patient in these two scenarios 
are often different and renal services need to have pathways to cope 
with both.

The planned care pathway
These patients tend to be managed in a multidisciplinary clinic 
setting which serves two purposes: the medical supervision of the 
patient, and the preparation for RRT. This is an important period in 
the overall management of the patient with CKD with the patient 
invited to make decisions about the type of RRT they receive.

In the ideal pathway towards RRT the rate of decline of kid-
ney function will be slowed sufficiently to allow for unhurried 
decision-making. An initial role of the clinical assessment, along-
side management to slow progression of CKD and manage com-
plications, is to assess which treatment options are suitable for 
that patient. This allows for appropriate treatment options to be 
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discussed, and for the decisions to be appropriately individualized 
to each patient and their circumstances. It is increasingly common 
for this to include an assessment of whether the patient is suitable 
for or wishes to undertake a RRT modality at all. Once the initial 
clinical assessments and patient choices have been made there will 
be a focus on preparing the patient for these treatments.

These discussions and the choice of treatment modality that they 
facilitate are best undertaken in a dedicated clinic with the involve-
ment of the multidisciplinary kidney care team. Much of this will 
be shared between the nephrologist and specialist renal nurses, but 
access to other professionals, including psychologists and social 
workers, give important support to the process and help to address 
other aspects of the patient’s situation that can impact of the choice 
of treatment.

Transplantation
Kidney transplantation is the gold standard treatment for patients 
with CKD stage 5. This was a long-held view but it was not until 
1999 that Wolfe et  al. demonstrated the survival benefits of 
transplantation conclusively (Wolfe et al., 1999). This study was 
based on patients on the transplant waiting list and compared 
those remaining on dialysis to first-time recipients of deceased 
donor kidneys. It showed that those transplanted enjoyed better 
long-term outcomes compared to those on dialysis. Subsequently 

others have shown similar data but again only for first-time recip-
ients of deceased donor kidneys (Oniscu et al., 2005). Data from 
the UK Renal Registry and NHS Blood and Transplant provided 
further information and was able to look at the benefits strati-
fied by recipient risk and this showed that low- and medium-risk 
subjects experienced benefit in terms of increased longevity; how-
ever, this was not clearly demonstrated in high-risk recipients. 
This was based on patients awaiting their first deceased donor 
transplant (Udarayaj et al., 2010). The outcomes may be differ-
ent if the transplants are performed pre-emptively and from live 
donors. Also there is less information available for the benefits of 
transplantation compared to dialysis for recipients of second and 
subsequent grafts.

Given the benefits of transplantation, patients deemed suitable 
should be assessed as early as possible for this treatment modal-
ity. Ideally this should be discussed at the same time that dialysis 
modalities are deliberated. If live donors are available then their 
work up should proceed as soon as the patient is deemed suitable 
for transplantation. If the donor workup suggests that a live donor 
transplant is a possibility then there is no need for advanced plan-
ning for dialysis as a pre-emptive transplant should be aimed for. 
If no live donor is available and after workup, the patient should 
be listed on the deceased donor list according to local/national 
rules. In the United Kingdom, for instance, they should be listed 
6 months before their anticipated dialysis start date.

Late presentation CKD requiring immediate
dialysis 

Tunnelled line Acute PD

Fit for Tx 

No immediate live donors

Live donors

Workup donors and proceed with Transplant

Not Fit for Tx 

Hospital-based therapyHome based Rx

PD 

Assisted PD Independent PD 

HD

Refer for AVF

Transplant assessment

Discussion re: Dialysis modality

Fig. 141.1 Modality selection for late presentation CKD requiring immediate renal replacement therapy.
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The timing of a kidney transplant does have some bearing on the 
long-term outcome of transplantation. There is good evidence that 
the earlier a transplant is carried out in a patient’s time on dialy-
sis, the better the long-term graft survival. In paired donor kidney 
analysis, kidneys transplanted from deceased donors into patients 
on dialysis for < 6 months had better long-term graft survival com-
pared to the contralateral kidney transplanted into patients on dial-
ysis for > 2 years (Meier-Kriesche and Kaplan, 2002). Other studies 
support this information with both living and deceased donor 
transplantation pre-emptively being associated with better out-
comes for graft (25% for deceased and 27% for living) and patient 
survival (16% of deceased and 31% for living) compared to trans-
plant performed after commencing dialysis (Kasiske et al., 2002).

For patients with type I  diabetes, if fit enough, a pre-emptive 
simultaneous kidney–pancreas transplant is the treatment of 
choice. Allocation schemes, however, vary from country to country 
and in some the waiting times may be prolonged in which case a 
living donor kidney followed by a deceased donor pancreas may be 
the best treatment.

Dialysis
The education about and planning for dialysis will usually be under-
taken in the majority of patients with advanced CKD, although how 
this is approached may vary depending on the preferred treatment 
option. Patients aiming for pre-emptive transplantation will need 
to know what type of dialysis they may fall back on if their pro-
posed transplant fails to transpire or if they progress faster than 
expected. Patients choosing conservative care should in many cases 
know what dialysis involves as part of the process of choosing not 
to undertake it.

For those patients where dialysis is likely to be necessary there 
are number of factors that go into making the choice of dialysis 
modality. Clinical factors including the patient’s underlying dis-
ease, the presence and severity of comorbid conditions, and the 
duration of which dialysis is likely to be needed will often influ-
ence the clinical recommendation of one modality over another. It 
is especially important to recognize clinical reasons why a patient 
may not be able to have PD at an early stage, including ones that 
should be readily apparent such as a history of major abdominal 
surgery.

Personal and social factors will also play an important role, par-
ticularly around the location and frequency of treatment they are 
able to undertake; ideally this should take into account depend-
ents and carers of the patient. Long-term goals and aspirations of 
the patient are increasingly taking an important position in the 
decision-making process. Taking each of these factors into account 
allows for a holistic assessment of the patient and helps to support 
the patient’s decisions.

Initial discussions will often focus on determining the choice of 
dialysis modality, this resting between PD and HD. This approach 
assumes that each treatment option is suited to different patient 
characteristics, and that clinical criteria can be used to judge patient 
suitability. Although this approach can confirm whether patients 
are potentially suitable for PD, these are a rather narrow set of cri-
teria for judging the correct choice of modality. Identifying clinical 
reasons why PD may not be possible is an important part of the 
selection process to avoid patients unsuitable for PD being offered 
this as a treatment option.

It is becoming increasingly common for the discussion about 
the dialysis modality to initially focus on the setting of treat-
ment that best suits the patient, particularly whether the patient 
wishes to or is able to undertake treatment at home. This reflects 
the growing recognition of the benefits and cost-effectiveness 
of domiciliary therapies. If home treatment is possible then the 
patient is able to make a direct choice between PD and HD, taking 
into account clinical advice and the other opportunities that each 
modality can offer.

Peritoneal dialysis
If the choice is made to have dialysis at home, it is necessary to 
choose the type of dialysis. PD is, by design, a home-based treat-
ment so any patient choosing this treatment needs to have living 
accommodation that meets the requirements. These include a clean 
and safe environment, a suitable room to undertake treatment, and 
sufficient space for storing fluids and other supplies. It is also nec-
essary to choose between the two most common types, continuous 
ambulatory peritoneal dialysis (CAPD) and automated peritoneal 
dialysis (APD). The initial choice is usually a lifestyle decision, 
based on convenience, work, and other social factors.

Another frequent reason for patients choosing PD is the flexibil-
ity that this modality offers for travel. This travel may include short 
trips, including business travel, and for longer holidays. The avail-
ability of arrangements for delivery of consumables to a variety of 
locations is an attractive option for a number of patients. This can 
help maintain the flexible approach to treatment when travelling, 
and avoid the need otherwise to book dialysis treatment during 
trips. It also minimizes the risk of acquiring blood-borne infections 
whilst dialysing abroad.

Most patients selecting PD will be expected to learn the tech-
nique themselves during training and be self-caring. Assessment of 
patients will usually take into account manual dexterity and intel-
lectual capability amongst other factors. Some patients, including 
the young and elderly, will only be able to undertake some of the 
supervision of their treatment, and in these cases a carer who is able 
to undertake the treatment on their behalf will usually be identified.

For frailer patients or those requiring other care in addition to 
dialysis, assisted APD with dialysis procedures being undertaken 
by healthcare professionals may be a useful option. This helps 
patients who wish to undertake dialysis but are unable to manage 
the treatment themselves and do not have a suitable carer, avoiding 
the need for centre-based HD.

Home haemodialysis
Other patients choosing to dialyse at home will do this by using 
HD. Although home HD has had low uptake for many years it has 
recently become a more common choice of modality. In addition 
to the standard preparation for HD, patients have to undergo a 
period of training in the treatment technique. The patient has to be 
capable of undertaking the physical requirements of the treatment, 
including the insertion of dialysis needles into the fistula. Other 
requirements include a suitable home environment with sufficient 
space for the dialysis equipment and for storing supplies. Patients 
must also be able to authorize home conversion works allowing a 
water supply and drainage to be brought to the proposed location 
of the dialysis machine; this is usually possible for homeowners but 
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can prove more difficult for patients living in temporary or rented 
accommodation.

An important factor here is the presence or absence of a partner 
or carer, and the clinical and technical dialysis teams will usually 
meet them early in the selection process, either in the clinic or at 
a home visit. Although carers are usually not regarded as manda-
tory for patients starting home dialysis, and ideally, unless this is 
planned in advance, patients should be self-caring with their dialy-
sis treatment in most instances, it is important that the views of 
other people living with the patient are taken into account at this 
planning and selection stage. If, as is sometimes the case, some or 
all of the dialysis treatment is to be delivered by a carer then they 
need to be assessed in a similar way to self-caring patients and able 
to deliver the physical requirements of the dialysis process.

If the patient is able to meet these criteria, the next decisions are 
to choose the treatment system and the likely dialysis schedule. 
Conventional HD machines, similar to those used for in-centre 
dialysis, have the greatest requirement for space and home adapta-
tion, and offer the widest range of potential treatment schedules. If 
the home environment is suitable these machines can be placed in 
a location to support whichever schedule is most suitable for the 
individual patient. Although in the past many patients were com-
menced on the same thrice-weekly schedule that they would have 
with in-centre treatment, it is more typical for the patient to dialyse 
at least on alternate days, thereby avoiding the 3-day gap between 
treatments, and many choose schedules that are either more fre-
quent or for longer duration.

Increasingly patients have a wider range of dialysis systems to 
choose from with new systems having been designed more specifi-
cally for use in the home setting. These newer systems offer varia-
tions on the standard dialysis setup and procedure which may be 
more appealing to some patients, with the potential of machines 
fitting into a smaller space, requiring less permanent home adjust-
ments, and the potential of more portability.

Selecting the dialysis schedule is influenced by clinical and life-
style factors. Patients new to dialysis with preserved residual renal 
function or who are planned to receive a kidney transplant and 
therefore not likely to spend a long time on dialysis will often be 
suitable for a shorter duration intermittent dialysis schedule. The 
choice of longer treatment times offers them less overt clinical ben-
efit in the short term.  It is reasonable to allow lifestyle factors to 
guide the choice of treatment schedule, especially where daily or 
nocturnal treatment might facilitate working or study. Conversely, 
patients who are likely to spend a prolonged time receiving dialy-
sis, such as those in whom transplantation is not contemplated, 
commencing from the outset on a higher dose or more frequent 
treatment is clinically appropriate, particularly if this also is able to 
support the lifestyle and work needs of the patient.

In-centre haemodialysis
In patients choosing not to or unable to have dialysis at home, the 
only dialysis choice is for in-centre treatment. For many patients 
this will be an active choice. The convenience of a dialysis centre, 
particularly as these are often provided in community settings rel-
atively close to the patient’s home, will often be appealing. These 
centres will generally provide dialysis with full nursing care, but 
patients can often choose to learn self-care dialysis and gain flexi-
bility in scheduling if they can undertake their dialysis independent 

of nursing care. Some dialysis centres accommodate this, such 
as allowing independent patients to dialyse on evening shifts, or 
allowing patients to agree and change their dialysis schedule by 
agreement with other self-caring patients. This flexibility of sched-
uling can be an important factor for patients with work, study, or 
family commitments, and may contribute to the choice of a dialysis 
centre.

For a small proportion of the patients commencing RRT there 
will be very little choice about dialysis modality. In most of 
these cases there will be a clear clinical reason, such as medical 
or psychiatric illness that affects their stability during treatment 
or requires additional clinical support only available in a main 
hospital centre. Limitations on mobility that cause difficulties in 
accessing a dialysis centre or needing to lie down during treat-
ment, or the presence of an active viral illness for which isola-
tion facilities are only available in a main centre are other reasons. 
The other significant group are those for whom the presence of 
a violent psychological or behavioural condition means that the 
safety of dialysis staff and other patients requires the presence of 
adequate security personnel.

Conservative kidney care
Although not strictly a treatment modality, the choice of patients 
approaching end-stage kidney disease not to receive RRT is one 
that is becoming more common. This reflects the increasingly large 
number of elderly patients with significant co-morbidity develop-
ing advanced stages of CKD, although patients choosing to have 
conservative care do not always have a significant burden of other 
disease.

The planning for conservative kidney care will usually start 
somewhat in advance of the patient reaching a conventional trigger 
to start RRT, often after they have received information and edu-
cation about treatment choices. This planning should involve the 
patient’s family from the outset to help ensure that the decision has 
been properly made. Once they have agreed to conservative treat-
ment the patient continues to receive standard medical and nursing 
care, but in addition to that they will all often engage in a process 
of advanced decision-making. Dependent on local availability they 
may become engaged with specialist renal or general palliative 
care services, especially when kidney function deteriorates or they 
become symptomatic.

It is important for the patient selecting conservative care to 
know that this decision is not irrevocable. A proportion of patients 
change their mind as they near end-stage kidney disease, and at this 
stage it is important to take them again through the modality selec-
tion process, albeit at a faster pace than previously.

Timing the start of renal replacement 
treatment
The optimal time to start treatment varies between patients and 
between modalities. As indicated, the timing of transplantation 
from a living donor ideally should be pre-emptive (before the need 
for dialysis) and could arguably be undertaken before significant 
symptoms or complications of CKD are present. Patients suitable 
for transplantation but lacking a living kidney donor should be 
listed before they reach the need for dialysis, and in some cases 
may also be transplanted pre-emptively, although this is usually not 
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a common occurrence as in most countries there is a significant 
shortfall in the availability of deceased donor kidneys.

The timing of starting a dialysis modality may be due to a number 
of factors. Most commonly preparation for dialysis commences in 
advance of the predicted need for dialysis. This is most true for HD 
with the need for arteriovenous (AV) fistula formation in enough 
time to allow the blood flow and volume to develop adequately. 
PD catheter placement is usually deferred to nearer the anticipated 
start time, though some centres favour earlier placement.

Most commonly it is the increasing presence of symptoms that 
triggers the commencement of dialysis, and generally this will cor-
respond to a decline in kidney function measured by glomerular 
filtration rate (GFR). Some patients will develop severe fluid reten-
tion unresponsive to diuretic therapy or electrolyte disturbances, 
particularly hyperkalaemia, that requires dialysis to start in the 
absence of symptoms.

The other trigger for commencing dialysis is decline in kidney 
function with a threshold being set for initiating treatment even 
in the absence of symptoms. This may not always be accepted by 
patients who do not feel unwell. There is no clear evidence that 
commencing patients at a certain level of kidney function, as com-
pared to letting the treatment start be triggered by the development 
of symptoms, offers any improvement in immediate or longer-term 
outcome, nor indeed that being guided by symptoms leads to delays 
in starting dialysis for many patients. Indeed there is evolving data 
to suggest that patients starting dialysis with an estimated GFR of 
around 7 mL/min have better outcomes than those starting with 
higher estimated GFRs (Cooper et al., 2010).

Crash-lander pathway
Late presentation of CKD is the norm worldwide consider-
ing the burden of disease in the developing nations (Fig. 141.1). 
Studies from India indicate that up to 75% of patients are seen 
by a nephrologist for the first time within 3 months of requiring 
RRT (Parameswaran et  al., 2011). In developed nations this fig-
ure is lower and falling; below 19% now in the United Kingdom 
(Gilg et al., 2014) and similar data comes from Australia and New 
Zealand where a direct relationship between economic status and 
late presentation has been demonstrated (Cass et  al., 2002). The 
challenge with these patients is to provide them with the neces-
sary information in order to establish them on their chosen mode 
of RRT in a timely fashion. In many cases this is not possible and 
frequently these patients are never appropriately ‘educated’.

The other scenario that occurs is for patients to be known to 
nephrologists but nonetheless begin dialysis in an unplanned 
fashion. In a UK study, up to 49% of patients who were known to 
renal services for > 4 months still started dialysis as an emergency. 
Reasons for this included intercurrent illness requiring earlier than 
anticipated decline in function and delays in referral or timely 
access surgery (Buck et al., 2007).

Conservative management
Conservative management of renal failure or maximal medical 
therapy is still the most frequently deployed treatment modality 
for patients with CKD stage 5 worldwide given the costs of chronic 
dialysis, especially for patient who present late. Some patients in the 
developing world start on dialysis programmes but then withdraw 

for financial reasons (Parameswaran et al., 2011). In developed coun-
tries this does not generally occur, withdrawal from dialysis being 
largely based on non-financial factors. There is evidence that patients 
opting for conservative management in developed countries may 
have a better quality of life compared to dialysis with shorter sur-
vival however (Da Silva-Gane et al., 2012). Such data usually comes 
from the context of patients in a low-clearance clinic and hence is 
not applicable to patients presenting late. There is some evidence that 
patients presenting late to nephrologists have a poorer survival even 
in the context of conservative management (Ellam et al., 2009).

Haemodialysis
The usual modality provided for most patients who require an 
unplanned start to dialysis is HD. By the very nature of their pres-
entation, vascular access is usually via a CVC, ideally tunnelled but 
usually untunnelled. The advantage of this method is that dialysis 
can be initiated in the time it takes to place a CVC. Life-threatening 
complications therefore can be treated rapidly and the patient’s 
condition stabilized. The disadvantages, however, include sepsis 
related to the CVC (Astor et al., 2005; Patel et al., 2010) and com-
plications of the insertion procedure, the latter can be minimized 
by using ultrasound-guided insertion techniques.

Once established on HD the aim should be for creation of an AV 
fistula as soon as possible unless the patient wishes to pursue PD or 
if there is the imminent prospect of a live donor transplant.

Peritoneal dialysis
In the past, ‘hard catheter PD’ was a commonly used modality for 
treating patients with late presentation of renal failure. This tech-
nique fell out of favour with better access to HD and the advent of 
CVCs. More recently, several publications have shown the feasibil-
ity of using PD as the initial dialysis modality in unplanned dialysis 
with outcomes comparable to that of HD (Koch et al., 2012). These 
patients who are referred late appear to do as well as patients who 
start PD in a planned fashioned (Fan et al., 2002).

Summary
The choice of RRT modality for those with CKD stage 5 is a complex 
one with many options open to patients. Guiding patients thorough 
these choices needs to be done sensitively and in a timely manner, 
taking into account the unique circumstances of the individual. The 
pre-dialysis multidisciplinary team needs to play a pivotal role in 
this process.
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CHAPTER 142

Patient education and 
involvement in pre-dialysis 
management
Sue Cox and Nicola Thomas

Introduction
This chapter outlines the aims and potential benefits of timely edu-
cation in pre-dialysis care and describes the methods and models 
of care that should be considered when delivering a high-quality 
education programme for patients and their families.

Aims
One of the aims of a pre-dialysis education programme is to pro-
vide objective information about the different treatment options, to 
allow individuals and their families to make decisions in partner-
ship with clinicians on the optimal treatment for them.

Patient education
A pre-dialysis education programme has long been recognized 
as an integral part of care of people with established renal disease 
(Goovaerts et al., 2005). High-quality patient education is a fun-
damental part of any pre-dialysis service and is instrumental in 
supporting patients in understanding their kidney disease and the 
treatment choices available to them. The Renal National Service 
Framework (NSF) Part One specified that an individual should 
be cared for in a multidisciplinary clinic offering education and 
support 12  months before they reach end-stage kidney disease 
(ESKD) and subsequently require renal replacement therapy (RRT) 
(Department of Health, 2004).

Education and health promotion for people with stage 3 chronic 
kidney disease (CKD) should start in primary care and structured 
education programmes should be provided for people who have pro-
gressive stage 4 CKD and for people at stage 5 CKD. An accelerated 
educational package should also be provided for those starting dial-
ysis as an emergency (Farrington and Warwick, 2010). The informa-
tion provided at the pre-dialysis stage needs to be comprehensive. It 
should cover all aspects of care including delaying the progression 
of CKD, understanding CKD, and living with CKD. Information on 
treatment options should include benefits of living kidney donation 
and pre-emptive transplantation and home dialysis.

Standards one and two of the Renal NSF (Department of 
Health, 2004) focus on access to information that enables shared 

decision-making, encourages self-management, and ensures timely 
preparation for desired RRT minimizing complications and slow-
ing progression. The Renal Association of the UK has produced 
several guidelines relevant to the pre-dialysis setting and these are 
outlined in Box 142.1.

Benefits of patient education
There are a number of important benefits that result from a timely, 
patient-centred, and well-organized pre-dialysis education pro-
gramme. These benefits include better outcomes for patients, 
increased choice of modality, and opportunities for home therapies 
(Little et al., 2001; Department of Health, 2004; Marron et al., 2006; 
Mendelssohn et al., 2009).

It is suggested that those receiving RRT who commence treatment 
in a timely manner with permanent access have reduced complica-
tions, hospital admissions resulting in fewer deaths, improved quality 
of life (Yeoh et al., 2003; Goovaerts et al., 2005; Marron et al., 2006), 
and reduced healthcare costs (McLaughlin et al., 2001; Crooks, 2004). 
Those starting dialysis as an emergency and thus having limited access 
to education packages have been shown to have poorer outcomes 
(Ravani et al., 2003; Chan et al., 2007; Mendelssohn et al., 2009).

Starting pre-dialysis education early when the patient still feels 
well has many advantages and seems to be a significant factor in 
determining whether patients have an optimal or suboptimal dialy-
sis start. Patients receiving education in a timely manner may be 
more likely to adopt behaviours that may delay the progression of 
their kidney disease and delay the initiation of RRT (Pagels et al., 
2008; Davies, 2011). Patients are more likely to engage in behaviour 
to help manage cardiovascular risk and other co-morbid conditions 
as well as optimizing biochemistry, such as anaemia and phosphate 
control. Timely education has also shown a better understanding of 
medical conditions resulting in better health outcomes, increased 
adherence, and more empowered patient decision-making (Little 
et al., 2001; Rankin and Stallings, 2001; Goovaerts et al., 2005).

These benefits can result in patients starting on their treatment 
of choice including opting for non-dialytic therapy (maximum 
conservative management). The patient also has time to discuss 
treatment options with their family and friends, both of which 
have been shown to have a significant influence on the modality 
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an individual chooses (Murray et  al., 2009). These patients are 
likely to choose a mode of self-care dialysis, such as peritoneal 
dialysis, home haemodialysis, or have a pre-emptive transplant 
(Mendelssohn et al., 2009).

Patient involvement and shared 
decision-making
Shared decision-making is a process in which clinicians and 
patients work together to select tests, treatments, management, 
or support packages, based on clinical evidence and the patient’s 
informed preferences. It involves the provision of evidence-based 
information about options, outcomes, and uncertainties, together 
with decision support counselling and a system for recording 
and implementing patients’ informed preferences (Coulter and 
Collins, 2011).

The principles of a shared decision-making conversation are 
shown in Box 142.2

If patients are truly going to take part in the decision-making 
process (e.g. such as choosing the type of dialysis), it has been 
suggested that they need not only clear, comprehensible informa-
tion about the condition and the treatment or support options, 
but also prompts to help them think about what the different 
options might mean for them and to reach an informed prefer-
ence (Coulter and Collins, 2011). These prompts are called deci-
sion aids and work is ongoing to develop decision aids for people 
with kidney disease, including end-of-life care. (See ‘Decision 
aids’ later in this chapter.)

Models of care
Pre-dialysis information provided ideally needs to be incrementally 
built upon over time. The information and support provided to 
the patients prepares them, ensuring that they start on their treat-
ment of choice in an ordered and timely way (NHS Institute for 
Innovation and Improvement, 2008).

Assessment and discussion about transplantation needs to 
occur in parallel with dialysis planning and, where possible, a 
pre-emptive live donor transplant as the goal. Discussions for 
transplantation need to start early to allow time for live donors to 
be assessed and necessary workup completed, and not all donors 
are suitable, extending the workup time as most units workup 
one donor at a time. If transplantation is not considered the best 
option this needs to be discussed with the individual to ensure 
clarity around transplant status and treatment planning (NHS 
Institute for Innovation and Improvement, 2008). Patients with 
a failing transplant graft also need to access the education and 
information given to those in pre-dialysis or advanced kidney 
care clinics (AKCCs).

It is now considered by many units as preferential to present dial-
ysis options as home dialysis versus unit dialysis. This allows the 
patient to choose between hospital-based or home-based therapy 
rather than the specific details of haemodialysis versus peritoneal 
dialysis. The benefits of self-management and self-care must also 
be highlighted, including the clinical benefits of increased dialysis 
hours. Maximum conservative management should be discussed 
with all patients with appropriate links to palliative care or special-
ist renal palliative services.

The education provided needs to be multidisciplinary and mul-
tifaceted, addressing the individual needs of the diverse patient 
population. Access to a clinical psychologist and/or renal social 
workers can be invaluable at this time, providing information on 
living with kidney disease as well as general information on ben-
efits and other social concerns. Patients not only face physiologi-
cal changes but also psychological stress associated with chronic 
disease and long-term treatment (Pagels et  al., 2008; Murray 
et al., 2009).

An overview of quality standards for the education team, pro-
cesses, content/topics, media/material/funding and quality meas-
urements for renal replacement therapy option education has been 
published by a group of experts (Goovaerts et al., 2014).

Box 142.1 Renal Association guidelines (2010) for education 
during pre-dialysis care

 ◆ ‘all patients with severe CKD (stage 5 and progressive stage 
4) together with their families and carers, should be offered an 
appropriate education programme aimed at improving their 
knowledge and understanding of their condition, and of the 
options for treatment’ (Guideline 4.1)

 ◆ ‘all patients should be encouraged to perform home dialysis 
therapy where possible, as part of an integrated approach to 
renal replacement therapy’ (Guideline 3.5)

 ◆ ‘all medically suitable patients should be informed about the 
advantages of pre-emptive living kidney transplantation and 
efforts made to identify potential donor to allow pre-emptive 
transplantation before the need for renal replacement therapy’ 
(Guideline 3.3)

 ◆ patients needing RRT within 3 months ‘access an accelerated 
care pathway to deliver education, information and prepare for 
RRT’ (Guideline 3.2) (Farrington, Mooney et al., 2014).

Box 142.2 Principles of shared decision-making

 ◆ Support patients to understand and articulate what they want 
to achieve from the RRT options available (their preferred out-
come or goal).

 ◆ Support patients to articulate their current understanding of 
their condition.

 ◆ Inform patients about their condition, about the RRT options 
available and the benefits of each.

 ◆ Support patients to understand and articulate their own con-
cepts of risk/harm.

 ◆ Describe what is known about risks or harm associated with 
the RRT options.

 ◆ Ensure that patients and clinicians arrive at a decision based on 
mutual understanding of this information.

Adapted from Coulter and Collins (2011, p. 12).
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Assessment
In order for this high-level education to be provided at the right 
time, at the right level, and in the right format for the individual 
patient, there needs to be an efficient assessment process in place. 
Patients require information to be presented accurately and that 
is easily understood, comprehensive, and unbiased. This informa-
tion then needs to be assimilated in agreement with the patient’s 
own beliefs and values, which also must be acknowledged by the 
clinician (O’Connor et  al., 1999; Marteau et  al., 2001; Bekker 
et al., 2004). In order to achieve anything from the consultation 
it is vital that the patient’s priorities are addressed initially so that 
the patient can then concentrate on the information being pro-
vided to them.

There are often many barriers preventing patients gaining opti-
mal benefit from the education process. Assessment of an indi-
vidual’s readiness to learn before commencing education will help 
to ensure optimal benefit from the information given. There are 
many environmental, physical, and psychosocial barriers to learn-
ing (Chang and Kelly, 2007). Potential barriers that should be con-
sidered before teaching can commence include physical problems 
such as poor eyesight, cognitive impairment, poor literacy, and a 
range of psychosocial issues such as confidence in undertaking a 
self-care therapy.

It is difficult to assess a person’s learning style in a busy clini-
cal area, although taking the time to ask an individual about their 
preferred learning style could also benefit the patient, resulting 
in information and education being much more effective (Smith 
et al., 2007). Further information on differing learning styles can be 
found at http://en.wikipedia.org/wiki/Learning_styles

Once an individual’s learning style has been assessed, a learning 
plan can be developed in partnership with the patient, focusing on 
aims of learning and how much information is wanted and when. 
The plan should be regularly reviewed with the patient until it is 
achieved.

Individualized planning
Patient-centred education is essential in order to achieve the 
desired outcome. There is often a mismatch between the patient’s 
and clinician’s goal of a consultation. Only 25% of patients want as 
much information as possible (Ormandy et al., 2007). Best prac-
tice should be to provide information that is ‘relevant to the per-
son, with the method, scale, pace and scope of the delivery being 
suited to the individual’s learning style, capacity and preferences’ 
(Farrington and Warwick, 2010, Guideline 4.2).

There are many factors that can affect and influence a patient’s 
decision (Box 142.3) and family and friends play a major part in 
the decision process. If these influencing factors remain unre-
solved, these patients are more likely to delay making a decision, 
change their mind, or even portion blame to the healthcare provid-
ers (Murray et al., 2009).

Educational material, both in content and delivery, may some-
times need to be altered to meet the needs of a specific patient 
group. Two examples are the young adult (typically classified as 
16–25-year-olds) and patients who present late and start RRT as an 
emergency or within 3 months of presenting to a renal unit for the 
first time (unplanned starts). The UK Renal Registry reports that 
19% of all patients start RRT in an unplanned way (Gilg et al., 2010). 

These patients have little time for psychological preparation and 
often education is only given after the event, limiting patient choice 
and delaying transplant work up (NHS Institute for Innovation and 
Improvement, 2008). As a result, such patients require an acceler-
ated education and preparation programme for RRT, mirroring that 
given to those patients in the pre-dialysis clinic/AKCC (Farrington 
and Warwick, 2010).

For the young adult group, the education format needs to be 
altered to have resonance to young adults and presented in a way 
that appeals to them (Korus et al., 2011), such as web-based mate-
rial and use of social media. Individualized face-to-face consul-
tations remain an effective way of providing education as some 
young people may not wish to participate in standard pre-dialysis 
education groups with older people. Establishing a separate young 
person’s clinic may be beneficial to provide the opportunity for 
age-appropriate education and peer support.

Implementation
When delivering information, an individualized approach should 
be taken, utilizing a variety of educational tools that suit individual 
learning styles (NHS Institute for Innovation and Improvement, 
2008; Warwick, Mooney et al., 2014). Information needs to be 
culturally sensitive, relevant to the local population, and may be 
required in different languages, large print, audio format, and 
Braille. The way information is provided and communicated influ-
ences choice far greater than the information itself. Those deliver-
ing the education programme need to have appropriate teaching 
and facilitation skills and healthcare providers may be unaware 
of the way in which everyday communication can bias decisions 
rather than facilitate patient choice (Bekker, 2010).

Ormandy et  al. (2007) identified preferred ways in which 
pre-dialysis education could be delivered. Verbal information 
received face to face was the most preferred method, with 70% of 
patients wanting a relative or friend present. This format is best 

Box 142.3 Influencing factors on the decision-making process

 ◆ Knowledge gaps

 ◆ Lack of clarity of what matters most

 ◆ Knowing other’s experience

 ◆ Self-perceived burden to family

 ◆ Uncertainty regarding outcomes—fear and disappointment

 ◆ Personal responsibility and personal risk/benefit ratios

 ◆ Preservation of current well-being and normality, quality 
of life

 ◆ Maintaining individuality

 ◆ Feeling pressured to make a decision

 ◆ Interpersonal relationships of both family and healthcare 
provider

 ◆ Provider/patient interactions

 ◆ Trust in providers

 ◆ Need for control and to manage situation (Murray et al., 2009).
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provided in both individual and group sessions. Visual aids, practi-
cal demonstrations, expert patients, and multidisciplinary involve-
ment provide rich group education sessions. Patients may benefit 
from the discussion generated and the support networks formed 
during these sessions.

However, group sessions may not be suitable for all patients (see 
Box 142.4). Individual one-to-one sessions are then vital in over-
coming some of these aspects and can be tailored to the individual’s 
needs. These are usually provided by the pre-dialysis nurse and 
often at the time of existing outpatient appointments. Patients hav-
ing attended the group sessions often benefit from a one-to-one 
session to consolidate and clarify any questions that have arisen. 
If appropriate, a treatment plan can be formulated with the patient 
at this point.

For patients that remain in pre-dialysis or AKCC and do not pro-
gress onto RRT for some time, an update or refresher session may 
be required due to advances in treatment or change in their own 
circumstances.

Take-home tools are a way of re-enforcing learning and facilitate 
discussion with family and friends. The following information tools 
can be used in both the group education sessions and individual 
sessions:

Written information
This can be a selection of short introductory leaflets or more com-
prehensive booklets, although often a selection of both is required. 
Many patients will want to find out more (Ollerenshaw, 2007) so 
signposting to further verified information is vital.

Visual tools
Pictorial tools can speak across cultural and language barriers. 
Examples are:
◆ Image library—images of local patients showing all aspects of 

treatment. These can be stored on computer or used as a flip chart.
◆ DVDs—many that are produced use a mixture of clinician expla-

nations and patient stories covering a range of aspects for CKD 
stages 4–5. Examples of DVDs produced are:

•	 ‘Kidney	Research	UK’—modules	one	(stage	1 –3	CKD)	and	
two (pre-dialysis) <https://www.kidneyresearchuk.org/
health-information/resources/dvds>

•	 ‘Your	 Kidneys,	 Your	 Choice’—providing	 information	 on	
CKD and treatment choices promoting joint decision-making 
<http://www.mykidney.org/Videos/YourKidneys.aspx>

•	 ‘Living	Life	to	the	full	on	dialysis’—promoting	dialysis	self-care	
options <http://www.mykidney.org/Videos/LivingLife.aspx>

•	 ‘The	Gift	of	Life’—providing	information	on	living	donation	
(Guys and St Thomas’ NHS Foundation Trust, 2007)

•	 Practical	demonstrations—visits	to	dialysis	units	and	demon-
strations of both unit and home dialysis equipment.

Web-based material
Information from the Internet can provide broader information 
in alternative formats and in greater depths, including patient sto-
ries (e.g. <http://www.nhs.uk/Conditions/Kidney-disease-chronic/
Pages/Introduction.aspx>). Support networks can also be formed 
online and social media is a growing form of providing informa-
tion and education and also putting kidney patients in touch with 
each other.

Peer support
Patient-to-patient support often occurs informally in many renal 
units. By formalizing the process and providing specific peer support 
training, individuals can be put in contact with a peer supporter who 
has experience of a particular treatment or procedure, including kid-
ney donation. Peer support provides the real lived experience for the 
patient at various stages in the pre-dialysis pathway, complementing 
the clinical information provided, and is reported as the most highly 
valued aspect of education (Colella and King, 2004; NHS Institute 
for Innovation and Improvement, 2008). Patients should be matched 
for lifestyle, age, and cultural background, which is one of the great 
strengths of peer support (Colella and King, 2004; Hughes et  al., 
2009). Patients have the option of one-to-one meetings or telephone 
consultations. Group peer support can be very beneficial for those 
who may feel uncomfortable on a one-to-one basis.

Decision aids
Patient decision aids are designed to help clinicians with shared 
patient-centred care and actively engaging patients in the 
decision-making process. Decision aids include several compo-
nents with relevant information that helps patients to remember 
facts and make deliberate choices between two or more treatment 
options. It allows them to process information provided with their 
own thoughts and beliefs and have awareness of relevant conse-
quences of the different options (Bekker, 2010).

Evaluation and patient involvement
Education programmes need to be responsive to the information 
needs of the patient group. If programmes are not formally evalu-
ated there is a potential for a mismatch in perceptions between the 
clinician and the patient about the content and structure of edu-
cation delivery. Consequently education programmes may not be 
optimizing the potential learning opportunities or providing the 
information and support desired. This can leave patients feeling 
disengaged, uncomfortable, and even alienated.

It is now widely recognized and a national recommendation 
that user involvement in all aspects of service development is 

Box 142.4 Reasons why patients might not attend group sessions

 ◆ Distance to travel to hospital

 ◆ Work commitments

 ◆ Language barriers or hearing difficulties

 ◆ Too distressing for the patient

 ◆ Not considered age appropriate

 ◆ ‘Dr knows best’ attitude

 ◆ Patient doesn’t feel the need to consider treatment options

 ◆ Patient may feel embarrassed in larger groups

 ◆ One-to-one sessions preferred as can ask specific questions 
(Ormandy et al., 2007).
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vital to bridge the gap between service provision and patient 
needs (Department of Health, 2001; NHS Institute for Innovation 
and Improvement, 2008). The patient’s expectations must be 
incorporated as they often differ from the clinician’s view of 
a patient’s needs and so inclusion is a prerequisite for success 
(Blomqvist et al., 2010). User involvement when developing or 
evaluating education and information tools maximizes valid-
ity and ensures patient focus. Any new tools produced need to 
adhere to the local Trust policy for consent, copyright, and clini-
cal governance.

To know that the teaching outcomes are successful, assessment of 
the amount of information obtained by the patient and their under-
standing of it is required. Evaluation of all educational tools and 
styles used as well as clinical outcomes resulting from teaching is 
also essential.

Methods of evaluation
Simple questionnaires can be used for both education groups 
and information tools used (NHS Institute for Innovation and 
Improvement, 2008). The reasons that patients opt for certain 
treatments should be documented and analysed through a ques-
tionnaire to determine future guidelines for education programmes 
(Goovaerts et al., 2005). Consultation days for patients and staff 
can elicit views on gaps and expectations of services provided. Both 
questionnaires and consultation days often do not represent the 
diverse patient population. In-depth patient interviews are needed 
to access the hard to reach patient groups providing greater feed-
back on all aspects of the education programme and are more likely 
to be representative of the patient population.

Conclusion
This chapter has outlined the aims and potential benefits of timely 
education in pre-dialysis care and has described the methods 
and models of care that should be considered when delivering a 
high-quality education programme for patients and their fami-
lies. Pre-dialysis education delivered in an individualized, timely 
way has many benefits, including better clinical outcomes for 
patients and most importantly, increased opportunities for home 
therapies.
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CHAPTER 143

Preparation for renal 
replacement therapy
Muh Geot Wong, Bruce A. Cooper, 
and Carol A. Pollock

Introduction
Although the primary aim of management in chronic kidney dis-
ease (CKD) is to prevent progression to stage 5 CKD, for many 
patients renal replacement therapy (RRT) is inevitable.

Planning for the initiation of dialysis is aimed at ensuring that 
it takes place in a supported environment in which adverse events 
will be minimized, that the modality chosen is appropriate for 
the individual circumstances, and the patient has full knowledge 
of what RRT entails. Beginning dialysis inevitably involves medi-
cal, psychological, family, and social issues, and preparation for 
RRT is optimally managed by a team with appropriate expertise in 
these areas. Multidisciplinary education programmes that inform 
patients and their families about their disease and the treatment 
options are likely to result in patients starting dialysis in a planned 
and elective manner (Levin et al., 1997).

Individual and family expectations concerning what RRT will 
not deliver also need to be managed so that realistic goals of RRT 
can be set from the outset. For some, RRT will be a bridge to trans-
plantation, for others it will be an ongoing part of life. This chapter 
will focus primarily on planning for dialysis: planning for trans-
plantation, although considered by many patients preparing for 
RRT, is covered elsewhere. Discussions concerning RRT should 
generally include options for conservative approaches to ongoing 
care, as well as advanced care planning. Although these issues are a 
very important component of planning for RRT, they will only be 
briefly addressed here.

Predialysis care: timing of referral  
to a nephrologist.
The transition from CKD to RRT is a stressful and emotional event 
in a patient’s life. This period, immediately prior to RRT and the 
subsequent months, is dominated by health challenges, the rec-
ognition of a high mortality risk, and disproportionately high 
personal healthcare costs. Most observational studies have dem-
onstrated that early referral of patients with CKD to nephrological 
care is associated with slower rates of kidney functional decline and 
decreased patient morbidity and mortality, decreased hospitaliza-
tion rates, increased likelihood of either the creation of permanent 
dialysis access prior to its initiation, or of kidney transplantation, 
and reduced initial costs of care following the commencement of 

dialysis (Cass et al., 2003; Curtis et al., 2005; Jungers et al., 2006; 
Chan et al., 2007; Smart and Titus, 2011). Dialysis, Outcomes and 
Practice Patterns observational data in 8500 incident haemodialy-
sis patients suggest that the adjusted hazard ratio (HR) of death 
falls progressively with up to five nephrological consultations prior 
to the start of dialysis (Hasegawa et al., 2009). Furthermore, there is 
a graded benefit in referral, > 3 months versus 3–12 months versus  
> 12 months prior to the start of dialysis, independent of the pres-
ence of diabetes and the age of the patient (de Jager et al., 2011).

In general terms, the potential benefits associated with timely, 
appropriate nephrologist referral include:
◆ optimized patient planning and preparation for dialysis or kid-

ney transplantation (including establishment of permanent dial-
ysis access, which is discussed elsewhere—see Chapter 256)

◆ improved diagnosis and management of treatable kidney disease 
requiring specialist medical investigation and/or therapy

◆ retarded CKD progression through improved control of CKD 
risk factors

◆ enhanced management of CKD-related complications, such 
as significant renal anaemia, CKD mineral and bone disorder 
(CKD-MBD) and refractory hypertension.

Potential disadvantages of nephrologist referral include:
◆ saturation of limited nephrology manpower and resources, 

thereby limiting the access of high-risk CKD patients most likely 
to benefit from specialist renal services

◆ inefficient healthcare utilization
◆ heightened anxiety for the patient, and possibly unnecessary and 

costly investigation of patients with less serious CKD that is emi-
nently manageable in primary healthcare.

Most countries report that some one-third of the patients com-
menced on dialysis are referred ‘late’ (i.e. within 3  months of 
needing to commence kidney replacement therapy) to the care of 
a nephrologist (Kinchen et al., 2002; Marron et al., 2006; Luxton, 
2010; Hommel et al., 2012; Yamagata et al., 2012). A recent online 
survey of 479 internal medicine residents in the United States to 
determine their perceptions of indications for nephrology referral 
in CKD management showed widely divergent results for proteinu-
ria (45%), uncontrolled hypertension (64%), hyperkalaemia (26%), 
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anaemia (28%), CKD bone disorder (45%), glomerular filtration 
rate (GFR) < 30 mL/min/1.73 m2 (90%), and rapid decline in GFR 
(79%) (Agrawal et al., 2009). Lee and Forbes (2009), examined the 
impact of unsolicited nephrologist referrals for CKD patients from 
generalists in Kaiser Permanente Hawaii (214,000 members) based 
on (a) GFR < 20 mL/min/1.73 m2; (b) GFR 20–40 mL/min/1.73 
m2, plus urinary protein:creatinine ratio > 2 g/mmol; or (3) urinary 
protein:creatinine ratio > 4 g/mmol, regardless of GFR. Between 
2004 and 2008, the proportion of late nephrologist referrals (within 
4 months of onset of RRT) decreased from 32% to 12% (P = 0.001), 
whilst the proportion of patients who started haemodialysis as out-
patients increased from 35% to 53% (P = 0.003), and the proportion 
who started with permanent dialysis access increased from 18% to 
36% (P = 0.003).

In a small, non-randomized controlled trial of 52 CKD patients 
with diabetes mellitus, Martinez-Ramirez et  al. (2006) demon-
strated that patients who were subsequently referred to a neph-
rologist exhibited better preservation of renal function, delayed 
progression of albuminuria, and better blood pressure control 
than those who remained treated only by their family doctors. 
Nephrologists were more likely to use angiotensin-converting 
enzyme inhibitors, angiotensin receptor blockers, and statins, and 
to discontinue non-steroidal anti-inflammatory drugs, than were 
family doctors. However, the decision to refer was not randomized 
and there remains insufficient evidence to indicate whether or not 
the outcomes of patients with both diabetes mellitus and CKD are 
improved by nephrologist referral.

Black et al. (2010) conducted a systematic review of the evidence 
of the clinical effectiveness and cost-effectiveness, and an economic 
analysis, of early referral strategies for the management of people 
with markers of renal disease. Five retrospective studies examin-
ing patients who had commenced RRT found that early referral  
(> 12 months prior to RRT) was associated with reduced odds of 
mortality for up to 5  years after commencement of RRT, which 
is further supported by the Danish cohort study (Hommel et al., 
2012). Both studies involving predialysis CKD patients showed 
slowing in CKD progression in patients referred early to a neph-
rology service. In one study (Black et al., 2010), all early referral 
strategies produced more quality-adjusted life years (QALYs) 
than referral upon transit to stage 5 CKD (estimated GFR 
(eGFR) 15 mL/min/1.73 m2). Referral for patients with an eGFR  
< 60 mL/min/1.73 m2 generated the most QALYs and had an incre-
mental cost-effectiveness ratio (ICER) of approximately £3806 per 
QALY compared with referral of patients with an eGFR < 30 mL/
min/1.73 m2. However, the workforce implications of referral of all 
patients with eGFR < 60 mL/min/1.73 m2 suggest such an approach 
would be untenable.

In a large (N = 162,113) community-based study of the comor-
bidity and medical management of a cohort of patients treated in 
primary care in the United Kingdom (New Opportunities for Early 
Renal Impairment Intervention by Computerised Assessment 
(NEORICA)) (Klebe et al., 2007), a 12-month cost analysis was per-
formed on all those patients with recorded serum creatinine results 
who were categorized as requiring additional tests and nephrologist 
referral according to the new UK CKD guidelines. In the first year, 
implementation of CKD guidelines resulted in a significant increase 
in nephrology referral (147.5 patients/10,000 over and above 
those already known) with projected additional costs in the first 
year of €17,133 (increasing to €29,790 after the effect of creatinine 

calibration was taken into account). Formal cost-effectiveness stud-
ies were not performed, although the authors contended that the 
additional costs of implementing the UK CKD guidelines could be 
offset by delaying dialysis requirement by 1 year in 1 individual per 
10,000 patients. Since criteria for nephrologist referral have sub-
stantial implications for healthcare utilization, health costs, clinical 
outcomes, and patient quality of life, it is important that guidelines 
maximize anticipated health outcomes in the face of constrained 
manpower and limited resources. Patients who have a functioning 
arteriovenous fistula, haemoglobin > 11 g/dL, and normal serum 
albumin at the time of dialysis initiation, reflecting both optimal 
predialysis care and lack of comorbidity, have been determined in 
retrospective analyses to have a lower risk of death in the first year 
on dialysis.

Early referral is likely to be associated with increased uptake of 
peritoneal dialysis (Cooper et al., 2010) and lower rates of treatment 
failure requiring a switch to in-centre haemodialysis (Winkelmayer 
et al., 2001; Stack, 2002). However, it has been suggested that the 
improvement in early outcomes in patients treated with peritoneal 
dialysis may be due to the lead time bias demonstrated in early 
referral (Chan et al., 2011). Increased access to kidney transplanta-
tion is also seen in patients referred for early nephrological care 
(Cass et al., 2003; Winkelmayer et al., 2007).

There is strong evidence that eGFR and albuminuria provide 
additional and complementary information for effective risk strati-
fication of patients with CKD at all ages. Clinical parameters (such 
as diabetes, age, gender, etc.) and laboratory parameters (such as 
haematuria) do not significantly add to predictive information. 
There is limited evidence to suggest that specialist referral based 
on risk stratification using both GFR and albuminuria/proteinu-
ria leads to improved patient outcomes in terms of timely referral, 
timely dialysis access creation, and reduced hospitalization.

In the HUNT 2 study involving 65,589 adults residing in 
Nord-Trondelag county in Norway (Hallan et  al., 2009), if all 
high-risk patients (diabetes, hypertension, or age > 55  years) in 
the general population were screened by eGFR and albuminuria 
assessments and all patients with an eGFR < 60 mL/min/1.73 m2 
and/or urinary albumin:creatinine ratio (ACR) > 3 mg/mmol were 
referred to nephrologists, 63.5% of all patients in the general popu-
lation who would progress to end-stage kidney disease (ESKD) over 
10 years (1.4% of the population overall) would be placed under 
specialist care. However, 11.4 patients who would not progress 
would be referred and followed by a nephrologist for every case of 
ESKD (i.e. number needed to follow (NNTF) = 11.4). If more strin-
gent referral criteria of eGFR < 30 mL/min/1.73 m2 plus ACR > 3 
mg/mmol or eGFR < 44 mL/min/1.73 m2 plus ACR > 30 mg/mmol 
were applied, the proportion of patients progressing to ESKD over 
10 years placed under specialist care would fall to 31.5% (0.2% of 
the overall population), although the NNTF would be only 2.6.

A particularly contentious issue is how referral guidelines should 
apply to older adults who have a much higher prevalence of CKD 
(Campbell et al., 2008). Importantly, the level of eGFR below which 
the risk of ESKD exceeded the risk of death varied by age, ranging 
from 45 mL/min/1.73 m2 for 18- to 44-year-old patients to 15 mL/
min/1.73 m2 for 65- to 84-year-old patients (overall, the average 
cross-over point at which the risk of ESKD exceeds death is approx-
imately 30 mL/min/1.73 m2 (O’Hare et al., 2007)). Whilst advanced 
age (and its attendant associations with cognitive impairment, 
functional loss, and competing medical comorbidity and mortality 
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risks) clearly should have some bearing on the decision to refer a 
patient with CKD for specialist renal care, there are currently no 
evidence-based, rational, or consistent means of determining when 
referrals should be made for elderly patients.

The impact of anaemia and CKD-MBD on the progression of 
CKD is discussed in other chapters (see Chapters 115 and 123). 
There is no evidence to suggest that early nephrological interven-
tion will affect patient-level outcomes. Similarly, UK NICE guide-
lines (Crowe et al., 2008) recommend referral to a nephrologist for 
CKD patients with suspected renal artery stenosis. The evidence 
supporting this is tenuous, as the limited randomized controlled 
trial evidence to date does not demonstrate any significant dif-
ference in outcomes for treatment with medical treatment versus 
angioplasty versus angioplasty with stenting versus surgery. There 
is no evidence that referral of CKD patients with other specific con-
ditions to specialist renal services leads to improved patient out-
comes compared with continued management in primary care.

A renewed focus on clinical practice guidelines to general physi-
cians that recommend earlier referral to a nephrologist has not been 
received without criticism (Burden and Tomson, 2005; Crowe et al., 
2008; Levin et al., 2008). To date, there are no randomized controlled 
trials of outcomes following the application of nephrologist referral 
criteria to the population in a primary or institutional healthcare 
setting. Hence, although the evidence base for many nephrology 
guidelines is not based on level 1 evidence, primary care physi-
cians are less likely to be aware of existing guidelines (Boulware 
et al., 2006; Montgomery et al., 2006), and therefore to adhere to 
them. There have been no assessments of the health-related eco-
nomic impact of implementing such guidelines, and no account has 
been taken of the complexities of the decision-making processes 
for referral of CKD patients, such as the poor predictability of CKD 
progression, the presence of multiple comorbid medical problems 
in a predominantly aged population, the role of functional loss, and 
cognitive impairment in the decision-making process (Campbell 
et al., 2008), and the presence of competing mortality risks, with 
CKD patients more likely to die as a consequence of cardiovascular 
disease rather than progressing to ESKD requiring RRT. In addi-
tion, there is variable appreciation of the views and factors influ-
encing the decision-making of patients and carers (Morton et al., 
2010) and randomized studies of specific interventions in patients 
with CKD are limited. Indeed, the SHARP study in patients with 
stage 3–4 CKD demonstrated a mortality benefit in patients treated 
with a relatively low-dose statin and ezetimibe (Baigent et  al., 
2011). Conversely, a relatively small, although randomized, study 
of multifaceted pharmacological intervention to optimize cardio-
vascular outcomes was unsuccessful in reducing the high rates of 
major atherosclerotic cardiovascular events in this population 
(Rakhit et al., 2006).

The impact of early nephrological care on patient survival has 
more recently been questioned. Recent data analysing the large 
United States Renal Data System (USRDS) showed a dramatic 
increase in predialysis nephrological care over the period from 
1996 to 2006. Patients commencing dialysis were less anaemic, had 
greater use of erythropoietic-stimulating agents, and higher serum 
albumin. Patient survival remained unchanged over the 11 years of 
the study, but if adjusted for eight comorbid conditions in addi-
tion to age, race, region, and being a beneficiary of Medicaid, 
then a slight improvement in mortality of 0.9% per annum was 
observed. Although late referral was associated with a hazard ratio 

for mortality of 1.36, this effect was attenuated when added to the 
other variables. The modest improvement in outcome could be 
almost entirely attributed to the patients having starting dialysis 
with more preserved renal function, in effect reflecting a lead time 
bias. Importantly, over the period of study comorbid conditions 
were more closely coded, and this may suggest an overestimation 
of comorbidity over time compared with 1996 (Winkelmayer et al., 
2011). This observational study also reported that increasing age 
and female gender were associated with delayed nephrological care, 
which has been observed in other studies. However, prospective 
analyses of patients from the Australian and New Zealand Dialysis 
and Transplant Registry confirm that commencing dialysis at age  
> 75 years is associated with a burden of greater comorbidity and a 
worse prognosis (Foote et al., 2012). Although the benefit of dialy-
sis treatment in this age group needs to be considered in concert 
with the considerable treatment and social burdens that accompany 
dialysis, effective predialysis care has a positive effect on outcomes.

Multidisciplinary care
Ideally, multidisciplinary CKD care involves nephrologists and 
nurses with experience in all aspects of RRT, the social worker, 
the renal dietician and renal pharmacist, dialysis and transplant 
access co-ordinator, access to psychological/psychiatric expertise, 
a surgeon as required and, ideally, to experienced patient support 
groups. Observational studies of the use of multidisciplinary care 
programmes in planning for RRT have shown improved patient 
survival. One such large observational study of 6978 patients found 
that a multidisciplinary care clinic that included physicians, nurse 
clinicians, dieticians and social workers reduced the risk of death 
by 50% compared with non-multidisciplinary care (HR 0.50; 95% 
confidence interval (CI) 0.35–0.71), although there was no reduc-
tion in all-cause or cardiac-specific hospitalization between the 
two groups (Hemmelgarn et  al., 2007). However, a randomized 
controlled trial of 437 patients with CKD over 5 years did not find 
any improvement in kidney function, health service utilization, or 
mortality (Harris et al., 1998).

There is evidence to support the use of multidisciplinary 
CKD care in increasing the uptake of home dialysis therapies 
(McLaughlin et al., 2003, 2008; Manns et al., 2005). These studies 
show that if patients received specifically targeted education they 
were more likely to choose a home-based dialysis therapy.

The specific aspects of multidisciplinary care that may have 
a positive impact on patient outcomes are difficult to ascertain. 
Predialysis dietary advice delivered by a dietician is recognized in 
observational studies as an important component of care. Slinin 
et al. (2011) reported that in a large (N = 156,440) retrospective 
cohort analysis the majority of patients (88%) were not reviewed by 
a dietician before the initiation of dialysis; 9% of patients received 
≤ 12 months dietician support and only 3% received >12 months 
of predialysis dietician care. They found, using a multivariate Cox 
model, a significant association between subsequent survival on 
dialysis and predialysis care by a dietician for both 0–12 months 
(HR 0.95; 95% CI 0.91–0.99) and > 12 months (HR 0.85; 95% CI 
0.79–0.91) compared with no such care. Predialysis dietician care 
was also associated with higher albumin and lower cholesterol lev-
els at the commencement of dialysis therapy.

The setting of key performance indicators (KPIs) is helpful in 
identifying potential problem areas in the pathway from stage 
4 CKD to dialysis, although these indicators themselves do not 
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necessarily indicate why poor performances are occurring. One 
system that has been successfully used to identify problem areas 
and implement improvement in predialysis clinical care is clinical 
audit and redesign. Owen et al. (2006) found that by implementing 
a system of registering patients with an eGFR < 30 mL/min/1.73 m2 
with the dialysis service, providing timely education with a series of 
seminars and reviews, and early referral (eGFR < 25 mL/min/1.73 
m2) for vascular access resulted in significant improvements in sev-
eral KPIs. Over a 3.5-year time period, late notifications of patients 
to the dialysis unit fell from 29% to 6% (P < 0.01), the median time 
between registration of patients for dialysis and its commencement 
increased from < 1 month to 14 months (P < 0.01), patients not 
registered with the service fell from 57% to 0% (P < 0.001), and the 
number of patients starting haemodialysis with permanent access, 
facilitated by a dedicated access coordinator as part of the multidis-
ciplinary team, increased from 24% to 83% (P < 0.001).

Role of patient education prior to renal  
replacement therapy
Patient education in CKD is covered in detail elsewhere (see 
Chapter 142). Observational studies suggest that patients attending 
predialysis education programmes during preparation for RRT are 
more likely to select peritoneal dialysis as their modality of choice 
(adjusted odds ratio (OR) 5.13; 95% CI 3.58–7.35), and those who 
select in-centre haemodialysis are significantly more likely to start 
dialysis with a fistula or graft (adjusted OR 2.06; 95% CI 1.88–2.26) 
(Lacson et al., 2011).

Not unexpectedly, in observational studies, pre-RRT education 
in observational studies has shown a positive influence on patient 
outcomes. However, the characteristics of patients attending such 
programmes would suggest that they are more likely to be young, 
white, and have a slightly higher body mass index, all characteristics 
that portend an improved longevity (Mason et al., 2008). A large 
systematic review has been performed of randomized controlled 
trials studying structured educational interventions compared 
with usual care (Mason et al., 2008). This review identified 22 stud-
ies involving a wide range of multicomponent interventions with 
variable aims and outcomes. The majority of studies were aimed at 
improving adherence to recommendations regarding diet and/or 
fluid intake in patients with all stages of CKD, as well as in the dial-
ysis population. Mortality and cardiovascular endpoints were not 
assessed. Due to the heterogeneity of the studies a meta-analysis 
was not possible, although 18 of the studies reported significant 
results for at least one of the outcome measures.

Important factors that influence a patient’s decision to choose 
peritoneal dialysis rather than haemodialysis included the provi-
sion of written information (P = 0.048), lifestyle issues (P = 0.025), 
employment (P = 0.03), and attendance at the formal education 
session (P  =  0.011). Demographic factors that appeared to be 
important in determining the patient’s decision to choose perito-
neal dialysis over the other alternatives included being married  
(P < 0.001), being employed (P  =  0.015), and not living alone 
(P  =  0.003). Internet access, religious beliefs, and the views of 
friends and family did not influence choice of RRT modality 
(Chanouzas et al., 2012).

Despite nephrologists indicating that up to 80% of patients with 
ESKD are potential candidates for home dialysis (Mendelssohn et al., 
2009) this does not translate into actual patient numbers. Indeed, the 
prevalence of home-based dialysis in the United States and Europe 

is very low (peritoneal dialysis 7.5–15% and home haemodialysis 
0.6–2%) (MacGregor et al., 2006; Qamar et al., 2009). In Australia and 
New Zealand, the proportion of patients on home-based RRT is up to 
35% (McDonald et al., 2009). However, these rates may increase with 
targeted CKD education (Morton et al., 2012b). In this study, given 
various clinical scenarios, patients chose home dialysis, in-centre 
dialysis, and conservative care in 65%, 35% and 10% respectively. 
Their carers also recorded similar rates. Conversely, a national survey 
of US nephrologists indicated that only 6% would choose in-centre 
dialysis, 45% peritoneal dialysis, 25% home haemodialysis, and 3% 
nocturnal in-centre haemodialysis (Merighi et al., 2012).

The characteristics of patients who initiate RRT with peritoneal 
dialysis or home haemodialysis differ, as was shown in an observa-
tional cohort study over a 5-year period in a Canadian University 
Health Network (Rioux et al., 2010). Home haemodialysis was sig-
nificantly more likely to be started in younger, male, non-diabetic 
patients without vascular comorbidity.

The patient’s decision-making process needs to involve education 
on all the options available, although this does not always occur. 
Morton et al. performed a prospective, multinational, multicentre 
study of information given to patients in Australian renal units 
(Morton et al., 2011). Of the 721 patients surveyed they found that 
84% received information about their options prior to commenc-
ing treatment. Seventy-five per cent were presented with the option 
of home dialysis, 32% with pre-emptive transplantation, and 65% 
were informed about conservative care. Patients known to a neph-
rologist for > 3 months or who were being treated in a small unit  
(< 100 dialysis patients) were more likely to receive information 
prior to commencing treatment (OR 7.29; 95% CI 3.86–13.79 and 
OR 2.4; 95% CI 1.26–4.60 respectively). The mean GFR at the time 
of education was 13.3 mL/min/1.73 m2 (95% CI 12.7–13.8).

There will always be some patients who require emergency 
unplanned dialysis, and who as a result almost always commence 
treatment with haemodialysis. However, even in this group, 
in-hospital education can still result in a proportion of patients tak-
ing up a home-based dialysis therapy. Rioux et al. found that 71 out 
of 132 consecutive patients educated in hospital by an advanced 
nurse practitioner subsequently transferred to peritoneal dialysis 
or home haemodialysis (Rioux et al., 2011).

Supported care pathways
For an increasing proportion of patients a non-RRT pathway is cho-
sen, that is, a management plan that does not include preparation 
for dialysis and transplantation. Supportive care pathways aim to 
manage patients’ needs and uraemic symptoms using diet changes, 
medication, psychosocial support, and, ultimately, palliative care. 
Clinical practice guidelines recommend that all CKD patients 
approaching dialysis be informed about their treatment options 
including that of conservative care (Department of Health National 
Service Framework Renal Team, 2005; Hemodialysis Adequacy 
2006 Work Group, 2006; Peritoneal Dialysis Adequacy Work Group, 
2006; Kainer and Fetherstonhaugh, 2010). An Australian and New 
Zealand unit-based study (N = 721) of patient education and choice 
found that only 15% of dialysis units had a formal conservative-care 
pathway for patients with CKD (Rioux et al., 2011). Of the patients 
surveyed, 470 (65%) were presented with conservative care as a 
treatment option. Increasing age ≥ 65 years of age was associated 
with a higher likelihood of being presented with conservative care 
(65–74 years (OR 3.45), 75–84 years (OR 5.84), and 85 years and 
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older (OR 11.52)). In addition, patients referred early (> 3 months 
prior to estimated start of dialysis), were much more likely to receive 
conservative care information (3–12 months (OR 6.47), 1–2 years 
(OR 5.68), and > 2  years (OR 3.14)). Women were more likely 
to choose conservative care (OR 2.23) and patients with private 
health insurance were less likely to choose this option (OR 0.40). 
Importantly, a non-English speaking background had no significant 
impact on decisions regarding RRT or a supported care approach.

The patient’s perspective of dialysis and conservative care choices 
has been reported by Morton et al. (2012a) using a discrete choice 
experiment to identify factors that influence patient treatment pref-
erences and trade-offs. One hundred and five patients with stage 3–5 
CKD from eight Australian renal units were surveyed. Factors found 
to significantly influence patients to decide on dialysis therapy were 
increasing life expectancy (OR 1.84; 95% CI 1.57–2.15), the option of 
daytime or evening dialysis rather than just daytime (OR 8.95; 95% 
CI 4.46–17.97), and the availability of subsidized transport services 
(OR 1.55; 95% CI 1.24–1.95). Significantly important factors that 
were associated with a conservative pathway choice included increas-
ing number of hospital visits per week (OR 0.70; 95% CI 0.56–0.88) 
and increasing travel restrictions (OR 0.47; 95% CI 0.36–0.61). 
A benefit-to-harm trade-off analysis also found that patients were 
willing to forgo 7 months (95% CI 4–10) of life expectancy to reduce 
the number of visits per week by 1  day and 15  months (95% CI 
11–22) of life expectancy to reduce their travel restrictions.

A recent single-centre, questionnaire-based study (Chanouzas 
et al., 2012) identified several factors that were important in influ-
encing patients to decide in favour of conservative management. 
Predialysis patients with an eGFR of ≤ 25 mL/min were offered an 
education programme. The 10% of patients who chose conserva-
tive management were significantly older (mean age 84  years), 
than those choosing haemodialysis (68 years) and peritoneal dial-
ysis (55 years; P < 0.001), and were more likely to have a higher 
comorbidity score.

Specific factors to consider in the 
preparation for renal replacement therapy
With the exception of lipid-lowering therapy in patients with stage 
3 and 4 CKD (Baigent et al., 2011), the evidence base to support 
the majority of interventions demonstrated to confer cardiovas-
cular benefit in the general population and in those with type 2 
diabetes mellitus does not exist. Despite this, guidelines for lifestyle 
modification, including smoking cessation, cardiovascular risk fac-
tor management, prevention and treatment of metabolic bone dis-
ease, and anaemia exist and are covered in other chapters in Section 
5. Formal and regular review of drugs and drug doses is impera-
tive, ideally with pharmacy input, for patients with declining kid-
ney function, to ensure that both safety and efficacy are taken into 
consideration. In particular nephrotoxicity, systemic toxicity due 
to drug accumulation, and electrolyte and acid–base abnormali-
ties need to be pre-emptively considered. The use of contrast agents 
requires an individual assessment of the risk/benefit profile.

Vaccination
As patients with renal disease have a higher risk of developing infec-
tions, through reduced immunity, increased rates of blood transfu-
sion, repeated exposure to body fluids during haemodialysis, and 
direct transmission at the time of organ donation, vaccination 

should be strongly considered where possible. Inevitably the prev-
alence of specific infections in every community will influence 
decisions regarding vaccination. For certain vaccinations, in par-
ticular hepatitis B, optimal seroconversion rates are achieved with 
administration early in the course of the CKD pathway (Fraser 
et al., 1994).

Hepatitis B is highly infectious with a high worldwide prevalence 
and vaccination is low risk and highly effective (see Chapter 129). 
Hence universal immunization is recommended. Antibody levels > 10 
IU/L are considered protective. Factors associated with significantly 
lower seroconversion rates include diabetes (Fabrizi et al., 2011) and 
age > 40 years (Fabrizi et al., 2004). To maximize seroconversion rates 
it is recommended that a high strength (40 micrograms) four-dose (0, 
1, 2, and 6 months) regimen be used (Centers for Disease Control and 
Prevention, 2001). Intramuscular and intradermal routes of admin-
istration have been evaluated (Fabrizi et al., 2001), with intradermal 
administration achieving an initially higher antibody level, although 
the difference did not persist. There is evidence to support revaccina-
tion in non-responders with a repeat full course given via either route 
of administration (Fabrizi et  al., 1997; Micozkadioglu et  al., 2007; 
Chaves et al., 2011). Different vaccine adjuvants to improve vaccine 
responsiveness have been studied with mixed results and no definitive 
conclusion can be drawn from these studies.

It is recommended that patients with renal disease universally 
receive pneumococcal, tetanus, varicella zoster, and influenza vac-
cinations, despite the subsequent antibody levels and duration 
of response being somewhat inferior to the ‘normal’ population 
(Linnemann et  al., 1981; Guerin et  al., 1992; Marin et  al., 2007; 
Scharpé et  al., 2009). Due to concerns regarding immunocom-
petence in patients with CKD, live-virus polio vaccine should be 
given as an enhanced-potency inactivated vaccine, which has been 
documented to achieve a good response in patients with CKD 
(Sipilä et al., 1990).

When to commence dialysis?
Over the past 15–20 years, there has been an increasing trend for 
commencing dialysis at a higher level of renal function, mainly 
driven by small observational studies demonstrating improved 
morbidity and mortality with starting dialysis early (Jungers et al., 
2006). This led to progressive change in clinical practice where 
dialysis was instigated prior to the development of uraemic signs 
and symptoms (Golper, 1999). The National Kidney Foundation 
Dialysis Outcome Quality Initiative (NKF-DOQI) guidelines were 
updated in 2006 to indicate that dialysis commencement should 
be considered when eGFR by the Modification of Diet in Renal 
Disease (MDRD) equation fell < 15 mL/min/1.73 m2 and that it 
may be appropriate to commence dialysis with eGFR levels > 15 
mL/min/1.73 m2 in patients with significant comorbidities or urae-
mic symptoms (Hemodialysis Adequacy 2006 Work Group, 2006; 
Peritoneal Dialysis Adequacy Work Group, 2006.). Other guide-
line groups contemporaneously recommended that dialysis com-
mencement should be based on eGFR, at levels ranging from 8 to 
12 mL/min/1.73 m2 (Churchill et al., 1999; European Best Practice 
Guidelines Expert Group on Hemodialysis, 2002; Kelly et al., 2005). 
Consequently, dialysis registries in North America, Europe, and 
Australia and New Zealand have reported dialysis commence-
ment at increasingly higher levels of eGFR over the last 10–15 years 
(Rosansky et al., 2011).
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The IDEAL (Initiating Dialysis Early and Late) study (Cooper 
et al., 2010) was a landmark randomized controlled trial to examine 
the effect of initiating dialysis early and late on mortality in patients 
with stage 5 CKD. The key issues of relevance were that the patients 
were all randomized when their eGFRs, estimated by the Cockcroft 
and Gault formula, were between 10–15 ml/min/1.73 m2 to start 
dialysis at a GFR of either 10–14 or 5–7 mL/min/1.73 m2, with 
stratification for dialysis modality (haemodialysis or peritoneal 
dialysis), study centre, and the presence or absence of diabetes mel-
litus. A pragmatic approach to the study design was taken in that 
the study protocol permitted patients allocated to the late start arm 
to commence dialysis with an eGFR > 7 mL/min/1.73 m2, based on 
the recommendation of the treating physician. The major results of 
the IDEAL trial were reported in 2010 (Cooper et al., 2010) and the 
economic analysis in 2011 (Harris et al., 2011). In summary, there 
was no advantage in the early commencement of dialysis on the pri-
mary end point of all-cause mortality or the secondary endpoints 
of cardiovascular events, infectious complications, structural car-
diac disease, or nutritional parameters (Fig. 143.1). Importantly, no 
subgroup, including those considered previously to have perhaps 

benefited from the earlier start of dialysis, such as the diabetic or 
the elderly, demonstrated any advantage in early versus late dialysis. 
In patients randomized to commence dialysis late, there was para-
doxically an increased use of temporary dialysis catheters, suggest-
ing an inappropriate complacency regarding vascular access when 
dialysis is electively deferred. The economic analyses not unexpect-
edly demonstrated an increase in dialysis costs when dialysis was 
commenced early, and an increase in transport costs. Although 
the overall costs were greater in the early dialysis group, this was 
not statistically significant due to the large confidence intervals. 
Surprisingly, quality of life was not different in patients who started 
dialysis early versus late. Clearly, the results did not demonstrate 
any significant clinical or economic benefit in commencing dialy-
sis at higher levels of endogenous renal function. Hence dialysis 
should be commenced based on clinical considerations as detailed 
in Box 143.1.

Conversely, multiple retrospective analyses from multiple 
cohorts, including the IDEAL study, demonstrate that patients 
who start dialysis at lower eGFRs have better survival, compared 
to those who start with higher levels of residual renal func-
tion (Sawhney et al., 2009; Wright et al., 2010; Clark et al., 2011; 
Yamagata et al., 2012). Although not tested in controlled studies, 
secondary analyses suggest that patients with high comorbidities 
including diabetes mellitus, cardiovascular disease, and advanced 
age are more likely to start dialysis earlier, which independently 
increases mortality risk.

Summary
There is minimal high-quality evidence on which to base recom-
mendations in regard to the transition of patients from CKD to 
RRT (Box 143.2). The weight of anecdotal evidence, including 
assessments of patient satisfaction, suggests that the process of 
transition from CKD to RRT is optimally managed by a multi-
disciplinary team easily accessible to the patient. Such a team 
should have expertise in the utilization of drugs, judicious use of 
agents that may be nephrotoxic, provision of dietary advice, and 
be in a position to provide access to social, psychological, and 
peer group support as required. Patients and their families should 
be provided with sufficient information regarding RRT options, 
including supportive care, on which to base decisions. Continued 
attention by the nephrologist to risk factor management should 
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Fig. 143.1 Kaplan–Meier curves for time to the initiation of dialysis and for time 
to death in the IDEAL trial (Cooper et al., 2010). The data for time to the initiation 
of dialysis (A) were censored at the time of death, transplantation, or withdrawal 
of consent or at the time a patient transferred to a nonparticipating hospital, 
emigrated, or could not be contacted. The curves for time to death (B) are 
truncated at 7 years of follow-up and a cumulative hazard of 60%.

Box 143.1 Clinical indications to initiate dialysis

 ◆ Uraemia-related pericarditis or pleuritis

 ◆ Progressive encephalopathy or neuropathy with increasing 
confusion, asterixis, or seizure

 ◆ Uraemia-related coagulopathy

 ◆ Persistent uraemia-related gastroenteropathy (nausea with or 
without vomiting)

 ◆ Anorexia and unexplained weight loss

 ◆ Volume overload refractory to diuretic therapy

 ◆ Severe metabolic acidosis

 ◆ Resistant hyperkalaemia.
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occur in the transition phase, and attention to timely access place-
ment, advanced care directives, and vaccination protocols should 
reduce the physical, psychological, and social morbidity associ-
ated with RRT.
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Where is the evidence?

 ◆ Early nephrological referral

 ◆ Hepatitis B immunization

 ◆ Access creation? < 6 months before initiation of dialysis

 ◆ Initiation of dialysis—a clinical judgement

 ◆ No survival benefit on early start dialysis

 ◆ Early start is associated with increased cost.

What is still unclear?

 ◆ Role of eGFR in initiation of dialysis

 ◆ Timing of early nephrological referral

 ◆ Renal trajectory decline versus residual renal function

 ◆ Timing and initiation of dialysis in elderly (> 75 years old)

 ◆ The relevance of defined conservative pathway

 ◆ The impact of patient and carer perspective and satisfaction in 
outcomes.
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CHAPTER 144

Choices and considerations 
for in-centre versus home-based 
renal replacement therapy
Karthik K. Tennankore and Christopher T. Chan

Introduction
Globally, the number of dialysis patients has been increasing. The 
2011 United States Renal Data System (USRDS) report (USRDS, 
2011) identified a 20% increase in the number of adjusted, prevalent 
end-stage renal disease (ESRD) patients from 2000 to 2009. Similar 
growth has been demonstrated in Europe and Canada (European 
Renal Association-European Dialysis and Transplant Association, 
2009; Canadian Organ Replacement Register, 2011). Some of the 
increase in prevalent ESRD may be due to higher numbers of elderly 
dialysis patients. To accommodate this increase, in addition to trans-
plantation, emphasis needs to be placed on selecting the appropriate 
balance of in-centre haemodialysis (HD) and home dialysis therapy. 
This balance is influenced by patient preference, patient character-
istics, treatment cost, and facility infrastructure. As the perceived 
importance of each factor is different between dialysis centres, there 
is marked variation in modality distribution between countries (Fig. 
144.1). Only 7% of all incident USRDS dialysis patients were on per-
itoneal dialysis (PD) in 2009. The 2010 UK Renal Registry reported 
a wide variation between in-centre HD (78%) and PD (19%) (UK 
Renal Registry, 2010). Contrarily, dialysis programmes in Hong 
Kong and Mexico have > 50% of their patients on PD (USRDS, 
2011). The prevalence of home haemodialysis (HHD) is much lower, 
ranging between 0% and 3% in most countries. Higher numbers 
have been achieved in Australia and New Zealand (Australia and 
New Zealand Dialysis and Transplant Registry, 2010). Thus far, no 
study has determined the optimal balance of home versus in-centre 
therapy. In this chapter, we will review the important considerations 
surrounding optimal modality distribution, with an emphasis on 
patient, physician, and facility considerations.

Patient considerations
Should clinical outcome influence modality selection?
A robust review of the clinical advantages of home dialysis or 
in-centre HD is not the focus of this chapter, and will be presented 
in greater detail in other chapters of this book. To summarize:

1. Mortality comparisons between PD and in-centre HD have 
demonstrated different survival results depending on the pop-
ulation studied, time period of follow-up, relevant confound-
ers, and study design (Perl et al., 2011; Quinn et al., 2011). PD 

patients may have an improved therapy satisfaction compared 
to in-centre HD (Rubin et al., 2004; Juergensen et al., 2006).

2. There are many potential clinical benefits to both nocturnal 
haemodialysis (NHD) and short daily haemodialysis (SDHD) 
(Perl and Chan 2009). Registry data has demonstrated a survival 
advantage to all forms of HHD over in-centre HD (Marshall 
et al., 2011).

3. Patient survival may also be influenced by treatment character-
istics as opposed to location. For example, patients on extended 
hours in-centre HD may have a survival advantage over patients 
on shorter duration in-centre HD (Charra et al., 2004).

Overall, while the findings of observational studies need to be 
interpreted with caution, on the basis of most clinical outcomes, 
both home PD and HHD appear to be equivalent or superior to 
in-centre HD.

Does education impact patient choice?
Most patients prefer to make their own modality ‘choice’ (Korevaar 
et  al., 2003). However, while informed choice is emphasized, 
pre-dialysis information may be lacking. Historically, as high as 66% 
and 88% of patients in the United States were not exposed to PD 
or HHD as treatment options prior to dialysis initiation (Mehrotra 
et  al., 2005). Inadequate modality exposure leads to selection of 
in-centre HD (Stack 2002). This is evident in patients who are 
referred late (Lameire and Van Biesen, 1999). In addition, simply 
exposing an individual to home dialysis may not be sufficient. The 
quality of education, degree of patient involvement, level of patient 
understanding, and duration of time spent discussing treatment 
options are important considerations (Stack, 2002; McLaughlin 
et al., 2003; Mehrotra et al., 2005; McLaughlin et al., 2008). However, 
even with adequate exposure, not all patients select home dialysis 
(Kutner et al., 2011). Notwithstanding, improved education quality 
through standardized programmes has been successful at increas-
ing the use of home therapies (Manns et al., 2005; Lacson et al., 
2011). Even unplanned, urgent dialysis starts can be educated and 
immediately transitioned to home dialysis (Rioux et al., 2011). In 
summary, education has a major influence on modality selection. 
When patients are given effective pre-dialysis education, a consid-
erable portion will chose HHD and close to 50% will chose PD over 
in-centre HD (Korevaar et al., 2003).
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Do patients have self-perceived barriers  
to home dialysis?
Many patients have self-identified psychological obstacles to home 
dialysis including a lack of interest, fear of changing modality, 
perceived lack of self-efficacy, fear of substandard care, and belief 
that patients should not be involved in self-care (McLaughlin 
et al., 2003; Cafazzo et al., 2009; Zhang et al., 2010) (Table 144.1). 
Presumably, unpaid caregivers can address some of these fears 
by supporting patients at home. However, the transition to home 
can be associated with a significant burden on unpaid caregivers 
(Belasco et al., 2006), which is recognized by patients (Suri et al., 
2011). In turn, patient perceived caregiver burden is a barrier to 
home dialysis (Cafazzo et al., 2009). While barriers are common, 
there are also patient-perceived advantages to home dialysis. These 
include a sense of freedom, improved lifestyle, and a greater sense 
of control. Education increases the number of patients who appre-
ciate these advantages (McLaughlin et al., 2008). In addition to psy-
chological limitations, there are treatment-specific barriers to home 
dialysis. For example, fear of self-cannulation, a needle disconnect, 
or a catastrophic event, limit patient selection of HHD (Cafazzo 
et al., 2009). With the use of nurse-directed cannulation training 
and home monitoring, these fears can be overcome (Cafazzo et al., 
2010; Pipkin et al., 2010).
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Fig. 144.1 International distribution of prevalent dialysis modalities (per cent).
Adapted from the Australia and New Zealand Dialysis and Transplant Registry, Canadian 
Organ Replacement Register, European Renal Association-European Dialysis and Transplant 
Association, USRDS, and UK Renal Registry.

Table 144.1 Patient perspectives on home dialysis

General attitude Treatment-specific attitude

Favours selection of home dialysis Greater freedom Freedom of time and diet

Better lifestyle Accommodates desire to work

More control Reduced travel to dialysis unit

Increased involvement in care Cheaper modality

Reduced dependence

Favours selection of in-centre HD Lack of self-efficacy Therapy will interfere with home life

Fear of substandard care and lack of supervision Fear of machine

Fear of social isolation Fear of a catastrophic event

Lack of motivation Fear of self-cannulation (NHD)

Fear of change Fear of needle disconnect (NHD)

Belief that patient should not be involved in care Intradialytic symptoms during HD

Family or patient disinterest Therapy is time-consuming

Fear of burdening caregivers Negative impact of therapy on sleep

Lack of social support Unable to manage at home because of physical limitations

Perceived lack of home space

HD = haemodialysis; NHD = nocturnal haemodialysis.

Adapted from McLaughlin et al. (2003, 2008), Cafazzo et al. (2009), and Zhang et al. (2010).
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Physician considerations
Is advanced age a contraindication to dialysing 
patients at home?
Most national registries demonstrate an age-related decline in the use 
of home dialysis. Even in countries with high numbers of home dialy-
sis patients, older age is associated with a greater use of in-centre HD 
(Fig. 144.2). Some of the age-related ineligibility for home dialysis may 
be related to concurrent medical comorbidity, cognitive impairment, 
poor coordination, decreased vision, and limited motor strength 
(Jung et al., 1999; Mendelssohn et al., 2001; Jassal et al., 2002). In 
addition to registry data, a prospective evaluation of modality selec-
tion identified that older patients are often deemed ineligible for PD 
(Mendelssohn et al., 2009). HHD patients are typically even younger 
than those on PD or in-centre HD (Zhang et al., 2010). However, 
while age may be a barrier in most countries, a registry study from 
France identified that in some centres, older patients were more likely 
to be on PD (Couchoud et al., 2008). This may reflect the use of nurse- 
and family-assisted PD (Lobbedez et  al., 2006). Providing family 
assistance improves PD utilization (Oliver et al., 2010), and patients 
receiving assisted PD have comparable outcomes to those on autono-
mous PD (Verger et al., 2007). This suggests that advanced age is not a 
contraindication to home dialysis.

What additional patient characteristics influence 
modality distribution?
Medical comorbidity may limit the number of patients on home 
therapy (Miskulin et al., 2002). However, even if medical comor-
bidity limits the use of home dialysis, it may not reduce the 
probability of it being offered to patients (Mehrotra et al., 2005). 
Overall, < 20% of patients have medical contraindications to PD 
in studies conducted in Canada, the United Kingdom, and the 
Netherlands (Prichard, 1996; Little et al., 2001; Jager et al., 2004; 
Oliver et al., 2010). Patients with medical barriers tend to be older 
(Jager et  al., 2004). While medical barriers exist for in-centre 
HD, the prevalence is low. Only 2–3% of chronic kidney disease 
(CKD) patients had a medical contraindication to in-centre HD 
in two prospective studies (Jager et al., 2004; Mendelssohn et al., 
2009). In addition to medical barriers, 5% and 17% of CKD 
patients have been identified to be psychosocially ineligible for 
in-centre HD and PD, respectively (Mendelssohn et al., 2009). 
Barriers to all dialysis modalities are noted in Table 144.2. Once 
again, some barriers can be overcome. For example, providing 
nurse or family assistance for patients on PD has been shown to 
increase eligibility in those with medical or psychosocial barri-
ers (Oliver et al., 2007, 2010).
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What non-patient factors influence physicians?
Training
The level of fellowship training may influence modality distribu-
tion. A recent survey of American Society of Nephrology fellows 
identified that only 16% and 56% felt well trained/competent in 
HHD and PD, respectively (Berns, 2010). Limited training is a bar-
rier to the use of PD (Bouvier et al., 2009) and a lack of expertise 
limits HHD growth (Ludlow et al., 2011).

Reimbursement
Surveys of nephrologists suggest that physician remuneration 
has a minimal influence on modality selection (Jung et al., 1999; 
Mendelssohn et  al., 2001). However, poor reimbursement rela-
tive to in-centre HD has been identified as a significant barrier 
to the adoption of PD in the French private sector (Bouvier et al., 
2009). Contrarily, some Australian nephrologists receive govern-
ment reimbursement for extra work associated with home dialy-
sis. Not unexpectedly, only 15% support the view that they are 
financially disadvantaged by starting patients on home dialysis 
(Ludlow et al., 2011). In the United States (a country with very 
a low proportion of patients on home therapy), physician reim-
bursement is modality independent (Blake and Finkelstein 2001). 
While this may appear to be a strong incentive to home dialysis 
use, there are sources of profit that are external to capitation fees. 
These include additional funds for injectable medications and 
inpatient tests, both of which are easily provided to in-centre HD 
patients. In a similar capitation system in the province of Ontario, 
Canada, additional funds external to capitation are not provided. 
Ontario had seen a relative increase in the proportion of patients 
on home dialysis relative to the rest of Canada several years after 

the capitation system was instituted (Mendelssohn et al., 2004). 
Whether the proportion of patients on home dialysis in the 
United States will increase after introduction of the bundling sys-
tem (which may reduce income from external sources) remains to 
be seen (Blagg, 2011).

Nephrologists consistently identify that patient preference is 
the most important consideration when determining optimal 
modality distribution. Most nephrologists feel that home dialysis 
should be > 40% of a given centre’s practice (Jung et al., 1999; 
Mendelssohn et  al., 2001; Jassal et  al., 2002). Contrarily, even 
within single regions of a country, the number of patients on 
home dialysis versus in-centre HD can vary considerably from 
centre to centre (Ontario Renal Network, 2011). Addressing 
training gaps and considering financial incentives may increase 
the use of home therapies.

Facility considerations
Should therapy cost impact modality distribution?
Many comparative cost analyses between in-centre HD and home 
dialysis have been performed. Several important limitations need 
to be considered (Klarenbach and Manns, 2009; McFarlane and 
Komenda, 2011):

1. Randomized controlled trials have not demonstrated a survival 
benefit to home dialysis versus in-centre HD. A survival advan-
tage of one modality over another would increase total cost; 
however, it would also improve cost-effectiveness.

2. Most analyses do not consider the societal or opportunity 
costs of dialysis. Higher employment rates (Helanterä et  al., 

Table 144.2 Medical, cognitive, psychosocial, and treatment barriers to dialysis

Medical Cognitive/psychosocial Physical/therapy

Any dialysis Terminal illness

In-centre HD Poor cardiac function Non-complianceb Distance from in-centre facility

Severe psychiatric illnessb Absence of suitable vascular access

Severe dementiab

Home dialysis PD: PD and HHD: PD and HHD:

Gastrointestinal diseasea Language Lack of residence/space

Massive polycystic kidneys Poor memory Poor visionc

Severe lung disease Severe dementia Manual dexterityc

Morbid obesity Non-compliance Limited motor strengthc

HHD: Severe psychiatric illness Living alone and requiring assistance

Absence of suitable vascular access Frailty and disability

Contraindication to use of dialysis 
anticoagulation

a Includes both abdominal and gastrointestinal disease: severe abdominal scarring, multiple prior surgeries, acute diverticulitis or colitis, refractory hernia, ileostomy/
colostomy, active bowel cancer, gastric tube, ileal conduit, ischaemic gut, intra-abdominal foreign body.
b Barrier to in-centre HD if the conditions lead to actions that put the staff or patient at risk.
c Provided no caregiver available.

HD = haemodialysis; HHD = home haemodialysis; PD = peritoneal dialysis.

Adapted from Prichard (1996), Little et al. (2001), Jager et al. (2004), Mendelssohn et al. (2009), Oliver et al. (2010), and Rioux et al. (2010b).
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2012) and a decreased need for transport favour the use of home 
dialysis. Contrarily, increased HHD utility costs benefit use of 
in-centre HD.

3. Cost utility analyses use estimates of quality of life, which may 
be inaccurate.

4. The fixed capital costs of establishing a home dialysis pro-
gramme are not always considered in cost analyses, or com-
pared to in-centre HD fixed costs.

5. Only a limited number of studies have used matched cohorts.

6. Studies of in-centre HD costs have not selectively considered 
intensive HD regimens.

A summary of select economic studies is noted in Table 144.3.

Peritoneal dialysis
Both autonomous and nurse-assisted PD are cheaper compared 
to in-centre HD in most developed countries (Just et  al., 2008). 
Contrarily, PD is often more expensive in developing countries. 
This may be due to the cost of importing solutions (Just et  al., 
2008) and limited government reimbursement. Countries with a 
low per-capita gross national income have lower proportions of 
patients on PD (Li and Chow 2001).

Home haemodialysis
McFarlane and Komenda (2011) summarized four Canadian cost 
studies and made several important conclusions. HHD is cheaper 
than in-centre HD, although the magnitude of cost savings dif-
fer between studies. Most of the savings are due to decreased 
nursing costs, which offset the greater cost of dialysis materials 
(Fig. 144.3). Specific to NHD, the total cost over the lifetime of 
a patient remains cheaper compared to in-centre HD (McFarlane 
et al., 2006).

To conclude, even after considering the limitations of economic 
evaluations, both peritoneal and home haemodialysis should be 
encouraged if an emphasis is placed on total cost and cost utility.

What facility factors influence modality selection?
In addition to cost, there are other facility level considerations 
that impact modality distribution. Larger centres and non-chain 
facilities tend to have more patients on home dialysis (Walker et al., 

2010). PD or HHD can be successfully performed in rural loca-
tions despite a low availability of home dialysis training (O’Hare 
et al., 2006). In the United States, the proportion of patients on PD 
is lower in most large dialysis organization (LDO) run units and 
for-profit dialysis units regardless of LDO status (Mehrotra et al., 
2009). This suggests that facility level profit may promote the use 
of in-centre HD.

Infrastructure
Intuitively, establishing a new in-centre HD facility requires 
tremendous upfront physical resources including the dialy-
sis machines, storage space, central nursing station, and water 
treatment facility. Personnel, including nurses, technicians, phy-
sicians, dieticians, pharmacists, and social workers, are also 
required. Providing dedicated nurses for patient training, retrain-
ing, monitoring, and home visits is an important component of 
home dialysis infrastructure (Bernardini et al., 2006; Rioux et al., 
2010b). In addition, a successful PD programme benefits from an 

Table 144.3 Modality cost comparisons for selected studies

Study Groups compared Monetary unit Comparison factor Comparison result

McFarlane and Komenda, 2011 In-centre HD vs home/self-care

In-centre HD vs home NHD vs 
home SDHD

In-centre HD vs home NHD

In-centre HD vs home NHD

2011 Canadian $ Total annual cost

Total annual cost

Total annual cost

Cost/QALY

93,976 vs 54,936

89,154 vs 91,218 vs 82,522

87,172 vs 71,313

148,722/QALY vs 84,430/QALY

Lee et al., 2002 In-centre HD vs PD 2011 Canadian $ Total annual cost 93,222 vs 49,036

Baboolal et al., 2008 In-centre HD vs PD vs HHD 2006 British £ Total annual cost 33,846 vs 18,613 vs 20,764

Agar et al., 2005 Satellite HD vs home NHD 2003-2004 Australian $ Annualized programme cost 36,284 vs 32,392

Shih et al., 2005 In-centre HD vs PD 2004 US $ Adjusted annual Medicare 
expenditure

68,253 vs 56,807

HD = haemodialysis; HHD = home haemodialysis; NHD = nocturnal haemodialysis; PD = peritoneal dialysis; QALY = quality-adjusted life year; SDHD = short daily haemodialysis.

Updated using Canadian consumer price index, November 2011.
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access nurse and dedicated surgical team for catheter implanta-
tion (Figueiredo et al., 2010). Training nephrologists to place PD 
catheters may be an alternative to a surgical team and has been 
met with success (Gadallah et al., 2001; Asif et al., 2003). Finally, 
while central venous catheter (CVC) HD access should not be a 
barrier to home dialysis (Perl et al., 2006), a dedicated HD access 
coordinator is an additional important resource for HHD. While 
infrastructure is critical for both in-centre HD and home dialysis, 
most institutions have established in-centre HD units. Therefore, 
the seamless transition of a CKD patient to in-centre HD is much 
easier than creating infrastructure for a new PD or HHD facility. 
As expected, physicians have identified that a lack of infrastruc-
ture is an important barrier to home dialysis (Ludlow et al., 2011). 
Centralization of training may be effective at overcoming this bar-
rier (Honkanen and Rauta, 2008); improving an existing training 
facility is expected to be less resource intensive than creating a 
new one.

Competing therapies
Expanding satellite dialysis facilities and increasing HD capacity 
may limit the number of patients on home dialysis (Mendelssohn 
et  al., 2004). Contrarily, while PD and HHD are both home 
dialysis therapies, they may not ‘compete’ for the same patients. 
Characteristics of patients on PD and HHD appear to be differ-
ent (Rioux et al., 2010a). Only a small proportion of HHD patients 
come from PD technique failure (Copland et al., 2009). Finally, the 
expansion of a large HHD programme in Canada, did not affect the 
growth of PD (Copland et al., 2009). In fact, individual growth of 
the two therapies may work synergistically, by promoting a general 
shift of resources towards home dialysis.

Conclusions
In this chapter, we have highlighted some of the major considera-
tions surrounding selection of in-centre versus home-based renal 
replacement therapy:

1. On the basis of clinical outcome and cost (in the developed 
world) a greater proportion of patients should be on home 
therapies.

2. There are differences between patient and physician opinion(s) 
and practice patterns with respect to dialysis modality. When 
given effective modality education and choice, more patients 
will select home dialysis.

3. There are surmountable demographic, medical, and psychoso-
cial barriers to home therapies.

4. Finally, at the physician and facility level, an emphasis on train-
ing, infrastructure, incentives, and reimbursement will likely 
increase the use of home dialysis.

To summarize, the evidence would suggest that expansion of home 
dialysis should be a common initiative for physicians, multidiscipli-
nary support staff, administrators, and policymakers. At the centre 
level, physicians and facility administrators need to identify and 
address home dialysis barriers. At the national level, home dialysis 
expansion needs to be an important focus of policymakers. Finally, 
at the international level, an emphasis needs to be placed on mak-
ing home dialysis more accessible and cost-effective for developing 
countries. However, in-centre HD will always remain an impor-
tant treatment option for the large number of dialysis patients 

who cannot manage at home. Furthermore, as a home dialysis 
programme expands, there will be continued need for a supportive 
in-centre HD programme to accommodate those patients who can 
no longer maintain at home.

Overall, recognizing that the factors that influence modality 
selection will differ between centres, regions, and countries, there 
is no standard, optimal, modality distribution. Rather, engaging 
stakeholders to maximize the number of patients on home dialysis 
therapies is an achievable, practical goal.
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CHAPTER 145

Conservative care in advanced 
chronic kidney disease
Aine Burns and Fliss E. M. Murtagh

Introduction
With increased longevity, advanced stage 5 chronic kidney disease 
(CKD) (estimated glomerular filtration rate (eGFR) < 15 mL/min) 
has become an increasingly common problem, particularly extend-
ing to those patients with multiple co-morbidities. Individuals 
in high-income countries are often faced with difficult treatment 
choices about whether to proceed with dialysis or not, while the 
resources for dialysis are often not widely available in low- and 
middle-income countries. In this chapter, we describe the develop-
ment, emerging evidence, and implications for best care of those 
patients with stage 5 CKD who are managed conservatively, with-
out dialysis.

Terminology
Among older people with multiple co-morbidities, kidney trans-
plantation is rarely an option because of unacceptable risk. The 
pragmatic choices therefore are between various forms of dialysis, 
and non-dialytic or conservative therapies. There is no consensus 
regarding terminology for these latter conservative approaches. Box 
145.1 provides a full though not exhaustive list of the commonly 
used terms. For the purposes of this chapter we have adopted the 
term conservative management (CM) to avoid confusion.

The varied terminology also reflects varying approaches to care 
for patients who either do not wish to receive dialysis or are not 
deemed suitable and therefore are not offered renal replacement 
therapy. Treatment pathways vary from intensive patient educa-
tion, shared decision-making and follow-up by renal services with 
anaemia management, symptom control, treatment of intercurrent 
illnesses, and a package of social and supportive services that can 
be escalated as the patient’s condition deteriorates, and discharge 
back into the community. Some programmes also offer patients the 
opportunity to create advance directives or assistance with end-of-
life planning designed to meet their preferred priorities of care. 
This includes preferences about interventional treatments, which 
may be for minimal or no intervention. Increasingly, general prac-
titioners in the United Kingdom use palliative and supportive care 
registers to identify patients within the last months or year of life 
so that they can be offered appropriate and coordinated care. CM 
renal patients often find their way on to these registers.

Furthermore, the existing terminology does not define whether 
the plan for CM was instigated by the patient alone, with their fami-
lies, or on the recommendation of a nephrologist or other health 

professional. The grounds for the decision is also rarely recorded in 
a standard or systematic way, including what efforts had been made 
to inform the individual patient about what other options were 
available or what the likely outcomes of this treatment decision are.

Historical perspective
Since the introduction of chronic dialysis in the 1960s, there has 
been increasing demand fuelled by technical success, medical 
advances, and increased patient and public expectation. In the 
early years of chronic dialysis, provision of treatment was una-
shamedly rationed and only provided to young otherwise healthy 
candidates, or those with dependent families, as the lucky few! 
Throughout the 1980s, and to some extent the 1990s, increasingly 
older patients were commenced on dialysis—many of whom suf-
fered much additional co-morbidity. Crude survival amongst these 
patients was shockingly poor: as bad or worse than many advanced 
cancers. Furthermore, these patients were found to suffer a con-
siderable burden of symptoms. A landmark paper by Chandra and 
colleagues in 1999 (Chandna et al., 1999) questioned the wisdom of 
offering dialysis to all comers and suggested, for the first time, that 
a conservative approach might be a more humane way to deal with 
advanced CKD in older patients, particularly in those with poor 
functional status and multiple other co-morbidities. Since then, 
there has been growing interest both in palliative and geriatric care 
communities, as well as amongst nephrologists, in this conserva-
tive approach. Conservative and end-of-life care, together with 
symptom management, are now included on the curriculum for 
nephrology trainees on both sides of the Atlantic. Today most renal 
units in Europe and the United States aspire to improve survival 
but also to deliver symptom driven multidisciplinary care to their 
older patients. There is an increasing realization that the removal 
of waste solute and water alone is not the answer. In recent years, 
take-on rates for dialysis programmes have reached a plateau in 
many European countries—what part the emergence of conserva-
tive care has played in this change is unknown.

The majority of dialysed patients are still maintained on haemo-
dialysis (HD), but peritoneal dialysis (PD) offers an appropriate 
and acceptable alternative for many. Renal transplantation too is a 
success story that began around the same time as chronic dialysis. 
Although growing numbers of older people are offered the option 
of transplantation with increasing success, the majority are consid-
ered unsuitable because of coexisting conditions and to some extent 
appropriate use of organs. Assisted PD, where a patient is required 
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to take no or only a very small part in their own treatment, and 
which is conducted in their usual place of residence with minimal 
need to attend hospital or outpatient departments, may be more 
acceptable to frail elderly patients whose motivation for choosing 
CM may be to avoid hospital visits. This treatment choice has been 
introduced in the United Kingdom and other European countries 
and is likely to shift the dynamic of treatment choices as it becomes 
more widely available (Dimkovic and Oreopoulos et al., 2008).

The ageing kidney
In high-income countries, most of those following a CM pathway 
will be over 75 years. It is imperative, therefore, that dialysis deci-
sions, whether for dialysis or for CM, should be informed by a good 
understanding of the ageing kidney (see also Chapter 300).

The ageing process results in marked alterations within the kid-
neys, which impair their ability to maintain homeostasis, adapt 
to changing local environments, and recover from injury. These 
changes are both anatomical and functional, and are considered the 
reason for the increased propensity of older people to develop acute 
or chronic renal failure. This process may be accelerated and/or 
accentuated by diseases such as diabetes mellitus and hypertension. 
The majority of the early studies on ageing kidneys enrolled institu-
tionalized older patients with co-morbidities such as hypertension 
and heart disease that could of themselves induce renal alterations. 
Recently, the selection of subjects without background renal dis-
ease or processes known to affect renal function has demonstrated 
that, in healthy ageing subjects, ageing changes are less pronounced 
than was previously thought.

Morphological studies have demonstrated decreasing renal 
size with age. Histological exploration of renal senescence reveals 
decreasing cortical mass with increased glomerular sclerosis, 
interstitial fibrosis, and tubular atrophy. The reported func-
tional abnormalities include increased renal vascular resistance, 
decreased and aberrant renal blood flow, reduced glomerular filtra-
tion rate, altered renal tubular function, including impaired han-
dling of water, sodium, acid, and glucose. Similarly, changes in the 
renin–angiotensin system, vitamin D metabolism, and antidiuretic 
hormone responsiveness have all been reported. Impaired angio-
genesis, associated with progressive loss of the renal microvascu-
lature, is thought to be a further cause of age-related nephropathy. 
Ageing-related sclerosis in the kidney varies markedly among 
ethnic groups, with more injury seen in white compared with 
Japanese individuals, and even higher rates of sclerosis in ageing 

black individuals. Although some studies demonstrated mean loss 
of GFR at 0.75 mL/min per year in ageing people, 33–66% of the 
elderly maintain perfectly normal GFRs with only minimal histo-
logical changes (Fogo, 2011).

These ageing-related renal changes, which are believed to accel-
erate after age 50–60, conspire to render the aged kidney more sus-
ceptible to injury but have additional important implications with 
regards to drug toxicity, and less obviously renal transplantation 
(Esposito and Dal Canton et al., 2010).

An understanding of renal ageing and its distinction from renal 
insufficiency secondary to diseases is clearly important (Zhou 
et al., 2008). In this context, differentiation of ‘ageing’ effects from 
nephrotoxic effects resulting from disease processes is difficult. It 
has been argued that hypertension is an important factor in the 
development and progression of renal insufficiency among older 
people. The relationship between hypertension, glomerular hyper-
filtration, atherosclerosis, and progressive renal dysfunction needs 
further study but CKD in older patients is increasingly recognized 
as part of a multisystem process involving atherosclerosis, coronary 
disease, and cerebrovascular disease. Furthermore, calculating 
exact renal function is difficult particularly in the elderly as many 
of the formula-based equations are likely to be inaccurate in this 
group, either over- or underestimating GFR. This is less of a prob-
lem in advanced CKD although once again the severity of CKD can 
be underestimated because of low muscle mass in the aged (Eriksen 
and Ingebretsen, 2006; Delanaye and Cohen, 2008).

Another distinct aspect of ageing is the important concept of 
frailty (frail aged patients as distinct from frail aged kidneys!). 
Older people constitute an increasingly greater proportion of 
patients with advanced CKD, including those patients undergo-
ing maintenance dialysis treatment. Frailty is a biologic syndrome 
of decreased reserve and resistance to stressors that results from 
cumulative declines across multiple physiologic systems and 
causes vulnerability to adverse outcomes (Meyer, 1989). Frailty is 
common in elderly CKD patients, and it may be associated with 
protein-energy wasting (PEW), sarcopenia, dynapenia, and other 
complications of CKD (Kim et  al., 2012). Kim et  al. classify the 
causes of frailty with or without PEW in the elderly with CKD into 
three categories: causes primarily due to ageing per se, advanced 
CKD per se, or a combination of both. Frailty and PEW in older 
CKD patients are associated with impaired physical performance, 
disability, poorer quality of life, and reduced survival. Prevention 
and treatment of these conditions requires a multifaceted approach 
and as such presents further challenges.

Yang and Fogo summarize the age-old renal problem as fol-
lows:  ‘Old kidneys are functional but fragile. Decreasing renal 
function with aging is usual but not inevitable’ (Yang and Fogo, 
2010). With more detailed knowledge relating to renal function 
with advancing age it has become clear that age-related changes in 
renal function are less severe than previously thought. However, 
these changes are significantly aggravated by classical cardiovascu-
lar risk factors such as hypertension, diabetes, and smoking. Fliser 
argues that: 

As a consequence, in the elderly with such co-morbidity the appear-
ance of a primary kidney disease or acute renal failure may cause a 
serious deterioration of renal function. In addition, impaired home-
ostasis with respect to salt (and fluid) balance has important con-
sequences for the management of the elderly who is exposed to the 
twin risks of dehydration and fluid overload. Finally, the kidney is the 

Box 145.1 Terms used for non-dialytic conservative therapies

◆ Conservative management

 ◆ Maximum conservative management

 ◆ Renal palliative care

 ◆ Renal supportive care

 ◆ Residual renal support

 ◆ Palliative renal care

 ◆ Conservative kidney care

 ◆ The non-dialysis option.
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main route of excretion for many drugs and their active metabolites. 
Diminution of renal function with age underlies, at least in part, the 
known predisposition of the elderly to side effects of their medication 
such as non-steroidal anti-inflammatory drugs. (Fliser, 2008, p. 1835)

The management choices
Regarding dialysis treatments, the choices include conventional 
HD performed for the most part in the same manner as for 
younger patients and involving connection to the dialysis machine 
for 4 hours three times a week, PD which can be performed four 
times daily by the patient or a family member at home (usually 
taking 20–30 minutes for each 2 L fluid exchange), or alternatively 
using an overnight or automated peritoneal dialysis (APD) sys-
tem. More recently, in the United Kingdom, patients have been 
offered ‘assisted PD’ where overnight APD is prepared by a trained 
healthcare or lay assistant and the patient or their family member 
has only to ‘connect or disconnect’ the patient at before and after 
bedtime.

Weighing up these choices, and in particular, weighing them in 
relation to CM, is a detailed and complex decision. In relation to 
dialysis, considerations of vascular or peritoneal access, and poten-
tial complications of these, need to be considered carefully. Vascular 
access for HD can be either via a surgically created arteriovenous 
fistula or via a tunnelled plastic tubing or dialysis catheter. There are 
many varieties of both fistulae and dialysis catheters and much lit-
erature on the advantages and disadvantages of attempting to create 
fistulae in frail elderly people. Taking all ages into account, studies 
consistently demonstrate a lower adjusted mortality among those 
using a fistula compared with a catheter. Yet catheter use in the 
elderly is increasing in most countries (with the exception of Japan) 
mainly because of perceived or actual difficulties with creating and 
optimizing fistulae in this group. Nadeau-Fredette and colleagues 
have recently reported that compared with younger patients in 
their unit, patients over 80 years have significantly higher primary 
fistula failure rates (40% vs 17%, P = 0.04) and shortened fistula 
lifespans (Nadeau-Fredette et al., 2013). In a recent Canadian study, 
Moist et al. point out that the elderly, at 1 and 2 years, have primary 
fistula patency rates ranging from 43% to 74% and from 29% to 
67%, respectively and that secondary patency (survival rate of ini-
tially functioning fistulae) rates at 1 and 2 years ranged from 56% 
to 82% and 44% to 67%, respectively. They examined the trade-offs 
involved in managing elderly patients with multiple chronic con-
ditions and limited life expectancy. They proposed a framework 
for choice of vascular access based on:  (1)  likelihood of disease 
progression before death, (2) patient life expectancy, (3) risks and 
benefits by vascular access type, and (4) patient preference (Moist 
et al., 2012).

Most centres also report a range of possible debilitating compli-
cations such as ischaemia of the hand distal to the fistula, secondary 
to steal phenomena, heart failure from the added circulatory stress, 
and pain secondary to cutaneous nerve damage. These complica-
tions are very likely to occur more frequently in the elderly. Where 
fistulae prove difficult, or in some countries as a de novo proce-
dure, synthetic grafts may be inserted to provide vascular access 
but primary success rates are equally disappointing. Clearly, future 
studies evaluating the timing and type of vascular access with 
careful assessments of complications, functionality, cost–benefit, 
and patients’ preference will provide relevant information to indi-
vidualize and optimize care to improve morbidity, mortality, and 

quality of life in the elderly patient. A realistic understanding of the 
problems associated with vascular access should inform treatment 
choices especially when survival benefits are marginal and compli-
cation rates high.

PD is achieved using a surgically placed PD catheter inserted into 
the peritoneal cavity and tunnelled under the skin to exit under the 
umbilicus. The latter can be put in place in advance of needing it in 
a totally subcutaneous or embedded fashion and later externalized 
easily when required.

Considering prognosis
In determining the best pathway decision for each individual 
patient, and whether CM should be considered, prognosis is a 
major consideration. Conventional dialysis has been a major medi-
cal advance and there is no doubt that it extends a good quality of 
that life, for many patients. However, for some, particularly those 
who are older and frail, dialysis places a significant burden on the 
patient, their families, and the health service, yet offers limited ben-
efits. There is evidence that older patients experience an increased 
rate of deterioration in functional status and mental capacity on 
HD, and have a symptom burden and quality of life comparable to 
patients with advanced cancer (Saini et al., 2006; Solano et al., 2006; 
Murtagh et al., 2007a). By contrast, many patients who choose a 
palliative approach appear to have a relatively flat functional tra-
jectory until about 10  days before death (Williams et  al., 2002; 
Murtagh et al., 2011a). Symptom burden in both groups has been 
shown to be high and may not differ significantly between patients 
on CM or HD pathways (Murtagh et al., 2007b). However, many 
authors have documented on impressive survivals in cohorts of 
patients who commenced dialysis over the age of 80 years (Isaacs 
et al., 2012a, 2012b). There are no controlled trials of CM versus 
dialysis yet several authors have attempted to determine whether 
dialysis significantly prolongs life in the old and frail. The evidence 
would appear to suggest so (Smith et  al., 2003; Murtagh et  al., 
2007d; Chandna et al., 2011), although the number of out of hospi-
tal days survived may not differ much between the two groups and 
CM patients are more likely to die at home or in a hospice rather 
than in an acute hospital setting (Carson et al., 2009). Similarly, it 
is not clear whether dialysis improves symptoms or quality of life 
or merely exchanges one set of symptoms for another in the frail 
and elderly.

The modality choice dilemma is further complicated by the 
observation that patients on CM programmes show a startling vari-
ation in physical symptoms (both between individuals and in the 
same person from day to day) (Dinneen et al., 2011). Furthermore, 
diminished cognition particularly in the lesser explored execu-
tive functioning dimensions in many elderly patients and in those 
with dementia makes comprehension of the choices available and 
weighing of the risks even more difficult.

There are no randomized trials to determine whether elderly 
patients who choose dialytic therapy versus CM survive longer, 
nor are any such studies likely to be undertaken for ethical rea-
sons. However, there are several studies which catalogue the out-
come of elderly and very elderly patients on dialysis and several 
attempt to compare survival (Carson et al., 2009) (see Fig. 145.1). 
Relatively few studies assess survival specifically in CM patients, 
but it is worth noting that survival on dialysis among older people 
can be surprisingly good. For example, Issacs et al. claim impressive 
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survival, even for those who initiate dialysis in their eight decade 
(median 46.5 months (range 0–107 months), with 1- and 5-year 
survival of 78.5 and 38.3% respectively) (Isaacs et al., 2012a).

Fig. 145.1 illustrates these studies but all are flawed by likely selec-
tion bias of healthier patients for dialysis interventions. Registry 
data suggests that older people particularly those with poor func-
tional status and multiple co-morbidities fare very poorly with 
many surviving < 6 months on dialytic therapies. Chandra et al. 
in a landmark paper were the first to publically question the sur-
vival benefits of dialysis in patients whose physicians felt would not 
do well with dialysis interventions (Chandna et al., 1999). Carson 
et al. examined survival and hospitalization retrospectively in a sin-
gle unit’s population of over 75-year-olds, and found an increased 
survival in those dialysed but reported that almost every day of 
life extension was at the expense of a day spent in a hospital envi-
ronment either on dialysis or as an inpatient. They also reported 
increased likelihood of dying at home or in a hospice in the CM 
patients (Carson et al., 2009). Murtagh et al. compared survival of 
elderly patients with CKD stage 5, managed either with dialysis 
or conservatively (without dialysis), after the management deci-
sion had been made, and explored which of several key variables 
were independently associated with survival. One- and 2-year sur-
vival rates were 84% and 76% in the dialysis group (N = 52) and 
68% and 47% in the conservative group (N  =  77), respectively, 
with significantly different cumulative survival (log rank 13.6,  
P < 0.001) (Murtagh et al., 2007d). However, this survival advan-
tage was lost in those patients with high co-morbidity scores, espe-
cially when the co-morbidity included ischaemic heart disease. 
More recently, Da Silva-Gane and colleagues performed quality of 
life assessments (Short-Form 36, Hospital Anxiety and Depression 
Scale, and Satisfaction with Life Scale) every 3 months for up to 
3 years in patients with advanced, progressive CKD (late stage 4 
and stage 5) (Da Silva-Gane et al., 2012). After 3 years, 80 and 44 
of 170 patients had started or were planned for HD or PD, respec-
tively; 30 were undergoing CM; and 16 remained undecided. CM 
patients were older, more dependent, and more highly co-morbid; 
had poorer physical health; and had higher anxiety levels than the 

dialysis patients. Mental health, depression, and life satisfaction 
scores were similar in the two groups. Multilevel growth models 
demonstrated that quality of life measures, except life satisfaction, 
decreased significantly after dialysis initiation and remained stable 
in CM. However in their model (which controlled for co-morbidity, 
Karnofsky performance scale, age, physical health score, and pro-
pensity score) median survival from recruitment was 1317  days 
in HD patients (mean of 326 dialysis sessions) compared with 
913 days in CM patients. On average, patients receiving CM did 
not live as long as their equivalent dialysed patients but maintained 
a better quality of life. Adjusted median survival from recruitment 
was 13 months shorter for CM patients than HD patients. Whether 
individuals are willing to accept shorter survival with better quality 
is very much an individual decision, although work by Morton and 
colleagues indicates that patients may be willing to forgo a surpris-
ing amount of life expectancy to improve quality (Morton et al., 
2012). The case for dialysis in this group of patient therefore is not 
simply one of chronological survival. Carson succinctly summa-
rizes the issues in the pithy title of her editorial: ‘Deny Dialysis or 
“D-NI” Dialysis? The Case for “Do Not Initiate; Do Not Ignore” 
Orders’ (Carson et al., 2012).

Considering trajectory of illness
Given the uncertain survival benefits of dialysis in the older 
patients with multiple co-morbidities, it is important to try and 
understand not only prognosis, but also the nature and trajectory 
of illness that will subsequently occur. Distinct trajectories of ill-
ness over time and towards death are well described in other dis-
eases (Lunney et al., 2002, 2003; Murtagh et al., 2004). Murtagh 
et al., 2007b, 2011a; Understanding these trajectories can facilitate 
best care and inform optimal timing of discussions about goals 
of care, symptom management, and advance care planning, and 
addressing these symptoms and concerns effectively is important 
to achieve best possible quality of life in the last months of life. 
Different functional trajectories over the last year of life have been 
described in both cancer and non-cancer conditions (Gill et al., 
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2010), Murtagh et al., 2007b, 2011a; but only recently in CM renal 
patients (Murtagh et al., 2011b). For CM patients and their fami-
lies, and for the professionals planning and delivering their care, 
an understanding of what trajectory of illness to expect can inform 
best timing and configuration of care. Improved evidence about 
what patterns of illness might be expected over time with CM can 
also help inform dialysis decisions.

On average, CM patients tend to report low to moderate levels of 
physical and psychological symptom distress through the course of 
their illness, but also increasing concerns about information needs, 
practical matters, and about their family as the duration of illness 
extends. CM patients also tend to experience a marked increase 
in symptoms (Murtagh et  al., 2011b) and quite sudden decline 
in functional status (Murtagh et al., 2011a) especially in the last 
1 or 2 months of life, and sometimes only in the last 1 or 2 weeks. 
Worsening symptoms may be a much better prognostic indicator 
than biochemical or other disease markers, and services need to 
be responsive to sudden changes in order to best meet the needs of 
patients and families.

However, the ‘average’ trajectories, which are helpful for service 
development and planning, do not always reflect the patterns for 
individual patients. Among CM patients, three discrete symp-
tom trajectories have emerged:  (1)  relatively stable, (2)  steadily 
increasing, and (3) markedly fluctuant (Murtagh et al., 2011b), 
with the fluctuant pattern occurring more often in those with 
concurrent cardiac and/or respiratory disease. This fluctuant and 
rather unpredictable pattern is associated with much higher psy-
chological distress among patients and families, and additional 
supportive care is often needed to help patients and families 
deal with the unpredictable symptoms, the associated social and 
practical limitations, and coping with recurrent acute crises with 
uncertain outcome.

Further research and a better understanding of illness trajectories 
in CM end-stage kidney disease are important. There are implica-
tions in terms of timing and delivery of care to improve symptoms 
and address concerns for these patients; care should address the 
moderate symptoms and concerns in last year of life, but espe-
cially focus on anticipating the increased levels towards death. 
Understanding the ‘tipping points’ (times of change or transition 
when care can be maximized to improve outcomes most effec-
tively) can only be uncovered by study of trajectories. The increase 
in symptoms and concerns which CM patients experience a week 
or two before death may be just such a ‘tipping point’ or transition, 
where interventions to address symptoms and other concerns can 
be targeted to provide most benefit, and warning of ensuing decline 
needs to be acted upon by health professionals.

Decision-making
Conventional dialysis has been a major medical advance and there 
is no doubt that it extends a good quality of that life, for many 
patients. However, for some, particularly those who are older and 
frail, dialysis and dialysis-related procedures (including compli-
cations) clearly place a significant burden on the patient, their 
families, and the health service, yet offer limited benefits. There is 
evidence that older patients experience an increased rate of dete-
rioration in functional status and mental capacity on HD, and have 
a symptom burden and quality of life comparable to patients with 
advanced cancer (Saini et al., 2006; Solano et al., 2006; Murtagh 

et al., 2007a). By contrast, many patients who choose a palliative 
approach appear to have a relatively flat functional trajectory until 
about 10 days before death (Williams et al., 2002; Murtagh et al., 
2011a). Symptom burden in both groups has been shown to be 
high and may not differ significantly between patients on CM or 
HD pathways (Murtagh et al., 2007b). However, many authors have 
documented impressive survivals in cohorts of patients who com-
menced dialysis over the age of 80 years (Isaacs et al., 2012a, 2012b). 
As already discussed, there are no controlled trials of CM versus 
dialysis yet evidence shows that dialysis may significantly prolong 
life, even in the old and frail (Smith et al., 2003; Murtagh et al., 
2007d; Chandna et al., 2011), although the number of out of hospi-
tal days survived may not differ much between the two groups and 
CM patients are more likely to die at home or in a hospice rather 
than in an acute hospital setting (Carson et al., 2009). Similarly, it 
is not clear whether dialysis improves symptoms or quality of life 
or merely exchanges one set of symptoms for another in the older 
and frail patient.

The modality choice dilemma is further complicated by the 
observation that patients on CM programmes show a startling vari-
ation in physical symptoms (both between individuals and in the 
same person from day to day) (Dinneen et al., 2011). Furthermore, 
diminished cognition particularly in executive functioning dimen-
sions in many older patients makes comprehension of the choices 
available and weighing of the risks even more difficult.

So decision-making about dialysis is often challenging for 
patients, their families, and professionals, yet there is limited 
evidence to inform practice. There is particularly little evidence 
directly from the patient perspective, despite the major impact 
decisions may have for those with advanced disease.

One of the difficulties is that patients tend to focus much more on 
living rather than dying, becoming accustomed to living with their 
chronic condition, and sometimes reluctant to consider the impli-
cations of future deterioration. Calvin explored decisions among 
HD patients and their end-of-life treatment decisions and devel-
oped a theory of ‘personal preservation’ with three distinct compo-
nents: knowing the odds for survival, beating the odds, and being 
responsible/making judgements (Calvin, 2003).

Other work (Holley et  al., 1989; Main, 2000; Tonkin-Crine 
et al., 2015) examines the decision-making experiences of CM 
patients or withdrawing from dialysis, taking into account the 
social and personal impact of this decision. Important considera-
tions for patients include avoiding poor quality of life, minimiz-
ing pain and suffering, and a desire not to be a burden, while for 
professionals prognostic uncertainty predominates. A proactive 
and open approach towards decisions in recommended, but is 
hard to achieve.

Studies by Fujimaki et  al. (2003) and Chan et  al. (2007) have 
retrospectively reviewed patients who had declined dialysis; the 
majority do not regret their decision. Reasons for refusal included 
not wishing to attend the hospital frequently, feeling ‘too old’ for 
dialysis, and that it would be more ‘natural’ to die without dialy-
sis. Work by Morton and colleagues suggests that travel restrictions 
are an important consideration, and patients were willing to forgo 
a number of months of life expectancy (23  months; 95% confi-
dence interval 19–27) in order to decrease the travel restrictions 
that dialysis imposes (Morton et al., 2012). But in general, the pro-
cesses and determinants of decisions for or against the conservative 
(non-dialytic) pathway are poorly understood.
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The conservative management 
pathway: communication and  
advance care planning
Delivery of optimal palliative and supportive care for patients 
receiving CM starts with honest prognostic information, tailored 
to the patient’s information preferences. However, this is not always 
achieved (Weiner, 2010). Many factors militate against good com-
munication, including the inherent uncertainty of prognostication, 
the uncertainty of an individual trajectory of illness, the imbalance 
of knowledge between patients and professionals, and the per-
ceived and actual time limitations in busy healthcare settings. The 
annual mortality rate of dialysis patients is higher than that of pros-
tate, breast, or colorectal cancer, but many renal patients and their 
families are not aware of this and in general consider renal failure as 
‘curable with transplantation’ or ‘treatable with dialysis’. Open prog-
nostic information to counter this should be offered even before 
treatment pathways are considered (Davison and Torgunrud, 
2007), but this infrequently occurs.

Good quality, individually tailored, and sensitive communi-
cation is paramount at every stage:  before the CM decision is 
made, once the CM pathway has been commenced, and as con-
servatively managed end-stage kidney disease advances towards 
death. Patients with advanced CKD may have been receiving 
nephrology care for some months or years prior to decisions 
about CM care, and often become accustomed to living with 
their renal disease. It can therefore be difficult for healthcare 
professionals to introduce conversations about decline in health 
and limited survival. One way to overcome this is the regular 
introduction of the CM pathway option into early discussions 
and into patient education events. Another is to routinely assess 
symptoms and quality of life of all patients (alongside routine 
biochemical tests, for instance) and to then use increased symp-
tom burden or declining quality of life as a trigger for detailed 
conversations about progress and an opportunity to plan ahead. 
This approach has been pioneered in England with considerable 
success (NHS Kidney Care, 2012).

Advance care planning is a dynamic process which does not 
occur at one point in time. A good relationship with the patient, 
and an understanding of their perspectives, is important before 
having discussions about future priorities and preferences for 
care. Palliative and supportive care emphasizes improving qual-
ity of life as end of life approaches, and this can only be achieved 
if there is genuine communication as a foundation for planning, 
considering outstanding issues, and addressing family relation-
ships and conflict (Hines et  al., 2001). However, these are all 
priorities which patients themselves rate very highly (Singer 
et al., 1998), and are therefore important to prioritize. Davison 
and Torgunrud, when studying advanced care planning among 
renal patients, showed that patients wanted more information 
and in non-medical language on prognosis, disease process, and 
the impact of treatment on daily life (Davison and Torgunrud, 
2007)  although renal teams may find this difficult, particularly 
when discussing end-of-life issues, which are less often part of 
their routine practice (Rodin et al., 1981; Cohen et al., 2003). But 
when sensitive, open exploration of concerns for the future is 
achieved, the opportunity for discussion is often appreciated by 
patients (NHS Kidney Care, 2012).

The conservative management pathway: 
managing kidney disease and minimizing 
complications
Once a patient has chosen to follow a CM pathway the empha-
sis of care shifts from preparation for renal replacement therapy 
to symptom control, maintenance of residual renal function, and 
minimizing complications related to CKD. Nephrologists now rec-
ognize the prevalence and variety of patient-reported symptoms. 
In untreated or newly referred patients, many symptoms relate to 
anaemia and most units are adept at improving and maintaining 
haemoglobin using both iron and subcutaneously administered 
erythroid-stimulating agents (usually erythropoietin, though 
newer molecules are on the horizon). Protocols vary from unit to 
unit but in general the advent of erythropoietin and the availability 
of safe intravenous iron preparations has meant that haemoglo-
bin can easily be maintained at target levels in this patient group. 
Target levels are set by various good practice guidelines and vary 
from 10.5 to 11.5 g/dL (Fliser et al., 2012). Maintaining haemo-
globin has the added advantage of mitigating some of the distress 
caused by angina and congestive cardiac failure and can improve 
physical functioning and reduce fatigue. Higher than target haemo-
globin carries an increased risk of stroke (Jing et al., 2012). Newer 
longer-acting erythroid-stimulating agents are now widely avail-
able and are particularly useful in this group of patients especially if 
community nurses are administering the injection. Home delivery 
services are often provided, minimizing patient inconvenience and 
invasiveness. Whether optimizing haemoglobin prolongs residual 
renal function is unknown.

In terms of supporting residual renal function, clinicians should 
have three main objectives:  (1)  to minimize proteinuria, (2)  to 
optimize blood pressure control, and (3)  to pre-empt and avoid 
intercurrent illnesses which can precipitate acute kidney injury in 
addition to the CKD. In men, care should be taken to consider and 
treat new or worsening bladder outflow obstruction which might 
be silently accelerating the decline in renal function. Likewise, opti-
mizing glycaemic control in diabetics is desirable but is unlikely to 
markedly slow progression of renal decline in this group. Use of 
renin–angiotensin system inhibitors to both control blood pressure 
and reduce proteinuria is desirable but usually results in an initial 
decline in renal function even in patients without renal artery ste-
nosis and may aggravate hyperkalaemia. In practice, as renal func-
tion declines or if potassium control is difficult in a CM patient it is 
often useful to discontinue the renin–angiotensin system inhibitors 
to ‘buy back’ some extra clearance. This strategy has been exam-
ined by Gonçalves and colleagues who concluded that there was a 
significant increase in eGFR after stopping renin–angiotensin sys-
tem inhibitors, making long-term survival without renal replace-
ment therapy more likely. This evidence ‘questions the universal 
pre-emptive indication of RAS [renin–angiotensin system] inhibi-
tors in advanced CKD and suggests that they can be safely stopped, 
at least in some patients’ (Gonçalves et al., 2011).

In the days before chronic dialysis was widely available, clini-
cians advised draconian dietary restrictions to control intake of 
protein, potassium, and phosphate in CKD patients and no doubt 
these measures extended survival. However, the cost to the patient 
was often severe malnutrition and associated loss of flesh weight. 
By contrast, most CM programmes now emphasize maintenance 
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of a low-salt, normal-protein diet, encouraging patients to eat and 
enjoy the foods they like to maintain flesh weight and enhance 
quality of life. Where hyperkalaemia or hyperphosphataemia are 
problematic, limited dietary restrictions may be suggested but it is 
important to remain mindful that the ethos behind CM is main-
taining quality of life and clearly food is a very important contribu-
tor to this. In reality, older and frail CKD patients may lose their 
enjoyment of food as CKD progres  ses and so dieticians need to pay 
more attention to augmenting diets rather than restricting them in 
this group. Food supplements can be used to good effect in some 
patients. Finally, many patients believe that they need to increase 
their fluid intake in order to ‘help’ their kidneys to work and others 
have particular difficulty excreting salt and water, either because 
of concurrent diabetic nephropathy or heart failure. Advice about 
fluid intake therefore needs to be individualized depending on the 
particular individual circumstances.

Many if not most patients with advanced CKD require diuretics, 
with loop diuretics most commonly prescribed. They can, however, 
cause concurrent acute kidney injury, and exacerbate urinary fre-
quency, nocturia, and gout. Consequently their dose and timing 
needs to be considered carefully on an individual basis. Controlling 
phosphate by dietary or pharmacological means may help reduce 
the distressing symptoms of itch. Some authors suggest that opti-
mal calcium and phosphate control slows progression of CKD, but 
once again a balance needs to be established between the poten-
tial benefits of phosphate control and the negative effects of dietary 
restriction and increasing the pill burden in CM. Avoiding or treat-
ing hyperparathyroidism is only relevant in this group if a patient 
is symptomatic with bone pain or fractures or as part of efforts to 
alleviate itch. There is some work to suggest treating hyperparathy-
roidism itself impacts overall survival in CKD patients (Molony 
and Stephens, 2011) but once again the clinician has to judge the 
relevance of treating each individual. Similarly, many clinicians 
actively seek to identify and treat reduced vitamin D levels; despite 
a number of recent publications, it remains unclear whether this is 
a worthwhile strategy. Treating hypertension is also clearly desir-
able in this as in any other CKD patient. However, slavish attempts 
to reach target blood pressures may increase the risk of falls in these 
vulnerable patients, so caution is advised.

Finally, all of the above assumes that reversible causes of CKD 
have been considered and treated where possible and that due 
attention is given to minimizing pill burden. A clinician may also 
wish to clarify in advance whether a CM patient wishes to receive 
dialysis for a limited time to overcome a temporary reduction in 
renal function which might, for example, result from an intercur-
rent respiratory tract infection. It is often invaluable to put in place 
well-discussed and documented ceilings of care in accordance with 
a patient’s wishes prior to any acute crises or events. Such ceilings 
might extend from not actively treating any intercurrent illnesses to 
short periods of dialysis to overcome reversible acute kidney injury 
on a background of CKD.

The conservative management 
pathway: symptom assessment
Symptom management in CM patients can be challenging, partly 
because symptoms may go unrecognized (Weisbord et al., 2007), 
partly because renal impairment constrains management with 
drugs, and partly because of the complex co-morbidities which 

may coexist. It is not always clear whether uraemia, dialysis, or 
co-morbid conditions are the main cause of each symptom, and 
for many patients a combination of factors contributes to their 
overall symptom burden. Co-morbid conditions play a major part 
in causing symptoms, particularly for the older patient, who may 
have vascular disease, cardiac problems, diabetes mellitus, or other 
co-morbidities. Some of the commoner co-morbid conditions 
which contribute to symptom burden include diabetic gastropa-
resis, other diabetic neuropathies, other diabetic complications, 
cardiovascular disease, and peripheral vascular disease. Diabetic 
patients with end-stage kidney disease have often had their diabe-
tes for many years, and may have other complications in addition 
to their renal impairment. Diabetic gastroparesis due to auto-
nomic nerve damage is common in long-standing diabetes, and is 
characterized by anorexia, early satiety (feeling full), nausea, and 
sometimes vomiting. Advanced uraemia itself also leads to delayed 
gastric emptying, which can contribute to this problem. Delayed 
gastric emptying may itself cause gastric reflux and dyspepsia. 
Diabetic patients also suffer from other neuropathies, such as auto-
nomic neuropathies affecting the mid and lower gut, and charac-
terized by alternating diarrhoea and constipation. Non-autonomic 
diabetic neuropathies that affect the peripheral nerves may occur. 
The neuropathic pain associated with diabetic neuropathies can 
be severe, persistent, and difficult to control. Skin and soft tissue 
problems are also common in the diabetic patient; decubitus ulcers 
or diabetic foot may occur and amputation may sometimes be 
required. The severity of these skin and soft tissue problems may be 
such that these pains are sometimes difficult to control.

Several global symptom measures have been used to evaluate the 
whole range of symptoms in renal disease. These include instru-
ments used in other advanced diseases, such as the Edmonton 
Symptom Assessment System (Davison et al., 2006a, 2006b), and 
the Memorial Symptom Assessment Scale short form (Weisbord 
et  al., 2003; Murtagh et  al., 2007a). Other measures have been 
validated specifically for use in those with renal disease. These 
include the Dialysis Symptom Index, developed from the Memorial 
Symptom Assessment Scale by Weisbord et al. (2004), and the renal 
version of the Patient Outcome Scale (symptom module) (Murphy 
et al., 2009), derived from the generic version of the Patient (or 
Palliative) Outcome Scale which is used across a wide number of 
conditions and countries.

Although the whole range of symptoms which patients experi-
ence needs to be assessed, there is a wider range of instruments 
which have been used to assess individual symptoms, such as pain, 
pruritus, or depression. Various measures are available for meas-
urement of, for example, pain (Melzack, 1975; Daut et al., 1983), 
depression (Beck and Steer, 1984; Kutner et al., 1985; Martin and 
Thompson, 2000), pruritus (Majeski et al., 2007), or restless legs 
syndrome (RLS) (Allen et al., 2009). A range of other measures for 
individual symptoms exist, and are useful for research purposes, 
but fairly brief validated measures which capture the whole range of 
symptoms may be most useful in the clinical setting.

The conservative management 
pathway: symptom management
Once symptoms have been identified and assessed, they need to be 
actively managed. Evidence shows that management of symptoms 
is often suboptimal for renal patients (Davison, 2003; Bailie et al., 
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2004). Renal impairment places a major constraint on use of medi-
cation, since many medicines are renally excreted, and may there-
fore accumulate substantially in renal impairment. Fig. 145.2 shows 
the prevalence of the most common symptoms in CM patients 
(Murtagh et al., 2007a), and Table 145.1 outlines the management 
strategies for these symptoms, with more detailed discussion of the 
most challenging symptoms in the following text.

Management of fatigue
Fatigue is multidimensional (Lee et al., 2007), with physical, cog-
nitive, and emotional elements (O’Sullivan and McCarthy, 2007). 
There is a complex but poorly understood relationship between 
fatigue, sleep disturbance, physical functioning, and depression in 
those with renal disease (Brunier and Graydon, 1992; McCann and 
Boore, 2000). It is not clear whether the reduced physical function-
ing which occurs with renal disease itself causes fatigue, or whether 
the symptom of fatigue is because of poor function. Fatigue is an 
important symptom because it is very common, highly distressing 
to patients, and there are a number of causes which are potentially 
treatable. These causes can be classified as related to the renal dis-
ease, to dialysis itself, or related to co-morbid conditions. The renal 
disease may cause anaemia, hyperparathyroidism, and uraemia, 
all of which may directly contribute to fatigue. Secondary to these 
direct effects are dietary and fluid restrictions, impaired nutrition, 
and the side effects of medications (such as antihypertensives), all 
of which may contribute to fatigue, even if they are not the predom-
inant cause. Conditions unrelated to renal disease, such as hypothy-
roidism, should be considered and excluded. Non-pharmacological 
managements of fatigue, such as exercise, cognitive and psycho-
logical approaches, and complementary treatments, are important, 
especially as pharmacological interventions become increasingly 
limited.

A systematic review of the use of erythroid-stimulating agents 
demonstrates that in renal patients there is a consistent relation-
ship between haematocrit and energy/fatigue domains in quality 

of life (Ross et al., 2003); as haematocrit increases, so energy lev-
els increase and fatigue reduces. It is not clear, however, how long 
treatment should be maintained in those who are nearing end of 
life; most clinicians continue treatment while the patient still con-
tinues to gain symptomatic benefit.

Management of pruritus or itch
The pathogenesis of pruritus in renal disease remains unclear, and 
treatment options have limited effectiveness. Pruritus is thought 
to arise in C fibres in the skin, separate from those which medi-
ate pain (Schmelz et al., 1997). These transmit via the contralat-
eral spinothalamic tract to the brain (thalamus and hypothalamus) 
via the reticular formation (Lugon, 2005). Connections to distinct 
cortical areas (the anterior cingulate process, supplementary motor 
area, and inferior parietal lobe) then mediate, via motor areas, the 
powerful, almost involuntary, desire to scratch. Pruritus could 
originate at any level in this pathway (in the skin at the level of 
the receptors, neuropathically in the afferent nerve pathway, neuro-
pathically in central neural pathways, or centrally from psychogenic 
causes). In renal itch, complex interacting factors likely operate at 
more than one place in the pathway (Lugon, 2005), so elucidating 
any one discrete cause for itch is difficult. Current hypotheses pos-
tulate abnormal inflammatory/immune processes, dysfunction in 
the opioid receptor system, and/or neuropathic processes within 
the nervous system itself.

Immune modulators (such as ultraviolet (UV)-B light, tacroli-
mus, and thalidomide) have been proposed to treat itch. These act 
in various ways to decrease pro-inflammatory cytokines. Others 
have proposed disturbance in the endogenous opioids system as a 
cause of itch (Yosipovitch et al., 2003; Patel et al., 2007). κ-opioid 
receptor agonists have been shown to have antipruritic effects in 
animals, and κ-opioid receptor antagonists enhance itch in animal 
studies (Ikoma et al., 2006). Opioids such as butorphanol (which 
has μ-opioid antagonist and κ-opioid agonist action) (Dawn and 
Yosipovitch, 2006), and opioids antagonists such as naloxone and 
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Fig. 145.2 Symptom prevalence in CM patients (N = 66).

 

 



Table 145.1 Management strategies for the most common symptoms in CM patients

Fatigue Treat anaemia

Exclude hypothyroidism, sleep apnoea, and over-zealous blood pressure control

Consider exercise interventions, and cognitive and psychological approaches

Itching Liberal topical skin moisturizers

Antihistamines (limited evidence but may help sleep)

Gabapentin

Topical capsaicin cream 0.025–0.075% (especially if itch is localized)

Consider psychological support with severe itch

Drowsiness Treat anaemia

Exclude sleep apnoea

Consider exercise interventions, and cognitive and psychological approaches

Feeling anxious Psychological support

Assess mood and consider antidepressants

Consider anxiolytics

Dyspnoea Investigate and treat underlying cause

Treat anaemia

Consider increased diuretics, and consider fluid restriction with daily weights to achieve optimal dry weight

Swelling of arms or legs Optimize diuretic therapy and heart failure treatment

Pain Investigate and treat underlying cause(s)

Treatment determined by cause: see ‘Management of Pain’ in text

Muscle cramps Consider diuretic reduction

Quinine sulphate 300 mg nocte (limited evidence)

Dry mouth Review medication, consider reducing diuretic dose and other medications which exacerbate dry mouth

Consider artificial saliva (or oral gels which may provide more prolonged benefit)

Restless legs Correct phosphate, iron deficiency

Review medication for any potential exacerbating drugs

Consider gabapentin or clonazepam

Lack of appetite Advise very small and attractive portions more frequently

Dietetic and nutritional support

Consider small doses of amitriptyline or mirtazapine (although both require caution in cardiac disease)

Dry skin Liberal topical skin moisturizers

Difficulty concentrating Treat anaemia

Review and consider reducing medications, particularly analgesics and antihistamines

Difficulty sleeping General sleep hygiene measures (see text)

Exclude depression

Actively manage restless legs and itch, if present

Consider limited course of short-acting hypnotic

Consider cognitive and psychological approaches

Constipation Bulking agents (but beware potassium content)

Moderate or persistent constipation best managed with a combination of ‘softener’ and ‘stimulant’

Oral laxatives often insufficient to address established constipation; rectal measures usually required alongside oral laxatives

Dizziness Review antihypertensive medications

Treat anaemia

Muscle soreness Review need for statins

Treat muscle cramp aggressively

Nausea Determine cause (not always due to uraemia only). Consider investigating reversible cause, e.g. gastritis

If delayed gastric emptying or gastroparesis, consider metoclopramide (reduced dose)

Consider 5HT3 antagonists (side effect of constipation needs active management)

Low-dose haloperidol or levomepromazine can be considered if other measures ineffective
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naltrexone, have therefore been proposed to treat itch. There is 
increasing evidence that the relatively new κ-opioid agonist nal-
furafine is effective (Wikstrom et al., 2005). There is also evidence 
to indicate that itch is a neuropathic process. Akhyani and col-
leagues report association between clinical neuropathy and itch in 
HD patients (Akhyani et al., 2005), and neuropathic agents (lido-
caine, gabapentin, and capsaicin) have been effectively used to treat 
itch. However, the neuropathic component could be a secondary, 
rather than primary cause of renal pruritus. The role of histamine 
in acute itch is long established. Acute histamine-induced itch is 
well described, and histamine receptors sensitize at least some of 
the C fibres which mediate itch. What is less clear is how this acute 
itch response relates to the chronic itch experienced in advanced 
renal disease. Nevertheless, antihistamines are widely used in renal 
itch, with varying results. A final important factor in renal itch is 
xerosis, or dry skin. Xerosis may be an important factor especially 
in older people (Keithi-Reddy et al., 2007). And although uraemia 
is the most likely cause of itch, other common causes need to be 
excluded if the symptom is not resolving, such as skin disorders, 
skin infections such as scabies, and liver impairment.

The first step in management is to optimize renal management; 
high phosphate may contribute to pruritus (Lugon, 2005), so atten-
tion to reducing phosphate levels may be important—consider die-
tary advice and the use of phosphate binders. Hyperparathyroidism 
may also be a contributory factor and should be considered. Dry 
skin should be treated actively, with liberal emollients used if 
dry skin is present. Older people living alone may find it hard to 
apply emollients easily; spray applications are often helpful in this 
instance. Preventive measures, such as nail care (keeping nails 
short) and keeping cool (light clothing, and tepid baths or show-
ers), are useful concurrent measures.

The evidence as to which medications are effective is limited, 
often conflicting, and no one single preparation can be recom-
mended above others. Choice of treatment should be influenced 
by the stage of disease—for instance, UV light may be practical 
for those who remain relatively well, while antihistamines may 
be more appropriate nearer end of life. Time should be taken to 
discuss with the patient the need to persist with any one medica-
tion, and to explaining and minimizing side effects where possible. 
A clear plan of management, and persistence in following treat-
ment through, goes a long way to helping patients cope with the 
distress that this symptom can sometimes cause. The psychologi-
cal and social dimensions of severe itch are considerable (Lugon, 
2005) and psychological, family, and social support is an important 
component of management.

Management of pain
Pain is clearly an important symptom to alleviate in any patient. Its 
prevalence is high in those opting for CM. In general, non-steroidal 
anti-inflammatory drugs are harmful to residual kidney function 
and may cause or exacerbate gastrointestinal haemorrhage. Other 
analgesics, particularly opioids, accumulate or are metabolized dif-
ferently in those with advanced CKD. Hence considerable caution 
needs to be exercised to eliminate pain without causing additional 
problems.

A detailed pain history (remembering there is frequently more 
than one distinct pain), together with clinical examination, should 
reveal, or at least indicate, the underlying cause. Removal or spe-
cific treatment of the underlying cause of pain (when feasible) is 

always the best approach, and only when this cannot be achieved 
should palliation be the main focus. Non-opioid, opioid, and adju-
vant analgesics can be used in CM patients, but careful considera-
tion needs to be given to (1) potential risk of adverse effects, which 
may be exacerbated by uraemia, (2) whether there is risk of nephro-
toxicity (it is critically important not to risk remaining renal func-
tion), (3) the elimination of the drugs used, and (4) how this will be 
influenced by the renal impairment.

Selection of which non-opioid, opioid, or adjuvant analgesic (or 
which combination) depends on the cause of the pain; adjuvants such 
as gabapentin, for instance, are appropriate for neuropathic pain  
usually in conjunction with opioids, whereas musculoskeletal 
pain may respond to non-opioids such as paracetamol. Ischaemic  
pain may be particularly challenging to manage, needing opioids, 
adjuvants for neuropathic pain, plus a combination of other strate-
gies. Because of the challenges of using opioids, the main World 
Health Organization step 2 and 3 opioids (see <http://www.who.
int/cancer/palliative/painladder/en/>) are briefly considered 
below; the reader is referred to extensive reviews of analgesic use 
for more detail (Davies et al., 1996; Dean, 2004; Mercadante and 
Arcuri, 2004; Murtagh et al., 2007c).

There are reports of serious side effects following codeine 
use in patients with advanced renal failure, in particular persis-
tent hypotension (Chan and Matzke, 1987), respiratory arrest 
(Talbott et  al., 1997), and profound narcolepsy (Davies et  al., 
1996). Dihydrocodeine has similar metabolism and elimination to 
codeine, and there are reports of prolonged narcosis (Barnes and 
Goodwin, 1983; Chan and Matzke, 1987). For these reasons, use of 
codeine and dihydrocodeine is not recommended in CM patients.

Ninety per cent of tramadol is excreted via the kidneys (Murtagh 
et al., 2006), and in renal impairment, there is an approximately 
twofold increase in the elimination half-life (King et  al., 2011). 
Because of this, it is recommended that the dose interval be 
increased to 12-hourly, and the dose reduced. Uraemia also lowers 
the fit threshold, and tramadol may be more epileptogenic in these 
patients (Ikoma et al., 2006). For these reasons, alternative analge-
sia is preferred, and if use of tramadol is unavoidable, a dose of 50 
mg 12-hourly should not be exceeded in stage 5 CKD.

Morphine and diamorphine are not recommended, because of 
the problems with metabolite accumulation, and because at least 
some of these metabolites are clinically active (Murtagh et  al., 
2007b).

Less than 10% of fentanyl is excreted unchanged in the urine. 
In renal failure, no dose modification appears necessary when fen-
tanyl is given as a bolus injection (Coral et al., 1980), but there is 
limited evidence on the pharmacokinetics when it is administered 
either in repeated doses or by continuous infusion. One study sug-
gests accumulation with sustained administration, and a further 
study demonstrates reduced clearance (Coral et al., 1980; Scholz 
et al., 1996). Despite these concerns about accumulation, fentanyl 
is, on present limited evidence, one of the preferred opioid in renal 
impairment, because the metabolites are inactive. Some authori-
ties suggest 50% normal dose if creatinine clearance is < 10 mL/
min (Davies et al., 1996). Careful monitoring for any gradual devel-
opment of accumulation and toxicity is advised with sustained 
administration (beyond 1 or 2 days), and there may be some basis 
for gradual dose reduction if fentanyl is used over days or weeks. 
Transdermal patches can be used, but careful review and frequent 
checks for accumulation are needed. The very wide individual 
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variation in the pharmacokinetics of fentanyl would also support 
a cautious approach.

Alfentanil is shorter acting than fentanyl, and is both less potent and 
less lipid soluble. Like fentanyl, it is highly protein bound and its pro-
tein binding is reduced by a high urea, but despite this the volume of 
distribution and elimination half-life appears unchanged in patients 
with renal failure (Chauvin et al., 1987). Alfentanil is therefore also 
one of the preferred opioids for use in CM patients, but is limited to 
end-of-life use given that it is only available for parenteral use.

Buprenorphine is metabolized in the liver to norbuprenor-
phine, and buprenorphine-3-glucuronide, and these metabolites 
are principally excreted via the biliary system (Davies et al., 1996). 
Because of its high systemic clearance and largely hepatic metabo-
lism to non-toxic metabolites, buprenorphine has the potential 
to be reasonably safe in patients with renal failure, but evidence 
is very limited; some shows no change in the pharmacokinetics of 
buprenorphine in renal impairment, but other work shows accu-
mulation of metabolites (Hand et al., 1990; Boger, 2006), although 
adverse effects have not been reported. Buprenorphine also has the 
advantage of being available in sublingual, transdermal, and inject-
able preparations, although it is not available in some countries.

A single-dose study indicates hydromorphone accumulation 
in renal impairment (Babul et  al., 1995)  (with proportionately 
greater accumulation in severe renal impairment), and a further 
detailed pharmacokinetic case study over 14 days (Durnin et al., 
2001)  demonstrated clear accumulation of hydromorphone-3 
glucuronide (H-3-G). Since H-3-G is known to be a more potent 
neuro-excitant, there has been concern about the use of hydromor-
phone in severe renal impairment. However, a retrospective review 
by Lee and colleagues (Lee et al., 2001) suggests that it may be rea-
sonably well tolerated but clear guidance on its use cannot be given 
until there is more evidence available.

Methadone is metabolized mostly in the liver, and excreted both 
renally and faecally (Dean et al., 2004). There is large inter-individual 
variation, but also considerable difference between acute and chronic 
phase dosing. Some evidence suggests that plasma concentrations 
are no higher than in those with normal renal function (Kreek 
et al., 1980; Chan and Matzke, 1987), suggesting that faecal excre-
tion might compensate in those with renal impairment. Because of 
this, and the limited possibilities for use of other opioids, metha-
done has been used for patients with renal failure without adverse 
effects. However, caution should be exercised on two counts: firstly, 
because of the well-described risk of late accumulation and toxic-
ity in normal renal function, experienced specialist supervision of 
methadone is required, and secondly, because of the wide individual 
variation, doses and effects should be closely monitored. The titra-
tion and use of methadone is fully described elsewhere (Morley and 
Makin, 1998; Blackburn et al., 2002), but in severe renal impairment 
(stage 5 CKD) a dose reduction of 50% is recommended (Broadbent 
et al., 2003) (although prescription and monitoring should only be 
undertaken by a specialist experienced in use of methadone).

Kirvela et al. demonstrated that elimination of oxycodone in renal 
failure is significantly prolonged, and excretion of its metabolites is 
severely impaired (Kirvela et al., 1996), with wide inter-individual 
variation. There is also evidence that some of the effects of oxyco-
done may be mediated through its metabolites, with reports of cen-
tral nervous system toxicity and sedation with oxycodone in renal 
failure (Foral et al., 2007). This raises queries about the use of oxy-
codone in renal impairment, and there is insufficient evidence to 

determine whether or not it is safe to use in end-stage renal disease 
patients. Some clinicians use it with caution, reducing the dose and 
increasing the dose interval, while others avoid using it. Broadbent 
et al. suggest the use of 75% of normal dose when creatinine clear-
ance is 10–50 mL/min, and 50% when creatinine clearance < 10 
mL/min (with unchanged dose intervals) (Broadbent et al., 2003).

Management of restless legs
RLS is characterized by urge to move the legs, uncomfortable sen-
sations in the legs, and worsening of symptoms at rest, especially 
during the night. The formal International Restless Legs Syndrome 
Study Group (IRLSSG) criteria are (1) urge to move the legs, usu-
ally with unpleasant sensations in the legs; (2) worse during periods 
of rest or inactivity like resting or sitting; (3) partial or total relief by 
physical activity; and (4) worse symptoms in the evening or night 
rather than the day (Medcalf and Bhatia, 2006). The exact cause for 
restless legs is not well understood but the dopaminergic system in 
the central nervous system is somehow disrupted (Manenti et al., 
2009). There is limited evidence in uraemic RLS that iron deficiency 
(O’Keeffeet  al., 1993), low parathyroid hormone (Rijsman et  al., 
2004), hyperphosphataemia, and psychological factors (Takaki 
et al., 2003) may play a role. Treatment should involve correction 
of these factors, and reduction of potential exacerbating agents, 
such as caffeine, alcohol, nicotine, and certain drugs (sedative anti-
histamines, metoclopramide, tricyclic antidepressants, selective 
serotonin uptake inhibitors, lithium, and dopamine antagonists) 
(Manenti et  al., 2009). Calcium antagonists may also exacerbate 
RLS (Telarovic et al., 2007).

There is very limited evidence about treatment of restless 
legs in CKD patients, and much of the evidence is extrapolated 
from patients with idiopathic restless legs (Silber et  al., 2004). 
Gabapentin, dopamine agonists, co-careldopa, and clonazepam (a 
short-acting benzodiazepine) are the treatments most commonly 
used, with varying results. All need dose reduction, and gabapentin 
in particular accumulates rapidly in CM patients; dose reduction, 
increased dose interval, and close monitoring are required.

Management of sleep disturbance
A detailed history of any sleep disturbance is important, in order to 
identify sleep apnoea, RLS, and pruritus, which may be the under-
lying reason for the sleep disturbance; these each need treating 
in their own right initially to resolve any sleep problems. General 
sleep hygiene measures are important in addressing sleep dis-
turbance: avoiding caffeine after lunch, reducing overall caffeine 
intake, avoiding alcohol (which is both depressant and stimulant), 
and avoiding daytime sleeping. If sleep apnoea is excluded, other 
exacerbating symptoms are treated optimally, and general meas-
ures are unsuccessful, then hypnotics may be necessary, ideally 
short term to attempt to re-establish sleep patterns. For those with 
a longer prognosis, hypnotics carry risk of dependence, and this 
needs consideration in management. The shorter-acting hypnotics, 
such as zolpidem 5–10 mg or temazepam 7.5–10 mg, are preferable. 
CM patients may be more sensitive to benzodiazepines in general, 
and lower doses are often required.

Management of nausea and vomiting
Nausea and vomiting are extremely unpleasant symptoms, and 
are often multifactorial. Assessment requires a thorough history 
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including establishing the history and pattern of both nausea and 
vomiting separately. Profound nausea and/or repeated vomiting will 
prevent absorption of any medications taken orally, and alternative 
routes (such as sublingual, rectal, or subcutaneous routes) need to 
be considered, at least until nausea and vomiting is controlled.

The first step is to identify the specific cause of nausea and vomit-
ing where possible, since cause-directed treatment is most likely to 
succeed. Uraemia, and a variety of drugs (including opioids, anti-
convulsants, antibiotics, and antidepressants), may cause persistent 
nausea. Gastroparesis or delayed gastric emptying, (which may be 
caused by drugs such as opioids, as well as occurring secondary to 
diabetes mellitus, for instance), usually presents with a history of 
post-prandial nausea or vomiting of undigested food which relieves 
nausea. Bloating, epigastric fullness, flatulence, hiccough, or heart-
burn may accompany this. Nausea related to gastritis is often asso-
ciated with heartburn, dyspepsia, or epigastric pain. Constipation 
may exacerbate nausea and vomiting.

For delayed gastric emptying or gastroparesis, metoclopramide 
can be used, although doses should be reduced by 50%, and there 
is increased risk of dystonia. Haloperidol or levomepromazine are 
often used for persistent nausea related to uraemia or drug-related 
nausea, although there is increased cerebral sensitivity in CM 
patients, and both drugs need dose reduction. 5-hydroxytryptamine 
(5HT3) antagonists can also be used, although the side effect of con-
stipation will need active management. Because gastritis is com-
mon among uraemic patients, there should also be a low threshold 
for treatment with a proton pump inhibitor if gastritis could be a 
contributory factor.

Management of breathlessness towards end of life
The most common causes of breathlessness or dyspnoea in the 
renal patient are anaemia, pulmonary oedema (related to fluid 
overload or to coexisting cardiovascular disease), or co-morbidity 
(cardiac or respiratory disease). It is important to identify the 
underlying cause of breathlessness, since treating the underly-
ing cause is almost always the most appropriate and effective first 
line of management. If treatment of the underlying cause has been 
exhausted, then symptomatic measures to relieve breathlessness 
will be required. These include general and non-pharmacological 
measures, psychological support, and pharmacological measures.

General measures in advanced disease include sitting upright 
rather than lying (which maximizes vital capacity), using a fan 
or stream of cool air which can provide effective symptom relief 
(Booth et al., 2004a), inhaled oxygen if hypoxia is confirmed or 
suspected (Booth et al., 2004b), and a calm, settled environment. 
For the patient whose mobility is limited by breathlessness, physi-
otherapy and occupational therapy can help to maximize mobil-
ity and provide appropriate aids to improve function constrained 
by breathlessness. Since breathlessness is a profoundly unpleasant 
symptom, assessment and management of the underlying psycho-
logical state is important. Breathlessness is very commonly asso-
ciated with anxiety, often in an escalating cycle (anxiety causing 
worsening dyspnoea, which triggers worsening anxiety, and so 
on). Information, education, and support of patient and family are 
therefore critical.

As prognosis worsens, general and non-pharmacological meas-
ures will have less to offer, and pharmacological measures directed 
at the symptom of breathlessness itself may be more appropriate. 
Untreated moderate or severe dyspnoea at the end of life is very 

distressing, and should be treated as actively as pain or any other 
distressing symptom. Breathlessness is an increasingly important 
and dominant symptom in renal patients towards the end of life 
(Murtagh et al., 2007b), so it is important to try and anticipate and 
plan for future episodes. Not all patients will, for instance, choose 
to be admitted for maximal treatment with intravenous diuretics in 
the last days or weeks of life.

Pharmacological treatments directed specifically at breathless-
ness include opioids and benzodiazepines (especially if there is 
moderate or severe associated anxiety). Low-dose opioids are 
helpful in relieving breathlessness near the end of life in end-stage 
cardiac and respiratory disease (Jennings et al., 2001, 2002), and 
clinical experience suggests that this is true for renal patients too. 
However, there are considerable constraints on the use of opioids 
in renal patients; the guidance as for pain management should be 
followed, although dose of opioids for breathlessness is likely to be 
notably smaller (usually half or quarter the starting dose for pain) 
and titration upwards is undertaken to a lesser degree. If small 
doses are not at least partly effective, combining an opioid such as 
fentanyl with low-dose midazolam towards the end of life (last few 
days or hours) may bring relief where either alone is only partially 
effective. This is often a better strategy than increasing the dose, 
since adverse effects quickly increase as doses rise.

Benzodiazepines are useful when there is coexisting anxiety (as 
there often is), but again need to be used with care and in reduced 
doses. Shorter-acting benzodiazepines are recommended, such as 
lorazepam 0.5 mg orally or sublingually four times a day (if used 
sublingually, it has a quicker onset of action and may more readily 
restore a sense of control to the frightened and anxious patient). 
If the patient is in the last days of life, midazolam (at 25% of nor-
mal dose if eGFR < 10 mL/min) can be given subcutaneously and 
titrated according to effect.

Conclusions
People with advanced renal disease who received CM have 
extensive needs for symptom control, psychological and social 
support, and optimal disease management to minimize com-
plications and maintain their residual renal function as long 
as possible. They therefore need significant medical, nursing, 
psychological, and social care as their illness advances towards 
end of life. We have not addressed in detail the considerable 
psychological, spiritual, and practical care that these patients 
need, nor the high level of coordination between providers that 
is important for ensuring effective and accessible care. But for 
this reason, multidisciplinary team management, with excellent 
coordination of care, is perhaps the best way to deliver health-
care. Collaborative working between nephrology, palliative, and 
primary care professionals will likely deliver best care to patients 
following the CM pathway.
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Palliative care in end-stage 
renal disease
Katie Vinen, Fliss E. M. Murtagh, and Irene J. Higginson

Introduction
The World Health Organization defines palliative care as ‘an 
approach that improves the quality of life of patients and their fam-
ilies facing the problems associated with life-threatening illness, 
through the prevention and relief of suffering by means of early 
identification and impeccable assessment and treatment of pain 
and other problems, physical, psychosocial and spiritual’ (Moss 
et al., 2004).

In the past, nephrology has been viewed as a highly active spe-
ciality where the death of a patient was perceived as a medical fail-
ure. When dialysis was rarely offered to those over 40 or suffering 
from diabetes, this may have been understandable. With changing 
demographics, however, nephrology patients are older and 70% of 
those over 65 starting dialysis have at least one co-morbidity most 
frequently ischaemic heart disease or diabetes (Webb et al., 2011). 
Despite this, dialysis is now offered even to those in their 80s or 90s, 
some of whom do well. Many more, however, cannot be cured of 
their renal disease or their co-morbidities so all treatment is essen-
tially palliative and, as research suggests that their quality of dying 
is not optimal (Davison and Torgunrud, 2007), a change in focus of 
care is needed. Treatment should focus on symptom management, 
advance care planning, and family and patient education and sup-
port. These form part of a long process of renal palliative care of 
which the dying or terminal care phase is only one part.

Groups who might benefit from renal 
palliative care
Three groups of patients may benefit from renal palliative care. In 
those over 75 with extensive co-morbidity, dialysis does not extend 
life (Murtagh et al., 2007c; Chandna et al., 2011) (see Fig. 146.1) 
and may reduce quality of life with increased time in hospital and 
a reduced chance of achieving a non-medicalized death (Carson 
et al., 2009). For those beginning dialysis from nursing homes, only 
13% of patients are alive with maintained functional status 1 year 
after starting dialysis (Kurella et al., 2009). Here, end-stage renal 
failure is often a reflection of more extensive multisystem failure 
where dialysis cannot improve diabetic control, combat vascular 
disease, or reverse dementia. Whilst some older patients do benefit 
from dialysis, it is interesting that the best predictors of success in 
the over 80s are age, ambulatory status, and co-morbidity, and not 
the biochemical targets and blood pressure control so often sought 
by renal physicians (Feest, 2010). These patients may prefer to 

forgo dialysis and follow the conservative care pathway described 
in Chapter 145. Instead of beginning dialysis, care focuses on slow-
ing the decline in existing kidney function (by measures such as 
good blood pressure control) and treating the symptoms and com-
plications of renal failure. This approach focuses on improving 
symptoms and quality of life, advance care planning, and build-
ing a network of care to support the patient. Here, the palliative 
phase may last for months or up to 1–2 years (Paniagua et al., 2002; 
Chandna et al., 2011) and the challenge is to optimize quality of life 
as well as plan for their later death.

Improvements in treatment have supported a second popu-
lation of patients who begin dialysis in relative good health, but 
over years of different treatment modalities gradually become 
frailer. Such dialysis patients remain with the same clinician, but 
require a change in the focus of care towards greater emphasis 
on symptom control, a reduction in unnecessary tablet burden 
or even in dialysis frequency, and detailed attention to quality of 
life and planning for end-of-life care. Since we know that inten-
sive dialysis regimens aimed at reducing morbidity and mortality 
are often ineffective (Eknoyan et al., 2002; Paniagua et al., 2002), 
maximizing health-related quality of life (HRQOL) may be a more 
beneficial goal.

Finally, a third smaller group of younger dialysis patients suffer 
devastating renal/multisystem disorders (e.g. severe poorly con-
trolled diabetes) where, despite their relative youth, prognosis is 
poor and there is a relentless and steady deterioration in health. 
Whilst in these cases dialysis is frequently offered, a parallel symp-
tom control and palliative approach may also be beneficial.

In each group of patients, traditional goals such as control of 
blood pressure and phosphate are replaced with symptom manage-
ment and a greater focus on quality of life. Patients who dialyse 
may also wish to consider their ultimate treatment choice of dialy-
sis withdrawal (Cohen et al., 2000b; Ashby et al., 2005; Cohen and 
Germain, 2005; Chater et al., 2006). This allows them to time their 
own demise, plan their place of care, say their final goodbyes, and 
receive excellent symptom control. With a mean survival of approx-
imately 8 days (Cohen et al., 2000b) in those with no residual urine 
output, palliative care needs to be highly focused. The goal of care 
has changed from saving or extending life to dying well.

The unique features of renal palliative care
Although the principles of palliative care apply to renal patients, 
a number of unique features suggest this care is best provided by 
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a combined nephrology and palliative care approach. Firstly, renal 
patients have widespread complex co-morbidities with a particular 
burden of vascular disease (Webb et al., 2011) and frequent cog-
nitive decline on dialysis. Thus, decisions about a patient’s desire 
to continue dialysis after, for instance, a severe stroke need to be 
discussed early during an active dialysis phase if the patient’s views 
are to be sought prior to such decline (Sekkarie and Moss, 1998; 
Davison, 2009). Nephrologists and families are limited in their 
ability to advocate about continuing dialysis in the face of severe 
dementia or life-limiting cancer with both groups tending to over-
estimate a patient’s desire to continue (Miura et al., 2006). Secondly, 
the symptom burden is large, but some symptoms (e.g. pruritus, 
restless legs) are specific to (or at least more common in) advanced 
renal disease and are therefore not recognized, or well managed, 
by those with little renal experience (Cohen et al., 2000a; Murtagh 
et  al., 2007a, 2007b). Thirdly, treatment of symptoms requires 
expert understanding of how drug modifications need to be made 
as renal function declines (Davison and Ferro, 2009). Fourthly, 
the trajectory to death is different in renal patients and the ‘tip-
ping point’, where increased medical and supportive care is rapidly 
needed, may be missed by staff with little renal experience (Murray 
and Sheikh, 2008; Murtagh et al., 2011a, 2011b). In conservatively 
managed stage 5 chronic kidney disease (CKD), symptom scores 
and functional status can often be relatively stable until the first to 
second months preceding death, in marked contrast to trajectories 
for cancer patients or those with chronic obstructive pulmonary 
disease or heart failure. Finally, with longstanding relationships 
between patient and dialysis staff, continued care in this setting 
may avoid the sense of abandonment that transfer to another team 
might cause.

Honest communication with the patient 
and their family
Optimal supportive renal care starts with patients being given hon-
est prognostic information yet we know such discussions are rare 

(Weiner, 2008). Research suggests that the majority of patients do 
value such information and that it should be offered even in the 
year before dialysis is initiated (Davison and Torgunrud, 2007). 
Those planning for a transplant, or without complex co-morbidity, 
may have an optimistic outlook and be spared such conversations, 
but others will benefit from more difficult discussions about the 
life-limiting nature of their illness.

Some patients believe they can be kept alive indefinitely on dialy-
sis (Cohen et al., 1993, 1997; Holley et al., 1997; Davison, 2009). 
However, for the average 65-year-old starting dialysis, the mean life 
expectancy is 3.9 years compared to 17.2 years in an age-matched 
population not beginning dialysis. The annual mortality rate of 
haemodialysis patients is high, yet many renal patients are cur-
rently unaware of this, believing that renal failure is either curable 
with transplantation or treatable with dialysis.

Traditionally, nephrologists have struggled with the transition 
from active to palliative management, evidence suggesting that 
they find it difficult to address death and dying (Rodin et al., 1981; 
Cohen et al., 2003). In studies on advance care planning, Davison 
found that patients wanted more information about prognosis and 
the disease process and for this to be given in clear lay language 
and to include information about the impact of treatment on daily 
life (Davison, 2006). Although physicians perceive honest informa-
tion about limited prognosis may remove hope, evidence suggests 
the opposite and that such discussions in fact build trust between 
patients and their medical teams (Davison, 2006).

Honest information must also be given as the patient declines 
on dialysis. Despite physician reluctance, one study has shown that 
97% of patients felt that they wanted to be given information about 
life expectancy and treatment options and expected the physician 
to provide this without being prompted (Fine et al., 2005; Michel 
and Moss, 2005). Patient comments, referring to being ‘too old’ or 
‘too tired’to continue with dialysis, are often ignored by clinicians 
(Russ et al., 2007). Patients fully informed about the likely poor suc-
cess of cardiopulmonary resuscitation (Moss et al., 1992), or the 
realities of their failing health may prefer to decline resuscitation 
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and adopt a more palliative approach to care yet without open dis-
cussion first, they have no choice but to continue active treatment.

In a survey of 584 stage 4 and 5 CKD patients (on conservative 
or dialysis pathways) about information needs (Davison, 2010), 
patients wanted greater education and support for staff, patients, 
and families in end-of-life issues. They also identified greater 
involvement of their family in both their care and decision-making 
as important. The patients themselves wanted to know more about 
what to expect clinically at the end of life, what palliative care and 
hospice services were available, and how to manage their symp-
toms. They also valued greater emphasis on pain and symptom 
management with < 18% of patients favouring extending life at the 
expense of prolonging pain and discomfort. As patients become 
frailer, clinicians may sensitively introduce the choice to withdraw 
from dialysis as many patients believe mistakenly that this would 
not be supported by their medical team (Cohen et al., 1993; Hines 
et al., 2001).

Although most clinicians agree that honest patient education is 
central to good renal palliative care, they often feel reluctant to have 
such discussions because offering a prognosis for an individual 
patient seems so full of uncertainty. We therefore report the sig-
nificant recent progress in identifying those likely to be in the last 
part of life and, therefore, in most need of a more symptom-based 
approach.

Identification of those under nephrological 
care at risk of dying
Although there will always be some uncertainty, there are three 
broad categories of information to aid identification of dialysis 
patients who are likely to be in the last part of life and have most 
palliative and supportive care needs.

Firstly, demographic and laboratory data (such as age and serum 
albumin data) as well as co-morbidity data can guide prognosis 
(such as the Charlson co-morbidity index (Beddhu et al., 2000)). 
Vascular co-morbidity such as peripheral vascular disease, foot 
ulcers, cardiovascular disease, and dementia appear the most con-
sistent clinical co-morbidities determining poor prognosis (Mauri 
et al., 2008; Couchoud et al., 2009; Cohen et al., 2010).

Secondly, patient-reported outcome measures such as symp-
tom scores and quality of life measures have the additional 
advantage of identifying current need as well as contributing to 
prognosis and also helping to focus care on those areas most likely 
to help the patient. An example here is the Palliative care Outcome 
Scale—Symptom Module Renal Version (POS-S Renal), which has 
been shown to help identify those with greatest palliative care needs 
(NHS Kidney Care, 2012)  (and see <http://www.pos-pal.org>). 
For the 25% of dialysis patients who die suddenly (Jadoul et al., 
2012) and unexpectedly, such symptom and quality of life-based 
assessments direct care to need and are therefore valuable regard-
less of the accuracy of prognosis.

Thirdly, overall clinical judgement may be most helpful, pro-
vided the clinician is experienced and knows the patient well. 
One example is the surprise question (Would I be surprised if this 
patient died within the next 6–12 months?). This question shifts 
the emphasis from prognosis (Will this patient die within a year?) 
to clinical expectation (Would I be surprised if this patient were to 
die within a year?). By changing a clinician’s focus to the possibility 
(not the likelihood) of death, it allows them to re-evaluate goals of 

care with the patient and helps to counter the tendency of physi-
cians to over-estimate prognosis. In one study, the odds adjusted 
ratio for dying in the group for whom the surprise question was no 
was 3.5 times higher than that in the group where it was yes (Moss 
et al., 2008).

Cohen et al. studied 500 dialysis patients and found five variables 
associated with early mortality (Cohen et  al., 2010). These were 
age, dementia, peripheral vascular disease, decreased albumin, and 
a ‘no’ response to the surprise question. In the UK Renal Registry 
data, the presence of ischaemic or neuropathic foot ulcers, or the 
presence of malignancy, were the co-morbidities associated with 
increased likelihood of death (Webb et al., 2011) in incident dialy-
sis patients. Such features highlight the need for a parallel palliative 
approach in these patients, even from the outset of dialysis. Work 
continues to refine these tools and to create a simple quick predic-
tive bedside test to identify those in greatest need of a palliative 
approach.

Good symptom management
Good symptom management first requires systematic identification 
and assessment of the symptoms experienced. This is sometimes 
neglected in nephrology, despite evidence that the symptom bur-
den suffered by renal patients often exceeds that of cancer patients 
(Saini et al., 2006; Murtagh et al., 2007b) (see Fig. 146.2). Three- to 
four-monthly routine use of structured symptom assessment tools 
can improve identification of those with greatest symptom burden 
(NHS Kidney Care, 2012). Such symptom scores allow identifica-
tion of common symptoms such as pain and breathlessness, as well 
as assessment of unusual renal symptoms such as restless legs or 
itching. In one American study, use of a symptom score tool among 
dialysis patients raised identification of symptoms over twofold, 
from an average of 4.1 symptoms to 10.5 symptoms per patient 
(Weisbord et al., 2003).

Physical symptoms
In the whole dialysis population, symptom burden accounts for 29% 
of their impairment in physical HRQOL and 39% in their impair-
ment in mental HRQOL (Merkus et  al., 1999). The main physi-
cal symptoms (see Fig. 146.2) are fatigue, itch, poor appetite and 
pain, and to a lesser extent sleep disturbance, anxiety, breathless-
ness, nausea, restless legs, and depression (Murtagh et al., 2007b). 
Renal physicians are often responsible for managing symptoms that 
are both renal and non-renal in origin, as their knowledge of drug 
dose adjustment makes them uniquely able to do this. Pain is a par-
ticularly undertreated symptom, with evidence showing that up to 
50% of patients with CKD had pain and up to 82% of these patients 
described it as moderate to severe (Davison and Ferro, 2009). This 
symptom which can be both renal in origin (e.g. ischaemic hand 
from steal), or related to co-morbidity (such as diabetic neuropathy 
or ischaemic feet) should be treatable in all cases.

Psychological symptoms
Studies suggest 10–20% of prevalent dialysis patients have signifi-
cant depression, whilst 40% may have raised levels of depressive 
affect (Craven et al., 1988). Formal screening tools may be needed 
to identify this, as symptoms can sometimes be mistaken for the 
effects of uraemia or side effects of medication. Depression is an 
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independent risk factor for death in the end-stage renal failure 
population and is associated with a greater risk of hospitalization 
(Hedayati and Finkelstein, 2009), functional impairment, sexual 
dysfunction, and non-compliance with medical therapy (Drayer 
et al., 2006; Peng et al., 2007). Good treatment may not only improve 
the quality of life for the patient but may also improve compliance 
with treatment (Cukor et al., 2009). Pharmacological treatments 
are probably underused in this population due to concerns about 
the use of antidepressant medications in those with low glomerular 
filtration rate. Other treatments such as psychotherapy, cognitive 
behaviour therapy, and exercise therapy have all been shown to be 
effective in reducing levels of depression (Hedayati and Finkelstein, 
2009). Anxiety is also common in dialysis patients with one-third 
experiencing at least moderate anxiety in the first year of treat-
ment (Nichols and Springford, 1984). Treatment is complex and 
undoubtedly begins in pre-dialysis clinics with good education of 
both the patient and family and the involvement of peer supporters 

where possible. Cognitive behavioural therapy has been shown to 
be effective in anxiety disorders in other populations but has never 
been trialled in this population (Rachman, 2009).

Rationalization of tablets and dialysis 
provision
The benefit of honest communication with patients and fami-
lies is that it allows goals of care to be changed, with subsequent 
improvement in a patient’s quality of life. Treatment schedules 
can hamper many aspects of a patient’s life through limitations 
on travel and social life and restrictions on fluid intake and diet. 
Heroic pharmacological efforts to minimize cardiovascular risk 
and repeated hospitalizations for yet further surgical access 
attempts add further constraints and contribute to poor qual-
ity of life (Valderrabano et  al., 2001). As patients approach the 
end of their lives, this disease-focused model should gradually be 
replaced by patient-centred care that minimizes symptoms, opti-
mizes functional capacity, and helps patients to cope with their ill-
ness. Unnecessary oral medication can be removed and diet and 
fluid restrictions eased. Even dialysis hours can be relaxed where 
all parties acknowledge that optimal toxin clearance is no longer as 
important as celebrating a birthday with a loved one or even visit-
ing a lawyer to make a will.

Advance care planning
Advance care planning is a dynamic process that involves under-
standing the patient, their life, and their family before discussions 
about future priorities and preferences for care. Davison describes 
aspects of early advance care planning, which allow clinicians to 
gain background information to help them to plan subsequent opti-
mal care with the patient. These are providing a realistic prognosis, 
establishing how involved the patient wishes to be and who else 
they wish to include in decisions, and exploring the expectations 
of patient and family regarding the health and future of the patient, 
to guide realistic goals of care. The values of the patient need to be 
taken into account, with discussions focusing on everyday aspects 
of life, such as family relationships, and enjoyed or difficult activi-
ties. Patients may also wish to think about their own balance for 
the importance of maximizing comfort, maintaining function, or 
prolonging life.

Subsequent discussions may then allow naming of a surrogate 
decision-maker, clarification of preferences, and the development 
of a unique patient-centred individual care plan (Davison and 
Torgunrud, 2007). In the early stages of advance care planning, the 
focus should be on maximizing quality of life by, for instance, allow-
ing the patient to dialyse flexibly enough to attend a 50th wedding 
anniversary celebration or travel to see a new grandchild abroad. 
It may focus on identifying social care needs that maximize inde-
pendence and reduce the burden on loved ones (often a cause of 
considerable concern for these patients). Towards the last stage of 
life, planning will move to focus on preparing for death and express-
ing a preference for the location of end-of-life care, strengthening 
relationships with loved ones, and achieving very good symptom 
management, allowing the patient a sense of autonomy and control 
even at the end of life. Advance care plans may contain an advance 
directive about a patient’s wish to be dialysed after diagnoses of, for 
instance, moderate or severe stroke or dementia and may nominate 
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a formal lasting power of attorney (or other nominated advocate). 
Others may prefer to discuss with family and leave decisions more 
open, with one study showing that 43% of elderly patients on dialy-
sis units had not completed an advance directive, preferring family 
to make decisions if necessary (Holley et al., 1997).

Advance care planning is often started late when a patient’s 
cognitive decline may impair their ability to be involved. Unlike 
cancer patients, where decline is often more rapid in the last few 
months of life, renal patients often experience physical and cog-
nitive decline over several years with ‘punctuated’ episodes of 
life-threatening illness making the dying phase harder to identify. 
If research is followed and patients do have honest discussions in 
the pre-dialysis setting, then ongoing advance care planning in 
the haemodialysis setting should follow more easily (Davison and 
Torgunrud, 2007).

Many believe that, as a minimum, advance care planning should 
start when the answer to the surprise question is ‘no’. Advance care 
planning should be reviewed at least annually and after any signifi-
cant change in a patient’s health. Whilst advance care planning may 
be poorly defined, research suggests it is highly valued by patients 
(Davison, 2006) although they feel it is often begun too late and 
needs to be more individualized. Contrary to what healthcare pro-
fessionals often believe, patients also feel it should be the responsi-
bility of the physician or nurse to initiate these discussions and not 
for the patient to raise this subject (Davison, 2006).

Successful use of advance care planning can be measured objec-
tively through improvements in quality of life and psychological 
distress scores, measures of quality of death (such as preferred loca-
tion and absence of symptoms), and family satisfaction with care.

Social and family considerations  
and building a network for care
As patients become frailer, they may benefit from help from occu-
pational therapists, social workers, dieticians, counsellors, and 
chaplains, all of whom may help either the patient or their carer 
or both. They will also need to be linked to their family doctor and 
associated community nurses, and at the end of their life to pal-
liative care nurses and the local hospice or palliative care services. 
Such complex networks of care can be achieved by regular multi-
disciplinary meetings which link nephrological (secondary or ter-
tiary care) with primary and community-based care. A team based 
approach is the most realistic route to achieve such complex care 
and to ensure families feel well supported.

Achieving their preferred place of care at the end of life is a prior-
ity for many renal patients, with 36% of stage 4 and 5 kidney disease 
patients preferring to die at home, 29% in a hospice, and 27% in a 
hospital setting (Davison, 2010). When patients choose conserva-
tive care rather than dialysis, studies suggest we are close to achiev-
ing such preferences, at least in the United Kingdom, with one study 
showing that only one-third of conservative patients die in hospital 
compared to 73% of dialysis patients (Carson et al., 2009). There 
are perhaps two principal reasons why dialysis patients still die in 
hospital despite not wishing to—first, because clinicians or family 
do not recognize or acknowledge that the patient is dying and the 
second, because we simply do not ask them where they wish to die. 
Honest recognition of a patient reaching the end of life may allow 
them to die peacefully at home rather than in an impersonal hos-
pital ward after a futile intervention or procedure. For those who 

withdraw from dialysis through their own request, knowing that 
they wish to die at home or in a hospice may influence the timing 
of a last dialysis session so that services are available to support the 
patient in their preferred place of care.

Dying with renal disease
For those who die purely due to renal failure (those on the con-
servative care pathway and where the patients withdraw from 
active dialysis), three common complications of renal failure (vol-
ume overload, hyperkalaemia and uraemia) may finally result in 
death. Fluid overload is the most symptomatic of these—aggressive 
fluid restriction with significant doses of diuretics should be 
used in the conservative population and dialysis patients may 
be brought to their dry weight before dialysis withdrawal to pre-
vent breathlessness. With appropriate management, uraemia may 
allow the patient to pass into a coma with relatively few symptoms. 
Hyperkalaemia by contrast can result in cardiac dysrhythmia and a 
less predictable timescale of death. Many other patients who con-
tinue dialysis, however, will end their lives as a result of the com-
mon co-morbidities where patients succumb to cerebrovascular or 
cardiovascular disease or sepsis.

In the United Kingdom, withdrawal from dialysis accounts for 
14% of deaths in patients on dialysis. However, rates vary in dif-
ferent parts of the world according to cultural norms and clinical 
practice and reach approximately 30% in Australia and up to 40% 
in New England in the United States (Cohen and Germain, 2005; 
Ansell and Tomson, 2009). Studies suggest that in approximately 
50% of cases of dialysis withdrawal, the decision to stop treat-
ment is made by the family or clinicians rather than by the patient 
(Chater et al., 2006).

Work by Cohen et al. suggests that dying renal patients do expe-
rience significant symptoms in the 24 hours before death with pain 
in 40% of patients, agitation in 30%, and breathlessness in 25% 
(Cohen et al., 2000a). Other work (Chater et al., 2006) has shown 
that formal palliative care at this time can significantly improve the 
quality of dying with reductions in pain (from 53% to 20% after 
intervention), agitation (from 68% to 33%), and dyspnoea (from 
46% to 26%).

Care at the end of life does not of course simply extend to the 
patient but also to their family, friends, and those close to them. The 
family needs emotional support, honest prognostic information, 
and helpful information about local hospices and other sources of 
community support, especially if caring for the patient at home.

A good death is difficult to define and sometimes a clinician’s 
priorities can differ from those of the patient. Studies suggest 
both patients and clinicians value symptom management, clear 
decision-making, achieving a sense of completion, contributing to 
others, and the patient being treated as a whole person. Patients 
themselves, however, put more weight on remaining mentally 
alert sometimes at the cost of symptom control, preparing funeral 
arrangements or making a will, and not being a burden to loved 
ones (Steinhauser et al., 2000a, 2000b).

Care of the bereaved after death
Over many years of care, the families of renal patients and staff have 
often come to know one another very well so care does not end 
with the death of the patient. Many families value recognition of the 
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death of a loved one in the form of an obituary placed in the dialysis 
unit or a letter of condolence from staff. Some units hold an annual 
non-religious service of remembrance for those who have died in 
the last year. Rather than feeling that the renal unit has given up 
on the patient and abandoned the family, such gestures allow clo-
sure for families and clinicians, with a sense that the relationship 
has been completed. In addition, many hospices or palliative care 
services offer bereavement care both to families of those who have 
died under their care or to the families of those who have died else-
where which can be invaluable.

Conclusions
Renal palliative care has come a long way in the past 10 years. We 
now recognize that there will always be those we cannot cure and 
whose lives we cannot extend but that we can still offer them very 
valuable care. With the right tools we are starting to identify these 
patients and their priorities and preferences for care allowing us to 
work with them to try to achieve their goals. Good guidelines are 
being created for symptom control and the focus of care is shift-
ing from aggressive, disease-focused care, to a more personalized 
approach which reflects the needs and priorities of the individual, 
and is in accord with their own illness trajectory. We are just begin-
ning to acknowledge that our final duty to these often long-standing 
patients is to try to ensure that just as they have lived well under our 
care, they should also die well under it.
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CHAPTER 147

Patient selection when 
resources are limited
Bernadette A. Thomas and Christopher R. Blagg

Introduction
Development of the Teflon shunt by Scribner, Quinton, and Dillard 
in March 1960 converted the diagnosis of chronic kidney failure 
from a death sentence to a treatable chronic disease (Quinton et al., 
1960). Since then, renal replacement therapy (RRT) in the form of 
haemodialysis, peritoneal dialysis, and kidney transplantation has 
become a viable option for the majority of patients with end-stage 
renal disease (ESRD) in developed countries and in many develop-
ing countries progress is being made in providing treatment for at 
least a portion of the population. As a result, there are now more 
than 2 million patients worldwide living on dialysis or with a kid-
ney transplant.

Scribner faced three major problems in early 1961: where to estab-
lish a unit to treat more patients than the first four who were being 
treated at the University of Washington Hospital in Seattle, how to 
find funding support for the unit and the patients, and how to select 
patients for dialysis when only a very few could be treated (Blagg, 
2012). The first two problems were quickly solved in early 1961 when 
Scribner approached the King County Medical Society (KCMS) for 
help. The unit would be attached to Seattle’s Swedish Hospital in what 
had been the hospital’s nurses’ residence, with initial funding from 
the John A. Hartford Foundation. Once funding was secured the 
KCMS and the Seattle Area Hospital Council appointed a committee 
to guide implementation of what was called the Kidney Treatment 
Centre Program, and in particular to discuss patient selection. Their 
decision was to set up a Medical Advisory Committee to set strict 
medical criteria for consideration of new patients and an Admissions 
and Policies Committee to make the final decisions.

The Medical Advisory Committee, faced with an estimate of 
between 5 and 20 ideal candidates for dialysis per million pop-
ulation (pmp) per year and a centre that could treat only nine 
patients, established very strict medical standards. These included 
age between 18 and 45, absence of long-standing hypertension 
and its complications and of other non-renal diseases including 
diabetes, and willingness to cooperate with the treatment and 
dietary restrictions. Patients who met these criteria were referred 
to the anonymous Admissions and Policies Committee that con-
sisted of seven members: a lawyer, a housewife, a business man, a 
labour leader, a minster, and two physicians who did not care for 
kidney patients. Their role was to develop criteria for final selec-
tion on a non-medical basis, protect the centre from pressures to 
take a given patient, and represent the Centre to the community. 

They could investigate candidates in any way they thought appro-
priate, but were not told their names and could not meet with 
either candidates or their physicians. Their decisions were based 
on such aspects as sociological and economic factors, including 
relative worth of candidates to family and community in terms of 
dependence of others on the patient’s continuing existence, their 
rehabilitation potential, and their moral values and worth.

Possible alternatives to the Seattle system included strictly medi-
cal selection, but this would have lacked diversity of viewpoints, 
provided the possibility of prejudices in the committee, and 
allowed outside pressures; first-come, first-served could have been 
arbitrary with too many candidates and could make possible selec-
tion of poor candidates if medical criteria were not used; and treat-
ment of all candidates was obviously impractical and would have 
resulted in financial failure of the project. Choice by lottery might 
have been the least controversial option and would have increased 
public awareness of the issues with dialysis and with other new 
technologies.

In the first year, 30 candidates were referred to what came to be 
called the Seattle Artificial Kidney Center (SAKC), 17 of whom 
were judged medically acceptable; nine of these were accepted for 
treatment, the remainder died.

The dilemma and its solution gained national attention when Life 
Magazine published an article by Shana Alexander entitled ‘They 
Decide Who Lives, Who Dies: Medical miracle and a moral burden 
of a small committee’ (Alexander, 1962). This discussed in detail 
the selection process and its implications and was followed in 1965 
by an NBC TV documentary entitled ‘Who Lives? Who Dies?’. 
Reactions to this publicity generated criticism from nephrolo-
gists, lawyers, psychiatrists, philosophers, and theologians (Blagg, 
1998) and was a major factor in development of the discipline of 
bioethics (Jonsen, 1998). However, no other programme in the 
United States used a primarily lay committee to select patients for 
dialysis, the decisions generally being made by nephrologists or by 
a group of one of more nephrologists, a psychiatrist or psychologist, 
and a social worker.

The Seattle committee continued to function until 1971, by which 
time private insurance, funding from the State of Washington, and 
support from donations was sufficient that all patients referred to 
the SAKC could be treated, although at the time very few diabet-
ics or patients older than 60 were being referred. Establishment 
of almost universal entitlement to federal funding for dialysis 
and transplantation in the United States in July 1973 through the 
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Medicare End-Stage Renal Disease (ESRD) Program abrogated the 
need for selection other than on purely medical grounds.

Current practices in developing countries
In many developing countries the practice of patient triage for RRT 
is a contemporary issue. Such nations face the challenge of allo-
cating limited health-related financial resources towards infectious 
diseases such as AIDS and malaria and other widespread acute 
and chronic conditions in the population. Such financial limita-
tions often result in limiting dialysis resources to portions of the 
population thought to benefit most directly. Factors contributing 
to this selection process often involve socioeconomic status, func-
tional status, and ability to perform the modality, as is the case for 
peritoneal dialysis. Often, the factors of race, age, and gender are 
integrally tied into the social factors that permit patients to access 
treatment. For countries with profoundly limited therapy options, 
cost is the ultimate deciding factor in determining provision of care 
(El Nahas, 2005).

Africa
Africa is the second most populous continent in the world, with 
profoundly low prevalence estimates for dialysis. In 2007, it was 
estimated to have a dialysis prevalence of 74 patients pmp, com-
pared to the global estimate of 250 patients pmp (Abu-Aisha 
and Elamin, 2010). Accurate estimates are incredibly challeng-
ing to determine, as there are no known current dialysis regis-
tries within the continent (Bamgboye, 2006; Benghanem Gharbi, 
2010). The majority of dialysis is delivered in the more affluent 
African regions of South Africa and northern Africa, typically in 
the form of haemodialysis (Naicker, 2003, 2009, 2010; Bamgboye, 
2006; Abu-Aisha and Elamin, 2010; Benghanem Gharbi, 2010). 
Kidney transplantation occurs in select countries such as South 
Africa, Mauritius, Nigeria, Sudan, Egypt, and Ghana, with Egypt 
having the highest rates (Naicker, 2003, 2009, 2010; Benghanem 
Gharbi, 2010)  and is mainly living donor transplantation in 
these countries except in South Africa (Dirks and Levin, 2006). 
Limitations to the rate of transplantation include lack of a univer-
sal definition of death together with religious and cultural factors 
(Naicker, 2010).

Within the continent, patients generally cover the cost of dialy-
sis themselves except in the Sudan, Mauritius, and South Africa 
where dialysis costs for some patients are partially subsidised 
(Abu-Aisha and Elamin, 2010). South Africa provides an example 
of the interplay between resource, race, and patient selection. In 
1997, the National Department of Health in South Africa formal-
ized a selection process, with the ultimate decision of whether 
to offer RRT to a patient being left to regional selection commit-
tees. Patients are not accepted for dialysis if they do not qualify 
for transplantation (Naicker, 2003, 2009, 2010; Dirks and Levin, 
2006). Statistics from a report describing South Africa’s experi-
ences with dialysis for the period of 1988 to 2003 identify 2442 
patients with ESRD referred for dialysis, 48% of whom ultimately 
were accepted to receive care. Poverty was identified as the fun-
damental reason for refusing treatment in most cases, as it was 
linked to poor insight, limited ability to travel to care centres, 
unsanitary conditions for performance of peritoneal dialysis, and 
illiteracy (Dirks and Levin, 2006). This process selects against 
black people, women, the aged, and the poor.

Southeast Asia
Practice patterns of patient selection for ESRD treatment in 
Southeast Asia vary widely by country and are more a reflection 
of national economics than medical practice (Jha, 2004, 2009; 
Lo, 2009).

India
India is the second most populous country in the world, with a high 
incidence of infectious glomerulonephritis, and a rapidly expand-
ing prevalence of diabetes and hypertension (Jha, 2004). Factors 
influencing access to RRT include lack of governmental support and 
a nationwide healthcare system, and timely referral. From the soci-
etal standpoint, limiting factors for patient access to care include 
extreme poverty, and limited access to any form of healthcare (Jha 
and Chugh, 2003; Jha, 2004, 2009; Rajapurkar and Dabhi, 2010). 
Haemodialysis is the standard acute and chronic care, yet most of 
the institutions that offer chronic haemodialysis are private institu-
tions that cater to patients who can afford it. Living-related donor 
transplantation is viewed as a more practical form of treatment, but 
the costs of immunosuppression make this prohibitive for the great 
majority of the population. Thus, cost is the ultimate deciding fac-
tor for access to care, which is limited by a paucity of healthcare 
infrastructure (Jha, 2004, 2009; Rajapurkar and Dabhi, 2010).

Pakistan
Pakistan has important lessons to impart regarding ethical 
decision-making in a resource-poor setting. Considered a devel-
oping country, Pakistan has an estimated ESRD incidence of 100 
pmp (Rizvi et al., 2011). Specific limitations of poverty, rural dwell-
ing and poor government health infrastructure create challenges 
to providing ESRD care for all patients who qualify. Presently only 
10% receive dialysis and the transplant rate is < 5 pmp (Rizvi et al., 
2011). Although private centres have developed to address these 
needs their charges are high, with dialysis costs of $20–25 per ses-
sion and transplantation ranging from $6000 to $10,000. Since 
national per capita income is $2335 and 60% of the population live 
on < $2 a day these charges are beyond the reach of most of the 
ESRD population. Unfortunately even those who can afford such 
rates are unable to sustain the costs beyond 1–2 years (Khanna, 
2009). Against this backdrop attempts were made to address ESRD 
needs with a model of government–community partnership. Units 
developed through this partnership deliver dialysis and transplan-
tation free of charge to all patients, with lifelong immunosuppres-
sion and follow-up (Sakhuja and Sud, 2003; Rizvi et al., 2011). This 
collaboration offers 650 dialysis sessions per day and 10–12 trans-
plants per week, consisting of half of all transplants in the coun-
try. Despite these efforts by government and community (Rizvi 
et al., 2011) a large population remains disenfranchised for ESRD 
therapy. The need can best be fulfilled by replicating this model 
throughout the country and once renal replacement becomes avail-
able to all will open the door to deceased organ donation.

Thailand and Vietnam
For Thailand and Vietnam, programmes such as the ‘PD First’ ini-
tiative have made RRT more widely available to the general popula-
tion (Lo, 2009). Prior to 1990, cost was the prohibitive factor for 
Thai patients with ESRD but in the mid-1990s the Thai government 
began to support haemodialysis for civil servants. In December 
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2007, the government announced a ‘PD First’ initiative, whereby 
any patients with ESRD could receive peritoneal dialysis but would 
have to pay if they opted for haemodialysis. A similar programme 
was started in Vietnam, and the numbers of patients receiving 
treatment has steadily increased (Li et  al., 2007; Jha, 2009; Lo, 
2009). Because these countries took the initiative to initiate RRT 
primarily with peritoneal dialysis, they have achieved lower costs in 
comparison to peritoneal dialysis use in other developing countries 
where costs can sometimes exceed those of haemodialysis (Jha, 
2004, 2009; Li et al., 2007).

Latin America
In Latin America, creation of a renal registry has played a signifi-
cant role in monitoring incidence and prevalence of dialysis and 
transplantation for select countries. Universal RRT access is avail-
able in Argentina, Brazil, Chile, Uruguay, Venezuela, and Cuba; all 
countries in the higher economic bracket (Cusumano et al., 2006, 
2010; Lugon et  al., 2010). Data from 20 Latin American coun-
tries compiled in this registry has reported RRT prevalence in the 
form of haemodialysis, peritoneal dialysis, or renal transplant has 
increased from 162 patients pmp in 1991 to 478 patients pmp in 
2006 (Cusumano et al., 2010). For the remaining Latin American 
countries, access to care is regionally limited and governed by simi-
lar trends of healthcare infrastructure, poverty, and access to care.

Mexico does not have a national registry, but has performed 
national surveys to document ESRD treatment prevalence (Paniagua 
et al., 2007). In the early 1990s, the prevalence of patients receiving 
RRT was 200 pmp, with peritoneal dialysis being the dominant form 
of treatment. The United States Renal Data System (USRDS) 2011 
Report listed the Mexican states of Morelos and Jalisco as having 
the highest ESRD incidence in the world, with 597 and 419 p.m.p, 
respectively (USRDS, 2010). There is limited national insurance 
coverage, with half of the population being covered by three social 
security programmes. An additional programme recently has been 
started by the government to assist in providing coverage for the 
lower-income portion of the population. Only patients covered by 
one of these systems are financially covered for RRT, amounting to 
less than half of the population (Paniagua et al., 2007).

China
China has experienced rapid economic growth in the past decade, 
but still shows a significant divide between wealth and poverty. One 
of the most populous regions on earth, haemodialysis is offered 
predominantly in major cities such as Shanghai and Beijing (Zuo 
and Wang, 2006; Yao et al., 2009). The point prevalence of ESRD 
patients on haemodialysis in mainland China at the end of 2007 
was estimated to be 51.7 pmp, increasing to 79.1 pmp by 2008, from 
results of a facility-level survey (Zuo and Wang, 2010). Beijing and 
Shanghai maintain dialysis registries, enabling evaluation of the 
growth of RRT for these regions in recent years.

Estimates of ESRD prevalence for Shanghai are available from 
2000 and 2005. In 2000, the point prevalence was estimated to be 
175 pmp, compared with 404 pmp in 2005 (Yao et al., 2009). Beijing 
reported a point prevalence for 2003 of 235.9 pmp, which increased 
to 268.9 pmp by 2004 (Zuo and Wang, 2006).

Peritoneal dialysis was started in China for acute kidney injury 
treatment in the 1960s (Zuo and Wang, 2006), and chronic perito-
neal dialysis was started during the 1970s (Wang and Wan, 2003). 
It is estimated that today about 25,000 patients are on continuous 

ambulatory peritoneal dialysis (CAPD) (T. Wang, personal com-
munication, 2012). In Shanghai alone there were reported to be 677 
patients receiving peritoneal dialysis, increasing to 993 by 2005 (T. 
Wang, personal communication, 2012). In Hong Kong, since the 
1960s peritoneal dialysis has been the modality of choice, and since 
the ‘PD First’ initiative, 80% of dialysis patients are maintained on 
peritoneal dialysis (Yu et al., 2007). China’s pending efforts to pro-
vide universal health coverage may significantly improve the pos-
sibility to provide RRT to a larger portion of the population.

Current practices in high-income countries
Europe
Western and Eastern European countries have differed with 
regard to RRT; the differences having hinged on economic growth 
(Rutkowski, 2006; Viklicky et al., 2006). Most countries in Western 
Europe provide universal dialysis access for their populations 
and supply data to the ERA–EDTA Registry. Eastern and Central 
European countries have experienced dramatic changes in infra-
structure and dialysis delivery within the past 20 years, particu-
larly after the dissolution of the socialist bloc (Rutkowski, 2006). 
Between 1990 and 1996 alone, the number of haemodialysis units 
more than doubled, and Central and Eastern Europe experienced 
an explosion of peritoneal dialysis facilities (Rutkowski, 2006). 
The current challenges facing Europe are the global challenges 
of increasing numbers of patients requiring dialysis as diabetes, 
hypertension and obesity become increasingly more prevalent in 
the setting of relatively limited renal transplantation rates.

Australia and New Zealand
Australia and New Zealand provide universal dialysis access for 
their populations. The ANZDATA registry records RRT activity 
for modality of dialysis, transplantation, and survival. Australia 
has documented a 321% increase in RRT between 1990 and 2009 
Australia and New Zealand Dialysis & Transplant Registry (2010). 
Possible cited explanations of increased longevity, and increased 
prevalence of diabetes mellitus (Grace, 2012).

Japan
Japan has a universal healthcare system in place that also allows 
for universal access to dialysis. Tight structuring and regulation of 
healthcare delivery are credited for competitive survival rates for 
patients receiving dialysis. Access to transplantation is limited, and 
dialysis is viewed as the primary means of RRT (Akizawa, 2010).

Canada
Canada provides universal healthcare that includes RRT provision. 
The country has experienced a 57% increase in RRT between 1999 
and 2008 (Canadian Organ Replacement Register, 2010). The pre-
dominant form of replacement therapy is haemodialysis, followed 
by transplantation, though in some parts of the country transplan-
tation is the primary means of RRT (Mendelssohn, 2009).

United States
The need for patient selection ended when Medicare began its pro-
gramme for patients with ESRD in July 1973. Currently all patients 
requiring dialysis or kidney transplantation because of ESRD are 
funded for these treatments by the government. Yet the literature 
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documents evidence of disparate care within minority groups, 
specifically in regards to transplantation rates, and early referral 
(Alexander and Sehgal, 1998; Ifudu et al., 1999; Hall et al., 2008; 
Prakash et al., 2010). The reasons for these findings are complex, 
but suggest that even with universal coverage there are barriers to 
aspects of renal care that are still resource limited, such as transplan-
tation. As the population of patients anticipated to require ESRD 
care grows, stricter legislation has been contemplated for specific 
portions of the population that pose unique challenges to reimburse-
ment for care, such as the rapidly increasing population of undocu-
mented immigrants (Hurley et al., 2009; Campbell et al., 2010).

Ethical considerations
Both developed and developing countries are facing the pend-
ing challenges of increasing burdens of ESRD secondary to dia-
betes and hypertension as well as of ageing populations in the 
setting of improved infectious disease management (Moosa and 
Kidd, 2006).

The ethical challenges for developing countries are extreme. 
Competing priorities for governmental funds and a lack of health 
infrastructure create formidable challenges to providing a costly 
form of chronic life support. Problems include how much of 
GDP should go to RRT and how much to major public health 
problems such as malnutrition, clean water, sanitation, child 
health, malaria, HIV, and other infectious diseases. Especially 
in low-income countries where most patients with chronic kid-
ney failure will not have access to dialysis or transplantation, 
prevention should be the key objective compatible with lim-
ited resources. In India, Mani was the first to show that using 
non-physician healthcare workers and the cheapest available 
diagnostic tests and drugs it was possible to significantly reduce 
the rate of decline of renal function in patients with hyperten-
sion, diabetes, and other kidney diseases and extend life by as 
much as 10 years or more (Mani, 2010).

When it comes to the role of ethical issues with RRT in devel-
oping countries, patient selection requires consideration of what 
age limits should be set and whether aetiology or complications 
should affect selection, just as in Seattle in the 1960s. Another issue 
is whether it is better to treat more patients with haemodialysis 
twice or once a week even though they feel less well, are less reha-
bilitated, and have a poorer quality of life, or is it better to treat 
fewer patients thrice weekly? What should be the role of kidney 
transplantation? What about peritoneal dialysis? Recently this has 
been increasingly used in India, China, Southeast Asia, and Latin 
America, particularly when fluids can be manufactured locally 
rather than imported. In Hong Kong in 2008, the ESRD prevalence 
rate was 1065 pmp, the eighth highest in the world, and 79.4% of 
the patients were treated by peritoneal dialysis (USRDS, 2010). In 
India, CAPD has been used in both cities and rural areas for a num-
ber of years, is increasing as new payment, insurance, and home 
support schemes are being developed and now accounts for > 7000 
patients (Reddy et al., 2011).

As use of RRT grows around the world the various issues need 
to be resolved in conjunction with the individual country’s politi-
cal institutions, public health programmes, nephrologists and 
transplant surgeons, the public, and, in some countries, religious 
institutions. The need is for national planning to contain costs and 
promote equity in resource allocation, clear policies for who is 

and who is not eligible for RRT, and for the latter how to provide 
conservative management to prolong life. Domestic production of 
equipment, consumables, and relevant generic drugs and use of 
peritoneal dialysis first whenever possible should be encouraged. 
There is also need for national efforts to increase organ donation, 
legislate criteria for brain death, consent, donor registration, ethi-
cal regulation of institutions and professionals, and prevention or 
control of commercial transplantation including consideration of 
legislation to provide and regulate payment for kidneys.

Those developing countries that have enjoyed the most success to 
date have involved governmental and private sector collaboration, 
improved health infrastructure, as well as providing implementa-
tion of unique solutions to reaching those portions of the popula-
tion in need (Jha, 2004; Lo, 2009). As economics will fundamentally 
drive either the progress or stalemate of RRT development, poverty 
will ultimately be a deciding factor for patient selection in develop-
ing countries.

In coming years, developed countries will have to consider 
re-implementation of selection as well. For example, in the United 
States, nephrologists are becoming increasingly concerned with 
being asked to provide dialysis for patients who they believe will 
benefit only marginally from the treatment. Also, with the changing 
dialysis population, withdrawal from dialysis has become increas-
ingly common over the last 20 years or so (Latos and Lucas, 2011). 
In 2006, 24.5% of deaths were due to patient withdrawal from 
dialysis. Reported withdrawal is less in other developed countries, 
perhaps reflecting more conservative selection for treatment and 
the greater legal and cultural emphasis on patient autonomy in the 
United States. Factors such as the growing burden of kidney dis-
ease and of other chronic diseases, increased lifespan, and grow-
ing numbers of undocumented immigrants will challenge current 
healthcare capacity. If such restrictions are implemented, it will 
require significant effort to ensure that the most vulnerable por-
tions of the population do not bear the brunt of such healthcare 
restriction.
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Acidosis in chronic kidney disease
Muhammad M. Yaqoob

Introduction
Progressive reduction in the capacity to generate ammonia in 
advanced chronic kidney disease (CKD) impairs the ability of 
kidneys to excrete the approximately 1 mmol/kg body weight of 
hydrogen ions produced daily in adults at physiological pH. When 
the excretion of hydrogen ions by kidneys is reduced, a new steady 
state can only be achieved at the cost of a permanent reduction in 
blood pH resulting in metabolic acidosis (MA).

MA is a relatively common complication in patients with 
advanced CKD particularly when the glomerular filtration rate 
(GFR) falls below 30 mL/min (Jeffrey and Kurtz, 2005). It adversely 
affects protein and muscle metabolism, bone turnover, and com-
pounding mineral bone disorders of uraemia. MA is also associ-
ated with increased inflammatory mediators, insulin resistance, 
increased corticosteroid production, and parathyroid production.

This may result in stunted growth in children, loss of bone and 
muscle mass, negative nitrogen balance, and possible accelera-
tion of progression of chronic failure due to hormonal and cellular 
abnormalities (Mitch, 1997). Currently, there is good experimental 
but limited clinical evidence that MA contributes to protein-energy 
wasting (PEW) disorder in CKD patients (Verove et  al., 2002). 
Acidosis is associated with increased protein catabolism (Ballmer 
et al., 1995), due to upregulation of the ubiquitin-proteasome sys-
tem (Mitch et al., 1999), excessive oxidation of the branched chain 
amino acids (Löfberg et al., 1997), and reduced synthesis of visceral 
proteins including albumin (Bailey et  al., 1996). Several clinical 
trials conducted in patients with end-stage renal disease (ESRD), 
despite being small in size and with short-term follow-up, have 
suggested that correction of acidosis is associated with increased 
serum albumin and pre-albumin levels, a reduction in normal-
ized protein catabolic rate (Torres et al., 1996; Torres et al., 1997; 
Williams et al., 1997) and an increase in the concentrations of both 
branched chain and total essential amino acids (Kooman et  al., 
1997; Dou et al., 1998).

Evidence from preclinical studies
However, the role of MA in more rapid decline of renal function of 
in pre-dialysis CKD is less convincing. Some experimental stud-
ies in few rodent models of CKD have indicated that the MA is 
associated with the development and worsening of proteinuria, 
tubulointerstitial fibrosis, and acceleration in the rate of decline 
in renal function (Nath et  al., 1985; Torres et  al., 2001; Gadola 
et al., 2004). Several speculative mechanisms have been put for-
ward to explain the pathogenesis of renal damage due to MA. 
Single-nephron ammoniagenesis increases as compensation for the 

decreased functioning nephron mass to excrete acid load. Excessive 
ammonia production per nephron results in a non-enzymatic acti-
vation of the alternative complement pathway in the renal inter-
stitium resulting in a chronic inflammatory state (Nath et al., 1985; 
Halperin et al., 1989). This observation was subsequently substanti-
ated in a rat model of polycystic kidney disease (PKD). Rats with 
PKD demonstrated abnormal renal handling of citrate and ammo-
nia. Citrate salts which have alkalinizing properties and abilities 
to reduce ammonia generation preserved renal function, reduced 
cyst growth, and prolonged lifespan of these animals (Tanner and 
Tanner, 2000). Moreover, casein diet-induced MA in rats with CKD 
induced by surgical renal mass reduction was associated with rapid 
decline of GFR. Interestingly, endothelin receptor A inhibitor was 
beneficial raising the issue of acidosis-induced excessive endothelin 
production as another potential mechanism (Phisitkul et al., 2008).

However, other studies in rats were to reproduce the beneficial 
effect of correction of acidosis on the progression of chronic renal 
failure. In a 5/6 nephrectomy rodent model of CKD, beneficial 
effect of sodium bicarbonate on proteinuria, interstitial fibrosis, or 
rate of decline of renal function was not seen (Throssel et al., 1995). 
In addition, in rodents with CKD on high phosphate intake, MA 
was actually protective by reducing the rate of progression of renal 
failure. This unusual but interesting finding was put down to inhi-
bition of calcium phosphate deposition in the kidney (Jara et al., 
2000, 2004).

Evidence from clinical observations
Few studies have examined the effects of amelioration of MA on 
renal function in humans. In a seminal report from 1931, Lyon et al. 
(1931) treated 17 patients with moderate renal failure with both 
low-acid diets and sufficient oral supplementation with sodium 
bicarbonate and potassium citrate to maintain an alkaline urine pH 
for a few weeks to months. This observation was instrumental in 
putting forward the idea that reducing acid burden on the kidney 
may stabilize or temporarily improve renal function. In subsequent 
short-term studies, administration of oral sodium bicarbonate to 
patients with mild to moderate renal failure led to reduced pep-
tide catabolism, reduced ammonia production, and reduced tubu-
lar damage, as assessed by biochemical parameters (Rustom et al., 
1998). Due to the short-term follow-up, no substantial impact on 
renal function could be demonstrated.

However, in a recent, small prospective observational study, MA 
was independently associated with acceleration of renal failure in 
CKD patients over a 2-year follow-up period (Ashurst et al., 2005). 
In a separate retrospective cohort study, > 5000 adult CKD patients 
attending an outpatient setting over a 2-year period between 2001 
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and 2003 were followed until 2007 and analysed for rate of decline 
of GFR (Shah et al., 2009). Progression of CKD was defined as either 
a decrease in estimated GFR by 50% or reaching below 15 mL/min 
(N = 337). In this ethnically diverse group of patients with hetero-
geneous causes of CKD, a bicarbonate level of 22 mEq/L or lower 
was associated with increased risk of primary renal endpoints. 
However, the retrospective observational nature of this study fell 
short of establishing cause and effect relationship between MA and 
progression of CKD.

A much needed randomized controlled clinical trial to exam-
ine the effect of administering oral sodium bicarbonate on pro-
gression of CKD in patients with non-dialysis-dependent CKD 
has now been reported by de Brito-Ashurst et  al. (2009). In a 
single-centre study, the researchers randomized 134 patients 
with CKD and mean creatinine clearance (CrCl) around 20 mL/
min to standard patient care plus administration of oral sodium 
bicarbonate titrated to reach a serum bicarbonate level of > 
23 mmol/L. The two groups were similar in their baseline demo-
graphic characteristics and clinical and biochemical parameters, 
including blood pressure control and proteinuria. At 24 months 
the mean rate of decline of CrCl was significantly lower in the 
bicarbonate group compared to the control group (−1.88 ± 0.38 
vs −5.93 ± 0.39, P <0.0001) despite similar blood pressures and 
proteinuria. In addition, incidence of ESRD was significantly 
lower in the intervention than control group suggesting that this 
inexpensive and readily available intervention could potentially 
be beneficial to patients with non-dialysis-dependent CKD (Fig. 
148.1). In addition, there was an improvement in protein intake 
and in the anthropometrics, potassium levels, and other bio-
chemical nutritional status of patients who received the bicar-
bonate supplement. In light of the known association of various 
markers of PEW disorder with mortality in patients with both 
moderate and advanced CKD, this finding raises the hope that 
the administration of sodium bicarbonate might also increase 
survival rates in patients with non-dialysis-dependent CKD.

This study had several strengths. The sample size of 134 patients 
was substantial for a single-centre study. Duration of follow-up was 
sufficiently long in patients with severe CKD to observe clinically 
meaningful outcomes. Moreover, the study was conducted from 
a busy pre-dialysis clinic and was close to a real-life setting. The 
patients were heterogeneous with respect to underlying disease, race 
and ethnic group, and duration of disease, making it likely that the 
findings can be translated to other populations with CKD. Clearly 

it cannot apply to those with associated morbid obesity, cognitive 
impairment, chronic sepsis, overt congestive heart failure, and 
uncontrolled hypertension as these co-morbidities were the exclu-
sion criteria for this study. Nutritional parameters were assessed 
blindly by a single dietician and as expected from a single-centre 
study, data collection was complete. Compliance in the study was 
satisfactory as evident by consistent elevation of bicarbonate lev-
els and urinary sodium excretion, and the endpoints were rigorous 
and clinically meaningful. However, this study can be criticized for 
a lack of placebo use and absence of a double-blind design. Like 
any other single-centre study, reproducibility and generalizability 
of this report will require further validation by a double-blind, 
placebo-controlled, multicentre trial.

Phisitkul et  al. (2010) reported their experience of correct-
ing MA in 59 patients with hypertensive nephropathy after opti-
mizing their blood pressure control with regimens that included 
angiotensin-converting enzyme inhibition. Thirty patients were 
then prescribed sodium citrate, and the remaining 29, unable or 
unwilling to take sodium citrate, served as controls. All were fol-
lowed for 24  months with maintenance of their blood pressure 
reduction. Urine endothelin-1 excretion, a surrogate of kidney 
endothelin production, and N-acetyl-beta-D glucosaminidase, a 
marker of kidney tubulointerstitial injury, were each significantly 
lower, while the rate of estimated GFR decline was significantly 
slower in the citrate group. Even though this observation was not 
a randomized control study, it had the strength of providing some 
insight into the mechanism of renoprotection due to alkali treat-
ment in hypertensive nephropathy patients with acidosis and mod-
erately severe CKD.

More recently, another 5-year, prospective, randomized, 
placebo-controlled, and blinded interventional study tested if 
daily oral sodium bicarbonate slowed GFR decline in patients with 
hypertensive nephropathy with reduced but relatively preserved 
estimated GFR (eGFR) (mean 75 mL/min/1.73 m²). Patients 
matched for age, ethnicity, albuminuria, and eGFR received 
daily placebo (N = 40) or equimolar sodium chloride (N = 40) 
or sodium bicarbonate (N = 40) while maintaining antihyperten-
sive regimens (including angiotensin-converting enzyme inhi-
bition) aiming for their recommended blood pressure targets. 
After 5 years, the rate of eGFR decline, estimated using plasma 
cystatin C, was slower and eGFR significantly higher in patients 
given sodium bicarbonate (baseline cysGFR (in mL/min/1.73 m²) 
= 73.2; after 5 years 66.4) than in those given placebo (baseline 
73.5; after 5 years 60.8) or sodium chloride (baseline 73.5; after 
5 years 62.7). This interesting study calls for use of sodium bicar-
bonate in patients with early CKD even in the absence of overt 
acidosis (Mahajan et al., 2010).

Beneficial effects of alkali therapy were also supported by a recently 
published systematic review in which used a random-effects model 
meta-analyses to compute net changes (for continuous variables) 
and risk ratios (for binary variables) of two short-term ( ≤ 7 days) 
crossover trials and four long-term (62  months) parallel-design 
randomized controlled trials that compared sodium bicarbonate to 
standard-of-care therapy or placebo and reported kidney-related 
outcomes. The authors demonstrated that alkali therapy was asso-
ciated with a net improvement in GFR and a lower incidence of 
dialysis initiation (Fig. 148.2). Alkali therapy was not associated 
with a higher likelihood of initiating or escalating antihypertensive 
medications (Susantitaphong et al., 2012).
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Fig. 148.1 Impact of treatment of metabolic acidosis with sodium bicarbonate 
on evolution to ESRD.
Modified from de Brito-Ashurst et al. (2009).
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Concluding remarks
Recent studies have confirmed the majority of preclinical obser-
vations and suggested that correction of MA in patients with 
CKD slows the rate of decline of renal function and the develop-
ment of ESRD. This cheap and simple strategy, which is in line 
with current renal recommendations, also improves the nutri-
tional status of patients and has the potential of translating into 
significant economic and clinical benefits in an expanding pool of 
CKD patients.
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