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Abstract

Background: It has been suggested that maternal type 1 diabetes (T1D) increases the risk

of autism spectrum disorder (ASD) in the offspring. However, it is unclear whether this

risk is mediated by pre-term birth, affecting around one-third of pregnancies with T1D,

and whether maternal levels of glycated haemoglobin (HbA1c) impact the risk.

Methods: A cohort of 1.4 million Swedish children born between 1998 and 2015, and

their parents. Maternal T1D and HbA1c before or in early pregnancy, gestational and

ASD diagnoses were obtained from Swedish national registers. Relative risk (RR) and

95% CIs of ASD were estimated by hazard ratios (HRs) from Cox regression or RR from

log-binomial regression.

Results: Of 1 406 650 children, 8003 (0.6%) were born to mothers with T1D, 24 941

(1.8%) were diagnosed with ASD and 81 915 (5.8%) were born pre-term. The risk of

ASD was increased in offspring of mothers with T1D was HR¼ 1.40 (1.21–1.61). The RR

for each þ5-mmol/mol excess HbA1c was estimated at HR¼ 1.03 (0.97–1.10). The T1D

effect on ASD mediated through pre-term birth was estimated at RR¼1.06 (1.05 to

1.08), corresponding to 22% (16% to 41%) of the total effect. T1D in pregnancy was

associated with increased ASD risk in the offspring. Twenty percent of the total effect

was accounted for by pre-term birth. HbA1c was not associated with ASD risk, beyond

the risk associated by the T1D diagnosis itself.

Conclusion: Awareness of ASD in the offspring of mothers with T1D may be warranted,

especially considering the additional effect of pre-term birth.

Key words: Autism, type 1 diabetes, pre-term birth, epidemiology, mediation, cohort, epidemiology, aetiology

VC The Author(s) 2022. Published by Oxford University Press on behalf of the International Epidemiological Association. 377

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

IEA
International Epidemiological Association

International Journal of Epidemiology, 2023, 377–385

https://doi.org/10.1093/ije/dyac116

Advance Access Publication Date: 3 June 2022

Original article

https://orcid.org/0000-0001-6994-4884
https://academic.oup.com/


Introduction

Type 1 diabetes (T1D) in pregnancy increases risks of pre-

term birth1 and severe fetal and neonatal complications.2

However, data are limited on long-term neurological

outcomes in offspring of mothers with T1D.

Autism spectrum disorder (ASD) is characterized by

impairment in social communication and repetitive and

restricted behaviours.3 ASD affects 1–2% of children

worldwide.4,5 The contribution of genetic variance is

substantial6,7 but a number of environmental exposures

have also been associated with increased risk.8

Studies on the association between maternal diabetes

and ASD reported mixed results.9–16 Meta-analyses, with

focus on pre-gestational diabetes, support an overall asso-

ciation.17,18 However, existing individual studies had lim-

ited sample size, did not distinguish between different

types of diabetes and included varying definitions of ASD

limiting generalizability. Also, previous studies did not ad-

dress the potential role of pre-term birth. Women with

T1D often give birth at older ages and are at increased risk

of pre-term delivery.1 Both pre-term birth and higher ma-

ternal age are associated with ASD risk8 and maternal age

is an indicator of T1D duration. Also, level of glycaemic

control in mothers with T1D has been suggested to modify

ASD risk.19,20

The study objective is to test the hypothesis that mater-

nal T1D increases the risk of ASD in the offspring. We con-

trolled for important confounding, examined the potential

modifying role of pre-term birth and investigated whether

ASD risk can be linked to maternal blood glucose levels,

measured as glycated haemoglobin (HbA1c).

Methods

Study population

The study population included all children born alive in

Sweden between 1998 and 2015 to mothers from the

Nordic countries (Sweden, Denmark, Finland, Iceland or

Norway) as recorded in the Swedish Medical Birth register

(MBR). MBR records data on all pregnancies and

deliveries in Sweden since 1973, with almost complete cov-

erage. In Sweden, healthcare is free of charge and accessi-

ble to all citizens, which minimizes the risk of selection

bias. Individual-level information from the Swedish na-

tional registries is linked by the unique personal identifica-

tion numbers of all citizens.21

In Sweden, all infants and pre-school children regu-

larly undergo routine medical and developmental exami-

nations. At age 4 years, a developmental assessment

(motor skills, language, cognitive and social development)

is performed. Children with suspected developmental dis-

orders are referred for further investigation by a special-

ized team at a child psychiatry unit or habilitation service.

Diagnostic information is reported to the Swedish

National Patient Register (NPR). The NPR includes all

psychiatric inpatient diagnoses in Sweden since 1973, so-

matic diseases since 1987 and outpatient visits from

2001. The diagnoses in the NPR are assigned by clinical

specialists, using, since 1997, the 10th version of the

International Coding of Diseases (ICD 10). NPR has been

subject to extensive validation efforts.21 ASD and T1D

codes are presented in Supplementary Table S1 (available

as Supplementary data at IJE online).

Covariates

Women with T1D were identified in the NPR and the

MBR. Data on maternal age at delivery, body mass index

(BMI; kg/m2) at first antenatal visit, gestational age

(weeks) and offspring sex were retrieved from the MBR.

Gestational age is estimated at the early second-trimester

ultrasound examination or, in <1% of births, using the

date of last menstrual period. In Sweden, patients with

T1D are cared for at university clinics by specialists in dia-

betes/endocrinology. Diagnosis of T1D is based on criteria

according to the International Society for Pediatric and

Adolescent Diabetes22 and the American Diabetes

Association.23 In early pregnancy, women with T1D are

referred to specialist antenatal care and supervised by a

team of obstetricians, midwifes, diabetes nurses and

diabetologists.

Key Messages

• In this cohort study of 1.4 million Swedish children and close to 30 000 autism cases, we found a 1.4-fold increased

risk of autism in the offspring of mothers with type 1 diabetes diagnosed before child birth.

• We did not find any support for the notion that increasing glycated haemoglobin (HbA1c) levels before or during

early pregnancy would increase the risk further.

• Approximately 20% of the total risk of autism spectrum disorders in the offspring was mediated through the pathway

of pre-term birth.
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Data on glycated haemoglobin (HbA1c mmol/mol)

were obtained from the National Diabetes Register

(NDR) and recordings within –365 to þ90 days from es-

timated conception were used in the analyses. HbA1c

reflects the average level of blood glucose over the last

6–8 weeks and according current guidelines HbA1c

should ideally be kept at <48 mmol/mol in early preg-

nancy.24 NDR started operating in 2001 and covers a

majority of individuals with T1D in Sweden.25 Paternal

age is correlated with maternal age, has been associated

with both pre-term birth and ASD, and can therefore in-

troduce confounding.26,27 Data on paternal age were

obtained from the Swedish Multi-generational Register.

BMI (kg/m2) at the first antenatal visit was calculated

based on self-reported height and measured weight, and

categorized as underweight: BMI< 18.5 kg/m2, normal

weight: BMI 18.5–24.9, overweight BMI: 25–29.9 and

obesity BMI> 30.28

Maternal and paternal socio-economic status (SES)

affects overall health and the degree of health-seeking be-

haviour, and was considered as a potential confounder.29

We estimated SES by maximum attained education at date

of delivery, based on information from Statistics Sweden,

the Swedish government body for official statistics. Level

of education was categorized as ‘primary’, i.e. elementary

school; ‘secondary’, i.e. upper secondary school; and ‘uni-

versity’, i.e. university degree. Psychiatric disease is more

common in T1D30 and in individuals with ASD,31 and

may therefore confound the association between T1D and

ASD. Thus, parental psychiatric history was included as a

potential confounder.

Statistical methods

Relative risk (RR) of ASD was estimated by hazard ratios

(HRs) and associated two-sided 95% Wald CIs calculated

from Cox proportional hazards regression models. Each

child was followed for incident ASD diagnosis from 1 year

of age until the first ASD diagnosis, emigration, death or

end of follow-up on 31 December 2017, whichever came

first. First, we fitted a ‘crude model’, examining risks asso-

ciated with maternal T1D adjusted for birth year as a

continuous variable. In a second model, we adjusted for

potential confounding by additionally including covariates

for maternal and paternal age, history of maternal and

paternal psychiatric disorders at delivery (yes/no) and ma-

ternal and paternal years of education at delivery. Birth

year and parental ages entered the models using natural cu-

bic splines with 3 degrees of freedom, except for the analy-

ses stratified by T1D in which the small number of

observations only allowed 2 degrees of freedom.

Mediation by pre-term birth

Since mothers with T1D have an increased risk of pre-

term birth2 and pre-term birth is associated with in-

creased risk of ASD,32 we examined the modifying role

of pre-term birth (Supplementary Figure S7, available as

Supplementary data at IJE online). First, we repeated the

analyses in subgroups of children born term/pre-term

and in singletons since twins are more often born pre-

term and at increased risk of ASD.33 Next, we performed

a mediation analysis of pre-term birth by approximating

our Cox models with log-binomial regression and fitting

Natural Effects Models.34,35 These analyses are using

two log-binomial regression models, one outcome model

including T1D as a predictor for offspring ASD risk and

one mediation model including T1D as a predictor for

pre-term birth. We adjusted for confounding as above,

and risks were estimated separately for male and female

offspring. Additionally, we analysed how much of the

mediation was attributed to interaction between T1D

and pre-term birth. We calculated E-values for the direct

and mediated effects.36 The E-value for the direct effect

estimates the effect size of an unmeasured confounder

associated with both T1D and ASD required to

completely explain away an estimated direct effect, and

similar for the mediated effect (associated with both

T1D and pre-term birth). We calculated percentile based

95% bootstrap CIs.37 Computer code for the mediation

analysis is shown in Supplementary Table S10 (available

as Supplementary data at IJE online).

Glucose levels—HbA1c. We extended the crude Cox

regression model with HbA1c (mmol/mol) data and exam-

ined ASD risk associated with HbA1c, above what can be

attributed to a T1D diagnosis alone. This was achieved by

a parametrization in which we added a continuous variable

taking the value zero for women without T1D, and HbA1c

minus the average HbA1c for women with T1D for women

with T1D. This two-stage risk model allowed us to esti-

mate the risk associated with a T1D diagnosis, as well as

the additional excess risk associated with a change in

HbA1c in the average T1D mother by fitting a natural

cubic spline to the HbA1c data. We compared the distribu-

tion of study covariates between mothers with T1D with

and without data on HbA1c.

Supplementary analyses

We performed a series of complementary analyses; (i) since

obesity is a growing problem in pregnant women with

T1D and may increase insulin resistance and hyperglyce-

mia, we examined ASD risk in subgroups by maternal

BMI; (ii) ASD risk in relation to maternal T1D was also

compared in subgroups of small-, appropriate- and large-
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for-gestational-age offspring; (iii) due to the skewed sex ra-

tio in ASD, we examined risks of ASD in male and female

offspring separately and in term and pre-terms; (iv) since

T1D duration is closely linked to maternal age38 and T1D

may affect biological age,39 we estimated the risk of off-

spring ASD as a function of maternal age for mothers with

and without T1D; (v) the analyses were re-run for the sub-

set of individuals with autistic disorder (AD), a classifica-

tion present in the ICD-10 coding system for the most

severely affected individuals.

All analyses were performed using the statistical pack-

age R, version 3.6.1 (function coxph in package survival)

and SAS 9.4 (proc causalmed). Computer code is available

from the corresponding author by request. We examined

the assumption of proportional hazards by visual inspec-

tion of weighted Schoenfeld residuals and score tests.40 All

tests of statistical hypotheses were done on the two-sided

5% level of significance corresponding to two-sided 95%

CIs covering the value one. We did not adjust for multiplic-

ity of statistical tests; however, the primary hypothesis is

addressed using a single test. No imputation was done for

missing data on covariates.

Results

The study cohort included 1 421 082 children. We ex-

cluded 40 children diagnosed with ASD before age

1 year. Only 14 392 (1.0%) did not have complete data

on all covariates and were excluded from the statistical

analyses. Thus, our analyses included 1 406 650 children,

of whom 8003 (0.6%) children were born to mothers

with T1D. There were 196 (2.4%) children diagnosed

with ASD to mothers with T1D compared with 24 745

(1.8%) in children of mothers without T1D correspond-

ing to 275 cases per 100 000 person-years among off-

spring of mothers and 184 cases per 100 000 person-

years among mothers without T1D. The median length

of follow-up was 8.5 person-years for offspring of moth-

ers without T1D and 9.5 person-years for offspring of

mothers with T1D (Table 1; Supplementary Figure S1,

available as Supplementary data at IJE online).

The risk of ASD was increased in offspring of mothers

with T1D. In the crude model, only adjusted for birth

year, the HR for ASD in offspring of mothers with T1D

compared with offspring of mothers without T1D was

estimated as 1.52 (95% CI: 1.32–1.75). After adjustment

for confounding, the HR for ASD was estimated at 1.40

(1.21–1.61), which remained robust when excluding

twins (Table 2). There was no evidence for non-

proportional hazard (Supplementary Figure S3, available

as Supplementary data at IJE online).

Mediation by pre-term birth

In pregnancies without T1D, 81 915 (5.8%) of the off-

spring were born pre-term (Table 1) compared with 1859

(23.2%) of pregnancies to T1D mothers (Table 1). Among

term-born children, the adjusted HR for ASD was 1.35

(1.14–1.60) and it was 1.20 (0.92–1.56) for pre-term-born

children. There were only minor differences when restrict-

ing to singletons (Table 3; Supplementary Figure S2, avail-

able as Supplementary data at IJE online).

The mediation analysis showed that the direct risk of

ASD from T1D was estimated at RR¼ 1.29 (1.11–1.48)

and the risk mediated by pre-term birth was estimated at

RR¼ 1.06 (1.05–1.08), unaffected by including an interac-

tion term between T1D and pre-term birth (Supplementary

Table S9, available as Supplementary data at IJE online)

and corresponding to 22% (16–39%) of the total effect. In

subgroups by sex, the percentage mediation from pre-term

birth was estimated at 24% (15–73%) for males and 18%

(12–33%) for females (Table 4). As measured by the E-val-

ues, an unmeasured confounder associated with both T1D

and ASD with an approximate RR of �1.90 for both

would be needed to explain away the direct effect. For the

observed mediated effect, an approximate RR of 1.33 for

both pre-term birth and ASD would suffice (Table 4).

Glucose levels—HbA1c

HbA1c measured 1 year prior to and until þ 90 days

from conception was available for 4945 (62%) of the

mothers with T1D (Supplementary Figure S6, available

as Supplementary data at IJE online) and distribution at

the 10th percentile at 40, median at 58 and the 95th per-

centile at 85 mmol/mmol. There were no differences in

the distribution of confounding factors for T1D mothers

with and without data on HbA1c (Supplementary

Table S2, available as Supplementary data at IJE online).

The HR of ASD in the offspring of women with T1D

with data on HbA1c compared with the offspring of

women T1D was estimated at HR¼ 1.62 (1.34–1.97),

similar to the HR for T1D in the main analysis.

The two-stage analysis, estimating the impact of HbA1c

adding on to the risk of T1D diagnosis alone, showed an

approximately linear form (Figure 1). The excess risk

associated with a þ5-mmol/mol excess in HbA1c was esti-

mated at 1.03 (0.97–1.10) compared with offspring of

mothers with T1D and average HbA1c.

Supplementary analyses

There were no differences in ASD risk by maternal BMI

(Supplementary Table S3, available as Supplementary data
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at IJE online) or offspring size for gestational age

(Supplementary Table S4, available as Supplementary data

at IJE online). The HRs in the earliest and latest birth

cohorts were similar (Supplementary Table S5, available as

Supplementary data at IJE online). Sex-specific analyses

showed slightly higher HR point estimates for ASD in girls

than in boys (Supplementary Tables S6 and S7 and

Supplementary Figure S4, available as Supplementary data

at IJE online). The risk of ASD associated with advancing

maternal age was more pronounced, i.e. steeper, for off-

spring of mothers with T1D compared with offspring of

mothers without T1D (Supplementary Figure S5, available

as Supplementary data at IJE online). For AD, the direct

risk of AD from T1D was estimated at RR¼ 1.19 (0.98–

Table 1 Cohort description

Covariate Mothers without T1D

[number of children (%)]

Mothers with T1D

[number of children (%)]

Children (% male) 13 98 647 (51.5%) 8 003 (51.0%)

Person-years/length of follow-up [median (min, max)] 8.5 (0.0, 19.0) 9.5 (0.1, 19.0)

Autism spectrum disorder (ASD) 24 745 (1.8%) 196 (2.4%)

Incidence rate of ASD per 100 000 person-years (total follow-up) 184 (13 436 700) 275 (71 147)

Autistic disorder (AD) 13 277 (0.95%) 103 (1.29%)

Incidence rate of AD per 100 000 person-years (total follow-up) 99 (13 484 812) 145 (71 535)

Pre-terms (<37 weeks’ gestation) 80 056 (5.7%) 1 859 (23.2%)

Birth year

1998–2003 432 447 (30.9%) 2 029 (25.3%)

2004–2009 480 012 (34.3%) 2 771 (34.6%)

2010–2015 486 188 (34.8%) 3 203 (40.0%)

Mother’s age at delivery (years)

<20 11 890 (0.9%) 73 (0.9%)

20–29 536 402 (38.4%) 3166 (39.6%)

30–39 789 826 (56.5%) 4 402 (55.0%)

�40 60 529 (4.3%) 362 (4.5%)

Father’s age at delivery (years)

<20 3 851 (0.3%) 18 (0.2%)

20–29 357 380 (25.6%) 2 079 (26.0%)

30–39 855 114 (61.1%) 4 831 (60.4%)

�40 182 302 (13.0%) 1 075 (13.4%)

Size for gestational ageb

SGA 25 817 (1.9%) 92 (1.2%)

AGA 1 278 274 (94.3%) 4 771 (61.4%)

LGA 50 867 (3.8%) 2 908 (37.4%)

Maternal psychiatric history 130 821 (9.4%) 1 346 (16.8%)

Paternal psychiatric history 83 071 (5.9%) 1 588 (7.3%)

Mother’s BMI (Q1/Median/Q3)a,b 23.5 (21.5–26.5) 25.1 (22.8–28.3)

Underweighta 26 908 (2.1%) 35 (0.5%)

Normal weighta 785 401 (62.2%) 3 537 (49.0%)

Overweighta 305 570 (24.2%) 2 410 (33.4%)

Obesea 144 031 (11.4%) 1 237 (17.1%)

Maternal education

Primary 113 469 (8.1%) 784 (9.8%)

Secondary 614 441 (43.9%) 3 716 (46.4%)

University 670 737 (48.0%) 3 503 (43.8%)

Paternal education

Primary 144 600 (10.3%) 892 (11.1%)

Secondary 715 042 (51.1%) 4 406 (55.1%)

University 539 005 (38.5%) 2 705 (33.8%)

T1D, type 1 diabetes; BMI, body mass index; SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age.
aUnderweight: BMI< 18.5, normal weight: BMI 18.5–25, overweight: BMI 25–30, obese: BMI� 30.
bQ1: 1st quartile (25th percentile), Q3: 3rd quartile (75th percentile); 140 225 (9.8%) missing values for BMI and 45 058 (3.2%) for size for gestational age

were excluded.
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Table 2 Risk of autism spectrum disorder in offspring of mothers with type 1 diabetes, compared with offspring of mothers with-

out type 1 diabetes

Model Number of patients Rate (cases; person-years) Hazard ratio (95% CI)

Crude 1 406 650 185 (24 941; 13 507 847) 1.52 (1.32–1.75)

Model 1 (adjusted)a 1.40 (1.21–1.61)

Subgroup analyses:

Model 1—Singletonsb

1 365 518 185 (24 205; 13 103 299) 1.41 (1.23–1.63)

Crude: adjusting for birth years by natural cubic splines.
aModel 1: Crude þ adjusted for maternal and paternal age by natural cubic splines, parental psychiatric history (yes/no) and maternal and paternal education

at delivery;
bModel 1 excluding twins, i.e. singletons only.

Table 3 Hazard ratios for autism spectrum disorder in subgroups of term and pre-term births

Model Pre-term-born children Term-born children

Number of patients Rate (cases;

person-years)

Hazard ratio

(95% CI)

Number of patients Rate (cases;

person-years)

Hazard ratio

(95% CI)

Crude 81 915 265 (2 109;

796 499)

1.32 (1.01–1.71) 1 324 735 180 (22 832;

12 711 348)

1.45 (1.23–1.72)

Adjusteda 1.20 (0.92–1.56) 1.35 (1.14–1.60)

Adjusted, singletonsb 64 163 282 (1 751;

621 198)

1.17 (0.89–1.53) 1 301 355 180 (22 454;

12 482 101)

1.37 (1.16–1.62)

CI, two-sided 95% confidence interval.
aAdjusted for birth year, parental age by natural splines, parental psychiatric history and education.
bAdjusted model in subset including singletons only. Rate: cases per 100 000 person-years.

Table 4 Mediation of effect from maternal type 1 diabetes to offspring autism spectrum disorder, mediated by pre-term birth

Effect estimates

in the mediation

analyses

Full data set of 1 406 650 patients,

24 941 with ASD (1.77%)

Subset male offspring Subset female offspring

Crude model RR

(95% CI)a
Adjusted model

RR (95% CI)b
Crude model RR

(95% CI)a
Adjusted model

RR (95% CI)b
Crude model RR

(95% CI)a
Adjusted model

RR (95% CI)b

Total effect 1.51 (1.31–1.73) 1.37 (1.18–1.57) 1.41 (1.20–1.66) 1.29 (1.07–1.52) 1.80 (1.38–2.24) 1.61 (1.26–2.04)

E-value 2.39 (1.95–2.86) 2.09 (1.64–2.51) 2.16 (1.69–2.71) 1.90 (1.34–2.41) 2.99 (2.11–3.90) 2.59 (1.84–3.51)

NDE 1.40 (1.22–1.61) 1.29 (1.11–1.48) 1.31 (1.12–1.55) 1.22 (1.01–1.44) 1.66 (1.28–2.06) 1.50 (1.17–1.91)

Percentage 79 (69–84) 78 (62–84) 77 (57–85) 76 (27–85) 82 (72–88) 82 (67–88)

E-value 2.15 (1.73–2.61) 1.90 (1.47–2.32) 1.96 (1.48–2.48) 1.74 (1.13–2.23) 2.70 (1.88–3.55) 2.37 (1.62–3.23)

NIE 1.08 (1.07–1.09) 1.06 (1.05–1.08) 1.07 (1.06–1.08) 1.06 (1.05–1.07) 1.08 (1.07–1.11) 1.07 (1.05–1.09)

Percentage 21 (16–31) 22 (16–39) 23 (15–43) 24 (15–73) 18 (12–28) 18 (12–33)

E-value 1.37 (1.33–1.40) 1.33 (1.29–1.36) 1.34 (1.30–1.38) 1.31 (1.27–1.34) 1.39 (1.33–1.46) 1.35 (1.29–1.41)

Mediation analyses assessing risk by relative risk (RR) from log-binomial regression T1D! ASD and for pre-term! ASD.

ASD, autism spectrum disorder; T1D, type 1 diabetes; RR, relative risk from log-binomial regression; CI, two-sided confidence interval from bootstrapping

1000 samples.
aOutcome and mediation model adjusted for birth year (1998–2002, 2003–2007, 2008–2012, 2013–2015).
bOutcome and mediation model additionally adjusted for maternal age (<20, 20–24, 24–29, 30–34, 34–39, 40–44, >45), paternal age (<20, 20–24, 24–29,

30–34, 34–39, 40–44, >45), maternal psychiatric history at delivery (yes/no), paternal psychiatric history at delivery (yes/no), maternal education attainment at

delivery (‘Grundskola’, ‘Gymnasium’, ‘University’) and paternal education attainment at delivery (‘Grundskola’, ‘Gymnasium’, ‘University’).

Total effect ¼ NDE þ NIE. ‘Natural direct effect’ (NDE) is the RR of ASD comparing offspring of mothers with T1D diagnosis with offspring of mothers with-

out T1D diagnosis, when the pre-term covariates are (contrafactually) assigned the same value, e.g. term. ‘Natural indirect effect’ (NIE) is the RR of ASD compar-

ing offspring born pre-term to offspring born term assuming all are born to mothers diagnosed with T1D. ‘Total effect’ is the RR of ASD comparing pre-term-

born offspring of mothers with T1D diagnosis to term-born offspring of mothers without T1D diagnosis, i.e. the RR comparing assumed highest risk group to

lowest risk group.
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1.46) and the risk mediated by pre-term birth was esti-

mated at RR¼ 1.09 (1.07–1.10) corresponding to 35%

(20–100%) of the total effect. The E-values for the medi-

ated effect indicate that a RR of 1.33 or higher for both

pre-term birth and ASD would suffice to explain away the

effect mediated through pre-term birth (Supplementary

Table S8, available as Supplementary data at IJE online).

Discussion

In a nationwide, prospective cohort study of 1.4 million

live births in Sweden we found an increased risk of ASD in

offspring of mothers with T1D. The results remained after

a detailed adjustment for individual and familial confound-

ing. A mediation analysis of pre-term birth indicated that

�22% of the ASD risk was mediated through pre-term

birth. The level of HbA1c before or in early pregnancy did

not provide any additional risk modification.

Strengths of our study include the large, prospectively

collected, nationwide sample with diagnostic ascertain-

ment of T1D and ASD by clinical specialists. The inclusion

of entire birth cohorts, with essentially complete follow-up

through national health registries, minimizes risk of selec-

tion bias. Our detailed data enabled mediation analyses of

pre-term birth in the association between T1D and risk of

ASD, a detailed adjustment for confounding and to exam-

ine the association between HbA1c, an established disease

biomarker and ASD risk. In all epidemiological studies,

RR estimates rely on assumptions of no unmeasured

confounding. Mediation analyses, as done here, addition-

ally rely on assumptions of no, or low, unmeasured con-

founding between T1D and pre-term birth, T1D and ASD,

and between pre-term birth and ASD. A mediation effect

of 22% of the total risk may not seem small considering

that causes of pre-term birth are heterogeneous and might

not represent a single biological mechanism, and the confi-

dence interval does not preclude an effect as high as 41%.

Still, the calculated E-values were 1.9 for the direct T1D ef-

fect and 1.3 for the mediated effect. Besides the covariates

we included in our models, the current scientific literature,

as far as we know, does not suggest any additional poten-

tial confounders with RRs for ASD and T1D of >1.9.

Known risk factors for T1D are mainly genetic and pleio-

tropic genes for T1D and ASD with RR of >1.9 have not

yet been found.41,42 For the mediated effect, a currently

unknown risk factor of RR of �1.3 confounding the rela-

tion between T1D, pre-term birth (primarily of environ-

mental origins) and ASD cannot be ruled out, e.g. due to

comorbid conditions such as pre-eclampsia and hyperten-

sion. It is also possible that oxidative stress and inflamma-

tion induced by hyperglycemia contribute to both pre-term

birth and ASD risk.8 Still, an association with both ASD

and pre-term birth with RR¼1.3 is fairly high considering

currently known risk factors.42

Study limitations include lack of information on pheno-

type characteristics of the affected individuals, such as IQ

score. However, the mediation effect through pre-term birth

was higher with non-overlapping CIs when analyses were re-

stricted to AD—a more severe form of ASD with higher rates

of intellectual disability. Furthermore, we did not have infor-

mation on obstetric or neonatal interventions that could in-

fluence risks. However, pregnancies with T1D are managed

according to national recommendations, which include su-

pervision regarding risks of fetal hypoxia. Our HbA1c data

were limited to measures –365 to þ90 days from conception.

Ideally, analyses should include measures at conception and

during organogenesis (first 8 weeks of pregnancy). In

Sweden, women with T1D are transferred from the diabetes

clinic to specialist antenatal care when pregnancy is recog-

nized and measures of HbA1c in pregnancy are often not

registered in the NDR. We lacked information on other po-

tential risk factors for ASD, such as maternal medications,

drug abuse and exposure to pollutants.8 However, we have

no reason to believe that these exposures would differ be-

tween mothers with and without T1D. The rare exposure,

T1D, and outcome did not allow a reliable adjustment for fa-

milial confounding,43 and we could not reliably determine

the date of onset of T1D but we believe maternal age is a fair

approximation. Nevertheless, it is possible that the observed

association between T1D and ASD is partly caused by resid-

ual confounding.

The mechanism underlying the association between

T1D and ASD is unclear. Some studies support that hyper-

glycaemia during fetal life may lead to permanent changes

Figure 1 Hazard ratio of autism spectrum disorder (ASD) and two-sided

95% point-wise confidence intervals, associated with –20 to þ20 devia-

tion of maternal glycated haemoglobin (HbA1c) from average HbA1c in

mothers with type 1 diabetes: excess risk on top of the risk associated

with type 1 diagnosis alone

The average HbA1c value was 58 mmol/mol.
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in neuronal networks.44 Hyperglycaemia induces inflam-

mation and oxidative stress,45 which in turn have been

identified as potential risk factors for ASD.8 Still, our anal-

yses do not support any additional risk with higher HbA1c

once T1D diagnosis has been adjusted for.

Conclusion

T1D in pregnancy was associated with increased risks of

ASD in the offspring. Twenty percent of the total effect

was accounted for by the pathway through pre-term birth.

Higher HbA1c was not associated with higher ASD risk,

beyond the association explained by the T1D diagnosis

itself.

A higher awareness for autism risk in offspring to moth-

ers with T1D may be warranted, especially considering the

additional effect of pre-term birth.
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