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Abstract
Background: The Dublin Acute Biomarker Group Evaluation 
(DAMAGE) Study is a prospective 2-center observational 
study investigating the utility of urinary biomarker combina-
tions for the diagnostic and prognostic assessment of acute 
kidney injury (AKI) in a heterogeneous adult intensive care 
unit (ICU) population. The objective of this study is to evalu-
ate whether serial urinary biomarker measurements, in com-
bination with a simple clinical model, could improve bio-
marker performance in the diagnostic prediction of severe 
AKI and clinical outcomes such as death and need for renal 
replacement therapy (RRT). Methods: Urine was collected 
daily from patients admitted to the ICU, for a total of 7 post-
admission days. Urine biomarker concentrations (neutrophil 
gelatinase-associated lipocalin [NGAL], α-glutathione S-
transferase [GST], π-GST, kidney injury molecule-1 [KIM-1], 
liver-type fatty acid-binding protein [L-FABP], Cystatin C, cre-
atinine, and albumin) were measured. Urine biomarkers 

were combined with a clinical prediction of AKI model, to 
determine ability to predict AKI (any stage, within 2 days or 
7 days of ICU admission), or a  30-day composite clinical out-
come (RRT – or death). Results: A total of 257 (38%) patients 
developed AKI within 7 days of ICU admission. Of those who 
developed AKI, 106 (41%) patients met stage 3 AKI within 
7 days of ICU admission and 208 patients of the entire study 
cohort (31%) met the composite clinical endpoint of in-hos-
pital mortality or RRT within 30 days of ICU admission. The 
addition of urinary NGAL/albumin to the clinical model mod-
estly improved the prediction of AKI, in particular severe 
stage 3 AKI (area under the curve [AUC] of 0.9 from 0.87, p = 
0.369) and the prediction of 30-day RRT or death (AUC 0.83 
from 0.79, p = 0.139). Conclusion: A clinical model incorpo-
rating severity of illness, patient demographics, and chronic 
illness with currently available clinical biomarkers of renal 
function was strongly predictive of development of AKI and 
associated clinical outcomes in a heterogeneous adult ICU 
population. The addition of urinary NGAL/albumin to 
this simple clinical model improved the prediction of severe 
AKI, need for RRT and death, but not at a statistically or clin-
ically significant level, when compared to the clinical model 
alone. © 2019 S. Karger AG, Basel
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Introduction

Despite advances in critical care medicine, the mor-
bidity and mortality rate in hospitalized patients with 
acute kidney injury (AKI) are still rising, in particular in 
those patients requiring renal replacement therapy (RRT) 
[1, 2]. The use of serum creatinine and urine output 
(functional markers) in the diagnostic criteria has limited 
the timely and accurate diagnosis of AKI [3, 4]. This has 
led to the discovery of numerous novel biomarkers, which 
have been assessed in various AKI models and in diverse 
patient populations. However, their integration into cur-
rent clinical practice has been hampered by variable and 
often moderate diagnostic performance in heterogeneous 
patient populations [5–15]. Some biomarkers have failed 
to show a clear advantage beyond the conventional meth-
ods in clinical decision-making in patients with AKI [16]. 

We conducted a large, prospective, 2 center study to 
evaluate whether consecutive urinary biomarker mea-
surements, and biomarker measurement in combination 
with standard clinical covariates, relevant to renal func-
tion and outcomes in critical illness, could improve bio-
marker performance in the diagnostic prediction of AKI 
and associated 30-day clinical outcomes in a heteroge-
neous adult intensive care unit (ICU) population.

Materials and Methods

Aim, Design, and Study Setting
The Dublin Acute bioMArker Group Evaluation Study is a pro-

spective observational study investigating the utility of urinary 
AKI biomarkers on admission to the ICUs of 2 academic medical 
centers in Dublin, Ireland. We prospectively enrolled 710 adults 
between September 2011 and December of 2014. Due to the inca-
pacitating nature of critical illness, deferred consent to collect uri-
nary samples was approved, assent was obtained from a legal au-
thorized representative, and consent from the patient if they recov-
ered prior to analysis. The study was approved by the research 
Ethics Committees of the Mater Misericordiae University Hospital 
and St. Vincent’s University Hospital, Dublin, Ireland.

Study Participants and Outcome Definitions
Urine was collected from patients admitted to the ICU for a 

total of 7 post-admission days. Inclusion criteria were males and 
females 18 years of age and older, admitted to the ICU (within the 
previous 24 h), and presence of an indwelling urinary catheter be-
fore enrollment. Exclusion criteria were patients on chronic RRT, 
patients admitted after recent (< 3 months) kidney transplant, ex-
pected ICU discharge ≤24 h, patients with a recurring AKI during 
the same hospitalization episode in ICU, and participation in an-
other conflicting clinical study at the time of this study. Urinary 
biomarkers were collected at the time of enrolment in the study, 
within 24 h of ICU admission. The primary outcome was develop-

ment of any stage of AKI during the first 2 or 7 days following ICU 
admission, defined and staged according to serum creatinine-
based criteria per the Kidney Disease Improving Global Outcomes 
(KDIGO) criteria [17]. Hourly urine output data (but not weight-
based urinary output) were available in this study; therefore, the 
KDIGO urinary output criteria were not used in the staging of 
AKI. First serum creatinine collected on ICU admission was used 
as the reference creatinine in order to define AKI cases that devel-
oped subsequently [18]. A set of clinical covariates relevant to renal 
function and to outcomes in critical illness (Acute Physiologic As-
sessment and Chronic Health Evaluation [APACHE] II score, age, 
gender, creatinine, blood urea nitrogen [BUN], and hourly urine 
output) was predefined, for combination with urinary biomarker 
concentrations during analysis.

Urinary Biomarker Measurements
All urinary biomarkers were measured serially on ICU admission 

and daily for 7 days. Only biomarker measurements at the time of 
ICU admission were used for the prediction of AKI at 48 h or 7 days’ 
post ICU admission. Urinary Cystatin C assays were performed us-
ing a Roche Tina-Quant Cystatin C (Gen.2) assay (Roche GmBH, 
Mannheim, Germany), run on a Roche Cobas 701 instrument (assay 
range 0.40–6.80 mg/L, total coefficient of variation [total CV%] of 
≤2.4%). Urinary neutrophil gelatinase-associated lipocalin (NGAL), 
microalbumin, and creatinine were performed on an Architect 
ci4100 analyser, using the Architect Urine NGAL assay (Abbott Di-
agnostics, Wiesbaden, Germany; range 10.0–1,500 ng/mL [undilut-
ed], limit of 6,000 ng/mL [1/4 dilution], total CV% ≤4.9%), the Ar-
chitect/Aeroset Urine Microalbumin assay (Abbott Diagnostic, Wi-
esbaden, Germany; range 5–500 μg/mL [undiluted], limit of 2,000 
μg/mL [1/4 dilution], total CV% ≤3.79%) and the Architect Creati-
nine (Enzymatic) assay (Abbott Diagnostic, Wiesbaden, Germany; 
range 2.5–400 mg/dL, total CV% of ≤3.6%). Liver-type fatty acid-
binding protein 1 (L-FABP1) and kidney injury molecule-1 (KIM-1) 
assays were performed using commercially available ELISA kits ob-
tained from CMIC (CMIC Holdings Ltd., Tokyo, Japan) and R&D 
Systems (R&D Systems Limited, Minneapolis, MN, USA), respec-
tively (L-FABP1 assay range 3–400 ng/mL intra/inter assay CV% 
≤10/10%; KIM1 assay range 0.156–10.0 ng/mL, intra/inter CV% of 
≤4.4/7.8%). π and α glutathione S-transferase (GST) assays were per-
formed by Argutus Medical Ltd./EKF diagnostics Ltd. (Surrey, UK), 
using EKF π GST and α GST EIA (π GST assay range 3.13–100 µg/L, 
inter/intra assay CV% of ≤10/5.6%; α GST assay range 6.25–200 
µg/L, intra/inter assay CV and of ≤5.4/8.5%). Sensitivity analysis was 
used to evaluate whether normalized biomarkers to urinary creati-
nine would impact on our conclusions [19]. 

Statistical Methods
Distributions of serum creatinine, urine output per hour, BUN, 

and all urine biomarker concentrations were right skewed, and 
hence were log-transformed for statistical analysis. Values below or 
above the limits of detection were imputed. Receiver operating char-
acteristic (ROC) curve analysis was used to evaluate the diagnostic 
and prognostic ability of urine biomarkers for AKI and death or di-
alysis. ROC curves were constructed from fitted logistic regression 
models including predictors of the clinical covariates alone; then 
including as predictors clinical covariates combined with urine bio-
markers. Models were fitted using repeated 10-fold cross validation 
(CV) with 301 repeats. Diagnostic performance is characterized us-
ing ROC metrics (area under the curve [AUC], sensitivity and spec-
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ificity), summarized across the repeats of cross validation as median 
values with 95% CIs based on 2.5th and 97.5th percentiles. ROC 
curves were constructed for each repeat of CV and plotted the me-
dian line across repeats shown in bold. Each ROC curve was con-
structed by evaluating sensitivity and specificity over a range of 
probability cutoffs. DeLong’s test was used to compare the AUCs 
(taken as median across CV repeats) of models fitted with biomark-
ers and clinical covariates to models fitted with clinical covariates 
alone; a statistically significant result (p < 0.05) is taken as evidence 
of a significant difference in predictive ability of a model including 
biomarkers with clinical covariates and a model including clinical 
covariates alone. Statistical analysis was carried out in R version 3.2.3 
(R Foundation for Statistical Computing, Vienna,  Austria). Logistic 
regression models were fitted using the caret package in R, while 
ROC analysis was carried out using the pROC package. 

Results

Characteristics of the Study Cohort
Of 2,130 patients screened in 2 adult ICUs, 1,398 were 

deemed ineligible (predominantly due to anticipated 
death within 24 h, absence of urinary Foley catheter, or 

expected discharge from ICU within 24 h) and 15 refused 
consent (Fig. 1). The remaining 717 were enrolled in this 
study, and 669 adults were evaluable, following exclusion 
of 48 subjects due to incomplete patient information. Of 
these 669 evaluable patients who were admitted to ICU, 
257 patients (38%) developed AKI, defined by the KDIGO 
system. Given the limitation with using the first serum 
creatinine on ICU admission, we used an AKI recovery 
definition defined as a 0.33 decrease from baseline serum 
creatinine (reverse of KDIGO criteria) to capture those 
patients with AKI on presentation who recovered (Fig. 1; 
online suppl. Table 2a, b; for all online suppl. material, see 
www.karger.com/doi/10.1159/000500231) [20, 21]. Serial 
urine biomarkers were analyzed daily for 7 days after en-
rolment and included NGAL, L-FABP, KIM-1, πGST, 
αGST, and cystatin C. Clinical covariates determined on 
admission to ICU included the following: APACHE II 
score, gender, sCr (µmol/L), hourly urine output (mL/h), 
and BUN. One hundred and twenty eight cases (50%) 
were classified as having reached KDIGO stage I within 
7 days, 23 patients (9%) KDIGO stage II, and 106 partici-

ICU admission screened
(n = 2,130)

Included cohort
(n = 669/717)

No AKI (n = 412) AKI (n = 257) (38%)

AKI after 48 h
but before 7
days (n = 42)

(16%)

AKI during first
48 h (n = 215)

(84%)     KDIGO stage:
Stage 1: 128 (50%)
Stage 2: 23 (9%)
Stage 3: 106 (41%)

Clinical assessment on
admission to ICU:
 • APACHE II
 • Urinary Output
 • SCr
 • BUN
 • Gender

Biomarker measurements
daily × 7 days:
 • NGAL
 • Albumin
 • KIM-1
 • L-FABP
 • Cystatin C
 • πGST
 • αGST

- Refused consent (n = 15)
- Did not meet enrollment criteria (n = 1,398)

Recovery AKI (n = 177)

434 (65%) Total AKI + recovery cases  

Fig. 1. Study characteristics. ICU, intensive care unit; AKI, acute 
kidney injury; KDIGO, Kidney Disease Improving Global Out-
comes; APACHE, Acute Physiologic Assessment and Chronic 
Health Evaluation; SCr, serum creatinine; BUN, blood urea nitro-

gen; KIM-1, kidney injury molecule-1; L-FABP, liver-type fatty 
acid-binding protein; GST, glutathione S-transferase; NGAL, neu-
trophil gelatinase-associated lipocalin.
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pants (41%) developed severe AKI (KDIGO stage III) de-
fined by either receipt of RRT, a 3-fold increase in creati-
nine, or creatinine rise to > 4.0 mg/dL (> 353.6 µmol/L).

Patient Characteristics on ICU Admission and 
Clinical Outcomes
The demographic and clinical characteristics and out-

comes of 669 adult patients are reported in Table 1. Pa-
tients who developed AKI had a higher BUN and serum 
creatinine and a lower estimated GFR and urinary output 
on admission to ICU (Table 1). No differences were not-
ed between patients with and without AKI with respect to 
race and gender (Table 1). Patients who developed any 
stage of AKI were more likely to have a higher APACHE 
II score, have preexisting chronic kidney disease (exclud-
ing chronic kidney disease [CKD] stage V), and have a 

higher proportion of cases with hospital stays exceeding 
30 days (Table 1). Eighty-eight participants (34%) died in 
the AKI cohort, compared to 64 (16%) in the non-AKI 
cohort. Ninety nine of 669 participants (15%) required 
RRT within 7 days of admission to ICU; 16% within 30 
days. Totally, 56% of the AKI group developed the com-
posite endpoint of RRT and/or death, compared to 16% 
of non-AKI participants.

Diagnostic Testing of AKI by Urinary Biomarkers
Diagnostic performance of the clinical model (APACHE 

II score, gender, sCr, hourly urine output [mL/min], and 
BUN) and each urine biomarker (NGAL, albumin, L-
FABP, KIM-1, πGST, αGST, and cystatin C) measured on 
ICU admission were used for the detection of any stage of 
AKI within 48 h and 7 days of ICU admission as shown in 

Table 1. Patient demographics, clinical characteristics, and outcomes

Risk factor AKI,
257 (38), n (%)

Non-AKI,
412 (62), n (%)

All,
669, n (%)

p value

Demographics
Age >75 years 60 (23.3) 76 (18.4) 136 (20.3) 0.13
Gender, female 90 (35) 147 (35.7) 237 (35.4) 0.86
Estimated GFR, mL/min, median (Q1–Q3)* 51 (28–79) 80 (57–97) 69 (45–93) <0.001
Serum creatinine, μmol/L (Q1–Q3)* 116 (83–185) 82 (66–107.3) 93 (71–128) <0.001
BUN, mmol/L, median (Q1–Q3)* 8 (6.0–14) 6 (5–9) 7 (5–10) <0.001
Urine output, mL/min, median (Q1–Q3)* 53 (29–94) 89 (58–127) 75 (48–118) <0.001
APACHE II, median (Q1–Q3)* 24 (18–30) 19 (14–26) 21 (15–27) <0.001

Comorbid illness
IDDM 16 (6.2) 18 (4.4) 34 (5.1) 0.31
NIDDM 33 (12.8) 51 (12.6) 84 (12.7) 0.92
Hypertension 97 (37.7) 147 (36.2) 244 (36.8) 0.69
Sepsis* 51 (20) 54 (13) 105 (16) <0.05
Immunocompromised* 16 (6.2) 12 (2.9) 28 (4.2) <0.05
CKD (not ESKD)* 32 (12.5) 23 (5.7) 55 (8.3) <0.05
Cirrhosis 16 (6.2) 17 (4.1) 33 (4.9) 0.22
Chronic heart failure 26 (10.1) 30 (7.3) 56 (8.4) 0.20
Malignancy 40 (15.6) 70 (17.2) 110 (16.6) 0.57
Nephrotoxin 31 (12.1) 50 (12.1) 81 (12.1) 0.98
Chronic obstructive airway disease 38 (14.8) 52 (12.8) 90 (13.6) 0.47
Peripheral vascular disease 16 (6.2) 14 (3.4) 30 (4.5) 0.09

Outcomes
Number of days in ICU, median (Q1–Q3)* 7 (3–15) 3 (2–7) 4 (2–9) <0.001
≥30 days in hospital* 85 (33) 100 (24) 185 (28) <0.05
Mortality* 88 (34) 64 (16) 152 (23) <0.001
Requirement for dialysis (7 days)* 99 (39) 0 (0) 99 (15) <0.001
Requirement for dialysis (30 days)* 104 (40) 4 (1) 108 (16) <0.001
Death and/or dialysis* 143 (56) 65 (16) 208 (31) <0.001

* p < 0.001–0.05.
AKI, acute kidney injury; GFR, glomerular filtration rate; BUN, blood urea nitrogen; APACHE, Acute Physiologic Assessment and 

Chronic Health Evaluation; CKD, chronic kidney disease; ICU, intensive care unit.
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the appendix (online suppl. Table 1a, b). Based upon ROC 
analysis, no single biomarker was outstanding for diagnos-
ing AKI. The AUC for the detection of any stage of AKI at 
48 h for urine NGAL was 0.70, albumin was 0.68, L-FABP 
was 0.69, KIM-1 was 0.65, πGST was 0.59, αGST was 0.53, 
and Cystatin C was 0.63 at 48 h. For the detection of any 
stage of AKI during first 7 days of ICU admission, the AUC 
for urine NGAL was 0.68, L-FABP was 0.64, KIM-1 was 
0.57, πGST was 0.52, αGST was 0.64, and Cystatin-C was 
0.70. Sensitivity and specificity to detect AKI within 48 h 
and 7 days for each of the individual urine biomarkers are 
listed in the appendix (online suppl. Table 1).

Risk Prediction for Severe Stage III AKI
The diagnostic performance of all urinary biomarkers 

or combination urinary NGAL and urinary albumin 
(measured on ICU admission) together with clinical mod-
el were used for the detection of severe AKI (stage 3) with-
in 7 days of ICU admission and are illustrated in Figure 2. 
The AUC was modestly improved when urinary NGAL 
and albumin were added to the clinical model for the pre-
diction of severe stage 3 AKI (AUC improvement from 

0.87 to 0.9; p = 0.369; Fig. 2a). The AUC-ROC was also 
marginally higher for the combination of all urinary bio-
markers with the clinical model to predict severe stage 3 
AKI (AUC for all biomarkers with clinical model was 0.89, 
versus 0.85 for the clinical model alone; p = 0.4; Fig. 2b). 

Risk Prediction at 48 h and 7 Days Post ICU 
Admission
The performance of all urinary biomarkers, or the 

combination of urinary NGAL and urinary albumin, to-
gether with the clinical model (assessed on admission to 
ICU) in predicting any stage of AKI at 48 h and 7 days’ 
post ICU admission is illustrated in Fig. 3. AUC-ROC for 
the diagnosis of AKI at 48 h and 7 days using the combi-
nation of urinary NGAL/albumin with clinical model 
were 0.78 and 0.76, respectively, versus clinical model 
alone with an AUC of 0.76 (p = 0.464) and 0.74 (p = 0.463), 
respectively (Fig. 3a, b). AUC-ROC for the diagnosis of 
AKI at 48 h and 7 days using a combination of all urinary 
biomarkers and clinical model were 0.80 and 0.78, respec-
tively, versus clinical model alone with an AUC of 0.78 
(p = 0.555) and 0.75 (p = 0.463), respectively (Fig. 3c, d).

Predicting stage III AKI, within 7 days of ICU admission

Model (n = 668) AUC
Clinical model only 0.87
Clinical model + uNGAL + uALB 0.9

DeLong's test D = 0.899, df = 1,309.3
p = 0.369

Model (n = 355) AUC
Clinical model only 0.85
Clinical model + all urinary biomarkers 0.89

DeLong's test D = 0.841, df = 679.7
p = 0.4

uNGAL + uALB
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Fig. 2. a, b Predicting stage III AKI (within 7 days of ICU admission). AKI, acute kidney injury; ICU, intensive care unit; AUC, area 
under the curve; uNGAL, urinary neutrophil gelatinase-associated lipocalin; uALB, urinary albumin.

Co
lo

r v
er

sio
n 

av
ai

la
bl

e 
on

lin
e



McMahon et al.Am J Nephrol 2019;50:19–2824
DOI: 10.1159/000500231

Addition to the clinical model of urinary NGAL/albu-
min combination did have an improvement in the predic-
tion of AKI at 48 h and 7 days post ICU admission; how-
ever, the improvement in the AUC was not any more than 
for the complete panel of urinary biomarkers versus the 
clinical model alone. 

Risk Prediction at 48 h and 7 Days Using AKI 
Recovery Criteria
While 38% of 669 subjects developed AKI by the stan-

dard definition by KDIGO, we identified an additional 
177 cases of AKI recovery over the 7 days from ICU ad-
mission. The diagnosis of AKI using recovery diagnosis 

Admission biomarkers predicting all stages of AKI, within 48 h of ICU admission

Admission biomarkers predicting all stages of AKI, within 7 days of ICU admission

Model (n = 668) AUC
Clinical model only 0.76
Clinical model + uNGAL + uALB 0.78

DeLong's test D = 0.732, df = 1,331.8
p = 0.464

Model (n = 355) AUC
Clinical model only 0.78
Clinical model + all urinary biomarkers 0.8

DeLong's test D = 0.59, df = 706.68
p = 0.555
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Model (n = 668) AUC
Clinical model only 0.74
Clinical model + uNGAL + uALB 0.76

DeLong's test D = 0.735, df = 1,331
p = 0.463

Model (n = 355) AUC
Clinical model only 0.75
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p = 0.463
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Fig. 3. a, b Admission uNGAL and uALB predicting all stages of AKI 
with 48 h and 7 days of ICU admission, respectively. c, d Admission 
biomarkers predicting all stages of AKI with 48 h and 7 days of ICU 

admission, respectively. AKI, acute kidney injury; ICU, intensive 
care unit; uNGAL, urinary neutrophil gelatinase-associated lipo-
calin; AUC, area under the curve; uALB, urinary albumin.
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increased the number of cases from 215 (32%) to 310 
(46%) within 48 h of ICU admission and from 257 (38%) 
to 339 (50%) within 7 days of ICU admission. The perfor-
mance of all urinary biomarkers, or the combination of 
urinary NGAL and urinary albumin, together with the 
clinical model (assessed on admission to ICU) in predict-
ing any stage of AKI including all cases of renal recovery 
at 48 h and 7 days’ post ICU admission is illustrated in 
online supplementary Table 2a and b, respectively. 

Risk Prediction for in-Hospital Mortality or RRT at 
30 Days
The AUC-ROCs for death or need for RRT at 30 days 

using combination of urinary NGAL/albumin and clini-
cal model or all biomarkers and clinical covariates is il-
lustrated in Figure 4a and b, respectively. At 30 days post 
ICU admission, the AUC for in-hospital mortality or ini-
tiation of RRT using a combination of urinary NGAL/
albumin with clinical covariates was 0.83, improved from 
clinical covariates alone with an AUC of 0.79 (p = 0.139), 
whereas the AUC for all urinary biomarkers with clinical 
model was lower at 0.77, but also marginally increased 
over the clinical model alone, AUC of 0.74 (p = 0.406). 

Discussion

We demonstrate that creating a clinical model incor-
porating severity of illness, patient demographics and 
chronic illness with currently available clinical parameters 
of renal function (serum creatinine, hourly urine output, 
and BUN) was moderately predictive of development of 
all stages of AKI diagnosis (within 1 week) and associated 
clinical outcomes (RRT initiation and in-hospital mortal-
ity at 30 days). The combination use of urinary NGAL/
Albumin with the clinical model within 48 h and up to 
7 days of ICU admission modestly enhanced model per-
formance (Fig. 3a, b) and performed best for severe stages 
of AKI (stage III; Fig. 2a; AUC improvement from 0.87 to 
0.90, p = 0.369). This signal was less robust for the diagno-
sis of all stages of AKI when compared to severe stage III 
AKI only. The value of combination NGAL and ALB was 
most useful for stage 3 AKI, which is not surprising, as 
more severe kidney damage is associated with lower likeli-
hood of reversible AKI. The use of a 7 biomarker panel 
together with the clinical model also showed modest im-
proved predictive value for all stages of AKI diagnosis (at 
48 h and 7 days; Fig. 3c, d) and also performed best for 

Biomarker prediction of death or RRT, 30 days

Model (n = 668) AUC
Clinical model only 0.79
Clinical model + uNGAL + uALB 0.83

DeLong's test D = 1.48, df = 1,319.4
p = 0.139

Model (n = 355) AUC
Clinical model only 0.74
Clinical model + all urinary biomarkers 0.77

DeLong's test D = 0.831, df = 703.95
p = 0.406
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severe stage III AKI, however not at a statistically signifi-
cant level (Fig. 2b; AUC improvement from 0.85 to 0.89, 
p = 0.4). Equally adding both biomarkers or 7 biomarker 
panel with the clinical model showed a modest improve-
ment in the prediction of in-hospital mortality or RRT 
initiation at 30 days post ICU admission (AUC improve-
ment from 0.79 to 0.83, p = 0.139 and 0.74 to 0.77, p = 
0.406, respectively; Fig. 4a, b). 

Interestingly, the use of AKI recovery diagnostic crite-
ria did result in some minor improvement in biomarker 
performance after the addition of this alternative catego-
rization of the outcome; however, the differences in AUCs 
between the clinical model and the biomarker model re-
mained marginal. Thus, accounting for the addition of 
recovery cases in the AKI classification did not change the 
conclusions from this study (online suppl. Table 2a, b). 

Despite the modest improved risk prediction for AKI 
with the use of 2 biomarker combinations or panel of 7 
biomarkers with the clinical model (raising the AUC to 
0.9; Fig. 2), it must be emphasized the clinical model alone 
performed better than any single urine AKI biomarker, 
or their combination (online suppl. Table 1). The lower 
individual performance by the panel of biomarkers in this 
study is consistent with prior multicenter reports and 
may be due to many factors [5, 9–15, 22–26]. The incon-
sistent performance of biomarkers across studies in criti-
cally ill adult patients can be explained by several factors, 
such as indiscriminate use of various biomarkers without 
knowledge of patient clinical status [25, 27], heteroge-
neous patient population with unknown timing and eti-
ology of AKI, lack of gold standard marker [28, 29], pres-
ence of comorbid illness, in particular, CKD [22, 30, 31], 
the presence of volume overload and muscle wasting in 
critically ill patients and finally lack of clinical context and 
clinical recommendation on biomarker use [29, 32]. The 
use of the clinical model for the future risk prediction of 
severe AKI, need of RRT and/or death noticeably increas-
es the AUC without the use of any biomarkers despite the 
heterogeneous nature of our ICU population with mul-
tiple comorbid illnesses and presence of CKD. This is not 
surprising; the use of clinical models to enrich the study 
population into low- and high-risk categories is a well-
proven approach [33]. We used creatinine, BUN, and uri-
nary output as part of our clinical model for several rea-
sons, first, to identify high-risk patients likely to require 
RRT based upon their degree of kidney dysfunction at 
time of diagnosis, and secondly, to evaluate the use of 
novel biomarkers of kidney damage in combination with 
the kidney function biomarkers that are currently used 
for decision-making in clinical practice. 

The TRIBE study [15] used a clinical prediction mod-
el (defined as age [per year], gender, Caucasian race, non-
elective surgery, CPB time ≥120 min, RACHS ≥3, esti-
mated glomerular filtration rate percentile, and site) with 
postoperative levels of urine interleukin-18 and NGAL 
for prediction of AKI. Urine interleukin-18 and plasma 
NGAL improved the ROC area from 0.69 to 0.76 and 
0.75, respectively. In the SAPPHIRE and TOPAZ studies 
by Gunnerson et al. [34], a multivariate clinical model 
was created to assist in the identification of AKI within 
12 h of TIMP2 IGFBP7 assessment. With the addition of 
TIMP2. IGFBP7, the model’s ability to predict moderate-
to-severe AKI increased AUC-ROC from 0.77 to 0.88 (p = 
0.01). The ROC areas obtained in our current study are 
similar to those obtained in the surgical subanalysis of 
SAPPHIRE and TOPAZ studies for prediction of severe 
and clinically relevant AKI (Fig. 2). In another study by 
Siew et al. [11], the addition of a clinical risk model in-
cluding APACHE II to urinary NGAL was limited in pre-
dicting AKI in critically ill patients. 

This study  has shown that biomarkers in combination 
with the clinical model could predict severe AKI, RRT, or 
death with high AUC (0.9) in a heterogeneous ICU popu-
lation, and this level of biomarker performance is supe-
rior to level of renal risk published by many other AKI 
biomarker studies in the heterogeneous ICU population 
[12, 15, 22, 26]. However, biomarker performance is lim-
ited, since no one biomarker or biomarker combinations 
were superior to clinical model alone, emphasizing the 
point that more should be done to focus on risk stratifica-
tion model building in AKI. Adding biomarkers to AKI 
clinical risk models (e.g., Renal Angina Index AKI risk 
model) has been shown to further enhance biomarker 
utility [35]. It is not surprising that a single biomarker or 
panel of biomarkers alone would achieve superior AKI 
diagnostic accuracy in the absence of clinical model as 
AKI is not a single disease entity, but a multifactorial clin-
ical syndrome that can be the result of an array of renal 
insults. The future challenges of novel biomarkers in AKI 
research are unclear but may involve their use for the risk 
stratification of early AKI; to predict severe AKI and RRT; 
and to guide patient triage, avoidance of nephrotoxins, 
and implementation of KDIGO/ESICM guidelines on the 
prevention or management of AKI [17]. There are sev-
eral strengths to our observational study. We utilized a 
prospective cohort design and measured urinary bio-
markers consecutively over 7 days from the time of ICU 
admission. We utilized a precise protocol to collect uri-
nary specimens, followed by blinded measurements. We 
enrolled a large heterogeneous cohort of ICU subjects 
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with a high incidence of AKI (257 patients, 38%) with a 
high incidence of severe AKI (106 of the 669 patients de-
veloped stage 3 AKI during the 7-day study period) and a 
high number of outcomes such as death and dialysis. Pa-
tients were enrolled from 2 large academic centers allow-
ing for validation of the biomarkers in > 1 clinical setting 
over a 3-year setting. Finally, all biomarker data were nor-
malized to urinary creatinine, which did not change the 
conclusion of this paper (online suppl. Table 2c–f). 

This study does have limitations. First, the definition 
of AKI used in this study is based on the serum creatinine 
criteria, which raises the challenge of using an imperfect 
variable to analyze the performance of novel biomarkers, 
but we also assessed patient-centered clinical outcomes 
such as death and RRT requirement. Second, our cohort 
had a predominance of Caucasian participants, and the 
effect of other race on these biomarkers could not be stud-
ied effectively. Finally, we used NGAL in combination 
with urinary albumin as our biomarker combination of 
choice for testing in all subjects as both tests were avail-
able in Europe on clinical laboratory platforms at the time 
of study initiation. Several other biomarkers were tested 
in smaller subsets in exploratory analyses. Other AKI bio-
markers (including Nephrocheck) were unavailable when 
this study was conducted and may or may not show su-
perior AKI risk prediction compared to NGAL/albumin, 
but was not tested in this cohort. 

Conclusion

Using a large, 2-center, heterogeneous critically ill co-
hort, we have demonstrated that on ICU admission, the 
use of a simple clinical model (incorporating severity of 
illness and standard clinical biomarkers of renal func-
tion) was moderately predictive of development of severe 
AKI (within 1 week) and associated clinical outcomes of 
RRT and death (within 30 days). The addition of AKI bio-
markers to this simple clinical model modestly improved 
prediction of AKI and associated adverse clinical out-
comes, but not at a statistically or clinically significant 
level, when compared to the clinical model alone.
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