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Abstract
Aims/hypothesis We aimed to investigate the associations between maternal diabetes before or during pregnancy and the risk of
high refractive error (RE) in offspring until the age of 25 years.
Methods This nationwide register-based cohort study comprised 2,470,580 individuals born in 1977–2016. The exposure was
maternal diabetes during or before pregnancy (type 1 diabetes, type 2 diabetes and gestational diabetes). Cox regression was used
to examine the association between maternal diabetes and the risk of high RE in offspring from birth until the age of 25 years,
adjusting for multiple potential confounders.
Results During up to 25 years of follow-up, 553 offspring of mothers with diabetes and 19,695 offspring of mothers without
diabetes were diagnosed with high RE. Prenatal exposure to maternal diabetes was associated with a 39% increased risk of high
RE: HR 1.39 (95% CI 1.28, 1.51), p < 0.001; standardised cumulative incidence in unexposed offspring at 25 years of age 1.18%
(95% CI 1.16%, 1.19%); cumulative incidence difference 0.72% (95% CI 0.51%, 0.94%). The elevated risks were observed for
hypermetropia (HR 1.37 [95%CI 1.24, 1.51], p < 0.001), myopia (HR 1.34 [95%CI 1.08, 1.66], p = 0.007) and astigmatism (HR
1.58 [95% CI 1.29, 1.92], p < 0.001). The increased risks were more pronounced among offspring of mothers with diabetic
complications (HR 2.05 [95% CI 1.60, 2.64], p < 0.001), compared with those of mothers with diabetes but no diabetic compli-
cations (HR 1.18 [95% CI 1.02, 1.37], p = 0.030).
Conclusions/interpretation Our findings suggest that maternal diabetes during pregnancy is associated with an increased risk of
high RE in offspring, in particular among those of mothers with diabetic complications. Early ophthalmological screening should
be recommended in offspring of mothers with diabetes diagnosed before or during pregnancy.
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Abbreviations
ATC Anatomical Therapeutic Chemical
DNPR Danish National Patient Registry
GDM Gestational diabetes
RE Refractive error

Introduction

Refractive errors (REs) are the failure of the eye to focus
images on the retina, as a result of pathophysiological changes
of ocular refractive components [1]. RE is among the most
common vision impairment and is the second leading cause of
disability globally [2]. Low-degree REs can be corrected
optically with a low risk of ocular complications but high
REs (e.g. hypermetropia, myopia, astigmatism) can often
develop into irreversible severe visual impairment,
resulting in lifelong reduced quality of life [3, 4]. A rapid
increase in the prevalence of RE has been seen over the past
decades [1], indicating that non-genetic risk factors may
play an important role. Long periods of near work and lack
of outdoor activity have been established as the main
acquired risk factors for low- and moderate-degree REs in
school-age children and young adults [5] but the aetiology
of high RE is still not fully understood [1]. Many have
shown that individuals with high RE may have congenital

refractive defects before their birth [6–8], suggesting that a
pathological intrauterine environment may play a role in the
development of high RE later in life.

The increasing prevalence of diabetes in pregnancy has
resulted in a global epidemic [9–11]. Diabetes-induced chang-
es in blood vessels, dysfunction of endothelial cells and distur-
bance of pericyte–endothelial cell crosstalk are the initiating
factors in the genesis of most diabetic complications [12–14].
Large cohort studies have demonstrated that maternal diabetes
may affect the development of vasculopathy and metabolic
diseases in offspring via the diabetic intrauterine environment
[15, 16]. An intact blood–ocular vascular endothelial barrier
and metabolic homeostasis in the eyes are critical for healthy
eyesight [17], whereas fluctuation of blood glucose levels may
impair the blood–ocular barrier and lead to transient refractive
changes or even permanent RE, as observed in the general
population [18]. It has been suggested that the development
of RE in offspring may partly be attributed to intrauterine
exposure to high levels of glucose, particularly in pregnancies
with diabetic complications [19]. Two small studies have
reported the association between diabetic status of mothers
and REs in offspring [20, 21]. However, the aetiological
importance is limited by the cross-sectional design of these
studies. It remains unknown whether or to what extent prena-
tal exposure to maternal diabetes increases the risk of high RE
in offspring in childhood and young adulthood.
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We hypothesised that intrauterine exposure to maternal
diabetes could lead to pathophysiological changes that
contribute to the development of high RE in offspring
[19–21]. In this large population-based cohort study, we
aimed to investigate the associations between maternal diabe-
tes before or during pregnancy and the risk of high RE in
offspring until the age of 25 years. We further expected that
the most pronounced associations would be observed among
offspring of mothers with diabetic complications [18, 22], a
proxy of more severe diabetes.

Methods

Study design and participants We conducted a population-
based cohort study using Danish national registers (detailed
descriptions of the registers are provided in electronic supple-
mentary material [ESM] Table 1). The unique personal identi-
fication number assigned to all Danish residents allows accurate
linkage of individual-level information across registries. We
included 2,470,580 live births in Denmark from 1977 to 2016
identified from the DanishMedical Birth Register [23]. Follow-
up started from birth and ended at the first occurrence of a high
RE diagnosis, death, emigration, 31 December 2016, or
offspring’s 25th birthday, whichever came first. People who
emigrated or died during follow-up were censored at the time
of emigration or death.

The study was approved by the Data Protection Agency
(Record No. 2013-41-2569). By Danish law, no informed
consent is required for a register-based study based on
anonymised data.

Procedures Mothers were considered to have diabetes if they
received a diagnosis of diabetes before or during pregnancy.
We similarly defined diabetes in fathers. Information on
diabetes diagnosis was retrieved from the Danish National
Diabetes Register [24], the Danish National Patient Registry
(DNPR) [25] and the Danish National Prescription Registry
[26] using ICD-8 codes during 1970–1993 (wolfbane.com/
icd/icd8.htm), ICD-10 codes from 1994 onwards (http://
apps.who.int/classifications/icd10/browse/2016/en), and
Anatomical Therapeutic Chemical (ATC) classification
codes. Maternal diabetes was categorised as gestational diabe-
tes (GDM; ICD-8 codes 634.74, Y6449; ICD-10 codes O24.4,
O24.9) or pre-gestational diabetes (ICD-8 codes 249, 250;
ICD-10 codes E10-E11, H36.0, O24 [excluding O24.4 and
O24.9]). We also ascertained pre-gestational diabetes using
the diagnosis of diabetic chiropody and the prescriptions of
insulin (ATC code A10A) or oral glucose-lowering drugs
(ATC code A10B) if two redeemed prescriptions were record-
ed within 6 months. Pre-gestational diabetes was further
defined as type 1 diabetes (ICD-8 code 249; ICD-10 codes
E10, O24.0; ATC code A10A) or type 2 diabetes (ICD-8 code

250; ICD-10 codes E11, O24.1; ATC code A10B) before
pregnancy. The methods used to identify diabetes are
summarised in ESM Table 2. If a mother was diagnosed with
multiple types of diabetes during one pregnancy due to possi-
ble misclassification error, she was classified according to the
first diagnosed type. We identified mothers with pre-
gestational diabetic complications and further categorised
them into two subgroups: mothers with one complication;
and mothers with multiple complications. Diabetic complica-
tions were defined as diabetic coma, ketoacidosis, and diabe-
tes with kidney, ophthalmic, neurological, circulatory,
unspecified or multiple complications, recorded in the DNPR.

The primary outcome of interest was high RE in offspring,
defined as the first occurrence of RE recorded in the DNPR
(ICD-8 codes 37,001–37,009; ICD-10 codes H52.0–H52.7)
[25]. The secondary outcomes were specific types of high
RE, including hypermetropia, myopia, astigmatism, and other
types of RE (ICD codes are provided in ESM Table 3).

We selected several potential confounders as covariates
using directed acyclic graphs (ESM Fig. 1). Information on
maternal age (<20, 20–24, 25–29, 30–34 or ≥35 years), parity
(1, 2 or ≥3), maternal marital status (single or married), mater-
nal smoking status during pregnancy (yes or no), singleton
delivery (yes or no), sex of offspring (male, female) and calen-
dar period of delivery (before 1980, 1981–1990, 1991–2000,
2001–2010 or 2011–2016) were retrieved from the Danish
Medical Birth Registry [23]; maternal educational level (0–
9, 10–14 or ≥15 years), maternal residence (Copenhagen,
cities with ≥100,000 inhabitants, or other places) were
retrieved from the Danish Integrated Database for
Longitudinal Labour Market Research [27]; parental high
RE history before the birth of the child (yes or no) was
retrieved from the DNPR [25]. Detailed information on miss-
ing data for covariates is summarised in ESM Table 4.
Missing indicators were created for variables with missing
values.

Statistical analysesWe performed competing risk analyses by
treating deaths as the competing events to estimate the cumu-
lative incidence among exposed and unexposed offspring
using the inverse probability of treatment weighting approach
[28]. Cox regression was used to estimate HRs with 95% CIs
to assess the association between prenatal exposure to mater-
nal diabetes and overall/specific high RE in offspring. The
offspring’s age was used as the time scale and robust variance
was used to account for the correlations between siblings. As
pre-gestational diabetic complications may reflect the severity
of pre-gestational diabetes, we further examined the associa-
tion between maternal diabetes and high RE in offspring by
the presence of maternal diabetic complications. For ocular
refractive development, as the visual environment and eye-
using behaviour vary significantly during different age stages
in early life [8] (ESM Fig. 2), we examined the association
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betweenmaternal diabetes and high RE in offspring according
to the age group of the offspring (0–3, 4–15 and 16–25 years).

We performed nine sensitivity analyses. First, sibling
design was used to account for shared familial factors [29].
As the presence of type 1 and type 2 diabetes would not
change between pregnancies and GDM was more common
in older women with high parity, the sibling design was

appropriate for GDM in a second or later pregnancy.
Second, we used paternal diabetes as the negative control
exposure to explore potential residential confounding or infor-
mation bias from genetic factors and shared familial factors
such as diabetes-related environment, behaviours and hospital
contacts. Third, since diabetes is typically preceded by a peri-
od of prediabetes, we evaluated the risk of high RE in

Table 1 Baseline characteristics of offspring exposed in utero to maternal diabetes, in Denmark, 1977–2016

Variable Exposed to type 1 diabetes
(n=22,762)

Exposed to type 2 diabetes
(n=6777)

Exposed to GDM
(n=26,880)

Unexposed to diabetes
(n=2,414,161)

Singleton

No 992 (4.4) 388 (5.7) 1634 (6.1) 78,514 (3.3)

Yes 21,770 (95.6) 6389 (94.3) 25,246 (93.9) 2,335,647 (96.7)

Sexb

Male 11,715 (51.5) 3486 (51.5) 14,018 (52.2) 1,238,768 (51.3)

Female 11,046 (48.5) 3287 (48.5) 12,858 (47.8) 1,174,331 (48.7)

Maternal parity

1 9526 (41.9) 2394 (35.3) 10,791(40.1) 1,087,313 (45.0)

2 8670 (38.1) 2455 (36.2) 9518 (35.4) 894,950 (37.1)

≥3 4566 (20.1) 1928 (28.4) 6571 (24.4) 431,898 (17.9)

Maternal age at childbirth, years

<20 206 (0.9) 58 (0.9) 158 (0.6) 60,467 (2.5)

20–24 2439 (10.7) 662 (9.8) 1934 (7.2) 440,227 (18.2)

25–29 7236 (31.8) 1538 (22.7) 6890 (25.6) 882,140 (36.5)

30–34 7905 (34.7) 2174 (32.1) 9657 (35.9) 714,051 (29.6)

≥35 4976 (21.9) 2345 (34.6) 8241 (30.7) 317,276 (13.1)

Maternal smoking during pregnancya

No 16,366 (83.1) 3851 (80.3) 21,376 (84.4) 1,246,337 (80.2)

Yes 3324 (16.9) 944 (19.7) 3953 (15.6) 308,628 (19.8)

Maternal education at childbirthb, years

0~9 4365 (19.5) 2149 (32.6) 5837(22.9) 647,950 (27.5)

10–14 9506 (42.4) 2695 (40.9) 11,865 (46.5) 1,031,149 (43.7)

≥15 8555 (38.1) 1746 (26.5) 7797 (30.6) 681,041 (28.9)

Maternal cohabitation at childbirthb

No 10,432 (45.8) 2688 (39.7) 11,184 (41.6) 1,072,653 (44.5)

Yes 12,321 (54.2) 4089 (60.3) 15,675 (58.4) 1,338,199 (55.5)

Maternal residence at childbirth

Copenhagen 3125 (13.7) 923 (13.6) 2455 (9.1) 270,851 (11.2)

Big cities ≥100,000 inhabitants 2536 (11.1) 1055 (15.6) 3646 (13.6) 309,407 (12.8)

Other 17,101 (75.1) 4799 (70.8) 20,779 (77.3) 1,833,903 (76.0)

Maternal RE history before childbirth

No 22,521 (98.9) 6725 (99.2) 26,692 (99.3) 2,406,189 (99.7)

Yes 241 (1.1) 52 (0.8) 188 (0.7) 7972 (0.3)

Paternal RE history before birth of the childb

No 22,603 (99.4) 6731 (99.6) 26,696 (99.4) 2,399,174 (99.7)

Yes 143 (0.6) 27 (0.4) 168 (0.6) 7515 (0.3)

Data are expressed as n (%); percentages have been rounded and may not total 100
aData on maternal smoking during pregnancy was available from 1991 to 2016
bVariables with missing values (see ESM Table 4 for further details)
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offspring in relation to the timing of maternal diabetes diag-
nosis with respect to childbirth (pre-gestational diagnoses
before conception and diagnoses within ≤2, 2–5 and >5 years
after childbirth). Fourth, we restricted our analyses to
offspring born to mothers with only one type of diabetic diag-
nosis, to examine whether the associations were affected by
the definition of diabetes. Fifth, to account for the influence on

RE onset from congenital ocular malformations, we excluded
offspring with congenital ocular malformations. Sixth,
because the development of the visual and oculomotor
systems is substantially affected in offspring with Down
syndrome [30], we further excluded children with Down
syndrome. Seventh, because the refractive status is highly
associated with diabetes in offspring, and offspring of diabetic

Table 2 Associations between maternal diabetes and overall RE and specific types of RE in offspring

Outcome/exposure No. of RE cases Rate per 1000 person-years Model 1a Model 2b

HR (95% CI) a p value HR (95% CI) b p value

Overall high RE

No diabetes 19,695 0.42 1.00 (ref) 1.00 (ref)

Maternal diabetes 553 0.93 1.92 (1.76, 2.09) <0.001 1.39 (1.28, 1.51) <0.001

Pre-gestational diabetes 303 0.84 1.80 (1.61, 2.02) <0.001 1.40 (1.25, 1.57) <0.001

Type 1 217 0.83 1.76 (1.54, 2.01) <0.001 1.32 (1.15, 1.51) <0.001

Type 2 86 0.85 1.93 (1.56, 2.38) <0.001 1.68 (1.36, 2.08) <0.001

Gestational diabetes 250 1.08 2.09 (1.85, 2.37) <0.001 1.37 (1.21, 1.55) <0.001

Hypermetropia

No diabetes 12,325 0.27 1.00 (ref) 1.00 (ref)

Maternal diabetes 405 0.68 1.99 (1.80, 2.20) <0.001 1.37 (1.24, 1.51) <0.001

Pre-gestational diabetes 220 0.61 1.91 (1.67, 2.18) <0.001 1.42 (1.24, 1.62) <0.001

Type 1 164 0.63 1.90 (1.63, 2.22) <0.001 1.36 (1.17, 1.59) <0.001

Type 2 56 0.55 1.94 (1.49, 2.52) <0.001 1.64 (1.26, 2.13) <0.001

Gestational diabetes 185 0.80 2.11 (1.82, 2.43) <0.001 1.31 (1.13, 1.52) <0.001

Myopia

No diabetes 5141 0.11 1.00 (ref) 1.00 (ref)

Maternal diabetes 87 0.15 1.59 (1.29, 1.97) <0.001 1.34 (1.08, 1.66) 0.007

Pre-gestational diabetes 55 0.15 1.57 (1.20, 2.05) <0.001 1.38 (1.06, 1.80) 0.017

Type 1 34 0.13 1.40 (1.00, 1.96) 0.050 1.21 (0.86, 1.69) 0.272

Type 2 21 0.21 1.96 (1.28, 3.00) 0.002 1.80 (1.17, 2.76) 0.007

Gestational diabetes 32 0.14 1.63 (1.15, 2.31) 0.006 1.28 (0.90, 1.81) 0.172

Astigmatism

No diabetes 3746 0.08 1.00 (ref) 1.00 (ref)

Maternal diabetes 102 0.17 2.15 (1.76, 2.61) <0.001 1.58 (1.29, 1.92) <0.001

Pre-gestational diabetes 52 0.14 1.81 (1.37, 2.38) <0.001 1.44 (1.09, 1.89) 0.009

Type 1 38 0.15 1.84 (1.33, 2.53) <0.001 1.41 (1.02, 1.94) 0.037

Type 2 14 0.14 1.73 (1.02, 2.92) 0.041 1.54 (0.91, 2.60) 0.110

Gestational diabetes 50 0.22 2.66 (2.01, 3.52) <0.001 1.75 (1.32, 2.32) <0.001

Other types of RE

No diabetes 2160 0.05 1.00 (ref) 1.00 (ref)

Maternal diabetes 54 0.09 1.70 (1.29, 2.23) <0.001 1.18 (0.90, 1.56) 0.225

Pre-gestational diabetes 29 0.08 1.53 (1.06, 2.23) 0.025 1.16 (0.80, 1.69) 0.433

Type 1 23 0.09 1.64 (1.08, 2.49) 0.022 1.19 (0.78, 1.81) 0.428

Type 2 6 0.06 1.25 (0.56, 2.78) 0.589 1.08 (0.48, 2.40) 0.858

Gestational diabetes 25 0.11 1.94 (1.30, 2.87) 0.001 1.21 (0.81, 1.80) 0.348

aModel 1: Offspring’s age as time scale
bModel 2: Offspring’s age as time scale, controlled for calendar year, sex, singleton status, parity, maternal smoking, maternal education, maternal
cohabitation, maternal residence at birth, maternal history of RE before childbirth, paternal history of RE before birth of the child, and maternal age
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mothers have a higher risk of being diagnosed with diabetes in
the first 25 years of life [31], we excluded offspring with a
diabetes diagnosis to examine the association. Eighth, to take
into consideration the influence of ICD code changes since
1994, we restricted a sub-analysis to offspring born after 1994.
In addition, considering the fact that GDM screening was not
officially endorsed until 1998, which might result in differ-
ences in GDM identification, we did separate analyses, name-
ly, restricting the analyses to offspring born before 1998 and
to offspring born since 1998. Ninth, we adjusted for maternal
family history of diabetes and maternal BMI before pregnan-
cy, restricted to firstborn offspring, to evaluate the potential
impact of GDM screening practice. Inverse probability of
selection weighting was used to evaluate possible live-birth
bias [32], considering that maternal diabetes could lead to fetal
loss and, therefore, naive analysis of data on live births could
be misleading [32, 33].

All analyses were conducted using SAS 9.4 (SAS Institute,
Cary, NC, USA) and Stata 14 (StataCorp, College Station,
TX, UAS). All p values were two-sided and a significance
level of 0.05 was applied.

Results

Of 2,470,580 liveborn individuals, 56,419 (2.3%) were
exposed to maternal pre-gestational diabetes (type 1 diabetes
0.9%, type 2 diabetes 0.3%) or GDM (1.1%). The proportion
of offspring born to mothers with diabetes increased over
time, from 0.4% in 1977 to 6.5% in 2016. Compared with
non-diabetic mothers, mothers with diabetes were more likely
to be older, well-educated, have a higher parity and live alone.
Compared with offspring born to mothers with no diabetes,
those born to mothers with diabetes were more likely to have a
parental history of RE (Table 1).

Main findings During the follow-up period of up to 25 years,
553 offspring of mothers with diabetes and 19,695 offspring
of non-diabetic mothers were diagnosed with high RE.
Exposed offspring had a 39% increased risk of overall high
RE than unexposed offspring: HR 1.39 (95% CI 1.28, 1.51),
p < 0.001 (Table 2); standardised cumulative incidence at
25 years of age 1.18% (95% CI 1.16%, 1.19%) in unexposed
offspring (Fig. 1); cumulative incidence difference between
exposed and unexposed offspring 0.72% (95% CI 0.51%,
0.94%) (Fig. 1). While the estimated risks for high RE asso-
ciated with exposure to pre-gestational diabetes (HR 1.40
[95% CI 1.25, 1.57], p < 0.001) and GDM (HR 1.37 [95%
CI 1.21, 1.55], p < 0.001) were similar, the risk associated
with exposure to maternal type 2 diabetes seemed to be higher
(HR 1.68 [95% CI 1.36, 2.08], p < 0.001) than that associated
with type 1 diabetes (HR 1.32 [95% CI 1.15, 1.51], p < 0.001)
(Table 2). The HR (95% CI) for hypermetropia, myopia and
astigmatism was 1.37 (1.24, 1.51) (p < 0.001), 1.34 (1.08,
1.66) (p = 0.007) and 1.58 (1.29, 1.92) (p < 0.001), respective-
ly (Table 2, Fig. 1). The increased risk of high RE was
observed in all three age groups: under 3 years (HR 1.55
[95% CI 1.35, 1.79], p < 0.001); 4–15 years (HR 1.23 [95%
CI 1.10, 1.39], p < 0.001); and 16–25 years (HR 1.56 [95% CI
1.19, 2.03], p = 0.001) (Fig. 2). When compared with unex-
posed offspring, offspring of mothers with diabetic complica-
tions were at a significantly higher risk of high RE (HR 2.05
[95% CI 1.60, 2.64], p < 0.001) than the offspring of mothers
with pre-gestational diabetes but no diabetic complications
(HR 1.18 [95% CI 1.02, 1.37], p = 0.030) (Table 3).

Sensitivity analyses Sibling design revealed almost identical
results (HR 1.41 [95% CI 1.01, 1.98]) to those of the main
analyses in the unmatched whole population cohort. Paternal
diabetes was not associated with high RE onset in offspring
(HR 0.95 [95% CI 0.80, 1.13]) (ESM Table 5). Concerning

Table 3 Associations between maternal pre-gestational diabetic complications and early RE onset in offspring born during 1994–2016

Exposure No. of RE cases Rate per 1000 person-years Model 1a Model 2b

HR (95% CI) p valuea HR (95% CI) p value

No pre-gestational diabetes 12,150 0.73 1.00 (ref) 1.00 (ref)

Pre-gestational diabetes without
diabetic complications

174 0.98 1.28 (1.10, 1.48) 0.001 1.18 (1.02, 1.37) 0.030

Pre-gestational diabetes
with diabetic complicationsc

62 1.67 2.26 (1.76, 2.90) <0.001 2.05 (1.60, 2.64) <0.001

1 complication 21 1.40 1.88 (1.23, 2.89) 0.004 1.76 (1.15, 2.70) 0.010

≥2 complications 41 1.88 2.50 (1.84, 3.40) <0.001 2.24 (1.65, 3.05) <0.001

aModel 1: Offspring’s age as time scale
bModel 2: Offspring’s age as time scale, controlled for calendar year, sex, singleton status, parity, maternal smoking, maternal education, maternal
cohabitation, maternal residence at birth, maternal history of RE before childbirth, paternal history of RE before birth of the child, and maternal age
c ICD-10 codes for pre-gestational diabetic complications: E10.0-E10.8, E11.0-E11.8 and H36.0; women with pre-gestational diabetic complications
were classified as having one or multiple complications (ICD-10 codes E10.7, E11.7)
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the timing of maternal diabetes diagnosis, the associa-
tion of maternal diabetes with RE was strongest when
mothers were diagnosed before childbirth (HR 1.45
[95% CI 1.29, 1.62]), and attenuated over time after
birth (ESM Table 6). Results from the following sub-
analyses are presented in ESM Tables 7–12, respective-
ly: (1) restricting to offspring of mothers diagnosed with
only one diabetes type during their pregnancy; (2)
excluding the 9463 offspring with a diagnosis of
congenital eye malformation; (3) excluding 2281
offspring with Down syndrome; (4) excluding the
31,628 offspring with a diagnosis of diabetes; (5)
restricting to offspring born before 1994, since 1994,
before 1998, and since 1998; and (6) adjusted for
maternal family history of diabetes, maternal BMI
before pregnancy, and restricted to firstborn offspring.

Discussion

Principal findings and exploration of possible mechanisms In
this nationwide population-based cohort study, we observed
that offspring born to mothers with either pre-gestational
diabetes or GDMwere at an increased risk of developing high
RE in general, as well as specific types of high RE, persisting
from the neonatal period to early adulthood. Offspring born to
mothers with diabetic complications had the highest risk of
high RE.

There are several potential explanations for the associations
observed in our study. First, for pregnant women with diabe-
tes, elevated levels of maternal serum glucose can lead to
hyperglycaemia in the fetal circulation via the placenta [19].
In the fetus, hyperglycaemia may induce vascular endothelial
dysfunction and neuropathy [12, 34]. This may result in the
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Fig. 1 Adjusted cumulative incidence of RE onset among offspring
exposed vs unexposed to maternal diabetes. The adjusted cumulative
incidence was averaged across the distribution of the covariates (calendar
year, sex, singleton status, parity, age, smoking, education, cohabitation,

residence at childbirth, history of RE before childbirth, and paternal histo-
ry of RE before birth of the child) using the inverse probability of treat-
ment weighting approach. (a) Overall RE. (b) Hypermetropia. (c)
Myopia. (d) Astigmatism. CID, cumulative incidence difference
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leakage or breakdown of the blood–ocular barrier endothelial
system [17, 18], in turn leading to aqueous humour osmotic
pressure changes and subsequent RE after birth [18, 35, 36].
This assumption has been supported by a study using a chick
embryo model in which a high concentration of glucose
injected on embryo development day (EDD) 1 resulted in
47.3% of embryonic eye malformations occurring on EDD 5
[37]. Second, enhanced oxidative stress and inflammatory
responses due to hyperglycaemia may damage the retina or
optic nerve [12, 38, 39]. Offspring born from diabetic preg-
nancies (offspring of pregnant women with pre-gestational
diabetes or GDM) also likely had significantly lower
pericentral macular retinal variables and higher risk of superi-
or segmental optic nerve hypoplasia, compared with offspring

born from non-diabetic pregnancies [40, 41]. Visual inputs
play an important role in eye growth by affecting the ampli-
tude of accommodation of the eyes, so the subnormal visual
feedback may indirectly influence the development of the
refractive system in early life and the affected offspring may
be predisposed to develop RE [42].

We further found that children of mothers with diabetic
complications had a significantly elevated risk of high RE.
Previous observations show that maintaining strict glycaemic
control before or during pregnancy is essential to prevent
pregnancy-related complications and offspring congenital
malformations [43]. These findings support the notion that
the presence of diabetic complications could be considered
as a key indicator of severe hyperglycaemia-related

Age groups HR (95% CI)

0-3 years

Maternal DM 1.55 (1.35, 1.79)

Pre-GD 1.81 (1.51, 2.18)

T1D 1.63 (1.31, 2.03)

T2D 2.48 (1.77, 3.48)

GDM 1.30 (1.05, 1.61)

4-15 years

Maternal DM 1.23 (1.10, 1.39)

Pre-GD 1.14 (0.97, 1.35)

T1D 1.14 (0.95, 1.37)

T2D 1.16 (0.82, 1.63)

GDM 1.34 (1.14, 1.58)

16-25 years

Maternal DM 1.56 (1.19, 2.03)

Pre-GD 1.52 (1.11, 2.09)

T1D 1.26 (0.81, 1.95)

T2D 1.96 (1.25, 3.08)

GDM 1.65 (1.01, 2.69)

0.8 1 2 3 4

a

REs HR (95% CI)

Hypermetropia

0-3 years 1.55 (1.33, 1.81)

4-15 years 1.21 (1.06, 1.39)

16-25 years 1.75 (1.08, 2.83)

Myopia

0-3 years 1.16 (0.68, 1.99)

4-15 years 1.39 (1.04, 1.86)

16-25 years 1.32 (0.90, 1.94)

Astigmatism

0-3 years 2.01 (1.37, 2.94)

4-15 years 1.36 (1.03, 1.79)

16-25 years 1.81 (1.16, 2.81)

Other types

0-3 years 1.53 (0.93, 2.51)

4-15 years 0.96 (0.66, 1.38)

16-25 years 1.91 (0.91, 4.04)

0.6 1 2 3 4

b

Fig. 2 Associations between different types of maternal diabetes and RE
onset by offspring age (a), and betweenmaternal diabetes and specific RE
onset in offspring by offspring age (b). Associations were controlled for
calendar year, sex, singleton status, parity, maternal smoking, maternal

education, maternal cohabitation, maternal residence at birth, maternal
history of RE before childbirth, paternal history of RE before birth of
the child, and maternal age
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vasculopathy, neuropathy and retinopathy and are important
contributors to metabolic and haemodynamic changes [22]
that might be involved in refractive development regulation
[18].

It was interesting to observe that hypermetropia occurred
more frequently in childhood and myopia was more frequent
in adolescence and young adulthood. This difference might be
due to the natural process of emmetropisation, which could
correct most hyperopia in early infancy over time [44]. In
addition, the increasing years and intensity of school educa-
tion could increase the risk of myopia from early childhood to
young adulthood [1]. It is important to note increased RE risks
for offspring exposed to maternal diabetes in all age groups
(<3 years, 4–15 years and 16–25 years), regardless of the type
of maternal diabetes, although HRs slightly varied across the
three age groups. This suggests that maternal diabetes-induced
intrauterine ocular impairment may contribute to the impeded
emmetropisation at an early age or subnormal refractive
accommodation during the eye growth in childhood and adult-
hood. Over time, these underlying mechanisms may further
lead to the elevated risk of developing high RE.

Strengths and weaknesses of the study Our study has the
strengths of high-quality long-term follow-up data covering
the whole Danish population, thus minimising the possibility
of selection bias and recall bias. The large sample size enabled
us to investigate specific types of RE and the risk of long-term
consequences with sufficient statistical power. Furthermore,
the availability of sociodemographic and medical information
provided us with the opportunity to adjust for a wide range of
important covariates and to conduct detailed analyses to
examine our specific research questions.

Several limitations should be noted. First, although we used
multiple approaches to identify outcomes and exposures, as
commonly done in previous register-based studies in
Denmark [16], we could not rule out the possibility of potential
misclassification of exposure (maternal diabetes). For example,
we might misclassify the type of pre-gestational diabetes before
1986 when separate ICD codes for type 1 and type 2 diabetes
were not available [45]. However, our analysis that was restrict-
ed to different birth years yielded results similar to those in the
primary analysis. For some individuals, type 2 diabetes might
also be misclassified as type 1 diabetes if the individual
required insulin treatment. However, this misclassification
was unlikely to change the overall association, as the estimates
for type 1 diabetes and type 2 diabetes were similar in our
study. Some mothers with diabetes might be misclassified as
‘no diabetes’ if not referred to the hospital. However, the ascer-
tainment and verification of diabetes in Denmark are consid-
ered highly reliable [46]. Furthermore, the misclassification is
likely non-differential and would most likely attenuate the risk
estimates to the null. GDM is also likely to be underreported in
the first half of the observational period, as screening for GDM

was not officially endorsed in Denmark until 1998 and not
affected by family history of diabetes, previous birth of a heavy
baby or the mother being overweight. However, the finding
from the sensitivity analyses indicated that bias from the
underreporting of GDM before 1998, family history of diabe-
tes, previous birth of a heavy baby, or the mother being over-
weight would not significantly alter our main finding. Second,
not all REs are recorded in the DNPR; recording mainly
depends on the severity of RE and whether or not an ophthal-
mological examination was carried out. Because we could only
identify high RE from the DNPR, this prevented us from esti-
mating the overall RE risk of offspring born to mothers with
diabetes status during or before pregnancy. However, this is the
best available evidence so far, and future cohort studies with
complete coverage of RE diagnosis are well warranted. For
offspring whose REs were identified by more frequent hospital
contacts, if the hospital contact-related factors were non-
differential between the exposed and the non-exposed, the asso-
ciations wouldmostly be attenuated towards the null. If hospital
contacts arose from diabetes-related ophthalmic examinations
for both offspring andmother, then our finding is prone to a risk
of information bias. However, our sensitivity analyses, for the
association in offspring without diabetes and for the association
between paternal diabetes and RE risk in offspring, suggest that
our findings were less likely to be attributed to this information
bias. Third, we could not completely eliminate the residual
confounding from familial factors such as outdoor activities,
glycaemic control, diet and nutrition, and genetic factors.
However, our sibling analyses, which might account for the
potential confounding of unmeasured but stable familial factors
[47], showed similar results to those of the unpaired design
based on the whole cohort. In addition, findings of the attenu-
ated association of maternal diabetes diagnosed after childbirth
and non-association of paternal diabetes with high RE in
offspring suggest that familial and genetic effects are unlikely
to be entirely attributable to uncontrolled confounding. Fourth,
we cannot rule out the possibility of live-birth bias because the
offspring who died in early pregnancy are undiagnosed.

Strengths and weaknesses in relation to other studies Two
cross-sectional studies have reported that maternal diabetes
was associated with RE in offspring [20, 21]. One, includ-
ing 350 children from an outpatient clinic of a paediatric
hospital, reported that children of mothers with GDM had a
threefold greater risk of having RE than children born to
mothers without GDM. However, the study focused solely
on hypermetropia and myopia in children younger than
5 years of age and did not adjust for important potential
confounders such as maternal socioeconomic status, prob-
ably due to availability of data [20]. The other cross-
sectional study, of 33 neonates, reported that mean spher-
ical equivalent for both eyes in children born to mothers
with diabetes was significantly greater than that of children
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born to mothers without diabetes, indicating that maternal
diabetes was associated with an increased risk of hyperme-
tropia in newborns [21]. In addition, greater central corneal
thickness was found in children of mothers with diabetes
[21], suggesting an elevated risk of developing myopia in
the future, as central corneal thickness is positively associ-
ated with the degree of myopia in young adults [48].

Our study is the first population-based cohort study to
show that maternal diabetes may affect the development of
high RE in offspring, persisting into adulthood. We were able
to examine the effects of both pre-gestational diabetes and
GDM on the subtypes of high RE. We believe that our study
provides better evidence on the association, attributable to the
much longer follow-up into early adulthood (25 years of age)
and the large sample size of a full population-based approach
in a country, taking into consideration a number of potential
confounders.

Meaning of the study As many REs in young children are
treatable, early identification and intervention can have a life-
long positive impact. Therefore, although the 39% increased
risk is a relatively low effect size, from a public health
perspective, considering the high global prevalence of REs
[49], any tiny improvement in this low-risk preventable factor
will contribute to a huge reduction in absolute incidence of
REs [5]. Thus, the value of early ophthalmological screening
should be evaluated in offspring of mothers with diabetes,
especially those with diabetic complications, before or during
pregnancy for their eyesight health in the future.

Unanswered questions and future research Our findings
support the idea that positive glucose control in mothers with
GDM or pre-gestational diabetes is crucial for reducing high
RE risk in offspring. However, we still lack sufficient infor-
mation on the evaluation of the severity of maternal diabetes
and the effects of glucose control. Thus, a validation study
with comprehensive exposure assessment is warranted.
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