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Abstract

For children with congenital heart disease (CHD), differences in brain structure are already
present at birth. Cortical surface area and gyrification increase dramatically over the third
trimester, and cortical expansion has been hypothesized to drive brain folding. This study sought
to quantify differences in cortical expansion in fetuses with CHD and typically developing
controls. Fetal magnetic resonance imaging was conducted at early (26-31 weeks) and late
(34-39 weeks) gestational time points, and cortical surfaces were reconstructed using a high
resolution, motion-corrected pipeline. For fetuses with reconstructions at both time points (36
CHD, 24 control), anatomically-constrained multimodal surface matching (aMSM) was used to
generate individualized maps of cortical surface expansion. Global analysis revealed significant
reductions in total cortical expansion and gyrification index among CHD fetuses. Furthermore,
expansion maps revealed high expansion in the lateral temporal lobes of control fetuses that

was reduced in fetuses with CHD, consistent with previous reports of atypical folding in this
region. This study is the first to reveal spatiotemporal patterns of cortical expansion in typical and
atypical fetal development. This detailed understanding of cortical growth trajectory may improve
understanding of functional deficits associated with specific cortical areas and inform clinical
interventions for patients with CHD.

Keywords

Congenital heart disease; Cortical Expansion; Fetal development; Gyrification; Magnetic
resonance imaging

The third trimester of pregnancy represents a crucial period of human brain development,
during which total brain volume doubles (Andescavage et al. 2017) and outer surface area
triples (Lefevre et al. 2016). In fetuses with complex congenital heart defects (CHD), the
typical developmental trajectory of the fetal brain is altered, resulting in decreased total and
regional brain volumes, abnormal sulcation, and altered brain metabolism (Clouchoux et

al. 2013; Ortinau et al. 2019; Rollins et al. 2021; Andescavage et al. 2023). Divergence in
brain structure persists postnatally, throughout childhood and adulthood, for patients with
CHD (Ortinau et al. 2022). Moreover, a growing body of evidence has linked alterations in
brain development with the neurodevelopmental and psychosocial impairments that occur in
patients with CHD (Asschenfeldt et al. 2020; Ortinau et al. 2022; Sadhwani et al. 2022).

Advances in fetal magnetic resonance imaging (MRI) methods have improved our
understanding of structural brain alterations that occur in fetuses with CHD. Limperopoulos
and colleagues (Limperopoulos et al. 2010) were the first to report smaller intracranial and
total brain volumes, as well as altered brain metabolism, in fetuses with CHD compared

to controls. Subsequent regional brain analyses showed that both white and gray matter
structures are affected, with transient fetal brain compartments appearing particularly
vulnerable (Rollins et al. 2021). In addition to changes in brain size, differences in cortical
morphology have been observed. Fetuses with CHD differ in terms of sulcal number,
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location, and pattern similarity (Ortinau et al. 2019). Alterations have also been reported in
cortical depth and the timing in which sulci emerge (Clouchoux et al. 2013).

Cortical growth has been suggested as a driving factor in brain folding (Richman et al. 1975;
Reillo et al. 2011; Kelly et al. 2012) and computational analyses suggest that cortical fold
morphology may depend on the rate (Bayly et al. 2013) and spatial distribution (Richman

et al. 1975) of growth. In preterm infants, patterns of cortical surface expansion during the
third trimester equivalent correlate with regions undergoing active brain folding (Garcia et
al. 2018). Thus, early divergence from the normal trajectory of cortical expansion could
contribute to cortical folding abnormalities noted in brains of fetuses and infants with CHD.
However, investigations into the spatial distributions of cortical growth during healthy fetal
development have been limited, and none have explored patterns of fetal development for
cases with known CHD.

In this study, we aim to quantify regional differences in cortical growth over the third
trimester in fetuses with CHD compared to their control counterparts. We use recent
advances in fetal MRI to precisely quantify cortical size and gyrification during the third
trimester of pregnancy (Kainz et al. 2015; Gholipour et al. 2017; Dou et al. 2020). Moreover,
by considering fetuses scanned at two time points within the third trimester (early and late),
we are able to longitudinally track changes at the individual subject level. Using recently
developed techniques to map growth across the cortical surface (Garcia et al. 2018), we
reveal a distinct region of reduced cortical growth in fetuses with CHD. Results may offer
insight into the neurobiological mechanism by which CHD is associated with regional brain
maldevelopment and may guide future mechanistic studies.

Materials and Methods

Study Design and Participants

Pregnant women with and without a known diagnosis of fetal complex CHD were recruited
from March 2014 to January 2022 into two ongoing prospective longitudinal fetal brain MRI
studies, one conducted at St. Louis Children’s Hospital (SLCH) and the other at Boston
Children’s Hospital (BCH). Across both sites, inclusion criteria were maternal age 18-45
years, singleton pregnancy, and either fetal complex CHD (cases) or a fetus with normal
cardiac anatomy on fetal echocardiogram (controls), many of whom had family history

of CHD. Exclusion criteria were fetal congenital infection, non-English speaking (SLCH
only), significant maternal CHD, structural fetal brain malformation, contraindication to
MRI, and termination or other scenarios in which approach was considered clinically
inappropriate. For the current study, fetuses with known genetic syndromes or congenital
anomalies were excluded. This determination was made based on fetal and postnatal
clinical genetic testing, prenatal and postnatal imaging studies (e.g., screening abdominal
ultrasound for midline evaluation), and physical examination after birth. Moreover, the
current study only considered cases in which the full longitudinal set of fetal MRIs (2
scans) could be collected, and those who underwent their first fetal MRI prior to 26 weeks’
gestation (prior to emergence of sulcal landmarks necessary for cortical surface mapping)
were excluded. Each study was approved by the local Institutional Review Board (Boston
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Children’s Hospital IRB IRB-P00008836 and Washington University in St. Louis IRB, IRB
#201710214), and written informed consent was obtained from all participants.

Maternal and fetal demographic and clinical variables were collected through medical
record review and participant questionnaires. To evaluate differences by cardiac anatomy,
fetuses with CHD were grouped as hypoplastic left heart syndrome (HLHS), transposition
of the great arteries (TGA), tetralogy of Fallot (TOF), or “Other CHD” based on fetal
echocardiography.

Fetal MRI Acquisition and Post-processing

Participants underwent two fetal brain MRIs performed on a 3-Tesla Siemens scanner with
similar acquisition parameters across both sites. T2-weighted half Fourier acquisition single
shot turbo spin echo (T2wHASTE) sequences (Figure 1A) were obtained in the coronal,
sagittal, and axial planes with a repetition time of 1400-2000 ms, echo time of 100-120

ms, 256 x 204, 256 x 256, or 320 x 320 acquisition matrices; 2-3 mm slice thickness and
in-plane resolution of 1 mm. The T2WHASTE sequences from each fetus were reconstructed
(Figure 1B) and automatically segmented (Figure 1C) using in-house software and fetal MRI
pipelines as previously described (Rollins et al. 2021). Briefly, this involved the application
of a motion corrected super-resolution volume reconstruction (Kainz et al. 2015) followed
by signal normalization and nonuniformity correction, registration to a fetal brain MRI atlas,
and application of an automated multi-atlas-based segmentation (Gholipour et al. 2017).

To generate cortical surfaces, the volumetric segmentation was simplified in ITK-Snap to
approximate the boundary between the white matter and fetal cortex (www.ITKSnap.org;
(Yushkevich et al. 2006); Figure 1D). The reconstructed anatomical images and simplified
segmentation were then aligned along the anterior and posterior commissure and cropped
into left and right hemispheres (Ortinau et al. 2013). The cropped segmentations were
dilated from 0.0-0.2 iterations on a case-by-case basis to more closely approximate the
cortical midthickness surface. Manual refinements were then made in ITK-Snap such that
the border of the segmentation was at the level of the mid-cortex. All refined segmentations
were reviewed by a single rater to ensure consistency and minimize inter-rater variability.
Subjects were excluded from final analysis if MRI quality was deemed insufficient for
segmentation at either time point. Based on the subjects with full datasets after quality
control, it was noted that the scan 1 was skewed toward later gestational ages in the CHD
group and earlier gestational ages in the Control group. Thus, individuals on the extremes of
both groups were removed from final analysis to ensure groups were balanced in terms of
age at scan and sex.

Surface Generation

The reconstructed anatomical images and manually refined segmentations were used

to generate a three-dimensional surface representation of the cortical midthickness
segmentation for each hemisphere using Caret ((Van Essen et al. 2001); Figure 1E). A closed
contour “medial wall” boundary was drawn on a flattened surface along the boundary of the
corpus callosum, basal forebrain, and the fundus of the parahippocampal fissure. Cortical
surface area (CSA) was calculated from the cortical midthickness surface, excluding the
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medial wall as previously described (Ortinau et al. 2013). A cerebral hull surface was
also generated in Caret which runs along the outer parameter of the gyri without sinking
into the sulci. Gyrification index (GI) was calculated as the cortical midthickness surface
area divided by the cerebral hull surface area. Mean curvature and sulcal depth maps were
generated from cortical midthickness surfaces using CARET software and Connectome
Workbench.

Longitudinal Analysis

To obtain longitudinal point correspondence between the two cortical midthickness surfaces
(generated from MRI 1 and MRI 2) for each individual, younger and older surfaces were
registered using anatomically-constrained Multimodal Surface Matching, aMSM (Garcia et
al. 2018; Robinson et al. 2018). Matching was defined using mean curvatures and manually-
modified medial wall delineations, and control mesh regularization was defined to minimize
strain energy associated with the deformation between younger and older area-normalized
cortical midthickness surfaces as described in Garcia et al. (Garcia et al. 2018). The resulting
longitudinally-registered surfaces were used to generate detailed surface expansion maps
for each subject. Surface expansion was defined as the ratio of older to younger surface

area for each triangle on the control mesh. To prevent bias associated with the direction of
registration, final maps were generated by averaging results of longitudinal registration from
both older to younger and younger to older directions (Garcia et al. 2018). Final surface
expansion maps were also transformed to calculate growth rate (defined as the percent
surface expansion at each point divided by weeks between MRI 1 and MRI 2) and relative
expansion (defined as surface expansion at each point divided by the global expansion for
each individual hemisphere) (Garcia et al. 2018).

Cross-sectional Analysis

To facilitate group-level comparisons of growth rate and relative expansion, all individual
surfaces were registered to a study-specific atlas, which was generated using aMSM
according to previously described methods (Garcia et al. 2018). Briefly, unregistered MRI 1
surfaces were combined to generate an initial average surface, to which all MRI 1 surfaces
were then aMSM-registered. The resulting aMSM-registered surfaces were then combined to
generate a refined average surface (study-specific atlas). MRI 1 surfaces and corresponding
growth maps for each individual were then registered again to the study-specific atlas. To
ensure balanced representation of CHD and control subjects in both initial and refined atlas
generation, average surfaces were generated separately for the CHD and control groups, then
average CHD and average control surfaces were averaged, such that the result is a weighted
average comprised of 50% CHD, 50% Control.

Finally, since previous studies of cortical differences in patients with CHD have largely
focused on birth or later time points (Ortinau et al. 2013; Claessens et al. 2016; Kelly et al.
2017; Kelly et al. 2019; Morton et al. 2021), we also compared cortical surface morphology
at fetal MRI 2 (close to birth) between CHD and control groups. Atlas-registered surfaces
were compared in terms of local vertex surface area (area attributable to the individual
cortical midthickness surface) and sulcal depth at each point.
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Statistical analysis

Results

For the window of development considered in this study, increases in CSA and GI with age
are best described using an exponential growth curve (Figure 2). Thus, statistical models
employed log-transformed values of CSA and Gl as the dependent variables in a linear
mixed effect regression model (R statistical software). For primary analysis, group (CHD
or Control), sex (Male or Female), site (SLCH or BCH), and gestational age at scan were
considered as fixed effects, and study 1D was included as a random effect to account for
repeated measures (two time points per subject). To account for multiple comparisons (4
independent variables of interest), the threshold for type 1 error (alpha) was set at the more
stringent threshold of 0.05/4, such that fixed effects were only considered significant if
p<0.0125.

To determine whether regional differences in growth were statistically significant between
groups, atlas-registered growth maps were compared using permutation analysis of linear
models (PALM) with threshold-free cluster enhancement (TFCE) using 1,000 iterations and
family-wise error correction on any reported p-values. Atlas surfaces and vertex areas were
used for TFCE surface area computations. Similar to global statistics, summary statistics
involving relative expansion were generated from log-transformed values to ensure linearity
and normally distributed data, then transformed back for final display.

To determine regions of highest and lowest growth within each group, one-sample t-tests
were performed on the log transform of relative surface expansion. To determine significant
differences in absolute growth rate (% expansion per week) between CHD and control
groups, a two-sample t-test was considered. In all statistical comparisons, covariate effects
of gestational age at MRI 1 were considered, based on potential group differences in

this parameter and evidence suggesting age-related changes in the trajectory of cortical
expansion during development (Garcia et al. 2018). To further confirm group differences,

a two-sample t-test was conducted on a subset of age-matched subjects (Supplement). For
comparisons focused on MRI 2, gestational age was well balanced between CHD and
Control groups, such that no corrections were needed.

Cohort Characteristics

One hundred ten fetuses (71 from BCH and 39 from SLCH) met inclusion criteria, but 44
(32 from BCH and 12 from SLCH) had insufficient MRI quality for cortical analysis at first
or second scan. Of the remaining 66 fetuses, final analyses were conducted on 60 fetuses
that were age- and sex-matched by study group. This resulted in a total of 36 fetuses with
complex CHD (23 from BCH and 13 from SLCH) and 24 controls (16 from BCH and

eight from SLCH; 22 with family history of CHD). Cohort characteristics were comparable
between groups (Table 1). For the CHD group, eight (22%) were HLHS, 10 (28%) were
TGA, seven (19%) were TOF, and 11 (42%) were Other CHD. Other CHD diagnoses
included two with complex single ventricle, two with atrioventricular canal defect, three
with coarctation of the aorta (one with a ventricular septal defect), one with double outlet
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right ventricle, one with double inlet left ventricle, one with aortic stenosis with evolving
HLHS, and one with truncus arteriosus.

As illustrated in Figure 2, plotting all data points (MRI 1 and MRI 2 for each subject)
revealed approximately exponential increases in both CSA and Gl over time (Table 2).
Linear mixed effect regression revealed strong effects of gestational age at MRI (p<le-15)
on CSA and GI, with CSA increasing exponentially at a rate of approximately 11% per
week and Gl increasing exponentially at approximately 4% per week in both hemispheres.
Smaller but significant group effects were also observed (p<0.01 in both hemispheres), such
that both CSA and GI were significantly reduced in the CHD group (approximately 6% for
CSA, 2% for GI). A weak effect of fetal sex was observed, such that CSA was slightly lower
among females, but this did not reach our threshold for significance in either hemisphere.
Site effects did not reach the threshold of significance for any metric.

Regional patterns of cortical expansion during typical fetal development

To examine regional patterns of cortical expansion, we first focused on the control group. As
illustrated in Figure 3A-B, subject-specific cortical expansion maps were generated for each
control fetus, and relative expansion maps were plotted to highlight regions of relatively
high and low expansion within the cortex. First, trends in typical fetal development were
assessed by comparing relative expansion maps for all fetuses in the control group (Figure
3C). Over the developmental period considered, expansion was generally high in temporal
and parietal regions and low in visual and prefrontal cortices. However, significant effects
were observed for gestational age at MRI 1. Expansion of central cortical regions (pre/post
central gyri, insula) was more pronounced for fetuses scanned at earlier gestational ages
(26-29 weeks) for MRI 1, while expansion of more anterior or posterior regions (prefrontal
and visual cortices) was more pronounced for fetuses scanned at later gestational ages (30—
32 weeks) for MRI 1, reflecting a later developmental window from MRI 1 to MRI 2.

Regional differences in cortical expansion between fetuses with and without congenital
heart defects

As illustrated in Figure 2, total CSA was generally higher in healthy controls than in fetuses
with CHD. To examine regional differences between the CHD and control groups, we
considered cortical expansion rate, defined as percent cortical expansion from MRI 1 to
MRI 2 divided by the number of weeks between MRI 1 and MRI 2. As shown in Figure
4A, the CHD group demonstrated slower cortical expansion than controls, which was most
apparent in areas of highest relative expansion among control fetuses (see Fig. 3). After
accounting for effects of gestational age at MRI 1, reductions in expansion rate associated
with CHD were localized to the lateral temporal and occipital lobes, with more pronounced
differences in the right hemisphere (Figure 4B). While group differences did not reach
statistical significance after family-wise error correction (to account for comparisons at each
vertex on the cortical surface), emerging trends support a gradient effect in which cortical
expansion rate is relatively reduced in temporal and posterior regions and may be slightly
increased in more anterior regions for fetuses with CHD.
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We note that within the CHD group, high variability was observed in the individual maps
of cortical expansion, with some appearing similar to age-matched controls and some
exhibiting pronounced reductions in cortical growth of specific regions. To further visualize
differences between types of CHD and Controls, we directly compared individual cortical
expansion maps generated from similar gestational ages at MRI 1 and MRI 2 (Figure 5).
Based on available data, the window of 30 (29.43-30.71) weeks to 37 (36.43-37.86) weeks
offered the most subjects, including 11 CHD subjects with diagnosis of HLHS (2), TGA
(2), TOF (4), Other CHD (3), and 4 controls. Within each group, the brain with the highest
relative expansion (red, orange, or yellow color) of right lateral temporal lobe was selected
for visual comparison as the “fast expanding”. Similarly, the brain with lowest relative
expansion (blue or green) in this region was selected as the “slow expanding”. If more than
one brain qualified for fastest or slowest expansion rate, the brain with the most typical
shape was selected to represent that expansion rate.

Regional differences in cortical area and folding in late gestation among fetuses with and
without congenital heart defects

When comparing cortical morphology in CHD relative to Control subjects at late gestation
(Figure 6A), local surface area was reduced by up to 10% in some regions of the brain,
particularly the right temporal and occipital lobes. Similar but less pronounced effects were
observed on the left hemisphere. This spatial pattern is consistent with trends observed in
cortical expansion rate (Figure 4). Similarly, we considered sulcal depth differences between
CHD and Control groups, defined as the difference in average sulcal depth between the
CHD and Control groups. Comparisons revealed reduced sulcal depth (Figure 6B) in the
superior temporal sulcus of the left hemisphere, but not right hemisphere, among fetuses
with CHD relative to controls. Reductions of similar magnitude were observed in the
calcarine and parieto-occipital sulci, as well as along the frontal border of the insula, in the
right hemisphere.

Discussion

The current study is the first to reveal spatiotemporal patterns of cortical expansion in
human fetuses using aMSM. In analysis focused on typically developing fetuses (Figure
3), this methodologic approach identified regions of fastest expansion in utero over the
third trimester, as well as a time-sensitive gradient of cortical expansion. For fetuses with
CHD, global metrics of cortical development demonstrated reduced cortical expansion and
gyrification from mid to late gestation when compared to controls. Regional comparisons
between controls and fetuses with CHD revealed a particular vulnerability of the temporal
lobe, reflected by decreased cortical expansion, surface area, and sulcal depth. These
findings provide a framework for understanding typical fetal cortical development and
emphasize the importance of investigating longitudinal changes within individual fetuses,
which may delineate departures from the typical developmental trajectory that could
ultimately inform risk for neurodevelopmental impairments in the future.

Cereb Cortex. Author manuscript; available in PMC 2025 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia et al. Page 9

Spatiotemporal patterns of cortical expansion in human fetuses

During the period of fetal brain development considered in this study (approximately 29

to 36 weeks GA, on average), typically developing fetuses displayed greatest expansion in
temporal and parietal regions. This finding is consistent with patterns previously reported in
very preterm infants (Garcia et al. 2018), who were analyzed over a similar developmental
window (27 to 38 weeks postmenstrual age), using the same approach for longitudinal
registration and cortical expansion mapping (aMSM). Moreover, in this study we leveraged
variability in the timing of MRI 1 (actual range 26 to 32 weeks GA) to quantify dynamic
shifts in the pattern of cortical expansion. We found that expansion of central cortical
regions was more pronounced for fetuses who underwent MRI at 26-29 weeks GA, while
expansion of more anterior or posterior regions was more pronounced at later gestational
ages (30-32 weeks GA). This timing is also consistent with dynamic shifts previously
reported in very preterm infants, for whom three distinct time windows could be measured
(Garcia et al. 2018). Recent work in the ferret, an emerging model system for the study

of cortical folding, has applied even more detailed longitudinal sampling (6 MRI scans per
animal) to characterize the full trajectory of cortical expansion over a roughly equivalent
developmental period (Garcia et al. 2024). Similar dynamics were again observed in this
case, with an early peak in cortical expansion among primary motor and somatosensory
cortices and a later peak among frontal and occipital brain regions. These differences in
developmental timing are supported by studies of cortical maturation (as measured by
cortical diffusion) in human and animal models (Deipolyi et al. 2005; Kroenke et al. 2009),
as well as timing of developing functional networks in human (Ball et al. 2014).

Despite this consistency across clinical cohorts and species, one notable deviation between
preterm and fetal trajectories was observed: Previous studies have found visual cortex
expansion to be relatively high, particularly from 27-30 weeks, in preterm infants (Garcia
et al. 2018) and postnatal ferrets (Garcia et al. 2024), but not in fetuses of the present
study. This discrepancy could relate to biological differences between preterm and fetal
developmental trajectories, as preterm infants (and ferrets) are exposed to ex-utero visual
stimuli relatively early, compared to human fetuses. However, differences in MRI acquisition
parameters and processing across the two studies caution against direct comparison. While
the present work provides the first glance at cortical expansion trajectories in utero, future
studies are needed to directly explore and understand differences between fetal and preterm
human cortical development.

Reductions observed among CHD fetuses compared to controls

Most investigations of fetal brain development in CHD have focused on qualitative metrics,
such as maturation scoring (Jaimes et al. 2020), or have employed in utero methods for
measuring total and regional brain volumes (Limperopoulos et al. 2010; Sun et al. 2015;
Rollins et al. 2021). Fewer studies have examined cortical measures, largely due to a lack

of automated approaches for defining the boundaries of the fetal cortex, which requires
time-intensive manual analyses and optimized imaging acquisition for cortical segmentation.
Nonetheless, manual approaches have been informative, demonstrating reduced cortical
volume, surface area, and gyrification; delayed emergence of sulci; and aberrations in sulcal
patterns for fetuses with CHD (Clouchoux et al. 2013; Ortinau et al. 2019; Rollins et al.

Cereb Cortex. Author manuscript; available in PMC 2025 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia et al.

Page 10

2021). This study provides a significant contribution to current literature by examining
change over time within individual fetuses, an approach that has only been feasible for
postnatal imaging to date.

By considering change over time within subjects, we found that the rates of cortical
expansion and gyrification were significantly reduced in CHD fetuses compared to controls
(Figure 2, Table 2). Preclinical and neonatal CHD data show a clear association of

lower cerebral oxygen delivery with reduced cortical volume (Kelly et al. 2017) and

altered cortical microstructure (Kelly et al. 2019), supporting a link between cerebral
hypoxia and cortical development. Fetal brain compartments containing neuroprogenitor
cells (proliferative compartments), pre-myelinating oligodendrocytes (intermediate zone),
and subplate neurons (subplate zone) are particularly impacted for the fetus with CHD,
especially for diagnoses associated with impaired cerebral substrate delivery (Rollins et

al. 2021). These compartments play a crucial role in cortical development and cerebral
connectivity. Thus, it is plausible that early disturbances in these transient fetal brain
regions, due to altered cerebral substrate delivery, contribute to slower rates of cortical
expansion in CHD. Alternatively, or in addition, impaired cardiac hemodynamics may
directly affect cortical neurons. Finally, genetic factors may also influence cortical
development in CHD. Abnormal sulcal patterns have been associated with adverse
neurodevelopmental outcomes in children and adolescents CHD, particularly for patients
with damaging de novo variants on whole exome sequencing (Morton et al. 2020; Morton et
al. 2021). These same cortical abnormalities are seen in fetuses with CHD and occur in early
emerging sulci that are generally under tighter genetic control (Ortinau et al. 2019).

For any of these factors, effects on the brain could be global or localized in specific brain
regions. By comparing individualized maps of cortical expansion, we found that reduced
expansion is most pronounced in the right temporal lobe, accompanied by more subtle
reductions in the left temporal and surrounding posterior regions. This was confirmed by
cross-sectional analysis of final surface area and sulcal depth at MRI 2, where CHD fetuses
exhibited up to 10% less surface area in right temporal and occipital regions and reduced
folding in the left temporal, right occipital, and right insular cortices. These findings could
suggest a regional vulnerability or may reflect that regions developing most rapidly are those
regions where differences can be readily detected.

The right temporal region is believed to play an important role in facial recognition and
emotional processing (Gainotti 2007; Borghesani et al. 2019; Reisch, Wegrzyn, Mielke,
Mehlmann, Woermann, Bien, et al. 2022; Reisch, Wegrzyn, Mielke, Mehlmann, Woermann,
Kissler, et al. 2022), such that cortical expansion differences observed in this region

may contribute to the developmental and social cognition deficits that have been well
documented among CHD populations (Sigmon et al. 2019; Gonzalez et al. 2021). However,
outcomes vary greatly across individuals (Sood et al. 2024). In the present study, we
highlight temporal lobe reductions that emerged in group analysis, but we also note that
many CHD fetuses exhibited cortical expansion falling within normal limits (Figure 5). This
variability across and within CHD diagnosis groups may mirror the variability in clinical
neurodevelopmental outcomes among individuals with CHD. Future work should assess
whether underdevelopment of the right temporal lobe, measured during fetal development at
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the individual patient level, may serve as a useful biomarker to predict increasing risk for
neurodevelopmental disorders.

Implications for cortical expansion on cortical and subcortical morphology

Limitations

In this study, we focused on cortical expansion to quantify differences between CHD

and healthy control fetuses, due to its proposed role as a driver of morphological

changes including gyrification and subcortical growth. While several mechanisms have
been proposed to drive brain folding, one leading hypothesis is that expansion of cortex,
constrained by slower growing subcortical tissues, induces gyrification through buckling
(Richman et al. 1975). In an extension of this hypothesis, our recent work has proposed that
the expanding cortex pulls on subcortical tissues to induce growth and remodeling of the
prospective white matter (Garcia et al. 2021). Moreover, if the rate of cortical expansion

is reduced, subcortical tissues may grow at a speed that accommodates cortical expansion,
such that gyrification is prevented or reduced (Bayly et al. 2013).

Consistent with these dynamics, the present study found that global reduction in cortical
expansion among CHD individuals was accompanied by global reduction in GI. Previous
studies have also reported delayed or reduced sulcation in CHD, and several have
specifically noted alterations in the temporal, insular, and occipital lobes (Clouchoux et
al. 2013; Ortinau et al. 2013; Ortinau et al. 2019). We found that cortical expansion was
most dramatically reduced in a similar region, accompanied by sulcal depth alterations in
this region.

The left-right asymmetry observed in our analysis, particularly in the temporal lobe, is
consistent with trends observed in previous developmental studies (Dubois et al. 2008; Im et
al. 2010; Kasprian et al. 2011; Habas et al. 2012; Yun et al. 2022). For example, emergence
of the superior temporal sulcus, and to a lesser degree other temporal sulci, is delayed on the
left hemisphere compared to the right (Yun et al. 2022). Our finding of increased expansion
in the right temporal lobe is consistent with earlier emergence of folds in this hemisphere.
Moreover, while our analysis suggests that differences in cortical expansion between CHD
and control are more pronounced in the right hemisphere (over the period of consideration),
differences in sulcal depth were more pronounced on the left at the end of gestation. This
apparent paradox could be explained by the dynamics of cortical expansion and folding: If
sulci of the right temporal lobe are relatively well formed before the period of observed fetal
growth reduction, but sulci of the left temporal lobe continue to form and deepen during this
period, sulci of the left may be more susceptible to expansion-driven deviations in folding.
While robust models or additional mechanisms may be necessary to explain these subtleties,
the current findings of regionally reduced cortical expansion provide valuable context for
studies seeking to interpret local morphological differences between individuals with CHD
compared to controls.

Limitations of this study include a relatively small sample size (n=60 total fetuses) and
wide range of gestational ages for MRI 1 acquisition. A larger sample, or conversely tighter
control in gestational age at scan between groups, would be expected to increase statistical
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power for detection of differences between groups. However, we stress that the longitudinal
nature of the present analysis, which allows direct calculation of cortical change within

an individual subject, offers a degree of sensitivity not possible with larger, existing cross-
sectional cohorts. Future studies of fetal brain development should prioritize longitudinal
acquisition and analysis to capture within-subject changes in larger cohorts. Of note, our
present study leveraged cross-sectional differences in gestational age at scan to uncover
changes in cortical expansion over time. However, direct capture of within-individual
cortical expansion changes over distinct gestational windows, as previously considered in
preterm infants (Garcia et al. 2018), may offer more robust insights. Future studies should
consider capture of more than two fetal time points to allow calculation of within-subject
changes in cortical expansion over discrete windows of fetal development and to potentially
explore changes in earlier periods of gestation (<26 weeks).

Data on fetal cortical expansion has only begun to be reported within the past few years.
We used longitudinal fetal imaging, along with novel segmentation and physics-based
registration approaches, to quantify cortical expansion and gyrification within individual
fetuses and assess regional differences for those with CHD. Comparison between CHD
and control subjects revealed global reductions in cortical size and gyrification, as

well as localized reductions in the cortical expansion and gyrification of key regions.
These results may offer insight into the developmental periods and specific brain

regions of highest vulnerability in CHD, which may guide understanding of mechanisms
underlying neurodevelopmental impairment and ultimately aid in risk stratification. Future
investigations using larger sample sizes, wider gestational age windows, and more MRI
timepoints may lend further refinement of regional differences and enable analyses by
cerebral substrate delivery.
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Figure 1. Image Processing and Surface Generation.
Representative images are shown at MRI 1 (top row) and MRI 2 (bottom row) for processing

of raw data for surface generation. Shown are the T2WwHASTE images acquired at the
scanner (A), the reconstructed anatomical images (B), the automated segmentation (C),
the simplified segmentations before manual refinement (D), and the cortical midthickness
surfaces (E). The example shown is a CHD fetus who underwent MRI at 29 and 34 weeks
gestation.
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Figure 2. Differencesin global metrics of cortical development, Control (n=24) and CHD (n=36).
Cortical surface area (CSA, top) and gyrification index (Gl, bottom) increased

approximately exponentially over the period of fetal development considered. Exponential
growth curves based on mixed effects regression (Table 2) are shown for control (black) and
CHD (red) groups.
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Figure 3. Cortical expansion mapping, individual and control group trends.
A-B. For each subject with cortical reconstructions at both MRI 1 and MRI 2, individualized

cortical expansion maps were generated using anatomically-constrained Multimodal Surface
Matching (aMSM). An illustrative example is shown for a control fetus, scanned at 27 and
36 weeks gestational age (A), resulting in the relative expansion map shown in (B). A
relative expansion ratio > 1 (yellow-red) indicates regions where local cortical expansion is
faster than global surface area expansion (hemisphere surface area at 36 weeks divided by
hemisphere surface area at 27 weeks), and a relative expansion ratio < 1 (blue) indicates
regions where local expansion is slower than global surface area expansion. C. Registration
of all individualized maps to an atlas reveals group average trends in relative expansion
among control fetuses as well as a covariate effect (t-statistic) of gestational age at MRI

1 on the pattern of expansion (bottom). Top: Black outline separates areas where local
cortical expansion is significantly slower than global expansion (p<0.05) from areas where
local cortical expansion is similar or faster than global expansion. Bottom: Warm colors
(orange-magenta) indicate regions where relative expansion increases among subjects with
later gestational age at MRI 1. Black outline separates areas where MRI 1 gestational

age is positively correlated to increased relative expansion (p<0.05) from areas where

MRI 1 gestational age is not correlated to relative expansion. T-statistics and p-values

were calculated by using PALM with threshold-free cluster enhancement, considering a
one-sample t-test with covariate effects (MRI 1 gestational age).
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Figure 4. Cortical expansion islocally decreased in fetuses with congenital heart defects.

A. Average cortical expansion rate (% expansion per week) is shown for control (top,
n=24) and CHD (bottom, n=36) groups. Regions of yellow-red indicate faster growth and
regions of blue indicate slower growth. Among controls, expansion is fastest in the lateral
temporal lobe of the right hemisphere, followed by the medial occipital region of the right
hemisphere. Similar but less pronounced effects were observed on the left hemisphere. In
the CHD cohort, expansion is reduced in both temporal lobes. B. Group differences in local
expansion rate, revealed by two-sample t-test with covariate effects (gestational age at MRI
1). Covariate effects of MRI 1 gestational age were highly significant at almost all vertices
(not shown), such that expansion rate increased with decreasing MRI 1 gestational age
(p<0.05). While group differences were not statistically significant after correcting for MRI
1 gestational age, T-statistics revealed strong spatial trends. Blue indicates regions where
growth rate was reduced in CHD relative to control, red indicates regions where growth rate
was increased in CHD relative to control.
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Relative Expansion

Figure 5. Expansion map variability among Control and CHD diagnoses.
Relative cortical expansion maps were compared for 8 fetuses with similar gestational ages

at MRI 1 (29.43-30.71 weeks) and MRI 2 (36.43-37.86 weeks). The maps show relatively
faster and slower areas of expansion within each fetus’s right hemisphere. The right lateral
temporal lobe, a cortical region found to expand at a greater relative rate in control fetuses
compared to CHD fetuses, is juxtaposed between columns of Control, HLHS, TGA, and
TOF fetuses. Within each diagnosis group, a brain with fast (top) and slow (bottom)
expansion in the right lateral temporal lobe was selected to display the range of cortical
patterns for each diagnosis. Great variability is present between all groups, but the general
trend is upheld. Control fetuses display relatively faster right lateral temporal lobe expansion
than CHD fetuses, even in the most reduced case. There was no obvious cortical expansion
pattern difference between the HLHS, TGA, and TOF groups.
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Figure 6. Cortical morphology alterations observed at MRI 2 in fetuses with congenital heart
defects.

A. Ratio of vertex-wise surface area associated with CHD versus Control fetuses at MRI

2 (close to birth). Cortical area was markedly reduced by approximately 10% in the right
temporal lobe, as well as in the right medial occipital lobe, of CHD fetuses relative to
control fetuses (indicated by dark red-black). B. Comparisons of sulcal depth between CHD
fetuses and control fetuses. Red indicates a reduction in sulcal depth among the CHD group,
and blue indicates a complementary increase in gyral height surrounding these sulci.
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Characteristics of the Cohort

Table 1.

| Control (n = 24) | CHD (n = 36) | P Value

Maternal age | 32.6 (4.2) | 30.7 (5.6) | 0.17
Maternal race 0.16

White 22 (91.7) 29 (80.6)

Black or African American 2(8.3) 2 (5.6)

Other 0(0.0) 5(13.9)
Maternal ethnicity, non-Hispanic | 23 (95.8) | 33 (91.7) | 0.64
Maternal education, college graduate | 18 (75.0) | 24 (66.7) | 0.57
Fetal sex, male | 11 (45.8) | 21 (58.3) | 0.43
GA at MRI 1, weeks | 28.6 (1.4) | 29.3(1.4) | 0.06
GA at MRI 2, weeks | 36.2 (1.1) | 36.4 (1.2) | 0.53
GA at birth, weeks | 39.2 (1.0) | 392 (0.8) | 0.85
Birth weight, grams | 3534 (521) | 3401 (434) | 0.29
Birth head circumference, cm | 34.7 (1.7) | 34.3(L.7) | 0.42
Incidental findings on fetal MRI | 2(8.3) | 1(2.8) | 0.68

Data are reported as mean (standard deviation) or number (percentage).

Other Maternal Race: American Indian for Alaskan Native (n=2), Asian (n=1), Mexican American (n=1), and Puerto Rican (n=1).
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Incidental findings on fetal MRI included possible gyral folding abnormality (n=1 CHD), a 7mm cyst-like structure displacing the right optic nerve

(n=1 control), and concern for mild spinal stenosis of unclear significance (n=1 control).

Maternal age at delivery, GA at birth, and birth measures are missing for one CHD participant.

GA=Gestational age
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Table 2.

Fixed Effect for Each Global Metric | Coefficient | P Value
Left Cortical Surface Area
Gestational age at MRI (weeks) 0.1062 <0.0001
Group (CHD=1, Control=0) -0.0625 0.009
Fetal sex (Male=1, Female=0) 0.0463 0.046
Site (SLCH=1, BCH=0) 0.0379 0.113
Right Cortical Surface Area
Gestational age at MRI (weeks) 0.1079 <0.0001
Group (CHD=1, Control=0) -0.0608 0.010
Fetal sex (Male=1, Female=0) 0.0486 0.034
Site (SLCH=1, BCH=0) 0.0127 0.586
Left Gyrification Index
Gestational age at MRI (weeks) 0.0419 <0.0001
Group (CHD=1, Control=0) -0.0237 0.006
Fetal sex (Male=1, Female=0) 0.0057 0.486
Site (SLCH=1, BCH=0) -0.0040 0.643
Right Gyrification Index
Gestational age at MRI (weeks) 0.0425 <0.0001
Group (CHD=1, Control=0) -0.0228 0.005
Fetal sex (Male=1, Female=0) 0.0039 0.625
Site (SLCH=1, BCH=0) -0.0175 0.031
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