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ABSTRACT
Objective
To examine the association between maternal type 1 
diabetes and the risk of major birth defects according 
to levels of glycated haemoglobin (HbA1C) within 
three months before or after estimated conception.
DESIGN
Population based historical cohort study using 
nationwide health registers.
Setting
Sweden, 2003-15.
Participants
2458 singleton liveborn infants of mothers with type 
1 diabetes and a glycated haemoglobin measurement 
within three months before or after estimated 
conception and 1 159 865 infants of mothers without 
diabetes.
Main outcome measures
Major cardiac and non-cardiac birth defects according 
to glycated haemoglobin levels.
Results
122 cases of major cardiac defects were observed 
among 2458 infants of mothers with type 1 diabetes. 
Compared with 15 cases of major cardiac defects per 
1000 infants of mothers without diabetes, the rates 
among infants of mothers with type 1 diabetes were 
33 per 1000 for a glycated haemoglobin level of <6.5% 
(adjusted risk ratio 2.17, 95% confidence interval 
1.37 to 3.42), 49 per 1000 for 6.5% to <7.8% (3.17, 
2.45 to 4.11), 44 per 1000 for 7.8% to <9.1% (2.79, 
1.90 to 4.12), and 101 per 1000 for ≥9.1% (6.23, 4.32 

to 9.00). The corresponding adjusted risk differences 
were 17 (5 to 36), 32 (21 to 46), 26 (13 to 46), and 77 
(49 to 118) cases of major cardiac defects per 1000 
infants, respectively. 50 cases of major non-cardiac 
defects were observed among infants of mothers with 
type 1 diabetes. Compared with 18 cases of major 
non-cardiac defects per 1000 infants of mothers 
without diabetes, the rates among infants of mothers 
with type 1 diabetes were 22 per 1000 for a glycated 
haemoglobin level of <6.5% (adjusted risk ratio 1.18, 
0.68 to 2.07), 19 per 1000 for 6.5% to <7.8% (1.01, 
0.66 to 1.54), 17 per 1000 for 7.8% to <9.1% (0.89, 
0.46 to 1.69), and 32 per 1000 for ≥9.1% (1.68, 0.85 
to 3.33).
Conclusions
Among liveborn infants of mothers with type 
1 diabetes, increasingly worse glycaemic control in 
the three months before or after estimated conception 
was associated with a progressively increased 
risk of major cardiac defects. Even with glycated 
haemoglobin within target levels recommended by 
guidelines (<6.5%), the risk of major cardiac defects 
was increased more than twofold. The risk of major 
non-cardiac defects was not statistically significantly 
increased at any of the four glycated haemoglobin 
levels examined; the study had limited statistical 
power for this outcome and was based on live 
births only.

Introduction
Poor glycaemic control has been linked to both 
immediate (eg, ketoacidosis1) and long term (eg, 
mortality and cardiovascular disease2 3) complications 
in people with type 1 diabetes. The risk of pregnancy 
related complications is of particular relevance to 
women with type 1 diabetes.4 One of the most severe 
adverse pregnancy outcomes is birth defects, which 
may occur at a rate 2-4 times higher in the infants of 
mothers with type 1 diabetes than in infants of mothers 
without diabetes.5 6

Data are limited on the association between 
glycaemic control measured through glycated 
haemoglobin (HbA1C) levels in pregnant women and 
birth defects in the offspring. Although most,4 7-13 but 
not all,14 studies indicate that glycated haemoglobin 
levels during pregnancy are associated with a risk of 
birth defects, earlier research had limited statistical 
power and did not differentiate between cardiac and 
non-cardiac defects. Furthermore, although guidelines 
from the American Diabetes Association and other 
major diabetes organisations recommend a target 
glycated haemoglobin of <6.5% (<48 mmol/mol) in 
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What is already known on this topic
Type 1 diabetes in pregnant women has been linked to an increased risk of birth 
defects in offspring
Little data exist, however, on the role of glycaemic control
It is unclear if women meeting target levels recommended by guidelines (<6.5%) 
are at increased risk of having offspring with birth defects

What this study adds
Among liveborn infants of mothers with type 1 diabetes, increasingly worse 
glycaemic control within three months before or after estimated conception was 
associated with a progressively increased risk of major cardiac defects
Even with glycated haemoglobin within recommended target levels (<6.5%), the 
risk of major cardiac defects was increased more than twofold
The risk of major non-cardiac defects was not statistically significantly increased 
at any of four levels of glycated haemoglobin examined, although the study had 
limited statistical power for this outcome and was based on live births only
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early pregnancy,15-17 it is unclear whether there is no 
increase in risk of birth defects below this level and 
how the risk varies with increasing levels. A recent 
study from England and Wales reported that only 
one in six pregnant women with type 1 diabetes had 
a glycated haemoglobin of <6.5% around the time of 
conception.18

In this cohort study, we linked data from the 
Swedish national diabetes register with data from 
1 162 323 pregnancies to investigate the association 
between type 1 diabetes and risk of major birth defects 
according to levels of glycated haemoglobin within 
three months before or after estimated conception.

Methods
Data sources
Each resident in Sweden is assigned a unique identifier, 
the personal identity number.19 Through the identifier 
we linked data on diabetes from the Swedish national 
diabetes register20 with the Swedish medical birth 
register,21 national patient register,22 cause of death 
register,23 total population register,24 and Swedish 
education register (see supplementary eMethods for 
further details). The data used were collected in routine 
healthcare and not specifically for this study.

Participants
Through the medical birth register, we identified 
singleton live births in Sweden with a delivery date 
between 1 January 2003 and 31 December 2014. 
We excluded births with missing maternal or infant 
personal identity numbers, missing or implausible 
gestational age (≤22 weeks or >44 weeks), mothers 
aged less than 18 years (not covered by the national 
diabetes register), and mothers who did not live 
in Sweden during the year before conception. 
Furthermore, we excluded infants with chromosomal 
disorders (eg, Down’s syndrome), genetic defects (eg, 
DiGeorge syndrome), birth defects of known causes 
(eg, dysmorphism due to warfarin), and viral infections 
associated with birth defects (eg, congenital rubella 
syndrome), to exclude cases not likely explained 
by diabetes (eTable 1). Using the national diabetes 
register, we identified mothers with a diagnosis of 
type 1 diabetes and a first registration any time before 
pregnancy and up to 91 days after conception, and 
who had one registered glycated haemoglobin value 
or more in the preconception period, defined as any 
time between 90 days before to 91 days after estimated 
conception (182 days in total). If a mother had two 
or more values in this time window, we used the last 
recorded measurement. We categorised glycated 
haemoglobin as <6.5%, 6.5% to <7.8%, 7.8% to 
<9.1%, and ≥9.1% (corresponding to <48, 48 to <62, 
62 to <76, and ≥76 mmol/mol). We defined reference 
mothers as those who did not have a registered 
diagnosis of diabetes of any type (ie, type 1 or 2, or 
gestational) any time before to 91 days after estimated 
conception (eTable 2). Baseline characteristics of 
mothers with type 1 diabetes included in the study 
cohort were similar to those of mothers with type 1 

diabetes excluded from the study cohort because of 
no glycated haemoglobin measurement in the period 
around conception (eTable 3).

Gestational age was estimated through routine 
ultrasound examinations or, when such data were 
unavailable, calculated based on the date of the last 
menstrual period. Since 1990 in Sweden about 95% 
of pregnant women have undergone ultrasonography 
in the second trimester to determine fetal age.25 We 
used data on gestational age to estimate the date of 
conception.

Birth defects
Our two main outcomes were major cardiac and 
non-cardiac birth defects recorded during the first 
year of life in the national patient register (primary 
or secondary diagnosis in inpatient and hospital 
based outpatient care) or the cause of death register 
(underlying or contributing causes). Outcome data 
were available to the end of 31 December 2015, 
allowing one year follow-up after birth for all included 
infants. We identified major birth defects using the 
International Classification of Diseases, 10th revision, 
and categorised in accordance with the European 
Surveillance of Congenital Malformations (EUROCAT) 
classification; we introduced minor modifications for 
this study (eTable 4). One infant could contribute to 
more than one category; if an infant had a major cardiac 
defect and a major non-cardiac defect, we counted the 
infant in both outcome categories. We also analysed 
any major birth defects as an additional outcome. In 
a post hoc analysis we also examined severe cardiac 
defects (see eTable 4 legend for definitions). Although a 
register based strategy to identify birth defects has not 
been validated in Swedish registers, validation of the 
Danish national patient register, which is comparable 
in content and structure to its Swedish counterpart 
owing to similarities in organisation of the registers 
and healthcare systems, reported that the overall 
positive predictive values for register based capture of 
cases were 90% for cardiac defects and 88% for birth 
defects overall.26 27

Statistical analysis
Using generalised linear models with a robust 
sandwich estimator, we estimated risk ratios for birth 
defects, comparing infants of mothers with type 1 
diabetes according to levels of glycated haemoglobin 
with infants of mothers without diabetes. To take 
into account possible dependence from repeated 
births from the same mother, we constructed models 
with maternal identity number as a cluster variable. 
Birth defects were assumed to follow a poisson 
distribution, and we estimated risk ratios using a log 
link function. Analyses were adjusted for calendar year 
of conception, maternal age, country of birth, living 
with a partner, education, parity, body mass index, 
smoking status, and other autoimmune diseases 
(eTable 5 lists definitions, data sources, and extent of 
missing values). For covariates with missing data, we 
used mode imputation if the extent of missingness was 
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less than 5%. For body mass index, which had 8.1% 
missing values, we used a multiple imputation model 
with five iterations, including calendar year, maternal 
age, maternal height, country of birth, living with a 
partner, education, parity, smoking status, and other 
autoimmune diseases. The adjusted risk difference—
that is, the adjusted absolute difference measured in 
number of cases with birth defects per 1000 infants 
comparing infants of mothers with type 1 diabetes 
according to levels of glycated haemoglobin with 
infants of mothers without diabetes, was calculated 
as (adjusted risk ratio−1)×the unadjusted risk among 
infants born to mothers without diabetes. We also 
used natural cubic spline regression, estimating the 
unadjusted number of cases with birth defects per 
1000 infants according to glycated haemoglobin levels 
on a continuous scale (with knots at levels of 6%, 7%, 
8%, 9%, and 10%).

In an alternative analysis, we restricted the cohort 
to mothers with type 1 diabetes with glycated 
haemoglobin measurements in the 31-91 days after 
conception. This analysis was done to provide risk 
estimates associated with glycated haemoglobin 
measured in the clinical time window when pregnancy 
has been detected and women have their first 
antenatal visit. In additional analyses, we investigated 
associations between subgroups categorised according 
to alternative measures of poor glycaemic control and 
diabetes severity and the risk of birth defects, including 
hospital admission in the past year before conception 
because of diabetic acidosis; hospital admission in the 
year before conception because of diabetes; long term 
glycaemic control, defined as the mean of the last three 
glycated haemoglobin measurements; albuminuria; 
and estimated glomerular filtration rate (definitions in 
eTable 6).

We considered results to be statistically significant 
when the 95% confidence intervals did not include 1 
for risk ratios and did not include 0 for risk differences. 
Data were analysed using SAS version 9.4.

Patient involvement
No patients or members of the public were involved 
in the development of research questions, the design 
of the study, or selecting our outcome measures. No 
patient was asked to advise on interpretation or writing 
up of results. We plan to disseminate the results of our 
research to the relevant patient community.

Results
Cohort
After exclusions, the cohort included 2458 infants 
of mothers with type 1 diabetes who had a glycated 
haemoglobin measurement within three months 
before or after estimated conception, and 1 159 865 
infants of mothers without diabetes (fig 1). Table 
1 shows the characteristics of the women. In both 
mothers with diabetes and mothers without diabetes 
the mean age at conception was 30 years, 7% were 
smokers, and 95% lived with a partner. Compared with 
mothers without diabetes, those with type 1 diabetes 

were more often overweight or obese, of Nordic origin, 
and more likely to have another autoimmune disease. 
With increasing levels of glycated haemoglobin, 
mothers with type 1 diabetes tended to be younger, 
be less likely to be living with a partner, have a lower 
education level, be overweight or obese, and more 
often be smokers.

Singleton liveborn infants, identi�ed from Swedish
medical birth register, Jan 2003 to Dec 2014

1 254 652

Infants included in study cohort1 162 323

Infants of mothers with 
type 1 diabetes and 

periconception glycated 
haemoglobin 

measurement identi�ed 
in Swedish national 

diabetes register

2 458

Infants of mothers 
without type 1
diabetes and 

periconception glycated
haemoglobin 
measurement

1 182 857

Infants of mothers 
without diabetes

1 159 865

Excluded69 337

16 937

639

521
930

7 384
36 780

6 146

Missing maternal personal 
identity number
Missing infant personal 
identity number
Missing gestational age
Implausible gestational age
Mother <18 years
Mother did not live in Sweden within 
1 year before conception
Infant with chromosomal disorder, 
genetic syndrome, or birth defect 
of known cause

Excluded owing to mother with 
any type of pregestational

or gestational diabetes

22 992

1 159 865
2 458

549
1 120

541
248

Infants of mothers without diabetes
Infants of mothers with type 1 diabetes 
and periconception glycated haemoglobin 
measurement
Glycated haemoglobin <6.5%
Glycated haemoglobin 6.5% to <7.8%
Glycated haemoglobin 7.8% to <9.1%
Glycated haemoglobin ≥9.1%

Fig 1 | Flow of participant inclusion in study cohort
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Main outcomes
Major cardiac defects
In total, 122 cases of major cardiac defects were 
observed among 2458 infants of mothers with type 
1 diabetes, including 18 cases among 549 infants 
whose mothers had a periconception glycated 
haemoglobin level of <6.5%, 55 cases among 1120 
infants whose mothers had a periconception glycated 
haemoglobin level of 6.5% to <7.8%, 24 cases among 
541 infants whose mothers had a periconception 
glycated haemoglobin level of 7.8% to <9.1%, and 

25 cases among 248 infants whose mothers had a 
periconception glycated haemoglobin level of ≥9.1%. 
Among 1 159 865 infants of mothers without diabetes, 
17 120 cases of major cardiac defects were observed. 
In analyses based on glycated haemoglobin levels, the 
adjusted risk ratios for major cardiac defects were 2.17 
(95% confidence interval 1.37 to 3.42) for <6.5%, 3.17 
(2.45 to 4.11) for 6.5% to <7.8%, 2.79 (1.90 to 4.12) 
for 7.8% to <9.1%, and 6.23 (4.32 to 9.00) for ≥9.1% 
versus infants of mothers without diabetes (table 2). 
The corresponding adjusted risk differences were 17 

Table 1 | Characteristics of mothers included in the cohort, according to type 1 diabetes status and glycated haemoglobin levels within three months 
before or after estimated conception. Values are numbers (percentages) unless stated otherwise

Characteristics
No diabetes 
(n=1 159 865)

Type 1 diabetes 
overall (n=2458)

Type 1 diabetes by glycated haemoglobin levels
<6.5% (n=549) 6.5% to <7.8% (n=1120) 7.8% to <9.1% (n=541) ≥9.1% (n=248)

Mean (SD) age (years) 30.1 (5.1) 30.0 (4.8) 30.3 (4.5) 30.5 (4.6) 29.8 (5.1) 27.7 (5.3)
Nordic country of birth 936 370 (80.7) 2346 (95.4) 521 (94.9) 1086 (97.0) 506 (93.5) 233 (94.0)
Living with partner 1 097 942 (94.7) 2343 (95.3) 535 (97.4) 1086 (97.0) 496 (91.7) 226 (91.1)
Year of conception:
  2002-04 251 087 (21.6) 312 (12.7) 68 (12.4) 136 (12.1) 76 (14.0) 32 (12.9)
  2005-09 482 948 (41.6) 964 (39.2) 231 (42.1) 452 (40.4) 199 (36.8) 82 (33.1)
  2010-14 425 830 (36.7) 1182 (48.1) 250 (45.5) 532 (47.5) 266 (49.2) 134 (54.0)
Duration of education (years):
  ≤9 92 245 (8.0) 164 (6.7) 16 (2.9) 60 (5.4) 49 (9.1) 39 (15.7)
  10-12 434 594 (37.5) 1005 (40.9) 184 (33.5) 442 (39.5) 238 (44.0) 141 (56.9)
  ≥13 633 026 (54.6) 1289 (52.4) 349 (63.6) 618 (55.2) 254 (47.0) 68 (27.4)
Parity:
  0 507 497 (43.8) 1183 (48.1) 265 (48.3) 548 (48.9) 244 (45.1) 126 (50.8)
  1 433 790 (37.4) 909 (37.0) 222 (40.4) 411 (36.7) 190 (35.1) 86 (34.7)
  ≥2 218 578 (18.8) 366 (14.9) 62 (11.3) 161 (14.4) 107 (19.8) 36 (14.5)
Body mass index in early pregnancy:
  <18.5 25 061 (2.2) 10 (0.4) 1 (0.2) 2 (0.2) 5 (0.9) 2 (0.8)
  18.5 to <25 705 835 (60.9) 1219 (49.6) 316 (57.6) 554 (49.5) 251 (46.4) 98 (39.5)
  25 to <30 304 548 (26.3) 893 (36.3) 173 (31.5) 418 (37.3) 198 (36.6) 104 (41.9)
  30 to <35 88 452 (7.6) 265 (10.8) 48 (8.7) 118 (10.5) 65 (12.0) 34 (13.7)
  ≥35 35 969 (3.1) 71 (2.9) 11 (2.0) 28 (2.5) 22 (4.1) 10 (4.0)
Smoking in early pregnancy 76 079 (6.6) 164 (6.7) 18 (3.3) 46 (4.1) 45 (8.3) 55 (22.2)
Other autoimmune disease 20 171 (1.7) 259 (10.5) 53 (9.7) 113 (10.1) 63 (11.6)
Median (interquartile range) duration of 
diabetes (years)

- 16 (9-22) 13 (4-20) 17 (10-23) 17 (11-22) 16 (10-20)

Median (interquartile range) glycated 
haemoglobin level (%)

- 7.3 (6.5-8.1) 6.1 (5.8-6.3) 7.2 (6.9-7.5) 8.3 (8.0-8.6) 9.7 (9.3-10.4)

Table 2 | Association between type 1 diabetes in mothers and risk of major birth defects in offspring, according to glycated haemoglobin levels within 
three months before or after estimated conception

Variables No diabetes
Type 1 diabetes  
overall 

Type 1 diabetes by glycated haemoglobin levels
<6.5% 6.5% to <7.8% 7.8% to <9.1% ≥9.1%

No of infants 1 159 865 2458 549 1120 541 248
Major cardiac defects:
  No of events 17 120 122 18 55 24 25
  No of events per 1000 infants 15 50 33 49 44 101
  Unadjusted risk ratio (95% CI) 1.00 (ref) 3.37 (2.83 to 4.00) 2.23 (1.42 to 3.52) 3.33 (2.58 to 4.31) 2.99 (2.03 to 4.40) 6.82 (4.72 to 9.85)
  Adjusted risk ratio (95% CI)* 1.00 (ref) 3.19 (2.69 to 3.80) 2.17 (1.37 to 3.42) 3.17 (2.45 to 4.11) 2.79 (1.90 to 4.12) 6.23 (4.32 to 9.00)
 � Unadjusted risk difference,  

No of events (95% CI) per 1000 infants
- 35 (27 to 44) 18 (6 to 37) 34 (23 to 49) 29 (15 to 50) 86 (55 to 131)

 � Adjusted risk difference,  
No of events (95% CI) per 1000 infants*

- 32 (25 to 41) 17 (5 to 36) 32 (21 to 46) 26 (13 to 46) 77 (49 to 118)

Major non-cardiac defects:
  No of events 20 960 50 12 21 9 8
  No of events per 1000 infants 18 20 22 19 17 32
  Unadjusted risk ratio (95% CI) 1.00 (ref) 1.13 (0.85 to 1.49) 1.21 (0.69 to 2.10) 1.04 (0.68 to 1.59) 0.92 (0.48 to 1.76) 1.79 (0.90 to 3.54)
  Adjusted risk ratio (95% CI)* 1.00 (ref) 1.09 (0.82 to 1.44) 1.18 (0.68 to 2.07) 1.01 (0.66 to 1.54) 0.89 (0.46 to 1.69) 1.68 (0.85 to 3.33)
 � Unadjusted risk difference,  

No of events (95% CI) per 1000 infants
- 2 (−3 to 9) 4 (−6 to 20) 1 (−6 to 11) −1 (−9 to 14) 14 (−2 to 46)

 � Adjusted risk difference,  
No of events (95% CI) per 1000 infants*

- 2 (−3 to 8) 3 (−6 to 19) 0 (−6 to 10) −2 (−10 to 12) 12 (−3 to 42)

*Adjusted for calendar year, maternal age, country of birth, living with partner, education, parity, body mass index, smoking status, and other autoimmune disease.
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(95% confidence interval 5 to 36), 32 (21 to 46), 26 
(13 to 46), and 77 (49 to 118) cases per 1000 infants. 
Figure 2 shows the predicted unadjusted risk of major 
cardiac defects according to glycated haemoglobin 
levels on a continuous scale.

Major non-cardiac defects
In total, 50 cases of major non-cardiac defects were 
observed among 2458 infants of mothers with type 1 
diabetes, including 12 cases among 549 infants whose 
mothers had a periconception glycated haemoglobin 
level of <6.5%, 21 cases among 1120 infants whose 
mothers had a periconception glycated haemoglobin 
level of 6.5% to <7.8%, nine cases among 541 
infants whose mothers had a periconception 
glycated haemoglobin level of 7.8% to <9.1%, and 
eight cases among 248 infants whose mothers had 
a periconception glycated haemoglobin level of 
≥9.1%. Among 1 159 865 infants of mothers without 
diabetes, 20 960 cases of major non-cardiac defects 
were observed. In analyses based on levels of glycated 
haemoglobin, the adjusted risk ratios for major non-
cardiac defects were 1.18 (95% confidence interval 
0.68 to 2.07) for <6.5%, 1.01 (0.66 to 1.54) for 6.5% 
to <7.8%, 0.89 (0.46 to 1.69) for 7.8% to <9.1%, and 

1.68 (0.85 to 3.33) for ≥9.1% versus infants of mothers 
without diabetes (table 2). Figure 2 shows the predicted 
unadjusted risk of non-cardiac defects according to 
glycated haemoglobin levels on a continuous scale.

Additional analyses
Supplementary eTable 7 shows results for any major 
birth defect (cardiac or non-cardiac), for which the 
adjusted risk ratios were 1.67 (1.18 to 2.37) for 
glycated haemoglobin levels <6.5%, 2.05 (1.65 to 
2.55) for 6.5% to <7.8%, 1.75 (1.26 to 2.45) for 7.8% 
to <9.1%, and 3.63 (2.62 to 5.04) for ≥9.1%.

When the cohort was restricted to 1068 mothers who 
had a glycated haemoglobin measurement registered 
31-91 days after conception, a progressive increase 
in the risk of major cardiac defects with increasing 
glycated haemoglobin levels was found to be even more 
pronounced than in the main analysis: the adjusted 
risk ratios were 1.53 (0.73 to 3.17) for a glycated 
haemoglobin level of <6.5%, 3.78 (2.66 to 5.37) for 
6.5% to <7.8%, 4.63 (2.80 to 7.67) for 7.8% to <9.1%, 
and 8.43 (4.99 to 14.23) for ≥9.1% (eTable 8). The risk 
of major non-cardiac defects was not increased in any 
of the predefined glycated haemoglobin categories 
(eTable 8).
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Fig 2 | Predicted unadjusted risk of major birth defects associated with type 1 diabetes according to maternal levels of 
glycated haemoglobin within three months before or after estimated conception
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Alternative measures of poor glycaemic control 
and severity of diabetes were also associated with an 
increased risk of major cardiac, but not non-cardiac, 
birth defects (fig 3). For instance, hospital admission 
for diabetic acidosis in the past year was associated 

with a 10-fold increased risk of major cardiac defects, 
whereas a 6.5-fold increased risk of these defects was 
observed after hospital admission for any diabetes 
related condition. Similarly, both macroalbuminuria 
and an estimated glomerular filtration rate <60 mL/

Admission to hospital because 
of acidosis in past year

Major cardiac defects

Major non-cardiac defects

Yes
No

24
2434

4
118

167
49

9.98 (4.08 to 24.44)
3.12 (2.62 to 3.73)

Admission to hospital because 
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135
2323
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Albuminuria
Normoalbuminuria
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2013
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99
16

49
43

3.18 (2.62 to 3.85)
2.73 (1.69 to 4.39)

Macroalbuminuria 74 7 95 6.08 (3.00 to 12.32)

Estimated glomerular 
�ltration rate (mL/min)
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60–120

378
1907
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64
44

3.96 (2.69 to 5.82)
2.84 (2.31 to 3.50)

<60 55 5 91 6.05 (2.64 to 13.87)

1010.1
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Admission to hospital because 
of acidosis in past year

Yes
No

24
2434

0
50

-
21

-
1.10 (0.83 to 1.46)

Admission to hospital because 
of diabetes in past year

Yes
No

135
2323

4
46

30
20

1.54 (0.59 to 4.03)
1.06 (0.79 to 1.42)

Long term glycaemic control, 
glycated haemoglobin (%) 

<6.5
6.5 to <7.8

264
975

3
21

11
22

0.63 (0.20 to 1.94)
1.15 (0.75 to 1.76)

7.8 to <9.1
≥9.1

627
214

13
6

21
28

1.09 (0.64 to 1.87)
1.45 (0.66 to 3.19)

Albuminuria
Normoalbuminuria
Microalbuminuria

2013
371

43
6

21
16

1.14 (0.85 to 1.55)
0.86 (0.39 to 1.89)

Macroalbuminuria 74 1 14 0.73 (0.10 to 5.15)

Estimated glomerular 
�ltration rate (mL/min)

>120
60–120

378
1907

7
40

19
21

0.96 (0.46 to 2.01)
1.13 (0.83 to 1.53)

<60 55 1 18 1.03 (0.15 to 7.21)

1010.1

Fig 3 | Association between maternal type 1 diabetes and risk of major birth defects, using alternative measures of 
poor glycaemic control and diabetes severity. *Adjusted for calendar year, maternal age, country of birth, living with 
partner, education, parity, body mass index, smoking status, and other autoimmune diseases. The reference category 
in all analyses was infants born to mothers without diabetes (see table 2 for number of infants, number of events, 
and number of events per 1000 infants). Long term glycaemic control was defined as the mean of the last three 
measurements for glycated haemoglobin. The risk ratio plot uses a log scale
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min were each associated with more than a sixfold 
higher risk of major cardiac defects. Similar rates 
and adjusted risk ratios as in the main analyses were 
observed for long term glycaemic control, defined 
as the mean of the last three glycated haemoglobin 
measurements (fig 3).

In a post hoc analysis we identified 23 infants with 
a severe cardiac defect to mothers with type 1 diabetes 
(eTable 9 gives the absolute and relative risks according 
to glycated haemoglobin levels).

Discussion
In this population based study of 2458 liveborn 
singleton infants of mothers with type 1 diabetes, 
increasing glycated haemoglobin levels within the 
three months before or after estimated conception 
were associated with a progressively increased risk of 
major cardiac defects. The highest risk was observed 
in infants of mothers who had a glycated haemoglobin 
of ≥9.1%, in whom the risk was increased more than 
sixfold, corresponding to 77 excess cases per 1000 
infants. Even with glycated haemoglobin within 
target levels recommended by guidelines (<6.5%),15-

17 the risk of major cardiac defects was more than 
twofold greater than in infants of mothers without 
diabetes. The risk of major non-cardiac defects was not 
statistically significantly increased at any of the four 
levels of glycated haemoglobin examined, although 
the study had limited statistical power for this outcome 
and was based on live births only.

Comparison with other studies and 
interpretation of results
Whereas type 1 diabetes is associated with an 
increased risk of birth defects (cardiac defects most 
consistently28), data on the impact of glycaemic control 
as measured by glycated haemoglobin level are limited. 
For instance, four papers10-13 underlie the American 
Diabetes Association’s current recommendation of 
a target glycated haemoglobin level of <6.5% (<48 
mmol/mol) in pregnancy.15 Two of these papers did 
not specifically investigate birth defects,11 13 and the 
other two did not distinguish between cardiac and 
non-cardiac birth defects and had limited statistical 
power, precluding definitive conclusions about risks 
associated with the lowest glycated haemoglobin 
category.10 12 The most comprehensive study on the 
issue—a cohort study of 1367 infants from England29—
found a linearly increasing risk of major birth defects 
with glycated haemoglobin levels >6.3%, but neither 
distinguished between cardiac and non-cardiac 
defects nor differentiated between type 1 and type 
2 diabetes.29 Our study confirms previous findings, 
providing robust evidence for an association between 
worse periconception glycaemic control in type 1 
diabetes and a progressive increase in the risk of birth 
defects. It substantially expands on those findings by 
characterising the magnitude of the association for 
both major cardiac and major non-cardiac defects 
based on a representative nationwide cohort. The 
study shows that the association was driven by cardiac 

defects and also that women with type 1 diabetes who 
have a periconception glycated haemoglobin level 
within target levels recommended by guidelines were 
at a substantially increased risk of delivering infants 
with major cardiac defects.

One potential mechanism behind an increasing risk 
of cardiac defects with higher glycated haemoglobin 
levels is that hyperglycaemia induces the expression 
of genes the products of which may influence the 
development of the heart in the fetus30; hyperglycaemia 
may also work through oxidative stress leading to 
mitochondrial dysfunction and apoptosis, thereby 
leading to cardiac defects.31

Strengths and limitations of this study
This study has several strengths. Firstly, the use of 
linked nationwide registers permitted the creation of 
a cohort with detailed characterisation of diabetes, 
including data on glycated haemoglobin levels. 
Although our study is a historical cohort study, we took 
advantage of prospectively collected data. Secondly, 
the design permitted comprehensive assessment of 
pregnancy characteristics and potential confounders. 
In this context, although increasing body mass index 
has been linked to increased risk of birth defects,32 
we took body mass index into account in the current 
study through multivariable adjustment. Thirdly, the 
population based design increased the generalisability 
of the results. Fourthly, the large size of the study 
population provided statistical power to estimate 
risks across categories of glycated haemoglobin while 
distinguishing between cardiac and non-cardiac 
defects. Fifthly, data from the Swedish national 
diabetes register have been extensively validated and 
show high accuracy.20 Sixthly, the use of a standardised 
classification system for major birth defects is likely 
to have increased the specificity and external validity 
of the study. To increase sensitivity, we ascertained 
birth defects from several sources. Such an approach 
generated background rates in the general population 
as well as relative risks associated with diabetes 
overall that were similar to those reported in other 
Scandinavian countries.28 33

This study has limitations. Data on glycated 
haemoglobin are entered into the national diabetes 
register once each year in association with routine 
visits, and our inclusion criteria for entry to the study 
cohort were based on those pregnant women with type 
1 diabetes who had had their glycated haemoglobin 
measured in the period around conception. Because 
the timing of routine visits can be expected to be 
randomly distributed throughout the year, selection 
bias is unlikely. Indeed, baseline characteristics of the 
1119 mothers with type 1 diabetes excluded because of 
no glycated haemoglobin value in the periconception 
period were similar to those of the included mothers.

We defined periconception glycated haemoglobin 
as a measurement performed within 90 days before 
to 91 days after conception. This was a pragmatic 
definition to capture glycaemic status around 
conception; however, because this definition extends 
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for a period before pregnancy, it may not necessarily 
reflect glycaemic control in the first eight weeks of 
gestation, when blastogenesis and organogenesis take 
place.34 To address this and to provide risk estimates 
associated with glycated haemoglobin measured in 
the time window of the first antenatal visit, we carried 
out an alternative analysis based on women who had 
a glycated haemoglobin measurement registered 31-
91 days after conception. Results from this analysis 
were largely in line with the main analyses, although 
the progressive increase in the risk of cardiac defects 
appeared even more pronounced.

If diabetes leads to birth defects that more often 
result in induced or spontaneous abortion or stillbirth, 
risk estimates in a cohort based on live births, such 
as ours, may be biased towards the null. Given that 
diabetes has been reported to be associated with 
certain groups of non-cardiac defects,29 35 the absence 
of an association with non-cardiac defects in our 
study may have resulted from such bias. For instance, 
in Sweden, a high proportion of pregnancies with 
neural tube defects (which have been reported to be 
associated with diabetes) are terminated by induced 
abortion. Therefore, our results should not be taken to 
conclude that there is no association between type 1 
diabetes and non-cardiac defects in general, but rather 
that there does not seem to be a strong association 
overall, or according to levels of glycated haemoglobin, 
specifically among liveborn infants. This is especially 
important considering the small number of cases of 
non-cardiac defects in our study. It should also be 
noted that outcome data were collected allowing for a 
one year follow-up after birth; birth defects that were 
first diagnosed in infants after the age of 1 year would 
not have been captured.

It is also possible that the previously demonstrated 
association between type 1 diabetes and birth defects 
has resulted in increased clinical surveillance for 
defects among infants of mothers with diabetes. 
Although such surveillance would result in bias 
towards increased risk, surveillance bias is unlikely 
to influence the relative difference between glycated 
haemoglobin categories, and, if present, would also 
have led to an association with non-cardiac defects. 
Finally, Swedish health registers do not record data on 
ethnicity or folic acid intake and hence we could not 
account for these factors.

Conclusions and implications for clinical practice
In this large nationwide cohort of liveborn infants 
of mothers with type 1 diabetes, increasingly worse 
glycaemic control within three months before or 
after estimated conception was associated with a 
progressively increased risk of major cardiac defects. 
Even with glycated haemoglobin within target levels 
recommended by guidelines (<6.5%), the risk of 
major cardiac defects was more than twofold greater 
than in infants of mothers without diabetes. The risk 
of major non-cardiac defects was not statistically 
significantly increased at any of the four levels of 
glycated haemoglobin examined. Expanding on the 

evidence base for recommendations and guidelines 
about the clinical care of pregnant women with type 
1 diabetes, these findings may indicate that yet lower 
target glycated haemoglobin levels than are currently 
recommended might be advisable. However, before 
any changes to practice guidelines are implemented, 
the totality of evidence on other adverse pregnancy, 
fetal, and infant outcomes in relation to poor 
glycaemic control—in particular the specific glycated 
haemoglobin levels at which these events occur—need 
to be carefully considered and weighed against the 
risks associated with intensified insulin treatment, 
such as hypoglycaemia.
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