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Abstract

Background.—Numerous studies have suggested a possible role for acute kidney injury (AKI) 

biomarkers in predicting renal recovery both before and after renal replacement therapy (RRT). 

However, definitions for recovery and whether to include patients dying but free of RRT may 

influence results.

Objectives.—To validate plasma neutrophil gelatinase-associated lipocalin (pNGAL) as a useful 

biomarker for predicting or improving the ability of clinical predictors alone to predict recovery 

following AKI, including in our model plasma B-type natriuretic peptide (pBNP) to account for 

cardiovascular events.

Methods.—We analyzed 69 patients enrolled in the Acute Renal Failure Trial Network study. 

pNGAL and pBNP were measured on days 2, 7 and 14. We analyzed their predictive ability for 

subsequent recovery, defined as alive and independent from dialysis at 60 days. In sensitivity 

analyses we explored changes in results with alternative definitions of recovery.
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Results.—Twenty-nine patients (42%) recovered from AKI. Neither pNGAL nor pBNP, alone or 

in combination, were accurate predictors of renal recovery—the best area under the receiver-

operating characteristics (ROC) curve (AUC) were for pNGAL using the largest relative change 

(AUC 0.59, 95%CI 0.45–0.74). The best clinical model achieved superior performance to 

biomarkers (AUC 0.69, 95%CI 0.56 to 0.81). The AUC was greatest (0.75, 95%CI 0.60 to 0.91) 

when pNGAL + pBNP at day 14 were added to the clinical model but this increase did not achieve 

statistical significance. However, integrated discrimination improvement (IDI) analysis showed 

that the addition of pNGAL and pBNP at day 14 to the clinical model significantly improved the 

prediction of renal recovery (p=0.008).

Conclusions.—pNGAL and pBNP can improve the accuracy of clinical parameters in 

predicting AKI recovery and a full model using biomarkers together with age achieved adequate 

discrimination.
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Introduction

While recovery after severe acute kidney injury (AKI) receiving renal replacement therapy 

(RRT) may still occur in some patients, a significant proportion of patients can show partial 

recovery or do not recover at all. Non-recovery of renal function carries significant negative 

effects on quality of life and health care costs [1, 2], prolonged hospitalization, increased 

risk for chronic comorbidities and mortality [3]. Recovery from AKI varied in several 

clinical trials due to several factors, such as differences in the study population and in the 

definition of recovery [4]. Hence, the ability to accurately predict the possibility of recovery 

after AKI would have significant impact in the clinical management of critically ill patients 

[5]. Clinical predictors could help physicians to predict renal recovery and to assess clinical 

decisions, such as defining the timing of initiation and/or discontinuation of RRT [1] [6]. 

Several urinary and plasma biomarkers have been investigated in predicting AKI 

development and severity, but only few studies explored their ability in predicting renal 

recovery [7, 8]. We previously tested plasma neutrophil gelatinase-associated lipocalin 

(pNGAL) in patients with community-acquired pneumonia and found that elevated NGAL 

levels were associated with renal non-recovery [5]. We also reported results from the 

Biological Markers of Recovery for the Kidney (BioMaRK) study, where urinary biomarkers 

were evaluated and compared between patients who did or did not recover from AKI 

requiring RRT [9]: significant differences were found between the two groups and urinary 

hepatocyte growth factor (uHGF) and urinary NGAL improved clinical risk prediction for 

renal recovery [9]. In the present study, we sought to validate pNGAL as a useful biomarker 

for improving the ability of clinical predictors alone to predict recovery following AKI. 

Finally, decreased survival after AKI is strongly influenced by cardiovascular events [10]. 

We included plasma B-type natriuretic peptide (pBNP) to account for the cardiovascular 

component in our models.
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Materials and Methods

Study design

The present study was a prospective cohort study conducted as an ancillary analysis to the 

Acute Renal Failure Trial Network (ATN) study. ATN was a multicenter, prospective study 

that aimed to compare two different strategies of RRT in critically ill patients with AKI [11]. 

Briefly, patients with AKI and failure of at least one non-renal organ or sepsis were 

randomized between November 2003 and July 2007 to receive either intensive treatment 
(intermittent hemodialysis [IHD] and sustained low-efficiency dialysis [SLED] provided six 

times per week, and continuous venovenous hemodiafiltration [CVVHDF] providing a total 

effluent flow rate of 35ml/kg of body weight per hour) or less intensive RRT (IHD and 

SLED provided three times per week, and CVVHDF providing a total effluent flow rate of 

20ml/kg of body weight per hour) from 27 VA and university-affiliated medical centers. The 

present cohort includes patients with availability of plasma biomarkers (pNGAL and pBNP) 

at specific time points (day 2, 7 and 14). The analysis was based only on day 2 and 7 

measurements for patients without samples on day 14. Patients with pre-existing chronic 

kidney disease (CKD) were excluded from the ATN study. The institutional review boards at 

all participating sites approved the parent study, and written informed consent was obtained 

from all participants or their proxies.

Data collection and laboratory measurements

Clinical records of participants were prospectively collected in order to analyze baseline 

clinical characteristics, renal function, causes of AKI and severity of illness scores. Sepsis 

was defined according to International Sepsis Definitions recommendations [12]. The 

primary outcome was recovery from AKI, defined as survival and dialysis independence at 

60 days.

Plasma NGAL measurement was performed using the Triage NGAL Assay (Alere Inc, San 

Diego, CA, USA); it is a fluorescence-based sandwich immunoassay, which measures 

pNGAL with a measurable range from 15ng/ml to 1,300ng/ml. After addition of the sample 

to the device, the filter separated blood cells from plasma and the analyzer displayed the 

results in about 15 minutes. Plasma BNP testing was also performed on the Triage platform 

using a standard commercially available assay (Alere Triage BNP Test, Alere Inc).

Statistical analyses

We compared clinical characteristics between patients who recovered and patients who 

failed to recover from AKI at 60 days. Continuous data were presented as mean and standard 

deviation (SD) and compared with Student t-test or Mann-Whitney test, as appropriate. 

Categorical data were reported as proportions and compared using the chi-squared or Fisher 

exact test. Plasma biomarkers (pNGAL, alone or in combination with pBNP, as markers of 

patient recovery) were measured at specific time-points (days 2, 7 and 14 after enrollment); 

furthermore, we analyzed the largest relative change between day 2 and day 7 or day 14. We 

examined the association between each marker and renal recovery with logistic regression 

models and generated area under the receiver-operating characteristics (ROC) curves (AUC) 

to analyze the accuracy in predicting recovery. We used clinical risk prediction models 
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identified in this population in our previous publication [9], based on age, Acute Physiology 

and Chronic Health Evaluation (APACHE II) score and Charlson comorbidity index; then, 

we added each biomarker model individually to the best clinical model and compared the 

composite models using AUC analysis. We performed sensitivity analyses using alternative 

definitions of recovery. Finally, we calculated the integrated discrimination improvement 

(IDI) to examine the improvement in reclassification with the biomarkers compared to the 

clinical model alone. Analyses were performed using SAS software version 9.4 (SAS 

Institute, Cary, NC), with statistical significance set at P<0.05.

Results

Baseline patient characteristics and outcomes

A total of 69 patients had complete clinical data available and 29 patients (42%) achieved 

the primary endpoint, while the remaining 40 patients did not recover (12 patients were alive 

but dialysis dependent, 8 patients died while dialysis dependent, and the remaining 20 

subjects were dialysis independent but died) (Figure 1). Baseline clinical and demographic 

characteristics were shown in Table 1. Patients who recovered from AKI were younger than 

those who failed to recover (mean age 54.1 ± 15.5 vs 64.6 ± 14.2, p=0.008). The primary 

etiology of AKI was ischemia in both groups (overall 84.1%), followed by sepsis (59.4%) 

and nephrotoxic exposures (23.2%). No significant differences between recovery and non-

recovery groups were observed with regards to gender, race, baseline renal function, renal 

function at the initiation of RRT, causes of AKI, length of ICU and hospital stay, severity of 

illness scores and intensity of RRT.

Biomarker levels and recovery status

No significant differences in pNGAL or pBNP were found at any time-point between 

recovery and non-recovery patients. No differences in pNGAL were observed in the non-

recovery group between patients who were alive but dialysis dependent, those who died 

while dialysis dependent and those who died while dialysis independent (Supplementary 

Figure 1 and 2).

Prediction of renal recovery by biomarker models alone

The AUCs for each plasma biomarker for prediction of renal recovery are shown in Table 2. 

Neither pNGAL nor pBNP alone were good predictors of recovery from AKI and, 

interestingly, the best predictive performance was given by pNGAL and pBNP using the 

largest relative change (AUC 0.59, 95% confidence interval (CI) 0.45–0.74; and 0.59, 

95%CI 0.46–0.73, respectively). When adding pNGAL to pBNP, the greatest AUC was 0.63 

(95%CI 0.44–0.81) on day 14 and 0.60 (95%CI 0.47–0.74) for the largest relative change of 

pNGAL+pBNP. However, we did not find significant differences in predictive accuracy 

between models with pBNP alone and those including both pBNP and pNGAL. We found 

similar results in sensitivity analyses, excluding patients who died, but who were dialysis 

independent or including this group of patients in the recovery group (Supplementary Table 

1 and 2).
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Clinical risk prediction models and combination of clinical and biomarker models

We analyzed several clinical risk prediction models previously identified in the BioMaRK 

study and based on age, Charlson comorbidity index and Acute Physiology and Chronic 

Health Evaluation II (APACHE II) [9]. We described the accuracy in predicting renal 

recovery for each variable individually and then together (Table 3a). The clinical model 

including only age (model A) had the best AUC in predicting the primary outcome (AUC 

0.69, 95%CI 0.56–0.81) compared to those for Charlson comorbidity index (model B) and 

APACHE II (model C). Furthermore, the composite clinical model including all variables 

(model M2) had a similar accuracy (AUC 0.70, 95%CI 0.57–0.84, p=0.84) compared to 

model A. Similarly, the model including age and Charlson index (model M1) did not 

significantly differ from the others (AUC 0.70, 95%CI 0.58–0.83, p=0.61).

Next, we analyzed the predictive value of plasma biomarkers when added to the clinical 

model and compared with the best clinical model (model A). Overall, the combination of the 

clinical model with biomarkers improved the ability to predict renal recovery, although this 

difference did not achieve statistical significance. As shown in Table 3b, we found that on 

day 2 the combined model of pNGAL and age had similar accuracy to predict renal recovery 

(AUC 0.71, 95%CI 0.58–0.83) compared to age alone (ROC contrast p-value=0.57) (Figure 

2a).

Similarly, the AUC for the composite model including pNGAL, pBNP and age on day 14 

(AUC 0.75, 95%CI 0.60–0.91) was not significantly higher than that for age alone (ROC 

contrast p-value=0.62) (Figure 2b). Moreover, the model combining the largest relative 

change of pNGAL and pBNP with age presented a predictive ability (AUC 0.73, 95%CI 

0.61–0.85) similar to the clinical model alone (ROC contrast p-value=0.35) (Figure 2c). In 

sensitivity analysis, when excluding patients who died while dialysis independent from the 

non-recovery group, the models including biomarkers had a discrete ability in predicting 

renal recovery compared to those in the primary analysis and the greatest AUC was for age+ 

largest relative change of pNGAL and pBNP (AUC 0.78, 95%CI 0.66–0.91) (Supplementary 

Table 1). Finally, we also examined the incremental value of biomarkers in assessing renal 

recovery compared to the clinical model alone by IDI analysis: there was significant 

improvement in prediction of renal recovery for the model age+pNGAL at day 14 (p=0.008) 

and age+pBNP at day 14 (p=0.008).

Discussion

The present study examined one of the most important clinical challenges in critical care 

medicine, the prediction of recovery after AKI. We found that the integration of plasma 

biomarkers with clinical parameters can improve the accuracy in identifying subgroups of 

patients with different likelihood of renal recovery.

Much evidence suggested that patients who fail to recover from AKI have a reduced quality 

of life and an increased risk for chronic disease [3, 17–19]. The multinational Beginning and 

Ending Supportive Therapy for the kidney (BEST kidney) study showed that hospital 

mortality in patients with AKI was very high (60.3%) and dialysis dependence at hospital 

discharge was significant as well (13.8%) [20]. The ATN study described a high percentage 
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of patients who did not recover renal function by day 28 (75.8% in the intensive RRT group, 

72.6% in the less-intensive RRT group), and only 16% were discharged to home without 

dialysis by day 60 [11]. However, our recent data in patients with septic shock showed that 

those with complete or partial recovery from AKI may have a similar one-year survival to 

patients without AKI [21]. These data emphasize the urgent need for new tools to improve 

recovery and reduce the incidence of negative outcomes in patients with AKI. Clinical 

parameters (increasing age, comorbidities, severity and duration of AKI and timing and dose 

of RRT) have been correlated with renal recovery [2]; however, the ATN study did not 

describe differences in recovery rate between the intensive and less-intensive RRT strategy 

groups [11]. In this scenario, a useful approach could be to evaluate certain biomarkers in 

predicting renal recovery [6]. In this study, we focused on a well-recognized plasma 

biomarker for renal disease, pNGAL. NGAL has been tested as an early diagnostic tool for 

AKI [22–25], and it could be an optimal marker of renal recovery. Kusaka et al. evaluated 

serum NGAL in predicting functional recovery after kidney transplantation and showed that 

the decrease of NGAL values after transplantation well correlated with the renal recovery 

and discriminated patients with immediate, slow or delayed graft function [26]. Recently, 

Liu et al. showed that in 49 adult patients with living donor kidney transplants, serum NGAL 

on the day of transplantation was an independent predictor of graft function recovery [27]. 

Previously, we analyzed pNGAL and renal recovery in a post hoc analysis performed as part 

of the Genetic and Inflammatory Markers of Sepsis (GenIMS) study, a multicenter 

prospective study with patients with community-acquired pneumonia [5, 28]. In this cohort, 

pNGAL alone predicted failure to recover with an AUC of 0.74 and a clinical model 

including age, serum creatinine, pneumonia severity and nonrenal organ failure score 

presented a similar AUC (0.78); the AUC did not significantly increase when combining 

pNGAL and clinical model, but the reclassification of risk of renal recovery significantly 

improved by 17% [5].

In this study, we also focused on pBNP to control for cardiovascular effects on recovery. 

pBNP is a neuropeptide hormone released from myocytes in response to ventricular 

stretching; it is a well-known biomarker of cardiac volume and hemodynamics, but it has 

been recently evaluated as an AKI biomarker, particularly in patients with heart failure [29]. 

Recently, Howell et al hypothesized that point-of-care pBNP and pNGAL could be useful 

for earlier assessment of intravascular volume and renal function in severe burn injury 

during resuscitation, in order to predict inadequate resuscitation strategies and to define 

cardio-renal syndrome early [30]. Plasma BNP levels were significantly higher in patients 

with AKI compared to control patients, as well as in over-resuscitated patients (23.1 ± 21.9 

vs 13.9 ± 13.4 pg/ml, p<0.001) [30].

In sensitivity analyses, when we focused on a specific renal definition for recovery 

(excluding patients who died while dialysis independent from the non-recovery group), the 

accuracy of biomarkers increased and a full model that included biomarkers and age 

achieved an adequate accuracy in predicting renal recovery at each time point (AUC 0.77 at 

day 2, 0.76 at day 14, 0.78 using the largest relative change between day 2 and 14). While 

death and non-recovery are frequently combined as a composite endpoint (e.g. major 

adverse kidney events) [31], patients may be interested in understanding the risks of 

requiring dialysis even if mortality risk is uncertain. There is no agreement about the best 
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definition for renal recovery and the conflicting results about the application of biomarkers 

among different studies may be related to this issue. Since our analysis focused on a limited 

cohort, larger studies are needed to confirm the utility of these biomarkers in informing 

clinical decision-making in critically ill patients [32]. For example, timing cessation of RRT 

is a very important clinical decision, since unnecessary treatment should be avoided to 

reduce dialysis complications [7]. In the ATN study, the mean duration of RRT was about 

13.4±9.6 for the intensive RRT and 12.8±9.3 for the less-intensive strategy group[1]. For this 

analysis, we decided not to focus on RRT duration in predicting renal recovery since patients 

who do not recover obviously undergo a longer RRT duration. Furthermore, since failure to 

recover is associated with worse outcomes (CKD), these patients can be targeted for closer 

follow-up and for specific interventions (placement of permanent vascular access and kidney 

transplantation for those who develop end-stage renal disease).

Our study has some important limitations. First, sample size was limited by availability of 

biomarker measurements, so we did not explore comparison of biomarker levels between 

complete and partial recovery. Second, this is an ancillary analysis from the ATN study and 

the data are relatively old (between 2003 and 2007), although samples have been maintained 

at −80°. Also, we did not have long-term follow up data. Third, we only measured two 

biomarkers. Other serum and urinary biomarkers, including cell-cycle arrest biomarkers [33, 

34], might also be useful for predicting AKI and renal recovery. Moreover, we did not 

analyze the potential differences in NGAL removal between different dialysis techniques. 

Finally, the ATN study did not collect data on fluid balance and this could limit the 

interpretation of pBNP data since prior literature has described its relevance in the setting of 

fluid overload.

Conclusions

In conclusion, our results demonstrate that models including plasma NGAL and BNP and 

clinical information can provide reasonably robust prediction of patients more or less likely 

to recover after AKI requiring RRT, especially when focusing on a specific renal definition 

for recovery. Additional studies will be required to determine whether these results can be 

incorporated into clinical protocols to improve patient care.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of study population
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Figure 2. Receiver-operating characteristic (ROC) curves for several prediction models for renal 
recovery
The data shown represent the comparison between the best biomarker model alone (thick 

dashed line), the clinical model alone (thin dashed line) and the combined clinical and 

biomarker model (solid line) on day 2 (2a), day 14 (2b) and for the largest relative change 

(2c). The clinical prediction model included age alone. The area under the ROC curve 

(AUC) values and 95% CI are also reported.
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Table 1.

Baseline clinical characteristics of the study population

All patients
(n=69)

Non-recovery
(n=40)

Recovery
(n=29) P

Age, years, mean (SD) 60.2 (15.5) 64.6 (14.2) 54.1 (15.5) 0.008

Female gender (%) 26 (37.7%) 15 (37.5%) 11 (37.9%) >0.99

White race (%) 54 (78.3%) 30 (75.0%) 24 (82.8%) 0.56

Serum creatinine prior to randomization (mg/dl) 4.1 (1.6) 3.9 (1.5) 4.3 (1.8) 0.43

Baseline serum creatinine (mg/dl) 1.1 (0.4) 1.1 (0.4) 1.1 (0.4) 0.83

CKD-EPI Estimated GFR (ml/min/1.73m2) 17 (8.9) 17.2 (9.3) 16.6 (8.5) 0.78

BUN at admission (mg/dl) 36.2 (27.1) 40.7 (31.4) 30.1 (18.7) 0.28

Causes of acute kidney injury

 ischemia (%) 58 (84.1%) 36 (90.0%) 22 (75.9%) 0.19

 nephrotoxins (%) 16 (23.3%) 7 (17.5%) 9 (31%) 0.25

 sepsis (%) 41 (59.4%) 22 (55%) 19 (65.5%) 0.46

 multifactorial causes (%) 47 (69.1%) 27 (69.2%) 20 (69%) >0.99

APACHE II score 
a 24.9 (7.1) 25.6 (6.9) 23.8 (7.5) 0.39

Non-renal SOFA organ-system score 
b

 respiratory 2.3 (1) 2.2 (1.0) 2.4 (0.9) 0.49

 coagulation 1.4 (1.2) 1.4 (1.3) 1.4 (1.2) 0.84

 liver 1.4 (1.3) 1.5 (1.5) 1.2 (1.1) 0.42

 cardiovascular 2.4 (1.7) 2.6 (1.7) 2.2 (1.7) 0.36

 central nervous system 2.4 (1.4) 2.2 (1.4) 2.6 (1.4) 0.33

 total 14.4 (3.5) 14.7 (3.3) 13.9 (3.8) 0.42

Cleveland Clinic ICU ARF score 
c 11.5 (3.2) 11.5 (3.2) 11.5 (3.1) 0.95

Intensive strategy (%)
d 33 (47.8%) 18 (45%) 15 (51.7%) 0.62

Length of ICU stay before randomization (days) 6.5 (9.2) 7.9 (11.6) 4.5 (3.2) 0.08

Hospital length of stay before randomization (days) 10.3 (11.6) 12.4 (13.8) 7.5 (6.6) 0.13

Charlson comorbidity index 
e 2.5 (2.2) 2.6 (2) 2.4 (2.4) 0.53

Mechanical ventilation (%) 60 (87%) 35 (85.7%) 25 (86.2%) >0.99

Severe sepsis (%) 45 (65.2%) 25 (62.5%) 20 (69%) 0.62

Data presented as mean (SD). BUN, blood urea nitrogen; ICU intensive care unit; APACHE II, Acute Physiology and Chronic Health Evaluation II; 
SOFA, Sequential Organ Failure Assessment; ARF acute renal failure.

a
According to the method of Knaus et al.[13]

b
Non-renal SOFA score was assessed on the first day[14]

c
According to the method of Thakar et al.[15]

d
Intensive strategy: intermittent hemodialysis and sustained low-efficiency dialysis six times per week, and continuous venovenous 

hemodiafiltration at 35 ml per kilogram of body weight per hour[11]

e
According to the method of Charlson et al.[16]
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Table 2.

Area under the receiver-operating characteristics curve for biomarker models on day 2, 7, 14 and for the 

largest relative changes for predicting recovery from AKI.

Plasma biomarker Time point AUC 95%CI P*

pNGAL Day 2 0.54 0.41 to 0.69

Day 7 0.50 0.36 to 0.64

Day 14 0.55 0.37 to 0.73

Largest relative change
# 0.59 0.45 to 0.74

pBNP Day 2 0.50 0.36 to 0.65

Day 7 0.58 0.45 to 0.72

Day 14 0.59 0.41 to 0.78

Largest relative change
# 0.59 0.46 to 0.73

pNGAL and pBNP Day 2 0.55 0.41 to 0.68 0.89

Day 14 0.63 0.44 to 0.81 0.53

Largest relative change
# 0.60 0.47 to 0.74 0.86

AUC, area under the receiver-operating characteristic curve; CI, confidence interval, pNGAL, plasma neutrophil gelatinase-associated lipocalin; 
pBNP, plasma B-type natriuretic peptide.

#
Largest relative change in the first 7 or 14 days as compared to day 2

*
Compared with pNGAL model on day 2, day 14 and for the largest relative change Biomarkers analysis on day 14 was performed on only 42 

patients
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Table 3.

Area under the receiver-operating characteristics curve for clinical risk prediction models alone (3a) and for 

the combination of the best clinical model and biomarker models (3b) for each time point for predicting renal 

recovery.

3a)

Clinical variables OR (95%CI) Model AUC 95%CI P*

AGE 0.95 (0.92 to 0.99) A 0.69 0.56 to 0.81 -

CHARLSON COMORBIDITY INDEX 0.95 (0.75 to 1.2) B 0.55 0.39 to 0.70 -

APACHE II 0.96 (0.90 to 1.0) C 0.56 0.42 to 0.71 -

M1= A + C 0.70 0.58 to 0.83 0.61

M2+ A + B + C 0.70 0.57 to 0.84 0.84

OR, odds ratio; AUC area under the curve; CI confidence interval; APACHE II Acute Physiology and Chronic Health Evaluation II.

*Compared with model A

3b)

Time point Model AUC 95%CI P*

Day 2 Age + pNGAL 0.71 0.58 to 0.83 0.54

Age + pBNP 0.69 0.56 to 0.82 0.86

Age + pNGAL + pBNP 0.70 0.58 to 0.83 0.57

Day 14 Age + pNGAL 0.74 0.58 to 0.90 0.56

Age + pBNP 0.75 0.59 to 0.91 0.74

Age + pNGAL + pBNP 0.75 0.60 to 0.91 0.62

Largest relative change# Age + pNGAL 0.70 0.57 to 0.82 0.75

Age + pBNP 0.71 0.59 to 0.84 0.48

Age + pNGAL + pBNP 0.73 0.61 to 0.85 0.35

AUC, area under the curve; CI confidence interval; pNGAL plasma neutrophil gelatinase-associated lipocalin; pBNP, plasma B-type natriuretic 
peptide.

# Largest relative change in the first 14 days as compared to day 2

*Compared with Age alone
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