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INTRODUCTION: Congenital heart defects (CHD) are associated with
neurodevelopmental (ND) delay. This study aims to assess evidence for
impaired prenatal brain development, in fetuses with CHD.

METHODS: A systematical search was performed and 34 studies evaluating
the fetal brain (MRI or ultrasound) in isolated CHD were included (1990-
2015). Data regarding cerebral abnormalities, head circumference (HC)
growth and middle cerebral artery (MCA) flow were extracted.

RESULTS: natal MRI was studied in 10 articles (445 fetuses), resulting in a
pooled prevalence of 18% (95%ClI -6% to 42%) for combined structural
and acquired cerebral abnormalities. Prenatal HC was studied in 13 articles
(753 fetuses), resulting in a pooled z-score of -0.51 (95%CI -0.84;-0.18).
Doppler was studied in 21 articles (1412 fetuses), resulting in a lower MCA
pulsatility index (z-score -0.70 95%CI -0.99;-0.41) in left sided CHD only.

CONCLUSIONS: We conclude that prenatal MRI and ultrasound
demonstrate brain abnormalities, delay in head growth and brainsparing
in subgroups of CHD. However, large MRI studies are scarce and ultrasound
data are biased towards severe and left-sided CHD. Long term follow-up
studies correlating prenatal findings with postnatal ND outcome are limited
and data is lacking to support counselling families regarding ND outcome
based on prenatal findings suggestive of altered brain development.
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BACKGROUND

Congenital heart disease (CHD) is the most common congenital malformation,
affecting six to eight per 1000 newborns. Although the survival rates of these chil-
dren have increased over the last decades, there is a significant risk for adverse
neurodevelopmental (ND) outcome, even in the absence of associated chromo-
somal or syndromic abnormalities’ . ND sequelae, like developmental delay and
low 1Q, are mainly encountered in children with severe CHD, who require surgery
in the first year of life>. Until recently, these ND sequelae were assumed to be
the result of perioperative conditions resulting in cerebral hypoxia and thrombo-
embolic events®.

Recent studies demonstrated signs of abnormal neurological development
already present at birth, prior to surgery. These studies demonstrated abnormal
results of early neurological examination and abnormal imaging findings such
as periventricular leukomalacia, white matter injury and cerebral atrophy’®.
Some studies related these findings to a poor neurological development later in
life%10. The characteristics of certain pre-operative neurological abnormalities,
such as cerebral atrophy and delayed maturation, suggest that these abnor-
malities originate in utero. A second finding indicating towards a fetal origin is
a smaller head circumference (HC), found in neonates with severe isolated CHD.
Smaller HCis mainly reported in neonates with transposition of the great arteries
(TGA), tetralogy of Fallot (ToF) and hypoplastic left heart syndrome (HLHS)"-4
and is associated with a higher risk for ND outcome’>.When a CHD is identified
before birth, basic fetal ultrasound (US) can be used to identify delayed fetal
head growth and abnormal cerebral flow. Dedicated fetal neurosonography or
fetal brain magnetic resonance imaging (MRI) can be used to identify more sub-
tle signs impaired fetal cerebral development'é7:'8 The aim of this study was to
systematically review existing evidence for impaired brain development in utero,
in fetuses with isolated CHD. More specifically, we aimed to objectify the pres-
ence of fetal hemodynamic brainsparing effects, delay in fetal brain growth or
fetal brain abnormalities in general, in these cases. Furthermore we attempted
to stratify the findings to the type of CHD.

Methods

Search strategy

A systematic search was conducted in PubMed, Embase, Web of Science and
Cochrane databases in October 2015. Publications from 1 January 1990 to 28
October 2015, containing the search terms imaging (ultrasonography or MRI),
fetology, congenital heart disease and neurodevelopment were included. The com-
plete search string is available in Supplement 1. Studies on genetic syndromes asso-
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ciated with CHD, such as Trisomy 21, Noonan syndrome and 22q11.2 microdeletion
syndrome were excluded, as well as functional CHD, arrhythmias and lethal abnor-
malities. The extracted articles were evaluated for relevance by 3 independent
researchers (FJ, SE, MH). Studies were eligible for inclusion if MRl and/or US was per-
formed before birth, assessing cerebral maturation, brain volume or growth, meas-
uring Doppler flow patterns in the middle cerebral artery (MCA), and/or measuring
head biometry, in fetuses with isolated CHD. To maximize the sample size, selected
articles were cross-referenced. We assessed study quality and risk of bias by rating
the articles based on the Strobe criteria’. Disagreement was resolved by consensus.
Low methodological quality was not an exclusion criterion. The consensus statement
on reporting in meta-analysis of observational studies in epidemiology (MOOSE-
statement), was followed when possible and appropriate?°.

Data extraction and processing

The number and type of identified cerebral abnormalities were extracted from the
MRI studies. Reported abnormalities were assessed by a paediatric neurologist
(CP) and subdivided into four categories: 1) structural malformations, such as
callosal agenesis, 2) cystiform anomalies including arachnoid, subependymal
and germinolytic cysts, 3) ventricular anomalies including asymmetrical appear-
ing ventricles and intraventricular haemorrhage, and 4) lesions possibly caused by
hemodynamic changes, such as cerebral atrophy, white matter injury and delay in
maturation. The prevalence of the abnormalities was pooled per category, based on
the available data.

Biometrical values of head circumference (HC) and MCA-pulsatility indices (MCA Pls)
were extracted from the US studies, as mean or median z-scores, percentiles or abso-
lute values. If z-scores or percentiles were reported, the used reference population
was noted. Reported percentiles, absolute values or median Pl z-scores with range
intervals were transformed to mean z-scores to correct for differences in gestational
age (GA) at sampling (Supplement 2). To transform the HC outcome measures
into z-scores, the population parameters by Hadlock were used?’. To transform the
MCA-PI outcome measures into z-scores, the population parameters by Arduini were
used??. Furthermore, we extracted the gestational age of assessment, the type of
included CHD, the used exclusion criteria and the centres and time span of data-
collection. Also, if included, the used control group was noted, as well as the method
of postnatal neurodevelopmental assessment, if performed. An e-mail request was
sent to authors if data were not extractable from the original article.
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Meta-analysis models

The metafor package (Viechtbauer 2010, version 1.9-4) for the statistical program
R (R Development Core Team 2010), was used to conduct the meta-analyses. For
the HC and MCA PI measurements, meta-analysis models were constructed for all
CHD combined (mixed types of CHD). For the MCA Pl measurements meta-analysis
models were also constructed for the following subgroups: 1) left sided obstructive
lesions (LSOL) such as hypoplastic left heart syndrome and coarctation of the aorta,
2) right sided obstructive lesions (RSOL), such as tricuspid atresia, pulmonary steno-
sis, Ebstein’s anomaly and tetralogy of Fallot, and 3) transposition of great arteries
(TGA). If combined effect sizes for a mixture of CHDs were not reported in a study,
missing combined effect sizes were calculated from documented subgroup effect
sizes (Supplement 2).

For each meta-analysis model the following parameters were calculated using a
random effect model: the estimated overall effect size with its standard error, the
statistical significance of the estimated effect and several parameters describing
the heterogeneity (between studies variance (tau2), Cochran's Q-test and 12). The
variance between studies was calculated with the restricted maximum likelihood
method. A forest plot and a funnel plot were created additionally for each fitted
model. Sensitivity analyses were performed to check whether the meta-analy-
sis models should be corrected for two possible origins of estimation biases: bias
related to overlapping cohorts between studies (duplicate/secondary publication)
and missing effect sizes of control groups.

Results

The search resulted in 34 included articles (1983 fetuses, Figure 1). The study char-
acteristics are summarized in Tables Ta (MRI studies) and 1b (US studies). Quality
assessment is summarized in Figures 2a (MRI studies) and 2b (US studies). The
included types of CHD per cohort are delineated in Tables 1a and 1b. CHD charac-
teristics were not always described thoroughly. Several authors divided the cohort
into LSOL, RSOL and mixed lesions. Others only included certain types of CHD (TGA,
TOF, HLHS). Variation was found in the description of HLHS and LSOL: some only
included those with retrograde aortic arch flow, others included cases of aortic ste-
nosis, coarctation of the aorta and/or interrupted arch as well in the LSOL group. In
this meta-analysis, all types of LSOL were combined in one group.

MAGNETIC RESONANCE IMAGING

The searchresulted in ten studies (445 fetuses) addressing fetal cerebral MRI. In Table
2 the main conclusions and extracted data regarding cerebral abnormalities are
summarized. We noted variation in reported cerebral data: some studies reported
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fetal brain volumes or brain weights, but the methods to calculate the variables dif-
fered?328, Others reported on metabolic aspects?3282%, cerebral maturation indi-
ces?’?8 or derived cerebral oxygenation parameters?426. Most authors also described
cerebral malformations or acquired cerebral lesions. Possible duplicate cohorts were
identified in three publications?32527. The data of five articles (duplicate cohorts not
included) were summarized to a prevalence estimate of cerebral abnormalities of
18% (95% Cl -6; 42)?832, Structural brain anomalies were present in 3% (95% Cl -1;
8). The subdivision in the three other categories was feasible in two articles without
possible overlap; the estimated prevalence is displayed in Table 2 (cystiform abnor-
malities 4%, ventricular abnormalities 12% and other (acquired) lesions 6%)3%31.
The data were reported as mixed CHD group, however most authors included severe
CHD only. The data did not allow further subdivision into in specific CHD.

ULTRASOUND STUDIES

Head circumference

The search resulted in 13 studies (753 fetuses) addressing fetal head biome-
try values. Eight studies included larger groups of mixed CHD?83339 and five only
included HLHS“%44, Eight studies calculated z-scores or percentiles to correct for
the effect of gestational age, using various normal reference populations (Table
1b)?8:3336140-42 One study reported absolute values at 34 weeks of gestation®”. Data
from five articles were excluded from the meta-analysis because of incomparable
data (BPD3¢ or head/weight ratio®®*3), or because data were not displayed3?44,
Four meta-analysis models were fitted, including three models for sensitivity analy-
sis (Supplement 3). Three articles contained possible duplicates and were excluded
from the final meta-analysis model?84742. The final model (Figure 3) includes the
data of five articles, of which three included a control group®*253’. The results were
analyzed as data of a mixed CHD group, but LSOL and single ventricle defects cases
are overrepresented. The HC has a pooled z-score of -0.51 (95% Cl -0.84; -0.18),
indicating a smaller HC in CHD fetuses of 0,5 SD below the population mean. The
data did not allow further subdivision into in specific CHD, because of small num-
bers in each category. Funnel plots and information on statistical heterogeneity are
available in Supplement 4.

Several authors reported the percentage of fetuses with “abnormal” HC values,
meaning cases with a HC below the third percentile or a z-score below -2, at various
gestationalages?®“142. Only afew studies explored the HC/abdominal circumference
or HC/fetal weight ratio as well37384143, but the data were not suitable for pooling.
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Doppler flow

Data regarding middle cerebral artery (MCA) flow were available in 21 articles
(1412 fetuses). Most studies (n=14) calculated z-scores or percentiles to correct
for the effect of the gestational age, using various normal reference populations
(Table 1b)28:33:3540145-54 Seven studies reported absolute values at a specific gesta-
tional age363942:5556 Three articles were excluded from the meta-analysis because
the pulsatility indices (Pls) were not available?33638 |n three studies the combined
effect size for a group of mixed CHDs was not reported, but could be calculated
from documented subgroup effect sizes*%>2>3(Supplement 2). Sixteen meta-analysis
models were fitted, including twelve models for sensitivity analyses (Supplement 3).
13 studies included a control group. Only the largest and/or the most recent cohorts,
including a control group, were used in the final meta-analyses displayed in Figures
4a-d; either as a mixed CHD group (nine articles, Figure 4a) or for specific CHD: LSOL
(six articles, Figure 4b); RSOL (seven articles, Figure 4c) or TGA (four articles, Figure
4d). A significant lower MCA Pl z-score was found in the mixed CHD group (-0.33;
95% CI-0.50 to -0.16) and the LSOL group (-0.70; 95% Cl -0.99 to -0.41). Only two
studies reported a subgroup with ToF*?*%. These numbers were too small for a sub-
group meta-analysis. Funnel plots and information on statistical heterogeneity are
available in Supplement 4.

Several authors reported the percentage of fetuses with “abnormal” values. The
definitions of abnormal varied (MCA PI, or RI, below the fifth or 2,3 percentile or
a z-score below -2, at least once in pregnancy or at a certain gestational age)?”3%
3740:42;46-48;50:52:56 Reports on the prevalence of CPR below 1.0 (labeled as “brain-
sparing”) varied, ranging from 11% (in the third trimester) to 56% (in the second
trimester) and 44% at any time in pregnancy3%384%. A higher prevalence of CPR
below the fifth percentile was reported in CHD fetuses*’, and CPR z-scores below -2
were reported more frequently in HLHS fetuses®. These data were not suitable for
pooling.

CORRELATION WITH NEURODEVELOPMENTAL OUTCOME

In eight articles (331 fetuses, Table 3), postnatal ND outcome was assessed. The
correlation with fetal data was studied in seven articles?®33:3442:49:5354  One study
was identified as a possible duplicate®*. Results varied between studies. Three arti-
cles focused on correlating ND outcome to fetal cerebral flows, but had conflicting
results*?3°% The largest of the studies correlated brainsparing with a favourable
ND outcome?“. Three articles focused on correlating ND outcome to fetal biometry,
possibly showing a trend towards worse ND outcome in fetuses with lower age-
adjusted weight in general?33442, Relative small fetal HC compared to weight (small
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HC/weight or HC/abdomen ratio) was not unanimously identified as a predictor for
adverse ND outcome.

Discussion

This review and meta-analysis show that fetuses with CHD demonstrate signs of
impaired brain development, identified either with fetal US or MRI. The most studied
parameter is the middle cerebral artery (MCA), which demonstrates a slightly
increased end-diastolic blood flow in CHD fetuses. This effect appears to be pre-
dominantly present in LSOL. The MCA-flow appears not to be altered in TGA or
RSOL. Although one of the larger studies focusing solely on TGA showed a significant
lower MCA PI°3, this effect is contradicted by the three other studies that included a
TGA subgroup.

Combining all types of CHD, a smaller HC throughout gestation is encountered
215758 but pre-selected CHD cases, mainly LSOL, are overrepresented in these
data. In postnatal studies, neonates with HLHS, TGA and ToF have been associ-
ated with a smaller HC and subsequent adverse ND outcome'?3. Recently, a large
population-based study reported a smaller neonatal HC in less severe CHD such as
ventricular septal defects®?, but this has not been confirmed in prenatal studies yet.
Reported US data are limited to the measurement of flows or biometry at specific
gestational ages. The effect of growth throughout gestation has not been inves-
tigated thoroughly, thus the timing of (ND) deterioration is difficult to determine.
The small HC might already be present at midgestation in specific types of CHD33.
The MCA Pl appears to diminish with advancing GA%?.

We did notencounter any fetal US studies assessing detailed cerebral characteristics,
such as cortical thickness, cerebral maturation or spinal fluid amount, even though
neonatal studies report delayed brain maturation and cerebral atrophy in new-
borns with CHD’® and dedicated neurosonography has the capacity to detect most
of the reported anomalies'. Fetal brain volume was addressed in one ultrasound
study, showing reduced cerebral volume growth in fetuses with HLHS, TGA, aortic
arch hypoplasia and ToF3?. As demonstrated in our review, ND details and cerebral
metabolism are increasingly being studied in CHD using fetal MRI. The reported vari-
ablesintheincluded MRl studies are however very heterogeneous and were assessed
at different gestational ages. Normal values are not available for comparison, and
methods of data reporting vary between studies, hampering meta-analysis. Studies
including a control group do consistently report smaller fetal brain volumes in dif-
ferent types of CHD?32%:27:28:32:60 Reports on this topic are emerging rapidly, but the
analysis of fetal cerebral volume, metabolism and maturation appears to be limited
to research settings and have not permeated to daily clinical practice yet. Also, the
definition of (the pathogenicity of) MRI lesions varies between studies. For example,
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subependymal cysts are generally considered to be physiological variants®!, but are
reported as abnormalities by some authors?33%¢0. Furthermore, genetic abnormal-
ities and severe structural lesions, such as holoprosencephaly, were not excluded in
certain studies?439, resulting in an overrating of found anomalies.

Several theories were postulated to explain the correlation of CHD with prenatal
cerebral findings, but exact pathophysiologic mechanisms remain unclear. A high
prevalence of children small for gestational age in CHD%%* prompted several
authors to investigate the relationship between fetal CHD and placental develop-
ment2460:%5 Placental insufficiency and subsequent growth restriction usually
presents with a relative large HC/abdomen ratio in fetuses without CHD%. Most of
the fetal biometry reports addressing HC growth in CHD fetuses did, however, not
include the abdominal growth, fetal weight or HC/abdomen ratios. Therefore, we
are unable to determine a possible correlation between the found smaller HC and
fetal weight. Postnatal studies have indicated that most of the neonates with CHD
and smaller HC are also small for gestational age at birth; but HC/weight ratios have
not been extensively investigated' 4.

Secondly, a correlation between cerebral hemodynamics and fetal neurodevelop-
ment in CHD has been suggested3®. It seems plausible that the restriction of flow to
the carotid arteries, in cases of reversed aortic arch flow, can induce vasodilatation
in the cerebral circulatory system to facilitate and secure transport of oxygen and
nutrients. This is not proven in an in-vivo setting yet. In this review, heterogeneity in
the reported data resulted in an impossibility to pool the data on the cerebroplacen-
tal ratio, hampering a definite conclusion regarding a possible brainsparing effect in
CHD. Moreover, research concerning the brainsparing effect has mainly been per-
formed in placental insufficiency, in which it is considered a mechanism to prevent
fetal brain hypoxia rather than a sign of impending brain damage?”. Because of the
totally different pathophysiological and hemodynamic circumstances in CHD versus
growth restriction, conclusions are not interchangeable. Brainsparing is correlated
with worse ND outcome in growth restricted fetuses®®. Even though available data
suggests that brainsparing correlates with altered brain development in CHD?7:28,
a correlation with long-term outcome has not been established. On the contrary, it
has even been suggested that brainsparing is associated with more favourable ND
outcome in CHD>%.

Another explanation for the cerebral variations in neonates with CHD could be a
common genetic pathway, causing fetal CHD and ND delay®%7°. The fact that fetuses
and neonates with types of CHD that do not have a significant effect on fetal hemo-
dynamics (minor CHD), also demonstrate cerebral anomalies, a smaller HC and low
birth weight®? supports this theory. The development of the fetal brain in less severe
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CHD, such as ventricular septal defects, has however not been reported separately.
In future research, the inclusion of minor CHD will be necessary to investigate this.
Furthermore, a thorough genetic assessment in fetal CHD studies is necessary to
exclude the effect of confounding genetic factors. Prenatal genetic testing is gener-
ally limited to array CGH with a reasonable resolution’?, but it is known that smaller
(point)mutations can play a role in CHD or neurodevelopment’?74.

To our knowledge, this review and meta-analysis is the first to perform a meta-
analysis of fetal cerebral flow abnormalities in fetuses with (severe) CHD. A narra-
tive review published in 2010 and a recent systematic review on MRI findings are
available”7¢. Certain included publications overlap, but our study includes a larger
sample size with regard to cerebral flow, facilitating meta-analyses and subgroup
assessment. Furthermore, exclusion of certain duplicate MRI cohorts results in a
lower prevalence of MRI abnormalities in our review, which did not reach statistical
significance. Two reviews focusing on postnatal findings are available for compari-
son, reporting high rates of cerebral damage in fetuses with CHD prior to surgery’®.
However, these reviews probably included children with CHD that were undetected
prior to birth, thus possibly including postnatally developed abnormalities, possibly
due to asphyxia because of a delayed diagnosis.

In our meta-analyses we compared z-scores. A z-score is a statistical tool to com-
pare the results from cases with a standardized population, eliminating the influ-
ence of gestational age. We have tried to maximize our sample size by transforming
divergent outcome measures to mean z-scores, which also has some drawbacks.
Grouped effect sizes would have been more accurate when individual measure-
ments were corrected for individual gestational age, but these data are not availa-
ble and assumptions on a higher data aggregation level are made. Another source
of bias can be the various used normal values, which causes difficulty comparing
the studies with each other. In the sensitivity analyses we determined that the use of
population references, compared to the use of a control group, leads to a different
outcome. In most studies it lead to a larger difference in effect size. To eliminate the
effect of the various used standard populations we have chosen to use the studies
reported control group as reference value.

Conclusion

This meta-analysis shows that fetuses with isolated, severe CHD demonstrate signs
of impaired fetal cerebral development, demonstrated by fetal ultrasound or MRI.
Our findings underline the importance of fetal neurological evaluation in CHD.
However, reports correlating postnatal ND outcome to fetal findings remain incon-
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clusive. Therefore, it is too early to conclude that aberrations revealed by neuro-
imaging involve a high risk of ND delay. To define the clinical meaning of prenatal
cerebral variations in CHD, prospective large and long-term cohort studies are
required, combining pre- and postnatal data. Such studies should include thorough
genetic assessment and compare the findings to healthy controls. Parents should
be counselled about the correlation of (specific types of) CHD with ND delay’?, but
until a correlation with ND outcome has been ascertained, there is insufficient data
to support counselling families regarding ND outcome, or as a rationale for fetal
therapy, based on prenatal findings suggestive of altered brain development.

Supplemental material:

S1: complete search string

S2:transformation of extracted data to z-scores

S3: results of sensitivity analyses

S4: estimation of heterogeneity and funnel plots

These materials can be accessed online via: https://obgyn.onlinelibrary.wiley.com/
journal/10970223
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e Search result: 1044 titles

e PubMed: 505

* Embase: 602 (453 unique)

e Web of Science: 175 (82 unique)
e COCHRANE: 8 (4 unique)

Excluded 980
based on title / abstract
[ 64 full articles reviewed j
Excluded 31
e 7 review / opinion

e 12 addressing other (Doppler flow)

measurements only Included 1 .
e 4 congress abstracts identified from reference lists
e 6 addressing neonates (Szwast 2012)

34 articles included - 1983 fetuses
e 8 addressing correlation of US variables with ND-outcome - 331 fetuses
e 21 addressing Doppler flow in middle cerebral artery (US) - 1412 fetuses
e 13 addressing biometrical values (US) - 753 fetuses

(of which 9 addressed Doppler flow as well)
e 10 addressing various aspects of MRI - 445 fetuses
1 also including US measurements

Figure 1: flow diagram of search and inclusion process
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Figure 2a Quality of included MRI studies
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Figure 2b Quality of included ultrasound studies

original data (no overlapping cohorts)
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Figure 3 Pooled head circumference z-score - fetuses with mixed types of CHD

Suspected duplicate cohorts are excluded; the effect sizes are corrected for an

included control group.

Author(s) and Year

Effect size [95% CI]

Williams 2015 —— -0.28[-0.40,-0.16]
Hahn 2015 i -0.31[-0.46,-0.16 ]
Arduini 2011 —_— -0.90[-1.30,-0.50]
Masoller 2014 —— -0.89[-1.18,-0.60]
McElhinney 2010 ] -0.10[-0.43, 0.23]
RE Model ——— -0.51[-0.84,-0.18]

[ T T

-1.50 -1.00 -0.50 0.00

T

1
0.50
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Figure 4a Pooled middle cerebral artery pulsatility index z-score - ffetuses with
mixed types of CHD

Suspected duplicate cohorts are excluded; the effect sizes are corrected for an
included control group.

Author(s) and Year Effect size [95% ClI]
Masoller 2014 — -0.57[-0.88, -0.26 ]
Yamamoto 2013 — . -0.55[-0.89, -0.21]
Arduini 2011 — -0.56 [ -0.89, -0.23]
Berg 2009 —l— -0.06 [-0.22, 0.10]
Guorong 2009 —— -0.20[-0.33, -0.07]
Modena 2006 —_—— -0.21[-0.82, 0.40]
Meise 2001 —_—— 0.08[-0.30, 0.46]
Kaltman 2005 —_— -0.38[-0.96, 0.20]
Zeng 2015 3D flow —— -0.40[-0.67 , -0.13]
RE Model —~ -0.33[-0.50, -0.16]

-1.00 -0.50 0.00 0.50

Figure 4b Pooled middle cerebral artery pulsatility index z-score - fetuses with left
sided obstructive lesions

Suspected duplicate cohorts are excluded; the effect sizes are corrected for an
included control group.

Author(s) and Year Effect size [95% CI]

Kaltman 2005 HLHS —_— -1.10[-1.75,-0.45]
Kaltman 2005 LSOL —_— -0.44[-1.50, 0.62]
Guorong 2009 —_— -0.37[-0.77, 0.03]
Berg 2009 HLHS —— -0.35[-0.57 , -0.13]
Berg 2009 AS — -0.09[-0.37, 0.19]
Szwast 2012 —— -0.78[-1.23, -0.33]
‘Yamamoto 2013 HLHS ——— -0.70[-1.13,-0.27 ]
‘Yamamoto 2013 CoA —_— -0.99[-1.67,-0.31]
Zeng 2015 3D flow HLHS — -1.38[-1.89, -0.87 ]
Zeng 2015 3D flow LSOL — -0.41[-0.83, 0.01]
RE Model — -0.70[-0.99, -0.41]

[ T T T T T 1
-2.00 -1.00 0.00 1.00
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Figure 4c Pooled middle cerebral artery pulsatility index z-score - fetuses with right
sided obstructive lesions

Suspected duplicate cohorts are excluded; the effect sizes are corrected for an
included control group.

Author(s) and Year Effect size [95% Cl]
Kaltman 2005 - 0.86[-0.17, 1.89]
Guorong 2009 —— 0.33[ 0.03, 0.63]
Berg 2009 — 0.04[-0.53, 0.61]
Szwast 2012 — 0.61[ 0.02, 1.20]
Yamamoto 2013 — 0.06[-0.36, 0.48]
Masoller 2014 —— -0.62[-1.14,-0.10]

Zeng 2015 3D flow 0.17[-0.20, 0.54]

—-—
RE Model — 0.29[-0.07, 0.64]
I T T T 1
-2.00 -1.00 0.00 1.00 2.00

Figure 4d Pooled middle cerebral artery pulsatility index z-score - fetuses with trans-
position of the great arteries

Suspected duplicate cohorts are excluded; the effect sizes are corrected for an
included control group.

Author (s) and Year (n) Effect size [95% CI)
Zeng 2015 3D flow (23) - - 0.08-036, 052)
Yamamoto 2013 (11) —_— . 002(-0.72, 0.76)
Berg 2009 (18) — 018[-0.13, 049)
Jouannic 2001(23) —-.- -087[-128,-046)
RE Model | —— -020[-0.71, 0.32)

r T T T T 1
-1.50 -0.50 0.50

Observed Outcome
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Abbreviations:

* P, prospective;

R, retrospective;

S, single center;

M, multicenter

t Ao hypoplasia, aortic arch hypoplasia;
AS, Aorta Stenose;

AVSD, Atrioventricular Septum Defect;
CoA, Coarctatio Aortae;

DORYV, Double Outlet Right Ventricle;
Ebstein, Eb-stein's anomaly;

FO, Foramen Ovale;

tumor, intracardiac tumor;

HLHS, hypoplastic left heart syndrome ;
other, other non-chromosomal
extracardiac malformations;

PA, Pul-monary Atresia;

PS, Pulmonary Stenosis;

TA, Tricuspidalis atresia;

Tl, Tricuspidalis Insufficiency;

TGA, Transposition of the Great Arteries;
ToF, Tetralogy of Fallot;

Truncus, Truncus Arteriosus;

RSOL, Right Sided Obstructive Lesions;

+ AC, Abdominal Circumference;
BPD, Biparietal Diameter;

CMR, Cardiac Magnetic Resonance;
CPR, Cerebral-Placental Ratio;
CSF, Cerebro-spinal fluid;

FL, Femur Length;

HC, Head Circumference;

MCA, Middle Cerebral Artery;
PI, Pulsatility Index;

RI, Resistance Index;

UA, Umbilical Artery;

VOCAL, Virtual Organ Computer-aided Analysis;

n/a, not applicable

** in which meta-analyses are data included:
mix, all/mixed types of CHD combined (MCA);
Isol, left sided obstructive defects (MCA);
rsol, rightsided obstructive defects (MCA);
tga, transposition of the great arteries (MCA);
HC, head circumference;

(n) notincluded in the final model,

overlapping publication
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