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Abstract

We performed a systematic literature search regarding maternal diabetes before and during
pregnancy and the risk of autism spectrum disorders (ASD) in the offspring. Of the 178 potentially
relevant articles, 12 articles including three cohort studies and nine case—control studies were
included in the meta-analysis. Both the meta-analyses of cohort studies and case—control studies
showed significant associations. The pooled relative risk and 95 % confidence interval (Cl) among
cohort studies was 1.48 (1.25-1.75, p < 0.001). For case—control studies, the pooled odds ratio and
95 % Cl was 1.72 (1.24-2.41, p = 0.001). No indication of significant heterogeneity across studies
or publication bias was observed. In conclusion, maternal diabetes was significantly associated
with a greater risk of ASD in the offspring.
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Introduction

Methods

Autism spectrum disorders (ASD) are a group of developmental disabilities characterized by
deficits in socialization, communication, and repetitive or unusual behaviors (Levy et al.
2009; Rapin 2002). A substantial upward trend for ASD prevalence has been reported since
the 1960s, with a recent estimate of about 113 cases per 10,000 (one in 88) children in the
United States [Autism and Developmental Disabilities Monitoring Network Surveillance
Year 2008 Principal Investigators and Centers for Disease Control and Prevention (2012)].
Although the underlying mechanisms still remain to be elucidated, ASD is regarded as
multifactorial, with genetic and non-genetic risk factors acting together to produce the
phenotype (Bailey et al. 1995; Levy et al. 2009; London 2000). Inspired by the conceptual
framework of the developmental origins of health and disease (DOHaD) hypothesis (Van
den Bergh 2011) and exciting findings on the effects of early intrauterine environment
insults on brain development (Gillberg 1999; Rodier et al. 1996), increasing research
initiatives have concentrated on the identification of early life determinants for ASD risk
(Gardener et al. 2009; Gardener et al. 2011; Guinchat et al. 2012; Kolevzon et al. 2007,
Newschaffer et al. 2007).

Diabetes affects up to 15 % of pregnant women worldwide (International Diabetes
Federation 2013). Approximately 87.5 % of maternal diabetes are due to gestational diabetes
(GDM), defined as glucose intolerance with onset or first recognition during pregnancy
(American Diabetes Association 2004), 7.5 % to pre-existing type 1 diabetes (TI1DM), and 5
% to pre-existing type 2 diabetes (T2DM) (National Institute for Health and Care Excellence
2009). The prevalence of maternal diabetes is increasing (Albrecht et al. 2010; Bardenheier
et al. 2013; Bell et al. 2008; Ferrara 2007; Hayes et al. 2011). Maternal diabetes has been
associated with an increased risk of miscarriage, macrosomia and other adverse fetal
outcomes (Herrera and Ortega-Senovilla 2010), as well as poor neurodevelopmental
outcomes in the offspring (Anderson et al. 2005; Georgieff 2006; Ornoy et al. 2001; Rizzo et
al. 1995). Furthermore, a positive association between maternal diabetes and ASD risk in the
offspring was recently reported in a case—control study (Leonard et al. 2006) and two
subsequent cohort studies (Burstyn et al. 2010; Lyall et al. 2012). However, the results from
other studies have been conflicting and inconclusive (Buchmayer et al. 2009; Croen et al.
2005; Dodds et al. 2011; Elhameed et al. 2011; Hultman et al. 2002; Krakowiak et al. 2012).

In this study, our objective was to systematically review the evidence regarding the
association between maternal diabetes and risk of ASD in the offspring, and to
quantitatively summarize the data in a meta-analysis.

We followed the guidelines in the meta-analysis of observational studies in epidemiology
(MOOSE) statement (Stroup et al. 2000) when conducting this study. The study protocol
was prospectively registered in an international prospective register of systematic reviews
(PROSPERO, http://www.crd.york.ac.uk/PROSPERQ) as CRD42012003373.
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Literature Search and Study Selection

A systematic literature search was performed in the MEDLINE/PubMed, EMBASE and
PsycINFO databases through February 3rd, 2013, using a combination of free text and
subheadings terms. Details of the search terms were shown in the Supplementary Text. In
addition, the references listed in any relevant articles were screened. No language restriction
was applied for searching or study inclusion.

A published article was included if it had a case—control or cohort study design, evaluated
the association between maternal diabetes and the risk of offspring ASD, and reported the
risk estimates [relative risk (RR), or odds ratio (OR)] and corresponding 95 % confidence
intervals (CIs) or standard errors, or provided sufficient data to calculate the risk estimates.
Maternal diabetes herein includes GDM, pre-existing TIDM, and pre-existing T2DM.
During the screening steps, several types of articles were excluded: review articles,
editorials, or comments; studies on animals or cell lines; studies that did not evaluate
maternal diabetes as exposure; and studies that did not include offspring ASD as the
outcome. In addition, studies that did not report risk estimates or 95 % Cls for the
relationships between maternal diabetes and risk of offspring ASD were excluded. The
process of study selection is depicted in Fig. 1.

Data Extraction and Quality Assessment

Two investigators independently evaluated methodological quality in each study and
extracted all relevant data using a standardized data extraction form. Any discrepancies were
resolved by consensus.

Methodological quality of the included studies was assessed according to the Newcastle-
Ottawa Scale (Wells et al. 2013), which was developed for assessing the quality of non-
randomized studies in meta-analyses. A maximum of nine stars were given to each study
based on the following perspectives: the selection of the study groups (four stars); the
comparability of the groups (two stars); and the ascertainment of the outcome of interest in
cohort study or ascertainment of the exposure of interest in case—control study (three stars).
For each study, we assigned scores of 0-3, 4-6, and 7-9 for low, moderate, and high quality,
respectively.

The following data were extracted from each included article: basic information (title,
author, publication year), study characteristics (study design, location), participant
characteristics (sample size, number of ASD cases, age, race/ethnicity), diagnostic criteria of
maternal diabetes and ASD, statistical methods used for the analysis, risk estimates and 95
% Cls before and after adjustment for covariates if they were reported, and any covariates
that were matched or adjusted for in the multivariate model. For studies which reported the
risk estimates from several adjustment models, we extracted those that reflected the
maximum extent of adjustment for potentially confounding variables. Also, we separately
extracted risk estimates for the association of maternal diabetes before and during pregnancy
with ASD risk if they were separately reported in the original articles.
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Statistical Analysis

Results

The risk estimates and corresponding 95 % Cls reported in the individual studies were
pooled using the random-effects model (DerSimonian-Laird method), which incorporates
between-study heterogeneity in addition to sampling variation (DerSimonian and Laird
1986). Data from cohort and case—control studies were analyzed separately, with pooled RR
and OR as the measures of association, respectively. For cohort studies, the OR was reported
in one study; however, because the incidence of ASD was sufficiently low for the rare
disease assumption (<10 %) to apply, the OR was assumed to approximate the RR.

Potential sources of heterogeneity across studies were assessed using the x2 based Cochran’s
Q statistic (p < 0.10 was considered to be significant heterogeneity), and the 12 metric (12
values of 25, 50, and 75 % were considered as low, medium, and high heterogeneity,
respectively) (Higgins and Thompson 2002). Funnel plots were used to assess small-study
effects. The possibility of publication bias was assessed using the Egger regression
asymmetry test (Egger et al. 1997). For sensitivity analysis, we also used the fixed-effect
model for all the above analyses. Additional sensitivity analyses were performed by omitting
one study at a time and calculating a pooled estimate for the remainder of the studies to
evaluate whether the results were affected markedly by a single study.

All statistical analyses were performed using Stata software (version 11.2; Stata Corp,
College Station, TX, USA). All p values presented are two-tailed with a significance level of
0.05, except for the Cochran’s Q statistic in the heterogeneity test, in which the significance
level was 0.10 (Higgins and Thompson 2002).

Characteristics of Studies Included in the Meta-Analysis

We identified 178 potentially relevant articles from the literature search and reference list, of
which 12 studies (Brimacombe et al. 2007; Buchmayer et al. 2009; Burstyn et al. 2010;
Croen et al. 2005; Dodds et al. 2011; Elhameed et al. 2011; Hultman et al. 2002; Juul-Dam
et al. 2001; Krakowiak et al. 2012; Leonard et al. 2006; Lyall et al. 2012; Piven et al. 1993)
met our criteria for inclusion. The characteristics of the included studies are shown in Table
1. Of the included studies, nine were case—control studies, while the other three were cohort
studies. Six studies were conducted in the USA, two in Canada, two in Sweden, one in
Australia and one in Egypt. Six studies were assigned to high quality (Buchmayer et al.
2009; Burstyn et al. 2010; Croen et al. 2005; Hultman et al. 2002; Krakowiak et al. 2012;
Leonard et al. 2006), five to moderate quality (Dodds et al. 2011; Elhameed et al. 2011,
Juul-Dam et al. 2001; Lyall et al. 2012; Piven et al. 1993), and one to low quality
(Brimacombe et al. 2007), according to the Newcastle-Ottawa Scale (Supplementary Table 1
& Supplementary Table 2).

For the maternal diabetes case definition, all the three cohort studies included data of
maternal diabetes developed during pregnancy. In addition, Burstyn et al. (2010) and Dodds
et al. (2011) also reported the associations of maternal diabetes before pregnancy with ASD
risk in the offspring, thus we included these results separately with the data with maternal
diabetes during pregnancy in the meta-analysis. Among the case—control studies, five studies
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included data of maternal diabetes during pregnancy, and the other four studies included
mixed data of maternal diabetes before and during pregnancy. The diagnosis of maternal
diabetes was made based on the International Classification of Diseases (ICD) in six studies,
and in the remaining studies the diagnostic criteria were not specified.

Several assessment and/or diagnostic tools were used for the ascertainment of ASD cases.
The ICD-9 or ICD-10 criteria were used in five studies, both the autism diagnostic
interview-revised (ADI-R) and the autism diagnostic observation schedule (ADOS) in four
studies, and both the diagnostic and statistical manual of mental disorders, fourth edition
(DSM-IV-R) and the Childhood Autism Rating Scale (CARS) in three studies.

Maternal Diabetes and the Risk of Offspring ASD

Both the meta-analyses of cohort studies and case—control studies showed significant
associations between maternal diabetes and ASD risk in the offspring (Fig. 2). For cohort
studies, the pooled RR (95 % CI) for ASD in mothers with maternal diabetes compared
those without was 1.48 (1.25-1.75), without significant heterogeneity (12 = 9.1, p = 0.35);
for case—control studies, the pooled OR (95 % CI) for ASD was 1.73 (1.24-2.42), without
significant heterogeneity (12 = 15.7, p = 0.30). There was no evidence of publication bias as
indicated by the Egger asymmetry test (p = 0.59 for cohort studies; p = 0.21 for case—control
studies) (Supplementary Figure 1). Sensitivity analyses using fixed-effect model yielded
similar results.

We further explored whether the associations differed by maternal diabetes developed
before and during pregnancy. In the cohort studies, the pooled RRs (95 % Cls) for ASD
were 1.75 (1.16-2.63) for maternal diabetes before pregnancy and 1.43 (1.13-1.79) for
maternal diabetes during pregnancy. For the case—control studies, the pooled ORs (95 %
Cls) were 2.23 (1.38-3.60) for maternal diabetes during pregnancy and 1.47 (0.87-2.47) for
the mixed cases of maternal diabetes before and during pregnancy (Figs. 3, 4).

In the sensitivity analysis by omitting one study at a time, there was no substantial change in
the pooled risk estimates among the remainder of studies (Supplementary Figure 2); the
pooled RRs (95 % Cls) for ASD ranged from 1.35 (1.12-1.64) to 1.60 (1.32-1.94) in the
remaining cohort studies, and the pooled ORs (95 % CIs) for ASD ranged from 1.55 (1.14—
2.12) to 2.02 (1.44-2.82) in the remaining case—control studies. For case—control studies, we
also performed a sensitivity analysis that only included the high quality rated studies
(Buchmayer et al. 2009; Croen et al. 2005; Hultman et al. 2002; Krakowiak et al. 2012;
Leonard et al. 2006); the pooled RR (95 % CI) for ASD was 1.50 (1.05-2.14).

Discussion

In this systematic review and meta-analysis, we found that maternal diabetes was associated
with an increased risk of offspring ASD. Similar results were observed in the meta-analysis
of cohort studies and case—control studies.

Our results support the DOHaD hypothesis which highlights the effects of early life
exposure to environmental insults, in particular during a sensitive period in utero or early
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postnatal development, on short- and long-term health and disease risk (Van den Bergh
2011). In utero exposure to hyperglycemia, a consequence of any types of maternal diabetes,
may increase the risk of offspring ASD involving several plausible biological mechanisms.
First, maternal hyperglycemia can result in hypoxia in the fetus (Eidelman and Samueloff
2002), and a depleted oxygen supply to the fetus may impair neurodevelopment and thus
contribute to a greater risk of ASD (Burstyn et al. 2011; Kolevzon et al. 2007). Second,
maternal hyperglycemia has been associated with increased free-radical production and
impaired antioxidant defense system that lead to oxidative stress in the cord blood and
placental tissue (Biri et al. 2006; Chen and Scholl 2005). The positive association between
oxidative stress and ASD in children was reported in several studies (Chauhan et al. 2004;
Ming et al. 2005; Yao et al. 2006). Third, excessive adiposity that commonly accompanies
T2DM and gestational diabetes are inducers of chronic inflammation. A number of studies
have identified both neuro and systemic markers of inflammation in children with autism
(Onore et al. 2012). Also, it has been hypothesized that insulin signaling may contribute to
development of autism in genetically susceptible individuals via activation of PI3K/Tor
pathway in neurons (Stern 2011). Fourth, TIDM is an autoimmune disorder resulting from a
cellular-mediated autoimmune destruction of pancreatic beta-cells (American Diabetes
Association 2013). Maternal altered autoimmunity may influence brain development in the
off-spring either by creating a hostile intrauterine environment or by modifying the
offspring’s autoimmunity in early development through immunoglobulin G (Keil et al.
2010). Fifth, epigenetic modification by hyperglycemia (Fernandez-Morera et al. 2010;
Schanen 2006) may also be implicated in the pathogenesis of ASD, but the current evidence
is still sparse.

The strengths of this study include comprehensive literature search, clearly defined criteria
for study selection, and meticulous protocol for review. Several limitations merit discussion.
First, the number of studies was limited, which may influence the statistical power of testing
the small-study effects and heterogeneity. Even though the number of studies was small,
little inter-study heterogeneity was detected using statistical tests (i.e., Cochran’s Q statistic
and 12 metric) in this meta-analysis. Second, most of the included studies were conducted in
western populations. Studies conducted in other populations, among which an increase of
ASD prevalence has been documented (Wong and Hui 2008), are warranted. Third, the
study quality in several included studies was low to moderate, which may also impact the
overall stability of the pooled statistic. For instance, the studies by Juul-Dam et al. (2001),
Brimacombe et al. (2007), Dodds et al. (2011) and Elhameed et al. (2011) did not adjust for
potential confounders. The studies by Piven et al. (1993) and Elhameed et al. (2011) had
small sample size and high imprecision (very wide Cls) of ORs. The studies by Juul-Dam et
al. (2001) and Brimacombe et al. (2007) used suboptimal control groups. The study by
Croen et al. (2005) only examined maternal TIDM in relation to ASD in children; this form
of diabetes is an autoimmune condition that is rarer than the etiologically similar T2DM and
GDM, and so women with the latter two forms of diabetes may have been included as
controls. Fourth, misclassification bias is possible for self-reported maternal diabetes in the
included studies. However, this may not be a substantial concern because individuals
generally tend to report their diabetes status with moderate to high accuracy according to
several validation studies (Huerta et al. 2009; Okura et al. 2004; Solomon et al. 1997).
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Moreover, if there was any misclassification in prospective cohort studies, which should be
non-differential because of the prospective nature, the association between maternal diabetes
and ASD risk in offspring may have been underestimated. Fifth, mixed definitions of
maternal diabetes and different assessment criteria of ASD were used in the included
studies. In the current study, the associations between maternal diabetes and ASD in the
offspring were rather consistent across different definitions. However, we cannot fully
exclude the possibility of potential heterogeneity due to the limited number of included
studies. Clearly, when more accumulating evidence is available, the associations of different
types of maternal diabetes (i.e., TADM, T2DM, and GDM) with different phenotypes of
ASD (i.e., autism, Asperger syndrome, pervasive developmental disorder not otherwise
specified, etc.) merit further evaluation. Finally, we cannot rule out the possibility of
publication bias. Conceptually, studies with small sample size and non-significant results are
prone to be unpublished. However, this concern may not be substantial in our study because
we found that a number of such studies have already been published and their results were
included in our meta-analysis.

Conclusions

In summary, maternal diabetes was associated with a significantly greater risk of ASD in the
offspring. Because the number of available studies is still limited, our findings should be
taken with caution. More future studies, in particular population-based prospective cohort
studies, are needed to confirm the association. In addition, to better understand the
association, future studies exploring the underlying molecular mechanisms are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Flow chart for study selection (through February 3rd, 2013)
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Fig. 2.

Association of maternal diabetes and ASD in the offspring in the included studies, according

to study design
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Association of maternal diabetes and ASD in the offspring in the included cohort studies,

according to the maternal diabetes case definition
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Association of maternal diabetes and ASD in the offspring in the included case—control
studies, according to the maternal diabetes case definition
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