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Placental Pathology Contributes to Impaired
Volumetric Brain Development in Neonates
With Congenital Heart Disease
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BACKGROUND: Neonates with congenital heart disease are at risk for impaired brain development in utero, predisposing chil-
dren to postnatal brain injury and adverse long-term neurodevelopmental outcomes. Given the vital role of the placenta in fetal
growth, we assessed the incidence of placental pathology in fetal congenital heart disease and explored its association with
total and regional brain volumes, gyrification, and brain injury after birth.

METHODS AND RESULTS: Placentas from 96 term singleton pregnancies with severe fetal congenital heart disease were pro-
spectively analyzed for macroscopic and microscopic pathology. We applied a placental pathology severity score to relate
placental abnormalities to neurological outcome. Postnatal, presurgical magnetic resonance imaging was used to analyze
brain volumes, gyrification, and brain injuries. Placental analyses revealed the following abnormalities: maternal vascular malp-
erfusion lesions in 46%, nucleated red blood cells in 37%, chronic inflammatory lesions in 35%, delayed maturation in 30%,
and placental weight below the 10th percentile in 28%. Severity of placental pathology was negatively correlated with cortical
gray matter, deep gray matter, brainstem, cerebellar, and total brain volumes (~=—0.25 to —0.31, all P<0.05). When correcting
for postmenstrual age at magnetic resonance imaging in linear regression, this association remained significant for cortical
gray matter, cerebellar, and total brain volume (adjusted R?=0.25-0.47, all P<0.05).

CONCLUSIONS: Placental pathology occurs frequently in neonates with severe congenital heart disease and may contribute to
impaired brain development, indicated by the association between placental pathology severity and reductions in postnatal
cortical, cerebellar, and total brain volumes.

Key Words: brain development m congenital heart disease m fetus ®m magnetic resonance imaging ® neonate ® neuroplacentology ®
placenta

See Editorial by Ortinau and Newburger.

n recent decades, significant progress has been perioperative care continually improve.! Nevertheless,
made in the treatment of children with severe congen-  these children remain at risk for neurodevelopmental
ital heart disease (CHD), as surgical techniques and sequelae, such as cognitive, motor, and behavioral
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CLINICAL PERSPECTIVE
What Is New?

¢ In pregnancies with a fetal diagnosis of congen-
ital heart disease, placental pathology is caused
primarily by maternal vascular malperfusion,
chronic inflammation, delayed villous matura-
tion, and low placental weight.

e Higher placental pathology severity is associ-
ated with reduced postnatal volumes of the
cortical gray matter, cerebellum, and total brain.

What Are the Clinical Implications?

e Placental pathology may exacerbate impaired
brain growth in neonates with congenital heart
disease.

e Monitoring placental health and standardized
pathological review of the placenta after birth
is important in pregnancies with fetal congeni-
tal heart disease, because placental pathol-
ogy may be an early biomarker for adverse
neurodevelopment.

e Targeting placental pathology may hold prom-
ise as a prenatal intervention for improving neu-
rodevelopmental outcomes in congenital heart
disease.

Nonstandard Abbreviations and Acronyms

SV-AO single ventricle defect with aortic

obstruction

problems, with reported incidence rates ranging from
20% to 60%.2 Although these neurologic abnormali-
ties have predominantly been attributed to cerebral
vulnerability in the critical neonatal period surrounding
cardiac surgery,* there is growing evidence that brain
aberrations already develop in utero. Multiple fetal im-
aging studies have shown disrupted brain develop-
ment in fetuses with CHD.5-8 Altered fetal brain volume
is associated with poorer neurodevelopmental out-
comes, explaining up to 10% to 21% in the variance.®
Disturbances in fetal cerebral perfusion and oxygen-
ation, resulting from cardiac pathology, are thought to
be the underlying cause of impaired brain growth and
maturation.>1°

However, during pregnancy, the developing brain is
affected not only by fetal cardiac physiology but also
by genetic factors and the intrauterine environment,
which is shaped by maternal risk factors and placen-
tal health.”"" The placenta plays a crucial role in fetal
brain development by supplying oxygen, nutrients,
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and hormones to the fetus and removing metabolic
waste products.”? In early gestation, the fetal heart and
the placenta develop via shared regulatory pathways.
Consequently, disruptions affecting these shared
pathways may alter the development of both organs.®
Numerous studies have linked CHD and abnormal pla-
centation. Fetal CHD is strongly correlated with pre-
eclampsia, a condition caused by inadequate spiral
artery remodeling.'*'® In addition, fetal CHD was found
to correlate with low placental weight and pathologies
such as thrombosis, infarction, delayed villous matura-
tion, and chorangiosis.'®??> Such pathologies alter the
structure and function of the placenta, which in turn,
might additionally affect the developing brain, next to
the detrimental effects caused by CHD itself.'®2":23 Yet,
the pathophysiologic mechanisms of altered placental
development in CHD and its impact on other organs,
such as the brain, remain poorly understood.
Considering the potential contributing role of pla-
cental pathology to altered brain development in fetal
CHD, this study aimed to assess the incidence of pla-
cental pathology in a cohort of neonates with CHD and
explore the effect on total and regional brain volumes,
gyrification, and brain injury after birth. With this study,
we aspired to provide more insights into the placenta-
heart-brain axis and identify potential early biomarkers
for adverse neurodevelopment in children with CHD.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Clinical Cohort

This single-center, prospective, observational study
was performed in the Wilhelmina Children’s Hospital,
Utrecht, the Netherlands, between January 2016 and
June 2021. We included term neonates who were
antenatally diagnosed with severe CHD (as defined
by Hoffman and Kaplan®¥), requiring cardiac surgery
or cardiac catheterization in the first 6 months of life.
For eligibility, the placenta had to be available for his-
topathological assessment. Exclusion criteria included
confirmed genetic or chromosomal disorders, mul-
tiple gestation pregnancies, gestational age at birth
<36weeks, or major extracardiac anomalies. Mater-
nal comorbidity was assessed and categorized as
pregnancy-related comorbidities or preexisting comor-
bidities. The study was approved by the institutional
review board (Medical Research Ethics Committee
number 16-093), and written informed consent to use
clinical data for research purposes was obtained from
all parents or legal guardians.
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Histological Assessment of the Placenta

The collected placentas were reviewed by 2 perinatal
pathologists (L.Ev.d.M., P.G.J.N.) who were blinded to
neonatal outcome except for gestational age at birth.
Placental weight was measured without the umbilical
cord and membranes, and classified according to the
gestational age percentile, as previously described by
Pinar et al.?5 Insertion of the umbilical cord was cat-
egorized as central, paracentral, marginal (<1cm from
the placental disk border), or velamentous (insertion
into the fetal membranes). The cord coiling index was
measured before fixation as the number of complete
coils (360°) of the arteries divided by the umbilical cord
length (centimeters). We defined hypocoiling as an
index of <0.1, and hypercoiling as an index of >0.3.%6

Placentas were scored for the presence of the
following microscopic pathologies according to the
Amsterdam criteria®®: (1) placental maturation and ma-
ternal vascular malperfusion, which included ischemic
changes, infarcts and distal villous hypoplasia; (2) fetal
vascular malperfusion (ie, signs of fetal thrombosis);
(3) fetal hypoxia, defined as the presence of nucleated
red blood cells in >2 capillaries in any x10 field (mag-
nification x400); (4) chorangiosis and chorangiomato-
sis (eg, signs of increased fetal capillary proliferation);
() chronic inflammation in the placental parenchyma,
including chronic villitis of unknown cause, sustained
villitis, chronic (histiocytic) intervillositis, or (massive)
perivillous fibrin; (6) chorioamnionitis, assessed as the
presence of neutrophilic granulocytes in the chorionic
plate or the extraplacental membranes; and (7) meco-
nium pigment membrane.

To measure the extent and severity of the placental
abnormalities in each placenta, we adapted the pla-
centa severity score from Harteman et al.?” All placen-
tal abnormalities were assigned points based on their
expected impact on placental function or loss of func-
tional placental parenchyma and, in turn, fetal condition
(Table 1). The placental pathology severity score was
generated per subject by adding up assigned points.

Cerebral Imaging Data

Neonates underwent cerebral magnetic resonance im-
aging (MRI) preoperatively per routine clinical protocol
on a 3.0 T magnetic resonance (MR) system (Philips
Medical Systems, Best, the Netherlands). Neonates
in whom the MRI scan was performed <14 days after
birth were included in the imaging analyses. For the
brain injury analysis, we excluded neonates who partic-
ipated in a currently ongoing, double-blinded, postna-
tal neuroprotective trial (NCT04217421).28 The imaging
protocol included volumetric coronal 3-dimensional
T1-weighted imaging, coronal T2-weighted imaging,
axial diffusion-weighted imaging, axial susceptibility-
weighted imaging, axial diffusion tensor imaging,
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Table 1. Overview of the Placental Pathology Severity
Score

Variables
Macroscopic abnormalities Score
Placental weight
<10th Percentile 7
>90th Percentile 1
Umbilical cord insertion
Paracentral 0
Central 0
Marginal 1
Velamentous 3
Single umbilical artery 1
Umbilical cord coiling index
Hypocoiling (index <0.1) 1
Hypercoiling (index >0.3) 7
Microscopic abnormalities
Placental maturation
Delayed 7
Normal 0
Accelerated 3
Maternal vascular malperfusion
Placental ischemia 5
Placental infarct <56%: 2, 5%-10%: 3,
>10%: 5
Distal villous hypoplasia 3
Fetal vascular malperfusion <10%: 3, 10%-25%: 4,
>25%: 6
Nucleated red blood cells 2
Chorangiosis 3
Inflammation or reactive changes
Villitis of unknown cause <50%: 3, >50%: 7
Intervillositis <50%: 3, >50%: 7
Perivillous fibrin <50%: 3, >50%: 7
Sustained villitis 2
Chorioamnionitis 1
Meconium pigment membrane 0

The placental pathology severity score was adapted from Harteman
etal.”’

flow quantification imaging, and 3-dimensional MR
venography.

We reviewed the MR images for the presence of
ischemic and hemorrhagic lesions. Hemorrhagic inju-
ries included intraparenchymal, intraventricular, subdu-
ral, or cerebellar hemorrhages. Ischemic injuries were
defined as white matter injury, stroke (involving cortical
gray matter, basal ganglia, or thalamus), and hypoxic—
ischemic watershed injury, as previously described.?®

We applied the structural processing pipeline of the
developing Human Connectome Project to the coro-
nal T2-weighted images.® To summarize, T2-weighted
images were reconstructed and underwent bias cor-
rection and brain extraction. Following this, volumetric
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tissue segmentation was performed using an auto-
mated segmentation algorithm for the neonatal brain.3!
We visually checked all segmentations on quality and
manually corrected minor errors with ITK-SNAP 3.6.0%2;
scans with significant segmentation errors or motion
artifacts were excluded. The cortical gray matter, white
matter, deep gray matter, cerebellum, brainstem, and
hippocampus-amygdala labels were included in the
current study (Figure 1). After extracting the regional tis-
sue volumes, total brain volume was calculated as the
sum of these 6 tissue labels. To assess cortical folding,
we included the gyrification index in our analysis, which
is calculated by the developing Human Connectome
Project pipeline as the ratio between the pial surface
area and the simulated surface area of a smooth curved
hull around the pial surface.3:33

Statistical Analysis

The statistical analyses were conducted with SPSS
version 27.0 (IBM). Normality was examined with

Placental Pathology Affects Brain Growth in CHD

histograms, Q-Q plots, and Kolmogorov-Smirnov
tests. Descriptive statistics were used to summarize
the data. Categorical data are presented as counts
(percentage), whereas continuous data are presented
as mean (SD) or median (interquartile range [IQR]), de-
pending on their data distribution.

We applied Pearson x° or Fisher exact tests to iden-
tify associations between maternal comorbidities and
placental pathologies, as well as connections between
CHD subtype and placental pathologies. However,
due to the limited sample size of the CHD groups with
pulmonary obstruction, we only conducted these CHD
subtype analyses for neonates with transposition of
the great arteries, single ventricle defects with aortic
obstruction (SV-AQ), and biventricular defects with
aortic obstruction.

Mann-Whitney U tests were used to test the rela-
tionship between hemorrhagic and ischemic brain
injury and the placental pathology severity score. To
explore relationships between the placental pathol-
ogy severity score and brain volumes and gyrification

[l Corticalgray matter
[ White matter

[[] Deep graymatter
[[] Brainstem

[B] Cerebellum
[] Hippocampus-amygdala [J] Extracerebral CSF

. Ventricles

Figure 1. Volumetric segmentation of brain structures.

Volumetric tissue segmentation®®®' of the cortical gray matter, white matter, deep gray matter, brainstem, hippocampus-amygdala,
cerebellum, ventricles (not included in analysis), and extracerebral CSF (not included in analysis) on T2-weighted magnetic resonance
imaging in coronal (left), sagittal (middle), and axial (right) planes. CSF indicates cerebrospinal fluid.
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index, we conducted correlational analyses using
Pearson correlation or Spearman correlation tests, de-
pending on the linearity between variables. Cerebral
variables showing a significant correlation with the
placental pathology severity score were entered as a
dependent variable in linear regression models, with
the placental pathology severity score as independent
variable, while controlling for postmenstrual age at
MRI. Considering the explorative nature of the study, a
2-tailed significance level of P<0.05 was set.

RESULTS

Study Population

The placentas of 123 neonates were collected for his-
tological examination. Of those, 96 neonates were in-
cluded in the study, because we excluded cases with
confirmed chromosomal or genetic disorders (n=12),
twin pregnancies (n=6), premature birth (n=5), major
extracardiac anomalies (n=3), and without severe CHD
(n=1). Table 2 summarizes the infant and maternal
characteristics of the included study population. The
means of gestational age at birth, birth weight, and
birth weight Z score were 38.8weeks (+1.4weeks),
3205 g (+549¢), and -0.3 (+1.3), respectively. The ma-
jority of cases had a transposition of the great arteries
(31%), SV-AO (24%), or biventricular defect with aortic
arch obstruction (23%).

Histological Assessment of the Placenta
The placental characteristics of the study cohort are
listed in Table 3. Gross analyses of the placenta re-
vealed a placental weight below the 10th percentile in
28%, and abnormal umbilical cord insertion (ie, mar-
ginal or velamentous) in 15%. Microscopic placental
pathology was observed in 90%. Maternal vascular
malperfusion lesions were present in 46% and were
the most prevalent type of pathology. The second
most common abnormality was nucleated red blood
cells, occurring in 37%. Other frequently observed pa-
thologies were chronic parenchymal inflammation and
chorangiosis, identified in 35% and 22%, respectively.
Delayed maturation of the placenta was seen in 30%,
and accelerated maturation in 4%. The median placen-
tal pathology severity score in the study cohort was 10
(IQR, 5-16), with scores ranging from O to 33.

Placental Pathology and Clinical
Characteristics

Maternal vascular malperfusion in the placenta was
associated with maternal pregnancy complications
(x°[1]=4.33, P=0.038) and chronic parenchymal in-
flammation with preexistent maternal comorbidities
(x°[1]=4.49, P=0.034). Other placental pathology rates
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were not related to preexistent maternal comorbidities
or maternal pregnancy complications.

In regard to placental characteristics and CHD sub-
types, no differences in the rates of placental lesions
were identified, except for fetal vascular malperfusion.
This pathology occurred in 10 neonates (10%), of whom
5 had an SV-AO and 5 had another cardiac diagnosis.
When comparing these 2 groups, we found that the
prevalence of fetal thrombosis was significantly higher
in neonates with SV-AQ (x°[1]=4.16, P=0.042).

Placental Pathology and Cerebral Imaging
Within this cohort, 68 neonates (71%) underwent a
postnatal, preoperative cerebral MRI at a median post-
natal age of 4.0days (IQR, 2.0-5.0) and postmenstrual
age of 39.5weeks (+1.2). Sixty-five neonates had suf-
ficient MRI quality for volumetric analysis and 54 neo-
nates for quantification of the gyrification index.

The placental pathology severity score was neg-
atively correlated with the volumes of the cortical
gray matter (r[63]=—0.30, P=0.01), deep gray mat-
ter (63]=-0.28, P=0.02), cerebellum (r[63]=-0.31,
P=0.01), brainstem (r[63]=— 0.25, P=0.04), and total
brain ([63]=—0.29, P=0.02). We did not discover any
other associations between the remaining volumes
and pathology severity score or between the gyrifica-
tion index and pathology severity score.

Linear regression analyses indicated that the pla-
cental pathology severity score significantly accounted
for a proportion of the variance in cerebellar volume
(F[2,62]=29.3, p=-0.08, P=0.02), cortical gray matter
volume (F[2,62]=25.8, f=-0.46, P=0.03), and total brain
volume (F[2,62]=11.8, f=-0.99, P=0.04) when covary-
ing for postmenstrual age at MRI (Table 4, Figure 2).
This association was not seen between the placental
pathology severity score and brainstem and deep gray
matter volume.

Among the 59 neonates included for brain injury
analysis, 29% exhibited ischemic injury and 53% ex-
hibited hemorrhagic injury on MRI. The predominant
lesions comprised subdural hemorrhages (36%), intra-
ventricular hemorrhages (24%), and white matter injury
(20%). Both ischemic and hemorrhagic brain injury
were not related to the placental pathology severity
score.

DISCUSSION

In CHD, there is an increased risk for impaired brain
development in utero, predisposing children to brain
injury and adverse neurodevelopmental outcomes.
Given the vital role of the placenta in fetal growth, we
aimed to assess the association between placental pa-
thology and brain development in a prospective cohort
of neonates with isolated CHD through standardized
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Table 2. Clinical Characteristics of the Included Study
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Table 2. Continued

Population
Characteristics
Characteristics Aortopulmonary window 1(1.0
Infant characteristics Value Large VSD 1(1.0)
Male sex, n (%) 65 (67.7) Maternal characteristics
Gestational age, wk, mean (SD) 38.8 (1.4) Maternal age, y, mean (SD) 311 (4.2)
Birth weight, g, mean (SD) 3205.2 (549.4) Gravidity, median (IQR) 3.0 (2.0-3.0)
Z score birth weight, mean (SD) -0.3(1.3) Parity, median (IQR) 10 (0.0-2.0)
Apgar score 1 min, median (IQR) 8.0 (8.0-9.0) Smoking, n (%) 5(6.2)
, 0, .
Apgar score 5 min, median (IQR) 9.0 (8.0-10.0) Pregnancy complications, n (%) 14 (14.6)
Modality, n (9
odality. n (%) Gestational diabetes 8(8.9)
Spontaneous vaginal delivery 27 (28.1) - -
Gestational hypertension 3(3.1)
Induced vaginal delivery 51 (563.1)
Preeclampsia 2(21)
Elective caesarean section 10 (10.4)
- Intrahepatic cholestasis 2(21)
Secondary caesarean section 8(8.3)
- - Preexisting comorbidities, n (%) 13 (13.5)
Genetic analysis performed, n (%) 68 (70.8) —
Distribution of CHD subtypes Hypot.hyr0|d|sm — 462
Transposition of the great arteries, n (%) 30 (31.3) Preexistent hypertensive disorder 10.0
Transposition of the great arteries 16 (16.7) Preexistent diabetic disorder 881
with an intact VSD Autoimmune disorder 4(4.2)
Transposition of the great arteries 14 (14.6) Hepatitis B 1(1.0)
with a VSD Essential thrombocytosis 1(1.0
Single ventricle defects with aortic 23 (24.0) T . . ;
obstruction, n (%) AVSD indicates atrioventricular septal defect; CHD, congenital heart
disease; IQR, interquartile range; and VSD, ventricular septal defect.
Hypoplastic left heart syndrome 19 (19.8)
Double inlet left ventricle with aortic 2(21)
coarctation or arch hypoplasia . , . .
- - detailed review of the placenta and use of high-quality
Unbalanced AVSD with aortic arch 2(21) \ \ \ .
hypoplasia postnatal MR imaging data. Thl|s prospective cohort
Biventricular defects with aortic 22 22.9) ;tudy showg thaﬁ placental IeS|orjs occur frequently
obstruction, n (%) in pregnancies with fetal CHD, with maternal vascu-
Aortic coarctation 1(1.0) lar malperfusion lesions, increased fetal nucleated
Aortic coarctation with arch 7(7.3) red blood cells, chronic parenchymal inflammation,
hypoplasia and delayed villous maturation as the most commonly
Interrupted aortic arch 3.1) observed abnormalities. Higher placental pathology
Borderline left heart 8(8.3) severity scores were associated with smaller postna-
Aortic valve stenosis with arch 1(1.0) tal volumes of the cortex, cerebellum, and total brain.
hypoplasia These findings suggest that placental pathology may
AVSD with aortic arch hypoplasia 2(2.1) have a contributive effect on impaired brain growth in
Single ventricle defects with pulmonary (5.2 children with CHD.
i 0, . iy .
obstruction, n (%) The high rate of placental abnormalities in our co-
Pulmonary atresia 21 hort of neonates with CHD is in concordance with pre-
Tricuspid atresia 1010 vious studies, which showed similar lesions, including
Colmp'ex Si”?'e ventricle with 10.0) maternal vascular malperfusion lesions, delayed vil-
pumonelyerese lous maturation, chorangiosis, chronic inflammation,
Sjmfaxri'g?;gzgt”c'e with 1010 and reduced placental weight.6-22 Comparable to
— . these previous studies, maternal vascular malperfu-
Biventricular defects with pulmonary 10 (10.4) . \ )
obstruction, n (%) sion lesions were the most prevalent pathology in our
Tetralogy of Fallot 9(9.4) cohort, occurring in 46% of cases. Maternal vascular
Pulmonary atresia without hypoplasia | 1 (1.0) malperfusion IQS|ons are the result of madequalte spiral
of right ventricle artery remodeling and affect the oxygen tension and
Other biventricular defects, n (%) 6(6.3) perfusion of the intervillous space.' It can already de-
Truncus arteriosus 3(3.1) velop early in gestation, supporting the hypothesis that
Total anomalous pulmonary venous 1(1.0) placental abnormalities in CHD may arise from early

connection
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disruptions in shared developmental pathways of the
fetal heart and placenta.'® Furthermore, we identified
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Table 3. Placenta Characteristics of the Included Subjects

Placental characteristic
Macroscopic evaluation Value
Placental weight, g, median (IQR) 452.0 (394.0-520.0)
<10th Percentile, n (%) 27 (28.1)
>90th Percentile, n (%) 10 (10.4)
Umbilical cord insertion, n (%)
Paracentral 71 (74.0)
Central 11 (11.5)
Marginal 11 (11.5)
Velamentous 3(3.1)
Single umbilical artery, n (%) 5(5.2)
Umbilical cord coiling index, mean (SD) 0.13 (0.07)
Hypocoiling, n (%) 39 (40.6)
Hypercoiling, n (%) 2(21)
Microscopic evaluation
Presence of microscopic placental 86 (89.6)
pathology, n (%)
Placental maturation, n (%)
Delayed 29 (30.2)
Normal 63 (65.6)
Accelerated 4(4.2)
Maternal vascular malperfusion, n (%) 44 (45.8)
Placental ischemia 39 (40.6)
Placental infarct 12 (12.5)
Distal villous hypoplasia 221
Fetal vascular malperfusion, n (%) 10 (10.4)
Nucleated red blood cells, n (%) 35 (36.5)
Chorangiosis, n (%) 21 (21.9)
Inflammation or reactive changes, n (%) | 34 (35.4)
Villitis of unknown cause 29 (30.2)
Intervillositis 4(4.2)
Perivillous fibrin 16 (16.7)
Sustained villitis 10 (10.4)
Chorioamnionitis, n (%) 14 (14.6)
Meconium pigment membrane, n (%) 3(3.1)
Cumulative placental pathology severity 10.0 (6.0-16.0)
score, median (IQR)

IQR indicates interquartile range.

abnormalities that develop in response to a hypoxic
intrauterine environment. Nucleated red blood cells
were found in 37% of cases, indicating prolonged fetal
hypoxia.3* Similarly, chorangiosis, characterized by
an increase of fetal capillaries within the placental villi
in reaction to chronic hypoxia, occurred frequently.®®
These findings are important, because fetal hypoxia is
a well-documented phenomenon in fetuses with se-
vere CHD.5" Another prevalent finding was delayed
villous maturation, which has been attributed in prior
research to alterations in fetal hemodynamics, umbilical
cord pathology, and maternal diabetes.??3657 astly,
we noted an increased incidence of fetal vascular
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malperfusion in SV-AQ. Fetal vascular malperfusion
is a consequence of partial or complete obstructions
in fetoplacental blood flow leading to impaired fetal
perfusion downstream in the placenta. Fetal vascular
thrombi form as a result of hemodynamic changes,
hypercoagulability, or endothelial injury, collectively re-
ferred to as Virchow’s triad.®® Although several factors
can trigger fetal vascular malperfusion, fetal cardiac
dysfunction is recognized as a significant contributing
factor.3® Notably, SV-AQ is a condition characterized by
ineffective functioning of the left ventricle, leading to di-
minished blood flow to the systemic vascular bed and
placenta.® As a result, there is a reduction in perfusion
through the umbilical arteries, which may be the un-
derlying factor of the higher incidence of fetal vascular
malperfusion in SV-AO. However, this finding should be
interpreted with caution, because fetal thrombosis oc-
curred in a relatively small sample of only 10 neonates.
To summarize, the placental abnormalities identified in
this cohort suggest that the cause of placental pathol-
ogy in CHD is likely multifactorial, including lesions that
are developmental in origin as well as lesions that arise
due to changes in maternal and fetal hemodynamics.

As the placenta plays an essential role in fetal organ-
ogenesis and overall fetal growth, placental pathology
may have significant adverse effects on these pro-
cesses.”? This is the first study investigating the asso-
ciation between placental pathology and postpartum,
preoperative brain volumes in neonates with isolated
CHD. Higher placental pathology severity scores were
associated with smaller postnatal volumes, particularly
in the cerebellum and cortical gray matter. Fetal cere-
bral growth in the third trimester is most pronounced
in the cerebellum and cortex, both contributing sub-
stantially to the overall increase in total brain volume.
Although white matter volume also accounts for a
significant proportion of total brain volume, its growth
peaks early in the third trimester.®® Our results, there-
fore, suggest that placental pathology predominantly
is associated with brain regions undergoing the most
rapid growth throughout the third trimester. This period
is marked by increasing cerebral metabolic demand,
and as a result, placental dysfunction may have a more
pronounced effect in late gestation.” Smaller neonatal
volumes of the cerebellum, cortex, and total brain have
been described to associate with poorer cognitive, lan-
guage, and motor outcomes in CHD,*-42 which might
indicate that placental pathology is an early biomarker
for adverse neurodevelopment.?!

Multiple biological mechanisms may be involved in
the suggested impact of placental pathology on brain
development in CHD. During the third trimester, the
fetal brain experiences a period of rapid volumetric
growth and undergoes crucial developmental pro-
cesses, such as synaptogenesis, neuronal migration,
and myelination, requiring continuing supply of oxygen
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Table 4. Linear Regression Models to Study Associations Between the Placental Pathology Severity Score and Brain

Volumes
Tissue class Mean (SD) B Coefficient (95% ClI) P value Adjusted R?
Total brain volume, mL 323.52 (36.54) 0.25
Placental pathology severity score -0.99 (-1.96 to -0.03)
Postmenstrual age at MRI, wk 13.38 (6.74 to 20.02) <0.005
Cortical gray matter volume, mL 122.37 (18.22) 0.44
Placental pathology severity score —-0.46 (-0.88 to —0.05)
Postmenstrual age at MRI, wk 9.22 (6.34 to 12.09) <0.005
Cerebellar volume, mL 21.94 (3.03) 0.47
Placental pathology severity score —-0.08 (-0.15 to -0.01)
Postmenstrual age at MRI, wk 1.59 (1.13 to 2.06) <0.005
Deep gray matter volume, mL 23.81 (2.27) 0.24
Placental pathology severity score —0.06 (-0.12 to 0.00)
Postmenstrual age at MRI, wk 0.83 (0.41 to 1.24) <0.005
Brainstem volume, mL 5.97 (0.53) 0.21
Placental pathology severity score —-0.01 (-0.03 to 0.00)
Postmenstrual age at MRI, wk 0.18 (0.08 to 0.28) <0.005

MRI indicates magnetic resonance imaging.

and nutrients from the placenta. In addition, the pla-
centa regulates fetal brain development by synthesis
of neurotransmitters and hormones.*3 Thus, placental
abnormalities might compromise brain development
by rendering inadequate metabolic and endocrine sup-
port. Moreover, acute or chronic inflammatory placental
lesions may trigger a fetal inflammatory response that

disrupts fetal brain development through the activation
of microglia and astrocytes, which release inflamma-
tory factors such as cytokines, chemokines, and reac-
tive oxygen species.***® Another potential mechanism
by which placental pathology could affect fetal brain
development is through increased exposure to ma-
ternal stress. The placenta regulates maternal cortisol
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Figure 2. Linear regression analyses between the placental pathology severity score and postnatal brain volumes.
Cerebral variables showing a significant correlation with the placental pathology severity score were entered as a dependent variable
in linear regression models, with the placental pathology severity score as independent variable, covarying for postmenstrual age at

MRI. *P<0.05. GM indicates gray matter.
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levels by expressing the enzyme 11--hydrosteroid
dehydrogenase type 2, which converts cortisol to
the inactive metabolite cortisone, thereby minimizing
fetal exposure to maternal cortisol.*® Placental lesions
have been linked to reduced levels of this enzyme.*’
Markedly, in pregnancies complicated by fetal CHD,
maternal psychological distress is prevalent and has
been associated with smaller cerebellar and hippo-
campal volumes.*®

In our study, the level of placental pathology was
not associated with preoperative hemorrhagic or isch-
emic brain injury, implying that placental lesions pri-
marily affect fetal growth rather than directly leading to
postnatal brain injury. Presurgical brain injury is more
likely to result from postnatal events that lead to acute
hemodynamic instability, such as the delivery process
or urgent cardiac interventions.® Comparable to our
results, Schlatterer et al did not find significant correla-
tions between abnormal placentation and brain injury,
but did observe a statistical trend toward more severe
brain lesions in cases with placental abnormalities.”®
Although placental pathology may not directly cause
postnatal brain injury, it could have an indirect effect,
since reduced volumetric growth has been associated
with increased susceptibility to postnatal brain injury.®
Previous studies in other neonatal populations at risk
for brain injury have reported associations between
placental abnormalities and brain damage. In infants
with hypoxic—ischemic encephalopathy, chorioamnio-
nitis and chronic villitis have been linked to both the se-
verity and location of the encephalopathy.?”4° In infants
born preterm, chorioamnionitis has been identified as
a risk factor for periventricular leukomalacia, intraven-
tricular hemorrhages, and ventriculomegaly.5%:5"

The strengths of this study include its prospective
study design, robust sample size, high-quality imag-
ing data, and detailed standardized review of the pla-
centa.”® However, there are certain limitations to this
study. First, the scoring system used to measure the
extent and severity of pathology in each placenta was
based on a score described in the study by Harteman
et al, in which the effect of placental lesions on cere-
bral injury in infants with hypoxic—ischemic encepha-
lopathy was examined.?” This pathology score has not
been validated nor has it been specified for use in ne-
onates with CHD. Second, although the pathologists
were blinded to CHD subtypes and clinical outcomes,
they were aware that the neonates had CHD, which
may have introduced bias. Third, although the study
included an exploratory subgroup analysis, our sample
size was underpowered to draw definitive conclusions
about the variation in placental pathology between
CHD subtypes. Fourth, it is worth noting that despite
our exclusion of cases with genetic or chromosomal
disorders, not all included neonates underwent pre- or
postnatal genetic testing. As a result, the presence of
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undiagnosed genetic conditions among the untested
cases remains a possibility. Finally, the absence of a
control group of neonates with comparable placental
lesions makes it challenging to assess the causal rela-
tionship and interplay between placental pathology and
brain development in CHD. Future research endeavors
should consider including preterm-born children with
CHD as well, given that the prevalence of placental pa-
thology may be even higher in this particular group.
Additionally, conducting longitudinal studies investigat-
ing the relationship between structural and functional
placental abnormalities, fetal hemodynamics, and fetal
growth throughout gestation holds the potential to
determine the precise timing of placental dysfunction
and disruptions in the growth trajectory. This could be
achieved by combining histological reports with fetal
biometry and advanced imaging techniques, such as
functional placenta MRI and Doppler ultrasound.

Conclusions

This study shows that placental pathology is associ-
ated with smaller total and regional brain volumes in
neonates with CHD. Placental abnormalities were
highly prevalent and included lesions indicating disrup-
tions in the uteroplacental circulation, as well as lesions
suggesting compromised fetoplacental circulation. A
higher placental pathology severity score was associ-
ated with reductions in postnatal cortical gray matter,
cerebellar, and total brain volumes, which suggests
that placental abnormalities may predominantly affect
brain structures undergoing rapid growth in the third
trimester of pregnancy. Our findings underline the im-
portance of monitoring placental health and evaluation
of the placenta by an experienced perinatal pathologist
in pregnancies with fetal CHD. To unravel the underly-
ing causes of placental abnormalities in CHD and their
impact on placental functioning, fetal hemodynamics,
and neurodevelopmental outcomes, further investiga-
tions into the placenta-heart-brain axis are warranted.
Ultimately, targeting placental pathology may hold
promise as a prenatal intervention for improving neu-
rodevelopmental outcomes in CHD.
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