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Abstract

Background—~Previous studies have attributed high maternal weight gain during pregnancy and
pre-pregnancy obesity to a higher risk for autism spectrum disorders (ASD). Maternal
underweight was not previously explored with respect to ASD risk.

Methods—We evaluated the association between maternal pre-pregnancy body mass index
(BMI) and ASD occurrence among singletons born into the General Practice Research Database
from 1993 through 2008. Case subjects were children with a diagnosis of ASD from birth through
2010. Up to four control subjects were matched to each case subject on birth year, sex, and general
practice. Restricted cubic splines were used to assess the non-linearity of the association between
maternal BMI and ASD. All study subjects were classified as underweight, normal weight,
overweight or obese based on maternal pre-pregnancy BMI using the WHO Classification
Standard. Conditional logistic regression was used to calculate crude and multivariable adjusted
odds ratios for the association between categorical BMI (reference=normal weight) and the
occurrence of ASD

Results—The association between maternal BMI and ASD occurrence was non-linear and J-
shaped (p=0.003). The adjusted ORs for maternal underweight and obesity were 1.43 [95% CI:
1.01, 2.04] and 1.54 [95% CI: 1.26, 1.89], respectively.

Conclusions—Results suggest that extremes in maternal BMI may be associated with modest
increases in the risk for ASD among offspring.

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by core
deficits in social interaction, communication, and repetitive behavior.? The prevalence of
ASD has increased dramatically over the past few decades, rising from less than 20 per
10,000 persons in the 1980's to recent estimates as high as 1 per 68 persons, and has
consistently been found to be approximately 4 times higher in males than females.2:3
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The prevalence of obesity has exhibited a temporal increase that parallels that of ASD. In the
UK, nearly 25% of the population is obese and about 16% of women are obese at the start of
pregnancy, up from 9% in 1990.4 There are diverse theories supporting how maternal
factors, including prepregnancy underweight and obesity, might alter the fetal environment
to influence autism risk. Maternal undernutrition may elicit a physiological stress response
leading to neuronal damage via excess release of proinflammatory factors.> Additionally,
maternal nutritional status and diet are important as the fetus is reliant on the mother for
micronutrients and growth factors required for normal neurodevelopment. Insufficiency or
overabundance, depending on the specific nutrient, can directly result in altered myelination,
hippocampal and cerebellar development and synapse formation.® Lastly, obesity may result
in activation of the maternal immune system and a chronic inflammatory environment
potentiating abnormal neuronal growth and differentiation in the fetus.’-10

Previous studies attributed high maternal weight gain during pregnancy and pre-pregnancy
obesity to higher risk for ASD.11-13 However, some studies relied to some degree on
retrospective self-report of maternal height and weight information. To our knowledge, ASD
risk has not been explored relative to underweight.

The current study evaluated the relationship between maternal pre-pregnancy BMI
measurements recorded prospectively within the UK-based General Practice Research
Database and ASD occurrence among singletons born from 1993 through 2008.

METHODS

Data Source

This study utilized data from the version of the General Practice Research Database (GPRD)
maintained by the Boston Collaborative Drug Surveillance Program (BCDSP). The GPRD
(now called the Clinical Practice Research Datalink) is a primary care database containing
anonymized records for nearly 4 million active patients (about 6% of the population of
England, Northern Ireland, Scotland and Wales) from over 450 general practices (GP).14
GPRD data are recorded by trained GP using standardized software including the Read
diagnosis coding system and multilex drug codes.1® Participating GP not only record each
episode of illness and medical diagnoses, but also clinical contacts, examination findings,
therapeutic and administrative procedures, test results, drug prescriptions, and referrals to
specialists and outpatient clinics with the associated diagnoses. In the UK, GP assume the
role of ‘gate-keeper’ to medical care. The typical trajectory to ASD diagnoses is that the GP
refers a patient to a specialist who performs relevant evaluations and determines the
diagnosis. The specialist is then required to provide a letter to the GP documenting the
diagnosis and corresponding care plan. Therefore, GPRD should have near complete capture
of ASD diagnoses.

GPRD members have both a unique individual identification code and a family identification
code. A mother's records can be matched to offspring records based on family identification
number, GP practice code, infant's birth year and mother's pregnancy outcome date.16. 17
Additionally, the start of the first trimester of pregnancy can be reliably identified in the
majority of mother-offspring matched pregnancies, thus permitting the study of associations
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between maternal pre-pregnancy exposures and the development of offspring.1” Validation
studies have verified most diagnoses coded in the GPRD electronic record, including ASD,
to be highly accurate (i.e., a median of 90% of cases confirmed) when compared against GP
questionnaire responses, medical records held at GP practices, or hospital letters, with

diagnoses of chronic illness being somewhat more accurate than those of acute illness.
14,18-20

Study Design and Population

All ASD cases and non-ASD controls were identified from a source population consisting of
all singleton live births in the GPRD from 1993 through 2008 whose records were
successfully matched to a mother with one or more years of recorded history in the database
and at least one height and weight measurement recorded in the two years before the start of
the pregnancy. Cases were identified as those with a diagnosis of ASD from birth through
2010 (Read Codes: E140.00 Infantile autism, E140000 Active infantile autism, E140.12
Autism, E140.13 Childhood autism, E140z00 Infantile autism NOS, Eu84000 Childhood
autism, Eu84011 Autistic disorder, Eu84012 Infantile autism, Eu84z11 Autistic spectrum
disorder NOS, Eu84500 Asperger syndrome, Eu84100 Atypical autism, Eu84y00 Other
pervasive developmental disorder, and Eu84z00 Pervasive developmental disorder
unspecified). Up to four random control subjects without an ASD diagnosis were selected
from the source population and matched to each case on birth year, sex, and GP.

Determination of Pregnancy Start Date

We determined the first day of the last menstrual period (LMP) before the study pregnancy
and used that as the pregnancy start date. For approximately half of the study population
(54% of cases and 52% of controls), LMP was recorded in the maternal GPRD record or
could be calculated directly from an expected date of delivery recorded in the medical
record. Otherwise, LMP was calculated as the actual delivery date minus 280 days. If there
was a code for preterm associated with the study pregnancy or the calculated LMP suggested
the pregnancy duration was less than 37 weeks, then mother and child profiles were
reviewed manually to verify the calculated LMP.

Body Mass Index

Pre-pregnancy height and weight measurements recorded within the two years before and
closest to the LMP were used as the measure of maternal pre-pregnancy BMI, calculated as
weight in kilograms divided by the square of height in meters (kg/m?). Intra-individual
variability in BMI over time before the study pregnancy was evaluated to confirm that the
selected BMI record was not an outlier value, for example a BMI measured very shortly
after a previous pregnancy. Subjects were classified as underweight (BMI1<18.5), normal
weight (BMI 18.5-24.9), overweight (BMI 25-29.9) or obese (BMI >30) using the WHO
Classification Standard. In a sub-analysis, adolescent mothers were re-classified to BMI
categories based on an age-specific reference.2
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Covariates

Potential confounders were identified a priori based on literature review. In addition to
matched factors (child sex, birth year and GP), the following variables were abstracted from
GPRD records of all case and control mothers and explored as potential confounders:
maternal age at LMP, pre-pregnancy smoking status recorded nearest to the LMP (coded as
current, past, never) and pre-pregnancy histories (yes, no) of alcoholism, drug abuse,
diabetes and depression before the LMP. For each case and control, we also identified
whether there were siblings with an ASD diagnosis (yes, no), as a crude proxy for genetic
susceptibility.

Statistical Analyses

Descriptive analyses were performed to determine the covariate distributions for cases and
controls, and by BMI category among controls. Restricted cubic spline regression was used
to assess nonlinearity of the relationship between maternal BMI and ASD.22 Conditional
logistic regression was used to calculate odds ratios (OR) controlling for matched variables
only and multivariable adjusted ORs for the association between maternal categorical BMI
(reference=normal weight) and the occurrence of ASD. The initial multivariable model
included all potential confounders. Each covariate was independently removed from the full
multivariable model and the variable with the smallest change in OR across BMI levels
among those exhibiting a change of <10% was removed. A similar process was employed
with successive models until a final model was achieved in which all retained variables
would result in >10% change in OR for at least one level of BMI if removed. Since none of
the covariates were retained in the final model using these criteria, results from both
unadjusted models (cOR) and fully adjusted models (aOR) are presented. Subjects with
missing covariate information were excluded from multivariable regression models. Effect
modification by maternal age (<30 years; >30 years) was evaluated on both multiplicative
(incorporation of an interaction term in the statistical model) and additive scales
(computation of the relative excess risk due to interaction, RERI). Initially ASD subtypes
were examined separately with no differences identified; however, these analyses were not
reported due to DSM-5 changes.

Sensitivity Analyses

We implemented a series of sensitivity analyses to address concerns about potential
misclassification. Nondifferential misclassification of the timing of pre-pregnancy BMI
could occur since the LMP for many mothers was estimated; therefore, we completed
analyses restricted to mothers with a GP-recorded LMP. There was inter-individual
variability in the proximity of the most recent GP-recorded BMI information to the LMP, so
we completed separate analyses for individuals with BMI measurements within 12 months
before the pregnancy start date and for those with measurements more than 12 months
before the pregnancy start date.

RESULTS

During the study period 1993-2008, approximately 84% of children with a diagnosis of ASD
who were registered with the GPRD at birth were able to be matched to their mother in the
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GPRD. Among the source population, we identified a total of 889 individuals with a
diagnosis of ASD, of which 69.2% were diagnosed with autism, 27.4% were diagnosed with
Asperger disorder, and 3.4% were diagnosed with PDD-NOS or more generally as having
autism spectrum disorder. On average, cases were first diagnosed by 6.2 years of age
(standard deviation £3.2 years) with autism generally diagnosed at earlier ages than
Asperger's disorder (5.4 £2.9 years and 8.2 £3.0 years respectively). ASD cases were
predominantly male (n=724, 81.4%) independent of subtype. There were 3530 control
subjects identified from the same source population as the ASD case subjects. All but 16
cases (98.1%) were matched to four controls.

Distributions of selected child and maternal characteristics among ASD case and non-ASD
control subjects are presented in Table 1. Compared to control mothers, case mothers tended
to be slightly older and somewhat more likely to be ever smokers (40.2% versus 37.5%) and
to have a history of diabetes (1.1% versus 0.6%) or depression (17.8% versus 13.9%).
Maternal histories for drug and alcohol abuse did not differ for cases and controls. A higher
proportion of cases (8.4%) than controls (1.3%) had a sibling with an ASD diagnosis.

Distributions of selected child and maternal characteristics by BMI category among controls
are presented in Table 2. The majority of control mothers (57.8%) were normal weight, but
4% were underweight, 23.7% were overweight and 14.6% were obese. The maternal age
distribution differed by BMI category. Specifically, compared to normal weight mothers,
underweight mothers were younger (18.6% versus 4.8% younger than 20 years) whereas
obese were older (17.3% over 35 years versus 14.6%). The extreme maternal BMI
categories, underweight and obese, had higher proportions of ever smokers (43.6% and
41.6% versus 35.9%), pre-pregnancy depression (22.9% and 20.0% versus 11.1%) and
alcoholism (2.1% and 3.5% versus 1.8%) versus normal weight. Pre-pregnancy diabetes was
more prevalent with higher BMI and drug abuse was more common with lower BMI.

Conditional restricted cubic spline regression revealed that the association between maternal
BMI and ASD occurrence was nonlinear and J-shaped (p-value for test for curvature=0.013;
overall significance of curve=0.003), with extremes in maternal BMI being associated with
the largest increases in ASD risk (Figure 1). The ORs conditional on matching factors for
the associations of maternal underweight, overweight and obesity with ASD were 1.43 [95%
Cl 1.01, 2.04], 1.21 [95% CI 1.01, 1.45] and 1.54 [95% CI 1.26, 1.89], compared to normal
weight mothers (Table 3). None of the variables assessed were meaningful confounders of
the observed associations as evidenced by associations that were essentially unchanged
following full multivariable adjustment for maternal age, genetic susceptibility, pre-
pregnancy depression, diabetes, smoking status, drug abuse, and alcoholism (Table 3).

Unadjusted and multivariable adjusted results from conditional regression analyses stratified
by maternal age are presented in Table 4. There was a qualitative difference in the ORs for
the associations of maternal underweight, overweight and obesity with ASD occurrence by
maternal age which approached statistical significance (p=0.0845). Underweight was
associated with elevated ASD risk among mothers 30 years of age or older (COR: 2.13 [95%
Cl 1.03, 4.43]), but not among mothers younger than 30 years (COR for maternal age 25-29
years: 1.09, [95% CI 0.42, 2.85]), cOR for maternal age <25 years: 1.16 [95% CI 0.49,

Paediatr Perinat Epidemiol. Author manuscript; available in PMC 2018 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Getz et al.

Page 6

2.77]. Maternal overweight was associated with an increase in ASD risk in offspring only
for mothers 25-29 years of age (cOR: 1.89, [95% CI 1.19, 2.98]). Stratum-specific ORs for
the association of maternal obesity suggested increases in ASD risk ranging from 1.32-2.20
dependent upon age, where obesity was associated with more pronounced increases among
younger mothers. There was no evidence of additive interaction (RERI=0.094, 95%
Cl:-0.636, 0.449).

Findings from analyses restricted to pregnancies with a GP-recorded LMP did not differ
from those observed for the entire study population (Supporting Information, Table S1).
Analyses stratified by timing of BMI measurement relative to the start of the pregnancy
showed that associations were generally stronger for BMI measurements obtained closer to
the start of the pregnancy (Supporting Information, Table S2).

COMMENT

In this study, we observed a modest non-linear association between maternal pre-pregnancy
body mass index and ASD among offspring, with extremes being associated with higher risk
compared to normal weight for the overall study population. The OR for maternal
underweight and obesity were 1.4 [95% CI: 1.0, 2.1] and 1.5 [95% CI: 1.2, 1.9],
respectively. The relationship between maternal BMI and ASD risk differed by maternal age.
Maternal underweight was significantly associated with an increase in ASD only among
mothers over 30 years of age. Maternal obesity was associated with increased risk for ASD
irrespective of age, but the relative association was most prominent among mothers under 30
years of age.

To our knowledge, we are the first to identify an elevated risk associated with maternal
underweight. A low maternal pre-pregnancy BMI may be a marker for undernutrition and
limited availability of micronutrients, including prenatal deficiencies of folic acid, iodine,
and iron, which have been implicated in neurologic deficits and developmental disorders.®
Why underweight would only be associated with an elevated risk for ASD among offspring
of older mothers is unclear. One possibility is that our chosen BMI categorization method
preferentially misclassified young normal weight women as underweight (i.e., younger than
20 years) thus producing a downward bias of the resulting OR. The BMI cut-points we
utilized are widely accepted as standard and are based on relationships with morbidity and
mortality in adults, but they may not be appropriate for adolescents for whom age-specific
cut-points have been proposed due to their continued growth and development.2: 23
However, the results of our sub-analysis in which adolescent mothers were re-classified to
BMI categories based on an age-specific reference were not materially different. Another
possibility is that underweight in older women maybe more likely to represent underlying
illness than underweight in younger women.

Our findings relating maternal pre-pregnancy obesity to ASD support those of others. Dodds
et al. reported that maternal pre-pregnancy weight =90 kg was associated with a 58% higher
risk for ASD compared to maternal weight <90 kg among a cohort of children born from
1990 to 2002 in Nova Scotia.12 More recently, the risk of neurodevelopmental disorders in
relation to maternal metabolic conditions was investigated in the CHARGE study, a
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population-based case-control study in California, and maternal obesity (BMI >30 kg/m3)
was found to be associated with a 67% higher risk for ASD.13 The observed age-related
differences in the association between maternal obesity and ASD occurrence may be due in
part to differences in baseline risk in the two subpopulations. Even among normal weight
women, advanced age is associated with higher rates of antepartum complications, preterm
delivery, and cesarean delivery each of which has been linked to increased risk for ASD
among offspring.2* 25 Therefore, the relative association of obesity on ASD occurrence
among offspring may be diluted for older women.

An association between maternal obesity and ASD is plausible based on evidence from
animal experiments and human studies that suggest activation of the maternal immune
system may be a risk factor for autism.” Although maternal circulating cytokine levels vary
over the course of pregnhancy, concentrations are dependent upon BMI and age.8 Pro-
inflammatory cytokine levels (i.e., IL-6) are higher in obese women compared to those of
normal BMI.910 Therefore, pregnancies among overweight or obese women may be
exposed to higher levels of inflammatory cytokines which pass to the fetal circulation and
cross the fetal blood-brain barrier leading to abnormal neuronal growth and differentiation
within the fetal brain.”

Our study has several strengths. Our study consisted of a large population-based sample in
which all information was recorded prospectively by trained medical personnel thereby
eliminating the possibility of bias due to differential parental recall. Nesting our study within
an established UK primary care database also minimized the potential for self-selection bias
that would be a greater concern in studies which rely on information from mothers who
volunteered to participate. Whereas previous studies focused only on maternal obesity, we
utilized spline regression to assess nonlinearity of the relationship across the complete range
of maternal BMI.

Despite the strengths of the study, our results should be considered in light of some potential
limitations. We relied exclusively on Read codes for identification of cases, thus they were
not validated by clinical assessment which may have led to some misclassification and an
attenuation of observed associations. However, a recent review of GPRD computerized
records of ASD against all available clinical reports verified over 90% of diagnoses,
suggesting over-ascertainment was low.20

Exposure misclassification is also a possibility. We used height and weight information
recorded closest to the start of the pregnancy and there was some variation in this proximity
across subjects. Analyses stratified by timing of BMI measurements revealed stronger
associations for BMI measured closer to the actual start of pregnancy. Thus, suggesting that
the observed associations may be real because measurements made closer to the start of the
study pregnancy are the more valid measure of pre-pregnancy BMI status. We estimated the
pregnancy start date for over half of the study population so for some of those mothers we
may have utilized measurements that were not reflective of their pre-pregnancy BMI status.
However, results of analyses restricted to mothers with a GP-recorded LMP did not differ
from the full analysis suggesting that any misclassification of BMI due to our method of
estimating the pregnancy start date was negligible.
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The source population for our study was limited to those children who could be matched to a
mother in the GPRD which could introduce selection bias if a successful match was related
to maternal BMI and differed for cases and controls. However, the proportion of ASD cases
in the GPRD that could be successfully matched to their mother was high and did not differ
from the match rate for all births into the GPRD over the study period. While eligible
controls were required to have no evidence of an ASD diagnosis, it is possible, albeit rare,
that some of the matched controls may have a diagnosis for another developmental
disability. The observed association with obesity may be an underestimate if control patients
have developmental disabilities that are also associated with maternal obesity. Our study was
also restricted to ASD cases and matched controls whose mothers had a BMI recorded
within 2 years before the start of the study pregnancy. It is possible that the availability of
such a BMI is related to actual BMI differentially for cases and controls. We evaluated the
distribution of BMI measurements among ASD cases and controls whose mothers had
measurements within 10 years before the study pregnancy. By relaxing the definition of the
pre-pregnancy window, the proportions of maternal normal weight, overweight, and obesity
changed similarly for both cases and controls compared to the distributions observed in the
current study. However, the proportion of underweight mothers increased about 80% for
controls and only 30% for cases. This trend suggests that the observed association between
maternal underweight and ASD in offspring may be partially explained by differential
missingness (selection bias). It should be noted that there were relatively small numbers of
ASD cases within the category of maternal underweight. As such, associations were
somewhat imprecise especially at the lowest BMI measures.

There is the potential for confounding by unmeasured factors such as parity which is not
specifically coded in the GPRD. Additionally, unlike mothers, fathers are generally not
reliably matched to offspring in the GPRD because their medical records do not contain
diagnostic codes related to pregnancy and delivery to match to birth codes in the child
record. Therefore, an assessment of potential confounding by paternal BMI could not be
evaluated in this analysis. Our findings of an increased risk for ASD in relation to maternal
obesity are comparable in magnitude to those report by Suren et al. for autistic disorder and
Asperger disorder which were attenuated following accounting for paternal BMI.26

In conclusion, detailed medical information in a population-based data resource with the
ability to link maternal records with those of offspring enabled us to evaluate the occurrence
of ASD in relation to maternal BMI. Our results suggest that extremes in maternal BMI may
be associated with modest increases in ASD among offspring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Maternal Body Mass Index

Restricted cubic spline regression analysis assessing nonlinearity of the association between
maternal BMI and occurrence of autism spectrum disorders among offspring, GPRD

singleton live births 1993-2008

Test for curvature: p=0.018; Test for overall significance of the curve: p<0.0001
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Distributions of selected child and maternal characteristics by BMI catergory among control subjects, GPRD

singleton live births 1993-2008

Table 2

Underweight (n=140)
%

Normal Weight (n=2040)
%

Overweight (n=836)
%

Obese (n=514)
%

Maternal Age

<20 years 18.6 4.8 2.6 19

20-24 years 20.7 17.1 15.9 14.2

25-29 years 31.4 314 29.7 36.8

30-34 years 19.3 32.2 334 29.8

35+ 10.0 14.6 18.4 17.3
Maternal Smoking

Current 6.4 9.7 121 12.6

Former 37.1 26.2 25.6 29.0

None 50.7 60.6 59.3 54.1

Missing 5.7 34 3.0 4.3
Maternal Diabetes

Yes 0.0 0.2 11 14

No 100.0 99.8 98.9 98.6
Maternal Depression

Yes 22.9 111 15.3 20.0

No 77.1 88.9 84.7 80.0
Maternal Drug Abuse

Yes 14 0.5 0.5 0.2

No 98.6 99.5 99.5 99.8
Maternal Alcoholism

Yes 2.1 1.8 1.9 35

No 97.9 98.2 98.1 96.5
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Table 3

Page 15

Conditional unadjusted and multivariable adjusted odds ratios for the association between maternal BMI and

ASD among offspring, GPRD singleton live birth 1993-2008

a Controls (n)

a b
ORadjusted [95% CI] ORunadjusted [95% CI]

Cases (n)
Underweight, BMI<18.5 44 140 1.42 [0.99, 2.03] 1.43[1.01, 2.04]
Normal weight, BMI 18.5-24.9 450 2040 reference reference
Overweight, BMI 25-29.9 222 836 1.20 [1.00, 1.44] 1.21[1.01, 1.45]
Obese, BMI 230 173 514 1.52[1.23, 1.86] 1.54[1.26, 1.89]

a . . . . . . .
adjusted model odds ratios adjusted for maternal age (continuous), maternal pre-pregnancy depression, diabetes, smoking status, drug abuse,

alcoholism, in addition to matching factors (birth year, sex, and general practice)

bunadjusted model odds ratios adjusted for matching factors (birth year, sex, and general practice) only
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Table 4
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Conditional unadjusted and multivariable adjusted odds ratios for the association between maternal BMI and
ASD among offspring stratified by maternal age at the start of the study pregnancy, GPRD singleton live birth

1993-2008

Cases (n)

Controls (n)

a b
ORadjusted [95% CI] ORunadjusted [95% CI]

Maternal age <25 years
Underweight, BM1<18.5
Normal weight, BMI 18.5-24.9
Overweight, BMI 25-29.9
Obese, BMI =230

15

41
36

55
446
155

83

1.05 [0.43, 2.58]
reference
1.07 [0.60, 1.92]
2.16 [1.09, 4.30]

1.16 [0.49, 2.77]
reference
1.11 [0.63, 1.95]
2.20[1.12, 4.31]

Maternal age 25-29 years
Underweight, BM1<18.5
Normal weight, BMI 18.5-24.9
Overweight, BMI 25-29.9
Obese, BMI >30

12
117
73
55

44
640
248
189

0.93 [0.34, 2.51]
reference
1.89 [1.19, 2.98]
1.82[1.08, 3.09]

1.09 [0.42, 2.85]
reference
1.82[1.17, 2.84]
1.95[1.18, 3.23]

Maternal age =30 years
Underweight, BM1<18.5
Normal weight, BMI 18.5-24.9
Overweight, BMI 25-29.9
Obese, BMI =30

17
243
108

82

41
954
433
242

1.94 [0.97, 3.89]
reference
1.00 [0.75, 1.33]
1.29 [0.92, 1.81]

2.13[1.03, 4.43]
reference
0.95[0.71, 1.28]
1.32 [0.96, 1.86]

a . . . . . . .
adjusted model odds ratios adjusted for maternal age (continuous), maternal pre-pregnancy depression, diabetes, smoking status, drug abuse,
alcoholism, in addition to matching factors (birth year, sex, and general practice)

bunadjusted model odds ratios adjusted for matching factors (birth year, sex, and general practice)
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