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Abstract

The mechanism through which developmental programming of offspring overweight/obesity 

following in utero exposure to maternal overweight/obesity operates is unknown but may operate 

through biologic pathways involving offspring anthropometry at birth. Thus, we sought to examine 

to what extent the association between in utero exposure to maternal overweight/obesity and 

childhood overweight/obesity is mediated by birth anthropometry. Analyses were conducted on a 

retrospective cohort with data obtained from one hospital system. A natural effects model 

framework was used to estimate the natural direct effect and natural indirect effect of birth 

anthropometry (weight, length, head circumference, ponderal index, and small-for-gestational-age 

[SGA] or large-for-gestational-age [LGA]) for the association between pre-pregnancy maternal 

BMI category (overweight/obese vs normal weight) and offspring overweight/obesity in 

childhood. Models were adjusted for maternal and child sociodemographics. 3,950 mother-child 

dyads were included in analyses (1,467 [57.8%] of mothers and 913 [34.4%] of children were 

overweight/obese). Results suggest that a small percent of the effect of maternal pre-pregnancy 

BMI overweight/obesity on offspring overweight/obesity operated through offspring 

anthropometry at birth (weight: 15.5%, length: 5.2%, head circumference: 8.5%, ponderal index: 

2.2%, SGA: 2.9%, and LGA: 4.2%). There was a small increase in the percent mediated when 

gestational diabetes or hypertensive disorders were added to the models. Our study suggests that 
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some measures of birth anthropometry mediate the association between maternal pre-pregnancy 

overweight/obesity and offspring overweight/obesity in childhood, and that the size of this 

mediated effect is small.

Keywords

Childhood obesity; maternal obesity; pregnancy; developmental programming; mediation; indirect 
effects; direct effects

INTRODUCTION

In the United States, rates of maternal obesity are climbing, especially among minority 

groups, with over half of non-Hispanic Black females of childbearing age being categorized 

as obese1. Compared to mothers categorized as normal weight, mothers with obesity have at 

least 3-times the odds of gestational diabetes and pregnancy-induced hypertensive disorders, 

and differential rates of gestational weight gain1-3. In turn, infants born to these mothers are 

more likely to be preterm, large-for-gestational-age, and have a higher fat mass as compared 

to infants born to unaffected mothers1,4-8. Into childhood and adolescence, these offspring 

are typically at an increased risk of excess adiposity and developing cardiometabolic 

disorders6,9,10.

Though researchers have provided compelling hypotheses, the mechanism through which 

developmental programming of offspring disease operates is largely unknown11-15. Within 

the context of the association between maternal pre-pregnancy overweight/obesity and 

offspring overweight/obesity, birthweight and other measures of birth anthropometry may 

play a mediating role. Very few studies have performed a formal mediation analysis of this 

association with results differing across these studies, potentially due to inconsistencies in 

measurements of birth anthropometry and study populations16-18. Large-for-gestational-age 

(LGA) status and ponderal index have been previously identified as significant mediators of 

the association between maternal metabolic disorders and offspring childhood obesity16,17. 

However, a recent study found that birthweight was not a significant mediator of the 

association between maternal pre-pregnancy BMI and offspring BMI percentile in 

childhood18. As far as we are aware, no prior studies have examined multiple measures of 

infant birth anthropometry to assess what specific measures might be mediators of this 

association. Infant birthweight and its classifications (e.g. LGA) capture only one dimension 

of fetal growth. Infant length and head circumference may provide additional information 

regarding the mechanism underlying the association between maternal overweight/obesity 

and offspring overweight/obesity in childhood . Furthermore, the role of factors related to 

maternal overweight/obesity and offspring birth and childhood anthropometry (e.g. 

gestational diabetes, hypertensive disorders of pregnancy, gestational weight gain) has not 

been elucidated. Understanding the role that birth anthropometry and other early life factors 

play in mediating or moderating this association may help scientists to understand the 

biologic mechanisms contributing to developmental programming.

Thus, our primary study aim was to assess to what extent the association between 

intrauterine exposure to maternal pre-pregnancy overweight/obesity and childhood 
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overweight/obesity was mediated by birth anthropometry. Our secondary study aim was to 

examine whether maternal gestational cardiometabolic disorders moderated or mediated our 

associations of interest.

METHODS

Cohort Selection

A retrospective hospital-based cohort was designed by linking the Perinatal Information 

Systems (PINS) and the electronic medical record from the Medical University of South 

Carolina (MUSC). The PINS is a database repository for abstracted medical records of: all 

mothers who deliver at MUSC, all babies who were delivered at MUSC, and all babies who 

were delivered at community hospitals and subsequently transferred to MUSC. PINS data is 

captured on a data abstraction form by three specially trained data abstractors with the 

opportunity to record over a thousand maternal and newborn data elements. Pregnancies 

from PINS were linked to the electronic medical record for: 1) confirmation of maternal 

diabetes diagnosis, and 2) offspring height, weight, and/or body mass index (BMI) until 18 

years of age. See Figure 1 for the flow chart defining our study population and exclusions. 

The Institutional Review Board at the Medical University of South Carolina reviewed and 

approved this study.

Exposure

The primary exposure of interest was maternal pre-pregnancy BMI dichotomized as normal 

weight versus overweight/obese. Maternal pre-pregnancy BMI from PINS was abstracted 

from the electronic medical record and based on nurse or physician assessments. Mothers 

were classified into the following BMI categories: normal weight (18.5 kg/m2 < BMI < 25.0 

kg/m2) or overweight/obese (BMI > 25.0 kg/m2). Underweight mothers (n=323) were 

excluded from analyses.

Secondary analyses compared mothers with obesity (BMI ≥ 30.0 kg/m2) to normal weight 

mothers.

Outcome

The primary study outcome was offspring BMI percentile dichotomized as overweight/obese 

or normal weight at follow-up in childhood. The electronic medical record provided 

assessments of offspring height (meters), weight (kgs), and/or BMI measured by nurses or 

physicians. Age- and sex-adjusted BMI percentiles were calculated using the Centers for 

Disease Control (CDC) National Health and Nutrition Examination Survey (NHANES) 

criteria19. Any values flagged as likely to be biologically implausible by the CDC program 

were set to missing (n=415). Offspring with BMI < 5th percentile were classified as 

underweight, BMI ≥ 5th and less than the 85th percentile as normal weight, and BMI ≥ 85th 

percentile as overweight/obese. Underweight offspring (n=359) were excluded from 

analyses.

Secondary analyses compared offspring with obesity (BMI ≥ 95th percentile) to offspring 

categorized as normal weight at follow-up.
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Mediators

We had four continuous mediating variables that we examined in our analyses: birthweight 

(g), birth length (cm), head circumference at birth (cm), ponderal index (kg/m3). These 

mediators were obtained from the PINS dataset and measured by nurses or physicians at 

birth. Ponderal index was calculated as a measure of mass per length at birth cubed (kg/

m3)20. Twenty-eight measures of length and head circumference, and thirty-seven measures 

of ponderal index were set to missing based on having biologically implausible outlying 

values.

Birthweight-for-gestational-age percentiles were calculated based on estimates from Talge et 
al and infants were categorized as large-for-gestational age (>90th birthweight-for-

gestational-age percentile) or small-for-gestational age (<10th birthweight-for-gestational-

age percentile)21. These two variables were assessed as potential mediators, with reference 

categories being infants born appropriate-for-gestational-age (between the 10th and 90th 

birthweight-for-gestational-age percentiles).

In secondary analyses, we sought to assess mediation and moderation by maternal 

gestational cardiometabolic disorders. These included gestational diabetes, hypertensive 

disorders of pregnancy, or gestational weight gain (lbs). We defined gestational diabetes 

based on its diagnosis either in the PINS dataset or electronic medical record. We defined 

hypertensive disorders of pregnancy based on a diagnosis of either gestational hypertension, 

pre-eclampsia, or eclampsia in the PINS dataset.

Covariates

Covariates adjusted for in all models included maternal and child sociodemographics. 

Continuous study covariates included: maternal age (years), maternal education (number of 

years), and year of birth (2000-2016). Categorical study covariates include: maternal 

smoking (yes/no), maternal insurance (Private/Self-pay, Medicaid), maternal race/ethnicity 

(non-Hispanic White, non-Hispanic Black, Hispanic), child’s sex (male/female), child’s age 

(2-5 years, 5-7 years, 8-11 years), and first birth (yes/no).

Statistical Analyses

SAS System (version 9.4; SAS institute; Cary, NC) and RStudio (Version 3.5.2) were used 

to run all analyses. A p-value of 0.05 was used for assessing statistically significant 

moderated mediation. Prior to running analyses, normality assumptions were assessed using 

histograms and outliers were set to missing as detailed above.

Mediation analyses were run using the medflex package in R, which enabled us to flexibly 

estimate direct and indirect effects for non-parametric data within a natural effect model 

framework22. We ran all models first using an imputation-based approach, which operates 

by fitting a working model for the outcome mean. This approach with bootstrap standard 

errors allowed us to accommodate missing outcomes in our dataset through computation of 

nested counterfactuals. The natural indirect, natural direct, and total effects were estimated 

as odds ratios (ORs) and 95% confidence intervals (95% CI).

Stevens et al. Page 4

J Dev Orig Health Dis. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2 presents a directed acyclic graph (DAG) of the hypothesized association between 

maternal pre-pregnancy BMI and child’s BMI percentile. The indirect effect represents the 

amount of the total effect of maternal pre-pregnancy BMI on child’s BMI percentile that 

operates via the mediator of interest. In Figure 2, this indirect effect is represented as the 

arrow pathways a and c. Within a counterfactual framework, the natural indirect effect is 

defined as the change in the outcome (odds of child overweight/obesity) that would be 

observed if we could change the mediator (birth anthropometry) to what would be observed 

if the exposure was changed but without actually changing the exposure (maternal 

overweight/obesity). The direct effect represents the amount of the total effect of maternal 

pre-pregnancy BMI on child’s BMI percentile that does not operate via the mediator of 

interest. In Figure 2, this direct effect is represented as the arrow pathway b. Within a 

counterfactual framework, the natural direct effect is defined as the change in the outcome 

(odds of child overweight/obesity) that would be observed if we changed the exposure 

(maternal overweight/obesity) while leaving the mediator at its natural value for the 

unchanged exposure. The total effect is the sum of these effects and represents the total 

effect of the exposure on the outcome. In Figure 2, this total effect is the sum of the a, b, and 

c pathways.

For each of the measures of birth anthropometry, we ran natural effects models examining 

the association between maternal overweight/obesity and child’s overweight/obesity with 

adjustment for maternal and child sociodemographics (maternal age, education, insurance, 

smoking status, first birth, year of birth, and child’s age and sex). The percent of the 

association mediated was estimated using 
ORNDE x (ORNIE − 1)
ORNDE x ORNIE − 1 x 100.

In secondary analyses, we examined moderation and mediation of these effects by maternal 

gestational cardiometabolic disorders. For moderation analyses, we sought to assess whether 

the direct or indirect effects generalized across different population strata by examining 

effect modification of these effects by levels of maternal gestational cardiometabolic 

disorders. We assessed these moderators for association with weight, length, head 

circumference, and ponderal index at birth as mediators; sample sizes were insufficient to 

assess moderation in models with small- or large-for-gestational-age as mediators. 

Moderated mediation (moderation of the indirect effects) occurs when the effect the 

independent variable (maternal pre-pregnancy overweight/obesity) on the dependent variable 

(offspring overweight/obesity) via a mediator variable (weight, length, head circumference, 

ponderal index at birth) differs depending on levels of the moderating variable (gestational 

diabetes, hypertensive disorders of pregnancy, gestational weight gain). For mediation 

analyses including these factors, we examined the natural direct and indirect effects for 

models including birth anthropometry plus gestational weight gain, gestational diabetes, or 

hypertensive disorders of pregnancy; additional combinations of mediators (e.g. examining a 

pathway operating through gestational weight gain, gestational diabetes, birth weight) could 

not be fit due to insufficient sample size. In figure 2, this secondary mediation analyses 

assesses the direct effect (b), indirect effect (c + d + e) and total effect (b + c + d + e) of 

maternal pre-pregnancy BMI on child’s BMI percentile.
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We ran several sensitivity analyses. First, we limited our population only to full-term infants 

(≥ 37 weeks gestation). Second, we used maternal pre-pregnancy obesity (versus normal 

weight) as our exposure and child obesity (versus normal weight) as our outcome. 

Overweight children were excluded in this analysis. Third, as non-Hispanic Blacks made up 

about 60% of our total sample, we limited our analyses to this race/ethnic group; other 

subgroup sample sizes were too small to examine in sensitivity analyses.

RESULTS

Of the 3950 mother-child dyads were included in analyses, 2537 were not missing exposure 

data and 2656 were not missing outcome data. Of those without missing data, 1467 (57.8%) 

of mothers and 913 (34.4%) of children were overweight/obese, and 774 (30.5%) of mothers 

and 476 (17.9%) of children were obese. Table 1 presents maternal and child sample 

characteristics by maternal pre-pregnancy BMI categories.

The natural direct, natural indirect, and total effects of maternal pre-pregnancy BMI category 

on child’s odds of overweight/obesity by birth anthropometry are presented in Table 2. 

Across all models, the total effect of maternal pre-pregnancy overweight/obesity on 

offspring overweight/obesity in childhood was elevated. The natural direct effect of maternal 

pre-pregnancy BMI category on child’s odds of overweight/obesity was similarly elevated in 

all models, though the magnitude of this effect differed depending on the mediator of 

interest. The natural direct effect for birthweight may be interpreted as: altering the level of 

maternal pre-pregnancy BMI from normal weight to overweight/obese while controlling for 

birthweight (i.e. setting birthweight to levels naturally observed given maternal pre-

pregnancy BMI category) increases the odds of child’s overweight/obesity by 1.69 (95% CI: 

1.32, 2.12). The natural indirect effect was elevated for all potential mediators, but 95% 

confidence intervals did not bisect 1.00 for birthweight and head circumference, suggesting 

these factors may mediate the exposure-outcome association. Of note, across all potential 

mediators, the natural indirect effects were relatively small when compared to the natural 

direct effects. The natural indirect effect for birthweight may be interpreted as: altering the 

level of birthweight as observed for normal weight mothers to levels that would have been 

observed for overweight/obese mothers, while controlling for maternal pre-pregnancy BMI 

category at any given level, increased the odds of child’s overweight/obesity by 1.07 (95% 

CI: 1.03, 1.11).

In analyses examining whether maternal gestational cardiometabolic disorders moderated 

the association between maternal pre-pregnancy overweight/obesity and child’s overweight/

obesity, gestational weight gain presented itself as a statistically significant moderator of the 

natural indirect effect operating via offspring’s head circumference (p=0.04). This suggests 

that the impact of maternal overweight/obesity on offspring overweight/obesity operating via 

head circumference is significantly different by amount of maternal gestational weight gain. 

This association was not observed in sensitivity analyses.

In analyses examining whether maternal gestational cardiometabolic disorders were 

secondary mediators of the association between maternal pre-pregnancy overweight/obesity 

and child’s overweight/obesity, hypertensive disorders of pregnancy, and gestational diabetes 
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were additional mediators of this association though their addition to models did not 

increase the mediated effect by much (Table 2). Models including hypertensive disorders of 

pregnancy and large-for-gestational-age would not converge.

Results of sensitivity analyses for our mediation analyses did not substantially differ from 

those in our primary analyses (Supplementary Materials). Head circumference at birth no 

longer appeared to be a mediator of interest within the context of the association between 

maternal pre-pregnancy obesity and child obesity, and for analyses limited to non-Hispanic 

Blacks. Effect sizes were much larger for natural direct and total effects in analyses 

examining maternal pre-pregnancy obesity and child obesity. None of our moderated 

mediation analyses suggested significant moderation by our variables of interest. Results of 

multiple mediator analyses for each of our sensitivity analyses were similar to our primary 

analyses though effect sizes were larger in analyses examining maternal pre-pregnancy 

obesity and child obesity.

DISCUSSION

The results of this study demonstrate that maternal pre-pregnancy overweight/obesity has a 

consistent association with offspring overweight/obesity in childhood, with a small portion 

of this association mediated by birthweight and head circumference. Pathways involving 

birth anthropometry plus gestational diabetes or hypertensive disorders of pregnancy as 

secondary mediators had only a slightly larger mediated effect. Across all models, there was 

little consistent evidence of maternal gestational cardiometabolic disorders serving as 

moderators of the association of interest.

Multiple previous studies have identified maternal overweight/obesity pre-pregnancy as a 

risk factor for offspring overweight/obesity across the lifespan9,23. Similarly, we 

demonstrated in the current study that children 2-11 years of age exposed in utero to 

maternal overweight/obesity were more likely to be overweight/obese as opposed to 

unexposed children. Though the true mechanisms underlying the association between 

maternal overweight/obesity and offspring overweight/obesity are unknown, most authors 

hypothesize that offspring adaptations to maternal metabolic dysfunction occur at both the 

biologic and epigenetic level, and may also operate through modifications to the offspring 

microbiome24,25. Biologically, maternal overweight/obesity pre-pregnancy may result in an 

increase in the transfer of fuels across the placenta and induce fetal hyperglycemia or 

hyperinsulinemia24,26. This in turn, may cause increased fetal production of anabolic 

hormones and growth factors, resulting in increased adiposity that is sustained throughout 

the offspring’s lifetime24-26. Offspring birthweight and other measures of anthropometry at 

birth may act along the causal pathway between these exposures and long-term health 

outcomes. This is the proposed causal pathway we sought to examine in our study.

Three formal mediation analyses have been previously performed examining mediation 

between in utero exposure to maternal metabolic disorders and anthropometric outcomes in 

childhood or adolescence16-18,27. Lamb et al performed mediation analyses of early life 

predictors of offspring BMI in childhood on 1,178 subjects at increased genetic risk for Type 

1 diabetes16. This study identified large-for-gestational-age as a significant mediator of the 
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association between maternal diabetes and offspring childhood obesity16. A path analysis by 

Morgen et al reported that ponderal index as a mediator of the association between maternal 

or paternal BMI and offspring BMI at age 7 and 11 years17. More recently, Adane et al 
published a study showing that birthweight was not a significant mediator of the association 

between maternal pre-pregnancy BMI and offspring BMI percentile in childhood18. This 

contrasts with our study, which reported birthweight as a mediator of this association. 

Pooling the results of these studies suggests that the effects of in utero exposure to maternal 

overweight/obesity on offspring overweight/obesity may be minimally mediated by 

offspring birth anthropometry.

As far as we are aware, no prior studies have examined or found head circumference at birth 

to be a mediator of the association between in utero exposure to maternal metabolic 

disorders and offspring overweight/obesity in childhood. One prior study reported a 

relationship between early life head circumference and an earlier age at adiposity rebound28. 

These authors suggest that constraints on head circumference in utero may lead to rapid 

postnatal growth in an effort to increase infant fat stores.

The association between maternal pre-pregnancy BMI on offspring anthropometry at birth 

and throughout the lifecourse has been previously established25. Maternal pre-pregnancy 

BMI has also been associated with excess gestational weight gain, gestational diabetes, and 

hypertensive disorders of pregnancy1,25. Excess gestational weight gain, gestational 

diabetes, and hypertensive disorders of pregnancy have been associated with each other as 

well as with offspring anthropometric outcomes25. These complex relationships have not 

been appropriately accounted for in prior mediation analyses, which have either ignored the 

role that gestational cardiometabolic disorders may play in their association of interest or 

simply adjusted for these disorders in analyses17,29. Our results suggest that gestational 

diabetes and hypertensive disorders of pregnancy may play roles as additional mediators of 

the association between maternal pre-pregnancy overweight/obesity and offspring 

overweight/obesity.

Our study has several notable strengths. First, our study is novel in that we were able to 

control for many confounding factors and to examine the role that gestational 

cardiometabolic disorders may play within the context of our association. Second, our study 

is comprised of predominantly non-Hispanic Blacks, a relatively understudied race/ethnic 

group, despite being disproportionately impacted by the obesity epidemic1,30. Third, we 

examined the natural indirect effects of several potential mediators of the association of 

interest including weight, length, head circumference, ponderal index, and being small-for-

gestational-age or large-for-gestational-age at birth. These are measures traditionally 

obtained at birth and may provide clinicians with information concerning short- and long-

term outcomes, including offspring overweight/obesity.

Our study also had several notable limitations. Administrative datasets were used to form 

our cohort, which may have led to poor data quality. Diagnoses in electronic medical records 

tend to underestimate the true prevalence of disease, which may result in bias of our results 

towards the null31. Fortunately, evidence suggests that childhood anthropometrics collected 

during routine practice are fairly accurate, with one study reporting an accuracy of 97.3%32. 
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However, PINS is a research-quality database rigorously assessed for accuracy and was 

supplemented with the electronic medical record when there was overlap to ensure accurate 

diagnoses were captured. Missing data was common in these administrative datasets. Using 

an imputation-based approach in Medflex allowed us to estimate our associations even in the 

presence of missing outcomes.

However, we still had substantial missingness; thus, results should be generalized with 

caution. One major assumption of causal mediation analyses is adequate control for 

confounding, which may not have been met in our dataset. Thus, though the term “effect” is 

often used in mediation analyses, we are not proposing a causal relationship in the current 

study. Further studies may help to better control for potential confounders and be able to 

better estimate the causal effects for this association. Finally, the impact of the postnatal 

environment on modifying or mediating the effect of prenatal exposures on offspring health 

is largely unknown, and we were unable to examine these types of effects within our 

analyses. Future research should focus on identifying whether postnatal factors can reduce 

the negative effect of harmful prenatal exposures on offspring health.

CONCLUSION

As the prevalence of maternal obesity pre- and during pregnancy increases, it is paramount 

that additional research into the impact of this exposure on offspring short- and long-term 

wellbeing be conducted, and that the potential pathways whereby this exposure may be 

impacting offspring are examined. Our study suggests that birth anthropometry may mediate 

the association between maternal pre-pregnancy overweight/obesity and offspring 

overweight/obesity in childhood, though the magnitude of this mediated effect is small. 

Future studies should attempt to replicate these results and assess other pathways of interest 

to identify additional mediators and moderators of this association.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Flow-chart of Study Sample Size
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Figure 2. 
Directed Acyclic Graph showing the hypothesized relationship between maternal pre-

pregnancy body mass index and child’s body mass index. Bolded terms are primary 

exposure and outcome. Italicized terms are model covariates. Bolded and italicized terms are 

hypothesized mediators. GWG, GDM, and HTN were examined to assess whether they 

mediated or moderated the primary association of interest. Solid lines represent our natural 

direct (b), indirect (a + c), and total (a + b + c) effects of interest. For secondary analyses, 

the natural direct (b), indirect (d + e + c), and total (b + c + d + e) effects of interest were 

examined. Abbreviations: gestational weight gain (GWG), gestational diabetes (GDM), 

hypertensive disorders of pregnancy (HDP), body mass index (BMI)
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