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Acute kidney injury

John A. Kellum

Acute kidney injury (AKI) describes a sudden loss
of kidney function that is determined on the basis of
increased serum creatinine levels (a marker of kidney
excretory function) and reduced urinary output (oligu-
ria) (a quantitative marker of urine production) and is
limited to a duration of 7 days (TABLE 1)'. AKI is part of a
variety of functional kidney conditions, which are sum-
marized as acute kidney disease and disorders (AKD)
and can range from mild and self-limiting to severe and
persistent. AKD can occur without ever meeting the
criterion of rapid onset of AKI, for example when kid-
ney dysfunction evolves slowly’, or AKD can continue
after an AKI event has ended, for example, when kidney
dysfunction does not resolve or when structural dam-
age to the kidney persists. By definition, AKD persisting
for >3 months is referred to as chronic kidney disease
(CKD). Of note, AKI and AKD frequently occur in
patients with precedent CKD (FIC. 1).

As the diagnostic markers serum creatinine and
urine output level measure loss of kidney function
and not injury, AKI can be seen as a misnomer. In the
absence of injury markers, individuals with episodes of
transient volume depletion can meet the diagnostic cri-
teria of AKI without injury being present. A few hours
of volume depletion in an otherwise healthy human may
have no long-term health implications. Similarly, renin-
angiotensin system inhibitors or other drugs that affect
glomerular filtration may result in small changes in
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Abstract | Acute kidney injury (AKI) is defined by a sudden loss of excretory kidney function. AKl is
part of a range of conditions summarized as acute kidney diseases and disorders (AKD), in which
slow deterioration of kidney function or persistent kidney dysfunction is associated with an
irreversible loss of kidney cells and nephrons, which can lead to chronic kidney disease (CKD).
New biomarkers to identify injury before function loss await clinical implementation. AKl and
AKD are a global concern. In low-income and middle-income countries, infections and
hypovolaemic shock are the predominant causes of AKI. In high-income countries, AKI mostly
occurs in elderly patients who are in hospital, and is related to sepsis, drugs or invasive
procedures. Infection and trauma-related AKI and AKD are frequent in all regions. The large
spectrum of AKl implies diverse pathophysiological mechanisms. AKI management in critical care
settings is challenging, including appropriate volume control, nephrotoxic drug management,
and the timing and type of kidney support. Fluid and electrolyte management are essential.

As AKl can be lethal, kidney replacement therapy is frequently required. AKl has a poor prognosis
in critically ill patients. Long-term consequences of AKl and AKD include CKD and cardiovascular
morbidity. Thus, prevention and early detection of AKl are essential.

serum creatinine levels that are not indicative of kidney
injury”. However, AKI persisting despite volume therapy
probably indicates structural damage to the kidney’.

Unfortunately, direct assessment of kidney damage,
apart from biopsy, is not possible with existing technol-
ogy; hence, numerous urinary biomarkers are in use or
have been proposed as indicators of glomerular or tubu-
lar cell injury”. A consensus statement published in 2020
suggested that damage biomarkers should be integrated
into the definition of AKI to augment its classification
(TABLE 2)°. Importantly, both functional impairment
(serum creatinine level elevation and/or urine output
decline) and presence of biomarkers indicating struc-
tural damage are associated with marked increases in
mortality in the appropriate clinical context, for exam-
ple, in cases of critical illness in which they increase
hospital mortality 3-7-fold*’, whereas the same changes
may not have long-term health implications in other set-
tings, such as in marathon runners'’. Given that the kid-
ney provides life-sustaining functions, severe AKI can be
lethal; hence, appropriate management including kidney
replacement therapy (KRT), if needed, is essential.

In this Primer, we discuss the epidemiology of AKI in
different economic settings, as well as the pathophysiol-
ogy and diagnosis of AKI applied to a variety of settings,
such as infections, sepsis, surgery, trauma, nephrotoxic
medications, and heart disease, including its long-term
consequences. Other causes of AKI or AKD, such as
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Hepatorenal syndrome
Impaired kidney perfusion
and function in patients

with advanced liver failure
as a consequence of marked
abnormalities in arterial and
venous circulation, as well as
overactivity of endogenous
vasoactive systems.

Table 1| Criteria for defining AKI, AKD, CKD and NKD**5%1%

AKI AKD CKD NKD*
Duration <7 days <3 months >3 months NA
Functional IncreaseinsCrby>50%  AKlor GFR <60ml/min/ GFR<60ml/ GFR=60ml/min/1.73 m?,
criteria within 7days orincrease  1.73m?or decrease min/1.73 m? stable GFR (no decrease by 35%
in sCr by >0.3mg/dl in GFR by >35% over within 3 months), stable sCr (no
(26.5 pmol/l) within baseline or increase increase by 50% within 3 months
2 days or oliguria for in sCr by >50% over or increase by 0.3 mg/dl within
>6 hours baseline 2 days), no oliguria for =6 hours
AND/OR  OR OR OR AND
Structural  Not defined Elevated marker Elevated No marker of kidney damage
criteria of kidney damage marker of
(albuminuria, kidney damage
haematuria or pyuria (albuminuria is
are most common) most common)

AKD, acute kidney diseases and disorders; AKI, acute kidney injury; CKD, chronic kidney disease; GFR, glomerular filtration rate;
NKD, no kidney diseases; sCr, serum creatinine level. *NKD implies no functional or structural criteria according to the definitions

for AKI, AKD or CKD.

hepatorenal syndrome, glomerulonephritis, acute forms
of glomerulonephritis or thrombotic microangiopathies
(which can present as AKI), kidney transplantation or
neonatal circumstances'' ™", are not discussed in detail.
We detail current approaches and cornerstones of AKI
management, summarize how AKI and its long-term
effects affect patients’ quality of life and highlight ongo-
ing and future initiatives to improve care for patients
with this disorder.

Epidemiology

Incidence

The global burden of AKI-related mortality exceeds
by far that of breast cancer, heart failure or diabetes",
with mortality remaining high during the past 50 years.
In general, the incidence of AKI is reported as either
community-acquired or hospital-acquired AKI. In
high-income countries (HIC), AKI is predominantly
hospital-acquired, whereas community-acquired AKI
is more common in lower-income settings'>'*. These
patterns apply to both adults and children globally. In
HIC overall, patients with AKI tend to be older, have
multiple comorbidities, and have access to dialysis and
intensive care if needed. Post-surgical or diagnostic
interventions, or iatrogenic factors are the main causes
of AKI in HIC" (BOX 1). However, in low-income set-
tings, numerous community-acquired causes exist, such
as sepsis, volume depletion, toxins (bites, remedies) and
pregnancy"’. Patients tend to be younger than those in
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HIC, access to care is more challenging and women are
under-represented in the patient population.

A meta-analysis of 154 studies that defined AKI
according to the 2012 Kidney Disease Improving Global
Outcomes (KDIGO) classification compiled data of
3,585,911 people from mostly north of the Equator (84%
HIC) and reported community-acquired AKI in 8.3%
of ambulatory patients and in 20.0-31.7% of patients at
various levels of in-hospital care”. Others report much
lower incidences, which may relate to AKI definitions
and local circumstances®'. The average pooled mortal-
ity rate was 23% but reached 49.4% in those requiring
KRT%.

In HIC, AKI is most prevalent in intensive care
units (ICUs), where it occurs mostly in older patients in
the context of multiorgan failure with high mortality.
In this setting, AKI-related costs are very high, and
prevention is difficult. The incidence of AKI in ICUs
increased over the past decades in world regions with
ageing populations”*. In low- to middle-income coun-
tries (LMIC), AKI occurs mostly as a complication of
a single disease with a pooled incidence and mortality
rate of 21%, respectively; however, the pooled mortal-
ity rises to 42% in those with KDIGO stage 3 and to
46% in those requiring KRT*. Around 77% of AKI in
LMIC is community-acquired, with dehydration being
the most common cause, whereas community-acquired
AKI accounts for 50% in HIC, with hypotension and
shock being the main causes™. AKI in LMIC is consid-
ered largely preventable with public health initiatives,
which need to be cost-effective, as care for patients with
severe stages of AKI quickly becomes unaffordable®.
Globally, the mean age of patients with AKI is 60years
but this declines with decreasing socioeconomic status
to 50 years in LMIC. Independent of the socioeconomic
status of the region, 60% of patients with AKI are men*,
which may either relate to the limited access of women
to healthcare or to sex-related risks for AKI in males®.
Few ethnic variations have been reported. In Asia, the
risk of AKI after cardiac surgery was higher in India
and Malaysia than in China®. In the USA, the risk of
pregnancy-related AKI was considerably higher in Black
women than in white women?”. Racial differences in the
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Kidney failure

Complete (and life-threatening)
loss of kidney function; kidney
failure replaces the term
end-stage kidney disease in
new nomenclature put forward
by the KDIGO.

Glomerular filtration rate
The volume of filtrate passing
the glomerular filtration barrier
per unit of time; a marker of
excretory kidney function.

Third-space effusions
Accumulation of fluid in body
cavities.

Pulmonary congestion

An accumulation of fluid in
the lungs, resulting in impaired
gas exchange and arterial
hypoxaemia.

NKD AKD

Fig. 1| Relationship between AKI, AKD, CKD and NKD.
Acute kidney injury (AKl) is a condition defined by kidney
function markers (serum creatinine and urine output levels)
and duration <7 days, which is part of a group of acute
kidney diseases and disorders (AKD). Chronic kidney disease
(CKD) describes persistent (>3 months) alteration of kidney
function, and both AKI and AKD can occur in patients with
or without precedent CKD. Patients with no kidney disease
(NKD) do not overlap with any of these entities.

incidence of AKI exist and may involve multiple factors.
A multivariate analysis of a US study cohort identified
socioeconomic status to account for the higher risk of
AKI in African American individuals than in white
individuals®.

Risk factors

Risk factors for AKI include environmental, socioeco-
nomic and/or cultural factors, as well as factors related
to the process of care, acute exposures and patients
themselves. Environmental factors include inadequate
drinking and waste water systems, insufficient control of
infectious diseases and insufficient health care systems”.
Patient-related factors can be modifiable, for example,
volume depletion, hypotension, anaemia, hypoxia and
use of nephrotoxic drugs, or nonmodifiable, for exam-
ple, chronic kidney, heart, liver or gastrointestinal dis-
ease, diabetes and severe infections and sepsis. Rarer
causes include genetic predispositions to myoglobinuria,
haemoglobinuria and urolithiasis”. Further important
risk factors for AKI are severe diseases, acute infections,
sepsis, malaria, severe trauma, hypovolaemia, old age,
pre-existing CKD, acute organ failures, major surgeries
(including cardiac surgery), being in the ICU with expo-
sure to nephrotoxic drugs and opportunistic infections,
chemotherapy for leukaemia or cancer, delayed graft
function upon kidney transplantation, autoimmune dis-
orders with rapid progressive kidney injury, cholesterol

Table 2 | Proposed new definitions of AKI®

Stage Functional criteria Damage criteria
(biomarker)
1S No change or sCrincrease <0.3 mg/dl and no urinary +
output criteria
1A Increase of sCr by >0.3 mg/dl for <48 hours or 2150% for —
1B <7 days and/or urinary output <0.5 ml/kg/h for >6 hours +
2A Increase of sCr by >200% and/or urinary output =
<0.5 ml/kg/h for >12 hours
2B +
3A Increase of sCr by >300% (=4.0 mg/dl with an acute =
3B increase of 20.5 mg/dl) and/or urinary output .

<0.3ml/kg/h for >24 hours or anuria >12 hours

and/or acute kidney replacement therapy

AKI, acute kidney injury; sCr, serum creatinine level. Adapted from REF.*, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).
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crystal embolism and urinary tract obstruction®.
In HIC, despite severe AKI occurring more frequently in
the context of hospital-related risk factors, such as major
surgery, bleeding, septic shock or drug toxicity in older
patients with multiple diseases, milder forms of AKI can
also be community-acquired (BOX 1)'*'%*~*!. By contrast,
in LMIC, community-acquired AKI affects younger, pre-
viously healthy individuals, with a relatively high preva-
lence of sepsis, obstetric complications or animal venom
as causes'®". In these settings, AKI may also be caused by
HIV infection, hantavirus infection, malaria or dengue
disease, if their prevalence is high'®**. COVID-19 is a
risk factor for AKI in all world regions (BOX 2).

Mechanisms/pathophysiology

Kidney physiology and kidney lifespan

The kidneys maintain homeostasis of body fluids, electro-
lytes, osmolality and pH, excrete metabolic waste pro-
ducts and secrete hormones and bioactive molecules.
As AKI disrupts homeostasis, severe AKI is potentially
lethal unless KRT maintains homeostasis until kidney
function recovers. AKI in settings of multiorgan failure
is frequently lethal despite KRT*.

The kidneys are composed of nephrons, small
independent functional units with a glomerular part
filtering fluid and small molecules from the blood
and a single tubule that reabsorbs most filtered mole-
cules and secretes metabolic waste products, concen-
trating the urine to 1-2litres per day. The number of
nephrons is set at birth and declines with age starting
from around 25 years of age*. As metabolic activity also
declines with age, healthy individuals at age 70 do well
with only half of the original nephron number without
adaptation®. However, low nephron endowment at birth
or any nephron loss beyond that of normal ageing short-
ens kidney lifespan; hence, the incidence of CKD and
kidney failure®® requiring KRT increases in the elderly
population”. AKI and CKD are connected because AKI
can cause irreversible loss of nephrons at any phase of
life and, therefore, shorten kidney lifespan (FIG. 2)*. Thus,
AKI is an important risk factor for CKD, especially in
ageing populations.

Pathophysiology of kidney failure

Loss of kidney excretory function implies disturbances in
the main function of the kidneys (maintaining homeo-
stasis), for example, through excretion of metabolic
waste products. Serum creatinine and urea nitrogen
levels are often used as biomarkers of reduced kidney
function, but their use skews awareness towards the
kidneys’ excretory function'.

Fluid homeostasis is affected, as declining glomerular
filtration rate (GFR) and activation of the renin-
angiotensin system promote fluid retention, which pre-
sents as peripheral oedema, third-space effusions, and
pulmonary congestion, especially in those with heart
failure (Supplementary Box 1)*. In addition, as urinary
output determines potassium excretion, hyperkalaemia
is a common complication of severe AKI. When hyper-
kalaemia leads to electrocardiogram changes, AKI con-
stitutes a medical emergency and warrants immediate
intervention. Both hyponatraemia and hypernatraemia
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Box 1| Selected causes of AKI

Pre-renal causes, impaired renal perfusion

Cardiorenal syndrome, including heart failure with reduced ejection fraction, right-sided
heart failure and venous congestion

Shock, including haemorrhagic shock, hypovolaemic shock and septic shock
Abdominal compartment syndrome

Kidney transplant, including delayed graft function

Medication, including angiotensin-converting enzyme inhibitors and angiotensin

receptor blockers

Intra-renal causes

Thrombotic microangiopathies, cholesterol embolism, anti-glomerular basement
membrane disease and immune complexes and anti-neutrophilic cytoplasmic

autoantibody vasculitis

Sickle cell anaemia and sepsis

Systemic infections and sepsis, pyelonephritis, drug-related or heavy metal-related
tubule necrosis, crystal-induced nephropathy (including crystals related to bile
pigments, causing bile cast nephropathy), myoglobin (rhabdomyolysis), contrast
media, light chains (monoclonal gammopathies) and metabolites (acute urate or

oxalate nephropathy)

Acute cellular rejection, acute interstitial nephritis, immune checkpoint inhibitor-
related and cytokine release syndrome upon chimeric antigen receptor (CAR)

T cell therapy

Post-renal causes, urinary tract obstruction
Bilateral ureteral obstruction, bladder dysfunction and urethral obstruction

AKI, acute kidney injury.

Fixed acid

An acid that accumulates
in the body as a result

of digestion, disease or
metabolism and cannot
be excreted by the lungs
(non-volatile or fixed).

Anion gap

The difference between the
sum of routinely measured
cations (Na* and K*) and the
sum of routinely measured
anions (CI- and HCOy;)

in serum.

Azotaemia

Abnormally high levels

of nitrogen-containing
compounds in the blood,
occurring when the kidneys
are no longer able to excrete
nitrogen waste products

via the urine.

Venous congestion
A distention of veins filled with

blood as a result of mechanical

obstruction or right ventricular
failure.

Acute tubular necrosis

A form of AKI that involves loss

of entire tubule segments due
to necrotic death of tubular
epithelial cells.

may occur when the kidney loses the capacity for urine
concentration or dilution as needed. Impaired phosphate
clearance leads to hyperphosphataemia.

AKIT also affects acid-base homeostasis. A declining
capacity for the excretion of fixed acids in patients with AKI
causes tubular metabolic acidosis and respiratory com-
pensation via an increased ventilatory drive®. Although
a hyperchloraemic metabolic acidosis develops initially,
widening of the anion gap is often seen as the result of
accumulation of phosphate, sulfate and small organic
anions in the bloodstream. A decline in the capacity to
excrete metabolic waste products is indicated by azotaemia
but implies disturbance of homeostasis of hundreds, if
not thousands, of other metabolites that are not waste
products, which all together account for symptoms
of uraemia, such as fatigue, tremor or confusion.

Importantly, kidney failure affects most organ sys-
tems of the body (FIC. 3). Many of the AKI-related urae-
mic toxins originate from the intestinal microbiota,
such as indoxyl sulfate or p-cresyl sulfate. The microb-
iota itself undergoes shifts in its composition, owing
to AKI and the accompanying acidosis, azotaemia,
intestinal ischaemia, and other alterations of the intes-
tinal microenvironments, which affects the microbiota’s
secretome and metabolites needed for normal human
physiology"'~**. The lungs are affected by hyperpnoea
to compensate for metabolic acidosis, hypervolaemia,
cytokines, oxidative stress and cytotoxic elements of
necrotic cell debris (released by parenchymal necrosis in
the kidneys, causing microvascular injury, and eventu-
ally acute respiratory distress syndrome)***. AKI affects
cardiac function via acidosis, hyperkalaemia, uraemic
toxins, hypervolaemia, hypertension, and systemic
inflammation*. Uraemic encephalopathy also involves

systemic oxidative stress responses*"’.

Kidney injury and recovery

The term AKI, as defined, ascribes a decline in kidney
excretory function and frequently (but not always)
also tissue injury. Volume depletion, haemorrhagic
shock, and heart failure with reduced ejection fraction,
hepatorenal syndrome, venous congestion or hypercal-
caemia can cause potentially reversible hypoperfusion
of the kidney that transiently reduces GFR without
parenchymal injury (BOX 1, FIG. 4), but as ischaemia
persists ischaemic tubular injury may turn into tubule
necrosis*®. Nephrotoxic drugs and radiocontrast agents
contribute to AKI in hospitalized patients and are
also common causes of community-acquired AKI**.
Multiple mechanisms are involved but most drugs can
be classified into six main categories. First, some drugs,
most notably chemotherapeutics (such as cisplatin) and
antimicrobials (such as amphotericin or aminoglyco-
sides), have direct chemical nephrotoxicity. Drugs that
are cleared via the kidneys, such as vancomycin, are
particularly problematic because drug-induced kidney
dysfunction can lead to accumulation of the drug and
its metabolites, further amplifying the toxicity'. Second,
some agents are nephrotoxic via immune-mediated
mechanisms, leading to allergic tubulointerstitial
nephritis, which can be difficult to diagnose owing to
alack of overt signs™. Third, some drugs, most notably
angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers, can cause a decrease in
GFR by affecting intrarenal haemodynamics®. Drugs
with haemodynamic effects on kidney perfusion can
protect nephrons from hyperfiltration-related pro-
gression to CKD, although a substantial and persis-
tent decline of kidney perfusion may lead to ischaemic
acute tubular necrosis (ATN)***. Fourth, when drug
metabolites crystallize inside the kidney tubules, they
can cause intrarenal obstruction of urinary flow and
kidney injury*. Fifth, the mechanism of action of some
drugs can contribute to AKI, such as failure intrarenal
haemorrhage associated with oral anticoagulants or
acute urate nephropathy associated with uricosuric
drugs. Finally, the renal excretion of some drugs or
drug metabolites competes with creatinine at the same
tubular transporter, mimicking AKI, although other
functions of the kidney remain unaffected.

Many other triggers can cause ATN (BOX 1), but com-
binations of triggers are common, especially in ICU set-
tings. Human data are scarce but animal models suggest
that ATN is not a passive process but instead involves
different forms of regulated necrosis, such as necroptosis
and ferroptosis, that can synchronize tubular cell death
along entire tubule segments and spares glomeruli*”*.
The necrotic tubular cells can form casts and obstruct
the lumen of tubules®. Tubule necrosis involves the
release of danger signals that activate Toll-like and other
pattern recognition receptors on resident immune cells
in the kidney interstitium, namely MHCII*F4/80"
conventional dendritic cells in mice®; however, little is
known about the immune cell dynamics in human AKI.
Activation of these cells triggers the influx of neutrophils
in the early injury phase and M1 macrophages and other
myeloid cells in the late injury phase, which all contrib-
ute to a local inflammatory response that accelerates

4| Article citation ID:

(2021) 7:52

www.nature.com/nrdp



Box 2 | AKI during COVID-19

The coronavirus disease 2019 (COVID-19) pandemic has evolved as a new trigger

of acute kidney injury (AKI). Risk factors for AKI on admission include: the level of
viraemia; respiratory compromise; organ involvement other than lungs; leukocytosis
and lymphopenia; high levels of C-reactive protein, ferritin and D-dimers; and hypo-
volaemia and dehydration or rhabdomyolysis. Almost half of patients hospitalized for
COVID-19 experience AKl similar to high-risk AKl settings, such as cardiac surgery

or sepsis’”’. One study reported that 39% of these patients develop AKl stage 1, 19%
develop stage 2, and 42% develop stage 3°”. The time of AKI matched the time of intu-
bation in most patients’”’. Older age, hypertension, smoking, obesity, diabetes, cardio-
vascular disease or congestive heart failure, precedent CKD, use of immunosuppressant
drugs and, potentially, genetic variants predisposing to kidney disease (APOL1 and
ACE2 polymorphisms) are other predisposing factors’”. AKl is strongly associated with
COVID-19 mortality”®’, whereas COVID-19 mortality is low without AKI**, COVID-19
may lead to kidney failure via different processes, including systemic immune and
inflammatory responses induced by viral infection, systemic tissue hypoxia, local
immunothrombosis causing hypoxia, reduced kidney perfusion, endothelial damage
and direct epithelial infection with SARS-CoV-22"*, Interestingly, some but not all
autopsy studies demonstrate that the presence of SARS-CoV-2 copies and proteins
inside the kidneys is tightly associated with AKl and an increased COVID-19 mortality,
especially in older patients***?”. However, the identification of viral particles inside
kidney cells by electron microscopy is challenging®. AKl-related fluid, acid-base and
metabolic disturbances may affect antiviral immunity and the resolution of inflammation.
Thus, there is a strong rationale to target AKI for therapy in COVID-19?%. For example,
beyond replacing kidney function, extracorporeal therapies also support other organs
and achieve immunomodulation””’. Among those that survive COVID-19-related AKI
requiring dialysis, one in six patients remains dialysis-dependent at 60 days**°.

tubule necrosis, an auto-amplification loop referred to
as necroinflammation®"*>. Unless the nephrotoxic trig-
ger persists, as in persistent ischaemia, toxin exposure or
alloimmunity, numerous counter-regulators support a
resolution of necroinflammation, which is a requirement
to launch healing responses.

The capacity to replace lost tubular cells is restricted
to a subset of immature tubular cells (renal progenitors)
scattered along the nephron that retain the capacity to
replace single epithelial cells and, in some instances,
to regenerate entire tubule segments®~%°. Complete loss
of these progenitors disrupts regeneration of an affected

AKl at
young age

AKl at
old age

100%

GFR
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tubule segment, which can result in irreversible loss of
the nephron (FIC. 4). The number of irreversibly lost
nephrons in an AKI episode determines the long-term
prognosis of kidney function®.

Nephron loss is difficult to appreciate in clinical prac-
tice because, even after persistent AKD, kidney function
frequently recovers to some extent>***”. However, recov-
ery of kidney function does not necessarily represent
regeneration, as functional capacity can be augmented
by polyploidization of tubular epithelial cells in unaf-
fected nephrons (compensatory hypertrophy)®. This
evolutionarily conserved mechanism enables life-saving
increased functional outputs of differentiated paren-
chymal cells in organs with limited cell turnover. In the
injured kidneys, processes such as dedifferentiation and
mitotic events during which cells no longer contribute
to functional performance would be incompatible with
maintaining kidney function in the phase where this is
most needed to assure survival®. However, in severe
forms of ATN, polyploidization and progenitor prolif-
eration cannot sustain a sufficient residual function, and
severe ATN is lethal unless KRT is used to cover the time
until a life-sustaining level of kidney function recovers.

Long-term consequences of AKl or AKD

The adaptations that occur in response to the irrevers-
ible loss of kidney cells or entire nephrons may ensure
short-term survival but they have considerable trade-offs
that affect long-term outcomes after an AKI or AKD
episode (FIG. 4)%-7°,

Irreversible nephron loss, fibrosis and CKD. Depending
on the severity of AKI, few, many or most nephrons
remain irreversibly destroyed and lost, which implies
post-AKI CKD and a reduction of kidney lifespan®®’'.
Albuminuria following AKI is a clinical indicator of
CKD, even if GFR seems fully recovered”. The effect
of AKI on kidney lifespan is most evident in older adults
in whom AKI-related nephron loss adds to age-related

Average
lifespan

Average
kidney lifespan

-
\ 4

Fig. 2 | Consequences of AKI on kidney lifespan. Kidney lifespan depends on the individual endowment with nephrons,
which follows a Gaussian curve at each given age (red line). The decline of nephron number and glomerular filtration rate
(GFR) with age can be expressed as declining percentiles (blue shading). The average kidney lifespan exceeds human
average lifespan. Each irreversible nephron loss that is related to an acute kidney injury (AKI) episode reduces kidney
lifespan (sudden drop of solid lines); however, for those with high nephron endowment, this may not have consequences
on kidney lifespan during their lifetime. However, for those with an average or, in particular, for those with low nephron
endowment, the shortening of kidney lifespan implies the occurrence of kidney failure many years earlier — at worst
directly after the AKl episode. Severe AKl at an older age (pink lines) has a more immediate effect on the remaining kidney

lifespan than AKl at a younger age (blue lines).
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Lung injury
Fluid overload,
kidney cell debris-related
microvascular injury

-~

Liver
dysfunction
Fluid overload,
systemic inflammation

nephron loss and, frequently, to precedent CKD owing to
previous injuries or chronic nephropathies, referred
to as AKI on CKD”’. Thus, as ATN implies nephron
loss, the severity of ATN determines the effect on kid-
ney lifespan®. In extreme cases, severe ATN can result in
kidney failure with a need for persistent KRT.

Hypertension, cardiovascular disease and stroke.
Survivors of AKI may face hypertension, which can be
a sign of subclinical CKD. A retrospective cohort study
identified a 22% increase in the risk of presenting with
a blood pressure of >140/90 mmHg in those who had
AKI compared with individuals who did not experience AKI
after adjustments for demographic factors, precedent
health status and cardiovascular risk factors’™. Post-AKI
CKD is associated with increased cardiovascular and
cerebrovascular morbidity and mortality’*”>"°. A meta-
analysis including 254,150 adults (55,150 with AKI)
found that AKIT increased the risk of subsequent heart

Encephalopathy
Uremic toxins and
inflammatory mediators

Heart failure
Fluid overload,
arrhythmia owing to
hyperkalaemia
Kidney injury
Fluid retention,
cell debris release,
disturbed homeostasis

™~

Intestinal and
microbiota disruptions
Fluid congestion, ischaemia,
acidosis, changes in
microbiota secretome,
barrier translocations

P

Bone marrow and
immune system effects
Cytopenia, systemic
inflammation, acquired
immunodeficiency

Fig. 3 | Systemic consequences of AKI. The kidneys maintain homeostasis; hence, acute
kidney injury (AKI) affects almost all systems of the body, albeit in different ways. Fluid
retention affects especially the lungs and the heart, frequently with clinical signs of
respiratory or circulatory failure. Fluid retention also compromises the gastrointestinal
system, for example the liver or the intestine, promoting intestinal barrier dysfunction
and translocation of bacteria and bacterial toxins. Impaired uraemic toxin excretion
affects the function of the brain, the heart, the bone marrow and the immune system,
leading to neurocognitive defects, anaemia and acquired immunodeficiency
accompanied by persistent systemic inflammation. Kidney cell necrosis releases
debris into the venous circulation, which accumulates in the lungs and causes direct
microvascular injury, thrombosis and, sometimes, acute respiratory distress syndrome.
Adapted with permission from REF.'*’, Elsevier.

failure by 58%, myocardial infarction by 40% and stroke
by 15%”". Whether this increase relates to an effect on the
cardiovascular system during the AKI episode or to
the increase in risk owing to post-AKI CKD is not clear.

Mortality. Survivors of AKI face an increased post-
hospitalization mortality. A meta-analysis of 110 studies
that used the KDIGO definition of AKI found an AKI-
related mortality of 23%”". In an analysis of >5million
patients discharged from hospital, mortality within
90 days was 35% in those with AKI and 13% in those
without AKI”®. Longer-term mortality among patients
with AKI may also be increased. In a study in patients
who underwent cardiac surgery, increase in mortal-
ity risk was independent of kidney function recov-
ery at the time of hospital discharge and started only
4-5years after surgery””. A systematic review includ-
ing 47,017 patients who had been discharged from
hospital reported 8.9 deaths per 100 person-years in
those who had AKI compared with 4.3 deaths per
100 patient-years in those without AKI*. The most
common causes of death after a hospitalization with
AKI are cardiovascular disease (28%) and cancer (28%),
with respective standardized mortality ratios nearly
six-fold and eight-fold higher than those in the general
population”. Cancers were mostly haematological and
genitourinary.

An AKI episode implies a risk for subsequent devel-
opment of kidney cancer and an AKI episode following
partial nephrectomy for kidney cancer increases the risk
of cancer reoccurrence®, probably because kidney injury
induces DNA damage and a clonal expansion of mutated
cells during the repair phase®. Indeed, renal progenitors
that confer tubule regeneration upon ischaemic ATN
can turn into tumour stem cells and set off monoclo-
nal lesions in a papillary renal cell adenoma—carcinoma
sequence®"*. Kidney injuries to other nephron segments
cause other types of kidney cancer®'. Thus, kidney can-
cer is a long-term trade-off for kidney regeneration that
supports short-term survival during ATN®.

Diagnosis, screening and prevention

Unlike myocardial infarction and other acute organ
failures, AKI does not present with immediate onset
of alarming symptoms such as chest pain, dyspnoea,
palsy or blindness; hence, diagnosis requires specific
technical assessments. The best overall index of kidney
function is the GFR, but direct GFR measurement is
difficult. Usually, the GFR is estimated by using serum
levels of endogenous filtration markers, such as cre-
atinine. Several studies have demonstrated that small
increases of serum creatinine are associated with worse
outcomes of AKI***. In addition, urine output is a sen-
sitive parameter of kidney function and a biomarker
of tubular injury*. However, the relationship between
urine output, GFR and tubular injury is very complex.

Diagnostic and classification criteria

Adults. Evidence exists that suggests that an acute and
small impairment of kidney function, manifested by
changes of blood chemistry and urine output, is asso-
ciated with a worse outcome of AKI***>*”_In contrast to
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Fig. 4 | Main principles of the pathophysiology of AKI. a| Mild acute kidney
injury (AKI), defined by a transient decline in urinary output or excretory
function, involves no or minimal kidney cell necrosis or loss. Precedent and
subsequent nephron numbers remain identical and no persistent adaptive
cellular responses are necessary. In the long term, the risk of cardiovascular
disease (CVD) is somewhat increased, which may also depend on the
underlying cause of AKI. b | Whenever AKl is associated with kidney cell or
tubule necrosis, the affected cells are irreversibly lost during the phase of
acute necroinflammation, as indicated by activated immune cells in the
interstitial compartment. Renal progenitor cells are more resistant to death
and their clonal expansion may facilitate the structural and functional
recovery of some injured nephrons. Nephrons in which injured segments do
not recover undergo atrophy, are irreversibly lost and are replaced by fibrous
tissue that stabilizes the structural integrity of remnant nephrons. Resulting
hyperfiltration requires an increase of the functional capacity of remnant
nephrons achieved through an increase in their dimensions, with tubular
epithelial cells (TECs) undergoing polyploidization, indicated by an increased
size of cytoplasm and cell nuclei. Depending on the number of remnant

nephrons, their capacity for adaption (kidney reserve), and filtration load
(dependent on body weight, fluid intake, diet and others), glomerular
filtration rate (GFR) can return to baseline. This status already qualifies as
CKD, even if GFR returns to baseline. The adaptive changes of CKD imply a
higher risk of CVD and possibly kidney cancer, and the irreversible loss of
nephrons reduces kidney lifespan. c | When severe AKl involves extensive
tubule necrosis, the consequences on nephron number are substantial.
Tubule recovery occurs only in those nephrons with surviving progenitor cells.
Adaptation to filtration and metabolic demands results in large increases in
the dimensions of the few surviving nephrons (megalonephrons). Such
adaptations frequently exceed the adaptive capacity of podocytes, leading
to secondary focal segmental glomerulosclerosis and subsequent loss of the
remnant nephrons (that is, progressive CKD). Cellular adaptation-related
polyploidization and senescence, as well as nephron loss-related scarring,
drives interstitial fibrosis and progressive kidney atrophy. These adaptive
changes strongly increase the risk of CVD and possibly kidney cancer.
Kidney lifespan is drastically reduced and some patients remain on kidney
replacement therapy.

Fluid resuscitation
Large-volume intravenous fluid
replacement to treat AKI and
circulatory shock due to severe
intravascular volume depletion.

the old term acute renal failure, the Risk, Injury, Failure,
Loss of kidney function, and End-stage kidney disease
(RIFLE) and Acute Kidney Injury Network (AKIN)
classifications provided updated definitions of AKI that
encompass the complete spectrum of the syndrome
from small increases of serum creatinine to requirement
of KRT. The RIFLE and AKIN classifications have three
severity grades based on changes of serum creatinine
level or urine output, and the worse of these two crite-
ria is used to define the grade. RIFLE and AKIN thus
introduced a conceptual framework for how to diagnose
and stage AKI, but further modifications were needed to
meet the clinical complexity of AKI, especially outside
ICUs or hospital care.

The 2012 KDIGO guideline defined the diagnostic cri-
teria for AKI and AKD'. Unlike earlier recommendations,

the KDIGO criteria no longer require adequate fluid
resuscitation to be performed and urinary obstruction
excluded before using the criteria. In particular, patients
with CKD are predisposed to develop AKI, because
CKD is an independent risk factor for AKI**-*2. However,
the diagnosis of AKI in patients with CKD is difficult,
because these patients have impaired kidney function
and the percentage changes in serum creatinine level
after AKI are in part confounded by baseline kidney
function™. Only larger absolute rises in creatinine lev-
els indicate an independent association with mortality™.
However, AKI in patients with CKD conveys serious
risks, which is acknowledged by defining any rise of
serum creatinine to >4 mg/dl as AKI stage 3'.

The KDIGO criteria use a decline in urine output
but reducing urinary output is also a physiological
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Fig. 5 | Severity of AKl and long-term kidney outcome. Certain biomarkers indicate
early kidney injury or subclinical acute kidney injury (AKI) as a risk factor for proceeding
to AKl according to the Kidney Disease Improving Global Outcomes (KDIGO) definitions.
AKlitself is indicated by injury markers in blood and urine before any impairment of
kidney function (as measured by serum creatinine levels and urine output) occurs.

The three stages of AKl are defined by the extent of renal function impairment. Patients
with AKlin which structural damage causing irreversible nephron loss does not occur
may fully recover. AKI with structural damage frequently lasts >7 days, which is classified
as acute kidney disease (AKD), and the irreversible nephron loss precludes restoration

of the baseline glomerular filtration rate (GFR), resulting in chronic kidney disease (CKD)
or persistent kidney failure. Cys-C, cystatin C; IGFBP-7, insulin-like growth factor-binding
protein 7; IL-18, interleukin 18; KIM-1, kidney injury molecule 1; sCr, serum creatinine
level; TIMP-2, metalloproteinase inhibitor 2.

mechanism in response to reduced fluid intake or fluid
losses, for example. by sweating, which readily responds
to fluid intake and usually does not imply tubule injury.
Injured tubules no longer respond to diuretics owing to
the loss of the required sodium transporters; hence, a
single bolus of a loop diuretic not followed by a substan-
tial increase of urinary output, referred to as the furo-
semide stress test, indicates tubule injury®. In fact, the
occurrence of AKI is considerably higher with abnor-
mal urine output and serum creatinine levels compared
with abnormal serum creatinine levels alone (62.1%
versus 17.7%)°>%.

Children. The different AKI definitions were developed
for average-sized adults. After 2years of age, kidney
growth results in a GFR equivalent to that of adults when
adjusted for body surface area”, but the serum creati-
nine criterion is difficult to apply to smaller paediatric
patients, because they have a lower muscle mass that
does not achieve high serum creatinine values. Thus,
the paediatric RIFLE (pRIFLE) criteria were developed,
which stage AKI by the rise in creatinine levels, fall
in GFR, or decrease in urine output'**'"* The KDIGO

guidelines’ also refer to the pRIFLE criteria for the
definition of AKI in children. However, the definition
should only be used in children >1 month of age. The
practical value of pRIFLE was shown in a trial including
103 patients (median age 4.5 years)'*.

Screening and risk assessment with biomarkers
Around half of the patients with stage 1 AKI have ele-
vated biomarkers and histologic abnormalities on kid-
ney biopsy, whereas most of the patients with stage 3
AKI have both®*'*”. Serum creatinine levels and urine
output are two functional biomarkers that have several
limitations'. Urine output has a low specificity because
this parameter can be influenced by several factors,
including hypovolaemia and the use of diuretics. By
contrast, serum creatinine level has low sensitivity in
previously healthy kidneys, because the serum creati-
nine levels increase only if at least 50% of the functional
nephrons are lost. In patients with low baseline GFR,
minor changes in kidney function can already meet the
threshold of an increase of serum creatinine of 0.3 mg/dl,
that is, AKL

Novel biomarkers were not included in the 2012
KDIGO guidelines'. AKI biomarkers indicate different
aspects of AKI and can be broadly divided into functional
or damage biomarkers (Supplementary Box 2)'**-'%.
Although biomarkers, such as IL-18 or kidney injury
molecule 1 (KIM-1), are available and most of them have
avery good predictive value, limitations exist, including
poor predictive performance when the timing of the
kidney insult is unknown; hence, they are implemented
only inconsistently in clinical practice'”'"

In contrast to functional biomarkers, damage bio-
markers might be able to identify patients at high risk
for AKI (FIC. 5). However, these damage biomarkers
should not be used in all patients regardless of their AKI
risk profile, because their sensitivity would be low. The
concept of renal angina, analogous to troponin meas-
urement in patients with coronary angina, was intro-
duced in 2010 and recommends that biomarkers should
be measured only in patients at risk and with a specific
clinical condition (for example, sepsis or major sur-
gery)''’. Measuring damage biomarkers in these patients
substantially improves their positive predictive value'".

Different biomarkers relate to various pathophysio-
logical processes mediating AKI° and might help in
detecting AKI earlier. These markers will be critical
in developing targeted therapies and designing clinical
trials for patients with AKI. Four biomarkers that can be
measured at the bedside by using point-of-care devices
may be particularly useful in daily practice. Cystatin C
levels are probably redundant to creatinine levels. Several
neutrophil-gelatinase-associated lipocalin (NGAL) iso-
forms are released by the kidney and by immune cells'"'.
In the urine of healthy individuals, the concentration of
NGAL is very low. After an insult, NGAL plasma and
urine levels increase considerably, suggesting a role of
NGAL for the kidneys that is analogous to that of tro-
ponin for the heart'>. NGAL has been shown to have
very high sensitivity and specificity for predicting AKI
in children undergoing congenital heart surgery'".
However, other studies in patients with different

8 | Article citation ID:

(2021) 7:52

www.nature.com/nrdp



G1 phase

The G1 phase is the first of four
cell cycle phases that takes
place in eukaryotic cell division
and describes the period from
the end of cell division to the
beginning of DNA replication.

comorbidities found a limited predictive performance of
NGAL, potentially because immune cell-derived NGAL
may not necessarily imply AKI'**"**, The explanations
for these contradictory results include poor performance
of the standard markers of urine output and serum cre-
atinine levels, preexisting comorbidities and timing of
biomarker assessment, because NGAL has a good pre-
dictive value only in patients with previously normal
kidney function'’®. Thus, NGAL can be used in patients
with normal kidney function and a well described insult
and in patients with precedent CKD"'*'"".

Unbiased screening for urinary biomarkers that can
predict subsequent AKI revealed cell cycle arrest markers
as top candidates'**. Indeed, cell cycle arrest of kidney
tubular epithelial cells is involved in the pathogenesis of
AKI'". However, the predictive performance was only
moderate in some studies'**'*". Once the kidney experi-
ences stress, tubular epithelial cells arrest in the G1 phase
to avoid and recover from damage'*. As cell stress is one
of the first events during AKI, metalloproteinase inhib-
itor 2 (TIMP2) and insulin-like growth factor-binding
protein 7 (IGFBP7) are detectable in urine very early dur-
ing development of AKI''*'**. Several trials have shown
that urinary TIMP2 and IGFBP7 levels predict the devel-
opment of AKI, kidney recovery and mortality''®'>-125,
In a multicentre observational trial in critically ill patients,
combined TIMP2 and IGFBP7 measurement showed
very good performance in predicting moderate to severe
AKI (area under the curve (AUC) of 0.80), and consider-
ably improved risk stratification when added to a clini-
cal model**'”’, In addition, TIMP2 and IGFBP7 showed
very good predictive value in diagnosing AKI associated
with cardiac surgery'>. Of note, these biomarkers can
also be used to predict adverse long-term outcomes,
because their early measurement in the setting of critical
illness may identify patients with AKI at increased risk
of death or KRT in the following 9 months'*. Further
studies demonstrated an additional benefit of using these
biomarkers in conjunction with the functional criteria of
serum creatinine and urine output, as their combination
improves the prediction of worse outcomes'**'>".

Importantly, kidney damage without any loss of func-
tion, that is subclinical AKI, also affects outcomes'*%'%.
Thus, the Acute Disease Quality Initiative (ADQI)
group proposed an extended definition of AKI, which
includes functional and damage biomarkers (TABLE 2)°.
Before using this new definition in daily clinical practice,
further research is needed to evaluate whether elevation
in biomarkers without any changes in urine output or
serum creatinine is associated with worse kidney and
patient outcomes.

Other methods of measuring kidney function

To date, no validated method exists for continuously
measuring GFR in critically ill patients. However, one
study published in 1994 demonstrated that such monitor-
ing is feasible***!. Ongoing attempts to overcome prac-
tical obstacles may eventually implement this method
in clinical practice’. Rapid kidney function assessment
can be achieved by collecting urine and a repeated blood
sample to determine creatinine clearance, which can
also be reliably performed in the case of oliguria'*>'%.

PRIMER

Creatinine clearance has been shown to diagnose
impairment of kidney function earlier than plasma
creatinine rise'”.

Prevention

In LMIC, preventing volume depletion alone is believed
to already have a major effect on the incidence of
AKI*"**, Apart from preventing volume depletion and
avoiding nephrotoxin exposure or overdosing, new
biomarkers can identify patients at high risk of AKI
(Supplementary Box 2). This approach can be used
to stratify patient populations and implement dif-
ferent measures to prevent the development of AKI.
Implementation of the ‘KDIGO bundle’ — consisting
of optimization of volume status and haemodynam-
ics, avoidance of nephrotoxic drugs, and prevention of
hyperglycaemia, in patients at high risk of AKI as iden-
tified by biomarkers — can prevent AKI after cardiac
surgery'”. In a quality initiative programme, the imple-
mentation of supportive measures in biomarker-positive
patients reduced the rate of moderate and severe AKI
after cardiac surgery'*, and the occurrence of AKI in
patients undergoing abdominal surgery'”’. Despite these
data, only about 5% of high-risk patients receive these
supportive measures'*.

Management

Management of AKI is often not optimal. An audit in the
UK in 2009 found that >50% of patients were managed
poorly, and 43% of AKI cases were recognized late or not
at all’. Alerts in the electronic medical record have shown
limited, if any, success’. However, when large enough
sample sizes are considered, electronic alerts have meas-
urable effects on the duration of hospitalization and on
survival'”’. Because AKI is not a disease but rather a loose
collection of syndromes, the first step in managing AKI
is to determine its cause and recognizing prerenal causes
(hypovolaemia) or postrenal causes (outflow obstruc-
tion) (BOX 1). Further work-up will be influenced by the
patient’s clinical context, location and history. In addition
to identification and treatment of the likely AKI causes,
general management considerations apply.

Volume status

Volume depletion itself impairs kidney function but
does not damage the kidney unless it is severe and sus-
tained (FIG. 6)>. However, volume depletion may con-
tribute to various causes of AKI and attention to fluid
status is a cornerstone of therapy'*. Patients presenting
with AKI from the community can be volume depleted,
as can patients in hospital who receive diuretics or
experience fluid losses from wounds or drains. Severe
dehydration should never occur in a patient in hospital;
however, remedying dehydration by providing inappro-
priate amounts of fluids without proper assessment of
patients with AKI can result in fluid overload, which
can have considerable harmful effects®. Patients needing
intravenous fluid resuscitation should be under direct
supervision of a physician and treatment benefits from
guidance by haemodynamic monitoring®. Furthermore,
asudden need for fluid resuscitation requires a work-up
to determine its cause (for example, occult haemorrhage
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Fig. 6 | Fluid management in acute kidney injury. Both hypovolaemia (kidney hypoperfusion) and hypervolaemia (kidney
congestion) compromise kidney function. Impaired cardiac function adds to both problems as renal and cardiac dysfunction
aggravate each other, referred to as cardiorenal syndromes. An injured kidney or heart increases the likelihood of developing
clinical symptoms of hypovolaemia or hypervolaemia compared with healthy organs. An increasing severity of symptoms
requires escalating therapeutic interventions. Hypotension frequently indicates kidney hypoperfusion despite clinically
apparent hypervolaemia whenever fluid redistributes to the venous system, into tissue interstitium or third compartments,
for example, in hepatorenal syndrome, congestive heart failure or capillary leakage during sepsis. Kidney and/or heart
failure drastically decrease both organs’ capacity to maintain function during hypovolaemia or hypervolaemia. In an
apparently euvolaemic patient with AKI, a single bolus of buffered crystalloid fluid can indicate the presence of subclinical
hypovolaemia and hypoperfusion of the kidney (prerenal AKI). Prolonged administration of balanced crystalloids should
be handled with caution in order not to promote oedema or congestion and not to decrease tissue oxygenation. Patients
with hypervolaemia should not receive fluids for AKI but loop natriuretics. In patients who are critically ill with suppressed

vasomotor response, vasopressors are frequently needed to improve cardiac output.

or sepsis). Of note, patients can develop oliguria from
AKI and then develop fluid overload by injudicious
administration of intravenous fluids in addition to the
fluids they receive for medications and through nutri-
tional support'*. Importantly, fluid overload has been
identified as an important cause of AKI, because venous
congestion can compromise perfusion and cause direct
damage to the kidney parenchyma.

Haemodynamic management

Management of blood pressure and cardiac function in
the setting of conditions in which AKI arises (for exam-
ple, septic shock or cardiac surgery) is complex and
includes context-specific considerations, depending on
the type of circulatory shock the patient experiences'**'*.
However, some general principles apply to haemo-
dynamic management in patients with AKI (FIC. 6). In
normal conditions, organs, including the kidneys, are
adequately perfused at a mean arterial pressure (MAP)
of 65 mmHg'*. Studies investigating whether increased
MAP targets should be used for patients in the ICU had
mixed results'**-'*°. Patients with severe (and perhaps
poorly controlled) hypertension may benefit from a
higher MAP when in shock, but no fixed target can be
recommended'*. Some findings suggest individualizing
blood pressure management by adjusting the MAP tar-
gets based on the typical blood pressure of the patient'*°.
Similarly, patients with increased venous pressure (for
example, owing to right-sided heart failure) may not
achieve adequate perfusion pressure of the kidney at a

MAP of 65 mmHg. In addition, intra-abdominal hyper-
tension is especially problematic for kidney perfusion
because it can affect both arterial flow and venous
pressure'”’. Thus, clinicians must individualize the care of
patients, sometimes trying a higher MAP in select cases.
Optimizing volume status while simultaneously treating
vasomotor paralysis with vasopressors is critical (FIC. 6).
Studies using functional haemodynamic monitoring to
guide haemodynamic management have shown prom-
ise in both cardiac surgery and sepsis'*’. Noradrenaline
is the first-line choice as a vasopressor for vasodilatory
shock'®. Other agents are generally reserved for refrac-
tory shock or for specific conditions and none of the
agents is universally more kidney-friendly’ Angiotensin I
may have advantages in some individuals who have an
angiotensin II deficiency', and corticosteroids are gen-
erally recommended as an adjunct therapy in patients
with severe septic shock.

Nephrotoxic drugs and agents

Risk for AKI increases with the number of nephrotoxic
drugs used and all potentially nephrotoxic agents that
can be stopped should be discontinued>. Indispensable
agents should only be used as long as needed and only
at required doses. Careful monitoring of drug concen-
trations is also mandatory if possible (for example, for
vancomycin). Arterial radiocontrast agents should be
limited to situations where the therapeutic benefit out-
weighs the risk and should be used at the lowest volume
possible, for example, omitting the ventriculography
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part of cardiac catheterization unless absolutely neces-
sary. Finally, fluids containing non-physiologic ratios of
sodium and chloride may worsen AKI'*"'**. Balanced
electrolyte solutions, such as lactated Ringer’s solution,
are preferable in most patients.

Stage-based management of AKI

The 2012 KDIGO AKI guideline emphasizes the impor-
tance of AKI staging as a guide to management (FIG. 7)".
Prognosis is strongly correlated with peak AKI stage and
the duration of AKI (transient versus persistent) such
that the urgency and invasiveness of diagnostic and ther-
apeutic actions increases with AKI stage™. However, AKI
stages must be interpreted in the context of baseline kid-
ney function. For patients with previous normal kidney
function and stage 1 AKI, management mainly involves
rapid identification of the likely cause of AKI and avoid-
ance of secondary insults. Depending on baseline GFR,
adjusting drug dosage usually becomes clinically impor-
tant at stage 2 AKI. Retained solutes are rarely of concern
at stage 1 and stage 2 AKI unless the patient has clinically
relevant underlying CKD. However, sodium excretion
and fluid regulation may already be impaired and careful
attention to volume input and output is reccommended™.
At stage 3 AKI, disruption of acid-base balance and
electrolyte levels and accumulation of uraemic toxins may
cause symptoms'*. For example, patients may develop
tachypnoea not only from fluid overload but also from
metabolic acidosis. Acidosis will also shift potassium
out of cells, further aggravating hyperkalaemia. Even rela-
tively moderate uraemia may worsen platelet function
and increase the risk of bleeding. Appropriate medical
management of these conditions is effective in most
patients' (Supplementary Fig. 1). In particular, judicious
use of loop diuretics can be quite effective in augment-
ing sodium, potassium and fluid excretion'**. However,

High risk
of AKI AKlstage 1 AKl stage 2 AKl stage 3
I I I

Discontinue all nephrotoxic agents when possible
Ensure volume status and perfusion pressure
Consider functional haemodynamic monitoring
Monitor serum creatine and urine output
Avoid hyperglycaemia
Consider alternatives to radiocontrast procedures
Non-invasive diagnostic workup
Consider invasive diagnostic workup
Check for changes in drug dosing
Consider kidney replacement therapy

Consider ICU admission

Avoid subclavian catheters if possible

Fig. 7 | Management of AKI. The 2012 acute kidney injury (AKI) guidelines of Kidney
Disease Improving Global Outcomes (KDIGO) group lists a series of actions in patients
with AKI depending on AKl stage’. Volume control is essential for patients at risk

of AKl and all stages of AKI. A diagnostic work-up is warranted and dose adjustments of
medications to the changing kidney excretory function are required. Decisions on if and
when to start kidney replacement therapy and adequate monitoring requires expertise
in critical care medicine and/or nephrology. ICU, intensive care unit. Adapted with
permission from REF, Elsevier.
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when medical management is ineffective or if disruptions
are life-threatening, KRT will be required.

At all stages of AKI, discontinuation of all potentially
nephrotoxic medication as soon as possible is recom-
mended, as all medications cause or contribute to AKI in
most cases and are likely to be the most modifiable risk
factors for AKI*. Importantly, not all drugs that affect
kidney function are nephrotoxic but any drug that
reduces renal function can complicate AKI and lead to
adverse effects'*’. Thus, limiting exposure to such drugs
as much as possible is imperative. Volume management
and haemodynamic monitoring are also required at all
stages of AKI. Avoidance of hyperglycaemia is important
because the filtered glucose increases tubular reabsorp-
tion workload and oxidative stress, a process that sensi-
tizes the kidney tubule to injury’**. However, intensive
insulin therapy often has adverse effects and manage-
ment guidelines recommend maintaining blood glu-
cose concentration at 110-149 mg/dl (6.1-8.3 mmol/l)".
Finally, when in stage 3 AKI KRT becomes necessary,
guidelines recommend avoiding the subclavian vein for
KRT access, because this may lead to central vein stenosis
and jeopardize subsequent permanent access'**'”’.

We note that evidence is accumulating that AKI leads
to an increased risk of infection'**'*. In experimental
models, neutrophil function becomes impaired as early
as stage 1 AKI'*, and uraemic toxins such as resistin
may contribute to immune dysfunction'®’. Thus, patients
with AKI should be monitored closely for sepsis.

An important and unanswered question is whether
different forms of AKI can be treated with targeted
approaches based on their underlying cause. This strategy
is possible for obstructive uropathy or atypical haemolytic
uraemic syndrome, but other forms of AKI often have an
undefined cause. Achieving a molecular signature with
specific biomarkers for different forms of AKI is a task for
future research’. According to current knowledge, risk fac-
tors and risk modifiers — such as drugs, contrast media,
low cardiac output conditions and congestion — should
be reduced or eliminated. Even if the cause of the AKI
episode can be recognized, this awareness might come
too late to prevent initiation of the final common pathway
of tubular toxicity, ischaemia and inflammation. Hence,
it is essential to use the best available and new biomar-
kers to recognize initial AKI phases (stage 1S; TABLE 2)
and to apply protective measures and risk mitigation to
avoid worsening of the condition. Finally, even when AKI
has fully developed (stage 2 and stage 3 AKI), identify-
ing patients who might progress to AKD or even CKD is
important'®. In these patients, specific biomarkers may
help with planning the allocation of resources and in iden-
tifying patients in whom antifibrotic agents can be used
and blockade of endothelial-mesenchymal transition
processes in the kidney tissue can be attempted®.

Management across the trajectory of AKI

In most patients with AKI who receive medical atten-
tion and in whom the injury is either self-limited (for
example, surgery) or the underlying cause has been cor-
rected (for example, nephrotoxic drug discontinued or
infection treated), kidney function begins to improve
within 24-48 hours'®. However, in 25-35% of patients,
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Peritoneal dialysis

A treatment for kidney failure
that uses the inside lining of
the abdomen as a filtration
membrane via intermittent
filling and emptying of the
peritoneal cavity with a
dialysate solution to extract
salt, uraemic toxins and other
solutes from the blood.

AKT persists for >72 hours'®. These patients have con-
siderably worse outcomes. Thus, persistent AKI should
prompt clinicians to revisit their working diagnosis as
to the cause of AKI (BOX 1) and re-evaluate the general
management principles'*’. For example, a patient who
develops AKI following cardiac surgery should have
volume status, haemodynamics, and medication list
carefully reviewed, and any problems corrected. For
most of these patients, this approach will be effective.
However, if AKI persists, the clinician should check
these points again to ensure that nothing was missed.
For clinicians who have little experience in the care of
patients with AKI, this might also involve consultation
with a nephrologist'*’.

Recurrent or relapsing AKI is common, especially in
patients in the ICU%. Whether recurrence is caused by
distinct insults or relapsing kidney dysfunction owing to
evolution of the injury from a single insult varies. In gen-
eral, it is best to assume that recurrence is potentially due
to a new cause that needs to be identified. Management
of AKD without AKI is similar to that of AKD with AKI.
However, these patients will often be identified in the
community and a causative event is often not obvious.
Risk factors and causes of AKD without AKI are poorly
understood. Unless AKD resolves rapidly, management
will also begin to include recommendations for CKD
management'*’.

Recovery following AKI is best assessed after hospi-
tal discharge but follow-up monitoring of these patients
has been historically poor'**. Patients may be discharged
with unstable kidney function and are, therefore, at an
increased risk of drug-associated adverse events, given
that most receive renally excreted drugs. Both treatment
failures from underdosing in patients whose kidney
function improves and toxic effects from overdosing
in those whose kidney function worsens are common
causes for hospital readmission. Thus, patients should
be seen promptly by a nephrologist following hospi-
tal discharge to assess kidney function'®’. Finally, even
patients who seem to have completely recovered follow-
ing AKI or AKD may be at an increased risk of subse-
quent kidney injury for an unknown period. A prudent
course is to be cautious with reinstitution of potentially
nephrotoxic drugs and to monitor patients closely for
3-6 months after AKI or AKD recovery'*.

Kidney replacement therapy

KRT and support have considerably evolved over the
years, making application of extracorporeal therapies
safer and easier. Controversies still exist on timing of
initiation and selection of patients, often owing to hetero-
geneity of the studied populations'**'®*. The ADQI
group has recommended an approach that matches the
demand of blood purification with the kidney’s capacity
on a day-to-day basis; however, how to assess demand
and capacity are not standardized>'*’. Furthermore,
interdisciplinary evaluation may further refine the cri-
teria for initiation. In a patient-centred evaluation of the
need to initiate KRT based on principles of precision
medicine, life-threatening conditions are not the only
indications and prevention of clinical complications
should also be considered.

Peritoneal dialysis has been used for many years and is
still used in regions where access to more sophisticated
techniques is limited or these are not available'**"'®. In
all other circumstances, extracorporeal techniques are
preferred. In the absence of evidence supporting spe-
cific techniques, modality selection should be based
on a pathophysiological rationale'”’. In patients whose
condition is unstable and in those who are critically ill,
continuous KRT is often preferred'”’. Once the patient
is discharged from the ICU, intermittent techniques,
such as sustained low efficiency dialysis or daily inter-
mittent haemodialysis, can be safely used. Continuous
veno-venous haemofiltration, continuous veno-venous
haemodialysis or continuous veno-venous haemodiafil-
tration are used according to centre experience and per-
sonnel training rather than evidence-based difference
between the techniques'”’. Beyond KRT, different mem-
branes and additional devices, such as adsorbers, are
available to expand blood purification to other circulat-
ing mediators of critical illness, although the scientific
evidence for reducing mortality or other meaningful
clinical outcomes are scarce. For example, high cut-off
membranes enable removal of large molecules, such as
free antibody light chains or myoglobin'”". In patients
with sepsis-associated AKI, a conceptual model has
been proposed of sequential extracorporeal ther-
apy with early removal of endotoxin by polymyxin-B
haemoperfusion followed by removal of cytokines and
pro-inflammatory and anti-inflammatory mediators
by sorbent devices'”. Subsequently, different configu-
rations of the extracorporeal circuit may enable support
of not only the kidney but also the heart, the lungs and
the liver'”. The best time point to start KRT in patients
who are critically ill remains controversial because, in
part, relevant trials have had conflicting results regard-
ing kidney outcomes'”*"'”*. Indeed, best practice in
KRT may differ in many ways, especially in specific
populations.

Children and especially neonates with a body weight
<4 kg have high mortality in the case of AKI and may
require dedicated KRT technology. A specific device
called CARPEDIEM (Cardio Renal Paediatric Dialysis
Emergency Machine) has been approved for continu-
ous KRT in paediatric patients weighing 2.5-10kg who
are critically ill'°. Use of this platform has simplified
application of KRT in neonates, which may contribute
to a 50% survival at ICU discharge in settings where the
system is regularly applied'””.

Quality of life

Data on the quality of life of patients with AKI dur-
ing the ICU phase of the disease, at which point many
patients receive narcotics during ventilation support, are
lacking. AKI-specific aspects would also be difficult to
assess given the frequent complexity of medical condi-
tions. Available studies focus on the long-term effects
of AKI on the health-related quality of life (HRQL) and
functional status of survivors of critical illness. The
36-Item Short Form Health Survey (SF-36) and the
EuroQol EQ-5D are the most frequently used HRQL
instruments in this context. Most studies consistently
show that survivors of AKI have substantially reduced
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HRQL compared with survivors of a critical illness with-
out AKI or with the general population'”®'”’; this result
has also been found in children'®. HRQL was lower in
patients who required KRT for severe AKI than in those
who did not require KRT and was largely driven by phys-
ical impairments'®’, for example, limited energy, dimin-
ished mobility, difficulty with ambulation or otherwise
decreased physical fitness'’*. 20-40% of AKI survivors
had a new disability in at least one of the activities of
daily living and only 28-69% of AKI survivors who were
employed before their critical illness were able to return
to Workl 78,182,1 83.

Long-term HRQL also relates to whether patients
experience kidney function recovery or remain dialysis
dependent. Quality of life is impaired in both groups,
but one study found it to be substantially lower in those
that remained on dialysis'*". However, in many patients
with AKI, HRQL had already been impaired at baseline
and the difference in HRQL before and after AKI may
be small'”¥, which would be consistent with the obser-
vation that elderly and frail individuals are particularly
susceptible to AKI'®. The ethics of offering KRT to
these patients in such a setting can be complex, involv-
ing predictions of benefits and harms, and projections
of retrospective judgements. Interestingly, most AKI
survivors (71.4-98.5%) were satisfied with the care
they had received and would agree to undergo the same
treatment again, including KRT"”. Indeed, at 1 year after
AKI requiring dialysis, 81.8% of survivors would accept
readmission to an ICU if necessary'®, but this number
declined to 71.4% after 4 years.

Outlook

Improvements in AKI diagnosis and treatment remain
unmet medical needs. From a diagnostic perspective,
implementing a kidney injury marker into clinical prac-
tice, compared with the current kidney function-based
approach (which actually indicates acute kidney failure)
remains a priority’. Measurement of serum creatinine
levels does not enable the early diagnosis of AKI that
is necessary to improve patient outcomes. In addition,
creatinine assessment does not clarify to what extent
subclinical AKI episodes contribute to the shortening
of kidney lifespan and to CKD, and to the increased
prevalence of hypertension, cardiovascular and cancer
risk. Recommendations from the 23rd consensus con-
ference of the ADQI suggest that combining AKI defini-
tions based on serum creatinine and urinary output with
kidney injury biomarkers would improve the preci-
sion of AKI course prognostication®. To what extent
novel biomarkers can help to improve short-term and
long-term outcomes remains to be demonstrated in
prospective trials.

New tools for kidney imaging can assist in defining
AKT or specific causes of AKI'*'*, In addition, measure-
ment of GFR with suitable tracers or even online record-
ing of GFR may be able to capture the dynamic changes
of kidney function better in selected patients and these
methods should be investigated'®.

From a therapeutic perspective, drugs that can reduce
tubular necrosis and save nephrons would be optimal
to reduce the risk of death in the acute phase of AKI and

PRIMER

to avoid development of CKD. Use of some experimental
compounds improved short-term outcomes of AKI. For
example, recombinant alkaline phosphatase improved
creatinine clearance on day 28 in a small trial in patients
with severe sepsis or septic shock'”’. However, these
results did not repeat in a larger trial in 301 patients
with sepsis-related AKI". Development of more potent
agents requires the filling of crucial gaps in the under-
standing of kidney pathophysiology after AKI. When
and how tubular cell necrosis can be blocked without
promoting the persistence of cells with substantial DNA
damage eventually promoting malignancies needs to be
addressed. Another important point that needs to
be elucidated is why some patients who are in specific
risk groups are predominantly affected by AKI, with
particular focus on the identification of patients
with subclinical AKL

National and international research networks, con-
sortia, and consensus panels can advance consensus
on innovations at the international level. Examples of
these efforts include the AKI-Epidemiologic Prospective
Investigation (AKI-EPI) study'®, the Southeast Asia—
AKI (SEA-AKI) study'”, the Assessment of Worldwide
Acute Kidney Injury, Renal Angina, and Epidemiology
(AWARE)!* and Assessment of Worldwide Acute
Kidney Injury Epidemiology in Neonates (AWAKEN)
studies'”, and the Acute Kidney Injury Clinical Study
Group at KidneyResearchUK.

Primary prevention is also an essential focus of many
initiatives. The National Institute for Health and Care
Excellence (NICE) original guideline on AKI was pub-
lished in 2013, following the observation that about
100,000 cases of AKI could have been averted across
England with simple checks, such as ensuring patients are
hydrated and that their medicines are reviewed, and that
AKI costs were more than the National Health Service
spends on breast, lung and skin cancer combined'”. In
2013, the International Society of Nephrology launched
the Oby25 AKI Initiative to prevent all avoidable deaths
from AKI across the world by 2025*-'**. This initiative
predominantly focuses on prevention of AKI in LMIC
and low-resource settings, where KRT is not available
or hardly accessible, with global outreach. Increasing
the availability and accessibility for KRT is a priority
in LMIC. Distinctive features of AKI in Western HIC
are the ageing population, the association with multi-
ple organ failure, the advanced technology available for
patient care, the emerging area of onco-nephrology and
the financial resources that enable care for almost all
patients with AKI**°. The European Renal Association —
European Dialysis and Transplant Association has crea-
ted a network of nephrologists to organize, coordinate
and improve the practices, research and education in the
field of AKI in Europe'”’. Finally, new technologies for
KRT and drug therapeutic approaches remain hetero-
geneous across regions and even between treatment
centres. Lack of agreement and uniformity delays pro-
gress and a shared approach is required to improve
understanding, diagnosis and treatment of AKI across
the globe.
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