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Abstract

Background Cardiac surgery-associated acute kidney injury (AKI) is associated with increased morbidity and mortality in
both adults and children.

Objectives This study aimed to identify clinical risk factors for AKI following cardiac surgery in the pediatric population.
Data sources PubMed/MEDLINE, Embase, Scopus, and reference lists of relevant articles were searched for studies pub-
lished by August 2020.

Study eligibility criteria Studies were included if (1) the population consisted of pediatric patients (< 18 years old), (2)
patients underwent cardiac surgery, (3) risk factors were compared between patients who developed AKI and those who did
not, and (4) studies were prospective or retrospective observational studies or randomized controlled trials.

Participants and interventions Children undergoing pediatric cardiac surgery.

Study appraisal and synthesis methods Random-effects meta-analysis was performed, comparing potential risk factors
between pediatric patients who developed CS-AKI and those who did not.

Results Sixty-one publications including a total of 19,680 participants (AKI: 7257 participants; no AKI: 12,423 participants)
were included from studies published between 2008 and 2020. The pooled estimated incidence of AKI was 34.3% (95%
confidence interval 30.0-38.8%, I =96.8%). Binary risk factors that were significantly and consistently associated with AKI
were the presence of pulmonary hypertension, cyanotic heart disease, univentricular heart, risk adjustment for congenital
heart surgery 1 (RACHS-1) score >3, vasopressor use, cardiopulmonary bypass use, reoperation, and sepsis. Significant
continuous risk factors included younger age, lower body weight, lower preoperative creatinine, higher preoperative estimated
glomerular filtration rate (¢éGFR), higher RACHS-1 score, longer surgery time, longer cardiopulmonary bypass time, longer
aortic cross-clamp time, and higher red blood cell transfusion volume.

Limitations Results are limited by heterogeneity and potential residual confounding.

Conclusions and implications of key findings Our meta-analysis identified clinical risk factors that are associated with AKI
in children undergoing cardiac surgery. This might help clinicians anticipate and manage more carefully this population and
implement standardized preventive strategies.

Systematic review registration number CRD42021262699.
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RACHS-1 Risk adjustment for congenital heart sur-
gery 1

RIFLE Risk for renal dysfunction, Injury to the
kidney, failure of kidney function, loss of
kidney function and end-stage renal disease

SCr Serum creatinine

Introduction

Acute kidney injury (AKI) is a common complication fol-
lowing cardiac surgery in pediatric and adult patients alike
and is strongly associated with increased short- and long-
term morbidity and mortality [1, 2]. Although extensive
research has been carried out to identify risk factors for
AKT in adults, risk factors in pediatric patients are less well
known. Nonetheless, the mechanisms through which AKI
can develop—and thus the risk factors—might be different
in children. Furthermore, it is of great importance to identify
risk factors in order to effectively implement preventive and
therapeutic strategies.

In the past decades, several observational studies have
been conducted to gain more insight into the pathophysiol-
ogy and the risk factors of AKI in children. This paper aims
to summarize the current evidence for the clinical risk fac-
tors of AKI following pediatric cardiac surgery.

Methods
Eligibility criteria, databases and search strategy

This meta-analysis was conducted in accordance with the
preferred reporting items for systematic reviews meta-
analyses (PRISMA) guidelines [3]. The protocol was reg-
istered in the International Prospective Register of System-
atic Reviews (PROSPERO) database (registration number
CRD42021262699). Studies were included if (1) the popu-
lation consisted of pediatric patients (< 18 years old), (2)
patients underwent cardiac surgery and/or surgery for con-
genital malformations of the heart or great vessels, (3) risk
factors were compared between patients who developed AKI
and those who did not, and (4) studies were prospective or
retrospective observational studies or randomized controlled
trials. Exclusion criteria were the following: (1) adult popu-
lation, (2) non-cardiac surgery, or (3) data not available for
AKI and no AKI separately.

Databases were searched for articles meeting our inclu-
sion criteria and published by August 5, 2020: PubMed/
MEDLINE, Embase, Scopus, and reference lists of rel-
evant articles. The detailed search terms that were used for
this search are given in Supplementary Materials, Meth-
ods. The following steps were taken: (1) identification of

@ Springer

titles of records through searching databases, (2) removal
of duplicates, (3) screening and selection of abstracts, (4)
assessment for eligibility through full text articles, and (5)
final inclusion in the study. Studies were selected by two
independent reviewers (XJ and IP). When concordance
was absent, a third reviewer took the decision to include
or exclude a study JVDE).

Data items

All clinical risk factors that were reported by at least 3
studies were included in the meta-analysis. Binary risk
factors included male gender, prematurity, genetic syn-
drome, pulmonary hypertension, cyanotic heart disease,
univentricular heart, risk adjustment for congenital heart
surgery 1 (RACHS-1) score > 3, prior cardiac surgery,
underlying kidney condition, nephrotoxic drugs, vaso-
pressor use, cardiopulmonary bypass (CPB) use, reop-
eration, and sepsis. Continuous risk factors included age
(months), weight (kg), preoperative creatinine (mg/dL),
preoperative blood urea nitrogen (mg/dL), preoperative
estimated glomerular filtration rate (¢eGFR; mL/min/1.73
m?), RACHS-1 score, surgery time (min), CPB time (min),
aortic cross-clamp time (min), and red blood cell trans-
fusion volume (mL/kg). Nephrotoxic drugs were defined
according to each individual study and could include diu-
retics, ACE inhibitors, antibiotics, digoxin, and various
other drugs with known potential to cause kidney injury.
For studies reporting interquartile ranges, the mean was
estimated according to a validated formula [4]. Two inde-
pendent reviewers extracted the data (BD and XJ). When
concordance was absent, a third reviewer checked the data
and took the final decision (JVDE). From each study, we
extracted first authors’ name, year of publication, coun-
try of origin, study design, years of enrollment, sample
size, AKI incidence, definition of AKI, and mean age.
Three main definitions for AKI currently exist; these are
explained in detail in Supplementary Material, Methods.

Risk of bias and certainty of evidence

Risk of bias of the selected studies was assessed using the
Cochrane risk-of-bias tool for randomized trials (RoB 2)
and the risk of bias in non-randomised studies of inter-
ventions (ROBINS-I), according to study design. We also
graded the level of evidence using grading of recommen-
dation, assessment, development and evaluation (GRADE)
approach for each outcome. All assessments were made
independently by two reviewers (HR and XJ), and any
discrepancies were resolved by a third reviewer (JVDE).
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Statistical analysis

Mean differences (MD) with 95% confidence interval (CI)
and p values were calculated for continuous variables. For
binary variables, odds ratios (OR) with 95% CI and p val-
ues were considered. Chi-square test and I test were per-
formed for assessment of statistical heterogeneity [5]. In
a first set of analyses, the incidences of AKI were pooled
using the “metamean” function in R. Subgroup analyses
were performed to check for differences in the incidence
of AKI based on the definition of AKI or the use of urine
output criteria.

Subsequently, the MD and OR of various risk factors
were combined across the studies using two random-
effects models: an inverse-variance method (“metacont”
function) and a Mantel-Haenszel method (“metabin”
function), respectively [6]. The choice for random-effects
models was made to account for the anticipated clinical
heterogeneity of patients and surgical procedures. These
models assume that the true effect sizes may differ across
studies, while still allowing to assess the net effect of a
certain risk factor. Funnel plots represent the analysis
of publication bias, statistically analyzed by Begg and
Mazumdar’s rank correlation method [7] and Egger’s
linear regression method [8]. Subgroup analyses were
conducted based on the following predefined variables:
definition of AKI (AKIN, KDIGO, pRIFLE), age group
(neonates, infants, toddlers, children), study design (ret-
rospective, prospective), number of centers (single center,
multicenter), and era (2001-2010, 2011-2020). Whereas
a modified neonatal version of the KDIGO criteria exists,
it was not investigated separately as most studies included
data from patients of a broader range, thus not limited
to neonates. Age groups were defined based on the mean
age of all participants, as follows: neonates < 1 month,
infants 1-12 months, toddlers 12-36 months, and
children > 36 months.

Furthermore, meta-regression analyses were performed to
determine whether the effects of risk factors were modulated
by (1) AKI incidence (as a proxy of the overall risk profile
of the study populations) or (2) age. The regression coef-
ficient describes how the effect of the risk factor changes
with a percentage increase in AKI incidence or a month
increase in age, respectively. For binary risk factors, the log-
transformed value of the effect of the risk factor was used in
the regression model, and the exponential of the regression
coefficient gives an estimate of the relative change in effect
of the risk factor.

Finally, a sensitivity analysis was undertaken to identify
severe AKI, which was defined as AKIN stage 3, KDIGO
stage 3, or pRIFLE stage F. All analyses were completed
with R Statistical Software (version 4.0.2, Foundation for
Statistical Computing, Vienna, Austria).

Results
Study selection and characteristics

A total of 2,826 citations were identified, of which 106
studies were potentially relevant and retrieved as full text.
Sixty-one publications fulfilled our eligibility criteria
(Fig. 1). Characteristics of each study and their participants
are shown in Supplementary Materials, Table S1. A total
of 19,680 participants (AKI: 7257 participants; no AKI:
12,423 participants) were included from studies published
from 2008 to 2020. All studies were non-randomized obser-
vational studies, except for one randomized controlled trial
[9]. The pooled mean age of participants was 28.0 months
(61 studies, 19,680 participants). The pRIFLE criteria [10]
were implemented in 24 studies, while 17 studies used the
KDIGO guidelines [11], 11 used the AKIN criteria [12],
and 3 studies compared multiple definitions of AKI against
one another. AKI was detected with various creatinine-based
criteria in the rest of the studies. Urine output criteria were
part of the definition in 17 studies, while all other studies
did not take these into account. The overall internal validity
of the analysis was considered moderate risk of bias (Sup-
plementary Materials, Figures S1-S3).

Synthesis of results
Incidence of AKI

Overall, the pooled estimated incidence of AKI among
children undergoing cardiac surgery was 34.3% (95% CI
30.0-38.8%, I*=96.8%). Subanalyses according to defini-
tion of AKI showed similar results (p =0.488): 37.2% (95%
CI 30.0-45.1%, I’ =94.0%) with KDIGO, 35.6% (95% CI
29.5-42.2%, I*=96.1%) with pRIFLE, and 31.4% (95% CI
22.0-42.5%, 12=97.9%) with AKIN. Similarly, studies with
urine output criteria reported a similar incidence of AKI
(37.8%, 95% CI 28.9-47.6%, I’=96.8%) as those that did
not (33.1%, 95% C1 28.4-38.1%, p=0.379). Statistical het-
erogeneity could not be reduced to below 75% by conducting
subanalyses based on either age group (neonates, infants,
toddlers, children), study design (retrospective, prospec-
tive), number of centers (single center, multicenter), or era
(2001-2010, 2011-2020).

Meta-analysis of risk factors

Results of the meta-analysis comparing risk factors between
patients who developed AKI after pediatric cardiac surgery
and those who did not, are summarized in Table 1. Binary
risk factors that were significantly associated with AKI were
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Fig. 1 Flow diagram of studies
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the presence of pulmonary hypertension, cyanotic heart dis-
ease, univentricular heart, RACHS-1 score > 3, nephrotoxic
drugs, vasopressor use, CPB use, reoperation, and sepsis.
Significant continuous risk factors included younger age,
lower body weight, lower preoperative creatinine, higher
preoperative eGFR, higher RACHS-1 score, longer surgery
time, longer CPB time, longer aortic cross-clamp time, and
higher red blood cell transfusion volume.

Funnel plot analysis (Supplementary Materials, Fig-
ures S4-S8) disclosed asymmetry around the axis for the
effect of the following risk factors: nephrotoxic drugs, reop-
eration, age, weight, and CPB time. Consequently, publi-
cation bias related to these risk factors may be assumed.
Evidence of publication bias was not found in the other risk
factors.

Subanalyses revealed largely comparable results (Supple-
mentary Materials, Table S2). The most consistent risk fac-
tor was longer CPB time, which was significantly associated
with AKI in all subanalyses. Notably however, the effect of
nephrotoxic drugs disappeared in almost all subanalyses. We
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therefore investigated if the significant effect in the overall
analysis was due to a specific type of nephrotoxic drug (Sup-
plementary Materials, Figure S9). However, no evidence
could be found to establish either diuretics, ACE inhibitors,
aminoglycosides, or digoxin as a risk factor for AKI follow-
ing pediatric cardiac surgery.

Meta-regression of the effect of risk factors

Results of the meta-regression analyses for the effect of
risk factors as a function of AKI incidence (as a proxy of
overall risk profile of the study populations) and age are
summarized in Supplementary Materials, Tables S3 and
Table S4, respectively. We observed a significant associa-
tion between AKI incidence and the effect of using CPB on
the risk of developing AKI: for each percentage increase in
AKI incidence, the effect of CPB increased by 4.1% (OR
1.041, 95% CI 1.020-1.063, p=0.002). Furthermore, we
observed a significant association between age and the
effect that pulmonary hypertension exerted on the risk of
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Table 1 Meta-analysis of risk factors for AKI after pediatric cardiac surgery: summary of results

Risk factor Number of Effect size® p value P (%) pvalue Certainty
(sub)studies of evidence
(GRADE)

Binary risk factors
Male gender 57 1.039 (0.946; 1.142) 0.413 26.4 0.038 Low
Prematurity 8 1.358 (0.934; 1.976) 0.094 6.0 0.382 Low
Genetic syndrome 11 1.131 (0.949; 1.349) 0.149 0.0 0.857 Low
Pulmonary hypertension 7 1.772 (1.279; 2.454) 0.005 57.3 0.029 Moderate
Cyanotic heart disease 18 3.018 (2.259; 4.032) <0.001 80.4 <0.001 High
Univentricular heart 14 1.626 (1.192; 2.218) 0.005 64.0 0.001 High
RACHS-1 score >3 35 1.890 (1.528; 2.338) <0.001 770 <0.001  High
Prior cardiac surgery 15 1.159 (0.939; 1.430) 0.154 64.2 <0.001 Low
Underlying kidney condition 6 1.325 (0.638; 2.750) 0.368 0.0 0.587 Very low
Nephrotoxic drugs 42 1.241 (1.015; 1.517) 0.036 61.0 <0.001 Low
Vasopressor use 11 2.824 (1.995; 3.996) <0.001 62.7 0.003 High
CPB use 10 1.968 (1.115; 3.472) 0.025 70.5 <0.001  Moderate
Reoperation 9 5.193 (2.685; 10.042) <0.001 87.4 <0.001 Moderate
Sepsis 12 5.703 (4.605; 7.062) <0.001 69 0.378 High

Continuous risk factors
Age (months) 63 —5.115(-7414;-2.816) <0.001  99.7 <0.001  Moderate
Weight (kg) 46 —2.275(-3.456;—-1.094) <0.001 99.7 <0.001  Moderate
Preoperative serum creatinine (mg/dL) 37 —0.095 (—0.153;-0.038)  0.002 99.6 <0.001 Low
Preoperative blood urea nitrogen (mg/dL) 4 4.09 (- 12.797; 20.976) 0.497 97.7 <0.001 Very low
Preoperative eGFR (mL/min/1.73 m?) 13 8.019 (4.157; 11.882) 0.001 76.9 <0.001  High
RACHS-1 score 28 0.390 (0.290; 0.491) <0.001  76.0 <0.001 Low
Surgery time (min) 9 55.646 (16.207; 95.084) 0.012 99.7 <0.001 Low
CPB time (min) 57 33.471 (25.852; 41.09) <0.001  99.5 <0.001  High
Aortic cross-clamp time (min) 42 14.384 (8.793; 19.974) <0.001 99.6 <0.001 High
Red blood cell transfusion volume (mL/kg) 11 16.871 (11.523; 22.22) <0.001  99.5 <0.001  High

CPB cardiopulmonary bypass, eGFR estimated glomerular filtration rate, GRADE grading of recommendation, assessment, development and

evaluation, RACHS-1 risk adjustment for congenital heart surgery 1

*Effect sizes are presented as odds ratios for binary risk factors and mean differences for continuous risk factors

developing AKI: for each month increase in age, the effect
of pulmonary hypertension decreased by 4.7% (OR 0.953,
95% CI 0.931-0.975, p=0.003). Similarly, a significant
association was found between AKI incidence and the effect
of prior cardiac surgery on the risk of developing AKI: for
each percentage increase in AKI incidence, the effect of
prior cardiac surgery decreased by 2.9% (OR 0.971, 95% CI
0.949-0.994, p=0.018). Lastly, increasing age was found
to increase the effect sizes of age MD — 0.374, 95% CI
—0.520, — 0.229, p<0.001) and weight (MD — 0.058, 95%
CI-0.111, - 0.005, p=0.034). No significant associations
were found for other risk factors.

Risk factors of severe AKI
The sensitivity analysis including risk factors of severe AKI

was only possible for male gender and nephrotoxic drugs,
and was unable to find a significant association of either of

these with severe AKI (Supplementary Materials, Table S5).
All continuous variables, except for preoperative blood urea
nitrogen and surgery time, could be evaluated and showed
comparable results. However, RACHS-1 score was not sig-
nificantly associated with severe AKI and lower—rather
than higher—preoperative eGFR was found in patients with
severe AKI.

Discussion

Summary of evidence

Although risk factors for cardiac surgery-associated AKI
in adults are well known, in children these had not been
subjected to a systematic investigation before. The present

meta-analysis, including 19,680 participants from 61 studies,
identified risk factors that were significantly associated with
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AKI in pediatric patients following cardiac surgery. Binary
risk factors included the presence of pulmonary hyperten-
sion, cyanotic heart disease, univentricular heart, RACHS-1
score > 3, nephrotoxic drugs, vasopressor use, CPB use,
reoperation, and sepsis (Fig. 2). Continuous risk factors
were younger age, lower body weight, lower preoperative
creatinine, higher preoperative eGFR, higher RACHS-1
score, longer surgery time, longer CPB time, longer aor-
tic cross-clamp time, and higher red blood cell transfusion
volume. Sensitivity analyses revealed largely comparable
results, except for the fact that the effect of nephrotoxic
drugs disappeared in all subanalyses and nephrotoxic drugs
and RACHS-1 score disappeared in the analysis of severe
AKI. Furthermore, lower—rather than higher—preopera-
tive eGFR was associated with severe AKI. In summary,
our extensive analysis identified risk factors that could serve
for risk stratification and timely implementation of effective
preventive and therapeutic strategies for AKI.

Kidney risk factors

The underlying pathophysiology of cardiac surgery-asso-
ciated AKI in children differs from that in adults. Several
features of pediatric kidney physiology are expected to play
arole. First of all, kidney maturation is not completed until
the age of 2-3 years, resulting in a high susceptibility to

inflammatory and ischemic changes [13]. Indeed, having
immature kidneys with little to no possibilities to compen-
sate for kidney ischemia, neonates and infants in particular
are at elevated risk of developing AKI. Secondly, consider-
able changes in the kidney vasculature occur in young chil-
dren. At birth, only 2.5-4.0% of the cardiac output passes
through the kidneys, which is approximately 5 to tenfold
lower than that in adults [13]. As systemic arteriolar resist-
ance increases and kidney vascular resistance decreases
early in life, a rapid increase in kidney perfusion pressure
and thus kidney blood flow occurs [13]. These changes are
likely to cause kidney stress and thus might constitute one of
the mechanisms of AKI that are unique to children.
Interestingly, our main meta-analysis found that low
preoperative creatinine and high preoperative eGFR were
associated with AKI. This is in contrast to studies in adults,
where low—rather than high—preoperative eGFR was found
to be a risk factor for AKI [14]. The above described physi-
ological changes might help explain this apparent paradox:
the rapid increase in kidney blood flow also increases eGFR
[15]. As such, relative hyperfiltration in these children might
be a risk factor of AKI because it indicates kidney stress.
Although the exact mechanisms could not be determined
in the present meta-analysis, this hypothesis merits further
investigation. In the sensitivity analyses, low preoperative
eGFR was associated with severe AKI, which is again in

Fig.2 Forest plots summarizing
main findings. CI confidence
interval, eGFR estimated glo-
merular filtration rate, RACHS-1
risk adjustment for congenital
heart surgery 1
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agreement with adult studies. However, low preoperative
creatinine was also found in patients with severe AKI.
Another explanation has therefore been raised by Algaze
et al. [16]. They suggested that this finding might result from
the definition of AKI itself, as current criteria mainly focus
on relative increases in serum creatinine (SCr). In patients
with lower preoperative SCr levels, a smaller increase in
absolute terms is required to achieve a 1.5-fold increase. As
a result, these patients are more likely to be detected as hav-
ing AKI by current criteria. Conversely, children with higher
preoperative SCr levels are at risk of developing AKI that
remains undetected or is underestimated, but might none-
theless have systemic effects similar to more severe injury
stages [17]. Both situations are concerning because SCr
levels are highly variable in children: these are highest in
neonates, then decrease rapidly in the first two months of
life, and subsequently increase again before reaching kidney
maturation at the age of 2-3 years old [18, 19].

Currently, three main criteria are used to define AKI:
AKIN, KDIGO, and pRIFLE. Since the heterogeneous use
of these criteria in the included studies is a fundamental
issue which complicates any comparison between studies,
we conducted subanalyses according to AKI definition in
order to reach higher comparability and generalizability. We
found that the different definitions of AKI did not influence
the observed incidence of AKI. On the other hand, different
results were observed for some risk factors depending on the
definition of AKI. Although some of the interaction terms in
the Supplementary Material, Table S2 might be the result of
small sample sizes in the subanalyses, the differences remain
apparent in some of the risk factors for which at least 8 stud-
ies were available in each of the subgroups. For example,
preoperative creatinine was associated with AKI in studies
using KDIGO and pRIFLE criteria, but not in those using
the AKIN criteria. Similarly, age was not a significant risk
factor in a subanalysis of studies using the AKIN criteria,
even though the mean age of the patients in these studies
was comparable to that in studies using KDIGO and pRIFLE
criteria. These results emphasize the need for more standard-
ized AKI definitions based on more sensitive and specific
biomarkers than creatinine and adapted to the unique kidney
physiology in children.

On a further note, most studies have omitted the urine
output contribution in the definition of AKI. Adult studies
have reported that the current criterion of 0.5 ml/kg/hour for
6 h is overly sensitive and not prognostically aligned with
the SCr criteria [20]. The AWARE study [21] in critically
ill children and young adolescents and the AWAKEN study
[22] in neonates reported that the diagnosis of AKI would
have been missed if SCr criteria had been used alone in
10.7% (355/3318) and 6.6% (133/2022) of patients, respec-
tively. While the present meta-analysis could not confirm
this, these prior findings suggest that use of the urine output

criteria might influence the incidence of AKI. Fine-tuning
of the urine output criteria, such as lowering the threshold
[20], within different populations might be needed to ensure
that the definition of AKI remains reflective of outcomes.

Although nephrotoxic drugs were identified as risk factors
in the overall analysis, their effect disappeared in almost all
subanalyses. Even in a subgroup analysis based on drug type
(diuretics, ACE inhibitors, aminoglycosides, or digoxin), no
significant contribution to the risk of developing AKI could
be observed. This could be because children have fewer
comorbidities, less severe pre-existing kidney dysfunction,
and higher kidney functional reserve, and are thus less sus-
ceptible to the kidney side effects of these drugs [23]. That
scenario, although it can only be regarded as a hypothesis,
would imply that the avoidance of these nephrotoxic drugs
has little efficacy as a preventive strategy. Nonetheless, we
consider it essential to introduce a word of caution here.
Indeed, various other studies in children have demonstrated
nephrotoxic effects and an increased risk of AKI with the
use of certain drugs, such as for instance the combination of
vancomycin with piperacillin/tazobactam [24]. Furthermore,
most clinical practice guidelines recommend to discontinue,
lower or monitor the doses of nephrotoxic drugs prior to
cardiac surgery [11]. Therefore, the negative results of this
study regarding the risks of nephrotoxic drugs in pediatric
patients undergoing cardiac surgery certainly do not imply
that these drugs can be safely continued. The absence of
evidence is not the same as evidence of absence.

Systemic risk factors

The most consistent risk factor in our analysis was longer
CPB time, which remained significantly associated with
AKT in all subanalyses. From a pathophysiological perspec-
tive, CPB can cause activation of coagulation pathways,
ischemia—reperfusion injury, systemic inflammation, and
reduction of GFR [25]. The adverse effects of CPB are par-
ticularly pronounced in young pediatric patients due to their
hematologic immaturity and high levels of thrombin genera-
tion during and after CPB [26]. Additionally, the aforemen-
tioned factors such as immature and small kidneys result in
an increased susceptibility to reperfusion injury following
CPB [13]. Interestingly, the effect of using CPB was found to
increase with higher AKI incidence in our meta-regression
analyses, suggesting that CPB plays an especially important
role in populations that are already at high risk of developing
AKI. Although not included in the meta-analysis, selective
cerebral perfusion [27] and deep hypothermic circulatory
arrest [28] were both associated with increased risk of AKI,
independently from CPB and other risk factors.

Sepsis was the strongest risk factor in our meta-analysis
(OR=5.70). CPB might be one contributing factor, with
contact of blood components with the artificial surface of the
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bypass circuit, ischemia—reperfusion injury, endotoxemia,
operative trauma, non-pulsatile blood flow, and pre-exist-
ing left ventricular dysfunction all being causes of systemic
inflammatory response syndrome (SIRS) [29]. The result-
ing spectrum of injury to multiple organs can lead to an
increased susceptibility to infections and subsequent sepsis
[30]. In addition, many of these children stay long times
in hospital or intensive care unit settings, which itself is a
major risk factor for sepsis [31]. Sepsis on its own is a major
cause of AKI in children and is characterized by high mor-
tality [32]. The pathophysiology likely involves an interplay
of cytokine-mediated capillary leakage decreased intravas-
cular volumes, edema, and disturbances in the microcircula-
tion [33].

Age was also found to be a significant risk factor, and
risk factors had different effects depending on age. Similar
results have been reported by Li et al. [34]. In a meta-anal-
ysis of 9925 patients with congenital heart disease (CHD)
from 30 studies, they found that lower age was significantly
associated with AKI incidence rate. The effect of age on the
development of AKI might be related to immaturity of the
kidneys in younger children and a predisposition to ischemia
and coagulation as described above. In addition, our meta-
analysis found that decreasing age was found to decrease the
effect size of age and weight. However, we assume that these
findings are primarily a statistical phenomenon: the potential
variability of age and weight between individuals within a
study population increases with age, such that the mean dif-
ference between cases and controls tends to increase.

Risk factors related to congenital heart disease

Apart from the kidney and systemic mechanisms described
above, CHD itself increases the risk of developing AKI
following pediatric cardiac surgery. This is illustrated by
the fact that cyanotic CHD and univentricular heart were
both significantly associated with AKI. Nephropathy has
been reported as a common feature in cyanotic CHD and its
dominant feature is glomerular damage, which is related to
the duration of cyanosis [35]. Furthermore, chronic kidney
disease or dysfunction is evident in half of the patients after
the Fontan operation once they reach adolescence and early
adulthood [36]. As a result of ongoing damage to the kidneys
due to CHD itself, these patients might thus not only be
at risk of experiencing AKI but also of developing chronic
kidney disease later in life. Therefore, kidney function of
patients with CHD, and especially those with cyanosis or a
univentricular heart, warrants close follow-up.

Pulmonary hypertension is a common complication of
CHD that is generally caused by pressure overload and con-
ditions with intracardiac shunting such as ventricular septal
defects, but can also result following correction of CHD
[37]. In addition, pulmonary hypertension in this population
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might occur in the context of primary pulmonary vascular
changes, effects of prematurity, or other anatomic abnor-
malities. As shown in our meta-analysis, pulmonary hyper-
tension was associated with AKI following cardiac surgery.
There is some consensus in the literature that the primary
mechanism through which pulmonary hypertension leads to
AKI is through venous congestion and an increase in cen-
tral venous pressure [38]. This in turn decreases effective
kidney perfusion, triggering activation of the renin—angio-
tensin—aldosterone system, the sympathetic nervous system,
and pro-inflammatory cascades [39]. Our meta-regression
analysis also revealed that this effect was mainly seen in
younger patients. A possible explanation could be provided
by the fact that pulmonary hypertension in younger children
is associated with more severe types of simple shunt lesions
(large atrial or ventricular septal defects) or worse comorbid-
ities such as concomitant chronic lung disease [40]. Another
explanation might be related to the typical low compliance
of the right ventricle in neonates and infants. A right ventri-
cle with low compliance will be more prone to conduct pres-
sure retrogradely; it could thereby lead to venous congestion
of the kidney, which is a known mechanism of AKI [41].

Perspectives for future research and clinical practice

The exact pathophysiology of postoperative AKI in pediatric
patients undergoing cardiac surgery is not fully understood
yet and is most likely multifactorial. However, our meta-
analysis has identified important clinical risk factors for AKI
development. Early identification of risk factors for AKI pro-
vides opportunities to implement preventive strategies and to
start close monitoring. Furthermore, a patient’s risk profile
for AKI might inform choices of surgical techniques. In light
of our findings, future research should focus on the modifica-
tion of risk factors such as CPB time and vasopressor use.
For example, the development of off-pump cardiac surgery
in recent years holds promise as an alternative to CPB for
some types of CHD.

As discussed above, current definitions of AKI have con-
siderable limitations. In addition, SCr, being in fact a marker
of kidney function rather than injury, only increases once
50% of all nephrons have been destroyed; it therefore con-
siderably lags behind [11]. The recent development of more
sensitive biomarkers other than creatinine holds promise to
better and more timely identify patients with prognostically
relevant kidney injury [42, 43].

Nonetheless, identification is only one aspect, while AKI
after pediatric cardiac surgery has shown to be frustratingly
difficult to prevent and treat. No firm evidence currently
exists about the protective role of various pharmacologi-
cal interventions [44]. Furthermore, evidence of progres-
sive kidney injury in these children several years after the
AKI episode has been reported, which cannot be readily
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reversed [45]. As a result, the prevalence of chronic kidney
disease among adults with CHD remains high at 30-50%
[46]. Therefore, increased research efforts should be invested
in the discovery of novel strategies to effectively prevent and
treat AKI. The knowledge obtained from these studies may
contribute to creating successful pre-, peri- and postopera-
tive protocols.

Limitation and sources of heterogeneity

There are certain limitations that need to be considered when
interpreting the results. Firstly, this meta-analysis included
mostly observational studies. Consequently, our findings are
limited to significant associations and cannot demonstrate
causality. Secondly, sample sizes in some subgroups were
relatively small, which limits the interpretation of those
subanalyses. In the third place, our funnel plot analysis
revealed asymmetry around the axis for several risk factors,
including nephrotoxic drugs, reoperation age, weight and
CPB time. As a result, the possibility of publication bias
related to these outcomes should be taken into consideration.
Finally, statistical and clinical heterogeneity complicate the
interpretation of the results. As addressed before, differences
in definitions of AKI may lead to statistical heterogeneity. It
has also been demonstrated how certain risk factors might
be less or more important depending on age and overall risk
profile (as reflected by AKI incidence in the meta-regression
analyses). Other sources of heterogeneity might include
study design, numbers of centers, era, and underlying type
of CHD. For example, our subanalyses revealed that the
effect of RACHS-1 score (both the binary and continuous
variable) was larger in single center studies, potentially
because variations in surgical experience become diluted in
multicenter studies. Furthermore, the difference in surgery
time between children with and without AKI was larger in
studies published in 2001-2011 than in 2011-2020, suggest-
ing continuous improvements in surgical technique. Lastly,
differences depending on study design might be related to
the limitations of retrospective enrollment of patients and
collection of data.

Conclusions

Based on current evidence from observational studies, this
meta-analysis identified clinical risk factors associated with
AKI in pediatric patients undergoing cardiac surgery. These
constitute risk factors that could serve for risk stratification,
prevention, and timely intervention for AKI in children.
Future research should aim to establish protocols for kidney
follow-up of patients with CHD, develop strategies to effec-
tively prevent AKI, and investigate biomarkers for improved
diagnosis of AKI.
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