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Abstract

IMPORTANCE Higher maternal prepregnancy body mass index (BMI; calculated as weight in
kilograms divided by height in meters squared) is associated with adverse long-term outcomes for
offspring, including obesity, poorer cognitive and social abilities, and increased risk of psychiatric
disorders. Less clear is whether higher maternal BMI disrupts fetal growth and brain development.
OBJECTIVE To investigate the association of maternal prepregnancy BMI with fetal growth and
neonatal functional connectivity.

DESIGN, SETTING, AND PARTICIPANTS This prospective longitudinal cohort study was conducted
from 2012 to 2017. Participants included nulliparous pregnant adolescent and young adult women,
aged 14 to 19 years who were recruited in the second trimester through Columbia University Irving
Medical Center and Weill Cornell Medical College. Women received routine prenatal care and had no
major health problems at the time of recruitment. Data were analyzed from January 2018 to

March 2020.

EXPOSURES Maternal prepregnancy BMI.

MAIN OUTCOMES AND MEASURES The main outcomes were fetal growth, measured as estimated
fetal weight, and neonatal functional connectivity, measured using magnetic resonance imaging.
Prepregnancy BMI and fetal ultrasonographic measurements were obtained from electronic health
record review. Resting-state brain imaging data were acquired in infants within the first month of
postnatal life. Functional connectivity was measured using intrinsic functional distribution and seed-
based methods.

RESULTS Among 129 women recruited, 105 had ultrasonographic data from at least 2 points and
were included in analyses. The mean (SD) age at delivery was 17.82 (1.31) years. Maternal
prepregnancy BMI was positively associated with the slope of estimated fetal weight (B = 0.668;
95% Cl, 0.163 to 1.175; P = .01) but not with fetal head circumference (B = -0.004; 95% CI, -0.024
to 0.016; P = .70). In a subsample of 45 infants with magnetic resonance imaging data, maternal
prepregnancy BMI was positively correlated with global connectivity in the left thalamus. Using this
thalamic region as a seed, higher maternal BMI was associated with greater local thalamic (both
hemispheres) and lower frontothalamic connectivity.

CONCLUSIONS AND RELEVANCE These results suggest that maternal prepregnancy BMI was
associated with the development of regulation of body weight and thalamic functional brain
connectivity in offspring even during fetal development.
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Introduction

In the United States, 37% of women of childbearing age have overweight or obesity.' Higher
prepregnancy body mass index (BMI; calculated as weight in kilograms divided by height in meters
squared), occurring mainly in the context of prepregnancy or gestational diabetes, has been
associated with worse cognitive development, socialization, and verbal communication in offspring
from preschool to school age.?> The association of maternal prepregnancy obesity with increased
risk in offspring of psychiatric disorders, including attention-deficit/hyperactivity disorder and autism
spectrum disorder, has been inconsistent.®® Nevertheless, findings from nonhuman primate and
rodent studies of fetuses exposed to maternal high-fat diets and thereby to increased maternal
weight include reduced attention and increased appetite, anxiety, hyperactivity, and aggression in
offspring.>'° The findings suggest that maternal BMI before or during pregnancy has significant long-
term effects on developing offspring. However, very few studies consider the early antecedents of
poor future outcomes, at a time when prevention is more feasible, despite widespread recognition
that prenatal or fetal programming and fetal adaptations to the environment, play an integral role

in future disease risk. Our study seeks to determine whether prepregnancy BMI is associated with
fetal growth and brain development as an essential step to fill this gap in knowledge.

Exposure to higher maternal BMI has been associated across species with increased fetal
weight.™1 The few studies in humans that considered higher maternal BMIs and fetal growth
parameters, including weight, head circumference, fat adiposity, and abdominal circumference,
report mixed findings."*'> However, these studies relied on comparing mothers with overweight or
obesity with mothers with weight within reference range. Collapsing data at the extremes of a weight
distribution largely ignores nuances in the associations of individual variability with maternal BMI
values on characteristics of the developing fetus. A complete distribution of maternal BMI is needed
to fully characterize these possible fetal outcomes. Many prior studies have not been able to
disentangle the influence of maternal BMI from cooccurring health-related (eg, diabetes,
hypertension) factors,'® which is important to help inform preventive efforts.

Studies are beginning to use advanced imaging methods, such as ultrasonography and
magnetic resonance imaging (MRI), to associate measurements of maternal BMI with the developing
brain. For example, maternal prepregnancy and pregnancy BMI are associated with greater fetal
head circumference, as an estimate of total brain volume,"” across pregnancy in women with obesity,
compared with women with weight within reference range.'®° Additionally, neonates of mothers
with overweight or obesity compared with those of mothers with weight in reference range, have
been reported to have altered (decreased or increased) MRI-based functional connectivity measures
across multiple brain regions.2%-?' While these findings can be largely attributed to prenatal rather
than postnatal exposures, further prospective longitudinal studies of the developing human brain are
needed from fetal through early postnatal development.

To address these limitations of previous studies, we acquired fetal ultrasonographic data
retrospectively and functional MRI data prospectively in neonates (ie, from birth to age 6 weeks)
born to a large sample of pregnant adolescent and young adult women who had a full range of
prepregnancy BMIs. The goal of our study was to understand the association of maternal
prepregnancy BMI with early functional brain development and how fetal growth measures may be
associated with mediating the association of prepregnancy BMI measures with infant brain
outcomes. We hypothesized that prepregnancy BMI would be positively associated with the slope of
fetal weight and head circumference measures. We also hypothesized that higher maternal
prepregnancy BMI would correlate bidirectionally with measures of neonatal functional connectivity
in brain regions supporting attention and regulatory control (ie, dorsal medial prefrontal cortex,
cingulate, hypothalamus, or thalamus), consistent with prior reports.2°-!
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Methods

This cohort study was approved by the institutional review board of the New York State Psychiatric
Institute. All participants provided written informed consent in person. This study is reported
following the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.

Participants

Nulliparous pregnant adolescent and young adult women aged 14 to 19 years were recruited in their
second trimester through the Departments of Obstetrics and Gynecology at Columbia University
Irving Medical Center and Weill Cornell Medical College and via flyers posted in the vicinity as part of
a longitudinal study examining adolescent pregnancy behaviors and infant outcomes. Participants
were excluded if they acknowledged use of tobacco or medications that could affect cardiovascular
functioning (eg, a blockers,  blockers), corticosteroids, or chronic-use asthma medications or lacked
fluency in English.

Procedures

Prepregnancy BMI and Pregnancy Weight Gain

Prepregnancy BMI was calculated based on height and weight information provided by the pregnant
participants. Maternal self-report of prepregnancy weight has a high level of accuracy for purposes
of calculating BMI, and the minimal underestimations that occur do not heavily impact BMI
categorizations.2%?*> We considered 4 categories of maternal BMI, according to the international
classification: underweight was defined as BMI less than 18.5; reference range, BMI 18.5 to less than
25; overweight, BMI 25 to less than 30; and obesity, BMI 30 or greater.2* To ensure that our findings
regarding prepregnancy BMI did not derive primarily from other maternal factors that have been
associated with fetal growth, we controlled for maternal weight gain and metabolic or health
complications during pregnancy.?>2° Pregnancy weight gain, an index of overall health during
pregnancy,?” was also obtained by weighing pregnant women in their second and third trimester
study visits.

Electronic Health Record Review

Prenatal electronic health records (EHRs) were reviewed to determine maternal health conditions,
including prepregnancy or gestational diabetes and hypertension, as well as other pregnancy
complications, such as infection and fetal distress. These data were dichotomized depending on
whether the mother did or did not have the condition. Gestational age at birth, birth weight, Apgar
score, and delivery data were also determined from the EHR. Gestational age at birth was
determined from the EHRs for dates of ultrasonographic examinations and last reported
menstrual cycle.

Fetal morphometric measures were obtained from ultrasonographic records. They included
head circumference, femur length, biparietal diameter, and abdominal circumference. Head
circumference was measured along the outer margin of the calvaria at the level of the biparietal
diameter. Femur length was measured between the proximal and distal metaphysis. Biparietal
diameter was measured from the outer margin of the proximal skull table to the inner margin of the
distal skull table. Abdominal circumference was measured along the outer boundaries of the
abdomen at the level of the portoumbilical vein complex and thoracic vertebrae T10 to T11. We chose
fetal weight and head circumference as the primary fetal outcomes for the study because fetal
weight provides an index of nutrient intake and is calculated using multiple growth parameters and
because head circumference provides an estimate of brain growth and is strongly correlated with
intelligence at school age.” Estimated fetal weight (EFW) was determined by combining the
biparietal diameter, femur length, and abdominal circumference data in the Hadlock formula 30:
log(EFW) =1.3596 - 0.00386 x AC x FL + 0.0064 x HC + 0.00061 x BPD x AC + 0.0424 x AC + 0.174 x FL,
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in which AC indicates abdominal circumference; FL, femur length; HC, head circumference; and BPD,
biparietal diameter.?® For growth modeling of EFW and head circumference, only participants with
2 or more ultrasonograph records were included in analyses.

Imaging Procedures

Infant Scanning

Infants were scanned within the first weeks of postmenstrual life (ie, the time elapsed between the
first day of the pregnant women's last menstrual period and the time of the MRI scan of their infant).
Infants were fed, swaddled, and acclimated to the scanning environment and scanner noise by
listening to a tape recording of the scanner sounds played before each pulse sequence. They were
given time to fall asleep, without the use of sedatives, while lying on the scanner bed before the start
of each sequence. Foam and wax ear plugs, along with ear shields (Natus Medical), were applied to
dampen scanner noise. MRI-compatible electrocardiographic leads were placed on the infant’s chest,
and a pulse oximetry sensor was placed on the infant’s toe. Heart rate and oxygen saturation were
continually monitored during the scan (In Vivo Research). Images were obtained using a 3 Tesla Signa
MRI scanner (General Electric) and an 8-channel head coil. Near the middle of the study’s data
collection, the MRI scanner was upgraded. Details on pulse sequences can be found in the eAppendix
in the Supplement.

Common Space Registration

First, anatomical images were skull stripped using FSL software (FMRIB Analysis Group). All further
analyses were performed using Biolmage Suite®® unless otherwise specified. Anatomical images
were linearly aligned to a single infant anatomical scan from an independent study° using a
12-parameter affine registration that maximized the normalized mutual information between images.
Next, anatomical images were nonlinearly registered to an evolving group mean template in an
iterative fashion using a previously validated algorithm.3' This algorithm iterates between estimating
alocal transformation to align individual brains to a group mean template and creating a new group
mean template based on the previous transformations. The local transformation was modeled using
a free-form deformation parameterized by cubic B-splines. This transformation deforms an object
by manipulating an underlying mesh of control points. The deformation for voxels between control
points was interpolated using B-splines to form a continuous deformation field. Positions of control
points were optimized using a conjugate gradient descent to maximize the normalized mutual
information between the template and individual brains. After each iteration, the quality of the local
transformation was improved by increasing the number of control points and decreasing the spacing
between control points to capture a more precise alignment. A total of 5 iterations were performed
with decreasing control point spacings of 15 mm, 10 mm, 5 mm, 2.5 mm, and then 1.25 mm. To help
prevent local minima during optimization, a multiresolution approach was used with 3 resolution
levels at each iteration. Finally, functional images were rigidly aligned to the corresponding
anatomical images. All transformation pairs were calculated independently and combined into a
single transformation, warping the single participant results into common space. This single
transformation allows the individual participant images to be transformed to the common space with
only 1transformation, thereby reducing interpolation error.

Connectivity Processing

Motion correction was performed using SPM software version 8 (Wellcome Center for Human
Neuroimaging). Images were warped into 3 mm? common space using the nonlinear transformation
and cubic interpolation. Next, images were iteratively smoothed until the smoothness of any image
had a full-width half maximum of approximately 8 mm using the 3dBlurToFWHM package of AFNI
software (National Institutes of Health). This iterative smoothing reduces motion-related
confounds.®? Several covariates of no interest were regressed from the functional MRI time series,
including linear and quadratic drifts, mean cerebrospinal fluid signal, mean white matter signal, and
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mean gray matter signal. For additional control of possible motion-related confounds, a
24-parameter motion model (including 6 rigid-body motion parameters, 6 temporal derivatives, and
these terms squared) was regressed from the data. The functional data were temporally smoothed
with a Gaussian filter (approximate cutoff frequency, 0.12 Hz). Only voxels in the gray matter were
used in further calculations.

Intrinsic Functional Connectivity

After preprocessing, functional connectivity of each voxel, as measured by intrinsic connectivity
distribution, was calculated for each infant as described previously.3® Intrinsic connectivity
distribution involves correlating the time series for any voxel with the time series for every other
voxel in the brain or brain hemisphere and then calculating a summary statistic based on the network
theory measure degree. Intrinsic connectivity distribution avoids the need for choosing an arbitrary
connectivity threshold by modeling the entire distribution of correlation thresholds using a Weibull
distribution: Ba(ra)B - 1lexp(=(ra)B), in which ris a correlation between 2 time series, ais the variance
parameter, and fis the shape parameter. This parameterization is akin to modeling the change in
network theory metric degree with a stretched exponential as the threshold used to calculate degree
is increased: exp(-tfa), in which tis the correlation threshold, and ais the variance parameter, and
Bis the shape parameter. Specifically, the time series for any gray matter voxel was correlated with
every other voxel in the gray matter. A histogram of these correlations was constructed to estimate
the distribution of connections to the current voxel. This distribution was converted to a survival
function, and the survival function was fitted with a stretched exponential with unknown variance.
As variance controls the spread of the distribution of connections, a larger variance indicates a larger
number of high correlation connections. Finally, this process was repeated for all voxels in gray
matter, resulting in a whole-brain parametric image summarizing the degree of connectedness of
each tissue element.

Seed Connectivity

Post hoc seed connectivity analysis was performed to explore the nodes identified by intrinsic
connectivity distribution analysis to determine the specific connections that were most responsible
for changes in connectivity. Seeds were defined on the reference brain and transformed back (via the
inverse of the transforms) into individual infant space. The time course of the reference regionin a
given infant was then computed as the mean time course across all voxels in the reference region.
This time course was correlated with the time course for every other voxel in gray matter to create a
map of r values, reflecting seed-to-whole brain connectivity. These r values were transformed to z
values using Fisher transform, yielding 1 map for each seed and representing the strength of
correlation with the seed for each infant.

Statistical Analysis

To assess the associations of the variable of interest with potential confounding variables,
demographic and behavioral data were analyzed using standard 2 test statistics or Fisher exact test
for categorical data. Continuous data were analyzed using t tests or Mann-Whitney U tests when a
normal distribution could not be assumed to compare groups. Associations of fetal growth with
prepregnancy BMI were derived using the slope of EFW and head circumference values across 2 or
more ultrasonographic time points. The slope was then associated with prepregnancy BMI in a linear
regression model. All analyses were performed using SPSS statistical software version 25 (IBM) or
SAS statistical software version 9.3 (SAS Institute). P values were 2-sided, and P < .05 was considered
statistically significant.

Imaging data were analyzed using intrinsic connectivity distribution, voxel-wise linear models
controlling for sex, postmenstrual age, and scanner upgrade, with all 3 covariates included in a single
model. Significance was assessed at P < .05, with all maps corrected for multiple statistical
comparisons across gray matter using cluster-level correction estimated via the 3dClustSim package
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version 16.3.05 in AFNI with 10 000 iterations, an initial cluster forming threshold of P = .001, the
gray matter mask applied in preprocessing, and a mixed-model spatial autocorrelation function.
Parameters for the spatial autocorrelation function were estimated from the residuals of the voxel-
wise linear models using 3dFWHMXx.

We performed path analysis to explore the association of prepregnancy BMI with fetal growth
indices and neonatal brain connectivity. For this analysis, prepregnancy BMI was the independent
variable, fetal growth was the variable potentially associated with mediation, and neonatal brain
connectivity was the dependent variable. An indirect mediation association was tested using
bootstrapping (5000 iteration), which does not assume a normal distribution of mediation
associations. Mediation analyses were performed using the PROCESS macro for SPSS.3#

Results

Demographic Characteristics

Of the 129 participants recruited, 110 (85.3%) had ultrasonographic data, and 105 (81.4%) had these
data for at least 2 points. Among offspring of recruited mothers, 72 newborns underwent MRI
scanning, and 45 newborns (62.5%) had usable functional and anatomical MRI data. The mean (SD)
age of the pregnant women was 17.82 (1.31) years, and a large proportion (94 women [89.5%]) were
Hispanic individuals (Table). Most infants were delivered vaginally (82 deliveries [82.8%]), all were

Table. Maternal and Neonatal Demographic Characteristics

No. (%)
Sample with ultrasound data Subsample with MRI data

Characteristic (n =105) (n = 45)
Maternal
Age at delivery, mean (SD), y 17.82 (1.31) 17.71 (1.38)
Prepregnancy BMI, mean (SD) 25.78 (7.15) 25.11 (6.52)
Education, grade

8th 1(1.0) 0

9th 10(10.0) 5(11.1)

10th 10 (10.0) 7 (15.6)

11th 30(30.6) 9(20.0)

212th 47 (48.0) 21(46.7)
Race/ethnicity

Not Hispanic/Latino 11 (10.5) 6(13.3)

Hispanic/Latino 94 (89.5) 39(86.7)
Type of delivery

Vaginal 82 (82.8) 31(68.9)

Cesarean 17 (17.2) 9(20.0)
Pregnancy complications?

None 81(81.8) 32(71.1)

Any 18(18.2) 7 (15.5)
Neonatal
Gestational age at birth, mean (SD), wk 39.39(1.31) 39.25(1.37)
Birth weight, mean (SD), g 3191.18 (485.95) 3155.40 (438.30)
Birth head circumference, mean (SD), cm 33.89(1.28) 33.96 (1.45)
Apgar, mean (SD)

1 min 8.33(1.39) 8.63(0.81)

5 min 8.78 (0.90) 8.95 (0.22)
Postmenstrual age at scan, mean (SD), y NA 42.46 (1.71)
Gender

Male 56 (53.3) 31(68.8)

Female 49 (46.7) 14 (31.1)

Abbreviations: BMI, body mass index (calculated as
weight in kilograms divided by height in meters
squared); NA, not applicable.

2 Includes chorioamnionitis, group B streptococcus,
and acute nephritic syndrome.
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appropriate size for gestational age (mean [SD] birth weight, 3191.18 [485.95] g; mean [SD]
gestational age at birth, 39.4 [1.3] weeks), and 56 infants (53.3%) were boys. Very few delivery
complications were noted (18 deliveries with complications [18.2%]). Postnatally, the infants were
scanned at a mean (SD) postmenstrual age of 42.5 (1.7) weeks. Demographic characteristics for the
total sample with ultrasonographic data did not differ significantly from the subsample with MRI
data. The mean (SD) prepregnancy BMI was 25.8 (7.2), with a wide distribution of BMIs, ranging from
14.42 t0 52.52. Only 1 mother had a diagnosis of diabetes, and her BMI was within the reference
weight range. There was no significant association between prepregnancy BMI and pregnancy

weight gain.

Main Analyses

Higher maternal prepregnancy BMI was significantly associated with a greater rate of change (ie,
accelerated) fetal growth, as measured by EFW (8 = 0.668; 95% Cl, 0.163-1.175; P = .01) (eTable in
the Supplement). Figure 1A displays a scatterplot showing the distribution of the EFW and
prepregnancy BMI across the 4 BMI classes. The data are well-distributed across the BMI classes and

demonstrate a linear association, suggesting that acceleration of fetal weight gain increases

proportionally with maternal prepregnancy BMI. Models adjusting for pregnancy weight and

complications as well as maternal demographic variables remained significant (eTable in the

Supplement).

Figure 1. Associations of Prepregnancy Body Mass Index (BMI) With Growth Curve of Estimated Fetal Weight (EFW) and Fetal Head Circumference (HC)
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On consideration of sex differences in the association of prepregnancy BMI and EFW, we found
that for boys, higher maternal prepregnancy BMI was significantly associated with greater EFW
(r=0.321;95% Cl, 0.063 to 0.537; P = .02). There was no association for girls (r = 0.165; 95% Cl,
-0.126 to 0.422; P = .27) or for the interaction of BMI with sex (z = 0.84; 95% Cl, -0.88 to
1.21; P = 40).

Higher maternal prepregnancy BMI was not significantly associated with greater fetal head
circumference in unadjusted or adjusted models (eTable in the Supplement) or when stratified by sex
(boys: r = -0.150; 95% Cl, -0.397 to 0.117; P = .30; girls: r = 0.081; 95% Cl, -0.205 to 0.353; P = .60).
Figure 1B displays a scatterplot showing the distribution of fetal head circumference and BMI across
the 4 BMI categories.

A significant positive correlation of prepregnancy BMI with global connectivity in the left
hemithalamus was observed, such that higher BMI was associated with greater connectivity of the
left thalamus to the whole brain (Figure 2). On further analysis using the left thalamic region as a
seed, we found that higher maternal BMI was associated with increased local thalamic connectivity,
and with decreased right ventrolateral frontothalamic and left dorsolateral frontothalamic
connectivity (Figure 3). These models controlled for child sex, postmenstrual age at scan,
and scanner.

Post Hoc Analyses

No significant correlation was found between EFW and the seed thalamic brain region (r = 0.218;
95% Cl, -0.078 to 0.482; P = .20). Mediation analyses indicated no significant indirect association
of prepregnancy BMI on neonatal thalamic connectivity through EFW (standardized

coefficient = 0.005; 95% Cl, -0.12 to 0.10; P = .93). The full mediation model is presented in
Figure 4.

There was also no significant correlation of fetal head circumference with the seed thalamic
brain region (r = -0.013; 95% Cl, -0.302 to 0.284; P = .94). We did not conduct mediation analyses
between prepregnancy BMI, fetal head circumference, and neonatal thalamic connectivity because
head circumference had no significant bivariate associations with either of these variables.

Figure 2. Associations of Prepregnancy Body Mass Index (BMI) and Whole Brain Connectivity
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Higher maternal prepregnancy BMI using the intrinsic connectivity distribution was associated with stronger connectivity between the left thalamus and the whole brain. The
scatterplot visualizes the distribution of the observed data points for mean infant connectivity in the left thalamic region plotted against prepregnancy BMI.
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Discussion

The goal of this prospective study was to determine whether maternal prepregnancy BMI was
associated with measures of fetal growth and neonatal brain functional connectivity. Prepregnancy
BMI had a positive association with the slope of EFW but not fetal head circumference, an index of
early brain growth. While far from definitive, maternal prepregnancy or pregnancy BMI has been
associated with greater fetal physical or head size in women with obesity compared with women
with reference weight,>3® broadly consistent with our findings. In the neonatal period,
prepregnancy BMI was associated with greater local thalamic connectivity and lower frontothalamic
connectivity. These results suggest that maternal BMI may contribute prenatally to the regulation
of offspring body weight and thalamic brain connectivity.

Our finding that higher maternal BMI was associated with altered functional connectivity in
infant offspring is consistent with 2 prior studies?®?' of functional connectivity in women with
obesity compared with women with reference weight, although significant findings were reported in
different brain regions and not in the thalamus. Only recently have studies with adult humans and
rodents demonstrated that thalamic connectivity is involved in reward and cognitive control
processing, which are brain systems integral to regulating feeding behavior.3”-3° These reports
identified that neurons in the paraventricular thalamic nucleus receive input from the hypothalamus
and nucleus accumbens and mediate both feeding behavior and regulation of body weight.38 To our

Figure 3. Thalamic Seed-Based Connectivity
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the right ventrolateral prefrontal cortex (vIPFC) and
P<.001 P=.001 P<.001 left dorsolateral prefrontal cortex (dIPFC) regions.

Figure 4. Mediation Model With Prepregnancy Body Mass Index (BMI), Estimated Fetal Weight,
and Neonatal Thalamic Connectivity
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knowledge, our findings are the first to demonstrate the association of maternal prepregnancy BMI
with thalamic connectivity in human infants. Projections from the paraventricular thalamic nucleus to
the prefrontal cortex subserve reward, motivation, and decision-making processes.?”® Given the
associations of lower frontothalamic connectivity with increasing maternal BMI, future studies that
consider behavioral tasks related to delay of gratification and food diaries during infancy may help us
better understand the functional associations of these connections in the developing brain. Indeed,
our findings suggest a new brain target for animal models of maternal BMI. Previous models have
shown that higher maternal BMIs lead to reduced or shortened neuron size in the hippocampus*©4!
and deficiencies in neuropeptides in the hypothalamus*? in offspring. Cellular and molecular studies
focused on the effects of maternal BMI on the developing offspring thalamus may elucidate the
underlying cellular basis for our observed thalamic connectivity findings.

Potential maternal biological mechanisms that may influence the association of maternal
prepregnancy BMI with fetal growth and brain development could be the activation of the maternal
immune (eg, inflammation) or endocrine (eg, cortisol) systems.*>*# In addition, a 2020 study by
Freeman®® found that these 2 systems may have sex-specific associations, as Freeman identified that
in the context of prenatal depression, there were higher levels of maternal inflammation (as
measured by C-reactive protein) in women pregnant with male fetuses and higher levels of cortisol
in women pregnant with female fetuses.

Our study has several features that enhance understanding of the associations of maternal
prepregnancy BMI with fetal growth parameters. First, our sample had no women with comorbid
medical disorders. As adolescents are less likely to have chronic medical conditions that are often
comorbid with higher BMI, they provide a good model for isolating the association of BMI with infant
outcomes. Moreover, as most studies report findings in the context of maternal diabetes or, in the
case of rodent studies, a high-fat diet,*¢*” our study suggests that maternal prepregnancy BMI and
other health-related factors can have independent associations with fetal development.! Second, our
study considers the full distribution of maternal BMI values. As many prior studies compare
dichotomized weight categories,2%-?' it is difficult to determine whether their findings generalize to
the continuum of BMI or are specific to obesity. Third, EHR reviews provided parameters of fetal
growth and the opportunity to consider multiple indices of fetal development in association with
maternal BMI and infant brain connectivity measures. We calculated growth estimates across
gestation, rather than creating separate curves for each trimester, as was done previously.?® Pooling
data points across gestation provides more stable growth curves by increasing the number of
observations per infant.

Limitations

Our study has several limitations. The study sample is representative of the Washington Heights
district of New York, New York, a primarily Hispanic community, but is not representative of national
demographic characteristics. The findings therefore may not generalize to the national population.
Our maternal sample consisted of adolescent and young adult women, and so the observed
associations may not generalize to pregnant women of older ages. Our sample size likely limited our
statistical power to detect mediation associations among BMI, fetal growth, and neonatal MRI
measures. The presence of eating disorders (eg, bulimia) was not assessed in the study, which could
relate to maternal BMI. Infant nutrition (eg, breastfeeding) was not assessed. Infant feeding practices
and nutrition should be assessed in future studies to determine whether they are associated with
fetal brain development. Despite the longitudinal nature of our study, we have only a single point for
infant imaging. Developmental trajectories of functional connectivity measures may have provided
a better assessment of the associations of maternal prepregnancy BMI with the developing brain.*®
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Conclusions

Maternal BMI is an index associated with physical and nutritional health. Our findings suggest that
BMI is an important prenatal exposure measure to consider in infant development, given that BMI
was found to be associated with fetal weight gain and neonatal brain connectivity measures. Future
studies that include behavioral measures (eg, observational and parent scales of frequency, rate, and
amount of feeding) at the same age that neuroimaging data are collected may further specify how
altered brain development is associated with behavioral disturbances in offspring. This study could
serve as a beginning point for future intervention studies to determine whether improving maternal
BMI may be associated with fetal brain development to optimize circuit development in areas key to
regulating nutrient intake and satiety signals*® and subsequently support optimal long-term infant
cognitive, social, and behavioral capacities.

ARTICLE INFORMATION
Accepted for Publication: September 8, 2020.

Published: November 3, 2020. doi:10.1001/jamanetworkopen.2020.24661

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2020 Spann MN
et al. JAMA Network Open.

Corresponding Author: Marisa N. Spann, PhD, MPH, Columbia University Irving Medical Center, 622 W 168th St,
PH Room 1540, New York, NY 10032 (mns2125@cumc.columbia.edu).

Author Affiliations: Columbia University Irving Medical Center, New York, New York (Spann, Barbato, Lee, Monk);
Yale University School of Medicine, New Haven, Connecticut (Scheinost); New York State Psychiatric Institute,
New York (Feng, Lee, Monk); Children’s Hospital Los Angeles, Los Angeles, California (Peterson); Department of
Psychiatry, Keck School of Medicine, University of Southern California, Los Angeles (Peterson).

Author Contributions: Dr Spann had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis. Drs Spann and Scheinost are co-first authors. Drs Monk
and Peterson are co-senior authors.

Concept and design: Spann, Scheinost, Peterson.

Acquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Spann, Scheinost, Barbato, Lee, Peterson.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Spann, Scheinost, Feng, Lee, Peterson.

Obtained funding: Spann, Monk, Peterson.

Administrative, technical, or material support: Spann, Barbato, Peterson.

Supervision: Spann, Lee, Peterson.

Conflict of Interest Disclosures: Dr Lee reported receiving grants from the National Institutes of Health outside
the submitted work. No other disclosures were reported.

Funding/Support: This work was supported by the National Institute of Mental Health (grant Nos. MH093677 and
MH117983). The work was also supported by the National Center for Advancing Translational Sciences (grant Nos.
KL2 TROO1874 and TROO008T), National Institute of Child Health and Development (grant No. HD9258901),
Marilyn and James Simons Foundation Whitaker Scholar Developmental Neuropsychiatry program, and National
Center for Advancing Translational Sciences of the National Institutes of Health (grant No. TRO01873).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Additional Contributions: We wish to thank the women who participated in this study. All women were
compensated for their participation in this research. Michelle Gilchrest, MA, Alida Davis, BA, Ashley Rainford, BA,
Erica Lambeth, BA, Arline Pierre-Louis, BA, Grace Liu, MA, and Kirwan Walsh, MS (Columbia University Irving
Medical Center) served as research assistants and staff and assisted with participant engagement and data
collection. They were all compensated for their work, except Arline Pierre-Louis.

[5 JAMA Network Open. 2020;3(11):e2024661. doi:10.1001/jamanetworkopen.2020.24661 November 3, 2020 N4

Downloaded From: https://jamanetwor k.com/ on 03/05/2022


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2020.24661&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.24661
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.24661
mailto:mns2125@cumc.columbia.edu

JAMA Network Open | Pediatrics Maternal Prepregnancy Body Mass Index, Fetal Growth, and Neonatal Thalamic Brain Connectivity

REFERENCES
1. Barbour LA, Hernandez TL. Maternal non-glycemic contributors to fetal growth in obesity and gestational
diabetes: spotlight on lipids. Curr Diab Rep. 2018;18(6):37. doi:10.1007/s11892-018-1008-2

2. Casas M, Forns J, Martinez D, et al. Maternal pre-pregnancy obesity and neuropsychological development in
pre-school children: a prospective cohort study. Pediatr Res. 2017;82(4):596-606. doi:10.1038/pr.2017.118

3. Adane AA, Mishra GD, Tooth LR. Maternal pre-pregnancy obesity and childhood physical and cognitive
development of children: a systematic review. Int J Obes (Lond). 2016;40(11):1608-1618. doi:10.1038/ij0.2016.140

4. Dionne G, Boivin M, Séguin JR, Pérusse D, Tremblay RE. Gestational diabetes hinders language development
in offspring. Pediatrics. 2008;122(5):e1073-e1079. doi:10.1542/peds.2007-3028

5. Krakowiak P, Walker CK, Bremer AA, et al. Maternal metabolic conditions and risk for autism and other
neurodevelopmental disorders. Pediatrics. 2012;129(5):e1121-e1128. doi:10.1542/peds.2011-2583

6. Edlow AG. Maternal obesity and neurodevelopmental and psychiatric disorders in offspring. Prenat Diagn.
2017;37(1):95-110. doi:10.1002/pd.4932

7. Andersen CH, Thomsen PH, Nohr EA, Lemcke S. Maternal body mass index before pregnancy as a risk factor for
ADHD and autism in children. Eur Child Adolesc Psychiatry. 2018;27(2):139-148. doi:10.1007/s00787-017-1027-6

8. Robinson M, Zubrick SR, Pennell CE, et al. Pre-pregnancy maternal overweight and obesity increase the risk for
affective disorders in offspring. J Dev Orig Health Dis. 2013;4(1):42-48. doi:10.1017/S2040174412000578

9. Friedman JE. Obesity and gestational diabetes mellitus pathways for programming in mouse, monkey, and
man—where do we go next: the 2014 Norbert Freinkel Award Lecture. Diabetes Care. 2015;38(8):1402-1411. doi:
10.2337/dc15-0628

10. Fernandes C, Grayton H, Poston L, et al. Prenatal exposure to maternal obesity leads to hyperactivity in
offspring. Mol Psychiatry. 2012;17(12):1159-1160. doi:10.1038/mp.2011.164

11. Kwon EJ, Kim YJ. What is fetal programming: a lifetime health is under the control of in utero health. Obstet
Gynecol Sci. 2017;60(6):506-519. doi:10.5468/0gs.2017.60.6.506

12. Woo Baidal JA, Locks LM, Cheng ER, Blake-Lamb TL, Perkins ME, Taveras EM. Risk factors for childhood
obesity in the first 1,000 days: a systematic review. Am J Prev Med. 2016;50(6):761-779. doi:10.1016/j.amepre.
2015.11.012

13. Boney CM, Verma A, Tucker R, Vohr BR. Metabolic syndrome in childhood: association with birth weight,
maternal obesity, and gestational diabetes mellitus. Pediatrics. 2005;115(3):e290-e296. doi:10.1542/peds.
2004-1808

14. Ehrenberg HM, lams JD, Goldenberg RL, et al; Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NICHD) Maternal-Fetal Medicine Units Network (MFMU). Maternal obesity, uterine activity,
and the risk of spontaneous preterm birth. Obstet Gynecol. 2009;113(1):48-52. doi:10.1097/A0G.
0b013e318191c818

15. Albouy-Llaty M, Thiebaugeorges O, Goua V, et al; EDEN Mother-Child Cohort Study Group. Influence of fetal
and parental factors on intrauterine growth measurements: results of the EDEN mother-child cohort. Ultrasound
Obstet Gynecol. 2011;38(6):673-680. doi:10.1002/uog.9006

16. Bjaorke-Monsen AL, Ulvik A, Nilsen RM, et al. Impact of pre-pregnancy BMI on B vitamin and inflammatory
status in early pregnancy: an observational cohort study. Nutrients. 2016;8(12):E776. doi:10.3390/nu8120776

17. Gale CR, O'Callaghan FJ, Bredow M, Martyn CN; Avon Longitudinal Study of Parents and Children Study Team.
The influence of head growth in fetal life, infancy, and childhood on intelligence at the ages of 4 and 8 years.
Pediatrics. 2006;118(4):1486-1492. doi:10.1542/peds.2005-2629

18. Poprzeczny AJ, Louise J, Deussen AR, Dodd JM. The mediating effects of gestational diabetes on fetal growth
and adiposity in women who are overweight and obese: secondary analysis of the LIMIT randomised trial. BJOG.
2018;125(12):1558-1566. doi:10.1111/1471-0528.15288

19. Hinkle SN, Schieve LA, Stein AD, Swan DW, Ramakrishnan U, Sharma AJ. Associations between maternal
prepregnancy body mass index and child neurodevelopment at 2 years of age. Int J Obes (Lond). 2012;36(10):
1312-1319. doi:10.1038/ijo.2012.143

20. Li X, Andres A, Shankar K, et al. Differences in brain functional connectivity at resting state in neonates born
to healthy obese or normal-weight mothers. Int J Obes (Lond). 2016;40(12):1931-1934. doi:10.1038/ij0.2016.166

21. Salzwedel AP, Gao W, Andres A, et al. Maternal adiposity influences neonatal brain functional connectivity.
Front Hum Neurosci. 2019;12:514. doi:10.3389/fnhum.2018.00514

[5 JAMA Network Open. 2020;3(11):e2024661. doi:10.1001/jamanetworkopen.2020.24661 November 3,2020 12/14

Downloaded From: https://jamanetwor k.com/ on 03/05/2022


https://dx.doi.org/10.1007/s11892-018-1008-2
https://dx.doi.org/10.1038/pr.2017.118
https://dx.doi.org/10.1038/ijo.2016.140
https://dx.doi.org/10.1542/peds.2007-3028
https://dx.doi.org/10.1542/peds.2011-2583
https://dx.doi.org/10.1002/pd.4932
https://dx.doi.org/10.1007/s00787-017-1027-6
https://dx.doi.org/10.1017/S2040174412000578
https://dx.doi.org/10.2337/dc15-0628
https://dx.doi.org/10.1038/mp.2011.164
https://dx.doi.org/10.5468/ogs.2017.60.6.506
https://dx.doi.org/10.1016/j.amepre.2015.11.012
https://dx.doi.org/10.1016/j.amepre.2015.11.012
https://dx.doi.org/10.1542/peds.2004-1808
https://dx.doi.org/10.1542/peds.2004-1808
https://dx.doi.org/10.1097/AOG.0b013e318191c818
https://dx.doi.org/10.1097/AOG.0b013e318191c818
https://dx.doi.org/10.1002/uog.9006
https://dx.doi.org/10.3390/nu8120776
https://dx.doi.org/10.1542/peds.2005-2629
https://dx.doi.org/10.1111/1471-0528.15288
https://dx.doi.org/10.1038/ijo.2012.143
https://dx.doi.org/10.1038/ijo.2016.166
https://dx.doi.org/10.3389/fnhum.2018.00514

JAMA Network Open | Pediatrics Maternal Prepregnancy Body Mass Index, Fetal Growth, and Neonatal Thalamic Brain Connectivity

22. Han E, Abrams B, Sridhar S, Xu F, Hedderson M. Validity of self-reported pre-pregnancy weight and body mass
index classification in an integrated health care delivery system. Paediatr Perinat Epidemiol. 2016;30(4):314-319.
doi:10.1111/ppe.12286

23. Aratjo RGPDS, Gama SGND, Barros DC, Saunders C, Mattos IE. Validity of self-reported weight, height, and
BMIin mothers of the research Birth in Brazil. Rev Saude Publica. 2017;51:115. doi:10.11606/51518-8787.
2017051006775

24. World Health Organization. Obesity: Preventing and Managing the Global Epidemic. World Health
Organization; 2004.

25. Goldstein RF, Abell SK, Ranasinha S, et al. Association of gestational weight gain with maternal and infant
outcomes: a systematic review and meta-analysis. JAMA. 2017;317(21):2207-2225. doi:10.1001/jama.2017.3635

26. Renault KM, Carlsen EM, Nergaard K, et al. Intake of sweets, snacks and soft drinks predicts weight gain in
obese pregnant women: detailed analysis of the results of a randomised controlled trial. PLoS One. 2015;10(7):
e0133041. doi:10.1371/journal.pone.0133041

27. LiN, Liu E, Guo J, et al. Maternal prepregnancy body mass index and gestational weight gain on pregnancy
outcomes. PLoS One. 2013;8(12):e82310. doi:10.1371/journal.pone.0082310

28. Canavan TP, Deter RL. The effect of maternal body mass index on fetal growth: use of individualized growth
assessment and two-level linear modeling. J Clin Ultrasound. 2014;42(8):456-464. doi:10.1002/jcu.22158

29. Joshi A, Scheinost D, Okuda H, et al. Unified framework for development, deployment and robust testing of
neuroimaging algorithms. Neuroinformatics. 2011;9(1):69-84. doi:10.1007/512021-010-9092-8

30. Scheinost D, Kwon SH, Shen X, et al. Preterm birth alters neonatal, functional rich club organization. Brain
Struct Funct. 2016;221(6):3211-3222. doi:10.1007/s00429-015-1096-6

31. Scheinost D, Kwon SH, Lacadie C, et al. Alterations in anatomical covariance in the prematurely born. Cereb
Cortex. 2017;27(1):534-543. doi:10.1093/cercor/bhv248

32. Scheinost D, Papademetris X, Constable RT. The impact of image smoothness on intrinsic functional
connectivity and head motion confounds. Neuroimage. 2014;95:13-21. doi:10.1016/j.neuroimage.2014.03.035

33. Scheinost D, Benjamin J, Lacadie CM, et al. The intrinsic connectivity distribution: a novel contrast measure
reflecting voxel level functional connectivity. Neuroimage. 2012;62(3):1510-1519. doi:10.1016/j.neuroimage.2012.
05.073

34. Hayes AF. Introduction to Mediation, Moderation, And Conditional Process Analysis: A Regression-Based
Approach. Second edition. The Guilford Press; 2018:692.

35. Caradeux J, Serra R, Palmeiro Y, et al. Correlation between maternal characteristics during early pregnancy,
fetal growth rate and newborn weight in healthy pregnancies. Gynecol Obstet Invest. 2016;81(3):202-206.

36. Hinkle SN, Johns AM, Albert PS, Kim S, Grantz KL. Longitudinal changes in gestational weight gain and the
association with intrauterine fetal growth. Eur J Obstet Gynecol Reprod Biol. 2015;190:41-47.

37. Ong ZY, Liu JJ, Pang ZP, Grill HJ. Paraventricular thalamic control of food intake and reward: role of glucagon-
like peptide-1receptor signaling. Neuropsychopharmacology. 2017;42(12):2387-2397.

38. ChengJ, Wang J, Ma X, Ullah R, Shen Y, Zhou YD. Anterior paraventricular thalamus to nucleus accumbens
projection is involved in feeding behavior in a novel environment. Front Mol Neurosci. 2018;11:202.

39. Kelley R, Flouty O, Emmons EB, et al. A human prefrontal-subthalamic circuit for cognitive control. Brain.
2018;141(1):205-216. doi:10.1093/brain/awx300

40. Tozuka Y, Kumon M, Wada E, Onodera M, Mochizuki H, Wada K. Maternal obesity impairs hippocampal BDNF
production and spatial learning performance in young mouse offspring. Neurochem Int. 2010;57(3):235-247.

41. Bilbo SD, Tsang V. Enduring consequences of maternal obesity for brain inflammation and behavior of
offspring. FASEB J. 2010;24(6):2104-2115.

42. Srinivasan M, Dodds C, Ghanim H, et al. Maternal obesity and fetal programming: effects of a high-
carbohydrate nutritional modification in the immediate postnatal life of female rats. Am J Physiol Endocrinol
Metab. 2008;295(4):E895-E903.

43. Spann MN, Monk C, Scheinost D, Peterson BS. Maternal immune activation during the third trimester is
associated with neonatal functional connectivity of the salience network and fetal to toddler behavior. J Neurosci.
2018;38(11):2877-2886.

44. Graham AM, Rasmussen JM, Entringer S, et al. Maternal cortisol concentrations during pregnancy and
sex-specific associations with neonatal amygdala connectivity and emerging internalizing behaviors. Biol
Psychiatry. 2019;85(2):172-181. doi:10.1016/j.biopsych.2018.06.023

[5 JAMA Network Open. 2020;3(11):e2024661. doi:10.1001/jamanetworkopen.2020.24661 November 3,2020 13/14

Downloaded From: https://jamanetwor k.com/ on 03/05/2022


https://dx.doi.org/10.1111/ppe.12286
https://dx.doi.org/10.11606/S1518-8787.2017051006775
https://dx.doi.org/10.11606/S1518-8787.2017051006775
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2017.3635&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.24661
https://dx.doi.org/10.1371/journal.pone.0133041
https://dx.doi.org/10.1371/journal.pone.0082310
https://dx.doi.org/10.1002/jcu.22158
https://dx.doi.org/10.1007/s12021-010-9092-8
https://dx.doi.org/10.1007/s00429-015-1096-6
https://dx.doi.org/10.1093/cercor/bhv248
https://dx.doi.org/10.1016/j.neuroimage.2014.03.035
https://dx.doi.org/10.1016/j.neuroimage.2012.05.073
https://dx.doi.org/10.1016/j.neuroimage.2012.05.073
https://www.ncbi.nlm.nih.gov/pubmed/26836776
https://www.ncbi.nlm.nih.gov/pubmed/25978857
https://www.ncbi.nlm.nih.gov/pubmed/28811669
https://www.ncbi.nlm.nih.gov/pubmed/29930498
https://dx.doi.org/10.1093/brain/awx300
https://www.ncbi.nlm.nih.gov/pubmed/20538025
https://www.ncbi.nlm.nih.gov/pubmed/20124437
https://www.ncbi.nlm.nih.gov/pubmed/18682533
https://www.ncbi.nlm.nih.gov/pubmed/18682533
https://www.ncbi.nlm.nih.gov/pubmed/29487127
https://www.ncbi.nlm.nih.gov/pubmed/29487127
https://dx.doi.org/10.1016/j.biopsych.2018.06.023

JAMA Network Open | Pediatrics Maternal Prepregnancy Body Mass Index, Fetal Growth, and Neonatal Thalamic Brain Connectivity

45. Freedman R. Maternal prenatal depression in pregnancies with female and male fetuses and developmental
associations with C-reactive protein and cortisol. Biol Psychiatry: CNNI. Published online August 12, 2020. doi:10.
1016/j.bpsc.2020.08.003

46. Cunha FdaS, Dalle Molle R, Portella AK, et al. Both food restriction and high-fat diet during gestation induce
low birth weight and altered physical activity in adult rat offspring: the “Similarities in the Inequalities” model. PLoS
One. 2015;10(3):e0118586. doi:10.1371/journal.pone.0118586

47. Most O, Langer O. Gestational diabetes: maternal weight gain in relation to fetal growth, treatment modality,
BMI and glycemic control. J Matern Fetal Neonatal Med. 2012;25(11):2458-2463. doi:10.3109/14767058.2011.
650250

48. DiMartino A, Fair DA, Kelly C, et al. Unraveling the miswired connectome: a developmental perspective.
Neuron. 2014;83(6):1335-1353. doi:10.1016/j.neuron.2014.08.050
49. Nikiema L, Huybregts L, Martin-Prevel Y, et al. Effectiveness of facility-based personalized maternal nutrition

counseling inimproving child growth and morbidity up to 18 months: a cluster-randomized controlled trial in rural
Burkina Faso. PLoS One. 2017;12(5):e0177839. doi:10.1371/journal.pone.0177839

SUPPLEMENT.
eAppendix. Supplemental Methods
eTable. Association of Prepregnancy Body Mass Index With Fetal Head Circumference and Estimated Fetal Weight

[5 JAMA Network Open. 2020;3(11):e2024661. doi:10.1001/jamanetworkopen.2020.24661 November 3, 2020 1414

Downloaded From: https://jamanetwor k.com/ on 03/05/2022


https://dx.doi.org/10.1016/j.bpsc.2020.08.003
https://dx.doi.org/10.1016/j.bpsc.2020.08.003
https://dx.doi.org/10.1371/journal.pone.0118586
https://dx.doi.org/10.3109/14767058.2011.650250
https://dx.doi.org/10.3109/14767058.2011.650250
https://dx.doi.org/10.1016/j.neuron.2014.08.050
https://dx.doi.org/10.1371/journal.pone.0177839

