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ABSTRACT

BACKGROUND AND PURPOSE: Recent studies have suggested that maternal obesity during pregnancy is associated with differen-
ces in neurodevelopmental outcomes in children. In this study, we aimed to investigate the relationships between maternal obesity
during pregnancy and neonatal brain cortical development.

MATERIALS AND METHODS: Forty-four healthy women (28 normal-weight, 16 obese) were prospectively recruited at <10 weeks’
gestation, and their healthy full-term neonates (23 boys, 21 girls) underwent brain MR imaging. All pregnant women had their body
composition (fat mass percentage) measured at ~12 weeks of pregnancy. All neonates were scanned at ~2 weeks of age during
natural sleep without sedation, and their 3D Tl-weighted images were postprocessed by the new iBEAT2.0 software. Brain MR imag-
ing segmentation and cortical surface reconstruction and parcellation were completed using age-appropriate templates. Mean cort-
ical thickness for 34 regions in each brain hemisphere defined by the UNC Neonatal Cortical Surface Atlas was measured,
compared between groups, and correlated with maternal body fat mass percentage, controlled for neonate sex and race, post-
menstrual age at MR imaging, maternal age at pregnancy, and the maternal intelligence quotient and education.

RESULTS: Neonates born to obese mothers showed significantly lower (P = .05, false discovery rate—corrected) cortical thickness in
the left pars opercularis gyrus, left pars triangularis gyrus, and left rostral middle frontal gyrus. Mean cortical thickness in these
frontal lobe regions negatively correlated (R = —0.34, P=.04; R = —0.50, P=.001; and R = —0.42, P =.0T; respectively) with the
maternal body fat mass percentage measured at early pregnancy.

CONCLUSIONS: Maternal obesity during pregnancy is associated with lower neonate brain cortical thickness in several frontal lobe

regions important for language and executive functions.

ABBREVIATIONS: BMI = body mass index; FDR = false discovery rate; IQ = intelligence quotient

he most recent National Health and Nutrition Examination
Survey reported that 39.7% of women in the United States 20—
39 years of age are obese (body mass index [BMI], =30),! and the
most recent national birth data showed that 54.7% of neonates in
2018 in the United States were born to overweight (BMI =25) or
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obese women.” Maternal obesity during pregnancy has become a
prevalent health concern, not only for the pregnant women but
also for their offspring,® including their neurodevelopment.**
Recent studies have shown negative associations between maternal
obesity and neurodevelopmental outcomes of children, including
reduced infant cognitive development scores, increased risk of
delayed mental development, lower cognitive performance,
impaired executive function, lower full-scale intelligence quotient
(IQ) and verbal IQ, higher attention-deficit/hyperactivity disorder
symptom scores, increased risk for inattention and negative emo-
tionality, and higher prevalence of autism.**™** These findings
strongly suggest that maternal obesity during pregnancy can nega-
tively influence an offspring’s cognitive and neurodevelopmental
outcomes. Nevertheless, little is known regarding the underlying
mechanism of these associations.

Recent advances in early neuroimaging, particularly advanced
and quantitative MR imaging, which can detect subtle changes in
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Demographic information of the study participants

Brain cortical development starts in

Normal Weight Obese P the first trimester of gestation and con-
(n=28) (n=16) Value tinues in the fetal and postnatal stages,
Maternal BMI (kg/m?) 222 (SD, 1.9) 332(SD,15)  <.001 with dynamic synapse formation in
Maternal fat mass (/:) 28.8 (SD, 42) 44.0 (SD, 39) <.001 early llfe followed bY gradual pruning
Maternal age at pregnancy (yr) 287 (SD, 2.9) 30.7 (SD, 5.0) 19 th h hildhood. Thi
Maternal 1Q 107 (SD, 9.2) 106.6 (SD, 83) 50 roughout  childhood. This process
Gestational age (day) 2751(SD, 6.7) 2747 (SD, 64) .96 can be reflected by measurements of
Neonate sex (boy/girl) 15/13 8/8 83 cortical thickness, which reaches a peak
Birth weight (kg) 3.5(SD, 0.5) 3.6(sD,05) .38 between 1 and 2years of age” and
i lepgth (@) 506 (SD, 2.8) 50.5(SD, 2.5) 89 starts to decrease thereafter.® Despite
Head circumference (cm) 36.2 (SD, 1.1) 36.0 (SD, 0.8) .25 the obvi . £ brai .
Neonate age at MR imaging (day) 143 (SD, 1.6) “3(sD,17) 1 € obvious importance of brain corti-

Postmenstrual age at MR imaging (day)
Neonate race

289.4 (SD, 6.4)

White/African American/American Indian/ 22/2/1/3
other)
Mother's education
No college/some college/graduate degree 3/17/8
Father’s education
NA/no college/some college/graduate 1/24/3/0
degree)
Mother’s income (US dollar)
NA/ = 20k/20-50k/>50k) 6/6/12/4
Father’s income (US dollar)
NA/= 20k/20-50k/>50k) 1/0/14/13

cal development in a child’s brain func-
tion and cognitive outcomes, so far no
published evaluated
whether maternal obesity during preg-
nancy would alter cortical development

289(SD,63) .93

10/5/1/0 18 studies have

0/9/7 .30
in the developing brain at early ages. In

2/10/4/0 20 this study, we aimed to investigate rela-

tionships between maternal obesity
3/9/3 57 and neonate brain.cortical develop-
ment. Our hypothesis was that mater-

3/0/6/7 23 nal obesity during pregnancy would

Note:—NA indicates not applicable.

the brain, provide a sensitive tool to detect the potential in utero
effects of maternal obesity on the developing brain. These direct
effects on early brain development, if observed, may link mater-
nal obesity during pregnancy with adverse long-term neurodeve-
lopmental outcomes in children and may shed light on the
underlying mechanism. In fact, a few recent studies have reported
significant changes in neonatal brain structural and functional
development associated with maternal obesity. For example, neo-
nates of obese, otherwise healthy, women showed lower brain
white matter development measured by diffusion tensor imaging
in widespread regions in the frontal and parietal lobes compared
with neonates of healthy normal-weight women.'® Weaker func-
tional connectivity of the dorsal anterior cingulate cortex to the
prefrontal networks in neonates born to obese-versus-normal-
weight women was also observed in a study using independent
component analysis of resting-state fMRI data,”® and a further
seed-based and graph theory of functional connectivity study
indicated possible neonatal functional connectivity alterations in
4 functional domains implicated in adult obesity: sensory proc-
essing, reward processing, cognitive control, and motor control.”'
In addition, another study also observed that a higher maternal
prepregnancy BMI was associated with greater local thalamic and
lower frontothalamic functional connectivity in the neonatal
brain.?* Furthermore, studies have also shown that brain imaging
features measured by early MR imaging are associated with long-
term neurodevelopmental outcomes not only in neonates with
medical conditions such as prematurity, congenital heart diseases,
or hypoxic-ischemic encephalopathy®®>> but also in neonates
who are born full-term, healthy, and typically developing.*®
These findings suggest the importance of early neuroimaging in
understanding the potential effects of maternal obesity during
pregnancy on children’s neurodevelopmental outcomes.

slow fetal cortical development and

result in lower neonate cortical thick-

ness in different brain regions. To test
our hypothesis, we enrolled healthy normal-weight and obese
pregnant women at first trimester, measured their BMI and body
composition, performed brain MR imaging examination on their
neonates, compared cortical thickness between the 2 groups of
neonates, and evaluated its relationship with maternal body fat
mass percentage measured at early pregnancy.

MATERIALS AND METHODS

Subjects

Healthy pregnant women of <10 weeks’ gestation and their full-
term healthy neonates were included in this study. All study proce-
dures were approved by the University of Arkansas for Medical
Sciences institutional review board, and all participants provided
written informed consents. Inclusion criteria for the pregnant
women were the following: prepregnancy BMI of 18.5-24.9 kg/m’
[normal-weight group] or 30-35 kg/m2 [obese group]), second
parity, singleton pregnancy, 21 years of age or older, and conceived
without assisted fertility treatments. Exclusion criteria for the preg-
nant women were the following: pre-existing medical conditions
such as diabetes mellitus, seizure disorder, and serious psychiatric
disorders; drug or alcohol abuse; sexually transmitted diseases; and
medical complications during pregnancy such as gestational diabe-
tes and pre-eclampsia. In addition, neonates born preterm (<37
weeks of gestation) or with medical conditions or medications
known to influence growth and development or those unable to
complete a brain MR imaging examination during natural sleep
were also excluded.

All pregnant women had their body composition assessed
using air displacement plethysmography (BOD POD; Cosmed)
and BMI measured at ~12weeks of pregnancy at Arkansas
Children’s Nutrition Center. Maternal IQ was also assessed using
the Wechsler Abbreviated Scale of Intelligence (Pearson). After
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delivery, birth weight and the length of the neonates were retrieved
from the medical records, while head circumference was measured
at ~2 weeks of age during the infant’s study visit. Family socioeco-
nomic status of the neonates including parental education and
income was also obtained during the mother’s pregnancy visits.

In total, 44 pregnant women (28 normal-weight, 16 obese)
and their neonates completed the experimental procedures and
were included in this study. Table summarizes the demographic
information of the study participants.

MR Imaging Data Acquisition

At ~2weeks of age, all neonates underwent an MR imaging ex-
amination of the brain during natural sleep without sedation at
the Arkansas Children’s Hospital, Department of Radiology.
They were fed 15-30 minutes before the scan, swaddled in warm
sheets, and bundled using a MedVac Infant Immobilizer (CFI
Medical Solutions). No sedation was used. A pulse oximeter
probe (InVivo) was placed on a foot to monitor oxygen satura-
tion and heart rate, and Mini Muffs (Natus Medical) and a head-
set were placed over the ears to protect the neonates from the
noise generated during the scan. The MR imaging examinations
were performed on a 1.5T Achieva MR imaging scanner (Philips
Healthcare) with a 60-cm bore size, 33-mT/m gradient ampli-
tude, and 100-mT/m/ms maximum slew rate. We used a pediat-
ric 8-channel sensitivity encoding head coil and a neonatal brain
MR imaging protocol, which included sagittal 3D turbo field
echo T1-weighted imaging reconstructed to 3 planes, axial T2-
weighted, axial diffusion-weighted, and axial susceptibility-
weighted imaging sequences. This conventional neonatal MR
imaging protocol was used for the neuroradiologists to screen
subjects for incidental findings, while the 3D T1-weighted images
with TR =7.1 ms, TE = 3.2 ms, flip angle = 8°, and resolution =
1 x 1 x 1mm were used for subsequent cortical brain mor-
phometry analysis, particularly measurements of cortical thick-
ness. Imaging quality control was performed on the scanner by
experienced MR imaging technicians. Scans were repeated if con-
siderable motion artifacts were present, and those neonates who
woke up during the scan without a valid 3D T1 dataset were
excluded from this study.

MR Imaging Data Analysis

All MR images were exported to the local PACS system from the
scanner and were reviewed by one of our neuroradiologists. No
incidental findings needing medical attention were noted. All of
the 3D T1-weighted images were also exported to local worksta-
tions for further cortical analysis. Specifically, DICOM images
were converted to NIfTI format and were postprocessed by the
new iBEAT V2.0 software (Developing Brain Computing Lab
and Baby Brain Mapping Lab). iBEAT V2.0 is a toolbox using
advanced approaches including deep learning for processing pe-
diatric brain T1- and T2-weighted MR images. It is an upgrade
from the previous iBEAT software and has demonstrated supe-
rior capability and accuracy in infant structural MR imaging data
postprocessing. For neonatal MR imaging, 3D T1-weighted
images are adequate for the automated postprocessing because of
the considerable contrast between different tissues. For this study,
3D T1-weighted MR images were corrected for inhomogeneity
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before skull stripping,*® followed by tissue segmentation to gray
matter, white matter, and CSF. Left/right hemisphere separation
and topology correction were then performed.*™*" Cortical
surfaces including inner cortical and outer cortical surfaces
were reconstructed. Cortical parcellation was performed on the
basis of the infant developmental parcellation maps.””** The
UNC Neonatal Cortical Surface Atlas,>**> which parcellates the
brain cortex in each hemisphere into 34 different regions, was
used to calculate the mean cortical thickness for each cortical
region for each neonate. Cortical thickness was defined as the
closest distance from the white surface to the pial surface at
each vertex of each surface.

Statistics

For the comparison of demographic parameters between the
normal-weight and obese groups, Wilcoxon rank sum tests were
performed to determine whether there were significant group dif-
ferences (P values = .05) for numeric parameters, while X tests
were used for categoric parameters. To compare the cortical
thickness between neonates born to normal-weight or obese
mothers, we performed ANOVA with covariates of neonate sex
and race, postmenstrual age at MR imaging, maternal age at preg-
nancy, as well as IQ and education for each cortical region
defined by the UNC Neonatal Cortical Surface Atlas. Sex and
postmenstrual age were controlled as potential confounders
because infant brain differences associated with sex and gesta-
tional/postmenstrual age have been reported.’**® Effects of
maternal age and IQ were also controlled because of potential
effects on the offspring’s brain development or neurodevelop-
mental outcomes.”® For family socioeconomic status, due to
missing data in the father’s education and parental income for
several subjects, only maternal education was added as a covariate
in the analysis. The cortical thickness was not normalized to total
brain volume because the literature suggested that normalizing
did not improve the discriminant and predictive performance of
cortical thickness measures.®” False discovery rate (FDR) correc-
tion was used for multiple-comparison correction associated with
the 68 brain cortical regions evaluated in total, and regions with
FDR-corrected P values =.05 were regarded as significant regard-
ing cortical thickness. In addition, to investigate whether there is
a linear relationship between maternal body composition and
neonate brain development, we evaluated correlations between
maternal fat mass percentage measured at ~12 weeks of gestation
and neonate brain cortical thickness at ~2 weeks of postnatal age
for those regions identified by ANOVA using the Spearman rank
partial-correlation test. Partial correlation coefficients (R values)
and significance levels (P values) were calculated, and those cor-
relations with P values = .05 after controlling of neonate sex and
race, postmenstrual age at MR imaging, maternal age at preg-
nancy, and IQ and education were regarded as significant. All sta-
tistics analyses were done in Matlab software, Version R2018b
(MathWorks).

RESULTS

The normal-weight and obese pregnant women differed signifi-
cantly in mean BMI measured at ~12 weeks of pregnancy (22.2
[SD, 1.9] versus 33.2 [SD, 1.5], P<<.001), as well as in body fat



1>

composition (particularly body fat mass
percentage) and the neonatal brain de-
velopment (particularly cortical thick-
ness). Similarly, neonate sex and race
and postmenstrual age at MR imaging,
as well as maternal age at pregnancy
and IQ and education were controlled
in the partial correlation analysis. There
were significant negative correlations
(P<.05) between maternal fat mass
percentage and neonate brain cortical

P=0.01

Cortical Thickness (mm)
~

15

thickness in all of these 3 regions (Fig

FIG 1. The anatomic locations for the 3 brain cortical regions that showed significant differences
(FDR-corrected P =.05) in mean cortical thickness between neonates born to normal-weight-

2). Specifically, neonate brain regional

mean cortical thickness measured at ~2

FA weeks’ postnatal age negatively corre-
P=004 lated with maternal body fat mass per-

: centage measured at ~12 weeks of

(“ I(" pregnancy in the left pars opercularis

I I gyrus (R = —0.34, P=.04), the left pars
LPT LRMF triangularis gyrus (R = —0.50,

P=.001), and the left rostral middle
frontal gyrus (R = —0.42, P= .01).

versus-obese women: the left pars opercularis (LPO) gyrus (A), the left pars triangularis (LPT) gyrus

(B), and the left rostral middle frontal (LFMF) gyrus (C). The comparison of mean cortical thickness

for these 3 regions in these groups of neonates is illustrated in D.

percentage (28.8% [SD, 4.2%] versus 44.0% [SD, 3.9%], P <.001).
Other maternal/family measures such as maternal age at preg-
nancy and IQ as well as family socioeconomic status were not dif-
ferent (Table). For the neonates, there were no group differences
in sex, race, birth weight/height, head circumference, gestational
age at birth, or postmenstrual age at MR imaging (Table).

For comparison of cortical thickness at ~2 weeks’ postnatal age
for the neonates, the ANOVA analysis (with effects of neonate sex
and race, postmenstrual age at MR imaging, maternal age at preg-
nancy, and IQ- and education-controlled) showed that there were
3 regions with significant differences (FDR-corrected, P =.05)
between neonates born to normal-weight versus obese women in
the 68 cortical regions defined by the UNC Neonatal Cortical
Surface Atlas. Specifically, the mean cortical thickness in the left
pars opercularis gyrus was higher in neonates born to normal-
weight-versus-obese women (1.99 [SD, 0.07] mm versus 1.90 [SD,
0.07] mm; FDR-corrected, P=.01); the mean cortical thickness in
the left pars triangularis gyrus was also higher in neonates born to
normal-weight-versus-obese women (1.92 [SD, 0.07] mm versus
1.84 [SD, 0.06] mm; FDR-corrected, P=.04); and the mean corti-
cal thickness in the left rostral middle frontal gyrus was also higher
in neonates born to normal-weight-versus-obese women (1.78
[SD, 0.03]mm versus 1.74 [SD, 0.04] mm; FDR-corrected,
P=.04). The anatomic location of these 3 cortical regions as well
as the comparison of mean cortical thickness in these 3 regions are
illustrated in Fig 1. No other regions showed differences in cortical
thickness between the 2 neonate groups.

For the 3 cortical regions identified using the ANOVA analysis,
the Spearman rank partial correlation test was used to evaluate
whether there is a linear relationship the between mother’s body

DISCUSSION

Our study indicated significant rela-
tionships between the mother’s BMI
status and body composition at early
pregnancy and the neonate’s brain cortical development at ~2
weeks of age. The more obese the pregnant women were during
early pregnancy, the lower the cortical thickness was in several
brain regions in their neonates. All pregnant women included in
this study were healthy, without medical conditions or medica-
tion use during pregnancy that may affect fetal brain develop-
ment, and all neonates were also healthy, born full-term, without
any birth defects or medical conditions that may impact their
brain development. Our results suggest that there may be a nega-
tive impact of maternal obesity during pregnancy on the off-
spring’s brain development because cortical thickness increases
during infancy in normal development and it appears that mater-
nal obesity may have slowed or impaired cortical development at
2 weeks’ postnatal age.

The brain regions showing the potential impact of maternal
obesity on cortical development are all in the frontal lobe, indicat-
ing that frontal lobe brain regions may be most vulnerable to
potential disturbances in fetal programming due to maternal obe-
sity. This finding is consistent with previous findings that micro-
structure integrity evaluated by DTI was lower in widespread
frontal white matter regions in neonates born to obese-versus-
normal-weight mothers'” and that functional connectivity from
the dorsal anterior cingulate cortex to the prefrontal network
measured by resting-state fMRI was lower in neonates born to
obese-versus-normal-weight mothers.*® This is also consistent
with another functional connectivity study of infants born to ado-
lescents or young adult women that demonstrated that higher
maternal BMI was associated with lower frontothalamic connec-
tivity in the infant brain.*> While the underlying and potential
neurobiologic processes for the vulnerability of frontal lobe
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FIG 2. Partial correlation analysis showed significant negative correla-
tions (P <.05) between maternal body fat mass percentage measured
at ~12 weeks of pregnancy and neonate brain mean cortical thickness
measured at ~2 weeks' postnatal age in the left pars opercularis
(LPO) gyrus, left pars triangularis (LPT) gyrus, and left rostral middle
frontal (LRMF) gyrus.

development to maternal obesity are unclear, numerous studies
have indicated that the rapid infant frontal brain development is
sensitive to early environmental experiences,”® including expo-
sures to different adverse prenatal environmental factors.***°

For the 3 specific frontal lobe regions that showed decreased
cortical thickness associated with maternal obesity, the left pars
opercularis gyrus and the left pars triangularis gyrus form the
middle and posterior parts of the left inferior frontal gyrus and
are commonly regarded as the Broca area, which is important for
expressive language function such as speech production. The left
rostral middle frontal gyrus largely overlaps with the dorsolateral
prefrontal cortex and is critical for executive function such as
emotion regulation and working memory. Thinner cortices in
these language- and executive function-related brain regions in
early life may have important functional implications because
recent studies have shown that maternal obesity is associated
with lower composite language scores'* or a different language
developmental trajectory,”" as well as lower cognitive flexibility"*
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or poorer executive functioning in areas of attention, inhibition
control, and working memory43 in children.

Most interesting, frontal brain structural and functional
changes have also been observed in children, associated with child-
hood obesity. For example, in recent analyses of National Institutes
of Health Adolescent Brain and Cognitive Development Study
data, increased BMI in 9- to 11-year-old children significantly cor-
related with reduced cortical thickness in the frontal lobe and lower
performance in several tasks involving executive functions,™ and
reduced thickness in a number of frontal cortical regions partially
accounted for reductions in executive function.*> Many fMRI stud-
ies have also demonstrated differences in brain activation involving
the frontal lobe during task performance between normal-weight
and overweight/obese children/adolescents.**** Given that mater-
nal obesity may predispose offspring to a higher risk of childhood
obesity, the similarities of changes in the developing brain associ-
ated with maternal obesity and childhood obesity may suggest
potential consequential effects, eg, maternal obesity may possi-
bly program persistent changes in certain regions of the devel-
oping brain, which, in turn, may cause behavior issues in
childhood (such as deficiency in inhibitory control toward
food) and further increase the risk of developing childhood obe-
sity. While this is a speculation that cannot be validated by the
data in our current study alone (eg, whether there are persistent
changes in the brain associated with maternal obesity that will
require follow-up imaging studies), our results certainly can
contribute to the growing field striving to understand more
about obesity-brain relationships.

Our study design was prospective and longitudinal, and we
recruited pregnant women in early pregnancy, measured their body
composition, followed up their pregnancy, and evaluated their
infants’ brain development using MR imaging. Nevertheless, 1 limi-
tation of our findings is that we only have complete MR imaging
data for the cohort at neonatal age. Follow-up MR imaging and
neurodevelopmental assessments at later ages will be necessary to
determine whether brain changes associated with maternal obesity
in neonates persist into later childhood and impact long-term neu-
rodevelopmental outcomes. Another limitation is the relatively
small sample size of this study. A larger-scale study may allow us to
control for more potential confounders and may identify more
brain regions and imaging features in the developing brain associ-
ated with maternal obesity. Last, family socioeconomic status may
also be a confounding factor for infant brain development.

In our statistical analysis, we controlled for the mother’s edu-
cation, for which we have data for all subjects (1 =44). For other
socioeconomic parameters for which we have missing data
including the mother’s income (n=37) and the father’s educa-
tion (n=41) and income (n=40), we compared the available
data, and there were no group differences (Table). In addition,
the significant group differences as well as significant correlations
between maternal body fat mass percentage and neonate cortical
thickness in the 3 regions we report still hold (all P values in Figs
1D and 2 are still < .05 except for one) if we add parental
incomes and the father’s education as additional covariates in the
data analysis (despite the missing data and the relatively large
number of covariates compared with the sample size in the statis-
tical model).



CONCLUSIONS

Neonates born to obese women showed lower cortical thickness

measured by MR imaging at ~2 weeks of age in several frontal

brain regions important for language and executive function. The

mother’s body fat mass percentage measured in early pregnancy

negatively correlated with the neonate’s brain cortical thickness

in these regions. Our results indicate that there may be a negative

impact of maternal obesity during pregnancy on the offspring’s

cortical brain development.

Disclosure forms provided by the authors are available with the full text and PDF
of this article at www.ajnr.org.
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