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Abstract
Aims/hypothesis Evidence of an association between maternal smoking during pregnancy (prenatal smoking) and childhood
type 1 diabetes is mixed. Previous studies have been small and potentially biased due to unmeasured confounding. The objectives
of this study were to estimate the association between prenatal smoking and childhood type 1 diabetes, assess residual confound-
ing with a negative control design and an E-value analysis, and summarise published effect estimates from a meta-analysis.
Methods This whole-of-population study (births from 1999 to 2013, participants aged ≤15 years) used de-identified linked
administrative data from the South Australian Early Childhood Data Project. Type 1 diabetes was diagnosed in 557 children
(ICD, tenth edition, Australian Modification [ICD-10-AM] codes: E10, E101–E109) during hospitalisation (2001–2014).
Families not given financial assistance for school fees was a negative control outcome. Adjusted Cox proportional HRs were
calculated. Analyses were conducted on complete-case (n = 264,542, type 1 diabetes = 442) and imputed (n = 286,058, type 1
diabetes = 557) data. A random-effects meta-analysis was used to summarise the effects of prenatal smoking on type 1 diabetes.
Results Compared with non-smokers, children exposed to maternal smoking only in the first or second half of pregnancy had a
6% higher type 1 diabetes incidence (adjusted HR 1.06 [95%CI 0.73, 1.55]). Type 1 diabetes incidence was 24% lower (adjusted
HR 0.76 [95% CI 0.58, 0.99]) among children exposed to consistent prenatal smoking, and 16% lower for exposure to any
maternal smoking in pregnancy (adjusted HR 0.84 [95% CI 0.67, 1.08]), compared with the unexposed group. Meta-analytic
estimates showed 28–29% lower risk of type 1 diabetes among children exposed to prenatal smoking compared with those not
exposed. The negative control outcome analysis indicated residual confounding in the prenatal smoking and type 1 diabetes
association. E-value analysis indicated that unmeasured confounding associated with prenatal smoking and childhood type 1
diabetes, with a HR of 1.67, could negate the observed effect.
Conclusions/interpretation Our best estimate from the study is that maternal smoking in pregnancy was associated with 16%
lower childhood type 1 diabetes incidence, and some of this effect was due to residual confounding.
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Introduction

Onset of type 1 diabetes can occur at any age, but many chil-
dren who develop this condition have detectible autoanti-
bodies targeting beta cell antigens within the first year of life
[1], suggesting that early exposures may have a role in the
natural history of type 1 diabetes [2]. Increasing trends, coun-
try variation in global type 1 diabetes incidence (0.01–60 per
100,000 population per-year) and the type 1 diabetes discor-
dance in monozygotic twins all suggest a role of non-genetic
factors [3–5]. An environmental exposure implicated in type 1
diabetes pathogenesis is maternal smoking during pregnancy.
Mechanisms that link prenatal smoking and childhood type 1
diabetes are not understood but may be associated with altered
gene expression or immune function [6, 7].

Type 1 diabetes incidence has increased in many countries
that are ranked in the top ten for type 1 diabetes incidence,
including Finland, Sweden, the USA and UK [3, 8], while
prenatal smoking rates have declined or become stable in these
countries in the last decade [9]. In Australia, type 1 diabetes
incidence among 0–14 year olds has increased from 21.5 per
100,000 population in 2000, to 24.7 per 100,000 population in
2015 [10], while prevalence of smoking during pregnancy
reduced from 17.3% in 2006 [11] to 9.9% in 2016 [12].
Previous studies of prenatal smoking and childhood type 1
diabetes reported mixed findings, demonstrating increased
[13], decreased [14–16] and null [17] type 1 diabetes risk. A

Swedish HLA-genotype-matched case–control study demon-
strated an increased type 1 diabetes risk for children exposed
to prenatal smoking [13], and a UK record-linkage study did
not find any difference in the type 1 diabetes incidence between
children exposed and unexposed to prenatal smoking [17].
Conversely, large population-based cohort studies have demon-
strated 25–35% lower type 1 diabetes risk for children exposed
to prenatal smoking [15, 16]. These mixed findings of an asso-
ciation between prenatal smoking and childhood type 1 diabe-
tes could be due to differences in confounding adjustments.
Many population-based studies have adjusted for confounders
such as maternal age [13–16], maternal deprivation or socio-
economic position [14, 15], birth order or parity [13, 15, 16],
maternal education, pre-pregnancy BMI and diabetes, and
some have adjusted for mediators [13–15]. Some studies have
not adjusted for father’s age, pre-pregnancy diabetes or hyper-
tension, ethnicity or socioeconomic indicators, and one study
excluded children whose mothers had pre-existing diabetes
[13–15]. Most studies on smoking during pregnancy and type
1 diabetes risk have small numbers of children exposed to
smoking during pregnancy, ranging from 5 to 72 in
population-based cohort studies [15, 16, 18] and 29 to 258 in
case–control studies [13, 14, 19–22]. Small sample sizes could
be another reason for variable findings in previous studies;
therefore, one way to obtain a more precise effect estimate of
the prenatal smoking and type 1 diabetes association is to
combine these estimates in a meta-analysis.
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The objectives of this study were: (1) to estimate the asso-
ciation between prenatal maternal smoking and childhood
type 1 diabetes incidence with adjustment for a range of
confounding factors defined a priori; (2) to measure the poten-
tial for bias due to unmeasured confounding using a negative
control outcome analysis and E-value calculation; and (3) to
perform a meta-analysis of published population-based cohort
and case–control studies.

Methods

Study population and design We used data from the South
Australian Early Childhood Data Project, which consists of
routinely collected, de-identified, linked government adminis-
trative datasets [23]. Datasets were linked by an independent
agency (SA NT Datalink; www.santdatalink.org.au, accessed
1 May 2019) [24]. Children were linked across datasets using
a probabilistic algorithm that included demographic
information, such as name, date of birth, sex and address. A
0.5% false linkage rate has been reported in Australia [24].
This study used inpatient hospitalisation data from July 2001
to June 2014, and perinatal and birth registration data from
1999 to 2013 (Fig. 1).

Type 1 diabetes Individuals with type 1 diabetes (aged
≤15 years) were identified from inpatient hospitalisation data
from all public hospitals in South Australia. Children with index
type 1 diabetes hospitalisations were identified using ICD, tenth
edition, Australian Modification (ICD-10-AM) codes (E10,
ranging from E101 to E109), [25], including both principal and

additional diagnoses. Diagnoses codes were assigned to each
hospitalisation episode by trained hospital staff.

Maternal smoking during pregnancy Data on prenatal
smoking was obtained from the South Australian Perinatal
Statistics Collection [26] from 1999 to 2013. It is mandatory
for perinatal statistics to be collected for every child born in
South Australia. Data were collected by midwives or nurses
using a standard data collection form. Perinatal data have been
collected by the South Australian government since 1981 to
track mother and child health indicators [12, 26]. The data
collection form has been validated against an audit of medical
records [27].

Maternal smoking data were collected at the first antenatal
visit (≤20 weeks’ gestation) and in the second half of preg-
nancy (≥20 weeks’ gestation) [26]. Most women (74.3%) had
their first antenatal visit before 14 weeks’ gestation [26]. For
the primary analysis, smoking was categorised into non-
smokers, smokers only in first or second half of pregnancy,
and consistent smokers. For women who smoked only in the
first or second half of pregnancy, no information is available
on when they started or stopped smoking, therefore, the dura-
tion of smoking is unclear. Due to small numbers of offspring
with type 1 diabetes among women who smoked, smoking in
pregnancy was dichotomised into non-smokers or smokers
(including women who smoked any time during pregnancy)
for secondary analyses.

Confounding Confounders of the association between mater-
nal smoking during pregnancy and type 1 diabetes risk were
identified a priori based on literature and by using a directed

Initial sample  n = 286,058 

No T1D  n = 285,501 

T1D  n = 557 

Complete case n = 264,542 

No T1D  n = 264,100  

T1D          n = 442     

Multiple imputed  n = 286,058 

 dataset 

Outcome 

T1D  n = 557  

No T1D  n = 285,501 

Exposure             

No smoking n = 223,842 

Smoking  n = 62,216 

Missing data   

Maternal smoking  n = 8688 

Mother’s age   n = 90 

Father’s age  n = 13,163 

Parents’ occupation  n = 1008 

Pre-pregnancy  n = 996  

 diabetes  

Pre-pregnancy HP  n = 996 

Parity        n = 996 

Mother’s birth region  n = 1045 

Mother’s ethnicity    n = 997 

Hospital category  n = 997 

 (private/public)    

Type of maternal care n = 996 

 (private/public)  

Remoteness        n = 228 

IRSAD n = 336 

Maternal BMI n = 173,905 

Birth and perinatal data,  n = 285,971 

 1999–2013, SA born  

First T1D hospitalisation,   N = 557 

 2001–2014 

With perinatal data   n = 470 

Without perinatal data/  n = 87 

 not SA born  

Fig. 1 Flow chart of the study
population. Maternal BMI was
measured from 2007 onwards.
HP, hypertension; IRSAD, Index
of Relative Socioeconomic
Advantage and Disadvantage;
SA, South Australian; T1D, type
1 diabetes
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acyclic graph (electronic supplementary material [ESM] Fig.
1). Information on confounders was obtained from the South
Australian Perinatal Statistics Collection [26]. Parental char-
acteristics included mother’s and father’s age (continuous
variables), and parental highest occupation in four categories:
(1) managers, administrators and professionals; (2) para-
professionals, tradespersons, clerks, salespersons and personal
service; (3) plant and machine operators, drivers and
labourers; and (4) students, pensioners, home duties and
unemployed. Maternal and child characteristics were maternal
birth region (Oceania, Europe, or Africa, Asia or America),
mother’s ethnicity (European descent, Aboriginal or Torres
Strait Islander, or Asian and other), whether the mother was
a private or public hospital patient, type of hospital where the
child was born (private/public), maternal pre-pregnancy
hypertension (yes/no), pre-pregnancy diabetes (yes/no), parity
(first, second, third or ≥fourth) and the child’s year of birth.
Area-level measures of socioeconomic conditions (Index of
Relative Socioeconomic Advantage and Disadvantage
[IRSAD]), and remoteness and accessibility (Australian
Remoteness Index for Areas) were based on the mother’s
postcode at the time of birth. Maternal BMI at the first ante-
natal visit (<25 kg/m2, 25 to <30 kg/m2 or ≥30 kg/m2) was
included as a confounder only in sensitivity analysis as mater-
nal BMI data were not collected for births prior to 2007.

Statistical analysis The crude and adjusted association
between prenatal smoking and childhood type 1 diabetes for
both primary and secondary analyses was estimated by Cox
proportional hazard regression, to account for differences in
observation time across successive birth years. These analyses
were conducted on both complete-case (ESM Table 2; n =
264,542, type 1 diabetes = 442) and imputed (Table 2; n =
286,058, type 1 diabetes = 557) data. Schoenfeld residual tests
demonstrated non-violation of the proportional hazard
assumption. Children were followed from birth until the diag-
nosis of type 1 diabetes or the end of follow-up (June 2014).
The observation time ranged from 1 year (for births in 2013)
to 15 years (for births in 1999), with a mean follow-up of
8 years.

A negative control outcome analysis was used to investi-
gate whether any association between maternal smoking in
pregnancy and type 1 diabetes could be due to unmeasured
confounding [28]. Cox proportional hazard regression analy-
sis estimated the association between maternal smoking
during pregnancy and the family not having a school card
for financial assistance with school fees. An assumption about
negative control outcomes is that the measured and unmea-
sured confounding pattern for the association between mater-
nal smoking and type 1 diabetes is the same as for the maternal
smoking and no school card association (called ‘U-compara-
ble’) [28]. There is no plausible reason for prenatal maternal
smoking to directly cause a child to get a school card. If there

is any association between maternal smoking in pregnancy
and child not having a school card, it must be through
confounders (e.g. sociodemographic characteristics), addi-
tional backdoor paths or unmeasured confounding (ESM
Fig. 2). School card data was sourced from the school enrol-
ment census and was provide by the Department for
Education, South Australia. Data were only available for chil-
dren who had started school (complete-case analysis: n =
277,370 [no school card, n = 84,531]; imputed data: n =
184,663 [no school card, n = 149,670]).

The E-value was calculated to measure the potential for
bias due to unmeasured confounding in the prenatal smoking
and type 1 diabetes association. The E-value quantifies the
minimum strength of an association that an unmeasured
confounder would need to have with the exposure and
outcome to negate the observed association between prenatal
smoking and type 1 diabetes, given the measured confounders
[29]. The E-value for the CI quantifies the strength of an
association that unmeasured confounding would need to have
with prenatal smoking and childhood type 1 diabetes, above
and beyond the measured confounders, to change the CI to
include the null [29].

Five sensitivity analyses were performed to see if the asso-
ciation between prenatal smoking and childhood type 1 diabe-
tes was similar to the main findings. In the first sensitivity
analysis, we examined whether adjusting for pre-pregnancy
BMI (in addition to all other confounders) influenced the asso-
ciation between prenatal smoking and type 1 diabetes.
Maternal BMI was only collected from 2007 onwards and,
therefore, could not be included in the main analyses. The
second sensitivity analysis was restricted to births from
July 2001 to December 2013, as hospital data was only avail-
able from July 2001 and any diagnosis of type 1 diabetes from
1999 to mid-2001 may have been misclassified. As perinatal
data was only collected for South Australian-born children,
the third sensitivity analysis was restricted to children born
in South Australia, for whom more complete data were avail-
able. The fourth sensitivity analysis was restricted to singleton
births to make our study comparable with previous studies
that were conducted only on singleton births [15, 16].
Finally, all the above were combined and the analysis was
restricted to singleton children born in South Australia from
July 2001 to December 2013. All the sensitivity analyses were
adjusted for maternal BMI along with all other confounders.

The amount of missing information on the exposure and
confounders in Table 1 ranged from 0.03% to 0.37%, except
prenatal maternal smoking (3.0%), father’s age (4.6%) and
maternal BMI (66.6%; not included in primary analysis).
Multiple imputation by chained equations was conducted to
maintain the association between prenatal smoking and child-
hood type 1 diabetes and to account for potential bias if the
association differed between children with and without
complete data [30]. The outcome variable (type 1 diabetes)
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Table 1 Characteristics of children by maternal smoking during pregnancy (N = 286,058)

Characteristic Imputed analysis
N = 286,058a

Complete-case analysis
N = 264,542

No smoking
n = 223,842

Smoking
n = 62,216

No smoking
n = 212,414

Smoking
n = 52,128

Type 1 diabetes

No 223,403 (99.8) 62,098 (99.8) 212,064 (99.8) 52,036 (99.8)

Yes 439 (0.2) 118 (0.2) 350 (0.2) 92 (0.2)

Mother’s age (years) 30.1 ± 5.4 27.4 ± 6.1 30.1 ± 5.3 27.6 ± 6.0

Father’s age (years) 33.2 ± 6.4 31.0 ± 7.0 33.3 ± 6.3 31.1 ± 6.9

Pre-pregnancy diabetes

No 222,591 (99.4) 61,759 (99.3) 211,283 (99.5) 51,774 (99.3)

Yes 1251 (0.6) 457 (0.7) 1131 (0.5) 354 (0.7)

Pre-pregnancy HT

No 221,030 (98.7) 61,475 (98.8) 209,763 (98.8) 51,524 (98.8)

Yes 2812 (1.3) 741 (1.2) 2651 (1.2) 604 (1.2)

Hospital category (for childbirth)

Private 67,304 (30.1) 5191 (8.3) 65,446 (30.8) 4830 (9.3)

Public 156,538 (69.9) 57,025 (91.7) 146,968 (69.2) 47,298 (90.7)

Type of patient (mother, healthcare)

Private 81,670 (36.5) 6704 (10.8) 78,018 (36.7) 6014 (11.5)

Public 142,172 (63.5) 55,512 (89.2) 134,396 (63.3) 46,114 (88.5)

Parity

1st child 95,457 (42.6) 24,419 (39.2) 90,323 (42.5) 20,622 (39.6)

2nd child 81,299 (36.3) 18,754 (30.1) 77,871 (36.7) 16,098 (30.9)

3rd child 32,074 (14.3) 10,392 (16.7) 30,440 (14.3) 8696 (16.7)

≥4th child 15,011 (6.7) 8650 (13.9) 13,780 (6.5) 6712 (12.9)

Parents’ highest occupation

Manager/administrator/professional 103,424 (46.2) 12,088 (19.4) 99,549 (46.9) 10,994 (21.1)

Para-professional/ tradesperson/clerk/
salesperson/personal service

83,595 (37.3) 24,295 (39.0) 80,009 (37.7) 21,578 (41.4)

Plant and machine operators/drivers/labourers 20,554 (9.2) 12,203 (19.6) 19,459 (9.2) 10,598 (20.3)

Students/pensioners/home duties/unemployed 16,269 (7.3) 13,630 (21.9) 13,397 (6.3) 8958 (17.2)

Mother’s birth region

Oceania 180,678 (80.7) 58,150 (93.5) 171,221 (80.6) 48,533 (93.1)

Europe 17,029 (7.6) 2869 (4.6) 16,268 (7.7) 2528 (4.8)

Africa/Asia/America 26,135 (11.7) 1197 (1.9) 24,925 (11.7) 1067 (2.0)

Mother’s ethnicity

White 192,995 (86.2) 55,577 (89.3) 183,646 (86.5) 47,587 (91.3)

Aboriginal/Torres Strait Islander 3283 (1.5) 5083 (8.2) 2543 (1.2) 3191 (6.1)

Asian/other 27,564 (12.3) 1555 (2.5) 26,225 (12.3) 1350 (2.6)

Remoteness

Major cities 166,731 (74.5) 40,835 (65.6) 158,572 (74.7) 34,628 (66.4)

Inner regional 21,161 (9.5) 6147 (9.9) 20,054 (9.4) 5165 (9.9)

Outer regional/remote 35,950 (16.1) 15,233 (24.5) 33,788 (15.9) 12,335 (23.7)

IRSADb

1st quintile 54,062 (24.2) 25,441 (40.9) 50,598 (23.8) 20,661 (39.6)

2nd quintile 48,338 (21.6) 15,359 (24.7) 45,861 (21.6) 12,888 (24.7)

3rd quintile 38,442 (17.2) 9111 (14.6) 36,669 (17.3) 7827 (15.0)

4th quintile 47,752 (21.3) 8152 (13.1) 45,731 (21.5) 7154 (13.7)

5th quintile 35,247 (15.7) 4153 (6.7) 33,555 (15.8) 3598 (6.9)
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was not imputed. The outcome variable, all variables in
Table 1 and the sensitivity analyses, and the Nelson–Aalen
estimator of the cumulative hazard were included in the impu-
tation models [31]. Summary statistics (Table 1) and estimates
in Tables 2 and 3 were derived by combining the 20 imputed
datasets, using Rubin’s rules [32]. Analysis from complete-
case data are presented in ESM Table 2 and ESM Table 3.

Meta-analysis Even the largest studies investigating the effect
of prenatal maternal smoking on type 1 diabetes only included
relatively small numbers of children with type 1 diabetes who
were born to mothers who smoked during pregnancy (n = 42–
72 in population-based cohort studies) [15, 16]. Therefore,
estimates from individual studies are imprecise. To compute
a more precise estimate, a meta-analysis of the current results
with previous studies that reported an association between
prenatal smoking and childhood type 1 diabetes was conduct-
ed in January 2019. PubMed (www.ncbi.nlm.nih.gov), Web

of Science (apps.webofknowledge.com), and Embase (www.
embase.com) databases were systematically searched
(accessed 8 December 2018) for studies on type 1 diabetes,
maternal smoking during pregnancy and related terms,
without limiting year of publication. Population-based studies
written in English that reported maternal smoking during
pregnancy as the exposure and overt or clinical type 1 diabetes
in childhood (<19 years) as an outcome were included.
Studies that reported beta cell autoimmunity (preclinical type
1 diabetes) as an outcome were excluded. Only population-
based studies with some attempt to adjust for confounding
were included in the analysis.

Separate random-effects models were performed for the
meta-analyses of population-based cohort and case–control
studies. The meta-analysis of population-based studies pooled
the HRs, and the meta-analysis of case–control studies pooled
the odds ratios. All population-based-cohort studies reported
HRs and all the case–control studies reported odds ratios. We

Table 2 Maternal smoking
during pregnancy and risk of
childhood type 1 diabetes

Variable T1D, n Unadjusted HR (95% CI) Adjusted HR (95%CI)a

Maternal smoking in pregnancy

Non-smoking 439 Ref. Ref.

Smoked only in 1st/2nd half of pregnancy 38 1.06 (0.73, 1.54) 1.06 (0.73, 1.55)

Consistent smoking 80 0.72 (0.56, 0.93) 0.76 (0.58, 0.99)

Maternal smoking in pregnancy

Non-smoking 439 Ref. Ref.

Smoking (any smoking in pregnancy)b 118 0.80 (0.64, 1.01) 0.84 (0.67, 1.08)

Analysis conducted on imputed data; N = 286,058 (type 1 diabetes, n = 557)
a Adjusted for parents’ age, parents’ occupation, mother’s birth region, maternal ethnicity, remoteness, IRSAD
(Index of Relative Socioeconomic Advantage and Disadvantage), type of patient (mother), hospital category,
parity, pre-pregnancy hypertension, pre-pregnancy diabetes and child’s year of birth
b Combination of consistent smoking and smoking only in first or second half of pregnancy

Ref., reference

Table 1 (continued)

Characteristic Imputed analysis
N = 286,058a

Complete-case analysis
N = 264,542

No smoking
n = 223,842

Smoking
n = 62,216

No smoking
n = 212,414

Smoking
n = 52,128

Maternal BMIc

<25 kg/m2 (underweight/normal) 114,211 (51) 29,006 (46.6) 38,046 (50.4) 6715 (44.5)

25 to <30 kg/m2 (overweight) 59,981 (26.8) 17,167 (27.6) 20,500 (27.1) 4044 (26.8)

≥30 kg/m2 (obese/severely obese) 49,649 (22.2) 16,042 (25.8) 17,005 (22.5) 4327 (28.7)

Data are presented as mean ± SD or n(%)
a For the imputed analysis, the n values of the subgroups of the following do not equate to the total due to rounding: parity (both groups), mother’s
ethnicity (smoking), remoteness (smoking), IRSAD (no smoking), maternal BMI (both groups)
b For IRSAD, first quintile is most disadvantaged, fifth quintile is most advantaged
cMissing data: complete-case analysis/no smoking, n=136,863; complete-case analysis/smoking, n=37,042

HT, hypertension; IRSAD, Index of Relative Socioeconomic Advantage and Disadvantage
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used a random-effects model as we did not assume homoge-
neity of effects among studies.

Analyses were conducted in Stata SE version 15.0
(StataCorp, College Station, TX, USA).

Ethical approval Ethical approval was granted by the Human
Research Ethics Committees of the South Australian
Department of Health (HREC/13/SAH/106) and the
Aboriginal Health Council of South Australia (04-13-538).

Results

A total of 286,058 children (aged ≤15 years) born from 1999
to 2013, contributed to 2,200,252 person-years of data.
During follow-up 557 children were diagnosed with type 1
diabetes: an incidence of 25.3 per 100,000 person-years.
Among 286,058 children, 62,216 were born to mothers who
smoked during pregnancy.

Of the 557 children diagnosed with type 1 diabetes from
2001 to 2014, 118 were exposed to maternal smoking during
pregnancy, with 80 exposed to consistent smoking in both the
first and second half of pregnancy. The crude type 1 diabetes
incidence was 26.3 per 100,000 person-years for children not
exposed, and 22.2 per 100,000 person-years for children
exposed to maternal smoking.

The numbers in Table 1 show that, overall, socioeconom-
ically disadvantaged women, who were from low income
occupations, living in most disadvantaged areas, younger at
the child’s birth and delivered in public hospitals had higher
prevalence of smoking during pregnancy. The distributions of
these characteristics were similar in both the complete-case
and imputed analyses (Table 1). There were numerically more
socioeconomically disadvantaged women in the group that
consistently smoked throughout pregnancy (ESM Table 1).

Primary and secondary analyses In the primary analysis
(Table 2), following adjustment for confounding, type 1
diabetes incidence was 6% higher for children whose mothers
smoked only in first or second half of pregnancy (HR 1.06
[95% CI 0.73, 1.55]), and 24% lower for children exposed to
consistent prenatal maternal smoking (HR 0.76 [95% CI 0.58,
0.99]), comparedwith unexposed children. For smoking in the
first or second half of pregnancy, CIs were wide and ranged
from 27% reduced to 55% increased type 1 diabetes inci-
dence. For consistent smoking, CIs ranged from 42% reduced
to almost no difference in type 1 diabetes incidence between
children exposed and unexposed to maternal smoking.

In secondary adjusted analysis, when the exposure includ-
ed any smoking (first or second half of pregnancy and consis-
tent smoking), childhood type 1 diabetes incidence was 16%
lower for children exposed to maternal smoking in pregnancy
(HR 0.84 [95% CI 0.67, 1.08]) compared with those unex-
posed. Again, the confidence intervals were wide. Complete-
case analyses showed similar associations (ESM Table 2).

Potential for unmeasured confounding The negative control
outcome analysis (Table 3) demonstrated 15% reduced inci-
dence of not having a school card (HR 0.85 [95% CI 0.83,
0.87]) for children exposed to consistent prenatal maternal
smoking, and 14% reduced incidence of not having a school
card (HR 0.86 [95% CI 0.85, 0.88]) related to exposure to any
maternal smoking in pregnancy after adjustment for
confounding. Complete-case analysis showed a similar
pattern (ESM Table 3).

The E-value for the observed point-estimate (HR 0.84
[95% CI 0.67, 1.08]) of prenatal smoking and childhood type
1 diabetes was 1.67. The observed 16% reduced incidence of
type 1 diabetes for children exposed to prenatal smoking
could be explained away by unmeasured confounding that
was associated with prenatal smoking and childhood type 1

Table 3 Negative control
outcome analysis: association
betweenmaternal smoking during
pregnancy and child not having a
school card

Variable No school
card, n

Unadjusted
HR (95% CI)

Adjusted HR (95% CI)a

Maternal smoking in pregnancy

Non-smoking 119,843 Ref. Ref.

Smoked only in 1st or 2nd half of pregnancy 8619 0.90 (0.88, 0.93) 0.89 (0.87, 0.92)

Consistent smoking 21,208 0.80 (0.78, 0. 81) 0.85 (0.83, 0.87)

Maternal smoking in pregnancy

Non-smoking 119,843 Ref. Ref.

Smoking (any smoking in pregnancy)b 29,827 0.82 (0.81, 0.84) 0.86 (0.85, 0.88)

N = 184,663 (no school card, n = 149,670)
a Adjusted for parents’ age, parents’ occupation, mother’s birth region, maternal ethnicity, remoteness, IRSAD
(Index of Relative Socioeconomic Advantage and Disadvantage), type of patient (mother), hospital category,
parity, pre-pregnancy hypertension and pre-pregnancy diabetes
b Combination of consistent smoking and smoking only in first or second half of pregnancy

Ref., reference
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diabetes by an HR of 1.67 each, above and beyond the
measured confounders. The observed 95% CI already includ-
ed a null value (95% CI 0.67, 1.08), therefore, the E-value for
the CI was 1, suggesting that no unmeasured confounding
would be needed to change the CI to include the null. For
example in our study, type 1 diabetes in the father is a potential
unmeasured confounder and a strong predictor of type 1
diabetes in the offspring (paternal type 1 diabetes vs no pater-
nal type 1 diabetes, OR 9.19 [95% CI 3.8, 22.0]) [21], which
could indirectly have an impact on maternal smoking through
the father’s education and socioeconomic position [33]. As the
E-value indicated the ‘unmeasured confounder and outcome
association’ and the ‘unmeasured confounder and exposure
association’, each would need to be equal to a HR of 1.67 to
negate the observed effect. Although type 1 diabetes in the
father is a strong predictor of type 1 diabetes in the offspring,
we do not know the strength of the association between type 1
diabetes in the father and maternal smoking in pregnancy. In
addition, the low prevalence of type 1 diabetes in the father
(<1%) [34] also reduces the potential to confound the maternal
smoking and childhood type 1 diabetes association.
Therefore, type 1 diabetes in the father may not be a strong
enough unmeasured confounder to negate the observed effect
of maternal smoking in pregnancy on childhood type 1 diabe-
tes in this study.

Sensitivity analyses The sensitivity analyses (ESM Table 4)
were consistent with the main findings.

Meta-analysis In addition to the current study, there were four
previous population-based studies describing an association
between prenatal smoking and type 1 diabetes available for
the meta-analysis (Fig. 2). The meta-analysis showed 28%

lower type 1 diabetes incidence for children exposed to prena-
tal smoking (HR 0.72 [95% CI 0.62, 0.82]) compared with
unexposed children. Similarly, the meta-analysis of six case–
control studies (ESM Fig. 3) demonstrated 29% reduced type
1 diabetes risk for children whose mothers smoked during
pregnancy (OR 0.71 [95% CI 0.55, 0.86]) compared with
those children whose mothers had not smoked during
pregnancy.

Discussion

In this large whole-of-population study, type 1 diabetes inci-
dence was lower for children exposed to maternal smoking in
pregnancy compared with children unexposed, after adjusting
for a wide range of confounders. Similar to studies in this area,
small numbers of type 1 diabetes cases among children
exposed to prenatal smoking has impacted on the precision
of the effect estimates. The CIs around the adjusted effect
estimates in our primary and secondary analyses were wide
but, on balance, provided some evidence to suggest a lower
incidence of type 1 diabetes (consistent smokers, HR 0.76
[95% CI 0.58, 0.99]). The crude absolute risk reduction was
small, with four fewer type 1 diabetes cases per 100,000
person-years among children exposed to maternal smoking
in pregnancy vs unexposed children. The 6% increased type
1 diabetes incidence for children whose mothers smoked only
in the first or second half of pregnancy is difficult to interpret,
again because of the very wide confidence intervals (95% CI
0.73, 1.55) and the small number of type 1 diabetes cases
associated with mothers who smoked in the first or second
half of pregnancy (n = 38). In addition, 69% of the 38 women
who smoked only in the first or second half of pregnancy and

Fig. 2 Meta-analysis of maternal smoking during pregnancy and risk of type 1 diabetes (T1D) in population-based studies
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had a child with type 1 diabetes reported quitting before or at
their first antenatal visit. This suggests that the exposure to
smoking during pregnancy among this group was mostly
limited to the first trimester. After triangulating across the
main results and the meta-analysis, and despite the negative
control outcome analysis indicating the likelihood of a small
amount of unmeasured confounding, the evidence suggests a
lower type 1 diabetes incidence for children exposed to mater-
nal smoking during pregnancy as compared with unexposed
children. However, because of the unmeasured confounding,
the effect of smoking on type 1 diabetes is likely to be smaller
than the point estimates suggest. As indicated by the E-value,
unmeasured confounding associated with prenatal smoking
and childhood type 1 diabetes, with an HR of 1.67, could
negate the observed effect.

Smoking will never be recommended as an intervention for
type 1 diabetes due to the significant harm it causes to both the
mother and the fetus. The consequences of prenatal smoking
have been well researched and include increased risk of
miscarriage, preterm delivery, low birthweight, childhood
obesity, respiratory problems, neurodevelopment and behav-
ioural consequences [35, 36]. It is not known which compo-
nent of tobacco, nicotine or other combustible chemicals may
be an active factor associated with reduced type 1 diabetes
risk. Our findings suggest the mechanism of the effect of
maternal smoking during pregnancy on type 1 diabetes (e.g.
immune suppression by nicotine exposure, or alterations in
gene expressions) needs further investigation.

The prevalence of smoking in the first half of pregnancy
(23.8% in 1999, 11.2% in 2013) in our study is similar to
reports of smoking in early pregnancy from Australia in
2013 (11.3%) [37] and Scandinavia in 2009 (Denmark,
12.5%; Norway, 16.5%; Finland, 15%) [38]. Of the women
who reported smoking and gave birth from 1999 to 2013, 25%
quit at or before their first antenatal visit or only smoked in the
first half of pregnancy, consistent with Australian national
reports [12]. Consistent smoking in both the first and second
half of pregnancy in our study (20.7% in 1999, 9.7% in 2013)
is similar to Scandinavian estimates (~10% in Finland and
Denmark in 2009) [38].

Our findings of a lower type 1 diabetes incidence following
exposure to prenatal smoking were similar to findings of previ-
ous case–control and population-based cohort studies. However,
the effect sizes in our study (16–24%) were smaller than previ-
ously reported estimates (25–35%) [14–16, 21, 22]. In our study,
adjusting for a range of confounders did not considerably atten-
uate the effect estimate of maternal smoking on childhood type 1
diabetes. The number of children with type 1 diabetes exposed to
prenatal smoking is small across previous studies, ranging from
42 to 72 in other population-based studies from Australia and
Norway [15, 16]. This is similar to our study, with 118 out of 557
children with type 1 diabetes exposed to maternal smoking in
pregnancy. A meta-analysis was undertaken in our study to

address the small samples and indicated that there was a 28%
reduced risk of type 1 diabetes using data from population-based
studies [15, 16, 18] and a 29% reduced risk using data from case–
control studies [13, 14, 19–22]. These results involve six coun-
tries (Norway, Denmark, Sweden, UK, USA and Australia) and
9872 children with type 1 diabetes, of which 16% were exposed
to prenatal smoking. Our meta-analytic estimates are consistent
with a recent meta-analysis [39]. However, our results are incon-
sistent with the HLA-matched case–control study that reported
increased type 1 diabetes risk for children exposed to prenatal
smoking [13]. Whilst the contribution of the HLA system may
explain up to 60%of genetic risk of type 1 diabetes, it is plausible
that other genetic risk variants contributing to susceptibility [40]
may be more or less prevalent in type 1 diabetes cases compared
with controls in the HLA-matched study.

Many studies, such as the Australian-based Environmental
Determinants of Islet Autoimmunity (ENDIA) study [41]
have been established in at-risk populations to elucidate mech-
anisms that lead to type 1 diabetes, and current thinking is that
there are likely to be multiple mechanisms that link prenatal
smoking with type 1 diabetes [42]. Epigenetic modifications
induced by prenatal smoking, such as DNA methylation, may
lead to changes in gene expression. Differences in DNAmeth-
ylation have been reported among children exposed and unex-
posed to prenatal smoking [6], and among childrenwith type 1
diabetes and their type 1 diabetes-discordant twins [43]. In
addition, nicotine, a known immune suppressant reported to
effect both the innate and adaptive immune responses, can
pass through the placenta to fetal circulation [7]. The suppres-
sive impact of smoking on immunity increases the risk of
many chronic diseases, but there is some suggestion it could
be protective for an autoimmune disease like type 1 diabetes.
Smoking during pregnancy has been associated with reduced
risks of other diseases with immune elements, such as pre-
eclampsia, Parkinson’s disease, ulcerative colitis and sarcoid-
osis [44–47]. The presence of autoantibodies in pre-eclampsia
suggests that it may be a pregnancy-induced autoimmune
disease [48]. High risk HLA genotypes for type 1 diabetes
are also reported to be involved in ulcerative colitis [49],
suggesting there may be a similar underlying mechanism of
smoking in modifying the risk of both of these diseases.

This study included children attending all public hospitals
in South Australia; therefore, children with type 1 diabetes
who never attended any public hospital might have been
missed. However, we believe that case ascertainment is high
in this study because both primary and secondary diagnoses
codes were used and, thus, even children who are hospitalised
for other reasons were included if type 1 diabetes was noted as
their secondary diagnosis. In addition, the South Australia
paediatric hospital, with a specialised endocrinology unit
and where children are admitted for stabilisation after diabetes
diagnosis, was included in this study. In a similar setting in
Western Australia, 99.8% of type 1 diabetes cases on the state

Diabetologia (2020) 63:1162–11731170



diabetes register were ascertained in public hospital data [50].
Although social desirability bias in collecting maternal
smoking is a common issue in observational studies, a
Swedish validation study demonstrated that of the women
who reported no smoking in pregnancy, 95% were classified
as non-smokers based on serum cotinine concentration [51].
In our study, there could be some measurement error in mater-
nal smoking during pregnancy. However, we do not have
information about the extent of mismeasurement in the expo-
sure to smoking as the data are not available. Furthermore, the
capture of perinatal data was via a form validated against
medical records. There may be misclassification of mother’s
tobacco exposure because we do not have data on father’s
smoking, which can affect the fetus through maternal passive
smoking. Another limitation is the lack of information on dose
or number of cigarettes smoked daily in pregnancy. We used
the E-value and negative control outcome to indicate the
potential for bias due to unmeasured confounding. The E-
value is dependent on the validity of the effect estimate and
could be biased if there were selection and measurement
biases. We have tried to improve the internal validity by
adjusting for a range of potential confounders, using routinely
collected data (reduced risk of recall bias) and conducting
multiple imputation to account for bias due to loss of infor-
mation. In addition, the negative control outcome analysis is
assumed to have the exact same set of measured and unmea-
sured confounders (perfectly U-comparable) as the maternal
smoking and childhood type 1 diabetes association. It is rare to
have a perfectly U-comparable negative control outcome and
it is most likely to only be approximately U-comparable [28].
However, because of non-perfect U-comparability, the nega-
tive control outcomes suggests that the association between
smoking and type 1 diabetes is not entirely due to residual
confounding.

Conclusion Our best estimate from this study is that there is a
16% reduced incidence of type 1 diabetes for children
exposed to any maternal smoking in pregnancy as compared
to unexposed children, but some of this effect is likely due to
residual confounding. With the current analyses we cannot
rule out an effect of maternal smoking during pregnancy on
childhood type 1 diabetes. However, the absolute reduction in
type 1 diabetes cases among children exposed to smoking was
small (4 cases per 100,000 person-years). This study, along
with the results of similar population-based studies, suggests
that the mechanism leading to the association between mater-
nal smoking and type 1 diabetes needs to be investigated.
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