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Introduction

Despite important improvements in general care, acute kidney injury (AKI) 
remains a frequent and major complication in intensive care unit (ICU) patients 
with persistently high morbidity and mortality rates [1-3]. AKI requiring renal 
replacement therapy occurs in up to 5% of those cases in whom the mortality rate 
approaches 80% [3]. One reason for the failure to de#ne an e$ective treatment 
for AKI is the paucity of sensitive and early biological markers for renal injury 
[4]. Such markers could prevent timely patient management decisions, including 
administration of potentially e$ective therapeutic agents.
Over the last decade, several novel and promising biological markers for AKI have 
been identi#ed, including serum and urinary proteins [5]. Some markers estimate 
renal function, while others re'ect renal injury or in'ammation associated with 
AKI. Commercial assays for these biological markers have become available, and 
numerous studies of their diagnostic accuracy have been published in recent years. 
However, large–scale cohort studies in the ICU se!ing are sparse and results of 
interventional trials using the aforementioned novel biological markers (e.g., for 
screening, or as an outcome variable) in critically ill patients are not available yet. 
In this chapter we describe the process of developing biological markers for AKI, 
using the case of urinary NGAL as an example.

Conventional measures of renal function

Glomerular filtration rate
%ere are several gold standard methods for determining glomerular #ltration 
rate (GFR), including inulin clearance and isotope clearance techniques. %ese 
techniques are expensive and laborious and therefore not routinely used in 
clinical practice. Serum creatinine and urea concentrations, and clearance of 
creatinine using 24–hour urine collections, are frequently used indicators of 
GFR. However, serum creatinine concentrations are a$ected by muscle mass 
and diet, and vary with age and gender. In addition, a rising serum creatinine 
concentration is related to an increase in its tubular secretion, leading to 
overestimation of GFR in patients with moderate to severe renal injury. Similarly, 
serum urea concentrations are a$ected by various disease states, hepatic function 
and diet.

Tubular function
Both the tubular concentrating ability and sodium conservation have been 
advocated to test for tubular function. %e urine to plasma osmolar ratio is a 
sensitive index of tubular concentrating ability, and thus tubular function, since 
the ability to concentrate urine may be lost 24 to 48 hours before serum creatinine 
and urea concentrations start to increase. %e urine to serum creatinine ratio, 
representing the proportion of water #ltered by the glomerulus that is abstracted 
by the distal tubule, is another index of the tubular concentrating ability. Urine 
sodium concentrations may indicate the tubular ability to conserve sodium. 
While in prerenal states of renal insu&ciency urine sodium concentrations fall, in 
established acute tubular necrosis the ability to conserve sodium is lost, and urine 
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sodium concentrations increase. All these measures, however, are in'uenced by 
the use of diuretics, which are frequently administrated to ICU patients.

Renal function versus renal injury
Concentrations of creatinine and urea in serum and/or urine are insensitive, 
non–speci#c, and change only signi#cantly a"er substantial kidney injury with 
a substantial time delay. It should therefore be realized that these markers are 
merely useful to determine global renal function, which is not the same as renal 
injury. Indeed, concentrations of creatinine and/or urea in serum and/or urine are 
not speci#c for, nor directly related to underlying pathophysiological processes 
such as in'ammation, apoptotic and necrotic cell death, and tubule regeneration.

Classification schemes for acute kidney injury

As part of the Acute Dialysis Quality Initiative 2nd International Consensus 
Conference, the RIFLE (Risk of kidney dysfunction, Injury to the kidney, 
Failure of Kidney function, Loss of kidney function, and End stage kidney 
disease) classi#cation scheme was derived to provide standardized criteria 
for de#ning AKI [6]. More recently, the acute kidney injury network (AKIN) 
slightly modi#ed the RIFLE risk criteria to include an absolute increase in serum 
creatinine concentrations + 0.3 mg/dl [7]. %is modi#cation was performed 
in recognition of increasing data suggesting that even small changes in serum 
creatinine concentrations are associated with poorer outcome as measured by 
mortality [1,8].
Although clear progress has been made in formulating a classi#cation scheme 
for AKI, it is notable the criteria rely heavily on changes in serum creatinine 
concentrations as a marker of renal function. %is is important in view of the 
aforementioned thoughts regarding creatinine as a suboptimal marker for renal 
function. Also, since the classi#cation schemes only depend on creatinine 
concentrations, these schemes do neither monitor nor de#ne renal injury, and do 
not di$erentiate between di$erent forms of renal injury.

Biological Markers

In general, biological markers can be used as indicators of normal biologic 
processes, pathogenic processes, or pharmacologic responses to a therapeutic 
intervention. Five phases of biological marker development have been proposed 
(table 1) [9]. Focusing on biological marker development for AKI in critically ill 
patients, these phases can be described as follows.
Phase 1 – %is phase involves preclinical studies. %e aim of this phase is to 
identify genes and/or proteins that are over–expressed in AKI compared with no 
AKI. Tissues from organs of experimental animals could be used, but specimens 
that can be obtained easily to assay concentrations of proteins expressed by the 
identi#ed genes (e.g., serum or urine) would be preferable.
Phase 2 – %is phase involves clinical studies and focuses on assay development. 
%e aim of this phase is to estimate the true–positive rate and the false–positive 
rate or receiver operating curve (ROC) of assays for biological markers, usually 
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ELISAs or immunoassays, and to assess the ability of these assays to distinguish 
individuals with AKI from individuals without AKI. %is phase could involve 
comparing the results from diverse control groups, such as a healthy population, 
and patients with chronic or other kidney diseases. Other observations, such as 
behaviour of the biological marker with patient characteristics like age, gender 
and race, and variations in biological marker concentration with the spectrum of 
AKI and other AKI characteristics could also be noted. Phase 2 studies typically 
do not allow determination of whether AKI can be detected early with the 
proposed biomarkers. It is essential that specimens to assay concentrations of 
biological markers can be obtained easily (e.g., serum and/or urine).
Phase 3 – Phase 3 is somewhat similar to phase 2, but biological markers are now 
evaluated for their capacity to detect AKI at earlier time points than established 
AKI. One other goal of phase 3 could be to de#ne the cut-o$s for a positive 
screening test that can be validated in future studies.
Phase 4 studies – %is phase involves large–scale validation of the biological 
markers in prospective cohort studies. %e primary questions addressed in 
phase 4 studies include the understanding of the performance of the biological 
marker–based “screening” test in a relevant population by determining the true 
positive rate and false positive rate. Phase 4 studies could also help to determine 
the severity of AKI. For example, the ability of the biological marker to detect 
and di$erentiate early between RIFLE stadiums, such as injury, failure, need for 
renal replacement therapy, and de#nite renal failure. Studies in phase 4 can also 
help with understanding of the feasibility of applying the newer test and make 
preliminary assessment of costs.
Phase 5 studies – %is phase usually involves post–marketing studies in which the 
assessment of reduction of (burden of ) AKI is made as a result of the availability 
of a new test. For AKI, it could be essential that availability of a biological 
marker reduce progress of AKI, need for renal replacement therapy or mortality 
associated with AKI.

Novel biological markers of AKI

A variety of novel biomarkers include but are not limited to mRNA, proteins and 
peptides, and lipid molecules. In AKI, important pathophysiological processes 
such as in'ammation, apoptotic and necrotic cell death, and tubule regeneration 
may be re'ected in blood or urine and indicated by the assay of a biomarker. 
Over the last decade, several promising novel biological markers for AKI have 
been identi#ed, including serum proteins (cystatin C and neutrophil gelatinase–
associated lipocalin (NGAL) and urinary proteins (cystatin C, NGAL interleukin 
(IL)–18 and kidney injury molecule (KIM)–1) (#gure 1) [5]. Some estimate 
renal function (serum cystatin C), some re'ect on renal injury (urinary cystatin 
C, serum and urinary NGAL, and urinary KIM–1,) or show in'ammation 
associated with AKI (urinary IL–18). We here focus on urinary NGAL.
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The case of urinary NGAL

NGAL, also known as lipocalin–2, is a ubiquitous 25-kDa protein, covalently 
bound to gelatinase from human neutrophils, which is normally expressed in very 
low concentrations in several human tissues, such as the lungs, stomach, colon 
and the kidney. While the functions of NGAL are not fully understood, it appears 
to be upregulated in cells under “stress” (e.g., from infection, in'ammation, 
or ischemia). NGAL possibly has an antibacterial role, since NGAL binds 
enterobactin and other siderophores, depriving the microorganisms of Fe3+, an 
important nutritional requirement. Urinary levels correlate with serum levels 
whatever the cause of increased NGAL production. High urinary levels can be 
expected when it is released directly into the urine by the kidney tubules.

Phase 1 – Discovery of NGAL
%e gene for NGAL was discovered to be upregulated more than 10–fold in a 
murine model of AKI [10]. Mice underwent unilateral renal artery clamping for 
45 minutes resulting in tubule cell apoptosis. By microarray analysis, consistent 
pa!erns of altered gene expression were identi#ed, including transcription 
factors, growth factors, signal transduction molecules, and apoptotic factors. 
NGAL was identi#ed as one of the most upregulated transcripts in the early 
post–ischemic mouse kidney, a #nding that has now been con#rmed in several 
other animal studies [11,12]. %e results of these preclinical studies indicate that 
NGAL could represent an early and quantitative urinary biomarker for AKI.

Phase 2 – Assay Development
Several studies have tested assays for NGAL in diverse control groups, such as 
a healthy population, and patients with chronic or other kidney diseases. For 
example, in a cross–sectional study, adults with established AKI (de#ned by a 
doubling of serum creatinine) displayed a marked increase in urine NGAL by 
Western blo!ing when compared to normal controls [13]. Urine and serum 
NGAL levels correlated with serum creatinine. Other studies have tested ELISA 
for NGAL in similar cohorts.
%e availability of a standardized clinical platform for NGAL measurements 
could revolutionize diagnostics, especially in the ICU se!ing. In this regard, a 
major step forward has been the development of a standardized point–of–care 
kit for the clinical measurement of plasma NGAL. In children undergoing cardiac 
surgery, 2–hour plasma NGAL measurement measured by the Triage NGAL 
Device (Biosite Inc., San Diego, CA, USA) showed an AUC of 0.96, sensitivity of 
0.84 and speci#city of 0.94 for the prediction of AKI using a cut-o$ value of 150 
ng/ml [14]. %e Triage NGAL Device is easy with quantitative results available 
in 15 min, and requires only )l–quantities of whole blood or plasma. One urinary 
NGAL immunoassay has been developed for a standardized clinical platform 
(ARCHITECT analyser, Abbo! Diagnostics, Abbo! Park, IL, USA). In children 
undergoing cardiac surgery, 2–hour urine NGAL measurement by ARCHITECT 
analyser showed an AUC of 0.95, sensitivity of 0.79 and speci#city of 0.92 for 
prediction of AKI using a cut-o$ value of 150 mg/ml [15]. In another study 
with urine samples (NGAL range, 0.3 – 815 ng/ml) and 6 calibration standards 
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(NGAL range, 0 – 1000 ng/ml), NGAL measurements by research ELISA and 
by ARCHITECT were highly correlated (r = 0.99) [15]. ARCHITECT is easy to 
perform, with no manual pretreatment steps, a #rst result available within 35 min, 
and requires only 150 )l of urine. Both kits are currently undergoing multicenter 
validation in adult populations.

Phase 3 and 4 – Early Detection and Risk Stratification
In a study of children undergoing cardiopulmonary bypass, NGAL measurements 
by ELISA and by Western blo!ing revealed a 10–fold or more increase in urine 
within 2–6 hours of surgery in patients who subsequently developed AKI [16]. 
Urine NGAL was a powerful independent predictor of AKI, with an AUC of 0.99 
for the 2–hour urine NGAL [16]. %ese #ndings were con#rmed in a study of 
adults undergoing cardiac surgery [17]. In patients who developed AKI, urinary 
NGAL levels were signi#cantly elevated within 1–3 hours a"er surgery. However, 
patients who did not develop AKI also displayed a signi#cant increase in urinary 
NGAL in the early post–operative period, although to a much lesser degree than 
in those who subsequently developed AKI. %e AUC reported in this study was 
0.74 for the 3–hour urinary NGAL level and 0.80 for the 18–hour urinary NGAL 
level. NGAL has also been evaluated as a biological marker of AKI in kidney 
transplantation [18,19] and AKI following contrast administration [20,21].
Subsequent studies were recently reviewed in a large meta–analysis [22]. %e 
primary outcome of this meta–analysis was AKI (de#ned as an increase in serum 
creatinine level > 50% from baseline within 7 days). Secondary outcomes were 
initiation of renal replacement therapy and in–hospital mortality. Diagnostic odds 
ratio (DOR) and sample size–weighted area under the curve for the receiver–
operating characteristic (AUC–ROC) were calculated using a hierarchical 
bivariate generalized linear model (#gure 2). Overall, the DOR/AUC–ROC of 
NGAL to predict AKI was 18.6 (95% con#dence interval (CI), 9.0–38.1)/0.82 
(95% CI, 0.73–0.89). DOR/AUC–ROC of NGAL was 13.1 (95% CI, 5.7–
34.8)/0.78 (95% CI, 0.67-0.87) in cardiac surgery patients, and 10.0 (95% 
CI, 3.0–33.1)/0.73 (95% CI, 0.62–0.83) in critically ill patients. DOR/AUC–
ROC of NGAL was higher in children, 25.4 [95% CI, 8.9–72.2]/0.93 [95% CI, 
0.88–0.97] compared with adults, 10.6 [95% CI, 4.8–23.4]/0.782 [95% CI, 
0.69–0.87]. Notably, the diagnostic accuracy of serum NGAL (17.9 [95% CI, 
6.0–53.7]/0.78 [95% CI, 0.68–0.87]) was similar to that of urine NGAL (18.6 
[95% CI, 7.2-48.4]/0.84 [95% CI, 0.76–0.91]). %e meta–analysis found NGAL 
to be a useful prognostic tool with regard to the prediction of renal replacement 
therapy initiation (12.9 [95% CI, 4.9–33.9]/0.78 [95% CI, 0.65-0.97]) and in–
hospital mortality (8.8 [95% CI, 1.9-40.8]/0.706 [95% CI, 0.530 0.747]).
A recently published study con#rmed the diagnostic accuracy of serum NGAL 
for early detection of AKI and need for renal replacement therapy in adult ICU 
patients [23]. Indeed, plasma NGAL was a good diagnostic marker for AKI 
development within the next 48 hours (AUC–ROC 0.78, 95% CI 0.65–0.90), and 
for renal replacement therapy initiation (AUC–ROC 0.82, 95% CI 0.70–0.95). 
In addition, peak plasma NGAL levels increased with worsening AKI severity. 
Notably, this study did not study urinary NGAL levels.
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Phase 5 – reduction of (burden of) AKI with the use of NGAL
Because of its high predictive properties for AKI, NGAL could also serve as an 
early biological marker in interventional trials. Two clinical trials using a reduction 
in urine NGAL as an endpoint, demonstrated the improved e&cacy of a modern 
hydroxyethylstarch preparation over albumin or gelatin in maintaining renal 
function in cardiac surgery patients [24,25]. In a study of adult cardiac surgery 
patients the response of urine NGAL was a!enuated in patients who experienced 
a lower incidence of AKI a"er sodium bicarbonate therapy when compared to 
sodium chloride [26]. Also, adults who developed AKI a"er aprotinin use during 
cardiac surgery displayed a rise in urine NGAL in the immediate post–operative 
period [27].
Without doubt, the approach of using NGAL as a trigger to initiate and monitor 
novel therapies soon will be evaluated in clinical trials.

Conclusions

%e discovery of several novel biological markers for renal injury, including 
NGAL, adds to the diagnostic armamentarium of ICU physicians. Indeed, we are 
more in need for biological markers that monitor and de#ne renal in'ammation 
and/or injury than markers of renal function, as administration of potentially 
e$ective therapeutic agents may only be e$ective or more e$ective in the early 
stages of renal injury.
However, the majorities of studies of novel biological markers of AKI are 
preliminary and require validation in large multicenter studies. Once valid 
biological markers for early detection have been identi#ed, we should evaluate 
them in combination. %e pa!ern of urinary excretion of these markers may 
potentially aid in understanding the pathophysiology of AKI, allow for localization 
of injury to speci#c segments of the nephron (#gure 1). %is combination of 
markers could eventually lead to di$erentiated preventive and/or therapeutic 
approaches.

Table 1. 
Phases of biological marker development in AKI

Adapted and modified from [7].

Goals Phase Study Designs Aims

Discover Phase 1 Preclinical exploratory Identi!cation of promising markers of AKI

Translation

Phase 2 Assay development and 
validation

Development of assays for clinical samples; 
detection of established AKI

Phase 3 Retrospective longitudinal 
studies

Early detection of AKI

Validation

Phase 4 Prospective screening Use of a biological marker of AKI to screen 
populations

Phase 5 Disease control Impact of screening on reducing the burden 
of AKI
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Figure 1. 
Biological markers may potentially aid in 
understanding the pathophysiology of AKI, 
allow for localization of injury to specific 
segments of the nephron.

Figure 2. 
Hierarchical summary receiver operating characteristic (HSROC) plot of neutrophil gelatinase–
associated lipocalin (NGAL) to predict acute kidney injury (AKI), renal replacement therapy 
initiation, and in–hospital mortality. Based on combined sensitivity (95% confidence interval [CI]) 
and specificity (95% CI) weighted for sample size of each dataset reflected by size of circles, showing 
average sensitivity and specificity estimate of the study results (solid square) and a 95% confidence 
region around it (adapted from [22]).
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