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Abstract

Background: Maternal obesity increases offspring’s obesity risk. However, studies have not 

often considered maternal metabolic and exercise patterns as well as paternal adiposity as potential 

covariates.

Objective: To assess the relationship between parental and newborn adiposity.

Methods: Participants were mother-child pairs (n=209) and mother-father-offspring triads 

(n=136). Parental (during gestation) and offspring (2 weeks old) percent fat mass (FM) were 

obtained using air displacement plethysmography. Maternal race, age, resting energy expenditure 

(indirect calorimetry), physical activity (accelerometry), gestational weight gain (GWG), 

gestational age (GA), delivery mode, infant’s sex, and infant feeding method were incorporated in 

multiple linear regression analyses. The association between parental FM and offspring insulin-

like growth factor 1 (IGF-1) was assessed at age 2 years.

Results: Maternal adiposity was positively-associated with male (β=0.11, p=0.015) and female 

(β=0.13, p=0.008) infant FM; whereas, paternal adiposity was negatively-associated with male 

newborn adiposity (β=−0.09, p=0.014). Breastfeeding, female sex, GA, and GWG positively 

associated with newborn adiposity. Vaginal and C-section delivery methods associated with greater 
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adiposity than vaginal induced delivery method. Plasma IGF-1 of 2 year-old boys and girls 

positively associated with their respective fathers’ and mothers’ FM.

Conclusions: Maternal and paternal adiposity differentially associate with newborn adiposity. 

The mechanisms of this finding remains to be determined.
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Introduction

The environment within which fertilization and embryo development occurs has been linked 

to offspring outcomes. Undeniably, the experiences of the developing embryo/fetus are 

primarily those of the mother; therefore, it is maternal contributions to programming of 

offspring health that have captivated research efforts. In the United States where ~50% of 

babies are being born to women with either overweight or obesity (1,2), a clear link has been 

established between maternal obesity at conception and offspring’s obesity and 

cardiometabolic risks across the lifespan (3–7). In recent years, however, studies have 

pointed out that paternal obesity is also contributing to the programming of offspring 

phenotype, but the results from some of these studies are conflicting (8–10).

In human and animal models, sex-dependent, positive, and even negative associations have 

been reported between paternal obesity and offspring weight and/or adiposity (8,9,11). For 

instance, Chen et al.(8), reported that fetal growth is positively associated with paternal BMI 

in male, but not female babies, while another study found that obesity in fathers increases 

the risk of intrauterine growth restriction, a known risk factor for cardiovascular disease later 

in life (11). Murine models of paternal obesity also show different results, with studies 

reporting that offspring weight and/or adiposity are either unaffected or decreased by 

paternal obesity (2,10). In the latter case, programming of the growth hormone (GH) insulin-

like growth factor (IGF) axis has been proposed as a potential mechanism (2).

Current research evaluating the contribution of parental obesity to offspring phenotype in 

humans has strong limitations. First, studies in this area have systematically excluded fathers 

thereby underestimating the role of paternal obesity in the programming of offspring 

phenotype. Second, these studies are cross-sectional in design and/or rely on BMI as the 

only indicator of adiposity. Although BMI is a commonly accepted proxy of adiposity, it 

does not provide information on the relative contribution of individual body compartments 

to total weight thus wide variations in adiposity can be seen in people with similar BMI 

(12,13).

The objective of this longitudinal study was to quantify the contribution of parental 

adiposity, measured in the first trimester of pregnancy using whole-body air displacement 

plethysmography (ADP), to newborn adiposity at age 2 weeks while accounting for the 

effect of other variables that may influence offspring phenotype. We hypothesized that 

newborn adiposity would increase with increasing parental adiposity, but that the influence 

of maternal adiposity on offspring percent fat mass (%FM) would be stronger than that of 
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paternal adiposity. To investigate the potential mechanisms underlying the sexual 

dimorphism observed in the results, we evaluated the associations between parental 

adiposity and circulating GH, IGF-1 and IGF binding protein (BP)-3 levels in the offspring.

Methods

Subjects

Women were enrolled in the Growing Life, Optimizing Wellness study (GLOWING, 

NCT01131117) at the Arkansas Children’s Nutrition Center between 2011 and 2014 by 

inviting pregnant or soon to be pregnant women to join the study. The GLOWING study is 

an ongoing observational study evaluating the impact of maternal health prior and during 

pregnancy on offspring growth and obesity risk. Participants responded to study 

advertisements which were distributed in the form of flyers in various locations of Central 

Arkansas (physician’s office, health fairs, daycare centers, etc.) print ads, social media, as 

well as television and radio advertisement.

Inclusion criteria for the study were: normal weight (BMI 18.5–25 kg/m2), overweight (BMI 

25–30 kg/m2) and class I obesity (BMI 30–35 kg/m2) at enrollment, second parity (because 

of birth weights differences between parities (14)), singleton pregnancy, ≥21 years old, and 

conception without assisted fertility treatments. Exclusion criteria were: maternal 

preexisting or ongoing medical conditions including gestational diabetes (because of its 

association with excessive fetal growth which would constitute a strong confounder for the 

hypothesis (15)), complications during pregnancy, medications during pregnancy known to 

influence fetal growth, maternal active smoking, alcohol consumption in any amount, and 

being an athlete. Only children born healthy and at term (≥37 weeks gestation) were eligible 

for the postnatal portion of the study.

Participants were enrolled either before pregnancy (n=24) or within the first 10 weeks of 

gestation (8.4±1.5 (SD) weeks, n=185). Thirteen participants were lost to follow-up, 14 

withdrew from study participation, and 6 were excluded because they were not pregnant. 

Ten participants suffered miscarriage, and 15 developed gestational diabetes. Seven infants 

were born premature and one was stillborn which disqualified them for follow-up. There 

were 14 families who were unable to attend the two-week visit or were not able to complete 

the body composition portion of the study visit at the two-week visit. Data for 209 mother-

offspring pairs were collected. Fathers were also invited to take part in the study after the 

mother was enrolled; however, in some cases they refused to participate, mothers were 

single, or had a different partner at home. A total of 136 fathers completed one research 

study visit during which body composition, medical history and food intake were assessed 

and 73 (30%) declined to participate. The study was approved by the Institutional Review 

Board at the University of Arkansas for Medical Sciences, and all participants gave written 

informed consent. Participants were compensated based on the number of study visits 

completed.
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Measures

Body composition: Fat mass (FM, kg), fat free mass (FFM, kg), and total body mass (kg) 

were assessed under standard conditions using whole-body air displacement 

plethysmography (BodPod© and PeaPod©, Cosmed, Concord, CA, USA). Mothers were 

evaluated at enrollment (BodPod©), fathers during their study visit (BodPod©), and infants 

at two weeks of age (PeaPod©, 14.3 ± 1.8 days). Percent fat mass (%FM) was calculated as 

follows: [FM (kg)/body mass (kg) × 100%].

Anthropometry: Maternal body weight was measured at enrollment, 12 weeks, and every 

6 weeks thereafter. Gestational weight gain was computed from the first measured weight to 

week 36. Weights were measured at the research facility. Adherence to the Institute of 

Medicine (IOM) gestational weight gain guidelines was evaluated by adjusting the 

guidelines to reflect the last measure at gestation week 36 (16). Paternal weight was 

measured at their visit. Weight measures were obtained to the nearest 0.1 kg on a tared scale 

while wearing a hospital gown only (Perspective Enterprises, Portage, MI, USA). Standing 

height was measured using a standard wall-mounted stadiometer to the nearest 0.1 cm 

(Tanita Corp., Tokyo, Japan) at enrollment. Infant weight was measured to the nearest 0.01 

kg using tared scale (SECA 727, SECA, Ontario, CA) and length was measured to the 

nearest 0.1 cm by using a length board (Easy Glide Bearing Infantometer, Perspective 

Enterprises, Portage, MI).

Maternal Resting Energy Expenditure (REE): Resting energy expenditure was 

measured following an overnight fast using a metabolic cart (Moxus, AEI technologies, IL). 

Participants were instructed not to exercise or consume caffeine for twelve hours prior to the 

measurement. After 10 minutes of absolute rest (adaptation period), a 10-minute steady state 

period was selected to evaluate resting energy expenditure (REE) and respiratory exchange 

ratio (RER). Resting energy expenditure was adjusted for FFM using a log-log regression 

models as previously described (18).

Demographic characteristics: Participants self-reported their race, age, education, 

income, date of last menstrual period and estimated delivery date at enrollment. Participants 

reported their delivery mode (vaginal, vaginal induced, C-section), infant’s birth weight and 

infant’s sex at the post-natal two-week visit. Infant feeding details were obtained using food 

records and were classified into either exclusive breastfeeding, formula or mixed feeding.

Physical activity: Physical activity was assessed with Actical accelerometer (Philips 

Respironics Co. Inc., Bend, Oregon, USA) at the time of enrollment. The monitor was 

placed on the participant’s ankle on the non-dominant side and programmed to record 

movement activity beginning at 11:59 PM on a given day. To be included in the analyses, 

each participant needed to record at least three valid days with at least one weekend day of 

accelerometer data (device was worn continuously through the day and night). Total activity 

counts (AC) per day were summed over the valid wear period and then divided by the total 

number of valid days worn to derive average total AC per day.
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Offspring GH, IGF-1 and IGFBP-3 levels measurements: Per study design, blood 

was not drawn at age 2 weeks. However, fasting plasma from 67 offspring (37 boys and 30 

girls who had maternal and paternal adiposity data) was available at age 2 years in which 

GH, IGF-1 and IGFBP-3 levels were measured using ELISA (Invitrogen, California, USA).

Statistical Analysis: Variables measured in the interval scale are summarized as means 

and standard deviations, whereas variables recorded in the ordinal or nominal scale are 

summarized as counts and percentages. The chi-square test was used to test the frequencies 

of variables in the ordinal or nominal scales. Maternal associations with offspring %FM 

were first evaluated using the entire cohort (n=209). Then, a secondary analysis was 

conducted in the subset of participants (n=136) for whom maternal-father-offspring data 

were available.

The association between infant’s %FM at two weeks of age and parental/infant characteristic 

was assessed using linear regression, whereas multiple linear regression was used to model 

infant’s %FM at two weeks of age and all characteristics simultaneously. The most 

parsimonious linear regression model was constructed using least absolute shrinkage and 

selection operator (LASSO) linear regression, although the same model resulted using step-

wise linear regression. Data management and analysis was performed using the Stata version 

14.2 statistical software (Stata Corp., College Station Texas).

Results

Subject characteristics (Table 1)

Participant characteristics (n=209) are described in Table 1. Women, were in average 30 

years old, predominantly Caucasian (85%) with only 32 participants of other races (6 

Hispanics, 20 African Americans, 3 Asians, 1 mixed race and 2 unknown), and 35% of them 

exceeded the IOM recommendations for gestational weight gain (GWG). Their average 

%FM was 35.7% (range 17.6%–52.1%), and the average BMI was 26 kg/m2, with 45% of 

mothers having normal weight, 36% overweight, and 19% obesity. All infants were born 

full-term (≥37 weeks gestation) per study design with 70% percent of them exclusively 

breastfeeding for the first two weeks of life. Anthropometric z-scores at birth and at age 2 

weeks were comparable between newborn girls and boys. As expected, infant %FM was 

higher in girls vs. boys (13.6±3.6 % vs. 12.5±3.4 %, p=0.0295). The characteristics of 

mother-offspring pairs lost due to lack of paternal data (n=73) were comparable to those of 

the 136 mother-offspring pairs (data not shown). Fathers (n=136, Table 4), were in average 

31 years old, and 88% of them were Caucasian. Their average %FM was ~29% (range: 4.1% 

– 49.7%), and the average BMI was ~29 kg/m2, with 28% having normal weight, 40% 

overweight, and 32% obesity. Twelve of them (9%) suffered high blood pressure, and 3 had 

type 2 diabetes mellitus. Both maternal and paternal blood pressure as well as HOMA-IR 

results are provided in supplemental table 1. There was no effect of maternal or paternal 

blood pressure or HOMA-IR on infant adiposity and therefore further analyses were not 

adjusted for blood pressure or HOMA-IR.
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Regression analysis (mother-offspring pairs, n=209)

Boys and girls together—Bivariate linear regression analyses between selected 

maternal/infant characteristics and infant %FM (n=209) at two weeks of age are summarized 

in Table 2. When considering all newborns together, maternal %FM, vaginal delivery, 

delivery by cesarean section, exclusive breastfeeding, and newborn female sex were 

positively associated with infant %FM at two weeks of age. These associations persisted in 

multiple regression analysis (Table 3) in which maternal race was also retained as an 

independent predictive variable of offspring adiposity at age 2 weeks.

Maternal %FM (Table 3), was the strongest predictive variable of newborn %FM (β=0.14, 

p<0.001) and accounted for 8% of observed variance. Maternal race, gestational weight gain 

and vaginal delivery method each accounted for ~3% of the variance observed in offspring 

%FM. Children born to non-Caucasian women had in average 1.6% more fat mass than 

children born to Caucasian women (p=0.014). Interestingly, children born via vaginal not-

induced delivery method had 1.5% more fat than children born via vaginal induced delivery 

method (p=0.010). Similarly, cesarean-section was positively associated with offspring 

%FM and explained 2% of the observed variance (p=0.048). Percent FM of exclusively 

breast-fed infants was 1.2% higher than that of formula or mixed-fed infants (p=0.023). 

Offspring sex accounted for 2% of the observed variance with girls having in average 1% 

more fat than boys (p=0.041).

Boys and girls separately—When considering female (n=94) and male (n=115) 

newborns separately (Table 2), bivariate associations between maternal %FM with girls’ 

%FM (β=0.09, p=0.044) and boys’ %FM (β=0.10, p=0.027) were positive and of similar 

magnitude. Delivery and feeding methods were associated with girl’s %FM only. Percent 

FM of girls born vaginally was in average ~2% higher than that of girls whose birth had also 

been vaginal but induced. Exclusive breastfeeding was marginally associated (β=1.51, 

p=0.054) with girl’s %FM. Maternal race was associated with boy’s %FM only with 

newborns of non-Caucasian mothers having in average 1.9% more fat than boys born to 

Caucasian women.

These associations remained in multiple regression analysis (Table 3). Maternal %FM was 

the strongest predictive variable of girls’ and boys’ %FM at 2 weeks of age explaining 7% 

and 5% of the observed variance respectively (Table 3). Delivery mode for girls, and 

maternal race and gestational age for boys were the next strongest predictive variables.

Regression analysis for mother-father-offspring trios (n=136)

Boys and girls together (Table 4)—When the best fitted model was created, maternal 

%FM was the strongest predictive variable of offspring %FM accounting for 4% of the 

observed variance. In agreement with Table 3 (n=209), gestational age, gestational weight 

gain, female sex and maternal race were all positively and independently associated with 

offspring %FM. Paternal %FM was not retained as a predictive variable of offspring %FM at 

age 2 weeks.
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Boys and girls separately (Table 4)—When the multiple regression analysis was 

stratified by sex [boys (n=77) and girls (n=59)], paternal %FM and maternal %FM had 

independent and opposite effects on male newborn %FM. Male offspring %FM decreased 

by 0.09% for every 1% increase in paternal %FM (p=0.014). Paternal %FM explained 8% of 

the observed variance in male offspring %FM. In contrast, maternal %FM was positively 

associated with boy’s %FM and explained 12% of the observed variance. There was a 

significant loss of power in the female newborn group (sample sized decreased from 94 to 

59 girls) which did not allow to accurately evaluate the association between mothers’ and 

father’s adiposity with female offspring adiposity.

Association between parental %FM and offspring GH, IGF-1, and IGFBP-3 levels at age 2 
years

Growth Hormone—When GH levels of boys and girls were analyzed together, paternal 

adiposity at conception (β=−0.04, p=0.007), but not maternal adiposity (β=0.01, p=0.459), 

was associated with GH levels in 2 year old offspring. When analyses were stratified by 

offspring sex (Table 5), GH levels in male (β=−0.04, p=0.023) and female offspring (β=

−0.08, p=0.008) decreased with increasing paternal %FM. On the other hand, increasing 

maternal adiposity resulted in greater GH levels exclusively in female offspring (β=0.06, 

p=0.017).

Insulin-like growth factor 1 (IGF-1)—When the overall group was analyzed, paternal 

adiposity (β=1.25, p=0.009), but not maternal adiposity, was associated with IGF-1 levels. 

When stratified by sex, IGF-1 levels in girls, were exclusively associated with maternal 

%FM (β=1.53, p=0.023).This association remained marginally significant (β=1.42, p=0.051) 

when paternal adiposity was included in the same model (Table 5). On the other hand, IGF-1 

levels in boys associated with paternal %FM (β=1.24, p=0.008) but not maternal adiposity. 

The association between male offspring IGF-1 and paternal %FM remained when maternal 

adiposity was added to the model (β=1.23, p=0.011; Table 5).

Insulin-like growth factor binding protein 3 (IGFBP-3)—When the overall group 

was analyzed, plasma IGFBP-3 levels associated with paternal adiposity (β=0.025, p=0.046) 

but not with maternal adiposity (β=0.012, p=0.251). The former association lost significance 

when both maternal and paternal %FM were included in the same model (Table 5). When 

stratified by sex, paternal adiposity associated with neither girls’ nor boys’ IGFBP-3 plasma 

levels whereas maternal adiposity associated with girls’ but not boys’ IGFBP-3 plasma 

levels. The association between maternal adiposity and girls’ IGFBP-3 levels disappeared 

when paternal adiposity was added to the model (Table 5).

Plasma analyses (growth hormone, IGF-1, IGFBP-3, glucose, insulin, leptin, cholesterol, 

triglycerides, HDL and LDL) for n=67 children at age 2 years have been summarized in 

supplementary table 2.

Discussion

The primary aim of this study was to quantify the contribution of parental adiposity to 

newborn %FM at age 2 weeks. Mother’s %FM was measured early in pregnancy therefore 
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our measurements should closely reflect adiposity at the time of conception. We 

hypothesized that newborn adiposity would increase in proportion to parental %FM, but that 

the contribution of maternal adiposity to newborn adiposity would be greater than that of 

fathers’.

Our results showed that maternal adiposity positively associates with offspring %FM at age 

2 weeks, and the magnitude of the association is slightly higher in girls than in boys when 

other predictive variables were considered. Paternal adiposity associated with that of males, 

with %FM in newborn boys decreasing with greater paternal %FM at conception. Maternal 

race, GWG, newborn’s sex, gestational age, delivery mode, and infant feeding mode were 

also independent predictors of newborn adiposity at age 2 weeks.

Novel to our study are the prospective, objectively measured data including physical activity, 

resting energy expenditure and direct measurements of body composition in both parents 

and their offspring. All the latter are frequently missing from studies investigating the 

association between maternal obesity and newborn body composition. We have previously 

demonstrated a dissociation between BMI-for-age Z-scores and true measurements of 

adiposity (dual-energy X-ray absorptiometry, DXA) from early infancy to mid-childhood 

(20). Thus, using direct methods of body composition are of utmost importance when 

childhood adiposity is the primary outcome of study.

There is evidence supporting that offspring weight and BMI at birth increase in proportion to 

maternal obesity (21,22). However, studies evaluating the effect of maternal BMI on 

offspring adiposity per se have not always agreed. For instance, Eriksson et al. (23) did not 

find pre-pregnancy maternal BMI to affect newborn adiposity measured with ADP. In 

contrast, several other studies also using combined (direct and indirect) measurements of 

adiposity in mothers and their offspring have shown opposite results (24–27). Here, using 

laboratory-based body composition analysis techniques in newborn offspring and parents we 

provide conclusive evidence of maternal adiposity as a main contributor to newborn 

offspring %FM.

A novel finding from our study was that paternal adiposity had a negative and sex-dependent 

association with male newborn %FM. There is scarcity of longitudinal studies in humans 

evaluating the effects of paternal adiposity on intrauterine growth and newborn body 

composition. Case-control studies have shown that lower birthweight and intrauterine 

growth restriction are more likely to occur in offspring of men with higher abdominal 

obesity and insulin resistance, but no sex-specific correlations were reported (11,28–30). 

More recently, contrasting results were reported by Chen el al. (8) who found intrauterine 

growth and birthweight positively correlate with paternal BMI in boys but not in girls.

The observation of sex-dependent associations between paternal health and offspring 

outcomes were first seen in epidemiological studies. Kaati et al. (31) found that boys 

exposed to high food availability (an indicator of overfeeding) at 9 to 12 years of age had 

increased cardiovascular disease and type-2 diabetes mortality risks in male descendants. 

Since then, murine models have shown that paternal nutritional experiences and obesity 

status can exert transgenerational and sex-specific effects on offspring health (10,32,33). 
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However, when it comes to the primary outcome of the present study (newborn adiposity) 

insufficient and contrasting data exist in the literature which do not allow to clearly elucidate 

the effect of paternal obesity on newborn phenotype.

In a rat model of diet induced paternal obesity and insulin resistance, for example, 

birthweight did not differ between exposed and control male and female offspring (10). The 

study, led by Ng et al.(10), focused on females and found paternal obesity to induce 

sustained pancreatic β-cell dysfunction in the offspring without altering growth or adiposity. 

More recently, and using a similar murine model, Lecomte et al. (2) reported birthweight 

and growth trajectories of male offspring are dramatically affected by paternal obesity, with 

lower birthweight, stunted growth, and decreased adiposity occurring in association with low 

levels of GH and IGF1 factor (2).

Similarly to the aforementioned study, we found that independent of maternal adiposity, fat 

accretion in male newborns decreased with increasing paternal %FM. A limitation of our 

study, though, is that we did not collect blood from offspring at 2 weeks of age thus 

evaluation of the GH axis was not done at this timepoint. However, using plasma from 67 

children of this same cohort at age 2 years, we found that IGF-1 levels of boys and girls 

positively associated with their respective fathers’ and mothers’ adiposity. Our findings at 

age 2 years, however, should not be extrapolated to the neonatal period. Larnkjær et al.(34) 

recently reported 28% lower plasma levels of IGF-1 in 9-month old infants born to women 

with obesity when compared to infants born to women with normal weight. The study, did 

not report on the effect of paternal obesity on offspring IGF-1 levels even though 54% of 

participating fathers had either overweight or obesity. Assessing the influence of parental 

adiposity on the adrenal axis is also of interest. Chen et al. (8) reported birth weight and 

cortisol levels from umbilical cord blood in male offspring increase in proportion to paternal 

BMI but not maternal BMI. It is unknown if the association between paternal obesity and 

male newborn cortisol levels relates to lower adiposity in offspring. Further studies assessing 

the effect of parental adiposity on the programming of endocrine axes involved in in the 

regulation of in utero growth and newborn body composition phenotypes are needed.

As expected, in the current study, higher GWG and exclusive breast feeding predicted 

greater offspring adiposity. This is in line with previous studies showing GWG as a main 

contributor to fetal growth and overall adiposity (7,26,27,35–37). We and others have 

previously shown breastfed babies carry greater adipose content and less fat free mass than 

formula fed babies (38,39). In contrast to infant formulas, human milk is characterized by 

dynamic changes in macronutrient composition and bioactive components (40,41). Thus, 

compositional differences between human milk and infant formulas may explain the 

differences in body composition reported here.

The evidence on neonatal sex differences in body composition is conflicting. Carberry et al. 

(42) and Eriksson et al. (23) did not find differences in body composition in males vs. 

females after 4 and 7 days of birth, respectively. In contrast, Carlsen et al. (7) found that 

independent of maternal obesity status and GWG, males have lower %FM than females do 

at birth (<48h). Our data agree with the latter study as multiple linear regression analyses 

show female-sex as an independent predictor of higher %FM at two weeks of age.
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Interestingly, we found that vaginal delivery and delivery by cesarean section were 

associated with greater infant %FM compared to induced vaginal delivery. Peripartum 

exposure to synthetic oxytocin (SynOT) is common in the U.S. where induction or 

augmentation of labor occurs in up to 50% of childbirths (43). There is paucity of data on 

the effects of SynOT in newborn offspring. Some studies have found an association between 

SynOT peripartum exposure and increased incidence of unwanted breastfeeding cessation as 

well as changes in newborn offspring feeding behavior including lower prefeeding cues, 

suction, and swallowing (44,45). However, results in this area of research are mixed. An 

integrative review of the literature (46) found that 17 out of 34 studies have linked SynOT to 

suboptimal breastfeeding outcomes. The authors suggest there is a potential for SynOT to 

cross the placenta and newborn brain barrier which would in turn affect newborn eating 

behaviors. The latter hypothesis strives from animal experiments showing SynOT exposure 

during the neonatal period results in long-term behavioral changes in exposed animals (47). 

Here we show lower adiposity in infants exposed to SynOT, but the mechanisms involved 

remain to be determined. It is unclear whether fetal growth influenced the delivery mode or 

whether the delivery mode influenced fat accretion during the first two weeks of life. In 

addition, our study has not accounted for the use of other procedures commonly used in 

vaginal induced childbirths such as epidural analgesia, and this should be taken into 

consideration when interpreting our results.

Our study had some limitations including a sample that was mostly Caucasian (85% of 

mothers) and living in Arkansas, which may limit the generalizability of the current findings 

to other racial or ethnic groups. Additionally, we had a limited sample size for body 

composition measures in fathers (136 fathers vs. 209 mothers), and due to the limited 

number of female newborns with paternal body composition measurements (n=59), this 

study cannot draw conclusions on the effects of paternal %FM on female adiposity. 

However, the study also had numerous strengths including longitudinal collection of data, 

measurement of maternal anthropometrics directly in clinic, consideration of maternal 

activity and energy expenditure, and most importantly direct objective measures of maternal, 

paternal, and infant body composition using whole-body air displacement plethysmography.

In this cohort, maternal adiposity at conception was the strongest predictive variable of 

newborn boys’ and girls’ adiposity. Paternal fat mass was the second strongest predicted 

variable of adiposity in boys with fat accretion in male newborns decreasing with increasing 

paternal adiposity. Also, an interesting finding from this study was induced vaginal delivery 

associated with lower adiposity at 2 weeks of age. The underlying mechanisms as well as the 

long-term clinical implications of these findings warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IGF Insulin-like growth factor
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%FM offspring percent fat mass
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FFM fat free mass

IOM Institute of Medicine

RER Resting energy expenditure

AC activity counts

GWG gestational weight gain

DXA dual-energy X-ray absorptiometry

SynOT synthetic oxytocin

REFERENCES

1. Branum AM, Kirmeyer SE, Gregory EC. Prepregnancy Body Mass Index by Maternal 
Characteristics and State: Data From the Birth Certificate, 2014. Natl Vital Stat Rep 8 
2016;65(6):1–11.

2. Lecomte V, Maloney CA, Wang KW, Morris MJ. Effects of paternal obesity on growth and adiposity 
of male rat offspring. Am J Physiol Endocrinol Metab. 2 1 2017;312(2):E117–E125. [PubMed: 
27965204] 

3. Catalano PM, Presley L, Minium J, Hauguel-de Mouzon S. Fetuses of obese mothers develop 
insulin resistance in utero. Diabetes Care. Jun 2009;32(6):1076–1080.

4. Whitaker RC. Predicting preschooler obesity at birth: the role of maternal obesity in early 
pregnancy. Pediatrics. Jul 2004;114(1):e29–36.

5. Perng W, Gillman MW, Mantzoros CS, Oken E. A prospective study of maternal prenatal weight 
and offspring cardiometabolic health in midchildhood. Ann Epidemiol. 11 2014;24(11):793–800 
e791. [PubMed: 25263237] 

6. Gaillard R, Welten M, Oddy WH, et al. Associations of maternal prepregnancy body mass index and 
gestational weight gain with cardio-metabolic risk factors in adolescent offspring: a prospective 
cohort study. BJOG. 1 2016;123(2):207–216. [PubMed: 26525168] 

7. Carlsen EM, Renault KM, Norgaard K, et al. Newborn regional body composition is influenced by 
maternal obesity, gestational weight gain and the birthweight standard score. Acta Paediatr. Sep 
2014;103(9):939–945.

8. Chen YP, Xiao XssM, Li J, Reichetzeder C, Wang ZN, Hocher B. Paternal body mass index (BMI) 
is associated with offspring intrauterine growth in a gender dependent manner. PLoS One. 
2012;7(5):e36329. [PubMed: 22570703] 

Diaz et al. Page 11

Pediatr Obes. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Devakumar D, Grijalva-Eternod C, Cortina-Borja M, Williams J, Fewtrell M, Wells J. Disentangling 
the associations between parental BMI and offspring body composition using the four-component 
model. Am J Hum Biol. 7 2016;28(4):524–533. [PubMed: 26848813] 

10. Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ. Chronic high-fat diet in fathers 
programs beta-cell dysfunction in female rat offspring. Nature. 10 21 2010;467(7318):963–966. 
[PubMed: 20962845] 

11. Hillman S, Peebles DM, Williams DJ. Paternal metabolic and cardiovascular risk factors for fetal 
growth restriction: a case-control study. Diabetes Care. 6 2013;36(6):1675–1680. [PubMed: 
23315598] 

12. Garn SM, Leonard WR, Hawthorne VM. Three limitations of the body mass index. Am J Clin 
Nutr. 12 1986;44(6):996–997. [PubMed: 3788846] 

13. Centers for Disease Control and Prevention, CDC. Body Mass Index: Consideration for 
Practitioners. https://www.cdc.gov/obesity/downloads/BMIforPactitioners.pdf. Accessed 
4-19-2019.

14. Hinkle SN, Albert PS, Mendola P, et al. The association between parity and birthweight in a 
longitudinal consecutive pregnancy cohort. Paediatr Perinat Epidemiol. 3 2014;28(2):106–115. 
[PubMed: 24320682] 

15. Casey BM, Lucas MJ, McIntire DD, Leveno KJ. Pregnancy outcomes in women with gestational 
diabetes compared with the general obstetric population. Obstet Gynecol. Dec 1997;90(6):869–
873.

16. Gilmore LA, Redman LM. Weight gain in pregnancy and application of the 2009 IOM guidelines: 
toward a uniform approach. Obesity (Silver Spring). 3 2015;23(3):507–511. [PubMed: 25521748] 

17. WHO, World Health Organization. Child growth standards. https://www.who.int/childgrowth/
standards/en/. Accessed 10-04-2019.

18. Purcell SA, Elliott SA, Baracos VE, Chu QS, Prado CM. Key determinants of energy expenditure 
in cancer and implications for clinical practice. Eur J Clin Nutr. Nov 2016;70(11):1230–1238.

19. Wechsler D Wechsler Abbreviated Scale of Intelligence. San Antonio, TX1999.

20. Andres A, Hull HR, Shankar K, Casey PH, Cleves MA, Badger TM. Longitudinal body 
composition of children born to mothers with normal weight, overweight, and obesity. Obesity 
(Silver Spring). 6 2015;23(6):1252–1258. [PubMed: 25960251] 

21. Regnault N, Botton J, Forhan A, et al. Determinants of early ponderal and statural growth in full-
term infants in the EDEN mother-child cohort study. Am J Clin Nutr. 9 2010;92(3):594–602. 
[PubMed: 20592134] 

22. Linabery AM, Nahhas RW, Johnson W, et al. Stronger influence of maternal than paternal obesity 
on infant and early childhood body mass index: the Fels Longitudinal Study. Pediatr Obes. 6 
2013;8(3):159–169. [PubMed: 23042783] 

23. Eriksson B, Lof M, Forsum E. Body composition in full-term healthy infants measured with air 
displacement plethysmography at 1 and 12 weeks of age. Acta Paediatr. Apr 2010;99(4):563–568.

24. Sewell MF, Huston-Presley L, Super DM, Catalano P. Increased neonatal fat mass, not lean body 
mass, is associated with maternal obesity. Am J Obstet Gynecol. 10 2006;195(4):1100–1103. 
[PubMed: 16875645] 

25. Hull HR, Dinger MK, Knehans AW, Thompson DM, Fields DA. Impact of maternal body mass 
index on neonate birthweight and body composition. Am J Obstet Gynecol. 4 2008;198(4):416 
e411–416. [PubMed: 18279830] 

26. Hull HR, Thornton JC, Ji Y, et al. Higher infant body fat with excessive gestational weight gain in 
overweight women. Am J Obstet Gynecol. 9 2011;205(3):211 e211–217. [PubMed: 21621185] 

27. Starling AP, Brinton JT, Glueck DH, et al. Associations of maternal BMI and gestational weight 
gain with neonatal adiposity in the Healthy Start study. Am J Clin Nutr. 2 2015;101(2):302–309. 
[PubMed: 25646327] 

28. Lindsay RS, Dabelea D, Roumain J, Hanson RL, Bennett PH, Knowler WC. Type 2 diabetes and 
low birth weight: the role of paternal inheritance in the association of low birth weight and 
diabetes. Diabetes. Mar 2000;49(3):445–449.

29. Hypponen E, Smith GD, Power C. Parental diabetes and birth weight of offspring: 
intergenerational cohort study. BMJ. Jan 4 2003;326(7379):19–20.

Diaz et al. Page 12

Pediatr Obes. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/obesity/downloads/BMIforPactitioners.pdf.
https://www.who.int/childgrowth/standards/en/.
https://www.who.int/childgrowth/standards/en/.


30. Wannamethee SG, Lawlor DA, Whincup PH, Walker M, Ebrahim S, Davey-Smith G. Birthweight 
of offspring and paternal insulin resistance and paternal diabetes in late adulthood: cross sectional 
survey. Diabetologia. Jan 2004;47(1):12–18.

31. Kaati G, Bygren LO, Edvinsson S. Cardiovascular and diabetes mortality determined by nutrition 
during parents’ and grandparents’ slow growth period. Eur J Hum Genet. 11 2002;10(11):682–
688. [PubMed: 12404098] 

32. Anderson LM, Riffle L, Wilson R, Travlos GS, Lubomirski MS, Alvord WG. Preconceptional 
fasting of fathers alters serum glucose in offspring of mice. Nutrition. 3 2006;22(3):327–331. 
[PubMed: 16500559] 

33. Ornellas F, Carapeto PV, Mandarim-de-Lacerda CA, Aguila MB. Obese fathers lead to an altered 
metabolism and obesity in their children in adulthood: review of experimental and human studies. 
J Pediatr (Rio J). Nov-Dec 2017;93(6):551–559. [PubMed: 28822233] 

34. Larnkjaer A, Ong KK, Carlsen EM, Ejlerskov KT, Molgaard C, Michaelsen KF. The Influence of 
Maternal Obesity and Breastfeeding on Infant Appetite- and Growth-Related Hormone 
Concentrations: The SKOT Cohort Studies. Horm Res Paediatr. 2018;90(1):28–38. [PubMed: 
29961064] 

35. Crozier SR, Inskip HM, Godfrey KM, et al. Weight gain in pregnancy and childhood body 
composition: findings from the Southampton Women’s Survey. Am J Clin Nutr. 6 
2010;91(6):1745–1751. [PubMed: 20375187] 

36. Au CP, Raynes-Greenow CH, Turner RM, Carberry AE, Jeffery H. Fetal and maternal factors 
associated with neonatal adiposity as measured by air displacement plethysmography: a large 
cross-sectional study. Early Hum Dev. 10 2013;89(10):839–843. [PubMed: 23968962] 

37. Badon SE, Dyer AR, Josefson JL, Group HSCR. Gestational weight gain and neonatal adiposity in 
the Hyperglycemia and Adverse Pregnancy Outcome study-North American region. Obesity 
(Silver Spring). 7 2014;22(7):1731–1738. [PubMed: 24634400] 

38. Andres A, Casey PH, Cleves MA, Badger TM. Body fat and bone mineral content of infants fed 
breast milk, cow’s milk formula, or soy formula during the first year of life. J Pediatr. Jul 
2013;163(1):49–54.

39. Butte NF, Wong WW, Hopkinson JM, Smith EO, Ellis KJ. Infant feeding mode affects early 
growth and body composition. Pediatrics. Dec 2000;106(6):1355–1366.

40. Michaelsen KF, Skafte L, Badsberg JH, Jorgensen M. Variation in macronutrients in human bank 
milk: influencing factors and implications for human milk banking. J Pediatr Gastroenterol Nutr. 
Aug 1990;11(2):229–239.

41. Demmelmair H, Koletzko B. Variation of Metabolite and Hormone Contents in Human Milk. Clin 
Perinatol. 3 2017;44(1):151–164. [PubMed: 28159202] 

42. Carberry AE, Colditz PB, Lingwood BE. Body composition from birth to 4.5 months in infants 
born to non-obese women. Pediatr Res. Jul 2010;68(1):84–88.

43. Osterman MJ, Martin JA. Recent declines in induction of labor by gestational age. NCHS Data 
Brief 6 2014(155):1–8.

44. Bell AF, White-Traut R, Rankin K. Fetal exposure to synthetic oxytocin and the relationship with 
prefeeding cues within one hour postbirth. Early Hum Dev. 3 2013;89(3):137–143. [PubMed: 
23084698] 

45. Olza Fernandez I, Marin Gabriel M, Malalana Martinez A, Fernandez-Canadas Morillo A, Lopez 
Sanchez F, Costarelli V. Newborn feeding behaviour depressed by intrapartum oxytocin: a pilot 
study. Acta Paediatr. Jul 2012;101(7):749–754.

46. Erickson EN, Emeis CL. Breastfeeding Outcomes After Oxytocin Use During Childbirth: An 
Integrative Review. J Midwifery Womens Health. 7 2017;62(4):397–417. [PubMed: 28759177] 

47. Bales KL, van Westerhuyzen JA, Lewis-Reese AD, Grotte ND, Lanter JA, Carter CS. Oxytocin has 
dose-dependent developmental effects on pair-bonding and alloparental care in female prairie 
voles. Horm Behav. 8 2007;52(2):274–279. [PubMed: 17553502] 

Diaz et al. Page 13

Pediatr Obes. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Diaz et al. Page 14

Table 1.

Mother-offspring pairs characteristics (n=209)

Variables All
(n=209)

Boys
(n=115)

Girls
(n=94) p-value

Maternal age, years 29.5 ± 3.6 29.4 ± 3.6 29.7 ± 3.6 0.5269

Maternal race, n (%) 0.1636

 Caucasian 177 (84.7) 101 (87.8) 76 (80.9)

 AA/Asian/Hispanic/Mixed race/Unknown 32 (15.3) 14 (12.2) 18 (19.1)

Maternal education, n (%) 0.7432

 High school or GED 13 (6.2) 9 (7.8) 4 (4.3)

 Partial college or graduate 127 (60.8) 68 (59.1) 59 (62.8)

 Graduate training or degree 63 (30.1) 35 (30.4) 28 (29.8)

 Specialized training 6 (2.9) 3 (2.6) 3 (3.2)

Maternal % FM 35.7 ± 7.4 35.7 ± 6.9 35.7 ± 7.9 0.9900

Annual family income n (%) 0.2225

 ≤ $60,000 85 (40.7) 52 (45.2) 33 (35.1)

 > $60,000-$90,000 62 (29.7) 29 (25.2) 33 (35.1)

 ≥ $90,000 62 (29.7) 34 (29.6) 28 (29.8)

Maternal total AC/day × 1000 320 ± 121 318 ± 138 323 ± 96 0.7904

Maternal REE, kcal/day0.70 87.7 ± 8.9 87.9 ± 8.7 87.4 ± 9.2 0.6745

Maternal RER 0.85 ± 0.04 0.85 ± 0.04 0.85 ± 0.04 0.8478

GWG, kg 11.8 ± 4.1 12.2 ± 3.8 11.3 ± 4.5 0.1213

IOM recommendations for GWG, n (%) 0.0589

 Below 28 (13.4) 10 (8.7) 18 (19.1)

 Ideal 107 (51.2) 65 (56.5) 42 (44.7)

 Above 74 (35.4) 40 (34.8) 34 (36.2)

Gestational age, wks. 39.3 ± 0.9 39.3 ± 0.9 39.2 ± 0.8 0.8891

Delivery method, n (%) 0.1427

 Vaginal induced 58 (27.8) 38 (33.0) 20 (21.3)

 Vaginal not induced 77 (36.8) 41 (35.7) 36 (38.3)

 C-section 74 (35.4) 36 (31.3) 38 (40.4)

Birth weight, (kg) 3.5 ±± 0.5 3.6 ± 0.5 3.5 ± 0.5 0.0228

Birth Length, (cm) 51.0 ± 2.6 51.4 ± 2.5 50.6 ± 2.6 0.0123

Weight-for-age
z-score at birth 0.45 ± 0.98 0.47 ± 0.96 0.42 ± 1.00 0.7357

Length-for-age
z-score at birth 0.79 ± 1.35 0.82 ± 1.32 0.76 ± 1.39 0.7136

BMI-for-age z-score at birth 0.06 ± 1.14 0.07 ± 1.12 0.05 ± 1.17 0.9272

Feeding mode, n (%) 0.3430

 Formula or mixed fed 62 (29.7) 31 (27.0) 31 (33.0)

 Breast fed only 147 (70.3) 84 (73.0) 63 (67.0)

Length at age 2 wks, (cm) 51.3 ± 2.0 51.7 ±1.9 50.8 ± 2.0 0.0015

Weight at age 2 wks, (kg) 3.7 ± 0.5 3.8 ±0.5 3.6 ± 0.4 0.0022
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Variables All
(n=209)

Boys
(n=115)

Girls
(n=94) p-value

Length z-score at age 2 wks -0.34 ± 1.01 −0.33 ± 0.98 −0.35 ± 1.06 0.8898

Weight z-core at age 2 wks 0.01 ± 0.86 0.01 ± 0.89 0.01 ± 0.83 0.9347

Weight for length z-score
at age 2 weeks 0.11 ± 0.90 0.13 ± 0.87 0.08 ± 0.94 0.6792

Offspring % FM at age 2 wks 13.0 ± 3.5 12.5 ± 3.4 13.6 ± 3.6 0.0295

Data presented as mean±SD, counts and %. AA=African American; GED=general education development; AC=activity counts; REE=resting 
energy expenditure; RER=respiratory exchange ratio; GWG=gestational weight gain; IOM=Institute of Medicine
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Table 2.

Association between selected characteristics and infant’s percent fat mass at two weeks of age

Variables

All
(n=209)

Boys
(n=115)

Girls
(n=94)

β p-value β p-value β p-value

Maternal %FM 0.10 0.0029 0.10 0.0265 0.09 0.0441

Maternal age (years) −0.06 0.3662 0.01 0.9299 −0.16 0.1244

Maternal race

 Caucasian Reference

 Non-Caucasian 1.19 0.0773 1.91 0.0489 0.35 0.7134

Family Income

 ≤ $60,000 Reference

 > $60,000 – $90,000 −0.10 0.8600 −0.26 0.7464 −0.35 0.6956

 ≥ $90,000 −0.23 0.6970 0.11 0.8853 −0.84 0.3680

GWG (kg) 0.02 0.6757 0.01 0.8989 0.06 0.4625

Gestational weight gain above IOM 0.37 0.4710 0.16 0.8064 0.58 0.4560

Total AC/day 0.00 0.5773 0.00 0.4222 −0.00 0.7985

REE (kcal/kg of FFM0.74) 0.03 0.2345 0.03 0.4644 0.04 0.2939

Gestational age (weeks) 0.36 0.2037 0.59 0.0946 0.04 0.9297

Delivery mode

 Vaginal Induced Reference

 Vaginal 1.35 0.0265 0.68 0.3781 2.02 0.0438

 C-section 1.41 0.0221 1.31 0.0991 1.37 0.1650

Newborn sex

 Male Reference

 Female 1.06 0.0295

Feeding mode at age 2 weeks

 Formula or mixed-fed Reference

 Exclusively breastfed 1.08 0.0430 0.83 0.2469 1.51 0.0540

%FM=percent fat mass, GWG=gestational weight gain, IOM=Institute of Medicine, AC=activity counts, REE=resting energy expenditure, 
FFM=fat free mass.

(mother-offspring pairs, n=209)
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Table 3.

Multiple regression analyses to identify predictors of newborn %FM in the overall group, and in boys and girls 

separately (mother-offspring pairs, n=209)

Variables β SE 95% CI Pr2 p-value

Overall Group (n=209)

Maternal %FM 0.14 0.03 0.07, 0.20 0.0803 <0.001

Maternal race

 Caucasian Reference

 Non-Caucasian 1.61 0.64 0.34, 2.87 0.0304 0.014

Newborn sex

 Male Reference

 Female 0.95 0.46 0.04, 1.87 0.0209 0.041

GWG (kg) 0.16 0.06 0.04, 0.27 0.0342 0.009

Gestational age (weeks) 0.63 0.27 0.10, 1.17 0.0265 0.021

Delivery mode

 Vaginal Induced Reference

 C-section 1.21 0.61 0.01, 2.40 0.0197 0.048

 Vaginal 1.54 0.59 0.37, 2.70 0.0330 0.010

Feeding mode at age 2 weeks

 Formula or mixed-fed Reference

 Exclusively breastfed 1.15 0.50 0.16, 2.15 0.0257 0.023

Stratified by Sex

Girls (n=94)

 Maternal %FM 0.13 0.05 0.03, 0.22 0.0711 0.008

 Delivery mode

  Vaginal Induced Reference

  C-section 0.95 0.96 −0.96, 2.87 0.0095 0.325

  Vaginal 2.22 0.99 0.25, 4.18 0.0277 0.028

 Feeding mode

  Formula or mixed-fed Reference

  Exclusively breastfed 1.32 0.77 −0.21, 2.84 0.0284 0.090

Boys (n=115)

 Maternal %FM 0.11 0.04 0.02,0.20 0.0515 0.0157

 Maternal race

  Caucasian Reference

  Non-Caucasian 2.02 0.93 0.18, 3.86 0.0409 0.0317

 Gestational age (weeks) 0.64 0.34 −0.03,1.32 0.0312 0.0615

%FM=percent fat mass, GWG=gestational weight gain, SE=standard error, Pr2=square partial correlation
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Table 4.

Multiple regression analyses to identify predictors of newborn %FM in the overall group, and in boys and girls 

separately (mother-father-offspring triads, n=136).

Variables β SE 95% CI Pr2 p-value

Overall group (n=136)

Maternal %FM 0.09 0.04 0.01, 0.17 0.0399 0.022

Maternal race

 Caucasian

 Non-Caucasian 1.65 0.83 0.00, 3.30 0.0295 0.050

Newborn sex

 Male

 Female 1.16 0.55 0.08, 2.25 0.0303 0.035

GWG 0.17 0.07 0.03, 0.32 0.0407 0.015

Gestational age (weeks) 0.82 0.29 0.24, 1.40 0.0528 0.006

Stratified by Sex

Girls (n=59)

 Maternal age −0.36 0.15 −0.66, −0.07 0.0992 0.017

 Family Income

  ≤ $60,000 Reference

  > $60,000 – $90,000 2.63 1.15 0.32, 4.93 0.0846 0.026

  ≥ $90,000 0.9948 1.34 −1.70, 3.69 0.0089 0.462

Boys (n=77)

 Maternal %FM 0.12 0.04 0.04, 0.21 0.0977 0.006

 Paternal %FM −0.09 0.04 −0.16, −0.02 0.0807 0.014

 Gestational age (weeks) 1.06 0.34 0.38, 1.75 0.1159 0.003

%FM= percent fat mass, SE=standard error; Pr2=square partial correlation.
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Table 5.

Multiple regression analysis showing the association between parental %FM measured early in pregnancy with 

offspring plasma growth hormone levels at age 2 years.

Growth Hormone β SE 95% CI Pr2 p-value

Girls (n=30)

 Paternal %FM −0.08 0.03 −0.13, −0.02 0.23 0.008

 Maternal %FM 0.06 0.02 0.01, 0.11 0.19 0.017

Boys (n=37)

 Paternal %FM −0.04 0.02 −0.07, −0.01 0.14 0.023

 Maternal %FM −0.01 0.01 −0.03, 0.02 0.01 0.564

IGF-1

Girls

 Paternal %FM 0.35 0.77 −1.23–1.93 0.01 0.651

 Maternal %FM 1.42 0.69 −0.01–2.84 0.14 0.051

Boys

 Paternal %FM 1.23 0.45 0.03–2.16 0.19 0.011

 Maternal %FM 0.02 0.37 −0.67–0.71 0.00 0.946

IGFBP-3

Girls

 Paternal %FM 0.00 0.03 −0.05–0.06 0.00 0.889

 Maternal %FM 0.03 0.02 −0.02–0.08 0.07 0.181

Boys

 Paternal %FM 0.01 0.02 0.02–0.05 0.02 0.388

 Maternal %FM 0.00 0.01 −0.02–0.03 0.00 0.855

%FM= percent fat mass, IGF-1= Insulin-like growth factor 1, IGFBP-3= Insulin-like growth factor binding protein 3, SE=standard error; 

Pr2=square partial correlation.
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