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Volume 2013, Article ID 529524, 2 pages

Estimating Kidney Function in the Critically Ill Patients, Gemma Seller-Pérez,
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Epidemiology of acute kidney injury (AKI) is supposedly a
well-characterized topic. Large population studies developed
in the 1990s demonstrated a higher incidence of AKI than
previously suspected. More importantly, this incidence was
higher among critically ill patients while mortality rates
rose dramatically in this setting. In these studies an overall
incidence of around five per cent of AKI was found in ICU
with an accompanyingmortality in over fifty per cent of cases.

Recently we have witnessed a significant change in this
field with the development of a classification system for
staging kidney damage (RIFLE, AKIN, and KDIGO). These
systems have marked a shift from static to a dynamic concept
of AKI based in changes in kidney function regardless of the
net functional capability found in our patients. This change
has had an important impact on the way intensivists look at
the kidney problem (focusing now on early secondary pre-
vention in order to arrest the process), but this has created an
unexpected problem due to a dramatic increase in the num-
ber of patients that we label as AKI. To clarify the real impact
of AKI we must admit that all the figures derived from the
early studies are no longer useful and consequently new epi-
demiological studies have been developed all over the world.

In an interesting review “Epidemiology of acute kidney
injury in the intensive care unit” by J. Case et al. published
in a recent issue of Clinical Care Research and Practice, the
authors highlighted the complexity of this problem that is
yet to be solved. Following J. Case et al., incidence of AKI in
critically ill patients has risen during the past decade due to
increased acuity as well as increased recognition. Following

recent standards, overall incidence ranges from 20% to 50%
but, as this paper emphasizes, current rates are dependent on
the specific ICU population under study, with lower rates for
scheduled surgery and higher rates in septic patients.

A note of interest is that even when measured incidence
of AKI varied from five per cent to fifty per cent, reported
mortality was still around 50% and this makes us question
the real impact of AKI detection.What is required in the near
future is to fully understand AKI, define its incidence among
specific population groups, and evaluate the real impact of
this improved capability of AKI detection.

If we consider the aforementioned impact of new stage
systems and the fact that we lack effective treatment to avoid
or limit kidney damage, we are faced with the prospect of
providing effective preventive measures. To be effective, this
approach requires, primarily, the identification of high-risk
populations, but until now, studies showed different risk
factors dependent on the geographical setting, the population
addressed, and the particular selection of the investigators.
In regards to this problem, an interesting meta-analysis by
Cartin-Ceba et al. “Risk factors for development of Acute
kidney injury in critically ill patients: A systematic review
and meta-analysis of observational studies” analyzed data
extracted from 31 studies comprising 504,535 critically ill
patients from a wide variety of ICUs. This meta-analysis
showed a significantly increased risk of AKI in the following:
older patients, those admitted after surgery, more severely
ill, and patients with higher baseline creatinine or when
nephrotoxic drugs are used.
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Historically the screening and diagnosis of AKI have been
based on a surrogate of glomerular filtration rate, serum
creatinine. This is regarded as the most practical approach
considering that creatinine is affordable and universally
available and has been potentiated with the application of
new staging systems based on changes of serum creatinine as
markers for proportional changes in creatinine clearance. In
this special issue, G. Seller-Pérez et al. expose the potential
pitfalls of this approach in a review titled “Estimating kidney
function in the critically ill patients”.

When basal creatinine is not available in the RIFLE stag-
ing system, an estimation extracted from theMDRDequation
is an acceptable alternative. The estimation of creatinine
clearance by different equations is an accepted guide for the
dosage of different drugs in the ICU setting, even when
clinicians are well aware of the fact that these equations were
developed for the use on patients with chronic kidney disease
and have been scarcely validated for acutely ill patients. In
regards to this issue, C. Kirwan et al. presented a study (Esti-
mated glomerular filtration rate correlates poorly with four-
hour creatinine clearance in critically ill patients with acute
kidney injury) aiming to test whether creatinine or cystatin
C based eGFR equations offer an accurate representation of
creatinine clearance in critically ill patients with AKI and not
surprisingly found that these equationswere unreliable in this
setting. The authors concluded (and we definitely agree with
their position) that these equations should not be used to
describe renal function in ICU patients with AKI and that
new standards of validation for these equations are required.

If we consider the importance of early prevention and
the drawbacks of creatinine as diagnostic tool for AKI
(mainly the delay between damage and change of serum
levels) it is easy to understand the recent interest in the
study of new markers of kidney damage (both functional or
structural damage biomarkers). The role of the most promis-
ing biomarkers [neutrophil gelatinase-associated lipocalin
(NGAL), cystatin C (Cys C), kidney injury molecule-1 (KIM-
1), Interleukin-18 (IL-18) and liver-type fatty acids binding
protein (L-FABP)] is explored by Tsigou et al. in the inter-
esting review paper “Role of new biomarkers: functional and
structural damage.” This paper highlights important issues
when evaluating the role of new biomarkers for AKI and
some of these are also seen in the study that A. Royakkers
et al. present in this issue (Systemic and urinary neutrophil
gelatinase-associated lipocalin are poor predictors of acute kid-
ney injury in unselected critically Ill patients). These authors
did not find urinary or plasma NGAl useful as markers for
AKI development in an unselected population, but (as they
point out in their discussion) these results conflict with other
published studies focusing on heterogeneous ICU popula-
tions. Biomarkers for AKI are still in a development stage
and we need further studies in order to define their actual
capability for early detection, possible interferences in their
values, ideal cut-off values in different clinical settings and
whether the simultaneous use of a battery of biomarkers,
could have an impact on kidney injury detection.

New trends must be found not only in AKI definition
or diagnosis but in other areas too. Until recently, aggressive

fluid administration as a mean to ensure an adequate perfu-
sion was the cornerstone of the intensivists’ earlier interven-
tion. This approach was considered the most critical aspect
regarding AKI prevention. After the publication of some
important studies demonstrating that in fact this approach
may not be adequate (and can even be detrimental) we must
now reassess the role of volume resuscitation in the critically
ill patient and define which patients are candidates for an
aggressive fluid resuscitation and which fluid should be used
for each scenario. These questions and much more (evalua-
tion of volume status in critically ill patients, disturbances in
the distribution of body water or its effect on creatinine or
urea kinetics, i.e.) are addressed in the review fromM. Labib
et al. titled “Volume management in the critically ill patient
with acute kidney injury”.

Finally, A. Leung et al. in the original study titled “A ret-
rospective review of the use of regional citrate anticoagulation
in continuous venovenous hemofiltration (CVVH) for critically
ill patients” address another current issue, the best anticoagu-
lation strategy for keeping permeable renal replacement
(RRT) circuits. Recently different investigators presented
interesting results demonstrating that citrate anticoagulation
is efficient and safe even in circumstances that were previ-
ously prohibited. The only important drawback for this
strategy is the requirement of a serum ionic calcium control
and the use for dialysis and reinfusion fluids with a different
composition (devoid of calcium and with a lower concentra-
tion of bicarbonate) from the commercial solutions available.
A. Leung presented a protocol devised for a widely available
RRT monitor that is safe and easy to perform with excellent
results in terms of circuit survival.

The papers on this topic present to the reader a com-
prehensive picture of the acute kidney injury problem in the
ICU setting: dire necessity for early detection beside a lack of
adequate tools for early diagnosis; promising biomarkers that
raise expectation but are still in the developmental stage and
far from being a clinical routine; the fact that almost every
other patient will develop AKI, but we have no effective
measures to prevent or treat it and, underlying all these facts,
knowledge that AKI worsens dramatically the prognosis of
our patients.These facts, together with the problems resulting
from the limited options in the treatment and the increased
resources imposed by its management, make AKI a focus of
growing interest among professionals managing critically ill
patients.
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Glomerular filtration rate (GFR) is an accepted measure for assessment of kidney function. For the critically ill patient, creatinine
clearance is the method of reference for the estimation of the GFR, although this is often not measured but estimated by equations
(i.e., Cockroft-Gault or MDRD) not well suited for the critically ill patient. Functional evaluation of the kidney rests in serum
creatinine (Crs) that is subjected to multiple external factors, especially relevant overhydration and loss of muscle mass. The
laboratory method used introduces variations in Crs, an important fact considering that small increases in Crs have serious
repercussion on the prognosis of patients. Efforts directed to stratify the risk of acute kidney injury (AKI) have crystallized in
the RIFLE or AKIN systems, based in sequential changes in Crs or urine flow. These systems have provided a common definition
of AKI and, due to their sensitivity, have meant a considerable advantage for the clinical practice but, on the other side, have
introduced an uncertainty in clinical research because of potentially overestimating AKI incidence. Another significant drawback
is the unavoidable period of time needed before a patient is classified, and this is perhaps the problem to be overcome in the near
future.

1. Epidemiology of Acute
Kidney Injury in the ICU

Acute kidney injury (AKI) can be defined as a decrease of
the glomerular filtration rate (GFR) that appears acutely,
is maintained for some time, causes an accumulation of
waste products from metabolism and uremic toxins, and
conditions a mishandling of body fluids and a loss of the
ability to maintain homeostasis of electrolytes and acid-base
balance. In the intensive care setting,AKI presentswith a high
incidence and, once established, has an important impact in
the patient and the resources [1, 2].

The reported incidence of AKI in the intensive care units
(ICUs) shows a wide variability depending on the population
analyzed and the criteria employed for its definition, but

when this is based in the new systems for stratification, as
RIFLE [3] or AKIN [4], more than 30% of ICU patients are
found to present with some degree of AKI [5], and mortality
rate increases according to this degree of renal dysfunction
[6, 7]. These figures are a good measure of the magnitude of
the problem, and even when functional recovery after AKI
is good, it has been demonstrated that the development of
severe AKI can lead to an increase in long-termmortality [8]
with an estimation of the incidence of chronic kidney disease
(CKD) after an episode of AKI as high as 7.8 per 100 patients
per year [9, 10].

This scenario has put in evidence the necessity of new
tools for continuous assessment of kidney function given that
the classical approach of measurements of isolated determi-
nations of serum creatinine (Crs) has proven insufficient [11].
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Figure 1: When enough renal mass is present, GFR changes in
response to patient necessities, but when damage is severe this “renal
reserve” is lost. Adapted from [12].

2. Measuring Kidney Function

2.1. Glomerular Filtration Rate. One way to evaluate renal
function is studying its capability to maintain an adequate
rate of filtration in the glomerulus, that is, the GFR.The GFR
is a measure of the amount of blood filtered per unit of time
but not necessarily of kidney damage. We must keep in mind
that a direct relationship between renal mass and changes
in GFR does not exist until late in the process of damage
because the kidneys are able to compensate the loss of renal
mass through a raise in the filtration rate in those nephrons
still functioning (Figure 1) [12]. GFR can be estimated by
the measurement of the rate of elimination (clearance) of
different molecules that are filtered by the glomerulus but
not secreted or reabsorbed by the tubule, and the use of
endogenous molecules naturally producing in the organism
has been proposed for this purpose, mainly Crs.

2.2. Serum Creatinine. Crs is an organic protein resulting
from the degradation of creatine, produced and eliminated at
a constant rate, exclusively cleared by the kidneys, and filtered
at the glomerulus without significant tubular reabsorption
or tubular secretion. Its main drawback is based on the
fact that changes in Crs do not follow a linear relationship
with changes in GFR, so that when detecting changes in
its concentration we must not assume similar changes in
the GFR (Figure 2) [16]. Also, Crs being an endogenous
molecule, its metabolism is subjected to interpersonal vari-
ations depending on different factors [17]. Taking into con-
sideration these aspects, Crs is still the parameter univer-
sally adopted for the diagnosis of kidney failure, but we
must keep in mind that its value reflects the functionality
of the kidney and not necessarily the presence of actual
damage.

Crs is a functional parameter and its role in the diagnosis
of renal injury is closely related to what we can address as
“renal reserve.” When a patient initially presenting a normal
Crs concentration surpasses 2mg/dL, he or she may have lost
approximately 50% of the functioning renal mass [12, 14], but
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Figure 2: Relationship between serum creatinine and creatinine
clearance. Data from the authors, adapted from [13].

on the other hand, changes in Crs after a serious renal insult
depend largely on the basal figures as well, so that 24 hours
after a 90% fall in the creatinine clearance (CrCl), the increase
of Crs might be up to 246% when kidney function is normal
but only 174%when the patient already featured a dysfunction
in stage 2 of the KDIGO guidelines [18] or as low as 74%when
the patient was in stage 4, for a virtually identical absolute
increase in theCrs (between 1.8 and 2mg/dL). For this reason,
some authors have advocated for a definition of AKI based
upon changes of Crs levels for a given period (between 24 and
48 hours) instead of absolute serum levels [19].This approach
palliates the problem derived from the delayed raise in Crs
(more than 48 hours) following a change in GFR (Figure 3)
[14, 15, 18, 19].

2.3. Fluids and Crs. Another key point when assessing serial
changes in Crs is the repercussion of the balance of fluids.
In those situations when aggressive hydration has been
necessary and water balance is positive, the relative serum
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concentration of Crs decreases and therefore underestimates
the real value [20–23].

2.4. Crs Assay. The method described by Jaffé for the assay
of Crs has been the cornerstone for the diagnosis of the renal
failure until recently but shows variations for a range from
0.06 to 0.31mg/dL, a range previously considered safe but is
now considered to be of potential prognostic value [24, 25].
This fact has favored its displacement by the enzymatic assay
[26].

2.5. Creatinine Clearance. This method does in effect show
a lineal relationship with GFR and is less affected by the
delayed changes of Crs after GFR decrement but shares all
the other problems of the Crs already mentioned. In routine
ICU clinical practice, CrCl measured with diuresis of 24
hours is not operational, and different investigators have
sought alternatives more adapted to the ICU environment.
An approach is the measurement of CrCl with samples of
urine collected in shorter intervals of time, making repetitive
measures more feasible, urine samples from simultaneous
patients easier to handle, and (the most critical aspect)
without delay for the results [27]. Different timings for
collection of urine have been validated by some authors,
ranging from one hour by Hoste et al. [28], two hours by
Herrera-Gutiérrez et al. [13] or periods from two to twelve
hours by Wilson and Soullier [29]. In addition, these studies
show how among those patients with Crs in normal or near-
normal range (below 1.5mg/dL) up to 25% already had a
significantly diminished CrCl and also put in evidence that
equations for estimation of GFR in the ICU (Cockroft-Gault
and MDRD) are not adequate [13, 28]. However, despite the
scarcity of studies addressing the validity of these equations
in the acute patient (and specifically in the ICU patient)
and the general agreement against its use in this scenario,
these equations (especially MDRD) have become the usual
tool for estimation of CrCl and guiding prescription of drugs
that require adjustment in the presence of renal dysfunc-
tion [30, 31]. When an exact measure is deemed necessary
none of these equations replaces a measurement of CrCl
[32].

2.6. Cys-C. Cys-C is a low molecular weight protein pro-
duced by all nucleated cells at a constant rate, being filtered
by the glomerulus and reabsorbed and metabolized in the
proximal tubule without tubular secretion and only minimal
extrarenal elimination. Cys-C has shown promising results
as an estimator of GFR in patients with stable renal function
[33, 34].

2.7. Biomarkers of Kidney Injury. Different biomarkers of
kidney injury have recently been evaluated with mixed
results [35]. It is still necessary to define the kinetics of
these molecules and their relationship to the development of
kidney injury [36]. Another important point to emphasize is
that these new biomarkers are not aimed to the assessment of
renal function (do not estimate GFR) and therefore can not
replace but are complementary to Crs or Cys-C.
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Figure 3: Relationship between glomerular filtration rate (GFR) and
serum creatinine (Crs) in time. Adapted from [14, 15].

3. Stratification of AKI

From the moment the aggression occurs until the kidneys
begin to show alterations and dysfunction, different mech-
anisms of compensation have been launched that which
produce a decrease in the GFR [37] but, due to the lack of
sensible methods of diagnosis, we acknowledge the presence
of this renal failure once this initial phase has already been
surpassed. This problem is worsened because there is not a
clear definition of what we must consider AKI [38, 39] but
the definition of two systems aimed to stratify acute kidney
dysfunction based on sequential changes of Crs (RIFLE and
AKIN) has come to fill this gap for the AKI patient (Figure 4)
[3, 4].

The RIFLE (an acronym for risk, injury failure, loss,
and end-stage) system made a proposal for a new definition
considering AKI as a dynamic process. Another major
advantage of this system was its simplicity, advocating for the
use of biomarkers universally affordable (Crs and diuresis).
In 2007, the AKIN (acute kidney injury network) group
designed a new stratification system based on the premises
of the RIFLE system but incorporating the findings from
Lassnigg et al. that demonstrated how small increases in
Crs carry a proportional increase in mortality [24, 40–43].
These two systems have been evaluated in large series of UCI
patients and are currently consolidated as reference, but both
systems present some problems [44] and their introduction
has conditioned a substantial increase in the incidence of AKI
published, having in fact increased on the order of 2 to 10
times [45].

The problem, shared by both systems, is the need for
a minimum timeframe to proceed with the classification,
which in RIFLE extends up to a week and in AKIN for 48
hours. This inevitable time window will condition a delay in
the detection of AKI. Yet another problem with RIFLE arises
from the possibility to choose indistinctly between CrCl or
Crs, evenwhen these values are not linearly related and donot
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Figure 4: RIFLE and AKIN classification systems [3, 4].

change simultaneously in time [46]. Another relevant aspect
and one that questions the consistency of these systems is the
finding of similar outcomes for patients in the AKIN 1 and
2 levels with a significant increment for level 3 and with a
similar behavior for RIFLE [47] that could be suggesting the
convenience for a reappraisal of the ranges of Crs considered
in each level.

4. Conclusion

A proper definition for AKI should establish the presence or
absence of the disease, report on its severity and prognosis,
and, perhaps more important, should be easy to understand
and implement [48]. Although these assumptions have been
partlymet by RIFLE andAKIN, it is likely that in a near future
our understanding aboutAKI and its impactwill bemodified.

It is important to stress the fact that at least 20% of hos-
pitalized patients develop some degree of renal dysfunction,
and the prognosis for these patients worsens as the degree of
dysfunction increases [49] but the fact is that for those who
survive, only 10% will eventually be in need for prolonged
renal replacement [50]. These figures reinforce the relevance
of a timely detection of impending AKI in order to apply
secondary preventive measures and limit its progression,
increasing the chances of recovery of our patients.

Although Crs is a parameter sensible for deciding
whether a patient’s kidney function remains stable, worsens,
or improves, its role in the diagnosis of early renal dysfunc-
tion is more debatable, and in order to evaluate the informa-
tion it provides we must understand the pathophysiology of
acute renal failure and the kinetics of creatinine (be it Crs,
measured CrCl or estimated by equations), and in any case,
we must integrate this information in one of the stratification
systems currently in use, but always acknowledging their
limitations.

Serum creatinine is the key factor in the evaluation
of kidney function because it is affordable, reproducible,
and easy to perform, but clinicians must be aware of its
limitations, among others that it is a functional marker and
not a marker of injury, that changes in Crs are delayed after
changes in GFR, or that fluid changes in critically ill patients
can seriously difficult the capability of Crs to detect small
changes in kidney function.

New trends in stratification (ADQI or AKIN) could have
a significant impact in clinical practice, alerting the clinicians
of the real value of small changes in Crs, and the novel
biomarkers of kidney damage (in particular of tubular injury)
may in the near future have a role in the diagnosis of AKI once
they are included in the classification systems.
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The incidence of acute kidney injury (AKI) in the intensive care unit (ICU) has increased during the past decade due to increased
acuity as well as increased recognition. Early epidemiology studies were confounded by erratic definitions of AKI until recent
consensus guidelines (RIFLE and AKIN) standardized its definition. This paper discusses the incidence of AKI in the ICU with
focuses on specific patient populations.The overall incidence of AKI in ICU patients ranges from 20% to 50% with lower incidence
seen in elective surgical patients and higher incidence in sepsis patients.The incidence of contrast-inducedAKI is less (11.5%–19%of
all admissions) than seen in the ICU population at large. AKI represents a significant risk factor for mortality and can be associated
with mortality greater than 50%.

1. Introduction

Acute kidney injury (AKI) (also referred to as acute renal
failure) reflects a broad spectrum of clinical presentations
ranging from mild injury to severe injury that may result in
permanent and complete loss of renal function. The range of
severity and variety of causes of AKI has resulted in multiple
classification systems complicating diagnosis and subsequent
management. The lack of consensus has resulted in a broad
range of estimated prevalence in the intensive care unit (ICU)
ranging from 1% to 70% depending on the criteria used [54,
55]. The underlying mechanisms of AKI include a decrease
in the kidney’s ability to excrete nitrogenous waste, manage
electrolytes, regulate intravascular volume, and assist with
maintenance of the acid-base status. The clinical effects of
AKI depend on the clinical situation but almost invariably
increase mortality and morbidity [56, 57].

2. Measurement of Renal Function

Definitions of AKI depend on measurement of serum creati-
nine (Cr) as a surrogate marker for the glomerular filtration
rate (GFR).While inulin remains the gold standard for deter-
mination of GFR, it is rarely performed due to the need for

continuous intravenous infusion and considerable laboratory
resources [58]. Calculation of the GFR is performed based
on the serum Cr value despite the fact that Cr has a complex
metabolism and many factors can alter serum Cr values [59–
64]. High protein intake and medications may increase Cr
production independently of renal filtration. Furthermore,
Cr secretion in the proximal renal tubules [65, 66] may
account for asmuch as 60% of Cr elimination in patients with
renal disease [67]. Medications such as cimetidine, quini-
dine, and trimethoprim inhibit this process [65], whereas
hemodialysis can increase it [68]. Direct measurement of Cr
clearance to determine renal function is also unreliable in
critically ill patients due to the increased secretion of Cr in
the renal tubules [67] and significant overestimation of GFR
[58].

3. Defining AKI

Despite its first reports in the medical literature starting in
1917 described as “war nephritis” [69], AKI research was
plagued by inconsistent definitions (as many as 35 different
definitions [70]) until the Acute Dialysis Quality Initiative
(ADQI) published the Risk, Injury, Failure, Loss, End-Stage
(RIFLE) criteria in 2004 which defined AKI in terms of
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Table 1: Definitions of AKI.

Serum Cr criteria Urine output criteria
RIFLE [1]

R (Risk) Increase in serum Cr × 1.5 or GFR decrease >25% <0.5mL/kg/h for 6 hours
I (Injury) Increased serum Cr × 2 or GFR decrease >50% <0.5mL/kg/h for 12 hours
F (Failure) Increase in serum Cr × 3, GFR decrease >75%, or serum Cr > 4mg/dL <0.3mL/kg/h for 24 hours or anuria for 12 hours

AKIN [2]

Stage 1 Increase in serum Cr of ≥0.3mg/dL or increase to ≥150–200% from
baseline <0.5mL/kg/h for more than 6 hours

Stage 2 Increase in serum Cr to >200–300% from baseline <0.5mL/kg/h for more than 12 hours

Stage 3 Increase in serum Cr to >300% from baseline
(or serum Cr ≥ 4.0mg/dL with an acute increase of ≥0.5mg/dL) <0.3mL/kg/h for 24 hours or anuria for 12 hours

changes in serum Cr from baseline as well as urine output [1]
(Table 1). Baseline Cr must be estimated in patients in which
it is not known. Formulas estimating GFR may overestimate
it in obese patients due to the overestimation of muscle mass.
This can be alleviated by using the MDRD equation which
incorporates body mass index to help nullify this effect [71];
however, estimation of baseline Cr values is still not reliable
when used in ICU patients with AKI [72].

Subsequent research by Chertow et al. [57] suggested
that even small changes in serum Cr were associated with
increased mortality; so, the Acute Kidney Injury Network
(AKIN) proposed more sensitive guidelines for the diagnosis
of AKI [2] (Table 1). Multiple subsequent comparisons of
sensitivity and prognosis of RIFLE and AKIN criteria have
revealed conflicting results as to which method is superior
although the majority of clinical data reflects RIFLE criteria
[6, 17, 30, 56, 73–75].

4. Epidemiology of AKI

Clinical studies assessing the exact incidence of AKI in the
ICU (Table 2) proved sparse and were often complicated
by differing criteria for the definition of AKI, especially
prior to the adoption of the RIFLE and AKIN classifications.
Furthermore, clinicians frequently underreport the incidence
of AKI in their patients with one study showing that dis-
charge summaries reported renal insufficiency in only 13% of
affected patients [76]. Population-based analyses vary widely
between 140 and 2880 cases per million population yearly
with a 400% increase between 1988 and 2002 [77–81].

The incidence of AKI in hospitalized patients has also
increased during the same time period from4.9% in 1983 [82]
to 7.2% in 2002 [83] to as much as 20% in 2012 [84]. This
may partly be due to the definitions of AKI becoming more
time sensitive and may reflect an increase in detection rather
than an overall increase in incidence in disease. Due to the
inconsistency of AKI definitions, the remainder of this paper
will focus on articles published after release of the RIFLE
criteria in 2004.

Many risk factors have been identified for the develop-
ment of AKI including hypotension, pulmonary disease, liver
failure, sepsis, hypovolemia, increased age, hypertension,
preexisting renal disease, heart failure, bleach injection, and

many medications (ACE inhibitors, vasopressors, aminogly-
cosides, NSAIDs, etc.) [17–21, 45, 85–93].

5. Causes of AKI

Causes ofAKI are frequently categorized as prerenal, intrinsic
renal, and postrenal. This classification system oversimplifies
the overlapping pathologic mechanisms underlying AKI.
Renal parenchymal tissue hypoperfusion due to hypovolemia
or hypotension may initially cause a reversible increase in
Cr. As cellular dysfunction continues, renal tubular cells may
sustain ischemic injury which may persist after correction
of the initial hypoperfusion state thereby changing from a
prerenal azotemia to acute tubular necrosis. Rachoin et al.
demonstrated that ICU patients with AKI and a blood urea
nitrogen : Cr ratio greater than 20 : 1 had increased mortality
suggesting that prerenal azotemia is not benign in ICU
patients [94]. Acute tubular necrosis (ATN) is the most
common formof intrinsic renal failure in the ICU comprising
as much as 88% of all cases of AKI [95, 96]. Only one study
describes postrenal AKI [97]. Two centers with a combined
capacity of over 850 beds only identified 54 patients over
a 13-year period suggesting a low overall incidence. Many
causes of AKI in ICU patients likely represent multifactorial
etiologies [96].

6. Contrast-Induced AKI

Theadministration of intravenous contrast prior to computed
tomography (CT) scanning has been associated with the
development of AKI. Overall incidence of contrast-induced
AKI in ICU patients ranged from 11.5% to 19% [42–45] and
mortality from 13.1% to 35.9%, much lower than reported in
studies not involving intravenous contrast. Decreased mean
arterial pressure, vasopressor usage, diuretics, increased age,
and elevated baseline Cr are all associated with increased risk
of AKI [42, 44].

7. Medical Patients

ICUs have seen an increase in admissions involving AKI
ranging from 13% up to 78% [98–101]. Most studies have
mixed surgical and nonsurgical populations. In 2002,Metnitz
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Table 2: Summary of original reports describing the incidence of AKI.

Author no. of
subjects Single/multicenter Patient

population
AKI definition

used AKI incidence (%) Mortality
endpoint Mortality (%)

Thakar et al. [3] 325,395 Multi Mixed RIFLE 22 ICU 10.9
Ostermann an
Chang [4] 41,972 Multi Mixed RIFLE 35.8 ICU

Hospital
10.2
12.9

Gammelager et al.
[5] 30,762 Multi Mixed RIFLE 15.6 30 days 40

Joannidis et al. [6] 16,784 Multi Mixed RIFLE 35.5 Hospital 36.4
Mandelbaum et al.
[7] 14,524 Single Mixed AKIN 57 ICU

Hospital
7.1
9.1

Hoste et al. [8] 5383 Single Mixed RIFLE 67.2 Hospital 13.3
Cruz et al. [9] 2164 Multi Mixed RIFLE 10.8 ICU 36.3
Samimagham et al.
[10] 1026 Single Mixed RIFLE 21.7 1 year 49

2.5 RRT at 90 d
Fonseca Ruiz et al.
[11] 794 Single Mixed AKIN 39.8 ICU

Hospital
25.4
32.1

Piccinni et al. [12] 576 Multi Mixed RIFLE 42.7 ICU 29
Medve and Gondos
[13] 459 Single Mixed AKIN 24.4 ICU

Hospital
39.3
49.1

Samimagham et al.
[10] 235 Single Mixed AKIN 31.1 ICU 72.6

Yue et al. [14] 191 Single Mixed AKIN 35.5 ICU 48
Abosaif et al. [15] 183 Single Mixed RIFLE ICU 47.5
Yegenaga et al. [16] 139 Single Mixed RIFLE 56.8 UKN 37.4
Bagshaw et al.
[17, 18] 120,123 Multi Sepsis RIFLE versus

AKIN
36.1
37.1 Hospital RIFLE: 24.2

AKIN: 24.5

Kim et al. [19] 291 Single Severe sepsis/
Septic shock

RIFLE versus
AKIN

RIFLE: 62.9
AKIN: 65.6 28 days RIFLE: 58.5

AKIN: 57.6
Lopes et al. [20] 182 Single Sepsis RIFLE 37.4 NS 37.4
Lerolle et al. [21] 35 Single Septic shock RIFLE 65.8 28 days 62.8
Coca et al. [22] 304 Single Burn RIFLE 26.6 NS 7.6
Lopes et al. [23] 126 Single Burn RIFLE 35.7 NS 17.5
Palmieri et al. [24] 60 Single Burn RIFLE 53.3 UKN 34.4
Bagshaw et al. [25] 9449 Multi Trauma RIFLE 18.1 Hospital 16.7
Costantini et al. [26] 571 Single Trauma AKIN 29.8 Hospital 15.9

Gomes et al. [27] 436 Single Trauma RIFLE 50 ICU
Hospital

8.2
10.8

Lin et al. [28] 46 Single ECMO RIFLE 78 Hospital 60.9

Englberger et al. [29] 951 Single Tricuspid valve
surgery RIFLE 30 30 days 5.5

Englberger et al. [30] 851 Single Thoracic aortic
surgery RIFLE 17.7 30 days 1.3

Kuitunen et al. [31] 813 Single Cardiac surgery RIFLE 19.3 90 days 3.2

Kramer et al. [32] 668 Multi Cardiac surgery AKIN Surgery: 33.7
Cath + surgery: 50.2 NS NS

Yan et al. [33] 509 Single Cardiac surgery RIFLE 32.8 Hospital 4.3
Mariscalo et al. [34] 414 Multi Aortic root repair RIFLE 16.7 Hospital 2.7

Roh et al. [35] 98 Single Thoracic aorta
graft placement RIFLE 54 30 days 5.1

Machado et al. [36] 817 Single CP bypass RIFLE 48.5 30 days 12.6
Sirvinskas et al. [37] 179 Single CP bypass RIFLE 10.6 NS NR
O’Riordan et al. [38] 300 Multi OLT RIFLE 36.8 NS NS
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Table 2: Continued.

Author no. of
subjects Single/multicenter Patient

population
AKI definition

used AKI incidence (%) Mortality
endpoint Mortality (%)

Biagioni et al. [39] 144 Single OLT versus NEAS RIFLE OLT: 29
NEAS: 47 ICU OLT: 29

NEAS: 51
Guitard et al. [40] 97 Single OLT RIFLE 63.8 UKN UKN
Medve and Gondos
[13] 295 Multi Major noncardiac

surgery AKIN 18.1 ICU 33.3

Tallgren et al. [41] 69 Single
Elective

infra-renal AAA
surgery

RIFLE 22 Hospital 1.4

Hoste et al. [42] 787 Single CIN UKN 16.3 28 days
1 year

13.1
35.9

Lakhal et al. [43] 299 Single CIN AKIN 14 ICU 18
Rashid et al. [44] 139 Single CIN RIFLE 11.5 ICU 31

Valette et al. [45] 101 Single CIN/Surgical RIFLE versus
AKIN

RIFLE: 19
AKIN: 19 ICU RIFLE: 26.3

AKIN: 31.6

Chua et al. [46] 105 Single ROSC following
cardiac arrest RIFLE PRCS: 51.7

No PRCS: 6.4
ICU PCRS: 46.6

No PCRS: 27.7

Hospital PCRS: 51.7
No PCRS: 34

Cholongitas et al.
[47] 412 Single Cirrhosis RIFLE 50 6 weeks 61.2

Hata et al. [48] 376 Single ADHF RIFLE 73.1 Hospital 10.5
Martin-Leoches et
al. [49] 661 Multi H1N1 AKIN 17.7 ICU 44.1

Jung et al. [50] 221 Multi H1N1 RIFLE 22.6 30 days 17.2
Nin et al. [51] 84 Multi H1N1 RIFLE 51 28 days 51.2
Abdulkader et al.
[52] 47 Single H1N1 RIFLE 53 Hospital 19.1

Chacko et al. [53] 31 Single H1N1 RIFLE 3.2 28 days 16.1
Mixed: combined medical and surgical patients. RRT: renal replacement therapy. ECMO: extracorporeal membrane oxygenation. OLT: orthotopic liver
transplant. NEAS: non-emergent abdominal surgery. CP: cardiopulmonary. NS: not specified. UKN: unable to determine due to inability to access source.
AAA: abdominal aortic aneurysm. CIN: contrast-induced nephropathy. ROSC: return of spontaneous circulation. PRCS: post-resuscitation cardiogenic shock.
ADHF: acute decompensated heart failure.

et al. published a series of ICU admissions comprised of over
17,000 patients (medical, surgical, and mixed ICUs) from 30
Austrian ICUs comprised of 50.4%medical admissions [102].
The primary endpoint defined as the need for renal replace-
ment therapy (RRT) was noted in 4.9% of all ICU admissions
(5.6% of medical ICU admissions and 4.5% of surgical ICU
admissions). The most common reasons for admission that
resulted in RRT were respiratory disease, sepsis, abdominal
surgery, cardiovascular surgery, and surgery not otherwise
specified.

8. Surgical Patients

Data from surgical populations show a similar incidence
of postoperative AKI generally ranging from 16.7% to 30%
[29, 103]. One study examining heart transplants revealed a
70% incidence of AKI in 54 patients, but this data may have
been due to an increased acuity in both donors and recipients
reflected as an overall mortality of 28% [55]. Roh et al.
[35] reported 54% incidence of AKI in 98 patients following

surgery for acute aortic dissection, 96% of which underwent
emergent repair. Of these patients, 75% underwent moderate
hypothermia during their procedure; however, hypothermia
alone has not been shown to increase the incidence of AKI in
thoracic aortic surgery [104]. Administration of intravenous
contrast frequently precipitates AKI and also increases the
risk of perioperative AKI beyond what would be expected
from either surgery or percutaneous coronary intervention
if both are performed during the same hospitalization, 33%
versus 50% [32]. Few studies describe postoperative AKI in
noncardiac/nonvascular patients. A Hungarian study exam-
ined 295 adults admitted to the ICU after major noncardiac
surgery and found a similar 18.1% incidence of AKI [13].
However, 1129 patients undergoing lung resection surgery
had an overall 5.9% incidence of AKI, 88% of which were
classified as stage 1 by AKIN criteria [105].

9. Special Patient Populations

Multiple patient populations deserve special discussion
regarding their risks for developing AKI.



Critical Care Research and Practice 5

Trauma. Historically, trauma patients are younger thanmany
other hospital populations, but as the median age of trauma
patients increases, their incidence of AKI does not vary
significantly from other ICU populations [106]. A post hoc
analysis of the “Inflammation and the Host Response to
Injury” dataset revealed a 26% incidence of AKI based on
RIFLE criteria [107].

Sepsis. Severe sepsis, often complicated by renal hypop-
erfusion in septic shock, is characterized by a profound
inflammatory milieu and associated dysfunction of multiple
organ systems. Rates of AKI reported in septic patients range
from 13% up to >64.4% [49–51, 87, 108, 109].The toxic effects
of sepsis on AKI do not appear to be specific to bacterial
or fungal pathogens. The 2009 H1N1 influenza pandemic
demonstrated that viral infections caused significant rates
of AKI (up to 51%) sometimes exceeding those seen in
more common infections [49–53]. Of note, delays in the
administration of appropriate antibiotics are associated with
the highest incidence of sepsis-induced AKI. A 6.0 h versus
4.3 h delay in antibiotics resulted in an odds ratio of 1.14 (95%
CI 1.10–1.20, 𝑃 < 0.001) per hour delay for the development
of AKI [87]. Furthermore, current sepsis resuscitation guide-
lines advocate aggressive volume resuscitation for patients
presenting with severe sepsis in an effort to improve overall
survival [110]. Little data exists describing the renal effects
of this resuscitation; however, one study demonstrated an
increase in AKI developing within the first 2 days of ICU
admission in those patients with a positive fluid balance
[111]. Payen et al. performed a post-hoc analysis of the Sepsis
Occurrence in Acutely Ill Patients (SOAP) trial to assess
the effects of fluid resuscitation on the development of AKI.
Septic patients in the SOAP trial received significantly more
fluid than their nonseptic counterparts during the first 72
hours of ICU admission (1.8 ± 5.0 versus 0.51 ± 3.5 L).
Early, aggressive volume resuscitation can improve outcomes
[112, 113]; however, patients with amore positive fluid balance
subsequently developed AKI more frequently than patients
that had a less positive balance [114] suggesting that the
benefits of fluid administration may be time sensitive.

H1N1. Little data regarding the incidence of AKI in patients
with influenza A infection had been published prior to the
H1N1 pandemic in 2009. Multiple case reports of rhabodmy-
olysis exist, but no systematic analyses of incidence have been
published [115–119]. Therefore, it is impossible to determine
whether the H1N1 strain uniquely caused AKI or whether the
many reports of AKI reflect the underlying severity of the
patients’ illness upon their arrival in the ICU [49–53].

Burns. Victims of severe burns often experience a similar
massive inflammatory response but without the underlying
infectious toxins as many septic patients. In addition, these
patients often have an exact time of onset, often immediately
prior to presentation, and receive immediate resuscitation
as opposed to septic patients that may develop symptoms
over hours to days prior to presentation and initiation of
therapy. Despite this early, aggressive therapy, burn patients
experience AKI as often as sepsis patients. In a study of 60

patients admitted with burns exceeding 20% body surface
area, 53.3% developed AKI [24].This reflects the upper range
ofAKI seen in the literature; however, themortality forAKI in
burn patients is somewhat lower than expected (7.6–34.4%)
[22–24].

Cardiac Arrest. Patients experiencing cardiac arrest often
have prolonged periods of severe hypotension. Of those
that survive and achieve return of spontaneous circulation
(ROSC), the need for vasoactive medications beyond 24
hours after ROSC correlates with the development of AKI,
51.7% versus 6.4%, likely reflecting overall systemic injury
[120].

Trauma. The incidence of AKI in trauma patients trends
similarly to other populations, but themortality did not reach
levels seen in other studies. This may reflect the younger
patient populations seen byGomes’ (mean age= 37)mortality
rate of 8.2% [27] compared to Constantini’s (mean age = 42.3
with AKI and 52.9 without AKI) mortality rate of 10.8% [26]
and Bagshaw’s (mean age = 62.5 with AKI and 47.3 without
AKI) [17].

Cardiothoracic and Vascular Surgery. Patients undergoing
cardiac surgery face a unique combination of renal stressors
from both major surgery as well as cardiopulmonary bypass.
Rates of AKI for elective cases generally range from 16.7%
to 32.8% with a concomitant low mortality (1.3%–5.5%) with
2 exceptions [35, 36]. In 817 patients undergoing coronary
artery bypass grafting while being on cardiopulmonary
bypass, the incidence of AKI was 48.5% and mortality 12.6%
[36]. Some of the decreased AKI and mortality rates may be
explained by patient selection prior to undergoing surgery,
but Roh et al. published a series of patients undergoing
thoracic aortic graft placement of which 95%of the cases were
performed emergently suggesting that patient selection alone
may not be the sole factor [35]. The increased incidence of
AKI and mortality noted by Lin et al. most likely reflects the
prolonged duration of bypass since it was used primarily for
the treatment of postcardiotomy cardiogenic shock well after
completion of the surgical procedure [28]. Of note, vascular
surgery in itself does not appear to be a major risk factor for
AKI mortality [41].

10. Conclusions

AKI in the ICU has been difficult to study due to vary-
ing criteria for the definition of it prior to the adoption
of the RIFLE and AKIN classifications. There has been a
gradual increase in incidence of AKI which may partly be
explained by an increase in detection. Furthermore, clinicians
frequently underreport the incidence of AKI in sensitivity of
the criteria to define AKI.The overall incidence of AKI in the
ICU is approximately 20%–50%and can have amortality over
50%. With the exception of liver transplant patients, surgical
patients generally have a lower incidence of AKI, whereas
patients with sepsis have the highest incidence. Future studies
may benefit by better identifying modifiable risk factors to
prevent the development of AKI.
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Acute kidney injury (AKI) frequently occurs in the setting of critical illness and itsmanagement poses a challenge for the intensivist.
Optimal management of volume status is critical in the setting of AKI in the ICU patient. The use of urine sodium, the fractional
excretion of sodium (FeNa), and the fractional excretion of urea (FeUrea) are common clinical tools used to help guide fluid
management especially further volume expansion but should be used in the context of the patient’s overall clinical scenario as
they are not completely sensitive or specific for the finding of volume depletion and can be misleading. In the case of oliguric or
anuric AKI, diuretics are often utilized to increase the urine output although current evidence suggests that they are best reserved
for the treatment of volume overload and hyperkalemia in patients who are likely to respond to them. Management of volume
overload in ICU patients with AKI is especially important as volume overload has several negative effects on organ function and
overall morbidity and mortality.

1. Introduction

Acute kidney injury (AKI) is a frequent complication in
critically ill patients in the intensive care unit (ICU) with an
incidence ranging from 17.5% to 78% [1–5]. Management of
volume status in critically ill patients with AKI is difficult as
it is often accompanied by oliguria or anuria as well as total
body fluid overload and tissue edema. AKI increases the risk
of mortality and often occurs in the setting of sepsis or other
forms of shock [6]. While the early goal-directed therapy
study showed the benefit of adequate volume repletion in
critically ill patients with septic shock [7], there are detrimen-
tal effects associated with salt and water overload which can
result from resuscitation with crystalloids or colloids. These
include worsening of lung function and difficulty of wound
healing [8, 9].

In this paperwewill focus on the role of intravenous fluids
(IVFs) and diuretics for the management of volume status
in critically ill patients with AKI. We will also discuss the
differences between oliguric and nonoliguric renal failure and

the effects on outcomes of “converting” patients from oliguric
to nonoliguric renal failure.

2. Epidemiology and Mortality of
AKI in the ICU

The Acute Dialysis Quality Initiative (ADQI) published the
Risk, Injury, Failure, Loss, End-Stage KidneyDisease (RIFLE)
definitions for AKI in 2004 [10], developing a consensus
definition of AKI that could be used in studies rather than
the 30 plus definitions that had been used in previous studies.
Thiswas revised by theAcute Kidney InjuryNetwork (AKIN)
in 2007 [11] (Table 1). Bagshaw et al. showed that there was
no advantage of using one criterion over the other and
that the sensitivity, robustness, and predictive ability using
both definitions to classify AKI within the first 24 hours of
admission into the ICU were similar [6].

Regardless of the classification system used, the incidence
of AKI in patients admitted to the ICU is high, ranging
from 18 to 78% [1–6]. For example, the incidence of AKI
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Table 1: Comparison of RIFLE and AKIN criteria for the acute kidney injury (AKI).

RIFLE category Serum creatinine criteria Urine output criteria
The Acute Dialysis Quality Initiative (ADQI) criteria for the definition and classification of AKI (i.e., RIFLE criteria)
Risk Increase in serum creatinine ≥1.5 X baseline or decrease in GFR ≥25% <0.5 mL/kg/h for ≥6 h
Injury Increase in serum creatinine ≥2.0 X baseline or decrease in GFR ≥50% <0.5mL/kg/h for ≥12 h
Failure Increase in serum creatinine ≥3.0 X baseline or decrease in GFR ≥75% or an <0.3mL/kg/h ≥24 h or

absolute serum creatinine ≥4.0mg/dL with an acute rise of at least 0.5mg dL anuria ≥12 h
Loss Persistent acute renal failure—complete loss of kidney function ≥4 weeks N/A
EskD End-stage kidney disease ≥3 months N/A
AKIN stages Serum creatinine criteria Urine output criteria
The proposed Acute Kidney Injury Network (AKIN) criteria for the definition and classification of AKI

Stage 1 Increase in serum creatinine ≥0.3mg/dL or increase to ≥150–199% (1.5- to 1.9-fold) from
baseline <0.5mL/kg/h for ≥6 h

Stage 2 Increase in serum creatinine to 200–299% (>2–2.9-fold) from baseline <0.5mL/kg/h for ≥12 h
Stage 3 Increase in serum creatinine to ≥300% (≥3-fold) from baseline or serum creatinine <0.3mL/kg/h ≥24 h or

≥4.0mg/dL with an acute rise of at least 0.5mg/dL or initiation of RRT anuria ≥12 h

in patients undergoing cardiothoracic surgery in one study
varied between 18.9% and 26.3% depending upon if the
RIFLE or AKIN criteria were used [1]. In-hospital AKI is a
significant risk factor for in-hospital mortality. In one study,
the odds ratio for in-hospital mortality was 3.29 in patients
with AKI versus those without AKI [6]. In multiple other
studies, AKI of any RIFLE class or AKIN stage significantly
increases mortality, with a mortality rate in studies ranging
from approximately 8% to 72% [4, 5]; oliguric AKI carries a
highermortality than nonoliguric AKI [12]. It is unclear if the
reason for the increased mortality in oliguric and anuric AKI
is the underlying increased severity of the renal injury due
to increased severity of illness or if there is something else
inherent to AKI that increases mortality.

3. Administration of Intravenous Fluids
(IVF) in AKI

Given the high mortality of in-hospital AKI and the high
incidence of AKI especially in the ICU, it is important to
consider the factors that can affect its management, including
volume status. Maintaining adequate intravascular volume
is an important part of the therapy of septic shock as
demonstrated by Rivers et al. [7]. Guaranteeing adequate
renal perfusion and intravascular volume is also important in
the prevention and therapy of AKI in the ICU [8]. Clinicians
in the ICUhave traditionally used urinary chemistries such as
the urine sodium and fractional excretion of sodium (FeNa)
and urea (FeUrea) to help differentiate between pre-renal and
intrarenal causes of AKI and to help guide further admin-
istration of IVF [13]. There are several circumstances, how-
ever, in which these traditional urinary biomarkers can be
misleading, including in sepsis [14, 15], myoglobinuria [16],
contrast-inducednephropathy [17], acute glomerulonephritis
[18], cirrhosis [18], congestive heart failure [18], and use of
calcinerin inhibitors (CNIs) [19] or diuretics [20]. A low
FeNa, or low urine sodium reflects poor renal perfusion of
any cause, not exclusively volume depletion as an etiology

Table 2: Clinical scenarios inwhich the urine sodiumandFeNamay
be unreliable.

Sepsis
Congestive heart failure
Myoglobinuria and hemoglobinuria
Contrast nephropathy
Cirrhosis
Acute glomerulonephritis
Use of calcineurin inhibitors
Use of diuretics

of AKI, and there are many causes of “low FeNa ATN” as
listed above (Table 2). FeUrea has been felt to perhaps be a
better test to evaluate prerenal AKI in the setting of diuretic
administration; however, the sensitivity and specificity of the
FeUrea was poor in amulticenter cohort study [21]. Given the
problems with interpretation of the urine sodium, FeNa, and
similar urinary chemistries, it is important to use them as just
one important piece of data within the context of the patient’s
overall clinical scenario rather than giving additional volume
on the strength of a low FeNa alone; important adjuncts
to the urine chemistries include physical examination for
signs of volume depletion or overload and use of invasive
hemodynamic monitoring as done in recent trials looking at
fluid management in acute lung injury [22–24].

4. Administration of Diuretics in
AKI and Conversion of Oliguric to
Nonoliguric Renal Failure

Oliguria and anuria are common problems facing ICU clin-
icians caring for patients with AKI. As above, studies in the
past have suggested that oliguric AKI carries a highermortal-
ity than nonoliguricAKI [12].There is some physiologic sense
to the idea that maintaining urinary flow during AKI may
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Table 3: Studies examining the effects of diuretics in AKI.

Reference Study type Population n Effect of diuretics

Mehta et al.
(2002) [27] Retrospective cohort

Patients in 4 teaching hospital
ICUs affiliated with the University
of California with nephrology
consultations, medical and surgical
ICU patients

552

Increased risk of death or
nonrecovery of renal function (OR
1.77), magnified when patients who
died within the first week after
consultation were excluded (OR 3.12)

Uchino et al.
(2004) [28]

Prospective multicenter,
epidemiological study

ICU patients with the following
etiologies of AKI: severe
sepsis/septic shock (43.8%), major
surgery (39.1%), low cardiac output
29.7%), hypovolemia (28.2%)

1734 No statistically significant difference
in groups with or without diuretic use

Shiliday et al.
(1997) [29]

Prospective, randomized,
double-blind

placebo-controlled trial
ICU patients at a single center 92

Increase in urine output with
diuretics
Improvement in mortality for those
who became nonoliguric but had
lower APACHE II scores at baseline.
No difference in mortality between
those who became nonoliguric with
placebo versus diuretics

Cantarovich
et al. (2004) [30]

Prospective, randomized,
double-blind,

placebo-controlled trial

Multicenter trial, 13 ICUs, 10
nephrology wards 338

Increase in urine output with
diuretics
No improvement in survival, renal
recovery, number of dialysis sessions,
or duration of need for dialysis
between the two groups

Van der Voort
et al. (2009) [31]

Prospective, randomized,
double-blind,

placebo-controlled trial

ICU patients at a single center
treated with CVVH 72

Increase in urine output with
diuretics.
No improvement in duration of renal
failure or rate of renal recovery

Wu et al. (2012)
[32]

Prospective, multicenter,
observational study

Postsurgical ICU patients receiving
hemodialysis 572

Higher doses of diuretics were
associated with hypotension and
increased mortality

be beneficial. A few studies have shown that inhibition of the
sodium/potassium chloride cotransporter (NKCC2) by loop
diuretics reduces active sodium transport, decreases oxygen
consumption, and may decrease potential ischemic injury
[25]. In light of this,many ICU clinicians have tried to convert
patients from oliguric to nonoliguric AKI with the use of
diuretics, typically loop diuretics [26]. Unfortunately, these
theoretical benefits of increasing the urinary flow have not
translated into similar improvement in the clinical outcome
in several studies (Table 3) [8, 9, 12, 25, 27]. It has been
suggested that patients with nonoliguric AKI either de novo
or in response to diuretics may have had better outcomes
than those with oliguric AKI due to a lower level of severity
of their primary etiology of AKI compared to the oliguric
patients. It is also possible that poor outcomesmay have been
due to a delay in nephrology consultation and/or provision
of renal replacement therapy while clinicians were waiting
for a response from the oliguric patients. In these studies
while diuretics did not improve clinical outcomes, they were
effective in improving the urine output in those patients who
could respond to them.This suggests that diuretics should be
used in patients with AKI in the ICU for the management of
the volume overload, rather than just for converting patients
from oliguric to nonoliguric AKI. In addition, loop diuretics

promote kaliuresis and can be used for the management of
hyperkalemia in patients who are not oliguric or anuric and
more likely respond to diuretic therapy.

5. Avoidance of Volume Overload in
ICU Patients with AKI

A frequent complication of oliguria and anuria in ICU
patients with AKI is the development of volume overload. As
previously noted, volume administration in patientswithAKI
should be done cautiously and with close attention paid to
the patient’s overall clinical status including hemodynamics,
intravascular volume, and respiratory status. Diuretics can be
given to patients with AKI to combat volume excess as this
can have negative effects onmultiple organ systems including
heart, skin, kidneys, and lungs [9, 33–36].

In patients with established AKI unresponsive to fluid
administration, fluid restriction is the treatment of choice.
Patients undergoing any major surgery typically gain 3–
6 kg due to fluid administration which has been associ-
ated with worse cardiopulmonary and surgical wound
healing outcomes and overall outcomes [9]. Brandstrup et al.
performed a randomized assessor blinded multicenter
study looking at perioperative fluid management strategies
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in patients undergoing colorectal surgery [9]. They found
that a restricted intravenous fluid regimen significantly
reduced postoperative cardiopulmonary complications and
tissue/wound healing complications in intention to treat
and per protocol analyses. They did not note any harmful
adverse effects of the fluid restrictive strategy. This suggests
that fluid restriction in surgical patients with AKI may lead
to improved wound healing and overall outcomes.

The kidney is an encapsulated organ and fluid congestion
and elevated venous pressures can lead to a decrease in
renal blood flow and glomerular filtration rate (GFR) [34].
Fluid overload in critically ill patients, especially those in the
surgical and trauma ICUs, may also predispose them to the
development of intra-abdominal hypertension (IAH) which
is an additional risk factor for the development of AKI [34].

Fluid overload is also associated with a greater incidence
of nonrecovery of renal function in patients starting renal
replacement therapy [35]. Heung et al. performed a retro-
spective, single-center analysis of 170 patients who started
renal replacement therapy (RRT) for AKI attributed to acute
tubular necrosis (ATN) [35]. They found that those patients
with fluid overload had a worse rate of renal recovery at one
year than those euvolemic at the start of renal replacement
therapy.

The Fluid and Catheter Treatment Trial (FACTT), a
multicenter, randomized controlled trial evaluating a con-
servative versus liberal fluid management strategy for 1000
patients with acute lung injury, did not show a mortality
benefit, but did show a benefit in ventilator free days in
patients randomized to a fluid conservative strategy [24].
A subgroup analysis of patients who developed AKI in this
study was done looking at the association of postrenal injury
fluid balance and diuretic use with 60-day mortality [23].
Of the 1000 patients studied in the parent FACTT trial,
306 patients developed renal injury. Post-AKI fluid balance
was significantly associated with the risk of death in this
subgroup with the risk of death approximately 1.6-fold higher
per liter/day of fluid accumulated. Diuretic usewas associated
with decreased mortality at 60 days, except when adjusted
for fluid balance. It is possible that patients who received
diuretics had an improvement in mortality because they
achieved better fluid balance with decreased accumulation of
fluid.

6. Recommended Strategy for
Volume Management

Optimal management of volume status in AKI requires close
collaboration between the critical care physician, nephrol-
ogist, and other subspecialists participating in the care of
the patient. Intravenous fluids play a critical role in the
resuscitation of the critically ill patient with sepsis [7, 37],
but the overzealous fluid resuscitation has been associated
with increased complications, increased length of ICU and
hospital stay, and increased mortality [8, 9, 38]. In the
opinion of the authors of this paper, an accurate assessment
of body weight, fluid balance and fluid responsiveness (an
increase in stroke volume of 10–15% after the patient receives
500ml of crystalloid over 10–15 minutes) is central to the

optimization of volume management in patients with AKI
[39]. This would be dependent upon the resources of the
treating institution and could range from clinical indices of
adequate perfusion such as mean arterial pressure, urine out-
put, capillary refill and central venous pressure monitoring,
laboratory data such as serum lactate, arterial blood gas,
and central or mixed venous oxygen saturation, or more
advanced tools to determine fluid responsiveness as defined
by fluid responsiveness to passive leg raising with or without
bioreactance, pulse pressure or stroke volume variation, or
transpulmonary thermodilution with global end-diastolic
volume/extravascular lung water measurement [38–41].

The authors of this paper would recommend an approach
that incorporates adequate resuscitation with intravenous
fluids and vasopressors assessing for volume status and fluid
responsiveness based upon the resources of the treating
facility. In addition, in individuals who develop AKI, in
addition to other measures, urine chemistries may be helpful
in determining the need for intravenous fluid administration
with the caveats addressed previously; a low FeNa or FeUrea
may not equal volume depletion andmay be just an indicator
of inadequate renal perfusion. Hypovolemic patients will
benefit from intravenous fluid while fluid responsive. If the
patient is volume replete and oliguric, we would advise a
strategy of fluid restriction to avoid further fluid overload.
Diuretics may be considered to address fluid overload and
mild hyperkalemia. There may be no benefit to the use of
diuretics for the treatment of oliguria, but there is some
benefit of inducing a net negative volume status if possible
with diuretics. If the patient remains oliguric and volume
overloaded despite an adequate trial of high-dose intravenous
diuretics, we would recommend considering nephrology
consultation and RRT.

7. Conclusion

Adequate resuscitation is the key to the therapy of sepsis
and other forms of shock commonly encountered in the
ICU.However, overadministration of fluids can have negative
effects on multiple organ systems and fluid overload is
associated with increased mortality. Fluid overload is both a
consequence and a risk factor for the development of AKI
in critically ill patients. AKI is a frequent complication of
ICU stays and is associated with an increased mortality. AKI
further complicates the fluid management in these patients
who have limited ability to deal with salt and water excess
due to decreasedGFR and urine output. Oliguric renal failure
may be associatedwith a higher risk of death thannonoliguric
renal failure in part because of the diminished ability to
manage volume excess, but also because oliguric renal failure
may reflect worse renal injury and an overall sicker patient.

Making an accurate assessment of intravascular volume
status and volume responsiveness using the tools available at
the treating institution is paramount in the critically ill patient
with AKI. The authors would recommend an approach that
incorporates ensuring adequate intravascular volume, while
avoiding the administration of intravenous fluids when the
patient is no longer volume responsive to avoid the volume
overload which can be associated with adverse outcomes.
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In patients who are fluid overloaded and oliguric, diuretics
can be helpful in some cases. While there is no evidence
that converting patients from oliguric to nonoliguric renal
failure has a beneficial effect onmortality or recovery of renal
function after AKI, avoiding fluid overload and inducing
a net negative fluid balance correlate with better outcomes
after AKI. For this reason, the use of diuretics in critically
ill patients with AKI should be limited to management of
volume overload and in some cases hyperkalemia, when the
patient ismaking urine. A failure of diuretics to increase urine
output in a critically ill patient should be an indication that
nephrology consultation may be needed and that initiation
of RRT may need to be considered.
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Introduction. RIFLE and AKIN provide a standardised classification of acute kidney injury (AKI), but their categorical rather than
continuous nature restricts their use to a research tool. A more accurate real-time description of renal function in AKI is needed,
and some published data suggest that equations based on serum creatinine that estimate glomerular filtration rate (eGFR) can
provide this. In addition, incorporating serum cystatin C concentration into estimates of GFR may improve their accuracy, but
no eGFR equations are validated in critically ill patients with AKI. Aim. This study tests whether creatinine or cystatin-C-based
eGFR equations, used in patients with CKD, offer an accurate representation of 4-hour creatinine clearance (4CrCl) in critically ill
patients with AKI. Methods. Fifty-one critically ill patients with AKI were recruited. Thirty-seven met inclusion criteria, and the
performance of eGFR equations was compared to 4CrCl. Results. eGFR equations were better than creatinine alone at predicting
4CrCl. Adding cystatin C to estimates did not improve the bias or add accuracy. The MDRD 7 eGFR had the best combination
of correlation, bias, percentage error and accuracy. None were near acceptable standards quoted in patients with chronic kidney
disease (CKD). Conclusions. eGFR equations are not sufficiently accurate for use in critically ill patients with AKI. Incorporating
serum cystatin C does not improve estimates. eGFR should not be used to describe renal function in patients with AKI. Standards
of accuracy for validating eGFR need to be set.

1. Introduction

There are numerous and inconsistent definitions of acute
kidney injury (AKI). The RIFLE criteria [1], which were
then modified to the AKIN criteria [2], form the basis
for classification of AKI; however, these classifications do
not provide an indication for when and how to alter the
management.Their categorical rather than continuous nature
is an important limitation in their use as a research tool. A
more accurate real time description of true renal function in
patients with AKI is needed.

In contrast, there are well-established techniques for
measuring and categorizing renal function in chronic kidney
disease (CKD). Glomerular filtration rate (GFR) is accepted

as the best overall measure of kidney function [3, 4]. The
gold standard for measurement of GFR is the urinary or
plasma clearance of an ideal filtration marker, such as inulin,
51Cr-EDTA (51Cr-ethylenediaminetetra-acetic acid), DTPA
(diethylene triamine penta-acetic acid), or iohexol. Mea-
suring clearance with these markers is complex, expensive,
and difficult to do in routine clinical practice [5]. As a
result, clearance of the endogenous biomarker creatinine
is the most widely used approach. Creatinine is found in
stable plasma concentrations, freely filtered, not reabsorbed,
and is minimally secreted by the renal tubule. Although
not the perfect marker, it is easily measured in blood and
urine and creatinine clearance (CrCl), over a defined time
interval (usually 24 hours), is used as a surrogate measure
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of GFR. Measuring 24-hour CrCl in patients with AKI and a
rapidly changing GFR will be misleading, but CrCl has been
validated in various groups of patients over much shorter
collection times (1, 2, 3, 4, and 8 hours) [6–10] including
patients in intensive care [11], and accurate urine collection
in critically ill patients is made easier by the use of urinary
catheters.

Clinicians now use a set of equations [12], which have
improved on the widely used Cockcroft and Galt (C&G)
formula to estimate renal function in patients with CKD [13]
and a GFR of 60mL⋅min−1 per 1.73m2 or less. Recently, an
eGFR equation modelled to accurately predict GFR over a
wider range, including values greater than 60mL⋅min−1 per
1.73m2, has been published [5], but this is not yet used in
routine clinical practice.

Some published data, albeit in abstract form, suggest that
MDRD eGFR calculations may be more useful than serum
creatinine alone in estimating renal function in critically
ill patients when compared to CrCl measurements [14, 15].
However, these eGFR equations have not been formally
validated for use in critically ill patients with AKI.

An attempt to improve the accuracy of eGFR has led
to new equations for patients with CKD that incorporate
the cysteine proteinase inhibitor cystatin C [16–21] (though
this has had varying success). Cystatin C is constitutively
expressed by all nucleated cells exhibiting a stable production
rate even in the presence of an acute inflammatory response
[16]. It is freely filtered by the glomerulus and almost
completely reabsorbed and catabolised by proximal tubular
epithelial cells [22]. eGFR equations with cystatin C as a
variable have not been tested as a marker of renal function
in critically ill patients with AKI.

As mentioned, CrCl measured over short-time periods
(e.g., four hours) is an accepted measure of renal function
in critically ill patients. It still; however, takes a significant
time to process and urine creatinine measurements are often
analysed once a day; thus the clinical picture may have
changed by the time the result is available. There is a need
for a quick and simple measurement that will provide a more
precise description of renal function than AKIN/RIFLE to
guide clinical practice and standardise research end points.
Simple equations that have been formulated to describe renal
function in CKDmay have a role in describing renal function
in AKI and be more sensitive than creatinine alone.

This study aimed to test whether creatinine or cystatin-
C-based eGFR equations, commonly used in patients with
CKD, offer an accurate representation of 4-hour CrCl (4CrCl)
(when less than 60mL⋅min−1 per 1.73m2) in critically ill
patients with AKI.

2. Methods

2.1. Patients and Sample Collection. This was a prospective
cohort analysis of critically ill patients with AKI. Approval
was obtained from a Research Ethics Committee that spe-
cialises in approving research involving patients with limited
or no capacity.Written informed consent was obtainedwhere
possible. If the patient was not able to consent, written

agreement for the patient to participate was obtained from
a consultee in accordance with the guidelines from the
ResearchEthicsCommittee in relation to theMental Capacity
Act of 2006 (UK).

All patients admitted to the adult general ICU were
considered if they had urinary and arterial catheters and
fulfilled one of the AKIN criteria. Urine was collected over
four hours, and a mixed sample was analysed for creatinine
concentration. Serum measurements were made at the end
of the collection time. Patient weight was determined from
the patients themselves or their relatives or, if neither of these
were possible, the most recent weight documented in the
medical notes. If none of these were available then weight
was estimated. Weight estimation is common in the ICU
occurring in approximately 40% of admissions in our centre
[23].When required, estimationwas performed jointly by the
nursing and medical staff. Body surface area was calculated
using the Mosteller formula [24]. Creatinine clearance was
determined by multiplying the urinary creatinine concentra-
tion by the rate of urine production and dividing by the serum
creatinine concentration.This was then standardised to body
surface area (1.73m2) for comparison with eGFR estimation.

Patients were excluded if 4CrCl was greater than
60mL⋅min−1 per 1.73m2 or the urine output was less than
0.24mL⋅kg−1 per hr over the study period (i.e., <400mL per
day in a 70 kg patient’s oliguria) as the clinical need to know
the actual GFR is less as renal replacement therapy beckons.

2.2. Calculations Using Equations Which Estimate GFR. The
equations used for estimating GFR are shown in Table 1
and include a comparison to serum creatinine alone [7, 14,
15, 18]. Creatinine was measured by the Jaffe reaction [25].
All these tests were performed on a Siemens ADVIA 2220
autoanalyser. Equations based on cystatin C are specific to
the method used for measurement. In this study, cystatin
C was measured using the particle-enhanced nephelometric
immunoassay (PENIA)method and thus the eGFR equations
used are those from the Levey group [16]. These appear to
be more accurate than its alternative, the particle-enhanced
turbidimetric immunoassay (PETIA) [26].

2.3. Statistical Analysis. Statistical analysis was done using
Microsoft Excel and GraphPad Prism 5 (v5.03). Two-tailed 𝑃
values < 0.05 were considered significant. Correlation coef-
ficients (Spearman’s rank) were calculated for each equation
compared to 4CrCl. Bland-Altman analysis [27] was used
to compare each equation to 4CrCl and the regression line
plotted. Bias is the mean of the difference between the eGFR
calculation and the 4CrCl. Percentage error or precision
was calculated by dividing the 1.96 multiple of the standard
deviation by the mean eGFR. Accuracy was measured as
the proportion of GFR estimates within 10%, 30% and 50%
deviation of the 4CrCl.

3. Results

51 patients had AKI as defined by AKIN but only 37 (20 male)
of those had a 4CrCl of ≤60mL⋅min−1 per 1.73m2 and a urine
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Table 1: Equations to estimate the Glomerular Filtration Rate (eGFR) mL⋅min−1 per 1.73m2.

Name Equation
Creatinine 1

Creatinine
×100

Cockcroft and Gault (140 − age) × weight
72 × sCr

× (0.85 if female)

aMDRD 175 × sCr−1.154 × age−0.203 × (0.742 if female) × (1.21 if black)

MDRD 6 198 × sCr−0.858 × age−0.167 × sUr−0.293 × uUr0.249 × 0.822 (if female) × 1.178 (if black)

MDRD 7 170 × sCr−0.999 × age−0.176 × sUr−0.170 × sAlb0.318 × 0.762 (if female) × 1.18 (if black)

CKD-EPI

Female
sCr ≤ 0.7 144 × (

sCr
0.7

)

−0.329

× 0.993
age
× 1.153 (if black)

sCr > 0.7 144 × (

sCr
0.7

)

−1.209

× 0.993
age
× 1.153 (if black)

Male sCr ≤ 0.9 141 × (

sCr
0.9

)

−0.411

× 0.993
age
× 1.156 (if black)

sCr > 0.9 141 × (

sCr
0.9

)

−1.209

× 0.993
age
× 1.156 (if black)

Cystatin C 1 76.7 × Cystatin C−1.19

Cystatin C 3 127.7 × Cystatin C−1.17 × age−0.13 × 0.91 (if female) × 1.06 (if black)
Cystatin C 4 177.6 × sCr−0.65 × Cystatin C−0.57 × age−0.2 × 0.82 (if female) × 1.11 (if black)
Age (years); weight (kg); sCr: serum creatinine (mg⋅dL−1) (to convert from 𝜇mol⋅L−1 divide by 88.4); sUr: serum Urea (mg⋅dL−1); uUr: urine urea (g⋅dL−1);
sAlb: serum albumin (mg⋅dL−1); cystatin C (mg⋅L−1); SDMA (nM⋅L−1).

output ≥0.24mL⋅kg−1 per hr. There was a broad range of
4CrCl over each of the AKIN criteria (Figure 1). Demo-
graphics and reason for ICU admission of the 37 patients
analysed are shown in Table 2. The mean (range) 4CrCl was
27.1 (8–51) mL⋅min−1 per 1.73m2. Table 3 summarises the
performance of the eGFR equations in terms of correlation,
bias, percentage error (precision), and accuracy. Figure 2
shows the accuracy of each of the equations. The MDRD 7
equation provided the most precise and accurate estimate of
creatinine clearance.

Cystatin C measurements were related to the AKIN cri-
teria and 4CrCl (Figure 3). There was a significant difference
between 1(R) and 3(F) (𝑃 < 0.001). Each category had a broad
range of distribution and substantial overlap between groups.
Cystatin C correlated significantly with 4CrCl (𝑟2 = 0.63; 𝑃 <
0.0001) (Figure 3).This wasmarginally better than creatinine
alone but not as good as the correlation coefficients for the
cystatin C equations.

All the eGFR equations were better than creatinine alone
at predicting the 4CrCl in terms of correlation, bias, precision,
and accuracy. The addition of cystatin C to the calculation
was better than creatinine alone but did not improve the
bias or add accuracy when compared to the original MDRD
equations and the new CKD-EPI equation. The MDRD 7
eGFR had the best overall combination of correlation, bias,
percentage error and accuracy.

4. Discussion

There is a need for a more accurate/continuous description
of renal function in addition to the RIFLE/AKIN criteria
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Figure 1: The broad range of 4CrCl measured across the various
AKIN criteria in 51 critically ill patients with AKIN defined AKI.

for patients with AKI. For example, whereas volume over-
load, metabolic acidosis, hyperkalemia, and overt uraemic
manifestations are commonly accepted indications for renal
replacement therapy (RRT), initiation of therapy based on
other conditions is more subjective and based on clinical
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Table 2: Patient demographics (range).

Patients with AKI, a 4CrCl <
60mL⋅min−1 per 1.73m2 and a u/o >

0.24mL⋅kg−1 per hr
Number of patients 37
Age (years) 67 (25–90)
Sex

Male 20
Female 17

Ethnicity
White 32
Black 3
South Asian 2

Height (cm) 170 (144–196)
Weight (kg) 82 (40–175)
Body surface area (m2) 1.95 (1.27–3.09)
Reason for ICU admission

Medical 15
Elective surgery 6
Emergency surgery 16

AKIN group
1 10
2 16
3 9

AKI: acute kidney injury; 4CrCl: 4-hour creatinine clearance; u/o: urine
output.

judgement. Opinion differs on whether early RRTmay bene-
fit critically ill patients and the data up to 2007 [28] is difficult
to interpret due to the large variability in the parameters used
to trigger initiation of RRT [29–31]. This is supported by a
more recent study involving 54 ICUs which also struggles
to draw a firm conclusion about when to start RRT [32].
The ability to accurately describe renal function through the
consistency of a quantitive and continuous measure of renal
function may be more helpful than the descriptive scale of
the AKIN criteria when constructing similar, important trials
such as these.

AKI has secondary pathophysiological effects, for exam-
ple, increased risk of infection [33], contribution to the
development of multiorgan dysfunction syndrome [34], and
altered hepatic drug metabolism [35]. Volume overload
and acid-base derangements typical of renal dysfunction
have serious consequences in the duration and weaning of
mechanical ventilation [36]. Recent animal studies suggest
that acutely ischaemic kidneys may induce both functional
and transcriptional changes in the lung, independent of
uraemia [37]. Metabolic disturbances and some of the other
associated complications of AKI may be proportional to the
severity of renal injury again reinforcing the need to explore a
quantitative and continuous measure of renal function/GFR
in patients with AKI.
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Figure 2: The accuracy of each of the equations expressed as the
percentage of estimates within 10%, 30% (P

30
), and 50%of the 4CrCl.

5. Measuring the ‘‘Clinical Success’’
of eGFR Equations

This study was designed to test the potential of using readily
available estimates of GFR as a bedside marker of renal func-
tion in critically ill patients with AKI to provide this measure.
In analysis there is a wide variation across different measures
of suitability (correlation, bias, precision, and accuracy) for
these eGFR equationswhich in turn raises the questions; what
is the best measure of suitability and what are the acceptable
limits?

The correlation coefficient in all equations (including
1/creatinine) could be deemed statistically strongm but in
this circumstance, it is not a good measure and is open to
misinterpretation. The Bland-Altman analysis reveals wide
ranges of both bias and percentage error for all equations,
highlighting that a small bias does not mean a more precise
equation. Acceptable limits of precision as less than or equal
to 30% have been suggested in comparisons of cardiac output
measures [38]. Based on these criteria, none of the eGFR
equations are satisfactory. Accuracy describes at best, only
27% of all the measures of MDRD 6 within 10% of the
measure 4CrCl with a maximum of 86% of eGFR measures
by theMDRD 7 equation being within 50% of the true 4CrCl.

There are no defined limits of acceptability when compar-
ing measured and estimated GFR but previous publications
offer some guidance. Levey et al. [12] noted that small reduc-
tions in correlation coefficient can represent large increases
in unexplained variance but continue to use this as a marker
of accuracy. The paper also demonstrates that the equations
perform better and are more accurate than in this study.
Subsequent studies consistently publish a P

30
(the percentage

of values estimated that are accurate to within 30% of the true
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Table 3: A summary of the performance of eGFR equations in critically ill patients with AKI, whose 4CrCl was less than 60mL⋅min−1 per
1.73m2 and whose urine output was greater than 0.2mL⋅kg−1 per min during the study period (37 patients).

4CrCl 1/creatinine Cockcroft
and Gault aMDRD MDRD 6 MDRD 7 CKD EPI Cystatin

C 1
Cystatin
C 3

Cystatin
C 4

Mean eGFR
(mL⋅min−1 per 1.73m2) 27.1∗ 53.4 35.5 33.3 35.5 28.8 32.3 43.2 41.0 39.7

Range
(mL⋅min−1 per 1.73m2) 8–51 13–119 11–63 9–87 9–79 8–71 9–80 17–85 16–79 15–79

r 2 correlation (P < 0.0001) 0.64 0.82 0.72 0.75 0.71 0.70 0.71 0.71 0.70
Bias −26.3 −8.4 −6.2 −5.4 −1.6 −5.2 −16.1 −13.9 −12.5
(1.96 × SD) 28 13.72 18.6 16.66 16.6 18.33 20.14 19.36 16.6
Percentage error (precision) 52 39 56 47 58 57 46 47 42
Accuracy (%)

10% 3 16 16 27 16 24 11 14 16
30%(P

30
) 5 46 57 49 70 57 27 30 35

50% 22 68 78 76 86 81 46 54 59
∗Measured not estimated.

value) which is perhapsmore useful comparison hence its use
in this analysis.

A recent study of eGFR performance in renal transplant
patients, [39] used Bland-Altman analysis and described the
bias of C&G, aMDRD, and MDRD 7 as 15.2, 9.2, and 7.4
and worse than this study. The precision (25.4%, 21.9%, and
20%, resp.) however, was better and within a range suggested
previously [38]. The percentage of values within 30% of the
4CrCl (P

30
) (37, 60, and 67.4, resp.) was comparable to the

data from this study, and the use of the equations in renal
transplant recipients is recommended.

When introduced, theCKD-EPI equation [7] had a bias of
2.1mL⋅min−1 per 1.73m2 and a P

30
of 79.9%, which are better

than data presented in this study and comparable only to the
MDRD 7 equation.

Using methods based on cystatin C when compared
with methods incorporating serum creatinine have shown
a higher correlation and improved accuracy in predicting
GFR in patients with various degrees of renal function, liver
disease, and spinal cord injuries [17]. However, results in
patients with diabetes, paediatric patients, and those with
early renal impairment did not show a significant difference
between cystatin C and creatinine based eGFR, indicating
that the performancemay be patient population specific [40–
43]. Human studies also suggest that cystatin C can predict
the development of AKI [44] and the requirement for renal
replacement therapy [45], although its superiority over serum
creatinine has not been a universal finding [46].

Data presented in this study demonstrate a very broad
range of both 4CrCl and cystatin C measurement across
each of the AKIN/RIFLE criteria. Figure 3 shows that serum
cystatin C increased with worsening renal functionmeasured
by 4CrCl, but the correlation coefficient is not compelling and
the confidence intervals are wide. When originally derived,
the equations which incorporate cystatin C showed minimal
bias and excellent accuracy with P

30
of 81%, 83%, and 89%

for cystatin C1, C3, and C4 equations, respectively [16].These

results were not reproduced in this study and the cystatin C
equations actually perform worse than the original MDRD
equations in patients with AKI.

6. Limitations

Measuring rapid changes in renal function accurately in
critically ill patients is difficult and there is no gold standard
method. A useful, routine exogenous marker has remained
elusive and there are well-described difficulties when inter-
preting creatinine clearance. Tubular secretion and extrarenal
elimination of creatinine increases as GFR deteriorates,
thus exaggerating the discrepancy between the clearance of
creatinine and true renal function [47]. In addition, serum
creatinine concentrations are influenced by muscle mass,
protein intake, gender, and age, limiting the precision further.
The influence of these factors in the acute setting is not
clear. However, over a period of hours and days, as the renal
function deteriorates in AKI, one would anticipate that these
other factors would remain relatively constant.

Aware of its limitations, in the absence of an accepted
gold standard, the 4CrCl was piloted as a baseline standard.
It incorporates both changes in creatinine and urine output
and is supported by an evidence base. A small study of
eighteen critically ill patients used correlation coefficients to
compare clearance of DTPA or inulin (their gold-standard
measure) to 2-hour creatinine clearance (2CrCl) [48]. The
authors conclude that a 2CrCl is not an accurate description
of inulin clearance, in this population, when the GFR is
<30mL⋅min−1. However, reanalysis of the published raw data
reveals a correlation coefficient (𝑟) between DTPA and 2-
hour creatinine clearance of 0.92 (𝑃 < 0.001) though this
is not discussed in the original paper. Perhaps the more
encouraging conclusion should include the close relationship
with DTPA clearance. There is no mention of urine volume
during the study time period and patients with very low
DTPA clearances (2mL⋅min−1) were included.
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Figure 3: Wide range of serum cystatin C across the corresponding
AKIN criteria and the correlation between 4CrCl and cystatin C
(𝑟2 = 0.63; 𝑃 < 0.0001).

On balance, until a comprehensive study is designed
using a universally accepted gold-standard measure of GFR,
we feel that 4CrCl is the most practical measure of GFR at
any one time in this specific and rapidly changing clinical
scenario.

This is a small single centre study but the first direct
comparison of a direct measure of renal function and mathe-
matical estimations in critically ill patients. Our conclusions
are important to discourage the misinterpretation of eGFR
equations in patients with AKI but also to encourage a search

for a more robust method of measuring renal function
other than 4CrCl and promote the consideration of a larger
multicentre study.

7. Conclusion

Although our study population is small, we conclude that the
MDRD equations, which estimate GFR, do not accurately
predict renal function measured by 4CrCl and thus are not
accurate enough for clinical use in critically ill patients with
AKI. Although the results in this study are in fact better
than any others published in critically ill patients so far, we
consider that previous results have been over interpreted in
favour of using GFR calculations and if a larger study was
designed, a dramatic improvement in performance would be
needed to show clinical relevance of these estimations. Serum
cystatin C measurements, and equations which incorporate,
do not add further information when estimating 4CrCl and
should not be used in their current format in clinical practice
to describe GFR.

In the future, modifications incorporating the unique
circumstances of critical illness may add value to the eGFR
calculations. For example, in critical illness, redistribution
of albumin to the interstitial compartment causes the serum
albumin concentration to be low, thus its inclusion as part of
eGFR may not be helpful. Weight is also difficult to measure
accurately in the ICU and patients often have many litres
of excess extravascular fluid and thus even measured weight
may not reflect true weight when euvolaemic. Consideration
of “AKI limits” such as oliguria or anuria may also help along
with, if possible, a comparison to a gold-standard measure of
renal function in AKI which could confirm the validity of a
4CrCl.

Finally, a consensus needs to be reached when setting
performance targets of new eGFR equations. Bias, percentage
error, and P

30
are commonly reported, but a range of

acceptability has not yet been set.
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Traditional diagnosis of acute kidney injury (AKI) depends on detection of oliguria and rise of serum creatinine level, which is
an unreliable and delayed marker of kidney damage. Delayed diagnosis of AKI in the critically ill patient is related to increased
morbidity and mortality, prolonged length of stay, and cost escalation. The discovery of a reliable biomarker for early diagnosis
of AKI would be very helpful in facilitating early intervention, evaluating the effectiveness of therapy, and eventually reducing
cost and improving outcome. Innovative technologies such as genomics and proteomics have contributed to the discovery of new
biomarkers, such as neutrophil gelatinase-associated lipocalin (NGAL), cystatin C (Cys C), kidney injury molecule-1 (KIM-1),
interleukin-18 (IL-18), and liver-type fatty acid binding protein (L-FABP). The current status of the most promising of these novel
AKI biomarkers, including NGAL, Cys C, KIM-1, L-FABP, and IL-18, is reviewed.

1. Introduction

Acute kidney injury is a heterogeneous process, defined by
the Acute Kidney Injury Network (AKIN) as “functional
and structural disorder or signs of renal damage including
any defect from blood and urine test, or tissue imaging
that is less than 3 months”. AKI is usually classified into
three broad categories as follows: (a) prerenal—an adaptive
response to severe volume depletion and/or hypotension,
with structurally intact nephrons—it is a functional damage
that represents the most common form of kidney injury but
can lead to intrinsic AKI if it is not promptly corrected; (b)
intrinsic—structural injury in the kidney, which is the hall-
mark of intrinsic AKI—the most common form of intrinsic
injury is acute tubular necrosis (ATN), either due to ischemic,
inflammatory, or cytotoxic insults; and (c) postrenal—from
mechanical obstruction of the urinary collecting system,
including the renal pelvis, ureters, bladder, or urethra [1].

“RIFLE” (Risk, Injury, Failure, Loss, and End-Stage Kid-
ney Disease) and AKIN criteria are the most frequently
used scoring systems [1, 2]. Therapeutic interventions have
failed to reduce morbidity and mortality, largely due to the
heterogeneity of the process, the incomplete understanding
of AKI pathogenesis, and therefore the delayed diagnosis and

implementation of the various procedures. The reliance on
conventional biomarkers such as urea and creatinine explains
the time frame between the occurrence and detection of the
disease process [3].

AKI biomarkers can be components of serum or urine.
The termbiomarker (acronym for biologicalmarker) was first
described in 1989, which means measurable indicator for a
specific biologic condition and for specific disease process.
In 2001, biomarker definition was standardized to be a
characteristic that can bemeasured and evaluated as a normal
biological process, pathological process, or pharmacological
response to therapeutic intervention. Moreover, the Food
Drug and Administration (FDA) uses the biomarker term to
describe any diagnostic indicator that can be measured and
used to assess any risk or disease [4].

The ideal renal biomarker should have the following
characteristics:

(i) diagnose renal dysfunction promptly,

(ii) distinguish prerenal AKI from apoptotic and necrotic
injury,

(iii) be able to localize the damage (e.g., tubular versus
other primary locations),



2 Critical Care Research and Practice

(iv) be specific for renal injury in the presence of concomi-
tant injury involving other organs,

(v) be able to discern AKI from chronic kidney disease,
(vi) classify according to severity,
(vii) predict the outcome,
(viii) permit disease modification,
(ix) be inexpensive and easy to perform,
(x) be able to act as an endpoint, useful for interventional

studies [5].

Traditional biomarkers are far away from satisfying the
above requirements. Urea production is inconstant, and
values can be altered by nonrenal factors such as changes
in endovascular volume, protein intake, and presence of
gastrointestinal bleeding. Furthermore, 40–50% of filtered
urea can be reabsorbed in the tubule [6]. Serum creatinine
(SCr) remains the cornerstone of AKI diagnosis. Never-
theless, it has several serious limitations. Its value varies
with age, gender, diet, muscle mass, drugs, and vigorous
exercise. Creatinine is also secreted by the urinary tubules
and this stands for 10–40% of its clearance. So, in cases of
decreased glomelural filtration rate (GFR) serum creatinine
levels may remain within normal values. Additionally, cre-
atinine becomes abnormal when more than 50% of GFR is
lost, and it takes up to 24 hours before increases in blood
concentration are detectable [7]. Estimation of GFR is most
commonly based upon the serum creatinine concentration:
the Cockcroft-Gault equation or the Modification of Diet in
Renal Disease (MDRD) equation [8].

Innovative technologies such as genomics andproteomics
made it possible to discover earlier biomarkers of AKI,
including neutrophil gelatinase-associated lipocalin (NGAL),
cystatin C (Cys C), kidney injury molecule-1 (KIM-1),
interleukin-18 (IL-18), and liver-type fatty acids binding
protein (L-FABP). The current status of these novel AKI
biomarkers is reviewed.

2. NGAL

2.1. Biochemical Characteristics and Biologic Properties.
NGAL (syn.lipocalin 2, siderocalin) is a small molecule of
178 amino acids that belongs to the lipocalin superfamily of
20 structurally related secreted proteins. It occurs predomi-
nantly in a monomeric form, with a small percentage occur-
ring as a dimer or trimer. Lipocalins are characterized by eight
𝛽-strands that form a 𝛽-barrel defining a calyx. The calyx
binds and transports a wide variety of low molecular weight
molecules, which are thought to define the biologic activity
of each lipocalin. For example, retinol-binding protein binds
and transports vitamin A, the lipocalin a1-microglobulin
scavenges heme [36].

NGAL, like the other lipocalins, is able to bind some
ligands, including the siderophores. Interactions with iron-
binding siderophores are responsible for NGAL’s characteris-
tic bright red colour and determine its bacteriostatic effects.
Bacteria produce siderophores to scavenge iron from the
extracellular space and use specific transporters to recover the

siderophore-iron complex, ensuring their iron supply. NGAL
binds with these siderophores and transports them within
cells, after interacting with specific membrane receptors.
Among the several membrane proteins, the 24p3 cell-surface
receptor (24p3R) and the megalin multiscavenger complex
represent the most important molecules. The interaction
of NGAL with the receptor leads to the internalization
of the complex NGAL-siderophore, producing a significant
increase in cytoplasmic iron levels. NGAL can prevent
growth of the bacterial strains that rely on the production
of siderophores to satisfy their iron demands. The biologic
significance of this finding was demonstrated in genetically
modified mice, which were deficient for both copies of the
NGAL gene. These animals were more sensitive to certain
Gram-negative bacteria and more readily died of sepsis than
did wild-type mice [37].

Therefore, NGAL represents a critical component of
innate immunity to bacterial infection. Actually human
NGAL was originally identified as a 25-kD protein covalently
bound to gelatinase from human neutrophils, where it rep-
resents one of the neutrophil secondary granule proteins.
NGAL is expressed at very low levels in human tissues,
including kidney, trachea, lungs, stomach, and colon, and its
expression increases greatly in the presence of inflammation
and injured epithelia [38].

NGAL as a renal biomarker was discovered in 2003,
following experimental renal ischemia in a mouse model.
With the use of transcriptomic approaches seven genes were
identified, whose expression was upregulated 10-fold within
the first few hours. Among them, lipocalin was the gene
with the earliest and highest rise of mRNA and protein
concentration in renal tissue, urine, and plasma. NGAL pro-
tein expression was detected predominantly in proliferating
proximal tubule cells. The rapidity of the process was against
the polymorphonuclear origin of NGAL [39].

Both plasma and urine NGALs are increased after a
renal insult, and even though the kidney seems to be the
major source of elevated plasma lipocalin, there are other
plausible explanations. Several studies in human and animal
models have demonstrated that AKI results in an increased
NGAL mRNA expression in distant organs, especially the
liver and lungs, contributing to the increased levels. This
effect may further increase urine levels as a result of insuf-
ficient reabsorption of the filtered load. Also, NGAL is an
acute-phase reactant and may be released from neutrophils,
macrophages, and other immune cells. Any decrease in GFR
resulting from AKI would be expected to decrease the renal
clearance of NGAL, with subsequent accumulation in the
systemic circulation [40]. Plasma NGAL is freely filtered by
the glomerulus, and it is largely reabsorbed in the proximal
tubules by efficient megalin-dependent endocytosis. Thus,
any urinary excretion of NGAL is likely only when there
is a concomitant proximal renal tubular injury that pre-
cludes NGAL reabsorption and/or increase de novo NGAL
synthesis. However, gene expression studies in AKI have
demonstrated a rapid and massive upregulation of NGAL
mRNA in the distal nephron segments—specifically in the
thick ascending limb of Henle’s loop and the collecting ducts.
The resultant synthesis ofNGALprotein in the distal nephron
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and secretion into the urine appears to comprise the major
fraction of urinary NGAL [41]. So, elevated urine NGAL
originates from both proximal and distal nephron after
a nephrotoxic insult. Radiocontrast nephropathy, a proto-
type of hypoxia-mediated nephrotoxicity with distal tubular
injury, leads to overexpression of NGAL [42]. NGAL is also
increased in experimental cisplatin toxicity, characterized by
injury to the S3 segment of the proximal tubule [43]. It seems
to be that NGAL is a common and sensitive response to
tubular injury, without differentiating the distribution pattern
of tubular injury.

NGAL, apart from its antibacterial effect via iron seques-
tration, reduces proapoptotic processes and in this way
appears to limit damage to the proximal tubule. Of impor-
tance, NGAL regulates intrarenal iron metabolism and acts
to stimulate proliferation and epithelialization [44]. It has
been speculated that the increase in the NGAL level after
renal tubular injury may serve to limit injury in recurrent
insults or even ameliorate the degree of damage in an ongoing
insult. Many functional roles of NGAL can be explained by
complex interactions with iron transporters, including anti-
inflammatory actions, embryogenesis, and neoplastic growth
[45].

2.2. Assay Methods for NGAL Measurement and Reference
Values. NGAL was initially measured by manual and not
standardized ELISA or immunoblotting systems, methods
that are only recommended for research studies [9].There are
commercially available ELISA kits (NGAL Rapid ELISA KIT
037, Antibodyshop ELISA kit, BioPorto Diagnostics) that can
be usedmanually or by chemistry analyzers [46].There is also
available a point-of-care test (POCT) method (Triage Bioste,
Alere Health), which is a rapid (30 minutes) fluorescence-
based immunoassay [47].

More recently, a CMIA (chemiluminescent microparticle
immunoassay)method became commercially available, using
the automated platform ARCHITECT (Abbott Diagnostics)
for the measurement of NGAL in urine samples [48].

Reference values of NGAL are rather arbitrary, since they
have emerged from groups of healthy people that participated
in a clinical study as a control group. As an example, Stejskal
et al. observed similar values of serumNGAL in healthy men
and women, that is to say, 86.3 ± 43.0 ng/mL and 88.9 ±
38.2 ng/mL, respectively [49]. The expected range of NGAL
normal values of Triage NGAL Test is 149 ng/mL, with a 90%
confidence interval ranging from 100 to 194 ng/mL [50]. The
kit insert of the CMIA assay reports a value of 132 ng/mL as
the 95th percentile of NGAL values, measured in 196 blood
donors [51].

Limitations regarding NGAL measurement include stor-
age conditions (NGAL is stable in urine if stored at 4∘C
for up to 7 days and plasma or urine samples are stable if
stored for a long time at −80∘C), presence of haemolysis,
and production of NGAL by neutrophils in urinary tract
infections. In order to limit this phenomenon, urine should
be centrifugated to remove neutrophils in cases of urinary
tract infection. Also, plasma measurements are preferable to
serum, since some NGALs may be released from neutrophils
during the preparation of serum [52].

2.3. Performance of NGAL in Various Clinical Settings. Sev-
eral studies have evaluated serumNGAL (sNGAL) and urine
NGAL (uNGAL) as biomarkers of AKI in different patients’
populations. AKI is a highly heterogeneous syndrome that
involves the complex interaction between vascular, tubular,
and inflammatory factors. The susceptibility of kidney to
ischemia and toxins can be explained by the vulnerability of
tubular cells of the outermedulla to ischemia/hypoxia and the
exposure of local epithelial cells to substances that are filtered
and reabsorbed by the nephron [53].

2.4. NGAL in Cardiac Surgery. Acute renal dysfunction is
very common in adult cardiac surgery patients, and it is
associated with a mortality that approximates to 80%. The
diminished renal blood flow during the procedure, the loss
of pulsatile flow, the hypothermia, and the intraoperative
inflammatory response have all been implicated in the patho-
genesis of the syndrome. AKI is less common in infants and
children with congenital heart disease submitted to surgical
repair, due to the absence of comorbidity in the pediatric
population. In general, AKI complicates almost 40% of adult
and 10% of pediatric cardiac operations, respectively [54].

Performance of sNGAL and uNGAL in the setting of
AKI that follows cardiac surgery has been investigated in
well designed studies in both critically ill children and adults.
These studies are summarized in Table 1.

The study of Misra et al. was one of the first to examine
the reliability of NGAL as a prognostic marker of AKI
after cardiac surgery for congenital heart defects in children.
Twenty of 71 children developed AKI, which was defined
as a 50% increase in serum creatinine from baseline. The
level of uNGAL at 2 h after cardiopulmonary bypass was the
most powerful independent predictor of acute renal injury.
For uNGAL at 2 h, the area under the receiver-operating
characteristic curve (AUC-ROC) was 0.99, sensitivity was
100%, and specificity was 98% for a cutoff value of 50 ng/mL.
pNGAL had a good, though having lower performance than
uNGAL, for the diagnosis of AKI. NGAL-based diagnosis of
AKI preceded routine diagnosis by serum creatinine by 1–3
days after cardiopulmonary bypass (CPB) [10]. Dent et al. also
found an excellent performance of plasma NGAL, at a cutoff
value of 150 ng/mL in pediatric cardiac surgery population
[11]. Bennett et al., again in pediatric population, showed
that uNGAL at a cutoff point of 100 ng/mL had an AUC-
ROC of 0.95 [13]. Krawczeski et al. investigated four possible
biomarkers in the urine, NGAL, IL-18, L-FABP, and KIM-1 at
various time points after CPB in children. Urine NGAL was
the first to rise in AKI patients, even at the first 2 hours after
CPB initiation. At all time points NGAL maintained the best
predictive performance (0.90, 0.91, 0.90, and 0.87 at 2 hours,
6 hours, 12 hours, and 24 hours, resp.) [21].

Studies focusing on adult cardiac patients concluded to
controversial remarks, with AUC varying from 0.56 to 0.98.
Perry et al. in their retrospective study on postoperative
coronary artery bypass graft patients found that 8.6% of
patients developed AKI and that pNGAL measured imme-
diately after separating from CPB had a sensitivity of only
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Table 1: NGAL for prediction of AKI after cardiac surgery.

Reference Publication
year No. of AKI pts Type of NGAL Sensitivity

(%)
Specificity

(%) AUC-ROC

Mishra et al. [9]∗ 2005 20/71 pNGAL
uNGAL

70.0
100.0

94.1
98.0

0.91
0.99

Wagener et al. [10] 2006 16/81 uNGAL 68.8 64.6 0.73
Dent et al. [11]∗ 2007 45/123 pNGAL 84.4 93.6 0.96
Wagener et al. [12] 2008 68/426 uNGAL 64.7 52.0 0.64
Bennett et al. [13]∗ 2008 99/196 uNGAL 78.8 91.8 0.95
Xin et al. [14] 2008 9/36 uNGAL 76.9 70.4 0.86

Koyner et al. [15] 2008 21/72
21/72

pNGAL
uNGAL

44.4
66.7

75.9
64.8

0.56
0.68

Tuladhar et al. [16] 2009 9/50
9/50

pNGAL
uNGAL

77.8
88.9

68.3
78.1

0.80
0.96

Haase-Fielitz et al. [17] 2009 23/100 sNGAL 78.3 77.9 0.80
Che et al. [18] 2010 14/29 uNGAL 84.0 80.0 0.85
Prabhu et al. [19] 2010 8/30 pNGAL — — 0.98
Perry et al. [20] 2010 75/879 pNGAL 38.7 81.5 0.64
Krawczeski et al. [21]∗ 2011 60/220 uNGAL — — 0.90

Parikh et al. [22] 2011 60/1219 uNGAL
pNGAL

46
50

81
82

0.67
0.70

Fadel et al. [23]∗ 2012 19/40 pNGAL 100 90.5 0.95
Liu et al. [24] 2012 26/109 uNGAL 81.8 83.1 0.87
∗

Pediatric population, uNGAL: urine NGAL, pNGAL: plasma NGAL, sNGAL: serumNGAL, and AUC-ROC: area under the receiver-operating characteristic
curve, —: not mentioned by the authors.

38.7% (cutoff point of 353.5 ng/mL) [20]. Parikh et al. recently
completed a prospective, multicenter study involving 1219
adults undergoing cardiac surgery and evaluated urine IL-18,
uNGAL, and pNGAL as possible predictive markers of AKI.
All three markers peaked at 6 hours after surgery but had a
poor discriminative ability for AKI. Urine NGAL at a cutoff
point of 102 ng/mL had a sensitivity of 46% and a specificity
of 81%, and plasma NGAL at a cutoff point of 293 ng/mL had
a sensitivity of 50% and a specificity of 82%. The AUC-ROC
was 0.67 and 0.70, respectively. On the other hand, the clinical
model for AKI had an AUC of 0.69, and pNGAL significantly
improved the AUC to 0.75, whereas uNGAL did not improve
the AUC above that of the clinical model [22].

Possible explanations for the inferior performance of
NGAL in adults comparatively to children may be the older
age and the presence of comorbidities, especially preex-
isting kidney disease. Different timing of NGAL measure-
ment in relation to the renal insult and different speci-
men preparation or measuring techniques or storage may
in part explain the variability of the results in adults.
Nevertheless, in most cardiac surgery studies, NGAL con-
centration was proportional to the degree of severity and
duration of AKI, and in multivariate regression analy-
ses it was the strongest independent risk factor for AKI
[55].

In the typical ICU patients suffering from AKI, the
timing of the renal insult is largery unknown. This fact
poses obstacles to the interpretation of an elevated NGAL
concentration, especially in the presence of sepsis. Studies

concerningmixed ICU patients, both children and adults, are
presented in Table 2.

Zappitelli et al. in a group of 140 critically ill kids found
that uNGAL rose 2 days before serum creatinine, in cases
of AKI. Urine NGAL had acceptable characteristics as a
diagnostic marker of AKI, with an AUC of 0.79, but was not
associated with the severity of renal injury [25]. Wheeler et
al. focused on children with systemic inflammatory response
syndrome (SIRS) or septic shock. They measured serum
NGALduring the first 24 hours of admission to the ICU.They
concluded that sNGAL could discriminate between healthy
children, critically ill children with SIRS, and critically ill
children with septic shock. Serum NGAL was significantly
increased in critically ill children with AKI compared with
those without AKI [26].

In a heterogeneous population of 451 critically ill adults,
Siew et al. found urine NGAL to have a moderate ability for
the diagnosis of AKI at 24 and 48 h from enrolment. Median
uNGAL levels were significantly higher in the subjects who
died, as well as in the subjects receiving acute dialysis [28].
Cruz et al. enrolled 307 consecutive adult patients admitted to
a general medical surgical ICU and found that plasma NGAL
measured at ICU admission was a good diagnostic marker
for AKI development within the next 48 h with an AUC of
0.78. Plasma NGAL was also a reliable parameter for renal
replacement therapy (RRT) use, with an AUC of 0.82 [30]. De
Geus et al. showed that both pNGAL and uNGAL measured
at ICU admission do not outstrip serum creatinine-derived
GFR for the prediction of severe AKI. However, NGAL added
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Table 2: NGAL for prediction of AKI in mixed ICU patients.

Reference Publication
year

No. of AKI
pts

Type of
NGAL

Sensitivity
(%)

Specificity
(%) AUC-ROC

Zappitelli et al. [25]∗ 2007 16/39 uNGAL 75.0 69.6 0.76
Wheeler et al. [26]∗ 2008 22/143 sNGAL 86.4 38.8 0.68
Makris et al. [27] 2009 7/31 uNGAL 85.7 70.8 0.90
Siew et al. [28] 2009 86/451 uNGAL 60.0 80.0 0.71

Little et al. [29] 2009 161/604 uNGAL
pNGAL

43.0
64.0

90.0
90.0

0.84
0.83

Cruz et al. [30] 2010 15/301 pNGAL 73.4 80.6 0.78
Shapiro et al. [31] 2010 13/558 pNGAL 78.0 80.0 0.84

Mårtensson et al. [32] 2010 18/45 uNGAL
pNGAL

71.0
83.0

100.0
86.0

0.86
0.67

Constantin et al. [33] 2010 52/88 pNGAL 82.7 97.2 0.93

de Geus et al. [34] 2011 171/632 uNGAL
pNGAL

89.0
82.0

70.0
70.0

0.80
0.77

Royakkers et al. [35] 2012 83/140 uNGAL
sNGAL

—
—

—
—

0.48
0.53

∗

Pediatric population, uNGAL: urine NGAL, pNGAL: plasma NGAL, sNGAL: serumNGAL, and AUC-ROC: area under the receiver-operating characteristic
curve, —: not mentioned by the authors.

significant accuracy to this prediction in combination with
GFR alone or with other clinical parameters [34].

The role of NGAL as an inflammatory biomarker might
hamper this discriminative ability in cases of septic AKI,
which is actually the most common in critically ill patients.
Bagshaw et al. investigated if pNGAL and uNGAL could
differentiate between septic and nonseptic AKI, and they
found that septic AKIwas associatedwith significantly higher
plasma and urine NGAL at enrolment, compared to non-
septic AKI [56]. On the other hand,Mårtensson et al. showed
that pNGAL could not discriminate between septic shock and
AKI, whereas uNGAL was a good predictor for AKI within
the next 12 hours in patients with septic shock [32].

The correlation of NGAL with the severity of AKI was
examined by Haase-Fielitz et al. who showed in 100 cardiac
ICU patients that the discriminatory ability of NGAL for
AKI increased with increasing RIFLE classes or AKIN stages.
It was even highest for the prediction of renal replacement
therapy (AUC-ROC: 0.83) [57].

2.5. Other Roles of NGAL in ICU Patients. Performance of
NGAL as a predictor of AKI in the emergency department
(ED) has been examined by Nickolas et al. who measured
uNGAL on 635 consecutive ED patients and found that it had
excellent sensitivity and specificity (90 and 99% at a 130mg/g
creatinine cutoff), as well as the ability to differentiate
between AKI and other causes of elevated creatinine, such as
chronic kidney disease and prerenal azotemia [58].

NGAL has been evaluated as a biomarker of delayed
graft function (DGF, defined as dialysis requirement within
the first postoperative week) in patients undergoing kidney
transplantation. In prospective multicenter studies, urine
NGAL levels in samples collected on the day of transplant
identified those who subsequently developed DGF with an
AUC of 0.8–0.9 [59, 60].

NGAL is also emerging as an early biomarker in interven-
tional trials. For example, the response of urine NGAL was
attenuated in adult cardiac surgery patients who experienced
a lower incidence of AKI after sodium bicarbonate therapy
when compared to that after sodium chloride [61].

NGAL proved to be of a good prognostic value in the
prediction of the need for RRT initiation or mortality. Dent
et al. found pNGAL to be a reliable predictor of duration of
AKI and length of hospital stay, while the 12-hour pNGAL
level was a predictor of mortality [11]. Similarly, Bennett et
al. found the 2-hour uNGAL to be a reliable predictor of
severity and duration of AKI, length of hospital stay, RRT
requirement, and mortality in 196 children undergoing CPB
[13]. Kümpers et al. evaluated the predictive value of serum
NGAL in 109 patients with established AKI at inception of
RRT in the ICU.They found a significant difference in serum
NGAL between healthy subjects, critically ill patients with
SIRS, and critically ill patients with sepsis. NGAL was an
independent predictor of 28-day mortality, with an AUC of
0.74. NGAL levels were independently related to the severity
of AKI and the extent of systemic inflammation [62]. The
finding that blood NGAL is not substantially cleared by
continuous veno-venous hemofiltration support the use of
NGAL as an early indicator of renal recovery in critically ill
patients supported by renal replacement therapy.

Haase et al. published a meta-analysis for NGAL, includ-
ing 24 studies and 2538 patients. They analyzed both urine
and plasma/serum NGAL studies with measurements within
6 h of renal insult or from 24 to 48 h before the diagnosis
of AKI by conventional means. They demonstrated that the
overall diagnostic odds ratio for NGAL to predict AKI was
18.6 with an AUC of 0.815, sensitivity of 76.4%, and specificity
of 85.1%. The results were slightly better for children than
adults and improved when studies used standard assays for
NGAL detection rather than research-based ones. Notably in
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cardiac surgery cases, NGAL had a diagnostic odds ratio of
13.1 with an AUC of 0.775 and a sensitivity and specificity of
75.5 and 75.1%, respectively. uNGAL was found to be slightly
superior to plasma measurements in the meta-analysis with
anAUCof 0.837 versus 0.775 for plasma or serum.NGAL also
correlated fairly well with predication of renal replacement
therapy initiation with an AUC of 0.782, but not with in-
hospital mortality [63]. The properties of NGAL as an AKI
biomarker, as well as the properties of the other evaluated
biomarkers, are briefly presented in Table 3.

3. Limitations of NGAL as a Biomarker of AKI

AlthoughNGAL has been highlighted as a reliable biomarker
of AKI in critically ill patients, its use is not without
limitations. First of all, plasma NGAL measurements may
be influenced by a number of coexisting variables, includ-
ing chronic kidney disease, chronic hypertension, systemic
infections, inflammatory conditions, anemia, hypoxia, and
malignancies. In cases of anemia there is an increase in
the peripheral production of NGAL, in order to counteract
the hypoxic stress. On the other hand NGAL can suppress
erythropoiesis and worsen anemia [64]. In chronic kidney
disease NGAL levels correlate with the severity of renal
impairment. However, it should be noted that the increased
plasma NGAL in all the above situations is generally much
less than those typically encountered in AKI [41].

There are also important limitations that exist in the pub-
lished NGAL literature. The majority of the studies reported
were from single centers that enrolled small numbers of
subjects. Many studies did not report sensitivity, specificity,
and AUCs for the diagnosis of AKI, parameters essential to
determine the accuracy of any biomarker. The most impor-
tant limitation of the studies is the inherent disadvantage of
AKI definition that relies on the increased levels of serum
creatinine. Large multicenter studies are required for further
validation of its use in heterogeneous patient populations and
for defining cutoff values [65].

4. Cystatin C

Cystatin C (Cys C) is a nonglycosylated protein with low
molecular weight (13 kDa) belonging to the cystatin super-
family of cysteine endopeptidase (proteinases) inhibitors.
Cysteine proteinases are enzymes that are involved in the
intracellular catabolism of peptides and proteins. Cystatin C
is a potent inhibitor of lysosomal proteinases and probably
one of the most important extracellular inhibitors of cysteine
proteases. It is produced by all nucleated cells of the body and
released into the blood stream at a constant rate. Due to low
molecular mass and absence of protein binding, cystatin C is
freely filtered at the glomerulus and then reabsorbed by the
proximal tubules, where it is catabolised [66]. Additionally it
is not secreted by renal tubules.

Cystatin C can be measured in a random sample of
serum. Allmeasures are based on liquid agglutination of latex
particles coatedwith polyclonal antibodies against cystatin C.
Cystatin C in the sample binds to anti-cystatin C antibody,

which is coated on latex particles, and causes agglutination.
The degree of the turbidity caused by agglutination can be
measured optically and is proportional to the amount of
cystatin C in the sample. There are two methods, depending
on the nature of the signal measurement. Particle-enhanced
turbidimetry immunoassay (PETIA) measures the transmit-
ted light and Particle-enhanced nephelometric immunoassay
(PENIA) measures the diffused light. Reference values may
differ in many populations, with sex and age. Across different
studies, themean reference interval (as defined by the 5th and
95th percentiles) was between 0.52 and 0.98mg/L [67]. For
women, the average reference interval is 0.52 to 0.90mg/L
with a mean of 0.71mg/L. For men, the average reference
interval is 0.56 to 0.98mg/L with a mean of 0.77mg/L. The
normal values decrease until the first year of life, remaining
relatively stable before they increase again, especially beyond
age 50. Because of its constant rate of production, serum
cystatin C concentration is determined by glomerular filtra-
tion. Serum cystatin C is not diagnostically specific for AKI
because it is an earlymarker of glomerular dysfunction rather
than of tubular [68, 69].

The use of serum cystatin C against serum creatinine as
an early detector of GFR impairment has been evaluated in
several studies. Serum and urine cystatin C is not significally
affected by nonrenal factors such as age or body mass [70].
Nevertheless, Knight et al. in a large cross-sectional study
demonstrated that numerous nonrenal factors such as older
age, male sex, obesity, smoking status, abnormal thyroid
function, increased CRP, and use of immunosuppressive
therapy (corticosteroids) can be associated with elevated
serum cystatin C levels [71].

The ability of serum cystatin C to detect AKI in ICU
population has been demonstratedwith conflicting results. In
a prospective study Herget-Rosenthal et al. measured serum
creatinine and cystatin C daily in 85 patients at a high risk
of developing AKI (defined by the RIFLE criteria). Forty-
four patients developed AKI, and the increase of serum
cystatin C preceded that of creatinine for 1-2 days [72].
Nejat et al. in univariate analysis of 318 ICU patients reported
that serum cystatin C predicted developing sustained AKI
with an AUC of 0.80 (95% confidence interval (CI) = 0.71–
0.88) [73]. However, in amore recentmulticenter prospective
observational study in 151 ICU patients serum and urinary
cystatin C were poor biomarkers for prediction of AKI (AUC
= 0.72, no CI provided) [74].

The use of serum cystatin C for AKI prediction has been
also studied in a subpopulation of ICU patients undergoing
cardiac surgery. Haase-Fielitz et al. [17] measured concentra-
tions of plasmaNGAL, serum cystatin C, creatinine, and urea
at baseline, on arrival in the ICU and at 24 h postoperatively
in 100 adult cardiac surgical patients. On arrival in the ICU,
plasma NGAL (AUC 0.80) and serum cystatin C (AUC 0.83)
were of good predictive value, relative to creatinine (AUC
0.68) and urea (AUC 0.60). Plasma NGAL (AUC 0.95) and
serum cystatin C (AUC 0.99) were also of excellent value in
the prediction of adverse outcomes (need for RRT and in-
hospital mortality).

In a recent prospective multicenter study Spahillari et al.
compared the sensitivity and rapidity of AKI detection by
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Table 3: Properties of renal biomarkers.

Biomarker
(sources) Origin in AKI cases Physiological function Significance of rise Studied clinical settings Assay platform

NGAL
(urine and
circulating)

Urine: local synthesis in
distal nephron in
response to injury and
secreted into urine
Circulating: synthesized
systemically in response
to renal injury, filtered by
glomerulus, and uptaken
by proximal tubular cells
with a little amount
secreted in the urine

Bacteriostatic action,
antioxidant effect, and
growth and
differentiation factor

Tubular injury (ischemia
and nephrotoxins)

(i) Early detection of
AKI after cardiac surgery
in heterogeneous ICU
population, in the
emergency department,
and after administration
of nephrotoxins
(ii) Risk stratification
(iii) Prognostic marker
after kidney
transplantation
(iv) Monitoring
interventional trials in
AKI
(v) Prognosis of dialysis
requirement in case of
AKI establishment
(vi) Prognosis of
mortality

WB-ELISA-
PETIA-POCT-
CMIA

Cystatin C
(urine and
circulating)

Produced at a constant
rate by nucleated cells,
filtered by glomerulus,
and almost completely
reabsorbed in the
proximal tubules

Inhibitor of lysosomal
proteases and
extracellular inhibitor of
cysteine proteases

Change in GFR
(proximal tubule injury)

(i) Early detection of
AKI after cardiac surgery
in heterogeneous ICU
population and after
administration of
nephrotoxins
(ii) Prognosis of
mortality

PENIA-PETIA-
ELISA

KIM-1
(urine)

Type 1 transmembrane
protein that is highly
expressed in
dedifferentiated
proximal tubule
epithelial
cells after ischemic or
toxic injury and is not
detectable in
normal tissue

Regeneration process
after epithelial injury,
scavenger receptor for
the removal of dead cells
from tubular lumen
through phagocytosis

Tubular injury (ischemia
and nephrotoxins)

(i) Early detection of
AKI after cardiac surgery
and after administration
of nephrotoxins
(ii) Prognosis of dialysis
requirement in case of
AKI establishment
(iii) Prognosis of
mortality

WB-ELISA

IL-18
(urine)

Proinflammatory
cytokineoriginates from
tubular epithelial cells

Inflammation and
immunomodulation
mediator

Tubular injury
(ischemia and
nephrotoxins)

(i) Early detection of
AKI after cardiac surgery
in heterogeneous ICU
population
(ii) Prognostic marker
after kidney
transplantation
(iii) Prognosis of
mortality

ELISA

L-FABP
(urine and
circulating)

Production in the liver
determines blood levels.
Renal L-FABP is found
in cytoplasm of the
proximal tubules

Renal L-FABP helps
maintain low levels of
free fat acids in the
cytoplasm

Tubular injury (ischemia
and nephrotoxins)

(i) Early detection of
AKI after cardiac surgery
(ii) Prognosis of
mortality

ELISA

ELISA: enzyme-linked immunosorbent assay, PENIA: particle-enhanced nephelometric immunoassay, PETIA: particle-enhanced turbidimetric immunoassay,
WB: western blot, POCT: point-of-care test (triage), CMIA: chemiluminescent microparticle immunoassay ARCHITECT automated platform).
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serum cystatin C level relative to creatinine level after cardiac
surgery. 1,150 high-risk adult cardiac surgery patients in the
TRIBE-AKI (Translational Research Investigating Biomarker
Endpoints for Acute Kidney Injury) Consortium partici-
pated. Overall, serum creatinine level detected more cases of
AKI than cystatin C level: 35% developed a ≥25% increase in
serumcreatinine level, whereas only 23%had a≥25% increase
in cystatin C level (𝑃 < 0.001). However, confirmation by
cystatin C level appeared to identify a subset of patients with
AKI with a substantially higher risk of adverse outcomes
[75].

As previously mentioned, cystatin C is completely reab-
sorbed by proximal tubules anddoes not experience circadian
variation. Physiological urinary cystatin C concentrations are
extremely low and can be measured by immunonephelome-
try on a random sample. It seems that reference values for
freshly collected urine samples range from 0.03 to 0.18mg/L
[66, 76].

Any process that impairs renal tubules affects cystatin C
reabsorption. Therefore, AKI can be associated with elevated
urinary cystatin C levels [77, 78]. Particularly it appears that
elevated urinary cystatin C levels are an indication of tubular
dysfunction [76]. However, it was recently discovered that
urinary secretion of cystatin C is augmented by albuminuria
[79].

In a study of 444 ICU patients concentrations of urinary
cystatin C were significantly higher in the presence of sepsis
or AKI. Moreover urinary cystatin C had an AUC of 0.70 for
the diagnosis of AKI. In this study urinary cystatin C was
independently associated with AKI, sepsis, and death within
30 days [80].

In a cohort of 103 ICU patients undergoing cardiopul-
monary bypass (CPB), urinary cystatin C had a moderate
performance in predicting AKI 2 h after CPB (AUC =
0.72, CI 0.25–0.72) [81]. Another prospective study, per-
formed by Koyner et al. in 123 patients undergoing cardiac
surgery, evaluated the diagnostic utility of urinary NGAL,
cystatin C, KIM-1, hepatocyte growth factor (HGF), 𝛼-GST
(a proximal tubular damage marker), 𝜋-GST (a marker
specific to distal tubule damage), FENa, and FEUrea as
biomarkers for the detection of early and severe AKI after
surgery. In this study, urine cystatin C upon admission
best detected early stage 1 AKI (AUC = 0.70, CI 0.61–0.83)
[82].

In a recent metaanalysis of 19 studies evaluating the
predictive value of cystatin in diagnosing AKI in mixed
ICU population (cardiac surgery, pediatric, and critically ill),
serum cystatin C appeared to be a good biomarker in the
prediction of AKI, whereas urinary cystatin C excretion had
only moderate diagnostic value [83]. Specifically, across all
settings of investigation, the diagnostic OR was 23.5 (95%
CI, 14.2–38.9) for serum cystatin C level to predict AKI
with sensitivity and specificity of 0.84 and 0.82, respectively.
Nevertheless in the included studies, cutoff values varied
across studies (0.8–2.04mg/L) and the heterogeneity of the
studied population was significant. A concise description
of the function of Cystatin C in AKI is presented in
Table 3.

5. KIM-1

Kidney injury molecule-1 (KIM-1 in humans and Kim-1 in
rodents) is a type 1 transmembrane glycoprotein with an
immunoglobulin and mucin domain. KIM-1 is also known
as hepatitis A virus cellular receptor 1 and TIM-1, T cell
immunoglobulin and mucin-containing molecule. Kim-1
gene was originally found to be most highly expressed 24–48
hours after ischemia in the rat kidney [84]. Normally KIM-1
protein is minimally expressed in kidney tissue or urine. The
ectodomain segment of KIM-1 is shed from proximal tubules
and can be detected in the urine by immunoassay [85].
Initially it was measured by direct sandwich enzyme-linked
immunosorbent assay (ELISA) using monoclonal antibody
and confirmed by western blot analysis. Recent studies
utilized customdirect sandwich ELISAormicrosphere-based
Luminex xMAP technology using a commercially available
polyclonal KIM-1 antibody. The soluble KIM-1 protein that
appears in the urine of humans is 90 kDa. In the injured
kidney KIM-1 is generated and accumulated at very high
levels on the apicalmembrane of proximal tubules. In humans
KIM-1 is upregulated in response to ischemic or nephrotoxic
injury [84, 86, 87].

KIM-1 is believed to participate in the regeneration
process after epithelial injury. It is also demonstrated that
KIM-1 is a scavenger receptor on renal epithelial cell and plays
an important role in the removal of dead cells from tubular
lumen through phagocytosis [88].

KIM-1’s utility as a biomarker for AKI was initially
demonstrated in 2002.There was amarkedly increase expres-
sion of KIM-1 in kidney biopsy specimens with confirmed
acute tubular necrosis (ATN). In this study urinary level
of KIM-1 was significantly higher in ischemic AKI com-
pared with other causes of AKI (i.e., PRA, contrast-induced
nephropathy) or chronic kidney disorder (CKD).Thus, KIM-
1 may represent an early, noninvasive biomarker for proximal
tubular AKI (Table 3).

Urinary KIM-1, along with N-acetyl-𝛽-glucosaminidase
(NAG) activity, was evaluated in 201 critically ill patients with
AKI. Both urinary KIM-1 and NAG activity was associated
with the degree of disease severity as determined byAPACHE
II and MOF scores. It was also suggested that urinary KIM-1
and NAG activity had a predictive value of adverse outcomes
in patients with AKI (renal replacement therapy and hospital
death) [89].

A prospective study was conducted in 90 adult cardiac
surgery patients; 36 of whom developed AKI. The AUC to
predict AKI immediately and 3 hours after surgery was 0.68
and 0.65 for urinary KIM-1. This study also demonstrated
that combining KIM-1, N-acetyl-𝛽-glucosaminidase (NAG),
and NGAL enhanced the sensitivity of early detection of
postoperativeAKI [90]. Liangos et al. in a prospective study of
103 patients undergoing CPB investigated the performance of
six urinary biomarkers for the early detection of AKI. Among
the urinary biomarkers, KIM-1 had the better performance in
predicting AKI 2 h after CPB (AUC: 0.78) [81].

The diagnostic and prognostic utility of novel and tra-
ditional AKI biomarkers was evaluated by Koyner et al.
during a prospective study of 123 adults undergoing cardiac
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surgery. Preoperative KIM-1 was able to predict the future
development of stage 1 and stage 3 AKI [82].

KIM-1 is highly expressed in acute tubular necrosis and
in other clinical situations such as AKI postrenal transplan-
tation, chronic kidney disease, and renal cell carcinoma.
Available studies so far are insufficiently powered to establish
a cutoff value that is predictive of AKI in the critical care
setting. Most of available studies are relatively small, single-
centered, and the heterogeneity of the studied population
is significant. In some studies KIM-1 was combined with
other urinary biomarkers for early detection of AKI in ICU
population with moderate results.

6. IL-18

Interleukine-18 (IL-18) is a proinflammatory cytokine of
the IL-1 superfamily. It is synthesized in an inactive form
by several tissues including monocytes, macrophages, and
proximal tubular epithelial cells. In animal models the role
of IL-18 was demonstrated in postischemic AKI. Studies of
isolated mouse proximal tubules demonstrated elevation of
IL-18 following hypoxia, and mice with ischemic AKI had
increased urinary levels of IL-18 [91, 92].

The ability of IL-18 to mediate ischemic proximal tubular
injury in mice has led to the assumption that it can be used as
an early biomarker of AKI in humans. Particularly its urine
release has been explored as predictive of AKI in children
undergoing cardiopulmonary bypass (CPB), adult receiving
kidney transplant, and children requiring mechanical venti-
lation [59, 93, 94] (Table 3). IL-18 is measured through ELISA
or a specific assay for their detection.

The predictive value of IL-18 in critically ill patients
was assessed in nested case-control study within the Acute
Respiratory Distress Syndrome Network trial. Urine IL-18
levels >100 pg/mL were associated with increased odds of
AKI of 6.5 (95% CI 2.1–20.4) in the next 24 hours. On a
multivariable analysis urine IL-18 value on day 0 was an
independent predictor of mortality [95].

In a prospective study, Siew et al. evaluated the capacity
of urine IL-18 measured within 24 hours of intensive care
unit (ICU) admission to predict AKI, death, and receipt of
acute dialysis in a large mixed-adult ICU population. Of 451
patients, 86 developed AKI within 48 hours of enrolment.
The overall predictive performance of urine IL-18 had AUC
0.62 (95% CI: 0.54 to 0.69). This value improved modestly to
0.67 (95%CI: 0.53 to 0.81) in patients whose enrolment eGFR
was ≥75mL/min per 1.73m2. The highest median urine IL-
18 levels were observed in patients with sepsis at enrolment.
Additionally urine IL-18 remained independently predictive
of poor clinical outcome (death or acute dialysis, odds ratio,
1.86 (95% CI: 1.31 to 2.64)) [96].

In a small pilot study of 55 patients receiving cardiopul-
monary bypass, urine IL-18 was detected within 4–6 hours
after surgery and peaked over 25-fold at 12 hours in the
group of patients who eventually developed AKI. In the AKI
group serum creatinine was raised to 48–72 h after CPB [93].
However, not all studieswere able to demonstrate an adequate
performance of urine IL-18 for the early detection of AKI.

In a more recent single-centre study of 100 cardiac
surgical patients, urine IL-18 did not appear to predict AKI
during the postoperative period. In this study urine IL-18
correlated with the duration of cardiopulmonary bypass.

7. L-FABP

Fatty-acid protein bindings (FABPs) are a family of 15-kDa
cytoplasmatic proteins that are involved in the intracellular
transport of long-chain fatty acids.They facilitate the transfer
of fatty acids between extracellular and intracellular mem-
branes. To date, nine different FABPs have been identified
and named according to the tissues in which they were
first identified. In addition, FABPs may also have a role in
the reduction of cellular oxidative stress, binding fatty acid
oxidation products, and limiting the toxic effects of oxidative
intermediates on cellular membranes [97, 98].

L-FABP occurs mainly in the liver but, in small quanti-
ties, also in kidney and small intestine. Urinary L-FABP is
undetectable in healthy control urine. L-FABP expression and
urinary excretion were initially described in animal models
of AKI. Under ischemic conditions the proximal tubular
reabsorption of L-FABP is reduced [99, 100]. Urinary L-
FABP is measured by enzyme-linked immunosorbent assay
(ELISA).

The performance of urinary L-FABP has been demon-
strated in small series of ICU patients with promising results
(Table 3). Urinary L-FABP was measured in 145 ICU patients
with septic shock complicated with AKI. Urinary L-FABP
at the time of admission was significantly higher in the
nonsurvivors than in survivors with an AUC for mortality
prediction of 0.99 [101]. In another small study of 25 ICU
patients, 14 of who developed AKI, the diagnostic and
predictive value of L-FABP was evaluated L-FABP at a cut-
off value of 44.1 𝜇g/g Cr had an area under the curve 0.95 for
the occurrence of AKI [102].

A recent study was performed to evaluate the perfor-
mance of urinary L-FABP and NAG for AKI diagnosis in
cardiac surgery patients. Of 77 patients, 28 patients developed
AKI after surgery. Urinary L-FABP and NAG were signifi-
cantly increased. However, receiver operating characteristic
(ROC) analysis revealed that the biomarkers’ performance
was statistically significant but limited for clinical translation
(area under the curve of ROC [AUC-ROC] for L-FABP
at 4 hours 0.72 and NAG 0.75). Urinary L-FABP showed
high sensitivity and NAG detected AKI with high specificity.
When combined; these 2 biomarkers revealed that this
combination panel can detect AKI with higher accuracy than
either biomarker measurement alone (AUC-ROC 0.81) [103].

8. Conclusions

Acute kidney injury is a clinical situation with increased
morbidity and mortality, especially among the ICU patients.
Detection of AKI with current RIFLE and AKIN criteria
is based on the increase in serum creatinine or decrease
in urine output. Serum creatinine is unreliable and delayed
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marker of kidney damage. Serum creatinine becomes abnor-
mal when more than 50% of GFR is lost, and it takes up
to 24 hours before increases in blood concentration are
detectable. New biomarkers, such as neutrophil gelatinase-
associated lipocalin (NGAL), cystatin C (Cys C), kidney
injury molecule-1 (KIM-1), interleukin-18 (IL-18) and liver-
type fatty acid binding protein (L-FABP), seem to be more
efficient in detecting AKI before the rise in serum creatinine.
However various clinical studies of novel biomarkers have
demonstrated moderate diagnostic accuracy. The majority of
the studies reported were from single centers that enrolled
small numbers of subjects and until now there are no
determinant cutoff values for either of the new biomarkers.
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Background. The emergence of a commercially prepared citrate solution has revolutionized the use of RCA in the intensive care
unit (ICU).The aim of this study was to evaluate the safety profile of a commercially prepared citrate solution.Method. Predilution
continuous venovenous hemofiltration (CVVH) was performed using Prismocitrate 10/2 at 2500mL/h and a blood flow rate
of 150mL/min. Calcium chloride solution was infused to maintain ionized calcium within 1.0–1.2mmol/L. An 8.4% sodium
bicarbonate solution was infused separately. Treatment was stopped when the predefined clinical target was reached or the filter
clotted. Result. 58 sessions of citrate RCAwere analyzed.Themedian circuit lifetime was 26.0 h (interquartile range IQR 21.2–44.3).
The percentage of circuits lasting more than 12 h, 24 h, and 48 h was 94.6%, 58.9%, and 16.1%, respectively. There was no incidence
of hypernatremia and median pH was <7.5. Hypomagnesemia and hypophosphatemia were detected in 41.6% and 17.6% of blood
samples taken, respectively. Although 16 episodes had a total calcium/ionized calcium (total Ca/iCa) >2.5, only four patients had
evidence of citrate accumulation.Conclusion.The commercially prepared citrate solution could be used safely in critically ill patients
who required CVVH with no major adverse events.

1. Introduction

Regional citrate anticoagulant (RCA) has been widely used
in continuous renal replacement therapy (CRRT) [1–16]. Its
use has been greatly simplified by the development of a
commercially prepared citrate solution [11–16]. Shum et al.
[14] reported a simple citrate regime in 10 critically ill patients
using the commercial citrate solution. We would like to
expand the use of this regime to a larger group of patients and
in an intensive care unit (ICU) with limited prior experience
in the use of RCA.

We chose this regime because it is simple to set up. First
of all, the blood flow and the substitution fluid rate were
fixed to give a constant blood citrate concentration and to
eliminate regular measurement of prefilter ionized calcium
(iCa).The procedure involved only one replacement solution,
Prismocitrate 10/2 (Gambro-Hospal, Stockholm, Sweden). As

the amount of base produced was only 30mmol/L bicar-
bonate, an external pump was used to infuse the sodium
bicarbonate via the heparin port of the circuit to supplement
the base required (Figure 1).

Following 3 months of staff training, citrate CRRT was
first implemented in our unit on July 1, 2010. The initial
response to this regime was suboptimal. This was related to
the fact that therewas only one dialysismachine thatmatched
this commercialized citrate solution and the unfamiliar use
of this new machine by the nursing staff. We subsequently
applied this regime to all existing dialysismachines in the unit
and the utilization rate rapidly improved.

2. Materials and Method

After obtaining approval from our regional Ethics Commit-
tee, we conducted a retrospective analysis of ICU patients
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Regional citrate predilutional CVVH

Preblood pump replacement Prismocitrate 10/2 via syringe line 

Effluent (machine patient fluid removal) 

at 2500 mL/h

10% CaCl2 via central venous line at 6 mL/h

8.4% NaHCO3

AN69 ST 100
Qb: 150 mL/min

at 50mL/h × 2h, then 30mL/h

Figure 1: Diagram of predilutional continuous venovenous hemofiltration using Prismocitrate 10/2 solution and Prismaflex machine.

who underwent citrate CRRT during the period from July
to December 2010. Any ICU patients older than 18 years
of age who required citrate CRRT for more than 4 hours
were included. Indications for starting CRRT included fluid
overload unresponsive to diuretic treatment, hyperkalemia
with K > 6.5mmol/L or rapidly rising K, severe acidemia
with pH < 7.1, oliguria (urine output <200mL/12 h), or anuria
(urine output <50mL/12 h). Those with a contraindication
for RCA were excluded, including patients with liver disease
and bilirubin ≥80𝜇mol/L and patients requiring massive
blood transfusion or high volume hemofiltration ≥3 L/h.
All dialyses were performed through a double lumen 12-F
hemodialysis catheter (ARROW, Arrow International Inc.,
USA) inserted into either the femoral or internal jugular vein.
Prismocitrate 10/2 (citrate of 10mmol/L, citric acid 2mmol/L,
sodium 136mmol/L, and chloride 106mmol/L) was used as
a predilutional replacement solution at a rate of 2500mL/h.
Blood flow was 150mL/min. A solution of 8.4% sodium
bicarbonate was infused at a rate of 50mL/h for 2 hours,
then at 30mL/h till the end of the treatment. A 10% calcium
chloride solution was infused through the central line at
a rate of 6mL/h to replace the loss of the citrate-calcium
complex through the circuit. A titration table was used to
adjust the rate of CaCl

2
infusion (5–7mL/h) to target an

ionized Ca of 1.0–1.2mmol/L. Any negative fluid balance was
titrated according to the clinical status of the patient.With the
Prismaflexmachine, we used the Prismaflex control unit with
an AN69 ST 100 hemofilter (Gambro Industries, France).
With theMultiFiltratemachine (FreseniusMedical Care, Bad
Homburg, Germany), we used theMultiFiltrateHV-CVVHD
600 kit with the Ultraflux AV 600 S hemofilter (Fresenius
Medical Care, 1.4m2 surface area, polysulfone membrane).

We monitored electrolytes, arterial blood gas, and iCa
every 4 hours during treatment. Total calcium, phosphate,
and magnesium levels were measured at least daily. As the
median pre- and postfilter iCa in Shum et al.’s work [14]
was consistently within the range of effective anticoagulation
(0.24 and 0.25mmol/L), we did not perform the pre-filter iCa
check in this study. If the patient had worsening metabolic
acidosis that exceeded the previous value by 3–5mmol/L, the
total Ca and anion gap were measured to detect any citrate
accumulation.

Demographic data including age, gender, ideal body
weight, APACHE II and IV scores, comorbidity, and reason
for RRT support were collected. Circuit effectiveness was
measured in terms of circuit lifetime, reasons for stopping

CVVH and types of dialysis machine used. Complications
related to the use of RCA were defined as metabolic alkalosis
with pH> 7.5, hypernatremiawithNa≥ 150mmol/L, hypoka-
lemia with K ≤ 3.0mmol/L, hypophosphatemia with PO

4
≤

0.8mmol/L, hypomagnesemia with Mg ≤ 0.66mmol/L, low
ionized Cawith iCa≤ 0.85, and total-to-ionized calcium ratio
>2.5. Lastly, daily bilirubin level, ICU, and hospital mortality
were also recorded.

2.1. Statistical Analysis. All continuous variables were com-
pared using Student’s t-test and the analysis was performed
using the Statistical Package for Social Science for Windows,
version 16.0 (SPSS, Chicago, IL, USA). The results were
displayed as the median with interquartile range (IQR)
included. The trend in pH, electrolytes, and base excess
was displayed using a standard box plot. This trial was also
registered with the Australian and New Zealand Clinical
Trials Registry, number ACTRN12611000360910.

3. Results

A total of 44 patients received 58 sessions of citrate CVVH.
Two sessions were not analyzed as the duration of CRRT was
less than 4 hours.Themedian age was 64 (IQR 57.5–74.5) and
the median ideal body weight was 55.5 kg (IQR 51.6–60.0).
The median APACHE II score was 29 (IQR 24.8–33) and the
APACHE IV was 101.5 (79.3–125.3). Thirty-six patients had
preexisting comorbidity and 11 had end-stage renal failure.
The three most common reasons for starting RRT were due
to sepsis, fluid overload, and after major surgery (Table 1).

The median circuit lifetime was 26 h (IQR 21.1–44.3).
The maximum duration was up to 62 h. Circuits lasted more
than 12 h, 24 h, and 48 h in 94.6%, 58.9%, and 16.1% of cases
respectively. Twenty-seven sessions (46.6%) were stopped
as the predefined clinical target was reached. Nine were
stopped due to circuit failure, three due to cannula problems
and four due to citrate accumulation (Figure 2). For circuit
with the clotted filter, the median circuit lifetime was 28.0 h
(IQR 22.3–44.6 h). Thirty sessions of citrate CVVH were
conducted using a Prismaflex machine and 26 sessions with
a MultiFiltrate. There was no difference in terms of circuit
patency or metabolic control between the two machines.

No patient developed hypernatremia. The median pH
was less than 7.5, although 13.3% of the blood samples had
a pH > 7.5. The most common electrolyte disturbance was
hypomagnesemia (41.6% of blood samples), followed by
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Table 1: Patients’ characteristics.

IRQ (interquartile range)
No. of patients included 44
No. of treatment episodes 56
Age (yr) (median) 64.0 57.5–74.5
Gender

Female 14
Male 30

Body weight (Kg) (median) 55.5 51.6–60
APACHE II score (median) 29.0 24.8–33.0
APACHE IV score (median) 101.5 79.3–125.3
No. of patients with comorbidities 36

DM 25
HT 30
IHD 6
ESRF 11

Reasons for starting dialysis
Sepsis 34
Fluid overload 10
Major surgery 6
Prerenal 3
Others 3

Baseline blood parameters
pH (median) 7.35 7.25–7.42
Base excess (median) −4.5 −9.0 to −2.0
Sodium level (mmol/L, median) 137.5 136–141.8
Potassium level (mmol/L, median) 4.2 3.6–5.1
Phosphate level (mmol/L, median) 1.68 1.30–2.42
Magnesium level (mmol/L, median) 0.87 0.71–0.95
iCa (mmol/L, median) 1.08 0.96–1.14
Total Ca (mmol/L, median) 1.99 1.87–2.10
Urea (umol/L, median) 22.9 17.3–32.2
Creatinine (mmol/L, median) 398.5 284.0–616.8

Table 2: Acid-base profile of the four patients with citrate accumulation during citrate CRRT.

Circuit time (hr) Base excess changes over time Anion gap Total Ca/iCa Bilirubin (umol/L)
Baseline BE 4 hrs 8 hrs 12 hrs 16 hrs 20 hrs 24 hrs

Patient 1 9.6 −12 −6 −8 −10 29 4.1 27
Patient 2 24 −3 −5 −3 −3 −5 −4 −1.2 27 2.9 61
Patient 3 9.8 −17 −15 −16 32 2.4 54
Patient 4 16 −14 −11 −11 −13 36 2.5 5

hypophosphatemia (17.6%). The time taken to correct the
metabolic acidosis as defined by zero-base excess was around
20 to 24 hours (Figures 3, 4, 5, 6, 7, and 8).

The median iCa was above 0.85, and only 4.1% of blood
samples had values <0.85 (Figure 9). There were 16 episodes
of total Ca/iCa > 2.5; but only four patients had CVVH
terminated due to citrate accumulation. Three patients had
either slow correction or worsening of metabolic control; all
had elevated Total Ca/iCa > 2.5 and an increase in anion
gap metabolic acidosis. The onset time was 10 to 25 hours
after commencement of therapy (Table 2). There were no
untoward side effects among these four patients and the
metabolic acidosis resolved spontaneously after stopping the

citrate CVVH.The ICUmortality rate of this cohort was 23%
and the hospital mortality rate was 54.5%.

4. Discussion

Various citrate CVVH regimes have been reported, using
either trisodium citrate (TSC) [1–7] or Anticoagulant citrate
dextrose solution (ACDA) [8–10]. These preparations are
usually tailored made, limiting the widespread use of citrate
CVVH. Since 2005, commercially prepared citrate solutions
have been available on the market and various studies have
reported the use of these products [11–16].
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Figure 3: Sodium changes over time during citrate CRRT. Standard
box plot inwhich the horizontal line represents themedian, the thick
line represents the interquartile range, and the thin line represents
the maximum and minimum values. The circular dots represent the
outliers.

Similar to Bihorac andRoss [5] and Schmitz et al.’s studies,
[12], Shum et al. [14] used a fixed blood flow to give a constant
blood citrate concentration. It has been shown that a blood
citrate level of 3–6mmol/L is required to achieve a systemic
ionized calcium of <0.35 [17]. The good anticoagulation
efficacy of this regime was demonstrated by the pre- and
postfilter iCa of 0.24 and 0.25mmol/L, respectively [14].
As the citrate is mixed with the replacement solution, we
needed to perform predilutional CVVH in our study. As the
median body weight in this study was 55.5 Kg, the dose of
CVVH was 45.0mL/Kg/h. Despite the loss of efficiency with
predilutional CVVH, it still exceeds the recommended dose
of 25–35mL/Kg/h [18–20].

4.1. Citrate Concentration and Circuit Efficacy. The blood
citrate concentration of this study was 3.3mmol/L, which was
within the range of 3–6mmol/L required to achieve effective
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Figure 4: pH changes over time during citrate CRRT. Standard box
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dots represent the outliers.

anticoagulation [17]. The circuit lifetime reported by Shum
and another study using a similar preparation in the form of
CVVHDF [15] was 50.4 and 58.8 h, respectively.These results
compared favorably to the reported circuit lifetime of 48.6–
61.5 h [5, 8, 12, 13]. Straaten et al. [21] used a 3-mmol/L blood
citrate level and achieved a circuit lifetime of 27 h. Similarly,
Brain et al. [16] used a blood citrate level of 2.4mmol/L and
achieved a filter lifetime of 23.6 h. We reported a median
circuit lifetime of 26.0 h, which was comparable with the
results of these latter two studies. One reason for the shorter
circuit lifetime in our study was that we stopped CRRT once
the predefined clinical target was reached (e.g., correction of
acid-base disturbance or achieving the target negative fluid
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Figure 7: Phosphate changes over time during citrate CRRT.
Standard box plot in which the horizontal line represents the
median, the thick line represents the interquartile range, and the thin
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balance); in contrast, most of the reported studies would run
the circuit for 72 hours or until the filter clotted. The circuit
failure rate in this study was 16%, which was less than the
reported range of 23–49% [1, 5, 8, 12, 21]. Even with a clotted
filter, the circuit lasted for a median of 28.0 h (IQR 22.3–
444.6).

4.2. Complications Related to the Use of RCA. In terms of
metabolic control, we encountered no hypernatremia and
only occasional episodes of metabolic alkalosis. This might
be related to the use of the exogenous infusion of the sodium
bicarbonate. Both hypophosphatemia and hypomagnesemia
occurred more frequently in our cohort, highlighting the
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Figure 8: Magnesium changes over time during citrate CRRT.
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line represents the maximum and minimum values. The circular
dots represent the outliers.
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importance of electrolyte monitoring during the extended
period of dialysis after the use of citrate. As the mean treat-
ment dose in this study was higher than the recommended
dose (45.0mL/Kg/h versus 25–30mL/Kg/h), this might lead
to increased loss of the electrolytes through the circuit.
Hence, this observationmight be a dose-related rather than a
citrate-related complication.The addition of 0.75mmol/LMg
into the substitution solution may help alleviate this problem
[13].

In citrate CVVH, a total Ca/iCa of 2.5 has been used as
a surrogate of citrate toxicity [22, 23]. The total Ca/iCa was
2.33 in Shum’s study [14] and Tolwani et al. [7] reported a
maximum total Ca/iCa of 2.8 in a 0.67% TSC group and
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2.7 in a 0.5% TSC group. We reported 16 episodes (12.7%
blood samples) of total Ca/iCa of >2.5 with four CVVH
sessions terminated due to citrate accumulation. Similarly,
Morgera et al. [13] reported seven such episodes, four being
transient and three persistent.The latter three patients died of
hepatic or multiple-organ failure. One interesting finding in
our cohort was that the four transiently affected patients had
no preexisting liver disease.The onset of citrate accumulation
occurs from 10 to 24 hours the after commencement of citrate
CVVH.Thismight be related to the relative hypoperfusion of
the liver in critically ill patients with decreased metabolism
of citrate and hence a relative accumulation of citrate in the
body. All four patients had an increased anion gap and three
had either slow correction or worsening of the preexisting
metabolic acidosis. None of these four patients had any
untoward side effects and the metabolic acidosis resolved
spontaneously after stopping the citrate.

A drawback of this study was that it was a retrospective
analysis and might, thus, have incurred bias during data
correction. In addition, fixing the blood flow and substitution
solution rate did not cater for different body weights. It also
limited the ability to fine tune the control of metabolic distur-
bances. Furthermore, an external syringe pump was used to
infuse sodium bicarbonate via the heparin port of the circuit
to compensate for the inadequate bicarbonate in this regime.
As this regime involved the use of the Prismocitrate solution
10/0 only, we preferred to reserve the postfilter pump for
another infusion if necessary. The newer models of dialysis
machine incorporate software that couples citrate dose and
calcium infusion with different blood flows. This advance-
ment will further enhance the control of the dosing of CRRT
treatment according to the different needs of patients. Lastly,
we had no citrate measurements from patients suspected of
citrate accumulation and, thus, were unable to confirm
accumulation unequivocally.

5. Conclusion

The modified use of this commercially prepared citrate
solution in critically ill patients carried a low risk of hyperna-
tremia and metabolic alkalosis. The relatively high incidence
of hypophosphatemia and hypomagnesemiamight be related
to the higher than recommended dosing of RRT given in
this study. Lastly, in circumstances in which there is slow
correction or worsening of control of metabolic acidosis, the
combined use of total Ca/iCa > 2.5 and increased anion gap
can help to detect patients with citrate accumulation thatmay
warrant an early termination of RCA.
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Background. Acute kidney injury (AKI) is a frequent complication of critically ill patients. The impact of different risk factors
associated with this entity in the ICU setting is unknown. Objectives. The purpose of this research was to assess the risk factors
associated with the development of AKI in critically ill patients by meta-analyses of observational studies. Data Extraction. Two
reviewers independently and in duplicate used a standardized form to collect data from published reports. Authors were contacted
for missing data. The Newcastle-Ottawa scale assessed study quality. Data Synthesis. Data from 31 diverse studies that enrolled
504,535 critically ill individuals from a wide variety of ICUs were included. Separate random-effects meta-analyses demonstrated
a significantly increased risk of AKI with older age, diabetes, hypertension, higher baseline creatinine, heart failure, sepsis/systemic
inflammatory response syndrome, use of nephrotoxic drugs, higher severity of disease scores, use of vasopressors/inotropes, high
risk surgery, emergency surgery, use of intra-aortic balloon pump, and longer time in cardiopulmonary bypass pump. Conclusion.
The best available evidence suggests an association of AKI with 13 different risk factors in subjects admitted to the ICU. Predictive
models for identification of high risk individuals for developing AKI in all types of ICU are required.

1. Introduction

Acute kidney injury (AKI) is a common and highly lethal
problem faced in the intensive care unit (ICU) [1, 2], with
a reported incidence of 1 to 67% [3–6], and a mortality
that ranges from 28 to 90% [5, 7–10]. This wide range
in incidence and mortality is in part due to the near 35
different definitions of AKI [11]. Different risk factors for
the development of AKI in the intensive care unit (ICU) have
been assessed in diverse populations, including port-surgical,
trauma, and medical patients. A wide variety of risk factors
have been described but there is no clear understanding of
what risk factors confer the highest risk for development of
AKI. In addition, risk factors identified in some studies have
not been confirmed in subsequent studies or the effect may
differ depending on the clinical setting. Better understanding

the impact and the association of different risk factors with
AKI is of paramount importance for designing predictive
models of high risk patients, and also to create preventive
strategies that might benefit patients from developing this
lethal condition. Predictive models for development of AKI
already exist in cardiac-surgery critically ill patients [12–
14]; however, refinements are still required to modify these
studies into clinically applicable tools, and there is lack of
meaningful predictive models in mixed and medical ICUs
where most of the prediction models have focused on the
impact on mortality of AKI in ICU patients [15, 16]. Given
this situation, how can we identify patients at risk for AKI
and are there interventions to mitigate this risk? To answer
the former question in order to be able to respond the latter
one, we set out to conduct a systematic review of the risk
factors associated with the development of AKI in the ICU.
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2. Methods

The report of this protocol-driven systematic review and
meta-analysis adheres to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) standards
for reporting systematic reviews and meta-analysis studies
[17].

2.1. Study Eligibility. Eligible studies were observational
studies (prospective and retrospective cohorts or case-
control studies) where specific risk factors for AKI were
investigated in critically ill adult (≥18) patients with no
AKI at the time of ICU admission. Studies were required
to have a control group with no AKI for comparison and
the main outcome of interest was development of AKI
by any definition during the ICU stay (definition must
include criteria based on change in creatinine levels). Study
inclusion was not limited by publication status or language.
Exclusion criteria included studies assessing specific causes
of AKI such as rapidly progressive glomerulonephritis,
hemolytic-uremic syndrome, or hepatorenal syndrome, and
also specialized ICUs (burn and transplant ICUs). Studies
must have excluded end stage kidney disease patients.

2.2. Search Strategy. An expert medical librarian with exten-
sive meta-analytical experience collaborated to design the
search strategies. The following databases were searched
since inception of the database until the third week of
January of 2010: Ovid MEDLINE, Ovid EMBASE, Cochrane
Library, Web of Science, and Scopus. Database-specific
controlled language and terms that describe the key concepts
were utilized: acute kidney injury, acute renal failure, acute
renal insufficiency, risk factors, intensive care unit, critically
ill, outcomes, and observational studies. The detailed search
strategy is described in Appendix 1, in supplementary
material available online at doi:10.1155/2012/691013. We
also reviewed the reference sections of identified reviews,
published guidelines, and published manuscripts known to
the authors. In addition, we reviewed the reference sections
of eligible studies.

2.3. Study Selection. Using a high threshold for exclusion,
pairs of reviewers, working independently and in duplicate,
identified potentially eligible studies for full-text retrieval
from the titles and abstracts. Studies in which the reviewers
disagreed were also retrieved in full text. Subsequently,
disagreements were harmonized by consensus; when this was
not possible, an independent reviewer reviewed and resolved
the discordance by arbitration. We assessed interobserver
agreement by the kappa statistics. Two independent native
French speakers reviewed 2 studies published in French;
similarly, 2 independent native Spanish speakers reviewed 2
studies published in Spanish.

2.4. Data Extraction. Two investigators independently used
standardized forms to abstract descriptive, methodological,
and outcome data from all eligible studies. The reviewers
utilized a standardized data extraction form that include

characteristics of the individual studies (sample size, gender
distribution), clinical setting (surgical (trauma, cardiac, or
general), mixed or medical ICU) and country, number of
centers involved in the study, type of study (prospective or
historical cohort, case-control study), years of enrollment,
definition of AKI utilized, incidence of AKI in the study,
and risk factors for AKI. Because of significant inconsistency
in reporting risk factors among the studies, we assessed the
following risk factors deemed to be of significant importance
in the developing of AKI in all the eligible studies: age,
diabetes, hypertension, heart failure, baseline serum creati-
nine (as a measure of evidence of chronic kidney disease),
sepsis/systemic inflammatory response syndrome (SIRS),
nephrotoxic drugs (including intravenous contrast dye,
aminoglycosides, amphotericin B, vancomycin, nonsteroidal
anti-inflammatory drugs, angiotensin converting enzyme
inhibitors, and angiotensin receptor blockers), severity of
disease as measured by different severity scores such as the
acute physiologic and chronic health evaluation (APACHE)
[18, 19] or the injury severity score (ISS) [20], hypotension
or shock, use of vasopressors and/or inotropes, high risk
surgery, and emergency surgery. High risk surgery and
emergency surgery were not assessed in medical ICUs for
obvious reasons. For cardiosurgical ICUs, we also assessed
the use of intra-aortic balloon pump (IABP) and the time on
the cardiopulmonary bypass pump in minutes.

2.5. Quality Assessment. Independent reviewers working in
duplicate determined the quality of each study based on
the Newcastle-Ottawa quality assessment scale (NOS) for
cohorts and case control studies [21]. Disagreements were
harmonized by consensus. When this was not possible, a
third reviewer adjudicated the quality of the questionable
study.

2.6. Statistical Analysis. The main outcome of assessment
was the development of AKI. The risk estimate analyzed
for every risk factor in the studies was the odds ratio (OR)
for dichotomous variables, and the mean difference for the
continuous variables with its corresponding 95% confidence
interval (CI). When available, we used the adjusted risk
estimates (adjusted OR) from multivariate models. For sever-
ity of disease, because of diverse severity of disease scoring
systems, we estimated the point estimate for each study using
the effect size (ES), which expresses the effect of the risk
factor in terms of the standard deviation of the measurement
producing a unitless estimate that can be compared across
studies [22]. We performed separate meta-analyses with the
random effects model [23] to obtain the pooled OR or
pooled mean difference for the development of AKI for
each risk factor with its corresponding 95% CI. We then
used the I2 statistic to quantify the proportion of observed
inconsistency across study results not explained by chance
[24]. I2 values of less than 25%, 50%, and more than 75%
represent low, moderate, and high inconsistency, respectively
[24]. We proposed predefined subgroup analyses based on
our a priori hypotheses to explain potential heterogeneity
across studies on the strength of association due to different
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ICU types (surgical, mixed, and medical), considering a
significant interaction when P < 0.05. In addition, in order
to evaluate the impact of studies with poor methodological
quality, we conducted sensitivity analyses excluding studies
in the lower 2 quartiles of the NOS quality assessment scale
scores. Comparisons of risk estimates between subgroups
and sensitivity analyses were made with a test of interaction
[25]. The presence of publication bias was investigated
graphically by the method of Sterne and Egger [26]. All
analyses were performed with Review Manager Software
(RevMan Analyses Version 5.0.4 Copenhagen; The Nordic
Cochrane Center, The Cochrane Collaboration, 2008).

3. Results

3.1. Search Results and Study Inclusion. Our initial search
identified 829 unique publications in the form of titles and
abstracts, which were narrowed by preliminary review to
108 potentially relevant original articles that were examined
in full text. The interobserver agreement in this phase was
κ = 0.90 (95% CI, 0.88–0.93). The search of references
from the 108 retrieved papers identified 3 additional articles.
Figure 1 describes the flow diagram of the process of study
selection and the reasons for exclusion of studies. Ultimately,
our systematic review and meta-analysis included 31 studies
[4–6, 27–54] that evaluated a total of 504,535 individuals.

Eleven studies were prospective cohorts, sixteen studies
were historical cohorts, three studies were case-control
studies, and one study was a nested case-control study. Most
of these studies were done in surgical ICUs (n = 20; 14
of which were cardiothoracic ICUs); the remainder were
mixed ICUs (n = 8), and medical ICUs (n = 3). There
were a wide range of years of enrollment of the cohorts,
from 1976 to as recent as 2008. A total of 26 different
definitions of AKI were identified in these 31 studies, all
had in common a prespecified elevation of creatinine or an
elevation of creatinine from baseline. The incidence of AKI
in the different ICUs as defined by the multiple definitions
ranged from 1.2 to 67%. Table 1 describes the studies’
characteristics in detail.

3.2. Methodological Quality. Table 2 summarizes the quality
of the studies utilizing the NOS quality assessment scale. The
median score of the studies was 6 (interquartile range, 6
to 8), where most of the studies failed to demonstrate that
the outcome (AKI) was not present at start of the study.
Moreover, only 14 studies performed a multivariate analysis
for adjustment of baseline imbalances and confounders.

3.3. Meta-Analyses. Separate meta-analyses for each risk
factor demonstrated that all assessed risk factors, with the
exception of hypertension, were significantly associated with
the development of AKI in critically ill patients as depicted
in Table 3. There was a trend of association of hypertension
with AKI; however, it was not statistically significant (OR
1.15, 95% CI 0.76, 1.74). After excluding 4 studies that
assessed hypertension due to poor quality (see sensitivity
analyses), no interaction was observed but the risk estimate

was significant (OR 1.43 95% CI 1.08, 1.89), and there
was also an improvement in heterogeneity between studies.
Higher levels of creatinine at baseline and a higher severity
of disease score (equivalent difference of 18 points in the
APACHE III score, 9 points in the ISS, and 6 points
in the APACHE II score) were also associated with AKI.
Besides these associations, patients in cardiothoracic ICUs
that developed AKI showed a significant association with the
use of IABP (OR 3.29, 95% CI 2.21, 4.91) and with longer
time on the cardiopulmonary bypass pump (mean difference
27.92, 95% CI 14.41, 41.43 minutes). Table 3 also describes
the reporting of the different risks appraised. It is noticeable
that with the exemption of age, “reporting bias” is very
suggestive in the remainder risk factors. Very few risk factors
were also reported as part of multivariate adjustment and,
when available, these results were included in the analyses.
Significant heterogeneity existed between studies among the
different risk factors evaluated (I2 > 75%), with the only
exemption of nephrotoxic drugs that presented moderate
heterogeneity with an I2 of 42%.

3.4. Subgroup Analyses. Preplanned subgroup analyses were
performed for every risk factor according to the type of
ICU (surgical, mixed, or medical). Table 4 demonstrates that
significant interaction was only observed in diabetes and
heart failure between mixed ICUs, and high risk/emergency
surgery in surgical and mixed ICUs. The point estimate asso-
ciation of diabetes and heart failure in the development of
AKI in mixed ICUs remained significant but lower than the
pooled estimate. Patient characteristics’ differences regarding
the inclusion of both medical and surgical patients in the
mixed ICUs might account for the observed discrepancy,
and less likely the studies included in the subgroup analyses
which presented low heterogeneity for both diabetes (I2 0%)
[34, 49, 50, 53] and heart failure (I2 0%) [4, 34, 50, 53].
Furthermore, outcomes of patients that develop AKI in
surgical ICUs tend to be worse than in medical ICUs [9].

The effect of high risk/emergency surgery between
surgical and mixed ICUs likely represents opposite effects
of the two types of ICUs in the pooled point estimate. The
estimate of association with AKI is not significant for high
risk/emergency surgery in mixed ICUs as opposed to surgical
ICUs, where the point estimate is even higher. A possible
explanation could be that the risk is likely diluted due to the
inclusion of both “surgical” and “medical” patients in mixed
ICUs. To confirm this hypothesis, we excluded the study with
higher reported number of medical patients as opposed to
surgical patients in the mixed with ICUs [4] and the resulted
OR was 1.52 (95% CI 1.10, 2.09), with a test for interaction
that was not significant (P = 0.09).

3.5. Sensitivity Analyses. We performed sensitivity analyses
to test how robust the results of the meta-analyses were
in relation to the methodological quality of the studies.
Studies with a NOS score <6 were excluded in our sensitivity
analyses. Our results were not significantly altered by the
exclusion of studies with poor methodological quality, with
mild inconsistency improvement, particularly in diabetes,
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ú
jo

B
ri

to
20

09
[3

9]
Su

rg
ic

al
-C

ar
di

ac
/B

ra
zi

l
H

C
/1

20
03

–2
00

6
18

6/
59

↑C
re

at
in

in
e
>

50
%

fr
om

ba
se

lin
e

if
cr

ea
ti

n
in

e
>

1.
3

m
g/

dL
or
↑c

re
at

in
in

e
>

0.
5

m
g/

dL
fr

om
ba

se
lin

e
if

cr
ea

ti
n

in
e
<

1.
3

m
g/

dL
,o

r
n

ee
d

of
R

R
T

30
.6

%
N

R

T
h

ak
ar

20
09

[5
0]

M
ix

ed
/U

SA
H

C
/1

91
20

01
–2

00
6

32
5,

39
5/

97
↑C

re
at

in
in

e
≥

0.
3

m
g/

dL
fr

om
ba

se
lin

e
22

%
N

R

H
ob

so
n

20
09

[4
4]

Su
rg

ic
al

-
C

ar
di

ot
h

or
ac

ic
/U

SA
H

C
/1

19
92

–2
00

2
29

73
/6

6
R

IF
LE

cr
ea

ti
n

in
e

cr
it

er
io

n
43

%
N

R

M
ac

h
ad

o
20

09
[4

7]
Su

rg
ic

al
-C

ar
di

ac
/B

ra
zi

l
H

C
/1

20
03

–2
00

8
81

7/
70

↑C
re

at
in

in
e
≥

0.
3

m
g/

dL
or
≥5

0%
fr

om
ba

se
lin

e
48

.5
%

E
u

ro
SC

O
R

E
,m

ed
ia

n
(I

Q
R

)
1.

8
(1

.2
–3

)

G
om

es
20

10
[4

1]
Su

rg
ic

al
-T

ra
u

m
a/

Po
rt

u
ga

l
H

C
/1

20
01

–2
00

7
43

6/
80

R
IF

LE
50

%
IS

S
(2

7.
3
±

11
.4

)

A
K

I:
ac

u
te

ki
dn

ey
in

ju
ry

,S
D

:s
ta

n
da

rd
de

vi
at

io
n

,B
U

N
:b

lo
od

u
re

a
n

it
ro

ge
n

,G
FR

:g
lo

m
er

u
la

r
fi

lt
ra

ti
on

ra
te

,H
C

:h
is

to
ri

ca
lc

oh
or

t,
P

C
:p

ro
sp

ec
ti

ve
co

h
or

t,
C

C
:c

as
e-

co
n

tr
ol

,N
C

C
:n

es
te

d
ca

se
co

n
tr

ol
,R

R
T

:r
en

al
re

pl
ac

em
en

t
th

er
ap

y,
N

R
:n

ot
re

po
rt

ed
,I

Q
R

:i
n

te
rq

u
ar

ti
le

ra
n

ge
,I

SS
:i

n
ju

ry
se

ve
ri

ty
sc

or
e,

A
PA

C
H

E
:a

cu
te

ph
ys

io
lo

gi
c

an
d

ch
ro

n
ic

h
ea

lt
h

ev
al

u
at

io
n

sc
or

e,
R

IF
LE

:r
is

k
in

ju
ry

fa
ilu

re
lo

ss
en

d
st

ag
e

ki
dn

ey
di

se
as

e
cr

it
er

ia
,E

u
ro

SC
O

R
E

:E
u

ro
pe

an
Sy

st
em

fo
r

C
ar

di
ac

O
pe

ra
ti

ve
R

is
k

Ev
al

u
at

io
n

.
To

co
nv

er
t
μ

m
ol

/d
L

to
m

g/
dL

,d
iv

id
e

by
88

.



Critical Care Research and Practice 7

T
a

bl
e

2:
Q

u
al

it
y

of
th

e
st

u
di

es
u

ti
liz

in
g

th
e

N
ew

ca
st

le
-O

tt
aw

a
qu

al
it

y
as

se
ss

m
en

t
sc

al
e

(m
ax

im
u

m
sc

or
e

of
9)

.

C
oh

or
t

st
u

di
es

Se
le

ct
io

n
C

om
pa

ra
bi

lit
y

O
u

tc
om

e
To

ta
l

sc
or

e

Fi
rs

t
au

th
or

,y
ea

r
R

ep
re

se
n

ta
ti

ve
n

es
s

of
ex

po
se

d
co

h
or

t
Se

le
ct

io
n

of
th

e
n

on
ex

po
se

d
co

h
or

t
A

sc
er

ta
in

m
en

t
of

ex
po

su
re

D
em

on
st

ra
ti

on
th

at
ou

tc
om

e
w

as
n

ot
pr

es
en

t
at

st
ar

t
of

st
u

dy

C
om

pa
ra

bi
lit

y
on

th
e

ba
si

s
of

de
si

gn
or

an
al

ys
is

A
ss

es
sm

en
t

of
ou

tc
om

e
Fo

llo
w

u
p

lo
n

g
en

ou
gh

A
de

qu
ac

y
of

fo
llo

w
u

p
of

co
h

or
ts

H
ilb

er
m

an
19

79
[4

3]
∗

∗
∗

∗
4

W
ilk

in
s

19
83

[5
3]

∗
∗

∗
∗

∗
∗

6

G
ro

en
ev

el
d

19
91

[4
2]

∗
∗

∗
∗

∗
∗

∗
7

Tr
an

19
94

[5
1]

∗
∗

∗
∗

∗
∗

6
Z

an
ar

do
19

94
[5

4]
∗

∗
∗

∗
∗

∗
∗

∗
8

W
ar

d
19

96
[5

2]
∗

∗
∗

3
V

iv
in

o
19

98
[5

]
∗

∗
∗

∗
∗

∗
∗

∗
8

M
an

ga
n

o
19

98
[4

8]
∗

∗
∗

∗
∗

∗
∗

∗
8

C
on

lo
n

19
99

[3
6]

∗
∗

∗
∗

∗
∗

6

D
e

M
en

do
n

ça
20

00
[4

]
∗

∗
∗

∗
∗

∗
∗

7

C
le

rm
on

t
20

02
[3

5]
∗

∗
∗

∗
∗

∗
6

B
ov

e
20

04
[3

3]
∗

∗
∗

∗
∗

∗
∗

∗
8

B
ah

ar
20

05
[3

0]
∗

∗
∗

∗
∗

∗
6

C
h

aw
la

20
05

[3
4]

∗
∗

∗
∗

∗
∗

6

Lo
ef

20
05

[4
6]

∗
∗

∗
∗

∗
∗

6

M
at

al
ou

n
20

06
[4

9]
∗

∗
∗

∗
∗

∗
∗

7

H
os

te
20

06
[6

]
∗

∗
∗

∗
∗

∗
∗

7

La
n

do
n

i2
00

7
[4

5]
∗

∗
∗

∗
∗

∗
∗

7

B
ar

ra
n

te
s

20
08

[3
1]

∗
∗

∗
∗

∗
∗

6

B
ag

sh
aw

20
08

[2
8]

∗
∗

∗
∗

∗
5

B
ag

sh
aw

et
al

.,
20

08
[2

9]
∗

∗
∗

∗
∗

5

A
be

lh
a

20
09

[2
7]

∗
∗

∗
∗

4

D
e

A
ra

ú
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Table 4: Subgroups analysis.

Risk Factor Number of studies
Odds ratio or mean

difference∗ (95% CI)
P value for
interaction

Inconsistency
I2

Age

Surgical 17 5.35 [2.84, 7.86] 0.99 96%

Mixed 6 4.95 [2.27–7.63] 0.81 97%

Medical 3 7.61 [4.77, 10.44] 0.17 0%

Diabetes

Surgical 11 1.61 [1.41, 1.83] 0.61 31%

Mixed 4 1.09 [1.07, 1.11] <0.001 0%

Hypertension

Surgical 7 1.34 [1.04, 1.73] 0.53 68%

Mixed 2 0.68 [0.45, 1.05] 0.08 49%

Baseline creatinine∗

Surgical 8 0.20 [−0.02, 0.42] 0.89 99%

Heart Failure

Surgical 9 2.19 [1.92, 2.5] 0.34 8%

Mixed 4 1.51 [1.47, 1.55] 0.003 0%

Sepsis/SIRS

Surgical 2 2.69 [1.28, 5.64] 0.57 47%

Mixed 4 2.52 [1.36, 4.69] 0.45 87%

Medical 2 8.58 [1.56, 47.22] 0.34 95%

Nephrotoxic drugs

Surgical 4 1.25 [0.92, 1.71] 0.34 0%

Mixed 2 2.12 [1.04, 4.32] 0.41 64%

Severity of disease∗

Surgical 5 5.69 [3.25, 8.14] 0.40 88%

Mixed 3 10.66 [3.37, 17.95] 0.35 96%

Medical 2 5.32 [3.98, 6.65] 0.18 0%

Hypotension/shock

Surgical 4 2.48 [1.3, 4.72] 0.74 57%

Mixed 4 3.44 [1.09, 10.89] 0.79 92%

Pressors/inotropes

Surgical 5 5.36 [2.39, 12.03] 0.81 91%

Mixed 2 3.41 [1.87, 6.20] 0.45 19%

High risk surgery/emergency
surgery

Surgical 6 3.79 [2.91, 4.94] 0.04 33%

Mixed 4 1.14 [0.64, 2.02] 0.04 91%

CI: confidence interval, SIRS: systemic inflammatory response syndrome.



12 Critical Care Research and Practice

829 potentially relevant studies
identified by primary search

108 articles retrieved
for full text review

724 studies excluded
after duplicate abstract screening

31 articles met the inclusion criteria
and were included in the systematic 

77 studies were excluded for:
- irrelevance to our review 

- no control or unexposed group 

- same cohort 

- case series 
- burn ICUs 

- transplant ICU 

3 articles were added
from bibliography 

review

(n = 1)
(n = 1)
(n = 4)

(n = 4)

(n = 45)

(n = 22)

Figure 1: Flow diagram of the process of study selection.

heart failure, nephrotoxic drugs, and cardiopulmonary
bypass time as described in Table 5.

3.6. Publication Bias. The funnel plots for every individual
risk factor are presented in Appendix 2, in supplementary
material available online at doi:10.1155/2012/691013. Most
of the plots showed asymmetry, suggesting small-study bias
(either the absence of or inability to find studies with smaller
or negative risk estimates) or unexplained heterogeneity.

4. Discussion

This study found that the current evidence, drawn from
a large number of observational studies that included
more than half million individuals, indicates a significantly
increased risk of AKI in critically ill patients with older
age, diabetes, higher baseline creatinine, heart failure, sep-
sis/SIRS, use of nephrotoxic drugs, higher severity of disease
scores, use of vasopressors/inotropes, high risk surgery,
emergency surgery, and possibly hypertension. Additionally,
cardiothoracic patients admitted to the ICU also presented
increased risk of AKI with the use of IABP and longer time in
cardiopulmonary bypass pump. We found that many of these
observational studies were methodologically limited and
presented high levels of heterogeneity. Multiple definitions
of AKI, differences in populations studied, differences in
the internal characteristics and practice of the diverse ICUs,
differences in countries, and differences in processes of care
over time might explain the inconsistencies identified in
this review. Most of the definitions of AKI utilized in these
studies possess high specificity for the diagnosis of AKI
but poor sensitivity due to lack of urine output criteria
[55]. With the exemptions already described, the risk factors
described in this review that were associated with AKI
presented similar point estimates across different types of
ICUs. It was reassuring that after exclusion of methodological

limited studies, all point estimates remained significant.
Our findings demonstrated important methodological issues
observed in several of the studies analyzed, particularly the
potential impact of “reporting bias” and lack of adjustment
for important covariates in observational studies.

4.1. Limitations/Strengths. Our results are limited to the
extent that the observational studies included in this sys-
tematic review yielded inconsistent and imprecise data
about association effects. One might argue the legitimacy
of combining dissimilar patients from different types of
ICUs. Our analysis was subject to the limitation of different
definitions of AKI among the studies (Table 1), which in
fact may have contributed to the unexplained heterogeneity
that we have identified between our selected studies. This
differential approach in defining AKI could have potentially
overestimated or underestimated some the risk factors
identified in our analysis. However, the subgroup analysis
looking at each type of ICU did not result in significantly
different point estimates for the vast majority of the risk
factors. Furthermore, in all systematic reviews, the usual
key limitation is publication and reporting bias. Our review
clearly showed evidence of significant reporting bias and
possible publication bias. The strengths of this systematic
review stem from the exhaustive literature search, a thorough
evaluation of the methodological quality of the studies, and
a focused analysis with complete, prespecified subgroup,
and sensitivity analyses. Furthermore, the most compelling
evidence comes from our pooled analysis of studies that
included thousands of patients. Finally, our contact of the
study authors to obtain missing data and their collaboration
with our request further strengthen the quality of the review.

4.2. Clinical Implications and Future Research. Our findings
should be considered for designing prediction models of AKI
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Table 5: Sensitivity analysis.

Risk factor
Number of studies

excluded
Odds ratio or mean

difference∗ (95% CI)
P value for
interaction

Inconsistency I2

Age 9 4.95 [3.79, 6.12] 0.69 80%

Diabetes 4 1.58 [1.36, 1.84] 0.74 36%

Hypertension 4 1.43 [1.08, 1.89] 0.39 73%

Baseline creatinine∗ 3 0.14 [0.01, 0.27] 0.50 94%

Heart failure 2 2.05 [1.77, 2.38] 0.73 27%

Sepsis/SIRS 1 4.15 [2.36, 7.32] 0.72 83%

Nephrotoxic drugs 1 1.53 [1.09, 2.14] 0.97 52%

Severity of disease∗ 4 9.08 [4.57, 13.60] 0.43 94%

Hypotension/shock 1 3.33 [1.70, 6.52] 0.76 84%

Pressors/inotropes 2 4.52 [2.03, 10.05] 0.92 92%

High risk surgery/emergency
surgery

2 2.34 [1.23, 4.49] 0.99 92%

Cardiopulmonary bypass time∗ 3 30.46 [23.41, 37.51] 0.74 59%

IABP 3 3.76 [2.54, 5.57] 0.64 78%

CI: confidence interval, SIRS: Systemic inflammatory response syndrome, IABP: intra-aortic balloon pump.

in different ICUs with the overarching goal of implementing
strategies to prevent this highly lethal and morbid condition.
The results provided in this review are also applicable to
clinical practice and counseling of patients at high risk of
development of AKI. From the research perspective, the
potential role of diabetes and heart failure in critically
ill AKI patients from different ICU types warrant further
investigation.

5. Conclusions

While meta-analyses of observational studies carry signifi-
cant limitations inherent to the design of the studies, this
review assessed and confirmed the association of 13 different
risk factors in the development of AKI in critically ill adults
from 31 studies of more than half million patients. This
review demonstrated a significantly increased risk of AKI in
critically ill patients with older age, diabetes, hypertension,
higher baseline creatinine, heart failure, sepsis/SIRS, use
of nephrotoxic drugs, higher severity of disease scores,
use of vasopressors/inotropes, high risk surgery, emergency
surgery, use of IABP, and longer time in cardiopulmonary
bypass pump. Early identification of patients at risk of AKI
may help to implement interventions to mitigate this highly
lethal condition.
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NOS: Newcastle-Ottawa scale
NR: Not reported
OR: Odds ratio
PC: Prospective cohort study
PRISMA: Preferred Reporting Items for Systematic

Reviews and Meta-Analyses
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Background. Neutrophil gelatinase-associated lipocalin (NGAL) in serum and urine have been suggested as potential early
predictive biological markers of acute kidney injury (AKI) in selected critically ill patients. Methods. We performed a secondary
analysis of a multicenter prospective observational cohort study of unselected critically ill patients. Results. The analysis included
140 patients, including 57 patients who did not develop AKI, 31 patients who developed AKI, and 52 patients with AKI on
admission to the ICU. Levels of sNGAL and uNGAL on non-AKI days were significantly lower compared to levels of sNGAL on
RIFLERISK days, RIFLEINJURY days, and RIFLEFAILURE days. The AUC of sNGAL for predicting AKI was low: 0.45 (95% confidence
interval (CI) 0.27–0.63) and 0.53 (CI 0.38–0.67), 2 days and 1 day before development of AKI, respectively. The AUC of uNGAL for
predicting AKI was also low: 0.48 (CI 0.33–0.62) and 0.48 (CI 0.33–0.62), 2 days and 1 day before development of AKI, respectively.
AUC of sNGAL and uNGAL for the prediction of renal replacement therapy requirement was 0.47 (CI 0.37–0.58) and 0.26 (CI
0.03–0.50). Conclusions. In unselected critically ill patients, sNGAL and uNGAL are poor predictors of AKI or RRT.

1. Introduction

Acute kidney injury (AKI) represents a frequent complica-
tion in critically ill patients, with high rates of morbidity and
mortality [1–5]. AKI requiring renal replacement therapy
(RRT) occurs in up to 5% of patients with AKI, in whom
the mortality rate approaches 80% [4]. The lack of early bio-
logical markers of renal injury prevents timely patient man-
agement decisions, including withholding nephrotoxic

agents, administration of putative therapeutic agents, and the
initiation of RRT.

Recently, neutrophil gelatinase-associated lipocalin
(NGAL) has been implicated as an early predictive biological
marker of renal injury [6]. NGAL is a ubiquitous 25 kDa pro-
tein, covalently bound to gelatinase from human neutro-
phils, which is normally expressed in very low concentrations
in several human tissues, including the kidney [7, 8]. Expres-
sion of NGAL increases in the presence of inflammation
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and injured epithelia, including the kidney after ischemia
reperfusion injury and nephrotoxicity [7, 8]. Systemic NGAL
appeared to be of diagnostic as well as prognostic value for
AKI in previous studies of critically ill patients [9]. However,
the role of NGAL in critically ill patients has mainly been
studied in highly selected populations, including children
and adults after cardiac surgery [10, 11] or after intravenous
administration of contrast [12]. In these populations AKI
etiology is clear and timing of the insult is often precisely
known.

In the present study we evaluated the performance of
NGAL in a group of unselected critically ill intensive care
unit (ICU) patients, in which AKI etiology and timing are
most of the time unclear. Thus, we chose to study a popu-
lation reflecting daily practice in our centers and tested two
hypotheses. First, we hypothesized that NGAL in serum
(sNGAL) and urine (uNGAL) can predict AKI 1 to 2 days
earlier than the RIFLE criteria in patients who develop AKI
after admission to the ICU. Second, we hypothesized that
sNGAL and uNGAL predict the need for RRT, in unselected
ICU patients.

2. Methods

2.1. Study Design. This study is a secondary analysis of
a multicenter prospective observational cohort study of
unselected critically ill patients in 5 multidisciplinary, closed-
format ICUs, in which we collected serial serum and urine
samples and determined the first day of AKI based on the
RIFLE (risk, injury, failure, loss, and end-stage renal disease)
classification system [13, 14]. The institutional review board
of all participating institutions approved the protocol, and
written informed consent was obtained from all patients or
next of kin.

2.2. Patients. Patients who were older than 18 years, with
an expected duration of mechanical ventilation of at least
48 hours and/or an expected length of ICU stay of at least
72 hours, were enrolled within 48 hours of ICU admission.
Chronic RRT was an exclusion criterion.

2.3. Data Collected. Demographic data, admission diagnosis,
reasons to initiate RRT (oliguria or anuria, high sCr/high
sUr, or acidosis), acute physiology age and chronic health
evaluation (APACHE) II scores and simplified acute physi-
ology scores (SAPS) II [15, 16] were documented in the first
24 hours after admission. Routine laboratory data, including
plasma creatinine, were measured daily.

2.4. Baseline Renal Function and Definition of AKI. In order
to define the baseline renal function we compared the
premorbid levels of serum creatinine (sCr) within 1 year
prior to ICU admission with the sCr at ICU admission. The
lower of these 2 values served as baseline renal function. In
case a premorbid sCr was unavailable, baseline renal function
was estimated by solving the modification of diet in renal
disease (mdrd) equation, with the assumption of a near
lower limit of normal glomerular filtration rate (GFR) of
75 mL/min/1.73 m2 [17].

The presence of AKI on admission and development of
AKI during stay in ICU were scored using the creatinine
and urine output criteria of the RIFLE classification system
for AKI [13]. In an additional analysis development of AKI
during stay in ICU was scored using solely the creatinine
criteria. The first day of AKI (the first RIFLE event) was
termed AKI day 0; the 2 days prior to this day were termed
AKI day 1 and AKI day 2, respectively.

2.5. Sampling and Measurement of NGAL. Blood and urine
sampling for NGAL measurements was performed on days
0, 1, and alternate days until the start of RRT, ICU discharge,
or death, whatever came first. Blood samples were drawn
into sterile Vacutainer tubes and centrifuged at 1.500×g for
10 minutes at 4◦C. The supernatants were stored at –80◦C.
Urine samples were taken from a 3-hour urine collection
period after assessment of the urine volume, centrifuged, and
also stored at –80◦C.

All samples of NGAL were measured batch wise by
means of a commercial ELISA (R&D Systems, Abingdon,
UK) according to manufactures recommendation. We tested
multiple dilutions on the samples and made them in
duplicate. To compensate for differences in urine flow rate,
we normalized the urinary excretion of NGAL for moles of
urinary creatinine (uNGALcorr.) [18]. In addition, as pro-
posed before [19], we used the ratio of sNGAL to uNGAL
in additional analyses.

2.6. Effect Size. To find out what sort of effect size was to be
expected in this secondary analysis, we calculated the stand-
ard error, 0.061, using the actual number of included patients
in our study. The accompanying 95% confidence limits were
0.63 to 0.87 given the estimated minimal clinically relevant
area under the curve to be at least 0.70.

2.7. Statistical Analysis. The first RIFLE event (risk, injury, or
failure, using the combination of creatinine and urine output
criteria, or the creatinine criterion alone) served as the pri-
mary endpoint. Initiation of RRT served as a secondary end-
point. Data were analyzed using the Statistical Package for
the Social Sciences (SPSS) for Windows, version 17.0 (SPSS,
Chicago IL, USA).

Continuous variables were expressed as mean (±SD) or
median with (IQR). Categorical variables were expressed as
counts and percentages. Normally distributed variables were
compared using one-way analysis of variance with Bonfer-
roni’s correction for multiple comparisons. For significant
findings, post hoc t-test was applied. Kruskall-Wallis one-
way analysis of variance was used to compare nonnormally
distributed variables. Chi-square testing was used to test
frequencies between groups. Linear mixed models were used
to compare NGAL levels among RIFLE stages. Testing was
two-tailed; P < 0.05 was considered statistically significant.

Patients with AKI at admission were excluded from
the diagnostic analysis and included only in the prognostic
analysis. We used day 2 and day 1 in patients who developed
AKI with day 0 and day 1 in patients who never developed
AKI. This time period was chosen as patients who developed
AKI fulfilled RIFLE criteria after 2 (1-2) days.
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Table 1: Group characteristics.

Patients who never
developed AKI

Patients who developed
AKI

Patients with AKI on
admission P value

(N = 57) (N = 31) (N = 52)

Age (years) 58.8 (16.1) 67.1 (15.8) 74.4 (9.4) <0.05

Gender (male) (%) 37 (64.9%) 21 (67.7%) 32 (61.5) 0.84

Weight (kg) 75.7 (14.7) 81.6 (14.9) 81.1 (19.7) 0.17

Height (cm) 176.0 (8.4) 175.2 (8.5) 171.2 (17.1) 0.12

APACHE II score 18.5 (9.4) 19.3 (8.3) 23 (11.5) 0.06

SAPS II 35.9 (12) 42.8 (15) 47.1 (14.8) <0.05

RIFLE baseline sCr (µmol/L) 69.9 (18.7) 77.9 (15.9) 76.3 (19.8) 0.16

sUrea (mmol/L) 7.9 (5.9–11.2) 11.7 (8.1–17.2) 12.4 (8.1–22.4) <0.05

sCr (µmol/L) 62 (50–78) 86 (72–104) 110 (73–177) <0.05

sNGAL (ng/mL) 269 (180–398) 307 (187–460) 343 (238–652) <0.05

uNGAL (ng/mL) 99 (41–301) 149 (52–405) 289 (92–602) <0.05

uNGALcorr (mg/molCr) 23 (9–64) 40 (13–142) 23 (8–101) 0.05

Primary diagnosis (n) (%)

CPB 1 (1.7%) 2 (6.4%) — 0.25

Cardiovascular failure 1 (1.7%) 4 (12.9%) 4 (7.7%) 0.11

Cerebrovascular event 2 (3.5%) 0 (0%) 0 (0%) —

Hemorrhagic shock 7 (12.3%) 1 (3.2%) 5 (9.6%) 0.37

Multiple trauma 3 (5.3%) 2 (6.4%) 1 (1.9%) 0.55

Elective major surgery 1 (1.8%) 1 (3.2%) 5 (9.6%) 0.15

Respiratory failure 22 (38.6%) 10 (32.2%) 14 (26.9%) 0.43

Septic shock 20 (35.1%) 11 (35.5%) 24 (46.2%) 0.44

Admission category (n) (%)

Medical 27 (47.4%) 14 (45.2%) 21 (40.4%) 0.76

Surgical 30 (52.6%) 17 (54.8%) 31 (59.6%) 0.76

Days from admission until AKI
(median and range)

NA 2 (1-2) 0 —

Worst AKI score in ICU (n) (%)

Risk — 25 (80%) 22 (42%) <0.05

Injury — 4 (12%) 13 (25%) 0.19

Failure — 2 (6%) 17 (32%) 0.006

CVVH 1 (2%) 3 (10%) 8 (15%) <0.05

LOS (days) 5 (3–8) 8 (5–18) 6 (3–9) 0.001

ICU mortality 0 4 (13%) 8 (15%) <0.05

Hospital mortality 4 (7.0%) 5 (16.1%) 15 (29%) <0.05

We assessed sNGAL and uNGAL on their ability to detect
AKI or predict need for RRT by calculation of the area under
the curve (AUC) of the receiver-operating characteristic
(ROC) plot.

3. Results

3.1. Patients. The original study included 170 patients; 19
patients were excluded because data collection was incom-
plete. Of the remaining 151 patients, samples were no longer
available for analysis of NGAL levels in 11 patients: 3 patients
who did not develop AKI, 4 patients who developed AKI,
and 4 patients with AKI on admission. Therefore, the final

analysis included 140 patients, of whom 57 patients did not
develop AKI, 31 patients developed AKI, and 52 patients with
AKI on admission, when using the MDRD-based baseline
sCr and classifying patients according to the creatinine and
urine output criteria of RIFLE. There were no differences
in baseline characteristics between the original 170 patients
included in the study and 140 patients finally analyzed here.

Baseline demographic data are presented in Table 1.
Renal and outcome data are presented in Table 2. Patients
who developed AKI were significantly older compared to
patients who did not develop AKI. There were no significant
differences among the groups in terms of premorbid hyper-
tension, diabetes, or chronic kidney disease. The MDRD
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Table 2: Characteristics of acute kidney injury patients by presence or absence of CVVH.

CVVH no CVVH
P value

(N = 11) (N = 72)

Age (years) 68.9 (11.6) 72.1 (12.7) 0.43

Gender (male) 7 (63.6%) 46 (63.9%) 0.99

APACHE II score 28 (20–30) 19 (14–25) 0.05

SAPS II 51 (44–57) 45 (35–51) 0.11

sUrea (mmol/L) 11 (7–23) 10 (7–18) 0.24

sCr (µmol/L) 147 (94–299) 100 (76–139) 0.03

sNGAL (ng/mL) 338 (251–798) 341 (205.4–622) 0.56

uNGAL (ng/L) 303 (39–750) 219 (92–535) 0.90

uNGALcorr. (mg/mol Cr) 38 (7–342) 34 (9–114) 0.51

Urine output (mL/day) 1480 (493–1960) 2535 (1826–3792) <0.001

AKI prior to CVVH (days) 1 (0–4) NA —

Table 3: AUC (CI) for sNGAL, uNGAL, and uNGALcorr. in pre-
dicting AKI.

Day 2 Day 1

sNGAL 0.45 (0.27 to 0.63) 0.53 (0.38 to 0.67)

uNGAL 0.48 (0.33 to 0.62) 0.48 (0.33 to 0.62)

uNGALcorr. 0.47 (0.29 to 0.66) 0.65 (0.51 to 0.79)

sNGAL/uNGAL 0.60 (0.41 to 0.80) 0.47 (0.31 to 0.63)

based baseline sCr was used in 10% of patients who never
developed AKI, 13% of patients who developed AKI, and
29% of patients with AKI on admission.

Patients who developed AKI fulfilled RIFLE criteria
after 2 (1-2) days. Continuous venovenous hemofiltration
(CVVH) was started in 11 out of 83 patients who presented
with or developed AKI (13%). The reason to initiate RRT was
oliguria/anuria in 7 patients, acidosis in 1 patient, and high
sCr or high sUr in 3 patients. The duration between AKI day
0 and start of RRT was median 1 (0-4) day. In comparison
with the non-RRT patient, AKI patients who required RRT
had significantly higher APACHE II scores on admission and
produced less urine.

3.2. Serum and Urine Levels of NGAL. Figure 1 shows levels
of sNGAL and uNGAL. Compared to levels of sNGAL
on non-AKI days, significantly higher levels of sNGAL
were found on RIFLERISK days, RIFLEINJURY days and
RIFLEFAILURE days. Serum NGAL levels were not significantly
different among the 3 RIFLE categories.

Similarly, compared to levels of uNGAL on non-AKI
days, significantly higher levels of uNGAL were found
on RIFLERISK days, RIFLEINJURY days, and RIFLEFAILURE

days. Levels of uNGAL were also not significantly different
among the 3 RIFLE categories except for RIFLERISK versus
RIFLEFAILURE. Differences in levels of uNGAL per RIFLE
category remained similar when urine NGAL was corrected
for moles of urinary creatinine.

3.3. Prediction of AKI. We compared levels of sNGAL and
uNGAL in the 2 days prior to AKI from patients who

Table 4: AUC (CI) for sNGAL, uNGAL, and uNGALcorr. in pre-
dicting RRT.

sNGAL 0.47 (0.37 to 0.58)

uNGAL 0.26 (0.03 to 0.50)

uNGALcorr. 0.27 (0.0 to 0.57)

sNGAL/uNGAL 0.26 (0.01 to 0.51)

developed AKI, with the first 2 study days of admission
in patients who did not develop AKI (Figure 2). The areas
under the ROC curve of sNGAL and uNGAL for predicting
AKI were low and only slightly improved by normalizing the
excretion of NGAL for moles of urinary creatinine (Table 3).
Similarly, using the ratio of sNGAL to uNGAL the AUC only
slightly improved (Table 3).

When we did not use the MDRD-based baseline sCr
results were not different. Also, when we only used the creat-
inine criterion of RIFLE to classify the presence of AKI,
and non-AKI and AKI days, areas under the ROC curve
of sNGAL and uNGAL for predicting AKI remained low
(see electronic supplement supplementary material available
online at doi:10.1155/2012/712695).

3.4. Prediction of RRT. The areas under the ROC curve of
sNGAL and uNGAL for predicting RRT requirement were
also low, and did not improve by normalizing the excretion
of NGAL for moles of urinary creatinine or when using the
ratio of sNGAL to uNGAL (Table 4).

4. Discussion

The aims of this prospective multicenter study were to
evaluate whether NGAL in serum and urine can detect
AKI earlier than the RIFLE criteria in unselected critically
ill patients, and whether NGAL in serum and urine can
predict RRT requirement. Levels of sNGAL and uNGAL
on non-AKI days were significantly lower compared with
that on RIFLERISK-INJURY-FAILURE days. Levels of sNGAL and
uNGAL were not different between the patients who finally
proceeded with RRT and patients who did not need RRT.
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Figure 1: Neutrophil gelatinase-associated lipocalin (NGAL) in
serum and urine per RIFLE severity. On nonacute kidney injury
(AKI) days NGAL in serum and urine was lower (P < 0.05)
compared with days fulfilling the RIFLERISK, RIFLEINJURY, and
RIFLEFAILURE criteria. Non-AKI patients, N = 57; AKI patients
N = 31.

The predictive ability of sNGAL and uNGAL was poor, both
for detecting AKI and for predicting need for RRT.

Our study is amongst the first studies investigating
whether NGAL predicts the development of AKI in unse-
lected critically ill ICU patients in which AKI etiology and
timing are often unclear. Our study knows several limita-
tions, though. First, our sample size was relatively small.
Second, the MDRD-based baseline sCr had to be used in 18%
of our patients. Missing preadmission sCr value is a recog-
nized problem in AKI research, which may lead to misclas-
sification of the incidence of AKI [20]. Contrary, the use
of surrogate measures for baseline renal function prevents
selection bias. Using MDRD-based baseline, sCr gave us the
opportunity to analyze all patients, which otherwise was not
possible. Notably, when we did not use the MDRD-based
baseline sCr results were not different. Third, the definition
of a disease or clinical entity is critical in biomarker research,
and the RIFLE criteria may not be an adequate “gold
standard” for AKI. The consensus RIFLE definition for AKI is
based on sCr and/or urine output. These are functional para-
meters and may not be appropriate for the detection of injury
to the kidney.

We were also the first to use the RIFLE classification
with both sCr and urine output, to classify patients. This
might have affected our outcomes. Indeed, by using the urine
output criterion in addition to the sCr, we may have classified
more patients as having AKI. We consider our approach,
based upon consensus, more appropriate. Furthermore,
when we only used the creatinine criterion of RIFLE, the pre-
dictive ability of sNGAL and uNGAL remained poor.

Our results are in contrast with those from other investi-
gations. Indeed, studies investigating sNGAL and/or uNGAL
for the prediction of AKI in patients after cardiac surgery [10,
11, 21–27], patients with multiple trauma [28], and patients
with sepsis or SIRS [29, 30] showed excellent performances
for NGAL as a predictive biological marker of AKI, with
areas under the ROC curve of sNGAL and up to 0.91 and of
uNGAL up to 0.99. This discrepancy may not come as a sur-
prise, since in these patient groups usually the direct cause
of AKI as well as its timing is often obvious. In addition,
since collection of specimens in our study could start the next
day of admission and specimens were collected on alternate
days after the first 2 days, we may have missed peak NGAL
levels in our study. However, our approach better reflects
daily practice, which is most of the time very different from
the ideal research setting.

It should be noted, though, that the results of our study
are also different from results from 3 recently published stud-
ies that focused on the diagnostic performance of serum
NGAL in a more heterogeneous ICU populations [31–33].
Opposite to our findings, these 3 studies suggested sNGAL to
be a good and early biological marker of AKI, with increased
levels of sNGAL 48 hours before RIFLE criteria were met,
and even on admission. Cruz et al. studied 301 con-
secutive patients admitted to a general medical-surgical ICU
[31]. The primary outcome was AKI, defined as an increase
in plasma creatinine of at least 50% from baseline or a
reduction in urine output to <0.5 mL/kg/hour for >6 hours.
sNGAL was a good diagnostic marker for AKI development
within the next 48 hours (area under the ROC curve 0.78
(CI 0.65–0.90) and for RRT requirement (area under the
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Figure 2: Neutrophil gelatinase-associated lipocalin (NGAL) in serum and urine and creatinine 1 and 2 days prior to acute kidney injury
(AKI). Levels are compared to day 0 and day 1 in patients who never developed AKI. Non-AKI patients, N = 57; AKI patients, N = 31.

ROC curve 0.82 (CI 0.70–0.95). Constantin et al. studied
88 critically ill patients [32]. Focusing on patients without
AKI on admission, the area under the ROC curve of sNGAL
was 0.96 (CI 0.86–0.99) for prediction of AKI. de Geus et
al. studied the predictive value of NGAL in 632 critically
ill patients [33]. In this study urine was collected from
admission up to 72 hours after admission. The AUC for
sNGAL in predicting AKI was 0.77 ± 0.05 (RIFLERISK),
0.80 ± 0.06 (RIFLEINJURY), and 0.86 ± 0.06 (RIFLEFAILURE);
the AUC for uNGAL in predicting AKI was 0.80 ± 0.04
(RIFLERISK), 0.85 ± 0.04 (RIFLEINJURY), and 0.88 ± 0.04
(RIFLEFAILURE). Several differences in study designs may
explain the opposite results. First, Constantin et al. used only
one single measurement of uNGAL on admission, since their
primary endpoint was the value of NGAL to predict AKI on
admission to the ICU [32]. In the studies by Cruz et al. and
de Geus et al. patients who already had AKI on admission
were not excluded, which may have resulted in higher NGAL
levels [31, 33]. Indeed, in the study by Cruz et al. 29% of all
patients (67% of all AKI patients) had AKI on admission [31]
in the study by de Geus et al. 59% of all patients had AKI on
admission [33].

Notably, de Geus et al. found increased uNGAL levels in
septic patients without AKI, while levels of sNGAL were not
different between patients who developed AKI and those who
did not. This is in contrast to a study of adult septic patients
by Mårtensson et al. [34]. While in this study the AUC for
sNGAL was low (0.67), the AUC for uNGAL was good (0.86).

As described by Haase et al. [9], the use of a standard-
ized NGAL assay reported a better AUC for NGAL than
individually developed research-based assays. Cruz et al. and
Constantin et al. used the Triage Meter (Biosite, San Diego)
[31, 32]. In our study we used a commercial ELISA. It is
uncertain whether this difference explains the differences
between our study results and those from other studies.

A large proportion of our patients already had AKI on
admission. This is similar to other studies on predictive
biomarkers for AKI in a heterogeneous ICU population
[31, 33]. It makes little sense to predict AKI in patients who
already have AKI, except if NGAL predicts progression in
AKI severity, including the need for RRT. Unfortunately, in
our study both sNGAL and uNGAL were no predictors of
RRT requirement, although it must be mentioned that the
number of patients eventually requiring RRT in our study
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was small. Several factors can be of influence on our results
regarding the predictability of need for RRT. For instance,
the reason for initiating RRT in our cohort was much more
diverse than in patients after cardiopulmonary bypass [10,
11, 22–27].

Nearly 40% of our patients never developed AKI, yet
some of these patients had increased levels of NGAL, both
in serum and urine. A possible explanation for this finding
could be the published reference intervals of sNGAL and
uNGAL [35]. They were determined in healthy volunteers
with no history of renal disease and may not apply to our
critically ill population.

In conclusion, in this multicenter study of unselected
critically ill patients, both sNGAL and uNGAL were poor
predictive biological markers for AKI. Moreover, sNGAL and
uNGAL did not predict the need of RRT.
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