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Hypertension among patients with end-stage renal dis-
ease (ESRD) is common. The diagnosis, pathophysi-
ology, prognosis, and treatment of this condition are 

complex and subject of much controversy. The purpose of 
this review is to describe the epidemiology, pathophysiol-
ogy, treatment, and control of hypertension among dialysis 
patients and point out controversies where they exist. 

 EPIDEMIOLOGY 
The prevalence, treatment, and control of hypertension 
among people on hemodialysis have used varying de  ni-
tions to diagnose hypertension. Most studies have been per-
formed using blood pressure (BP) measurements obtained 
before and after dialysis and are discussed   rst. Studies using 
ambulatory BP recordings are discussed later. 

 Hemodialysis 
De  ned as a 1-week average predialysis systolic BP   150
mm Hg or diastolic BP  85 mm Hg or the use of antihy-
pertensive medications in 2,535 clinically stable, adult he-
modialysis patients participating in a multicenter trial, the 
prevalence of hypertension was found to be 86%. 1 Among 
hypertensive patients, 12% did not receive antihypertensive 
drugs, 58% were treated but not controlled, and only 30% 
were controlled. This is in line with other studies which have 
found the use of antihypertensive drugs to vary between 59% 
and 83%. 2–4 Furthermore, even among children on long-
term hemodialysis similar   ndings have been  reported. 5

The determinants of hypertension in the general pop-
ulation (not on dialysis) are age, sex, and race. Among 
hemodialysis patients, sex and race are not found to be 
determinants of hypertension. 1 Thus, men and women, 
blacks and whites are equally at risk of having hypertension 
once they are on hemodialysis. In contrast to the general 
population, younger patients were more likely to be hyper-
tensive. The independent determinants of hypertension are 
younger age, etiology of ESRD (either due to diabetes mel-
litus or hypertension), absence of obesity, and fewer years on 
dialysis. Thus, nondiabetic, obese, and older patients who 

have been on dialysis for several years are least likely to be 
hypertensive.

Treatment with antihypertensive drugs is independently 
associated with the following factors: younger age, diabe-
tes mellitus, lack of obesity, and aspirin use. Control of hy-
pertension is independently associated with the following: 
white race, absence of diabetes mellitus, longer years on 
hemodialysis, use of aspirin, and less antihypertensive drug 
use. Several studies have con  rmed greater antihypertensive 
drug use to be associated with poorer control. 6,7 It appears 
that poor control of hypertension among hemodialysis pa-
tients is also associated with poor control of hypertension 
prior to reaching ESRD. 8

The true prevalence of hypertension in people with 
ESRD on hemodialysis is dif  cult to ascertain. This is 
because among such patients, hypertension is dif  cult to 
diagnose. This uncertainty in making a   rm diagnosis of hy-
pertension is discussed later (see Diagnosis). Using 44-hour 
interdialytic ambulatory BP monitoring among 369 chronic 
hemodialysis patients, the prevalence, treatment, and con-
trol of hypertension has been ascertained. 7 The prevalence 
of hypertension, de  ned by either an interdialytic ambula-
tory BP of 135/85 mm Hg or more or the prescription of any 
antihypertensive agent, was 86%. Volume excess determined 
inferior vena cava diameter was an independent determinant 
of prevalent hypertension. Although hypertension was being 
treated with antihypertensive drugs in 89% of these patients, 
it was adequately controlled only in 38%. The independent 
determinants of poor control were the use of antihyper-
tensive drugs and an expanded extracellular volume state. 
When antihypertensive medications were withdrawn nearly 
80% of the participants became hypertensive. Poor control 
of hypertension was more likely when patients received 
multiple antihypertensive drugs. However, if patients had 
volume excess they were more likely to become hypertensive 
after withdrawing antihypertensive therapy. 

The level of illness (comorbidities) among hemodialy-
sis patients varies widely across the world. For example, the 
crude 1-year mortality rates show a wide range: 6.6% in 
Japan, 15.6% in Europe, and 21.7% in the United States. 9
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to systolic BP and concentric left ventricular hypertrophy 
(LVH). 22 On the other hand, overhydration, as assessed by 
tracer dilution, was common and was related to diastolic 
BP elevation and eccentric LVH. 22 Volume overload in PD 
patients may be affected by the peritoneal transport charac-
teristics.24 High transporters tend to have a higher BP; ultra-
  ltration may restore their BP to more normotensive levels. 24

In a small study, patients on continuous cyclic PD were re-
ported to have a greater left ventricular mass compared to 
those on continuous ambulatory PD. 23 This was thought to 
be due to greater volume overload. 23

 Dipping Phenomenon in Dialysis 
Among dialysis patients the physiologic decline in BP from 
day to night during sleep, known as nocturnal dipping, is 
nearly universally blunted. 25–29 This blunted nocturnal dip-
ping, or nondipping, has been associated with left ventricu-
lar hypertrophy and mortality in some reports 30–33 but not 
all.34,35 Although nondipping is said to be a manifestation 
of volume excess, 26 improving dry weight in a randomized 
trial did not restore dipping despite improving interdialytic 
ambulatory BP. 36 Whether nondipping is causally related to 
LVH and mortality remains unclear. 

 PATHOPHYSIOLOGY 
Both cardiac output and systemic vascular resistance are di-
rectly related to BP. An increase in cardiac output without a 
concomitant reduction in systemic vascular resistance will 
therefore elevate BP. Conversely, if systemic vascular resis-
tance is increased without a parallel reduction in cardiac 
output blood pressure would also increase. The pathophysi-
ology of hypertension among dialysis patients is further ana-
lyzed using this hemodynamic construct. 37

 Increased Cardiac Output Due to Increased 
Sodium Load and Extracellular Fluid Volume 
Expansion
The kidneys are the primary regulators of sodium balance. 
In the absence of kidney function, sodium regulation is im-
paired. Sodium balance then has to be maintained by its 
removal by dialysis. Whereas it is not dif  cult to remove 
the interdialytic weight by ultra  ltration, subtle loss of lean 
body mass can lead to volume overload that is dif  cult to 
recognize. Typical clinical signs such as pedal edema are of-
ten not useful in detecting the presence of volume excess. 38

Volume excess evokes increase in cardiac output which over 
time provokes increase in systemic vascular resistance. 37,39

Increase in systemic vascular resistance manifests clinically 
as hypertension. The rise in blood pressure provokes natri-
uresis which normalizes BP. However, hemodialysis patients 
have markedly impaired ability to excrete sodium and there-
fore to reduce BP. Unless excess extracellular   uid volume 
is removed with ultra  ltration, a rise in vascular resistance 
sustains hypertension in these individuals. Thus, assessment

These differences in mortality are not fully accounted for 
by adjustment for observed comorbidities. Nonetheless, 
U.S. patients are the sickest. Similarly, there is substantial 
variation in the prevalence of hypertension among coun-
tries. These differences may be due to patient selection, 
demographic factors, and country-speci  c practices. As an 
example, in Tassin, France, patients are dialyzed using long 
hours of dialysis and administered a low sodium diet. 10–12

These patients have an astonishingly low prevalence of hy-
pertension with  5% requiring antihypertensive therapy 
at 6 months after initiation of hemodialysis. 12 In contrast, 
as noted previously, the majority of patients in the United 
States require antihypertensive drugs. 1,7

The epidemiology of hypertension has changed consid-
erably since the introduction of hemodialysis. In the early 
years of dialysis, low sodium dialysate was prescribed, di-
etary sodium was restricted, and great attention paid to dry 
weight.13 The prevalence of hypertension was then reported 
to be 10% to 15%. 13 The prevalence estimates of 85% to 
90% currently reported may be due to several factors such as 
increased prevalence of diabetes mellitus but also because of 
change in dialysis practice over the years. For example, the 
introduction of higher sodium dialysate and less attention to 
dietary sodium and dry weight may have contributed to the 
epidemic of poorly controlled hypertension. 

 Peritoneal Dialysis 
The epidemiology of hypertension in patients on long-term 
peritoneal dialysis (PD) has been less well studied. 

Some studies suggest that hypertension control in pa-
tients on PD is superior compared to those on hemodialy-
sis.14,15 For example, among 1,202 patients participating in 
the 1995 Peritoneal Dialysis Core Indicators Study, the aver-
age blood pressure among peritoneal dialysis patients was 
139/80 mm Hg. 16 This is in contrast to the predialysis BP 
of 152/82 mm Hg among 1,238 participants in the HEMO 
study. 3 Only 29% of PD patients had systolic blood pressure 
that exceeded 150 mm Hg and only 18% had a diastolic 
blood pressure greater than 90 mm Hg. 16 Putatively, these 
observations are explained by removal of vasopressors and 
sodium pump inhibitors by PD. 17 Nonetheless, high quality 
head-to-head studies are sparse and the epidemiology of hy-
pertension may be similar to that seen among hemodialysis 
patients.18

Among 414 Italian PD patients, 24-hour ambulatory BP 
recordings were obtained. 19 The prevalence of hypertension 
was 88% based on of  ce BP   140/90 mm Hg, and 69% 
based on BP load  30%. BP load is de  ned as number of 
BP recordings above a certain threshold. In another study, 
comparison of 22 hemodialysis patients with 24 patients on 
PD with 44-hour ambulatory BP monitoring showed no dif-
ferences in daytime and nighttime BP. 20

As seen among hemodialysis patients, 21 ambulatory BP 
among PD patients was related to left ventricular mass. 22,23

This was not the case for of  ce BP. 22 The arterial distensibil-
ity of the common carotid artery was signi  cantly related 
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lag phenomenon may appear to exist when in fact this may 
be simply a threshold effect of volume on BP. 

Patients with ESRD may have salt craving and may 
therefore consume excess salt. Compared to 11 healthy vol-
unteers, among 29 patients with CKD who underwent a taste 
test with sodium impregnated test strips dietary sodium in-
take was proportional to the taste threshold for sodium. 48

The taste threshold for sodium was blunted in patients with 
CKD; it was particularly blunted in patients on oral diuret-
ics. Furthermore, zinc de  ciency was associated with this 
latent taste dysfunction. These   ndings suggest that latent 
gustatory dysfunction and zinc de  ciency may underlie ex-
cess sodium intake among patients with CKD. Although this 
study was limited to patients with earlier stages of CKD, sim-
ilar mechanisms may mediate gustatory dysfunction among 
those with ESRD. 

Emerging data suggest that sodium may have a more 
complex role in the pathogenesis of hypertension. For ex-
ample, high-salt diet in rats provokes interstitial hypertonic 
sodium accumulation in skin—this evokes proliferation of 
the lymph capillary network. The mechanisms underlying 
these effects on lymphatics involve activation of tonicity-
responsive enhancer binding protein (TonEBP) in macro-
phages that are present in the interstitial compartment of 
the skin. Activation of TonEBP causes vascular endothelial 
growth factor (VEGF)-C secretion by macrophages. This in 
turn increases the density of the lymph capillary network. 
Interrupting VEGF-C signaling augments interstitial hy-
pertonic volume retention and elevates BP in response to a 
high-salt diet. 49 These data provide support to the notion 
that, besides external sodium balance, the redistribution of 
sodium between the skin and circulation provides extrare-
nal regulation of body   uid volume and BP control. The rel-
evance of this   nding to sodium balance in humans is not 
yet clear. 

 Increased Systemic Vascular Resistance 
In has been long recognized that increased systemic vascular 
resistance may play an important role in maintaining hyper-
tension among patients undergoing nephrectomy and he-
modialysis.50 However, there is no consistent hemodynamic 
pattern that distinguishes hypertensive from normotensive 
dialysis patients. 51 Mediators that may in  uence systemic 
vascular resistance are discussed in the following sections. 

 Renin-Angiotensin System 
It has also been long recognized that among uremic patients 
with hypertension, although many patients may have plasma 
renin activity in the normal range, plasma renin activity may 
be inappropriately increased in relationship to exchange-
able sodium. 52 That the renin-angiotensin system (RAS) is 
activated even in hemodialysis patients is illustrated by the 
following: (1) renin increases with ultra  ltration dialysis 
suggesting that kidneys with nearly no excretory function 
can still sense volume 53; (2) blood pressure improves with 

and treatment of volume excess is an important and modi  -
able target of therapy in patients with ESRD. Whereas both 
dialysate and dietary sodium restriction are important for 
achieving euvolemic state, unless dry weight is achieved, so-
dium restriction by itself is unlikely to produce euvolemia. 40

Intercurrent illnesses such as catheter-related bactere-
mia, pneumonia, and diabetic foot infection may cause de-
clines in BP and result in dif  culties with ultra  ltration. If 
these illnesses are substantially severe and cause loss of lean 
body mass, then recovery from these in  ammatory illnesses 
may be associated with volume overload if loss of lean body 
mass is not recognized. Thus, as a practical corollary, dry 
weight should be reassessed especially after a recent inter-
current illness even when BP may not be elevated. 

In more than 90% of patients, mean arterial pressure 
with ultra  ltration dialysis falls. This decline in BP has 
been somewhat misleadingly called “volume-dependent hy-
pertension.”41,42 In contrast to the fall in BP within hours, 
volume-dependent hypertension is characterized by a de-
cline in BP in response to sodium and volume restriction 
that takes several weeks or months to manifest. For example, 
in patients with essential hypertension who are prescribed 
thiazide diuretics, an initial fall in extracellular   uid (ECF) 
volume is followed by a slower decline is systemic vascular 
resistance that   nally evokes a reduction in BP. 43 Similarly, 
in patients with stage 3 and 4 chronic kidney disease (CKD) 
who are prescribed loop diuretics there is an initial fall in 
ECF volume associated with a rise in plasma renin activity; 
subsequently reduction in BP is seen. 44 In dialysis patients 
reduction in body weight with ultra  ltration, long-duration 
dialysis coupled with dietary sodium restriction leads to im-
provement in BP over several weeks. 36 In contrast to the in-
tradialytic reduction in BP, it is the  long-term changes in BP 
evoked by a reduction in ECF volume that are examples of 
volume-dependent hypertension. 

Some investigators have described a delayed reduction 
of BP after dry weight is lowered. This is called the lag phe-
nomenon. This phenomenon was described using observa-
tions on predialysis or postdialysis BP who had dry weight 
lowered when they were new to dialysis (incident patients). 45

The existence of the lag phenomenon in this population has 
been questioned by the   ndings of a trial among prevalent 
hemodialysis patients. 36 In this randomized trial, a prompt 
improvement in interdialytic ambulatory BP within 4 weeks 
was noted; no further reduction in BP at 8 weeks was found. 
Therefore, these   ndings question the existence of a lag phe-
nomenon. Several other reports when patients are dialyzed 
more frequently have also found prompt improvements in 
BP. 46,47 In one such report, prompt reduction in BP was seen 
within 1 month, with no reduction in BP over 1 year. 47 It 
is also important to recognize   uid weight loss may need 
to reach a certain threshold before BP improves among he-
modialysis patients. In other words, BP may not decline un-
til a threshold of euvolemia is achieved. Once achieved, BP 
decline may be rapid and precipitous. Accordingly, among 
incident patients where dry weight is challenged gradually a 
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 Nitric Oxide and Its Circulating Inhibitors 
Endothelial derived nitric oxide plays a critical role in the 
maintenance and regulation of vascular tone and modulates 
key processes mediating vascular disease including leukocyte 
adhesion, platelet aggregation, and vascular smooth muscle 
proliferation. 65 Endothelial nitric oxide synthase enzymati-
cally produces nitric oxide from the substrate L-arginine. 
L-arginine supplementation can partially reverse renal fail-
ure-associated endothelial dysfunction 66 and improve BP. 67

A circulating inhibitor of nitric oxide synthase, asymmetri-
cal dimethyl arginine (ADMA), competes with L-arginine for 
nitric oxide synthase. In humans with salt-sensitive hyper-
tension, administration of a high-salt diet increases plasma 
ADMA and BP. 68 Circulating ADMA is increased in subjects 
with CKD 69 and ESRD 70 and may contribute to endothelial 
dysfunction and increased BP. In patients with ESRD, ADMA 
is correlated with increased left ventricular (LV) thickness 
and reduced ejection fraction, consistent with its ability to 
increase systemic vascular resistance. 71 Furthermore, ADMA 
is highly correlated with norepinephrine in dialysis pa-
tients.70 Both are strongly linked to mortality in cohort stud-
ies.70 As discussed previously, nitric oxide may be important 
for the control of nuclei that control sympathetic activity. 61

This suggests a strong relationship between impaired NO 
availability and sympathetic activation in these patients. 

In normal healthy subjects, approximately 300   mol
ADMA is generated per day, but only 50   mol per day is 
excreted by the kidneys; the remaining is degraded enzy-
matically by dimethylarginine dimethylaminohydrolase 
(DDAH).72 Pharmacologic inhibition of DDAH (with a 
small molecule, 4124W) causes accumulation of ADMA and 
generalized vasoconstriction. As may be expected, overex-
pression of DDAH in genetically engineered mice reduces 
ADMA, improves NO bioavailability, and reduces systolic 
BP. Oxidative stress impairs DDAH activity by oxidizing a 
sulfhydryl moiety critical to enzymatic activity; this leads to 
accumulation of ADMA and promotes endothelial dysfunc-
tion. In  ammation, increased homocysteine levels, reduced 
antioxidant defenses, and increased free radicals in ESRD 
may therefore provide an explanation for the relationship 
between oxidative stress, endothelial dysfunction, and the 
generation of hypertension. Cohort studies show an associa-
tion between increased ADMA and cardiovascular events or 
death in hemodialysis patients. 70 However, lowering homo-
cysteine does not prevent cardiovascular events. 

 Erythropoietin 
Hypertension is a common but frequently overlooked ad-
verse effect of erythropoietin therapy. 73–78 Hypertension 
can be missed because of variability in BP from predialy-
sis to postdialysis and the lack of home or ambulatory BP 
measurements. 2 Studies that failed to detect increases in 
BP with erythropoietin therapy may have managed hyper-
tension more aggressively through the prescription of an-
tihypertensive drugs or closer attention to dry weight. 79,80

an infusion of saralasin, an angiotensin II antagonist 54; and 
(3) patients treated with angiotensin-converting enzyme 
(ACE) inhibitors have a dose-dependent increase in plasma 
renin activity 55 and an improvement in blood pressure .55,56

 Sympathetic Nervous System 
Besides serving as an excretory organ for salt and toxin re-
moval, the kidneys, even when dysfunctional as in ESRD, 
somewhat surprisingly, also serve as an afferent sensor for the 
activation of the sympathetic nervous system (SNS). Strong 
evidence has emerged that implicates enhanced sympathetic 
activity as a cause of hypertension in patients with ESRD. 57,58

Initial studies provided indirect evidence of increased 
sympathetic nerve activity. For example, investigators re-
ported diminished vascular response to norepinephrine in 
animals with chronic renal failure. 59 This was explained by a 
chronic increase in sympathetic nerve activity that downreg-
ulated adrenergic receptors. However, later studies provided 
more direct evidence of elevated sympathetic tone in patients 
with ESRD. 57 This was made possible by direct measurement 
of efferent sympathetic nerve activity. 60 That latter technique 
involves microneurography in which a   ne tungsten elec-
trode is placed in the sympathetic nerves that run along the 
peroneal nerve. Using this technique, sympathetic activ-
ity is noted to be markedly increased in those patients on 
chronic hemodialysis who still have their native kidneys. In 
contrast, patients with bilateral nephrectomy have reduced 
sympathetic activity, lower calf vascular resistance, and lower 
mean arterial pressure. 57 Thus, the kidney, although devoid 
of excretory function, serves as an afferent organ to signal the 
midbrain region to increase sympathetic activity. The central 
mechanisms of increased sympathetic activity may involve 
endogenous nitric oxide; endogenous nitric oxide may in-
hibit sympathetic activity in several brain nuclei involved 
in the neurogenic control of BP. 61 Dopaminergic neurons 
may be responsible. For example, experiments in hyperten-
sive hemodialysis patients show that administration of the 
dopamine-releasing drug bromocriptine decreased plasma 
norepinephrine and other markers of sympathetic out  ow, 
and lowered mean arterial pressure. 62 Baroreceptor desen-
sitization has also long been recognized in hypertensive pa-
tients with ESRD and may contribute to elevated BP. 63

Recent discovery of an enzyme that catabolizes cat-
echolamines may be important in the pathogenesis of hyper-
tension among dialysis patients. This enzyme called renalase 
is an amine oxidase which is secreted into the blood by the 
kidney. 64 Renalase is secreted as a proenzyme and degrades 
circulating catecholamines. This enzyme is activated by an 
increase in BP or brief surges in plasma catecholamines. 
Infusion of recombinant renalase lowers BP by reducing 
peripheral vascular resistance as well as cardiac output. 
Markedly reduced levels of circulating renalase are found 
among hemodialysis patients; renalase levels are inversely 
related with glomerular   ltration rate (GFR). Renalase 
knockout in the mouse is associated with hypertension and 
these mice are sensitive to cardiac ischemia. 
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vessels harvested from these animals treated with eryth-
ropoietin, vasodilatory responses to NO donors were im-
paired, but response to several vasoconstrictors was normal. 
Among patients on long-term hemodialysis, treatment with 
iron to increase hemoglobin was not associated with parallel 
increases in BP. 93

 Others 
A variety of other substances have been described which can 
have vasoconstrictive properties. These are discussed in de-
tail elsewhere in the book, but for the sake of completeness, 
they are summarized brie  y here. For example, compounds 
that block the sodium pump, such as digoxin-like immuno-
reactive substance and ouabain-like compound, can lead to 
an increase in intracellular calcium that may elicit vascular 
small muscle contraction. 17 Plasma endothelin-1 levels are 
noted to be increased among hypertensive dialysis patients 
compared to normotensive dialysis controls. 94

Parathyroid hormone (PTH) can increase intracellular 
calcium and aggravate hypertension 95 and parathyroidec-
tomy may improve BP. 96 Not all investigations support this 
notion. For example, elevated PTH levels can reduce the 
pressor response to norepinephrine in animals with chronic 
renal failure 97 and parathyroidectomy may not correct 
hypertension.98

Loss of medullary prostaglandins and other renal-
derived vasodilators may also be responsible for hyper-
tension in this population. Plasma concentrations of the 
vasoconstrictive peptide endothelin are elevated in patients 
on hemodialysis 99,100 and much more so than in those pa-
tients requiring no dialysis. 100

Use of illicit drugs such as cocaine or prescription drugs 
such as decongestants containing pseudoephedrine may 
also contribute to increased BP. Nonadherence with dialy-
sis treatments may make hypertension dif  cult to control. 101

This may be related to both excess accumulation volume 
and toxins.

Unlike the general population in which obesity is asso-
ciated with hypertension, absence of obesity is consistently 
associated with less prevalence of hypertension and better 
control. The mechanism of this relationship is not clear. It is 
possible that even subtle volume excess among lean patients 
leads to hypertension. Those with obesity may be able to buf-
fer the excess volume without manifesting hypertension.102

Sleep apnea is very common in dialysis patients and is 
often associated with volume overload. Hypopneic spells dur-
ing the night lead to nocturnal hypoxemia and provoke in-
tense sympathetic arousal and an increase in nocturnal BP. 103

 Vascular Changes as a Basis of Systolic 
Hypertension 
Systolic BP increases with age. 104 In contrast, there is an in-
crease in diastolic BP until about age 55 years and then a 
fall. Accordingly, pulse pressure widens with age. Structural 
and functional changes in the arterial circulation that occur 

Erythropoietin therapy was an independent predictor of hy-
pertension diagnosed by ambulatory BP monitoring. 7 Some 
studies show association of erythropoietin use with nondip-
ping.81 Increase in BP with erythropoietin occurs more com-
monly in those people with preexisting hypertension 77,82 or 
those with a family history of hypertension. 82

Although the exact mechanism by which erythropoietin 
increases BP is not known, it may be multifactorial such as 
increased vascular reactivity to norepinephrine, 83 increased 
generation of endothelin-1, 84–86 and vasoconstrictor pros-
taglandins.84 In line with the generation of vasoconstrictor 
prostaglandins, use of antiplatelet therapy has been postu-
lated to prevent the development of hypertension among pa-
tients treated with erythropoietin. 87 The critical importance of 
nitric oxide in erythropoietin-induced hypertension has been 
studied in a mouse model. 88 Transgenic mice overexpressing 
human erythropoietin were generated. Despite hematocrit 
levels of 80%, adult transgenic mice did not develop hyper-
tension or thromboembolism because of a compensatory 
increase in endothelial nitric oxide (NO) synthase levels, NO-
mediated endothelium-dependent relaxation, and circulating 
and vascular tissue NO levels. Administration of the NO syn-
thase inhibitor N(G)-nitro-L-arginine methyl ester (L-NAME) 
led to vasoconstriction, an increase in vascular resistance, 
hypertension, and death of transgenic mice; the wild-type 
siblings developed hypertension but did not show increased 
mortality. L-NAME-treated polyglobulic mice revealed acute 
left ventricular dilatation and vascular engorgement associ-
ated with pulmonary congestion and hemorrhage. Thus, 
endothelial NO appears to be critical in maintaining normo-
tension, preventing cardiovascular dysfunction, and survival 
in vivo when erythropoietin is used. 

Erythropoietin levels were correlated with systemic 
vascular resistance and ambulatory BP among untreated pa-
tients with essential hypertension. 89 In carefully conducted 
studies to determine the mechanism of increase in BP with 
erythropoietin, it was observed that the systemic vascular re-
sistance was uniformly increased with the administration of 
erythropoietin. 90 Furthermore, a good relationship was seen 
between exchangeable sodium and increase in BP. Somewhat 
surprisingly, aldosterone was also increased with this therapy. 
Accordingly, close attention should be paid to volume status 
and sodium balance while using this drug. 90 All patients pre-
scribed this therapy should have careful BP monitoring. 

Uncertainty exists regarding the determinants of hy-
pertension among patients treated with erythropoietin. For 
example, some studies show that although increase in he-
moglobin is dose-dependent, an increase in BP is not. 73,91

On the other hand, during the   rst 5 weeks of adminis-
tration of erythropoietin, the change in hemoglobin con-
centration was directly related to increase in diastolic BP 
(r   0.42,  P   .001). 75 Interestingly, in animal experiments 
hypertension does not track with increase in hemoglobin. 92

If erythropoietin is administered to anemic animals with 
chronic renal failure, but hemoglobin is kept stable by feed-
ing an iron de  cient diet, hypertension still occurs. In blood 

1135



1136  SECTION VI  HYPERTENSION

decisions in the interdialytic period can be problematic. 
For example, in a survey in the United Kingdom, centers 
that achieved better postdialysis BP targets had more intra-
dialytic hypotension. 127 What is clear is that interdialytic 
weight gain increases predialysis BP 3,128–131 and provokes the 
use of antihypertensive therapy. 128,129 However, interdialytic 
weight gain does not correlate with interdialytic ambulatory 
BP. 132,133 Therefore, whether achieving these pre- or postdi-
alysis BP targets would cause clinical harm (or bene  t) re-
mains unknown. 

Using all BP measured during a midweek dialysis treat-
ment may serve as a more useful tool to estimate interdialytic 
ambulatory BP. 134 Although the mean intradialytic BP serves 
as a useful tool to assess hypertension, the calculation of 
median intradialytic BP is computationally less intense. It 
may therefore be used as a bedside tool to predict interdi-
alytic ambulatory BP. Midweek median intradialytic BP of 
140/90 mm Hg or more has sensitivity and speci  city that 
exceeds predialysis or postdialysis measurements and can 
serve as a rapid and convenient tool to assess hypertension 
in long-term hemodialysis patients. 134 However, this is the 
method of last resort because better methods are available to 
evaluate hypertension in hemodialysis patients. Why these 
distinctions are important is discussed later. 

Home BP monitoring is a practical way to diagnose 
and manage hypertension in all patients with kidney dis-
ease.135,136 Home BP monitoring is recommended by both 
the American Heart Association and the European Society 
of Hypertension for diagnosing and managing hyperten-
sion.137,138 Home BP monitoring is especially valuable in 
diagnosing and managing hypertension for those on he-
modialysis for the following reasons. 139 Home BP correlates 
more closely with ambulatory BP compared to predialysis or 
postdialysis BP recordings. 140 Home BP can track changes 
in BP evoked by reduction in dry weight. 141 Home BP, com-
pared to predialysis or postdialysis BP recordings, is much 
more reproducible from one week to the next. 141 Home 
BP is superior to measurements made in the dialysis unit, 
even when the dialysis unit measurements are made using 
recommended techniques, in predicting the presence of 
target organ damage (echocardiographic LVH) 21,142 or long-
term outcomes such as cardiovascular events  143 or mortal-
ity. 143–146 The association of BP and outcomes is discussed 
further in the section on Prognosis. A recent trial randomized 
stable hemodialysis patients to home BP-guided therapy or 
predialysis BP-guided therapy. 147 The primary endpoint was 
to assess change in interdialytic ambulatory BP at 6 months 
and change in echocardiographic LVH. There was no change 
in ambulatory BP at 6 months in the predialysis BP-guided 
therapy group. A signi  cant fall was noted at 6 months in 
ambulatory BP. Between group differences were signi  cant. 
Given the small number of patients and variability in timing 
of echocardiographic left ventricular mass measurements, no 
between groups differences in the latter measurement were 
seen. Another trial randomized 17 hemodialysis patients 
to usual care and 17 to home BP monitoring. Signi  cant 

with aging are accelerated with hypertension 105 and CKD. 106

Vascular aging is associated with increase in arterial stiffness. 
Arterial stiffness is strongly and directly related to systolic 
BP107 and mortality in ESRD. 107 Arterial stiffness is also re-
lated to ventricular stiffness making intradialytic hypoten-
sion and interdialytic hypertension two faces of the same 
disease.108 Diabetes mellitus, age, and smoking are some 
of the factors that also accelerate vascular aging. These are 
common among those with CKD. Factors peculiar to ure-
mia that contribute to accelerated vascular stiffening include 
hyperparathyroidism, increased calcium   phosphorus 
product, increased circulating endothelin concentration, 109

sympathetic activation, 57 and vascular in  ammation; in-
creases in intravascular volume and inappropriately high 
angiotensin II further augment vascular stiffness. 110 Accord-
ingly, it is not surprising that systolic hypertension is com-
mon in those with ESRD. 

 DIAGNOSIS 
The diagnosis of hypertension among patients on hemodi-
alysis is challenging and misdiagnosis may lead to overtreat-
ment or undertreatment of hypertension. 111–114 Diagnosing 
hypertension is dif  cult because of several reasons. 115 BP in 
these patients is often measured without attention to tech-
nique.116 BP declines during hemodialysis with ultra  ltra-
tion. This decline in BP can be variable and in part is related 
to the magnitude and intensity of ultra  ltration. 117 For ex-
ample, those patients who have a large volume removed over 
a short period of time may have a large decline in BP. These 
patients may also gain the removed volume back over the 
interdialytic interval and have a large increase in BP. 118 Pre-
dialysis BP may therefore be hypertensive and postdialysis 
BP hypotensive. It therefore becomes unclear which BP to 
use to diagnose hypertension 119 and substantial errors can 
occur both in the detection of hypertension and assessing 
its severity. 120,121 Both predialysis and postdialysis BP mea-
surements are highly variable from one visit to the next. The 
variability within patients (between visits) is so much that it 
approaches the variability in BP between patients. 122 Addi-
tionally, hemodialysis patients have signi  cant seasonal vari-
ability in BP; BP is highest during winters and lowest during 
summers.123 This may be related to temperature-induced 
vasodilatation. Although signi  cant relationships exist be-
tween both predialysis and postdialysis BP and interdialytic 
ambulatory BP, 124 a meta-analysis has shown that predialysis 
and postdialysis BP measurements agree poorly with inter-
dialytic ambulatory BP. 125 Accordingly, among hemodialysis 
patients, large errors are possible when using predialysis or 
postdialysis BP to judge the magnitude of elevation in inter-
dialytic ambulatory BP. 

The current National Kidney Foundation Kidney Dis-
ease Outcomes Quality Initiative guidelines recommend 
that prehemodialysis and posthemodialysis BP should be 
 140/90 and  130/80 mm Hg, respectively. 126 Use of predi-
alysis or postdialysis BP measurements to make  management
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of home BP, interdialytic systolic BP increases but at a lower 
rate of 2.5 mm Hg every 10 hours. 158,159  Because, compared 
to home BP, typically a much greater number of measure-
ments during the interdialytic interval are available, patterns 
of BP can be evaluated. Figure 41.1 illustrates the pattern of 
BP and heart rate over an interdialytic interval.   

 Evaluating the pattern of ambulatory BP offers insights 
into the volume state and arterial stiffness. A cohort of long-
term hemodialysis patients underwent evaluation for arte-
rial stiffness by aortic pulse wave velocity and interdialytic 
ambulatory BP monitoring. 159  In a cross-sectional analysis 
from 11,833 blood pressure measurements from 125 long-
term hemodialysis patients, it was found that aortic pulse 
wave velocity and interdialytic weight gain had a substan-
tial impact on interdialytic ambulatory BP level, trends, and 
rhythms (Fig. 41.2). Arterial stiffness was associated with 
an overall increase in the level (intercept) of systolic, dia-
stolic, and pulse pressure. Interdialytic weight gain, on the 
other hand, was associated with interdialytic increase (lin-
ear trend) in BP. The circadian amplitude was blunted by 
increments in either arterial stiffness or interdialytic weight 
gain. These results suggest that arterial BP patterns may be of 
prognostic importance.   

 If there was a causal relationship between dry weight 
and patterns of BP it would follow that challenging dry 
weight will alter the pattern of BP. If dietary patterns were 
not clamped, but dry weight is challenged it is expected that 

 improvement in average weekly systolic BP was seen in the 
home BP group only. 148  These data support the use of home 
BP measurement to manage patients on hemodialysis. 

 Among hemodialysis patients, the timing and frequency 
of home BP monitoring is of particular importance. Home 
BP increases on average at a rate of 4 mm Hg every 10 hours 
elapsed after dialysis. 149  Therefore, measurement soon after 
dialysis or just before dialysis will underestimate or overes-
timate the burden of hypertension. Therefore it is important 
to measure BP at various intervals following dialysis. Sim-
ply obtaining BP 20 minutes postdialysis may not yield the 
most representative interdialytic BP. 150  We recommend that 
measurements be made twice daily (on waking up in the 
morning and just before going to sleep) following a midweek 
dialysis for 4 days. 151  These measurements allow an ad-
equate number for diagnosing and managing hypertension. 
For the long-term follow-up, monthly measurement should 
suf  ce in most patients. More frequent measurements may 
be needed in those who are clinically unstable. 

 Ambulatory BP monitoring, among hemodialysis pa-
tients, is held to be the gold standard for diagnosing hyper-
tension. 119,152–154  Compared to peridialytic BP recordings, 
it correlates better with LVH, 21  and all-cause mortality. 155  
Using a validated monitor, 156  we recommend measuring BP 
over the entire interdialytic interval (44 hours). We recom-
mend recording BP every 20 minutes from 6  AM  to 10  PM  
and every 30 minutes from 10  PM  to 6  AM . 157  As in the case 

FIGURE 41.1 Modeled trended 
cosinor blood pressure and pulse rate 
in a hemodialysis patient. Notice the 
linear trend in systolic, diastolic, and 
pulse pressure but lack thereof in 
heart rate. (Reprinted from 
Kelley K, Light RP, Agarwal R. Trended 
cosinor change model for analyzing 
hemodynamic rhythm patterns in 
hemodialysis patients. Hypertension. 
2007;50:143.)
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of  incident patients, and although increasing systolic BP 
during hemodialysis was associated with decreased 2-year 
survival, these   ndings were limited to patients with pre-
dialysis systolic BP less than 120 mm Hg. 162  Although the 
exact mechanism of this relationship is unclear, 163,164  a 
study shows that intradialytic hypertension in hemodialysis 
patients using de  nition 2 is associated with both volume 
excess and interdialytic hypertension. 165  Another study, 
using de  nition 1, con  rmed the association between intra-
dialytic hypertension and interdialytic hypertension. 166  

 At least two studies suggest that lowering dry weight 
may improve interdialytic hypertension. Cirit et al. studied 
seven hypertensive patients on hemodialysis with marked 
cardiac dilatation who experienced paradoxical hyperten-
sion during dialysis. 167  After probing dry weight, both BP 
and postdialysis weight was reduced; BP reduction was 
46/22 mm Hg and postdialysis weight was reduced by 
6.7 kg. They concluded that BP may paradoxically rise with 
ultra  ltration when patients are volume overloaded. In 

interdialytic ambulatory systolic BP will be lowered but in-
terdialytic weight gain will increase. Compared to a control 
group, patients who had dry weight challenged experienced 
steepening of the interdialytic systolic BP slopes and lower-
ing of intercept systolic BP (Fig. 41.3). Thus   at interdialytic 
BP slopes and high overall systolic BP may re  ect volume 
overload. 118      

 In approximately 10% to 15% of the patients, instead 
of decreasing, BP paradoxically increases during dialysis. 160  
These patients have intradialytic hypertension. Intradialytic 
hypertension is de  ned in different ways. These de  nitions 
include the following: (1) a discrete change in BP from pre- 
to postdialysis in a certain proportion (typically    50%) 
of dialysis sessions; (2) regression of all intradialytic BP 
with slope    0; and (3) change from pre- to postdialysis of 
   0 mm Hg. Intradialytic hypertension is associated with 
greater short-term (6 month) mortality in hemodialysis pa-
tients. 161  In another cohort, increasing systolic BP by more 
than 10 mm Hg during hemodialysis occurred in about 10% 
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FIGURE 41.2 Impact of aortic pulse wave velocity and interdialytic weight gain on ambulatory blood pressure between two consec-
utive dialysis treatments. The top three graphs show the impact of increasing pulse wave velocity at 10th percentile (4.1 m/s, solid line, 
bottom), 50th percentile (6.00 m/s, dashed and dotted line, middle), and 90th percentile (10.6 m/s, dashed line, top) on blood pressures 
with interdialytic weight gain plotted at the median (2.4 kg). Only the intercept blood pressure changes. The bottom three graphs 
show the impact of increasing interdialytic weight gain at 10th percentile (0.9 kg, solid line, bottom), 50th percentile (2.4 kg, dashed 
and dotted line, middle), and 90th percentile (4.6 kg, dashed line, top) on blood pressures with aortic pulse wave velocity plotted at the 
mean (6.0 m/s). The slope of the line is in  uenced by interdialytic increase in blood pressure. (Reprinted from Agarwal R, Light RP. Arte-
rial stiffness and interdialytic weight gain in  uence ambulatory blood pressure patterns in hemodialysis patients. Am J Physiol Renal 
Physiol. 2007;294:F303–F308.)
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the interdialytic period to at least 140/90 mm Hg appears to 
be a reasonable goal. 

 NONPHARMACOLOGIC TREATMENT 
 Once an accurate diagnosis is made (see section on how to 
make an accurate diagnosis), the therapy of hypertension 
among hemodialysis patient rests on nonpharmacologic 
management. Although scarcely studied, one small study 
lasting 6 months showed a bene  cial effect of exercise on BP 
and medication requirements. 169  Exercise consisted of using 
a stationary bicycle during dialysis. 169  Besides this promising 
strategy, the nonpharmacologic management of hyperten-
sion is based on four principles: dietary sodium restriction, 
individualizing dialysate sodium, the management of dry 
weight, and providing an adequate dialysis. These principles 
are discussed in the following sections. 

 Dietary Sodium Restriction 
 Dietary sodium restriction limits interdialytic weight gain 
and improves the feasibility of achieving dry weight. 170,171  In-
stead of restricting dietary sodium, patients on  hemodialysis 

 another randomized trial (DRIP trial, discussed later), dry 
weight was reduced progressively. 36  Those patients who had 
intradialytic hypertension who had additional ultra  ltration 
and therefore reduction in dry weight had improvement in 
both intradialytic and interdialytic hypertension. 165  This 
suggests that an appropriate therapy for intradialytic hyper-
tension would be to further lower dry weight. 

 A meeting report of the Kidney Disease Improving Global 
Outcomes (KDIGO) controversy conference concluded the 
following: “Although a worthy goal, neither measurement 
of ambulatory blood pressure monitoring nor self-measured 
home BP may be feasible for most patients throughout the 
world, leaving pre-hemodialysis and post-hemodialysis BP 
measurements to be used, but with caution and with the 
knowledge that these are inferior.” 168  This discussion makes 
it clear that the opinions of the author differ from that of 
the work group. Home BP measurement is a practical way to 
measure and manage hypertension among hemodialysis pa-
tients. The targets of therapy using home BP monitoring will 
need to be de  ned in future trials. Guidelines of the American 
Heart Association de  ne hypertension in the general popula-
tion as home BP of at least 135/85 mm Hg; lowering BP in 

FIGURE 41.3 Patterns of systolic and diastolic blood pressure obtained using ambulatory blood pressure monitoring over 44 hours 
during an interdialytic period and analyzed using the trended cosinor change model. The solid line is the control group and dotted 
line the ultra  ltration (UF) group. The left panel represents recordings at baseline, the center panel measurements at 4 weeks, and the 
right panel 8 weeks following randomization. UF caused a reduction in intercept systolic and diastolic blood pressure but steepened 
the slope of change over time at 4 weeks and 8 weeks. The amplitude of variation increased in the control group compared to UF 
group at 4 weeks and 8 weeks in the case of diastolic but not systolic blood pressure. (Reprinted from Agarwal R. Volume-associated 
ambulatory blood pressure patterns in hemodialysis patients. Hypertension. 2009;54:241.)
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higher sodium dialysate can be adequately controlled by ad-
justment of dry weight. 184

 Management of Dry Weight 
The management of dry weight poses several challenges. 
First and foremost, there is not even a universally agreed 
upon de  nition of dry weight. 

The concept of dry weight was proposed in the early 
years of dialysis. 185 In 1967, Thomson and colleagues de-
  ned dry weight as reduction of BP to hypotensive levels 
during ultra  ltration and unassociated with other obvious 
causes.185 Then, in 1980, dry weight was de  ned by Hen-
derson as the weight obtained at the conclusion of a regular 
dialysis treatment below which the patient more often than 
not will become symptomatic and go into shock. In 1996, 
dry weight was de  ned by Charra and colleagues as the body 
weight at the end of dialysis at which the patient can remain 
normotensive until the next dialysis despite the retention of 
saline and ideally without the use of antihypertensive medi-
cations.186 In 2008, Raimann et al. proposed a de  nition of 
dry weight de  ned by continuous calf bioimpedance analy-
sis during dialysis. They de  ned dry weight as a   attening of 
the baseline/instantaneous impedance ratio curve for at least 
20 minutes in the presence of ongoing ultra  ltration. Finally 
in 2009, Sinha and Agarwal proposed a de  nition that com-
bined subjective and objective measurements. 187 According 
to this de  nition, dry weight is de  ned as the lowest toler-
ated postdialysis weight achieved via gradual change in post-
dialysis weight at which there are minimal signs or symp-
toms of either hypovolemia or hypervolemia. 

 Assessment of Dry Weight 
The physical examination is notoriously unreliable in ex-
cluding volume overload. For example, pedal edema does 
not correlate with dry weight very well. In a case control 
study, Agarwal et al. found that inferior vena cava diam-
eter, blood volume monitoring, plasma volume mark-
ers, and in  ammation markers were not determinants of 
edema.38 In hemodialysis patients, pedal edema correlated 
with cardiovascular risk factors such as age, obesity, and 
left ventricular mass but not volume markers. For the most 
part, the assessment and achievement of dry weight is an 
iterative process that often provokes uncomfortable intra-
dialytic symptoms such as hypotension, dizziness, cramps, 
nausea, and vomiting. These symptoms often lead to inter-
ventions such as cessation of ultra  ltration, administration 
of saline, the premature cessation of dialysis, or placing 
the patient in the head-down (Trendelenburg) position. 
Interestingly, placing the patient in the head-down posi-
tion does little to protect the BP 188; whereas raising the 
leg passively without lowering the head can be effective 
in raising ventricular   lling pressure. 189 Often physicians 
will respond to these distressing symptoms by raising dry 
weight, which may result in the necessity of adding more 
antihypertensive medication. Paradoxically, this may make 

are sometimes prescribed   uid-restricted diets. With the ex-
ception of treating hyponatremia, there is no scienti  c basis 
for prescribing a   uid-restricted diet in these patients. 172

Recent guidelines suggest that the elderly and those 
with CKD are most likely to derive the greatest bene  ts of 
dietary sodium restriction. 173 These guidelines recommend 
restricting sodium intake even more than those advocated 
earlier (2 g per day). Dietary sodium restriction to no more 
than 1.5 g sodium (or about 65 mmol) per day is now 
recommended. 

Although no randomized trials have been performed 
among patients with ESRD, observational studies among 
long-term hemodialysis patients suggest that restricting di-
etary sodium and achieving dry weight can improve LVH. 174

Although dietary sodium intake remains a common 
cause of excess volume accumulation, an often overlooked 
source of sodium loading among hemodialysis patients is 
through the prescription of dialysate sodium. 

 Individualizing Dialysate Sodium 
Short dialysis treatment sessions provokes hemodynamic 
instability; hypertonic dialysate was introduced into prac-
tice to provide better hemodynamic stability. However, this 
practice came at a cost. It has been recognized for a long 
time now that substantial increments in interdialytic weight 
gain and thirst can be provoked with the prescription of 
hypertonic dialysate. 175 Reducing interdialytic weight gain 
and thirst are now being recognized as important treatment 
targets. 176 The prescription of high Na dialysate triggers in-
creased   uid volume removal, hemodynamic instability, and 
prescription of even a higher dialysate sodium. 177 In some 
patients, worsening of BP control may ensue. 178 The vicious 
cycle can be interrupted by individualizing dialysate sodium 
concentration179 which may improve BP control. 180 In a pilot 
study of 16 patients, dialysate sodium at end dialysis was de-
creased in four phases from 137.8 mmol to 135.6 mmol. 181

As a result of this maneuver, the net sodium loss increased 
nearly 100 mmol from 383 to 480 mmol; this also reduced 
interdialytic weight gain and BP. 181 Thus, facilitating diffusive 
sodium losses in addition to convective loss can increase net 
sodium removal and therefore BP. Sodium ramping which 
is prescribed to offer intradialytic hemodynamic stability is 
associated with fewer hypotensive episodes on dialysis but 
greater interdialytic fatigue and thirst, greater interdialytic 
weight gain, and hypertension. 182 Interdialytic 24-hour am-
bulatory BP increased when time-averaged concentration of 
Na was extremely elevated at 147 mEq/dL. 183 Therefore, one 
sodium prescription may not   t all patients. 

In a nonrandomized trial improvement in nocturnal 
mean arterial pressure was found among patients who were 
prescribed a low dialysate sodium. 40 However, if the low di-
alysate sodium was not accompanied by reduction in dry 
weight, BP did not change. Simply prescribing low dialy-
sate sodium without altering dry weight may not improve 
BP control. On the other hand, BP increments provoked by 
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frequency of intradialytic hypotension, as well as reduce the 
cardiothoracic ratio. 190    

 In the Dry-weight Reduction In Hypertensive Hemodi-
alysis Patients (DRIP) trial (discussed later in the chapter), 
RPV monitoring was performed in all patients at the begin-
ning and end of the study. 191  RPV slopes were de  ned as 
  at when they were less than the median (1.33% per hour) 
at the baseline visit. The study found that   at RPV slopes 
may indicate a volume-overloaded state. This is because of 
the following four reasons: (1) probing dry weight in these 
patients leads to steeper slopes; (2) those with   atter slopes 
at baseline have greater weight loss; (3) both baseline RPV 
slopes and the intensity of weight loss are important for 
subsequent change in RPV slopes; and, most importantly, 
(4) RPV slopes predict the subsequent reduction in interdia-
lytic ambulatory systolic BP—those with the   attest slopes 
have the greatest decline in BP on probing dry weight. Thus, 
RPV slope monitoring may be useful to assess dry weight 
among hypertensive hemodialysis patients. RPV monitoring, 
combined with clinical assessment of intradialytic hypovo-
lemia, and postdialytic fatigue, can help assess patient dry 
weight and optimize volume status while reducing dialysis-
associated morbidity. 192  Several studies in hypertensive pe-
diatric hemodialysis patients have successfully utilized RPV 
monitoring to improve BP control. 193,194  

 Certain echocardiographic parameters have been re-
ported to assess volume among hemodialysis patients. 
Cheriex et al. in a small study of 18 hemodialysis patients 
  rst reported the usefulness of inferior vena cava (IVC) 

subsequent achievement of dry weight even more dif  cult. 
However, there are strategies to gently reduce target weight 
by setting the ultra  ltration goal slightly above the interdi-
alytic weight gain (by  0.2 to 0.3 kg in an adult) optimally 
by prolonging the dialysis time to allow for slower ultra  l-
tration. Then dry weight can often be successfully achieved 
without troublesome symptoms (as discussed further later 
in this chapter). 

 Technologies to Assess Dry Weight 
 Although several technologies claim to assess dry weight 
none can be regarded as a reference standard. Some of these 
technologies are discussed further. 

 Relative plasma volume (RPV) monitoring utilizes photo-
optical technology to noninvasively measure absolute hema-
tocrit through a transparent chamber af  xed to the arterial 
end of the dialyzer. The assumption underlying this technol-
ogy is that in the absence of blood loss and uniform mixing of 
blood, the rise in hematocrit is proportional to the amount of 
  uid withdrawn during the dialysis procedure. Accordingly, 
percent blood volume change during the dialysis procedure 
can be calculated in real time. RPV slope then is a function 
of ultra  ltration rate and the plasma re  ll rate. Patients who 
are “wet” have large interstitial   uid volumes and therefore a 
high plasma re  ll rate—their RPV slope will be   at. Patients 
with a low plasma re  ll rate will have steeper slopes and are 
more likely to be at their “dry weight” (Fig. 41.4). Prospec-
tive, randomized trials suggest that relative blood volume-
controlled dialysis can improve the predialysis BP, reduce the 
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FIGURE 41.4 A 42-year-old black man with end-stage renal disease on chronic hemodialysis for 8 years treated with four antihyper-
tensive medications consented to participate in the DRIP trial after he was noted to be hypertensive. Interdialytic ambulatory blood 
pressure monitoring revealed blood pressure of 149/89 mm Hg. At baseline, relative plasma volume monitoring demonstrated no 
change in relative plasma volume. Dry weight was probed in the subsequent 8 weeks. He lost 2.0 kg of postdialysis weight from 62.0 
kg to 60.0 kg. At 8 weeks relative plasma volume monitoring revealed 3.15% reduction in relative plasma volume per hour. Interdia-
lytic ambulatory blood pressure improved to 125/77 mm Hg. Relative plasma volume monitoring may be a useful tool to assess dry 
weight. (Reprinted from Agarwal R, Weir M. Dry-weight: A concept revisited in an effort to avoid medication-directed approaches for 
blood pressure control in hemodialysis patients. Clin J Am Soc Neph. 2010;5:1255.)
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measurements of total body water may become more feasible 
with the use of portable mass spectrometers. Chan et al. re-
ported on the use of a   owing afterglow mass spectrometer 
following ingestion of heavy water immediately after dialysis 
among 12 hemodialysis patients. 206 Measurements of total 
body water immediately after hemodialysis and immediately 
preceding the following dialysis showed excellent agreement 
between the two measurements after accounting for insen-
sible losses and urine output. The coef  cient of variation in 
total body water between the two measurements was 2.6%. 
This proof of principle study demonstrated that absolute to-
tal body water can be determined among hemodialysis pa-
tients. Further work is required before this study can be used 
for day-to-day decision making about volume management. 

Other strategies to assess dry weight such as through 
measurement of natriuretic peptides 207 are still being evalu-
ated for the management of hypertension in dialysis patients. 

In summary, there is no established gold-standard test 
or marker of dry weight in dialysis patients. The technolo-
gies available can assist the detection of volume excess, but 
clinical judgment provides the ultimate guidance on what the 
most appropriate postdialysis weight of a patient should be. 

 Bene  ts of Probing Dry Weight 
Probing dry weight may be de  ned as a gradual change 
in postdialysis weight at which there are minimal signs or 
symptoms of either hypovolemia or hypervolemia. Probing 
is the current gold standard by which dry weight is de  ned. 
Brie  y, dry weight is the lowest tolerated postdialysis weight 
achieved via gradual change in postdialysis weight at which 
there are minimal signs or symptoms of either hypovolemia 
or hypervolemia. 

To test the hypothesis that hypertension among hemo-
dialysis patients who do not manifest overt signs of volume 
overload is mediated by excess volume, dry weight was 
probed without changing the dialysis time in a randomized 
controlled trial of hypertensive hemodialysis patients. 36 No-
tably, in this study, patients with obvious volume overload 
were excluded. Interdialytic ambulatory BP monitoring was 
performed at baseline, 4 weeks, and 8 weeks in 50 patients 
randomized to a control group and 100 patients random-
ized to the ultra  ltration group. In the intervention group, 
ambulatory BP was reduced within 4 weeks by 11/6 mm 
Hg.36 This level of BP reduction was achieved despite stable 
concurrent use of 2.7 antihypertensive drugs. The magni-
tude of reduction in BP is therefore much larger than what 
would be expected by adding an additional antihypertensive 
agent. Because the control group had a placebo effect, a cor-
rection for this effect is needed. Even after the correction for 
the placebo effect, ambulatory BP reduction was signi  cant 
at 7/3 mm Hg. This antihypertensive effect was sustained for 
8 weeks of observation. Despite provoking occasional un-
comfortable intradialytic symptoms, the quality of life was 
not impaired. Even in this randomized trial, the presence or 
absence of edema, which is often taken to be a reliable sign 
of volume overload, had no predictive value in separating 

diameter and its collapse with inspiration as a marker of vol-
ume.195 A good relationship was found both between IVC 
diameter and right atrial pressure and between collapse in-
dex and right atrial pressure; the right atrial pressure was 
measured invasively. However, the collapse index was found 
not to correlate with changes in blood volume. These results 
were con  rmed by Agarwal et al. in the context of a larger 
randomized trial. 196 The end point was not right atrial pres-
sure but the relationship of reduction in IVC diameter and 
interdialytic  ambulatory BP. 

Not all studies have given such encouraging results. For 
example, Katzarski et al. suggest that IVC diameter measured 
at the end of dialysis or shortly thereafter gives a misleading 
indication of volume overload in these patients. 197 Among 
children on chronic hemodialysis, IVC diameter also did 
not vary signi  cantly after changing dry weight. 198 Another 
problem with the use of IVC diameter is that there is no 
uniform de  nition of the threshold used to classify patients 
into hypovolemic, euvolemic, or hypervolemic groups. For 
example, depending on the criterion used, before dialysis, 
hypovolemia was found in an astounding 39% to 47% of 
the patients. 199 An additional 21% to 25% were euvolemic 
before dialysis despite being above dry weight. Thus, further 
evaluation is needed before this test can be become main-
stream in determining dry weight. 

Left atrial diameter is a part of routine echocardio-
graphic evaluation and is volume responsive. 196 Thus, this 
measurement can be easily used among patients who do not 
have other reasons to have left atrial enlargement such as mi-
tral regurgitation. Furthermore, left atrial volume has been 
reported to be a correlate of fatal and nonfatal cardiovascular 
events among hemodialysis patients. 200 Hepatic vein Dop-
pler evaluation can also assess right atrial pressure but has 
not been found to be of value to determine dry weight. One 
reason for this may be the technical dif  culty associated with 
its measurement especially in the postdialysis state where 
the hepatic veins may be so collapsed that they are hard to 
visualize.

Another technique to assess dry weight is through body 
impedance analysis. 201–203 Wabel et al. measured body com-
position through body impedance analysis and predialysis 
systolic blood pressure among 500 patients from eight dialy-
sis centers in Europe. 204 The joint consideration of volume 
state and BP may provide a useful tool to classify patients in 
terms of volume sensitive and volume resistant hypertension. 
One third of the patients had normal BP and normal   uid sta-
tus by the de  nitions used by the authors. Hypertension and 
volume expansion was found in 15%, hypertension without 
volume expansion in 13%, and normotension with volume 
expansion in 10%. The remaining patients had reasonably 
controlled BP and volume state. Volume expansion in follow-
up of a cohort of 269 patients found expanded extracellular 
  uid volume to be associated with increased mortality. 205

Mass spectrometers, through determination of distri-
bution phase of orally administered deuterated water, can 
provide an accurate estimate of total body water. Absolute 
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a randomized controlled trial. 212 They found that patients 
who had the least change in pulse pressure from before to 
after dialysis had clinical characteristics indicating volume 
overload. Among these patients, lowering of the pulse pres-
sure from before to after dialysis was associated with lower 
hospitalization and mortality outcomes. Because pulse pres-
sure is largely driven by systolic BP, it is likely that lowering 
of pulse pressure with dialysis re  ects more volume loss, a 
lower ECF volume state, and may provide better cardiovas-
cular outcomes, perhaps through less pressure/volume stress 
on the heart. Further research is needed to establish a cause 
and effect relationship. 

 Potential Hazards of Probing Dry Weight 
There are potential hazards related to probing dry weight, 
none of which have been adequately examined. These in-
clude the following: (1) increased risk of clotted angioaccess; 
(2) increased rate of attrition in residual renal function; and 
(3) complications related to interdialytic hypotension. In-
tradialytic hypotension, besides requiring more nursing in-
terventions, can be complicated by cerebral hypoperfusion, 
seizures, myocardial dysfunction, and mesenteric ischemia. 
Furthermore, it has been associated with mortality. 213 The 
relative risks and bene  ts of probing dry weight need to be 
examined in long-term randomized trials. 

 Providing Adequate Dialysis 
The European Best Practice Guidelines recommend that di-
alysis should be delivered at least three times a week and the 
total duration should be at least 12 hours per week, unless 
substantial residual renal function is present. 214 An increase 
in treatment time and or frequency should be considered in 
patients who experience hemodynamic instability or remain 
hypertensive despite maximal possible   uid removal. 

In the United States, a recent study reported that the 
average duration of dialysis among 32,065 participants 
in the ESRD Clinical Performance Measures Project was 
217 minutes. 215 The interquartile range was 195 to 240 min-
utes. This means that one fourth of the patients were receiv-
ing  3 hours and 15 minutes of dialysis and only one fourth 
of the patients were receiving   4 hours of dialysis. 

Although the adequacy of dialysis is still debated, it is 
clear that patients who shorten treatment have hypertension 
that is more dif  cult to control. 101 Patients that are dialyzed 
8 hours three times a week have excellent BP control, mini-
mal requirement for antihypertensive drugs, and excellent 
long-term survival. 11,133 In a randomized cross-over trial of 
38 patients, the effects of 4 hours dialysis to 5 hours dialysis 
were evaluated. 216 Hemodynamic stability and hypotensive 
episodes were fewer with longer dialysis, especially among 
older patients (  65 years of age). However, these data are 
dif  cult to generalize since treatment was evaluated only 
over 2 weeks and those requiring   4 L ultra  ltration were 
excluded. Longer or more frequent dialysis sessions, in gen-
eral, are associated with less hemodynamic instability, better 

the responders from nonresponders. Furthermore, 10% of 
the patients in the control group developed accelerated hy-
pertension de  ned as BP   175/105 mm Hg by interdialytic 
ambulatory monitoring. This study provides strong support 
to the hypothesis that among hemodialysis patients, probing 
dry weight is an effective strategy for reducing BP. 

Observational studies also support the practice of prob-
ing dry weight. In 1969, Vertes et al. reported that 35 of 40 
patients became normotensive by achieving dry weight. 13 In 
a report from Turkey, Kayikcioglu et al. compared the bene  t 
of nonpharmacologic to pharmacologic therapy for control 
of left ventricular mass among hemodialysis patients. 208 In 
a case-control study patients who had been treated at one 
center with salt restriction and dry weight reduction were 
compared to patients at another center where antihyperten-
sive-based therapy was the primary method for management 
of hypertension. The center using dry weight and salt restric-
tion as a primary strategy had the following bene  ts: lower 
antihypertensive drug use (7% vs. 42%); lower interdialytic 
weight gain; lower left ventricular mass; better diastolic and 
systolic left ventricular function; and fewer episodes of in-
tradialytic hypotension. These observations are important 
and of clinical relevance; they suggest that probing for dry 
weight as opposed to adding more antihypertensive drugs 
perhaps diminishes the risk for cardiac remodeling and miti-
gates LVH and preserves systolic and diastolic left ventricular 
function. Although a case-control study cannot assert causa-
tion, the results of this study support the use of nonpharma-
cologic therapies in the management of patients with ESRD. 

 Dry Weight and Outcomes 
Studies among hemodialysis patients in both adults and chil-
dren suggest that managing intradialytic RPV may reduce the 
number of hospital admissions due to   uid overload, 192,209

improve BP control, and decrease hypotension-associated 
dialysis symptoms. 210 It is possible that the latter bene  t is, 
in part, related to diminished use of antihypertensive medi-
cation. Accordingly, monthly monitoring of RPV and home 
BP may offer an attractive way to assess the adequacy of vol-
ume control among hemodialysis patients. 

To study the effect of volume status on mortality, 
Wizeman et al. followed 269 prevalent hemodialysis patients 
for several years. 211 They measured hydration state using a 
body composition analyzer. If there was greater than 15% ex-
cess of extracellular water (2.5 L volume excess), they classi-
  ed such patients as volume overloaded; 25% of the patients 
had excess extracellular   uid (ECF) volume. In a multivariate 
adjusted analysis, they found that excess volume was associ-
ated with high mortality. Compared to those without excess 
ECF volume, the hazard ratio of mortality with excess   uid 
volume was 2.1 ( P   .003). Although the study did not exam-
ine reduction in ECF volume on subsequent outcomes, such 
studies need to be performed in the future. 

Inrig et al. compared the change in pulse pressure dur-
ing dialysis as a risk factor for hospitalization and mortal-
ity among prevalent hemodialysis patients participating in 
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the need for BP medications. 222 The Frequent Hemodialysis 
Network (FHN) study randomized hemodialysis patients to 
either conventional three times weekly dialysis or more fre-
quent in-center dialysis; the primary endpoint was an im-
provement in both LVH and physical health composite. The 
primary endpoint was met but perhaps the most notable 
  nding was an improvement in systolic BP, reduction in an-
tihypertensive drug use, and improvement in left ventricular 
mass.223 These   ndings suggest better achievement of dry 
weight in these patients. 224 Increasing the treatment duration 
may improve hemodynamic stability of dialysis and make 
the procedure more tolerable but is not a requirement for 
improvement in left ventricular mass. Shortening the proce-
dure to tailor dialysis to a minimum Kt/V may provoke intra-
dialytic symptoms, postdialysis fatigue, and nonadherence to 
therapy—thus, this is not recommended. 225 Normotension 
can be achieved independently of the duration of dialysis if 
the control of volume is adequate. 226 In fact, left ventricular 
mass index was also improved to a comparable degree in the 
DRIP trial participants where the duration of dialysis was not 
altered but the dry weight was aggressively challenged. 227

 PHARMACOLOGIC TREATMENT 
All classes of antihypertensive drugs, except diuretics, 
are useful for managing hypertension in hemodialysis pa-
tients.228 Diuretics are generally ineffective at very low GFR. 
There is no role for loop diuretics even when given in high 
doses, as high as 250 mg intravenously of furosemide, 
among anuric hemodialysis patients. 229 Measurements using 
tissue Doppler echo images found that central cardiac hemo-
dynamics were unaltered when anuric hemodialysis patients 
were given even such high doses of loop diuretics. Given the 
ototoxicity associated with high doses of loop diuretics, their 
use, especially in high doses, is not recommended. 

Both angiotensin converting enzyme (ACE) inhibitors 
and angiotensin receptor blockers (ARBs) are useful for 
lowering BP 55,230–232 and some recommend their use in all 
patients.233 But not all agree with this recommendation. 234

Consideration of pharmacokinetics is important when pre-
scribing these drugs. 235 For example, lisinopril is renally re-
moved and can be administered just three times a week after 
dialysis.55 Ramipril may also accumulate with repeated dos-
ing.236 The pharmacokinetics of losartan have been carefully 
examined and remain unaltered in hemodialysis patients. 237

Unique among antihypertensive drugs, the use of ACE in-
hibitors or ARBs can reduce angiotensin II which can wors-
en anemia. 238 Whether ACE inhibitors attenuate response 
to erythropoietin among dialysis patients is debated. 239–241

Also unique among antihypertensive drug classes, the use 
of ACE inhibitors can trigger anaphylactoid reactions when 
used concomitantly with AN69 membranes; this adverse 
reaction appears less frequent with ARBs. 242 A multicenter, 
open label, 6-month study was performed in 406 patients 
to test the tolerability and ef  cacy of losartan in patients 
on hemodialysis. 242 Fifteen patients discontinued the study 

achievement of target postdialysis weight, better control of 
blood pressure, and the reduced need for antihypertensive 
drugs. These are discussed further in the next section. 

 Frequent Dialysis and Its Effect on 
Blood Pressure 
Observational studies suggest that conversion of patients 
from three times a week conventional dialysis to nocturnal 
dialysis may improve BP and left ventricular mass. 217 In a 
cumulative analysis of 72 patients from nine centers it was 
noted that predialysis systolic and diastolic BP falls within 
1 month of dialysis by 13/7 mm Hg from 163/94 mm Hg. 47

This reduction was accompanied by 1% decline in postdi-
alysis weight. Although BP did not change after 1 month, 
the number of antihypertensive agents declined signi  cantly. 
At baseline, 54% were not taking antihypertensive drugs 
whereas at 12 months after switching to daily dialysis, 75% 
were not taking antihypertensive agents. 

Several observations have suggested improvements 
in BP and left ventricular mass among patients undergo-
ing more frequent dialysis. For example, Chan reported an 
improvement in both systolic and diastolic BP, reduction in 
antihypertensive drugs and doses, and reduction in left ven-
tricular mass in patients undergoing nocturnal dialysis. 217

This group has also reported an improvement in pharyngeal 
size among nocturnally dialyzed patients. 218 This may im-
prove sleep apnea and, consequently, ambulatory BP. Another 
mechanism of BP reduction is suggested to be an increase in 
arterial compliance and consequently improvement in baro-
re  ex sensitivity. 219 Others may be better volume and toxin 
removal. 220 In another small study, both systolic and diastol-
ic BP improved with six times per week compared to thrice 
weekly dialysis, whether they were recorded predialysis 
or postdialysis improved. The number of medications and 
predialysis and postdialysis weight remained unchanged. 
Intradialytic symptoms commonly attributed to volume 
shifts also improved. A randomized two-period crossover 
study compared the effect of short daily hemodialysis versus 
standard hemodialysis on BP and left ventricular mass index 
among 12 hypertensive patients with ESRD. 221 At the end of 
6 months of standard hemodialysis and 6 months of daily 
dialysis, 24-hour ambulatory BP monitoring, echocardiogra-
phy, and bioimpedance were performed. Interdialytic ambu-
latory BP declined by 20/6 mm Hg with daily dialysis. The 
decrease in BP was accompanied by the withdrawal of anti-
hypertensive therapy in seven of eight patients during daily 
dialysis. Left ventricular mass index decreased by 28.6 g 
per m 2 from 148.7 g per m 2. Extracellular water content 
decreased 5.1% from 52.7% and correlated with 24-hour 
improvements in left ventricular mass index and systolic BP. 

A randomized controlled trial assigned 52 hemodialysis 
patients to either frequent dialysis, six nights per week, or 
conventional three times a week treatment. In the frequent 
dialysis group, improvement was seen in cardiac magnetic 
resonance imaged left ventricular mass and reduction in 
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dine clearance is GFR dependent 268,269 but the drug is not 
removed much by dialysis. 269 Because clonidine can be 
delivered through a transdermal delivery system that lasts 
1 week, its use may be associated with lesser nonadher-
ence.270 However, dry mouth, dizziness, and somnolence are 
troublesome side effects of this drug. In contrast, guanfacine, 
another centrally acting agent, is associated with less somno-
lence and dry mouth. 

Alpha-blockers, in our experience, are associated with 
orthostatic hypotension and intradialytic hypotension events. 
Among 22 hypertensive hemodialysis patients treated with 
the  -blocker prazosin, 11 patients described transient 
dizziness in the   rst month of therapy and one patient 
had recurrent syncope requiring termination of therapy. 271

Accordingly,   -blockers should be used cautiously among 
hemodialysis patients. 

There is a renewed interest in spironolactone as a 
therapy to improve hypertension and left ventricular hyper-
trophy. Small trials suggest improvement in predialysis BP 
without the occurrence of hyperkalemia. 272

In observational studies, the use of antihypertensive 
drugs has been associated with improvement in all-cause 
mortality. 273–275 An interventional study used antihyperten-
sive drugs in addition to both the correction of anemia and 
management of dry weight to evaluate multiple outcomes. 276

It reported that the multitargeted intervention was associ-
ated with reduced LVH, reduced cardiovascular mortal-
ity, and reduced all-cause mortality. Substantial variation 
in the use of antihypertensive drug class between countries 
has been noted. 277 Lopes et al. analyzed the variable use of 
antihypertensive drug classes among hemodialysis patients 
and subsequent mortality. 277 Most often, use of antihyper-
tensive drugs was associated with improved outcomes. For 
example, facilities that treated 10% more patients with ARBs 
had on average 7% lower all-cause mortality independent 
of patient characteristics and prescription patterns of other 
antihypertensive medications. At the patient level, bene  ts 
were seen with the prescription of   -blockers (RR   0.88, 
P   .0001), peripheral   -blockers (RR   0.89,  P   .02), 
and long-acting dihydropyridine calcium channel  blockers
(RR   0.92,  P   .003). On the other hand, the use of short-
acting dihydropyridine calcium channel blockers was as-
sociated with all-cause mortality (RR   1.67,  P   .0001). 
Cardiovascular mortality at the patient level was reduced 
with the use of  -blockers, ARB, and  -blockers but in-
creased with short-acting dihydropyridine calcium channel 
blockers. At the facility level, improvement in cardiovascular 
mortality was seen only with angiotensin receptor blockers; 
mortality was increased with the use of central antagonists 
and long-acting dihydropyridine calcium channel  blockers.
Because these data are observational in nature, causality 
cannot be implied; randomized trials are needed to test the 
safety and ef  cacy of antihypertensive agent use among hy-
pertensive hemodialysis patients. 

Regrettably, the reduction in all-cause mortality with 
antihypertensive drug therapy has not been realized with 

due to adverse reactions related to losartan, and in seven of 
them the adverse reaction was hypotension. In two patients 
a possible anaphylactoid reaction was reported after dialysis 
with an AN69 membrane, necessitating premature termina-
tion of dialysis and losartan in one patient. In contrast, nine 
patients with a history of previous anaphylactoid reaction 
with an ACE inhibitor and AN69 did not show this com-
plication with losartan and AN69. Thus, losartan appears 
to have a lower incidence of anaphylactoid reactions than 
those detected with ACE inhibitors and AN69. Taste distur-
bances may occur with captopril. 230 Although one small co-
hort study found reduction in mortality with the use of ACE 
inhibitors,243 a larger cohort did not reveal any improvement 
in survival. 244 In a randomized controlled trial, fosinopril, an 
ACE inhibitor, was not associated with reduced mortality. 245

Another small study failed to show improvement in myocar-
dial mass or diastolic function with ACE inhibitor therapy. 246

Beta-blockers can lower BP among hemodialysis pa-
tients.247,248 Atenolol is completely removed by the kidney 
and is not metabolized in the body. Accordingly, some have 
suggested that this is a contraindication for using atenolol 
in patients with CKD. However, we have taken the reverse 
approach and used it liberally among hemodialysis patients. 
Even when administered three times a week after dialysis 
it effectively lowers BP and retains its effect over the entire 
interdialytic interval. 249,250 Several other   -blockers such as 
propranolol 251–254 and carvedilol 255,256 have been success-
fully used. Compared to other classes of drugs, the use of 
 -blockers has been associated with 16% improvement in 
all-cause mortality among patients with ESRD. 244

Calcium channel blockers are commonly prescribed to 
patients with ESRD. They can effectively lower BP even in the 
volume expanded state. 257,258 Their use has been associated 
with improved aortic pulse wave velocity 258 and reduced 
mortality259 but other studies dispute mortality claims. 260

For example, no one class of antihypertensive drugs was 
associated with improved survival in one study. 260 Further-
more, use of both amlodipine and valsartan has been associ-
ated with reduced oxidative stress. 261 The pharmacokinetics 
of amlodipine are unaltered among dialysis patients and the 
drug is not dialyzable. 262 Therefore, the dose of amlodipine 
does not need to be modi  ed among dialysis patients. 

Vasodilators such as minoxidil and hydralazine are 
sometimes used as drugs of last resort to control BP. These 
drugs are powerful vasodilators and provoke re  ex tachycar-
dia, the control of which may require the administration of 
 -blockers.263 The duration of action of hydralazine is short 
and its use may result in large variation (spikes and valleys) 
in BP control. In contrast, the duration of minoxidil is long 
and likely results in smoother BP control. 264 Minoxidil use 
can produce vexing side effects such as pedal edema and 
hirsutism. A serious adverse drug reaction associated with 
minoxidil is pericardial effusion and is not rare. 265 Hydrala-
zine use can result in a lupuslike illness. 

Centrally acting agents such as clonidine can effectively 
lower BP by reducing autonomic activation. 266,267 Cloni-
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poor outcomes and high BP is either protective or has no ill 
consequence.276 Some insights can be derived from exam-
ining the cohorts with intermediate risks. One such cohort 
demonstrated that deaths within 2 years (early deaths) were 
related to deaths due to cancer and withdrawal from dialysis 
whereas deaths after 2 years (late deaths) were related to car-
diovascular and noncardiovascular causes. 283

Consideration of the level of illness and considering 
the vintage of the patient are also instructive to ascertain 
the value of hypertension as a risk factor among hemodi-
alysis patients. Examining the outcomes of 2,770 patients 
on peritoneal dialysis provides such insights. 18 These pa-
tients were studied between 1997 and 2004 and had been 
on peritoneal dialysis for at least 180 days in England and 
Wales. In fully adjusted analyses, greater systolic, diastolic, 
mean arterial, and pulse pressure were associated with de-
creased mortality among patients who had been on dialysis 
for less than 1 year. However, greater systolic pressure and 
pulse pressure (but not mean arterial pressure and diastolic 
BP) were associated with increased mortality among pa-
tients who had been on peritoneal dialysis for 6 or more 
years. A subgroup of patients was placed on the trans-
plant wait list within 6 months of starting renal replace-
ment therapy and was presumably healthier. Among these 
patients, greater systolic, diastolic, mean arterial, or pulse 
pressure were not associated with decreased mortality in 
the   rst year. Similarly, among 16,959 dialysis patients in 
the United States, low systolic BP (  120 mm Hg) was as-
sociated with increased mortality in years 1 and 2. 301 How-
ever, high systolic BP (150 mm Hg or more) was associated 
with increased mortality among patients who survived at 
least 3 years. 301

Regional differences in mortality are unlikely to be 
due to patient speci  c characteristics alone. For example, 
in France the center in Tassin reports a mortality rate of 
45/1,000 patient years. In contrast, Degoulet et al., also 
from France, have reported a mortality rate of 96/1,000 pa-
tient years. 299 Differences in outcomes may be due to center-
speci  c practices. For example, patients reported by Charra 
et al. in Tassin are dialyzed long hours with low sodium 
dialysate and given low sodium bread from the dialysis unit. 
The vast majority of these patients become normotensive 
without needing antihypertensive drugs. In these patients, 
the conventional epidemiology of hypertension holds. In 
fact, normotension has been advocated as a criterion for 
adequacy of dialysis. This is not unreasonable given that 
sodium is a ubiquitous uremic toxin and its excess is criti-
cally important for the pathogenesis of hypertension among 
hemodialysis patients. 

Difference in techniques used for BP measurement is 
also quite likely to contribute to variation in the observed 
relationship between BP and outcomes. For example, Amar 
et al. were the   rst to discover the strong relationship 
between ambulatory BP and mortality. 144 These authors 
reported that nocturnal systolic BP was directly related 
to mortality. We have used ambulatory BP to detect its 

adequately powered randomized controlled trials. This 
may be due to multiple reasons including the low num-
bers of patients. Nonetheless, meta-analyses of these trials 
show improvement in the cardiovascular event rate. 278,279

These bene  ts are especially seen among those who have 
hypertension.279

 Nephrectomy for Resistant Hypertension 
Nephrectomy has been reported as therapy for resistant hy-
pertension as early as 1967. Of the 40 patients reported, 35 
had BP controlled with dry weight reduction; the remain-
ing   ve required nephrectomy. 13 A case series of 10 patients 
who underwent bilateral nephrectomy for drug-resistant 
hypertension reportedly had no antihypertensive drug 
requirement after the procedure and had a good  quality 
of life. 280

 PROGNOSIS 
Among hemodialysis patients, the relationship of BP with 
outcomes is a subject of much controversy. 274,281–286 Some 
studies con  rm the association of high BP with strokes, 287,288

cerebral atrophy, 289 cardiovascular events, 290 complex car-
diac arrhythmias, 291 the development of congestive heart 
failure, 284 and all-cause mortality 292 as is noted in the gen-
eral population. Other studies suggest that the relationship 
of BP and outcomes is the reverse of that seen in the general 
population. These studies show that low BP measured either 
predialysis or postdialysis is associated with increased mor-
tality. 273,274,293,294 This association of low BP and mortality is 
magni  ed further when BP is considered as a time-dependent 
covariate.273 High BP measured either predialysis or postdi-
alysis is either not associated or minimally associated with 
increased mortality. This phenomenon has been labeled as re-
verse epidemiology of hypertension. This has raised concerns 
regarding lowering of BP among hypertensive hemodialysis 
patients.295,296 Other studies, however, have demonstrated a 
direct relationship between BP and mortality. 10,11,144,292 Con-
sideration of the patient characteristics, dialysis practices, and 
BP measurement techniques are useful when evaluating these 
outcomes and addressing these controversies. 

Patient characteristics differ which is re  ected in long-
term outcomes that also differ markedly around the world. 
The lowest crude mortality rate of about 50/1,000 patient 
years has been reported from centers in Tassin, France, and 
Okinawa, Japan. 10,11,297,298 Intermediate mortality rates of 
about 100/1,000 patient years are reported from some cen-
ters in Europe and South America. 8,283,299 The highest mor-
tality rates of about 160 to 180/1,000 patient years are those 
reported from the United States. 275

In the population of patients who have a lower crude 
mortality rate and those who have been followed for sev-
eral years, hypertension is a risk factor for poor out-
comes.282,292,300 In contrast, in the population of patients 
who have a higher crude mortality rate and those who have 
been followed for a year or less low BP is a risk factor for 
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relationship with mortality. In a cohort of approximately 
150 patients we found a direct and statistically signi  cant 
relationship of both home (self-measured) and ambulatory 
(automatically measured) BP with mortality. 145  No such 
relationship was detectable using pre- and postdialysis BP 
recordings. In a larger cohort followed for a longer time we 
found a W-shaped relationship between both ambulatory 
BP and home BP with all-cause mortality (Fig. 41.5). 302  At 
extremes of BP, mortality was noted to be high. Compared 
to ambulatory BP, the optimal BP ranges for home BP were 
about 10 mm Hg higher.   

 CONCLUSION 
 Hypertension is common, dif  cult to diagnose, and poorly 
controlled among patients with ESRD. Although there is 
controversy surrounding its diagnosis and treatment, evi-
dence suggests that home BP monitoring may help make a 
more accurate diagnosis of hypertension. Goal home BP of 
   140/90 mm Hg is 5 mm Hg more than the goal suggested 
by the American Heart Association to be a reasonable tar-
get for dialysis patients. The primary strategies to control 
BP are dietary and dialysate sodium reduction, an adequate 
prescription of dialysis, and achievement of dry weight. 
Pharmacologic therapy should be second line. Use of anti-
hypertensive drugs may improve cardiovascular outcomes. 
Frequent dialysis is effective in improving BP control and 
increasing treatment times among hypertensive patients may 
be a reasonable way to both afford hemodynamic stability 
and improve BP control. 
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FIGURE 41.5 Nonlinear relationship of systolic blood pressure 
obtained outside the dialysis unit and subsequent mortality 
over up to 6 years. The best outcome was seen when ambula-
tory systolic blood pressure was between 110 and 120 mm Hg 
and home systolic blood pressure was between 120 and
130 mm Hg. The splines are calculated at the average age of 
this cohort which was 55 years. (Reprinted from Agarwal R. 
Blood pressure and mortality among hemodialysis patients. 
Hypertension. 2010;55:762.)
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