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Abstract
The total cerebral small vessel disease (SVD) score is a proposed comprehensive index of SVD severity in the brain.
However, data on lifestyle-related risk factors affecting SVD scores are limited. We conducted a cross-sectional study with
858 neurologically healthy adults who underwent brain magnetic resonance imaging (MRI). Information on clinical and
lifestyle-related risk factors was obtained from health screenings. The SVD score (0–4) was calculated from the presence of
lacunes, cerebral microbleeds, moderate to severe white matter lesions, and basal ganglia perivascular spaces on MRI.
Subjects were divided into two groups by SVD score; potential risk factors and their joint effects in the two groups were
assessed by logistic regression. Biologic interactions were estimated using the synergy index. After adjustment for possible
confounders, the adjusted odds ratio for moderate to severe SVD scores (SVD score ≥ 2) was 1.12 (95% confidence interval
(CI) 1.08–1.16) for age per year, 1.33 (95% CI 1.02–1.74) for body mass index per standard deviation, 3.39 (95% CI
1.90–6.03) for hypertension, 2.31 (95% CI 1.14–4.69) for diabetes, and 2.35 (95% CI 1.10–5.02) for smoking. Hypertension
and current smoking had a synergistic effect on the risk of moderate to severe SVD (OR 10.59, 95% CI 3.97–28.3; synergy
index 4.03, 95% CI 1.17–28.30), and the combination of hypertension and diabetes had an additive effect on the risk of
moderate to severe SVD (OR 9.48, 95% CI 3.80–23.66; synergy index 2.12, 95% CI 0.68–6.67). Therefore, combined
strategies for managing hypertension, smoking, and diabetes may be effective for preventing SVD.
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Introduction

Stroke is the second-leading cause of death worldwide, and
a recent systematic analysis of 188 studies from low-income
to high-income countries suggested that more than 90% of
the stroke burden is attributable to modifiable risk factors
[1]. The same study showed that the 10 most important
global risk factors were high systolic blood pressure (SBP),
a diet low in fruit, a high body mass index (BMI), a diet
high in sodium, smoking, a diet low in vegetables, ambient
PM2.5 pollution, household air pollution from solid fuels, a
diet low in whole grains, and high fasting glucose. How-
ever, the population attributable fraction of these risk factors
for stroke varies between countries due to differences in
socioeconomic factors, populations, life expectancies, and
access to health and social services. Therefore, country-
specific approaches are needed to reduce the stroke burden.

In Japan, stroke is the third-leading cause of death, with
approximately 110,000 people dying from stroke every year
[2]. Stroke is also a major cause of disability, confinement
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to bed and dementia, which are major contributors to health
care costs in Japan, a country with the most rapidly aging
population in the world [2]. In a Japan-specific approach, a
health-screening program using brain magnetic resonance
imaging (MRI) is being used for the earlier detection
of small vessel diseases (SVDs) to prevent stroke and
dementia. Among the modifiable risk factors for stroke, we
previously reported that hypertension and current smoking
were associated with cerebral microbleeds (CMBs), a
known MRI marker of SVD. In addition, we showed that
the combination of hypertension and current smoking had a
synergistic additive effect on the occurrence of CMBs [3].

Although the clinical implications of markers of SVD,
including CMBs, lacunes, white matter hyperintensity
(WMH), and perivascular spaces (PVS), have been sepa-
rately studied, these findings often coexist and are inter-
related [4]. Recently, the Maastricht collaborative group
developed a pragmatic method of estimating the total SVD
burden in patients with lacunar stroke by summing
all features present on MRI to yield a “total SVD score”
ranging from 0 to 4 [5]. The SVD score, which is a pro-
posed comprehensive index of SVD severity in the brain,
was shown to be a good predictor of recurrent stroke in
Caucasian and Chinese patients [6]. Staals et al. reported
that older age, male sex, hypertension, and smoking were
associated with a higher SVD score in Caucasian popula-
tions [7]. However, studies evaluating the modifiable risk
factors for the SVD score are limited, especially in Asian
populations.

Here, we aimed to identify the potential risk factors for
SVD scores, their interactions and their additive and
synergistic effects on SVD scores in a healthy Japanese
population.

Methods

Study design and subjects

This study was conducted as part of the Kashima Scan
Study, which aims to investigate age-related brain changes
on MRI as previously reported [3, 8–11]. This study aimed
to identify the risk factors for these brain changes. Briefly,
the Kashima Scan Study enrolled individuals who were
aged ≥30 years, did not have any disability in instrumental
activities of daily living, had the ability to independently
make visits for current health screening tests of the brain,
voluntarily provided written informed consent, did not have
a history of neurological disorders or brain injuries, and had
complete MRI images were available. Data were collected
on the individuals’ clinical characteristics, such as age,
gender, years of education, history of stroke and ischemic
heart diseases, family history of stroke, smoking status, and

presence of hypertension, diabetes mellitus, and hyperlipi-
demia. A total of 1237 consecutive adults underwent health
screening tests of the brain at their own expense between
December 2005 and November 2010. They were asked to
respond to a questionnaire on lifestyle-related factors via
mail within 1 month of the health screening tests, with
891 subjects providing responses (72.0%). We confirmed
that the number of subjects with CMBs was similar between
respondents and nonrespondents [3]. After excluding
33 subjects who had a history of stroke (n= 7) or ischemic
heart disease (n= 26), 858 subjects (376 men, 482 women;
age, 33–84 years) were included in this cross-sectional
analysis. This study was approved by the human ethics
review board of Saga University (18-2).

Cardiovascular risk assessment

Hypertension was defined as SBP ≥140 mmHg and/or
diastolic blood pressure (DBP) ≥90 mmHg or use of
anti-hypertensive medication. Diabetes mellitus was defined
as fasting serum glucose level ≥126 mg/dl, hemoglobin A1c
level ≥6.5% (NGSP), or the use of anti-diabetic medication.
Dyslipidemia was defined as fasting serum total cholesterol
level ≥220 mg/dl and/or fasting serum triglyceride level
≥150 mg/dl and/or the use of anti-hyperlipidemic agents.
Patients who were smokers at the time of analysis were
classified as current smokers. Information regarding the
duration of education was collected for each subject.

Brain MRI and SVD burden

MRI was performed using a 1.5-T scanner (EXCELART
Vantage, version 7.0; Toshiba Medical Systems, Tokyo,
Japan). Gradient-echo T2*-weighted MRI, axial T1-
weighted imaging, fluid-attenuated inversion recovery
(FLAIR) imaging, and fast spine-echo T2-weighted ima-
ging were performed. For axial T1-weighted imaging, the
following parameters were used: repetition time (TR),
550 ms; echo time (TE), 15 ms; flip angle (FA), 80°; section
thickness, 7 mm; gap width, 1.4 mm; matrix, 256 ×
352 mm2; and field of view, 220 × 220 mm2. For axial
fast spin-echo T2-weighted imaging, the following
parameters were used: TR, 4000 ms; TE, 108 ms; FA, 90°;
section thickness, 7 mm; gap width, 1.4 mm; matrix, 352 ×
400 mm2; and field of view, 220 × 220 mm2. For axial
FLAIR imaging, the following parameters were used: TR,
10,000 ms; inversion time, 2500 ms; TE, 96 ms; FA, 90°;
section thickness, 7 mm; gap width, 1.4 mm; matrix, 224 ×
336 mm2; and field of view, 220 × 220 mm2. For axial
gradient-echo T2*-weighted imaging, the following para-
meters were used: TR, 735 ms; TE, 20 ms; flip angle, 30°;
section thickness, 7 mm; gap width, 1.4 mm; matrix, 224 ×
320 mm2; and field of view, 220 × 220 mm2.

Synergistic effect of hypertension and smoking on the total small vessel disease score in healthy. . . 1739



All raters of MRI findings were blinded to the clinical data.
The components of the total SVD score, including lacunes (of
presumed vascular origin), CMBs, WMH and periventricular
hyperintensity (PVH), and basal ganglia (BG)-PVS, were
classified according to the international consensus criteria
of the Standards for Reporting Vascular Changes on Neu-
roimaging [12]. Lacunes were defined as focal, sharply
demarcated lesions >3mm in diameter showing high intensity
on T2-weighted imaging and low intensity on T1-weighted
imaging [12]. They were distinguished from PVS by their
larger size, spheroid shape, and surrounding hyperintensity on
FLAIR. CMBs (size <10mm) were rated using the Micro-
bleed Anatomic Rating Scale and a recent guideline [12–14].
White matter changes on T2-weighted imaging and FLAIR
imaging were assessed for WMH and PVH using the Fazekas
scale [12, 15] because both are variables in the total SVD
score [5, 7]. For WMH, grade 1= punctuate; grade 2= early
confluence; and grade 3= confluent. For PVH, grade 1=
caps or lining; grade 2= bands; and grade 3= irregular
extension into the deep white matter. BG-PVS were rated on
axial T2-weighted MRI using a validated visual rating scale
[7, 8]. PVS were defined as small, sharply delineated struc-
tures with signal intensity very similar or identical to that of
cerebrospinal fluid, measuring <3mm, and following the
course of perforating or medullary vessels. For BG-PVS, a
score of 0= no PVS, 1= 1–10 PVS, 2= 11–20 PVS, 3=
21–40 PVS, and 4= 40 or more PVS. The number of PVS in
each score refers to the number on one side of the brain. After
reviewing all relevant slices for the anatomical area being
assessed, the scores for the slice and the side with the greatest
number of PVS were recorded. When the assessment of PVS
was influenced by changes in confluent white matter, we
estimated the closest PVS score based on the noninvolved
white matter [16]. Interrater reliability for lacunes, CMBs,
WMH, and PVH was determined as Cohen’s kappa values as
follows: the presence of CMBs, 0.71; the presence of lacunes,
0.58; grade ≥2 on the Fazekas scale for WMH, 0.58; and
grade ≥2 on the Fazekas scale for PVH, 0.45. Intrarater
reliability values for these findings were determined from 50
randomly selected scans that were scored twice. All intrarater
kappa values were between 0.66 and 0.87. For PVS, interrater
reliability testing (n= 100 randomly selected scans) demon-
strated a weighted Fleiss-Cohen kappa coefficient of 0.56.
Intrarater reliability for BG-PVS was determined from 50
randomly selected scans scored twice 8 weeks apart and with
the investigator blinded to the initial ratings. The weighted
Fleiss-Cohen kappa coefficient was 0.74.

Rating of SVD score

Based on a recent scoring system [5, 7, 17], scores were
assigned as follows: the presence of lacunes or CMBs was

defined as the presence of one or more foci (1 point for each if
present); the presence of moderate to severe PVH or WMH
was defined as either irregular PVH extending into the deep
white matter (Fazekas score 3) and/or (early) confluent deep
WMH (Fazekas score 2 or 3) [15] (1 point if present); and
the presence of moderate to severe BG-PVS was defined as
grade 2–4 PVS (1 point if present). Therefore, the total SVD
score ranged from 0 to 4. In the analyses, subjects were
divided into two groups: a none to mild group (SVD score
<2) and a moderate to severe group (SVD score ≥2).

Statistical analyses

We used the χ2 test and t-test to compare baseline
characteristics between the 2 groups. The associations of
lifestyle-related risk factors with an SVD score ≥2 were
examined using univariate (model 1) and multiple logistic
regression models (model 2, 3), and the odds ratios (ORs)
and confidence intervals (CIs) of moderate to severe SVD
risk were computed for each risk factor. The selection of
potential confounders was based on a priori consideration
of their association with the SVD score. Model 2 was
adjusted for age and sex. Model 3 was additionally
adjusted for BMI, a history of hypertension, diabetes,
dyslipidemia, current smoking status, a heavy alcohol
drinking habit (30 g ethanol/day), and years of education.
The joint effects of hypertension and diabetes with
lifestyle-related risk factors were examined. Interaction
on the multiplicative scale was assessed by comparing
multiplicative models using the log-likelihood ratio test.
Interaction on the additive scale was assessed by calcu-
lating the synergy index (S) using the algorithm reported
by Anderson et al. [18] S was calculated as [RR11 – 1]/
[(RR10 – 1) + (RR01 – 1)], where RR11 is the relative
risk of both risk factors being present, RR10 is the relative
risk of the first risk factor being present and the second risk
factor being absent, and RR01 is the relative risk of the first
risk factor being absent and the second risk factor being
present. S ≠ 1 indicates the presence of an additive inter-
action. The statistical analysis was performed with the
Statistical Analysis System version 9.4 (SAS Institute) and
Microsoft Excel (version 2010, Microsoft Corp). P < 0.05
was considered statistically significant.

Results

The majority of study subjects had an SVD score of 0. The
numbers of subjects with SVD scores of 0, 1, 2, 3, and 4
were 607 (70.8%), 177 (20.6%), 49 (5.7%), 18 (2.1%), and
7 (0.8%), respectively. The characteristics of the study
subjects stratified by SVD score are shown in Table 1. The
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subjects with moderate to severe scores were more likely to
be older, to be male, have higher BMI, have hypertension,
have diabetes mellitus, and be less educated than those in
the none to mild score group.

Univariate analysis showed that moderate to severe SVD
scores were significantly associated with age (OR: 1.13,
95% CI 1.09–1.17), male sex (OR: 1.67, 95% CI
1.03–2.70), BMI (OR: 1.42, 95% CI 1.13–1.79), hyper-
tension (OR: 5.67, 95% CI 3.32–9.67), diabetes mellitus
(OR: 3.44, 95% CI 1.83–6.46), and lower education levels
(OR: 0.64, 95% CI 0.50–0.81). After adjusting for possible
confounding factors in model 3, moderate to severe SVD
scores were significantly associated with age (adjusted OR:

1.12, 95% CI 1.08–1.16), BMI (adjusted OR: 1.33, 95%
CI 1.02–1.74), hypertension (adjusted OR: 3.39, 95% CI
1.90–6.03), diabetes mellitus (adjusted OR: 2.31, 95%
CI 1.14–4.69), and current smoking (adjusted OR: 2.35,
95% CI 1.10–5.02) (Table 2).

The joint effects of current smoking and hypertension
tended to be stronger than the sum of the independent
effects of each factor for moderate to severe SVD scores,
and the synergy index for this combination was statistically
significant (adjusted OR 10.59, 95% CI 3.97–28.3; synergy
index 4.03, 95% CI 1.17–13.8) (Table 3). Although there
were no significant synergistic effects, the joint effects of
hypertension and diabetes tended to be larger than the sum

Table 1 Characteristics of
subjects according to SVD
score group

Characteristic All
(n= 858)

None to mild group
(SVD score <2)
(n= 784)

Moderate to severe group
(SVD score ≥2)
(n= 74)

Age (years), mean (SD) 58.9 (9.3) 58.2 (9.2) 66.2 (7.1)a

Male, no. (%) 376 (43.8) 335 (42.7) 41 (55.4)b

BMI (kg/m2), mean (SD) 23.0 (2.9) 22.9 (2.9) 24.0 (2.9)a

Hypertension, no. (%) 307 (35.8) 253 (32.3) 54 (73.0)a

Dyslipidemia, no. (%) 442 (51.5) 397 (50.6) 45 (60.8)

Diabetes mellitus, no. (%) 69 (8.0) 54 (6.9) 15 (20.3)a

Current smoking status, no. (%) 114 (13.3) 100 (12.8) 14 (18.9)

Heavy alcohol intake (≥30 g/day),
n (%)

123 (14.3) 109 (13.9) 14 (18.9)

Education (years), mean (SD) 12.3 (2.4) 12.4 (2.3) 11.4 (2.6)a

BMI body mass index, SD standard deviation, SVD small vessel disease
aP < 0.01, SVD score <2 vs. SVD score ≥2
bP < 0.05, SVD score <2 vs. SVD score ≥2

Table 2 Associations between
lifestyle-related factors and
moderate to severe SVD
score (≥2)

Model 1 crude
OR (95% CI)

Model 2 adjusted
OR (95% CI)

Model 3 adjusted
ORd (95% CI)

Age (per year) 1.13 (1.09–1.17) 1.12a (1.09–1.16) 1.12 (1.08–1.16)

Male sex 1.67 (1.03–2.70) 1.61b (0.98–2.63) 1.05 (0.56–1.96)

BMI (per SD) 1.42 (1.13–1.79) 1.52c (1.18–1.95) 1.33 (1.02–1.74)

Hypertension 5.67 (3.32–9.67) 4.00c (2.30–6.96) 3.39 (1.90–6.03)

Dyslipidemia 1.51 (0.93–2.46) 1.46c (0.88–2.43) 1.17 (0.68–2.00)

Diabetes mellitus 3.44 (1.83–6.46) 2.68c (1.35–5.33) 2.31 (1.14–4.69)

Current smoking status 1.60 (0.86–2.96) 1.98c (0.96–4.09) 2.35 (1.10–5.02)

Heavy alcohol intake
(≥30 g/day)

1.45 (0.78–2.68) 1.37c (0.67–2.80) 1.04 (0.49–2.23)

Education (per SD) 0.64 (0.50–0.81) 0.80c (0.62–1.03) 0.86 (0.67–1.11)

BMI body mass index, CI confidence interval, OR odds ratio, SD standard deviation, SVD cerebral small
vessel disease
aAdjusted for sex
cAdjusted for age and sex
dAdjusted for all variables in the table
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of the independent effects (adjusted OR 9.48, 95% CI
3.80–23.66; synergy index 2.12, 95% CI 0.68–6.67).
In contrast, the joint effects of hypertension and obesity,

diabetes and current smoking, diabetes and obesity, and
current smoking and obesity were not larger than the sums
of the independent effects.

Table 3 Joint effect of hypertension, diabetes, and smoking on moderate to severe SVD score (≥2)

Factor 1 Factor 2 None to mild group
(SVD score <2)

Moderate to severe group (SVD score ≥2)

n n Adjusted OR (95% CI)

Hypertension Current smoking

(−) (−) 463 17 1.00 (ref.)

(−) (+) 68 3 1.14a (0.30–4.30)

(+) (−) 221 43 3.24a (1.75–6.02)

(+) (+) 32 11 10.59a (3.97–28.3)

Synergy index 4.03a (1.17–13.8)

Hypertension Diabetes

(−) (−) 501 17 1.00 (ref.)

(−) (+) 30 3 2.27b (0.60–8.58)

(+) (−) 229 42 3.72b (2.02–6.86)

(+) (+) 24 12 9.48b (3.80–23.66)

Synergy index 2.12b (0.68–6.67)

Hypertension BMI ≥ 25

(−) (−) 435 14 1.00 (ref.)

(−) (+) 96 6 1.96c (0.72–5.35)

(+) (−) 163 37 4.69c (2.42–9.10)

(+) (+) 90 17 4.57c (2.12–9.86)

Synergy index 0.77c (0.32–1.84)

Diabetes Current smoking

(−) (−) 642 48 1.00 (ref.)

(−) (+) 88 11 2.14d (0.95–4.84)

(+) (−) 42 12 2.88d (1.31–6.30)

(+) (+) 12 3 3.99d (0.97–16.39)

Synergy index 0.99d (0.14–7.02)

Diabetes BMI ≥ 25

(−) (−) 567 41 1.00 (ref.)

(−) (+) 163 18 1.31e (0.70–2.44)

(+) (−) 31 10 3.06e (1.28–7.31)

(+) (+) 23 5 2.07e (0.68–6.36)

Synergy index 0.45e (0.05–4.54)

Current smoking BMI ≥ 25

(−) (−) 531 40 1.00 (ref.)

(−) (+) 153 20 1.22f (0.66–2.28)

(+) (−) 67 11 2.46f (1.07–5.64)

(+) (+) 33 3 2.14f (0.55–8.31)

Synergy index 0.68f (0.05–9.07)

CI confidence interval, OR odds ratio, ref. reference, SVD small vessel disease
aAdjusted for sex, age, BMI, and diabetes
bAdjusted for sex, age, BMI, and current smoking
cAdjusted for sex, age, diabetes, and current smoking
dAdjusted for sex, age, hypertension, and BMI
eAdjusted for sex, age, hypertension, and current smoking
fAdjusted for sex, age, hypertension, and diabetes
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Discussion

The present study demonstrated significant associations
between moderate to severe SVD scores and modifiable
risk factors among a healthy Japanese population. Similar
to an earlier study in a Caucasian population, the total
SVD score was associated with age, hypertension, and
smoking [7]. In addition, our analyses showed that a
higher BMI and diabetes mellitus were also associated
with moderate to severe SVD scores. The most important
finding in this study was that there was a joint effect of
hypertension and current smoking and a joint effect of
hypertension and diabetes mellitus on the risk of moderate
to severe SVD scores. These findings suggest that mod-
ifying these risk factors may be effective for preventing
SVD progression, which might be associated with future
stroke or dementia.

While previous studies have identified independent
modifiable risk factors for SVD [7, 11, 19], they did not
examine the effects of interactions between the risk factors.
To the best of our knowledge, this is the first study to show
the significant joint effects of hypertension and smoking
and hypertension and diabetes on SVD scores. Studies have
reported the additive effects of smoking and hypertension
on endothelial dysfunction and vascular damage [20, 21],
although the exact pathophysiological mechanism remains
unclear. The effects of hypertension and smoking on the
decrease in endothelial nitric oxide synthase activity and
nitric oxide production may lead to endothelial dysfunction
and impaired vasodilation [22]. In addition, a recent study
reported that asymptomatic intracranial lesions, including
CMBs and lacunar infarction, were associated with arterial
stiffness, a prominent biomarker for endothelial dysfunction
[23]. The synergistic effect of the interaction between
current smoking status and hypertension on SVD score
suggests that the combination of these risk factors increases
the probability of developing SVD. Therefore, combined
strategies for managing blood pressure and smoking may be
effective for reducing the SVD score and contributing to
preventing stroke and dementia.

We found that diabetes, independently and in combina-
tion with hypertension, was significantly associated with the
risk of moderate to severe SVD, despite finding no statis-
tically significant association between the presence of cer-
ebral microbleeds and diabetes in our previous study [3].
This discrepancy may be due to the SVD score being a
more comprehensive measure of SVD severity. Given that
diabetes is a well-known significant risk factor for both
large vessel disease and SVD [24], it is plausible that dia-
betes is associated with the SVD score. Several studies have
reported that hypertension and type 2 diabetes indepen-
dently increase the risk of stroke and that the combination
of these factors drastically increases the risk even further

[25, 26]. Although the pathogenesis of SVD is not fully
understood, hyperglycemia may cause toxic effects, such as
oxidative stress and glycated products, leading to micro-
vascular damage [27].

Previous studies have reported that ischemic stroke
patients with a total SVD score ≥3 have a significantly
higher risk of recurrent ischemic stroke [6] and mortality
[28]. However, we chose a total SVD score cut-off value of
2 in the present study because the study participants were
healthy individuals who had no previous history of stroke,
and we therefore expected few subjects to have a total SVD
score ≥3. The cut-off score is crucial to the use of the SVD
score as a tool for the prevention for stroke and dementia,
and therefore, we conducted additional analyses to evaluate
the associations of lifestyle-related factors with an SVD
score ≥1 (n= 251) compared with an SVD score of 0 (n=
607). We found that age, hypertension and diabetes were
significantly associated with an SVD score ≥1, similar to an
SVD score ≥2, while there was no statistically significant
association between current smoking and an SVD score ≥1.
The strength of associations with an SVD score ≥1 was
weaker than that of associations with an SVD score ≥2.
While the joint effects of hypertension and current smoking
and hypertension and diabetes were stronger than the
independent effects of each of these factors for an SVD
score ≥1, there were no statistically significant synergistic
effects (Supplementary Table 1, 2, 3). Therefore, we con-
cluded that a cut-off score of 2 was superior to a cut-off
score of 1. A follow-up study is needed to determine
whether an SVD score cut-off of 2 is effective for predicting
the occurrence of future small strokes.

This study has both strengths and limitations, as descri-
bed elsewhere [11]. The strengths include the use of a large
neurologically healthy population, standardized imaging
and a standardized questionnaire. The limitations include
the absence of pathological confirmation of SVD severity
and the cross-sectional design. Longitudinal studies are
required to examine whether the improvement of these risk
factors is effective for modifying SVD scores.

In conclusion, we found that moderate to severe SVD
scores were associated with age, hypertension, smoking, a
higher BMI and diabetes mellitus among a neurologically
healthy Japanese population. In addition, this is the first
study to show joint effects of hypertension and current
smoking and hypertension and diabetes mellitus on SVD
severity. These findings suggest that combined strategies for
managing blood pressure, smoking, and glycemic control
may be effective for preventing the overall cerebral SVD
burden.
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