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AIM (1) To systematically review the literature on developmental outcomes from infancy to
adolescence of children with complex congenital heart disease (CHD) who underwent early
surgery; (2) to run a meta-regression analysis on the Bayley Scales of Infant Development,
Second Edition Mental Developmental Index and Psychomotor Developmental Index (PDI) of
infants up to 24 months and 1Qs of preschool-aged children to adolescents; (3) to assess
associations between perioperative risk factors and outcomes.

METHOD We searched pertinent literature (January 1990 to January 2019) in PubMed,
Embase, CINAHL, and PsycINFO. Selection criteria included infants with complex CHD who
had primary surgery within the first 9 weeks of life. Methodological quality, including risk of

RESULTS In total, 185 papers met the inclusion criteria; the 100 with high to moderate

methodological quality were analysed in detail. Substantial heterogeneity in the group with
CHD and in methodology existed. The outcome of infants with single-ventricle CHD was
inferior to those with two-ventricle CHD (respectively: average scores for PDI 77 and 88;
intelligence scores 92 and 98). Perioperative risk factors were inconsistently associated with

INTERPRETATION The literature on children undergoing surgery in early infancy suggests that
infants with a single ventricle are at highest risk of adverse developmental outcomes.

BSID-III Bayley Scales of Infant and
Toddler Development, Third bias and internal validity, were assessed.
Edition
CHD Congenital heart disease
HLHS Hypoplastic left heart syndrome
MDI Mental Developmental Index
PDI Psychomotor Developmental
Index developmental outcomes.
STAT Society of Thoracic Surgeons
and the European Association
for Cardio-thoracic Surgery
Congenital Heart Surgery
TGA Transposition of the great

arteries

Congenital heart disease (CHD) is the most common birth
defect worldwide, affecting millions of newborns every
year.! The mean prevalence of CHD between 1970 and
2017 globally was 8.22 per 1000. During this period, the
overall prevalence of CHD globally increased by 10%
every 5 years.! Owing in part to earlier detection, the
reported prevalence of ‘mild lesions’ such as ventricular
septal defect, atrial septal defect, or patent ductus arterio-
sus increased almost threefold, whereas the prevalence of
severe disorders, including hypoplastic left heart syndrome
(HLHS), decreased." With advances in diagnostic tech-
nologies, surgical management, and postoperative care,
over 90% of children with critical or complex CHD are
expected to survive to adulthood in the current era. The
significant success of these advances has exposed a height-
ened risk of brain injury and developmental disorders and
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disabilities.” Multiple neuroimaging studies have demon-
strated that children with CHD are at increased risk of
congenital and acquired brain lesions,”® and delayed neu-
ral maturation,”® which both may originate in utero.*’

As survival has increased over the past few decades, it
has allowed clinicians to document long-term developmen-
tal follow-up of these children. A growing body of litera-
ture indicates that outcomes of infants with complex
CHD, namely children with HLHS, other single-ventricle
pathology, or d-transposition of the great arteries (TGA),
has shifted from mortality to developmental disability.
Developmental outcomes of survivors of complex CHD
are dependent upon a multitude of disease-specific, treat-
ment-related, and individual patient-specific factors that
are interrelated and cumulative.” On the one hand, follow-
up of survivors of complex CHD indicates that these
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infants generally develop reasonably well; but on the
other hand, most studies also suggest that developmental
outcome of these children is somewhat less favorable than
that of children without complex CHD.

To improve insight into developmental outcome of
infants with complex CHD, we performed a systematic
review and meta-analysis. Previously, Karsdorp et al.'
reviewed psychological and cognitive outcomes in children
with mild to severe CHD reported in the literature up to
2005, and Snookes et al.'! reviewed motor and cognitive
development in infants undergoing cardiac surgery during
the first 6 months of life reported in the literature up to
2008. We focused on surviving children with complex
CHD who underwent surgery within the first 9 weeks of
life — as these are the children with the most complex
forms of CHD - and on developmental outcomes across
the continuum of life from infancy to adolescence. We
addressed the following questions. (1) Do survivors with
complex CHD have worse motor, cognitive, language, and
behavioral outcomes than children without CHD? We
hypothesized that motor, cognitive, language, and behav-
ioral outcomes of children with complex CHD are worse
than that of children without CHD. (2) Does the period in
which the infants had their primary surgery, for example
the 1980s and 1990s or the early part of the current cen-
tury, affect developmental outcomes? We hypothesized
that developmental outcomes of infants who had surgery in
the 1980s and 1990s, when surgical techniques were less
advanced, are less favorable than developmental outcomes
of infants who had surgery more recently. (3) Do develop-
mental outcomes of children who had surgery in early
infancy for single-ventricle CHD differ from those of chil-
dren who had surgery in early infancy for two-ventricle
CHD? We hypothesized that children with single-ventricle
CHD have less favorable developmental outcomes than
children with two-ventricle CHD. (4) Which perioperative
risk factors put children with complex CHD who have sur-
gery in early infancy at risk of unfavorable developmental
outcomes? We hypothesized that (a) the degree of preop-
erative and/or postoperative hypoxemia, (b) the application
and duration of cerebral protection procedures, such as
deep hypothermic cardiac arrest or regional low-flow per-
fusion during cardiopulmonary bypass, and (c) two param-
eters of severity of clinical illness in the phase of primary
surgery, namely length of mechanical ventilation and
length of hospitalization, are all associated with worse
developmental outcome.

METHOD

Search strategy

We searched the literature for studies on developmental
outcomes of children born with CHD who underwent
complete or staged surgery within the first 9 weeks of life.
Electronic databases searched were PubMed, EMBASE,
CINAHL, and PsycINFO to identify studies published
from January 1990 to January 2019. Each database was
searched with combinations of terms and medical subject
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What this paper adds

e Children with complex congenital heart disease (CHD) are at increased risk
of impaired developmental outcome.

e Children with single-ventricle CHD have worse outcomes than children with
two-ventricle CHD.

e Children with two-ventricle CHD gradually grow out of their initial develop-
mental impairment.

® Perioperative factors are inconsistently associated with outcome.

headings adapted to the specific database filter. We also
searched the reference list of original articles for additional
relevant articles. The search consisted of many variations
of the combination of terms describing (1) CHD, (2) sur-
gery, (3) age, and (4) development (Appendix S1, online
supporting information).

We included all randomized controlled trials
prospective cohort observational studies that addressed
developmental outcomes in gross and/or fine motor devel-
opment, cognition, speech and language development, and
behavior in children and adolescents (newborn to 19y) with
CHD that required surgery within the first 9 weeks of life.
We excluded studies that evaluated: (1) children with
CHD that required primary surgery after 9 weeks of life;
(2) participants who received a heart transplant or extracor-
poreal membrane oxygenation; (3) studies that excluded
HLHS in the sample; (4) groups where more than 25% of
individuals were infants born preterm with low birth-
weight or extreme low birthweight; (5) outcomes only
dealing with quality of life, stress, social-emotional mea-
sures, health-related outcomes, or excluding motor out-
comes specifically. In addition, we excluded (6) reviews,
surveys, case reports or case studies, editorials, anecdotal
letters, and papers with a non-peer-reviewed source, and
(7) papers not published in English. The review protocol
was registered in the International Prospective Register of
Systematic Reviews, PROSPERO (identification number
CRD42017051226).

and

Evaluation procedure

The first author and a medical information specialist from
the medical library at the University Medical Center
Groningen, the Netherlands, developed the search string
and adapted it to specific database filters. One person
(DH) searched the databases and retrieved full texts of the
studies that met the inclusion criteria and, when necessary
for clarity about inclusion, consulted another author (MH-
A). Two reviewers (DH and MH-A) read the papers inde-
pendently and summarized the findings on data extraction
forms to assess internal validity and risk bias. Disagree-
ments or discrepancies in scoring were discussed until a
consensus was reached with the involvement of a third
reviewer (AVB) if necessary. The consensus is reported in
Tables S1 to S4 (online supporting information).

Each critical review included geographical region in
which the study was performed, surgical period, age of the
participant at the time of developmental testing, and dispo-
sition of the participant group based on type of heart
lesion at birth and subsequent type of surgery, STAT



scores (severity score of the Society of Thoracic Surgeons
and the European Association for Cardio-thoracic Surgery
Congenital Heart Surgery mortality score and the con-
comitant congenital heart surgery mortality categories),'*"?
whether the participant was born with single- or two-ven-
tricle physiology, and the mortality rate in the study
groups. We also noted whether studies took the following
confounding factors into account: genetic defects, preterm
birth, neurological abnormalities, or heart transplant.

Study quality and publication bias (‘small study bias’)
were assessed. The procedures to assess internal validity
and risk of bias were in line with the Patients, Interven-
tions, Comparators, Outcomes (PICO) approach as
emphasized in Preferred Reporting Items of Systematic
Reviews and Meta-Analysis Protocols (PRISMA-P).'* The
quality appraisal began with an assessment of inclusion and
exclusion criteria. Next, we analysed: (1) the studies’ inter-
nal validity and (2) methodological quality based on the
criteria of Mallen et al."” Internal validity scores were cal-
culated on the basis of study design (prospective design: 1
credit); presence of a typically developing comparison
group without a CHD or statistics comparing the study
sample with the norm reference group (present: 1 credit);
number of eligible participants after those excluded on the
basis of relevant criteria (present: 1 credit); attrition before
enrollment for not being consented or parent refusal
(€15%: 1 credit); attrition between enrollment and the
time of developmental testing (<15%: 2 credits, 16-30%: 1
credit); assessors masked to the presence of a CHD diag-
nosis (present: 1 credit); and validity of tests used to evalu-
ate development (valid tests: 1 credit). Internal validity was
based on the sum of the credits; 8 to 6 points denoted high
validity, 5 to 4 points moderate, and less than 4 points
low.

The Mallen score was used to evaluate methodological
quality and risk of bias in more detail; this score is
designed to assess observational studies.'”” We selected 14
of the 30 Mallen criteria as they met the specific needs of
this review. Each item had a dichotomous score (‘yes’ for
criterion present and ‘no’ for criterion not present). The
number of items fulfilling each criterion were added and
resulted in the Mallen score. On the basis of face value
and their distribution, the Mallen scores were interpreted
as follows: 12 to 14 points denoted a high methodological
quality, 8 to 11 points moderate, and <8 points low.

Developmental outcome data were summarized into four
separate tables by age group: infant (birth to <24mo), pre-
school (25mo—<4y 6mo), school age (4y 7mo—<12y), and
adolescent (13y—<19y). Each study was ranked according to
its internal validity and Mallen scores, and summarized by
type of heart lesion, age of the child at the time of testing,
neurological examination and test, and developmental out-
comes. The outcomes were organized as the domain of
development, namely motor, cognition, speech/language,
and behavioral (including activities of daily life), test used,
reported means and standard deviations, and a summary of
the results.

Meta-analysis and evaluation of associations with risk
factors

To combine results from different studies into summa-
rized statistics, we performed a meta-regression analysis.
From all developmental outcomes described, only the
Bayley Psychomotor Developmental Index (PDI) and
Mental Developmental Index (MDI; infant group), and
the full-scale IQ, verbal IQ, and performance 1Q (pre-
school, school age, and adolescent combined group), were
reported sufficiently to allow for meta-analysis. Only
studies that reported means and standard deviations were
included. If these data were lacking in the paper, authors
were contacted for missing data. When studies generated
more than one paper in a certain age period (e.g. three
papers on outcome in infancy), only the paper that
reported outcome at the oldest age was included in the
meta-analysis.

We focused on the effects of: (1) surgical period, (2) age,
and (3) differences in outcomes between children with a
single- or two-ventricle CHD. For this, we related the a
priori chosen study level characteristics ‘age’ and ‘surgical
period effect’ of the studies to the outcome variables of
interest. Age in infancy was coded in months and in the
older children was coded in years. Surgical period was
coded as the median year of the period during which the
cohort had their primary surgery. This a priori choice
allowed us to investigate whether these characteristics
explained any of the heterogeneity of the outcome esti-
mates between studies. As we still expected residual hetero-
geneity to remain, we chose to perform a random-effects
meta-regression and used restricted maximum likelihood
estimation, hence estimating the mean of a distribution of
effects across studies. Residual heterogeneity was expressed
as I, the percentage of total variability due to heterogene-
ity across studies (with >75% denoting high heterogeneity)
and as 7%, denoting the estimated amount of total hetero-
geneity among the true effects (i.e. the variability among
the true effects that is not accounted for by the moderators
included in the model). To evaluate the effect of ventricu-
lar group (single- vs two-ventricle CHD), we expanded the
meta-regression model with the dichotomous moderator
ventricular group. For this, we used only the data provided
by the studies separately for children with single- or two-
ventricle CHD.

The meta-regression analyses of the infant group also
took into consideration different editions of the Bayley
Scales of Infant Development, Second Edition (BSID-II)
and Bayley Scales of Infant and Toddler Development,
Third Edition (BSID-III). We used the algorithm from
Jary et al.'® to convert the BSID-IIT scores to the BSID-IT
scores to compare the PDI and MDI scores across studies.
All analyses were performed with the metafor library in R
version 3.3.2 (31st October 2016; R Foundation for Statis-
tical Computing, Vienna, Austria); p<0.05 was considered
statistically significant. We used funnel plots and Egger’s
linear regression test to assess the presence of publication
bias for the infant data set PDI, MDI; preschool, school

Review 31



age, and adolescent 1Qs; and mortality. Authors of various
studies were contacted to request information for missing
data items as necessary.

In the analysis of the association between cardiovascular
risk factors and developmental outcome we categorized
studies as either two-ventricle studies, indicating that most
children had two-ventricle CHD, or single-ventricle stud-
ies, implying that most children had single-ventricle CHD.

Finally, to see whether potential changes in morbidity
over the years were associated with changes in mortality
over time, we performed a meta-regression analysis on the
mortality data reported in the studies included in the
review. As not all studies included followed their cohorts
into adolescence, we used only the mortality data from the
infant set of papers for this meta-regression analysis, mod-
elling the log of odds of the reported mortality propor-
tions. Specific attention was paid to the effect of the type
of cardiac lesion (single-ventricle vs two-ventricle).

RESULTS

Study selection

Figure SI (online supporting information) shows the selec-
tion of papers. The database searches yielded 5291 papers,
of which 4816 were excluded on the basis of duplication
and screening the title or abstract. We assessed the full text
of the remaining 475 papers. We excluded 290 papers as
most did not meet the inclusion criteria of age at primary
surgery before 9 weeks of life or did not report develop-
mental outcomes. The remaining 185 papers
reviewed in detail and categorized according to age. We
analysed the studies’ methodological quality by assessing
internal validity and the Mallen score.

were

Methodological quality

The Mallen scores of the 185 included papers ranged from
3 to 13. The cut-off for low Mallen quality was set at not
more than 7, a score that was assigned to 46 papers (25%);
the cut-off for high Mallen quality was set to at least 12,
with 16 papers (9%) meeting this criterion. One hundred
papers (54%) met the criteria for overall high or moderate
methodological quality (infant 45 of 75; preschool age 18
of 32, school age 31 of 59, and adolescent 6 of 19). The
other 85 papers had a low methodological quality and were
excluded from further analysis (Tables S1-S8, online sup-
porting information). The reasons attributing to low
methodological quality most frequently were ‘absence of a
control group’ (134 of 185 [72%]), ‘lack of an evaluator
blind to the presence of a cardiac defect’ (176 of 185
[95%]), ‘lack of a reliable assessment of disease state’ (170
of 185 [92%]), and attrition. The last three factors were
common sources of risk of bias. The absence of informa-
tion on the number of eligible infants — and therewith on
selection bias — and a relatively high attrition often reduced
internal validity and explained much of the difference
between high, moderate, and low methodological quality.
In 80 of 185 (43%) papers, no information on selection
bias at enrollment was present; and 84 of 185 (45%)
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reported attrition at the time of developmental testing was
at least 30%. The methodological quality criteria most
often met were ‘prospective study design’ (138 out of 185
[74%]), ‘validity of developmental test’ (100%), and ‘ad-
justment for confounding’ (128 of 185 [69%]), with the last
two reducing the risk of bias. The papers with the highest
methodological quality (30 of 185 [16%]) had the lowest
selection bias, attriion no more than 15%, adjusted for
confounding, and had either ‘developmental evaluator
blind to the presence of cardiac diagnosis’ or ‘presence of a
control group with CHD’.

Study characteristics and developmental outcome

The surgical era in this review was 1981 to 2015. Thus,
the era spanned the period ranging from the earliest phases
of the arterial switch operation and palliated surgeries for
HLHS to recent times with the advancement of these tech-
niques. Heart transplantation was mentioned from 2000
onwards. Most studies (138 out of 185 [75%]) excluded
children with chromosomal abnormalities.

The characteristics and developmental outcome mea-
sures of the 100 papers with moderate to high method-
ological quality are summarized in four age-specific tables,
rank ordered on the basis of methodological quality
(Tables S1-S8). The 100 papers included 15 studies that
generated 58 papers, some of which were longitudinal, and
42 individual studies. Two investigator groups, one from
Boston, USA,'” the other from Aachen, Germany,'®
tracked cohorts of children with d-TGA from birth to
16 years of age and from 3 years to 21 years of age respec-
tively. These studies represented the longest follow-up and
both cohorts of children had primary surgery between the
mid-1980s and the early 1990s. Thirty-five of the 100
papers compared developmental outcomes in children with
CHD with typically developing groups or the general pop-
ulation, whereas the remaining 65 papers addressed the
association between specific variables, such as the complex-
ity of the cardiac lesion, surgical approach, perfusion meth-
ods to support vital organs during surgery, sedation and
anesthetic medications, perioperative seizures, neuroimag-
ing, and developmental outcome. Many studies focused on
factors associated with developmental outcome within the
group of children with CHD and did not focus on devel-
opmental outcome of children with CHD compared with
the general population.

Mortality
We addressed mortality during the surgical periods
reported in 30 papers of the infant set (1983-2015) to
determine: (1) the temporal trend of mortality and (2)
whether a difference in mortality existed between children
with single- and two-ventricle CHD. In 23 of the 30 stud-
ies, surgery was performed in the years 2000 to 2009; only
four studies included surgeries performed from 1980 to
1999.

The meta-regression analysis showed that overall mor-
tality did not change over the years (estimated log odds



—1.90 [95% confidence interval {CI} —2.23 to —1.57]).
Back-transformation indicated that mortality had an esti-
mated median rate of 13.0% (95% CI 9.7-17.2). The
meta-regression model for the smaller number of studies
(n=16) that reported mortality in children with single- and
two-ventricle disorders separately indicated that the type of
cardiac lesion was a significant moderator (p<0.001). The
model showed that mortality in infants with single-ventri-
cle CHD was 25.2% (95% CI 14.2-40.6) compared with
5.8% (95% CI 2.9-11.2) mortality in infants with two-ven-
tricle CHD.

Infancy: birth to 2 years

The 45 papers in the infant set represented nearly half of
the papers included in the review. Eighteen of these papers
were rated with high internal validity (four with a score of
7, 12 with a score of 6); the remaining 27 papers were
rated as moderate internal validity (12 with a score of 5; 15
with a score of 4). The Mallen score ranged from 13 to 7.
Individual papers represented infants from North America
(33 papers), Australia and New Zealand (seven papers), and
Europe (five papers). White children were the most repre-
sented ethnicity (Tables S1 and S5). Within the set of 45
papers, four papers were derived from one study,'”* 10
papers belonged to three studies, one study'’ produced
four papers,'”***° two studies’®*’produced three papers
each,”®>! and eight papers were the result of four stud-
ies?>?*763% that generated two papers each.’’~*? Group
size ranged from 11 to 359 children (median 54).

The surgical era of the infants evaluated in the 45 papers
was 1983 to 2015. All papers studied infants with CHD
with STAT categories 3 to 5 at the primary surgery (5 cor-
responding to the most complex surgeries). Twelve papers
addressed outcomes of infants born with single-ventricle
physiology, mostly HLHS or less frequently with other
structural cardiac abnormalities associated with a single-
ventricle physiology.* Eleven papers focused on outcomes
of infants born with two-ventricle defects, including TGA,
total anomalous pulmonary venous connection, truncus
arteriosus, and interrupted aortic arch (all forms of com-
plex CHD). TGA was the most frequent two-ventricle
defect evaluated. We excluded infants with tetralogy of
Fallot in the developmental results analyses, as not all of
these infants met the surgical age criteria for this review.
The remaining 22 papers addressed a mixed sample of
infants with either single- or two-ventricle defects.

The infants’ ages at the time of developmental testing
varied: between newborn and 6 months (seven papers), 7
to 12 months (14 papers), 13 to 17 months (three papers),
and 18 to 24 months (26 papers). Four of the last group of
papers also included older children, hence these papers
return in the preschool-age section. Most papers in the 18-
to 24-month range were from the Western Canada Regis-
try (16 of 26 [62%)).

Motor development and cognitive development were
assessed most frequently (40 and 37 papers respectively),
with language development a close third. Various forms of

behavioral outcomes were assessed. BSID-II and BSID-III
were used as the primary instruments to measure motor,
cognition, and language development in 38 of the 45
papers (84%). Table S5 outlines all the other developmen-
tal measures used.

Meta-analysis of Bayley PDI and MDI. Twenty-one papers
generated 31 data entries that could be included in the
meta-analysis of motor and cognitive outcomes measured
by an edition of the Bayley scales. Some papers generated
more than one outcome; for example, Garcia Guerra
et al.¥ evaluated half of their sample with BSID-IT and the
other half with BSID-IIT; Atallah et al.** reported BSID-II
scores from two different surgical shunt eras; while others
reported scores from two, four, and five different CHD
lesions respectively.

Figure 1a depicts a forest plot of the PDI scores of the
studies included in the meta-analysis.?>?*-27:30-32,3%37:41-53
The estimated mean PDI resulting from the random-ef-
fects meta-analysis was 78.72 (95% CI 76.09-81.36). In the
meta-regression model that included both covariates, the
testing age of the infants was not associated with PDI,
while the period of surgery was associated with the PDI
(Fig. 1b). Over the years, the PDI of the infants decreased:
an increase of 1 year in the surgery period resulted in an
average decrease of —1.16 points PDI (»p<0.01, 95% CI
—1.90 to —0.42). Finally, we investigated whether infants
with single-ventricle CHD had worse PDI scores than
those with two-ventricle CHD. The type of cardiac lesion
was a significant moderator (p<0.001). The model estimat-
ing PDI for a fixed age of 21 months and a fixed surgical
period at the year 2000 yielded scores for infants with sin-
gle-ventricle defects (77.16, 95% CI 71.69-82.62) that
were significantly lower than those for infants with two-
ventricle defects (88.22, 95% CI 84.18-92.25).

Figure 1c depicts a forest plot of the MDI. The esti-
mated mean MDI resulting from the random-effects meta-
analysis was 84.16 (95% CI 81.91-86.40). Both the testing
age and the period of surgery were associated with MDI
scores (Fig. 1d). Adjusted for surgery period, an increase of
1 month in infant age resulted in an average decrease of
—0.64 points MDI (»p=0.005, 95% CI —1.09 to —0.20);
adjusted for the infant’s age, an increase of 1 year in the
surgery period resulted in an average decrease of —0.94
points MDI (p<0.001, 95% CI —1.47 to —0.41). The type
of cardiac lesion was not a significant moderator for MDI
(p=0.07). The model estimating MDI for a fixed average
age of 21 months and a fixed surgical period at the year
2000 vyielded scores of 85.42 (95% CI 80.18-90.67) for
infants with single-ventricle CHD and 89.77 (95% CI
85.90-93.64) for those with two-ventricle CHD.

Additional outcomes. Studies that used tests other than the
BSID-II and BSID-III also suggested impaired motor
development in infancy.’***3%°¢  Additional outcomes
included an increased risk of poorly regulated behavioral
states, reduced visual orienting, jitteriness, hypotonia,
motor asymmetries, and feeding difficulties. These addi-
tional outcomes could be associated with impaired brain
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Figure 1: Meta-analyses of Bayley Psychomotor Developmental Index (PDI) and Mental Developmental Index (MDI). Forest plots of (a) PDI, (b) MDI.
The studies are listed by the author’s last name and year, and ranked according to methodological quality (high at the top). The black boxes indicate
the means, the lines the confidence intervals (Cls), and the dotted lines the prediction intervals. The black diamond indicates the estimated means from
the random-effects (RE) meta-analysis. Heterogeneity remained: (PDI: t>=49.47 [p<0.001], =94%; MDI: t?>=34.03 [p<0.001]). ”=89%). (c) Bubble plot
regression graph of the association between surgery era and mean PDI of the individual studies. The symbol sizes are related to the weights of the

studies in the analysis; larger diamonds indicate larger/more precise studies. Based on the meta-regression RE model with adjustment for age, the pre-
dicted average mean PDI as a function of the covariate period (with age fixed at 21mo) is also added to the plot (line) with 95% CI (dotted lines). Sur-
gery era code is indicated as the median year of the surgery period. (d) Bubble plot regression graph of the association between assessment age of

the infant and MDI. For explanation, see the description of (c).

growth already present before surgery in infants with
cyanosis.”’ > Parents reported increased emotional prob-
lems in infants with HLHS, and increased parenting
stress,”’ yet behavioral skills comparable to typically devel-
oping infants.**** One study reported that language devel-
opment was delayed in one-third of infants at 18 to 24
months on the Language Development Survey.*'

Preschool age: 25 months up to and including 4 years

6 months

For the preschool age group, 18 out of 32 papers were
rated with high or moderate methodological quality. Of
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the 18, seven papers were rated with high internal validity
(one paper with a score of 7, six with a score of 6); the
remaining 11 papers were rated with moderate internal
validity (four papers with a score of 5, seven with a score
of 4). The Mallen score ranged from 7 to 12. Individual
papers represented preschool-age children from North
America (12 papers) and Europe (six papers). White chil-
dren were the most represented ethnicity (Table S2).
Within the set of 18 papers, three’*%"** were derived from
a single infant study;'” two papers were derived from
another infant study;*® another two papers from a single
study;**¢ and one was a follow-up paper® from an infant
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study.” Group size ranged from 7 to 420 children (median
36). The surgical era of the preschool children evaluated
was 1983 to 2015. STAT category at primary surgery was
3 to 5. Seven papers addressed outcomes of infants born
with single-ventricle physiology, mostly HLHS. Seven
papers focused on outcomes in infants born with two-ven-
tricle defects, which included TGA and miscellaneous two-
ventricle repairs that met the criteria of surgery before
9 weeks of life. The remaining four papers addressed a
mixed sample of single- and two-ventricle defects.

The children’s age at developmental testing varied:
between 25 and 30 months (four papers), 31 and 36 months
(five papers), and 47 and 54 months (six papers). Three
papers had a wide age range, which when combined covered
children aged 7 to 67 months.

Nine areas of development were addressed in 18 papers
by 20 different tests, excluding different versions of the
same test (see Table S5 for the other tests used).

Cognitive development was the primary interest of out-
come at preschool age. Nine papers reported outcomes; six
used BSID-II or BSID-III as at least one instrument to
measure cognitive development, two used the Wechsler
Preschool and Primary Scale of Intelligence to measure
intelligence (see Table S6 for the other tests). Children
with single-ventricle defects generally had cognitive devel-
opment within the average range, yet children with HLHS
scored in low average ranges. Rogers et al.®® reported
moderate to profound cognitive delay in seven of 11 chil-
dren (64%) with HLHS, but contemporary papers
reported better outcomes. Children with two-ventricle
defects, primarily TGA, had cognitive skills in the typical
range, yet the data indicated their intelligence scores were
lower than the population mean. The IQ data of preschool
age are included in the meta-analysis of 1Q scores which
also covers school age and adolescent age.

Motor development and language development were
each addressed in four papers. The BSID-II or BSID-III
was used in three papers to measure motor development
and one for language development. Motor development
was measured in one paper with the Peabody Developmen-
tal Motor Scales, Second Edition and the grooved peg-
board test for children with two-ventricle CHD.®
Sarajuuri et al.”* reported that children with single-ventri-
cle defects had significantly lower motor development than
a comparison group; yet their scores were comparable to
those of typically developing children in general.®’ Bellin-
ger et al.%? reported worse balance, manual dexterity, and
stationary skills in children with TGA than the population
mean at 4 years, while Toet et al.*” reported that children
with TGA had average motor development. Bellinger
et al.% also reported an increased risk of speech errors,
apraxia of speech, and abnormalities of volitional oral
movements in children with two-ventricle CHD. Language
development, primarily expressive language, was measured
by six different tests or parts of tests, including the BSID-
III.  Children with single-ventricle defects, especially
those with HLHS, had significantly lower language

developmental scores than a comparison group® and the
population mean.*’

Other areas of development, namely visual-motor and
global development, were addressed in a few papers with
varied results. Two studies reported that functional skills
of children with single-ventricle defects were significantly
worse than those of typically developing children in
general ®7%®

School age: 4 years 7 months up to and including

12 years

Thirty-one of 59 papers (53%) were rated with high or
moderate methodological quality. Of the 31, five papers
were rated with high internal validity (five papers with a
score of 6); the remaining 26 papers were rated with mod-
erate internal validity (12 with a score of 5, 14 with a score
of 4). The Mallen scores ranged from 5 to 12. Individual
papers represented school-age children from Europe (18
papers), North America (12 papers), and Australia (one
paper). White children were the most represented ethnicity
among these papers (Table S3). Within the set of 31
papers, eight’®”"7 were derived from one single infant
study;'” two papers’®’? from one infant study;*® two sepa-
rate infant studies’®’® each produced one paper respec-
tively;**®! two separate studies'”® each produced three
papers;'®**37 and one study®’ produced two papers.®”®
Group size ranged from 15 to 155 children (median 37).
The surgical era of school-age children was 1981 to 2012.
STAT category at primary surgery was 3 to 5. Six papers
addressed outcomes of infants born with a single ventricle;
samples included HLHS. Nineteen papers focused on
infants born with two ventricles; samples included TGA.
The remaining six papers addressed a mixed sample of sin-
gle- and two-ventricle defects.

The children’s age at the time of developmental testing
varied: 4 years 7 months to 6 years (nine papers), 7 to
9 years (14 papers), and 10 to 12 years (five papers). Three
papers covered children aged 5 to 7 years.

Eight areas of development were assessed by approxi-
mately 30 different tests, excluding different versions of the
same test (Table S7). Cognitive development was the pri-
mary outcome measured at school age. Intelligence was
addressed in 19 papers. Data from 10 of these papers that
used the Wechsler Preschool and Primary Scale of Intelli-
gence or Wechsler Intelligence Scale for Children were
included in the meta-analysis of IQ scores, which follows
in a later section. Papers that did not use the Wechsler
Preschool and Primary Scale of Intelligence or Wechsler
Intelligence Scale for Children but instead used other tests
reported comparable intelligence between children with
TGA and siblings,*” population or reference mean,'®* or
comparison group;** ¢ and lower intelligence of children
with HLHS compared with the population mean or con-
trol children.”””" Other areas of cognition described in
papers in the school-age set were academic achievement,
executive function, memory, learning, processing speed,
concentration, attention, and social cognition. Outcomes
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indicated that children with single-ventricle defects were at
increased risk of having shortcomings in auditory and
visual attention, processing speed, specific memory tasks,
and fine motor skills.”*?'="* Children with two-ventricle
defects, primarily TGA, had an increased risk of deficits in
reading and mathematics, acquired abilities, processing
speed, aspects of memory, inhibition and cognitive flexibil-
ity, and aspects of social cognition,'®7177:83-86.94

Behavioral and emotional outcomes were also an area of
high interest. Twelve papers reporting findings, of which
seven used the Child Behavior Checklist. The results were
mixed but suggested that children with complex CHD are
at increased risk of problems in aspects of externalizing
and internalizing behavior, especially anxiety, and somatic
complaints.”®8287:93:95 Tnterestingly, a similar risk was not
present when the children rated themselves.*” Results of
the Teacher Report Form suggested that the children with
CHD were at increased risk of problematic adaptive func-
tioning, social relationships, and school performance.”®
Studies indicated that although attention-deficit/hyperac-
tivity disorder was reported to be three to four times
higher at school age than in the general population, a diag-
nosis of autism was less common yet still two times higher
than in the general population.”*"®

Other areas of development were addressed to a lesser
extent. Motor development, visual-motor integration, and
language were each assessed in seven papers and speech
was assessed in three papers. Tests for motor development
and language varied; the Beery—Buktenica Developmental
Test of Visual-Motor Integration was the primary test to
assess visual-motor integration. The results indicated that
balance and gross motor deficits were more prevalent in
children with single- and two-ventricle hearts defects than
in typical developing children’®* and that impairment in
visual-motor integration might be a significant problem
associated ~ with  academic  performance.’’8:81:8%.92:99
Finally, the studies concluded that children with CHD
may be at increased risk of language deficits’!-%3-8¢:92:100
and worse adaptive function.”*?’

Adolescent age: 13 years up to and including 19 years
Six of the 19 papers were rated with moderate method-
ological quality (three papers with a score of 5, three
papers with a score of 4), and none with high methodolog-
ical quality. The Mallen scores ranged from 7 to 11. Indi-
vidual papers represented adolescents from North America
(four papers) and Europe (two papers). White children
were the most represented ethnicity among these papers
(Table S4).

Within the six papers, two
infant follow-up study;'” one paper'®® was derived from
another infant study;'® two papers were based on the same
adolescent study;'**'%° while the sixth paper was a stand-
alone adolescent study.'”® Group size ranged from 54 to
220 children (median 149). Study methods varied among
the papers: one cross sectional design,'*® one randomized
controlled trial,"®" two prospective designs,'®*'%* and two

101,102 yere derived from one

103
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secondary analyses.'*'% The surgical era represented by
these papers was 1981 to 2009. One paper focused on ado-
lescents with single-ventricle defects only;'%® three papers
focused on two-ventricle defects (T'GA);'°'"'% and two
papers addressed outcome in mixed samples of single- and
two-ventricle defects.'®*'% The adolescents’ ages at the
time of developmental testing was 13 to 16 years (five
papers), while one paper covered the ages of 10 to 19
years. The median age was 15 years.

Of the six papers, four addressed aspects of cogni-
tion, 01103104106 o addressed psychiatric status,'®” and
two' %1% addressed both cognition and psychiatric or psy-
chological status. The studies used 20 different testing
modalities (Table S8).

The results of the studies suggested that adolescents

with CHD had IQs within normal ranges but an increased
risk of having impairments in processing speed, reading,
mathematics, attention, memory, and aspects of executive
function, such as cognitive flexibility, problem solving, and
inhibition. Additionally, the studies implied that adoles-
cents with CHD, in particular adolescents with single-ven-
tricle defects, were at increased risk of lifetime psychiatric
diagnoses, attention-deficit/hyperactivity disorder, and self-
reported anxiety.'?' 1%
Meta-analysis of 1Q scores. The data of the papers address-
ing IQ outcomes at preschool age, school age, and adoles-
cence using the Wechsler Preschool and Primary Scale of
Intelligence or Wechsler Intelligence Scale for Children
evaluations (full-scale 1Q, verbal 1Q, or performance 1Q
scores) were entered into the meta-analysis. Figure 2a
depicts a forest plot of papers included in the meta-analysis
for full-scale TQ scores.0%71:81:88:92-9%99,100,107-109 By reen
papers generated 22 entries that could be included in this
meta-analysis. Some papers generated more than one out-
come: Creighton et al.*' and Ryberg et al.'” each com-
pared outcomes of four groups of children with different
CHD in two different studies; Sterken et al.”” compared
outcomes of children with complex CHD and typically
developing groups at two different periods; and Sarajuuri
et al.”> compared two groups of children with single-ven-
tricle defects and typically developing groups.

The estimated mean full-scale IQ resulting from the
random-effects meta-analysis was 95.1 (95% CI 93.4-96.7).
In a meta-regression model including both covariates, nei-
ther the age of testing of the children nor the period of
surgery was associated with full-scale 1Q (Fig. 2d,g). We
also investigated whether children with single-ventricle
CHD had worse full-scale IQ than those with two-ventri-
cle CHD. The type of cardiac lesion was a significant
moderator (p=0.03). The model estimating full-scale 1Q
for a fixed average age of 7 years and a fixed surgical per-
iod at the year 2000 yielded scores of 92.42 (95% CI 88.7—
96.1) for children with single-ventricle CHD and 97.75
95% CI 93.8-101.7) for children with two-ventricle
CHD.

Figure 2b,c depicts forest plots of the papers included in
the meta-analysis for verbal IQ and performance IQ
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Figure 2. Meta-analyses of IQ scores. (a—c) Forest plots of full-scale 1Q, verbal 1Q, and performance 1Q respectively. The studies are listed by the
author’s last name and year, and ranked according to methodological quality (high at the top). The black boxes indicate the means, the lines the confi-
dence intervals, and the dotted lines the prediction intervals. The black diamond indicates the estimated means from the random-effects (RE) meta-
analysis. Heterogeneity remained: (full-scale 1Q: 7%=9.21 [p<0.001], P=70.3%; verbal 1Q: t%=11.2 [p<0.001], P=15.1%; performance 1Q: 2=14.1 [p<0.001],
=80.4%). (d—f) Bubble plot regression graphs of the association between assessment age of the child and full-scale 1Q, verbal I1Q, and performance 1Q
respectively. (g—i) Bubble plot regression graphs of the association between surgery era and full-scale 1Q, verbal 1Q, and performance 1Q respectively.
For explanation, see the description of Figure 1.

respectively. Eleven papers generated 16 entries for verbal
1Q and performance IQ; not all papers that reported full-
scale IQ outcomes also reported verbal 1Q and perfor-
mance IQ outcomes. Some papers generated more than
one outcome for the reasons listed above.

81,92,99

The estimated mean verbal IQ resulting from the ran-
dom-effects meta-analysis was 95.2 (95% CI 93.2-97.3). In
the meta-regression model that included both covariates,
the period of surgery was not associated with verbal IQ
(Fig. 2h), while the testing age of the child was associated
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with verbal IQ (Fig. 2e). As the child aged, the verbal 1Q
increased: an increase of 1 year in age resulted in an aver-
age increase of 0.76 points of verbal IQ (p=0.02, 95% CI
0.13-1.40). We investigated whether children with single-
ventricle CHD had worse verbal IQ than those with two-
ventricle CHD and found the type of cardiac lesion was
not a significant moderator (p=0.07), indicating no signifi-
cant difference between the groups.

The estimated performance 1Q resulting from the ran-

dom-effects meta-analysis was 95.0 (95% CI 92.7-97.2). In
the meta-regression model including both covariates, the
period of surgery was not associated with performance 1Q
(Fig. 2i), while the testing age of the child was associated
with performance 1Q (Fig. 2f). Similar to verbal 1Q, as the
child aged, the performance 1Q increased: an increase of
1 year in age resulted in an average increase of 0.95 points
of performance IQ (»p<0.001, 95% CI 0.49-1.41). We
investigated the effect of single- and two-ventricle defects
on performance 1Q and found the type of cardiac lesion
was a significant moderator (p=0.05). The model estimat-
ing performance 1Q for a fixed average age of 7 years and
a fixed surgical period at the year 2000 yielded scores of
90.43 (95% CI 83.69-97.18) for children with single-ven-
tricle CHD and 97.48 (95% CI 92.93-102.03) for those
with two-ventricle CHD.
Publication  bias. All meta-analyses showed considerable
heterogeneity. This made examining potential ‘small study
effect’ (through visual inspection of funnel plots and
Egger’s test) a challenge, as true heterogeneity in itself
may also cause funnel plot asymmetry."'*'!"" Keeping in
mind that the results of funnel plots and Egger’s test are
less reliable, we examined all funnel plots and performed
Egger’s tests. Overall, the results did not suggest the pres-
ence of publication bias (Appendix S2, online supporting
information).

Perioperative risk factors and developmental outcome
Preoperative, intraoperative, and postoperative hypoxemia
The most frequently used indicators of hypoxemia con-
sisted of invasive arterial blood gas measurements, includ-
ing partial pressure of oxygen in arterial blood, partial
pressure of carbon dioxide and lactate levels, and non-inva-
sive variables, such as regional cerebral oxygen saturation
using near-infrared spectroscopy. The studies used preop-
erative, intraoperative, and postoperative measurements in
the first week after surgery to report the degree of hypox-
emia. In a preliminary analysis, we evaluated whether the
period during which hypoxemia was assessed mattered. It
revealed that the period of hypoxemia (pre-, intra-, or
postoperative) did not seem to affect the associations
between hypoxemia and developmental outcome. We
therefore pooled the periods (Table S9, online supporting
information).

Twelve infant studies addressed associations between
one or more hypoxemia variables and developmental out-
comes (four single-ventricle studies, six two-ventricle stud-
ies, two mixed studies). Of the four single-ventricle studies,
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one reported a significant association between lactate levels
and worse developmental outcome,’® one reported mixed
results between worse cognition with a variable of hypox-
emia and no association with another variable of hypox-
emia,”* and two studies did not find significant
associations.’"!1? Of the two-ventricle studies, one found a
significant association between hypoxemia and worse
motor and cognitive outcome,'’ four reported inconsistent
results of worse motor and behavioral adaptive skills yet
preserved cognition,”>*2%! and the remaining study
reported low predictive value of hypoxemia and disabil-
ity.*> Of the studies with mixed lesions, one reported var-
ied results,’® and the other reported no association
between hypoxemia and developmental outcome.’”

Of the preschool set of papers, six (four two-ventricle
studies, two mixed studies) addressed associations between
one or more hypoxemia variables and developmental out-
come. Of the two-ventricle studies, three reported incon-
sistent  results®”!°®!3 and  the other reported no
association between hypoxemia and development.''* Of the
mixed studies, one reported a significant association
between hypoxemia and worse cognitive outcome'®” and
the other one reported varied results.'"’

Of the school age and adolescent set of papers, five (all
two-ventricle studies) addressed associations between one
or more hypoxemia variables and development. Three
papers reported significant associations between hypoxemia
and worse developmental outcome: one with worse motor,
speech function, and impaired neurological function,* one
with parent-reported worse behavior and social develop-
ment,*” and one with worse neurological dysfunction.'®’
One study reported mixed results dependent upon the
trend of lactate levels before and after surgery.'® The
remaining study reported no association between hypox-
emia and cognitive outcome.'"!

In conclusion, 23 of the 101 papers addressed associa-
tions between hypoxemia variables and developmental out-
come (15 of which included mainly children with two-
ventricle CHD). A significant association between hypox-
emia and adverse development outcome existed in 25% of
papers, no association existed in 25% of papers, and the
remaining studies demonstrated varied results. These
results suggested that hypoxemia was significantly associ-
ated with some aspect of development in 75% of the
papers that addressed the association; however, no clear
pattern of association between hypoxemia and developmen-
tal outcome emerged.

Variables of cerebral protection during cardiopulmonary
bypass

We addressed the question of associations between vari-
ables of cerebral protection during cardiopulmonary bypass
and developmental outcome by evaluating: (1) the use of
deep hypothermic cardiac arrest with or without regional
low-flow perfusion or antegrade cerebral perfusion and (2)
the duration of cerebral protection on cardiopulmonary
bypass during the index cardiac surgery. Our review



indicated the effect of both variables was similar, therefore
only associations between presence and/or duration of
cerebral protection and developmental outcome are
reported (Table S10, online supporting information).

Of the infant set of papers, 25 (nine single-ventricle
studies, 15 two-ventricle studies, and one mixed study)
reported associations between the variables of cerebral pro-
tection and developmental outcome. None of the single-
ventricle studies reported consistent associations between
cerebral protection variables and developmental outcomes.
Four reported mixed results between the variables of cere-
bral protection and developmental outcome without a
specific pattern of associations emerging.'”?'** The
remaining five studies reported no association between the
variables of cerebral protection and developmental out-
comes. 20333410 Of the 15 two-ventricle studies, three
found significant associations between the variables of cere-
bral protection and developmental outcome: one reported
associations with increased prevalence of disability;*” one
with worse language development;*’ and one with subopti-
mal neurological signs.'” Mixed results were present in
four studies without a specific pattern of association pre-
sent.”>?*% The remaining eight studies reported no
association with developmental outcome,???%31:37:50-32:60
The two studies with mixed lesions reported no association
between the variables of cerebral protection and develop-
mental outcome.’**¢

Of the preschool set of papers, 11 (four single-ventricle
studies, seven two-ventricle studies) reported associations
between the variables of cerebral protection and develop-
mental outcome. Of the four single-ventricle studies, none
reported significant associations between the variables of
cerebral protection and developmental outcome. One
described mixed results; one stated the variables were
worse in some aspects of cognition and not in others;''
while the remaining three papers reported no association
between the variables of cerebral protection and develop-
mental outcome.®**>%7 Of the seven two-ventricle studies,
two revealed significant associations between cerebral pro-
tection variables and developmental outcome: one reported
worse full-scale 1Q and impaired visual-motor integra-
tion,'% the other reported worse motor development and
speech functions.”? Two of the studies stated mixed
results,'®”!'” and the remaining three studies reported no
association with the variables of cerebral protection and
developmental outcomes.''*~'"?

Of the school and adolescent age set of papers, 17
(three single-ventricle studies, 13 two-ventricle studies,
one mixed study) reported associations between the vari-
ables of cerebral protection and developmental outcomes.
Six of the 17 papers presented outcomes on adolescents.
Of the three single-ventricle studies, one stated significant
associations: longer durations of cerebral protection, par-
ticularly with deep hypothermic cardiac arrest, were asso-
ciated with worse full-scale 1Q;%* one reported worse
visual and verbal long-term memory tasks, decreased pro-
cessing speed, and low average IQ.”" The remaining

single-ventricle study stated no association between the
variables of cerebral protection and motor or neuropsy-
chological outcome.”® Of the two-ventricle studies, none
reported a significant association between the variables of
cerebral protection and developmental outcome. Seven
studies stated inconsistent results including impaired
visual-spatial skills, impaired speech function and social
development, decreased processing speed, and increased
impulsive responsiveness; yet they also reported, in most
studies, no associations of the parameters of cerebral pro-
tection and intelligence, some aspects of academic
achievement, or autism.'®’%71738285 The remaining six
two-ventricle studies stated no association between the
variables of cerebral oxygenation and intelligence, parent-
and teacher-rated behavior, and global psychosocial func-
tioning,”®81:100.102.103.118 "The gingle mixed study reported
no association with the duration of cardiopulmonary
bypass and motor development.®

In conclusion, 53 of the 100 of the papers with high or
moderate methodological quality addressed associations
between cerebral protection variables and developmental
outcome. Only six of these papers (11%) reported a signifi-
cant association between the variables of cerebral protec-
tion and worse developmental outcomes; however, not one
domain of development was affected consistently. More
than 30% of the papers (19 out of 53) reported mixed
results with no association between the variables of cere-
bral protection and aspects of intelligence yet a significant
association with impaired visual-spatial skills, decreased
processing speed, and aspects of behavior was apparent.
Most of the papers (28 out of 53) reported no association.
The studies suggest that methods of vital organ support,
namely with or without some blood flow to the brain dur-
ing cardiopulmonary bypass, are not clearly associated with
better or worse developmental outcomes at any age. Thus,
developmental outcome from both methods of vital organ
support seem to be associated with nearly equal neuropro-
tection.

Variables of severity of clinical illness: length of
mechanical ventilation and hospitalization

We addressed the question of associations between vari-
ables of severity of clinical illness by evaluating the associa-
tion between: (1) number of days of mechanical
ventilation, (2) number of days in the intensive care unit,
and (3) length of stay (days) in the hospital and develop-
mental outcome. For the infant set of papers, we addressed
these variables in the phase of primary surgery and for the
preschool, school age, and adolescent sets of papers in
terms of overall days after one or more surgeries. We first
addressed the effect of the clinical illness variables on
developmental outcome separately. As preliminary analysis
indicated that the associations between the variables of
clinical illness and developmental outcome were similar,
we summarized the results by reporting the associations
between ‘clinical illness’ (implying that one or more of the
above variables indicated more severe illness) and
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developmental outcomes. For details, see Table S11 (on-
line supporting information).

Of the infant set of papers, 17 (six single-ventricle stud-
ies, eight two-ventricle studies, three mixed studies)
reported the associations of ‘clinical illness’ and develop-
mental outcome. Of the single-ventricle studies, two stated
significant associations between ‘clinical illness’ and devel-
opmental outcome: one reported worse motor and cogni-
tive outcome,” the other stated worse cognition and
language;''? one study reported no association between
‘clinical illness’ and developmental outcome;’* and three
stated inconsistent results.”'**!1?

Of the eight two-ventricle studies, five reported a signifi-
cant association between ‘clinical illness’ and adverse devel-
opmental outcome: two studies identified worse motor,
cognitive, and language development;'®?? one decreased
motor and cognitive development;’' one poorer language
development;*” and one reported an overall increase in
adverse outcome.’” Two two-ventricle studies stated incon-
sistent associations between ‘clinical illness’ and develop-
mental outcome,””* while one study showed no
association.”? Of the three studies with mixed lesions, one
reported a significant association ‘clinical illness’ and worse
motor development®” while the other two showed inconsis-
tent associations between ‘clinical illness’ and developmen-
tal outcome.’*

Of the preschool set of papers, seven (three single-ven-
tricle studies, three two-ventricle studies, and one mixed
study) reported the associations of ‘clinical illness’ and
developmental outcome. One of the single-ventricle studies
identified significant associations between ‘clinical illness’
and worse motor and cognitive development,”® while the
other two stated inconsistent associations between ‘clinical
illness’ and developmental outcome.®>” Of the three two-
ventricle studies, one described no associations between
‘clinical illness’ and developmental outcome,''* and two
with inconsistent associations.'’*!"* The one study with
mixed lesions also reported inconsistent associations
between ‘clinical illness’ and developmental outcome.''*

Of the school age and adolescent set of papers, 11 (three
single-ventricle studies, seven two-ventricle studies, one
mixed study) reported the associations of ‘clinical illness’
and developmental outcome. While one of three single-
ventricle studies identified significant associations between
‘clinical illness” and worse cognitive outcome,”” one stated
inconsistent associations,”® and one reported no association
between ‘clinical illness’ and developmental outcome.”® Of
the two-ventricle studies, two reported a significant associ-
ation between clinical illness and developmental outcome:
one showed decreased cognition and visual-motor integra-
tion,'” the other reported lower parent-reported adaptive
skills.”® Three identified no associations between ‘clinical
illness’ and developmental outcome’'%%'"® and two
described inconsistent associations.”*’® The mixed lesion
study reported worse motor performance.®

In conclusion, 35 of the 100 papers addressed associa-
tions between ‘clinical illness’ and developmental outcome.
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Thirteen (37%) reported significant associations while fif-
teen (43 %) reported inconsistent associations.

DISCUSSION

We reviewed developmental outcome of children with
complex CHD in 100 papers with moderate to high
methodological quality spanning a surgical era of almost
30 years. The results from the meta-analyses indicate that
infants with CHD have significantly lower scores on the
BSID-IT PDI and MDI, with overall averages below one
standard deviation of the population mean (79 and 84
respectively). After infancy, outcomes are better and differ
for children with single- and two-ventricle CHD. This
finding is illustrated by the average full-scale IQs,
approaching in children with two-ventricle CHD the pop-
ulation mean (98), but being half a standard deviation
below the mean in children with single-ventricle CHD
(92). The analysis of the risk factors suggested that, in gen-
eral, perioperative hypoxemia, the type of cerebral protec-
tion procedure used, and severity of clinical illness were
not consistently associated with developmental outcome.

Methodological considerations
This systematic review and meta-analysis was the result of
literature from worldwide electronic databases. The 100
papers selected with moderate to high methodological
quality were predominantly from Europe and North Amer-
ica; none were from Asia or Africa, which suggests that we
understand little about the developmental outcomes in
children with CHD in a large part of the world. Of the
100 papers, 30 had high methodological quality while the
remaining 70 had moderate methodological quality, the
latter implying that the studies had some risk of bias. To
check whether methodological quality affected the results
of our meta-analyses, we performed post hoc analyses in
which we added methodological quality as an effect moder-
ator. The results showed that methodological quality
played a significant role as moderator in none of the five
models for the outcome variables PDI, MDI (infants), full-
scale 1Q, wverbal IQ, and performance 1Q (preschool,
school age, and adolescents) (p-values 0.99, 0.91, 0.47,
0.50, and 0.40 respectively). Nevertheless, it should be
acknowledged that the studies included in the meta-analy-
ses showed substantial heterogeneity, which could not
always be eliminated by the inclusion of covariates. There-
fore, the results should be interpreted with appropriate
caution. The heterogeneity interfered with a proper analy-
sis of the effect of ‘small studies’; therefore evidence of
small study bias could not be conclusively determined.
Nearly half of the papers reported findings on children
below the age of 2 years, and one-third of the papers
reported outcomes of school-aged children. Only four
studies addressed developmental outcomes longitudinally
over an extended period, two from birth to § years,***®
one from birth to adolescent age,'” and one from 3 years
to young adulthood.'® The two most extensive studies fol-
lowed a group of infants with TGA (two-ventricle CHD).



The low number of protracted studies illustrates the diffi-
culty in understanding the true course of development in
children with complex CHD, especially those with single-
ventricle CHD, as perhaps only the least affected children
with surgically corrected defects participate in research or
survive into adolescence. The difficulty in long-term fol-
low-up of children with CHD is also reflected in the
decrease in the papers’ methodological quality with
increasing duration of follow-up: 60% of the infant set of
papers met our criteria of moderate to high quality com-
pared with 32% of the adolescent set of papers.

Important sources of reduction of methodological qual-
ity were attrition, non-standardized report of the state of
disease, absence of a comparison group, and blinding to
the presence of CHD. Most of these methodological prob-
lems can be attributed to the difference in the studies’
original aim and the aim of our study. Many studies
focused on within-group associations and did not have the
comparison of developmental outcome of children with/
without CHD as a primary goal, which was our aim. Yet,
our understanding of long-term developmental outcome of
children with complex CHD would benefit from studies
that either include a comparison group or test whether
developmental outcome of children with CHD differs sig-
nificantly from published population norms. Attrition is
inevitable in long-term follow-up studies. When it occurs,
reasons for attrition should be reported and selection bias
by attrition should be checked.'”® Means to reduce attri-
tion are the use of child- and family-friendly evaluation
methods, a home assessment of the children, and the use
of newsletters to regularly update the families on the
study’s progress.'?! Finally, research in the field would
benefit from the use of standardized references to classify
the severity of CHD, such as the Risk Adjustment for
Congenital Heart Surgery, the Aristotle Basic Complexity
scores, or the STAT mortality score. Of these three scores,
the STAT score was reported to be the best predictor of
both length of stay in the intensive care unit and hospital
mortality.'??

Developmental outcome

Cognitive development

Cognitive development was evaluated from infancy to ado-
lescent age, with the BSID-II and BSID-III most com-
monly used in early childhood and the Wechsler Scales
being most frequently applied at older ages. The meta-
analyses showed that MDI in children with CHD below 2
years of age was on average one standard deviation lower
than that of peers without CHD, whereas 1Q at older ages
in general was in the typical range, albeit slightly lower
than that of peers without CHD. Disease complexity (sin-
gle- vs two-ventricle pathology) was not directly associated
with cognitive development delay early in life. It did, how-
ever, influence cognition beyond infancy; children with sin-
gle-ventricle CHD had lower IQ scores than those with
two-ventricle CHD. Our data indicate that children with
two-ventricle CHD have IQ scores within the typical

range; in other words, they experience catch up growth in
cognitive milestones. On the other hand, children with sin-
gle-ventricle CHD continued to have cognitive impair-
ments. This delay was not only reflected in their IQ
scores, but also in specific cognitive functions, such as
impaired visuo-spatial skills and reduced executive func-
tion, including impaired attention and working memory,
which in turn contributed to lower academic achievement.
The pattern of cognitive impairments of children with
CHD mimics that of infants born very preterm.'?* Evi-
dence is accumulating that the cognitive impairments in
infants born preterm are associated with reduced brain vol-
umes and altered brain microstructure, including altered
connectivity.'**'?* Children with CHD are known to have
an increased risk of similar forms of altered brain structure
and brain injury,®>'?¢'?® especially children with single-
ventricle CHD,"?*""*! probably explaining their increased
risk of cognitive impairments.

The data in the literature suggest that as time pro-
gressed and medical care of infants with complex CHD
improved, the infants’ MDI decreased. We wondered
whether this decrease in cognitive function over the years
could be attributed to a reduction in mortality; that is,
with an increased survival of the infants with the most
complex forms of CHD who may not have made it as far
as surgery in the earlier years but who are now doing so.
The analysis of the mortality data reported in our set of
infant papers covering surgical eras from 1983 to 2015 did
not support this explanation. However, our literature
search was not designed to answer the question on changes
in mortality over time. A quick review of outcome data in
the literature demonstrated a substantial decline in CHD
mortality from 1987 to 2005, especially with severe forms
of CHD."? In addition, Liu et al.' confirmed improved
survival of children with severe forms of CHD between
1970 and 2000; survival stabilized thereafter.

Motor development

Motor outcome was evaluated primarily during infancy,
with the BSID-II and BSID-III. Motor development was
studied infrequently after 2 years 6 months. The meta-
analysis demonstrated that motor development of infants
with  CHD was considerably impaired compared with
peers; especially for children with single-ventricle CHD. In
contrast to the MDI, PDI was not affected by the infant’s
age. The PDI decreased as time of surgical period moved
from the mid-1980s to 2015, similar to the MDI. The few
studies that addressed motor development after infancy
suggested that children with complex CHD, in particular
children with single-ventricle CHD, continued to be at
increased risk of motor difficulties, resulting in an
increased risk of impaired balance, reduced manual dexter-
ity, and decreased strength. The profile of motor impair-
ments of children with CHD - like that of cognitive
impairments — resembles that of infants born very pre-
term.”'?* In infants born preterm, this profile is associated
with a substantially increased risk of developmental
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coordination disorder.'”* The motor impairments in

infants born very preterm are attributed to reduced brain
volumes and altered white matter microstructural organiza-
tion at term-equivalent age."** The motor impairments in
children with CHD may result from similar changes in
brain development. To test this hypothesis, studies to mea-
sure long-term motor outcome in children with CHD are
needed, especially as it is well known that motor impair-
ments may impact functional skills, self-esteem, and partic-
ipation in activities with peers.'**1*%

Additional developmental outcomes

Language was evaluated from infancy to school age with a
variety of assessment tools. This review suggested that
children with CHD, especially those with single-ventricle
CHD, were at greater risk of language impairment than
peers, especially expressive language. Part of the language
impairment may be attributed to hearing loss, which is
known to have a higher prevalence in children with com-
plex CHD."**!* The data indicated that speech disorders,
such as apraxia or abnormalities of volitional oral move-
ments, emerged during preschool age and persisted in pri-
mary school age. Whether children with CHD outgrow
these impairments was not clear, as language and speech
were not assessed specifically in adolescence. Like the
higher prevalence of cognitive and motor impairments in
children with CHD, the higher prevalence of speech and
language impairments may also be explained by their
increased risk of altered brain structure.

Behavior was evaluated frequently from later preschool
age to adolescence, primarily with the Child Behavior
Checklist. The review suggests that school-age children
with CHD have similar problems as children with other
chronic diseases. Although children with CHD are reported
to be at increased risk of depression and anxiety, they may
be less self-aware of these emotions compared with assess-
ment from their parents or teachers. Adolescents with
CHD, on the other hand, seem to acknowledge increased
feelings of anxiety and depression. The data indicate that
children with CHD have an increased risk of attention-defi-
cit/hyperactivity disorder compared with peers. A similar
pattern exists in infants born very preterm.'?’

Perioperative risk factors

Review of the current literature reveals that the association
between perioperative risk factors and developmental out-
comes is inconsistent. The factor that predicted outcome
best — but still inconsistently — was the length of stay in
the intensive care unit or hospital. Like other groups of
infants at risk (infants born preterm), length of stay in the
hospital is one of the best predictors of developmental out-
come;' '™ 35 it integrates the clinical net effect of risk
and resilience. Our finding of inconsistent relationships
between perioperative risk factors and developmental out-
come indicates that other factors outweigh the contribu-
tion of the factors that we evaluated. Most probably,
developmental outcome is largely determined by alterations
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in brain development or brain lesions occurring before car-
diac surgery, prenatally or postnatally, as denoted by the
review of Mebius et al.’ The transition from fetal to post-
natal circulation and the preoperative period may be par-
ticular periods of hemodynamic instability that may
predispose the brain to further injury, particularly if the
time to surgery is protracted.'*'* The etiology of
impaired developmental outcome in children with CHD
most likely results from an accumulation of events, with
prenatally occurring microstructural changes in the white
matter leading to an increased vulnerability for additional
brain damage perinatally.’ The increased vulnerability
stresses the need for careful monitoring of brain function
in children with complex CHD from early postnatal age
onwards. Early identification of infants with CHD at high
risk of adverse developmental outcomes allows for referral
and initiation of early intervention.

Strengths and limitations

The strengths of this systematic review are that: (1) it cov-
ered the literature on developmental outcome of infants
with complex CHD over a period of almost 30 years; (2) it
used a stringent analysis of methodological quality; and (3)
it included meta-analyses of motor and cognitive outcomes.
To counteract heterogeneity in children with TGA, we
excluded studies published before 1990, as the arterial
switch operaton was the standard of care from 1990
onwards.

It may be considered a limitation that the studies
reviewed were heterogeneous in nature, for example show-
ing heterogeneity in cardiac diagnosis, age at follow-up,
assessment tools, and follow-up rate. The heterogeneity
was also present in the meta-analysis (Figs 1 and 2). It pre-
cluded the determination of evidence of small study bias.
The studies included in this review were observational
studies. This type of study is associated with possible over-
or under-reporting of the outcome measure. Finally, speci-
fic attention was not directed to the role of chromosomal
abnormalities and the social context of the child. We rec-
ognized the presence of chromosomal abnormalities in the
methodological quality appraisal and found that most stud-
ies excluded infants with known chromosomal abnormali-
ties because these infants are at increased risk of
developmental disorders regardless of their CHD.'*!%
We therefore could not address the effect of chromosomal
anomalies on developmental outcome. However, stud-
ies™'*® suggest that developmental outcomes of infants
with CHD and chromosomal anomalies are worse than
those of infants with CHD without these anomalies. Like-
wise, it is known that the infant’s social context is a power-
ful modifier of developmental outcome and may act as an
effect moderator.'*

CONCLUSION

Children with complex CHD are at increased risk of
impaired developmental outcome, particularly those with
single-ventricle CHD. We therefore recommend careful



monitoring of infants with complex CHD to detect those
at high risk of a developmental disorder to allow early
referral for developmental intervention.

This extensive review of the literature has demonstrated
that developmental outcome of infants subjected to early
surgery for complex CHD in the last two decades of the
20th century was not worse than that of children who had
surgery in the contemporary era. Rather, developmental
scores for cognitive and motor development in infancy
tended to decrease in more recent years, which may have
been caused by an increased survival of the most vulnerable
children.

Finally, our review showed that perioperative factors
were not consistently associated with developmental out-
come. The impact of the conditions acting before surgery,
in particular those acting during the fetal life and perinatal
period, outweighs the developmental consequences of peri-
operative conditions. The finding that developmental out-
come of infants with complex CHD mimics that of infants
born very preterm suggests that the brain of children with
complex CHD is especially vulnerable during the third tri-
mester of gestation and throughout the perioperative per-
iod.*”!?”  We therefore recommend that careful
monitoring of children with complex CHD starts in the
third trimester of pregnancy.'*#13%:131

Our literature review showed a proliferation of papers
related to developmental outcomes after the year 2000.
However, very few prospective studies followed children
beyond school age, and those that did followed children

with two-ventricle CHD, particularly TGA. This finding
stresses the need for longitudinal studies, including chil-
dren with single-ventricle CHD that not only evaluate cog-
nitive outcome but also motor and language development.
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