
Introduction
Acute kidney injury (AKI) is a common and devastating problem 
with in-hospital mortality of 40% to 80% in the intensive care 
setting.1 The traditional blood (creatinine, blood urea nitrogen) 
and urine markers of kidney injury (casts, fractional excretion of 
sodium, urinary concentrating ability) that have been used for 
decades in clinical studies for diagnosis and prognosis of AKI are 
insensitive and nonspecific and do not directly reflect injury to 
kidney cells. Most of these markers are functional consequences of 
the injury.2 Easily quantifiable and sensitive injury biomarkers can 
be influential in every phase of clinical decision making as well as 
drug development from drug discovery and preclinical evaluation 
through each phase of clinical trials and into post-marketing 
studies. Identification and qualification of biomarkers of drug 
safety is a central theme of the U.S. Food and Drug Administration 
(FDA) critical path initiative and an important topic for the 
European Medicines Agency (EMEA).3 A single biomarker may 
not be adequate to define AKI given inherent renal structural 
heterogeneity and the disparate settings under which kidney injury 
occurs.4 Prior studies have focused on one or two biomarkers and 
hence have not provided a context to compare relative performance 
of urinary biomarkers nor evaluate if predictive algorithms can be 
developed using multiple biomarkers.5

The primary objective of this study was to evaluate the 
sensitivity, specificity, and prognostic ability of urinary 
biomarkers for AKI and AKI-associated mortality either 
individually or in combination. Specifically, our aims were to (1) 
compare the diagnostic performance of nine promising novel 
urinary biomarkers for AKI: KIM-1, NGAL, IL-18, NAG, HGF, 
Cystatin C, VEGF, IP-10, and total protein in a cross-sectional 
study involving 102 patients with clinically established AKI, and 
102 patients with no AKI; (2) apply logic regression methodology 

to construct Boolean combinations of binary coded biomarkers 
and compare the sensitivity and specificity of these biomarker 
combinations to individual biomarkers in the diagnosis of 
AKI. This initial evaluation of relative performance of potential 
biomarkers of injury is best done when the end point, AKI, is 
well established because ambiguity in the endpoint of injury 
would introduce great uncertainty into the evaluative process. A 
secondary aim was to develop and evaluate a microbead-based 
assay for multiple biomarker quantitation in the same aliquot of 
urine sample thereby increasing the analyses throughput.6

Methods

Selection of participants
Patients with documented AKI of at least the “Risk” category of 
the RIFLE criterion7 (peak SCr > 50% increase over admission 
value or known baseline) were recruited from the inpatient 
nephrology consultation service. Causes of AKI were obtained 
by detailed chart review including the treating nephrologist’s 
consultation note and evaluation of laboratory data by a co-author 
not involved in the patients’ care (S.S.W.). Individuals without 
AKI were selected from three distinct populations: healthy 
volunteers, patients undergoing cardiac catheterization, and 
patients admitted to the intensive care unit. Healthy volunteers 
were excluded if they reported a recent hospitalization, diagnosis 
of chronic kidney disease, or treatment with nephrotoxic 
medications (nonsteroidal anti-inflammatory drugs were 
allowed). Patients undergoing cardiac catheterization and those 
admitted to the intensive care unit were included in the non-AKI 
cohort if they had normal urine output (>0.5 mL/kg/hr), stable 
SCr during hospitalization (<0.3 mg/dL change from baseline), 
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and an estimated GFR > 50 mL/min. Urine samples from cardiac 
catheterization patients were taken before administration of 
intravenous contrast. All participants were patients or employees 
(healthy volunteers) of Brigham and Women’s Hospital, a tertiary 
care teaching hospital. The Institutional Review Board approved 
the protocols for recruitment and sample collection.

Urine samples
Urine was collected from spontaneous voids or from indwelling 
Foley catheters. Urine dipstick analysis was performed (Multistix 8 
SG, Bayer Corporation, Tarrytown, NY), followed by centrifugation 
and microscopic examination of the urine sediment (Olympus 
Microscope, Nashua, NH). The urine supernatant was aliquoted into 
1.8 mL eppendorf tubes and frozen within 2 hours of collection at 
280°C. At the time of assay samples were thawed, vortexed, and 
centrifuged at 14,000 rpm at 4°C and 30–100 μL of supernatant 
was pipetted for biomarker measurement. Assays were performed 
within 3 months of urine collection after a maximum of three 
freeze–thaw cycles. Urine samples from patients with established 
AKI were collected close to the time of initial consultation.

Measurement of urinary biomarkers
Urinary total protein (Sigma, St. Louis, MO) and NAG 
(Roche Diagnostics, Basel Switzerland) were measured 
spectrophotometrically according to the manufacturers’ protocols. 
Urinary Cystatin C was measured as reported previously8 with 
the N latex Cystatin C kit (Dade Behring, Marburg, Germany) 
using a BN II nephelometer. Briefly, sample was diluted 1:5 with 
phosphate buffer. Reagent buffer (195 µL) and diluted sample 
(50 µL) were then pipetted into the cuvette and preincubated 
at 37 °C for 5 min. The reaction was initiated by the addition 
of particles coated with polyclonal anti-cystatin C antibodies 
(15 µL) to form a complex. The scatter signal from the antigen-
antibody reaction is dependent on the size of the complex and the 
cystatin C content of the sample. The rate of change of the scatter 
signal was calculated, and the concentration in the sample was 
interpolated from the calibration curve. KIM-1, NGAL, IL-18, 
HGF, IP-10, and VEGF were measured using microbead based 
assays described below.

Development and evaluation of microbead-based assay  
for urinary biomarker quantitation
Coupling of the beads to respective capture antibodies.
The microbead-based assays for KIM-1 and NGAL were 
developed and evaluated in this study using an amine coupling 
kit from Bio-Rad (Hercules, CA) whereas microbead assays for 
HGF, IL-18, VEGF, and IP-10 were commercially available from 
Bio-Rad Laboratories.

Evaluation of the assay.
The performance characteristics of the microbead-based assay 
were evaluated in the same way that we evaluated the Kim-1 
ELISA9 by measuring the sensitivity, assay range, specificity, 
reproducibility, recovery, and interference (Table 1). The sensitivity 
or the lowest limit of detection (LLD) was determined by diluting 
the respective standard in sample diluent; the concentration which 
is two standard deviations above the background (sample diluent 
alone) was determined to be the LLD. The analytical recovery in 
control and diseased urines was determined by adding a known 
amount (low, medium, and high concentrations) of respective 
recombinant proteins into urine of control/healthy volunteers or 
diseased urine samples and quantitating the levels of respective 
antigens prior to and subsequent to the addition. This was done 
to verify that there were no interfering substances in the urine of 
patients with AKI.10 Dilutional linearity was evaluated in normal 
and diseased urines to justify sample dilution, which was needed 
to eliminate the interference in antigen recovery for KIM-1, 
NGAL, IL-18, HGF, VEGF, and IP-10 assays. Sample dilution 
was required for NAG, total protein, and cystatin C assays to fit 
the concentrations of respective antigens in the linear range of the 
standard curve. Diseased urine samples containing low, medium, 
and high concentrations of respective antigens (as measured by 
the microbead-based assay) were diluted 1:2, 1:10, 1:20, 1:100, 
1:500 using sample diluent.

Statistics
Continuous variables were expressed as means ± SD or medians, 
and compared using the Student’s t-test or Kruskal–Wallis test, as 
appropriate. Categorical variables were expressed as proportions 
and compared with the x2 test. Urinary creatinine concentration 

Parameters KIM-1 NGAL IL-18 HGF VEGF IP-10 Cystatin C NAG Protein

Assay 
principle

Microbead-
based 

sandwich 
ELISA

Microbead-
based 

sandwich 
ELISA

Microbead-
based 

sandwich 
ELISA

Microbead-
based 

sandwich 
ELISA

Microbead-
based 

sandwich 
ELISA

Microbead-
based 

sandwich 
ELISA

Latex bead-
based 

turbidimetry

Enzyme-
substrate-

based 
colorimetry

Absorbance 
shift-based 
colorimetry

LLD 4.4 pg/mL 0.53  
ng/mL

0.125  
pg/mL

0.709  
pg/mL

10 pg/mL 32 pg/mL 0.043 mg/L 0.2 U/L 0.011

Assay range 40–160,000 
pg/mL

0.49–1,000 
ng/mL

0.12–2,000 
pg/mL

0.7–1,446 
pg/mL

7.8–31,982 
pg/mL

25–10,000 
pg/mL

0.043–27.2 
mg/L

0.2–52.9 
U/L

0.01–2 mg/
mL

Intra assay <15% <15% <10% <10% <10% <10% <5% <2% <10%

Inter assay <20% <20% <20% <20% <20% <20% <5% <2% <10%

Recovery 85–100% 85–100% 85–110% 85–110% 85–110% 85–110% 90–100% 90–100% 90–100%

Linearity Linear over 
dilutions: 
1:2, 1:10, 

1:20

Linear over 
dilutions: 

1:10, 
1:100, 
1:500

Linear over 
dilutions: 

1:10, 1:20, 
1:40

Linear over 
dilutions: 
1:2, 1:10, 

1:20

Linear over 
dilutions: 
1:5, 1:10, 

1:20

Linear over 
dilutions: 
1:5, 1:10, 

1:20

Linear over 
dilutions: 

1:20, 1:100, 
1:400

Linear over 
dilutions: 
1:2, 1:10, 

1:20

Linear over 
dilutions: 
1:2, 1:5

Interference No interference when tested for albumin, bilirubin, creatinine, creatine, glucose, hemoglobin, urea. Unknown interference 
does exist with the human KIM-1 and NGAL assay but dilution of the sample with diluent results in 85–100% recovery.

Table 1. Evaluation of assays to measure biomarkers for acute kidney injury.
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Figure 1. Evaluation of microbead-based assay for quantitation of human urinary KIM-1, NGAL, IL-18, HGF, VEGF, and IP-10. (A) Standard curve for human 
KIM-1 was obtained using purified recombinant human KIM-1 ectodomain fusion protein. It demonstrated linearity over five orders of magnitude from 40 pg/mL to 160,000 
pg/mL with the lowest limit of detection (LLD) to be 4.4 pg/mL. (B) Standard curve for human NGAL was obtained using a commercially available purified NGAL protein. 
The NGAL standard curve was also linear over five orders of magnitude from 0.49 to 1,000 ng/mL with the LLD of 534 pg/mL. The standard curves for IL-18 (C) and HGF 
(D) ranged from 0.12 to 2,000 pg/mL and 0.7 to 1,446 pg/mL with the LLD of 125 fg/mL and 709 fg/mL respectively. Similarly, the standard curves for VEGF (E) and IP-10 
(F) ranged from 7.8 to 31,982 pg/mL and 25 to 10,000 pg/mL with the LLD of 10 pg/mL and 32 pg/mL, respectively. The standard curves were plotted as five parameter 
logistic curves and repeated eight times on different sets of samples on different days using different sets of beads coupled with different batches of primary antibody. The 
inset in each panel documents the linearity of the maximum fluorescence intensity at lower concentrations.
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was used to normalize biomarker measurements to account for 
the influence of urinary dilution on biomarker concentrations. 
Scatterplots were used to graphically display log-transformed 
normalized biomarker levels in the four groups of subjects. 
Diagnostic performance (i.e., the ability of a urinary biomarker 
to identify AKI) was assessed by evaluating sensitivity and 
specificity using the receiver operating characteristics (ROC) 
curve. The area under the ROC curve (AUC) and 95% confidence 
interval (CI) were calculated using the nonparametric method of 
Hanley and McNeil.11 The AUC for a diagnostic test ranges from 
0.5 (no better than chance alone) to 1.0 (perfect test, equivalent 
to the gold standard). Logic regression12 was used to construct 
Boolean combinations of binary coded biomarkers to allow for 
high-order interactions between the biomarker outcomes. To 
apply this methodology, we created indicator variables for the 
biomarkers, using their 33rd and 67th percentiles from the non-
AKI subjects. Cross-validation was used to select the optimal 
number of logic trees and total leaves (i.e., complexity) in the 
model. Software for this approach was downloaded from http://
bear.fhcrc.org/~ingor/logic/. The resulting score was then used 
to construct an ROC curve. The bootstrap percentile method 
(2,000 replications) was used to obtain a 95% confidence interval 
for the AUC. A similar approach was taken by Janes et al.13 in an 
analysis of screening for colorectal cancer. The ability of urinary 
biomarkers to predict in-hospital mortality and identify the 
need for renal replacement therapy in patients with established 
AKI was tested using logistic regression analysis, adjusting for 
age. Two-tailed p-value of <0.05 was considered statistically 
significant.

Results

Urinary biomarkers in individuals with and without acute 
kidney injury
Quantitation of biomarkers.
The microbead-based assays for KIM-1 and NGAL were developed 
and evaluated in this study whereas all other biomarker assays were 
commercially available. The sensitivity, specificity, precision profile, 
recovery, interference, and dilutional linearity for each assay were 

extensively evaluated and were within the acceptable range (Table 1). 
Urinary biomarker values were calculated using a 12 to 14 point 
five-parametric logarithmic standard curve (Figure 1).

Human subjects.
Urinary biomarkers were measured in 102 patients with 
established AKI from a variety of causes and in 102 individuals 
without a clinical diagnosis of AKI: 39 patients undergoing cardiac 
catheterization, 13 patients admitted to the intensive care unit, 
and 50 healthy volunteers. Demographic and clinical information 
are shown in Table 2.

Diagnostic ability of urinary biomarkers.
Median urinary concentrations of cystatin C, HGF, IL-18, IP-
10, KIM-1, NAG, NGAL, total protein, and VEGF were each 
significantly higher in patients with AKI than in those without 
AKI (p < 0.001). A scatterplot of the distribution of biomarkers 
levels is shown in Figure 2. Each of the nine urinary biomarkers 
was able to differentiate between the established AKI and non-
AKI groups (p < 0.001). The diagnostic performances were 
best when defining the non-AKI group as healthy volunteers, 
but remained high for most biomarkers when comparing AKI 
versus all non-AKI (i.e., including cardiac catheterization and 
intensive care unit patients without a clinical diagnosis of AKI). 
NAG had nearly perfect diagnostic ability (AUC-ROC 1.00) when 
comparing AKI to healthy individuals, but had substantially 
lower diagnostic performance when all non-AKI individuals 
(AUC-ROC 0.83) were included. The same phenomenon was 
observed for VEGF (AUC-ROC 0.90 versus 0.73). By contrast, 
the diagnostic performance characteristics of cystatin C, HGF, 
IL-18, IP-10, KIM-1, NGAL, and total protein were comparable 
(i.e., overlapping 95% CI for AUC-ROC) irrespective of the non-
AKI groups with which the AKI group was compared (Table 3).

Cross-validation of logic regression models that included 
up to three trees with up to seven total leaves resulted in a 
model with three trees and four leaves as optimal. This model 
corresponds to a risk score of 2.93*(NGAL > 5.72 and HGF > 
0.17) + 2.93*(PROTEIN > 0.22) 22*(KIM < 0.58) and was 
derived comparing AKI versus all non-AKI combined. We then 
constructed the ROC curve that reflected sensitivity and specificity 

Established acute kidney injury  
(N = 102)

Cardiac catheterization 
(N = 39)

Intensive care unit 
(N = 13)

Healthy volunteers 
(N = 50)

Mean age, years, 
± SD*

61.2 ± 17.2 69.1 ± 14.1 67.7 ± 13.2 35.7 ± 10.6

Female** 45% 36% 31% 76%

Black§ 11% 10% 0% 10%

Cause of AKI or 
reason for ICU 
admission†

Sepsis (34%), ischemia (18%), nephrotoxin 
exposure (15%), post-cardiac surgery (13%), 
radiocontrast administration (11%), pre-renal 

azotemia (10%), other (25%)

– Postoperative 
complications 
(54%), trauma 
(32%), sepsis 

(14%)

–

Serum creatinine Peak: range 1.7–10.0 mg/dL Median 1.0 mg/dL Median 0.7 mg/dL –‡

Required renal replacement therapy: 46% Range 0.6 to 1.4  
mg/dL

Range 0.4 to 1.0 
mg/dL

* Statistically significant pairwise comparisons between AKI versus cardiac catheterization ( p = 0.01), AKI versus healthy volunteers ( p < 0.001), and AKI versus non-AKI  
(p = 0.001).
**p < 0.001.
§p = 0.75.
† Sum exceeds 100% in AKI due to multiple diagnoses in individual patients.
‡ Healthy volunteers were excluded if they reported a diagnosis of chronic kidney disease; serum creatinine was not measured.

Table 2. Demographic and clinical characteristics of human subjects.
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for every threshold value for this derived risk score. The AUC for 
this combination of biomarkers is 0.94 (95% bootstrap percentile 
confidence interval (CI): 0.901, 0.969).

Prognostic ability of urinary biomarkers.
Individuals with established AKI had an in-hospital mortality 
rate of 36%, and 46% required renal replacement therapy (RRT); 
60% had the composite outcome of death or RRT. Table 4 shows 
median biomarker values in patients with established AKI 
according to clinical outcome. In age-adjusted analyses using 
log-transformed biomarker values, the following were significant 
predictors of outcome: HGF (composite of death/RRT); KIM-1 
(mortality); total protein (RRT and composite mortality/RRT); 
NAG (mortality, RRT, and composite of mortality/RRT); and 
VEGF (composite of mortality/RRT). Peak SCr was associated 
inversely with mortality (age-adjusted odds ratio, 0.78, 95% CI 
0.62–0.99) but not with RRT or the composite of mortality/
RRT. SCr at the time of sample collection was not significantly 
associated with mortality and/or RRT.

Urinary biomarkers in AKI of different causes.
Urinary biomarkers were compared across-diagnostic categories 
of AKI (Table 5), after establishing for each patient a single 
most likely diagnosis based on chart review (ATN (including 
postcardiac surgery, ischemia, and pigment nephropathy), N = 
33; sepsis, N = 32; contrast nephropathy, N = 6; nephrotoxin 
administration, N = 6; and other, N = 24). Statistically significant 
differences in at least one diagnostic category compared to others 
were observed for HGF (p = 0.03), KIM-1 (p < 0.007), and NAG 
(p < 0.007); generally, higher levels were seen in ATN and sepsis 
than in the other causes of AKI.

Discussion
The diagnostic approach to AKI has stagnated and rests today 
upon the same “legacy” biomarkers—BUN, creatinine, and urine 
output—that do not directly reflect cell injury but rather delayed 
functional consequences of the injury. This has greatly impeded 
therapeutic innovation. A first step in the validation of novel 
biomarkers of AKI is the demonstration that established AKI can 
be distinguished from non-AKI controls. Previous studies from 
our group and others have identified several promising candidate 
biomarkers—including urinary NGAL, KIM-1, IL-18, and NAG 
that readily differentiate between individuals with and without 
AKI (reviewed in Refs. 5 and 14).

We have cloned KIM-1 (also known as TIM-1 or HAVCR-1), 
a type I cell membrane glycoprotein, that is upregulated 
approximately 50–100 fold in the kidney and the ectodomain 
of KIM-1 is shed into the urine in rodents15,16 and humans17 
after proximal tubular kidney injury. There have been studies 
suggesting that urinary NGAL levels increased 10–100-fold in 
rodents after cisplatin-induced nephrotoxicity and in patients with 
ischemic and septic AKI18 and that high levels of urinary NGAL 
predicted the onset of AKI 2 hours after cardiopulmonary bypass 
in children undergoing cardiac surgery, 2–4 days before AKI was 
identified by changes in serum creatinine.19 Urinary Cys-C levels 
have been found to be elevated in individuals with known tubular 
dysfunction.8,20 Herget-Rosenthal et al. reported that elevated 
urinary Cys-C levels were highly predictive of poor outcome 
(requirement for RRT) in a heterogeneous group of patients with 
initially nonoliguric AKI.21 Urinary IL-18 levels are elevated in 
patients with AKI and delayed graft function compared with 
normal subjects. Elevation of urinary IL-18 could predict AKI 

Vaidya et al. n Urinary Biomarkers for AKI

Figure 2. Scatterplot of human urinary (A) KIM-1, (B) protein, (C) NGAL, (D) HGF, (E) IP-10, (F) Cystatin C, (G) IL-18, (H) NAG, and (I) VEGF in patients with 
and without a clinical diagnosis of acute kidney injury. Urinary biomarker measurements were normalized to urine creatinine and were plotted on a logarithmic Y-axis. 
The number of patients in each group is indicated below each category on the X-axis.
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one day before creatinine in 138 patients with adult respiratory 
distress syndrome (ARDS) and IL-18 levels were independent 
predictors of mortality at the time of mechanical ventilation.22 A 
marked increase in urinary HGF levels was observed in patients 
with AKI and was correlated with the disease severity.23 HGF 
values declined to control values in patients recovering from 
AKI. A number of recent studies have also demonstrated that 
the expression of the CXC chemokine interferon-inducible 
protein 10 (IP-10; CXCL10) and vascular endothelial growth 
factor (VEGF) in urine are significantly elevated during kidney 
allograft rejection24–26 and diabetic nephropathy.27,28

We have found that these nine urinary biomarkers all iden-
tify AKI in a cross-sectional study of individuals with and without 
AKI. As expected, the diagnostic performance characteristics were 
best when comparing AKI with healthy individuals; biomarker 
levels were higher in hospitalized individuals without evidence  
of AKI than in healthy individuals, accounting for the lower 
AUC-ROC when including all non-AKI controls. This may 
relate to the insensitivity and nonspecificity of changes in 
serum creatinine to reflect acute tubular injury. The selection 

of subjects in the nondisease group in studies of diagnostic 
performance is critical. Because urinary biomarkers of AKI 
will be tested in hospitalized patients at risk of AKI, we chose 
to include patients admitted to the intensive care unit (ICU) 
and those undergoing cardiac catheterization (before receiving 
radiocontrast dye) without clinical evidence of AKI. There is 
a difference in age of the “healthy volunteers” and cardiac 
catheterization and ICU controls. We do not feel that the age 
differential explains differences we find when comparing AKI 
patients to non-AKI patients since when studied in animal 
models, age is only associated with increase in urinary markers 
if there is an associated age-related incidence of renal disease.29 
It is possible that some non-AKI patients in fact had subclinical 
AKI that was correctly identified by the biomarkers but missed 
when relying on changes by SCr, leading to an apparent but 
incorrect reduction in specificity. Larger studies comparing 
long-term outcomes after episodes of AKI will be needed to 
determine the best urinary biomarkers for the diagnosis and 
prognosis of AKI. The non-AKI subjects in our study were also 
selected not to have severe CKD, which could also affect the 
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Figure 2. Continued.
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diagnostic performance characteristics of novel biomarkers. 
Several urinary biomarkers may be expected to be increased 
chronically in CKD due to ongoing tubular injury. For an AKI 
biomarker to retain diagnostic ability in patients with CKD 
one would expect levels to increase over baseline after AKI; 
a cross-sectional study cannot address that issue, and for that 
reason subjects with estimated GFR less than 50 mL/min were 
excluded from the non-AKI control group in this study. The 
performance of total urinary protein was excellent in this cross-
sectional study. However, total urinary protein was higher in 
patients undergoing cardiac catheterization and ICU controls 
than in healthy volunteers, and some overlap with AKI patients 
was evident, raising the possibility of nonspecificity (Figure 2). 
Whether total urinary protein (or albuminuria, which we did 
not test) retains prognostic and diagnostic ability in prospective 
studies remains to be determined.

Because our study included patients with established AKI at 
varying stages, it would be inappropriate to rank the biomarkers 
tested according to AUC-ROC. For example, a perfectly sensitive 
and specific biomarker that increases early after AKI and declines 
to normal values shortly thereafter would appear to have poor 
diagnostic ability in our study. Just as troponin, CK-MB, and 
myoglobin vary in their rate and duration of rise after myocardial 
infarction, urinary biomarkers may have different kinetics 
following AKI. Our results cannot establish the temporal pattern 
of excretion of urinary biomarkers, which will be important for 

early diagnosis before a rise in SCr. It should also be emphasized 
that urine samples were obtained well after the diagnosis of AKI 
was made, and therefore this study does not address the issue of 
early diagnosis prior to a rise in SCr. Prospective studies—in which 
urine is obtained serially, for example, before cardiopulmonary 
bypass and then at various time points thereafter—are ongoing 
and will be able to assess the temporal pattern of excretion. 
The biomarkers we have studied here are well suited for such 
investigations.

Another important role for AKI biomarkers is to provide 
information about prognosis. We found that age-adjusted levels 
of KIM-1, NAG, HGF, total protein, and VEGF predicted death 
and/or RRT. Our findings corroborate those of our collaborators 
Liangos et al., who found that KIM-1 and NAG were independent 
predictors of the composite outcome of death or dialysis in a 
separate cohort of 201 individuals with established AKI.30 We did 
not compare urinary biomarkers to generic disease severity scores 
because of the heterogeneity of the established AKI population in 
this cohort. We found an inverse correlation between peak SCr 
and mortality. In other words, patients with higher peak SCr had 
a lower risk of in-hospital mortality. A paradoxical improvement 
in outcome with higher SCr was also observed in a previous study 
of 134 patients with severe AKI requiring RRT.31 Similar findings 
have been established in the setting of end stage renal disease 
and likely relate to the confounding effect of muscle mass and 
nutritional status.32

AKI (N = 102) versus healthy individuals (N = 50) AKI (N = 102) versus all non-AKI controls (N = 102)

Biomarker* AUC-ROC Cutoff Sensitivity Specificity AUC-ROC Cutoff Sensitivity Specificity

(95% CI) (95% CI)

Urine creatinine 
(mg)

0.78 62 67% 76% 0.72 37 45% 92%

(0.70–0.84) (0.65–0.78)

Cystatin C (ug/mg) 0.90 0.11 78% 94% 0.85 0.12 78% 83%

(0.84–0.94) (0.80–0.90)

HGF (ng/mg) 0.96 0.23 91% 94% 0.89 0.37 84% 84%

(0.92–0.99) (0.84–0.93)

IL-18 (pg/mg) 0.85 2.30 69% 92% 0.83 2.74 68% 95%

(0.78–0.90) (0.77–0.88)

IP-10 (ng/mg) 0.89 0.13 85% 80% 0.84 0.62 69% 89%

(0.83–0.93) (0.79–0.89)

KIM-1 (ng/mg) 0.95 0.70 90% 96% 0.93 1.73 80% 99%

(0.90–0.98) (0.88–0.96)

NAG (U/mg) 1.00 0.007 99% 100% 0.83 0.015 80% 65%

(0.98–1.00) (0.77–0.88)

NGAL (ng/mg) 0.89 83.0 80% 98% 0.89 82.7 80% 96%

(0.83–0.94) (0.84–0.93)

Protein (mg/mg) 0.98 0.22 96% 94% 0.91 0.46 81% 87%

(0.94–1.00) (0.87–0.95)

VEGF (ng/mg) 0.90 0.43 77% 84% 0.73 0.64 62% 62%

(0.84–0.94) (0.66–0.79)

Table 3. Comparative diagnostic performance characteristics of urinary biomarkers for the identification of established AKI using the area under the receiver operating 
characteristics curve (AUC-ROC).
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Using the microbead technology we were able to measure 
KIM-1 and NGAL or KIM-1 and HGF or HGF and IL-18 in the 
same aliquot of urine sample at the same time. This is important 
because a single biomarker is rarely adequate to clearly define 
a particular pathologic state.33,34 An assay that is capable of 
measuring multiple biomarkers in the same aliquot of biological 
sample at the same time is extremely useful.

The sensitivity and specificity for diagnosis of AKI was 
significantly greater by combining the urinary levels of KIM-1, 

NGAL, HGF, and total protein using the logic regression model 
of 2.93*(NGAL > 5.72 and HGF > 0.17) + 2.93*(PROTEIN > 
0.22) 2 2*(KIM < 0.58) than individual biomarkers. Our 
application of logic regression for combination of the multiple 
biomarkers yielded an AUC of 0.94, exceeding all of the AUC’s 
for the individual biomarkers (for comparison vs. all non-AKI 
controls). Furthermore, the combination of biomarkers confers 
the advantage of a slightly narrower confidence interval for the 
AUC, and thus more precise estimation.

Vaidya et al. n Urinary Biomarkers for AKI

In hospital mortality (36%) Renal replacement therapy 
(46%)

Mortality or renal replacement 
therapy (60%)

Died Survived p-value Yes No p-value Yes No p-value

Cystatin C (ug/mg) 1.19 0.72 0.63 1.21 0.69 0.87 1.03 0.85 0.60

HGF (ng/mg) 1.23 0.77 0.07 1.13 0.76 0.24 1.15 0.74 0.03

IL-18 (pg/mg) 16.89 6.12 0.27 16.22 5.90 0.29 15.19 4.93 0.29

IP-10 (ng/mg) 1.21 0.97 0.74 1.25 0.92 0.66 1.38 0.85 0.29

KIM-1 (ng/mg) 10.17 5.19 0.008 7.24 5.19 0.37 6.84 4.80 0.10

Protein (mg/mg) 2.20 1.51 0.13 2.21 1.14 0.02 2.20 1.13 0.02

NGAL (ng/mg) 5,384.4 3,113.2 0.94 12,883.3 2,063.0 0.14 6,389.1 2,044.3 0.40

NAG (U/mg) 0.05 0.03 0.02 0.06 0.02 0.003 0.06 0.02 <0.001

VEGF (ng/mg) 1.63 0.91 0.07 1.24 0.95 0.11 1.55 0.75 0.008

All biomarker values normalized to urinary creatinine. p-value represents results from logistic regression analysis using log-transformed biomarker levels, adjusting for age.

Table 4. Median normalized biomarker levels in patients with established AKI, according to clinical outcome.

ATN Sepsis Contrast Nephrotoxin Other* p-value**

(N = 33) (N = 32) (N = 6) (N = 6) (N = 24)

Cystatin C 0.36 1.31 0.38 5.87 0.69 0.51

(ug/mg) (0.05–18.71) (0.06–44.01) (0.03–15.59) (0.38–66.38) (0.08–14.83)

HGF 1.05 1.26 0.93 0.70 0.48 0.03

(ng/mg) (0.21–4.31) (0.06–44.01) (0.64–2.25) (0.21–12.53) (0.28–1.50)

IL-18 5.90 32.40 2.06 15.82 6.34 0.20

(pg/mg) (0.61–169.58) (0.39–283.56) (0.05–160.80) (0.30–141.55) (0.39–103.84)

IP-10 2.21 1.16 0.71 1.39 0.97 0.33

(ng/mg) (0.39–42.24) (0.08–54.67) (0.01–5.56) (0.01–186.90) (0.03–26.13)

KIM-1 9.90 6.78 4.53 3.92 3.45 0.007

(ng/mg) (3.08–30.56) (0.36–28.10) (0.01–5.56) (0.45–25.58) (0.52–12.53)

NAG 0.04 0.06 0.02 0.05 0.02 0.007

(U/mg) (0.01–0.19) (0.02–0.22) (0.01–0.15) (0.01–0.22) (0.01–0.04)

NGAL 5,346.0 18,005.7 1,486.0 1,714.0 1,756.7 0.06

(ng/mg) (0.5–64,834.5) (98.6–97,036.6) (69.0–74,134.3) (972.3–172,795.0) (22.9–30,325.1)

Protein 1.60 1.82 1.47 1.16 1.54 0.50

(mg/mg) (0.36–10.09) (0.59–6.75) (0.52–3.28) (0.04–5.30) (0.22–4.61)

VEGF 1.23 1.74 0.64 0.63 0.67 0.15

(ng/mg) (0.29–55.12) (0.33–11.88) (0.10–1.56) (0.26–61.42) (0.24–8.59)

*Other diagnoses included: pre-renal azotemia (N = 8), acute interstitial nephritis (N = 4), acute on chronic kidney disease without single precipitant (N = 3), acute glomerulo-
nephritis (N = 2), myeloma (N = 2), tumor lysis syndrome (N = 1), urate nephropathy (N = 1), scleroderma renal crisis (N = 1), obstructive uropathy (N = 1), veno-occlusive 
disease (N = 1).
**Kruskal–Wallis test.

Table 5. Median values (10th and 90th percentiles) of normalized biomarkers in patients with established AKI, according to most likely single diagnosis.
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Conclusion
Thus in our clinical cross-sectional study we report that all nine 
urinary biomarkers performed well in differentiating between 
patients with and without AKI with AUC-ROCs each greater 
than 0.83. Using logic regression analysis the four best performers 
individually and in combination were KIM-1, NGAL, HGF, and 
total protein. Confirmation of the utility of this combinatorial 
approach in prospective studies will be very useful in moving 
kidney injury biomarkers closer to routine clinical use.
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