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Abstract
Acute kidney injury (AKI) is common (especially during critical illness), increasing in incidence,
and is associated with considerable morbidity and mortality. The Risk, Injury, Failure, Loss, and
End-stage renal disease (RIFLE) classification currently provides a standardized estimate of
incidence and outcomes from AKI. Despite advances in the understanding of the pathogenesis of
human AKI, our ability to assess kidney function is limited and functional impairment poorly
correlates with structural injury to the kidneys. Emerging novel biomarkers are, however, likely to
further enhance risk stratification, facilitate early diagnosis, enable early enrollment in therapeutic
trials, and assess prognosis. Sepsis remains the leading cause of AKI among the critically ill and
over the past few years insights into the pathogenesis of AKI in sepsis are beginning to shift
attention from renal blood flow to inflammation-mediated organ injury. Emerging evidence
suggests that survivors of AKI incur long-term risks for developing chronic kidney disease and
end-stage renal disease compared with those without AKI. Despite decades of research, no
specific therapy for AKI other than supportive care currently exists and further work is required to
better understand the pathogenesis of AKI during critical illness and to develop novel treatments.

Introduction
Approximately 2 million people worldwide will die this year of acute kidney injury (AKI), a
disease for which no effective treatment exists.1–3 Despite advances in the understanding of
pathogenesis of acute kidney dysfunction in humans,4,5 we only have a vague notion as to
why kidney function decreases so dramatically in many patients with acute illness or injury,
or why, despite renal replacement therapy, mortality is so high. Although this ‘disease’ is in
fact a manifestation of multiple different pathological processes and, to some extent, even
normal physiology in the face of stress, common elements to this syndrome exist. We know,
for example, that as kidney function declines mortality increases.2,3,6–9 Additionally, an
imperfect relationship between functional impairment and histopathological evidence of
damage to the kidney is known.10,11 How can we then hope to improve the prognosis for
patients with AKI and how can we make progress for the field in general? In our view, the
key to progress in the treatment of AKI is to begin with the epidemiology and apparent
pathogenesis of the disease and develop therapies based on these facts. This Review
discusses the epidemiology, pathogenesis, treatment, and prognosis of AKI as well as
describes the role of biomarkers in the diagnosis and management of AKI.
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What is acute kidney injury?
Severe and acute impairment in vital organ function is the hallmark of critical illness and
indeed the purpose of intensive care is to provide support for, and protection of, vital organs.
However, comprehensive kidney support would be difficult to achieve, as the kidneys
perform many complex homeostatic functions.12,13 For instance, regulation of extracellular
fluid volume, concentration of osmotically active substances, plasma pH, excretion of
unwanted products of metabolism, and catabolism of hormones are all impaired during AKI.
In addition, homeostasis of blood pressure, platelet function, and electrolytes are also
dysregulated. Given the wide range of dysfunction that occurs during AKI, our ability to
define and quantify impairment of the kidneys in a single definition that captures all of the
functional domains is limited. Furthermore, damage to the kidney may occur before, during,
or after loss of kidney function is manifested (Figure 1).

Definition of AKI
The term AKI has now been adopted to describe the range of renal impairment from mild
alteration, which presumably occurs without actual damage, to complete organ failure. Thus,
the spectrum of AKI encompasses mild impairment in kidney function to overt organ
failure; however, there exists an inconsistent relationship between ‘injury’ and ‘impairment’
of renal function such that injury may either precede or follow impairment. Furthermore,
injury may exist with or without renal impairment.

Importantly, the concept of AKI should be flexible enough to include clinically meaningful
changes in structure even when function is not impaired, a concept that raises some
concerns. First, if there is no kidney damage why do we use the term ‘injury’? Second, how
do we define clinically meaningful changes in kidney structure if function is not impaired?
The first issue may seem purely semantic. If an organ or an organism is functionally
impaired to the point of disability surely we can agree that this change is pathological and
whether we call it injury or impairment is not important. However, some reduced function,
particularly in the service of organ protection, may not be pathological at all. For instance,
the kidneys avidly conserve salt and water when renal hypoperfusion occurs. When normal
renal hemodynamics are restored, urine flow returns to normal. As this change is
undoubtedly considered a ‘healthy’ response (a means of organ and even organism
protection), decreased function, in this case, can be viewed as ‘acute renal success’.
Furthermore, given that kidney impairment is often asymptomatic, one must question at
what point this condition should be called a disease. For practical purposes, if functional
impairment leads to reduced survival or other patient-centered outcomes, one can easily
justify the label of disease, or in this case the somewhat awkward term ‘injury’. As we will
discuss later, whether the current definition for AKI is too strict or too lenient in this regard
is presently debated.

The second issue regarding the definition of clinically meaningful changes in kidney
structure mentioned earlier could also be viewed as semantic. When, if ever, do changes in
organ structure result in pathology in the absence of reduced function? This problem with
disease definitions is, of course, not unique to AKI but it is important to recognize that even
changes that are considered pathological in certain circumstances may not be clinically
relevant. For example, if a condition were to result in a small number of renal tubular
epithelial cells undergoing changes typical of ischemia, would this finding alone be
sufficient to define a disease even if the changes were entirely reversible? Only when
pathological changes are associated with subsequent clinical outcomes do we argue that they
are relevant. Structural changes in cells and tissues are only considered important when they
alter organ function or in other cases by producing pain, anxiety, or social stigmatism.
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Clearly, for AKI, we are only concerned when changes in structure are accompanied by
changes in function.

Unfortunately, current evidence from human, transplant, and autopsy studies indicate that
there is considerable dissociation between structure and function in human AKI. Sampling
of renal tissue in critical illness is extremely rare owing to associated risks, but current
evidence suggests that widespread overt tissue injury is rare.10,14 Although the finding of
some degree of necrosis of tubular cells in the urine is suggestive of changes in kidney
structure, the vast majority of patients with AKI during critical illness have bland histology,
with the exception of a minority of patients who have overt hemorrhage and shock in whom
widespread cellular injury occurs because of prolonged renal ischemia. Indeed, even in such
cases, intact tubular cells in urine sediments are often present and have been shown to be
viable.15

AKI criteria
Unsurprisingly, given the caveats on the meaning and assessment of changes in kidney
structure, definitions of AKI are based on changes in function. Given the relative importance
and ease of measurement, glomerular filtration rate (GFR) has been used as the primary
metric to assess renal function. Two main limitations exist to this approach of using GFR as
a measure of renal function. First, the relationship between functional and structural changes
in the kidney is inconsistent. For instance, in sepsis, changes in kidney function are severe
and yet histological findings are bland.16 Moreover, in the context of kidney donation, renal
mass is effectively reduced by 50% and yet serum creatinine level is unchanged (though
renal reserve is reduced). Second, measuring glomerular function can be difficult in AKI.
Although serum creatinine level correlates well with GFR under steady-state conditions,
AKI is, by definition, not a steady-state condition.17 Furthermore, given that a number of
factors (age, sex, muscle mass, metabolism of creatinine, and volume status) markedly affect
serum creatinine concentration, an isolated serum creatinine measurement has very limited
utility. The diagnosis of AKI and determination of severity of AKI, therefore, depends on
changes from baseline kidney function as measured by serum creatinine concentration.

Two measures of glomerular function have been standardized for purposes of defining AKI
—changes in serum creatinine level and urine output18—both of which have been codified
in the Risk, Injury, Failure, Loss, and End-stage renal disease (RIFLE) criteria (Figure 2).19

Importantly, these criteria derive their strength from their ability to identify subgroups of
individuals who sustain important adverse clinical outcomes (for example, death or
requirement for renal replacement therapy) rather than from their ability to serve as accurate
surrogates for changes in function or structure of the kidney. This distinction is critical
because neither changes in function nor structure are necessarily relevant without a clinical
context to anchor them. The RIFLE criteria were further refined in 2005 by the Acute
Kidney Injury Network (AKIN), a worldwide collaboration of nephrology and critical care
societies (Table 1).20 The purpose of the modifications proposed by AKIN were primarily to
include a small but important group of patients with early and mild AKI who experience a
change in renal function that is greater than physiological variation but less than the 50%
increase required for the RIFLE criteria. In particular, patients with underlying chronic
kidney disease (CKD) may be missed by the original RIFLE criteria even when these
patients experience large changes in serum creatinine level. For example, a patient with a
baseline creatinine level of 180 μmol/l would not be classified as having AKI according to
RIFLE criteria until their serum creatinine level reached 270 μmol/l. By contrast, using the
AKIN modification, the same patient would be classified as having AKI if they were to have
a documented increase in serum creatinine level of 25 μmol/l during any 48 h period.
Importantly, the AKIN modification was proposed as an addition to the original RIFLE
criteria, not a substitution. The RIFLE criteria have been validated in over 500,000 patients
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in several multinational studies, and have become a standard way to classify patients with
AKI.2,3,6,7,21–23

Epidemiology
Results from a number of studies have indicated that AKI is common, increasing in
incidence,3,24,25 and is associated with considerable morbidity and mortality.3,6,26 Rates of
AKI in hospitalized patients have been reported to be between 3.2% and 20%,6,27,28 and
AKI rates in intensive care units (ICUs) have been reported to be between 22% and as high
as 67%.2,29 Indeed, rates of organ dysfunction for four vital organ systems (kidney, lung,
cardiovascular, and central nervous system) are actually quite similar in critically ill
patients, between one-third and one-half of patients have each type of organ system failure
(Figure 3). Traditional measures of organ failure, however, likely underestimate the
incidence of AKI, as does incomplete application of the available diagnostic criteria.

Difficulties in assessing AKI incidence
The relationship between application of RIFLE criteria and the apparent incidence of AKI
varies according to the definition used and the time at which it is applied (Figure 4). First,
approximately two-thirds of patients with AKI will manifest this condition before hospital
admission.30 In other words, if one considers AKI as a change in renal function relative to
admission, as was done in one 2009 study, the incidence of AKI will be dramatically
underestimated.29 A similar problem occurs when AKI criteria is examined on day one of
hospital or ICU admission.23 Varied estimates of incidence of AKI are, therefore, more a
function of methodology rather than epidemiology. Another factor is whether urine output
criteria are included. If urine output is included, some patients may be classified at a high
stage of severity, and both diagnosis and staging may be more rapid by including
measurements of urine output. However, approximately 20% of patients will exhibit changes
in urine output sufficient for the diagnosis of AKI but never manifest a change in creatinine
criteria. These groups of patients are almost exclusively RIFLE-R (AKIN Stage 1) and seem
to have a low mortality (though often not quite as low as patients without any AKI criteria).
Exclusion of these patients from a diagnosis of AKI is tempting. A low urine output is an
entirely appropriate response of the kidney to a reduced intravascular volume and given that
these patients never manifest an increase in serum creatinine levels it would seem
inappropriate to diagnose them as having AKI. Whether these patients were prevented from
developing more severe AKI because they received appropriate care triggered by the onset
of oliguria is, however, unknown. Indeed, the majority of patients who fulfill urine output
criteria will also, eventually, fulfill criteria for serum creatinine levels. For now, we believe
that patients with sustained oliguria (<0.5 (ml/kg)/h for ≥6 h) should be classified as having
AKI. Perhaps novel biomarkers will one day help differentiate these patients into those with
and without injury (discussed later).

Incidence of AKI is increasing
Although the lack of standard definitions for AKI precludes accurate measures of incidence
before 2005, longitudinal studies that applied consistent criteria in the diagnosis of AKI
seem to show a dramatic increase in the incidence. Using the International Classification of
Diseases (ICD)-9 codes to identify patients with AKI from their hospital discharge datasets,
the US Centers for Disease Control and Prevention published data on trends in 1980–2005
hospitalizations for kidney disease.31 Although the sensitivity and positive predictive value
for ICD-9 codes to detect AKI is low,25 during this 25-year period, >20-fold increase in the
incidence of AKI was observed. Whether AKI was the primary reason for hospitalization or
AKI occurred during the hospitalization is uncertain, but the age-adjusted rate of AKI
increased from 18 cases per 100,000 population in 1980 to 365 cases per 100,000 population
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in 2005. Although it is unclear whether this profound increase in AKI is due to increased
disease or increased awareness, these data suggest that AKI is emerging as a major public
health problem. As the patient population ages in developed countries, the incidence of AKI
is projected to increase correspondingly.32,33

In 2009, the US Renal Data System, a nationally representative monitoring system for end-
stage renal disease (ESRD), reported incidence rates of AKI in the US using three different
datasets from 1995 to 2007.24 The largest increase in AKI was seen among older individuals
>85 years of age. Male sex and black race were also associated with an increased risk of
AKI. The most common cause of hospitalization was AKI itself—accounting for 20–23% of
all hospitalizations. Patients with CKD had nearly a sevenfold higher risk of developing
AKI than those without, and patients with AKI had post-discharge mortality twice as great
as those hospitalized without AKI.

Using RIFLE criteria to define AKI, Ali et al.3 studied the incidence of AKI in a
geographical population of 523,390 in Northern Scotland. The researchers found that the
attack rate of AKI was 2,147 cases per million population. RIFLE classification was useful
for predicting recovery of renal function, requirement for renal replacement therapy, length
of hospital stay, and hospital mortality.

Etiology of AKI
Many common causes of AKI in critically ill patients exist (Box 1). Sepsis is the major
cause of AKI, accounting for nearly 50% of cases.1,3,34 Several studies have reported that
sepsis-induced AKI is associated with short and long-term risk of death.8,21 In a 2010 study,
we examined the risk of AKI in 1,836 hospitalized patients with community-acquired
pneumonia, a common infectious cause of hospitalization in developed countries.21 Using
RIFLE criteria, we found that one-third (34%) of all patients hospitalized with pneumonia
and nearly 25% of patients with nonsevere pneumonia developed AKI.

Box 1

Causes of acute kidney injury in critically ill patients

• Sepsis (most common)

• Major surgery

• Cardiogenic shock

• Hypovolemia

• Complications with medications

• Hepatorenal syndrome

• Obstructive uropathy

Based on a multinational study of nearly 30,000 patients by Uchino et al.1

Pathogenesis
AKI rarely occurs in isolation in critically ill patients and is usually associated with other
organ system dysfunction, and has a multifactorial etiology.35 Nevertheless, given that renal
biopsies are extremely rare in critically ill patients with AKI, data regarding the
pathogenesis of AKI is scarce and most of our current understanding of the pathogenesis of
human AKI is based on animal models that employ warm ischemia–reperfusion injury with
complete interruption of renal blood flow for varying periods of time by a renal artery

Murugan and Kellum Page 5

Nat Rev Nephrol. Author manuscript; available in PMC 2013 January 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



occlusion. This AKI model is characterized by development of acute tubular necrosis that
has underpinned our under standing of human AKI in critical illness for several decades.
However, the fact that such models are extremely limited in their ability to inform on the
most common forms of human AKI, especially sepsis, is increasingly recognized.36,37 In
contrast to warm ischemia animal models, human AKI is characterized by limited
histological changes and profound decreases in kidney function.38,39

Although lacking the ability to directly investigate pathogenesis, human studies of sepsis-
induced AKI21 suggest that AKI is strongly correlated with other organ failures and both
sepsis and AKI are correlated with cytokine activation. Although abnormalities in
coagulation are also associated with AKI, the link between inflammation and AKI severity
is strongest. Sustained systemic inflammation seems to be associated with development of
AKI as well as other organ failures. Studies are now being conducted using RIFLE criteria
to define AKI in animal models and these animal models are also being designed to better
reflect the clinical conditions in which AKI occurs in humans.

Emerging evidence from laboratory and clinical studies suggests that inflammation and its
associated molecules could be a key factor in AKI and cause dysfunction of renal cells.40

Cells in injured tissues release danger-associated molecular pattern molecules that can
perpetuate the inflammatory response by acting as a signal to remote organs (including the
kidney), leading to the activation of immune cells (such as dendritic cells and T cells) and
thus the initiation of inflammation in these remote organs. After the initial insult has
resolved, the surviving tubular epithelial cells are able to regenerate and ultimately
redifferentiate into mature intrinsic cells.41 Persistent injury and de novo CKD can occur
with continued dysfunction of cell responses in the kidney and a number of soluble
mediators (for example, transforming growth factor β) initiate a variety of
pathophysiological processes that occur when kidney injury is initiated42 and have a
fundamental role in cell proliferation and interstitial fibrosis. Still, many of the mechanisms
that occur during AKI are unknown and a better understanding of the pathogenesis is
important for early diagnosis and to enable the design of improved interventions.

Treatment
Levy and colleagues43 examined outcomes of 1,036 patients with severe sepsis who were
enrolled in the control arms of two, large sepsis trials.43 Early improvement (within 24 h) in
cardiovascular, renal, or respiratory function was related to survival, and outcomes for
patients with severe sepsis in the ICU are likely to be strongly associated with the resolution
of organ dysfunction (including AKI). Rapid resolution of AKI might simply be a good
prognostic indicator and therapies to hasten recovery from AKI may also improve outcomes
in such patients.

Early intervention is important for the outcomes of patients with AKI but the ideal
intervention is under debate. In the study by Hoste and co-workers,2 only 14% of patients in
the ICU designated as class F in RIFLE criteria received renal replacement therapy and
these same patients experienced higher hospital mortality than those in the ICU without
AKI; a finding that raised the question of whether renal support is under-utilized or delayed.
Notably, survival in patients with AKI who received more-intensive therapy was 55.3% by
day 90 in the Randomized Evaluation of Normal versus Augmented Level Replacement
Therapy (RENAL) trial44 versus 46.4% by day 60 in the Acute Renal Failure Trial Network
(ATN) study.45 Although other differences existed between the two study cohorts,46 an
important difference may have been the timing of renal replacement therapy with patients in
the RENAL trial treated, on average, 4.6 days earlier relative to ICU admission than those in
the ATN study.
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Besides renal replacement therapy, no other supportive measures are available for patients
with AKI. The best therapy for patients with AKI seems to be the avoidance of further injury
to the kidney through titrated resuscitation and discontinuation or avoidance of any
unnecessary nephrotoxic drugs. Titrated resuscitation is important because fluid overload is
a substantial risk for patients with AKI and aggressive fluid therapy, particularly for patients
who have already been resuscitated, is more likely to cause harm.47 Lastly, biomarker-
guided early diagnosis of AKI may facilitate exploration of novel anti-inflammatory and
antioxidant therapies in specific AKI syndromes, such as sepsis-induced AKI, and open new
avenues to facilitate renal recovery and prevent short and long-term complications.

Prognosis
A number of studies indicate that onset of AKI is associated with a higher resource
utilization and risk of death than in patients without AKI.1,2,21 Moreover, this increased risk
of death rises incrementally with the severity of AKI.29,48

Mortality
In 2005, Uchino et al.1 found that mortality for patients with severe AKI requiring renal
replacement therapy was 60.3%. In a study by Thakar et al.29 the risk of death increased
with the increasing severity of AKI: AKIN stage 1, odds ratio (OR) 2.2; stage 2, OR 6.1 and
stage 3, OR 8.6. Data from 2010 indicates that even transient perturbations in kidney
function in hospitalized patients increases the risk of death.9 These findings suggest that
even small changes in kidney function carry a notable attributable mortality.49

Importantly, the mortality associated with severe AKI (that is, RIFLE class F or AKIN stage
3) that requires renal replacement therapy is one of the highest observed. For example, in
trials from the past 5 years, 60-day mortality was 28% for patients with adult respiratory
distress syndrome50 and 28-day mortality was ~32% for individuals with septic shock.51 Of
patients with severe AKI, however, the 90-day mortality was 44.7% in one study published
in 200944 and 52.5% in a trial in 2008.45 Moreover, of survivors with severe AKI, 24.6%
were still receiving renal replacement therapy on day 60.45

Why short-term outcomes for severe AKI are so poor is incompletely understood.52 One
issue is that defining AKI severity by those that receive renal replacement therapy can be
misleading. For example, if renal replacement therapy is reserved for the most severely ill
patients, mortality will be very high. If, on the other hand, it is applied to those patients who
have a low risk of death, mortality will be low. Of course, neither strategy is desirable;
rather we should identify which patients with AKI will benefit from renal replacement
therapy. Unfortunately, this issue remains an open question exemplified by highly variable
practice patterns.53 Even if we define severe AKI as RIFLE class F (with or without renal
replacement therapy), hospital mortality rates for individuals with this disease are typically
20–40%, as high as or higher than comparable organ failures.54 Hoste et al.2 found that
patients classified as RIFLE class F were five times more likely to die than those without
AKI, despite renal replacement therapy.

Although the pathophysiology of AKI is not completely understood,52 sustained AKI can
profoundly alter fluid, electrolyte, acid–base and hormonal regulation and lead to
abnormalities in the central nervous, immune and coagulation systems. Many patients with
AKI already have multisystem organ failure but the incremental influence of AKI on remote
organ function and how it affects outcome is unclear.
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Risk of chronic kidney disease
Emerging evidence suggests that a substantial percentage of patients who suffer from AKI
do not return to normal renal function (Table 2). Morgera and colleagues55 followed 979
critically ill patients after recovery from AKI who required continuous renal replacement
therapy. In this cohort, only 69% of patients survived to discharge (of whom 10% required
chronic renal replacement therapy). Liaño and co-workers56 followed 187 patients with AKI
for 15 years and found that 19% of patients had abnormal renal function, and that age,
comorbidity, and circumstances of the renal injury influenced patients’ outcomes. Similarly,
Chertow et al.57 demon strated in a cohort of critically ill patients with AKI who required
renal replacement therapy that 33% of the survivors were still on renal replacement therapy
after 12 months. In a large study of 1,124 patients with severe AKI, nearly 25% of survivors
were dependent on renal replacement therapy at day 60.45 However, in another study of
1,508 patients with severe AKI, only 5.4% of survivors (irrespective of study group) were
still on renal replacement therapy by day 90.44 These studies indicate that AKI is associated
with long-term risk of impaired renal function but also, perhaps, that this risk is at least
partially modifiable.

AKI is now increasingly recognized as having a bidirectional relationship with CKD in
hospitalized patients. Although pre-existing CKD increases susceptibility towards
development of AKI, exposure to AKI has been found to accelerate the development of
CKD compared with those without AKI.58,59 Moreover, AKI superimposed on CKD leads
to ESRD at a higher frequency than AKI alone.3,33,60

Biomarkers
Given that AKI is defined by functional changes in the kidney and linked to clinical
outcomes, the use of injury biomarkers to predict AKI can be questioned. In the past few
years, an entire industry has emerged around the discovery and validation of biomarkers for
AKI.61–69 These biomarkers show promise as a more-precise method for diagnosis of AKI
and could conceivably improve the sensitivity, specificity, and time in which AKI is
diagnosed. Biomarkers could also help risk stratification and/or provide prognostic
information including prediction of recovery of renal function. If analogous biomarkers
from other diseases, such as troponin for acute myocardial infarction, are considered the
potential value of biomarkers of kidney damage is obvious. However, unlike the situation in
myocardial infarction in which there is a strong relationship between serum troponin
concentration and left ventricular function, the relationship between structural change
(damage) and functional impairment for AKI is less direct.70

Several novel imaging techniques, such as blood- oxygen-level-dependent MRI (which
assesses renal oxygen bioavailability), and multiphoton microscopy (which facilitates direct
visualization and integration of structure and function of the kidneys) have emerged and
may one day improve our ability to link kidney structure and function.71–73 However, the
utility of these techniques to assess kidney structure and function in humans with AKI, at
present, is unclear.16,73 Nevertheless, it seems virtually assured that some pattern of one or
more biomarkers, perhaps in combination with imaging techniques, will provide new
information about the state of structural integrity of the kidney. How we validate the clinical
utility of these markers is, however, a subject of some debate.

Table 3 provides a complete list of potential scenarios in which a biomarker may provide
new and possibly valuable information about the diagnosis of AKI. Similar tables can be
composed for risk stratification, severity assessment, and prognosis. For example, Table 4
shows the potential utility of a biomarker for predicting renal recovery after AKI. The
difficulty with sorting out these various scenarios is the lack of an accepted ‘gold standard’
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for the diagnosis and prognosis of AKI. The standard that is currently accepted is one that
uses RIFLE criteria. However, as RIFLE criteria are based on changes in serum creatinine
level or urine output, we must accept that there may be cases when injury is subclinical (that
is, missed by RIFLE) and only later becomes clinically apparent. Furthermore, some
individuals without kidney injury might fulfill AKI criteria but nevertheless are determined
in hindsight as not having had AKI (that is, falsely identified as AKI by RIFLE criteria). For
instance, a patient may satisfy RIFLE criteria very transiently when AKI is not suspected
clinically (such as when transient serum creatinine elevations are caused by medications,
such as trimethoprim, or by increased protein intake). Such circumstances are common in
clinical medicine whereby provisional diagnoses are dismissed with time and further
evaluation.

Importantly, a valuable diagnostic biomarker will be one that can predict AKI by RIFLE
criteria some hours before clinical manifestations, provide a means to distinguish between
types of AKI and provide information on prognosis (Table 4), and/or identify patients with
subclinical AKI who ultimately will manifest clinical outcomes of interest. Biomarkers that
fail to do any of these functions will not be useful even if they enable changes in
histopathology to be detected.

Finally, it must be remembered that serum creatinine level and urine output are also
considered biomarkers and, although currently used to define AKI, future advances in AKI
biomarker research will likely replace these markers with ones that are more sensitive,
specific and timely. A possible classification system based on new injury markers is shown
in Figure 5.

Conclusions
AKI is common during critical illness, increasing in incidence, and is associated with
increased resource utilization and mortality. The RIFLE classification provides a robust
assessment of the risk of AKI and outcomes and has been widely validated. Current
understanding of pathogenesis and pathophysiology of AKI is poor and considerable
differences exist between AKI in animal models and in humans. Treatment of AKI is largely
supportive and further research is urgently needed to improve AKI diagnosis and patient’s
outcomes.
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Review criteria

PubMed was searched to identify articles for this Review using the terms “acute kidney
injury”, “acute renal failure”, “epidemiology”, “prognosis”, and “biomarkers”, as
Medical Subject Headings. The reference lists of identified papers were also searched for
additional relevant papers and only full-text articles in English were included for review.
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Key points

• Acute kidney injury (AKI) is common and is associated with higher resource
utilization and mortality than that of other critical care syndromes

• Risk, Injury, Failure, Loss, and End-stage renal disease classification is a
validated definition of AKI and together with the AKI Network modification is
widely accepted

• Emerging biomarkers may further aid early diagnosis and risk stratification of
AKI

• Current understanding of the pathogenesis and pathophysiology of AKI is poor
and treatment is largely supportive

• AKI increases susceptibility to chronic kidney disease and end-stage renal
disease
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Figure 1.
Conceptual model of AKI. The new conceptual model of AKI incorporates changes in renal
function and structure. It also illustrates the potential inverse relationship that may exist
between changes in renal function as well as renal structure as captured by injury
biomarkers. *Risk incorporates both patient susceptibilities (for example, advanced age) as
well as exposures (for example, sepsis). When susceptibilities are great, exposure may be
limited but still result in AKI. Abbreviations: AKI, acute kidney injury; GFR, glomerular
filtration rate.

Murugan and Kellum Page 16

Nat Rev Nephrol. Author manuscript; available in PMC 2013 January 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
RIFLE criteria for diagnosing AKI. The classification system includes separate criteria for
creatinine and urine output. A patient can fulfill the criteria through changes in serum
creatinine levels or changes in urine output, or both. The criteria that lead to the most severe
stage should be used. Note that the F stage of RIFLE is present even if the increase in serum
creatinine concentration is under threefold as long as the new serum creatinine level is >350
μmol/l in the setting of an acute increase of at least 44 μmol/l. The shape of the figure
denotes the fact that more patients (high sensitivity) will be included in the mild category,
including some without actually having kidney damage (less specificity). By contrast, at the
bottom of the figure the criteria are strict and therefore specific, but some patients will be
missed. Abbreviations: AKI, acute kidney injury; ESRD, end-stage renal disease; RIFLE,
Risk, Injury, Failure, Loss, and End-stage renal disease. Permission obtained from BioMed
Central © Bellomo, R. et al. Crit. Care 8, R204–R212 (2004).
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Figure 3.
Incidence of various organ failure among critically ill patients. Rates of organ dysfunction in
3,417 adults with or without sepsis treated in 198 intensive care units in 24 European
countries. Figure constructed from data reported in Vincent, J.L. et al.74 Abbreviation: CNS,
central nervous system.
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Figure 4.
Risk of AKI varies by definition used and timing of assessment. The relationship between
application of RIFLE criteria and the apparent incidence of AKI varies according to the
definition used and the time at which it is applied, which can lead to underestimations in the
incidence of AKI. Abbreviations: AKI, acute kidney injury; RIFLE, Risk, Injury, Failure,
Loss, and End-stage renal disease.
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Figure 5.
Theoretical next generation in AKI diagnosis and classification. This future classification
system would likely have two domains, one for measures of function and one for measures
of damage. The functional domain, unlike the existing RIFLE criteria, might also require
persistent change over a longer duration (for example, 48–72 h) to acknowledge that very
transient functional impairment is unlikely to be as important as persistent changes. The
damage domain would likely include biomarkers (listed as A–C) from different cell types
(for example, tubular epithelial cells, mesangial cells, and vascular endothelium).
Classification of ‘risk’ might only require small changes in one marker while ‘failure’ might
require more than one changes in several markers or possibly large changes in a single
marker. Importantly, analytical cutoffs for injury markers can be set to the corresponding
functional impairment level so as to give improved construct validity to the system.
Abbreviations: AKI, acute kidney injury; ESRD, end-stage renal disease; RIFLE, Risk,
Injury, Failure, Loss, and End-stage renal disease.
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Table 1

AKIN staging system for AKI*

Stage Serum creatinine criteria Urine output criteria

1 Increase in serum creatinine level of ≥25 μmol/l or ≥150–200% (1.5–2-fold)
from baseline

Change in urine output <0.5 (ml/kg)/h for >6 h

2 Increase in serum creatinine level to >200–300% (>2–3-fold) from baseline Change in urine output <0.5 (ml/kg)/h for >12 h

3 Increase in serum creatinine level to >300% (>threefold) from baseline (or
serum; creatinine level of ≥354 μmol/l with an acute increase of at least 44
μmol/l

Change in urine output <0.3 (ml/kg)/h for 24 h or
anuria for 12 h

*
The AKIN modification of RIFLE criteria19 is a highly sensitive staging system based on data indicating that a small change in serum creatinine

influences outcome.20 Only one criterion (serum creatinine level or urine output) has to be fulfilled to qualify for a stage. Given wide variation in
indications and timing of initiation of renal replacement therapy, individuals who receive renal replacement therapy are considered to have met the
criteria for stage 3 irrespective of the stage they are in at the time of initiation of renal replacement therapy. Abbreviations: AKI, acute kidney
injury; AKIN, acute kidney injury network; RIFLE, Risk, Injury, Failure, Loss, and End-stage renal disease. Permission obtained from BioMed
Central © Mehta, R.L. et al. Crit. Care 11, R31 (2007).
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Table 2

Long-term consequences of AKI

Study Period studied No. of
patients
studied

Hospital mortality (%) Renal outcome in survivors

Turney et al.75 (1990) 1956–1988 1,347 21 48% with increased serum creatinine
level

Chertow et al.57 (1995) 1991–1993 132 70 33% on chronic RRT

Brivet et al.76 (1996) 1991 360 58 28% have serum creatinine level >129
μmol/l

McCarthy et al.77 (1996) 1977–1979; 1991–1992 142 48 21% on chronic RRT

Korkeila et al.78 (2000) 1989–1990 3,447 45 8% on chronic RRT

Morgera et al.55 (2002) 1993–1998 979 69 10% on chronic RRT

Liaño et al.79 (1996) 1977–1992 748 55 19% have abnormal renal function, 2%
on chronic RRT

Palevsky et al.45 (2008) 2003–2007 1,124 49.6 24.6% were on RRT at day 60

Bellomo et al.44 (2009) 2005–2008 1,508 44 5.4% were on RRT at day 90

Van Berendoncks et al.80

(2010)
2001–2004 595 50.7 10.3% on RRT at 2 years

Abbreviations: AKI, acute kidney injury; RRT, renal replacement therapy.
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Table 3

Interpretation of AKI biomarkers for diagnosis

Functional impairment Kidney damage Adverse kidney outcomes* Possible interpretations

No No No No AKI

No No Yes No AKI, subclinical AKI with false-negative marker for
damage

Yes No No Normal response to altered renal perfusion, self-limited AKI
with resolution

Yes No Yes AKI with false-negative damage marker, occult CKD

No Yes No False-positive marker of damage, self-limited AKI with
resolution

No Yes Yes Early or subclinical AKI

Yes Yes No Self-limited AKI with resolution

Yes Yes Yes AKI

*
Adverse kidney outcomes may include death or need for renal replacement therapy that is attributable to AKI. They may also include long term

outcomes such as development of CKD or cardiovascular events. At present there is no standard methodology for defining or capturing such
events. Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease.
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Table 4

Interpretation of AKI biomarkers for prognosis*

Functional recovery Repair biomarker Adverse long-
term outcomes‡

Possible interpretations

Yes Yes No Complete recovery from AKI with no measurable sequelae

Yes No No Functional recovery from AKI; false-negative for marker of repair

Yes No Yes Functional recovery from AKI but unresolved damage leading to
decreased renal reserve and ultimately long-term adverse outcome

Yes Yes Yes Complete or partial recovery but possibly with occult CKD

No No No No recovery without adverse clinical outcomes

No Yes No No recovery of function but marker of recovery predicts good outcome

No Yes Yes No functional recovery with false-positive recovery marker

No No Yes Recovery is absent or incomplete

*
In this scenario, a hypothetical marker of renal repair is tested in the setting of known AKI.

‡
In this case, adverse outcomes include progression of CKD or de novo CKD, decreased functional renal reserve or morbidity or mortality

attributable to decreased renal function. Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease.
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