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Abstract

Most prior studies examining maternal pre-pregnancy body mass index (BMI) in relation to
offspring autism spectrum disorders (ASD) have reported an association, though findings are not
uniform and few have also examined gestational weight gain (GWG). Therefore, we examined
both in the Study to Explore Early Development, a multi-site case—control study of children born
in 2003-2006. Children identified from clinics, schools, and birth certificates were enrolled at ages
2-5 year and using standardized developmental evaluations, classified as: ASD, other
developmental delays (DD), or population-based controls. Maternal height, weight, and GWG
were self-reported during the telephone interview. Three primary weight risk factors were
examined: (a) Pre-pregnancy BMI, classified as underweight to obese, (b) GWG continuous and
categorized as quintiles, and (c) Institute of Medicine clinical weight-gain recommendations. Odds
ratios adjusted (AOR) for sociodemographic and prenatal factors were calculated among term
singletons, comparing the ASD (7= 540) or DD (n= 720) groups to the control group (7= 776).
The AOR of ASD and maternal obesity was 1.37 (95%CI 0.98-1.92). Associations with higher
GWG were stronger (Quintile5 vs. Quintile3 AOR = 1.58, 95%CI 1.08-2.31), and particularly so
among overweight/obese women (AOR = 1.90, 95%CI 0.98-3.68). DD was associated with
maternal overweight and obesity (obesity AOR = 1.48, 95%CI 1.08-2.02), but not with total GWG
or clinical recommendations. High maternal BMI and GWG are risk factors for other pregnancy
and child outcomes, and our results suggest they may also represent modifiable risk factors for
neurodevelopmental outcomes.

Lay Summary:

In a large, national study, we found that children with autism were more likely than unaffected
children to have mothers with higher weight gain during pregnancy; risk of autism may be even
stronger if mothers were also overweight before pregnancy. Children with other developmental
delays were more likely to have mothers who were overweight or obese before pregnancy, but not
who gained more weight during pregnancy. Overweight and weight gain may represent factors that
could be modified.

Keywords

autism spectrum disorder; autism; BMI; developmental delay; epidemiology; obesity; gestational
weight gain; maternal child health

Introduction

Autism spectrum disorder (ASD) has increased steadily in prevalence (Christensen et al.,
2016; Lyall et al., 2017; Rice et al., 2010), with an etiology considered to be multifactorial,
involving both genetic and environmental factors (Hallmayer et al., 2011; Lyall et al., 2017;
Sandin et al., 2014). The prenatal period is a sensitive window for the development of ASD,
with several maternal and obstetric risk factors identified during that time (Dodds et al.,
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2011; Gardener, Spiegelman, & Buka, 2009; Lyall et al., 2017; Sandin et al., 2012). Another
such factor may be maternal pre-pregnancy weight or body mass index (BMI).

Maternal obesity has been associated with pregnancy complications, adverse effects on
infant health, and obesity in offspring (Aune, Saugstad, Henriksen, & Tonstad, 2014; Moss
& Chugani, 2014; Schieve et al., 2000). Recently, a number of studies have examined
maternal BMI and ASD with several, but not all, reporting increased risk of ASD among
heavier mothers (Bilder et al., 2013; Dodds et al., 2011; Gardner et al., 2015; Getz, Anderka,
Werler, & Jick, 2016; Krakowiak et al., 2012; Li et al., 2016; Lyall, Pauls, Santangelo,
Spiegelman, & Ascherio, 2011; Moss & Chugani, 2014; Suren et al., 2014). In addition,
maternal overweight/obesity has been associated with other developmental disabilities in
offspring (Hinkle et al., 2012; Hinkle, Sharma, Kim, & Schieve, 2013; Jo et al., 2015;
Krakowiak et al., 2012; Rivera, Christiansen, & Sullivan, 2015; Yeung, Sundaram,
Ghassabian, Xie, & Buck Louis, 2017), which have also been increasing in prevalence in US
children (Boyle et al., 2011; Visser et al., 2014), suggesting possible common mechanisms.
Specifically, obesity can lead to systemic inflammation, altered endocrine response, and
insulin resistance (de Heredia, Gomez-Martinez, & Marcos, 2012; Denison, Roberts, Barr,
& Norman, 2010; Heerwagen, Miller, Barbour, & Friedman, 2010), which have been linked
to ASD and other neurodevelopmental disorders (Auyeung et al., 2009; Baron-Cohen et al.,
2014; Goines & Van de Water, 2010; Gore, Martien, Gagnidze, & Pfaff, 2014). Excessive
weight gain during pregnancy is also associated with pregnancy complications and adverse
maternal/fetal outcomes, leading to clinical recommendations for weight gain based on pre-
pregnancy BMI (Rasmussen & Yaktine, 2009). Only a few studies have examined this in
relation to ASD, using different metrics (Bilder et al., 2013; Dodds et al., 2011; Gardner et
al., 2015), thereby leaving a gap in knowledge.

The prevalence of obesity has increased in the last few decades, paralleling increases in ASD
and other developmental disorders. At the start of pregnancy, over 20% of the United States
women are considered obese and only about half are at a healthy weight (Chu, Kim, & Bish,
2009; Deputy, Dub, & Sharma, 2018; Fisher, Kim, Sharma, Rochat, & Morrow, 2013).
Further, a recent study found that 40-50% of women gained an amount of weight during
pregnancy that exceeded clinical recommendations (Deputy, Sharma, & Kim, 2015). Given
the magnitude of the obesity epidemic and evidence that its impacts may extend beyond the
individual, the need to address questions related to the effects on offspring
neurodevelopment is pressing.

The study to explore early development (SEED) is a large, multisite case—control study of
ASD risk factors (Schendel et al., 2012; Wiggins et al., 2015) that allows us to examine
these research questions more comprehensively than many previous studies. Specifically, we
sought to examine not only maternal pre-pregnancy BMI, but also gestational weight gain in
association with both clinician-confirmed ASD and developmental delay more broadly.
Examining multiple dimensions of maternal weight may help provide clues about underlying
mechanisms and concurrently examining other developmental delays can inform whether
such associations are specific to ASD or impact neurodevelopment more generally.
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Methods

Participants and Data Collection

Sample sources.—SEED is a case—control study originally conducted at sites in
California, Colorado, Georgia, Maryland, North Carolina, and Pennsylvania. Briefly (see
Schendel et al., 2012 for more details), for phase 1, children were eligible if they were age
2-5 years old (30-68 months at clinical assessment), born between September 2003 and
August 2006 in (and still residing in) one of the study catchment areas, and lived with a
caregiver who could communicate in English (all sites) or Spanish (California and Colorado
sites only) to complete a computer-assisted telephone interview, in-person clinic assessments
and self-administered questionnaires. Children with ASD (cases) or other developmental
delays or disorders (DD) were initially identified from multiple clinical and education
sources in each catchment area. A third group of children from the general population (POP)
were randomly sampled from birth certificates in each area. Institutional review boards at
each study site and the Centers for Disease Control and Prevention approved the study and
caregivers of enrolled participants provided informed consent.

Outcome ascertainment.—Details of ASD screening and classification procedures are
published elsewhere (Wiggins et al., 2015). To summarize, at the invitation call, caregivers
of all children were administered the social communication questionnaire (SCQ) (Rutter,
Bailey, & Lord, 2003), with a score of 11 or higher considered the cut-point for identifying
“at risk” of ASD. Children with an SCQ score below 11, and who did not have a previous
ASD diagnosis, received a general developmental assessment during their in-person study
visit. Children with (a) a previous ASD diagnosis from the ascertainment source, (b) an SCQ
score = 11, or (c) ASD symptoms noted by a SEED research clinician during the general in-
person assessment, received a full ASD developmental evaluation, including the autism
diagnostic interview-revised (ADI-R) (Lord, Rutter, & Le Couteur, 1994) and autism
diagnostic observation schedule (ADOS) (Gotham, Risi, Pickles, & Lord, 2007), which were
used in final ASD classification. We further subdivided the ASD group according to whether
or not the child had co-occurring intellectual disability (ID), (Mullen early learning
composite (ELC) Standard Score < 70). All children not meeting ASD case criteria were
classified in the “other DD” or POP groups, depending on whether they were originally
sampled from schools/health providers or birth certificate files, respectively. Thus, our
eligible analytic sample was comprised of the 2600 index children who completed
assessments allowing final classification as ASD, DD, or POP (Wiggins et al., 2015).

Data sources.—A wealth of data were collected about children in all study groups and
their families, including from an extensive telephone interview with the caregiver about
family sociodemographics, child health and if the caregiver was the biological mother (98%
of respondents), her reproductive history and information about her pregnancy with the
index child, as well as self-administered forms and birth certificates. We excluded 30
children for whom key interview data were missing (relationship of respondent to child and
parental race), resulting in 2,570 children—696 ASD, 987 DD, 887 POP.
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Weight variables.—We examined three primary measures of maternal body size and
weight gain: prepregnancy BMI (hereinafter referred to as BMI), total gestational weight
gain (GWG), and adherence to clinical weight gain guidelines based on pre-pregnancy BMI,
as recommended by the Institute of Medicine/American College of Obstetricians and
Gynecologists (IOM/ACOG) (ACOG, 2013). We had planned to obtain weight variables
from medical records, but because such data were missing for nearly 40%, we relied on the
telephone interview, which included maternal height, weight before pregnancy, and amount
of weight gained (or lost) during pregnancy. We used typical weight and height distributions
among US women of reproductive age (20-39) in NHANES (National Center for Health
Statistics [NCHS], 2009; NCHS, 2011) as guidelines to identify outliers in our data for
additional comparison of height to weight values. If outliers could not be rectified on manual
review they were excluded (<1%). Less than 5% of mothers in the analytic sample were
missing information for either BMI or GWG.

Pre-pregnancy BMI was calculated as weight/height? (kg/m?), resulting in all values falling
within the BMI range of NHANES (14.7-73.4 kg/m2). BMI was classified as underweight
(<18.5 kg/m?2), normal-weight (18.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?), or obese
(=30 kg/m?) (Centers for Disease Control and Prevention, 2015). Total GWG was
categorized into quintiles based on the distribution in the POP group. The IOM/ACOG
recommended weight gain standards (ACOG, 2013), calculated separately for twins and
singletons (i.e., for singleton births, among underweight women: 28-40 Ibs; normal-weight
women: 25-35 Ibs; overweight women: 15-25 Ibs; obese women: 11-20 Ibs) are used to
classify weight gain into categories of “Below,” “Meets,” or “Exceeds” recommended
GWG. GWG varies greatly between singleton versus multiple pregnancies and by the length
of gestation, so we limited our primary analyses to term, singleton births, resulting in a
sample of 2,036—540 ASD (338 with co-occurring 1D, 196 without ID, and six missing this
information), 720 DD, and 776 POP. The same sample was used for assessing BMI for
simplicity of presentation and because initial results for BMI were quite similar whether
preterm births were included or not.

Covariate information.—Possible confounders or effect modifiers were identified from
the BMI/GWG literature and other SEED analyses. Demographic variables including
maternal age, race/ethnicity, and education, and child sex were ascertained during the
maternal interview. Maternal smoking and hypertension variables were derived from
interview and medical records data. Maternal smoking was categorized as (a) no smoking
during (or 3 months before) pregnancy, (2) peri-conceptional smoking (smoking noted only
during the 3 months prior to pregnancy and/or the first trimester), or 3) smoking
“throughout” pregnancy (e.g., smoking during trimester 2 and/or 3, as well as an earlier time
point peri-conceptionally). Hypertension was treated dichotomously based on prior SEED
analyses; a woman was categorized as having hypertension if she had any hypertensive
disorders active during pregnancy, including preexisting chronic hypertension or pregnancy-
induced hypertension. Birth certificate records were the source of gestational age, parity, and
plurality variables.
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Statistical Analysis

Results

Chi-square tests were used to assess associations between the three weight variables and
case status, as well as with possible confounders. Covariates not associated with BMI or
recommended weight gain, and case status were not included in models (e.g., child sex).

Crude and adjusted odds ratios (AOR) were calculated by logistic regression in separate
models for the three primary risk factors of interest: maternal pre-pregnancy BMI (normal
weight as referent), total GWG in quintiles (quintile 3 as the reference, encompassing the
median, to examine both higher and lower total weight gain as possible risk factors), and
clinically recommended GWG (meets recommendations as reference). Effect estimates were
calculated for ASD or DD compared to POP controls from models including maternal age,
education, race/ethnicity, parity, and smoking, as well as a sensitivity analysis adding
hypertension, which may be on the causal pathway (for BMI at least). For GWG by
quintiles, a similar modeling approach was taken but also accounting for BMI by including
it in adjusted models, as well as gestational age in an additional sensitivity analysis. We also
examined total GWG as a continuous variable (in 5-pound increments) for comparison with
prior studies, adjusting for the same covariates as in categorical GWG maodels. To further
assess combined effects of prepregnancy BMI and GWG, we ran interaction models with a
dichotomous BMI variable (normal vs. overweight +obese, or “high” BMI) by GWG
quintiles. We ran additional analyses to examine possible effect modification of the primary
associations by child sex, also calculating interaction terms (with £< 0.10 considered
suggestive). Lastly, we conducted a sensitivity analysis by re-running primary analyses
excluding from the DD group any children with a prior ASD classification or ASD-like
traits, but who did not meet study case criteria for ASD (7= 133 term singletons), to create a
clean “non-ASD DD” group for comparison of results.

Several participant characteristics varied by case status (Table 1), including child sex and
maternal characteristics such as parity, education and race/ethnicity. The POP group had the
highest proportion of non-Hispanic White mothers (72%), while the ASD group had the
highest proportions of non-Hispanic Asian/Other (12%) and non- Hispanic Black mothers
(17%) (Table 1). Mothers of children in the POP group were more likely to report not
smoking at all during pregnancy (91%) than other mothers (85 and 86%). The distribution of
all three maternal weight variables varied significantly across study groups (Table 1).
Mothers of children with ASD or DD were more likely to be obese pre-pregnancy (19% and
18%, respectively) than mothers of POP children (13%). Maternal total GWG was higher in
the ASD than DD or POP groups (e.g., for the highest quintile (44+ pounds) 25%, 19%, and
20%, respectively); likewise, exceeding clinically recommended GWG occurred in 51%,
45%, and 44% of these groups, respectively.

Participant characteristics also varied by the maternal weight variables, including maternal
age, race, education, parity, smoking, and hypertension (Supporting Information Table S1).
The weight gain variables we examined overlapped somewhat; among women who exceeded
clinical recommendations 80% had GWG in quintiles 4-5, among those below
recommendations all had GWG in quintiles 1-2, and among those who met
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recommendations about one-third had GWG in quintile 3 and none in quintile 5 (data not
shown). Overweight and obese women were more likely to exceed recommended weight

gain (~55%) than normal-weight women (~35%), but on average, obese women were not

more likely to have greater total GWG (mean 25 pounds for obese vs. 35 for normal BMI,
Supporting Information Table S1).

In unadjusted maternal BMI models, ASD was moderately associated with pre-pregnancy
overweight (OR = 1.40, 95% CI 1.06-1.84) and obesity (OR = 1.72, 95%CI 1.26-2.37), but
adjustment attenuated these associations (overweight: AOR = 1.25, 95%CI 0.94-1.68;
obesity AOR = 1.37, 95%CI 0.98-1.92) (Table 2). The adjusted associations were relatively
similar for ASD with, or without, ID. Associations of high BMI with DD remained
moderately elevated even after adjustment (overweight AOR = 1.43, 95%CI 1.10-1.85;
obese AOR =1.48, 95%CI 1.08-2.02) (Table 2). Results were quite similar when
hypertension was added to models.

Gestational weight gain in the upper two quintiles, compared to the middle, was associated
with ASD, and adjustment, including for pre-pregnancy BMI, had little effect (35— <44
pounds: AOR = 1.52, 95%Cl 1.05-2.22; > = 44 pounds: AOR = 1.58, 95%CI 1.08-2.31)
(Table 3). These patterns did not differ substantially by presence or absence of ID among
children with ASD, with confidence intervals slightly wider due to smaller sample sizes. In
the continuous model of GWG, each 5-pound increase was associated with increased odds
of ASD of 6% (AOR = 1.06, 95%CI 1.02-1.10), which did not vary by ASD with or without
ID. No association was observed between higher quintiles or continuous GWG and DD.
Modest associations of lower GWG (quintile 1) with both ASD and DD were attenuated by
adjustment (Table 3). Adding hypertension to the models, or gestational age, yielded nearly
identical results.

Exceeding clinically recommended GWG yielded slightly elevated odds of ASD (AOR =
1.29, 95%CI 1.00-1.66) (Table 4), which were very similar for ASD with or without co-
occurring ID. Similarly, as for total GWG, DD was slightly associated with below
recommended gains in unadjusted models, although not after adjustment (AOR = 1.11,
95%CI 0.80-1.54) and no association was observed with exceeding recommendations.

Examining effect modification by dichotomous prepregnancy BMI, the association of ASD
with higher GWG was more apparent in the overweight/obese (high BMI) group than in the
normal BMI group, although not statistically significantly (P-interaction = .69) (Fig. 1. and
Supporting Information Table S2; in the high BMI group, the 4th GWG quintile AOR =
2.17, 95%CI 1.10-4.29 and the fifth GWG quintile AOR = 1.90, 95%CI 0.98-3.68). We
observed a stronger interaction for ASD without ID (~-interaction =.06; AORs = 3.25 and
4.0 for quintiles 4 and 5, respectively, among the high BMI group), but none for ASD with
ID (~-interaction = .82). The association of continuous GWG did not vary by BMI for ASD
overall (data not shown, interaction P-value = .98), but an interaction was again observed for
ASD without ID (P-interaction = .085; AOR = 1.09, 95% CI 1.01-1.17 among high BMI vs.
0.99, 95%CI 0.91-1.07 among normal BMI, per five pound increase), and not for ASD with
ID (P-interaction = .25). For DD, a pattern of effect modification was less consistent than for
ASD, with greater odds in the high BMI group for GWG in the fourth quintile (AOR =
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2.24), but less so in the fifth quintile (AOR = 1.51) (Fig. 2 and Supporting Information Table
S2, interaction P-value = .15).

Examining effect modification by child sex, the associations for overweight or obese with
ASD or DD did not show consistent differences between males and females (Supporting
Information Table S3). However, more consistent sex differences were suggested for ASD
and greater GWG (Fig. 3, Supporting Information Table S4); odds were increased among
male children but not among females at the fourth and fifth GWG quintiles (e.g., fifth
quintile AOR in males is 2.16 (95%CI 1.37-3.41) versus 0.63 (95% CI 0.29-1.40) in
females, ~-interaction =.08), and were similar by co-occurring ID, although the interaction
term P-values varied (P =.085 for ASD without ID and 0.23 for ASD with ID).
Additionally, the slight association of ASD with exceeding clinically recommended GWG
was observed in males only (Supporting Information Table S5, P-interaction =.38) and the
difference was accentuated in ASD without ID (P-interaction =.09).

In the sensitivity analysis among children with DD and no ASD characteristics, results for
the primary weight variables were very similar to results for the overall DD group.

Discussion

This is one of the few studies to comprehensively examine the maternal weight-ASD
association by assessing both pre-pregnancy BMI and gestational weight gain using several
metrics, as well as examining specificity of effects by sub-grouping ASD according to co-
occurrence of ID and including children with other developmental disorders. Greater
gestational weight gain, examined in quintiles or continuously, was moderately and
consistently associated with ASD. There was a slight association of obesity with ASD, and
the GWG association appeared stronger among mothers who were overweight or obese pre-
pregnancy, suggesting possible potentiation of effects. This was evident primarily in the sub-
group of ASD without ID. Maternal pre-pregnancy overweight or obesity was associated
with DD and in contrast to the ASD findings, there was no association of greater GWG
overall with DD.

There are some limitations to consider in interpreting our results. BMI and GWG were based
on self-report of weight or weight gain 3-5 years postnatally. SEED did include some
medical record review, so our original intent was to use prenatal records, but a substantial
proportion of women were missing necessary information and this varied by demographic
characteristics. We compared pre-pregnancy weight by medical record versus interview for
those who had both and found high correlation (r=.88). Future analyses including
additional phases of SEED data collection may allow for comparisons of weight variable
data from interview and medical records, by case status, with additional power to make up
for missing medical record data in SEED1. Higher functioning children with ASD may be
under-represented in SEED due to the age at ascertainment, similar to other studies of this
age group (Wiggins et al., 2015). Another limitation is possible selection bias because a
substantial number of families targeted from the multiple recruitment sources could not be
located or contacted. Analyses from one SEED site with the complete data available to
assess nonresponse found it was associated with younger maternal age, lower maternal
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education, and non-white race, but not with perinatal factors, such as parity or preterm birth
(unpublished analysis). In all analyses, we controlled for these three sociodemographic
factors. Although we accounted for a number of confounders, including smoking (and co-
occurrence of hypertension), there may still be residual confounding by some unknown or
unmeasured factors, such as specific components of maternal diet or genetic predisposition.
As both obesity and ASD have genetic components, their overlap should be explored in
future studies. We did not have paternal BMI, nor biomarkers of intermediate conditions
(inflammation, endocrine alterations) that may help elucidate mechanisms if included in
future studies.

Strengths of SEED include the large sample size with detailed clinical and covariate data. A
primary strength of the study is the thorough ASD case-classification and sub-grouping
possible by ID, based on in-person examination and standardized diagnoses, only available
in one other study on this topic (Krakowiak et al., 2012). The DD group provided an
additional comparison to examine specificity, although diagnoses were not confirmed by
study staff. Further, the detailed data collection provided more information on maternal
factors than most previous studies examining these questions. SEED is not limited to one
geographic area but includes several regions of the United States.

The existing literature on maternal BMI and GWG in association with ASD is based on
studies with a number of methodological differences and some inconsistent results. For
example, definition of “pre-pregnancy” BMI could vary from early adult age to prenatal visit
measurements and sources of information on weight or weight gain varied from self-report
to medical records or birth certificates (which may be self-report for pre-pregnancy BMI). In
addition, child autism diagnosis was ascertained in various ways, including maternal-report
(usually of physician diagnosis) (Jo et al., 2015; Lyall et al., 2011; Moss & Chugani, 2014),
medical records or linkage (primarily) (Bilder et al., 2013; Dodds et al., 2011; Gardner et al.,
2015; Getz et al., 2016; Li et al., 2016; Suren et al., 2014), or child evaluation with
standardized instruments (Krakowiak et al., 2012 and our current study). The studies of DD
include even more heterogeneous endpoints and assessment tools (reviewed in Rivera et al.,
2015). This nonspecificity may make it more difficult to identify risk factors or distinguish
mechanisms, particularly as some of the children with DD may have autism-like behaviors
given the spectrum nature of the condition, though these did not drive our results as
indicated by the sensitivity analysis.

Reviewing prior ASD-BMI studies, several investigators reported associations with greater
maternal weight or obesity pre-pregnancy, with odds ratios from about 1.5-2.0 (Dodds et al.,
2011; Gardner et al., 2015; Krakowiak et al., 2012; Li et al., 2016; Lyall et al., 2011), and J-
or U-shaped associations have been reported (Andersen, Thomsen, Nohr, & Lemcke, 2018;
Getz et al., 2016). However, others did not observe associations with BMI in final adjusted
models (Bilder et al., 2013; Moss & Chugani, 2014; Suren et al., 2014). Two studies
reported associations with paternal obesity (one was at age 18), while accounting for
maternal BMI status (Gardner et al., 2015; Suren et al., 2014). These results may indicate
possible confounding or genetic associations for maternal results. Studies that further sub-
divided ASD by co-occurring ID either found little difference (Bilder et al., 2013; Gardner et
al., 2015), or in one very small study, a somewhat stronger association in those without ID
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(Li et al., 2016), which we did not observe for BMI. One study examining more severe
obesity (class I1/111 or BMI > 35 kg/m?2) reported an association, although with ASD and
other DD combined due to very small numbers of ASD (Jo et al., 2015). Our sample size
was too small for making conclusions with regard to these sub-classes of obesity among our
case groups so this should be examined further in larger studies, including additional phases
of SEED.

Only a few of these studies examined some type of GWG variable in relation to ASD,
reporting modest associations using different metrics. A Canadian study (Dodds et al., 2011)
reported an association of high weight gain (=18 kg), which was slightly attenuated when
adjusted (RR = 1.2), including for pre-pregnancy weight. In two different samples from Utah
(Bilder et al., 2013), odds increased 10-20% (ORs 1.1-1.2) per five-pound weight gain,
adjusted for pre-pregnancy BMI. A large study from Sweden examined the IOM clinical
recommendations and found slight associations with ASD (ORs 1.1-1.2) for both women
who were below or exceeded recommendations (Gardner et al., 2015). Neither study found
differences in association within ASD by co-occurring ID. Thus our results have some
comparability, supporting an association with greater GWG, even when adjusting for
prepregnancy BMI. These prior GWG studies did not report data in a manner we could use
for comparison to our result that suggested potentiation of associations of ASD and greater
GWG by high pre-pregnancy BMI, for example, an interaction. The somewhat weaker
associations we observed for exceeding clinical GWG recommendations compared to total
GWG may reflect the rather broad categories; nearly half our sample “exceeded”
recommendations. The upper quintiles of GWG in our study represent more extreme cut-
points than those for exceeding clinical recommendations among overweight or obese
women. While useful clinically, these recommendations are designed for purposes unrelated
to ASD risk. We also found that the association of greater GWG and ASD was only apparent
in male children, a comparison not previously reported, but limited by smaller sample size
for females, especially when sub-classifying by ID status.

We examined other DD primarily to consider specificity of effects, that may reflect potential
mechanisms, observing somewhat different results than for ASD. As recently reviewed,
numerous studies reported associations of pre-pregnancy obesity and DD, although not
entirely consistently across a variety of assessments and endpoints (Rivera et al., 2015; van
der Burg et al., 2016). For example, in a national longitudinal study (Hinkle et al., 2012 and
2013), children of severely obese mothers had higher rates of DD that tended to reflect
cognitive or learning/behavior endpoints, but no association with motor or physical
disabilities. In contrast, in a study of a New York population, maternal obesity was
associated with failing the fine motor domain of the ages and stages questionnaire (ASQ),
whereas paternal obesity was associated with failing the personal-social domain (Yeung et
al., 2017). Children in the SEED DD group have a variety of conditions, the majority being
speech delay or other general developmental delay, with some chromosomal, syndromic or
other conditions; 24% also had ID (Wiggins et al., 2015). Another study, with a similar
design as SEED, reported associations of maternal obesity with both ASD and non-ASD DD
(all of whom had ID) (Krakowiak et al., 2012).
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Fewer studies have examined GWG and DD, with inconsistent results. Jo et al. (2015) stated
that none of the endpoints associated with maternal BMI had independent associations with
GWG, consistent with our findings for DD. Rodriguez et al. (2008) reported an increased
risk of offspring ADHD with excessive GWG among obese mothers, more consistent with
our ASD findings.

There are several mechanistic hypotheses regarding a relationship of excess maternal weight
with ASD or neurodevelopment in offspring. The metabolic syndrome, including obesity
and related conditions such as hypertension or diabetes, is associated with chronic
inflammation; the developing fetus is exposed to higher levels of glucose, triglycerides,
leptin and elevated inflammatory cytokine levels (de Heredia et al., 2012; Denison et al.,
2010; Rivera et al., 2015). Inflammation and immune dysfunction have been associated with
deleterious effects on brain development and with ASD (Goines & Van de Water, 2010;
Rivera et al., 2015; Rose et al., 2012; van der Burg et al., 2016). Further, resulting oxidative
stress may bring about alterations in myelination and cortical connectivity and cell necrosis
(Main, Thomas, Esterman, & Fenech, 2013; Rose et al., 2012), as well as changes in the
epigenome, also shown associated with both obesity and ASD (de Heredia et al., 2012;
Heerwagen et al., 2010; Herrera, Keildson, & Lindgren, 2011; Ladd-Acosta et al., 2014).
The findings with paternal obesity noted in a few studies above may support this pathway,
such as through epigenetic alterations in sperm, which should be examined further.

Obesity is also related to endocrine abnormalities, both as a precursor or endpoint (Kokkoris
& Pi-Sunyer, 2003). Imbalances in the endocrine system, which is crucial to brain
development, have long been considered a factor in autism etiology (Auyeung et al., 2009;
Baron-Cohen et al., 2014; Gore et al., 2014, Lyall et al., 2017), leading to efforts to examine
sex-specific effects of risk factors. Our suggestive finding of a stronger association of GWG
and ASD among male versus female children is interesting in this regard and should be
replicated. Fat cells lead to increased hormone production, including estrogens, so it is
unclear how this may relate to the higher testosterone levels hypothesized associated with
ASD (Auyeung et al., 2009; Kokkoris & Pi-Sunyer, 2003). Additional studies that could be
useful for elucidating mechanisms would include metabolomic and/or hormone
measurements, or have a large enough sample size to examine the interaction of co-
occurring conditions such as hypertension and obesity.

While not as well studied, excessive or rapid weight gain among pregnant women may lead
to (or reflect) similar mechanisms, such as inflammation, altered nutritional status, and
endocrine dysregulation. Resulting changes in nutrient delivery and demand for oxygen may
alter fetal metabolism and growth, thereby affecting brain development (Rasmussen &
Yaktine, 2009; Rivera et al., 2015). Excessive weight gain may exacerbate already elevated
inflammatory cytokines or changes associated with pre-pregnancy adiposity, explaining the
potentiation we observed. However, the mechanisms of obesity and excessive GWG may
differ, reflecting effects of differential timing pre-pregnancy versus during fetal
development, which could contribute to differences we observed for ASD versus DD.
Chronicity of overweight/obese status and timing of weight gain during pregnancy, as well
as their interaction, should be explored further.
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Animal studies, typically of a maternal gestational high fat diet, support human findings,
showing effects on offspring hyperactivity, impairments in social behavior, increased
anxiety- and depressive-like symptoms, and diminished cognition (reviewed in Rivera et al.,
2015). One study of nonhuman primates on high fat diets for 2—4 years before pregnancy
reported perturbations in the serotonergic system of fetal offspring, increased anxiety
exhibited by female infants, and increased aggression by males (Sullivan et al., 2010). The
high fat diet continued during pregnancy, as well as postnatally in offspring, so timing
cannot be separated. Further limiting the usefulness of comparison of animal to
epidemiologic studies are the complex causes of obesity in humans, including aspects of diet
other than fat, exercise, stress, and genetics.

In summary, this study, with its rigorous case-classification and large sample size, indicates
an association of greater GWG with ASD in offspring, but little association with non-ASD
DD. Our work adds to only a few existing studies that have examined weight gain during
pregnancy. Although this association with ASD was still observed when adjusting for
maternal pre-pregnancy BMI, it may be potentiated among women who were overweight or
obese pre-pregnancy. The association observed between maternal overweight or obese status
and DD confirms several other studies. Importantly, GWG (and BMI) may represent
potentially modifiable risk factors, some of the few identified thus far for ASD, and better
understanding of these relationships may aid in reducing the impact of this complex
developmental condition.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Interaction of gestational weight gain (GWG) and prepregnancy Body Mass Index (BMI) on

the development of autism spectrum disorder (ASD) in offspring, among singleton term
births. Figure displays adjusted odds ratios (ORs) (log scale) comparing ASD to the
population control group by quintile of weight gain (reference is 30 to <35 pounds or middle
quintile), with error bars representing 95% confidence intervals, fully adjusted in logistic
regression models for variables used in primary tables; e.g., maternal race/ethnicity, age,
education, parity, and prenatal smoking, plus interaction terms. The normal BMI (18.5-24.9
kg/m2, n=758) group is indicated by squares, and high BMI (overweight/obese, or = 25
kg/m2, n= 463) group by diamonds.
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Figure 2.
Interaction of gestational weight gain (GWG) and prepregnancy body mass index (BMI) on

the presence of developmental delays (DD) in offspring, among singleton term births. Figure
displays adjusted odds ratios (ORs) (log scale) comparing DD to the population control
group by quintile of weight gain (reference is 30 to <35 pounds or middle quintile), with
error bars representing 95% confidence intervals, fully adjusted in logistic regression models
for variables used in primary tables; e.g., maternal race/ethnicity, age, education, parity, and
prenatal smoking, plus interaction terms. The normal BMI (18.5-24.9 kg/m?, n= 839) group
is indicated by squares, and high BMI (overweight/obese, or > 25 kg/m?, n= 547) group by
diamonds.
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Figure 3.

Interaction of Gestational Weight Gain (GWG) and child sex on development of Autism
Spectrum Disorder (ASD) in offspring, among singleton term births. Figure displays
adjusted odds ratios (ORs) (log scale) comparing ASD to the population control group by
quintile of weight gain (reference is 30 to <35 pounds or middle quintile), with error bars
representing 95% confidence intervals, fully adjusted in logistic regression models for
variables used in primary tables; e.g., maternal race/ethnicity, age, education, parity, pre-
pregnancy Body Mass Index (BMI), and prenatal smoking, plus interaction terms. (7= 446
females indicated by squares and 811 males, indicated by diamonds).
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Table 4.
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Associations of ASD or DD with IOM/ACOG Recommended Weight GainZ, among singleton, term births;

Crude and adjusted odds ratios (ORs) and 95% confidence intervals (CI)

Below IOM/ACOG  Exceeds IOM/ACOG
Recommendation

Recommendation

Model OR  95% CI OR 95% ClI
ASD Crude 113 (0.80-162) 1.37  (1.08-1.75)
(n=514) AgZ 092 (063-134) 129  (L00-1.66)
ASD with ID Crude 117 (0.78-1.77) 137  (1.03-1.82)
(n=317) AdiZ 084 (053132) 132  (0.98-179)
ASDwithout ID  Crude  1.07  (0.64-1.80) 141  (1.00-1.99)
(n=191) AGZ 107 (063-181) 132  (0.93-189)
DD Crude 136 (0.99-1.85) 113  (0.90-1.42)
(n=683) AgZ 111  (0.80-154) 108  (0.85-1.36)

ASD, autism spectrum disorder; DD, other developmental, disorder; ID, intellectual disability (IQ < 70); POP, population-based control group;

10M, institute of medicine, ACOG, American college of obstetricians and gynecologists

Reference is “Met” recommendation of weight gain per initial BMI; ASD or DD compared to POP control group (/7= 743). N’s shown are for

adjusted models.

2. .. . .
Adjusted for maternal age (<25, 25-29, 30-34 = ref, 235), education (HS or less, some college, college degree = ref, Masters or higher), race/
ethnicity (Non-Hispanic White = ref; Non-Hispanic Black; Non-Hispanic Asian; multiple races, or other; Hispanic), parity (0 = ref, >1), and

smoking (during pre-pregnancy or first trimester, throughout pregnancy, none = ref). N’s shown are for adjusted models.
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