
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00467-022-05477-6

ORIGINAL ARTICLE

Evaluation of acute kidney injury by urinary tissue inhibitor 
metalloproteinases‑2 and insulin‑like growth factor‑binding protein 7 
after pediatric cardiac surgery

Yue Tao1,2 · Fabienne Heskia3 · Mingjie Zhang4 · Rong Qin3 · Bin Kang1,5 · Luoquan Chen1,5 · Fei Wu1,5 · 
Jihong Huang4 · Karen Brengel‑Pesce6 · Huiwen Chen4 · Xi Mo1,2 · Ji Liang1,5 · Wei Wang4 · Zhuoming Xu4 

Received: 6 October 2021 / Revised: 18 January 2022 / Accepted: 19 January 2022 
© The Author(s), under exclusive licence to International Pediatric Nephrology Association 2022

Abstract
Background  With adult patients, the measurement of [TIMP-2]*[IGFBP7] can predict the risk of moderate to severe AKI 
within 12 h of testing. In pediatrics, however, the performance of [TIMP-2]*[IGFBP7] as a predictor of AKI was less studied 
and yet to be widely utilized in clinical practice. This study was conducted to validate the utility of [TIMP-2]*[IGFBP7] as 
an earlier biomarker for AKI prediction in Chinese infants and small children.
Methods  We measured urinary [TIMP-2]*[IGFBP7] using NEPHROCHECK® at eight perioperative time points in 230 
patients undergoing complex cardiac surgery and evaluated the performance of [TIMP-2]*[IGFBP7] for predicting severe 
AKI within 72 h of surgery.
Results  A total of 50 (22%) of 230 developed AKI stages 2–3 within 72 h after CPB initiation. In the AKI stage 2–3 patients, 
two patterns of serum creatinine (SCr) elevations were observed. The patients with only a transient increase in SCr within 
24 h (< 24 h, early AKI 2–3) did not experience a worse outcome than patients in AKI stage 0–1. AKI stage 2–3 patients 
with SCr elevation after 24 h (24–72 h, late AKI 2–3), as well as AKI dialysis patients (together designated severe AKI), 
did experience worse outcomes. Compared to AKI stages 0–1, significant elevations of [TIMP-2]*[IGFBP7] values were 
observed in severe AKI patients at hours T2, T4, T12, and T24 following CPB initiation. The AUC for predicting severe 
AKI with [TIMP-2]*[IGFBP7] at T2 (AUC = 0.76) and maximum T2/T24 (AUC = 0.80) are higher than other time points. 
The addition of the NEPHROCHECK® test to the postoperative parameters improved the risk assessment of severe AKI.
Conclusions  Multiple AKI phenotypes (early versus late AKI) were identified after pediatric complex cardiac surgery 
according to SCr-based AKI definition. Urinary [TIMP-2]*[IGFBP7] predicts late severe AKI (but not early AKI) as early 
as 2 h following CPB initiation.
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KDIGO	� Kidney Disease Improving Global Outcomes
TIMP-2	� Tissue inhibitor metalloproteinases-2
IGFBP7	� Insulin-like growth factor-binding protein 7
RACHS	� Risk adjusted classification for congenital 

heart surgery
RACHS-1	� Risk adjustment for congenital heart surgery 

score version 1
IQR	� Inter-quantile range
ROC	� Receiver operating curve
AUC​	� Area under curve
CI	� Confidence intervals
MVIS	� Maximal vasoactive inotrope scores
CSA-AKI	� Cardiac surgery-associated acute kidney 

injury

Introduction

Acute kidney injury (AKI) remains a disorder with high 
morbidity and mortality and occurs in up to 40 to 50% of 
infants and children undergoing cardiac surgery with cardio-
pulmonary bypass (CPB) for the correction of a congenital 
heart defect [1, 2]. AKI following pediatric CPB has been 
associated with adverse outcomes, including longer duration 
of mechanical ventilation, prolonged length of hospital stays, 
and increased mortality [2, 3].

Currently, diagnosis of AKI is primarily based on the 
KDIGO criteria (Kidney Disease Improving Global Out-
comes) [4] and requires careful assessment of serum creati-
nine and urine output. Urine output is an inexpensive and 
easy test; however, no consensus on its monitoring in dif-
ferent centers or whether to use actual or ideal body weight 
has been reached so far [5]. SCr concentrations could be 
impacted by many confounding variables, such as muscle 
mass, diet, hydration status, drug usage, and does not dif-
ferentiate structural kidney damage and functional hemo-
dynamic triggers [6–9]. Therefore, identification of AKI by 
SCr may be problematic and offer no ability to predict the 
outcome or otherwise define more specific characteristics of 
the injury [10]. Multiple measurements of SCr permit a cal-
culation of the duration of elevated SCr, therefore allowing 
the definition of different AKI classifications, such as tran-
sient or persistent AKI [11, 12], and providing more infor-
mation to delineate AKI characteristics. However, despite 
the benefits of multiple SCr measurements, this approach is 
still unsuitable for the timely diagnosis of AKI since changes 
in serum creatinine and/or urine output may occur after the 
occurrence of actual kidney damage [13]. Access to novel 
biomarkers capable of filling those gaps could improve diag-
nostic precision of AKI and provide timely patient man-
agement through avoidance of nephrotoxic drugs and better 
hemodynamic monitoring, as recommended in the KDIGO 
guidelines.

Previous research has demonstrated that (used in com-
bination) detection of an increase in the tissue inhibitor 
metalloproteinases-2 (TIMP-2) and of the insulin-like 
growth factor-binding protein 7 (IGFBP7) can signal 
a risk of AKI [14–16]. Both are kidney tubular cells, 
expressed soluble proteins thought to be involved in G1 
cell-cycle arrest during the earliest phases of cellular stress 
and tubular injury caused by ischemic or inflammatory 
processes, which interrupt the integrity and division of 
cells with damaged DNA [17, 18]. The measurement of 
[TIMP-2]*[IGFBP7] can estimate the risk of moderate to 
severe AKI (stages 2–3) within 12 h for critically ill adult 
patients. For such patients, a 0.3 cut-off value is routinely 
used in clinical practice to initiate preventive and protec-
tive kidney measures [15]. In pediatrics, although several 
previous studies have provided evidence about the poten-
tial of [TIMP-2]*[IGFBP7] as an early biomarker for AKI 
after pediatric cardiac surgery [16, 19], the sample size 
in each study was small and kinetic characteristics of the 
biomarker still need to be defined including the biomarker 
baseline before the operation, elevation time of the bio-
marker level before AKI occurs, and the cut-off values for 
patient stratification.

In this study, we tried to validate the performance of 
[TIMP-2]*[IGFBP7] in Chinese infants and small chil-
dren after complex cardiac surgery. Our specific aims are 
as follows: (1) describe the incidence of AKI according 
to the KDIGO AKI definition, (2) delineate the kinetics 
of [TIMP-2]*[IGFBP7] during the first 48 h following 
surgery, and (3) evaluate the diagnostic performance of 
[TIMP-2]*[IGFBP7] to predict AKI stages 2–3 defined 
by KDIGO criteria.

Material and methods

Patient population

The study was conducted in accordance with the Decla-
ration of Helsinki (as revised in 2013) and was approved 
by the Institutional Review Board and the Ethics Commit-
tee of Shanghai Children’s Medical Center (SCMCIRB-
K2019009). Written informed consent was obtained from 
the parent or guardian of any participating patient. All 
patients were aged > 28 days and < 3 years, and were under-
going complex congenital heart surgery according to ESC 
Guideline [20] (risk adjusted classification for congenital 
heart surgery [RACHS] score ≥ 2 [21]) with CPB between 
November 2019 and June 2020. Patients with severe pre-
existing kidney insufficiency (SCr > 2 times age-adjusted 
normal range) or significant abnormalities of the kidneys or 
genitourinary tract were excluded.
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Clinical data collection and preprocessing

All patients were followed from the time of enrollment, 
and those later found to violate the inclusion criteria were 
excluded from subsequent data analysis. Clinical data, 
including patient demographics, operative characteristics, 
postoperative characteristics, such as hourly urine output, 
and vasoactive inotrope scores (VIS), as available in the hos-
pital record, were collected. The inotrope scores were calcu-
lated as described by Wernovsky [22]. Our adjusted VIS was 
calculated as follows: dopamine dose (μg/kg/min) + dobu-
tamine dose (μg/kg/min) + (100 × epinephrine dose) (μg/
kg/min) + (10 × milrinone dose) (μg/kg/min) + (100 × nor-
epinephrine dose) (μg/kg/min).

Sample collection and biomarker measurements

Fresh urine samples were taken from each study participant 
at the following predetermined time points beginning just 
before CPB surgery: 0 h (T0, preoperatively); 2 h; 4 h; 6 h; 
8 h; 12 h; 24 h; 48 h (T2–T48) following initiation of CPB. 
The urine samples were collected from the urinary catheter 
and centrifuged immediately after collection at 1000 g for 
10 min at 4 °C to remove any sediment and stored at 2–8 °C 
until testing. All samples were tested within 20 h after being 
collected, and the remainder of all samples was aliquoted 
and stored at − 80 °C for further use. The markers TIMP-2 
and IGFBP7 were measured in fresh urine samples with 
the NEPHROCHECK® test (Astute Medical, San Diego) 
following the package insert recommendations [15]. The 
ASTUTE140® Meter is a bench-top analyzer that converts 
a fluorescent signal obtained for each of the two biomarkers, 
TIMP-2 and IGFBP7, into a single numerical result called 
the AKIRISK™ Score. The osmolality of the urine sam-
ples was measured with an FM-8P osmometer (Shanghai 
Jinggong). Serum creatinine levels were measured using a 
commercial kit (Beckman Coulter, Brea, USA) at baseline 
(2–3 days prior to surgery), as well as 4 h, 8 h, 12 h, 24 h, 
48 h, and 72 h after initiation of CPB. All patients received 
routine standard care during the study period, including 
modified ultrafiltration (MUF) to each patient immediately 
after CPB. Any indications of AKI within 72 h following 
surgery were staged 1, 2, or 3 (according to KDIGO guide-
lines [4]) based on SCr measurements obtained after each 
[TIMP-2]*[IGFBP7] time point.

Statistical methods

Continuous variables with normal distribution are described 
as the mean and standard deviation. Non-normal continu-
ous variables are described as the median and inter-quantile 
range (IQR). Normality properties of continuous variables 
were tested by the Shapiro–Wilk test. All comparisons of 

continuous variables (e.g., age, weight, and CPB duration) 
among more than two groups of patients were performed 
using the Kruskal–Wallis test. Additionally, the Wilcoxon 
rank-sum was used for comparisons of [TIMP-2]*[IGFBP7] 
between the groups of AKI 0–1 and moderate-severe AKI 
group (stages 2–3). All comparisons of categorical variables 
were verified by chi-squared analysis.

A univariate logistic regression model was employed to 
evaluate the association between severe AKI occurrence and 
various clinical characteristics and [TIMP-2]*[IGFBP7] 
from T2 to T24. Independent prediction value of [TIMP-
2]*[IGFBP7], weight, and CPB duration were studied by 
multivariate logistic regression. Automatic variable selec-
tion methods were not used for the multivariate logistic 
model. Weight and CPB duration were included in the mul-
tivariate logistic model according to domain knowledge and 
univariate logistic modeling results.

The predictive value of these variables for severe AKI 
occurrence was evaluated by receiver operating curve (ROC) 
and corresponding area under curve (AUC) analyses. ROC 
and AUC were calculated using the R package pROC [23]. 
The 95% confidence intervals (CI) of AUC were calculated 
according to DeLong’s method [24].

Statistical inferences were intended to be exploratory. The 
type I error rate was set to 0.05. No multiple testing adjust-
ment was performed. All statistical analyses were performed 
using the R statistical environment version 3.6.1 (R Core 
Team, Vienna, Austria, 2019).

Results

Study cohort and patient characteristics

A total of 273 children planned for cardiac surgery with 
CPB were initially enrolled in this study. Figure 1 depicts 
the patient inclusion process. A total of 230 patients were 

Fig. 1   Flowchart of patient enrollment

2745Pediatric Nephrology (2022) 37:2743–2753



1 3

included in the dataset at the end of the study. Patient char-
acteristics of the study cohort are provided in Table 1. 
According to KDIGO guidelines, 117 (51%), 63 (27%), and 
50 (22%, including 6 patients treated with peritoneal dialy-
sis) patients were staged as AKI 0, AKI 1, and AKI 2–3, 
respectively. AKI 2–3 patients were generally younger in 
age and smaller in weight than AKI 0–1 patients (Table 1). 
AKI 2–3 patients also had higher maximal vasoactive ino-
trope scores (MVIS), longer duration of CPB, and cross 
clamp-time than AKI 0–1 patients. However, the length of 
hospital stay (and intensive care unit stay) was not signifi-
cantly different between AKI 0–1 and AKI 2–3 patients. 
Two patients died during our study. One of these received 
peritoneal dialysis at 7 h after initiation of surgery and was 
staged as AKI 3 (as confirmed by SCr elevation). The other 
patient did not develop AKI within 72 h after surgery (no 
SCr elevation) and was therefore classified as AKI 0. Still, 
this patient eventually developed AKI stage 3 and died two 
weeks later.

Patterns of SCr elevation for AKI stage 2–3 patients

Figure 2A shows the dynamic profiles of SCr within the first 
72 h following the initiation of CPB. Although the first rou-
tine test of SCr in the hospital is typically one day after car-
diac surgery, this study added two additional SCr measure-
ments before 24 h. From the median profile analysis of SCr, 
elevation rise in some AKI patients was observed as early 
as 4–6 h after CPB initiation, and some patients reached 
AKI stages 2–3 within 24 h as their SCr level elevated 2 to 
3 times above the baseline level. A detailed analysis of AKI 
stage 2–3 patients revealed subtle patterns for SCr elevation 
(Figs. 2B, C). The median value of the two different patterns 
of SCr level is displayed in Fig. 2C. Briefly, two patterns of 
SCr elevation after CPB were identified in AKI stage 2–3 
patients. In the first group of patients (orange line), SCr tran-
siently and rapidly increased 2 to 3 times above the baseline 
level within the first 24 h (T2–T12), but then decreased to 
below to 2 times baseline after 24 h. Accordingly, we defined 

Table 1   Patient characteristics

CPB, cardiopulmonary bypass; RACHS score, risk adjustment for congenital heart surgery score; MVIS, 
maximal vasoactive inotropic score
* For 1 preterm infant (32 weeks), corrected gestational ages were used

[ALL]
N = 230

AKI 0–1
N = 180

AKI 2–3
N = 50

p

Demographic
Age*, month 6.80 [4.35;11.9] 7.06 [4.72;13.3] 5.34 [3.62;8.44] 0.011
Weight, kg 7.00 [5.50;9.00] 7.50 [6.00;9.35] 6.05 [5.32;7.50] 0.001
Gender 0.95

  Female 109 (47.4%) 86 (47.8%) 23 (46.0%)
  Male 121 (52.6%) 94 (52.2%) 27 (54.0%)

Prior cardiac surgery 1
  No 224 (97.4%) 175 (97.2%) 49 (98.0%)
  Yes 6 (2.61%) 5 (2.78%) 1 (2.00%)

Operative characteristics
RACHS score 0.416

  2 173 (81.2%) 138 (83.1%) 35 (74.5%)
  3 37 (17.4%) 26 (15.7%) 11 (23.4%)
  4 3 (1.41%) 2 (1.20%) 1 (2.13%)

CPB duration, min 62.0 [47.0;90.5] 62.0 [46.0;87.0] 69.0 [52.0;119] 0.039
Cross clamp time duration, min 36.5 [26.0;56.0] 36.0 [24.2;52.8] 42.0 [30.0;69.0] 0.026
Post-operative characteristics
MVIS 5.00 [5.00;8.75] 5.00 [5.00;8.00] 7.50 [5.00;10.0] 0.007
ICU stay, days 3.00 [2.00;5.00] 3.00 [2.00;4.00] 3.00 [2.00;7.75] 0.145
Hospital stay, days 7.00 [6.00;11.0] 7.00 [6.00;10.0] 8.50 [6.00;14.8] 0.062
Dialysis 0.002

  No 222 (96.5%) 180 (98.9%) 44 (88.0%)
  Yes 6 (3.48%) 0 (0.00%) 6 (12.0%)

Death 0.383
  No 228 (99.1%) 179 (99.4%) 49 (98.0%)
  Yes 2 (0.87%) 1 (0.56%) 1 (2.00%)
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this group of patients as “early AKI 2–3”, reflecting the fact 
that SCr only transiently elevated within the first 24 h. In the 
second group of patients (green line), SCr levels progres-
sively reached a level of 2 to 3 times the baseline at and/or 
after 24 h (T24–T72). Accordingly, this group of patients 
was defined as “late AKI 2–3”. Because SCr values may be 
influenced by dialysis at an early stage, patients who had 
received dialysis within the first 72 h were not included in 
this SCr pattern classification.

The comparison of independent patient characteristics of 
“early AKI 2–3” and “late AKI 2–3” groups with the AKI 
0–1 group shows clear differences (Table 2). Compared to 
AKI 0–1 patients, “early AKI 2–3” patients were younger in 
age and smaller in weight but did not have worse post-oper-
ative outcomes (longer ICU or hospital stays). In addition, 
the duration of CPB and cross-clamp time in the “early AKI 
2–3” group were similar to those of the AKI 0–1 group. In 
contrast, patients from the “late AKI 2–3” group have longer 
CPB and cross-clamp time durations (P < 0.01) and higher 
MVIS (P < 0.01). The ICU and hospital lengths of stay for 
“late AKI 2–3” patients were also longer than for “early AKI 
2–3” and AKI 0–1 patients (P < 0.05). AKI dialysis patients, 

who received peritoneal dialysis for more severe status, 
also had worse operative and post-operative characteristics, 
although with limited cases numbers. These results indicate 
that “late AKI 2–3” patients and AKI dialysis patients often 
experienced worse outcomes and need to be predicted as 
early as possible. We, therefore, designate both as “severe 
AKI” patients in our later analysis for NEPHROCHECK® 
evaluation.

Distribution and dynamic profile 
of [TIMP‑2]*[IGFBP7]

The overall distribution of [TIMP-2]*[IGFBP7] results 
are displayed by boxplot in Figs. 3A and B. Very high lev-
els of [TIMP-2]*[IGFBP7] were observed for most of the 
patients before the initiation of CPB (T0), and no signifi-
cant differences of [TIMP-2]*[IGFBP7] were observed at T0 
between the AKI groups (Fig. 3A). Figure 3B shows [TIMP-
2]*[IGFBP7] distributions at each time point from T2 to 
T48 after CPB initiation. Compared to the AKI 0–1 group, 
[TIMP-2]*[IGFBP7] in severe AKI patients (AKI 2–3 post 
24 h and AKI dialysis patients) showed significantly higher 

Fig. 2   Profiles of serum creati-
nine concentrations in patients 
with no AKI and AKI within 
72 h of surgery. A Creatinine 
profile for three AKI groups 
of AKI 0, AKI 1, and AKI 
2–3. B Individual profile of 
creatinine for each early AKI 
2–3 and late AKI 2–3 patients. 
C Median creatinine profile for 
early AKI 2–3 and late AKI 2–3 
groups

2747Pediatric Nephrology (2022) 37:2743–2753
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expression at 2, 4, and 24 h after CPB initiation (T2, T4, 
T24, respectively), whereas there is no significant difference 
in the expression levels of [TIMP-2]*[IGFBP7] between the 
early AKI 2–3 and AKI 0–1 group.

Figure  3C shows the kinetic profile of [TIMP-
2]*[IGFBP7] after CPB initiation. Compared to AKI 0–1, 
severe AKI shows two periods of [TIMP-2]*[IGFBP7] ele-
vation. One period lies between T2 and T4, and the other 
between T12 and T24 after CPB initiation. Due to the signifi-
cant volume of fluids administered to the patients during and 
after the surgery, the urine [TIMP-2]*[IGFBP7] levels might 
be influenced by the urine concentration. We, therefore, 
normalized the expression levels of [TIMP-2]*[IGFBP7] in 

urine by osmolality. The two peaks of [TIMP-2]*[IGFBP7] 
were more clearly displayed in the osmolality-adjusted pro-
file of severe AKI patients (Fig. 3D and Graphical Abstract).

Predictive value of [TIMP‑2]*[IGFBP7] for severe AKI

We further analyzed the predictive performances of [TIMP-
2]*[IGFBP7] for severe AKI at single or combined time 
points (from T2 to T24). To evaluate the combined predictive 
value of [TIMP-2]*[IGFBP7] across multiple time points, 
a composite [TIMP-2]*[IGFBP7] score was derived as the 
maximum value between T2 and T4 (maximum T2/T4) and 
between T2 and T24 (maximum T2/T24). An independent 

Table 2   Patients characteristics 
for different AKI  groups

CPB, cardiopulmonary bypass; RACHS score, risk adjustment for congenital heart surgery score; MVIS, 
maximal vasoactive inotropic score
Decimal numbers in parentheses are p-values for comparing AKI 0–1 with corresponding AKI groups

AKI 0–1
N = 180

Early AKI 2–3
N = 29

Late AKI 2–3
N = 15

AKI dialysis
N = 6

Demographic
Age, month 7.06 [4.72;13.3] 5.30 [3.63;8.27] 7.26 [4.60;9.62] 3.20 [2.41;4.12]

(P = 0.04) (P = 0.65) (P = 0.01)
Weight, kg 7.50 [6.00;9.35] 6.20 [5.40;7.00] 6.00 [5.50;7.70] 6.00 [4.77;7.30]

(P = 0.004) (P = 0.09) (P = 0.11)
Gender (P = 0.85) (P = 0.76) (P = 0.69)

  Female 86 (47.8%) 15 (51.7%) 6 (40.0%) 2 (33.3%)
  Male 94 (52.2%) 14 (48.3%) 9 (60.0%) 4 (66.7%)

Prior cardiac surgery (P = 0.62) (P = 0.38) (P = 1.00)
    No 175 (97.2%) 29 (100%) 14 (93.3%) 6 (100%)
    Yes 5 (2.78%) 0 (0.00%) 1 (6.67%) 0 (0.00%)

Operative characteristics
RACHS score: (P = 0.75) (P = 0.36) (P = 0.097)

  2 138 (83.1%) 24 (82.8%) 9 (69.2%) 2 (40.0%)
  3 26 (15.7%) 4 (13.8%) 4 (30.8%) 3 (60.0%)
  4 2 (1.20%) 1 (3.45%) 0 (0.00%) 0 (0.00%)

CPB duration, min 62.0 [46.0;87.0] 58.0 [49.0;93.0] 88.5 [66.0;152] 107 [57.5;144]
(P = 0.68) (P = 0.006) (P = 0.18)

Cross clamp time duration, min 36.0 [24.2;52.8] 37.0 [27.5;54.5] 53.0 [40.0;106] 52.0 [31.5;95.0]
(P = 0.49) (P = 0.005) (P = 0.29)

Post-operative characteristics
MVIS 5.00 [5.00;8.00] 7.00 [5.00;10.0] 9.00 [7.50;11.9] 6.50 [5.00;13.9]

(P = 0.17) (P = 0.004) (P = 0.40)
ICU stay, days 3.00 [2.00;4.00] 3.00 [1.00;5.00] 6.00 [2.50;10.5] 4.50 [3.25;7.25]

(P = 0.79) (P = 0.03) (P = 0.07)
Hospital stay, days 7.00 [6.00;10.0] 7.00 [6.00;11.0] 14.0 [7.00;18.5] 11.5 [9.50;12.8]

(P = 0.96) (P = 0.01) (P = 0.09)
Dialysis (P = 1.00) (P = 1.00) (P < 0.001)

  No 180 (98.9%) 29 (100%) 15 (100%) 0 (0.00%)
  Yes 0 (0.00%) 0 (0.00%) 0 (0.00%) 6 (100%)

Death (P = 1.00) (P = 1.00) (P = 0.06)
  No 179 (99.4%) 29 (100%) 15 (100%) 5 (83.3%)
  Yes 1 (0.56%) 0 (0.00%) 0 (0.00%) 1 (16.7%)
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predictive value of all [TIMP-2]*[IGFBP7] scores for 
the risk of severe AKI was evaluated by logistic regres-
sion. The best time points are shown in Table 3. Univari-
ate logistic results show that patient weight, CPB duration, 
and [TIMP-2]*[IGFBP7] at T2, T24, maximumT2/T4, and 
maximumT2/T24 were all associated with severe AKI risk 
(Table 3, left columns). When combined with patient weight 
and CPB duration, T24, maximumT2/T4, and maximumT2/
T24 showed significant association with severe AKI occur-
rence (Table 3, right columns). Figure 4A gives ROC values 
for the best univariate models. The corresponding AUC and 
number of available samples for each model are listed in 
the accompanying table. AUC for maximumT2/T24 is 0.80 
(95% CI: 0.71–0.89), which is the highest AUC obtained 

among all evaluated time points. T2 (AUC = 0.76), T24 
(AUC = 0.72), and maximumT2/T4 (AUC = 0.73) also show 
values predictive of severe AKI. Figure 4B shows the ROC 
curves and corresponding AUCs for a combined multivariate 
logistic model. A clinical model based only on weight and 
CPB duration indicated that an AUC of 0.71 is predictive 
of severe AKI. The addition of [TIMP-2]*[IGFBP7] at dif-
ferent time points further improves the performance of the 
two-parameter clinical model for prediction of severe AKI. 
Among them, maximumT2/T24 and T24, combined with the 
clinical model, had an increased AUC of 0.84 (0.70–0.94) 
and 0.81 (0.70–0.92), respectively. In addition, the clinical 
model combined with [TIMP-2]*[IGFBP7] at T2 or maxi-
mumT2/T4 achieved an AUC = 0.74 or 0.77, respectively, 

Fig. 3   Distribution and profile 
of [TIMP-2]*[IGFBP7] 
measurements. A Distribu-
tion of [TIMP-2]*[IGFBP7] at 
T0. B Distribution of [TIMP-
2]*[IGFBP7] for three AKI 
groups. C Median profile of 
[TIMP-2]*[IGFBP7] for groups 
AKI 0–1 and severe AKI. D 
Profile of [TIMP-2]*[IGFBP7] 
measurement adjusted by 
osmolality. For adjustment, raw 
[TIMP-2]*[IGFBP7] value was 
divided by corresponding osmo-
lality test value. ***, p < 0.001; 
**, p < 0.01; *, p < 0.05
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indicating an additive value of [TIMP-2]*[IGFBP7] at an 
early stage for prediction of severe AKI.

Discussion

Although predictive and prognostic values of TIMP-2 
and IGFBP7 for AKI have been widely studied for adults 
in a wide range of clinical settings [25–29] (including adult 
cardiac surgery-associated acute kidney injury (CSA-AKI) 
[30–35]), its applicability to CSA-AKI in children remains 
to be validated [16, 36, 37]. In this observational study, we 
compared the kinetics of [TIMP-2]*[IGFBP7] to SCr-based 
AKI definition in a Chinese pediatric cohort. Different AKI 
phenotypes (early versus late AKI 2–3) were defined through 
multiple measurements of SCr. Patient outcomes indicate 
that only the late AKI 2–3 group should be classified as 
severe AKI patients. [TIMP-2]*[IGFBP7] could give an 
effective risk assessment on the severe AKI occurrence when 
used alone or in combination with other clinical parameters. 
This risk assessment could be given as early as 2–4 h after 
CPB initiation, suggesting that urine [TIMP-2]*[IGFBP7] 
might be used as an early biomarker for CSA-AKI.

In our cohort, because diuretic drugs are routinely given 
after cardiac surgery, that may impact the urine output of 
patients, AKI staging was evaluated using only SCr eleva-
tions. This may lead to underestimation of the number of 
AKI patients. In total, 113 (~ 49%) patients developed AKI. 
Of these, 50 (~ 22%) developed stage 2–3 AKI by the first 
72 h following cardiac surgery. This AKI occurrence is 
mostly consistent with previous reports [2, 3, 38]. How-
ever, for the first time, two patterns of SCr elevation were 
observed in AKI stage 2–3 patients. Patients with transient 
early AKI stages 2–3 do not have worse outcomes than the 
AKI stage 0–1 patients. The late AKI 2–3 group and the AKI 
dialysis group are severe AKI populations (21 cases), which 
constitute 9% of total patients. Our results indicate that the 
current SCr-based AKI diagnosis (only assessed by peak 
changes in SCr) may not be efficient to classify the sever-
ity of AKI in children. From previous studies [39, 40] and 

ours, the “duration” of SCr elevation is also important for 
the severity grading of AKI and impacts patient outcomes. 
However, information on “duration” cannot be obtained 
without multiple measurements of SCr over several days 
and retrospective analysis of SCr changes. These observa-
tions were consistent with the understanding of limitations 
of SCr-based AKI diagnosis [32]. In our study, the transient 
rising of SCr is probably indicative of dysfunction rather 
than kidney injury or damage. The reason for this transient 
SCr elevation is unclear, but many confounding factors unre-
lated to kidney injury [41, 42], such as hydration status, may 
impact SCr concentrations and lead to early AKI diagno-
sis. This phenomenon occurred more frequently in younger 
patients of our cohort, indicating the confounder may have 
more impact on younger children. That may explain why in 
a similar study of an older pediatric population than ours, 
no SCr elevation was observed at 4 h after CPB initiation 
[8]. However, in a recent report studying AKI epidemiology 
of neonatal patients, a similar early AKI with little clinical 
significance was reported [10]. These findings suggested that 
it is necessary to develop new biomarkers to help understand 
different AKI pathophysiological conditions and define true 
kidney injury in small children.

From our results, [TIMP-2]*[IGFBP7] did not elevate in 
early AKI 2–3 but only predicted late AKI 2–3 patients, the 
true severe AKI group. This prediction could be given as 
early as 2 h after CPB initiation, indicating the biomarker 
is not only specific but also timely for severe AKI predic-
tion. It was suggested different volume statuses could impact 
the urine concentration and subsequently affect the [TIMP-
2]*[IGFBP7] values [43]. To exclude such impact by urine 
concentrations, for the first time on critically ill patients, 
we normalized the [TIMP-2]*[IGFBP7] values with urine 
osmolality and found the adjusted profile of urine [TIMP-
2]*[IGFBP7] flattened in AKI 0–1 patient (Figs. 3C and 
D). However, the trend of increased [TIMP-2]*[IGFBP7] 
in severe AKI patients was not affected. From the median 
profile of urine [TIMP-2]*[IGFBP7] (especially the osmo-
lality-adjusted one), two peaks of [TIMP-2]*[IGFBP7] lev-
els were observed after the initiation of CPB. The first peak 

Table 3   Odds ratios of logistic 
models for AKI occurrence

Univariate logistic model Multivariate logistic model

Variable OR Lower Upper P-value OR Lower 95% CI Upper 95% CI P-value

95% CI 95% CI

Weight 0.79 0.62 0.97 0.04 - - - -
CPB time 1.02 1.01 1.03  < 0.001 - - - -
T2 1.74 1.28 2.38  < 0.001 0.98 2.08 0.06
T24 1.96 1.35 2.92  < 0.001 2.08 1.37 3.30  < 0.001
Maximum NCT2/T4 1.95 1.37 2.83  < 0.001 1.57 1.07 2.34 0.02
Maximum T2/T24 2.29 1.61 3.38  < 0.001 1.57 1.017 2.34 0.02
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(T2–T4) is obtained during or immediately after the surgery. 
Ignoring the high baseline values, the kinetic profile of urine 
[TIMP-2]*[IGFBP7] observed in our study is very similar 
to the ones in adult studies [33, 44]. Mayer et al. found that 
[TIMP-2]*[IGFBP7] levels were significantly higher in 
patients with AKI 1 h after CPB and 24 h after weaning from 
CPB (P < 0.05). Cumming et al. also reported an increase 

of urine [TIMP-2]*[IGFBP7] immediately after CPB and 
a higher peak at day 1 post-surgery in severe AKI patients. 
The reason for these two peaks after cardiac surgery is not 
fully understood. We believe that the first peak reflects the 
kidney stress due to CPB during the surgery. That may also 
explain why, when combined with weight and CPB duration, 
the early time points after CPB initiation do not serve as an 
independent risk factor in the prediction of AKI (Table 3 
T2). Conversely, the second peak may be caused by postop-
erative kidney stress after ICU admission. A combination of 
the two peaks of [TIMP-2]*[IGFBP7] (maximum T2/T24) 
could best predict severe AKI within 72 h after the surgery 
(when used alone (AUC = 0.80) or combined with the clini-
cal model (AUC = 0.84).

In the current study, a very high baseline (T0) of [TIMP-
2]*[IGFBP7] was observed in many SCMC patients. These 
unexpected results were not observed in previous studies. 
Accordingly, we explored possible explanations for the 
high T0 [TIMP-2]*[IGFBP7]. First, we found that the T0 
levels have a weak correlation with the patient’s age and 
weight but not with the RACHS score (Supplementary 
Figs. 1A–C). In an additional experiment with 13 patients, 
we compared [TIMP-2]*[IGFBP7] at T0 to the day before 
the surgery (T00). Very low levels of [TIMP-2]*[IGFBP7]] 
were observed at T00, whereas, at T0 they were elevated. 
This was especially seen in the younger patients (Supple-
mentary Fig. 1D). Although this comparison was only per-
formed in limited cases (due to the practical difficulty to 
collect T00), we suspected that the strict 6 h fasting process 
(no IV solutions) before T0 may have caused the high values 
of [TIMP-2]*[IGFBP7] at T0, especially in the smaller age/
lower weight patients. In Western countries, an additional IV 
solution is usually given to younger patients to avoid dehy-
dration during the fasting process, and this may explain why 
such results were never observed in previous studies. Due to 
the high T0 values observed in our study, the real baseline 
on pediatric cardiac surgery patients is still unclear but is 
likely impacted by the patient care at each clinical practice. 
The previous reports on pediatric populations also show a 
significant variation on the basal [TIMP-2]*[IGFBP7] val-
ues [16, 19, 36]. Recently, a study involving neonates and 
infants undergoing cardiac surgery showed the baseline 
[TIMP-2]*[IGFBP7] increasing with patient age. Further 
studies on this point need to be performed in the future.

Besides the high baseline, there are several other impor-
tant limitations to the current study. First, the results were 
generated from a relatively small sample size from a single 
center, especially the numbers of severe AKI. It will need 
to be validated in a larger cohort. Second, AKI staging was 
evaluated using only SCr elevations since urine output in our 
study can be confounded by the use of diuretics. Third, neo-
nates were not included in the study. Because neonates are 
more vulnerable to AKI, it is very meaningful to investigate 

Fig. 4   Performance of [TIMP-2]*[IGFBP7] for severe AKI risk pre-
diction using Cox hazard model. A Receiver operating characteristic 
(ROC) curve for [TIMP-2]*[IGFBP7] measured at 4 time points with 
corresponding AUC and 95% CI. B ROC curve and corresponding 
AUC for Cox models of [TIMP-2]*[IGFBP7] at different times com-
bined with weight and CPB duration (clinical model)
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the performance of [TIMP-2]*[IGFBP7] for AKI prediction 
in this population in future studies.

Collectively, our results demonstrate that [TIMP-
2]*[IGFBP7] may be a specific and timely biomarker to 
assess the risk of severe CSA-AKI in infants and pediat-
ric patients. This assessment could cover both intraopera-
tive and postoperative risks for AKI development and thus 
could provide clinicians opportunities for early protective 
interventions.
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