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Abstract

Background and objectives AKI is a common complication after pediatric cardiac surgery and has been
associated with higher morbidity and mortality. We aimed to compare the efficacy of available pharmacologic
and nonpharmacologic strategies to prevent AKI after pediatric cardiac surgery.

Design, setting, participants, & measurements PubMed /MEDLINE, Embase, Cochrane Controlled Trials
Register, and reference lists of relevant articles were searched for randomized controlled trials from inception
until August 2020. Random effects traditional pairwise, Bayesian network meta-analyses, and trial sequential

analyses were performed.

Results Twenty randomized controlled trials including 2339 patients and 11 preventive strategies met the eligibility
criteria. No overall significant differences were observed compared with control for corticosteroids, fenoldopam,
hydroxyethyl starch, or remote ischemic preconditioning in traditional pairwise meta-analysis. In contrast, trial
sequential analysis suggested a 80% relative risk reduction with dexmedetomidine and evidence of <57% relative
risk reduction with remote ischemic preconditioning. Nonetheless, the network meta-analysis was unable to
demonstrate any significant differences among the examined treatments, including also acetaminophen,
aminophylline, levosimendan, milrinone, and normothermic cardiopulmonary bypass. Surface under the cumulative
ranking curve probabilities showed that milrinone (76%) was most likely to result in the lowest risk of AKI, followed
by dexmedetomidine (70%), levosimendan (70%), aminophylline (59%), normothermic cardiopulmonary bypass
(57%), and remote ischemic preconditioning (55%), although all showing important overlap.

Conclusions Current evidence from randomized controlled trials does not support the efficacy of most strategies
to prevent AKI in the pediatric population, apart from limited evidence for dexmedetomidine and remote

ischemic preconditioning.

CJASN 16: 1480-1490, 2021. doi: https://doi.org/10.2215/CJN.05800421

Introduction
AKI is the most common severe complication following
pediatric cardiac surgery (1). The incidence varies but may
be up to 36% (2). In addition, AKT is associated with a nine-
fold higher risk of developing CKD and a three-fold higher
risk of developing kidney failure (3). The etiology of AKI
can be renal, extrarenal, or combined (4). Because of their
younger age and lower body weight, as well as hemody-
namic instability, children with congenital heart disease
carry a high risk for cardiac surgery-related AKI (5).
Because AKI is associated with important morbidity
and mortality, there is a need for effective preventive
measures (6). Several pharmacologic and nonpharma-
cologic strategies have been tested in randomized con-
trolled trials (RCTs) over the past 2 decades, with vari-
able success. Here, we aimed to summarize current
evidence for the efficacy of strategies to prevent AKI
after pediatric cardiac surgery.

Copyright © 2021 by the American Society of Nephrology

Materials and Methods
Search Strategy

This systematic review was designed in accordance
with Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (7). PubMed/
MEDLINE, Embase, Cochrane Controlled Trials Reg-
ister, and reference lists of relevant articles were
searched for articles published by August 5, 2020. The
detailed search terms that were used for this search
are given in Supplemental Material.

Eligibility Criteria

Using the Population, Interventions, Comparison,
Outcome and Study design strategy, studies were
included if

(1) the population comprised pediatric patients
undergoing cardiac surgery;
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(2) the study assessed the effectiveness of pharmacologic
or nonpharmacologic strategies to prevent AKI after car-
diac surgery;

(3) outcomes studied included incidence of postoperative
AKT; and

(4) studies were RCTs.

Study Selection

The following steps were taken: (1) identification of titles
of records through databases search, (2) removal of dupli-
cates, (3) screening and selection of abstracts, (4) assess-
ment for eligibility through full-text articles, and (5) final
inclusion in the study. Studies were selected (both at the
title and the abstract and full-text stages) by two indepen-
dent reviewers (N.C. and R.V.L.). In case of disagreement,
a third reviewer made the decision (J.V.d.E.).

Data Items

Two independent reviewers extracted the data (N.C. and
R.V.L.). In case of disagreement, a third reviewer checked
the data and made the final decision (J.V.d.E.). The
extracted data included the first author’s name, publication
year, country, intervention, population, total number of
participants, median or mean age, weight, boys, cardiopul-
monary bypass duration, types of cardiac surgery, number
of participants with or without AKI, and definition of AKIL
The outcome of interest was incidence of AKI after cardiac
surgery. Three main definitions for AKI currently exist
(Table 1); these are explained in detail in Supplemental
Material.

Risk of Bias in Individual Studies

Using the RoB 2 tool (8), the RCTs included were
assessed for biases. Two independent reviewers (N.C. and
R.V.L.) assessed risk of bias. In the case of disagreement, a
third reviewer (J.V.d.E.) checked the data to arrive at the
final decision.

Direct Pairwise Meta-Analysis

Prior to performing the network meta-analysis, we con-
ducted traditional pairwise meta-analysis on direct com-
parisons that contained at least two RCTs. The chi-squared
test and the I test were performed for assessment of statis-
tical heterogeneity (9). The odds ratios (ORs) and 95% con-
fidence intervals (95% CIs) were combined across the stud-
ies using a DerSimonian-Laird random effects model.
Forest plots represent the estimated effect sizes for inci-
dence of AKI. Funnel plots were not appropriate for detect-
ing publication bias because there were fewer than ten
studies (10). Analyses were performed using the “metafor”
package of R Statistical Software (version 4.0.2 2020-06-22;
Foundation for Statistical Computing, Vienna, Austria). A
two-tailed P=0.05 was considered statistically significant.

Trial Sequential Analyses

To assess whether effectiveness or futility of each inter-
vention had already sufficiently been demonstrated in
identified RCTs, trial sequential analysis was performed
using TSA software version 0.9.5.10 (The Copenhagen Trial
Unit) (11). All preventive strategies that were compared
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with placebo in at least one RCT were considered. The
O’Brien—Fleming a-spending function was implemented,
permitting adjustment of the desired statistical significance
level. The risk for type I error was set at 5%, and statistical
power was set at 80%. The cumulative Z curve, along with
the two-sided 5% symmetrical significance boundaries, was
plotted. During the analysis, it was also evaluated whether
the total event size reached the required limit to ensure suf-
ficient power. Futility boundaries were plotted to indicate
whether the desired effect could be achievable when the
required sample would be reached.

Network Meta-Analysis

Network meta-analysis compares multiple interventions
simultaneously in a single analysis by combining both
direct and indirect evidence across a network of studies
(12). Direct evidence refers to evidence obtained from
RCTs, whereas indirect evidence refers to the evidence
obtained through one or more common comparators. For
example, in the absence of RCTs that directly evaluate
interventions A and B, interventions A and B can be com-
pared indirectly if both have been compared with interven-
tion C in RCTs. The results of a network meta-analysis are
thus estimates of the relative effects between any pair of
interventions in the network, which are considered to be
more precise estimates than a single direct or indirect esti-
mate. The network meta-analysis was conducted using a
random effects model and a Bayesian method using the
“BUGSnet” package of R software. We specified a burn-in
period of 50,000 iterations followed by 100,000 iterations
with 10,000 adaptations in the nma.run() function. Higher
event rate was defined to imply a worse treatment.

In addition, we used Bayesian Markov chain Monte
Carlo modeling to rank the treatments according to the sur-
face under the cumulative ranking curve (SUCRA) proba-
bilities. Ranking is performed by probability (P) scores on
the basis of the point estimates and SEMs of the network
estimates. They measure the extent of certainty that a treat-
ment is better than another treatment, averaged over all
competing treatments. Rank 1 is considered as the best and
leads to the greatest reduction in the relevant outcome,
whereas rank N is the worst and is associated with higher
rates of the outcome. A league heat plot and a forest plot
were constructed to demonstrate the estimated relative
effect sizes for all preventive strategies. League heat plots
present the comparative effectiveness of all treatments
within the network. The estimate (OR; 95% CI) is located at
the intersection of the row defining index treatment and
the column defining comparison treatment. Loop inconsis-
tency is an analysis that assesses the difference between
direct and indirect estimates for the same comparison, thus
highlighting hot spots where the network does not exactly
fit the data; this could not be evaluated because no closed
triangles were available in this network (13).

Results
Study Selection
A total of 3453 citations were identified, of which 30

studies were potentially relevant and retrieved as full text.


http://cjasn.asnjournals.org/lookup/suppl/doi:10.2215/CJN.05800421/-/DCSupplemental
http://cjasn.asnjournals.org/lookup/suppl/doi:10.2215/CJN.05800421/-/DCSupplemental

1482 CJASN

Table 1. Classifications for the diagnosis of AKI
RIFLE (7) Pediatric RIFLE (8) AKI Network (9) LSy IPEEEES lanypeoiagy
Global Outcomes (10)
Criteria Creatinine Criteria Creatinine Criteria Creatinine Criteria Creatinine Urine
Definition Definition Definition Definition Output®
Risk  =1.5-fold Risk  Decrease in Stage 1 =0.3-mg/dl Stage 1  =0.3 mg/dl <0.5 ml/kg
increase from eCrCl=25% increase or =1.5- increase within per hour for
baseline SCr fold increase 48 h or 1.5-1.9 >6h
or decrease in from baseline times baseline
GFR=25% SCr within 48 h SCr within 7 d
Injury =2-fold increase Injury Decrease in Stage 2 =2-fold increase Stage 2 2.0-2.9 times <0.5 ml/kg
from baseline eCrC1=50% from baseline baseline SCr per hour for
SCr or SCr within 7 d 12h
decrease in
GFR=50%
Failure =3-fold increase Failure Decrease in Stage 3 =3-fold increase Stage 3 =3 times baseline <0.3 ml/kg
from baseline eCrCl=75% from baseline within 7 d or per hour for
SCr or or <35 ml/ SCr or increase increase to =4 24 h or
increase to min per 1.73 to =4 mg/dl mg/dl with an anuria for
=4 mg/dl or m? with an acute acute increase of >12h
decrease in increase of >0.5 >0.5 mg/dl or
GFR=75% mg/dl or initiation of
initiation of KRT®
KRT®

SCr, serum creatinine; eCrCl, estimated creatinine clearance.
“Urine output criteria are common to all three definitions.
PKRT is often left out of the definition for neonates and infants.

Twenty publications (14-33) fulfilled our eligibility criteria
(Figure 1).

Study Characteristics

Characteristics of each study and their participants are
shown in Table 2. Additional information on interventions
and operations is given in Supplemental Table 1. A total of
2339 patients were included from 20 two-armed RCTs pub-
lished from 2000 to 2020. Most studies consisted of patients
with mean age of 17.2 months (20 studies, 2339 patients)
who were mostly boys (54%; 17 studies, 2145 patients).
Kidney Disease Improving Global Outcomes (KDIGO)
guidelines (34) were applied in four studies, whereas one
study used the RIFLE criteria (35), four studies used the
pediatric RIFLE (pRIFLE) criteria (36), and three used the
AKI Network (AKIN) criteria (37). AKI was detected with
various creatinine-based criteria in the rest of the studies.
The overall internal validity was considered low risk of
bias (Supplemental Table 2).

Eleven strategies were represented in the RCT arms:
acetaminophen (one study, 15 patients), aminophylline
(one study, 72 patients), corticosteroids (seven studies, 399
patients), dexmedetomidine (one study, 15 patients), fenol-
dopam (two studies, 60 patients), hydroxyethyl starch
(HES; two studies, 110 patients), levosimendan (two stud-
ies, 126 patients), milrinone (one study, 38 patients), nor-
mothermic cardiopulmonary bypass (one study, 28
patients), remote ischemic preconditioning (RIPC; three
studies, 309 patients), and control/placebo (19 studies, 1167
patients). Control/placebo referred either to the inactive
substance in case of pharmacologic strategies or to the stan-
dard management in case of nonpharmacologic strategies.

Synthesis of Results

The results of the direct pairwise meta-analyses are pre-
sented in Figure 2. The ORs for postoperative AKI showed
no significant difference compared with control for cortico-
steroids (OR, 0.84; 95% CI, 0.43 to 1.67; P=0.57), fenoldo-
pam (OR, 0.47; 95% CI, 0.01 to 32.05; P=0.27), HES (OR,
1.47; 95% Cl, 0.39 to 5.54; P=0.17), or RIPC (OR, 0.43; 95%
CI, 0.13 to 1.49; P=0.10). In contrast, a trial (28) investigat-
ing dexmedetomidine showed a significant advantage of
this strategy compared with control (OR, 0.20; 95% CI, 0.04
to 0.98; P=0.04).

Trial sequential analysis revealed that only the Z curve
for dexmedetomidine had surpassed both conventional
boundaries for benefit and trial sequential monitoring
boundaries for benefit, which makes it likely that the
assumed effect is in fact true (Supplemental Figure 1A).
Conventional boundaries were only crossed after reaching
the required information size for RIPC, suggesting evi-
dence of <57% relative risk reduction (Supplemental
Figure 1B). Such effect of RIPC might indeed be true under
certain conditions, given the strongly significant findings in
the study by Kang et al. (25) (OR, 0.27; 95% CI, 0.13 to 0.42;
P<0.001). For all other interventions, boundaries for benefit
were not crossed, although the required information size
was not yet reached (Supplemental Figures 2-5).

Figure 3A shows the network plot on which the random
effects Bayesian network meta-analysis is based, and Figure
3B demonstrates the estimated effect sizes of all preventive
strategies compared with control. In addition, Figure 3C
shows the comparative effectiveness of the various preven-
tive strategies. The network was unable to demonstrate
any significant differences among the examined treatments.
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Figure 1. | Flow diagram of the literature search depicting the number of included and excluded studies throughout the process. CEN-

TRAL/CCTR, Cochrane Controlled Trials Register.

Figure 4 presents the SUCRA plot. SUCRA rankings
revealed that milrinone (SUCRA probability: 76%) was
most likely to result in the lowest risk of AKI, followed by
dexmedetomidine (70%), levosimendan (70%), aminophyl-
line (59%), normothermic cardiopulmonary bypass (57%),
and RIPC (55%), although all showed important overlap.
On the other hand, fenoldopam (47%), corticosteroids
(42%), acetaminophen (32%), control (23%), and HES (20%)
appeared less attractive.

Discussion

In this study, we assessed the efficacy of 11 strategies to
minimize the risk of AKI in a pediatric population following
cardiac surgery. Traditional pairwise meta-analysis revealed
no overall significant differences compared with control
for corticosteroids, fenoldopam, HES, or RIPC. In contrast,
trial sequential analysis suggested 80% relative risk reduc-
tion with dexmedetomidine and evidence of <57% relative
risk reduction with RIPC. Nonetheless, the network meta-
analysis was unable to demonstrate any significant
differences among the examined treatments, including also
acetaminophen, aminophylline, levosimendan, milrinone,
and normothermic cardiopulmonary bypass. SUCRA

probabilities showed that milrinone (76%) was most likely
to result in the lowest risk of AKI, followed by dexmedeto-
midine (70%), levosimendan (70%), aminophylline (59%),
normothermic cardiopulmonary bypass (57%), and RIPC
(55%), although all showed important overlap. In summary,
our analyses highlight that, despite 2 decades of research, no
effective strategies have been established for the prevention
of AKI in children undergoing cardiac surgery.

The results of a network meta-analysis should be inter-
preted carefully. First of all, the ORs reported by a network
meta-analysis consist of pooling both direct comparisons of
two therapies within RCTs and indirect inferences from the
network about the relative effects of those therapies. The
network of RCTs itself adds information to individual com-
parisons. As a result, the effect estimates in our network
meta-analysis are different from those derived from direct
pairwise meta-analysis.

Second, ranking measures such as SUCRA probabilities
cannot be used as a substitute for relative treatment effects.
SUCRAs are dependent on which treatments are selected
and, thus, might be subject to chance if a different subset of
these treatments was to be selected. Furthermore, a highly
ranking treatment might not be clinically relevant if its
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Corticosteroids Control

A study Events Total Events Total Weight
Bronicki 2000 1 15 7 14 4.7%
Dalili 2015 2 50 0 50 2.7%
Robert 2015 7 19 7 21 12.8%
Personen 2016 8 20 5 16 11.5%
Jahnukaien 2017 2 20 4 20 71%
Graham 2019 35 81 42 95 36.5%
Lomivorotov 2020 10 194 14 200 24.7%
Total (95% CI) 399 416 100.0%

Heterogeneity: Tau? = 0.0936; Chi? = 7.49, df = 6 (P = 0.278); 1> = 20%

Test for overall effect: t =—0.61 (P = 0.567)

B Fenoldopam Control
Study Events Total Events Total Weight
Ricci 2008 5 20 6 20 30.9%
Ricci 2011 20 40 29 40 69.1%
Total (95% Cl) 60 60 100.0%
Heterogeneity: Tau? = 0; Chi® = 0.71, df = 1 (P = 0.401); I? =
Test for overall effect: t; =—2.25 (P = 0.266)

HES Control

c Study Events Total Events Total Weight
Akkucuk 2013 40 99 30 97 83.0%
Oh 2018 7 19 7 21 17.0%
Total (95% Cl) 117 118 100.0%
Heterogeneity: Tau? = 0; Chi® = 0.15, df = 1 (P = 0.703); I? =
Test for overall effect: t; = 3.68 (P =0.169)

RIPC Control

D study Events Total Events Total Weight
Pedersen 2012 27 54 30 51 28.6%
Wu 2018 24 55 34 57 29.3%
Kang 2018 38 200 115 249 42.0%
Total (95% ClI) 309 357 100.0%

Heterogeneity: Tau? = 0.1779; Chi? = 5.33, df = 2 (P = 0.070); > = 62%

Test for overall effect: t, =—2.91 (P = 0.101)
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Figure 2. | Direct pairwise meta-analysis. Forest plots showing no effects of either (A) corticosteroids, (B) fenoldopam, (C) hydroxyethyl
starch (HES), or (D) remote ischemic preconditioning (RIPC) on AKI after pediatric cardiac surgery. Pooled odds ratio and conclusions
plots. 95% Cl, 95% confidence interval; df, degrees of freedom; DL, DerSimonian-Lairds.

relative treatment effect compared with control is not sig-
nificant (i.e., if the efficacy of this therapy could not be con-
firmed). In our study, milrinone was suggested as the best-
ranking strategy on the basis of SUCRA probability, yet its
comparison with control did not reach statistical
significance.

Bellos ef al. (38) conducted a network meta-analysis of
2625 pediatric patients from 14 studies, including both
RCTs and observational studies. They found that both dex-
medetomidine (OR, 0.49; 95% CI, 0.28 to 0.87) and acet-
aminophen (OR, 0.43; 95% CI, 0.28 to 0.67) significantly
reduced AKI, whereas no difference was observed in
patients receiving corticosteroids, fenoldopam, or aminoph-
ylline. In their analyses, dexmedetomidine was found to be
the best-ranking therapy, although showing overlap with
the other therapies.

Our study differs in several aspects. First, Bellos ef al.
(38) designed their search to identify all studies related to
five predefined pharmacologic therapies. In contrast, we
ran a broad search to detect any preventive strategies that
have been used to reduce the incidence of AKI in the set-
ting of pediatric cardiac surgery. As such, we included ten
interventions apart from control, including two nonphar-
macologic strategies. Nine studies (14,15,18,20,21,27-30)
overlapped between our study and the study by Bellos et al.
(38), whereas 11 of the studies included in our analysis had
not been identified by Bellos et al. (38). Furthermore, we
considered only RCTs to exclude the effect of confounding
in observational studies. Lastly but importantly, we applied
random effects meta-analyses, which are considered to be
more appropriate given the clinical heterogeneity of the
included populations.
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Dexmedeto-  Levosi- Amino- Normother- Cortico- Acetamin-
C Milrinone midine mendan phylline mic CPB RIPC Fenoldopam  steroids ophen Control HES
- 1.78 1.23 1.99 217 2.91 3.28 3.63 4.47
Milrinone (0.09,83.61)  (0.42,3.62) (0.02,160.88) (0.03,175.64) (0.20, 118.35) (0.2, 139.15) (0.25, 143.63) (0.26, 201.51)
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(0.01,2.90)  (0.09,1.34)  (0.01,2.86)  (0.01,6.15)  (0.01,6.50)  (0.35,1.11)  (0.31,1.56)  (0.45,1.23)  (0.29, 2.98) (0.39, 2.84)
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(0.00,3.06)  (0.06,1.73)  (0.01,3.06)  (0.01,6.57)  (0.01,6.82)  (0.19,1.86)  (0.18,2.37)  (0.23,2.08)  (0.19,4.00)  (0.35, 2.55)
Figure 3. | Network meta-analysis. (A) Network plot showing the preventive strategies that have been tested in randomized controlled tri-

als for their efficacy in preventing AKI. Circles are weighted according to the number of studies including the intervention, and lines are
weighted according to the number of studies comparing the two connected interventions. (B) Forest plots showing that none of the strate-
gies could effectively prevent AKI. The relative effects of preventive strategies compared with control, as estimated from both direct and
indirect estimates in the network, are shown. (C) League heat plot showing no differences in the comparative efficacy of preventive strate-
gies included in the network meta-analysis. The estimate (odds ratio; 95% confidence interval) is located at the intersection of the row
defining index treatment and the column defining comparison treatment. CPB, cardiopulmonary bypass; Crl, credible interval; HES,

hydroxyethyl starch; RIPC, remote ischemic preconditioning.

In this study, we could not confirm the findings from the
network meta-analysis by Bellos et al. (38). In fact, only lim-
ited evidence from RCTs existed for dexmedetomidine and
RIPC, whereas our network meta-analysis could not sup-
port the superiority of any of the examined strategies over
the others. On the other hand, the results for milrinone, lev-
osimendan, aminophylline, and normothermic cardiopul-
monary bypass appeared promising, whereas the trial
sequential futility boundaries were not yet reached;

therefore, more RCTs are warranted to reach definitive con-
clusions about the efficacy of these strategies. Furthermore,
the current lack of convincing data encourages data sharing
for prospective studies and individual patient data meta-
analyses.

The use of different criteria to define AKI is a fundamen-
tal issue that complicates comparison between studies, as
was also observed in this review. Currently, three main defi-
nitions for AKI exist, in addition to several versions
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customized by researchers themselves. Definitions differ on
whether they are on the basis of a 48-hour rolling window
or on a 7-day window of observation, whether they consider
GFR or not, and whether they assess serum creatinine (SCr)
in terms of relative or absolute changes. The choice of crite-
ria might thus be very influential on the incidence of AKIL
This issue is even more pertinent in the pediatric setting.
First, all three main definitions have initially been designed
for adults. Even the pRIFLE classification is on the basis of
a small cohort of 150 patients aged >1 year and extrapola-
tion from adult data (36). Furthermore, SCr in children
increases with age (or height, as a surrogate for muscle
mass), and kidney maturation only occurs at the age of 2-3
years (39). Therefore, an absolute change in SCr is different
for a very young child compared with an older child. As
most studies included in these analyses consisted of
patients with mean age of 17.2 months, baseline creatinine
would be expected around 0.25-0.30 mg/dl. An absolute
change of 0.30 mg/dl would thus be equivalent to dou-
bling the SCr, which is much more severe than a relative
increase of 1.5 times the baseline value. It might, therefore,
be problematic in the pediatric setting that KDIGO treats
an absolute increase in SCr of 0.30 mg/dl over 48 hours as
equivalent to a 1.5-fold relative increase in SCr over 7 days.
In a large prospective cohort of 1489 consecutive neo-
nates and infants undergoing cardiac operations, Lex et al.
(40) compared the three main definitions for AKI. They
found that, particularly in this age group, the pRIFLE sys-
tem had superior sensitivity compared with AKIN and
KDIGO in the early detection of AKI requiring KRT. Inter-
estingly, about 5% of patients (74 of 1489) were detected

only by pRIFLE. This can be explained by the fact that a
25% decrease in the estimated creatinine clearance (as in
PRIFLE) in neonates and infants is less severe than a 1.5-
fold increase in SCr (as in AKIN and KDIGO). These obser-
vations warrant further assessment and careful selection of
the appropriate definition of AKL

For the purposes of this meta-analysis, it is important to
note that within all included studies, the same definition of
AKI was applied in both the intervention and placebo
arms. It can, therefore, be assumed that the effect of the def-
inition affected all patients within each study equally, such
that the observed treatment effect would be expected to
remain relatively unaffected. The main question, however,
remains whether currently existing definitions of AKI may
be enough to make decisions on the efficacy of interven-
tions to prevent AKI. Therefore, novel biomarkers that
allow for early detection of AKI are much needed.

The pathophysiology of postoperative AKI is complex,
and multiple risk factors have been described (4). Even
though developments have been made in the supportive
care for patients with AKI, survival remains poor (41). In
the light of our findings, it is likely that not a single therapy
but, rather, multiple preventive measures will provide opti-
mal protection against AKI. As specific combinations of
preventive strategies might have additive, synergistic, or
antagonistic effects, dedicated studies would need to be set
up to discover which combinations hold the most promise.
Eventually, the knowledge obtained from these studies
might help design the ideal perioperative protocol. How-
ever, such an approach on the basis of a trial and error
design is limited by its time-consuming and expensive
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nature. Furthermore, children undergoing cardiac surgery
constitute a heterogeneous population. As a result, certain
combinations of preventive strategies might be more effec-
tive than others in different subgroups of patients depend-
ing on demographics and setting. Recent developments in
machine learning allow for individual prediction of therapy
response, including treatment recommendation functions
(42/43). The application of such analysis techniques on large
databases might potentially substitute time and cost-
intensive RCTs in the future.

Another important challenge is the limited capacity of
conventional markers of kidney function, such as SCr, to
detect early loss of function. As a result, AKI is often
detected late, attenuating the opportunity for early success-
ful intervention and leading to worse outcomes (44). Again,
machine learning has emerged as a promising tool, allow-
ing for the early prediction of AKI and having been shown
to outperform human predictive performance (45). On the
basis of the risk for the development of AKI calculated by
these models, appropriate and effective treatments can be
initiated in an early stage to prevent progression. In addi-
tion, more exhaustive and expensive tests that would oth-
erwise yield high false-positive rates could be omitted (41).
Other avenues might be the investigation of biomarkers,
including cystatin C, kidney injury molecule 1, neutrophil
gelatinase-associated  lipocalin, tissue inhibitor  of
metalloproteinases-2, and IGF-binding protein 7, all of
which have been reported to appear before increases in cre-
atinine can be observed (46,47).

There are some points that merit consideration when
interpreting these findings. First, the interpretation of out-
comes is limited by statistical heterogeneity. As highlighted
above, this might be due to differences in definitions of
AKI. Furthermore, other sources might exist, including age,
underlying congenital heart defect, cardiopulmonary
bypass time, anesthesia protocol, admission to intensive
care unit, definition of AKI, or timing and dose of the inter-
vention. A formal clustered analysis according to these
sources of heterogeneity was deferred because of lack of
individual patient data, but random effects models were
used in all analyses to account for clinical heterogeneity.
These models assume that the true effect sizes may differ
across studies, while still allowing us to assess the net rela-
tive efficacy of two or more treatments. Of interest, a dos-
ing effect might have played a role in the meta-analyses for
fenoldopam. The study by Ricci et al. (29) from 2008 found
no significant effect of an intravenous dose of fenoldopam
0.1 ng/kg per minute, whereas a study from 2011 by Ricci
et al. (30) showed a 62% relative risk reduction with a dose
of 1 pg/kg per minute (OR, 0.38; 95% CI, 0.15 to 0.96). The
latter dose of fenoldopam might thus in fact prove effective
in further RCTs. Second, no direct comparisons of the
investigated strategies were available, except for one study
comparing levosimendan and milrinone (17). As a result,
our network did not contain any closed triangle or qua-
dratic loops. Chance may explain any apparent difference
between treatments, especially given the limited number of
direct comparisons. Moreover, many treatments were com-
pared with placebo in only a single trial, such that only
four could be considered for direct pairwise meta-analysis.
Third, although most management cardiopulmonary
bypass protocols use a combination of therapies, our

analysis did not allow us to estimate any additive or syner-
gistic effects that might exist among the investigated treat-
ments. Lastly, we only considered the effect of these thera-
pies on AKI incidence; a treatment that performs best in
this outcome might, however, be the worst in another out-
come (for example, a harm outcome).

The results of this network meta-analysis, on the basis of
current evidence from RCTs, do not support the efficacy of
most strategies to prevent AKI in the pediatric population,
apart from limited evidence for dexmedetomidine and
RIPC. Further investigations are needed to define an opti-
mal protocol for prevention of AKI after pediatric cardiac
surgery. We identified an unmet need for more sensitive
biomarkers for the definition of AKL
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