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Abstract

Background—Several novel biomarkers that predict acute kidney injury (AKI) have recently 

been proposed. We have evaluated the sequential patterns of biomarker elevation after pediatric 

cardiopulmonary bypass (CPB) and determined their diagnostic accuracy.

Methods—We measured the ability of neutrophil gelatinase-associated lipocalin (NGAL), 

interleukin-18 (IL-18), liver type fatty-acid binding protein (L-FABP), kidney injury molecule-1 

(KIM-1), tissue inhibitor of metalloproteinase-2 (TIMP-2), and insulin-like growth factor binding 

protein 7 (IGFBP7), to predict AKI (≥50% increase in serum creatinine from baseline). Areas 

under the receiver-operator characteristic curves (AUCs) were calculated for each biomarker and 

for various biomarker combinations at multiple time points after CPB.

Results—Of 150 patients examined, AKI had developed in 50 patients by 24 h after CPB, with 

an elevated NGAL concentration first noted at 2 h post-CPB, increases in IL-18, L-FABP, and the 

product of TIMP-2 and IGFBP7 first noted at 6 h, and an elevated KIM-1 level noted at 12 h. At 

each time point, urine NGAL remained the marker with the highest predictive ability (AUC > 0.9). 

The addition of any other biomarker did not increase the predictive accuracy of NGAL alone at 2 

and 6 h. At 12 h, when compared to NGAL alone, the combination of NGAL, IL-18, and TIMP2 

improved the AUC for AKI prediction (from 0.938 to 0.973).

Conclusions—While urine NGAL remains a superior stand-alone test at the 2 and 6 h time 

points after pediatric CPB, a panel of carefully selected biomarkers may prove optimal at later 

time points.
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Introduction

Acute kidney injury (AKI) occurs in 40–50% of infants and children undergoing cardiac 

surgery with cardiopulmonary bypass (CPB) for correction of congenital heart defects [1]. 

Improvements in surgical techniques have expanded the complexity of congenital heart 

lesions that are correctable, but with an associated increase in the incidence of AKI [2]. 

More importantly, AKI following pediatric CPB has been independently associated with 

adverse outcomes, including longer duration of ventilation, prolonged length of 

hospitalization, and increased mortality [3, 4].The significant short- and long-term 

implications of AKI underscore the importance of making an early diagnosis in the post-

operative period. This has hitherto not been possible, due to the reliance on serum creatinine 

(SCr), a delayed and unreliable measure of AKI.

During the past decade, preclinical studies [5, 6] have identified a number of urinary 

biomarkers of AKI that have now been validated in normal children [7] as well as in the 

pediatric CPB setting. These include neutrophil gelatinase-associated lipocalin (NGAL) [8–

11], interleukin-18 (IL-18) [12], kidney injury molecule-1 (KIM-1) [13], and liver type-fatty 

acid binding protein (L-FABP) [14]. Most recently, two markers of cell cycle arrest, namely 

tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth factor binding 

protein 7 (IGFBP7), were shown to represent novel urinary biomarkers of AKI in critically 

ill adults [15]. In a preliminary study of children undergoing CPB, the product of urinary 

TIMP-2 and IGFBP7 levels was increased in those that developed AKI [16].

Additional larger studies are required in the pediatric CPB population to further extend the 

potential role for these cell cycle arrest markers as predictors of AKI. The aims of this study 

were to evaluate the sequential patterns of elevation of the cell cycle arrest biomarkers in 

comparison to the other better established AKI biomarkers after pediatric CPB, and to 

determine their accuracy in predicting AKI (individually and in combinations).

Materials and methods

Patient population

This single-center case-control study was approved by the Institutional Review Board of 

Cincinnati Children’s Hospital Medical Center. All patients aged <18 years undergoing 

cardiac surgery with CPB between January 2004 and July 2007 were approached for study 

inclusion. Patients with pre-existing chronic kidney disease (SCr > 2-fold the age-adjusted 

normal range) were excluded. Written informed consent from the legal guardian and assent 

from the patient, when appropriate, were obtained prior to enrollment. Past nephrotoxin use 

(such as angiotensin-converting enzyme inhibitors or contrast agents) was not an exclusion 

factor as long as the baseline Scr concentration was normal for age and the baseline level of 

the assayed biomarkers was normal. All patients received intra-operative steroids according 
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to our standard protocol and 80–100% of maintenance fluid requirements during the post-

operative 24 h to obviate prerenal azotemia. Urine samples for biomarker measurement were 

obtained prior to and at 2, 6, 12, and 24 h after initiation of CPB, and stored in aliquots at 

−80 °C. We have recently demonstrated that urinary biomarkers are very stable when stored 

in this fashion for prolonged periods of time [17]. The SCr was routinely measured at 

baseline (prior to surgery), immediately after CPB, and at least daily during the post-

operative period. The primary outcome was AKI development within 72 h of surgery, 

defined and staged (Stage 1, 2, and 3) according to Kidney Disease: Improving Global 

Outcomes (KDIGO) criteria [18] based on SCr measurements. We defined all AKI as a 

≥50% increase in SCr from baseline, and severe AKI as a ≥ 100% increase in SCr from 

baseline. Complexity of surgery was determined according to the Risk Adjustment for 

Congenital Heart Surgery Score version 1 (RACHS-1) scoring system [19].

Biomarker measurements

Laboratory investigators were blinded to clinical outcomes, and all biomarker measurements 

were performed simultaneously (within a 3-month period). The urine NGAL enzyme-linked 

immunosorbent assay (ELISA) was performed using a commercially available assay (NGAL 

ELISA Kit 036; Bioporto, Grusbakken, Denmark) that specifically detects human NGAL. 

The intra-assay coefficient of variation (CV) is 2.1% and inter-assay variation is 9.1%. Urine 

IL-18 (Kit 7625) and L-FABP (Kit Z-001) were measured using commercially available 

ELISA kits (Medical & Biological Laboratories Co., Nagoya, Japan and CMIC Co., Tokyo, 

Japan, respectively) per manufacturer’s instructions, with inter- and intra-assay CVs of 7.3 

and 6.1% for IL18 and 7.5 and 10.9% for LFABP, respectively. The urine KIM-1 ELISA 

consisted of commercially available reagents (Duoset DY1750; R & D Systems, Inc., 

Minneapolis, MN), with intra- and inter-assay CVs for KIM-1 of 2 and 7.8%, respectively. 

Urine TIMP-2 was measured using a commercially available ELISA (Kit DTM200; R & D 

Systems, Inc.) per manufacturer’s instructions, with intra- and inter-assay CVs for TIMP-2 

of 5.3 and 8.6%, respectively. The IGFBP7 assay was constructed using commercially 

available reagents (Duoset DY1334; R & D Systems, Inc.), with intra- and inter-assay CVs 

of 4.6 and 9.8%, respectively. All CVs were calculated and validated in our laboratory with 

actual patient samples.

Statistical methods

The analysis subset included patients for whom measurements of all six biomarkers (NGAL, 

IL-18, KIM-1, L-FABP, TIMP-2, IGFBP7) were available at baseline, and at 2, 6, 12, and 24 

h after initiation of CPB (n = 150). Patient demographics and baseline clinical and 

biomarker measurements were compared between patients who did not develop AKI (No 

AKI group) and patients who did develop AKI in any form (All AKI group), using the 

nonparametric Wilcoxon rank sum test for continuous variables and the chi-square or Fisher 

exact test for categorical variables, as appropriate. Pearson correlation coefficients were 

calculated to assess for correlations between urinary biomarkers, demographics, and clinical 

characteristics at baseline, and for correlations among the various urinary biomarkers at each 

time point examined. At each time point, the mean biomarker measurements were compared 

between No AKI and All AKI patients, and between those with mild AKI (AKI Stage 1) and 

those with severe AKI (AKI Stage 2 or 3). Receiver-operator characteristic (ROC) curves 
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were generated for each biomarker at each time point. The areas under the curve (AUC) 

were compared between biomarkers and between various biomarker combinations using the 

nonparametric approaches developed by DeLong et al. [20]. Statistical analysis was 

performed using SAS version 9.2 (SAS Institute, Cary, NC). P values of <0.05 were 

considered to be statistically significant.

Results

Patient demographics

Of the 391 patients initially enrolled [11], complete sets of urine samples for the 

measurement of all six chosen biomarkers (NGAL, IL-18, KIM-1, L-FABP, TIMP-2, 

IGFBP7) were available for 150 patients, whose characteristics are shown in Table 1. AKI 

developed in 50 of the 150 patients by 24 h after the CPB, with 25 displaying severe AKI 

(KDIGO Stage 2 or 3) (Fig. 1a). As previously described [11], patients who developed AKI 

had lower baseline SCr, were younger, and endured longer CPB times and longer lengths of 

hospital stay. Baseline urinary biomarker concentrations were similar in the AKI and non-

AKI groups, with the exception of a small but significant increase in baseline L-FABP in the 

AKI group. There were no differences in baseline biomarker concentrations with respect to 

age, gender, or ethnicity [Electronic Supplementary Material (ESM) Table 1]. Only weak 

correlations between baseline biomarker concentrations and CBP time or length of stay were 

detected (ESM Table 1). There were no deaths, and none of the subjects in this cohort 

required dialysis.

Sequential biomarker patterns

The concentrations of all six urinary biomarkers (NGAL, IL-18, KIM-1, L-FABP, TIMP-2, 

IGFBP7) at baseline and at 2, 6, 12, and 24 h after initiation of CPB are summarized in ESM 

Table 2. The temporal trends in All AKI and non-AKI patients for each marker are 

illustrated in Fig. 1b–h). The level of each of the six urinary biomarkers rose significantly at 

some time point after CPB initiation in AKI patients, and four of the six markers (NGAL, 

IL-18, KIM-1, L-FABP) remained significantly elevated until the 24 h time point. 

Significant differences between AKI and non-AKI patients were first noted at 2 h for 

NGAL, at 6 h for IL-18, L-FABP, TIMP-2, and the product of TIMP-2 and IGFBP7, and at 

12 h for KIM-1 and IGFBP7 (Fig. 2). This temporal pattern of biomarker elevation was 

similar in both the All AKI group and the severe AKI group. However, each of these 

differences was significantly magnified in patients with severe AKI in comparison to those 

in the All AKI group, indicating a severity-dependent response of all measured biomarkers. 

The correlation among all urinary biomarkers measured at different time points is shown in 

ESM Table 3. All biomarkers were significantly correlated to each other at later time points 

(12 and 24 h post-CPB), with weaker correlations noted at 6 h post-CPB.

Diagnostic accuracy of biomarkers to predict AKI

The progression of AUCs for each biomarker for prediction of all forms of AKI or of severe 

AKI at each time point is illustrated in Figs. 3 and 4, respectively. At 2 h following CPB 

initiation, urine NGAL was the only predictive biomarker of AKI, with an AUC of >0.9. At 

all subsequent time points, NGAL remained the marker with the highest predictive ability. 
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At the 6 h time point, IL-18 and L-FABP were also significant predictors of AKI, with 

AUCs approaching 0.8. At 12 h, all biomarkers performed well, including KIM-1 and the 

product of TIMP-2 and IGFBP7. At 24 h, the [TIMP-2]•[IGFBP7] product was no longer 

predictive of AKI, in contrast with the other measured biomarkers.

We next determined if biomarker combinations at any of the time points examined could 

enhance the predictive performance of NGAL alone. The results are summarized in Table 2 

and detailed in ESM Table 4. The addition of any other biomarker in any permutation or 

combination did not significantly increase the predictive accuracy of NGAL at the 2 h and 6 

h time points. At the 12 and 24 h time points, the addition of biomarkers significantly 

improved the performance of NGAL. As illustrative examples, at 12 h post-CPB, the 

combination of NGAL and IL-18 or the combination of NGAL, IL-18, and TIMP-2 both 

significantly improved the AUC for AKI prediction when compared to NGAL alone (AUC 

increase from 93.8% for NGAL alone to 97.3% for the combination). There was no 

significant improvement obtained by adding more than three biomarkers.

Discussion

The pathogenesis of AKI after pediatric CPB is complex and multifactorial, and based 

largely on animal models. Primary mechanisms include ischemia, ischemia-reperfusion 

injury, mechanical blood trauma, oxidative stress, and activation of cell death and 

inflammatory cascades [1, 21]. Given the myriad pathways involved, it is important to 

systematically study several urinary biomarkers as predictors of AKI at various time points 

after this temporally defined renal injury. Our results confirm that all six urinary biomarkers 

examined (NGAL, IL-18, KIM-1, L-FABP, TIMP-2, and IGFBP7) are predictors of AKI 

after CPB, but at different time points that likely reflect the evolving pathophysiology. We 

found that urine NGAL was the only predictive biomarker at 2 h post-CPB, and remained 

the most predictive biomarker at all time points examined. At 6 h, both IL-18 and L-FABP 

also emerged as significant predictors of AKI. At the 12 h time point, all six biomarkers 

performed well. All six biomarkers could therefore individually provide an essential window 

of opportunity for application of early therapeutic interventions, prior to the elevation in SCr. 

While the performance of NGAL at early time points could not be surpassed by the addition 

of any other biomarkers, strategically chosen combinations did improve the predictive ability 

at later time points. For example, at 12 h post-CPB, the addition of IL-18 and TIMP-2 to 

NGAL significantly increased the AUC for AKI prediction from 93.8 to 97.3%. This may be 

attributed to the fact that urinary NGAL is derived primarily from the distal nephron, 

whereas urinary IL-18 and TIMP-2 originate from the proximal tubule, such that the 

combination may reflect the collective response of the entire nephron to AKI.

All six biomarkers studied exhibit strong biologic plausibility and represent key players in 

the causal mechanisms of experimental AKI. These proteins originate from the kidney and 

are present at very low concentrations in the uninjured state (as reflected by their low urinary 

concentrations in the pre-operative samples). The most extensively studied biomarker in 

AKI is NGAL. In animal models of early AKI, NGAL is one of the most highly induced 

proteins in the kidney [22–24], where it exerts a strong pro-proliferative antiapoptotic action 

that enhances recovery [25]. The resultant secretion of NGAL into the urine comprises the 
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major fraction of urinary NGAL protein. Well over 300 publications have now reported on 

NGAL in human AKI, and met-analyses of its diagnostic utility have now appeared [26, 27]. 

The diagnostic accuracy of NGAL for the prediction of AKI has remained high, particularly 

in the pediatric CPB setting [1]. Collectively, the data to date on nearly 3000 children 

undergoing CPB and nearly 900 AKI events provide strong evidence for the utility of early 

NGAL measurements to predict AKI and its severity after pediatric cardiac surgery, with an 

AUC in the range of 0.8–0.9 [1], similar to the findings in this study. In children who 

develop an increase in SCr post-CPB, NGAL reliably discriminates between transient pre-

renal azotemia and true intrinsic AKI with structural damage with 100% specificity [28]. 

Urine NGAL measured at 2, 6, 12, and 24 h post-CPB consistently improve the diagnostic 

accuracy for AKI prediction over a clinical model alone [11]. Early NGAL measurements 

also provide predictions of adverse outcomes in children with AKI post-CPB, including 

length of hospital stay, duration of mechanical ventilation, dialysis requirement, and 

mortality [9, 29]. The widespread availability of standardized clinical analytical platforms 

has further contributed to the emergence of NGAL as a stand-alone structural AKI 

biomarker [30, 31].

Interleukin-18 is a proximal tubular pro-inflammatory cytokine that is detected in the urine 

following ischemic AKI in animal models [32]. A multicenter study has confirmed the 

ability of urine IL-18 levels to moderately predict AKI during the first 6–12 h post-CPB time 

window in children, with AUCs in the range 0.72–0.82 [29], in agreement with the findings 

of our current study. Urinary IL-18 also correlated with adverse outcomes, including length 

of hospital stay and duration of mechanical ventilation [29]. L-FABP is induced in the 

proximal tubule early after AKI in animal models and has antioxidant properties that might 

protect the kidney from further injury [33]. Pediatric single-center studies have indicated the 

utility of urine L-FABP levels obtained 6 h post-CPB to moderately predict AKI, with AUCs 

in the range 0.75–0.78 [11, 14]. However, in a prospective multicenter study of children 

undergoing CPB, postoperative L-FABP levels were not associated with AKI [34]. KIM-1 is 

one of the most highly induced proteins in the proximal tubule after experimental AKI, 

where it mediates phagocytosis of damaged cells and thereby limits injury [35]. A 

proteolytically processed extracellular domain of KIM-1 can be detected in the urine of 

patients with AKI. Single-center studies in the pediatric CPB setting have yielded 

conflicting results, with two indicating moderate accuracy for predicting AKI at 12 h (AUC 

0.7–0.8) [11, 13] and others indicating a poorer predictive performance [34, 36]. 

Standardized clinical assays for the measurement of IL-18, L-FABP, and KIM-1 are 

currently not available.

TIMP-2 and IGFBP7, both markers of cell cycle arrest, are upregulated in the proximal 

tubule after kidney injury in order to limit proliferation of damaged cells [15]. Several 

studies in critically ill adult populations have now established a cut-off of 2.0 for urinary 

[TIMP-2]•[IGFBP7]/1000 to have a high specificity (95%) but only moderate positive 

predictive value (49%) for AKI prediction [37]. The [TIMP-2]•[IGFBP7] product can be 

rapidly measured in the urine using a central laboratory clinical test system that has been 

approved by the Federal Drug Administration (FDA) for use in conjunction with clinical 

evaluation in patients 21 years or older who currently have-or have had within the past 24 h-

acute cardiovascular and or respiratory compromise and are intensive care unit patients as an 
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aid in the risk assessment for moderate or severe AKI within 12 h of patient assessment. 

However, the FDA has cautioned that the test results should be evaluated with other clinical 

and laboratory test information and are not to be used as a stand-alone test. Recent expert 

opinion papers have recommended that clinicians understand the limitations of this novel 

test and have also emphasized the need for additional studies [38, 39]. Furthermore, the 

central laboratory system has not been approved by the FDA for patients below the age of 21 

years, and appropriate cut-offs for AKI prediction in the pediatric population have not been 

determined.

Pediatric studies using the [TIMP-2]•[IGFBP7] product to predict AKI are limited. In a 

small study of 46 hospitalized children with established AKI, an elevated urinary 

[TIMP-2]•[IGFBP7] product was shown to have prognostic value for the prediction of 30-

day mortality [AUC 0.79; 95% confidence interval (CI) 0.61–0/97] and need for renal 

replacement therapy (AUC 0.67; 95% CI 0.5–0.84) [40]. Only two published studies have 

evaluated the utility of the [TIMP-2]•[IGFBP7] product in children undergoing CPB. In a 

case-control study of 51 children undergoing CPB, the urinary [TIMP-2]•[IGFBP7] product 

(measured using the clinical laboratory platform) was increased in the 12 subjects who 

developed AKI, with an AUC of 0.85 (95% CI 0.72–0.94) at 4 h post-CPB for predicting 

AKI [16]. The corresponding AUC for urinary NGAL was reported to be comparably good 

at 0.87 (95% CI 0.74–0.95). In a study of infants undergoing CBP, the urinary 

[TIMP-2]•[IGFBP7] product was significantly elevated in 31 subjects who developed AKI, 

but only at 12 h after CPB initiation [41]. In our larger study reported herein, the urinary 

[TIMP-2]•[IGFBP7] product (measured using a standardized ELISA kit) was increased in 

the 50 subjects who developed AKI, but the AUC for predicting AKI at the 6 h time point 

was slightly poorer (0.7). The AUC at the 12 h time point was substantially improved to 

0.83. In comparison, the corresponding 12 h AUC for NGAL was superior at 0.94. 

Additional studies in larger multicenter populations are required to further assess the role of 

cell cycle arrest biomarkers in pediatric AKI.

Our study has several strengths. First, we used a rigorous protocol to collect urinary samples 

at several well-defined time points in the post-operative period, which allowed for the 

precise determination of the sequential rise in each biomarker after CPB. Second, we 

enrolled a relatively large, homogeneous cohort in whom the most likely etiology for the 

AKI would be ischemia-reperfusion injury after CPB. Third, this is the first study to report 

on all six of the most promising biomarkers for the prediction of AKI after pediatric CPB.

This study does have important limitations. First, we recognize the single-center recruitment 

with the clinical approach to patients specific to our center, which may not be fully 

applicable to other centers with alternative protocols. The results will need to be validated at 

the multicenter level. Second, the biomarker measurements were done in samples following 

prolonged storage-and not in real time as would be done in clinical practice. Third, the 

definition of AKI was based on a rise in SCr, a delayed and imprecise marker of AKI, 

rendering it very likely that patients with milder forms of structural kidney injury were 

misclassified to the control “No AKI” group. Fourth, we did not assess biomarkers to predict 

severe sustained AKI (i.e. AKI Stage 2 or 3 that persisted for 72 h), arguable the more 

clinically meaningful form of AKI, due to the small sample size in our cohort. Fifth, we did 
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not include urine output as one of the criteria to define AKI, since urine output in this cohort 

can be confounded by the use of diuretics. Sixth, we did not assess biomarkers for prediction 

of adverse outcomes, since the primary goal of this study was to determine the sequential 

patterns of elevation of the biomarkers after pediatric CPB, and to determine their accuracy 

in predicting AKI (individually and in combinations).

In summary, this study demonstrates the sequential elevation of six predictive AKI 

biomarkers after pediatric CPB. The predictive ability of each biomarker is dependent on the 

specific time point when tested. Urine NGAL was the only predictive biomarker at 2 h post-

CPB and remained the most predictive biomarker at all time points examined. A recent 

meta-analysis of 13 studies in children who developed AKI from all causes revealed a high 

diagnostic accuracy of urine NGAL for AKI prediction, with a combined AUC of 0.94, 

indicating the potential utility of NGAL beyond the CPB cohort studied herein [42]. 

However, although standardized laboratory platforms for NGAL measurement are available 

and launched globally, this test has not yet been approved by the FDA, and concrete 

recommendations with definitive cut-offs for routine clinical use cannot be made at the 

present time. Future studies that successfully utilize NGAL measurements as entry criteria 

and/or surrogate end-points for AKI therapeutic trials will further enhance the clinical utility 

of injury biomarkers.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Temporal relationship of serum creatinine (SCr) and urinary biomarkers after pediatric 

cardiopulmonary bypass. Time points denote hours since initiation of cardiopulmonary 

bypass (CPB). No AKI patients who did not develop acute kidney injury (AKI) after CPB, 

All AKI all patients who developed AKI as defined by a ≥50% increase in SCr from 

baseline, Severe AKI subgroup of patients who developed AKI as defined by a ≥100% 

increase in SCr from baseline. NGAL Neutrophil gelatinase-associated lipocalin, IL-18 
interleukin 18, KIM-1 kidney injury molecule 1, L-FABP liver fatty acid binding protein, 

TIMP-2 tissue inhibitor of metalloproteinases 2, IGFBP7 insulin-like growth factor binding 

protein 7. Mean values for each marker are shown; the corresponding 95% confidence 

intervals are shown in Table 2. Asterisk (*) denotes significant differences at p < 0.05 
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between the No AKI group and the All AKI group, hashtag (#) denotes significant 

differences at p < 0.05 between the All AKI group and AKI patients with severe AKI
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Fig. 2. 
Urinary biomarker [NGAL (ng/ml), IL-18 (pg/ml), KIM-1 (pg/dl), L-FABP (ng/ml), TIMP-2 

• IGFBP7 (the product of TIMP-2 and ILGFBP7 divided by 10)] patterns in children with all 

forms of AKI (≥50% increase in SCr from baseline) or with severe AKI (≥100% increase in 

SCr from baseline) after CPB. Time points denote hours since CPB initiation. Mean values 

for each marker are shown. The corresponding 95% confidence intervals are shown in Table 

2

Dong et al. Page 14

Pediatr Nephrol. Author manuscript; available in PMC 2020 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Areas under the receiver operating characteristic curves (AUCs) for each biomarker for 

prediction of all forms of AKI (All AKI group; ≥50% increase in SCr from baseline) at each 

time point since initiation of CPB. AUCs are depicted as percentages
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Fig. 4. 
Areas under the AUCs for each biomarker for prediction of severe AKI (Severe AKI 
subgroup; ≥100% increase in SCr from baseline) at each time point since initiation of CPB. 

AUCs are depicted as percentages
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