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OBJECTIVE

Given temporal changes in diabetes prevalence and stroke incidence, this study
investigated age, race, and sex differences in the diabetes–stroke association in a
contemporary prospective cohort, the REasons for Geographic and Racial Differ-
ences in Stroke (REGARDS) Study.

RESEARCH DESIGN AND METHODS

We included 23,002 non-Hispanic black and white U.S. adults aged ‡45 years
without prevalent stroke at baseline (2003–2007). Diabetes was defined as fasting
glucose ‡126 mg/dL, random glucose ‡200 mg/dL, or use of glucose-lowering
medication. Incident stroke events were expert adjudicated and available through
September 2017.

RESULTS

The prevalence of diabetes was 19.1% at baseline. During follow-up, 1,018 stroke
events occurred. Among adults aged <65 years, comparing those with diabetes to
those without diabetes, the risk of stroke was increased for white women (hazard
ratio [HR] 3.72 [95% CI 2.10–6.57]), black women (HR 1.88 [95% CI 1.22–2.90]), and
white men (HR 2.01 [95% CI 1.27–3.27]) but not black men (HR 1.27 [95% CI 0.77–
2.10]) after multivariable adjustment. Among those aged ‡65 years, diabetes
increased the risk of stroke for white women and black men, but not black women
(HR 1.05 [95% CI 0.74–1.48]) or white men (HR 0.86 [95% CI 0.62–1.21]).

CONCLUSIONS

In this contemporary cohort, the diabetes–stroke association varied by age, race,
and sex together, with amore pronounced effect observed among adults aged <65
years. With the recent increase in the burden of diabetes complications at younger
ages in the U.S., additional efforts are needed earlier in life for stroke prevention
among adults with diabetes.
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Diabetes is an established risk factor for
stroke (1) and is included in cardiovas-
cular risk prediction models (2,3). How-
ever, it is unclear what impact age, sex,
and race may have on the association of
diabetes with stroke risk, as several prior
studies have reported different findings.
In the Greater Cincinnati/Northern Ken-
tucky Stroke Study (GCNKSS), the risk
of stroke associated with diabetes was
greater among adults aged ,65 years
compared with those aged $65 years.
Similarly, a stronger association at youn-
ger ages was reported in the recently
updated Framingham Stroke Risk Func-
tion (3). For sex, no differences were
reported in several prospective cohort
studies (4–6), whereas two meta-analyses
indicated the stroke risk associated
with diabetes was greater among women
than men (7,8). In contrast, the recently
updated Framingham Stroke Risk Func-
tion reported that the magnitude of the
diabetes–stroke association was stron-
ger among men than women (3). For
race, no racial differences in the diabetes–
stroke association were reported in
an initial investigation (1987–1995) from
the Atherosclerosis Risk in Communities
(ARIC) study (9); however, an updated
analysis with additional follow-up found
that the diabetes–stroke association was
stronger among black adults than white
adults (10,11). In contrast, the GCNKSS in
the 1990s reported that the diabetes–
stroke association was stronger among
black adults than white adults (12),
whereas by the mid-2000s, the associa-
tion was stronger among white adults
than black adults (13).
Given the observed increase in diabe-

tes prevalence over the last few decades
(14,15) and decline in stroke incidence
(11) and a recent resurgence in stroke
incidence among younger adults with
diabetes (16), the objective of this study
was to investigate whether the diabetes–
stroke association was jointly modified
by age, race, and sex in a contemporary
prospective cohort of black and white
adults in the U.S.

RESEARCH DESIGN AND METHODS

Study Population
The REasons for Geographic and Racial
Differences in Stroke (REGARDS) is an on-
going population-based study designed to
investigate stroke and its mortality among
30,183 non-Hispanic black and non-
Hispanic white adults from the continental

U.S. aged $45 years. The study was
designed to oversample black adults
and participants from the stroke belt
region (North Carolina, South Carolina,
Georgia, Alabama, Mississippi, Arkansas,
Louisiana, and Tennessee), including the
stroke buckle region (coastal areas of
North Carolina, South Carolina, and
Georgia). The baseline assessment
(2003–2007) included a computer-assisted
telephone interview to record sociodemo-
graphics, health behaviors, and previous
medical history followed by an in-home
visit to collect anthropometrics, blood
pressure, electrocardiogram, and blood
and urine specimens (17). Participants
or their proxies were contacted semi-
annually to identify any hospitalizations,
emergency room visits, overnight stays
in nursing homes or rehabilitation
centers, and death during the preced-
ing 6months. Institutional review boards
of all participating institutions reviewed
and approved the study protocol. Informed
consent was obtained from all participants.

For the current study, participants
with prevalent stroke or missing stroke
status at baseline (n = 2,036) or missing
diabetes status at baseline (n = 984)were
excluded. A complete case analysis was
conducted after excluding participants
with missing information on covariates
(n = 3,710) or follow-up time (n = 451),
resulting in a final sample size of 23,002
(Supplementary Fig. 1).

Diabetes
Prevalent diabetes was defined based on
a single measurement of glucose (fasting
glucose $126 mg/dL [$7 mmol/L] or
random glucose $200 mg/dL [$11.1
mmol/L]) or use of any glucose-lowering
medications at baseline (18).

Incident Stroke
Medical records were retrieved for partic-
ipants with any suspected stroke events
identified during the semiannual follow-up
call (17). Incident stroke events were ad-
judicated by a physician committee based
on World Health Organization definition
(focal neurological deficits lasting .24 h)
or supportive neuroimaging (for symptoms
lasting ,24 h) (19). Stroke events (fatal
and nonfatal) that occurred through
30 September 2017 were included.

Covariates
Age, sex, race, education (high school or
less vs. more than high school), annual

household income in dollars (,20,000,
20,000–34,999, 35,000–74,999, and
$75,000), health insurance coverage
(yes or no), alcohol consumption (never,
moderate, or heavy) and smoking status
(never, past, or current smoker) were
self-reported (18,20). Physical activity
was assessed using validated question
(“How many times per week do you
engage in intense physical activity,
enough to work up a sweat?”) and cat-
egorized as none, 1–3 times/week, or $4
times/week (21). Height and weight were
measured following a standardized pro-
tocol and used to calculate BMI. History
of myocardial infarction (MI) and history
of atrial fibrillation were determined by
electrocardiogram findings or self-report
(18). Left ventricular hypertrophy was
identified from baseline electrocardio-
gram using Sokolow-Lyon criteria (22).
Blood pressure was determined by the
average of two readings taken 30 s apart,
after a 5-min rest. Triglycerides and HDL
cholesterol were measured by colorimet-
ric reflectance spectrophotometry, and
LDL cholesterol was assessed by the
Friedewald formula (23). Estimated glo-
merular filtration rate (eGFR) was calcu-
lated using the Chronic Kidney Disease
Epidemiology Collaboration equation
(24). Albumin-to-creatinine ratio was
calculated based on urine albumin mea-
sured by BN ProSpec Nephelometer and
urine creatinine measured by Modular-P
analyzer (25). A medication inventory
was recorded during the in-home visit.

Statistical Analyses
Poisson regression was used to obtain
age-adjusted incidence rates per 1,000
person-years and incidence rate ratios
comparing those with diabetes to those
without diabetes by age (,65 years
or $65 years), race (black or white),
and sex (men or women). Kaplan-Meier
method was used to compute cumulative
incidence of stroke by diabetes status,
age, race, and sex. Cox proportional
hazards regression was used to estimate
hazard ratios (HRs) for the association of
diabetes with stroke. Model 1 was un-
adjusted. Model 2 was adjusted for de-
mographic factors (education, annual
household income, geographic region,
and health insurance coverage) and be-
havioral factors (alcohol intake, smoking
status, and physical activity). Model
3 included additional adjustment for
clinical factors (history of MI, history
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of atrial fibrillation, left ventricular hy-
pertrophy, eGFR, albumin-to-creatinine
ratio, triglyceride-to-HDL ratio, LDL cho-
lesterol, statin use, systolic blood pres-
sure, use of antihypertensive medications,
and BMI). Proportionality of hazards was
assessed with a product term between
follow-up time and diabetes status.
Effect-measure modification was as-
sessed using a four-way product term
(age, race, sex, and diabetes) and lower-
order product terms. Because of the
limited statistical power for tests of in-
teraction (26,27), a higher a has been
recommended (28) and is commonly
used in epidemiological studies. There-
fore, we used an a priori P value of 0.15
along with reviewing stratum-specific
associations and background knowl-
edge about hypothesized associations
with age, race, and sex to assess effect-
measure modification. A sensitivity anal-
ysis was also done to evaluate the
diabetes–stroke association including is-
chemic strokes only. SAS version 9.4
(SAS Institute, Cary, NC) or R version
3.6.0 was used for all analyses.

RESULTS

Baseline participant characteristics by
age and diabetes status are reported in
Table 1. The prevalence of diabetes was
17.6% among those aged,65 years and
20.8% among those aged $65 years.
Compared with those without diabetes,
participants with diabetes were more
likely to be black, have high school
education or less, and have annual in-
come ,$20,000. Participants with dia-
betes had higher BMI, lower cholesterol
levels, and higher systolic blood pressure
and were more likely to have an eGFR
,60 mL/min/1.73 m2, left ventricular
hypertrophy, and history of atrial fibril-
lation (Table 1).
During a median follow-up of 9.8 years,

1,018 stroke events occurred (ischemic
stroke, N = 914; hemorrhagic stroke, N =
104). The crude stroke incidence rate for
those with diabetes was 7.55 per 1,000
person-years (95% CI 6.70–8.51) com-
pared with 4.48 per 1,000 person-years
(95% CI 4.17–4.82) for those without
diabetes. The cumulative incidence of stroke
was generally higher among those with
diabetes compared with those without
diabetes (Fig. 1). Additionally, the stroke
incidence rates were higher for those
aged $65 years than those aged ,65

years regardless of diabetes status
(Supplementary Table 1).

Results are presented by race-sex
groups for those aged ,65 and $65
years (age, race, sex, and diabetes
four-way interaction, P = 0.1087). Among
those aged ,65 years, diabetes was
associated with an increased hazard of
stroke for each race-sex group, although

the magnitude of the association was
weaker and not statistically significant for
black men (Table 2). In unadjusted anal-
yses among those aged ,65 years, white
women with diabetes had over four
times the risk of stroke compared with
white women without diabetes (HR 4.53
[95% CI 2.58–7.93]). Moreover, diabetes
was associated with double the risk of

Table 1—Baseline characteristics of REGARDS participants by diabetes status and
age (2003–2007)

Characteristic

Age ,65 years Age $65 years

No
diabetes

(n = 9,810)
Diabetes
(n = 2,093)

No
diabetes

(n = 8,793)
Diabetes
(n = 2,306)

Age (years) 57.0 (5.0) 58.0 (4.6) 72.6 (5.9) 72.1 (5.5)

Black (%) 37.9 60.3 32.1 52.9

Women (%) 57.7 55.3 52.6 49.5

High school graduate or less (%) 30.0 42.9 38.9 49.8

Annual household income (%)
,$20,000 11.5 22.3 17.8 26.1
$20,000–34,999 17.9 23.8 28.7 30.3
$35,000–74,999 34.6 30.2 29.6 24.3
$$75,000 26.4 14.4 10.4 6.5
Refused 9.6 9.4 13.5 12.9

Has health insurance (%) 89.1 86.5 98.9 99.0

Geographic region (%)
Buckle 21.8 23.1 19.5 22.6
Belt 35.2 38.1 33.1 34.0
Nonbelt 43.0 38.8 47.5 43.5

Alcohol consumption (%)
Never 54.9 72.2 62.1 74.9
Moderate 20.2 16.9 14.9 13.7
Heavy 24.9 10.9 23.0 11.5

Smoking status (%)
Never 47.7 45.6 46.3 41.5
Former 34.2 37.1 44.6 48.4
Current 18.1 17.3 9.1 10.1

Physical activity (%)
None 29.2 37.1 32.6 41.5
1–3 times/week 40.4 38.3 34.5 31.4
$4 times/week 30.4 24.6 32.9 27.1

BMI (kg/m2) 29.2 (6.1) 33.8 (6.8) 27.7 (5.3) 31.0 (5.9)

Total cholesterol (mg/dL) 198.2 (38.0) 182.9 (41.0) 191.6 (38.4) 175.7 (37.4)

LDL cholesterol (mg/dL) 120.4 (34.1) 107.1 (36.4) 113.5 (33.5) 100.8 (32.7)

HDL cholesterol (mg/dL) 53.1 (16.2) 47.2 (13.9) 53.7 (16.6) 47.6 (14.4)

Statin use (%) 20.7 43.9 32.7 49.5

Systolic blood pressure (mmHg) 123.6 (15.5) 130 (16.6) 128.9 (16.3) 132.8 (17.3)

Use of antihypertensive drugs (%) 41.4 73.7 55.0 75.9

eGFR ,60 mL/min/1.73 m2 (%)† 2.8 8.7 14.8 24.5

Albumin-to-creatinine ratio
$30 mg/mg (%) 7.6 25.9 13.3 30.9

History of MI (%) 6.7 13.3 13.7 20.0

History of atrial fibrillation (%) 5.7 8.6 9.6 10.9

Left ventricular hypertrophy (%) 7.2 11.0 10.3 14.3

Use of glucose-lowering medication d 81.6 d 85.2

Data are mean (SD) unless otherwise noted. †eGFR estimated using Chronic Kidney Disease
Epidemiology Collaboration equation.
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stroke among black women and white
men. Adjustment for demographic, be-
havioral, and clinical factors attenuated
these associations for white women (HR
3.72 [95% CI 2.10–6.57]), black women
(HR 1.88 [95% CI 1.22–2.90]), and white
men (HR 2.04 [95% CI 1.27–3.27]). Results
were similar when only ischemic stroke
events were analyzed (Supplementary
Table 2).
Among those aged $65 years, diabe-

tes increased the risk of stroke for white
women (HR 1.92 [95% CI 1.35–2.73]) and
black men (HR 1.79 [95% CI 1.20–2.67]),
but not for black women (HR 1.10 [95% CI
0.78–1.55]) or white men (HR 1.01 [95%
CI 0.72–1.40]) in unadjusted analyses.
These associations were attenuated but
remained significant for white women
and black men after multivariable ad-
justment (Table 2). In a sensitivity anal-
ysis assessing ischemic stroke events only
among those aged $65 years, results
were similar (Supplementary Table 2).

CONCLUSIONS

In this prospective cohort study, the
magnitude of the association of di-
abetes with stroke varied by age, race,
and sex jointly. While stroke incidence
was higher among older adults ($65
years), the magnitude of the diabetes–
stroke association was generally more
pronounced among those aged ,65
years. Diabetes was associated with an
increased risk of stroke for each race-sex
group among those aged ,65 years,
except black men. However, among
those aged $65 years, the higher risk
of stroke associated with diabetes was
observed only among black men and
white women.

Ourfindingsare similar toprior reports
that showed the diabetes-stroke associ-
ation was stronger among middle-aged
adults than older adults (3,8,11,13). Find-
ings from a retrospective cohort study
reported that the stroke risk due to
diabetes approximates the stroke risk

associated with aging 15 years (29).
Moreover, it has been postulated that
the onset of arterial stiffness at an early
age due to diabetes may be an underlying
mechanism for increased stroke risk at
younger ages (30).

In contrast to no sex differences
reported in the diabetes–stroke asso-
ciation in multiple cohort studies
(4–6,9), two meta-analyses of 102
studies (21 from the U.S.) and 64
studies (5 from the U.S.), respec-
tively, reported a stronger association
among women compared with men
(7,8). A previous analysis of REGARDS
participants reported sex differences
in the diabetes–stroke association
among white adults but not black
adults (31). In contrast, the ARIC study
reported a stronger association among
women than men in the diabetes–
cardiovascular disease association (a com-
posite outcome of stroke, coronary
heart disease, peripheral arterial disease,

Figure 1—Kaplan-Meier curves for cumulative incidence of stroke by age, race, sex, and diabetes status. Unadjusted cumulative incidence of stroke
shown by age-sex strata comparing those with and without diabetes among black adults and white adults. The solid black line represents white
adults with diabetes, dashed black line represents white adults without diabetes, solid gray line represents black adults with diabetes, and dashed
gray line represents black adults without diabetes.
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and heart failure) that was similar for
black and white adults (32). However,
the current analysis showed that sex
together with age and race jointly
influenced the diabetes–stroke asso-
ciation specifically. It has been re-
ported that women with diabetes
were less likely to attain control of
stroke risk factors compared with men
with diabetes (33). However, in our
study, the higher risk for stroke among
women with diabetes remained after
adjustment for stroke risk factors.
Women also have higher levels of athero-
genic markers (e.g., E-selectin and solu-
ble intracellular adhesion molecule) than
men prior to the diagnosis of diabetes
(34), which may contribute to some of
the observed sex differences in the
diabetes–stroke association.
No racial differences in the diabetes–

stroke association were reported in the
National Health and Nutrition Examina-
tion Survey I study (1971–1975) (35), an
early analysis of the ARIC study (1987–
1995) (9), or the Northern Manhattan
Study with follow-up into the late 2000s
(6). However, a more recent analysis
from theARIC study reported a stronger
diabetes–stroke association among black
adults than white adults (10,11). Differ-
ent results were also reported in the
GCNKSS over time. In an initial analysis
(1993–1994), the incidence rate ratios for

stroke for those with diabetes compared
with those without diabetes were gen-
erally higher for black adults than white
adults at younger ages (12). However,
more recent data from the GCNKSS
(1993–2011) reported that the association
of diabetes with stroke was greater
among white adults than black adults
(13). Although diabetes is a known risk
factor for stroke, we observed that age,
race, and sex together influenced the
diabetes–stroke association such that
stroke risk among those aged,65 years
was increased for white women, black
women, and white men, whereas stroke
risk among those aged $65 years was
increased for white women and black
men. The potential explanatory factors
underlying these differences are unclear.
These associations could be reflective of
broader changes in cardiovascular com-
plications of diabetes. A recent study
from Centers for Disease Control and
Prevention described a resurgence of
diabetes complications, including stroke
incidence, since 2010 (16). The ob-
served increase in stroke incidence
was most apparent among adults with
diabetes age ,65 years, while stroke
incidence has plateaued among adults
with diabetes age $65 years (16). How-
ever, this study did not investigate race
and sex differences in these trends, so
it is unclear whether these changes are

similar across race-sex groups. In addi-
tion, the ARIC study recently reported
that the association of diabetes with a
composite cardiovascular event end
point (that included incident stroke)
was stronger among black women
than black men, highlighting the impor-
tance of considering both race and sex
concurrently (32,36). In light of the
changing trends in stroke incidence
and the higher diabetes prevalence
amongblack adults comparedwithwhite
adults in the U.S., it is important to in-
vestigate whether the diabetes–stroke as-
sociation variedwithin subgroups by race,
sex, and age.

This study has several potential limi-
tations. Our study used a single measure
of blood glucose at baseline to assess
diabetes status in addition to medication
use. We did not have a second measure
available to confirm diabetes classifica-
tion; however, 83.4% of adults with di-
abetes were using glucose-lowering
medications. Additionally, survival bias
is a possibility because black adults have
a higher mortality rate than white adults
(37), and women have greater life ex-
pectancy than men (38). A previous
analysis of REGARDS participants showed
that racial disparities in stroke risk are
attenuated at older ages (20), and it has
been suggested that stroke risk would be
greater among older black adults than

Table 2—HRs for the association of diabetes with risk of stroke by age, race, and sex groups: the REGARDS Study*

Model 1 Model 2 Model 3

n/N† HR 95% CI HR 95% CI HR 95% CI

Age ,65 years at baseline
White women with diabetes 18/373 4.53 2.58–7.93 3.92 2.23–6.89 3.72 2.10–6.57
White women without diabetes 38/3,296 1 d 1 d 1 d

Black women with diabetes 34/784 2.04 1.33–3.14 1.96 1.27–3.01 1.88 1.22–2.90
Black women without diabetes 53/2,359 1 d 1 d 1 d

White men with diabetes 25/459 2.59 1.63–4.11 2.31 1.45–3.68 2.01 1.27–3.27
White men without diabetes 63/2,795 1 d 1 d 1 d

Black men with diabetes 23/477 1.38 0.84–2.28 1.37 0.83–2.25 1.27 0.77–2.10
Black men without diabetes 48/1,360 1 d 1 d 1 d

Age $65 years at baseline
White women with diabetes 38/418 1.92 1.35–2.73 1.82 1.27–2.59 1.79 1.25–2.58
White women without diabetes 158/2,882 1 d 1 d 1 d

Black women with diabetes 47/723 1.10 0.78–1.55 1.06 0.75–1.49 1.05 0.74–1.48
Black women without diabetes 112/1,740 1 d 1 d 1 d
White men with diabetes 42/668 1.01 0.72–1.40 0.94 0.68–1.31 0.86 0.62–1.21
White men without diabetes 221/3,092 1 d 1 d 1 d

Black men with diabetes 42/497 1.79 1.20–2.67 1.78 1.19–2.65 1.68 1.13–2.52
Black men without diabetes 56/1,079 1 d 1 d 1 d

Model 1: unadjusted. Model 2: adjusted for age (centered), education, annual household income, health insurance coverage, geographic region of
residence, alcohol consumption, smoking status, and physical activity. Model 3: model 2 adjustments plus adjustments for BMI, triglyceride-to-HDL
ratio, LDL cholesterol, statin use, systolic blood pressure, use of antihypertensive medications, eGFR,60 mL/min/1.73 m2, albumin-to-creatinine ratio,
MI, atrial fibrillation, and left ventricular hypertrophy. *Interaction term age-race-sex-diabetes, P = 0.1087. †n in the numerator is total stroke events
in each group, and N in the denominator is total individuals in the corresponding group.
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older white adults if survival was similar
in both races (39). However, a recent
methodological analysis showed that
racial differences in attrition among
REGARDS participants did not appreciably
affect observed associations in incident
hypertension, a stroke risk factor (40).
Our study did not have information avail-
able on diabetes duration or glycemic
control, which are independently asso-
ciated with stroke risk. However, when
we adjusted for insulin use as a proxy
indicator of diabetes severity, our results
were similar (data not shown). We were
also not able to differentiate between
type 1 and type 2 diabetes in our study
population, but the majority of our par-
ticipants most likely had type 2 diabetes
given the older age of our participants
(mean age 64 years at baseline) and that
;95% of diabetes cases in the U.S. are
type 2 diabetes (14).While the studywas
designed to investigate contributing fac-
tors to stroke risk by oversampling black
adults and adults from the stroke belt and
stroke buckle region of the U.S., there
were fewer stroke events among those
aged,65 years, resulting in less precise
estimates, and hemorrhagic strokes
could not be evaluated separately due
to the low number of events. Addition-
ally, we included product terms in our
regression models to allow the diabetes–
stroke association to vary across sub-
groups. We used a higher a to assess
effect-measure modification given the
lower power to detect statistical inter-
action in epidemiological studies (27,28);
however, the tradeoff with this approach
is an increase in type I error (26). Al-
though age, race, and sex appeared to
modify the diabetes–stroke association
in our study, additional investigation
of these associations is needed. Lastly,
this study included non-Hispanic white
and non-Hispanic black participants
only, so we were unable to investigate
the diabetes–stroke association among
other racial and ethnic groups. This study
also has several strengths, including
its prospective cohort design, rigorous
adjudication of events using published
guidelines, and contemporaneous collec-
tion of extensive data using standardized
protocols with rigorous quality control
measures.
Although overall stroke incidence

rates have declined in the U.S., rates
among those aged ,65 years were un-
changed from 1990 to 2005 (11) andhave

begun to increase among younger adults
with diabetes since 2010 (16). Given the
increase in the burden of diabetes in the
U.S., particularly among those aged,65
years, these findings suggest that tar-
geted efforts are necessary earlier in life
for strokeprevention, particularly among
adults with diabetes.
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