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Abstract

Objective:
To validate a clinical prediction model for acute kidney injury (AKI) in infants undergoing cardiac surgery
by integrating pre- and post-operative urinary albumin-to-creatinine ratio (ACR) with established clinical
variables, including age, sex, prior cardiac surgeries, surgical type, RACHS-1 score, cardiopulmonary
bypass time, and baseline kidney function.

Design:
Prospective observational study.

Setting:
Cardiothoracic unit of a tertiary care hospital in India.

Participants:
Infants aged 1 month to 1 year undergoing elective cardiac surgery. Exclusion criteria included neonates,
children > 1 year, pre-existing kidney dysfunction, structural renal abnormalities, prior kidney transplant,
and incomplete data.

Measurements and Main Results:
Patients were followed through hospital discharge (up to 11 days). AKI was defined using KDIGO criteria.
Urine ACR was measured at 6 hours post-operatively and daily for two days. Among 66 infants, AKI
incidence was 45.5% (n = 30), with onset at median postoperative day 2 (IQR 1–2). The pre-operative
clinical model demonstrated strong predictive performance (AUC 0.838 [0.732–0.944]), exceeding ACR
alone (pre-operative: 0.829; post-operative: 0.711) and combined ACR measures without clinical
integration (0.829). Incorporating pre-operative ACR into the clinical model improved performance
(sensitivity 80.0%, specificity 94.4%, PPV 92.1%, NPV 85.0%). A multivariable logistic regression–based
nomogram incorporating eight predictors, including pre-operative ACR, showed good discrimination
(AUC 0.805 derivation; 0.925 validation).

Conclusions:
Integration of albuminuria with clinical parameters improves prediction of cardiac surgery–associated
AKI in infants. This combined model and accompanying nomogram provide a practical approach for
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early risk stratification and may be particularly valuable in resource-limited settings.

Research in Context
Prior studies have identified the high variability in AKI risk among infants undergoing cardiac
surgery, with limited tools for accurate prediction in this subgroup.

We studied 66 infants undergoing cardiac surgery at our institution and analyzed the albumin-to-
creatinine ratios before and after surgery.

Using both the pre-operative and post-operative albumin-to-creatinine ratios, we validated a
predictive model and novel nomogram which shows promise in detecting AKI outcomes.

Introduction
Acute kidney injury following pediatric cardiac surgery (CS-AKI) is a common complication, with an
incidence of around 40–60% [1, 2]. CS-AKI is associated with increased morbidity, mortality, prolonged
hospital stays, ventilator dependency, healthcare costs, and a higher risk of chronic kidney disease (CKD)
and hypertension [3–9]. The mechanisms of CS-AKI, including hemodynamic instability, inflammation,
coagulation, and neurohumoral dysregulation, highlight its complex pathogenesis [10]. Factors such as
age, renal immaturity, weight, preoperative renal function, serum albumin levels, pulmonary and cyanotic
heart conditions, RACHS-1 score, sepsis, CPB use and duration, and aortic cross-clamp time contribute
to this risk [11–15]. Despite the significant impact of AKI, current diagnostics like serum creatinine levels
detect it too late [16], highlighting the need for early identification and preventive measures.

Compounding the issue, standardized AKI risk models are lacking. Small cohort sizes and insufficient
validation have hindered the adoption of pediatric AKI prediction models [6, 17, 18]. Previous studies
have explored various biomarkers for early CS-AKI detection and risk stratification [16], but high costs,
lack of standardization, and limited generalizability limit their use. Innovative strategies are needed for
risk assessment, especially in infants undergoing cardiac surgery. The urinary albumin: creatinine ratio
(ACR) is a cost-effective, widely available alternative that reflects tubular or glomerular damage [19].
Additionally, simple nomograms have shown promise in predicting CS-AKI in adults [20–23], and similar
approaches are emerging for pediatric patients [24–26].

Given the variability in albumin excretion among younger patients [27, 28], we previously conducted a
single-center, prospective observational study to derive a 'Risk Prediction Scoring' system incorporating
preoperative and postoperative albuminuria [29]. No prior models existed for predicting AKI exclusively in
infants undergoing cardiac surgery. The previous prediction model demonstrated promising predictive
accuracy for CS-AKI in a pediatric setting, combining clinical models with preoperative ACR for quick
identification of at-risk infants in high-pressure healthcare settings [29]. In this current study, we
validated the existing model and developed a novel nomogram based on collected data from 66 infants
treated at our institution.

Page 4/23



Methods
Ethical Approval

and Informed Consent:

The study adhered to the Institutional REB and the Helsinki Declaration of 1975. Approval was obtained
from the Institutional Review Board (IRB) of Medanta - The Medicity (approval number 1491/2022) on
January 10, 2023. Informed consent was obtained from all parents or guardians before participation.

Study Design:
We conducted a prospective, observational study at our Pediatric Cardiothoracic unit with infants greater
than 1 month up to 1 year of age scheduled for elective cardiac surgery utilizing cardiopulmonary bypass
over one year from January 2023–2024. We followed the STROBE (Strengthening the reporting of
observational studies in epidemiology) guidelines and checklist for this analysis.

Inclusion Criteria:
Infants greater than 1 month old up to 1 year old scheduled for elective cardiac surgery.

Exclusion Criteria:

1. Neonates (< 1 month of age)
2. Children older than 1 year of age
3. Infants with pre-existing kidney dysfunction (eGFR < 60 mL/min/1.73 m²), structural kidney and

urinary tract abnormalities, post kidney transplant, or incomplete data.

Data Collection:
Data on demographics, heart disease diagnosis, previous surgeries, and estimated GFR using the revised
bedside Schwartz formula were recorded [30]. Pre-operative urine was collected through urine sample
and ACR was measured. Intraoperative details, including procedure duration, cardiopulmonary bypass
length, and aortic cross-clamp times, were documented. Each child was classified according to the
RACHS-1 category, an easily applicable tool designed to assess short-term mortality risk in pediatric
congenital heart disease surgeries [31]. Following surgery, we monitored serum creatinine levels during
the ICU stay starting at post-operative day 1 and once again the day before hospital discharge, defining
AKI according to KDIGO guidelines [32]. We also tracked daily and cumulative fluid balances based on a
standardised method utilizing fluid intake and output [33]; ventilator support duration, the use of NSAIDs
or nephrotoxic drugs, hospital stay length, ICU stay lengths, sepsis development (presence of positive
blood culture), transaminitis occurrence (more than two times the upper limit of normal), in-hospital
mortality, and signs of low output cardiac syndrome (symptoms and signs of poor systemic perfusion
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such as tachycardia, cold extremities or development of acidosis such as increase in base deficit > 4 or
increase in lactate by > 2 mmol/L in consecutive blood gas analysis) [34]. Patients did not receive
albumin products for fluid resuscitation. We defined prolonged ventilation as duration of mechanical
ventilation > 7 days [35]. Hematological complications, such as anemia or thrombocytopenia, were noted
throughout the admission. Diuretics or kidney replacement therapy were administered as needed based
on institutional protocols. Urine ACR was measured the morning of surgery, 6 hours post-surgery and
daily for two days using immunoturbidimetry. For our analysis, we defined post-operative ACR as the
measurement taken 6 hours post-surgery. AKI recovery was defined as an absence of AKI by evaluating
creatinine following KDIGO criteria within seven days of AKI diagnosis [36]. Mortality was defined as all
deaths occurring in the same hospitalization as the operation or within 30 days of the operation [37].
Standardized protocols were used for data collection.

Statistical Analyses:
Data were recorded in Microsoft Excel and analyzed using SPSS version 22. Normality was tested with
the Kolmogorov-Smirnov test. Outcomes included AKI incidence, length of ICU and hospital stay, and
mortality. Categorical variables were summarized as frequencies and percentages, and continuous
variables as median and interquartile range (IQR; 25th to 75th percentiles). Associations were assessed
using chi-square or Fisher exact tests for categorical variables and Mann-Whitney U or Kruskal-Wallis
tests for continuous variables. A generalized linear model calculated the unadjusted and adjusted
relative risks (RRs) of pre- and post-operative ACR for predicting AKI. The pre-operative ACR is
categorized as ACR < 10 mg/g, ACR 10–30 mg/g and ACR > 30 mg/g; while the first post-operative ACR
is categorized a priori based on its tertile values, with 1st tertile (< 55 mg/g), 2nd tertile (55– 117.9
mg/g), and 3rd tertile ( > = 118 mg/g) [in-line with our previous study Nautiyal A et al., 2021 [29] and
Zappitelli M et al., 2012 [39]]. Adjusted analyses controlled for age, gender, pre-operative creatinine, type
of heart surgery, previous surgeries, RACHS-1 score, and cardiopulmonary bypass time.

In our study, we used a derivation model by Nautiyal et al., 2021 [29] in a prospective observational study
to predict AKI among children aged < 2 years with pediatric cardiac surgery. This model comprised of
multiple predictors such as age (continuous in month); gender (categorical: male vs. female); previous
cardiac surgeries (categorical: yes vs. no); type of heart surgery (categorical: cyanotic vs. acyanotic);
RACHS-1 score (categorical: ≥ 3 vs. < 3); cardiopulmonary bypass time (categorical: < 120 vs. ≥ 120 min);
pre-operative creatinine (continuous in mg/dL) and pre-operative estimated glomerular filtration rate
(eGFR; continuous in mL/min/1.73 m2). The model was developed based on patient characteristics with
the greatest risk associated with AKI. The patient characteristics data from Nautiyal et al. (derivation
cohort) was compared with the data derived from our current cohort, which includes ACR measurements
(validation cohort).

In our study, the different diagnostic characteristics (sensitivity, specificity, positive predictive value and
negative predictive value) and area under the receiver operating characteristic curve (AUC; with 95% CI)
was calculated to determine the predictive ability of a clinical model alone and when combined with ACR
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measurements. A nomogram was also generated based on an 8-item score that included age at surgery,
gender, pre-operative creatinine, RACHS-1 score, heart disease, previous cardiac surgeries,
cardiopulmonary bypass time, and pre-operative ACR. The magnitude of the association of each variable
with postoperative AKI was reflected by the assigned points. The total score for each participant was
calculated to estimate the probability of postoperative AKI. The nomogram was created using the R
software (Version 4.1.2) software. A two tailed p-value < 0.05 was considered to be statistically
significant.

Results

Patient Characteristics
A total of 66 infants were included in our validation study. The overall incidence of AKI was 45.5% (n = 
30) [stage 1 AKI (n = 18), stage 2 (n = 9) and stage 3 (n = 3)], measured by an acute increase in serum
creatinine. The median (IQR) post-operative day of AKI development was 2 (1–2). Table 1 compares the
patient characteristics by AKI staging. Median (IQR) age was significantly higher in infants with lower
pre-operative ACR levels [ACR < 10 mg/g: 10 (5.5–12) months vs. ACR 10–30 mg/g: 5 (1.5–10) months
vs. ACR > 30 mg/g: 3.5 (1-6.3) months; p = 0.016]. AKI incidence was significantly higher in infants with
higher pre-operative ACR levels [ACR < 10 mg/g: 0% vs. ACR 10–30 mg/g: 20% vs. ACR > 30 mg/g: 68.4%;
p < 0.001] (Table 2).
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Table 1
Patient characteristics by AKI staging

Variable No AKI

(n = 36)

AKI stage
1

(n = 18)

AKI stage
2

(n = 9)

AKI stage
3

(n = 3)

p
value

Age (months)* 5 (3.3–10) 3.5 (0.9–9) 3 (0.7–4.5) 3 (0–3) 0.034

Gender (Male) 25 (69.4%) 14 (77.8%) 7 (77.8%) 3 (100%) 0.648

Pre-operative creatinine
(mg/dl)*

0.3 (0.3–
0.3)

0.3 (0.2–
0.3)

0.3 (0.2–
0.5)

0.7 (0.2–
0.8)

0.407

Type of heart disease
(cyanotic)

16 (44.4%) 11 (61.1%) 7 (77.8%) 2 (66.7%) 0.269

Previous cardiac surgeries
(yes)

2 (5.6%) 5 (27.8%) 0 (0%) 1 (33.3%) 0.044

RACHS staging (≥ 3) 1 (2.8%) 2 (11.1%) 4 (44.4%) 1 (33.3%) 0.005

CPB time (minute)* 61

(47–66)

78

(72–89)

141

(59–159)

116

(69–128)

< 
0.001

ACC time (minute)* 45

(35–52)

55

(45–63)

84

(42–99)

69

(32–74)

0.008

ACC time (≥ 60 minute) 32 (88.9%) 12 (66.7%) 3 (33.3%) 1 (33.3%) 0.002

Post-operative day of
developing AKI*

- 2 (1–2) 2 (1–2) 0 (0–3) 0.504

Sepsis (yes) 7 (19.4%) 5 (27.8%) 2 (22.2%) 2 (66.7%) 0.316

Haematological

complications (yes)

7 (19.4%) 7 (38.9%) 3 (33.3%) 3 (100%) 0.023

Transaminitis (yes) 12 (33.3%) 9 (50%) 2 (22.2%) 2 (66.7%) 0.329

Re-exploration /

2nd operation (yes)

1 (2.8%) 2 (11.1%) 2 (22.2%) 1 (33.3%) 0.12

Prolonged ventilation (yes) 9 (25%) 5 (27.8%) 5 (55.6%) 1 (33.3%) 0.353

Re-intubation (yes) 5 (13.9%) 2 (11.1%) 2 (22.2%) 1 (33.3%) 0.707

Nephrotoxic antibiotics used
(yes)

19 (52.8%) 13 (72.2%) 6 (66.7%) 3 (100%) 0.259

*Continuous variables reported as Median (IQR), while others as Categorical variables [n (%)]
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Variable No AKI

(n = 36)

AKI stage
1

(n = 18)

AKI stage
2

(n = 9)

AKI stage
3

(n = 3)

p
value

Death (yes) 0 (0%) 0 (0%) 0 (0%) 2 (66.7%) < 
0.001

*Continuous variables reported as Median (IQR), while others as Categorical variables [n (%)]

RACHS, risk adjustment in congenital heart surgery; AKI, acute kidney injury; RRT, Renal replacement
therapy; ACC, aortic cross clamp; CPB, cardiopulmonary bypass; IQR, Interquartile range
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Table 2
Patient characteristics by preoperative ACR category

Variable ACR < 10 mg/g (n 
= 8)

ACR 10–30

mg/g (n = 
20)

ACR > 30 mg/g (n 
= 38)

p
value

Age (months)* 10 (5.5–12) 5 (1.5–10) 3.5 (1–6.3) 0.016

Gender (Male) 5 (62.5%) 17 (85%) 27 (71.1%) 0.358

Pre-operative creatinine
(mg/dl)*

0.3 (0.2–0.3) 0.3 (0.3–
0.4)

0.3 (0.2–0.4) 0.767

Type of heart disease
(cyanotic)

5 (62.5%) 10 (50%) 21 (55.3%) 0.881

Previous cardiac surgeries
(yes)

1 (12.5%) 3 (15%) 4 (10.5%) 0.867

RACHS staging (≥ 3) 0 (0%) 2 (10%) 6 (15.8%) 0.650

CPB time (minute)* 61 (41–71) 61 (47–68) 77 (65–118) 0.002

ACC time (minute)* 41 (29–53) 46 (33–52) 54 (44–76) 0.020

ACC time (≥ 60 minute) 7 (87.5%) 18 (90%) 23 (60.5%) 0.030

Sepsis (yes) 1 (12.5%) 1 (5%) 14 (36.8%) 0.011

Haematological

complications (yes)

3 (37.5%) 3 (15%) 14 (36.8%) 0.211

Transaminitis (yes) 2 (25%) 4 (20%) 19 (50%) 0.070

AKI (yes) 0 (0%) 4 (20%) 26 (68.4%) < 
0.001

AKI staging (≥ 2) 0 (0%) 1 (25%) 11 (42.3%) 0.632

AKI recovery (yes) 0 (0%) 3 (75%) 24 (92.3%) 0.360

Need for RRT (yes) 0 (0%) 1 (25%) 1 (3.8%) 0.253

Re-exploration /

2nd operation (yes)

0 (0%) 2 (10%) 4 (10.5%) 1.000

Prolonged ventilation (yes) 2 (25%) 4 (20%) 14 (36.8%) 0.473

Re-intubation (yes) 0 (0%) 2 (10%) 8 (21.1%) 0.373

Nephrotoxic antibiotics used
(yes)

4 (50%) 9 (45%) 28 (73.7%) 0.080

*Continuous variables reported as Median (IQR), while others as Categorical variables [n (%)]
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Variable ACR < 10 mg/g (n 
= 8)

ACR 10–30

mg/g (n = 
20)

ACR > 30 mg/g (n 
= 38)

p
value

Death (yes) 0 (0%) 1 (5%) 1 (2.6%) 1.000

*Continuous variables reported as Median (IQR), while others as Categorical variables [n (%)]

RACHS, risk adjustment in congenital heart surgery; AKI, acute kidney injury; RRT, Renal replacement
therapy; ACC, aortic cross clamp; ACR, albumin-to-creatinine ratio; CPB, cardiopulmonary bypass; IQR,
Interquartile range

Association of Pre-operative and Post-operative ACR with AKI
Post-operative ACR was significantly higher than pre-operative ACR in patients with and without AKI. The
median (IQR) ACR was significantly higher in those with AKI compared to those without AKI at different
time-points such that ACR was during pre-operative [53 (37.8–76) vs. 15 (10.3–39) mg/g; p < 0.001], at
post-operative day (POD) 0 [110 (86–242.7) vs. 53 (21.5–123.8) mg/g; p = 0.003], at POD 1 [368.4
(255.5–806.7) vs. 100 (65.4–267) mg/g; p < 0.001] and at POD day 2 [385 (200–602.5) vs. 83.1 (45.7–
179.1) mg/g; p < 0.001] [Table 3].

Table 3
Comparison of pre-operative and post-operative ACR among infants with

and without AKI
ACR AKI  Yes [n = 30] AKI  No [n = 36] p value

Pre-operative 53 (37.8–76) 15 (10.3–39) < 0.001

POD day 0 110 (86–242.7) 53 (21.5–123.8) 0.003

POD day 1 368.4 (255.5–806.7) 100 (65.4–267) < 0.001

POD day 2 385 (200–602.5) 83.1 (45.7–179.1) < 0.001

POD: Post-operative day; ACR: Albumin-to-creatinine ratio

The pre-operative ACR > 30 mg/g was significantly associated with post-operative AKI development such
that those with pre-operative ACR > 30 mg/g had a 13 times higher relative risk of post-operative AKI
(unadjusted RR, 13.00; 95% confidence interval [95% CI], 3.69–45.84) and 28 times higher relative risk of
post-operative AKI after adjusting for different confounders (adjusted RR, 27.64; 4.52–169.16). However,
the pre-operative ACR > 30 mg/g was not significantly associated with the development of severe AKI
[stage ≥ 2] in unadjusted analysis (RR, 2.2; 0.2–24.09) and after adjusting for different confounders (RR,
2.0; 0.07–60.88) [Table 4].
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Table 4
Unadjusted and adjusted RRs for preoperative ACR to predict postoperative AKI or stage ≥ 2 AKI

Pre-operative ACR   Un-adjusted RR
(95% CI)

p
value

Adjusted RR (95%
CI)

p
value

AKI (yes)

No. of events 30        

ACR ≤ 30 mg/g (n = 
28)

4 (14.3%) 1 < 
0.001

1 < 
0.001

ACR > 30 mg/g (n = 
38)

26
(68.4%)

13.00

(3.69–45.84)

27.64

(4.52–169.16)

AKI ≥ stage 2

No. of events 12        

ACR ≤ 30 mg/g (n = 
4)^

1 (25%) 1 0.632 1 0.691

ACR > 30 mg/g (n = 
26)^

11
(42.3%)

2.2 (0.2–24.09) 2.0

(0.07–60.88)

^with AKI

Adjusted for age (continuous), gender (categorical), creatinine (continuous), type of heart surgery
(categorical), previous cardiac surgeries (categorical) and RACHS-1 score ≥ 3 versus < 3 (categorical)

RR: Relative risk; ACR: Albumin-to-creatinine ratio; AKI: Acute kidney injury

As compared to the patients with postoperative ACR in 1st tertile (< 55 mg/g), those in 2nd tertile (55–
117.9 mg/g) (unadjusted RR, 12.66; 2.78–58.82) (adjusted RR, 80.45; 2.49–2605) or 3rd tertile ( > = 118
mg/g) (unadjusted RR, 8.26; 1.89–35.71) (adjusted RR, 35.06; 2.10–585.39) had a significantly higher
risk of post-operative AKI. However, the first post-operative ACR tertiles were not significantly associated
with the development of stage ≥ 2 AKI. The relative risk data was not available due to low sample size of
patients with stage > 2 AKI post-stratification based on tertiles. [Table 5]
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Table 5
Unadjusted and adjusted RRs for first postoperative ACR to predict postoperative AKI or stage ≥ 2 AKI
1st post-operative ACR   Un-adjusted RR

(95% CI)
p
value

Adjusted RR
(95% CI)

p
value

AKI (yes)

No. of events 30        

1st tertile (< 55 mg/g; n = 
22)

3 (13.6%) 1   1  

2nd tertile (55– 117.9
mg/g; n = 21)

14
(66.7%)

12.66

(2.78–58.82)

< 
0.001

80.45

(2.49–2605)

0.013

3rd tertile ( > = 118 mg/g;
n = 23)

13
(56.5%)

8.26

(1.89–35.71)

0.003 35.06

(2.10–585.39)

0.013

AKI ≥ stage 2

No. of events 12        

1st tertile (< 55 mg/g; n = 
3)^

3 (100%) 1   1  

2nd tertile (55– 117.9
mg/g; n = 14)^

4 (28.6%) NA 0.051 NA 0.999

3rd tertile ( > = 118 mg/g;
n = 13)^

5 (38.5%) NA 0.200 NA 0.999

^with AKI

Adjusted for age (continuous), gender (categorical), creatinine (continuous), type of heart surgery
(categorical), previous cardiac surgeries (categorical) and RACHS-1 score ≥ 3 versus < 3 (categorical)

RR: Relative risk; ACR: Albumin-to-creatinine ratio; AKI: Acute kidney injury; RACHS: Risk adjustment in
congenital heart surgery; NA: Not available [can’t be calculated due to 0 in one of the cell of 2*2 table]

Association of ACR with Duration of Stay and Mortality
Median ICU stay duration increased significantly with higher pre-operative (p = 0.008), POD 1 (p = 0.004),
and POD 2 (p = 0.032) ACR levels. Hospital stay duration also increased significantly with higher pre-
operative (p = 0.031) and POD 2 (p = 0.022) ACR levels (Supplementary Table 1). Mortality did not differ
significantly by pre-operative ACR level [ACR < 10 mg/g: 0%, ACR 10–30 mg/g: 5%, ACR > 30 mg/g: 2.6%;
p = 1.000].
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Added Benefit of Pre-operative and First Postoperative
ACR to Clinical Predictors of AKI
The AUC of the pre-operative clinical model, which doesn’t account for ACR values, for AKI prediction
[0.838 (0.732–0.944)] was higher than pre-operative ACR AKI risk prediction alone [0.829 (0.728–0.930)],
first post-operative ACR AKI risk prediction alone [0.711 (0.585–0.837)], or the AKI risk prediction of both
pre-operative and first post-operative ACR values combined, independent of pre-operative clinical
model[0.829 (0.725–0.932)]. The highest AUC was for the pre-operative clinical model integrated with
pre-operative ACR [0.925 (0.864–0.986)], with no improvement by integrating first post-operative ACR
values instead of or along with pre-operative ACR values. The sensitivity, specificity, PPV and NPV of
clinical model + pre-operative ACR was observed to be 80.0%, 94.4%, 92.1% and 85.00%, respectively
(Supplementary Table 2).

Comparison of Validation and Derivation Cohorts
Our current validation cohort (n = 66) had a lower median age (4.5 months) than the previous derivation
cohort (n = 93) (7 months; p = 0.001) and slightly lower pre-operative UACR (36.5 mg/g vs. 42 mg/g; p = 
0.049). Differences in sepsis, transaminitis, prolonged ventilation, and nephrotoxic antibiotic use were
significant. Hospital stay was shorter in the validation cohort (7 days vs. 9 days; p < 0.001)
(Supplementary Table 3). In the derivation cohort, the clinical model alone had an AUC of 0.761 (95% CI:
0.657–0.866).

We first used the patient data in the derivation cohort to analyze ACR. For the derivation cohort, using
pre-operative ACR values alone to predict AKI yielded an AUC to 0.729 (95% CI: 0.618–0.840). Using
post-operative ACR values alone yielded an AUC of 0.704 (95% CI: 0.586–0.822). Combining pre-
operative and first post-operative ACR values in the derivation cohort and analyzing the AKI risk
prediction improved the AUC to 0.751 (95% CI: 0.645–0.856). When the previously developed clinical
model was integrated with pre-operative ACR values in the derivation cohort, the AUC was highest at
0.805 (95% CI: 0.713–0.896), proving to the most comprehensive model in the derivation cohort. The
clinical model combined with only the first post-operative ACR values resulted in an AUC of 0.777 (95%
CI: 0.676–0.879). Similar patterns were observed in the validation cohort, reaffirming the utility of these
biomarkers (Supplementary Table 4).

Figure 1 shows the nomogram for predicting postoperative AKI probability based on the final logistic
regression model. An 8-item score was generated that included age at surgery, gender, pre-operative
creatinine, RACHS-1 score, heart disease, previous cardiac surgeries, cardiopulmonary bypass time, and
pre-operative ACR. The magnitude of the association of each variable with postoperative AKI was
reflected by the assigned points. The total score for each participant was calculated to estimate the
probability of postoperative AKI.

Discussion
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We conducted a prospective cohort study in India to validate Risk Prediction Scoring using preoperative
and postoperative albuminuria in infants up to 1 year undergoing cardiac surgery[29]. This validation
study confirmed that preoperative ACR is crucial for predicting AKI. In the validation cohort, younger
infants with higher ACR levels had a significantly higher incidence of AKI. Integrating preoperative ACR
with clinical models significantly improved AKI prediction. Our current study aligns with these insights by
demonstrating the predictive significance of pre-operative and post-operative ACR levels for AKI. We
observed that younger infants exhibited higher ACR levels, which correlated significantly with increased
AKI incidence, mirroring findings in children under 2 years in the derivation cohort. This inverse
relationship between infant age and ACR levels is consistent with normal renal maturation, as
albuminuria levels fall as glomerular and tubular function mature (Okamoto et al, 2023). The predictive
accuracy of preoperative ACR appears more pronounced in infants compared to older children, as when
age was adjusted for (Table 4), there was a higher risk (adjusted RR, 27.64; 4.52–169.16), emphasizing
age-specific risk assessment's importance.

Numerous studies have demonstrated an association between proteinuria and a higher CS-AKI risk [38,
39]. While adult studies have shown a positive correlation between pre-existing proteinuria and CS-
AKI[38, 40], a pediatric study found no such association preoperatively, although postoperative
albuminuria was linked to CS-AKI [41]. This relationship is seen in both cardiac and non-cardiac surgeries
[42, 43], with Nishimoto et al. noting lower overall AKI risk in non-cardiac surgeries (6%) [42].

However, the additional benefit of including post-operative ACR values varied in our studies; it did not
enhance the model's predictive power in our derivation cohort [29]. This contrasts with Zappitelli et al.'s
findings, which showed no improvement by adding pre-operative ACR values to post-operative
measurements [41]. Furthermore, our model showed higher AUC values than other studies[29, 41, 44].
Our clinical predictive model also took into account additional variables, including previous cardiac
surgeries and the type of heart surgery, which were not as extensively considered in other studies [41,
44]. While Zappitelli et al.'s study included other biomarkers, our validation cohort indicated that
combining pre-operative and first post-operative ACR with clinical models yielded a better AUC for AKI
prediction. Our original CS-AKI risk prediction model, derived from a study on children aged 1 month to
18 years undergoing cardiac surgery, included 143 children, 36 of whom developed AKI [29]. Post-
operative ACR predictive risk for AKI was higher than pre-operative ACR in both age groups. For children 
≥ 2 years, the highest post-operative ACR tertile (> 75.8 mg/g) significantly predicted AKI, while in those 
< 2 years, it predicted AKI only in unadjusted analysis. The previous study concluded that albuminuria,
especially when combined with clinical models, is a viable biomarker for predicting AKI post-cardiac
surgery.

Albuminuria predicts multiorgan failure and increased mortality in critically ill patients [46, 47]. The
ASSESS-AKI study found CS-AKI linked to higher hypertension rates in the first post-discharge year and
CKD four years post-discharge, emphasizing albuminuria's role in long-term cardiovascular and renal risk
[9]. In adults, various clinical and surgical factors have been explored to predict CS-AKI, often focusing
on variables effective in predicting stage 3 AKI, characterized by a significant increase in serum
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creatinine or the need for renal replacement therapy. Notable predictive models, such as the Cleveland
Clinic score [48], the Mehta score [49] and the Simplified Renal Index [50], predominantly use
preoperative risk factors to assess the likelihood of severe CS-AKI. Despite its effectiveness, the
Cleveland Clinic score is not widely used in clinical practice, and its applicability in pediatric, especially
infant populations, remains unclear. Tinica et al.'s systematic review noted that most clinical scores
effectively identify severe forms of CS-AKI in adults but often overlook milder cases [51]. Zappitelli et al.
identified a better CS-AKI prediction model using clinical variables, first post-operative ACR, and cystatin
C [41], emphasizing the importance of integrating biomarkers like proteinuria into these scores.

In both studies, post-operative ACR values were higher in AKI patients, emphasizing its importance in
indicating AKI risk. Higher first post-operative ACR levels were associated with significantly increased
AKI risk, particularly in the top tertile, consistent with our derivation study and Zappitelli et al. [41].
Devarajan et al.'s research showed significant urinary protein increases post-surgery, detectable within 2
hours post-surgery [44]. This finding contrasts with the study by Zappitelli et., who found postoperative
ACR predicted more severe AKI in children under 2 years [41]. This may be due to unique
pathophysiological responses in infants to cardiac surgery. The ACR levels did not predict stage ≥ 2,
possibly due to a small sample size. Additionally, there was no significant association observed between
the timing of AKI development and ACR.

Higher ACR levels were associated with longer ICU and hospital stays in both our derivation and
validation cohorts [29]. This contrasts with Zappitelli et al., who found that in children under 2 years, the
first postoperative ACR predicted longer hospital stays but not extended ICU stays [41]. Devarajan et al.
also observed a link between elevated urine albumin and prolonged hospital stay and higher CS-AKI
incidence [44]. Our data on mortality were inconclusive due to a small number of events (two), but
consistently show that elevated ACR levels are associated with more severe clinical outcomes including
the development of sepsis, transaminitis, and prolonged ventilation.

Recent advances in machine learning and deep learning have yielded highly accurate models for
predicting CS-AKI in children [24–26]. However, the complexity of these models often limits their
transparency and ease of use. More straightforward risk scores could offer comparable predictive
capability without sacrificing user-friendliness. While such risk scores are well-established for adults
[20–23], pediatric models are less common. A study analyzing 1,137 children with a median age of 3
developed a predictive nomogram using six variables, achieving AUCs of 0.739 and 0.755 for its
development and validation cohorts [52]. Our nomogram, including eight parameters (age at surgery,
gender, pre-operative creatinine, RACHS-1 score, type of heart disease, history of previous cardiac
surgeries, cardiopulmonary bypass time, and pre-operative ACR), achieved AUCs of 0.805 and 0.925 for
our development and validation cohorts, indicating robust differentiation of infants at risk of CS-AKI.

This study's strengths lie in its prospective nature, distinct sets of data for testing and validation, and
focus on infants, a group where urine albumin excretion variability complicates the differentiation
between no AKI and mild AKI. We employed standardized laboratory assessments for albuminuria and
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evaluated urine ACR at four clinically relevant time points: preoperative and postoperative days 1, 2, and
3. The routine nature of urine ACR testing enhances timely clinical implementation but may increase
costs if repeated measurements are needed. The study's small sample size limited our ability to assess
severe AKI prediction, and as a single-center study, its generalizability is restricted. Additionally, we did
not include other biomarkers such as NGAL, IL-18, or KIM-1, which might have provided more
comprehensive insights. Our cohort mainly included individuals with pre-existing normal kidney function
based on serum creatinine, indicating a need for future studies in high-risk groups, such as those with
pre-existing kidney dysfunction or those undergoing nephrotoxic drug treatment. Furthermore, our AKI
definition was based solely on serum creatinine increases. The unresolved role of microalbuminuria or
albuminuria as direct contributors to cardiorenal disease suggests another direction for future research.
Our study established practical ACR threshold values to identify infants at risk for AKI following cardiac
surgery. These thresholds can aid in selecting candidates for future AKI-related clinical trials or
preventive measures, such as avoiding fluid overload and nephrotoxins. Since urine ACR is a familiar and
commonly used test, it is an actionable tool for early AKI diagnosis compared to other novel biomarkers.

Conclusion
This study highlights the potential role of pre-operative and post-operative albumin-to-creatinine ratio
ACR levels in predicting CS-AKI among infants. The development of our nomogram, with a robust
discriminating power in the development and validation cohorts, may provide clinicians in resource
limited regions to quickly integrate these variables with clinical predictive models. Additionally, it
highlights the importance of using age-specific strategies to assess and manage CS-AKI risk, promoting
care that is better tailored to this vulnerable population. Further research in this area could provide
additional insights into the optimization of perioperative care and improve outcomes in this high-risk
population.

At the Bedside
Incorporation of pre-operative and post-operative ACR into routine assessments could identify high-
risk infants, allowing for tailored interventions.

This study shows the potential benefits of combining ACR levels with clinical assessments for
predicting AKI in infants post-cardiac surgery.

Clinical bottom line: Clinicians should consider ACR levels and utilizing the nomogram and model to
improve risk stratification and preventive care for infants undergoing cardiac surgery, optimizing
perioperative management, and potentially reducing AKI-related complications.

Declarations

Funding:

Page 17/23



The authors report no financial disclosures or conflicts of interest.

Author Contribution
M.G. and R.S. contributed equally to this work and were involved in study conception and design. M.G.,
R.S., A.B., and R.A. were responsible for patient recruitment, data acquisition, and clinical oversight.
S.B.B., R.A., F.A.M., P.B., A.M., and S.S. contributed to data collection, surgical and perioperative data
interpretation, and critical clinical input. A.M. (Adel Moideen) and S.K.S. contributed to study design
refinement, data interpretation, and provided expert nephrology oversight. A.T. performed data analysis,
interpretation of results, and drafted the initial manuscript. S.T. and M.R. assisted with data organization
and literature review. S.K.S. supervised the overall project, contributed to study design, data
interpretation, and critically revised the manuscript for important intellectual content. All authors
reviewed, edited, and approved the final manuscript.

Data Availability
The datasets generated and/or analyzed during the current study are not publicly available due to
institutional and patient privacy considerations but are available from the corresponding author on
reasonable request.

Competing interests: All the authors declared no competing interests.

References
1. Van Den Eynde J, Delpire B, Jacquemyn X et al (2022) Risk factors for acute kidney injury after

pediatric cardiac surgery: a meta-analysis. Pediatr Nephrol 37:509–519.
https://doi.org/10.1007/s00467-021-05297-0

2. Li S, Krawczeski CD, Zappitelli M et al (2011) Incidence, risk factors, and outcomes of acute kidney
injury after pediatric cardiac surgery: A prospective multicenter study*. Crit Care Med 39:1493–
1499. https://doi.org/10.1097/CCM.0b013e31821201d3

3. Zappitelli M, Bernier P-L, Saczkowski RS et al (2009) A small post-operative rise in serum creatinine
predicts acute kidney injury in children undergoing cardiac surgery. Kidney Int 76:885–892.
https://doi.org/10.1038/ki.2009.270

4. Alam S, Shalini A, Hegde R, Mazahir R (2016) Acute kidney injury as a predictor of poor outcome
post cardiopulmonary bypass in children. Int J Contemp Pediatr 4:234.
https://doi.org/10.18203/2349-3291.ijcp20164611

5. Tóth R, Breuer T, Cserép Z et al (2012) Acute kidney injury is associated with higher morbidity and
resource utilization in pediatric patients undergoing heart surgery. Ann Thorac Surg 93:1984–1990.
https://doi.org/10.1016/j.athoracsur.2011.10.046

Page 18/23



6. Morgan CJ, Zappitelli M, Robertson CMT et al (2013) Risk factors for and outcomes of acute kidney
injury in neonates undergoing complex cardiac surgery. J Pediatr 162:120–127e1.
https://doi.org/10.1016/j.jpeds.2012.06.054

7. Li S, Krawczeski CD, Zappitelli M et al (2011) Incidence, risk factors, and outcomes of acute kidney
injury after pediatric cardiac surgery: a prospective multicenter study. Crit Care Med 39:1493–1499.
https://doi.org/10.1097/CCM.0b013e31821201d3

8. Madsen NL, Goldstein SL, Frøslev T et al (2017) Cardiac surgery in patients with congenital heart
disease is associated with acute kidney injury and the risk of chronic kidney disease. Kidney Int
92:751–756. https://doi.org/10.1016/j.kint.2017.02.021

9. Zappitelli M, Parikh CR, Kaufman JS et al (2020) Acute Kidney Injury and Risk of CKD and
Hypertension after Pediatric Cardiac Surgery. Clin J Am Soc Nephrol CJASN 15:1403–1412.
https://doi.org/10.2215/CJN.00150120

10. Scurt FG, Bose K, Mertens PR et al (2024) Cardiac Surgery–Associated Acute Kidney Injury.
Kidney360 5:909–926. https://doi.org/10.34067/KID.0000000000000466

11. Neumayr TM, Alge JL, Afonso NS, Akcan-Arikan A (2022) Acute Kidney Injury After Pediatric Cardiac
Surgery. Pediatr Crit Care Med J Soc Crit Care Med World Fed Pediatr Intensive. Crit Care Soc
23:e249–e256. https://doi.org/10.1097/PCC.0000000000002933

12. Yuan S-M (2019) Acute kidney injury after pediatric cardiac surgery. Pediatr Neonatol 60:3–11.
https://doi.org/10.1016/j.pedneo.2018.03.007

13. Cheruku SR, Raphael J, Neyra JA, Fox AA (2023) Acute Kidney Injury after Cardiac Surgery:
Prediction, Prevention, and Management. Anesthesiology 139:880–898.
https://doi.org/10.1097/ALN.0000000000004734

14. Zarbock A, Weiss R, Albert F et al (2023) Epidemiology of surgery associated acute kidney injury
(EPIS-AKI): a prospective international observational multi-center clinical study. Intensive Care Med
49:1441–1455. https://doi.org/10.1007/s00134-023-07169-7

15. Alten JA, Cooper DS, Blinder JJ et al (2021) Epidemiology of Acute Kidney Injury After Neonatal
Cardiac Surgery: A Report From the Multicenter Neonatal and Pediatric Heart and Renal Outcomes
Network. Crit Care Med 49:e941–e951. https://doi.org/10.1097/CCM.0000000000005165

16. Ostermann M, Zarbock A, Goldstein S et al (2020) Recommendations on Acute Kidney Injury
Biomarkers From the Acute Disease Quality Initiative Consensus Conference: A Consensus
Statement. JAMA Netw Open 3:e2019209. https://doi.org/10.1001/jamanetworkopen.2020.19209

17. Van den Eynde J, Delpire B, Jacquemyn X et al (2022) Risk factors for acute kidney injury after
pediatric cardiac surgery: a meta-analysis. Pediatr Nephrol Berl Ger 37:509–519.
https://doi.org/10.1007/s00467-021-05297-0

18. Kourelis G, Kanakis M, Samanidis G et al (2022) Acute Kidney Injury Predictors and Outcomes after
Cardiac Surgery in Children with Congenital Heart Disease: An Observational Cohort Study.
Diagnostics 12:2397. https://doi.org/10.3390/diagnostics12102397

Page 19/23



19. Levey AS, de Jong PE, Coresh J et al (2011) The definition, classification, and prognosis of chronic
kidney disease: a KDIGO Controversies Conference report. Kidney Int 80:17–28.
https://doi.org/10.1038/ki.2010.483

20. Pan L, Deng Y, Dai S et al (2023) Development and internal validation of a prediction model for acute
kidney injury following cardiac valve replacement surgery. Int J Cardiol 370:345–350.
https://doi.org/10.1016/j.ijcard.2022.10.147

21. Jing H, Liao M, Tang S et al (2022) Predicting the risk of acute kidney injury after cardiopulmonary
bypass: development and assessment of a new predictive nomogram. BMC Anesthesiol 22:379.
https://doi.org/10.1186/s12871-022-01925-w

22. Lin H, Hou J, Tang H et al (2020) A novel nomogram to predict perioperative acute kidney injury
following isolated coronary artery bypass grafting surgery with impaired left ventricular ejection
fraction. BMC Cardiovasc Disord 20:517. https://doi.org/10.1186/s12872-020-01799-1

23. Guan C, Li C, Xu L et al (2019) Risk factors of cardiac surgery-associated acute kidney injury:
development and validation of a perioperative predictive nomogram. J Nephrol 32:937–945.
https://doi.org/10.1007/s40620-019-00624-z

24. Zeng X, Shi S, Sun Y et al (2022) A time-aware attention model for prediction of acute kidney injury
after pediatric cardiac surgery. J Am Med Inf Assoc JAMIA 30:94–102.
https://doi.org/10.1093/jamia/ocac202

25. Nagy M, Onder AM, Rosen D et al (2024) Predicting pediatric cardiac surgery-associated acute
kidney injury using machine learning. Pediatr Nephrol 39:1263–1270.
https://doi.org/10.1007/s00467-023-06197-1

26. Luo X-Q, Kang Y-X, Duan S-B et al (2023) Machine Learning-Based Prediction of Acute Kidney Injury
Following Pediatric Cardiac Surgery: Model Development and Validation Study. J Med Internet Res
25:e41142. https://doi.org/10.2196/41142

27. Kwak BO, Lee ST, Chung S, Kim KS (2011) Microalbuminuria in normal Korean children. Yonsei Med
J 52:476–481. https://doi.org/10.3349/ymj.2011.52.3.476

28. Tsioufis C, Mazaraki A, Dimitriadis K et al (2011) Microalbuminuria in the paediatric age: current
knowledge and emerging questions. Acta Paediatr 100:1180–1184. https://doi.org/10.1111/j.1651-
2227.2011.02291.x

29. Nautiyal A, Sethi SK, Sharma R et al (2022) Perioperative albuminuria and clinical model to predict
acute kidney injury in paediatric cardiac surgery. Pediatr Nephrol Berl Ger 37:881–890.
https://doi.org/10.1007/s00467-021-05219-0

30. Schwartz GJ, Mun[Combining Tilde]oz A, Schneider MF et al (2009) New Equations to Estimate GFR
in Children with CKD. J Am Soc Nephrol 20:629–637. https://doi.org/10.1681/ASN.2008030287

31. Jenkins KJ, Gauvreau K, Newburger JW et al (2002) Consensus-based method for risk adjustment
for surgery for congenital heart disease. J Thorac Cardiovasc Surg 123:110–118.
https://doi.org/10.1067/mtc.2002.119064

Page 20/23



32. (2012) Clinical Practice Guidelines for Acute Kidney Injury 2012. Kidney Int Suppl 2:1.
https://doi.org/10.1038/kisup.2012.1

33. Goldstein SL, Currier H et al (2001) Graf Cd null, Outcome in children receiving continuous
venovenous hemofiltration. Pediatrics 107:1309–1312. https://doi.org/10.1542/peds.107.6.1309

34. Schoonen A, Van Klei WA, Van Wolfswinkel L, Van Loon K (2022) Definitions of low cardiac output
syndrome after cardiac surgery and their effect on the incidence of intraoperative LCOS: A literature
review and cohort study. Front Cardiovasc Med 9:926957.
https://doi.org/10.3389/fcvm.2022.926957

35. Colleti J, Azevedo RT, De Oliveira Caino FR, De Araujo OR (2021) Prolonged Mechanical Ventilation in
Children: Review of the Definition. Pediatr Crit Care Med 22:e588–e593.
https://doi.org/10.1097/PCC.0000000000002773

36. on behalf of the Acute Disease Quality Initiative Workgroup 16, Chawla LS, Bellomo R et al (2017)
Acute kidney disease and renal recovery: consensus report of the Acute Disease Quality Initiative
(ADQI) 16 Workgroup. Nat Rev Nephrol 13:241–257. https://doi.org/10.1038/nrneph.2017.2

37. Overman DM, Jacobs JP, Prager RL et al (2013) Report From the Society of Thoracic Surgeons
National Database Workforce: Clarifying the Definition of Operative Mortality. World J Pediatr
Congenit Heart Surg 4:10–12. https://doi.org/10.1177/2150135112461924

38. Huang T-M, Wu V-C, Young G-H et al (2011) Preoperative proteinuria predicts adverse renal
outcomes after coronary artery bypass grafting. J Am Soc Nephrol JASN 22:156–163.
https://doi.org/10.1681/ASN.2010050553

39. Molnar AO, Parikh CR, Sint K et al (2012) Association of Postoperative Proteinuria with AKI after
Cardiac Surgery among Patients at High Risk. Clin J Am Soc Nephrol CJASN 7:1749–1760.
https://doi.org/10.2215/CJN.13421211

40. Huang D-D, Li Y-Y, Fan Z, Wu Y-G (2021) Preoperative proteinuria may be a risk factor for
postoperative acute kidney injury: a meta-analysis. Ren Fail 43:958–967.
https://doi.org/10.1080/0886022X.2021.1940201

41. Zappitelli M, Coca SG, Garg AX et al (2012) The association of albumin/creatinine ratio with
postoperative AKI in children undergoing cardiac surgery. Clin J Am Soc Nephrol CJASN 7:1761–
1769. https://doi.org/10.2215/CJN.12751211

42. Nishimoto M, Murashima M, Kokubu M et al (2020) Pre-operative proteinuria and post-operative
acute kidney injury in noncardiac surgery: the NARA-Acute Kidney Injury cohort study. Nephrol Dial
Transplant Off Publ Eur Dial Transpl Assoc -. Eur Ren Assoc 35:2111–2116.
https://doi.org/10.1093/ndt/gfz269

43. Wahl TS, Graham LA, Morris MS et al (2018) Association Between Preoperative Proteinuria and
Postoperative Acute Kidney Injury and Readmission. JAMA Surg 153:e182009.
https://doi.org/10.1001/jamasurg.2018.2009

44. Devarajan P, Krawczeski CD, Nguyen MT et al (2010) Proteomic identification of early biomarkers of
acute kidney injury after cardiac surgery in children. Am J Kidney Dis Off J Natl Kidney Found

Page 21/23



56:632–642. https://doi.org/10.1053/j.ajkd.2010.04.014

45. Metzger J, Kirsch T, Schiffer E et al (2010) Urinary excretion of twenty peptides forms an early and
accurate diagnostic pattern of acute kidney injury. Kidney Int 78:1252–1262.
https://doi.org/10.1038/ki.2010.322

46. Gosling P, Brudney S, McGrath L et al (2003) Mortality prediction at admission to intensive care: a
comparison of microalbuminuria with acute physiology scores after 24 hours. Crit Care Med 31:98–
103. https://doi.org/10.1097/00003246-200301000-00016

47. Gopal S, Carr B, Nelson P (2006) Does microalbuminuria predict illness severity in critically ill
patients on the intensive care unit? A systematic review. Crit Care Med 34:1805–1810.
https://doi.org/10.1097/01.CCM.0000217922.75068.EA

48. Thakar CV, Arrigain S, Worley S et al (2005) A clinical score to predict acute renal failure after
cardiac surgery. J Am Soc Nephrol JASN 16:162–168. https://doi.org/10.1681/ASN.2004040331

49. Mehta RH, Grab JD, O’Brien SM et al (2006) Bedside tool for predicting the risk of postoperative
dialysis in patients undergoing cardiac surgery. Circulation 114:2208–2216 quiz 2208.
https://doi.org/10.1161/CIRCULATIONAHA.106.635573

50. Wijeysundera DN, Karkouti K, Dupuis J-Y et al (2007) Derivation and validation of a simplified
predictive index for renal replacement therapy after cardiac surgery. JAMA 297:1801–1809.
https://doi.org/10.1001/jama.297.16.1801

51. Tinica G, Brinza C, Covic A et al (2020) Determinants of acute kidney injury after cardiac surgery: a
systematic review. Rev Cardiovasc Med 21:601–610. https://doi.org/10.31083/j.rcm.2020.04.206

52. Shi S, Xiong C, Bie D et al (2024) Development and Validation of a Nomogram for Predicting Acute
Kidney Injury in Pediatric Patients Undergoing Cardiac Surgery. https://doi.org/10.1007/s00246-023-
03392-7. Pediatr Cardiol

Figures

Page 22/23



Figure 1

Normogram to calculate the probability of acute kidney injury in children after cardiac surgery
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