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Abstract

Objectives: Presumably, changes in fetal circulation contribute to the delay in matu-
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ration of the cortex in fetuses with congenital heart defect (CHD). The aim of the cur-

rent study is to analyze fetal brain development based on hemodynamic differences,

3Department of Biomedical Data Sciences,
Section Medical Statistics and Bioinformatics,
Leiden University Medical Center, Leiden,
The Netherlands

using novel brain-age prediction software.
Methods: We have performed detailed neurosonography, including acquiring 3D vol-

umes, prospectively in cases with isolated CHD from 20 weeks onwards. An algo-
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rithm that assesses the degree of fetal brain-age automatically was used to compare
CHD cases to controls. We stratified CHD cases according to flow and oxygenation
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profiles by lesion physiology and performed subgroup analyses.

Results: A total of 616 ultrasound volumes of 162 CHD cases and 75 controls were
analyzed. Significant differences in maturation of the cortex were observed in cases
with normal blood flow toward the brain (—3.8 days, 95%Cl [-5.5; —2.0], P = <.001)
and low (4.0 days, 95% CIl [-6.7; —1.2] P = <.05; hypoplastic left heart syndrome
[HLHS]) and mixed (—4.4 days, 95%Cl [-6.4; —2.5] p = <.001) oxygen saturation in

the ascending aorta (TGA) and in cardiac mixing (eg, Fallot) cases.
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P ! Conclusion: The current study shows significant delay in brain-age in TGA and Fallot

cases as compared to control cases. However, the small differences found in this

study questions the clinical relevance.

1 | INTRODUCTION

recent studies in both severe and mild CHD have shown altered neu-

rological development on fetal and preoperative neonatal examina-

A significant proportion of children and adolescents with a congenital
heart defect (CHD) show neurodevelopmental impairment.'? The
lower 1Q-scores, higher-order cognitive disorders and behavioral
abnormalities that were found in previously mentioned studies, were
attributed to the perioperative period, also in isolated cases.>® More

tions using MRI and ultrasound (US).7"*> These studies formed the
basis for the hypothesis that altered circulation in CHD fetuses causes
an abnormal development of the fetal brain.*¢ Specifically, brain matu-
ration (eg, the forming and developing of the gyri and sulci) has been
shown to be delayed in fetuses with CHD.'>'7'*® The studies that
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address abnormal brain maturation in fetuses with CHD are, however,
hampered by a limited number of cases and a selection bias toward
fetuses with severe CHD. To overcome these difficulties, we decided
to prospectively study fetal brain development in all consecutive iso-
lated CHD cases that were referred to our unit. We have used repeti-
tive US examinations to record brain maturation trajectories over the
course of pregnancy. Also, to overcome possible errors that can arise
with manual segmentation techniques, we have analyzed cases with a
validated brain-age estimation algorithm.” The aim of this study was
to compare fetal brain maturation with the use of automated brain-
age estimation software in fetuses with CHD to control fetuses and
to establish whether fetal brain maturation is affected by hypothe-
sized cerebral oxygenation.

2 | METHODS

All consecutive cases of isolated CHD referred to Leiden University
Medical Center between September 2013 and August 2018 were
included in the Heart and Neurodevelopment (HAND)-study. Exclu-
sion criteria were: non-isolated CHD cases, meaning cases with
abnormal results of genetic testing, cases with apparent genetic
abnormalities postnatally up to at least 6 months of age and cases
with additional anomalies in US. We furthermore excluded: cases that
were referred after 32 weeks' gestation, maternal age <18 years, mul-
tiple gestation, cases with a normal cardiac anatomy postnatally
(mainly left-right asymmetry without coarctation) and fetal growth
restriction, defined as an estimated fetal weight <10th percentile. Fur-
thermore, cases with aortic valve stenosis that underwent fetal bal-
loon valvuloplasty were excluded, since fetal brain oxygenation may
have changed due to the intervention.?° Minor additional findings,
such as a single umbilical artery or increased first-trimester nuchal
translucency with normal results of genetic testing were still consid-
ered as isolated CHD and thus included. However, the sample size cal-
culation (at least 75 cases and 75 controls) was based on the available
evidence from two MRI-studies??? that compared hypoplastic left
heart syndrome (HLHS)-fetuses to controls, to detect a difference in
mean brain age of 2 weeks.

A control group was constructed, that consisted of healthy
women with uneventful pregnancies, enrolled after a normal struc-
tural anomaly scan with a low risk of pregnancy-related complications.
All participants provided informed consent. Aneuploidy screening
(combined test or NIPT) was offered to all control participants
according to national guidelines, which was chosen by 30%, compara-
ble to the Dutch background population.?® The neonates of the con-
trol group did not display any evidence of abnormalities after birth.

Gestational age (GA) in both the CHD cases and the control cases
was based on first-trimester US at approximately 10 weeks' gestation,
according to the Dutch national guidelines.

Detailed neurosonography was performed every 4 weeks by an
experienced operator (SE/FJ/AT). CHD cases were enrolled after the
fetal echo in our center and controls after a normal standard anomaly

scan at mid-gestation. All scans were performed on a Voluson E8/10

What is already known about this topic?

o Neurodevelopmental delay is more prevalent in children
with congenital heart defects (CHDs).

e Intrauterine hemodynamics are hypothesized to play a
role in fetal cerebral abnormalities found in imaging
studies.

What does this study add?

o Automated brain-age estimation shows marginal delays in
brain maturation in fetuses with transposition of the
great arteries and Fallot.

e Cortical delays in fetuses with CHDs might be smaller
than previously suspected.

(GE Healthcare ultrasound, Milwaukee, Wisconsin) using a RAB 6-D
three-dimensional abdominal transducer, with a frequency range of
2 to 7 MHz. Neurosonography was performed in axial, coronal, sagit-
tal, and parasagittal planes to assess the presence of structural anoma-
lies (eg, cysts, white-matter injury, or intracranial fluid excess). Fetal
biometry and biophysical profile were assessed. At each visit, several
3D volumes were obtained starting in the axial plane. Depending on
fetal movement, we have used high to maximum quality settings for
the 3D volume acquisition. An acquisition was considered successful
if the following criteria were met: the cranium occupies 250% of the
volume, the distal cerebral hemisphere is clearly visible, the inter-
hemispheric fissure is clearly visible and the intracranial structures
(Sylvian fissure, thalami, ventricles, and cavum septum pellucidum) are

clearly visible.

21 | Brain-age algorithm

Intrauterine development of the fetal brain follows a distinct pattern
of emerging and progressing sulcation. The use of an automated
brain-age algorithm is based on the assumption that the aging of the
fetal cortex is so precise that it can be used as a proxy for brain matu-
ration.2* We have used the brain-age algorithm to analyze fetal brain
age in both CHD and control fetuses, to assess differences in matura-
tion patterns in affected and unaffected fetuses. The exact formula-
tion of the brain-age algorithm and the implementation details are
published elsewhere.? The recorded volumes underwent post-
examination processing: from each scanning-session, the best quality
volumes were stored under a study-code, which did not reveal patient
identification nor the allocated group. In short, a system of coordi-
nates is aligned to the outer surface of each 3D-volume. Sampling of
different brain regions is then allowed on the volume surface. The 3D

volume and its custom coordinate system are passed into a regression
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1.25 Within the forest, each volume pas-

forest machine-learning mode
ses through a set of binary nodes, in several decision trees, which
were pre-trained with a control group of more than 400 volumes from
the INTERGROWTH-21 database.?® At every node, a sample of the
volume is assessed to be either older or younger than the previous
node depending on the intensity of gray tones formed by the gyri and
sulci in the 3D-volume. To conclude the brain-age prediction, the
votes of all the decision trees in the forest are averaged. For each GA,
varying brain regions are found to be the most discriminative to assess
brain-age, however, the callosal sulcus, thalamic region, cingulate sul-
cus, Parieto-Occipital Fissure (POF), Sylvian Fissure (SF), central sul-
cus, and ventricular regions are the most commonly encountered
regions. Since the true GA was assessed accurately in the first-
trimester according to the ISUOG-guideline,?” we were able to com-
pare the brain-age as assessed by the algorithm to the true GA to
detect any delay in maturation. Although we have performed US
scans in included fetuses up till 36 weeks of gestation, US scans were
included in the analysis until 33 + 6 weeks gestation. As was
explained in the original article, this cutoff was chosen because the

algorithm tends to underestimate fetal brain age after 34 weeks GA.*’

2.2 | Clustering of CHDs

As previously described,?® we allocated the cases to different groups
according to hypothesized prenatal oxygen saturation in the ascend-
ing aorta and the aortic arch flow, as an indication of oxygen delivery
to the brain. The cases were clustered in different groups having
either: low, mixed, or normal oxygen delivery to the brain; or reversed,
obstructed, or normal aortic arch flow. The combination of these char-
acteristics resulted in six subgroups of CHD, the exact details of which
are discussed in Supporting Information S1. The classification into dif-
ferent groups was made using the postnatal diagnosis and using the
prenatal diagnosis in cases in which termination of pregnancy was
chosen by the parents. In the latter group there was consensus con-
cerning the diagnosis by a team of highly experienced echocardio-
graphic consultants. This approach has shown to lead to a very low

rate of discrepancies in our unit.??

2.3 | Statistical analysis

Linear mixed models were used to account for multiple volume mea-
surements acquired at different GAs from the same fetus during preg-
nancy. Covariates in the first mixed-effect regression model were GA
(a linear increase of brain maturation with GA was supposed), group
(“CHD cases versus controls”) and the interaction between GA and
group. To account for between-patient variation, a random intercept
was added per patient. A likelihood ratio test with 2 degrees of free-
dom (main and interaction effect of group) was performed to ascertain
difference in brain-age. This test confirmed differences between the
whole case group and the control group. Three additional linear mixed

models were performed zooming in on subgroups of the cases: one

with the cases divided according to blood flow toward the brain and
one with division according to oxygen saturation, and one assessing
cross-combinations. In each model, the differences were quantified at
the median GA by comparing the mean brain age of the case groups
against the control group and slopes were compared to assess differ-
ences in developmental velocity between the case groups and the
control group.

The results were verified with quadratic time trends, which con-
firmed the results assuming linear time trends.

All statistical analyses were performed using IBM SPSS statistics
version 24.0.0.0 (IBM, Armonk, New York). Statistical significance was
setat P < .05.

3 | RESULTS

Between March 2014 and August 2018, we have included 162 con-
secutive CHD cases and 75 controls. The groups did not differ signifi-
cantly in parity, maternal age, or BMI. Baseline characteristics are
shown in Table 1. After the manual selection of the coded volumes,
three CHD cases did not yield any 3D-volumes of sufficient quality.
Twenty cases were excluded for the following reasons: 3 due to fetal
aortic balloon valvuloplasty, 13 due to genetic abnormalities (three
CHARGE-syndrome, two Kabuki-syndrome, one PAX-2 mutation, one
DAAM-1 mutation, one SCNA8-mutation with severe epilepsy, one
14q11.2 deletion, one case with heterozygous MYBPC 3 cardiomyop-
athy and pylorus hypertrophy, one case with a copy number variant
on chromosome 14, two cases with clear dysmorphic features after
birth; final diagnosis unknown (both patients died)), and 4 cases
because of a structural normal heart after birth (all cases with
suspected aortic coarctation). No cases were excluded in the control
group, as no genetic of structural abnormalities were found in follow-
up until at least 1 year postnatally.

Thus, 142 CHD cases and 75 controls were considered for analy-
sis. Table 2 shows the allocation of the CHD cases in the different
flow and saturation groups. A total of 660 US examinations were per-
formed in these subjects. The US examinations were performed every
4 weeks starting at 20 weeks onwards, the median GA for the exami-
nations was 20.9 (18.7-21.9), 24.1 (22-25.9), 28.4 (26-29.9), and 32.1
(30-33.3) in the CHD group and 21.0 (19-21.9), 24.3 (22-25.9), 28.1
(26-29.9), and 32 (30-32.9) in the control group.

Due to technical factors (tilted insonation, inferior quality, motion
artifacts), 39 volumes (5.9%) were excluded. A median of 2.0 (1-5)
volumes for the CHD group and 4.0 (1-5) for the controls were
recorded per case.

Brain-age as determined by the algorithm was compared between
cases and controls at the median GA (26.16 weeks). Cases were found
to have significantly less mature brains than controls: —3.2 days, 95%
Cl (1.6; 4.8) p = <.001%° (Figure 1). When comparing the slopes, no
significant difference was found in maturation velocity between cases
and controls (maturation difference = 0.2 days/week, 95%Cl [-0.2;
0.5] P = .31), meaning that the difference between the cases and con-

trols was consistent throughout pregnancy.
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Characteristics CHD cases Controls P-value TAB LE1 Baseline characteristics of
162 Subjects 75 Subjects included cases
343 Volumes 278 Volumes

Maternal age in years (Mean (SD)) 29.9 (+4.5) 32.1 (+4.4) 17

BMI (kg/m?) Mean (SD) 24.0 (+4.4) 23.2 (+3.8) A1

Primigravidae (%) 67 (41) 25 (33) 24

Male gender 99 (61) 36 (48) .02*

Total No. of CHD cases n (%) 162(100) n.a.

HLHS 10(6.2)

Transposition of the great arteries 24 (14.8)

Aortic arch hypoplasia and/or aortic stenosis 28 (17.2)

Tricuspid or pulmonary atresia 17 (10.5)

Tetralogy of Fallot or Fallot-like defect 21 (13)

Balanced/unbalanced atrioventricular septal defect 9 (5.6)

Ventricular septal defect 8(4.9)

Other major CHD? 24 (14.8)

Other minor CHDP 21(13)

Excluded cases n (%) 20 (100) n.a.

Fetal intervention 3(15)

Postnatal non-isolated/syndromic 13 (65)

Postnatal normal heart 4 (20)

Pregnancy outcome n (%) 162 n.a.

Live birth 132 (81%) 75(100%)

Termination of pregnancy 30 (19%) 0(0%)

Abbreviations: AVSD, atrioventricular septal defect; CHD, congenital heart disease; HLHS, hypoplastic

left heart syndrome; TGA, transposition of the great arteries.

20ther major CHD include: Truncus Arteriosus, multiple level left obstruction syndrome (Shone's complex),
double outlet right ventricle-TGA, congenitally corrected TGA without additional cardiac anomalies,
AVSD with pulmonary atresia, aortic-left ventricular tunnel with severe distention of the left ventricle.
bOther minor CHD include: Persistent left caval vein without obstruction of the left atrioventricular flow,

restrictive foramen ovale, mild pulmonary stenosis.
*P = <.05, Statistically significant.

4 | SUB GROUP ANALYSIS

4.1 | Blood flow

In the analyses categorizing cases according to the hypothesized flow
(either reversed, obstructed, or normal), an overall test showed signifi-
cant differences when comparing the three case groups and the con-
trol group (P = .001, df = 3), with all three case groups showing lower
mean brain-age at the median GA than the controls. The largest differ-
ences were found between the cases with normal flow to the fetal
brain (n = 228) compared to controls: —3.8 days, 95%Cl (-5.5; —2.0),
P = <.001 and the cases with reversed flow (n = 17) toward the brain
compared to the controls: reversed flow: —3.4 days, 95% Cl (-8.8;
2.0) P = .21. For cases with obstructed flow toward the brain (n = 94)
the difference was —1.5 days, 95% Cl (-3.9; 0.8) P = .20 (Figure 2).
The speed of maturation did not differ significantly between the

groups (overall test for difference in slopes P = .545, df = 3).

4.2 | Oxygen saturation

In the analyses categorizing cases according to the hypothesized oxy-
gen saturation in the fetal ascending aorta (either low, mixed, or nor-
mal), an overall test showed significant differences comparing the
three case groups and the control group (P = <.001, df = 3), with all
three case groups showing lower mean brain age at the median GA
than the controls. The largest differences were found between the
cases with low oxygen saturation in the ascending aorta (n = 61) com-
pared to controls: —4.0 days, 95% Cl (-6.7; —1.2) P = <.05 and the
cases with mixed oxygen saturation (n = 152) in the ascending aorta
compared to the controls: —4.4 days, 95%Cl (-6.4; —2.5) P = <.001.
The cases with normal oxygen saturation to the fetal brain (n = 126)
did not significantly differ from controls: —1.1 days, 95%Cl (-3.2; 1.0)
P = .28 (Figure 3). The speed of maturation did not differ significantly
between the groups (overall test for the difference in slopes
P =.303, df = 3).
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TABLE 2 Clustering of types of congenital heart defects (CHD) according to aortic arch flow and oxygen saturation for 142 fetuses in our

cohort

Ascending aorta oxygen saturation

Low Mixed Normal Total
Aortic arch flow
Reversed 0 11(17) 0 11(17)
-34(-88;19) P=.21 -34(-8.8;20)P=.21
Obstructed 0 15(27) 28 (67) 43 (94)
-3.4(-7.4;0.6)P=.09 -0.8(-3.5;1.9)P=.56 -1.5(-3.9;0.8)P=.20
Normal 21 (61) 43(110) 24 (57) 88 (228)
-4.0(-6.7; -1.2) -4.5(-6.8; =2.3) -1.6(-4.5; 1.2) -3.8(=5.5; -2.0)
P=.01* P=<.001* P=.26 P=<.001*
Total 21(61) 69 (152) 52(12¢) 142 (339)
-4.0(-6.7; -1.2) -4.4 (-6.4; -2.5) -1.1(-3.2; 1.0 -3.2(-4.9; -1.6)
P=.01* P=<.001* P=.28 P=<.001*

Note: n (amount of volumes) difference compared to controls shown as: days, 95% ClI (lower bound-upper bound) p. Flow: aortic arch blood flow. O,: Oxy-
gen saturation in the ascending aorta. Normal flow + Low O,: Transposition of the great arteries, Obstructed flow + Normal O,: Aortic obstruction and
small left heart syndrome, Reversed flow + mixed O,: Severe CHD with reversed aortic arch flow, Obstructed flow + Mixed O,: Severe cardiac mixing
cases with aortic obstruction, Normal flow + Mixed O,: Severe cardiac mixing cases without aortic obstruction, Normal flow + Normal O,: No mixing, no
obstructed flow. For detailed description of included cases in each group, see Supporting Information S1.

*P = <.05, Statistically significant.
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FIGURE 1 Predicted brain age (y-axis) is plotted against the true

gestational age (x-axis) in weeks. Linear lines show results of linear
mixed model regression. Green star (%) and continuous line (—) all
controls. Blue dot (@) and - - - (dashed line) all cases [Colour figure
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43 | Flow/saturation subgroups

In the analyses categorizing cases according to the combination in
aforementioned flow and saturation in six CHD-diagnosis groups, an
overall test showed significant differences comparing the six case
group and the control group (P = .002, df = 6), with all six case groups
showing lower mean brain age at the median GA than the controls

(Figure 4). For two groups the difference compared to controls was
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FIGURE 2 Influence of aortic arch flow toward the fetal brain on
brain-age in fetuses with isolated congenital heart defects. Linear
lines show results of subanalysis with linear mixed model regression.
Green square ((J) and interrupted line (— —) obstructed flow,
orange dot (@) and dashed line (— — -) reversed flow, yellow triangle
(A) and continuous line (—) normal flow toward the fetal brain
[Colour figure can be viewed at wileyonlinelibrary.com]

statistically significant: the group with normal flow, but decreased
oxygen flow toward the brain, mainly TGA (n = 61). Difference
—4.0 days, 95% Cl (-6.7; —1.2), P = .006 and the group with normal
flow, but intracardiac mixing, mainly AVSDs and Tetralogy of Fallot
cases (n = 110): —4.5 days, 95% Cl (-6.8; —2.3) P = <.001 (Figure 5).
The speed of maturation did not differ significantly between the

groups (overall test for the difference in slopes P = .393, df = 6).
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FIGURE 3 Influence of ascending aorta oxygen saturation on

brain-age in fetuses with isolated congenital heart defects. Linear
lines show results of subanalysis with linear mixed model regression.
Blue dot (@) and dashed line (— — -) low oxygen saturation, purple
square () and interrupted line (— —) mixed oxygen saturation, red
triangle (A) and continuous line (—) normal oxygen saturation
[Colour figure can be viewed at wileyonlinelibrary.com]

5 | DISCUSSION

In this study of a relatively large cohort of consecutive CHD fetuses,
we found a brain maturation delay of 4 days in the subgroups of
fetuses with TGA and the group with intracardiac mixing (eg, Fallot
and AVSD).

Delayed neurodevelopment in children born with CHDs is
hypothesized to be caused by the altered cerebral perfusion in fetal
life, either caused by decreased flow or decreased oxygenation of the
cerebral blood, due to the abnormal cardiac anatomy. MRI studies
such as phase-contrast magnetic resonance® and T2*32 showed
decreased intracerebral oxygen levels in fetuses with CHD cases,
which confirmed the hypothesized decreased cerebral oxygenation.

The rapid fetal brain maturation during gestation has been previ-
ously studied by US*®** and MRI®?132 in fetuses with CHD. In these
studies the depth of several fissures (eg, POF, SF, central sulcus, and
calcarine sulcus) were measured manually to represent cortical devel-
opment. A significant difference in fissure depth was found in CHD
cases, compared to controls, starting in the second trimester and pro-
gressing toward the end of pregnancy. Our study confirms these find-
ings of altered brain development, but beyond that, is able to assess
the brain at multiple regions at once. Furthermore, the machine-
learning algorithm allowed for an automated selection of the most
age-discriminating brain regions, which varied during gestation. And
finally, this method is able to convey the extent of the delay, whereas
others can only report on differences in depth of fissures.

Some of the previously mentioned authors analyzed their data
regarding cortical development stratified by CHD-subgroup as
well.21%21 Our findings did not corroborate two studies that reported
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FIGURE 4 Influence of CHD diagnoses on estimated brain-age.

Linear lines show results of subanalysis with linear mixed model
regression. Blue dot (@) and dashed line (— — -) normal flow + low O,:
Transposition of the great arteries. Yellow plus (+) and continuous line
(—) obstructed flow + normal O,: Aortic obstruction and small left
heart syndrome. Green cross (x) and thin dashed line (- — -) reversed
flow + mixed O,: Severe CHD with reversed aortic arch flow. Orange
triangle (A) and thick dashed line (- — -) obstructed flow + mixed O:
Severe cardiac mixing cases with aortic obstruction. Red square ([7)
and thin interrupted line (— —) normal flow + mixed O,: Severe
cardiac mixing cases without aortic obstruction (eg, Fallot/Fallot-like).
Turquoise ellipse (0) and thick interrupted line (— —) normal flow

+ normal O,: No mixing, no obstructed flow. For detailed description
of included cases in each group, see Supporting Information S1
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Significant influence of transposition of the great

arteries and Fallot/Fallot-like congenital heart defects on prenatal
brain-age as compared to controls. Linear lines show results of
subanalysis with linear mixed model regression. Green star (%) and
continuous line (—): all controls. Blue dot (@) and dashed line (— — -)
normal flow + low O,: Transposition of the great arteries. Red square
(O)) and thin interrupted line (— —) normal flow + mixed O,: severe
cardiac mixing cases without aortic obstruction (eg, Fallot/Fallot-like)
[Colour figure can be viewed at wileyonlinelibrary.com]

on delayed brain maturation in left obstructive lesions in which the
delay increased in the third trimester and found significant differences
in delay in cortical folding and a more shallow SF depth in the second

trimester.®?* Furthermore the delay increased in the third trimester.
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Our study did not show significantly less mature brains in HLHS
fetuses (hypothesized mixed oxygenation with reversed flow), and the
magnitude of the delay did not increase during gestation. Masoller
et al divided CHD cases into two groups: a low and a normal cerebral
oxygenation group, they observed global delay in several fissures, but
did not find any differences in subgroup analyses.’”

As mentioned above, the magnitude of the delay in this study
was at maximum only 4 days, which is marginal, compared to other
severe delays in cortical maturation found by other authors.®'?1>
Possible explanations for this difference are the inclusion of a rela-
tively large cohort of consecutive cases, preventing selection bias and
the exclusion of syndromic cases.”*® The reason for the differences,
observed in these studies, compared to our results, could be the bias
toward more severe cases. One of the largest observed findings in our
study was a delay with a magnitude of almost 4 days in fetuses with
TGA. This confirms the earlier reported decreased fissure depth in
TGA cases.'® The delay in cortical maturation in TGA in imaging stud-
ies during fetal and neonatal stages raises, however, questions, since
TGA is known as a defect with a generally good prognosis in adoles-
cent life.3* It is therefore arguable whether the detected delay in pre-
natal brain maturation is a reflection of neurodevelopment later in life,
or a true finding after all. The fact that 4 days is below the accuracy
range of 6.1 days of the used algorithm may also mean that this is a
random finding and confirms our hypothesis that this finding has little
clinical effect.

Our results did not confirm earlier studies that suggested
decreased flow toward the brain as an important etiological factor for
the delay in maturation. It seems that our current understanding of
fetal neurodevelopment in CHD and the observed deviations from
normal in these fetuses should at least be considered multifactorial.
Current studies show a larger prevalence of de novo non-syndromic
gene mutations in CHD cases with affected children having lower
scores on neurodevelopmental tests at 14 months of age.®>3 This
could imply a common (non-syndromic) genetic contribution that
affects both the maldevelopment of the heart and altered develop-
ment of the fetal brain. Moreover, besides genetic causes, mecha-
nisms for altered cortical development could originate from
insufficient nutrient delivery from the maternal circulation. Placental
maldevelopment in CHD fetuses has been described by Llurba et al®”
and although we excluded cases of pregnancy-related hypertension
and preeclampsia from our cohort and therefore cannot conclude on
prevalence, others have described a high prevalence of such complica-
tions.®® Thus, in our opinion the effect of the placenta on neu-
rodevelopmental outcome in pregnancies complicated by CHD needs
to be studied further.

One of the key strengths of the current study is the fact that we
have thoroughly reviewed each case and included only isolated CHD
cases, since it is known that altered neurodevelopment could be
attributed to genetic or syndromic defects in non-isolated cases. Also,
we have reviewed all included cases up to 1 year postnatally and have
excluded cases with genetic syndromes. The minority of authors”-1!

mention the follow-up period for excluding genetic or syndromic

affected cases, other studies seem not to perform any reviewing of
postnatal outcome after the study MRI or US examination. Another
strength of this study is the prospective inclusion of consecutive CHD
cases. To our knowledge, this is largest cohort of consecutive CHD
cases to have been analyzed using 3D US recordings.

Limitations of the current study are the uneven distribution of
cases throughout the presumed flow and oxygenation groups. Nota-
bly, in the aortic arch flow analysis, significant differences were found
in the group with presumed normal flow toward the fetal brain (also
containing TGA and Fallot cases). However, the aforementioned
group consisted of 228 measurements vs only 17 in the reversed flow
group. The findings in this subgroup could therefore be the result of a
lack of power and have to be considered with caution. Secondly, a
limitation that was previously mentioned is the more erroneous brain-
age predictions in the third trimester that were described in the algo-
rithm. The prediction error is low in the second trimester and
increases with advancing GA, however, since we have analyzed both
controls and cases with the same protocol, they can be accurately
compared. The increase in prediction error in the late third trimester is
the reason why we have not included cases beyond 34 weeks gesta-
tion, which we considered the most important limitation of our study.

Another limitation is the lack of long-term neurodevelopmental
follow-up. Although we have found very small differences in brain
maturation opposed to the controls in this study, but as these findings
are early in fetal life, this might have a large effect on long-term
follow-up.

This study describes the magnitude of delay in brain maturation
in fetuses with CHD, stratified to the different types of flow and satu-
ration of the blood toward the brain in strictly isolated CHD cases.
We conclude that cases with TGA or cases with intracardiac mixing
show the largest difference in brain maturation as compared to con-
trols. Whether these findings are solely explained by reduced oxygen-
ation of the blood toward the fetal brain remains uncertain. In our
opinion the image-based results in brains of CHD fetuses and neo-
nates is the result of a complicated multifactorial process and the
actual effect of intellectual performance at school age and adoles-
cence has not been investigated so far.
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