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ABSTRACT
Acute kidney injury (AKI) occurs commonly after pediatric cardiac surgery and associates with poor
outcomes. Biomarkers may help the prediction or early identification of AKI, potentially increasing
opportunities for therapeutic interventions. Here, we conducted a prospective, multicenter cohort
study involving 311 children undergoing surgery for congenital cardiac lesions to evaluate whether
early postoperative measures of urine IL-18, urine neutrophil gelatinase-associated lipocalin (NGAL),
or plasma NGAL could identify which patients would develop AKI and other adverse outcomes.
Urine IL-18 and urine and plasma NGAL levels peaked within 6 hours after surgery. Severe AKI,
defined by dialysis or doubling in serum creatinine during hospital stay, occurred in 53 participants
at a median of 2 days after surgery. The first postoperative urine IL-18 and urine NGAL levels
strongly associated with severe AKI. After multivariable adjustment, the highest quintiles of urine
IL-18 and urine NGAL associated with 6.9- and 4.1-fold higher odds of AKI, respectively, compared
with the lowest quintiles. Elevated urine IL-18 and urine NGAL levels associated with longer hospital
stay, longer intensive care unit stay, and duration of mechanical ventilation. The accuracy of urine
IL-18 and urine NGAL for diagnosis of severe AKI was moderate, with areas under the curve of 0.72
and 0.71, respectively. The addition of these urine biomarkers improved risk prediction over clinical
models alone as measured by net reclassification improvement and integrated discrimination im-
provement. In conclusion, urine IL-18 and urine NGAL, but not plasma NGAL, associate with
subsequent AKI and poor outcomes among children undergoing cardiac surgery.
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Acute kidney injury (AKI) is a frequent complication of pedi-
atric cardiac surgery and negatively effects short- and long-
term outcomes.1–5 Despite decades of research, no therapy has
proven effective for the prevention or treatment of human
AKI. Serum creatinine, the traditional marker of renal func-
tion, only rises appreciably after a 50% loss in GFR. Serum
creatinine is also affected by several nonrenal factors and on
average does not peak until 1 to 3 days after cardiac surgery.2,6

Thus, our ability to detect AKI early remains inadequate. The
failure of prior interventional trials to attenuate AKI in cardiac
surgery patients has also been attributed, in part, to the delays
in the diagnosis of AKI.7,8 It is currently believed that progress in
this area will occur after the availability of newer biomarkers
for early and reliable diagnosis of AKI.9 Our preclinical studies
in mice and initial human studies demonstrate that urine IL-18
and urine neutrophil gelatinase-associated lipocalin (NGAL)
levels are early markers of AKI.10 –15 In human studies, both are
elevated 24 to 48 hours before the clinical diagnosis of AKI
becomes apparent. Plasma NGAL has also demonstrated en-
couraging early results in several small pediatric and adult
studies.1,2,16,17

We conducted a large, prospective, multicenter cohort
study of pediatric patients receiving surgery for congenital car-
diac lesions to evaluate whether early, postoperative measures
of urine IL-18, urine NGAL, and plasma NGAL could predict
severe AKI and adverse patient outcomes.

RESULTS

Characteristics of the Study Cohort
We studied 311 participants (Supplementary Figure 1). 51% of
the patients were below two years of age, and 55% were male.
Demographic and clinical characteristics of enrolled patients
were similar to the overall cardiac surgery populations at par-
ticipating institutions. Most surgeries were elective (91%) and
utilized cardiopulmonary bypass (CPB) (99%). The mean pre-
operative estimated GFR (via Schwartz equation) was 90 ml/
min per 1.73 m2 (Table 1). 53 of 311 participants (17%) devel-
oped severe AKI as defined by either receipt of acute dialysis or
postoperative doubling of serum creatinine during hospital
stay. Five patients (1.6%) received acute dialysis and six (2%)
patients died before discharge. Patients who developed severe
AKI were younger, had longer cardiopulmonary bypass time
and cross-clamp time (Table 1). The median time to diagnosis
of severe AKI was 2 days (interquartile range [IQR], 1 to 2),
and serum creatinine peaked on or after day 3 of surgery in
19% of those with severe AKI. Doubling of serum creatinine
lasted for 2 days or longer in 47% of patients with severe AKI.

Biomarker Results and Postoperative Risk of AKI
The first postoperative samples (0- to 6-hour time point) were
collected at a median of 0.5 (IQR, 0.25 to 2) hours after arrival
in the ICU. In patients with and without AKI, urine IL-18,
urine NGAL, and plasma NGAL concentrations peaked at the

first collection but were higher in those with AKI. Urine bio-
markers declined over the first 2 postoperative days, whereas
plasma NGAL remained elevated on all postoperative days
(Figure 1). The distribution of biomarker values at each time
point by AKI status is shown in Supplementary Table 2.

Associations of the first postoperative biomarker measures,
categorized into quintiles of urine IL-18, urine NGAL, and
plasma NGAL, with the risk of AKI are presented in Figure 2.
Quintiles of urine IL-18 and urine NGAL had a graded rela-
tionship with the risk for severe AKI, ranging from 4 to 6% in
the lowest quintiles to 33 to 36% in the highest quintiles (P
value for trend �0.001). After adjustment for site and for clin-
ical variables, the fourth and fifth quintiles of urine IL-18 and
the fifth quintile of urine NGAL were significantly associated
with at least four-fold odds of severe AKI (Table 2). None of the
quintiles of plasma NGAL were independently associated with
severe AKI.

Biomarker Results and Nonrenal Outcomes
The average lengths of stay in the ICU and in the hospital for
the entire cohort were 4.1 days (SD, 6.3) and 8.5 days (SD,
10.8), respectively. Urine IL-18, urine NGAL, and plasma
NGAL were all linearly associated with longer lengths of hos-
pital and intensive care unit stay after adjustment for other
prognostic factors (Figure 3A). The average length of mechan-
ical ventilation for the entire cohort was 1.5 days (SD, 1.5).
Quintiles of each of the three biomarkers were also associated
with the duration of mechanical ventilation after surgery in
multivariable analyses (Figure 3B).

Diagnostic Testing
The area under the receiver operating characteristic curve
(AUC-ROC) for the first postoperative serum creatinine and
for each biomarker for the detection of severe AKI is shown in
Figure 4. Postoperative serum creatinine had no discrimina-
tory value for the prediction of severe AKI. No single bio-
marker was outstanding for classifying severe AKI-AUC (SE),
for urine IL-18 was 0.72 (0.04), whereas the AUC for urine
NGAL and plasma NGAL were 0.71 (0.04) and 0.56 (0.05),
respectively. The sensitivities and specificities to detect severe
AKI for the fifth quintile were 38 and 84%, respectively, for
urine IL-18 (�364 pg/ml), 42 and 85% for urine NGAL (�72
ng/ml), and 27 and 81% for plasma NGAL (�261 ng/ml), re-
spectively. There was no significant variation in biomarker
performance for the prediction of severe AKI among the study
sites (Supplementary Table 3).

Risk Prediction
We used the net reclassification index (NRI) and integrated
discrimination improvement (IDI) to determine whether
biomarkers materially impacted risk prediction of severe
AKI. The NRI was highly significant and of substantial mag-
nitude for all of the three biomarkers: 0.22 (95% CI, 0.04 to
0.41; P � 0.02) for urine IL-18, 0.17 (95% CI, 0.03 to 0.32;
P � 0.02) for urine NGAL, and 0.14 (95% CI, 0.02 to 0.26;

CLINICAL RESEARCH www.jasn.org

1738 Journal of the American Society of Nephrology J Am Soc Nephrol 22: 1737–1747, 2011



P � 0.02) for plasma NGAL (Tables 3 and 4). Thirty-one
percent of participants were reclassified with the addition of
urine IL-18 to the clinical model (18% for urine NGAL; 20%
for plasma NGAL). The main improvement in risk predic-
tion after the addition of each biomarker to the clinical
model was seen by correctly reclassifying patients in the
intermediate risk category (Tables 3 and 4). IDI results were
also significant for all three biomarkers.

Supplementary Analysis
When we repeated the analyses using urine creatinine cor-
rected values for urine IL-18 (pg/mg) and urine NGAL (ng/
mg), there were no meaningful changes in AUCs compared

with the uncorrected results (data not shown). We also re-
peated the analysis by excluding the 18 patients who developed
AKI on the first day of study at the time of first sample collec-
tion. The point estimates of the fifth quintile and the AUC-
ROCs were not changed for any of the three biomarkers in
these analyses.

When we utilized a milder definition of AKI (Risk Injury
Failure Loss End-Stage Kidney Disease [RIFLE] stage R or 50%
increase in serum creatinine),18 the quintiles of urine biomark-
ers were independently associated with the incidence of AKI in
a graded fashion (p for trend �0.001 for urine NGAL and
urine IL-18 and P � 0.4 for plasma NGAL; Table 2). 131 (42%)
patients had RIFLE R AKI. The fifth quintile of urine IL-18 and

Table 1. Cohort description among children by severe AKI status

Developed Severe AKI

All (n � 311) Yes (n � 53) No (n � 258) P

Age at the time of surgery, mean (SD) 3.8 (4.5) 2.7 (4.3) 4.0 (4.5) 0.02
Age at the time of surgery, n (%) �0.01

1 month to 2 years 158 (51%) 37 (70%) 121 (47%)
2 to 13 years 134 (43%) 13 (25%) 121 (47%)
13 to 18 years 19 (6%) 3 (5%) 16 (6%)

Male gender, n (%) 171 (55%) 27 (51%) 144 (56%) 0.5
Caucasian race, n (%) 254 (82%) 42 (79%) 212 (82%) 0.6
Type of surgery, n (%) 0.3

elective 283 (91%) 46 (87%) 237 (92%)
urgent 28 (9%) 7 (13%) 21 (8%)

Renal function
preoperative eGFR (ml/min per 1.73 m2), mean (SD) 90 (26) 97 (28) 89 (25) 0.04
preoperative eGFR (percentile), mean (SD)a 53 (34) 69 (32) 49 (33) �0.0001

Preoperative medications
ACE inhibitors, n (%) 54 (18%) 12 (23%) 42 (16%) 0.3
aspirin, n (%) 36 (12%) 7 (13%) 29 (11%) 0.7
beta blockers, n (%) 11 (4%) 3 (6%) 8 (3%) 0.4

Operative characteristics
RACHS-1 score, mean (SD)b 2.4 (0.7) 2.6 (0.7) 2.4 (0.7) 0.3
RACHS-1 score, n (%) �0.0001

1 18 (6%) 0 (0%) 18 (7%)
2 153 (50%) 30 (57%) 123 (48%)
3 126 (41%) 16 (30%) 110 (43%)
4 12 (4%) 7 (13%) 5 (2%)
Not categorized 2 0 2

CPB use, n (%) 307 (99%) 52 (98%) 255 (99%) 0.5
CPB time (min), mean (SD) 107 (62) 157 (90) 97 (50) �0.0001
Cross-clamp time (min), mean (SD) 48 (46) 71 (57) 43 (41) �0.001

Outcomes
length of ICU stay (days), mean (SD) 4.1 (6.3) 9.1 (10.9) 3.2 (4.3) �0.0001

median (IQR) 2 (1, 4) 5 (3, 8) 2 (1, 3)
length of hospital stay (days), mean (SD) 8.5 (10.8) 17.3 (19.2) 6.8 (7.0) �0.0001

median (IQR) 5 (4, 8.5) 9 (6, 16) 5 (3, 7)
dialysis or mortality, n (%) 10 (3%) 8 (15%) 2 (1%) �0.0001
dialysis, n (%) 5 (2%) 5 (9%) 0 (0%) �0.0001
mortality, n (%) 6 (2%) 4 (8%) 2 (1%) 0.0087

Severe AKI is defined as the receipt of dialysis or a doubling of serum creatinine during hospitalization. ICU, intensive care unit; ACE, angiotensin-converting
enzyme.
aPercentile eGFR was calculated by quantile regression based on published normal renal function measured by nuclear medicine scan GFR in 651 children.31

bThe RACHS-1 consensus-based score system categorizes the complexity of surgery. Uncategorizable RACHS-1 scores were not included in the continuous
summary of RACHS scores.
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plasma NGAL had an adjusted odds ratio (OR) of 2.6 (95% CI,
1.0 to 6.7) and 2.3 (95% CI, 1.0 to 5.5), respectively, compared
with the first quintile. The fifth quintile of urine NGAL had an
adjusted OR of 2.1 (95% CI, 0.8 to 5.7) compared with the first
quintile. The AUC-ROCs were lower, 0.64 for urine IL-18, 0.67
for urine NGAL, and 0.53 for plasma NGAL, to predict RIFLE
R AKI, compared with severe AKI. Also, combinations of two
or three biomarkers in the first 2 days only modestly improved
the AUCs for severe AKI (highest AUC for two biomarkers,

0.73; and highest AUC for three biomarkers, 0.72) or for RIFLE
R AKI (highest AUC for two biomarkers, 0.65; and highest
AUC for three biomarkers, 0.67; Supplementary Figure 2).

Finally, we examined whether the discriminatory ability of
biomarkers differed by the age of the patients. There were 158
(51%) patients who were less than 2 years old, and 37 (23%)
had AKI. There were no effect modification by age categories
and the relationship of biomarker quintiles with the AKI out-
comes in multivariable analyses. For severe AKI, the AUC-
ROCs were higher for patients older than 2 years for all of the

Figure 2. Quintiles of the first postoperative Urine IL-18 and Urine
NGAL had a graded relationship with the risk for severe AKI. Unad-
justed P for trend is reported. Risk of AKI is the percentage of AKI cases
within each quintile (Q). AKI is defined by either receipt of acute dialysis
or evidence of postoperative doubling of the preoperative serum cre-
atinine value.

Figure 1. Urine IL-18, Urine NGAL, and Plasma NGAL peaked at
the first collection (0 to 6 hours). AKI is defined by receipt of acute
dialysis or doubling in serum creatinine during the hospital stay. 0
to 6 hours, day 2, and day 3 are the sample collection times after
surgery. Urine IL-18 is significant at all time points except day 3.
Urine NGAL is significant at all time points except the preopera-
tive (pre-op) and day-3 time points. Plasma NGAL is NS at any
time point.

CLINICAL RESEARCH www.jasn.org

1740 Journal of the American Society of Nephrology J Am Soc Nephrol 22: 1737–1747, 2011



three biomarkers, but these results were not statistically signif-
icant on ROC regression analyses (Supplementary Figure 2).

DISCUSSION

In this multicenter cohort study of biomarkers in children un-
dergoing surgery for congenital cardiac lesions, we found that
urinary biomarkers were associated with severe AKI, defined as
postoperative doubling of serum creatinine or requirement of
dialysis. A simple, noninvasive measurement of urine IL-18 or
urine NGAL collected during the first 6 postoperative hours
provided risk stratification for severe AKI. A postoperative
level of urine IL-18 �124 pg/ml was associated with a five-fold
increase in the odds of severe AKI, whereas a level �386 pg/ml
increased the odds to seven-fold. A urine NGAL of �72 ng/ml
distinguished a five-fold increased odds of AKI compared with
patients in the lowest quintile. The biomarkers also substan-
tially improved risk prediction for severe AKI as seen by mea-
sures of NRI and IDI. However, they did not perform well as
diagnostic tests with AUCs in moderate range. The results of
the biomarkers were significantly less robust for predicting
mild AKI (RIFLE R). Urine NGAL was not independently as-
sociated with mild AKI, and the fifth quintile of IL-18 in-
creased the risk prediction by only 2.6-fold. In contrast, plasma
NGAL was not independently associated with severe AKI and
had a weak association with mild AKI. The combination of

biomarkers did not significantly improve the AUC for predic-
tion of AKI. Additionally, we found that the first postoperative
levels of urine IL-18, urine NGAL, and plasma NGAL demon-
strated graduated relationships with important clinical out-
comes, including length of stay in the ICU and mechanical
ventilation.

This is the first multicenter, prospective study analyzing the
use of biomarkers to diagnose postbypass-associated severe
AKI in pediatric patients. Children are an ideal group for
studying biomarkers compared with adults, because they are
less likely to have comorbidities (e.g. diabetes, chronic kidney
disease) that may influence biomarker performance. AKI oc-
curs commonly after CPB in both adult and pediatric patients
and is associated with prolonged ventilation and hospitaliza-
tion and increased mortality.2,5 The incidence of severe AKI
after pediatric cardiac surgery remains high, around 15 to
20%,19 and highlights the need for therapeutic advances. The
identification of valid, early diagnostic biomarkers is funda-
mental to improving therapies and, ultimately, outcomes for
cardiac surgery–associated AKI. This study demonstrates that
urine IL-18 and NGAL are early biomarkers associated with
severe AKI and that they provide additional prognostic infor-
mation with regard to length of mechanical ventilation and
length of stay.

We did note that biomarkers did not perform as well in this
study as in previous single center reports.10 The reasons for this
are likely multifactorial. Unlike previous studies, we excluded

Table 2. Association of biomarkers and AKI

Quintile (Cut Points)a

Severe AKIb AKI RIFLE Rc

AKI Cases
(%)d

Adjusted OR
Demographics

(95% CI)e

Adjusted OR
Full (95% CI)f

AKI Cases
(%)d

Adjusted OR
Demographics

(95% CI)e

Adjusted OR
Full (95% CI)f

Urine IL-18 (pg/ml)
Q1 (�16) 4.9 1 (referent) 1 (referent) 19.7 1 (referent) 1 (referent)
Q2 (17, 43) 8.1 1.5 (0.3, 6.8) 1.1 (0.2, 5.3) 43.5 2.7 (1.2, 6.2) 2.3 (0.9, 5.8)
Q3 (44,123) 13.1 2.9 (0.7, 11.8) 2.5 (0.6, 10.6) 41.0 2.7 (1.1, 6.2) 2.2 (0.9, 5.3)
Q4 (124, 362) 25.8 6.5 (1.7, 24.8) 4.3 (1.0, 18.1) 50.0 3.5 (1.5, 8.2) 2.4 (0.9, 6)
Q5 (�362) 32.8 9.4 (2.5, 35.5) 6.9 (1.7, 28.8) 54.1 4.2 (1.8, 9.9) 2.6 (1.0, 6.7)

Urine NGAL (ng/ml)
Q1 (�3) 6.6 1 (referent) 1 (referent) 23.0 1 (referent) 1 (referent)
Q2 (3,8) 11.3 1.6 (0.4, 6.1) 1.4 (0.4, 5.5) 33.9 1.5 (0.6, 3.4) 1.3 (0.5, 3.1)
Q3 (9,19) 9.8 1.3 (0.3, 5.2) 1.2 (0.3, 5.1) 36.1 1.6 (0.7, 3.8) 1.4 (0.5, 3.4)
Q4 (20,70) 21.0 3.1 (0.9, 10.5) 2.1 (0.5, 7.8) 56.5 3.5 (1.6, 7.9) 2.1 (0.8, 5.2)
Q5 (�70) 36.1 6.7 (2.1, 21.7) 4.1 (1.0, 16.3) 59.0 4.0 (1.7, 9.0) 2.1 (0.8, 5.7)

Plasma NGAL (ng/ml)
Q1 (�81) 15.8 1 (referent) 1 (referent) 38.6 1 (referent) 1 (referent)
Q2 (82,123) 12.3 0.8 (0.3, 2.3) 0.5 (0.2, 1.8) 40.4 1.1 (0.5, 2.4) 1.0 (0.4, 2.3)
Q3 (124,175) 15.5 1.0 (0.3, 2.7) 0.8 (0.2, 2.5) 43.1 1.3 (0.6, 2.7) 1.2 (0.5, 2.8)
Q4 (176, 259) 19.3 1.3 (0.5, 3.6) 1.3 (0.4, 3.9) 33.3 0.8 (0.4, 1.9) 0.7 (0.3, 1.7)
Q5 (�259) 22.8 1.9 (0.7, 5.1) 2.2 (0.7, 6.9) 50.9 2.3 (1.0, 5.0) 2.3 (1.0, 5.5)

aThe number of patients per quintile (Q): urine IL-18, n � 61 or 62; urine NGAL, n � 61 or 62; plasma NGAL, n � 57 or 58.
bSevere AKI is defined as the receipt of dialysis or a doubling of serum creatinine during hospitalization.
cAKI RIFLE R is defined as a rise of 50% or higher in serum creatinine during hospitalization.
dPercentage AKI cases within each quintile.
eAdjusted for age (per year), gender, Caucasian race, and site.
fAdjusted for age (per year), gender, Caucasian race, site, CPB time �120 min, nonelective surgery, RACHS �3, and preoperative eGFR percentile and site.

CLINICAL RESEARCHwww.jasn.org

J Am Soc Nephrol 22: 1737–1747, 2011 Biomarkers Predict AKI after Pediatric Cardiac Surgery 1741



neonatal patients and had fewer patients with surgical Risk
Adjustment for Congenital Heart Surgery 1 (RACHS-1) scores
of 1. Additionally, because prior studies have been single center
in nature, patient management, sample selection, sample stor-
age, and testing are all more likely to be more homogeneous
than would occur in a multicenter trial with several different
centers representing variation in practices. Similarly, we note
that these biomarkers were not predictive of less severe degrees
of AKI. Although this could be related to insensitivities of the
biomarkers, an alternative explanation is that more mild forms
of AKI, on the basis of small elevations in serum creatinine,
may have different causal mechanisms, which may affect bio-
marker expressions. Biomarkers may allow discrimination of
true renal ischemia from other etiologies of creatinine eleva-
tion, such as prerenal azotemia, but may get classified as false
positive when compared with the current gold standard of
change in serum creatinine. The study of these “biomarker-
negative, serum creatinine–positive” patients is important for
complete understanding of these patients and the mechanisms
of injury.

Interestingly, we found that plasma NGAL had minimal to
no classification ability for mild or severe AKI, as had been

previously reported.1,2 The reasons for this are not completely
clear. When we analyzed our results, we found that our “non-
AKI” patients had much larger increases in postoperative
plasma NGAL than in prior studies; this resulted in smaller
differences in plasma NGAL concentrations between the AKI
and non-AKI groups. One potential explanation for this dis-
crepancy relates to the assay used for plasma NGAL measure-
ment. This study utilized an assay that has a lowest detection
limit of 60 ng/ml, whereas previous studies have used assays
with a much lower detection limit.2

Urine IL-18 and NGAL are up-regulated and released by the
kidney tubules during injury and are biologic intermediates in
the causal mechanisms of ischemia-reperfusion injury to the
kidney.20,21 Both biomarkers are present at low concentrations
preoperatively, and their levels increase severalfold in patients
who develop kidney injury. IL-18, a mediator of inflammation,
is produced by proximal tubules and is activated by caspase-
1.21 The source of urine IL-18 elevation in AKI is at least in part
from injured tubules. During ischemia-reperfusion injury in
mice, the gene for NGAL is significantly up-regulated in the
kidney, and the protein is overexpressed in distal tubule cells.20

As an iron-transporting protein, NGAL may play a primary

A B

Figure 3. (A) First post-operative Urine IL-18, Urine NGAL, and plasma NGAL were all linearly associated with longer lengths of hospital
and intensive care unit stay after adjustment for other prognostic factors. (B) First postoperative quintiles of each of the three biomarkers
were associated with the duration of mechanical ventilation after surgery after adjustment for other prognostic factors. The adjusted P
for trend is reported. Q, quintile.
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role in renal tubular survival and recovery and has been used
therapeutically in ischemia-reperfusion injury animal mod-
els.22 With respect to plasma NGAL, the kidney itself may not
represent the primary source. Rather, experimental studies in-
dicate that AKI results in a dramatic increase in NGAL mRNA
and protein expression in distant organs such as the lungs and
liver, which constitute a distinct plasma pool.23 Additional
contributions to the systemic NGAL pool in AKI may derive
from activated neutrophils, macrophages, and other immune
cells.24 Although all of these mechanisms are pertinent to hu-
mans undergoing surgeries with cardiopulmonary bypass,
these additional sources of plasma NGAL may also explain the
lack of predictive ability of plasma NGAL for AKI in this study.

As in some prior single center studies,25,26 we found that
younger patients (age, �2 years) had a higher risk of postop-
erative AKI. We hypothesized that this could be related to
greater injury incurred by the developing kidney, more com-
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Table 3. Risk classification for severe AKI, based on
clinical model and biomarkers

First Postoperative
Biomarker

NRI IDI

Value (SE) P Value (SE) P

Urine IL-18 (pg/ml) 0.22 (0.09) 0.02 0.05 (0.02) 0.006
Urine NGAL (ng/ml) 0.17 (0.08) 0.02 0.03 (0.01) 0.04
Plasma NGAL (ng/ml) 0.14 (0.06) 0.02 0.05 (0.02) 0.002
Severe AKI is defined as the receipt of dialysis or a doubling of serum
creatinine during hospitalization. Clinical model is: age (per year), gender,
white race, non-elective surgery, CPB time �120 minutes, RACHS �3, eGFR
percentile, and site. NRI and IDI quantify the improvement of the biomarkers
on predicting the risk of severe AKI. Comparing the clinical model to the
clinical model with the biomarker, NRI considers it an improvement in
reclassification if an AKI patient moves up a risk category or if a non-AKI
patient moves to a lower risk category. Similarly a worse reclassification
occurs if an AKI patient moves down a risk category or if a non-AKI patient
moves up a risk category. Overall, NRI is the difference in the proportion of
improvements in reclassification and the proportion of worse reclassifications.
The IDI formula quantifies the reclassification continuously instead of
categorically.
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plex surgery, longer bypass times, or several unmeasured con-
founders such as subtle fluid management differences. None-
theless, on further analysis, we found that younger (�2 years
old) patients had similar RACHS-1 scores, CPB time, and
baseline eGFR. Thus, our hypothesis that the higher risk of AKI in
younger patients is related to increased complexity of surgery was
not true and did not explain the difference. Rather, it appears that
the association of age with AKI may be largely related to unmea-
sured confounders such as the response of the immature kidney to
CPB or to differences in fluid management.

Our study has several strengths. We utilized a prospective co-
hort design and used a rigorous protocol to collect specimens,
followed by blinded measurements. Second, we enrolled a large,
relatively homogenous cohort of subjects in whom the most prox-
imate etiology for AKI would be cardiopulmonary bypass. Third,

patients were enrolled from three large aca-
demic pediatric medical centers with multi-
ple surgeons and operative techniques, allow-
ing for validation of the biomarkers in more
than one clinical setting. Finally, the bio-
marker assays were performed using stan-
dardized clinical laboratory platforms.

This study does have limitations. First,
the definition of AKI was on the basis of
elevations in serum creatinine, which raises
the conundrum of using a flawed outcome
variable to analyze the performance of
novel biomarkers.27 Evidence of injury on
kidney biopsy would be an ideal gold stan-
dard but not feasible in our large cohort.
Second, our cohort had a predominance of
Caucasian participants; thus, the effect of
race on these biomarkers could not be
studied effectively. Third, there were not
enough events to evaluate the association
of biomarkers with the outcomes of dialysis
and death. Lastly, because patient care was
left to the discretion of the treating clini-
cian, we did not control for or investigate
the effects of differences in operative or
postoperative management.

In summary, early postoperative levels
of urine IL-18 and NGAL, measures of kid-
ney injury, were associated with the devel-
opment of severe AKI, dialysis, length of
stay, and mechanical ventilation after pedi-
atric cardiac surgery. These biomarkers im-
proved clinical risk prediction, but their
ability to classify AKI versus no AKI were
marginal. Routine early measurement of
urine IL-18 and NGAL could help deter-
mine the need for ICU resources, nephrol-
ogy consultation and earlier use of renal re-
placement therapy in postcardiac surgery
patients. Long-term outcomes in this pop-

ulation, such as chronic kidney disease and mortality, need to
be studied to understand the importance of biomarker eleva-
tions when the serum creatinine does not rise.

CONCISE METHODS

Study Population
Between July 2007 and December 2009, we prospectively enrolled

pediatric patients older than 1 month but younger than 18 years of age

undergoing surgery for congenital cardiac lesions at three academic

medical centers in North America. Patients reported here are the pe-

diatric subset of an adult and pediatric consortium investigating new

biomarkers in AKI known as Translational Research Investigating Bio-

marker Endpoints in Acute Kidney Injury (TRIBE-AKI; www.yale.edu/

Table 4. Risk classification for first postoperative biomarkers after addition
to clinical model for severe AKI

Clinical Model,
Frequency (Row Percent)

Clinical Model � Biomarker
Total

<10% 10 to 25% >25%

Urine IL-18
AKI participants

�10% 2 (50.0%) 2 (50.0%) 0 (0%) 4
10 to 25% 2 (8.7%) 7 (30.4%) 14 (60.9%) 23
�25% 0 (0%) 4 (16.0%) 21 (84.0%) 25
Total 4 13 35 52

Non-AKI participants
�10% 107 (88.4%) 14 (11.6%) 0 (0%) 121
10 to 25% 34 (34.3%) 47 (47.5%) 18 (18.2%) 99
�25% 0 (0%) 7 (21.2%) 26 (78.8%) 33
Total 141 68 44 253

Urine NGAL
AKI participants

�10% 2 (50.0%) 2 (50.0%) 0 (0%) 4
10 to 25% 0 (0%) 14 (60.9%) 9 (39.1%) 23
�25% 0 (0%) 3 (12.0%) 22 (88%) 25
Total 2 19 31 52

Non-AKI participants
�10% 114 (94.2%) 7 (5.8%) 0 (0%) 121
10 to 25% 18 (18.2%) 70 (70.7%) 11 (11.1%) 99
�25% 0 (0%) 6 (18.2%) 27 (81.8%) 33
Total 132 83 38 253

Plasma NGAL
AKI participants

�10% 3 (100%) 0 (0%) 0 (0%) 3
10 to 25% 0 (0%) 15 (68.2%) 7 (31.8%) 22
�25% 0 (0%) 1 (4.2%) 23 (95.8%) 24
Total 3 16 30 49

Non-AKI participants
�10% 102 (91.1%) 10 (8.9%) 0 (0%) 112
10 to 25% 23 (24.7%) 59 (63.4%) 11 (11.8%) 93
�25% 0 (0%) 5 (16.7%) 25 (83.3%) 30
Total 125 74 36 235

Clinical model is: age (per year), gender, Caucasian race, nonelective surgery, CPB time �120 min,
RACHS �3, eGFR percentile, and site. Severe AKI is defined as the receipt of dialysis or a doubling of
serum creatinine during hospitalization.
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tribeaki). Our eligibility criteria were broad and included all pediatric

patients ages 1 month to 18 years undergoing cardiopulmonary by-

pass at each of the three centers. Exclusion criteria included history of

prior renal transplantation or dialysis requirement. Participants

could only be enrolled in the study once. Written informed consent

was obtained from all parents or legal guardians, along with assent

where appropriate. The study was approved by each institution’s re-

search ethics board. The reporting of this study follows guidelines set

out in the Strengthening the Reporting of Observational Studies in

Epidemiology statement (Supplementary Table 1).

Sample Collection
We collected urine and blood specimens preoperatively and daily for

3 postoperative days. The first postoperative urine and blood samples

were collected soon after admission to the intensive care unit. For the

first 24 hours postoperatively, urine samples were collected every 6

hours. The remaining daily blood and urine samples were obtained at

the time of routine morning blood collection done for clinical care.

We obtained fresh urine samples from the urimeter of the Foley cath-

eter system or using cotton balls in patients wearing diapers. We cen-

trifuged the samples at 3,000 � g for 10 minutes to remove cellular

debris. Blood was collected in EDTA tubes and was also centrifuged to

separate plasma. We aliquoted urine supernatant and plasma into

bar-coded cryovials and stored the samples at �80°C until biomarker

measurement. No additives or protease inhibitors were added.

AKI Biomarker Measurements
We measured the two urine biomarkers with the ARCHITECT® assay

(Abbott Diagnostics, Abbott Park, IL). We measured urine creatinine

by a modified Jaffe reaction. The coefficient of variation (CV) for the

urine creatinine assay was 5%, whereas the CV for the NGAL and

IL-18 assays were approximately 5 and 8%, respectively. We per-

formed the measurements in two batches, about 1 year apart.

We measured plasma NGAL using the Triage NGAL immunoas-

say, in conjunction with the Triage Meter (Biosite Inc., San Diego,

CA) in two batches 7 months apart. The Triage assay has a detection

range of 60 –1300 ng/ml with a CV of 10 to 15%. Personnel perform-

ing the biomarker measurements were blinded to each patient’s clin-

ical information. All of the biomarkers were measured from frozen

aliquots that did not undergo any additional freeze-thaw cycles. Re-

peat measurement of randomly selected samples between the batches

confirmed high correlation without any assay drift for all of the assays

measured in two batches.

Outcome Definitions
The primary outcome was the development of severe AKI, defined

by receipt of acute dialysis during the entire hospital stay or a

doubling in serum creatinine from the baseline preoperative value

(consistent with RIFLE18 stage I or the Acute Kidney Injury Net-

work (AKIN)28 stage 2 AKI). All of the preoperative creatinine

values were measured within 2 months before surgery. Pre- and

postoperative serum creatinine levels were measured in the same

clinical laboratory for each patient at all sites. Additional clinical

outcomes were AKI defined by a �50% serum creatinine rise from

baseline values (RIFLE stage R), in-hospital mortality, length of

in-hospital and intensive care unit stay, and length of mechanical

ventilation.

Variable Definitions
We collected preoperative characteristics, operative details, and postopera-

tive complications using the definitions of the Society of Thoracic Surgeons

(http://www.sts.org/documents/pdf/CongenitalDataSpecificationsV3_

0_20090904.pdf). We utilized the RACHS-1 consensus-based scor-

ing system to categorize the complexity of surgery.29 This method

of risk stratification is a widely accepted tool for the evaluation of

differences in outcomes of surgery for congenital heart disease. We

estimated preoperative GFR (eGFR) using the updated Schwartz

equation30 and determined eGFR percentiles on the basis of pub-

lished normal renal function data in 651 children.31

Statistical Analysis
Continuous variables were compared with two-sample t test or Wil-

coxon rank sum test and dichotomous variables with the chi-squared

test or Fisher’s exact test. To evaluate the association of each bio-

marker with AKI, we divided the cohort into quintiles on the basis of

the first postoperative value of urine IL-18, urine NGAL, and plasma

NGAL. Unadjusted linear trends between the biomarkers and AKI

were assessed with the Cochran-Armitage test for dichotomous out-

comes and the Jonckheere-Terpstra test for continuous outcomes and

for adjusted linear trends using contrasts in logistic or linear regres-

sion, respectively. Mixed logistic regression models with random in-

tercepts for each center were used to determine the adjusted odds

ratios. We used two models adjusting for important covariates that

predict AKI in the pediatric cardiac surgery setting. The first model

only included patient demographics (age, gender, race, and site), and

the second included patient demographics, a clinical risk factor (base-

line eGFR percentiles) and operative characteristics (complexity of

surgery, use, and duration of cardiopulmonary bypass). An interac-

tion term between age (�2 and �2) and biomarker quintile was used

to determine whether the association between biomarker and severe

AKI differed with the age of the patient. Quantile regression models

(proc quantreg; SAS statistical software, SAS Institute Inc., Cary, NC)

using intercept and log-transformed age for children younger and

older than 2 years were fitted on the basis of normal pediatric renal

function data for calculating pediatric eGFR percentiles. We quanti-

fied the discriminatory ability of the biomarkers with the AUC-ROC

and used ROC regression to determine whether the discriminatory

ability differed by age (�2 years old versus �2 years old).32 We used

logistic regression models with three-fold cross-validation to estimate

biomarker combinations using a maximum of three biomarkers per

model.33 The discriminatory ability of the biomarker combinations

was estimated with the AUC-ROC in the validation data set.34 Urinary

biomarkers were not corrected for urine creatinine in primary analy-

ses but were corrected for creatinine in sensitivity analyses. In addi-

tion, we evaluated each biomarker’s utility to predict mild AKI de-

fined by a 50% rise in serum creatinine from baseline (RIFLE R).

To evaluate the effect of biomarkers on AKI risk prediction, we

determined the NRI and the IDI.35,36 Comparing the clinical model to

the biomarker and the clinical model, an improvement in reclassifi-

cation is defined as the movement of an AKI patient up a risk category
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or of a non-AKI patient to a lower risk category. Similarly a worse

reclassification occurs if an AKI patient moves down a risk category or

if a non-AKI patient moves up a risk category. NRI is the difference in

the proportion of improvements in reclassification and the propor-

tion of worse reclassifications (NRI � (pupAKI � pdownAKI) �

(pupnon-AKI � pdownnon-AKI), where pupAKI is the number of AKI

patients moving up divided by the number of AKI patients, pdownAKI

is the number of AKI patients moving down divided by the number of

AKI patients, pupnon-AKI is the number of non-AKI patients moving

up divided by the number of non-AKI patients, and pdownnon-AKI is

the number of non-AKI patients moving down divided by the num-

ber of non-AKI patients). For the NRI analysis of the prediction of

severe AKI, risk categories were defined as low (�10%), medium (10

to 25%), or high (�25%). The IDI formula quantifies the reclassifi-

cation continuously instead of categorically. We performed the anal-

yses in SAS version 9.2 (SAS Institute) and R 2.12.0 (R Foundation for

Statistical Computing, Vienna, Austria).
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