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(STR), which was started in the 1960s [26]. In 1998–2002, all
living twins (≥40 years of age, i.e. born in 1958 or earlier) in
the registry were invited to participate in the Screening Across
the Lifespan Twin study (SALT), a full-scale screening that
gathered data on an extended set of variables via computerassisted telephone interview. Out of 44,919 twin individuals
eligible for the interview, 5009 who had not reached the age of
60 by the end of available follow-up on 31 December 2014
(born after 1954), 417 who died by 31 December 2014, 773
who had CBD before the age of 60 years, 4210 who had type 2
diabetes with onset age <40 years or ≥60 years, 310 who had
type 1 diabetes, and 1114 who had transient ischaemic attack
were excluded. Finally, 33,086 individuals remained for the
current analyses (Fig. 1).
Data collection Information on demographics (age, sex and
educational attainment), lifestyle (smoking, alcohol consumption), anthropometric measures (weight and height), zygosity
and medication use (including treatment for type 2 diabetes)
was obtained from the SALT survey [26]. Education was defined by the maximum years of formal schooling attained, and
dichotomised into <8 vs ≥8 years. BMI was calculated as
weight (kg) divided by height squared (m2), and categorised
as <20 kg/m2 (underweight), 20–24.9 kg/m2 (normal weight),
25–29.9 kg/m 2 (overweight), and ≥30 kg/m 2 (obese).
Smoking status was categorised as never smoked, former
smoker and current smoker. Alcohol consumption was

dichotomised as never consumed alcohol vs past/current consumer of alcohol. Marital status was defined as married/
cohabitating vs single (including divorced).
Information on history of type 2 diabetes, CBD, hypertension and heart disease (including coronary heart disease, cardiac arrhythmias and heart failure) was derived from the
National Patient Registry (NPR), which covers all inpatient
care in Sweden since the 1960s up to the end of 2014. Each
medical record in the NPR included up to eight discharge
diagnoses recorded as International Classification of Disease
(ICD) codes. The seventh revision (ICD-7) was used through
to 1968, the eighth revision (ICD-8) from 1969 through to
1986, the ninth revision (ICD-9 [www.icd9data.com/2007/
Volume1]) from 1987 through to 1996 and the tenth revision
(ICD-10 [http://apps.who.int/classifications/icd10/browse/
2016/en]) since 1997 through to the end of available followup in 2014.
Informed consent was required from all participants. The
data collection procedures were approved by the Regional
Ethics Committee at Karolinska Institutet, Stockholm,
Sweden, and the Institutional Review Board of the
University of Southern California, USA.
Ascertainment of diabetes Both type 1 and type 2 diabetes

E10–E14). The age at type 2 diabetes onset was estimated
according to the earliest recorded date of type 2 diabetes in
the NPR or the self-reported date of type 2 diabetes onset
available in SALT. Midlife type 2 diabetes was defined as type
2 diabetes onset at age 40–59 years. Information on treatment
of type 2 diabetes was collected from the SALT survey and the
Swedish Drug Registry (The Anatomical Therapeutic
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Table 1 Characteristics of the
study participants by midlife type
2 diabetes mellitus (onset age
40–59 years) (n = 33,086)

Characteristics

p value

T2DM-free

Midlife T2DM

n = 31 838

n = 1248

Age (years), mean (SD)
Male sex, n (%)

60.8 (10.3)
14,244 (44.7)

58.5 (8.5)
725 (58.1)

Education, n (%)
<8 years
≥8 years
Marital status, n (%)

11,619 (36.5)
20,219 (63.5)

454 (36.4)
794 (63.6)

Married/cohabiting
Single
Zygosity, n (%)

22,933 (72.0)
8905 (28.0)

877 (70.3)
371 (29.7)

Monozygotic
Dizygotic

6323 (19.8)
21,257 (66.8)

230 (18.4)
826 (66.2)

4258 (13.4)
24.7 (3.3)

192 (15.4)
27.6 (4.2)

1847 (5.8)
16,313 (51.2)

19 (1.5)
306 (24.5)

11,685 (36.7)
1993 (6.3)

612 (49.0)
311 (24.9)

15,670 (49.2)
9031 (28.4)

532 (42.6)
388 (31.1)

7137 (22.4)

328 (26.3)

29,649 (93.1)
2189 (6.9)

1091 (87.4)
157 (12.6)

Heart disease, n (%)

8468 (26.6)

517 (41.4)

<0.001

Hypertension, n (%)

8454 (26.6)

693 (55.5)

<0.001

<0.001
<0.001
0.934

0.175

0.086

Undetermined
BMI, mean (SD)
BMI, n (%)
<20 (underweight)
20–24.9 (normal weight)
25.0–29.9 (overweight)
≥30 (obese)
Smoking status, n (%)
Never smoked
Former smoker
Current smoker
Alcohol consumption, n (%)
Never consumed alcohol
Past/current consumer of alcohol

<0.001
<0.001

<0.001

<0.001

T2DM, type 2 diabetes mellitus

CI 0.90, 2.84) and 0.96 (95% CI 0.51, 1.80), respectively
(Table 4).

Table 2 Clinical features of participants with midlife type 2 diabetes
mellitus by CBD (n = 1248)
CBD
n=149

p value

Clinical features

No CBD
n=1099

Age, mean (SD)
Male sex, n (%)
T2DM onset age, mean (SD)
T2DM duration, median (IQR)
T2DM treatment, n (%)a
Diet
Oral glucose-lowering drugs

57.6 (8.2) 65.1 (7.3) <0.001
644 (58.6) 81 (54.4) 0.325
52.8 (5.2) 52.4 (4.7)
0.361
17.8 (9.2) 18.3 (8.3)
0.534
0.268
106 (13.0) 10 (7.1)
117 (14.3) 22 (15.6)

Insulin
36 (4.4)
7 (5.0)
Combined oral drugs and insulin 558 (68.3) 102 (72.3)
a

290 (23.2%) participants had missing values for T2DM treatment

IQR, interquartile range; T2DM, type 2 diabetes mellitus

The difference in ORs from the GEE model based on unmatched case−control analysis vs co-twin control analysis was
not statistically significant (basic-adjusted: OR 1.03 [95% CI
0.67, 1.50; p = 0.897]; multi-adjusted: OR 0.94 [95% CI 0.62,
1.39; p = 0.780]). Because the estimates from the GEE vs
matched co-twin control analysis did not differ significantly,
genetic and early-life familial environmental factors appeared
not to play a role as confounders in the association between
midlife type 2 diabetes and cerebral infarction in late life.
Supplementary analysis Considering possible sex differences
in CBD development [2, 33], we performed stratified analyses. The associations between midlife type 2 diabetes and
CBD risk and its subtypes did not vary by sex (electronic
supplementary material [ESM] Table 1). As midlife type 2
diabetes was associated with mortality (OR 2.70 [95% CI
2.34, 3.11]), we repeated the analysis with an additional adjustment for survival status. The results of this analysis were
similar to those of the initial GEE models. Finally, we repeated
the analyses excluding data with missing values for
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Table 3 ORs and 95% CIs of
midlife T2DM in relation to different types of cerebrovascular
disease in late life from GEE
(T2DM-free as the reference)

CBD

No. of cases

OR (95% CI)a

OR (95% CI)b

OR (95% CI)c

All types of CBD

3121

1.81 (1.50, 2.19)

1.72 (1.42, 2.08)

1.26 (1.04, 1.53)

Cerebral infarction
Occlusion of cerebral arteries

2190
258

1.91 (1.54, 2.38)
2.73 (1.64, 4.55)

1.78 (1.43, 2.22)
2.74 (1.54, 4.60)

1.29 (1.03, 1.61)
2.03 (1.20, 3.44)

Haemorrhagic CBD
Subarachnoid haemorrhage

540
92

0.97 (0.59, 1.61)
0.68 (0.17, 2.78)

0.96 (0.58, 1.60)
0.74 (0.18, 3.07)

0.74 (0.44, 1.23)
0.52 (0.12, 2.21)

Intracerebral haemorrhage

448

1.04 (0.61, 1.79)

1.01 (0.59, 1.73)

0.78 (0.45, 1.36)

133

2.18 (1.04, 4.53)

2.26 (1.11, 4.64)

1.78 (0.87, 3.66)

Unspecified CBD
a

Adjusted for age, sex and education

b

Adjusted for age, sex, education, BMI, smoking, alcohol consumption and marital status

c

Additionally adjusted for hypertension and heart disease

T2DM, type 2 diabetes mellitus

covariates, and the results were not significantly altered (ESM
Table 2).

Discussion
In this large-scale, nationwide, population-based study of
Swedish twins, we found that midlife type 2 diabetes was
significantly associated with increased risk of cerebral infarction and occlusion of cerebral arteries, but not intracerebral
haemorrhage or subarachnoid haemorrhage in late life.
Genetic and early-life familial environmental factors appeared
not to account for the association between midlife type 2 diabetes and late-life cerebral infarction.
Type 2 diabetes may lead to various micro- and macrovascular changes often culminating in major clinical complications, such as CBD. Epidemiologic studies have shown that
Table 4 ORs and 95% CIs for the association between midlife T2DM
and late-life cerebral infarction in co-twin control analyses using cerebral
infarction discordant twin pairs from conditional logistic regression
Co-twin without cerebral infarction

Twin with cerebral infarction
T2DM-free

T2DM

T2DM-free
T2DM

801
19

32
7

Basic-adjusted OR (95% CI)a

1.60 (0.90, 2.84)
0.96 (0.51, 1.80)

Multi-adjusted OR (95% CI)b

The 859 cerebral infarction discordant pairs were divided into four groups
with respect to exposure (T2DM) status. In 801 twin pairs, both were
T2DM-free. In 7 twin pairs, both had T2DM. In 32 twin pairs, the healthy
(cerebral infarction-free) co-twin was T2DM-free and the diseased twin
had T2DM. In 19 twin pairs, the diseased co-twin was T2DM-free and the
healthy twin had T2DM
a

Adjusted for sex and education

b

Adjusted for sex, education, BMI, smoking, alcohol consumption, marital status, hypertension and heart disease
T2DM, type 2 diabetes mellitus

type 2 diabetes is associated with a two- to fivefold increased
risk of ischaemic CBD, especially cerebral infarction [3, 5, 8,
9, 11–19, 34, 35]. So far, few studies have particularly focused
on the association between midlife type 2 diabetes and CBD
in late life. In our study, we found that midlife type 2 diabetes
conferred a moderate risk for cerebral infarction and occlusion
of cerebral arteries in late life.
Several cohort studies have investigated the association of
type 2 diabetes with risk of haemorrhagic CBD, and some of
them found no such association [3, 5, 7, 14], but others indicated an increased [9] or a decreased [12, 36] risk of
haemorrhagic CBD in diabetics. In a longitudinal study examining the relation between type 2 diabetes and haemorrhagic
CBD, type 2 diabetes was associated with a decreased subarachnoid haemorrhage risk and an increased intracerebral
haemorrhage risk [12]. However, in another two populationbased cohort studies, type 2 diabetes was not associated with
intracerebral haemorrhage or subarachnoid haemorrhage [3,
18]. The only study addressing the association of midlife type
2 diabetes and haemorrhagic CBD (including intracerebral
and subarachnoid haemorrhage) also showed negative results
in women [5]. Consistent with these studies, we found that
midlife type 2 diabetes was not associated with intracerebral
and subarachnoid haemorrhage in late life.
The mechanisms underlying the association of type 2 diabetes
with cerebral infarction and occlusion of cerebral arteries are
complex and not completely understood [37]. Individuals with
diabetes develop dyslipidaemia characterised by small dense
low-density lipoproteins, reduced high-density lipoproteins and
increased triacylglycerol levels, as well as accelerated atherogenesis [38, 39]. Metabolic disturbances, such as insulin resistance,
compensatory hyperinsulinaemia, inflammation, hyperlipidaemia and hyperglycaemia may also contribute to cerebrovascular
events in people with type 2 diabetes [37]. The negative association between type 2 diabetes and haemorrhagic CBD may reflect endothelial proliferation and thickening of the basement
membrane in cerebral vessels induced by type 2 diabetes that
lead to increased risk of infarction but not rupture [40].
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