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Abstract

Objective—To assess if maternal factors associated with fetal lean and fat mass differ between
Sexes.

Study Design—Secondary analysis of a prospective cohort delivering via scheduled Cesarean
from 2004-2013. Maternal blood was collected prior to surgery for metabolic parameters.
Placental weight and neonatal anthropometrics were measured within 48 hrs. Anthropometric
differences between sexes were assessed with Student’s t-test. Multiple stepwise regression
analysis assessed the relationship between independent maternal variables and neonatal lean body
mass (LBM), fat mass (FM) or percent (%) fat as dependent variables in males and females
combined and separately.

Results—We analyzed 360 women with normal glucose tolerance and wide range of pregravid
body mass index (BMI, 16-64 kg/m?) and their offspring (N=194 males and 166 females). Males
had more FM (mean difference 40 + 18 g, P=0.03) and LBM (mean difference 158 + 34 g,
P<0.0001) than females. Percent body fat and measured maternal variables did not differ between
sexes. In both sexes, placental weight had the strongest correlation with both neonatal LBM and
FM, accounting for 20-39% of the variance. In males, maternal height, BMI and weight gain were
significant predictors of both lean and fat mass. In females, plasma interleukin-6 and C-reactive
protein were respectively independently associated with percent body fat and lean body mass.

Conclusion—Our findings suggest that the body composition and inflammatory environment of
the mother modulate the metabolic fitness of neonates, as predicted by fat and lean mass, in a sex-
specific manner.

© 2014 Mosby, Inc. All rights reserved.
"Corresponding Author: 2500 MetroHealth Drive, R358, Cleveland, Ohio 44109-1998, poginn@metrohealth.org, Tel: 216-778-8983.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors report no conflict of interest.

The information in this manuscript was presented at the 34t Annual Scientific Meeting of the Society for Maternal Fetal-Medicine,
New Orleans, LA February 5-8, 2014



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

O’tierney-ginn et al. Page 2

Keywords
inflammation; maternal BMI; neonatal anthropometry; placenta

Introduction

It is well-established that babies born small- or large-for-gestational age are at a higher risk
of developing cardiovascular disease, obesity and metabolic deficiencies in later lifel:2,
Understanding factors that influence fetal growth in utero are, thus, of clinical interest in
determining a child’s long-term health. Maternal nutrition (i.e. diet and body composition)
and placental transport capability are key influences on fetal growth and are strongly
associated with birth weight3-2. However, it is increasingly understood that birth weight is
not the only marker of perturbations in fetal growth. It was previously reported that
offspring of obese mothers have increased fat mass, but not lean mass® in addition to
increased insulin resistance in offspring’, suggesting that fetal adiposity is sensitive to
maternal nutrition and potentially underlies long-term metabolic fitness.

There is mounting evidence that the fetus responds to the maternal environment in a sex-
specific manner. Males are born heavier and longer to well-nourished mothers®. This
suggests that male growth may be more sensitive to nutrient supply during pregnancy.
Indeed, when mothers are poorly nourished, males tend to be more affected than females,
showing greater degrees of growth restriction (or fat deposition)®-1! and increases in
cardiovascular disease risk in later lifel2; this sensitivity may be due to a mis-match in the
supply and demand of nutrients. These findings suggest that growth of male fetuses is more
sensitive to maternal nutrition throughout pregnancy and female fetuses may be more able to
adapt to minor nutritional differences.

Maternal pre-pregnancy and early pregnancy body composition (fat and fat free mass or
clinically BMI) indicate long-term maternal nutrition and are thought to be better predictors
of fetal outcome than weight gain, a marker of nutrition during pregnancy3-15. Lampl et al.
showed that birth weights of male offspring were more highly correlated with maternal
weight and height than female birth weights®. While Lampl used birth weight as the primary
outcome, the sex-specific effects of maternal anthropometrics on the growth of fetal fat and
lean mass are unknown. We hypothesize that maternal anthropometric variables are
correlated with neonatal body composition in a sexdependent manner. To test this
hypothesis, we analyzed a cohort of over 300 healthy women with normal glucose tolerance
in pregnancy undergoing scheduled caesarean delivery. Neonatal body composition was
calculated from skinfold measurements collected within 48 hrs. of birth.

Materials and Methods

Data Collection

This is a secondary analysis of a prospective cohort delivering via scheduled Cesarean from
2004-2013. The indications for the vast majority of these were elective repeat Cesareans or
breech presentation. Our exclusion criteria included pregnancies complicated by gestational
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diabetes, pre-eclampsia, chronic hypertension and illegal drug use, multifetal gestations and
infants with anomalies. Information on maternal demographics (via maternal report), height
and weight (via clinical records) was obtained following written informed consent as
approved by the Institutional Review Board at MetroHealth Medical Center. Maternal blood
(following overnight fast) was collected prior to surgery for metabolic parameters.
Following delivery, the placenta was weighed. Within 48 hrs of birth, neonatal
anthropometrics were measured and recorded by a trained research nurse. Birth weight was
measured on a calibrated scale and a measuring board was used for length measurements.
The flank skinfold was assessed in the mid-axillary line directly above the iliac crest.
Neonatal body composition estimates were made using the following validated equationl:
fat mass = 0.39055 (birth weight, kg) + 0.0453 (flank skinfold, mm) - 0.03237 (length, cm)
+ 0.54657. Lean body mass was calculated as birth weight minus fat mass. Percent body fat
was calculated as fat mass/birth weight x 100.

Metabolic Measurements

Analysis

Results

Maternal fasting glucose was measured on the YSI Glucose Analyzer (YSI Life Sciences,
Yellow Springs, OH). Plasma insulin (Millipore, Billerica, MA), C-reactive protein (Alpha
Diagnostic, San Antonio, TX) and interleukin-6 (R&D Systems, Minn, MN) levels were
measured by immunoassay following manufacturers’ directions.

Total pregnancy weight gain was calculated using weight at first antenatal visit (if prior to
12 weeks) and last recorded pregnancy weight (GA >35 weeks). Net maternal gestational
weight gain was calculated as total pregnancy weight gain minus neonatal birth weight and
placental weight. Statistical modeling was used to determine maternal anthropometrics and
metabolic parameters that predict neonatal growth in males and females. Spearman
correlation analysis was used to assess the association between neonatal anthropometrics
and maternal and placental variables in males and females separately. Variables found to be
correlated with neonatal anthropometrics were included in the stepwise regression model.
Forward stepwise regression analysis assessed the relationship between independent
maternal variables and neonatal lean body mass (LBM), fat mass (FM) or percent (%) fat as
dependent variables in males and females separately. Semipartial correlation coefficients
were calculated for each dependent variable in the resulting models. All statistical analyses
were run using STATA 10.1 (StataCorp LP, College Station, TX).

We analyzed 360 women with normal glucose tolerance (based on a 1hour 50g glucose
challenge test result <135 mg/dl or, if positive, a 100g oral glucose challenge according to
Carpenter and Coustan6) and wide range of pregravid BMI (16-64 kg/m?2) and their
offspring (N=194 males and 166 females). As shown in Table 1, weight, length and
placental weight were higher in males than females at birth. Males also had more FM (mean
difference 40 £ 18 g, P=0.03) and LBM (mean difference 158 + 34 g, P<0.0001) than
females as measured by skinfolds. Adiposity (% body fat) was similar between the sexes.
No differences in maternal characteristics were detectable between males and females.
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Univariate analysis using Spearman rank correlation assessed the associations between body
composition (FM, LBM, adiposity) at birth and maternal and placental variables, in all
infants and in males and females separately (see Supplementary Table 1 for correlation
coefficients). In both males and females, placental weight was significantly associated with
fat mass, lean mass and % body fat. Maternal height (Figure 2A) and gestational age were
associated with lean body mass in both males and females, but all other maternal variables
displayed sex-specific associations with neonatal body composition.

In males only, fat mass and adiposity were correlated with gestational age, pre-pregnancy
weight, pre-pregnancy BMI (Figure 1A) and net weight gain (Figure 1B). Fat mass in males
was also correlated with maternal height while % body fat was associated with maternal
triglycerides. Lean mass in males was associated with maternal age, pre-pregnancy weight
and net weight gain (Figure 2B). Adiposity (% body fat) in females was correlated with
maternal insulin, HOMA-IR and interleukin-6 levels (Figure 1C). Female lean body mass
was negatively associated with maternal C-reactive protein levels (Figure 2C).

We did not find any significant correlations between paternal BMI and neonatal body
composition in combined or separate analyses of males and females (data not shown).
Furthermore, neonatal body composition did not differ by maternal race/ethnicity within or
between sexes (data not shown).

Based upon univariate analysis, variables found to be significantly correlated with neonatal
anthropometrics in males and females combined or analyzed separately were included in
forward stepwise regression analysis for LBM, FM and % body fat as dependent variables in
their respective groups: males and females combined (Suppl. Table 2) and separate (Table
2). In the combined analysis (males and females), placental weight was responsible for 30—
37% of the variance in neonatal lean mass, fat mass or % body fat. Maternal pre-pregnancy
BMI accounted for only 1% of variance in fat mass and % body fat. Gestational age and
maternal net weight gain were minor, but consistent predictors for all body composition
measures. Maternal height and age were also minor predictors of lean body mass variance
when males and females were combined. When males and females were modeled separately
(Table 2), again placental weight had the strongest correlation with neonatal LBM, FM and
adiposity accounting for 20-39% of the variance in both sexes. Maternal variables altogether
accounted for less than 10% of the variance in neonatal body composition. Similar to the
combined regression analysis (Suppl Table 2), in males, maternal anthropometrics were
significant predictors of both lean and fat mass. Conversely, in females, only maternal
indicators of systemic inflammation were predictive of lean mass (CRP) or adiposity (IL6).
Gestational age was a minor (accounting for 2-4% of variance), but consistently significant
predictor of fat and lean mass in males more so than females.

Supplementary Table 2 also displays results of the stepwise regression modeling in all
infants (males and females combined) without maternal plasma metabolites. We were not
able to collect maternal plasma on all subjects and this analysis was performed to assess the
effect of reduction in subject number on the final models. The missing data did not
significantly affect the analysis when males and females were combined (Suppl Table 2),
nor did it affect the analysis of males alone (Suppl. Table 3). When female infants were
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modeled without the plasma metabolite variables (Suppl. Table 3), only placental weight
predicted fat mass or % body fat; lean body mass in females was additionally predicted by
maternal height (3% of variance).

The key finding of this study was that the growth and adiposity of male and female fetuses
are uniquely sensitive to maternal nutritional and inflammatory signals. We confirmed our
hypothesis that male offspring displayed greater sensitivity to maternal anthropometrics i.e.
maternal pre-pregnancy BMI and weight gain. Unexpectedly, the only maternal factors
measured predicting female body composition were markers of inflammation (plasma CRP
and IL-6). These results have expanded the current knowledge of sex-differences in fetal
growth to better understand the maternal influences on fetal body composition.

We found that the growth of male fetuses, but not females, was dependent on maternal pre-
pregnancy BMI and height together with net weight gain during pregnancy. Maternal weight
gain and pre-pregnancy anthropometrics were equally predictive of male fetal growth when
placental weight and gestational age are accounted for. This appears to contradict the idea
that pre-pregnancy nutrition is of greater importance than weight gain during
pregnancy4:1%; rather, we find that both long-term and short-term nutritional indicators are
key influences on fetal fat, lean mass growth and adiposity (% body fat) in males. These
relationships may differ, however, when studying complicated pregnancies (i.e. women with
gestational diabetes) or when women are grouped by body habitus. Maternal height is
thought to be a marker of early life nutrition — the result of both genetic potential and
nutritional supply in utero and adolescence®:17:18, Neonatal lean mass is associated with
maternal height9. Offspring of shorter and heavier women have a higher birth weight and
fat mass®19-22, Consistent with these studies, lean body mass of male offspring was
positively related to maternal height in our cohort, while fat mass and adiposity was
dependent on maternal BMI. We speculate that lean tissue growth depends upon genetic
potential and long-term maternal nutrition (reflected in maternal height) and is fueled by
additional nutrients in utero (weight gain). Fat mass development and adiposity may be
more dependent on short-term maternal nutrition before and during pregnancy, chiefly
factors affecting placental gene expression and nutrient transport. Males may be particularly
sensitive to maternal nutrition due to their faster growth in utero and their higher
requirement for dietary lipids during development®23 as compared to females; however, this
begs the question: what maternal factors predict female growth?

The only maternal variables predicting female growth in this cohort were markers of
maternal inflammation. Maternal plasma C-reactive protein (CRP) levels at the time of
delivery were negatively related to female, but not male, lean body mass at birth. CRP is an
acute phase protein that is upregulated in response to release of inflammatory cytokines (i.e.
IL-6)24. Additionally, we found that maternal plasma interleukin (IL)-6 levels were
positively related to female adiposity; this particular relationship became less significant in
the multiple regression model (P=0.098) when combined with placental weight. In general,
we find that high levels of maternal inflammation are associated with less lean mass and
higher adiposity in female offspring which may impede their metabolic fitness later in life.
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Lean mass (particularly muscle) is critical for insulin sensitivity and energy expenditure2®,
and the amount of muscle you are born with is highly correlated with your adult lean
mass2®. Interestingly, we have previously found that reduced maternal muscle mass is
associated with placental inflammation?”, suggesting a vicious cycle whereby an
inflammatory environment in utero leads to reduced lean mass and increased adiposity in
female offspring, decreased muscularity as adults and greater risk of inflammation in their
own pregnancies. It is not clear why only female fetuses were sensitive to maternal
inflammatory markers. Torche et al. have found that in women who experienced traumatic
events during pregnancy (i.e. natural disaster)28, female offspring were more likely to be
affected than males, and the sex ratio was skewed to favor female offspring28. This is
consistent with studies showing that severe nutritional deprivation alters the sex ratio —
fewer males are born under these extreme circumstances%29. Our cohort was composed of
healthy, uneventful pregnancies of women with varying nutritional histories, but within
normal physiological boundaries, thus our findings represent the early signs of fetal
sensitivity to the maternal environment, rather than severe deficiencies leading to alterations
in sex ratios.

Placental weight was the primary factor that explained the greatest variance in fetal growth
in both sexes (from 20-40%). The strong association between placental weight and birth
weight has previously been shown30, but we observed that placental weight is a key
predictor of both lean, fat mass and % body fat. Placental weight is associated with maternal
obesity3!, but in our study, maternal BMI and placental weight were independently
associated with fetal growth, suggesting that big placentas do not explain all of the growth
effects of maternal obesity.

Our study was a retrospective analysis of prospectively collected data, and was of a cross-
sectional nature. We captured data at the end of pregnancy and so cannot comment on the
role of maternal inflammation in early pregnancy, or the growth trajectories of the fetuses.
Though our analyses were based upon detailed measurements of neonatal anthropometrics,
we had limited numbers of mother-child pairs in our study (~350). A weakness of this study
is that the anthropometric measures were not based on total body electrical conductivity
(TOBEC) or air displacement plethysmography (PeaPod). Some data was missing on the
mothers due to inability to obtain plasma samples on all women. However, our supplemental
analyses performed without these data supported our conclusions that male and female
growth was differentially sensitive to maternal variables. Our cohort was ethnically diverse,
however we did not measure socioeconomic status and therefore cannot comment on the
role of SES in these outcomes. This study is the first to examine sex differences in neonatal
body composition relative to maternal variables. Though we did not focus on paternal
variables in this study, we found that paternal BMI had no association with neonatal body
composition.

We conclude that lean and fat mass growth in utero is sensitive to both short- and long-term
maternal nutritional markers and to inflammatory indicators in a sex-specific manner. These
findings support the notion that the future health and metabolic fitness of the offspring from
healthy, uncomplicated pregnancies of a diverse population may be established by the body
composition and inflammatory environment of the mother.
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Association between neonatal percent body fat as calculated from skin fold thickness and
maternal factors. Maternal pre-pregnancy body mass index (BMI) (A) and net weight gain

(B) were associated with body fat in male, but not female neonates. Maternal plasma

interleukin-6 levels were significantly associated with neonatal percent body fat in females

only (C).. Spearman’s correlation coefficient and unadjusted p value are shown.
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Association between neonatal lean body mass as calculated from skin fold thickness and
maternal factors. Maternal height was significantly associated with lean body mass in both

male and female neonates before adjustment for covariates (A). Net weight gain was

positively correlated with lean body mass in male, but not female neonates (B). Maternal
plasma C-reactive protein levels were negatively related to lean body mass in female, but
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not male, neonates (C). Spearman’s correlation coefficient and unadjusted p value are
shown.
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