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ARTICLE INFO ABSTRACT

Keywords: Maternal body mass index (BMI) influences pregnancy and birth outcomes along with child metabolic and
High BMI neurodevelopmental health and fetal sex may be a moderating factor in these effects. Alternations in autonomic
Pregnancy

nervous system (ANS) functioning, identified in heart rate (HR) measurements, could present early markers of
these prenatal programming effects in both the mother and the developing fetus. This study examines the as-
sociations between pre-pregnancy BMI and maternal and fetal ANS functioning and infant postnatal behavioral
outcomes stratified by fetal sex. Pregnant women (N=176) were recruited at gestational week (GW) T1: 12-22
and categorized into Normal (BMI< 25) or High BMI (BMI > 25). Women attended laboratory sessions at T2: GW
23-28, and T3: GW 34-36 to assess maternal and fetal HR and HR variability (HRV) at baseline and after a
stressor at T3. Infant behavior was assessed at 4 months using the Infant Behavior Questionnaire-Revised.
Women with high BMI bearing female fetuses had higher HR and lower HRV at both gestational time points.
Later in the third trimester, female fetuses of high BMI women exhibited lower HRV when challenged with a
stressor. At 4 months, female infants were rated as having lower scores on the Orienting/Regulatory scale. Our
findings provide evidence of female sex-specific programming of maternal pre-pregnancy BMI on maternal ANS
regulation and neurodevelopment identified in-utero and continuing into early infancy.

Prenatal programming
Fetal heart rate

Heart rate variability
Infant behavior

1. Introduction physiology (DiPietro et al., 2011; Mitchell et al., 2017; Teulings et al.,
2020) and fetal adaptation to prenatal exposures (Joshi et al., 2020; van
Duijn et al., 2021); it is an important variable in the advancement of

Developmental Origins of Health and Disease (DOHaD) research though

In the United States, nearly a third of pregnant women are obese
(Driscoll and Gregory, 2020). Overall, increased maternal body mass

index (BMI) is associated with a number of unfavorable maternal and
child outcomes (Driscoll and Gregory, 2020) as maternal metabolic
status plays an important role in priming future health for both gener-
ations (Saben et al., 2016; Sales et al., 2017; Shrestha et al., 2020). To
date, early identification of this prenatal programming —maternal BMI
affecting maternal and fetal health parameters — has been minimal and
rarely simultaneously inclusive of both maternal and child health, yet
identification of these early maternal-fetal effects could support mech-
anistic transmission studies and innovation for pregnancy interventions.
Finally, fetal sex is a key moderating variable affecting both maternal
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only recently reliably included in studies.

An earlier work using a latent profile analysis of several bio-
psychosocial variables categorized women into either physically or
psychologically stressed, with BMI being associated with the physically
stressed category (Walsh et al., 2019). BMI is a common parameter
included in the allostatic load model measuring the ‘wear and tear’ on
the body of life stress and is highly associated with several stress pa-
rameters (Juster et al., 2010) such as autonomic nervous system (ANS)
functioning, which maintains body homeostasis and is a key effector of
the stress response system.

Received 28 February 2024; Received in revised form 30 July 2024; Accepted 24 September 2024

Available online 25 September 2024

0306-4530/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:syabuaish@pnu.edu.sa
www.sciencedirect.com/science/journal/03064530
https://www.elsevier.com/locate/psyneuen
https://doi.org/10.1016/j.psyneuen.2024.107196
https://doi.org/10.1016/j.psyneuen.2024.107196
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2024.107196&domain=pdf

S. Abuaish et al.

The Function of the ANS can be assessed by measuring heart rate
(HR) and HR variability (HRV) parameters. HRV can be measured using
primarily two different metrics: time and frequency domains. The
quantification of the variation in beat-to-beat time intervals is repre-
sented in the time domain indices, such as standard deviation in normal-
to-normal R-R intervals (SDNN) and the root mean square of successive
RR interval differences (RMSSD). While SDNN is influenced by both the
sympathetic (SNS) and parasympathetic nervous systems (PNS), RMSSD
is more influenced by the parasympathetic system. The frequency
domain represents the distribution of power in either high (HF) or low
(LF) frequency bands of oscillatory rhythms in the variability of the RR
intervals (Cooley et al., 1998; Kimmel et al., 2021). The ratio of the
LF/HF HRV is believed to represent the balance between the SNS and
PNS, based on the assumption that LF is generated by the SNS while the
HF reflects the parasympathetic activity; however, these assumptions,
especially regarding the LF generation by SNS have been challenged and
should be interpreted with caution. Findings of these matrices might
indicate the dominance of either arm of the ANS.

In people with high BMI (>25), ANS functioning is altered, evi-
denced in higher resting HR and lower resting HRV (Godfrey et al.,
2019; Triggiani et al., 2019; Yadav et al., 2017). In adults and children,
lower resting HRV is associated with disease and a diminished capacity
for self-regulation and adaptation to challenging environments (Shaffer
and Ginsberg, 2017).

During pregnancy, physiological adjustments to support the mother
and her fetus are observed with significant changes in maternal hemo-
dynamics, including increased blood volume and cardiac output and
reduced vascular resistance (Kodogo et al., 2019). These changes are
governed by alternations of the ANS seen in increasing HR and
decreasing HRV as pregnancy progresses (Helmreich et al., 2008;
Walther et al., 2005). Relatively lower maternal HRV is associated with
hypertensive disorders of pregnancy such as pre-eclampsia (Moors et al.,
2020) as well as maternal mental health conditions pre and post preg-
nancy (Kimmel et al., 2021; Solorzano et al., 2022).

For the developing fetus, HR and HRV serve as developmental bio-
markers. Fetal HR and HRV reliably decrease and increase, respectively
over gestation reflecting greater parasympathetic control in the ANS
system (Shuffrey et al., 2019). Intraindividual fetal HR parameters are
largely stable prenatally into infancy and childhood, predicting mental
and psychomotor development, language abilities, and capacity to
regulate emotion and behavior (DiPietro et al., 2007; Werner et al.,
2007). Specifically, fetal HRV is positively associated with neuro-
development and language acquisition (DiPietro et al., 2007) and
inversely with aspects of infant reactive temperament (Werner et al.,
2007). Recent DOHaD studies have examined maternal BMI in relation
to fetal HR outcomes reporting lower fetal HRV in high BMI women and
an inverse association between weight or gestational weight gain and
fetal HRV (Christifano et al., 2021; Husin et al., 2020).

The hypothalamic-pituitary-adrenal axis and inflammation are both
implicated in the regulation of the autonomic nervous system, and are
known to be dysregulated in individuals with high body mass index
(Friis et al., 2013; Incollingo Rodriguez et al., 2015). This suggests that
the HPA axis, inflammation, and ANS are common biological pathways,
which are known to influence each other, that could explain the bio-
logical dysregulation reported with high BMI. For instance, lower heart
rate variability and vagal function have been associated with elevated
urinary cortisol levels and proinflammatory cytokines in adults (Thayer
and Sternberg, 2006). Additionally, maternal salivary cortisol has been
reported to be linked with increased fetal heart rate (Monk et al.,
2011a).

Fetal sex appears to influence maternal and infant physiology in the
context of prenatal exposures, with effects identified in relation to fe-
male sex. For example, some data suggest that carrying a female is
associated with higher maternal cortisol levels (DiPietro et al., 2011)
and augmented stimulated cytokine production across pregnancy
(Mitchell et al., 2017). For children, sex-dimorphic effects are observed
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in metabolic consequences such that type 2 diabetes development is
associated with maternal BMI and waist circumference only in daughters
(Talbot and Dolinsky, 2019). In animal models, sex-dimorphic differ-
ences in developmental outcomes in relation to maternal obesity are
frequently reported, with females particularly affected. For example, in
rodent studies, maternal obesity is associated with reduced sociability
(Kang et al., 2014), increased anxiety (Sasaki et al., 2013), and altered
neonatal ultrasonic vocalization, specifically in female offspring
(Abuaish et al., 2020). Animal studies also show sex-dimorphic physi-
ological and molecular responses to maternal obesity in offspring tissues
including the brain (Edlow et al., 2016; Sasaki et al., 2013), and placenta
(Leon-Garcia et al., 2016; Mando et al., 2016). To our knowledge, no
studies have investigated in humans whether high maternal BMI is
associated with sex-specific differences in indices of maternal physi-
ology and fetal and infant development.

In this study we aim to examine the effects of pre-pregnancy BMI on
prenatal maternal and fetal ANS function and postnatal infant behavior
with a special focus on sex-dimorphic differences. Based on prior work in
adults, we hypothesized that high BMI would be associated with reduced
HRYV in mothers; given the minimal research to date, we explored sex
differences without an a priori hypothesis. Based on prior animal and
human studies (Abuaish et al., 2020; Kang et al., 2014; Sasaki et al.,
2013; Werner et al., 2007), we hypothesized that high pre-pregnancy
BMI would be associated with altered fetal ANS regulation such that
female fetuses exhibit reduced HRV and that the offspring in-utero
alteration would be paralleled postnatally in infant behavior with
reduced behavioral regulation.

2. Materials and methods
2.1. Participants and procedures

This is a secondary analysis of an already existing data set including
participants who were part of a longitudinal study examining maternal
stress in relation to maternal and fetal epigenetic modifications (Jensen
Penaetal., 2012; Walsh et al., 2019). A total of N=187 healthy pregnant
women ages 18-45 years were recruited between 2011 and 2016 from
the Department of Obstetrics and Gynecology at Columbia University
Medical Centre during either their first or second trimester. Only women
with singleton pregnancies fluent in English and who were not actively
smoking or taking psychiatric drugs were included in this study. All
participants provided written informed consent, and all procedures were
approved by the Institutional Review Board of the New York State
Psychiatric Institute. Eleven women withdrew from the study after their
first visit (N= 176). Pre-pregnancy BMI was used to assess maternal BMI
as it is a predictor of adverse maternal and offspring outcomes (Voerman
etal., 2019). Participants were recruited at gestation weeks (GW) 12-22
(T1) and their pre-pregnancy weight was self-reported, and BMIs were
calculated using their pre-pregnancy weights and categorized based on
the Centers of Disease Control and Prevention classifications: Under-
weight (BMI < 18.5) (N= 9), Normal BMI (BMI < 25) (N= 77), Over-
weight (BMI 25-29) (N= 55), or Obese (BMI >30) (N= 33). Two groups
were created: Normal BMI (N= 77) and High BMI (N= 88), which in-
cludes both Overweight and Obese women. Maternal weights were
collected at each visit and they showed significant positive correlation
with reported pre-pregnancy BMI (Supplementary Table 1). Women
attended laboratory sessions for HR assessment sessions in their second
trimester (T2: GW 23-28) and third trimester (T3: GW 34-36). During
laboratory sessions participants’ blood were collected and later analyzed
for leptin levels (Supplementary methods), which were also positively
correlated with pre-pregnancy BMI (Supplementary Table 1). In addi-
tion, leptin levels were significantly higher in High BMI compared to
Normal BMI women (Supplementary Figure 1). A total of eleven women
were excluded from the analyses including the 9 underweight women
and 2 who had missing pre-pregnancy weights, resulting in a sample of
N=165. Demographics, perceived stress, and depression
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(Supplementary methods) data were collected and updated at both
sessions. Medical records were accessed to collect birth outcomes.

2.2. Maternal and fetal heart rate assessments

At T2, participants laid comfortably for a 20-min baseline session in a
semi-recumbent position during the acquisition of both maternal and
fetal HR. At T3, the 20-min session was followed by stressor paradigms:
participants were presented with two different 5-minute tasks, Stroop
and paced breathing, after an additional 5-minute resting baseline; tasks
were separated by a 5-minute recovery period as previously described
(Monk et al., 2011b). The order of the two tasks was counterbalanced
among the participants.

Maternal electrocardiogram (ECG) and respiration impedance were
acquired and digitized at 500 Hz and 50 Hz, respectively, by a 16-bit A/
D conversion board (National Instruments, Austin, TX). ECG analysis
was done as described in (Monk et al., 2000; Sloan et al., 2007).
Waveforms were analyzed using costume developed software to detect R
waves and calculate RR intervals and later visually inspected to correct
mislabeled waves. Mean HR (bpm) and HRV time domain indices
including standard deviation of RR intervals (SDNN) and the root mean
squared successive difference (RMSSD) were calculated for each period.
To obtain HRV frequency domain indices, spectral power in the low
(0.04-0.15 Hz (LF)) and high (0.15-0.40 Hz (HF)) frequency bands were
computed by subjecting 300-sec epochs to an interval method for
computing Fourier transforms of calculated spectra. Before computing
Fourier transforms, the mean of the RR interval series was subtracted
from each value in the series and the series was then filtered using a
Hanning window and the power, i.e., variance (in msec2), over the LF
and HF bands was summed. Estimates of spectral power were adjusted to
account for attenuation produced by this filter. The ratio of LE/HF HRV
was calculated as a possible estimate of HRV reflecting the sympathetic
and parasympathetic balance (Shaffer and Ginsberg, 2017). Respiration
measured as average breaths per minute was calculated after identifying
the peaks of respiratory impedance waveform via a custom-developed
software and later visually inspected for accuracy and used as a covar-
iate in analyses. A total of T2: N= 139, T3: N= 133 participants provided
HR and HRV data for analysis (T2: N= 23 participants did not have
enough data collected, N= 4 participants joined the study at T3, N= 4
participants did not complete the session; T3: N= 6 participants with-
drew from the study after T2, N= 4 participants did not enough data
collected, N= 22 participants did not complete the session).

Fetal HR was obtained using Toitu MT 325 fetal actocardiograph
(Toitu Co.) via a single transabdominal Doppler transducer and later
processed through filters removing movement associated with HR and
maternal somatic activity. The output data from Toitu was digitized at
50 Hz using a 16-bit A/D card (National Instruments 16XE50) and data
were later analyzed offline using a MATLAB software developed for this
assessment. Average fetal HR were calculated as described in (Doyle
et al., 2015). When 4-minute recoded segments did not meet the criteria
as described elsewhere (Doyle et al., 2015), these individuals were
excluded (T2: N= 28, T3: N= 8) from the analysis. HRV was calculated
as the standard deviation of HR. There were no significant differences in
the missing fetal heart rate data between the two different groups
(missing: Normal BMI N= 14 (9.9 %), High BMI N= 17(11.6 %), X
(1288)= 0.239, p= 0.6).

2.3. Mother reported infant behavior

At 4 months postpartum, a subset of participants (N= 91) completed
the Infant Behavior Questionnaire-Revised (IBQ-R). The IBQ-R assesses
infant behavior between 2 and 12 months, consists of 191 items divided
into 14 subscales, and is scored on a 7-point Likert scale ranging from
“Always” to “Never”. A three-factor structure is constructed: 1) Sur-
gency/Positive Emotionality (subscales: Activity Level, Vocal Reac-
tivity, Approach, Smiling and Laughter, High-Intensity Pleasure, and
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Perceptual Sensitivity), 2) Negative Affect (Distress to Limitation,
Sadness, Fear, and Falling Reactivity), and 3) Orienting/Regulatory
(Duration of Orienting, Soothability, Low Intensity Pleasure, and
Cuddliness) (Gartstein and Rothbart, 2003).

2.4. Statistical analysis

Demographic data was analyzed using chi-square and Fisher exact
test. Maternal HRV variables were skewed and were log-transformed for
normalization. Values that were 3X the interquartile range of the data
were considered extreme outliers and removed (Maternal variables: LF/
HF HRV N= 2; Fetal variables: HR N= 4, 20-minute baseline HRV N= 5,
stressor task HRV N= 9). There were no group differences Normal versus
High BMI in maternal age, education, and ethnicity. However, annual
income was significantly different (p = 0.05; Table 1) indicating that
women with lower income were more likely to have high BMI; it was
added as a covariate in all analyses. There were no group differences in
parity, gestational diabetes, infant sex, gestational age at birth, birth
weight or birth weight adjusted to gestational age at birth (calculated as
the residuals of a regression analysis of birth weight on gestational age at
birth). Women with high BMI, however, were more likely to deliver with
C-section (p = 0.07; Table 1), which was added as a covariate in all
analyses. We did not find any significant differences in weight gain
between Normal and High BMI women. High BMI was associated with
higher depression scores measured by Hamilton Depression Rating Scale
(HAMD; Supplementary material) and was used in sensitivity analyses
for all variables and it did not change the findings for any of the vari-
ables except for the fetal HRV during the stress task (see results).

Baseline maternal and fetal HR parameters were analyzed using
factorial Linear Mixed Models (LMM) (2 BMI X 2 trimester) using AR1
covariate matrix with trimester as the repeated measures and subject ID
as a random factor and were stratified by fetal sex. Fetal HR parameters
during the stress challenge were analysed using factorial LMM (2 BMI X
5 periods) using AR covariate matrix and period as the repeated mea-
sures. Average HR and HRV are presented across the stress period. A
factorial univariate ANOVA (2 BMI X 2 sex) was used to analyse infant
behavior. Spearman correlation was used to examine the relationship
between fetal HRV and infant behavior. Maternal ethnicity, maternal
age, and birth weight adjusted to gestational age at birth were related to
some maternal and fetal HR parameters and were added in all HR
models as covariates. Maternal physical activity (Supplementary mate-
rial) is shown to be associated with maternal HR parameters (Doyle
et al., 2015) and therefore was included as a covariate in the analysis.
For maternal HF-HRV, maternal respiration during the assessment was
also included as a covariate similar to other reports (Sloan et al., 2007).
The order of stressor tasks, whether Stroop task or paced breathing were
presented first, were added as covariates in the model assessing the
differences in fetal HR parameters during the stress challenge. Maternal
reports of infant behavior were related to maternal age, gestational age
at birth, parity, and ethnicity. Previous studies have indicated that
maternal stress is associated with maternal reports of infant tempera-
ments (Pesonen et al., 2008, 2005), therefore maternal perceived stress
collected at 4 months (supplementary material) was added to the anal-
ysis as a covariate. Bonferroni post hoc test was used for all multiple
comparisons reported.

3. Results
3.1. Maternal HR parameters

Women pregnant with females showed the expected increase in HR
across pregnancy (Time effect: F(1, 63.97)= 14.95, p< 0.001; Fig. 1A;
Supplementary Table 5). Pre-pregnancy BMI was associated with higher
HR at both time points in women pregnant with females (BMI effect: F(1,
69.15)= 9.33, p = 0.003; High BMI vs. Normal BMI: p< 0.01). Women
pregnant with males also showed the expected increase in HR (Time
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Table 1
Cohort demographics.
Variable N Overall, N = 165" High, N = 88" Normal, N = 77¢ p-value”
Age 165 29.96 (19.55-44.91) 30.20 (20.26-43.21) 29.69 (19.55-44.91) 0.6
Pre-pregnancy weight 165 155.52 (100.00-310.00) 178.75 (130.00-310.00) 128.97 (100.00-165.00) <0.001
Pre-pregnancy BMI 165 26.55 (18.70-43.23) 30.50 (25.09-43.23) 22.04 (18.70-24.96) <0.001
Weight gain° 113 29.08 (26.94-31.41) 29.17 (27.07-31.41) 28.99 (26.94-30.11) 0.2
Education 165 0.5
High school 62 (37.6 %) 31 (35.2 %) 31 (40.3 %)
GED 12 (7.3 %) 9 (10.2 %) 3(3.9%)
Vocational 4 (2.4 %) 3 (3.4 %) 1(1.3%)
Associates 10 (6.1 %) 6 (6.8 %) 4 (5.2 %)
Bachelors 46 (27.9 %) 26 (29.5 %) 20 (26 %)
Masters 16 (9.7 %) 8 (9.1 %) 8 (10.4 %)
PhD 7 (4.2 %) 3 (3.4 %) 4 (5.2 %)
Other 8 (4.8 %) 2(2.3%) 6 (7.8 %)
Ethnicity 164 0.1
Hispanic/Latina 111 (67.7 %) 64 (73 %) 47 (62 %)
Income 165 0.05
$0-$15,000 22 (13 %) 16 (18 %) 6 (8 %)
$16,000-$25,000 32 (19 %) 16 (18 %) 16 (21 %)
$26,000-$50,000 34 (23 %) 19 (22 %) 15 (19 %)
$51,000-$100,000 42 (25 %) 25 (28 %) 17 (22 %)
$101,000-$250,000 28 (17 %) 11 (12 %) 17 (22 %)
Above $250,000 7 (4 %) 11 %) 6 (8 %)
Parity 161 0.84 (0—-6) 0.92 (0-6) 0.76 (0—-4) 0.2
Gestational Diabetes 164 5(3 %) 4 (4.6 %) 1(1.3%) 0.3
Gestational age 156 39.13 (30—41) 39.22 (30—41) 39.15 (34—41) >0.9
Sex 160 0.3
Female 78 (49 %) 44 (52 %) 33 (45 %)
Birth weight 159 3314.58 (1310.00-4470.00) 3356.56 (1470.00-4470.00) 3302.12 (1310.00-4395.00) 0.7
Delivery 159 0.07
C-section 56 (35 %) 35 (42 %) 21 (28 %)
Vaginal 103 (65 %) 48 (58 %) 55 (72 %)
8 Mean (Minimum-Maximum); n (%)
b Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test
¢ Adjusted to gestational week at 3rd trimester
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Fig. 1. Heart rate (HR) baseline measurements of pregnant women with Normal or High BMI during a 20-min recording session at gestation weeks 23-28 and 34-36
visits stratified by fetal sex. (A) HR. (B) Log transformed root mean square of the successive differences (RMSSD). (C) Log transformed standard deviation of the NN
(R-R) intervals (SDNN). (D) Log transformed low frequency HR variability (LFHRV). (E) Log transformed high frequency HR variability (HFHRV). (F) Ratio of log
LFHRV to HFHRV. Data presented are means + standard error. Bonferroni Post hoc comparisons; a= High BMI vs. Normal BMI, b= T2 vs. T3.

effect: F(1, 60.71)= 10.74, p = 0.002; Fig. 1A) but this change was only
significant in High BMI women (High BMI: T2 vs. T3: p< 0.001), with no
main effect of pre-pregnancy BMI (BMI effect: F(1, 68.22)= 0.36, p =

0.6).

With respect to the time domains of HRV, RMSSD and SDRR, in
women pregnant with females, RMSSD (Fig. 1B; Supplementary Table 5)
did not change across pregnancy (Time effect: F(1, 63.13)= 1.92, p =
0.17), yet it was overall lower across pregnancy in High BMI women
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(BMI effect: F(1, 68.34)= 4.53, p = 0.04). RMSSD levels were signifi-
cantly lower at T2 (High BMI vs. Normal BMI: p = 0.04) and showed a
non-significant trend of a decrease at T3 (High BMI vs. normal BMI: p =
0.09). In women pregnant with males, RMSSD changed across preg-
nancy (Time effect: F(1, 64.22) = 6.04, p = 0.01), with a significant
decrease observed only in High BMI women from T2 to T3 (p = 0.01).
SDNN (Fig. 1C; Supplementary Table 5) exhibited a significant increase
across pregnancy only in women carrying female fetuses (Time effect: F
(1, 60.33)= 6.53, p = 0.01). Pairwise comparison analysis revealed that
this increase was only significant in High BMI women (T2 vs. T3: p =
0.02). In women pregnant with males, SDNN did not change across
pregnancy (Time effect: F(1, 64.22)= 0.63, p = 0.4) nor did it differ by
pre-pregnancy BMI (BMI effect: F(1, 70)= 0.01, p = 0.99).

For frequency domains of HRV, LF-HRV levels (Fig. 1D; Supple-
mentary Table 5) did not change across time nor was it associated with
pre-pregnancy BMI in either male and female pregnancies. HF-HRV
(Fig. 1E), however, decreased overall across time in women pregnant
with females (Time effect: F(1, 62.05)= 7.68, p = 0.007). This decrease
was only significant in High BMI women (T2 vs. T3: p = 0.04). High BMI
was associated with lower HF-HRV at both time points in women car-
rying female fetuses (BMI effect: F(1, 68.54)= 5.14, p = 0.03; High BMI
vs. Normal BMI: p< 0.05). Women pregnant with males also exhibited a
change in their HF-HRV across pregnancy (Time effect: F(1, 59.10)=
5.05, p = 0.03), with only High BMI women exhibiting a significant
decrease across time (T2 vs. T3: p = 0.03). Finally, the ratio of LF:HF
HRV (Fig. 1F; Supplementary Table 5) significantly increased across
pregnancy in women carrying female fetuses (Time effect: F(1, 61.72)=
6.59, p = 0.01). This increase was only significant in Normal BMI women

A
Male Female
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<
£ 1454
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(1]
]
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(T2 vs. T3: p = 0.04). High BMI was associated with high LF:HF HRV
ratio in female pregnancies (BMI effect: F(1,65.35)= 4.26, p = 0.04),
which was significant specifically at T2 (High BMI vs. Normal BML: p =
0.04). Male pregnancies on the other hand did not exhibit any change in
the ratio of LF:HF HRV across time (Time effect: F(1, 52.29)= 2.39, p =
0.1), but it was affected by pre-pregnancy BMI (BMI effect: F(1, 58.03)=
5.13, p = 0.03). Specifically, High BMI women pregnant with males had
significantly higher ratio of LF:HF HRV at T3 only compared to Normal
BMI women (p = 0.01).

3.2. Fetal HR parameters

Fetal HR was lower (Fig. 1A; Supplementary Table 6) across time for
both sexes of both BMI groups (Time effect: female; F(1,59.91)= 29.76,
p< 0.001; male: F(1,62.16)= 28.00, p< 0.001; T2 vs. T3: p < 0.001),
with no association with maternal BMI (BMI effect: female; F(1,60.08)=
1.30, p = 0.2; male: F(1,62.81)= 0.36, p = 0.5). Additionally, there was
an overall increase in fetal HRV (Fig. 1B; Supplementary Table 6) across
pregnancy (Time effect: female: F(1,48.01)= 12.59, p< 0.001; male: F
(1,70.96)= 11.94, p< 0.001; T2 vs. T3: p < 0.05), with no association
with maternal BMI (BMI effect: female; F(1,53.70)= 0.84, p = 0.3; male:
F(1,65.83)= 0.27, p = 0.6).

During the maternal stressor task in the 3rd trimester, HR (Fig. 2D;
Supplementary Table 7) changed in male but only showed trend result in
female fetuses (Time effect: female: F(4186.54)= 2.17, p = 0.07; male: F
(4183.50)= 3.10, p = 0.01). No associations between maternal BMI and
fetal HR during the stressor tasks were found (BMI effect: female: F
(1,49.14)= 0.73, p = 0.4; male: F(1,50.71)= 0.54, p = 0.5). HRV
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Fig. 2. Heart rate (HR) parameters of male and female infants of women with Normal or High BMI. Baseline HR parameters measured during a 20-min recording
session at gestation weeks 23-28 and 34-36 visits. (A) HR. (B) HR variability. Parameters measured during a stress challenge session at gestation weeks 34-36 visit.
(C) HR. (D) HR variability. Data presented are means + standard error.Bonferroni Post hoc comparisons; a= High BMI vs. Normal BMI, b= T2 vs. T3.
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(Fig. 2E; Supplementary Table 7) did not change during the stressor
periods in either sex (Time effect: female: F(4128.64)= 1.01, p = 0.4;
male: F(4101.31)= 0.30, p = 0.9). Overall, during this period, HRV was
significantly reduced in female fetuses of women with High BMI only
(BMI effect: F(1,67.46)= 5.35, p = 0.02), with no differences observed in
male fetuses (BMI effect: F(1,76.17)= 0.13, p = 0.7). When adjusting for
maternal depression using HAMD scores, the reduced HRV levels in High
BMI female fetuses were not significant (F(1, 53.74)= 2.66, p = 0.1;
Supplementary Table 7).

3.3. Infant behavior

At 4 months old, only the Orienting/Regulatory factor (Fig. 3A;
Supplementary Table 8) differed by maternal BMI (F(1,78)= 5.49, p =
0.02), but this effect was only significant in female infants, where female
infants of high BMI women exhibited significantly lower scores than
those of normal BMI women (High BMI vs. Normal BMI: p = 0.01). Of
the subscales in this factor, the Soothability subscale (Fig. 3B; Supple-
mentary Table 8) was significantly lower only in female infants of High
BMI women (High BMI vs. Normal BMI: p = 0.05) with no differences
observed in male infants. Moreover, the Duration of Orienting subscale
(Fig. 3C; Supplementary Table 8) was related to maternal BMI (F(1,78)=
4.01, p = 0.05), with no effects in males and effects only in females of
High BMI women exhibiting significantly lower scores than those of
Normal BMI women (High BMI vs. Normal BMI: p = 0.04). There were
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no associations with the Surgency/Positive Emotionality or Negative
Affect factors of the IBQ-R.

Spearman correlation analysis revealed a positive relationship be-
tween female infant Orienting/Regulatory factor and HRV levels in
response to the stress challenge in the 3rd trimester (r = 0.48, p = 0.02)
with no association observed in the male infants.

4. Discussion

In this study, we examined three different outcomes of maternal pre-
pregnancy BMI: 1- maternal ANS regulation during pregnancy, 2- fetal
ANS development, and 3- infant postnatal behaviors. High maternal BMI
was related to behavioral outcomes in infants with potential origins of
modification initiated in utero through the developing ANS. Interest-
ingly, these effects were sex-specific, with mainly female fetuses and
infants exhibiting alteration in their biology and behavior in relation to
exposure to high maternal BMIL.

High BMI in non-pregnant individuals is associated with a dysregu-
lated ANS, with an increase in HR and alterations in HRV parameters.
Specifically, high BMI is associated with an increase in HR and a
reduction in parasympathetic HRV markers including RMSSD and HF-
HRV (Yadav et al., 2017). Visceral adiposity is also negatively associ-
ated with HF-HRYV levels (Triggiani et al., 2019). These effects can be
normalized after lifestyle or surgical interventions (Sinha et al., 2022).
In our study, these reported ANS characteristics in High BMI individuals
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Fig. 3. Maternal reported infant behavior of male and female infants based on the infant behavior questionnaire (IBQ). (A) Infant Orientation/Regulation factor of
the IBQ-R. (B) Infant Soothability scale. (C) Infant Duration of Orienting scale. Data presented are means =+ standard error. BMI effect: *P < 0.05. Bonferroni Post hoc

comparisons: *P < 0.05.
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were replicated in pregnant women, but only in women carrying female
fetuses. The reduced parasympathetic control as an effect of high BMI
was indicated by lower RMSSD, HF-HRV levels, and high LH:HF HRV
ratio. Interestingly, this alteration in ANS was not exhibited by
High-BMI women carrying males, potentially suggesting that fetal sex
modifies maternal physiology. For example, fetal sex is associated with
pregnancy outcomes including hypertension and pre-eclampsia
(Broere-Brown et al., 2020). Moreover, women carrying female fetuses
were found to exhibit augmented stimulated cytokine production across
pregnancy (Mitchell et al., 2017) and higher salivary cortisol levels
(DiPietro et al., 2011). Another study, reported sex-moderated associa-
tion between prenatal depression and maternal C-reactive protein (CRP)
and hair cortisol levels (Freedman et al., 2021). Specifically, in female
pregnancies, maternal depression was associated with higher maternal
hair cortisol levels, while depressed women carrying males had higher
CRP serum levels (Freedman et al., 2021). These female-specific HPA
axis and inflammatory differences might make pregnant female preg-
nancies even more susceptible to the already augmented inflammatory
milieu and dysregulated HPA axis reported with high BMI (Friis et al.,
2013; Incollingo Rodriguez et al., 2015). Additionally, these sex-specific
effects could be mediated through the placenta, which exhibits signifi-
cant transcriptome differences between sexes driven by genes escaping
X-chromosome inactivation affecting the maternal serum metabolome
(Gong et al., 2018). Our results suggest that carrying a male fetus might
alter physiological factors in mothers, normalizing the effects of high
BMI on maternal ANS characteristics during pregnancy.

These sex-dimorphic responses to high maternal BMI were also
observed in fetal ASN development, consistent with our hypotheses.
When challenged by a stressor, the differences in HRV of female fetuses
between the two BMI groups emerged. Others have reported that
maternal high BMI was associated with an increase in fetal HR and a
decrease in HRV measured as SDNN (Christifano et al., 2021; Husin
et al., 2020), however, these studies controlled for fetal sex as a covar-
iate. At baseline, we did not observe any differences in HR or HRV in
either sex. It is only when female fetuses are challenged by a stressor that
they exhibit compromised HRV responses, indicating that they may have
reduced capacity to adapt to stressors. Our results expand on the initial
findings to address the sex-specific effects of maternal BMI that have
been reported, particularly using animal models showing stronger ef-
fects of maternal obesity on female offspring’s physiological, molecular,
and behavioral outcomes (Abuaish et al., 2020; Edlow et al., 2016; Kang
et al.,, 2014; Sasaki et al., 2013). Maternal high BMI is a metabolic
stressor to the growing fetus and our data, consistent with other studies
(Rosenfeld, 2015), indicate that male and female fetuses may adapt
differently to this challenge. For example, these sex-dimorphic effects
are seen in the placenta morphological and pathological outcomes,
where female placentae from High BMI women have higher weight,
lower efficiency and higher prevalence of chronic villitis (Leon-Garcia
et al., 2016; Mando et al., 2016). In addition, several variables had
higher incidence of preterm births of male fetuses and not females
(Walsh et al., 2019).

The sex-dimorphic in-utero ANS alterations were paralleled in
maternal reports of postnatal infant behavior. Female infants of High
BMI mothers had decreased capacity to regulate behavioral affect at 4
months of age (i.e., the Orienting/Regulatory factor) with no changes in
positive or negative reactivity patterns (i.e., the Surgency/Positive
Emotionality and Negative Affect factors). Specifically, mothers
perceived female infants as being more difficult to soothe, and as having
decreased capacity in the duration of orienting behavior. These findings
are consistent with an earlier meta-analysis on associations between
maternal pre-pregnancy obesity and child neurobehavioral develop-
ment showing increased risk for early childhood attention, mood, and
behavior problems, difficulties with executive function, lower academic
achievement, developmental delays, and autism spectrum disorder
(Sanchez et al., 2018). The continuity of compromised capacity of
regulation in females starting from in-utero measured by HRV as a
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biomarker into infancy are supported by the positive correlation be-
tween HRV levels in response to stress in the 3rd trimester and infant
behavioral regulation capacity. Future work should test the mediation of
HRV of the BMI effects on infant behavior.

While combining both overweight and obese women into one group
might have limited our differentiation of the effects of obesity from
overweight, we show that overall deviation from normal BMI influences
maternal and fetal physiology. Replicating our findings in a study with a
larger sample size to examine these within high BMI subgroup differ-
ences is necessary to better inform expecting mothers and health care
providers. Yet our study replicates other reports of associations between
maternal BMI and fetal ANS function (Triggiani et al., 2019; Yadav et al.,
2017) and it expands on that by addressing fetal sex as an important
moderator supporting findings in other outcomes related to high
maternal BMI. Relying solely on BMI is a limitation in our study, as it not
an accurate measurement of adiposity and it does not distinguish be-
tween lean and fat mass nor does it indicate fat distribution. However, to
circumvent this limitation, as a measure of adiposity, we determined
leptin levels during the 2nd and 3rd trimesters, and they were strongly
positively correlated with pre-pregnancy BMI and weights during
pregnancy. In addition, leptin levels were significantly higher in High
BMI compared to Normal BMI women (Supplementary Figure 1). These
findings provide a biological metric that is highly correlated with
self-reported pre-pregnancy BMI, which corroborates using maternal
pre-pregnancy BMI in this study. Despite the known limitations of using
pre-pregnancy BMI, it is an easily accessible measure clinically and most
guidelines use it to inform clinical practice. Therefore, we have used
pre-pregnancy BMI as our independent variable due to its applicability
in different settings both clinical and research. We recognize that other
measurements related to BMI, such as weight gain and body composi-
tion, could provide more practical implications compared to BMI alone.
Others have reported reduced fetal HRV in women who gained more
than the recommended weight gain ranges within the context of normal
pre-pregnancy BMI (Husin et al., 2020). Examining the sex moderation
of other BMI related measures in future studies would be useful. We
acknowledge the importance of gestational weight gain during preg-
nancy and our preliminary analysis have calculated the weight gain
from pre-pregnancy weight until the 3rd trimester while controlling for
gestational weeks at the 3rd trimester. We did not find any significant
differences in weight gain between Normal and High BMI women nor
when classifying women into Normal, Overweight, or Obese. While we
acknowledge that gestational weight gain during pregnancy is an
important factor affecting gestational biology and pregnancy outcomes,
there are meta-analyses of over million pregnancies reporting that
weight gain has low to moderate predictive value compared to
pre-pregnancy BMI on pregnancy outcomes (McDermott and Brubaker,
2019; Voerman et al., 2019). Additionally, others show that
pre-pregnancy BMI is an important factor determining weight gain
during pregnancy and that it may minimize the benefits of weight
control during pregnancy (Zhang et al., 2023). Nevertheless, we believe
that future studies should expand on our novel findings to assess other
metabolic measures and their associations with maternal and fetal
autonomic function and infant behavior in a sex-specific manner.

BMI is also tightly correlated with other psychosocial factors; we
cannot rule out their contribution to the reported findings. For example,
we found that women with high BMI had also high prenatal depression
scores. The inclusion of prenatal depression as a covariate, maternal BMI
was no longer associated with fetal HRV during stress, suggesting that
maternal psychological state also contributes to the regulation of the
fetal autonomic nervous system, which is in line with earlier reports of
the association between maternal mood and fetal ANS functioning
(Kinsella and Monk, 2009). High BMI and depression are known
comorbidities and have a very dynamic and reciprocal relationship yet
most studies have examined their effects separately. There are limited
investigations on the combined effects of these two maternal conditions
on child outcomes. One study reports that the concurrent presence of
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maternal overweight/obesity and depression appears to pose the highest
risk of adverse birth outcomes (McDonald et al., 2015). Future studies
should examine both exposures in shaping the development of the ANS
and related behavioral outcomes.

Moreover, High-BMI women were more likely to have lower in-
comes, a variable that we have controlled for in our analysis. Lower
income might contribute to food insecurity and consumption of high-
caloric and highly processed foods with low nutritional value. During
pregnancy micronutrient deficiency, for example zinc, is associated with
a reduction in fetal HRV (Spann et al., 2015). More research examining
the contribution of nutrients on both maternal and fetal ANS functioning
is needed.

Strengths of this study include the diverse participant make up, with
a majority identifying as Latinx. Latina compared to White women are
reported to have poor diet quality due to food insecurity, less physical
activity, and subsequently higher rates of obesity (Kominiarek et al.,
2021). Our results provide insights into a population often excluded
from research that comprise the largest ethnic minority group with one
of the highest fertility rates in the US (Osterman et al., 2021). We also
examined mother and child pairs as there are limited studies assessing
dyadic measures of mother and child despite evidence suggesting that
measures obtained from either might not be sufficient in ensuring a
healthy dyad (Handley et al., 2023).

Our work highlights the impact of fetal sex in moderating the BMI
effects on fetal and infant outcomes. Our findings also suggest the
possible influence of fetal sex on maternal physiology, which is rarely
addressed in the literature. Moreover, this study illustrates the ongoing
effects of maternal High BMI on child neurodevelopmental outcomes,
with effects in infancy concordant with those from the in-utero fetal
period. To our knowledge, this study is the first in humans to highlight
the possible programming effects of high pre-pregnancy BMI on both
fetal and infant neurobehavioral outcomes in a sex-specific manner.

5. Conclusion

Our study identifies possible prenatal programming effects of
maternal high BMI during fetal development with sequelae out to in-
fancy, as well as sex-specific effects on maternal ANS regulation. In a
time of increasing obesity world-wide, the two-generation impact of
maternal BMI is an important research area and one with direct impli-
cations for clinical care.
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