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Abstract

Background—Acute kidney injury (AKI) complicates 30% to 50% of cardiac surgeries in 

pediatric patients. Genetic variants that affect renal blood flow and inflammation have been 

associated with AKI after cardiac surgery in diverse populations of adults but have not been 

studied in children. The objective of this study is to test the hypothesis that common candidate 

genetic variants are associated with AKI following pediatric cardiac surgery.

Methods—This is a retrospective cohort study at a single tertiary referral children’s hospital 

of 2,062 individual patients undergoing surgery for congenital heart disease from September 

2007 to July 2020. Pre-specified variants in candidate genes (AGTR1, APOE, IL6, NOS3, and 

TNF) were chosen. AKI was defined using Kidney Disease: Improving Global Outcomes serum 

creatinine criteria in the first week following surgery. Outcomes were analyzed by univariate and 

multivariable analysis of demographic, clinical, and genetic factors.

Results—The study population had median age of 6 (interquartile range [IQR], 1–53) months, 

759 (37%) of whom met criteria for postoperative AKI. In unadjusted analyses of each genetic 

variant, only NOS3 (rs2070744) was associated with lower risk for AKI (OR 0.75, 95% CI 0.62–

0.9, P = .002). In logistic regression analyses adjusting for body surface area, previously identified 

genetic syndrome, Society of Thoracic Surgeons-European Association for Cardio-Thoracic 
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Surgery (STAT) score, cardiopulmonary bypass time, and nephrotoxic medication exposure, the 

NOS3 variant remained protective against AKI (OR 0.7, 95% CI 0.58–0.85, P < .001).

Conclusions—A common variant in NOS3 is associated with decreased incidence of AKI in 

children undergoing cardiac surgery. Further analysis of the genetic contributions to postoperative 

AKI may help identify individual risk in the pediatric population.

Acute kidney injury (AKI) is a common complication following pediatric cardiac surgery 

and is a significant cause of morbidity and resource utilization.1–6 There are a variety of 

estimates of AKI prevalence reported and is suggested to occur in the postsurgical course 

of 30% to 40% of pediatric patients.7 Clinical risk factors for AKI after cardiac surgery 

have been identified, including younger age, higher Society of Thoracic Surgeons-European 

Association for Cardio-Thoracic Surgery (STAT) score, and longer cardiopulmonary bypass 

(CPB) time.7 The mechanisms for development of AKI in children with congenital heart 

disease (CHD) are complex and likely include the effects of CPB, inflammatory changes, 

postoperative clinical changes, and neuroendocrine influences.

Several genetic variants have been associated with increased risk of AKI in adults,8–12 

often through candidate gene studies based on physiologic factors known to play a role 

in the pathogenesis of renal injury. Renal blood flow is regulated by the renin-angiotensin-

aldosterone system, known to be affected by variants in the angiotensin II receptor 1 

(AGTR1) gene.8 Nitric oxide (NO) also plays an important role in the regulation of renal 

blood flow and is controlled by endothelial NO synthase (encoded by NOS3).9 Inflammation 

from surgery and CPB also is associated with increased renal and systemic cytokine 

production, influenced by variants in tumor necrosis factor alpha (TNF) and interleukin 

6 (IL6).10–12 Apolipoprotein E (encoded by APOE) is a significant component of plasma 

lipoproteins and has been associated independently with the development and progression of 

several renal diseases.12, 13 Differences in the mechanisms of these pathways may influence 

risk for development of AKI across clinical scenarios.

The aim of this study is to test the hypothesis that common genetic variants associated with 

postoperative AKI in adults may predispose infants, children, and adolescents with CHD to 

develop AKI after surgery.

Methods

Patient population and electronic health record data extraction

This study was reviewed and approved by the institutional review board of Vanderbilt 

University Medical Center, Nashville, Tennessee. Patients were enrolled prospectively as 

participants in the observational study and written informed consent was obtained from 

parents or guardians, as well as written assent from study participants as appropriate by 

age. Inclusion criteria were patients undergoing surgery for CHD at the Monroe Carell 

Jr. Children’s Hospital at Vanderbilt and subsequently admitted to the pediatric cardiac 

intensive care unit from September 2007 to July 2020. Exclusion criteria were absence 

of either the baseline or postoperative serum creatinine measurements to determine AKI 

status, and use of extracorporeal membrane oxygenation (ECMO) during the postoperative 

course. If individuals had multiple cardiac surgical procedures, data from only the 
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first surgery were included. Perioperative data were extracted from electronic health 

record (EHR) data sources and logged prospectively during the hospital admission. 

Data collection included patient demographics, prior medical history including known 

genetic syndrome(s) (DiGeorge, Down, Noonan, Turner, Holt-Oram, Williams, CHARGE, 

VACTERL syndromes, as well as any other identified genetic abnormalities), operative 

details including STAT score, aortic cross clamp and CPB times. Laboratory data and 

medications administered were extracted in bulk for the cohort retrospectively. Medications 

administered in the first week after surgery were categorized as high-risk nephrotoxins, 

moderate risk nephrotoxins, or non-nephrotoxins (Supplemental Table I). The nephrotoxin 

risk score was defined as the total number of unique high- or moderate-risk nephrotoxins 

administered to each patient in the first week after surgery.

Diagnosis and classification of AKI

Diagnostic criteria for AKI were based on the 2012 Kidney Disease: Improving Global 

Outcomes (KDIGO) creatinine criteria guidelines. 14 KDIGO defines AKI as stage 1 (≥0.3 

mg/dL or 1.5-fold increase), stage 2 (2-fold increase), and stage 3 (≥4 mg/dL or 3-fold 

increase). We added an additional requirement that peak creatinine be > 0.5 mg/dL to meet 

criteria for AKI to avoid classification of a patient with normal renal function as having 

AKI (e.g. increase from 0.2 to 0.4 mg/dL was not considered AKI). Baseline creatinine 

was defined as the lowest preoperative creatinine documented in the 6 months prior to 

surgery. Peak creatinine was defined as the highest postoperative creatinine value within 

7 days after surgery. Only creatinine criteria were used in the definition for AKI since 

reliable urine output data are not available for all pediatric inpatients and there were not 

reliable retrospective height measurements available among pediatric inpatients to estimate 

glomerular filtration rate. Patients not meeting stage 1, 2, or 3 KDIGO criteria were 

classified as having no AKI.

Candidate variant selection and genotyping

Variants that are common in the general population (minor allele frequency, MAF, > 

0.05) previously associated with postoperative AKI and associated with renal perfusion 

and inflammation in adults were identified via literature search using PubMed. These 

included variants in AGTR1 (rs5186, NC_000003.12:g.148742201A > C), APOE 
(rs429358, NC_000019.10:g.44908684T > C; and rs7412, NC_000019.10:g.44908822C 

> T), IL6 (rs1800796, NC_000007.14:g.22726627G > C), NOS3 (rs2070744, 

NC_000007.14:g.150992991C > T) and TNF (rs1800629, NC_000006.12:g.31575254G 

> A).8–13 For candidate genes, homozygous and heterozygous carriers of minor allele 

variants were grouped together and compared to patients without any variant alleles (ie, 

those homozygotes for major allele). DNA samples had been previously extracted by the 

Vanderbilt Center for Human Genetics Research DNA Resources Core using the Autopure 

instrument (Qiagen). Study participants had been previously genotyped using either the 

Affymetrix Axiom Precision Medicine Research Array or the Precision Medicine Diversity 

Array (Thermo Fisher Scientific, Waltham, MA). As part of genotype data quality control, 

variants were removed if genotype call rate was < 98%, if minor allele frequency was > 

20% different from 1000 Genomes phase 3 European reference populations, or deviation 

from Hardy-Weinberg Equilibrium (P-value < 1 × 10−10). Data for individuals were removed 
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if their genotype call rate was < 98%, the genetically estimated sex differed from parental-

reported sex, or for relatedness (2nd degree or closer). Genotype data were imputed to 

the 1000 Genomes phase 3 reference panel. For this study, we extracted data for specific 

variants of interest from the study database.

Statistical analysis and covariates

Baseline descriptive statistics are represented by the medians (interquartile range [IQR]) 

for continuous variables or number (percentage) for categorical variables. Continuous 

variables were compared using the Kruskal-Wallis rank test across stages of AKI and 

categorical variables were compared using the Pearson χ2 test. Univariate and multivariable 

analyses were performed to test the association of covariates to the outcome of AKI as 

an ordinal outcome (by stage) and as a dichotomous outcome (no AKI vs. any AKI). 

These pre-specified covariates included age, sex, body surface area (BSA), STAT score,16 

CPB time, aortic cross clamp time, concomitant nephrotoxic medications, and known 

genetic abnormality. Each of the candidate genetic variants was then tested individually 

for association with AKI. Logistic regression was used to determine the adjusted odds ratio 

of each clinical variable and genetic variant for AKI regardless of stage. Ordinal logistic 

regression was used to determine the adjusted odds ratio of each clinical variable and 

genetic variant by stage of AKI. For both the dichotomous and ordinal logistic regression 

analyses, STAT score was analyzed for this as an ordinal variable by score compared to 

STAT group 1 as the reference. The multivariable model included the subset of pre-selected 

covariates that were significant in univariate analysis. In the case of highly correlated pairs 

of pre-selected covariates (age and BSA, as well as CPB and cross-clamp time), a single 

variable was selected for each, based on the strength of each univariate association. The 

nephrotoxin risk score was included in the multivariable model as the number of unique 

nephrotoxins (Supplemental Table I). The STAT score was treated as a continuous variable 

in the multivariable analysis. A commercially available statistical soft-ware package was 

used for data analysis (STATA Version 17.0, College Station, Texas).

Results

During the study, a total of 2,062 individuals with baseline and peak serum creatinine 

measurements were included. Of those, 973 (47%) were female and 473 (23%) had a 

previously identified genetic anomaly. Seven-hundred and fifty-nine (37%) met criteria 

for postoperative AKI: 413 (54.4%) with stage 1; 239 (31.5%) with stage 2; and 107 

(14.1%) with stage 3. Infants < 12 months of age (n = 1,228) had a 47% incidence of AKI 

while children > 12 months of age (n = 834) had 22% incidence of AKI. Other clinical 

characteristics of the cohort and those with AKI are listed in Table I. Primary surgical 

procedures are listed in Supplemental Table II. Genotype frequencies for the candidate 

variants are listed in Supplemental Table III.

Table II shows univariate associations of each covariate with the development of 

postoperative AKI as an ordinal and as a dichotomous outcome. A significant association 

was present for AKI as a dichotomous outcome with years of age (OR = 0.92 [0.91–0.94], P 
< .001), BSA (OR = 0.36 [0.29–0.46], P < .001), male sex (OR = 1.2 [1.02–1.47], P = .027), 
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genetic syndrome (OR = 1.64 [1.32–2.02], P < .001), STAT score (OR = 1.69 [1.58–1.82], 

P < .001), CPB time (OR 1.07 [1.05–1.08], P < .001) per 10 minutes, cross clamp time 

(OR = 1.07 [1.05–1.10], P < .001) per 10 minutes, and nephrotoxin risk score (OR = 1.21 

[1.16–1.31], P < .001). Ordinal results for AKI outcomes by stage were similar to those 

of dichotomous outcomes (Table II). In univariate analysis, there was also a significant 

association of the candidate NOS3 variant and dichotomous AKI outcome, with the major 

allele conferring decreased risk (OR 0.75 [0.62–0.90], P = .002). The remaining candidate 

variants were not significantly associated with the outcome of AKI. For children > 12 

months of age the NOS3 major allele had more protective effect for AKI (OR 0.74 [0.57–

0.96], P = .021) vs. infants < 12 months of age (OR 0.84 [0.71–0.99], P = .021) when 

analyzing AKI as a dichotomous outcome.

In order to test for gene-dose effect, we performed a post hoc subanalysis using those 

homozygous for the NOS3 major allele as a reference group. We calculated ORs for 

homozygotes for the minor NOS3 alleles and for NOS3 heterozygotes (Supplemental Table 

IV). The decreased risk of AKI was similar in the homozygous and heterozygous minor 

allele carriers.

Given the significant association with genetic syndromes, a post hoc subanalysis of 

recognized syndromes or associations was performed to test the association of DiGeorge, 

Down, Noonan, Turner, Holt-Oram, Williams, CHARGE, VACTERL, or other genetic 

abnormality syndromes with AKI (Supplemental Table V). Of the identified syndromes 

only VACTERL (n = 19) had a significant association with AKI (OR = 2.59 [1.04–6.46], P 
= .04). Other genetic abnormalities identified on chromosomal or genetic testing were also 

significantly associated with AKI (OR = 1.76 [1.25–2.48], P < .01).

Results of the multivariable analysis using BSA, genetic syndrome, STAT category, bypass 

time (per ten minutes), nephrotoxin risk score and the NOS3 variant are shown in Figure 

1. In this multivariable analysis, all covariates remained significant with NOS3 OR = 0.70, 

[0.58–0.85, P < .0001].

Discussion

AKI following pediatric cardiac surgery remains a significant component of postoperative 

morbidity. In our cohort, 37% of patients developed postoperative AKI, with most (54%) 

being categorized as stage 1 AKI. Age, BSA, sex, genetic syndromes, nephrotoxin exposure, 

and surgical complexity (as represented by STAT score, by-pass time, and cross clamp time) 

represent important risk factors for AKI in this study. A common variant in NOS3 was found 

to have a protective effect against the development of AKI in children with OR of 0.75 

[0.62–0.90] in those with the presence of at least 1 minor allele.

Renal blood flow, cytokine production, and plasma lipoproteins are hypothesized to 

influence AKI risk.10,11 Previous studies in adults have demonstrated that common variants 

in genes that regulate renal blood flow and inflammation are associated with increased risk 

of postoperative AKI.8–13 To our knowledge, these associations for postoperative AKI have 

not been assessed in children, and the differences in individual risk remain challenging to 
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predict. The candidate gene analysis performed did not demonstrate a significant association 

with common variants of APOE, AGTR, IL6, or TNF, but there was a protective effect of 

NOS3.

The NOS3 variant is in the promotor region of the gene which likely impacts gene 

expression and causes variations in the amount of NO produced and affects renal medullary 

blood flow.15,17 This risk allele has been studied by candidate gene approach in a 

wide variety of diseases including coronary artery disease,18,19 diabetes,20 preeclampsia,21 

multiple sclerosis22 as well as others. While presence of the minor NOS3 allele variant has 

been associated with reduced transcription and NO production, Data et al.23 and Augeri et al 
24 demonstrated that the presence of this allele was associated with a more favorable blood 

pressure response to exercise in adults. The functional characteristics of this variant have 

been suggested as a more dynamic contributor to hyper-emic effects after shear stress,23 

particularly in otherwise healthy young adults. We hypothesize that the carriers of the NOS 
allele variant may have more dynamic effects in renal medullary blood flow creating a 

protective response to CPB and stress after surgery. The differences in pediatric physiology 

may also demonstrate the variations in this risk allele and its protective effect. In young 

infants, the kidneys receive as low as 2.5% to 4% of systemic blood flow as compared to 

20% to 25% in adults. While systemic vascular resistance decreases and allows increased 

renal blood flow, there is subsequent stress on renal function in children.25, 26 In children > 

12 months of age, the NOS3 variant demonstrated increased protective effects compared to 

infants < 12 months of age (OR 0.74 v. OR 0.84). The NOS3 variant protective effect shown 

in this study may be related to protective effects on regulating the dynamic changes in renal 

blood flow that cause increased stress and may lead to AKI. As physiologic renal blood flow 

increases, we hypothesize that individuals with this variant may have improved regulation of 

dynamic effects with decreased risk of AKI.

Our analysis also demonstrated an association of increased risk of AKI with children 

who have an already identified genetic syndrome. A recent meta-analysis by Van den 

Eynde et al.7 which included 11 studies with genetic syndrome as a baseline variable did 

not demonstrate a significant association with postoperative AKI. A post hoc analysis of 

our study population with sub-groups including patients with DiGeorge, Downs, Noonan, 

Turner, Holt-Oram, Williams, CHARGE, VACTERL syndrome, as well as other genetic 

abnormalities. Of the identified syndromes, VACTERL was significantly associated with 

postoperative AKI which we hypothesize is related to its associated renal anomalies, 

although the sample size for this subgroup was small (n = 19).

Identifying individual risk factors for pediatric patients who are at higher risk for 

postoperative AKI pose the possibility for alternative treatments. Patients who are 

homozygous for the NOS3 minor allele may be more predisposed to AKI due to increased 

shear stress and may benefit from interventions such as close blood pressure monitoring 

and control, careful fluid balance, minimization of nephrotoxic exposures, and high dose 

acetaminophen.27 Modern biomarkers including urinary neutrophil gelatinase-associated 

lipocalin (uNGAL) to creatinine ratio as well as others have been shows to be early 

predictors of cardiac-AKI in children.28,29 The use of risk stratification using genetic 

variants and these biomarkers as the relationship between these predictors may provide 
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benefit to patient management. Understanding genetic differences that may affect risk 

could also help drive the discovery and use of other biomarkers, such as those related 

to renal blood flow and stress. This data may also be useful in postoperative and 

medical interventions to help decrease renal damage. There have been several studies 

analyzing potential therapeutic benefits to altering NOS3 to improve cardiovascular and 

renal outcomes in adults.30,31 Pharmacologic agents and nutritional applications to alter 

NO bioactivity and reduce oxidative stress have the potential to alter disease development 

and progression but are not well understood in children.32 Future directions may include 

development of treatment strategies based on this novel genetic association in this pediatric 

population.

Although there was a large study group analyzed, further prospective studies are required 

to further analyze the observed results. Other genetic contributions that were not tested in 

this study may help to explain the differences in individual risk. Understanding how genetic 

associations contribute to individual risks remain an important factor in helping reduce the 

morbidity and mortality incurred by renal injury in the postoperative period.

Limitations

This retrospective observational study does not inform causality of AKI. Only a limited 

number of variants were analyzed and it does not preclude the likelihood that there are 

other genetic associations with postoperative AKI. Additionally, this study was performed 

at a single tertiary care center which may represent potential selection bias. Our definition 

of AKI was based on KDIGO creatinine criteria and not urine output due to difficulty 

in measurement in children and inaccuracy of retrospective data. The NOS3 variant may 

be in linkage disequilibrium with another variant that contributes directly to AKI risk. 

Multivariable analysis was performed to adjust for potential confounders including size, 

nephrotoxin exposure, STAT score, CPB time, however there may be additional unmeasured 

confounders.

Conclusion

In this study, younger age, smaller BSA, male sex, known genetic syndrome, STAT score, 

CBP time, aortic cross clamp time, nephrotoxin risk score were all associated with outcome 

of AKI in children undergoing cardiac surgery. On genetic analysis of 6 common variants 

that affect renal blood flow and inflammation, a variant in NOS3 was found to be protective 

of AKI. These findings emphasize the importance of genetic risk prediction developing 

prediction models for pediatric postoperative AKI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Multivariable Analysis for AKI as Dichotomous Predictor. Odds ratios (ORs) and 95% 

CIs for each of the clinical variables in the dichotomous multivariable logistic regression 

analysis for association with acute kidney injury. Odds ratios are for the following: 

Body surface area (BSA), identified preexisting genetic syndrome including (DiGeorge, 

Down, Noonan, Turner, Holt-Oram, Williams, CHARGE, VACTERL syndrome, or other 

identified genetic abnormality), Society of Thoracic Surgeons-European Association for 

Cardio-Thoracic Surgery (STAT) score, Cardiopulmonary bypass (CPB) time (per 10 

minutes), Nephrotoxin Risk score which was equal to total number of unique exposures 

to high and moderate risk nephrotoxic medications, and presence of NOS3 rs2070744 allele 

variant. Point estimates and 95% CIs are shown to the left of each plot.
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