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Abstract

Objectives: Maternal obesity increases a child’s risk of neu-
rodevelopmental impairment. However, little is known about
the impact of maternal obesity on fetal brain development.
Methods: We prospectively recruited 20 healthy pregnant
women across the range of pre-pregnancy or first-trimester
body mass index (BMI) and performed fetal brain magnetic
resonance imaging (MRI) of their healthy singleton fetuses.We
examined correlations between early pregnancy maternal

BMI and regional brain volume of living fetuses using volu-
metric MRI analysis.
Results: Of 20 fetuses, there were 8 males and 12 females
(median gestational age at MRI acquisition was 24.3 weeks,
range: 19.7–33.3 weeks, median maternal age was 33.3 years,
range: 22.0–37.4 years). There were no significant differences in
clinical demographics between overweight (OW, 25≤BMI<30)/
obese (OB, BMI≥30 kg/m2) (n=12) and normal BMI (18.5≤BMI<25)
(n=8) groups. Fetuses in the OW/OB group had significantly
larger left cortical plate (p=0.0003), right cortical plate
(p=0.0002), and whole cerebellum (p=0.049) compared to the
normal BMI group. In the OW/OB BMI group, cortical plate
volumewas larger relative tootherbrain regionsafter 28weeks.
Conclusions: This pilot study supports the concept that
maternal obesity impacts fetal brain volume, detectable via
MRI in living fetuses using quantitative analysis.

Keywords: fetal brain MRI; fetal brain development and
growth; maternal obesity; MRI analysis

Introduction

Maternal obesity [pre-pregnancy body mass index
(BMI) ≥30 kg/m2] affects 29 % of pregnancies in the U.S. [1],
and increases life-long cardiometabolic [2, 3] and neuro-
developmental health risks in offspring [4–12]. Children
and young adult offspring of women with obesity have
increased risk for Attention Deficit Hyperactivity Disorder
(ADHD) [4–8] and Autism Spectrum Disorder (ASD) [9–12]
by 47–89 % [4–7, 13] and 1.5–2 fold [9, 14–18] respectively.
Therefore, maternal obesity is a significant risk-enhancing
factor for these neurodevelopmental disorders in addition
to genetic, perinatal, and other etiologies [19, 20].

While the underlying pathology of ADHD and ASD is
considered to originate in utero, knowledge of how
maternal obesity impacts development of these conditions
is limited [21]. Animal models of diet-induced obesity show
that maternal obesity affects intrauterine brain develop-
ment such as increased neuroprogenitor proliferation
[22, 23], neuroinflammation, oxidative stress [24, 25], altered
neuroprogenitor differentiation, maturation [23, 26], gene
expression, and DNA methylation patterns [27].
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In humans, recent volumetric magnetic resonance
imaging (MRI) analysis revealed that higher pre-pregnancy
maternal BMI correlates with a smaller hippocampus in
school-age boys (but not in girls) [28]. Diffusion-based MRI
analyses of school-aged and adult offspring of pregnancies
with high BMI revealed higher fraction anisotropy and
lower mean diffusivity in multiple brain tracts such as
Inferior fronto-occipital fasciculus, thalamic radiation, and
medial lemniscus, reflecting altered white matter integrity
[29]. In newborns of women with obesity, diffusion MRI [30]
and functional brain MRI [31] studies revealed lower frac-
tion anisotropy values (poor white matter maturation), and
decreased functional connectivity was seen compared to
that of lean women. Taken together, these results suggest
maternal obesity impacts offspring brain development as
early as the neonatal period. However, knowledge on the
intrauterine origin of altered fetal brain development is
lacking [21] andmay guide future interventions. Specifically,
a comprehensive qualitative analysis of substructural fetal
brain volumes has not been reported.

Quantitative analysis of fetal brain MRI enables precise
assessment of fetal brain development in various conditions
such as ventriculomegaly [32–35], congenital heart disease
[36, 37], isolated agenesis of corpus callosum [38], Down
syndrome [39, 40] or Dandy-Walker malformation [41]. We
sought to identify differences in fetal brain structures
according to pre-pregnancy or first-trimester BMI, hypoth-
esizing that maternal overweight or obesity influences fetal
brain growth. This pilot study measured regional fetal brain
volume using regional volumetric analysis of fetal brainMRI
in women across a range of pre-pregnancy BMI.

Materials and methods

Subjects

The study was approved by the Institutional Review Boards
at Tufts Medical Center (IRB#10214, approved on 5/10/12). We
have complied with the World Medical Association Decla-
ration of Helsinki regarding ethical conduct of research
involving human subjects. The study utilized a subset of
control subjects from a prospective fetal anomaly cohort
studywherematernal BMI datawas available [38, 41, 42].We
prospectively identified and approached healthy pregnant
women with uncomplicated pregnancies who had no fetal
abnormalities on ultrasound at the Obstetrics and Gynecol-
ogy Clinic at TuftsMedical Center fromAugust 2014 toMarch
2021. In addition, we recruited a healthy pregnant woman
whose fetus was initially suspected of brain anomalies

(cerebral ventriculomegaly) by their routine obstetric ul-
trasound studies but subsequently had normal fetal brain
MRI scans. We recruited all subjects with written informed
consent.

The inclusion criteria were healthy pregnant women
aged 15 to 45, singleton pregnancy, the gestational week
between 18 and 36, and both fetal sexes. We determined the
gestational age of each subject by utilizing sonographic
measurement of the embryonic crown-rump length in the
first trimester per standard care at obstetric clinics. Exclu-
sion criteria were multiple pregnancies, fetal growth re-
striction (FGR), abnormal extra-brain fetal sonographic
findings, any abnormal fetal MRI findings, or known chro-
mosomal abnormalities. FGR was determined by estimated
fetal weight<10th percentile, based on Hadlock formula [43]
and the International Society of Ultrasound inObstetrics and
Gynecology guideline [44].

We collected following clinical demographic data from
medical records:maternal age, ethnicity, gravidity,maternal
complications such as gestational diabetes, hypertension,
and infection, fetal sex, presence of fetal abnormalities and
FGR as exclusion criteria, birthweight, and gestational age at
birth. MRI images were excluded if significant motion or
other artifacts were detected. Only one fetal brain MRI for
each fetus was included in this study. We identified the
subjects’ BMI from their medical records of the first-
trimester obstetric visit. We did not directly measure BMI
for the study purpose.

Investigators performedMRI acquisition, post-acquisition
processing, segmentation, and volumetric analysis blinded to
each subject’sBMI. The investigators of neonatologists (ET, SA),
and the obstetrician (RK) segmented all images with final
curation by pediatric neurologist (TT).

MRI acquisition and post-acquisition
processing

We used the following computational pipeline for fetal
structural MRI processing as previously described in
several of our recent studies [38, 45, 46]. Fetal brains were
scanned on a Phillips 1.5 T scanner at Tufts Medical Center.
MRI sequence was T2 weighted Half-Fourier Acquisition
Single-Shot Turbo Spin Echo (HASTE),field of view=256 mm,
time repetition=12.5 s, time echo=180 ms, in-plane resolu-
tion=1 mm, and slice thickness=2–3 mm. Multiple (3–12)
HASTE scans were acquired at least 3 times in different
orthogonal orientations to perform reconstruction process.
We combined data from multiple series to reconstruct
motion-corrected high-resolution volumeswith a voxel size
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of 0.75 × 0.75 × 0.75 [mm] [47]. These fetal brain MR images
were manually aligned along the anterior and posterior
commissure (AC-PC) points by using AFNI (afni.-
nimh.nih.gov/afni) [48]. One radiologist (NM) reviewedMRI
studies for unexpected fetal anomalies. One pediatric
neurologist with experience in clinical and research fetal
brain MRI analysis (TT) reviewed raw MR images and
processed MR images quality (motion artifact, reconstruc-
tion quality) to assess if the images were feasible for
quantitative analysis.

Segmentation and volumetric analysis

Wemanually segmented regional structures, such as cortical
plate, subcortical parenchyma, brainstem, cerebellar hemi-
spheres, vermis, lateral ventricles, third ventricle, and
fourth ventricle on coronal planes by using Freeview
(Freesurfer®, surfer.nmr.mgh.harvard.edu). We also used
automatic segmentation methods for some cases (after
30 weeks of gestational age). We manually curated auto-
matically segmented images. Because we could not consis-
tently identify the border of basal ganglia and white matter
structures, we determined subcortical parenchyma as the
sum of all substructures in cerebrum except for the cortical
plate and ventricles. Axial and sagittal planes were used to
confirm borders of these structures. After completing the
segmentation, we used 3D Slicer 4.11 (slicer.org) to calculate
each volume [mm3]. Dice coefficients of segmentation were
obtained to confirm the reproducibility of the volumetric
analysis. Researchers were blinded to the maternal BMI in
all steps of post-acquisition processing and regional volu-
metric analysis.

Statistical analysis

We divided participants into two groups depending on
mothers’ pre-pregnancy or first trimester BMI recorded
from their medical records. According to the Center of Dis-
ease Control (CDC) [49], BMI less than 25 is normal and BMI
greater than or equal to 25 is overweight; thus, the subjects
were sorted into the normal maternal pre-pregnancy BMI
group or the overweight/obese (OW/OB) maternal pre-
pregnancy BMI group. We performed subgroup analyses to
compareMRImeasures between normal and obese (OB, BMI
greater than or equal to 30) maternal pre-pregnancy or first
trimester BMI groups.

The volume of regionswhichwe compared between two
groups were left/right andwhole cortical plate, left/right and

whole subcortical parenchyma, left/right lateral ventricle,
whole cerebrum (cortical plate + subcortical parenchyma),
cerebellar hemispheres, vermis, whole cerebellum, and
whole brain (cerebrum + cerebellum + brainstem).

For patient demographics, Wilcoxon’s rank-sum test for
continuous variables and Fisher’s exact test for categorical
variables were performed to compare the two groups using
Stata. As for the regional volumetric comparisons, group dif-
ferences in slopes and intercepts were tested with nonlinear
regressionmodels usingPrism.Wealso created general linear
regression models for each regional volume measure using
gestational age and BMI as continuous variables and assessed
their significant effects. Statistical significancewas set at p<0.05.

Results

Subjects

The study utilized a subset of control subjects from a pro-
spective fetal anomaly cohort study initially aimed to recruit
fifteen controls. After completing the original recruitment, we
expanded the study and scanned 41 fetuses as controls. Of 41,
20 did not have BMI recorded. Twenty-one fetuses' BMIswere
available. One female case was excluded from the analysis
because she developed significant developmental delay early
in life and was suspected of other underlying neuro-
developmental disorders. One fetus was scanned with ultra-
sound suspicion of unilateral ventriculomegaly, which
resulted in normal fetal brain MRI and postnatal MRIs. Of 20
cases, there were 8 males and 12 females, and the median
gestational age at the time of MRI acquisition was 24.3 weeks
(range: 19.7–33.3 weeks). Themedianmaternal age at the time
of MRI image acquisition was 33.3 years (range: 22.0–37.4
years). No MRI studies were excluded due to unexpected
anomalies or poor quality. All subjects had only one MRI per
subject.

We divided these 20 cases into two groups: a normal BMI
group with a maternal pre-pregnancy/first-trimester BMI
under 25 (normal BMI) and an overweight/obese (OW/OB)
group with a BMI equal to and over 25. There were 8 fetuses
in the normal BMI group and 12 fetuses in the OW/OB BMI
group (Table 1). No subjects had a BMI over 40. There were
no significant differences in clinical demographics – fetal
sex, gestational age, maternal age, or ethnicity between the
two groups (Table 1). The medical records of 6 infants in the
normal BMI group and 11 infants in the OW/OB group were
available to follow up on their perinatal and early develop-
mental outcomes. One pregnant woman in the normal BMI
group developed hypertension just before delivery though
the MRI scan was completed earlier (22.9 weeks). Another
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case in OW/OB group had gestational diabetes mellitus
diagnosed at 27 weeks, and the MRI scan took place later
(30.7 weeks).

The median birth weight of OW/OB group was 3,209 g
(range; 2,298–3,685 g), and that of the normal BMI group was
3,147 g (range; 2,755–3,555 g) (p=0.6153, Wilcoxon’s rank-sum
test). The range of birth gestational age was 36.7–40.3 weeks
in OW/OB group and 36.7–40.1 weeks in the normal BMI
group (p=0.9196, Wilcoxon’s rank-sum test).

Fetuses in OW/OB group had increased
regional volume compared to the ones in the
normal BMI group

We compared the regional volume between BMI groups for
various anatomical regions of interest by plotting the vol-
ume measurements according to the gestational age within
each group. We found that the fetuses in OW/OB BMI group
had significantly accelerated volume patterns in the left
cortical plate (p=0.0003) and in the right cortical plate
(p=0.0002) in late pregnancy (after 28 weeks) compared to
the normal BMI group (Figure 1A and B). OW/OB BMI group
also had significantly accelerated volume patterns in the
whole (left + right) cortical plate (p=0.0002) and whole cer-
ebellum (p=0.0487) compared to the normal BMI group
(Figure 1C–F). There was no significant difference between
the two groups in other regions, such as the whole brain
(p=0.0614), subcortical parenchyma (p=0.5813), whole cere-
brum (p=0.0667), left and right cerebellar hemispheres
(p=0.0618, 0.1818), and left and right lateral ventricles

(p=0.1342, 0.5331) (Figure 1D and E, G–K). In this method,
inter-rater agreements of volumetric measures – Dice co-
efficients of the left and right cortical plate volume mea-
surements were 0.907 ± 0.027 and 0.906 ± 0.03, respectively.

We created general linear models for each regional
volume measure using gestational age and BMI as contin-
uous variables. When controlled for gestational age, BMI
significantly increased the right cortical plate volumes
(p=0.0460) (Supplementary Table 1). Left cortical plate and
whole cortical plate volumes did not meet statistically sig-
nificant effects (p=0.058 and 0.052, respectively), and neither
did cerebellar volume (p=0.296). In all models, gestational
age had significant effects on fetal brain regional volumes.

Fetuses in OB group had increased regional
volume compared to the ones in the normal
BMI group

As a subgroup analysis, we analyzed regional volumes of 6
fetuses with maternal obesity (OB group, BMI≥30) in com-
parisonwith 8 fetuses with normalmaternal BMI (<25). There
were no significant differences in clinical demographics be-
tween the two groups in terms of fetal sex, maternal gesta-
tional age, maternal age, and gravidity (Supplementary
Table 1). Similar to the fetuses in OW/OB group, the fetuses in
the OB group showed significantly larger volume with left
cortical plate (p=0.0020), right cortical plate (p=0.0017), whole
cortical plate (p=0.0017) in the late pregnancy (after 28 weeks)
(Figure 2A–C). Additionally, the fetuses in the OB group had
increased regional volume in the left lateral ventricle

Table : Clinical characteristics by BMI group. aSignificance set p-value <..

Total n= BMI< kg/m n= BMI> kg/m n= p-Value

Maternal BMI median (range) . (.–.) . (.–.) . (.–.)
Gestational age median (range) . (.–.) . (.–.) . (.–.) .
Maternal age median (range) . (.–.) . (.–.) . (.–.) .
Sex, n (%) .
Male  ()  ()  ()
Female  ()  ()  ()

Ethnicity, n (%) .
White  ()  ()  ()
Asian  ()  ()  ()
Hispanic  ()   ()
Black or African  ()   ()
American

Gravidity .a

Nulliiparity, n (%)  () (unknown=)  () (unknown=)  ()
Birth weight, g median (range) , (,–,) ,. (,–,) , (,–,) .
Gestational age at birth, years, median (range) . (.–.) . (.–.) . (.–.) .
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(p=0.0456) (Figure 2J). However, one outlier may have influ-
enced this difference, thus cautious interpretation may be
needed. There are no significant group differences in the
growth of the whole brain, subcortical parenchyma, cere-
bellum, whole cerebrum, left and right cerebellar hemi-
spheres and right lateral ventricle (Figure 2D and E, F–I, K).

As an additional subgroup analysis, we analyzed
regional volumes of 6 fetuses with maternal obesity (OB
group, BMI≥30) in comparison with 12 fetuses with normal
maternal and overweight BMI (<30). There were no signifi-
cant group differences except left lateral ventricle (p=0.0138)
(Supplementary Figure 1).

Figure 1: Comparison of regional brain volume between the normal BMI group (○, n=8) and OW/OB group (■, n=12). The fetuses in OW/OB BMI group
had significantly larger left cortical plate and the right cortical plate in late pregnancy (after 28 weeks) compared to the normal BMI group (A and B).
OW/OB BMI group also had significantly larger whole (left + right) cortical plate and whole cerebellum compared to the normal BMI group (C–F).
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Timing of increased brain volume

We calculated the ratio of each regional volume to the whole
brain and cerebral volumes and plotted it as a function of
gestational age. The model reflects each regional volume
relative to the whole brain (Supplementary Figure 2). Partic-
ularly, we found that in the OW/OB BMI group, cortical plate
volume was larger relative to the whole brain and cerebrum
after 28 weeks when modeled to polynomial curves

(Supplementary Fig. 2a–c). In the OW/OB BMI group, the vol-
ume of the whole cerebellum was also larger after 25 weeks
using linear regression modeling (Supplementary Figure 2d).

Discussion

To assess the impact of high maternal BMI on fetal brain
development, we conducted a volumetric analysis of fetal

Figure 2: Comparison of regional brain volume between the normal BMI group (○, n=8) and obese group (■, n=6). The fetuses in the OB group showed
significantly larger left cortical plate, right cortical plate, and whole cortical plate in the late pregnancy (after 28 weeks) (A–C). Additionally, the fetuses in
the OB group had larger left lateral ventricles (J).
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brain MRIs of healthy pregnant women with a range of early
first-trimester BMIs. We found that fetuses of Overweight
(OW)/Obese (OB) women had a larger cortical plate and
cerebellar volumes after 28 weeks compared to the fetuses of
normal BMI women. Such differences remained when
compared between the OB BMI group and the normal BMI
group fetuses. The differences became less significant when
we compared fetuses of OB women to fetuses of normal BMI
and OW women. Cortical plate volume was specifically
increased relative to the overall cerebral volume, as seen in
the volume ratio of cortical plate/whole brain as a function of
gestational age. Our resultsmay suggest thatmaternal obesity,
as represented by high BMI, alters the regional volume of the
fetal brain.

Impacts of maternal obesity on offspring’s
brain development

Previous magnetic resonance imaging (MRI) based studies
used volumetric MRI analysis, diffusion-basedMRI analyses,
and resting state functional MRI analysis and found that
child and adult offspring of pregnancies complicated with
maternal obesity have altered regional volumes (hippo-
campus) and connectivity (projection and association fibers)
[28–31]. These studies suggest that maternal obesity alters
offspring’s brain development in utero, which has long-
lasting effects on brain structure even into adulthood.
However, studies into fetal brain growth are lacking.

Recent resting-state functional MRI analysis of fetuses of
women with a range of BMI showed altered functional con-
nectivity in fetal brain subnetworks (left anterior insula/
inferior frontal gyrus and bilateral prefrontal cortex), at 26–
39 weeks of gestation [50]. However, this finding was incon-
sistent among the subjects, perhaps because of technical dif-
ficulties associated with fetal functional MRI [50]. Our pilot
study identified the impacts of maternal obesity on fetal
cortical plate and cerebellar volume growth. It is difficult to
compare our result to the volumetric data from school-age
children. Our study measured the volume of subcortical
parenchyma which includes basal ganglia, white matter, and
various structures. Cortical plate would be divided into each
cortical region and hippocampal complex. Longitudinal
volumetric analysismayprovide a continuumof alteredbrain
growth to understand its pathophysiology and stage-specific
intervention.

Differences between fetuses of OB and normal BMI
women became less significant compared to those of OB and
normal BMI/OW women. These results suggest that even
maternal overweight could affect fetal brain development.

Another explanation might be a small sample size error
associated with only six fetuses in the OB group.

General linear regression analyses identified significant
effects between BMI and right cortical plate volume. While
BMI also appears to affect the left and whole cortical plate
volumes, they did not meet statistical significance. This may
be due to a small sample size or a smaller effect size of BMI
than gestational age. Alternatively, the impacts of BMI may
have a threshold effect depending on the degree of maternal
obesity. A larger study is needed to answer the above
questions.

The question remains if larger cortical plate and cere-
bellar volumes in fetuses of maternal OW/OB pregnancy are
independent of the overall fetal growth. In our cohort, there
was no difference in birth weight and birth gestational
age between OW/OB and normal BMI groups. However, the
gestational age at the time ofMRI scanswas variable (Table 1).
Without knowing each fetal weight at the time of MRI scans,
we cannot conclude if, indeed, fetal brain growth differences
are independent of overall fetal growth. The next logical step
is to reproduce our findings in a larger cohort and determine
how such anatomical changes influence child offspring’s
neurodevelopment. When conducting a large-scale study in
the future, time-coordinated ultrasound studies should be
included to assess both overall fetal and brain growth at the
same time.

Neurodevelopmental impacts of maternal
obesity

Maternal obesity increases offspring’s risk of neuropsychi-
atric disorders, including ADHD [4–8], ASD [9–12], anxiety,
and depression [51, 52]. It remains unclear how the greater
volume of cortical plate and cerebellum observed in our
study affects the future neurodevelopmental functionality of
affected fetuses. Greater cortical plate and cerebellar vol-
umes may reflect developmental neurobiological changes
such as accelerated neurogenesis or increased production of
the intracellular matrix that can be seen in various neuro-
developmental disorders such as autism spectrum disorder
[53], tuberous sclerosis, or hemimegalencephaly [54]. Tod-
dlers and young children with autism spectrum disorders
have abnormally accelerated brain growth up to 6–8 years of
age [53]. The brain growth slows at later ages and eventually
results in a smaller brain compared to typically developing
adults suggesting that brain growth should be assessed and
interpreted within a longitudinal context. Similar longitu-
dinal changes may occur in child offspring of mothers with
obesity during pregnancy. Smaller hippocampal volume in
the school-age children [28] may be the result of evolving
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developmental changes initiated in the fetal period, and
possibly, influenced by postnatal nutritional and environ-
mental factors associated with maternal obesity. Functional
connectivity changes observed in newborns of women with
obesity [30, 31] may also have such longitudinal evolution into
the school age [29]. Epidemiological studies suggested a 1.5 to 2
times increased risk of autism spectrum disorder in child
offspring of pregnancies complicated by obesity [9, 14–18].
Altogether, abnormally accelerated early fetal brain growth
in pregnancies complicated by obesity may not be beneficial
and require longitudinal growth evaluation and follow-up
functional assessment of offspring.

Sex differences in fetal brain volume

Nadel et al. reported that male fetuses had slightly larger
cerebral lateral ventricles than female fetuses [55]. Several
previous articles reporting differences in the size of the fetal
brain by sex showed that male neonates had larger total
brain cortical gray and white matter volumes than females
[55–57]. The impact of maternal obesity on offspring brain
growth may also have sex-specific effects. As mentioned
above, higher pre-pregnancymaternal BMI correlates with a
smaller hippocampus in school-age boys but not in girls. Sex-
dependent effects of maternal obesity on offspring brain
development should be tested in a larger-scale study.

Strengths and limitations

The primary limitation of this study is the exploratory and
hypothesis-developing nature due to the small sample size.
The study utilized control subjects of a prospective fetal
anomaly cohort study. Therefore, the studywas not designed
to be hypothesis-testing. The preliminary findings identified
in this study should be confirmed with a more extensive
cohort study. Because of the small sample size, we could not
compare sex differences in fetal brain development [28]. We
had more females (9 of the 12) in the OW/OB BMI group
compared to the lean group (3 of the 8). Due to this imbal-
ance, we may be underestimating the impact of maternal
BMI on fetal brain growth.

The study also recruited pregnant women who under-
went fetal brain MRI with suspicion of fetal sonographic
anomalies such as cerebral ventriculomegaly or abnormal
cranial shape. For this study, we used one fetus with sono-
graphic suspicion of unilateral ventriculomegaly that fetal
and neonatal brain MRIs were confirmed to be normal.
However, it might have caused unrecognized implications
thatmight affect the generalizability to the population. In the

future study, we will only recruit healthy pregnant women
with uncomplicated pregnancies who have no fetal abnor-
malities on ultrasound as the subjects.

Our study measured fetal brain regional volumes but
not relative to fetal body size due to technical limitations.
Though some ultrasound studies were available to estimate
fetal weight, the timing between the ultrasound and MRI
studies varied significantly, complicating correlation anal-
ysis. Ultrasound estimation of fetal weight is not sensitive,
and including such data may interfere with more precise
brain volume data analysis. Although only one brain MRI
scan per fetus was included in the study, it could be more
robust to take multiple scans on the same fetus and to
longitudinally analyze brain MRI scans over different
gestational periods in order to assess actual fetal brain vol-
ume growth. Future studies will align with each subject’s
ultrasound and fetal MRI assessments to reduce gestational
age-associated factors. Comparing all participants within
narrower gestational windows and including multiple
longitudinal scans are necessary to describe the growth
trajectory of each fetus.

Our study analyzed macro-anatomical changes in fetal
brain development but did not study histological and molec-
ular changes in the fetal brain, which may drive these
anatomical changes. While it is not possible to study living
human fetal brain tissue, potential mechanisms associated
with altered neurodevelopment have been investigated in
animal models [22, 23, 26, 27]. In pregnancies complicated with
maternal obesity, metabolic, inflammatory, epigenetic, or
microbiomic aberrations impact offspring (reviewed in [58]).
Maternal and placental lipid metabolism, altered in maternal
obesity, impacts the delivery of fatty acids (e.g. omega-3 long-
chain polyunsaturated fatty acids) critical for normal neuro-
development, which may contribute to the mechanism of
aberrant fetal brain development [21], and should be explored
in future studies in correlationwith fetalMRI analysis. Though
clinically relevant, using BMI and the criteria by the Center for
Disease Control (CDC) [49] as our only marker of maternal
adiposity is a limitation of our study. Also, the low number of
participants in this pilot study limited our ability to analyze sex
differences. Future studies should include other measures of
obesity, such as body fat andmaternalmetabolism (e.g. resting
metabolic rate, gestational weight gain), to comprehensively
assess correlations between maternal adiposity, metabolic
adaptations to pregnancy, and fetal brain development.

Our study contributes to fundamental knowledge on the
impact of highmaternal BMI on fetal brain development.We
observed increased cortical plate and cerebellar volumes in
later pregnancy (28∼ weeks) in the offspring of women with
a BMI>25 kg/m2 in early pregnancy. Larger studies will be
necessary to determine how this larger fetal brain regional
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volume impacts neurodevelopmental and behavioral out-
comes and whether this change predisposes offspring to the
development of ADHD and ASD associated with maternal
obesity.

Key points

What’s already known about this topic?

– Maternal obesity increases offspring children’s risk of
neurodevelopmental impairment. However, little is
known about how maternal obesity impacts fetal brain
volumetric development.

What does this study add?

– Maternal overweight/obesity accelerates fetal cortical
plate and cerebellar growth compared to the pregnancy
with a normal body mass index (BMI). The growth
pattern of the cortical plate was specifically accelerated
after 28 weeks of gestation.

– Neurodevelopmental impairment in children exposed
to maternal obesity in uteromay originate from altered
fetal brain development.
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