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Abstract

Background: Maternal obesity and high gestational weight gain (GWG) disproportionally affect low-income
populations and may be associated with child neurodevelopment in a sex-specific manner. We examined sex-
specific associations between prepregnancy BMI, GWG, and child neurodevelopment at age 7.

Methods: Data are from a prospective low-income cohort of African American and Dominican women (n = 368;
44.8% male offspring) enrolled during the second half of pregnancy from 1998 to 2006. Neurodevelopment was
measured using the Wechsler Intelligence Scale for Children (WISC-IV) at approximately child age 7. Linear
regression estimated associations between prepregnancy BMI, GWG, and child outcomes, adjusting for race/
ethnicity, marital status, gestational age at delivery, maternal education, maternal IQ and child age.

Results: Overweight affected 23.9% of mothers and obesity affected 22.6%. At age 7, full-scale 1Q was higher

among girls (99.7 £ 11.6) compared to boys (96.9 + 13.3). Among boys, but not girls, prepregnancy overweight and
obesity were associated with lower full-scale 1Q scores [overweight (3: — 7.1, 95% Cl: (— 12.1, — 2.0); obesity : = 5.7,
95% Cl: (= 10.7, — 0.7)]. GWG was not associated with full-scale 1Q in either sex.

Conclusions: Prepregnancy overweight and obesity were associated with lower IQ among boys, but not girls, at 7
years. These findings are important considering overweight and obesity prevalence and the long-term implications
of early cognitive development.

Keywords: Body mass index, Cognition, Pregnancy, Child, Overweight, Obesity, Prospective studies, Wechsler scales

Background

Low-income, urban children are at higher risk of not
achieving their developmental potential [1-3]. Further-
more, low-income, multiethnic populations are dispro-
portionally affected by adverse prenatal factors, such as
excessive maternal adiposity and high gestational weight
gain (GWGQG) [4, 5]. Prior studies suggest that prepreg-
nancy body mass index (BMI) and/or GWG may be
negatively associated with cognitive development in early
and mid-childhood [6-14]; however, these associations
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have not been examined in a low-income, multiethnic
urban population.

Fetal development depends on maternal nutrition sta-
tus, but the systemic inflammation, metabolic stress, and
hormonal perturbations that accompany excess adiposity
may adversely affect placental function and fetal devel-
opment at critical phases [15-17]. While child sex is a
determinant of behavior and cognition, and evidence
suggests that boys and girls respond differently to
adverse exposures (e.g., poverty, stress, prenatal lead
exposure [18, 19]), the interplay among maternal BMI
and/or GWG, child sex and cognitive development is
poorly understood. We recently reported differences in
associations of maternal prepregnancy BMI and child
development by sex in our cohort at age 3; specifically
we found that maternal obesity was associated with
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lower psychomotor development index scores in boys,
but not girls [20]. Whether these sex-specific effects
persist into mid-childhood remains unknown.

Child growth and development are also shaped by
environmental and socioeconomic factors, many of
which are interrelated. Although partially heritable, child
cognition may be predicted by postnatal aspects of the
home environment, such as parental nurturance or
environmental stimulation [21, 22]. A more nurturing
environment has the potential to temper adverse effects
from other key determinants, such as limited socioeco-
nomic resources, environmental exposures and possibly
maternal excess adiposity or GWG; however, this has
not been evaluated [12, 23, 24]. Environmental toxicant
exposures, including pesticides and air pollution, are
associated with child neural development [25-29] and
have been linked to weight and fat mass gain [30-35].
Because pregnancy includes shifts in adipose tissue
depots [36], toxicant exposure levels in utero could
potentially vary by prepregnancy BMI and GWG; but it
is unclear if toxicants impact associations between BMI
and/or GWG and child cognition.

Therefore, among low-income African American and
Dominican urban children participating in the Columbia
Center for Children’s Environmental Health (CCCEH)
Mothers and Newborns Study, we examined whether
maternal prepregnancy BMI and GWG were related to
neurodevelopment at child age 7 and if associations
varied by child sex. We hypothesized that maternal
obesity and greater GWG would be associated with
lower IQ, and that associations would be stronger among
boys. Moreover, we evaluated whether a more nurturing
postnatal home environment changed directions of associ-
ations. We also conducted a sensitivity analysis to evaluate
whether associations observed were moderated or con-
founded by prenatal exposure to chlorpyrifos (CPF) and
polycyclic aromatic hydrocarbons (PAH), which were
previously associated with decreased child IQ in our
population [25, 26].

Methods

This analysis was conducted in a subset of a cohort
designed to examine the role of environmental expo-
sures on birth outcomes. Since 1997, the CCCEH
Mothers and Newborns cohort (n=727) has followed
mother-child dyads from northern Manhattan and the
South Bronx, previously described in detail [37]. From
1997 to 2006, Dominican and African American women
with singleton gestations were enrolled from prenatal
clinics at New York Presbyterian Medical Center and
Harlem Hospital if they met eligibility criteria, including
first prenatal visit <20 weeks of gestation and no self-
reported diabetes, hypertension, HIV, illicit drug use or
smoking during pregnancy.
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An initial prenatal visit during the second or third
trimester included maternal measurements and an
interviewer-administered questionnaire. Self-reported pre-
pregnancy weight, Income, marital status, exposure to
environmental tobacco smoke, and prenatal distress, in-
cluding demoralization (i.e. psychological stress) [38], use
of public assistance, and material hardship (self-report of
challenges affording food, paying utilities) [39] were
assessed. Self-reported height was obtained at the prenatal
visit, and measured height was obtained at postnatal
follow-up visits. Maternal height data checking and clean-
ing in this cohort was previously described in detail [40].

After delivery, medical records were abstracted to ascer-
tain prenatal medical history, last measured weight prior
to delivery and infant birth weight. Total GWG was calcu-
lated by subtracting the last measured weight prior to
delivery from the self-reported prepregnancy weight. BMI
category-specific gestational-age standardized weight gain
Z-scores (GWG Z-scores) were calculated from total
GWG@, as previously described, for women with last mea-
sured prenatal weights within 4 weeks of delivery [41, 42].
Positive GWG Z-scores indicate that GWG is above aver-
age for a gestational age duration, and negative Z-scores
indicate that GWG is below average for a given gestational
age. For tests of interaction, we used the GWG-Z score
calculated using the normal weight women reference for
all participants, and for other tests BMI-category specific
Z-scores were used. Maternal intelligence was assessed
with the Test of Nonverbal Intelligence (2nd edition)
(TONI), a 15-min language-free measure of general
intelligence, at child age 3 years during a follow up visit at
our testing center. During a home visit, at mean child age
3.6 years (range 1.1-6.3 years), a trained researcher con-
ducted the 1-h unstructured Home Observation for Meas-
urement of the Environment (HOME) Inventory to assess
learning materials, language stimulation, academic stimu-
lation, variety, and parental responsivity, modeling and
acceptance [28]. At child age 7, the Wechsler Intelligence
Scale for Children (WISC-IV) was administered by a
trained bilingual research assistant. Ten WISC-IV sub-
scales were used for this study [29]. Raw scores were con-
verted into scaled scores, as previously described, and
scales scores were derived into composite scores assessing
four cognitive indices: verbal comprehension, perceptual
reasoning, working memory and processing speed). The
composite scores were summed to yield a full-scale com-
posite IQ score. Average expected performance on WISC-
IV is a score of 100 (with a standard deviation of 15), and
intellectual disability is typically defined as a WISC-IV
full-scale IQ score less than or equal to 70.

This study was approved by the Institutional Review
Board at Columbia University. Informed consent was
obtained from all participating mothers and assent was
obtained from the children at age 7.
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Analyses were conducted with Stata 14.0 (Stata-Corp,
College Station, TX, USA) using an alpha of 0.05 and 0.1
for statistical tests of a priori hypotheses and interac-
tions, respectively.

A complete-case analysis was conducted. Baseline
characteristics were compared using chi-square tests, t-
tests, and Wilcoxon rank-sum tests. ANOVA was used
to compare mean characteristics across prepregnancy
BMI categories by child sex. Standard BMI categories
were used to allow for comparisons with other reports,
and withour findings at age 3 [20]. Multivariable linear
regression was used to evaluate associations of 1) mater-
nal prepregnancy BMI category and 2) prepregnancy
BMI category and GWG Z-score [41, 42] with child con-
tinuous WISC-IV full-scale IQ and index specific scores.

Potential confounders and effect modifiers were identi-
fied by causal diagrams and literature review. Potential
effect modifiers of the associations between prepreg-
nancy BMI and child outcome, included child sex and
GWG. First, we evaluated if associations between pre-
pregnancy BMI category and child IQ varied by child
sex on the additive scale by including an interaction
term between BMI and sex. We observed effect modifi-
cation by sex, so all subsequent models were sex-
stratified. Then, we included interaction terms between
GWG and prepregnancy BMI category to examine effect
modification by GWG Z-score on the additive scale.
Potential confounders included maternal race/ethnicity
(Dominican or African American), marital status (yes/no,
married or cohabitating), education (=high school vs. <high
school), age (continuous), parity (nulliparous vs. parous),
maternal IQ (continuous), demoralization (total score >
1.55, representing the highest quartile of demoralization in
the sample) and hardship (yes/no, defined as at least 1
unmet basic need: going without food, shelter, utilities or
clothing at least once during pregnancy). Potential con-
founders were retained in the model if they changed the
beta coefficient for BMI category by >10%. The final
adjustment set included maternal race/ethnicity, marital
status, education and maternal IQ, plus child gestational
age at delivery (weeks) and age at testing (months) to re-
duce variance in the outcome. We investigated the postna-
tal HOME score (continuous) by adding this factor to the
primary model and examining change in beta coefficients.

An additional sensitivity analysis examined whether
inclusion of the common environmental toxicants chlor-
pyrifos (CPF) and polycyclic aromatic hydrocarbons
(PAH), collected as part of the original study design,
modified or confounded associations (See Additional file 1
for details).

Despite strategies designed to improve retention in
this longitudinal study [43], a number of participants
lacked outcome data due to loss to follow-up by child
age 7. To address this, inverse probability weighting

Page 3 of 10

(IPW) was used to assess effects of attrition, as previ-
ously conducted in this cohort [44]. Separately for boys
and girls, a logistic regression model was fit with base-
line data, including maternal prepregnancy BMI, parity,
age, race/ethnicity, education and hardship, predicting
successful retention from which a predicted probability
was estimated, and the inverse of this probability was
used as a sampling weight in the re-analysis of the linear
models.

Results

From the original cohort (1 =727), complete data were
available on 368 dyads (Fig. 1). Baseline characteristics
were similar between included and excluded dyads (data
not shown); however, compared to those not included,
the relative proportion of African American dyads in-
cluded was higher (41.3 vs. 28.4%) and Dominican dyads
was lower (58.7 vs. 71.6%).

Among all mothers, average total GWG was 16.5 + 7.4
kg (Mean+SD) and GWG Z-score was 0.16 + —3.6.
Table 1 shows baseline characteristics and child mea-
sures by sex. At child age 7, full-scale IQ and working
memory scores were higher among girls compared to
boys. Unadjusted mean values for WISC-IV scores by
prepregnancy BMI and child sex are outlined in Fig. 2.
In boys, perceptual reasoning, full-scale IQ, and process-
ing speed scores varied by prepregnancy BMI category,
with higher scores found among boys born to women
with normal prepregnancy BMI values (see Additional
file 1: Table S1). Scores did not vary by prepregnancy
BMI in girls.

In our multivariable models, the association between
prepregnancy BMI and child cognitive outcomes varied
by sex. Specifically, the interaction p-values between pre-
pregnancy overweight or obesity and infant sex were
0.06 and 0.09, respectively, for full-scale 1Q. This sug-
gests that associations between prepregnancy BMI and
child IQ were different among girls compared to boys.
As full-scale IQ is a composite score reflecting four cog-
nitive indices, we sex-stratified subsequent full-scale and
index-specific models.

Among boys in our initial multivariable models with
and without adjustment for GWG (Table 2 — Models 1
& 2), maternal overweight and obesity were associated
with lower full-scale IQ and perceptual reasoning scores.
Only maternal overweight was associated with lower
processing speed scores, and only maternal obesity was
associated with lower verbal comprehension scores.
Among girls, prepregnancy BMI category was not associ-
ated with full-scale IQ or any of the four indices in
models with and without adjustment for GWG (Table 2
— Models 3 & 4). No interactions between prepregnancy
BMI category and GWG were observed within the sex-
stratified tables. When GWG z-scores were included as
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727 dyads enrolled

178 Missing prenatal covariates -

race/ethnicity, sex, prepregnancy
BMI, marital status and pregnancy
weight gain

— > 158 Missing 7 year WISC-IV data

prenatal covariate data

391 dyads with outcome data, and

>

6 Missing information on maternal IQ

385 dyads with maternal IQ

>

17 Missing child HOME data

368 dyads in analytic sample

101 86 Missing toxicant data
A4
267 dyads 282 dyads
with CPF with PAH
data data

Fig. 1 Participant flow diagram
A

covariates in the sex-stratified models, GWG was not as-
sociated with cognitive outcomes in boys. Among girls,
however, an inverse association between GWG and per-
ceptual reasoning was observed.

In the primary models with additional adjustment for
postnatal HOME score (see Additional file 1: Tables S2
& S3 - Model 1), we found that the HOME score
impacted several associations, some by >10%. In boys,
BMI category beta coefficients for full-scale IQ and ver-
bal comprehension were attenuated after adjustment for
the HOME score. The effect size on full-scale IQ among
boys for maternal obesity compared to normal weight
was - 6.5 without HOME adjustment, and -5.7 with
HOME adjustment (a 12% difference). Furthermore, the
association between maternal obesity and lower verbal
comprehension scores in boys no longer existed after
adjustment for the HOME score.

Calculation of IPW for retention at child age 7 showed
that African American race was associated with follow-
up for girls, but not boys, while other factors were not
associated with retention (data not shown). Weighting
the data did not appreciably alter associations for

prepregnancy BMI category models, or for models
with both prepregnancy BMI category and GWG (see
Additional file 1: Tables S1 & S2 — Models 2 & 3).
In toxicant sensitivity analyses, we found no evidence
of effect measure modification or confounding of pre-
pregnancy BMI by high CPF or PAH [45] (see Add-
itional file 1).

Discussion

In this longitudinal cohort of low-income, urban, African
American and Dominican maternal-child dyads, we found
sex-specific associations in mid-childhood between mater-
nal prepregnancy BMI and child cognitive outcomes in
boys, and a limited association between GWG and child
perceptual reasoning in girls. Specifically, in boys, maternal
overweight and obesity were associated with lower full-
scale 1Q and perceptual reasoning scores at child age 7,
while maternal overweight was associated with lower pro-
cessing speed scores. Maternal obesity was also associated
with lower verbal comprehension scores, although this
deficit was attenuated when HOME score was added to
the model. The effect sizes for maternal prepregnancy
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Table 1 Participant demographics and outcome values by child sex (n = 368)

Boys Girls p-value
(n =165) (n =203)

Maternal
Prepregnancy BMI category, n (%) 0.54

Underweight 9 (5.5) 9 (44)

Normal weight 83 (50.3) 95 (46.8)

Overweight 34 (20.6) 55(27.1)

Obese 39 (236) 44 (21.7)
Dominican ethnicity, n (%) 98 (59.4) 118 (58.1) 0.81
Maternal education <high school, n (%) 49 (29.7) 78 (38.4) 0.08
Receipt of public assistance or Medicaid, n (%)® 152 (92.7) 183 (90.6) 048
Never married, % 108 (65.5) 143 (70.4) 0.31
HOME score 388+65 397+60 0.14
Total GWG, kg 170+68 16.1£79 0.25
GWG Z-score 026+0.95 0.08+1.09 0.10
Maternal 1Q score 850£13.1 8644133 035
Detectable PAHS, n (%) 48 (36.9) 55 (36.2) 0.89
High chlorpyrifos® (> 6.17 pg/g), n (%) 19 (16.1) 18 (12.1) 0.34
Child
Age at WISC-IV, months 846+ 2.1 848+23 042
Full-scale composite WISC-IV score 969+133 99.7+£116 0.03
Intellectual disability®, n (%) 1(061) 3(1.5) 042
Verbal comprehension WISC-IV score 946+119 9%6.6+11.5 0.11
Perceptual reasoning WISC-IV score 100.0 £ 145 1003+127 0.78
Working memory WISC-IV score 963+ 14.2 999+ 134 0.01
Processing speed WISC-IV score 99.8+16.2 1026+ 149 0.08

Values are means + SD or percentages. *Data available on 152 boys and 183 girls; “Data available on 130 boys and 152 girls; “Data available on 118 boys and 149
girls; °Full-scale WISC-IV score < =70. BMI, body mass index; GWG, Gestational weight gain; HOME, Home Observation for Measurement of the Environment; PAH,

polycyclic aromatic hydrocarbons; WISC-IV, Wechsler Intelligence Scale for Children

overweight or obesity in boys, when compared to normal
weight women, ranged from 4.6 to almost 9 points lower
in mid-childhood. Among girls, we observed no association
between maternal prepregnancy BMI and cognitive test
scores in mid-childhood, but found that gestational-age-
standardized GWG was inversely associated with percep-
tual reasoning after adjustment for the HOME score.
These sex-specific associations observed for effects of
maternal excess adiposity on mid-childhood cognitive test
scores are intriguing and have not been previously
reported. As childhood IQ predicts education level, socio-
economic status and professional success [46], a deficit up
to 9 points may be individually meaningful and have impli-
cations on a population level. The biological rationale for
these observed sex differences in mid-childhood, as well as
the biological underpinnings of the links between prepreg-
nancy body size, GWG and child cognitive development,
are not fully understood and may be interrelated. Some of
the biological pathways linking maternal overweight/

obesity and high GWG to fetal and child brain develop-
ment, structure and function include inflammatory or hor-
monal perturbations [47-52] and differential dietary or
nutrient exposures (e.g., high-fat diet, suboptimal nutrient
intakes) [48, 53]. Consistent with previous evidence sug-
gesting that boys are differentially affected by adverse expo-
sures [18], the boys in our study appear to be negatively
affected by maternal overweight or obesity compared to
girls. Alternatively, the girls could also be adversely affected
by maternal overweight or obesity, but in this low-
socioeconomic context where boys appear to be more vul-
nerable to adverse exposures [54] and girls appear to be
more responsive or resilient [55], adverse effects on girls’
developmental trajectories may be attenuated by age 7.

The mechanisms underlying these sex-specific findings
are unknown, but investigations of explanatory biochemical
and molecular changes are ongoing, particularly in the pla-
centa. The placenta mediates fetal programming through
regulation of fetal growth and development, and evidence
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points to sexual dimorphism in placental functioning asso-
ciated with maternal adiposity [56]. Women with greater
adiposity experience greater placental inflammation [57,
58], oxidative and nitrative stress [17, 59] and placental dys-
function compared to women within the normal BMI range
[17, 60, 61]. A growing body of animal and human evidence
indicates that placental function [62], responsivity [63] and
endocrine and neurochemical responses [64], determined
by global genome expression and regulation [65-68], the
epigenome [62, 69] and response to maternal inflammation
and diet [70-72], affect the growing fetus in a sex-specific
manner as early as conception [62]. Additionally,
males and females develop at different rates in utero
[73], and a faster growing fetus has greater exposure
to prenatal insults that may partly explain why males
are at increased risk for developing adverse pregnancy
outcomes [62, 74].

It is challenging to compare our findings to other
reports because neurodevelopmental sex differences for
maternal pregnancy weight-related exposures have pre-
viously not been explored in a low-income, urban popu-
lation, and further, previous studies examined a wide
range of cognitive functions assessed over varying
periods of follow-up [75]. However, our findings in boys
are consistent with most previous studies in similarly
aged children (5-8y) reporting significant associations
for prepregnancy BMI alone [6, 11, 13, 76, 77] or

prepregnancy BMI and GWG [8, 10, 12, 78]. In girls, we
found no associations for prepregnancy BMI and ob-
served an unexpected inverse association for GWG with
perceptual reasoning scores when models were adjusted
for the HOME score. These findings are less consistent
with previous reports where associations for GWG were
also observed, but only among women with higher pre-
pregnancy weight or BMI [8, 14, 79].

The quality of the home environment and parenting
practices in childhood are important contributors to child
neurodevelopment, and the role of a stimulating and nurt-
uring environment on associations may vary by child sex
[24, 28]. We do not believe that any previous similar study
evaluated whether the postnatal home environment im-
pacted associations. In separate studies, Farah et al. in
children ages 4 and 8 and Horton and Kahn et al. in chil-
dren at 7 years found that parental nurturance predicted
child working memory; additionally, Horton and Kahn
et al. found that boys benefited more than female counter-
parts from a nurturing home environment [22]. In build-
ing our models, we found that a stimulating and nurturing
postnatal home environment attenuated associations
between prepregnancy BMI and child cognitive scores in
some models. This suggests that the home environment
may be on the causal pathway, as posited by Farah and in
animal models [22], or a positive confounder between
maternal pregnancy weight-related factors and child
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cognition. Therefore, supporting a healthy home environ-
ment during pregnancy and thereafter may be an import-
ant area for future investigation and intervention.

In our sensitivity analysis, the toxicants CPF and PAH
did not modify or confound associations between pre-
pregnancy BMI and child cognitive test scores. While
our exposure assessment in cord blood may capture a
significant period of exposure near the end of pregnancy
(e.g, PAH DNA adducts have an estimated half-life of
3—4 months), this does not reflect the entire course of
pregnancy, or the early pregnancy period where the
adverse effects of environmental exposures or high pre-
pregnancy BMI and associated inflammation may be
stronger [45].

These findings add to the growing evidence that ma-
ternal adiposity affects offspring cognition in middle
childhood, but there are limitations to this work. First,
our sample size may have been underpowered to detect ef-
fect measure modification, especially after sex-stratification.
Second, as with most studies in this area, we used self-
reported prepregnancy weight to calculate prepregnancy
BMI, which potentially biased findings [80]; however, we
conducted data cleaning on women with longitudinal pre-
natal weight data and excluded highly implausible values.
We had too few women with severe obesity (BMI > 40 kg/
m?) to evaluate obesity subgroups. This cohort was pre-
dominately enrolled in late pregnancy and included women
with relatively healthy pregnancies who did not report dia-
betes or other medical conditions; however, we were unable
to account for preeclampsia, gestational diabetes or other
conditions in our analyses since these were not abstracted
in the original study design. Although there was attrition,
we conducted IPW analyses to assess whether attrition
biased our findings and the results were essentially un-
changed. The strengths of this study include our ability to
account for many factors in our analyses, including mater-
nal IQ, the postnatal home environment and, in a subset,
urban environmental toxicant exposures. We also used
gestational-age-standardized GWG Z-scores to examine
GWG, which allowed for assessment of associations inde-
pendent of gestational age at delivery.

Conclusions

In summary, we found that prepregnancy overweight
and obesity were associated with lower IQ scores in boys
at 7 years of age, but not in girls, an association that was
partially attenuated by adjustment for the home environ-
ment. These sex-specific associations may reflect differ-
ences in the intrauterine environment or potentially the
postnatal environment, but the mechanisms are cur-
rently not well understood. These findings are important
in light of the high prevalence of maternal overweight
and obesity, and the longer-term implications of early
cognitive development.

Page 8 of 10

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512887-019-1853-4.

Additional file 1: Table S1. Unadjusted mean values (Mean + SD) for
GWG and WISC-IV by child sex and prepregnancy BMI category. Table
S2. Adjusted associations between maternal prepregnancy BMI, preg-
nancy weight gain and child cognitive test scores in boys (n=165) at
age 7, Columbia Center for Children’s Environmental Health, enrolled
from 1998 to 2006. Table S3. Adjusted associations between maternal
prepregnancy BMI, pregnancy weight gain and child cognitive test scores
in girls (n=203) at age 7, Columbia Center for Children’s Environmental
Health, enrolled from 1998 to 2006.

Abbreviations

BMI: Body mass index; CCCEH: Columbia Center for Children’s Environmental
Health; CPF: Chlorpyrifos; GWG: Gestational weight gain; HOME: Home
Observation for Measurement of the Environment; IPW: Inverse probability
weighting; 1Q: Intelligence quotient; PAH: Polycyclic aromatic hydrocarbon;
TONI: Test of Nonverbal Intelligence

Acknowledgements
Not applicable.

Authors’ contributions

EMW, AGR, VAR, PFL designed the research; VR. and FP had oversight over
data collection; EMW, AN and BLJ analyzed data; EMW, AN, PFL, LH, LGK, VR,
FP, and AGR interpreted the data. EMW led the project and manuscript
drafting, with major contributions to manuscript writing and revising from
AGR, AN, SD, LGK. EMW has primary responsibility for the final content. All
authors read and approved the final manuscript.

Funding

This study was supported by the Thrasher Research Fund; the Eunice
Kennedy Shriver National Institute of Child Health & Human Development
(K99/R00 HD086304); the National Institute of Environmental Health Sciences
(NIEHS) and the US Environmental Protection Agency (EPA) Children’s
Environmental Health and Disease Prevention Research Centers (NIEHS/EPA
POTES09600/R82702701, NIEHS/EPA POTES09600/RD832141, NIEHS/EPA
PO1ES09600/RD834509); Irving General Clinical Research Center (RR00645);
Educational Foundation of America; John and Wendy Neu Family
Foundation; New York Community Trust; and the Trustees of the Blanchette
Hooker Rockefeller Fund. These funding bodies had no role in the design of
the study and collection, analysis, and interpretation of data and in writing
the manuscript.

Availability of data and materials

The data for this the current study was used under a limited use data use
agreement between Columbia University and the University of Texas at
Austin. The data that support the findings of this study are available from
Columbia University; but restrictions apply to the availability of these data
because of the need to maintain participant confidentiality. Data are
available upon request and review by the Columbia Center for Children’s
Environmental Health through an institutional data use agreement.

Ethics approval and consent to participate

This study and all consent forms and processes for obtaining assent from
minors in this study were approved by the Institutional Review Board at
Columbia University, IRB# AAAA6110. Written informed consent was
obtained from all participating mothers for themselves and on behalf of
their children under the age of 7, and assent was obtained from the children
at age 7 and recorded on assent forms.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12887-019-1853-4
https://doi.org/10.1186/s12887-019-1853-4

Widen et al. BMC Pediatrics (2019) 19:507

Author details

'Department of Nutritional Sciences, College of Natural Sciences, University
of Texas at Austin, 103 W 24TH ST A2703, Austin, TX 78712, USA. “Columbia
Center for Children’s Environmental Health, Mailman School of Public Health,
Columbia University, 722 West 168th Street, 12th Floor, New York, NY 10032,
USA. *Department of Pediatrics, New York University School of Medicine, 403
East 34th St, New York, NY 10016, USA. “Department of Epidemiology,
Mailman School of Public Health, Columbia University, 722 West 168 Street
Room 1614, New York, NY 10032, USA. *Department of Environmental Health
Sciences, Mailman School of Public Health, Columbia University, New York,
NY, USA. ®Department of Environmental and Occupational Health Sciences,
SUNY Downstate Medical Center, School of Public Health, 450 Clarkson
Avenue, MSC 43, Brooklyn, NY 11203, USA. ’Department of Nutritional
Sciences, 1400 Barbara Jordan Blvd, Austin, TX 78723, USA. ®Heilbrunn
Department of Population and Family Health, Mailman School of Public
Health, Columbia University, 60 Haven Avenue, B-2, Room 213, New York, NY
10032, USA.

Received: 8 May 2019 Accepted: 22 November 2019
Published online: 20 December 2019

References

1. Bradley RH, Corwyn RF. Socioeconomic status and child development. Annu
Rev Psychol. 2002,53:371-99.

2. Dawson-McClure S, Calzada E, Huang KY, et al. A population-level approach
to promoting healthy child development and school success in low-
income, urban neighborhoods: impact on parenting and child conduct
problems. Prevention science : the official journal of the Society for
Prevention Research. 2015:16(2):279-90.

3. Boyle CA, Boulet S, Schieve LA, et al. Trends in the prevalence of
developmental disabilities in US children, 1997-2008. Pediatrics. 2011;
127(6):1034-42.

4. Deputy NP, Sharma AJ, Kim SY. Gestational weight gain - United States,
2012 and 2013. MMWR Morb Mortal Wkly Rep. 2015;64(43):1215-20.

5. Fryar C Carrol M, Ogden C. Prevalence of overweight, obesity, and extreme
obesity among adults aged 20 and over: United States, 19601962 through
2013-2014. Surveys DoHaNE, editor: In; 2016.

6.  Basatemur E, Gardiner J, Williams C, Melhuish E, Barnes J, Sutcliffe A.
Maternal prepregnancy BMI and child cognition: a longitudinal cohort
study. Pediatrics. 2013;131(1):56-63.

7. Casas M, Chatzi L, Carsin AE, et al. Maternal pre-pregnancy
overweight and obesity, and child neuropsychological development:
two southern European birth cohort studies. Int J Epidemiol. 2013;
42(2):506-17.

8. Huang L, Yu X, Keim S, Li L, Zhang L, Zhang J. Maternal prepregnancy
obesity and child neurodevelopment in the collaborative perinatal project.
Int J Epidemiol. 2014;43(3):783-92.

9. Jo H, Schieve LA, Sharma AJ, Hinkle SN, Li R, Lind JN. Maternal
prepregnancy body mass index and child psychosocial development at 6
years of age. Pediatrics. 2015;135(5):e1198-209.

10.  Pugh SJ, Richardson GA, Hutcheon JA, et al. Maternal obesity and excessive
gestational weight gain are associated with components of child cognition.
J Nutr. 2015;145(11):2562-9.

11. Widen EM, Kahn LG, Cirillo P, Cohn B, Kezios KL, Factor-Litvak P.
Prepregnancy overweight and obesity are associated with impaired child
neurodevelopment. Maternal & child nutrition 2017.

12. Tanda R, Salsberry PJ, Reagan PB, Fang MZ. The impact of prepregnancy
obesity on children's cognitive test scores. Matern Child Health J. 2013;
17(2):222-9.

13. Hinkle SN, Sharma AJ, Kim SY, Schieve LA. Maternal prepregnancy weight
status and associations with children's development and disabilities at
kindergarten. Int J Obes. 2013;37(10):1344-51.

14.  Gage SH, Lawlor DA, Tilling K, Fraser A. Associations of maternal weight
gain in pregnancy with offspring cognition in childhood and adolescence:
findings from the Avon longitudinal study of parents and children. Am J
Epidemiol. 2013;177(5):402-10.

15.  Georgieff MK. Nutrition and the developing brain: nutrient priorities and
measurement. Am J Clin Nutr. 2007;85(2):6145-20S.

16.  Bruce-Keller AJ, Keller N, Morrison CD. Obesity and vulnerability of the CNS.
Biochim Biophys Acta. 2009;1792(5):395-400.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 9 of 10

Evans L, Myatt L. Sexual dimorphism in the effect of maternal obesity
on antioxidant defense mechanisms in the human placenta. Placenta.
2017;51:64-9.

Jedrychowski W, Perera F, Jankowski J, et al. Gender specific differences
in neurodevelopmental effects of prenatal exposure to very low-lead
levels: the prospective cohort study in three-year olds. Early Hum Dev.
2009;85(8):503-10.

Tamayo YOM, Tellez-Rojo MM, Trejo-Valdivia B, et al. Maternal stress
modifies the effect of exposure to lead during pregnancy and 24-month
old children's neurodevelopment. Environ Int. 2017,98:191-7.

Nichols AR, Rundle AG, Factor-Litvak P, et al. Prepregnancy obesity is
associated with lower psychomotor development scores in boys at age 3 in
a low-income, minority birth cohort. J Dev Orig Health Dis. 2019:1-9.
Lovasi GS, Eldred-Skemp N, Quinn JW, et al. Neighborhood social context
and individual polycyclic aromatic hydrocarbon exposures associated with
child cognitive test scores. J Child Fam Stud. 2014;23(5):785-99.

Farah MJ, Betancourt L, Shera DM, et al. Environmental stimulation,
parental nurturance and cognitive development in humans. Dev Sci.
2008;11(5):793-801.

Perera FP, Rauh V, Tsai WY, et al. Effects of transplacental exposure to
environmental pollutants on birth outcomes in a multiethnic population.
Environ Health Perspect. 2003;111(2):201-5.

Lett LA, Stingone JA, Claudio L. The Combined Influence of Air Pollution
and Home Learning Environment on Early Cognitive Skills in Children. Int J
Environ Res Public Health 2017;14(11).

Perera FP, Rauh V, Whyatt RM, et al. Effect of prenatal exposure to
airborne polycyclic aromatic hydrocarbons on neurodevelopment in the
first 3 years of life among inner-city children. Environ Health Perspect.
2006;114(8):1287-92.

Rauh V, Arunajadai S, Horton M, et al. Seven-year neurodevelopmental
scores and prenatal exposure to chlorpyrifos, a common agricultural
pesticide. Environ Health Perspect. 2011;119(8):1196-201.

Rauh VA, Garfinkel R, Perera FP, et al. Impact of prenatal chlorpyrifos
exposure on neurodevelopment in the first 3 years of life among inner-city
children. Pediatrics. 2006;118(6):1845-59.

Horton MK, Kahn LG, Perera F, Barr DB, Rauh V. Does the home
environment and the sex of the child modify the adverse effects of prenatal
exposure to chlorpyrifos on child working memory? Neurotoxicol Teratol.
2012;34(5):534-41.

Vishnevetsky J, Tang D, Chang HW, et al. Combined effects of prenatal
polycyclic aromatic hydrocarbons and material hardship on child 1Q.
Neurotoxicol Teratol. 2015;49:74-80.

Meggs WJ, Brewer KL. Weight gain associated with chronic exposure to
chlorpyrifos in rats. Journal of medical toxicology : official journal of the
American College of Medical Toxicology. 2007;3(3):89-93.

Irigaray P, Ogier V, Jacquenet S, et al. Benzo[alpyrene impairs beta-
adrenergic stimulation of adipose tissue lipolysis and causes weight gain in
mice. A novel molecular mechanism of toxicity for a common food
pollutant. FEBS J. 2006,273(7):1362-72.

Irigaray P, Lacomme S, Mejean L, Belpomme D. Ex vivo study of
incorporation into adipocytes and lipolysis-inhibition effect of polycyclic
aromatic hydrocarbons. Toxicol Lett. 2009;187(1):35-9.

Ortiz L, Nakamura B, Li X, Blumberg B, Luderer U. In utero exposure to
benzolalpyrene increases adiposity and causes hepatic steatosis in
female mice, and glutathione deficiency is protective. Toxicol Lett. 2013;
223(2):260-7.

Scinicariello F, Buser MC. Urinary polycyclic aromatic hydrocarbons and
childhood obesity: NHANES (2001-2006). Environ Health Perspect. 2014;
122(3):299-303.

Rundle A, Hoepner L, Hassoun A, et al. Association of childhood obesity
with maternal exposure to ambient air polycyclic aromatic hydrocarbons
during pregnancy. Am J Epidemiol. 2012;175(11):1163-72.

Widen EM, Gallagher D. Body composition changes in pregnancy:
measurement, predictors and outcomes. Eur J Clin Nutr. 2014,68(6):643-52.
Whyatt RM, Barr DB, Camann DE, et al. Contemporary-use pesticides in
personal air samples during pregnancy and blood samples at delivery
among urban minority mothers and newborns. Environ Health Perspect.
2003;111(5):749-56.

Dohrenwend BP, Shrout PE, Egri G, Mendelsohn FS. Nonspecific
psychological distress and other dimensions of psychopathology: measures
for use in the general population. JAMA Psychiatry. 1980;37(11):1229-36.



Widen et al. BMC Pediatrics

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2019) 19:507

Mayer SE, Jencks C. Poverty and the Distribution of Material Hardship. 24(1):
88-114.

Widen EM, Whyatt RM, Hoepner LA, et al. Gestational weight gain and
obesity, adiposity and body size in African-American and Dominican
children in the Bronx and northern Manhattan. Matern Child Nutr. 2016;
12(4).918-28.

Hutcheon JA, Platt RW, Abrams B, Himes KP, Simhan HN, Bodnar LM.
Pregnancy weight gain charts for obese and overweight women. Obesity
(Silver Spring). 2015;23(3):532-5.

Hutcheon JA, Platt RW, Abrams B, Himes KP, Simhan HN, Bodnar LM. A
weight-gain-for-gestational-age z score chart for the assessment of maternal
weight gain in pregnancy. Am J Clin Nutr. 2013;97(5):1062-7.

Eskenazi B, Gladstone EA, Berkowitz GS, et al. Methodologic and logistic
issues in conducting longitudinal birth cohort studies: lessons learned from
the centers for Children's environmental health and disease prevention
research. Environ Health Perspect. 2005;113(10):1419-29.

Widen EM, Whyatt RM, Hoepner LA, et al. Gestational weight gain and
obesity, adiposity and body size in African-American and Dominican
children in the Bronx and northern Manhattan. Maternal & child
nutrition. 2015.

Jelenkovic A, Sund R, Yokoyama Y, et al. Birth size and gestational age in
opposite-sex twins as compared to same-sex twins: an individual-based
pooled analysis of 21 cohorts. Sci Rep. 2018,8(1):6300.

McCall RB. Childhood 1Q's as predictors of adult educational and
occupational status. Science. 1977;197(4302):482-3.

Mehta SH, Kerver JM, Sokol RJ, Keating DP, Paneth N. The association
between maternal obesity and neurodevelopmental outcomes of offspring.
J Pediatr. 2014;165(5):891-6.

Sullivan EL, Nousen EK, Chamlou KA. Maternal high fat diet consumption
during the perinatal period programs offspring behavior. Physiol Behav.
2014;123:236-42.

Edlow AG, Vora NL, Hui L, Wick HC, Cowan JM, Bianchi DW. Maternal
obesity affects fetal neurodevelopmental and metabolic gene expression: a
pilot study. PLoS One. 2014;9(2):e88661.

Neri C, Edlow AG. Effects of maternal obesity on fetal programming:
molecular approaches. Cold Spring Harbor perspectives in medicine. 2016;
6(2):a026591.

Tozuka Y, Wada E, Wada K. Diet-induced obesity in female mice leads to
peroxidized lipid accumulations and impairment of hippocampal
neurogenesis during the early life of their offspring. FASEB J. 2009,23(6):
1920-34.

Bolton JL, Bilbo SD. Developmental programming of brain and behavior by
perinatal diet: focus on inflammatory mechanisms. Dialogues Clin Neurosci.
2014;16(3):307-20.

Niculescu MD, Lupu DS. High fat diet-induced maternal obesity alters fetal
hippocampal development. Int J Dev Neurosci. 2009,27(7):627-33.

Morisset CE, Barnard KE, Booth CL. Toddlers' language development: sex
differences within social risk. Dev Psychol. 1995;31(5):851-65.

Barbu S, Nardy A, Chevrot JP, et al. Sex differences in language across early
childhood: family socioeconomic status does not impact boys and girls
equally. Front Psychol. 2015,6:1874.

Muralimanoharan S, Guo C, Myatt L, Maloyan A. Sexual dimorphism in miR-
210 expression and mitochondrial dysfunction in the placenta with
maternal obesity. Int J Obes. 2015;39(8):1274-81.

Saben J, Lindsey F, Zhong Y, et al. Maternal obesity is associated with a
lipotoxic placental environment. Placenta. 2014;35(3):171-7.

Jarvie E, Hauguel-de-Mouzon S, Nelson SM, Sattar N, Catalano PM, Freeman
DJ. Lipotoxicity in obese pregnancy and its potential role in adverse
pregnancy outcome and obesity in the offspring. Clin Sci (London, England:
1979). 2010;119(3):123-9.

Roberts VH, Smith J, McLea SA, Heizer AB, Richardson JL, Myatt L. Effect of
increasing maternal body mass index on oxidative and nitrative stress in the
human placenta. Placenta. 2009;30(2):169-75.

Myatt L, Cui X. Oxidative stress in the placenta. Histochem Cell Biol. 2004;
122(4):369-82.

Mele J, Muralimanoharan S, Maloyan A, Myatt L. Impaired mitochondrial
function in human placenta with increased maternal adiposity. Am J Physiol
Endocrinol Metab. 2014;307(5):E419-25.

Sundrani DP, Roy SS, Jadhav AT, Joshi SR. Sex-specific differences and
developmental programming for diseases in later life. Reprod Fertil Dev.
2017;29(11):2085-99.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 10 of 10

Mueller BR, Bale TL. Sex-specific programming of offspring emotionality
after stress early in pregnancy. J Neurosci. 2008;28(36):9055-65.

Bowman RE, MacLusky NJ, Sarmiento Y, Frankfurt M, Gordon M, Luine
VN. Sexually dimorphic effects of prenatal stress on cognition, hormonal
responses, and central neurotransmitters. Endocrinology. 2004;145(8):
3778-87.

Murphy VE, Zakar T, Smith R, Giles WB, Gibson PG, Clifton VL. Reduced
11beta-hydroxysteroid dehydrogenase type 2 activity is associated with
decreased birth weight centile in pregnancies complicated by asthma. J
Clin Endocrinol Metab. 2002;87(4):1660-8.

Scott NM, Hodyl NA, Murphy VE, et al. Placental cytokine expression
covaries with maternal asthma severity and fetal sex. J Immunol. 2009;
182(3):1411-20.

Syrett CM, Sierra I, Berry CL, Beiting D, Anguera MC. Sex-specific gene
expression differences are evident in human embryonic stem cells and
during in vitro differentiation of human placental progenitor cells. Stem
Cells Dev. 2018;27(19):1360-75.

Spiers H, Hannon E, Schalkwyk LC, et al. Methylomic trajectories across
human fetal brain development. Genome Res. 2015;25(3):338-52.

Gabory A, Roseboom TJ, Moore T, Moore LG, Junien C. Placental
contribution to the origins of sexual dimorphism in health and diseases: sex
chromosomes and epigenetics. Biol Sex Differ. 2013;4(1):5.

Mao J, Zhang X, Sieli PT, Falduto MT, Torres KE, Rosenfeld CS. Contrasting
effects of different maternal diets on sexually dimorphic gene expression in
the murine placenta. Proc Natl Acad Sci U S A. 2010;107(12):5557-62.
Roseboom TJ, Painter RC, de Rooij SR, et al. Effects of famine on placental
size and efficiency. Placenta. 2011;32(5):395-9.

van Abeelen AFM, de Rooij SR, Osmond C, et al. The sex-specific effects of
famine on the association between placental size and later hypertension.
Placenta. 2011:32(9):694-8.

Tarin JJ, Garcia-Perez MA, Hermenegildo C, Cano A. Changes in sex ratio
from fertilization to birth in assisted-reproductive-treatment cycles. Reprod
Biol Endocrinol. 2014;12:56.

Aiken CE, Ozanne SE. Sex differences in developmental programming
models. Reproduction. 2013;145(1):R1-13.

Veena SR, Gale CR, Krishnaveni GV, Kehoe SH, Srinivasan K, Fall CH.
Association between maternal nutritional status in pregnancy and offspring
cognitive function during childhood and adolescence; a systematic review.
BMC pregnancy and childbirth. 2016;16:220.

Buss C, Entringer S, Davis EP, et al. Impaired executive function mediates
the association between maternal pre-pregnancy body mass index and
child ADHD symptoms. PLoS One. 2012;7(6):e37758.

Brion MJ, Zeegers M, Jaddoe V, et al. Intrauterine effects of maternal
prepregnancy overweight on child cognition and behavior in 2 cohorts.
Pediatrics. 2011;127(1):e202-11.

Neggers YH, Goldenberg RL, Ramey SL, Cliver SP. Maternal prepregnancy
body mass index and psychomotor development in children. Acta Obstet
Gynecol Scand. 2003;82(3):235-40.

Pugh SJ, Hutcheon JA, Richardson GA, et al. Child academic achievement in
association with pre-pregnancy obesity and gestational weight gain. J
Epidemiol Community Health. 2016;70(6):534-40.

Bodnar LM, Siega-Riz AM, Simhan HN, Diesel JC, Abrams B. The impact of
exposure misclassification on associations between prepregnancy BMI and
adverse pregnancy outcomes. Obesity (Silver Spring). 2010;18(11):2184-90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

