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Persistent Markers of Kidney Injury in 
Children Who Developed Acute Kidney 
Injury After Pediatric Cardiac Surgery:   
A Prospective Cohort Study
Jef Van den Eynde , BSc*; Thomas Salaets , MD, PhD*; Jacoba J. Louw , MD, PhD; Jean Herman, MD, PhD; 
Luc Breysem, MD; Dirk Vlasselaers , MD, PhD; Lars Desmet, MD; Bart Meyns, MD, PhD;  
Werner Budts , MD, PhD; Marc Gewillig , MD, PhD; Djalila Mekahli , MD, PhD

BACKGROUND: Acute kidney injury (AKI) after pediatric cardiac surgery is common. Longer- term outcomes and the incidence 
of chronic kidney disease after AKI are not well- known.

METHODS AND RESULTS: All eligible children (aged <16 years) who had developed AKI following cardiac surgery at our tertiary 
referral hospital were prospectively invited for a formal kidney assessment ≈5 years after AKI, including measurements of es-
timated glomerular filtration rate, proteinuria, α1- microglobulin, blood pressure, and kidney ultrasound. Longer- term follow- up 
data on kidney function were collected at the latest available visit. Among 571 patients who underwent surgery, AKI occurred 
in 113 (19.7%) over a 4- year period. Fifteen of these (13.3%) died at a median of 31 days (interquartile range [IQR], 9– 57) after 
surgery. A total of 66 patients participated in the kidney assessment at a median of 4.8 years (IQR, 3.9– 5.7) after the index 
AKI episode. Thirty- nine patients (59.1%) had at least 1 marker of kidney injury, including estimated glomerular filtration rate 
<90 mL/min per 1.73 m2 in 9 (13.6%), proteinuria in 27 (40.9%), α1- microglobinuria in 5 (7.6%), hypertension in 13 (19.7%), and 
abnormalities on kidney ultrasound in 9 (13.6%). Stages 1 to 5 chronic kidney disease were present in 18 (27.3%) patients. 
Patients with CKD were more likely to have an associated syndrome (55.6% versus 20.8%, P=0.015). At 13.1 years (IQR, 11.2– 
14.0) follow- up, estimated glomerular filtration rate <90 mL/min per 1.73 m² was present in 18 of 49 patients (36.7%), suggest-
ing an average estimated glomerular filtration rate decline rate of −1.81 mL/min per 1.73 m² per year.

CONCLUSIONS: Children who developed AKI after pediatric cardiac surgery showed persistent markers of kidney injury. As 
chronic kidney disease is a risk factor for cardiovascular comorbidity, long- term kidney follow- up in this population is warranted.

Key Words: acute kidney injury ■ cardiac surgery ■ children ■ chronic kidney disease ■ congenital heart disease ■ long- term 
outcomes

Acute kidney injury (AKI) in the immediate post-
operative period is common, occurring in 30% 
to 60% of children undergoing pediatric cardiac 

surgery for congenital heart disease (CHD). A recent 
meta- analysis demonstrated that AKI after pediatric 
cardiac surgery was associated with increased short- 
term morbidity and mortality, including higher rates of 

in- hospital mortality, need for kidney replacement ther-
apy, and cardiac arrhythmias, as well as longer ventila-
tion time and hospital length of stay.1

Longer- term outcomes of AKI after pediatric car-
diac surgery, however, are not well known. Adult 
studies have found robust associations of cardiac 
surgery- associated AKI with a 9- fold increased risk of 
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developing chronic kidney disease (CKD) and a 2- fold 
increased risk of long- term mortality when compared 
with those without AKI.2 In contrast, prior studies in 
children with CHD have been inconclusive with regard 
to the risk of persistent kidney injury and CKD and 
there is a scarcity of data in this population.3– 8

While CHD was a lethal condition several decades 
ago, >90% of infants with CHD currently survive into 

adulthood.9 The rising number of adults with CHD 
(ACHD) now accounts for two thirds of the CHD popu-
lation.10 As early mortality continues to decrease, it be-
comes more clear that CHD is never cured and results 
in multiple complications accumulated over the lifes-
pan.11 CKD is an important issue in the growing ACHD 
population, occurring in 30% to 50% of these patients12 
and being responsible for an excess burden in health 
care utilization.13 Furthermore, as CKD represents an 
important cardiovascular risk factor, it needs to be 
managed and followed up as part of the standard care 
of this population.14 Currently, AKI guidelines in children 
offer no recommendations on structured kidney fol-
low- up. Therefore, this prospective cohort study inves-
tigated the mid-  and long- term kidney consequences 
of AKI after pediatric cardiac surgery.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Population
This study conforms to the ethical guidelines of the 
1975 Declaration of Helsinki as reflected in a priori ap-
proval by the local ethical committee of the University 
Hospitals Leuven (project number S52045). All con-
secutive children (aged <16 years) with CHD who had 
developed AKI following cardiac surgery with extra-
corporeal circulation between December 2004 and 
December 2008 were identified through the local 
Pediatric Cardiology database and the hospitals elec-
tronic database. AKI was defined according to the 
Acute Kidney Injury Network (AKIN) classification15 as 
an increase in serum creatinine ≥0.3 mg/dL or ≥50% 
within 48 hours after surgery. AKI was further subdi-
vided into stage 1 (increase of ≥0.3 mg/dL or 50%– 
100%), stage 2 (increase of 100%– 200%), and stage 
3 (increase of ≥4  mg/dL with an acute increase of 
≥0.5 mg/dL, or >200%, or requiring renal replacement 
therapy). AKIN was the leading classification for AKI 
at the time of protocol validation of this study (ie, June 
2010). Demographic, perioperative, and postoperative 
data were retrieved from information available in their 
electronic medical records, as well as hospitalizations 
and outpatient consultations.

CHD was classified into the following types: intra-
cardiac left- to- right shunts (atrial septal defect, ven-
tricular septal defect, atrioventricular septal defect), 
obstructive left heart lesions (coarctation of the aorta, 
aortic stenosis, small left hearts, Shone complex, and 
other lesions with evolution to biventricular circula-
tion), transposition of the great arteries (“simple” types, 
with or without ventricular septal defect), conotruncal 

CLINICAL PERSPECTIVE

What Is New?
• In this prospective cohort of 66 children with 

congenital heart disease who developed acute 
kidney injury after pediatric cardiac surgery, evi-
dence of kidney injury was present in 39 (59.1%) 
and chronic kidney disease stage 1 to 5 was 
present in 18 (27.3%) after a median follow- up of 
4.8 years.

• Kidney function measurements obtained in 49 
children at a median of 13.1 years after the index 
acute kidney injury episode revealed overall on-
going kidney function deterioration with an av-
erage decline in estimated glomerular filtration 
rate of −1.8 mL/min per 1.73 m² per year.

What Are the Clinical Implications?
• Our findings provide incremental evidence that 

persistent markers of kidney injury are common 
after postoperative acute kidney injury in chil-
dren with congenital heart disease at mid-  and 
long- term follow- up.

• Children may develop absolute or relative hy-
perfiltration in response to acute kidney injury, 
thus initially “masking” the injury; however, kid-
ney injury progresses and eventually becomes 
evident, especially in those with syndromes or 
univentricular physiology.

• As chronic kidney disease, proteinuria, and hy-
pertension are important cardiovascular risk fac-
tors, structured follow- up of the kidneys in this 
vulnerable population is warranted and preven-
tion of kidney disease should start in childhood 
to ensure optimal outcomes in the growing pop-
ulation of adults with congenital heart disease.

Nonstandard Abbreviations and Acronyms

ACHD adults with congenital heart disease
AKI acute kidney injury
AKIN Acute Kidney Injury Network
KDIGO Kidney Disease Improving Global 

Outcomes
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lesions (tetralogy of Fallot, double- outlet right ventricle, 
truncus arteriosus, complex transpositions with pul-
monary stenosis or coarctation), univentricular hearts 
(hypoplastic left heart syndrome, tricuspid atresia, mi-
tral atresia, hypoplastic right heart, complex atrioven-
tricular connections, and other lesions with evolution 
to Fontan circulation), totally anomalous pulmonary ve-
nous return, and other. Society of Thoracic Surgeons- 
European Association for Cardio- Thoracic Surgery 
(STAT) scores as a marker for surgery complexity and 
the mortality risk after congenital surgery were as-
signed according to O’Brien et al.16

Study Design and Objectives
Patients who had developed AKI after pediatric car-
diac surgery and were still alive were contacted by mail 
and invited for a formal kidney assessment between 
June 2010 and December 2012. Patients who did not 
respond were contacted by telephone. Informed con-
sent was obtained from the parents or caregivers of all 
patients. All assessments were performed on an out-
patient basis on the same day as a planned cardiology 
consultation.

During the study visit, height, weight, and vital signs 
were collected and a full physical examination was per-
formed. Blood pressure was measured at the upper ex-
tremity using an automated Dinamap monitor and cuff of 
appropriate size. The lowest of 3 readings taken 5 min-
utes apart was recorded. Hypertension was defined as 
systolic and/or diastolic blood pressure >95th percentile 
for sex, age, and height.17 Children with previously diag-
nosed hypertension who were on antihypertensive ther-
apy were also considered to have hypertension.

Kidney outcome was assessed by means of esti-
mated glomerular filtration rate (eGFR), proteinuria, 
α1- microglobinuria, and kidney ultrasound. Serum 
creatinine was determined and eGFR was estimated 
using the 2009 Schwartz formula (eGFR=0.413×height 
[cm]/creatinine [mg/dL]).18 A clean catch or bagged 
urine sample was collected. Proteinuria was de-
fined as a urine protein/creatinine ratio >0.2  g/g. 
α1- Microglobulinuria, an indicator of proximal tubu-
lar dysfunction, was defined as a urinary level of α1- 
microglobuline >12.5  mg/L. Kidney ultrasound with 
Doppler was performed to assess kidney length, as-
pect of kidney parenchyma, and kidney perfusion. 
Kidney length was standardized to height- matched 
normal ranges.19 A kidney was considered small or 
large if its length was inferior or superior to 2 SDs com-
pared with controls.

The primary objective of the study was to determine 
midterm kidney outcomes of AKI after pediatric cardiac 
surgery. CKD was defined according to Kidney Disease 
Improving Global Outcomes (KDIGO) guidelines: eGFR 
90 mL/min to 100 mL/min per 1.73 m² with abnormalities 

on kidney ultrasound or biochemistry (stage 1), or eGFR 
<90 mL/min per 1.73 m² (stages 2– 5).20 Hyperfiltration 
was defined as an eGFR >140 mL/min per 1.73 m². A 
secondary objective was to evaluate the progressive 
decline in kidney function at long- term follow- up. To this 
end, the latest occasional eGFR measurement available 
from electronic medical records was evaluated. Most 
blood samples were obtained during routine checkups 
before catheterization. Samples taken at the time of in-
tercurrent acute disease were excluded.

Statistical Analysis
Continuous variables were checked for normality using 
Shapiro- Wilk test. Normally distributed variables are pre-
sented as mean±SD and were compared using Student 
t test; non- normally distributed variables are presented 
as median (interquartile range [IQR]) and were compared 
using Mann- Whitney U test. Categorical variables are 
expressed as frequency (percentage) and were com-
pared with chi- square test. All analyses were performed 
using R Statistical Software (version 4.0.2 2020- 06- 22, 
Foundation for Statistical Computing). A 2- tailed P<0.05 
was considered statistically significant.

RESULTS
Prevalence of AKI, Patient Characteristics, 
and Survival
A total of 640 cardiac operations in 571 children with 
CHD were performed at our tertiary referral hospital be-
tween December 2004 and December 2008. AKI oc-
curred following 122 procedures (19.1%) in 113 patients 
(19.7%). The patients underwent the index operation at 
a median age of 79.0 days (IQR, 9.0– 230 days) and 68 
(60.2%) were male. Nine patients experienced a second 
AKI episode between this index operation and the kid-
ney assessment visit. According to their highest AKIN 
classification, 64 patients (56.6%) had stage 1 AKI, 40 
(35.4%) had stage 2 AKI, and 10 (8.8%) had stage 3 
AKI. Renal replacement therapy was required in 2 pa-
tients (1.6%), one for a period of 45 days and another 
for 4 days. Fifteen patients (13.3%) died at a median of 
31.0 days (IQR, 9.0– 57.0 days) after surgery and at a me-
dian age of 93.0 days (IQR, 56.0– 211 days). The cause of 
death was cardiorespiratory failure in 11 patients (80.0%) 
and severe infections in 3 patients (20.0%).

The 98 surviving patients were contacted to partic-
ipate in a formal kidney assessment. Thirteen patients 
(13.3%) declined and 19 (19.4%) were lost to follow- up, 
mostly attributable to further follow- up abroad. Thus, a 
total of 66 children were included in the current study 
(Figure 1). The study visits were performed at a median 
follow- up of 4.8  years (IQR, 3.9– 5.7 years) after the 
index AKI episode. At that time, the median age was 
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5.6 years (IQR, 4.1– 6.4 years). Patient demographics 
are presented in Table 1. Patients included in the pro-
spective cohort did not differ from those who were not 
included, apart from lower birth weight (3030±652 g 
versus 3381±614  g, P=0.012) and higher number of 
CHD surgeries (median, 2 [IQR, 1– 2] versus 1 [IQR, 
1– 1], P=0.002) in the former.

Kidney Assessment Visit
Anthropometric Data

Findings at the kidney assessment visit are presented in 
Table 2. The patients had a mean length of 110±12.2 cm 
and a median weight of 18.2 kg (16.0– 20.5 kg). The me-
dian percentiles for length and weight were 32.0 (10.0– 
50.0) and 25.0 (3.0– 50.0), respectively. The median body 
mass index was 14.9 kg/m² (14.1– 16.0 kg/m²). Patients 

with AKIN stage 2 had a significantly lower weight than 
those with AKIN stage 1 (16.0 kg [IQR, 13.4– 18.0 kg] ver-
sus 19.0 kg [IQR, 17.0– 20.6 kg]; P=0.025).

Kidney Function

The mean eGFR at the formal assessment visit was 
114±25 mL/min per 1.73 m². Hyperfiltration was observed 
in 8 children (12.1%). Eight children (12.1%) had a mildly 
decreased eGFR between 60 and 90 mL/min per 1.73 m2 
(CKD stage 2) and 1 child (1.5%) had an eGFR of 51 mL/
min per 1.73 m2 (CKD stage 3a). Two of these patients had 
known kidney hypodysplasia and reduced kidney func-
tion since the neonatal period and their eGFR at the kid-
ney assessment visit was comparable with their baseline 
eGFR before the index surgery. There were no differences 
in kidney function between AKIN stages (P=0.474).

Figure 1. Flow diagram of the cohort study.
AKI indicates acute kidney injury; and CHD, congenital heart disease.
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Proteinuria and α1- Microglobinuria

Proteinuria was identified in 27 patients (40.9%). One 
child with known kidney hypodysplasia and reduced 
kidney function had overt proteinuria (2.1 g/g); the pro-
teinuria was in the same range as before the AKI sur-
gery. Proteinuria did not differ between AKIN stages 
(P=0.146). Urinary α1- microglobulin concentration was 
increased in 5 patients (7.6%), indicating tubular dys-
function. Three patients had associated proteinuria.

Hypertension

Hypertension was detected in 13 patients (19.6%): 9 
had hypertension (including 3 patients who were tak-
ing antihypertensive treatment) and 4 were normoten-
sive but taking antihypertensive medications for blood 
pressure control. There was no difference between 
AKIN stages with regard to hypertension (P=0.477).

Kidney Ultrasound

Kidney ultrasound with Doppler detected abnormali-
ties in 9 patients (13.6%). Five of these children had 
preexisting congenital anomalies of the kidney and 
urinary tract, which had already been documented on 
ultrasound during the neonatal period. Kidney intra-
parenchymal acceleration times and resistance indices 
were within normal ranges in all patients.

Markers of Kidney Injury

Of the 66 patients who came to the kidney assess-
ment visit, 39 (59.1%) had at least 1 marker of kidney 
injury (ie, reduced kidney function, proteinuria, α1- 
microglobinuria, abnormalities on ultrasound, and/or 
hypertension). Nineteen (28.8%) had 1 positive marker 
of kidney injury, 17 (25.8%) had 2 positive markers, and 
3 (4.5%) had abnormalities in 3 markers.

CKD Stages 1 to 5

CKD stages 1 to 5, defined as eGFR <90 mL/min per 
1.73 m² or eGFR 90 mL/min per 1.73 m² to 100 mL/
min per 1.73 m² with laboratory/ultrasound abnormali-
ties, was present in 18 patients (27.3%) at the kidney as-
sessment visit. Patients with CKD were more likely to 
have an associated syndrome (55.6% versus 20.8%, 
P=0.015). However, no other differences in demo-
graphic data were observed (Table  3). While overall 
the types of CHD were different between both groups 
(P=0.049), no significant differences for individual types 
were observed. Nonetheless, trends were observed to-
wards more univentricular hearts (38.9% versus 18.8%, 
P=0.089) and intracardiac left- to- right shunts (22.2% 
versus 6.3%, P=0.061) and less transposition of the 
great arteries (11.1% versus 33.3%, P=0.071) in the CKD 
group. No significant associations to the characteristics 

Table 1. Demographics of Patients Included and Not 
Included in the Prospective Cohort

Variable
Included 
(n=66)

Not included 
(n=47)

Female sex 28 (42.4) 18 (38.3)

Prematurity (<37 wk) 9 (13.6) 2 (4.3)

Delivery at tertiary hospital 19 (28.8) 10 (21.3)

Birth weight, g 3030±652 3381±614

Birth weight <2.5 kg 8 (12.1) 2 (4.3)

Prenatal diagnosis of CHD 17 (25.8) 12 (25.5)

Type of CHD

Intracardiac left- to- right shunts 7 (10.6) 11 (23.4)

Obstructive left heart lesions 5 (7.6) 6 (12.8)

Transposition of the great 
arteries

18 (27.3) 10 (21.3)

Conotruncal lesions 19 (28.8) 8 (17.0)

Univentricular heart 16 (24.2) 7 (14.9)

TAPVR 1 (1.5) 3 (6.4)

Other 0 (0.0) 2 (4.3)

Comorbidities

Syndrome 20 (30.3) 14 (29.8)

CAKUT 5 (7.6) 3 (6.4)

No. of surgeries for CHD 2 (1– 2) 1 (1– 1)

1 30 (45.5) 37 (78.7)

2 21 (31.8) 7 (14.9)

3 12 (18.2) 3 (6.4)

4 3 (4.5) 0 (0.0)

Age at index CHD surgery, d 87 (9– 316) 79 (8– 136)

Neonates (<28 d) 27 (40.9) 19 (40.4)

Characteristics of index CHD surgery

CPB time, min 133±77 131±69

CPB time >120 min 27 (40.9) 18 (38.3)

Cross clamp time, min 72±31 69±34

STAT score 3 (2– 4) 3 (2– 4)

1 7 (10.6) 7 (14.9)

2 19 (28.8) 13 (27.7)

3 18 (27.3) 15 (31.9)

4 18 (27.3) 10 (21.3)

5 4 (6.1) 2 (4.3)

ICU length of stay, d 8 (5– 14.8) 7 (6– 13.9)

Total number of CHD surgeries with AKI episode

1 59 (89.4) 45 (95.7)

2 7 (10.6) 2 (4.3)

AKI severity

AKIN stage 1 (mild) 42 (63.6) 22 (46.8)

AKIN stage 2 (moderate) 19 (28.7) 21 (44.7)

AKIN stage 3 (severe) 5 (7.6) 5 (10.6)

Data are presented as frequency (percentage), mean±SD, or median 
(interquartile range). AKI indicates acute kidney injury; AKIN, Acute Kidney 
Injury Network; CAKUT, congenital anomalies of the kidney and urinary 
tract; CHD, congenital heart disease; CPB, cardiopulmonary bypass; 
ICU, intensive care unit; STAT, Society of Thoracic Surgeons- European 
Association for Cardio- Thoracic Surgery; and TAPVR, totally anomalous 
pulmonary venous return.
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of the surgery (number of surgeries before kidney as-
sessment, number of surgeries with AKI episode, clamp 
and bypass time of the index surgery, STAT score, and 
intensive care unit length of stay) could be found, but 
caution is warranted because of low power. At the time 
of the visit, patients in the CKD group had a lower height 
percentile (10 [IQR, 1.88– 34.2] versus 50 [IQR, 10– 53.2]; 
P=0.005), despite similar weight percentile (17.5 [IQR, 
3– 35.2] versus 25 [IQR, 5.25– 50]; P=0.181), when com-
pared with those without CKD (Table 4).

Kidney Function at Latest Follow- Up
Between the formal kidney assessment and latest 
follow- up, 2 patients died: one 13.1- year- old patient 
at 7.5 years after the assessment attributable to sud-
den collapse after Potts shunt for severe pulmonary 
hypertension, and another 17.2- year- old patient at 

10.0 years after the assessment following complica-
tions of COVID- 19 in a failing Fontan circulation. In 
a total of 49 of the 66 patients originally included in 
the assessment, kidney function tests were obtained 
from the latest available visit after the formal assess-
ment, at a median follow- up of 13.1 years (IQR, 11.2– 
14.0 years) after the index AKI episode. The median 
age was 13.6  years (IQR, 12.2– 15.3 years). At that 
time, the mean eGFR had declined to 99±23 mL/min 
per 1.73  m² (P=0.001 compared with 114±25  mL/
min per 1.73  m² at the kidney assessment visit) 
(Figure 2A). This suggests an average eGFR decline 
rate of −1.81 mL/min per 1.73 m² per year. If the de-
cline would proceed at the same rate, it is predicted 
that 50% of our patients will have developed an 
eGFR <90 mL/min per 1.73 m² by early adulthood (at 
18.1 years of follow- up), which corresponds to data in 
ACHD.12 Hyperfiltration was observed in only 1 child 

Table 2. Kidney Assessment Visit at 5- Year Follow- Up

Variable All patients (N=66)
AKIN stage 1 
(n=42)

AKIN stage 2 
(n=19) AKIN stage 3 (n=5) P value

Anthropometric data

Height, cm 110±12.2 112±10.9 105±14.3 108±9.3 0.087

Height percentile 32.0 (10.0– 50.0) 33.5 (10.0– 50.0) 25.0 (6.5– 50.0) 35.0 (3.0– 50.0) 0.736

Weight, kg 18.2 (16.0– 20.5) 19.0 (17.0– 20.6) 16.0 (13.4– 18.0) 18.3 (16.4– 19.3) 0.031

Weight percentile 25.0 (3.00– 50.0) 33.0 (7.00– 50.0) 10.0 (3.0– 29.5) 34.0 (3.0– 75.0) 0.312

BMI, kg/m² 14.9 (14.1– 16.0) 15.0 (14.0– 16.0) 15.0 (14.2– 15.9) 16.0 (14.9– 16.7) 0.668

Serum creatinine, mg/dL 0.42±0.12 0.44±0.13 0.37±0.07 0.40±0.13 0.066

eGFR, mL/min per 1.73 m² 114±25 111±27 120±20 118±33 0.474

eGFR <90 mL/min per 
1.73 m²

9 (13.6) 8 (19.1) 0 (0.0) 1 (20.0%) 0.121

eGFR 90– 140 mL/min 
per 1.73 m²

49 (74.2) 30 (71.4) 17 (89.5) 2 (40) 0.063

eGFR >140 mL/min per 
1.73 m²

8 (12.1) 4 (9.5) 2 (10.5) 2 (40) 0.138

Proteinuria (>0.2 g/g) 27 (40.9) 17 (40.5) 6 (31.6) 4 (80) 0.146

α1- Microglobinuria 
(>12.5 mg/L)

5 (7.6) 3 (7.1) 1 (5.3) 1 (20) 0.533

Hypertension 13 (19.7) 10 (23.8) 3 (15.8) 0 (0.0) 0.395

Kidney ultrasound

Small kidney 8 (12.1) 3 (7.1) 4 (21.1) 1 (20.0) 0.260

Large kidney 4 (6.1) 3 (7.14) 1 (5.3) 0 (0.0) 0.807

Abnormal medullary 
reflectivity

2 (3.0) 1 (2.4) 1 (5.3) 0 (0.0) 0.764

Abnormal cortical 
reflectivity

0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1.000

Abnormalities 0.304

Present at neonatal 
ultrasound (CAKUT)

5 (7.6) 1 (2.4) 3 (15.8) 1 (20.0)

Newly diagnosed 4 (6.1) 3 (4.5) 1 (1.5) 0 (0.0)

No abnormalities 57 (86.4) 38 (90.5) 15 (78.9) 4 (80.0%)

Data are presented as frequency (percentage), mean±SD, or median (interquartile range). P value is given for the comparison between Acute Kidney Injury 
Network (AKIN) stages. BMI indicates body mass index; CAKUT, congenital anomalies of the kidney and urinary tract; and eGFR, estimated glomerular filtration 
rate.
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(2.0%, P=0.047). A total of 11 of 49 patients (22.4%) 
who had normal kidney function at the assess-
ment visit eventually developed kidney dysfunction 

(Figure 2B). Thus, 17 children (34.7%, P=0.008) had 
a mildly decreased eGFR between 60  mL/min per 
1.73 m2 and 90 mL/min per 1.73 m2 (CKD stage 2) and 

Table 3. Comparison of Demographic Data in Patients Who Had Developed CKD at the Kidney Assessment Visit at 5- Year 
Follow- Up Versus Those Who Did Not

Variable No CKD (n=48) CKD (n=18) SMD* P value

Female sex 20 (41.7) 8 (44.4) 0.061 1.000

Prematurity (<37 wk) 6 (12.5) 3 (16.7) 0.187 0.696

Delivery at tertiary hospital 14 (29.2) 5 (27.8) −0.038 0.913

Birth weight, g 3210 (2732– 3440) 2955 (2692– 3415) −1.205 0.496

Birth weight <2.5 kg 6 (12.5) 2 (11.1) −0.074 1.000

Prenatal diagnosis of CHD 14 (29.2) 3 (16.7) −0.398 0.301

Type of CHD

Intracardiac left- to- right shunts 3 (6.3) 4 (22.2) 0.797 0.061

Obstructive left- sided heart lesions 5 (10.4) 0 (0.0) NA 0.154

Transposition of the great arteries 16 (33.3) 2 (11.1) −0.764 0.071

Conotruncal lesions 15 (31.3) 4 (22.2) −0.258 0.471

Univentricular heart 9 (18.8) 7 (38.9) 0.558 0.089

TAPVR 0 (0.0) 1 (5.6) NA 0.100

Comorbidities

Syndrome 10 (20.8) 10 (55.6) 0.861 0.015

CAKUT 3 (6.25) 2 (11.1) 0.341 0.608

No. of surgeries for CHD 2 (1– 2) 2 (1– 3) 0.949 0.368

1 23 (47.9) 7 (38.9) −0.203 0.512

2 16 (33.3) 5 (27.8) −0.143 0.666

3 7 (14.6) 5 (27.8) 0.448 0.216

4 2 (4.2) 1 (5.6) 0.167 0.810

Age at index CHD surgery, d 35.5 (9.0– 213) 167 (28.2– 1068) 2.277 0.125

Neonates (<28 d) 22 (45.8) 5 (27.8) −0.433 0.295

Characteristics of index CHD surgery

CPB time, min 118 (88– 156) 104 (86– 141) −1.091 0.480

CPB time >120 min 21 (43.8) 6 (33.3) −0.246 0.627

Cross clamp time, min 77±30 69±42 −0.219 0.500

STAT score 3 (2– 4) 3 (2– 4) −0.011 0.889

1 5 (10.4) 2 (11.1) 0.040 0.933

2 14 (29.2) 5 (27.8) −0.038 0.508

3 13 (27.1) 5 (27.8) 0.019 0.956

4 14 (29.2) 4 (22.2) −0.203 0.573

5 2 (8.3) 2 (11.1) 0.177 0.292

ICU length of stay, d 6.5 (3.3– 9) 8 (5– 15.3) 1.982 0.107

Total number of CHD surgeries with AKI episode 0.327

1 44 (91.7) 15 (83.3) −0.438

2 4 (8.3) 3 (16.7) 0.438

AKI severity 0.038

AKIN stage 1 (mild) 27 (56.2) 15 (83.3) 0.749

AKIN stage 2 (moderate) 18 (37.5) 1 (5.6) −1.276

AKIN stage 3 (severe) 3 (6.3) 2 (11.1) 0.341

Data are presented as frequency (percentage), mean±SD, or median (interquartile range). AKI indicates acute kidney injury; AKIN, Acute Kidney Injury Network; 
CAKUT, congenital anomalies of the kidney and urinary tract; CHD, congenital heart disease; CPB, cardiopulmonary bypass; ICU, intensive care unit; NA, not 
available; STAT, Society of Thoracic Surgeons- European Association for Cardio- Thoracic Surgery; and TAPVR, totally anomalous pulmonary venous return.

*Standardized mean differences (SMDs) are presented for chronic kidney disease (CKD) compared with no CKD.
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1 child (2.0%, P=0.832) had an eGFR of 42 mL/min 
per 1.73 m2 (CKD stage 3b; this was the same child 
who had an eGFR of 51 mL/min per 1.73 m² at the 
kidney assessment visit). Apart from this one child, 
none of the patients were in nephrology follow- up.

DISCUSSION
In this cohort study, 66 children with CHD who had 
developed AKI after cardiac surgery underwent a for-
mal kidney assessment 5 years after the index event 
(Figure  3). Our findings at 5- year follow- up revealed 
that 59.1% of patients had at least 1 marker of kid-
ney injury, including reduced kidney function (eGFR 
<90 mL/min per 1.73 m²) in 13.6%, proteinuria in 0.9%, 
α1- microglobinuria in 7.6%, hypertension in 19.7%, and 
abnormalities on kidney ultrasound in 13.6%. CKD 
stages 1 to 5, defined as eGFR <90 mL/min per 1.73 m² 
or eGFR 90 mL/min per 1.73 m² to 100 mL/min per 
1.73 m² with laboratory/ultrasound abnormalities, was 
present in 18 (27.3%). Kidney function measurements 

obtained in 49 children 13 years after the index event 
revealed overall ongoing kidney function deteriora-
tion and suggested an average eGFR decline rate of 
−1.8 mL/min per 1.73 m² per year. These results show 
that persistent markers of kidney injury are common 
after postoperative AKI in children with CHD and war-
rant the initiation of structured kidney follow- up in this 
patient population.

Kidney Function and CKD
A number of studies have examined kidney outcomes 
during follow- up of children who developed AKI after 
pediatric cardiac surgery.3– 7 Most of these have focused 
on the prevalence of CKD at variable lengths of follow-
 up and using different definitions. In a population of chil-
dren undergoing heart transplantation, Hollander et al4 
reported a 6-  and 12- month prevalence of CKD stages 
3 to 5 (eGFR <60 mL/min per 1.73 m²) of 5% and 6% 
of patients, respectively. At a median of 1 year after AKI 
during the Fontan completion, CKD (defined in this study 
as eGFR <80 mL/min per 1.73 m²) was observed in 11% 

Table 4. Comparison of Data From Kidney Assessment Visit in Patients Who Had Developed CKD at 5- Year Follow- Up 
Versus Those Who Did Not

Variable No CKD (n=48) CKD (n=18) SMD* P value

Anthropometric data

Height, cm 110±12.1 109±12.8 −0.080 0.800

Height percentile 50.0 (10.0– 53.2) 10.0 (1.88– 34.2) −4.212 0.005

Weight, kg 18.1 (15.7– 20.6) 18.2 (17.5– 19.9) 0.505 0.655

Weight percentile 25.0 (5.25– 50.0) 17.5 (3.0– 35.2) −1.233 0.181

BMI, kg/m² 15.0 (14.0– 16.0) 15.0 (14.5– 16.6) 0.805 0.924

Serum creatinine, mg/dL 0.36 (0.33– 0.41) 0.52 (0.47– 0.58) 9.826 <0.001

eGFR, mL/min per 1.73 m² 125±19.2 84.9±13.6 −2.410 <0.001

eGFR <90 mL/min per 1.73 m² 0 (0.0) 9 (50.0) NA <0.001

eGFR 90– 140 mL/min per 1.73 m² 40 (83.3) 9 (50.0) −0.886 0.006

eGFR >140 mL/min per 1.73 m² 8 (16.7) 0 (0.0) NA 0.065

Proteinuria (>0.2 g/g) 19 (39.6) 8 (44.4) 0.109 0.939

α1- Microglobinuria (>12.5 mg/L) 3 (6.3) 2 (11.1) 0.341 0.608

Hypertension 9 (18.8) 4 (22.2) 0.115 0.906

Kidney ultrasound

Small kidney 5 (11.9) 3 (18.8) 0.297 0.499

Large kidney 3 (7.1) 1 (6.3) −0.071 0.906

Abnormal medullary reflectivity 1 (2.2) 1 (5.6) 0.535 0.484

Abnormal cortical reflectivity 0 (0.0) 0 (0.0) NA 1.000

Abnormalities 0.382

Present at neonatal ultrasound 
(CAKUT)

3 (6.3) 2 (11.1) 0.341

Newly diagnosed 4 (8.3) 0 (0.0) NA

No abnormalities 41 (85.4) 16 (88.9) 0.173

Data are presented as frequency (percentage), mean±SD, or median (interquartile range). BMI indicates body mass index; CAKUT, congenital anomalies of 
the kidney and urinary tract; eGFR, estimated glomerular filtration rate; and NA, not available.

*Standardized mean differences (SMDs) are presented for chronic kidney disease (CKD) compared with no CKD.
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of the cohort by Esch et al.5 In the multicenter TRIBE- 
AKI (Translational Research Investigating Biomarker 
Endpoints in AKI) study,7 6% of children with AKI had 
CKD stages 2 to 5 (<90 mL/min per 1.73 m²) at 5- year 
follow- up. Using Danish regional population- based regis-
tries, Madsen et al3 found that CKD stages 2 to 5 (eGFR 
<90  mL/min per 1.73  m²) occurred in 14% of patients 
at 5  years after AKI following surgery for CHD. Finally, 
Huynh et al6 evaluated children 6 years after neonatal car-
diac surgery and found CKD (defined as eGFR <90 mL/
min per 1.73 m² or albumin/creatinine ≥3 mg/mmol) in 
9.5% of patients. The prevalence of CKD stages 2 to 5 
(eGFR<90 mL/min per 1.73 m²) in our study (13.6%, 9 of 
66 at 5- year follow- up) is in line with these prior investiga-
tions. In contrast, however, the comprehensive assess-
ment in our study also allowed us to consider CKD stage 
1 (eGFR 90– 100 mL/min per 1.73 m² with abnormalities 
on kidney ultrasound or biochemistry), showing an even 
greater overall burden of CKD (27.3%, 18 of 66).

Notably, a relatively high proportion of children 
with hyperfiltration was observed in our study (12.1%). 
Following the early landmark experimental studies by 
Brenner and colleagues,21 hyperfiltration became rec-
ognized as a mechanism where the loss of functional 
nephrons leads to maladaptive hemodynamic changes, 
which increase glomerular capillary pressure and elevate 
single- nephron glomerular filtration rate. This has been 
observed in diabetes, solitary or remnant kidneys, and 
various forms of acquired kidney disease. Similarly, it has 
been suggested by Greenberg et al7 that children may 

develop absolute or relative hyperfiltration in response to 
AKI, thus initially “masking” the injury. In support of this 
idea, Cooper et al8 revealed that biomarkers of kidney 
injury such as interleukin 18 and liver- type fatty acid– 
binding protein remained elevated 7 years after AKI even 
in the absence of conventional evidence of CKD. This 
might explain why most previous studies (with length 
of follow- up of ≤7 years) in children with CHD could not 
reveal an association of AKI with the development of 
CKD,5– 8 while studies in adults have established AKI as a 
risk factor for CKD with much shorter follow- up.2

Further expanding on these observations, our study 
revealed a progressive decline in eGFR between 5 and 
13 years of follow- up in our study. During this period, 
the group with hyperfiltration decreased (from 12.1% to 
2.0%) and the group with CKD stages 2 to 5 increased 
(from 13.6% to 36.7%). Interestingly, the latter percent-
age is closer to the 30% to 50% reported in ACHD.12 
Taken together, these results suggest that the excess 
burden of CKD in ACHD might already start in child-
hood. While initially masked by hyperfiltration, kidney 
injury progresses and eventually becomes evident later 
(in adolescence or adulthood).

Hypertension and Proteinuria
The prevalence of hypertension in our study (19.7%) was 
comparable to that found in the multicenter TRIBE- AKI 
study7 (16.8%) and single- center FRAIL- AKI (Follow- Up 
Renal Assessment of Injury Long- Term After Acute 
Kidney Injury) study8 (17.6%). This is ≈5- fold higher than 

Figure 2. Change in kidney function between kidney assessment visit (5- year follow- up) and latest follow- up (>10- year 
follow- up).
A, Line graph showing estimated glomerular filtration rate (eGFR; in mL/min per 1.73 m²) at each timepoint. Globally, a progressive 
decline in kidney function was observed from 114±25 mL/min per 1.73 m² at the kidney assessment visit to 99±23 mL/min per 1.73 m² 
at latest follow- up (P=0.001). B, Sankey diagram showing transition in kidney function class between both timepoints. A total of 11 of 
49 patients (22.4%) who had normal kidney function at the assessment visit eventually developed kidney dysfunction. AKI indicates 
acute kidney injury.
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the prevalence in children of the same age in the gen-
eral population (4.3%).22 While hypertension is a com-
mon presentation of (re)coarctation of the aorta,23 only 
2 of 5 children with coarctation in our cohort were hy-
pertensive. The cause of hypertension was most likely 
multifactorial, including enhanced sympathetic activity 
and upregulation of other neurohormonal pathways,24 
in addition to underlying CKD.

Proteinuria has been previously reported in CHD 
and has been associated mainly with cyanotic CHD, 
Fontan circulation, shunts lesions complicated by pul-
monary hypertension, and conditions with a systemic 
right ventricle.25 The pathophysiology might include 
cyanosis, erythrocytosis, limited perfusion, and kidney 
congestion. Notably, albuminuria is associated with 
major adverse outcomes in ACHD.26 We demonstrated 
that even α1- microglobulinuria is seen in 7.6%, which 
suggests an associated proximal tubular dysfunc-
tion.27 The present study revealed that both abnormal-
ities may already be present in childhood.

Cause of Kidney Injury Following Pediatric 
Cardiac Surgery

One potential explanation for the presence of CKD in 
this population is persistent damage after AKI result-
ing from aortic clamping or hemodynamic imbalances 
during cardiopulmonary bypass.28 However, we did 
not observe any differences in cardiopulmonary by-
pass or cross clamp time in those who developed CKD 
and those who did not. Although not measured in this 
study, cardiopulmonary bypass can lead to fluid shifts, 
increased blood vessel permeability, and depressed 
myocardial contractility, resulting in fluid overload.29 
The latter has been demonstrated to be a factor that 
may incite and worsen AKI, but can also independently 
affect morbidity and mortality.30 Strikingly, there were 
also no differences in kidney outcomes between AKIN 
stages in our study, in contrast to adult studies where 
the risk of CKD increased in a graded fashion when 
AKI was more severe.2 While the hyperfiltration theory 

Figure 3. Graphical representation of the main study results.
In this cohort study, 66 children with congenital heart disease (CHD) who had developed acute kidney injury (AKI) after pediatric 
surgery underwent a formal kidney assessment 5 years after the index event. Our findings revealed that reduced kidney function 
(estimated glomerular filtration rate [eGFR] <90 mL/min per 1.73 m²) was present in 9 patients (13.6%), proteinuria in 27 patients 
(40.9%), α1- microglobinuria in 5 patients (7.6%), hypertension in 13 patients (19.7%), abnormalities on kidney ultrasound in 9 patients 
(13.6%), and chronic kidney disease (CKD) in 18 patients (27.3%). Occasional eGFR measurements obtained in 49 children 13 years 
after the index event revealed ongoing kidney function deterioration. These results suggest that persistent markers of kidney injury 
are common after postoperative AKI in children with CHD and warrant the initiation of structured kidney follow- up in this patient 
population.
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might help explain why such relationships between AKI 
and CKD are only observed at an older age, it should 
also be considered that several other factors, apart 
from the index AKI episode, can contribute to the kid-
ney phenotype in children with CHD. In our study, a 
significant association of CKD with syndromic diagno-
ses was revealed. It is known that certain mutations 
underlying syndromes such as trisomy 21 and 22q11.2 
microdeletions might lead to both CHD and dysfunc-
tion of other organs.31 Of note, 5 of 6 patients (83.3%) 
with trisomy 21 and 1 of 4 patients (25%) with 22q11.2 
microdeletions in our cohort had CKD. Studies have 
identified genetic links between birth defects of the 
kidney and CHD.32

Furthermore, CHD itself can alter hemodynamics 
and put pressure on the kidneys, both preoperatively 
(eg, ischemic hit in neonates with coarctation) and 
postoperatively (eg, venous congestion after Fontan 
completion). In the cohort by Huynh et al,6 cyanosis 
postoperatively was the only independent predictor 
of kidney dysfunction, while Esch et al5 reported that 
25% of patients already had kidney dysfunction before 
Fontan completion. In addition, several studies have 
described a “cyanotic nephropathy” characterized by 
proteinuria.33 Venous congestion, as seen in patients 
with univentricular hearts or those with pulmonary 
hypertension, atrial fibrillation, neurohormonal activa-
tion, endothelial dysfunction, and drug and procedure 
toxicity among others, have all been related to kidney 
dysfunction in both acquired and congenital cardio-
vascular diseases.34 Univentricular heart defects were 
2- fold more common among patients with CKD in our 
cohort (38.9% in patients with CKD versus 18.8% in 
patients with no CKD). Finally, also intermittent cath-
eterizations (using potentially nephrotoxic contrast 
agents) and surgical interventions (other than the index 
surgery) might contribute to progressive kidney func-
tion decline.

The finding that persistent markers of kidney injury 
are common in patients who developed AKI after pe-
diatric cardiac surgery does not necessarily imply that 
these observations are entirely attributable to the ef-
fect of AKI alone. This is an important consideration, 
because a causal relationship between AKI and CKD 
progression cannot be directly inferred from our study, 
as suggested above. In fact, prior studies in children 
have been unable to consistently demonstrate such a 
relationship in the pediatric population.3– 8 There might 
be several reasons for why this is different from findings 
in adults,2 including adaptive capacities of the kidneys 
in children (cfr. hyperfiltration) and the need for relatively 
longer follow- up to find a significant effect, or the pos-
sibility that other factors might play a more important 
role in driving kidney injury in these patients. Regardless 
of this discussion, our findings clearly demonstrate 
the large extent of kidney disease in this vulnerable 

population. Therefore, arguably more important than 
trying to tease out the exact contribution that AKI has 
in CKD progression, we should strive towards a better 
overall understanding of context wherein these patients 
find themselves at elevated risk of poor kidney health. 
AKI might only be one episodic piece of the puzzle that 
drives kidney injury in these patients, along with various 
other factors along the lifespan.

Need for Structured Kidney Follow- Up in 
Children With CHD
Except for one, none of the children in our cohort were 
seen or followed up by a nephrologist, despite some-
times clear kidney function deterioration in early ado-
lescence. Detection and treatment of CKD, proteinuria, 
and hypertension in children is critical because these 
are risk factors for cardiovascular diseases and pro-
gressive kidney damage in adults.35,36 Patients with 
CHD are at especially high risk for long- term cardiac 
events, and the superposition of comorbidities such as 
coronary artery disease, diabetes, smoking, and hy-
pertension in adulthood leads to an excess of health 
care utilization in ACHD.13 This study, showing pro-
gressive kidney injury arising as early as in childhood, 
highlights the need for long- term and structured kidney 
follow- up after pediatric cardiac surgery in general and 
following AKI in particular.37 During nephrology visits, 
patients and families should be educated about kid-
ney dysfunction and its risk factors, lifestyle changes 
should be discussed, medications should be reviewed, 
and screening along with timely initiation of treatment 
should be pursued. The ideal window of opportunity 
is in the pediatric cardiology practice, ie, before any 
decline in kidney function, but optimization of the tran-
sition from pediatric cardiology to ACHD will be at least 
equally essential to ensure continuity of care.38 With the 
emergence of novel, more sensitive biomarkers such 
as cystatin C and neutrophil gelatinase- associated 
lipocalin, detection and monitoring of kidney injury 
as well as personalized approaches to the preven-
tion and treatment of kidney dysfunction will become 
available.39,40

Supporting the effectiveness of structured kidney 
follow- up, a study by Harel et al41 demonstrated that 
mortality can be reduced if adult survivors of severe AKI 
are seen by a nephrologist within 90 days of discharge 
(8.4 versus 10.6 per 100 patient- years). Translating 
these insights into a coordinated care model, Ly et al42 
reported their piloting experience with the implemen-
tation of AKI clinics and similarly found reductions in 
rehospitalizations, morbidity, and mortality. Certainly, 
these studies pave the way for a more integrated ap-
proach towards AKI. In a similar manner, our present 
study proposes the need for a lifespan approach to 
kidney health for those who underwent cardiac surgery 
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in childhood. This is in line with a growing understand-
ing that CHD is never cured or reversed, but requires a 
lifetime of treatment and careful monitoring.43

Limitations
It should be noted that this study was performed in a 
select population of patients with AKI after cardiac sur-
gery with extracorporeal circulation, which is not nec-
essarily representative of the whole CHD population. 
Only 25% of all people living with CHD undergo surgery 
in childhood,44 and caution should be made in the ex-
trapolation of our results. Of note, the number of CHD 
surgeries was higher in the patients included in the for-
mal kidney assessment compared with those who were 
not. As a second limitation, we did not include a con-
trol group without AKI such that the exact contribution 
of AKI to kidney dysfunction could not be estimated; 
this was, however, not the main focus of the present 
study and has been investigated by other studies, as 
discussed above.3– 8 Furthermore, no direct relationship 
between the kidney phenotype and the index surgery 
can be assumed, as most children underwent other 
surgeries, interventions, and cardiac catheterizations. 
The subgroup analyses should also be interpreted with 
caution, given limitations in statistical power.

CONCLUSIONS
This study revealed that AKI after pediatric cardiac sur-
gery in children with CHD is common and that persistent 
and progressive markers of kidney injury are present in 
these children at mid-  and long- term follow- up. Especially 
those with syndromes or univentricular physiology might 
be at risk. As the data on long- term kidney follow- up in 
children with CHD are scarce, no current recommenda-
tions are available regarding the follow- up of CKD, pro-
teinuria, and hypertension. Based on our findings, we 
suggest a structured kidney follow- up in this vulnerable 
population and recommend that prevention of kidney 
disease should start in childhood to ensure optimal out-
comes in the growing population of ACHD.

ARTICLE INFORMATION
Received October 7, 2021; accepted February 15, 2022.

Affiliations
Department of Cardiovascular Sciences,  (J.V.d., T.S., W.B., M.G.) and PKD 
Research Group, GPURE, Department of Development and Regeneration 
(D.M.), KU Leuven, Leuven, Belgium; Helen B. Taussig Heart Center, The 
Johns Hopkins Hospital and School of Medicine, Baltimore, MD (J.V.d.); 
Pediatric Cardiology (T.S., M.G.), Department of Pediatric Nephrology 
(J.H., D.M.), Department of Radiology (L.B.), Department of Intensive Care 
Medicine (D.V., L.D.), Unit of Cardiac Surgery, Department of Cardiovascular 
Diseases (B.M.), and Congenital and Structural Cardiology (W.B.), University 
Hospitals Leuven, Leuven, Belgium; and; Pediatric Cardiology, Maastricht 
University Medical Centre, Maastricht, the Netherlands (J.J.L.); Department 
of Pediatric Nephrology (J.H., D.M.); Department of Radiology (L.B.).

Acknowledgments
We would like to express our words of gratitude to all of the patients and their 
parents for partaking in this study, as well as the peripheral house doctors 
and pediatricians for collecting data. A special word of thanks to D. Thijs and 
secretaries A. Freys and A. Vloemans of pediatric cardiology and K. Rowan 
of pediatric nephrology for contacting patients and documenting data. J. 
Van den Eynde was supported by a Fellowship of the Belgian American 
Educational Foundation.

Author contributions: Van den Eynde: conceptualization; data curation; 
formal analysis; investigation; methodology; project administration; software; 
validation; visualization; writing— original draft; and writing— review and ed-
iting. Salaets: conceptualization; data curation; investigation; supervision; 
and writing— review and editing. Louw: conceptualization; investigation; 
and supervision; writing— review and editing. Herman: conceptualization; 
investigation; supervision; and writing— review and editing. Breysem: con-
ceptualization; investigation; supervision; and writing— review and editing. 
Vlasselaers: conceptualization; investigation; supervision; and writing— 
review and editing. Desmet: conceptualization; investigation; supervision; 
and writing— review and editing. Meyns: conceptualization; investigation; 
supervision; and writing— review and editing. Budts: conceptualization; 
investigation; supervision; and writing— review and editing. Gewillig: con-
ceptualization; investigation; supervision; and writing— review and editing. 
Mekahli: conceptualization; investigation; supervision; and writing— review 
and editing.

Sources of Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not- for- profit sectors.

Disclosures
The authors declare that they have no competing interests.

REFERENCES
 1. Van den Eynde J, Rotbi H, Gewillig M, Kutty S, Allegaert K. In- hospital 

outcomes of acute kidney injury after pediatric cardiac surgery: a meta- 
analysis. Front Pediatr. 2021;9:733744. doi: 10.3389/fped.2021.733744

 2. Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after 
acute kidney injury: a systematic review and meta- analysis. Kidney Int. 
2012;81:442– 448. doi: 10.1038/ki.2011.379

 3. Madsen NL, Goldstein SL, Frøslev T, Christiansen CF, Olsen M. Cardiac 
surgery in patients with congenital heart disease is associated with 
acute kidney injury and the risk of chronic kidney disease. Kidney Int. 
2017;92:751– 756. doi: 10.1016/j.kint.2017.02.021

 4. Hollander SA, Montez- Rath ME, Axelrod DM, Krawczeski CD, May LJ, 
Maeda K, Rosenthal DN, Sutherland SM. Recovery from acute kidney 
injury and CKD following heart transplantation in children, adolescents, 
and young adults: a retrospective cohort study. Am J Kidney Dis. 
2016;68:212– 218. doi: 10.1053/j.ajkd.2016.01.024

 5. Esch JJ, Salvin JM, Thiagarajan RR, Del Nido PJ, Rajagopal SK. 
Acute kidney injury after Fontan completion: risk factors and out-
comes. J Thorac Cardiovasc Surg. 2015;150:190– 197. doi: 10.1016/j.
jtcvs.2015.04.011

 6. Huynh L, Rodriguez- Lopez S, Benisty K, Dancea A, Garros D, Hessey 
E, Joffe A, Joffe R, Mackie A, Palijan A, et al. Follow- up after neonatal 
heart disease repair: watch out for chronic kidney disease and hyper-
tension! Pediatr Nephrol. 2020;35:2137– 2145. doi: 10.1007/s0046 7- 
020- 04621 - 4

 7. Greenberg JH, Zappitelli M, Devarajan P, Thiessen- Philbrook HR, 
Krawczeski C, Li S, Garg AX, Coca S, Parikh CR. Kidney outcomes 
5 years after pediatric cardiac surgery the TRIBE- AKI study. JAMA 
Pediatr. 2016;170:1071– 1078. doi: 10.1001/jamap ediat rics.2016.1532

 8. Cooper DS, Claes D, Goldstein SL, Bennett MR, Ma Q, Devarajan P, 
Krawczeski CD. Follow- up renal assessment of injury long- term after 
acute kidney injury (FRAIL- AKI). Clin J Am Soc Nephrol. 2016;11:21– 29. 
doi: 10.2215/CJN.04240415

 9. Moons P, Bovijn L, Budts W, Belmans A, Gewillig M. Temporal trends 
in survival to adulthood among patients born with congenital heart dis-
ease from 1970 to 1992 in Belgium. Circulation. 2010;122:2264– 2272. 
doi: 10.1161/CIRCU LATIO NAHA.110.946343

 10. Marelli AJ, Ionescu- Ittu R, Mackie AS, Guo L, Dendukuri N, Kaouache 
M. Lifetime prevalence of congenital heart disease in the general 

https://doi.org/10.3389/fped.2021.733744
https://doi.org/10.1038/ki.2011.379
https://doi.org/10.1016/j.kint.2017.02.021
https://doi.org/10.1053/j.ajkd.2016.01.024
https://doi.org/10.1016/j.jtcvs.2015.04.011
https://doi.org/10.1016/j.jtcvs.2015.04.011
https://doi.org/10.1007/s00467-020-04621-4
https://doi.org/10.1007/s00467-020-04621-4
https://doi.org/10.1001/jamapediatrics.2016.1532
https://doi.org/10.2215/CJN.04240415
https://doi.org/10.1161/CIRCULATIONAHA.110.946343


J Am Heart Assoc. 2022;11:e024266. DOI: 10.1161/JAHA.121.024266 13

Van den Eynde et al AKI After Cardiac Surgery

population from 2000 to 2010. Circulation. 2014;130:749– 756. doi: 
10.1161/CIRCU LATIO NAHA.113.008396

 11. Baumgartner H, De Backer J, Babu- Narayan SV, Budts W, Chessa 
M, Diller GP, Lung B, Kluin J, Lang IM, Meijboom F, et al. 2020 ESC 
Guidelines for the management of adult congenital heart disease. Eur 
Heart J. 2021;26:1– 83. doi: 10.15829/ 1560- 4071- 2021- 4702

 12. Morgan C, Al- Aklabi M, Garcia GG. Chronic kidney disease in congeni-
tal heart disease patients: a narrative review of evidence. Can J Kidney 
Health Dis. 2015;2:1– 9. doi: 10.1186/s4069 7- 015- 0063- 8

 13. Billett J, Cowie MR, Gatzoulis MA, Vonder Muhll IF, Majeed A. 
Comorbidity, healthcare utilisation and process of care mea-
sures in patients with congenital heart disease in the UK: cross- 
sectional, population- based study with case- control analysis. Heart. 
2008;94:1194– 1199. doi: 10.1136/hrt.2007.122671

 14. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu C. Chronic kidney dis-
ease and the risks of death, cardiovascular events, and hospitalization. 
N Engl J Med. 2004;351:1296– 1305. doi: 10.1056/NEJMo a041031

 15. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, 
Levin A, Bagga A, Bakkaloglu A, Bonventre JV, et al. Acute Kidney Injury 
Network: report of an initiative to improve outcomes in acute kidney 
injury. Crit Care. 2007;11:R31. doi: 10.1186/cc5713

 16. O’Brien SM, Clarke DR, Jacobs JP, Jacobs ML, Lacour- Gayet FG, 
Pizarro C, Welke KF, Maruszewski B, Tobota Z, Miller WJ, et al. An em-
pirically based tool for analyzing mortality associated with congenital 
heart surgery. J Thorac Cardiovasc Surg. 2009;138:1139– 1153. doi: 
10.1016/j.jtcvs.2009.03.071

 17. Falkner B, Daniels SR. Summary of the fourth report on the diagnosis, 
evaluation, and treatment of high blood pressure in children and ado-
lescents. Hypertension. 2004;44:387– 388. doi: 10.1161/01.HYP.00001 
43545.54637.af

 18. Bacchetta J, Cochat P, Rognant N, Ranchin B, Hadj- Aissa A, Dubourg 
L. Which creatinine and cystatin C equations can be reliably used in 
children? Clin J Am Soc Nephrol. 2011;6:552– 560. doi: 10.2215/
CJN.04180510

 19. Han BK, Babcock DS. Sonographic measurements and appearance of 
normal kidneys in children. Am J Roentgenol. 1985;145:611– 616. doi: 
10.2214/ajr.145.3.611

 20. Stevens PE, Levin A. Evaluation and management of chronic kidney 
disease: synopsis of the kidney disease: improving global outcomes 
2012 clinical practice guideline. Ann Intern Med. 2013;158:825– 830. 
doi: 10.7326/0003- 4819- 158- 11- 20130 6040- 00007

 21. Brenner BM, Lawler EV, Mackenzie HS. The hyperfiltration theory: a 
paradigm shift in nephrology. Kidney Int. 1996;49:1774– 1777. doi: 
10.1038/ki.1996.265

 22. Song P, Zhang Y, Yu J, Zha M, Zhu Y, Rahimi K, Rudan I. Global prev-
alence of hypertension in children: a systematic review and meta- 
analysis. JAMA Pediatr. 2019;173:1154– 1163. doi: 10.1001/jamap ediat 
rics.2019.3310

 23. Dijkema EJ, Leiner T, Grotenhuis HB. Diagnosis, imaging and clinical 
management of aortic coarctation. Heart. 2017;103:1148– 1155. doi: 
10.1136/heart jnl- 2017- 311173

 24. Bolger AP, Sharma R, Li W, Leenarts M, Kalra PR, Kemp M, Coats AJ, 
Anker SD, Gatzoulis MA. Neurohormonal activation and the chronic heart 
failure syndrome in adults with congenital heart disease. Circulation. 
2002;106:92– 99. doi: 10.1161/01.CIR.00000 20009.30736.3F

 25. Martínez- Quintana E, Rodríguez- González F, Fábregas- Brouard M, 
Nieto- Lago V. Serum and 24- hour urine analysis in adult cyanotic and 
noncyanotic congenital heart disease patients. Congenit Heart Dis. 
2009;4:147– 152. doi: 10.1111/j.1747- 0803.2009.00273.x

 26. Rajpal S, Alshawabkeh L, Almaddah N, Joyce CM, Shafer K, Gurvitz 
M, Waikar SS, Mc Causland FR, Landzberg MJ, Opotowsky AR. 
Association of albuminuria with major adverse outcomes in adults 
with congenital heart disease results from the boston adult congeni-
tal heart biobank. JAMA Cardiol. 2018;3:308– 316. doi: 10.1001/jamac 
ardio.2018.0125

 27. Yu H, Yanagisawa Y, Forbes MA, Cooper EH, Crockson RA, MacLennan 
IC. Alpha- 1- microglobulin: an indicator protein for renal tubular function. 
J Clin Pathol. 1983;36:253. doi: 10.1136/jcp.36.3.253

 28. Zanaboni D, Min J, Seshadri R, Gaynor JW, Dreher M, Blinder JJ. 
Higher total ultrafiltration volume during cardiopulmonary bypass- 
assisted infant cardiac surgery is associated with acute kidney injury 
and fluid overload. Pediatr Nephrol. 2021;36:2875– 2881. doi: 10.1007/
s0046 7- 021- 04976 - 2

 29. Warren OJ, Smith AJ, Alexiou C, Rogers PL, Jawad N, Vincent C, Darzi 
AW, Athanasiou T. The inflammatory response to cardiopulmonary 
bypass: part 1— mechanisms of pathogenesis. J Cardiothorac Vasc 
Anesth. 2009;23:223– 231. doi: 10.1053/j.jvca.2008.08.007

 30. Mah KE, Hao S, Sutherland SM, Kwiatkowski DM, Axelrod DM, Almond 
CS, Krawczeski CD, Shin AY. Fluid overload independent of acute kidney 
injury predicts poor outcomes in neonates following congenital heart sur-
gery. Pediatr Nephrol. 2018;33:511– 520. doi: 10.1007/s0046 7- 017- 3818- x

 31. Morton SU, Quiat D, Seidman JG, Seidman CE. Genomic frontiers in 
congenital heart disease. Nat Rev Cardiol. 2022;19:26– 42. doi: 10.1038/
s4156 9- 021- 00587 - 4

 32. San Agustin JT, Klena N, Granath K, Panigrahy A, Stewart E, Devine 
W, Strittmatter L, Jonassen JA, Liu X, Lo CW, et al. Genetic link be-
tween renal birth defects and congenital heart disease. Nat Commun. 
2016;7:11103. doi: 10.1038/ncomm s11103

 33. Hongsawong N, Khamdee P, Silvilairat S, Chartapisak W. Prevalence 
and associated factors of renal dysfunction and proteinuria in cya-
notic congenital heart disease. Pediatr Nephrol. 2018;33:493– 501. doi: 
10.1007/s0046 7- 017- 3804- 3

 34. Deferrari G, Cipriani A, La Porta E. Renal dysfunction in cardiovascu-
lar diseases and its consequences. J Nephrol. 2020;34:137– 153. doi: 
10.1007/s4062 0- 020- 00842 - w

 35. Theodore RF, Broadbent J, Nagin D, Ambler A, Hogan S, Ramrakha S, 
Cutfield W, Williams MJA, Harrington HL, Moffitt TE, et al. Childhood 
to early- midlife systolic blood pressure trajectories: early- life predictors, 
effect modifiers, and adult cardiovascular outcomes. Hypertension. 
2015;66:1108– 1115. doi: 10.1161/HYPER TENSI ONAHA.115.05831

 36. Oh J, Wunsch R, Turzer M, Bahner M, Raggi P, Querfeld U, Mehls O, 
Schaefer F. Advanced coronary and carotid arteriopathy in young adults 
with childhood- onset chronic renal failure. Circulation. 2002;106:100– 
105. doi: 10.1161/01.CIR.00000 20222.63035.C0

 37. Holt T, Filler G. Is it time for a multi- specialty approach to cardio- renal 
dysfunction in children with cyanotic congenital heart disease? Pediatr 
Nephrol. 2018;33:359– 360. doi: 10.1007/s0046 7- 017- 3805- 2

 38. Moons P, Bratt EL, De Backer J, Goossens E, Hornung T, Tutarel O, Zühlke 
L, Araujo JJ, Callus E, Gabriel H, et al. Transition to adulthood and transfer 
to adult care of adolescents with congenital heart disease: a global con-
sensus statement of the ESC Association of Cardiovascular Nursing and 
Allied Professions (ACNAP), the ESC Working Group on Adult Congenital 
Heart Disease (WG ACHD), the Association for European Paediatric and 
Congenital Cardiology (AEPC), the Pan- African Society of Cardiology 
(PASCAR), the Asia- Pacific Pediatric Cardiac Society (APPCS), the 
Inter- American Society of Cardiology (IASC), the Cardiac Society of 
Australia and New Zealand (CSANZ), the International Society for Adult 
Congenital Heart Disease (ISACHD), the World Heart Federation (WHF), 
the European Congenital Heart Disease Organisation (ECHDO), and the 
Global Alliance for Rheumatic and Congenital Hearts (Global ARCH). Eur 
Heart J. 2021;42:4213– 4223. doi: 10.1093/eurhe artj/ehab388

 39. Kulvichit W, Kellum JA, Srisawat N. Biomarkers in acute kidney injury. 
Crit Care Clin. 2021;37:385– 398. doi: 10.1016/j.ccc.2020.11.012

 40. Van den Eynde J, Cloet N, Van Lerberghe R, Sá MP, Vlasselaers D, 
Toelen J, Verbakel JY, Budts W, Gewillig M, Kutty S, et al. Strategies 
to prevent acute kidney injury after pediatric cardiac surgery a net-
work meta- analysis. Clin J Am Soc Nephrol. 2021;16:1480– 1490. doi: 
10.2215/CJN.05800421

 41. Harel Z, Wald R, Bargman JM, Mamdani M, Etchells E, Garg AX, Ray 
JG, Luo J, Li P, Quinn RR, et al. Nephrologist follow- up improves all- 
cause mortality of severe acute kidney injury survivors. Kidney Int. 
2013;83:901– 908. doi: 10.1038/ki.2012.451

 42. Ly H, Ortiz- Soriano V, Liu LJ, Liu Y, Chen J, Chang AR, Gutierrez OM, 
Siew ED, Wald R, Silver SA, et al. Characteristics and outcomes of sur-
vivors of critical illness and acute kidney injury followed in a pilot acute 
kidney injury clinic. Kidney Int Rep. 2021;6:3070– 3073. doi: 10.1016/j.
ekir.2021.08.017

 43. Diller GP, Arvanitaki A, Opotowsky AR, Jenkins K, Moons P, Kempny A, 
Tandon A, Redington A, Khairy P, Mital S, et al. Lifespan perspective on 
congenital heart disease research: JACC state- of- the- art review. J Am 
Coll Cardiol. 2021;77:2219– 2235. doi: 10.1016/j.jacc.2021.03.012

 44. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS, 
Callaway CW, Carson AP, Chamberlain AM, Cheng S, Delling FN, et 
al. Heart disease and stroke statistics— 2021 update: a report from the 
American Heart Association. Circulation. 2021;143:e254– e743. doi: 
10.1161/cir.00000 00000 000950

https://doi.org/10.1161/CIRCULATIONAHA.113.008396
https://doi.org/10.15829/1560-4071-2021-4702
https://doi.org/10.1186/s40697-015-0063-8
https://doi.org/10.1136/hrt.2007.122671
https://doi.org/10.1056/NEJMoa041031
https://doi.org/10.1186/cc5713
https://doi.org/10.1016/j.jtcvs.2009.03.071
https://doi.org/10.1161/01.HYP.0000143545.54637.af
https://doi.org/10.1161/01.HYP.0000143545.54637.af
https://doi.org/10.2215/CJN.04180510
https://doi.org/10.2215/CJN.04180510
https://doi.org/10.2214/ajr.145.3.611
https://doi.org/10.7326/0003-4819-158-11-201306040-00007
https://doi.org/10.1038/ki.1996.265
https://doi.org/10.1001/jamapediatrics.2019.3310
https://doi.org/10.1001/jamapediatrics.2019.3310
https://doi.org/10.1136/heartjnl-2017-311173
https://doi.org/10.1161/01.CIR.0000020009.30736.3F
https://doi.org/10.1111/j.1747-0803.2009.00273.x
https://doi.org/10.1001/jamacardio.2018.0125
https://doi.org/10.1001/jamacardio.2018.0125
https://doi.org/10.1136/jcp.36.3.253
https://doi.org/10.1007/s00467-021-04976-2
https://doi.org/10.1007/s00467-021-04976-2
https://doi.org/10.1053/j.jvca.2008.08.007
https://doi.org/10.1007/s00467-017-3818-x
https://doi.org/10.1038/s41569-021-00587-4
https://doi.org/10.1038/s41569-021-00587-4
https://doi.org/10.1038/ncomms11103
https://doi.org/10.1007/s00467-017-3804-3
https://doi.org/10.1007/s40620-020-00842-w
https://doi.org/10.1161/HYPERTENSIONAHA.115.05831
https://doi.org/10.1161/01.CIR.0000020222.63035.C0
https://doi.org/10.1007/s00467-017-3805-2
https://doi.org/10.1093/eurheartj/ehab388
https://doi.org/10.1016/j.ccc.2020.11.012
https://doi.org/10.2215/CJN.05800421
https://doi.org/10.1038/ki.2012.451
https://doi.org/10.1016/j.ekir.2021.08.017
https://doi.org/10.1016/j.ekir.2021.08.017
https://doi.org/10.1016/j.jacc.2021.03.012
https://doi.org/10.1161/cir.0000000000000950

