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BACKGROUND: Several observational studies have reported that
higher visit-to-visit blood pressure variability is a risk factor for cognitive
impairment and dementia. However, no studies have investigated the
association of day-to-day blood pressure variability assessed by home
blood pressure measurement with the development of dementia.
METHODS: A total of 1674 community-dwelling Japanese elderly without
dementia, ≥60 years of age, were followed up for 5 years (2007–2012).
Home blood pressure was measured 3 times every morning for a median of
28 days. Day-to-day systolic (SBP) and diastolic blood pressure variabilities,
calculated as coefficients of variation (CoV) of home SBP and diastolic
blood pressure, were categorized into quartiles. The hazard ratios and their
95% confidence intervals of the CoV levels of home blood pressure on the
development of all-cause dementia, vascular dementia (VaD), and Alzheimer
disease (AD) were computed with a Cox proportional hazards model.
RESULTS: During the follow-up, 194 subjects developed all-cause
dementia; of these, 47 had VaD and 134 had AD. The age- and sexadjusted incidences of all-cause dementia, VaD, and AD increased
significantly with increasing CoV levels of home SBP (all P for trend <0.05).
These associations remained unchanged after adjustment for potential
confounding factors, including home SBP. Compared with subjects in the
first quartile of CoV levels of home SBP, the risks of the development of
all-cause dementia, VaD, and AD were significantly higher in those in the
fourth quartile (hazard ratio=2.27, 95% confidence interval=1.45–3.55,
P<0.001 for all-cause dementia; hazard ratio=2.79, 95% confidence
interval=1.04–7.51, P=0.03 for VaD; hazard ratio=2.22, 95% confidence
interval=1.31–3.75, P<0.001 for AD). Similar associations were observed for
CoV levels of home diastolic blood pressure. Meanwhile, home SBP levels
were significantly associated with the risk of VaD but not with the risks of
all-cause dementia and AD. There was no interaction between home SBP
levels and CoV levels of home SBP on the risk of each subtype of dementia.
CONCLUSIONS: Our findings suggest that increased day-to-day blood
pressure variability is, independently of average home blood pressure, a
significant risk factor for the development of all-cause dementia, VaD,
and AD in the general elderly Japanese population.
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Day-to-Day BP Variability and Dementia

What Is New?
• This prospective cohort study of a general Japanese population demonstrated a significant independent association between increased day-to-day
blood pressure variability measured with home
blood pressure monitoring and risk for the development of all-cause dementia, vascular dementia,
and Alzheimer disease.
• Both higher day-to-day blood pressure variability and hypertension were independently associated with the risk of vascular dementia, whereas
the risk of Alzheimer disease was increased significantly in subjects with higher blood pressure
variability regardless of absolute blood pressure
values.
Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

What Are the Clinical Implications?
• The findings of this study indicate that the measurement of day-to-day blood pressure variability
with home blood pressure monitoring may be useful to assess future risk of dementia, regardless of
its subtype.
• Further studies are needed to clarify whether dayto-day blood pressure variability is an indicator of
future dementia or an interventional target for the
prevention of dementia.

B

lood pressure is well known to have short-term
(over a period of 24 hours), midterm (over a period of days), and long-term fluctuations within
more prolonged periods of change measured in weeks,
months, seasons, and even years. Such fluctuation of
blood pressure, or so-called blood pressure variability
(BPV), is increasingly recognized to play clinically important roles in the progression of target-organ damage
and cardiovascular events independently of absolute
blood pressure values.1–3
Dementia is a worldwide priority in terms of both
public health and social care as a result of the mounting burdens it is placing on communities.4 Recently, the
influence of BPV on cognitive function has attracted
attention. One cross-sectional study5 and several longitudinal studies6–9 have reported that increased BPV
is significantly associated with higher risks of cognitive
impairment5–8 and dementia.9 However, most of these
studies were based on visit-to-visit BPV assessed by office blood pressure over months or years. In contrast,
only 1 longitudinal study has shown a significant association between day-to-day BPV assessed by home blood
pressure measurements and risk of cognitive impairment,10 and no studies have examined the association
of day-to-day BPV with the development of dementia
and its subtypes.
Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667

METHODS
Study Population
The Hisayama study, a population-based prospective cohort
study of cerebro-cardiovascular diseases, has been underway in the town of Hisayama, which is located in a suburb
of Fukuoka City on Kyushu Island in Japan. According to the
national census and nutrition survey, the age and occupational
distributions of the Hisayama population have been similar to
those in Japan as a whole since the 1960s.16 Full community
surveys of the health status and neurological condition of residents ≥40 years of age have been repeated every 1 to 2 years
since 1961.16 In addition, comprehensive surveys of cognitive
impairment in the elderly, including neuropsychological tests
such as the Mini-Mental State Examination (MMSE),17 the
Hasegawa’s Dementia Scale,18 and the Hasegawa’s Dementia
August 8, 2017
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Compared with the measurement of visit-to-visit BPV
on the basis of office blood pressure measurements,
measurement of day-to-day BPV with home blood pressure monitoring is more reproducible and has no white
coat effect,11,12 which enables us to collect more reliable
information and to optimize the blood pressure management earlier.13 In addition, several factors such as arterial compliance, use of antihypertensive agents (dosing, adherence, etc), and daily physical activities have
been shown to contribute to day-to-day BPV, whereas
little is known about the factors responsible for BPV observed over months or years among office visits. The
significance of BPV based on office blood pressure measurements at different times of visits is particularly unclear.13,14 On the other hand, 24-hour ambulatory blood
pressure monitoring is widely used in clinical practice.
Short-term BPV within a 24-hour period assessed by
ambulatory blood pressure monitoring mainly reflects
the influences of central and reflex autonomic modulation. Previous studies using ambulatory blood pressure
monitoring have highlighted that circadian variation
and short-term BPV can predict cardiovascular events.13
However, short-term BPV (over a period of 24 hours)
and long-term BPV are independently associated with
the development of vascular events13 and cognitive decline.15 In addition, measures of day-to-day BPV can be
obtained with ambulatory blood pressure monitoring
performed over a 48-hour period (consecutive days).13
However, this strategy is not always well accepted by
patients. As an alternative, home blood pressure monitoring can be performed under fairly standardized conditions and used to monitor blood pressure change
over several days. Thus, it would be clinically valuable to
evaluate the influence of day-to-day BPV as determined
with home blood pressure monitoring on the incidence
of dementia. The aim of the present study was thus
to clarify the association between day-to-day BPV on a
home blood pressure basis and the risk for the development of dementia and its subtypes in a prospective
study of an elderly Japanese population.

Oishi et al

Scale revised version,18 were also conducted in 1985, 1992,
1998, 2005 to 2006, and 2012 to 2013, and we have also
performed a follow-up survey of dementia in our community
since 1985.19
In 2007 and 2008, a screening survey for the present study
was performed in the town. A total of 1996 residents ≥60
years of age (86.3% of the total population of this age group)
consented to participate in the examination and underwent
the home blood pressure measurement. Among these, 1740
residents measured their home blood pressure for ≥3 days.
We identified and excluded 66 subjects who had already
developed dementia at baseline by using the data from the
2005 to 2006 prevalence survey and a follow-up survey from
2005 to 2007. After exclusion of these cases with dementia,
a total of 1674 subjects (738 men and 936 women) were
enrolled in the present study. This study was approved by
the Kyushu University Institutional Review Board for Clinical
Research, and written informed consent was obtained from
all participants.
Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

Home Blood Pressure Measurements and
Day-To-Day Variability Assessment
Physicians or public health nurses instructed the subjects on
the appropriate way to measure home blood pressure. The
subjects were instructed to measure their home blood pressure 3 times after >5 minutes of rest in the sitting position
every morning, within 1 hour after getting up, and before
breakfast and taking medication for 28 days with a validated
digital electronic device (HEM-7080IC; Omron Healthcare,
Kyoto, Japan) based on the cuff oscillometric method. The
HEM-7080IC features memory storage for up to 350 blood
pressure measurements and can extract these data for analysis. The mean of the 3 measurements was used as the value
on each day, and all available daily averages were used in the
present analysis. Home blood pressure was measured for a
median of 28 days (range, 3–28 days), and mean home blood
pressure and its SD were calculated from all the obtained
measurements. Day-to-day systolic (SBP) and diastolic blood
pressure variabilities were defined using the coefficient of
variation (CoV) of home SBP and diastolic blood pressure. The
CoV values (percent) were calculated with the formula (SD/
mean blood pressure×100) and were categorized into quartiles as follows: SBP: quartile 1, ≤5.07%; quartile 2, 5.08% to
6.21%; quartile 3, 6.22% to 7.59%; and quartile 4, ≥7.60%;
and diastolic blood pressure: quartile 1, ≤4.83%; quartile 2,
4.84% to 5.99%; quartile 3, 6.00% to 7.60%; and quartile 4, ≥7.61%. We considered other methods of variability,
namely the SD, the maximum and minimum difference, the
average real variability (ARV), and the variability independent
of the mean (VIM). The ARV is computed as the average of
absolute differences between consecutive day blood pressure
measurements, and the VIM is calculated as the SD divided by
the mean to the power x, which is obtained by fitting a curve
through a plot of SD against mean blood pressure level.

Other Risk Factors
At the baseline examination, each subject was asked to
complete a self-administered questionnaire covering educational status, medical history, treatments of hypertension and
518
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diabetes mellitus, smoking habits, alcohol intake, and physical
activity. A low education level was defined as ≤9 years of formal education. History of cardiovascular disease was defined
as any preexisting event of stroke or coronary heart disease,
including myocardial infarction and coronary intervention. All
cardiovascular events were adjudicated on the basis of physical
examinations and a review of all available clinical information,
including medical records and imaging. Plasma glucose levels were measured by the glucose oxidase method. Diabetes
mellitus was determined by medical history, plasma glucose
levels (fasting glucose level ≥7.0 mmol/L or postprandial glucose level ≥11.1 mmol/L), or a 75-g oral glucose tolerance test
using the 1998 World Health Organization criteria and/or by
the use of oral hypoglycemic agents or insulin. Serum total
cholesterol levels were measured enzymatically. Body height
and weight were measured in light clothing without shoes,
and body mass index was calculated (kilograms per meter
squared). ECG abnormalities were defined as left ventricular
hypertrophy (Minnesota Code 3-1), ST depression (4-1, 2, 3),
or atrial fibrillation (8-3). Smoking habits and alcohol intake
were classified as either current use or not. Subjects engaging
in sports at least 3 times a week during their leisure time were
defined as the regular exercise group.

Follow-Up Survey
The subjects were followed up prospectively from June
2007 to November 2012 (median, 5.3 years). Details of
the follow-up survey on dementia were published previously.20,21 In brief, information about new events, including
stroke and dementia, was collected through a daily monitoring system established by the study team, local physicians,
and members of the town’s Health and Welfare Office. In
this system, the physicians in the study team visited clinics,
hospitals, and the town’s office regularly to collect information on events of stroke and dementia, including suspected
cases. Regular health examinations, including physical and
neurological examinations, were also repeated every year to
obtain information on new events of stroke and dementia
missed by the monitoring system. Health information was
checked annually by letter or telephone for any subjects who
did not undergo regular examination or who had moved
away from town. In addition, comprehensive assessment of
cognitive function, including neuropsychological tests such
as the MMSE17 and the Hasegawa’s Dementia Scale revised
version18 were conducted in 2005 to 2006 and 2012 to 2013
to precisely detect dementia cases to the greatest extent
possible. When a subject was suspected of having new neurological symptoms, including cognitive impairment, he/she
was carefully evaluated by the study team. This team, which
consisted of stroke physicians and psychiatrists, conducted
various investigations, including physical and neurological
examinations, interviews of the family and attending physician, and a review of the clinical records. In addition, when
a subject died, we reviewed all the available clinical information, interviewed the attending physician and the family
of the deceased, and tried to obtain permission for autopsy
from the family. During the follow-up period, 128 subjects
died, of whom 74 underwent brain examination at autopsy.
Except for the deceased individuals, no subject was lost to
follow-up through November 2012.
Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667
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for outcomes according to the levels of BPV. The trends
in risk of dementia and its subtypes across BPV levels of a
categorical variable assigned ordered natural numbers (ie,
1, 2, 3, and 4) were tested with the Cox proportional hazards model. The heterogeneity in the association between
subgroups was tested by adding multiplicative interaction
terms to the relevant Cox model. Sensitivity analyses were
examined with other methods of variability such as the SD,
maximum and minimum difference, ARV, and VIM. We also
conducted another sensitivity analysis among the subjects
with available MMSE data in 2005 to 2006. A 2-sided value
of P<0.05 was considered to be statistically significant in
all analyses. All statistical analyses were performed with the
SAS statistical software program, version 9.3 (SAS Institute
Inc, Cary, NC).

The guidelines of the Diagnostic and Statistical Manual of
Mental Disorders, Third Edition, Revised were used to define
the diagnosis of dementia.22 The criteria of the National
Institute of Neurological Disorders and Stroke–Association
International pour la Recherche et l’Enseignement en
Neurosciences were used to make a diagnosis of vascular
dementia (VaD),23 and the criteria of the National Institute of
Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association
were used to define subjects with Alzheimer disease (AD).24
Every dementia case was adjudicated by expert stroke physicians and psychiatrists. The diagnosis of possible or probable
dementia subtypes was based on clinical information and
morphological examination from neuroimagings. Definite
dementia subtypes were also decided on the basis of clinical
and neuropathological information in subjects with dementia who underwent autopsy. The diagnostic procedure for
autopsy cases was reported previously.25

RESULTS

Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

The baseline characteristics of the study population according to the CoV levels of home SBP are summarized
in Table 1. The mean age and home SBP and the frequencies of women, low education, and use of antihypertensive agents increased significantly with higher
CoV levels of home SBP, whereas the frequency of regular exercise decreased significantly with higher CoV
levels of home SBP.
During the 5-year follow-up period, 194 subjects
(72 men and 122 women) developed all-cause dementia: 183 underwent evaluation with brain imaging, 21
received a brain autopsy, and in 20 cases both were
performed. Thus, 184 subjects in all (94.8%) had some
kind of morphological examination. Among dementia
cases, 7 cases were a mixed type of VaD and AD and

Statistical Analysis
The trends in mean values or frequencies of risk factors
for the CoV quartiles of home blood pressure were tested
with linear or logistic regression analysis, respectively. The
cumulative incidences of dementia and its subtypes were
estimated with the Kaplan-Meier method, and the differences among the CoV levels were tested with a Cox
proportional hazards model. The annual incidences of
dementia and its subtypes were calculated by a personyear method. The hazard ratios (HRs) with their 95% confidence intervals (CIs) of the BPV for the development of
dementia were estimated with the Cox proportional hazards model. The proportional hazards assumption was
checked graphically with the log cumulative hazard plot

Table 1. Baseline Characteristics of Subjects According to Coefficient of Variation Levels of Home Systolic Blood
Pressure: The Hisayama Study, 2007
Quartile of Coefficient of Variation Levels (%)
All
(n=1674)

Q1 (≤5.07)
(n=418)

Q2 (5.08–6.21)
(n=419)

Q3 (6.22–7.59)
(n=419)

Q4 (≥7.60)
(n=418)

P for Trend

Age, mean (SD), y

71 (7)

69 (7)

70 (7)

72 (7)

73 (8)

<0.001

Women, %

55.9

46.4

56.3

59.7

61.2

<0.001
<0.001

Variable

Education ≤9 y, %

43.5

37.7

42.0

44.6

49.8

Systolic blood pressure, mean (SD), mm Hg

138 (18)

135 (18)

138 (18)

139 (18)

139 (18)

0.002

Diastolic blood pressure, mean (SD), mm Hg

77 (9)

78 (9)

78 (9)

77 (9)

77 (10)

0.10

Use of antihypertensive agents, %

43.3

38.8

43.2

42.7

48.6

0.008

ECG abnormalities, %

19.9

18.7

21.5

19.8

19.6

0.89

Diabetes mellitus, %

21.4

20.1

21.5

21.7

22.3

0.45

Serum total cholesterol, mean (SD), mmol/L

5.37 (0.91)

5.39 (0.87)

5.42 (0.91)

5.37 (0.90)

5.33 (0.95)

0.25

Body mass index, mean (SD), kg/m

23.1 (3.4)

23.2 (3.2)

23.1 (3.4)

23.1 (3.3)

22.8 (3.6)

0.13

History of cardiovascular disease, %

8.0

7.2

7.6

6.7

10.5

0.13

Smoking habits, %

13.0

15.6

11.2

12.7

12.7

0.33

Alcohol intake, %

42.4

46.7

40.1

41.5

41.3

0.17

Regular exercise ≥3 times/wk, %

14.2

17.7

14.8

12.4

11.7

0.008

2

ECG abnormalities were defined as Minnesota Code 3-1, 4-1, 4-2, 4-3, or 8-3.

Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667
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counted as events in the analysis for each subtype. Taking these results together, 47 subjects experienced VaD
and 134 experienced AD. Figure 1 demonstrates the
unadjusted cumulative incidences of all-cause dementia
and its subtypes according to quartiles of CoV levels of
home SBP. The incidences of all-cause dementia, VaD,
and AD were significantly higher among the subjects
in the fourth quartile of CoV levels of home SBP compared with the first quartile.
Table 2 shows unadjusted incidences and the estimated HRs and 95% CIs for the development of
dementia and its subtypes according to CoV levels of
home SBP. The age- and sex-adjusted HRs of dementia
and its subtypes increased significantly with increas-

25%
25

Q1
Q2
Q3
Q4

20%
20
15%
15

*

Log-rank test, p<0.001
10%
10
5%
5
0%
0

0

1

2

Cumulative incidence, %

3

4

5

Time, years

Vascular dementia
25%
25
20%
20

Log-rank test, p=0.007
15%
15
10%
10

*

5%
5
0%
0

0

1

2

3

4

5

Time, years

Alzheimer’s disease
Cumulative incidence, %
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Cumulative incidence, %

All-cause dementia

25%
25
20%
20

Log-rank test, p<0.001

*

15%
15
10%
10
5%
5
0%
0

0

1

2

3

4

5

Time, years

Figure 1. The cumulative incidences of all-cause
dementia, vascular dementia, and Alzheimer disease
according to quartiles of coefficient of variation (CoV)
levels of home systolic blood pressure (SBP).
Q1 through Q4 indicate ascending quartiles of CoV levels of
home SBP (Q1, ≤5.07%; Q2, 5.08%–6.21%; Q3, 6.22%–
7.59%; and Q4, ≥7.60%). *P<0.01 vs the first quartile of
CoV levels of home SBP. The values are unadjusted.
520
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ing CoV levels of home SBP (P for trend <0.001 for
all-cause dementia; P=0.01 for VaD; and P<0.001 for
AD). After adjustment for age, sex, low education,
use of antihypertensive agents, ECG abnormalities,
diabetes mellitus, serum total cholesterol, body mass
index, history of cardiovascular disease, smoking habits, alcohol intake, and regular exercise, the risk of allcause dementia, VaD, and AD increased significantly
with increasing CoV levels of home SBP. These associations were unchanged even after adjustment for the
mean values of home SBP for 4 weeks in addition to
the above-mentioned confounding factors: compared
with those in the first quartile of CoV levels of home
SBP, the multivariable-adjusted HRs of all-cause dementia, VaD, and AD were significantly higher in subjects in the fourth quartile (HR=2.27, 95% CI=1.45–
3.55, P<0.001 for all-cause dementia; HR=2.79, 95%
CI=1.04–7.51, P=0.03 for VaD; and HR=2.22, 95%
CI=1.31–3.75, P<0.001 for AD). When we conducted
analyses using the CoV levels of home diastolic blood
pressure, the significant associations with the risks of
all-cause dementia, VaD, and AD were even stronger
than those using the CoV levels of home SBP (Table
I in the online-only Data Supplement). Moreover, we
considered other methods of variability, namely SD,
maximum and minimum difference, ARV, and VIM.
Similarly significant associations were observed in
these analyses, except for the association between
BPV defined by ARV and VIM with risk of VaD (Table
II in the online-only Data Supplement). On the other
hand, when we used the mean SBP levels (Table III
in the online-only Data Supplement), the risk of VaD
increased significantly with increasing levels of mean
SBP (P for trend=0.03), whereas no clear associations
were observed for all-cause dementia and AD (Table IV
in the online-only Data Supplement).
Last, we estimated the combined influences of
home SBP levels and CoV levels of home SBP on the
risk of VaD and AD because different blood pressure–
related pathological processes might be involved in
the development of VaD and AD (Figure 2). We divided the subjects into 4 groups according to the status
of hypertension based on home SBP values (SBP ≥135
mm Hg and/or the use of antihypertensive agents
versus others) and the CoV values of home SBP (the
fourth quartile [≥7.60%] versus others [<7.60%]).
When subjects with home SBP levels <135 mm Hg and
a CoV of home SBP <7.60% were used as a reference
group, the risk of VaD increased significantly in subjects with home SBP ≥135 mm Hg or the use of antihypertensive agents and a CoV of home SBP ≥7.60%
(HR, 3.44; 95% CI, 1.10–10.74; P<0.05), whereas the
risk of AD more than doubled in subjects with a CoV of
home SBP ≥7.60% regardless of the home SBP values.
There was no interaction between home SBP levels
and CoV levels of home SBP on the risk of each subCirculation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667
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Table 2. Association Between Coefficient of Variation Levels of Home Systolic Blood Pressure and the
Development of All-Cause Dementia and Its Subtypes, 2007 to 2012
Coefficient of
Variation Levels (%)

Person-Years
at Risk

Events, n

Incidence
Rates (Per 103
Person-y)*

Hazard Ratio (95% Confidence Interval)
Age and Sex
Adjusted

Model 1

Model 2

All-cause dementia
 Q1 (≤5.07)

2095

26

12.4

1.00 (Reference)

1.00 (Reference)

1.00 (Reference)

 Q2 (5.08–6.21)

2102

36

17.1

1.27 (0.77–2.11)

1.27 (0.76–2.10)

1.27 (0.76–2.10)

 Q3 (6.22–7.59)

2066

47

22.7

1.29 (0.80–2.09)

1.29 (0.79–2.09)

1.29 (0.79–2.09)

 Q4 (≥7.60)

1934

85

44.0

2.38 (1.52–3.71)

2.27 (1.45–3.55)

2.27 (1.45–3.55)

<0.001

<0.001

<0.001

1.00 (Reference)

1.00 (Reference)

1.00 (Reference)

 P for trend
Vascular dementia
 Q1 (≤5.07)

2095

5

2.4

Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

 Q2 (5.08–6.21)

2102

10

4.8

1.92 (0.66–5.62)

1.82 (0.62–5.37)

1.71 (0.58–5.05)

 Q3 (6.22–7.59)

2066

12

5.8

1.95 (0.68–5.57)

1.91 (0.67–5.48)

1.86 (0.65–5.34)

 Q4 (≥7.60)

1934

20

10.3

3.34 (1.24–9.00)

2.86 (1.06–7.71)

2.79 (1.04–7.51)

0.01

0.04

0.03

 P for trend
Alzheimer disease
 Q1 (≤5.07)

2095

19

9.1

1.00 (Reference)

1.00 (Reference)

1.00 (Reference)

 Q2 (5.08–6.21)

2102

22

10.5

1.04 (0.56–1.93)

1.06 (0.57–1.97)

1.07 (0.58–1.98)

 Q3 (6.22–7.59)

2066

31

15.0

1.10 (0.62–1.95)

1.09 (0.61–1.95)

1.11 (0.62–1.98)

 Q4 (≥7.60)

1934

62

32.1

2.22 (1.32–3.74)

2.22 (1.31–3.75)

2.22 (1.31–3.75)

<0.001

<0.001

<0.001

 P for trend

Model 1 was adjusted for age, sex, education level, use of antihypertensive agents, ECG abnormalities, diabetes mellitus, serum total cholesterol,
body mass index, history of cardiovascular disease, smoking habit, alcohol intake, and regular exercise. Model 2 was adjusted for the covariates
included in model 1 plus the mean values of home systolic blood pressure for 4 weeks.
*The values are unadjusted.

type of dementia (AD: P for heterogeneity=0.62; VaD:
P for heterogeneity=0.90). In the sensitivity analysis,
we used the median values of home SBP (137 mm Hg
or not) and CoV levels of home SBP (6.20% or not) as
cutoff values and found no significant interaction between mean home SBP and CoV category on the risk
of all-cause dementia and VaD (P for interaction=0.15
and 0.51, respectively) but a marginally significant interaction on the risk of AD (P for interaction=0.06).
In the subgroup analysis of the status of antihypertensive agent use, there was no significant interaction
in subjects not taking antihypertensive agents (P for
interaction=0.23), whereas a significant interaction
was observed in those taking antihypertensive agents
(P for interaction=0.048). In the latter, subjects with
both reduced home SBP and higher CoV were likely to
have greater risk of incident AD.
There was no evidence of heterogeneity in these associations of day-to-day BPV with the risk of dementia
among the subgroups of subjects with various potential risk factors such as sex, diabetes mellitus, use of
antihypertensive agents, and smoking habits (all P for
heterogeneity >0.10; Table V in the online-only Data
Supplement).
Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667

DISCUSSION
The present study clearly demonstrated that increased
day-to-day BPV by self-home measurements was significantly associated with the development of all-cause
dementia, VaD, and AD even after adjustment for
blood pressure values and other potential dementia
risk factors. In addition, the risk of VaD increased significantly in subjects with both higher day-to-day BPV
and home systolic hypertension compared with those
with lower BPV and normotension, whereas the risk
of AD increased significantly in subjects with higher
BPV regardless of the home SBP values. These findings
demonstrate that BPV is an important indicator for the
development of dementia or a possible interventional
target against dementia.
Several observational studies have demonstrated the
association between BPV levels and cognitive impairment or dementia. However, the findings in most studies are based on visit-to-visit BPV measured by office
blood pressures. Some studies have shown that higher
visit-to-visit BPV assessed by office blood pressure was
significantly associated with cognitive impairment.5–8
In addition, the Three-City Study examined the asAugust 8, 2017
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Figure 2. Multivariable-adjusted hazard ratios (HRs) for
the development of dementia
subtypes according to home
systolic blood pressure (SBP)
levels and coefficient of variation (CoV) levels of home SBP,
2007 to 2012.
HRs were adjusted for age, sex,
education level, ECG abnormalities, diabetes mellitus, serum total cholesterol, body mass index,
history of cardiovascular disease,
smoking habits, alcohol intake,
and regular exercise. *Home SBP
≥135 mm Hg or use of antihypertensive agents.
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sociation between BPV and the risk of dementia and
reported that increased visit-to-visit systolic BPV evaluated by office blood pressure was a significant risk factor for the development of all-cause dementia and AD
but not VaD, probably because of the small number of
VaD cases.9 Only 1 study, the Ohasama Study, has investigated the influence of day-to-day BPV measured
on a home blood pressure basis on cognitive impairment; in that report, subjects with an increased day-today systolic BPV exhibited an increased risk of cognitive
impairment.10 To the best of our knowledge, the present study provides the first prospective evidence that
an increased day-to-day BPV assessed by home blood
pressure measurement is associated with the development of dementia and its subtypes in an elderly general
population.
The present study demonstrated that both higher
day-to-day BPV and SBP values were significantly associated with VaD. Elevated SBP is widely known to
be a risk factor for small vessel disease, stroke, and
VaD.20,26,27 Some observational studies have also reported that elevated visit-to-visit BPV was a significant
risk factor for the development of stroke, white matter
hyperintensities,28,29 cerebral microbleeds,30 and cortical microinfarcts.6 Hemodynamic instability via elevated BPV may increase shear stress, which could directly
lead to small vessel disease and cerebral hypoperfusion28 and subsequent neuronal cell injury.6,27,29 In addition, increased BPV may be a marker of arterial stiffness, which is associated with increased risk of VaD,
because arterial stiffness can magnify random blood
pressure changes.30
On the other hand, the risk of AD was increased
significantly with higher BPV in this study, regardless
of absolute blood pressure values, which were not as522
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sociated with the development of AD.20 This finding
may reflect autonomic dysfunction caused by changes
in the central nervous system structure in individuals
with prodromal AD, rather than direct shear stress on
the cerebral arteries. Because the structure of the central nervous system has been shown to play a role in
regulating the autonomic nervous system, it has been
hypothesized that the central cholinergic dysfunction
observed in AD could lead to autonomic dysfunction.31,32 Meanwhile, high BPV without hypertension
might increase the risk of hypoperfusion, which may
be associated with increasing risk of cognitive decline
and dementia via deteriorating neuronal damage.33,34
From the above, BPV may be a causative factor of the
alterations in brain structure and function, which in
turn might lead to the development of dementia, especially VaD. On the other hand, BPV may be a marker of
neurodegeneration, which has specific findings in AD,
but the exact mechanisms responsible for these associations are unclear. Any clinical trial in which BPV was
modified (eg, a trial using long-lasting antihypertensive agents) could help to clarify these mechanisms.35
Evidence is accumulating that diuretics and calcium
channel blockers are associated with lower levels of
BPV compared with other antihypertensive classes.36,37
However, the magnitude of the difference in BPV between classes was relatively low in these reports, and
few clinical trials have addressed the class effects of
antihypertensive agents on cardiovascular disease and
cognitive function. Further studies are needed to elucidate the pathogenesis of increased BPV in the development of dementia and its subtypes.
The strengths of our study include its longitudinal
community-based design, high participation rate in
the baseline examination, perfect follow-up of subCirculation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667
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CONCLUSIONS
The present study demonstrated that an increased
day-to-day BPV on a home blood pressure basis was
significantly associated with the development of allcause dementia, VaD, and AD, regardless of average
home blood pressure. Moreover, both higher day-today BPV and hypertension were significantly associated
with the risk of VaD, whereas the risk of AD increased
significantly in subjects with higher BPV regardless of
absolute blood pressure values. These findings raise the
possibility that the measurement of day-to-day BPV on
a home blood pressure basis would be useful for assessing future risk of dementia and elucidating blood pressure–related pathological processes in each dementia
subtype. However, further investigations are required to
clarify whether day-to-day BPV is an indicator of future
dementia or an interventional target for the prevention
of dementia.
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jects, and accuracy of diagnosis of dementia. However,
some limitations of our study should be discussed.
First, we could not obtain information on change of
blood pressure control and other risk factors resulting
from modifications in lifestyle or medication during
the follow-up. The lack of this information may have
reduced the accuracy of our findings to some extent.
Second, the number of events was insufficient for a
more detailed analysis. Third, there could be residual
confounding caused by unmeasured factors such as
poor adherence to an antihypertensive regimen, inadequate blood pressure control, mental/physical stress,
and sleep deprivation.38,39 Poor adherence to hypertension treatment and poor blood pressure control might
have played particularly prominent roles in the elevated
day-to-day BPV. The present study revealed that subjects who had both reduced home SBP and higher CoV
were likely to have greater risk of incident AD among
those taking antihypertensive agents. This finding may
reflect the influence of hypotension and subsequent
hypoperfusion on the cognitive dysfunction among
subjects with intensive blood pressure lowering and
greater CoV. Fourth, data on neuropsychological tests
were not available for all participants at baseline.
Among the 1674 subjects, 1030 underwent the MMSE
in 2005 to 2006. However, when the analysis was restricted to subjects with available MMSE data at baseline (Table VI in the online-only Data Supplement), the
associations between the CoV of SBP/mean SBP and
risk of dementia and its subtypes remained significant
even after adjustment for MMSE in addition to the potential confounding covariates (Tables IV and VII in the
online-only Data Supplement). In addition, sensitivity
analyses after the exclusion of subjects who developed
dementia during the initial 2 years of follow-up did
not make any material difference in the findings (P for
trend=0.006 for all-cause dementia; P=0.18 for VaD;
P=0.01 for AD). These data suggest that the possibility of prodromal dementia cases at baseline was relatively low, and this limitation might not have exerted a
meaningful influence on the results of our study. Fifth,
the influence of psychoactive medications on the findings could not be assessed sufficiently. However, only
1.3% of subjects (n=22) took any antidepressants in
this study, and the significant associations between
BPV and the risk of dementia were substantially unchanged after additional adjustment for the use of antidepressants (data not shown). Last, the present study
could not clearly distinguish the influence of BPV from
that of high excursion on the risk of dementia. Nevertheless, there were significant associations of VIM,
which is an indicator of BPV independently of BP level,
with the risk of dementia. These findings may suggest
that higher BPV itself is associated with greater risk of
dementia, regardless of the presence or absence of
high or low BP levels, such as high excursion.

Oishi et al

FOOTNOTES
Received September 25, 2016; accepted June 22, 2017.
The online-only Data Supplement is available with this
article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/
CIRCULATIONAHA.116.025667/-/DC1.
Circulation is available at http://circ.ahajournals.org.

REFERENCES

Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

1. Rothwell PM, Howard SC, Dolan E, O’Brien E, Dobson JE, Dahlöf B,
Sever PS, Poulter NR. Prognostic significance of visit-to-visit variability,
maximum systolic blood pressure, and episodic hypertension. Lancet.
2010;375:895–905. doi: 10.1016/S0140-6736(10)60308-X.
2. Hata Y, Kimura Y, Muratani H, Fukiyama K, Kawano Y, Ashida T, Yokouchi
M, Imai Y, Ozawa T, Fujii J, Omae T. Office blood pressure variability as a
predictor of brain infarction in elderly hypertensive patients. Hypertens
Res. 2000;23:553–560.
3. Kikuya M, Ohkubo T, Metoki H, Asayama K, Hara A, Obara T, Inoue R,
Hoshi H, Hashimoto J, Totsune K, Satoh H, Imai Y. Day-by-day variability of
blood pressure and heart rate at home as a novel predictor of prognosis:
the Ohasama study. Hypertension. 2008;52:1045–1050. doi: 10.1161/
HYPERTENSIONAHA.107.104620.
4. World Health Organization and Alzheimer’s Disease International.
Dementia: a public health priority. 2012. http://www.who.int/mental_health/publications/dementia_report_2012/en/ Accessed July 18,
2013.
5. Nagai M, Hoshide S, Ishikawa J, Shimada K, Kario K. Visit-to-visit blood
pressure variations: new independent determinants for cognitive function in the elderly at high risk of cardiovascular disease. J Hypertens.
2012;30:1556–1563. doi: 10.1097/HJH.0b013e3283552735.
6. Sabayan B, Wijsman LW, Foster-Dingley JC, Stott DJ, Ford I, Buckley BM,
Sattar N, Jukema JW, van Osch MJ, van der Grond J, van Buchem MA,
Westendorp RG, de Craen AJ, Mooijaart SP. Association of visit-to-visit
variability in blood pressure with cognitive function in old age: prospective
cohort study. BMJ. 2013;347:f4600.
7. Yano Y, Ning H, Allen N, Reis JP, Launer LJ, Liu K, Yaffe K, Greenland P,
Lloyd-Jones DM. Long-term blood pressure variability throughout young
adulthood and cognitive function in midlife: the Coronary Artery Risk Development in Young Adults (CARDIA) study. Hypertension. 2014;64:983–
988. doi: 10.1161/HYPERTENSIONAHA.114.03978.
8. Böhm M, Schumacher H, Leong D, Mancia G, Unger T, Schmieder R,
Custodis F, Diener H, Laufs U, Lonn E, Sliwa K, Teo K, Fagard R, Redon
J, Sleight P, Anderson C, O’Donnell M, Yusuf S. Systolic blood pressure
variation and mean heart rate is associated with cognitive dysfunction in
patients with high cardiovascular risk. Hypertension. 2015;65:651–661.
doi: 10.1161/HYPERTENSIONAHA.114.04568.
9. Alpérovitch A, Blachier M, Soumaré A, Ritchie K, Dartigues JF, RichardHarston S, Tzourio C. Blood pressure variability and risk of dementia in an elderly cohort, the Three-City Study. Alzheimers Dement.
2014;10(suppl):S330–S337. doi: 10.1016/j.jalz.2013.05.1777.
10. Matsumoto A, Satoh M, Kikuya M, Ohkubo T, Hirano M, Inoue R, Hashimoto T, Hara A, Hirose T, Obara T, Metoki H, Asayama K, Hosokawa A,
Totsune K, Hoshi H, Hosokawa T, Sato H, Imai Y. Day-to-day variability in
home blood pressure is associated with cognitive decline: the Ohasama
study. Hypertension. 2014;63:1333–1338. doi: 10.1161/HYPERTENSIONAHA.113.01819.
11. Stergiou GS, Ntineri A, Kollias A, Ohkubo T, Imai Y, Parati G. Blood pressure variability assessed by home measurements: a systematic review. Hypertens Res. 2014;37:565–572. doi: 10.1038/hr.2014.2.
12. Parati G, Stergiou GS, Asmar R, Bilo G, de Leeuw P, Imai Y, Kario K,
Lurbe E, Manolis A, Mengden T, O’Brien E, Ohkubo T, Padfield P, Palatini
P, Pickering T, Redon J, Revera M, Ruilope LM, Shennan A, Staessen
JA, Tisler A, Waeber B, Zanchetti A, Mancia G, ESH Working Group
on Blood Pressure Monitoring. European Society of Hypertension
guidelines for blood pressure monitoring at home: a summary report
of the Second International Consensus Conference on Home Blood
Pressure Monitoring. J Hypertens. 2008;26:1505–1526. doi: 10.1097/
HJH.0b013e328308da66.
13. Parati G, Ochoa JE, Lombardi C, Bilo G. Assessment and management of blood-pressure variability. Nat Rev Cardiol. 2013;10:143–155.
doi:10.1038/nrcardio.2013.1.

524

August 8, 2017

14. Mancia G. Short- and long-term blood pressure variability: present and
future. Hypertension. 2012;60:512–517. doi: 10.1161/HYPERTENSIONAHA.112.194340.
15. McDonald C, Pearce MS, Kerr SR, Newton JL. Blood pressure variability
and cognitive decline in older people: a 5-year longitudinal study. J Hypertens. 2017;35:140–147. doi: 10.1097/HJH.0000000000001120.
16. Hata J, Ninomiya T, Hirakawa Y, Nagata M, Mukai N, Gotoh S, Fukuhara
M, Ikeda F, Shikata K, Yoshida D, Yonemoto K, Kamouchi M, Kitazono
T, Kiyohara Y. Secular trends in cardiovascular disease and its risk factors
in Japanese: half-century data from the Hisayama Study (1961–2009).
Circulation. 2013;128:1198–1205. doi: 10.1161/CIRCULATIONAHA.
113.002424.
17. Folstein MF, Folstein SE, McHugh PR. “Mini-Mental State”: a practical
method for grading the cognitive state of patients for the clinician.
J Psychiatr Res. 1975;12:189–198.
18. Imai Y, Hasegawa K. The revised Hasegawa’s Dementia Scale (HDS-R):
evaluation of its usefulness as a screening test for dementia. J Hong Kong
Coll Psychiatr. 1994;4:20–24.
19. Sekita A, Ninomiya T, Tanizaki Y, Doi Y, Hata J, Yonemoto K, Arima H,
Sasaki K, Iida M, Iwaki T, Kanba S, Kiyohara Y. Trends in prevalence of
Alzheimer’s disease and vascular dementia in a Japanese community:
the Hisayama Study. Acta Psychiatr Scand. 2010;122:319–325. doi:
10.1111/j.1600-0447.2010.01587.x.
20. Ninomiya T, Ohara T, Hirakawa Y, Yoshida D, Doi Y, Hata J, Kanba S,
Iwaki T, Kiyohara Y. Midlife and late-life blood pressure and dementia in
Japanese elderly: the Hisayama study. Hypertension. 2011;58:22–28. doi:
10.1161/HYPERTENSIONAHA.110.163055.
21. Ohara T, Doi Y, Ninomiya T, Hirakawa Y, Hata J, Iwaki T, Kanba S,
Kiyohara Y. Glucose tolerance status and risk of dementia in the
community: the Hisayama study. Neurology. 2011;77:1126–1134. doi:
10.1212/WNL.0b013e31822f0435.
22. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. 3rd ed, revised. Washington, DC: American Psychiatric
Association; 1987.
23. Román GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia
JH, Amaducci L, Orgogozo JM, Brun A, Hofman A. Vascular dementia:
diagnostic criteria for research studies: report of the NINDS-AIREN International Workshop. Neurology. 1993;43:250–260.
24. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM.
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA
Work Group under the auspices of Department of Health and Human
Services Task Force on Alzheimer’s Disease. Neurology. 1984;34:939–944.
25. Fujimi K, Sasaki K, Noda K, Wakisaka Y, Tanizaki Y, Matsui Y, Sekita A, Iida
M, Kiyohara Y, Kanba S, Iwaki T. Clinicopathological outline of dementia
with Lewy bodies applying the revised criteria: the Hisayama study. Brain
Pathol. 2008;18:317–325. doi: 10.1111/j.1750-3639.2008.00169.x.
26. Fukuhara M, Arima H, Ninomiya T, Hata J, Yonemoto K, Doi Y, Hirakawa Y, Matsumura K, Kitazono T, Kiyohara Y. Impact of lower range of
prehypertension on cardiovascular events in a general population: the
Hisayama Study. J Hypertens. 2012;30:893–900. doi: 10.1097/HJH.
0b013e328351d380.
27. Kalaria RN. Cerebrovascular disease and mechanisms of cognitive impairment: evidence from clinicopathological studies in humans. Stroke.
2012;43:2526–2534. doi: 10.1161/STROKEAHA.112.655803.
28. Havlik RJ, Foley DJ, Sayer B, Masaki K, White L, Launer LJ. Variability in
midlife systolic blood pressure is related to late-life brain white matter
lesions: the Honolulu-Asia Aging study. Stroke. 2002;33:26–30.
29. Brickman AM, Reitz C, Luchsinger JA, Manly JJ, Schupf N, Muraskin J, DeCarli C, Brown TR, Mayeux R. Long-term blood pressure fluctuation and
cerebrovascular disease in an elderly cohort. Arch Neurol. 2010;67:564–
569. doi: 10.1001/archneurol.2010.70.
30. Rabkin SW. Arterial stiffness: detection and consequences in cognitive
impairment and dementia of the elderly. J Alzheimers Dis. 2012;32:
541–549. doi: 10.3233/JAD-2012-120757.
31. Borson S, Barnes RF, Veith RC, Halter JB, Raskind MA. Impaired sympathetic nervous system response to cognitive effort in early Alzheimer’s
disease. J Gerontol. 1989;44:M8–M12.
32. Femminella GD, Rengo G, Komici K, Iacotucci P, Petraglia L, Pagano G,
de Lucia C, Canonico V, Bonaduce D, Leosco D, Ferrara N. Autonomic
dysfunction in Alzheimer’s disease: tools for assessment and review of the
literature. J Alzheimers Dis. 2014;42:369–377. doi: 10.3233/JAD-140513.
33. Qiu C, von Strauss E, Fastbom J, Winblad B, Fratiglioni L. Low blood pressure and risk of dementia in the Kungsholmen project: a 6-year follow-up
study. Arch Neurol. 2003;60:223–228.

Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667

Day-to-Day BP Variability and Dementia

a systematic review and meta-analysis. Lancet. 2010;375:906–915. doi:
10.1016/S0140-6736(10)60235-8.
37. Smith TR, Drozda JP Jr, Vanslette JA, Hoeffken AS, Nicholson RA. Medication class effects on visit-to-visit variability of blood pressure measurements: analysis of electronic health record data in the “real world.” J Clin
Hypertens (Greenwich). 2013;15:655–662. doi: 10.1111/jch.12165.
38. Ju YE, Holtzman DM. Sleep evaluation by actigraphy for patients with Alzheimer disease: reply. JAMA Neurol. 2013;70:1074–1075. doi: 10.1001/
jamaneurol.2013.3490.
39. McEwen BS. Physiology and neurobiology of stress and adaptation:
central role of the brain. Physiol Rev. 2007;87:873–904. doi: 10.1152/
physrev.00041.2006.

Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017
Circulation. 2017;136:516–525. DOI: 10.1161/CIRCULATIONAHA.116.025667

August 8, 2017

525

ORIGINAL RESEARCH
ARTICLE

34. Mossello E, Pieraccioli M, Nesti N, Bulgaresi M, Lorenzi C, Caleri V, Tonon
E, Cavallini MC, Baroncini C, Di Bari M, Baldasseroni S, Cantini C, Biagini
CA, Marchionni N, Ungar A. Effects of low blood pressure in cognitively
impaired elderly patients treated with antihypertensive drugs. JAMA Intern Med. 2015;175:578–585. doi: 10.1001/jamainternmed.2014.8164.
35. Zhang Y, Agnoletti D, Safar ME, Blacher J. Effect of antihypertensive
agents on blood pressure variability: the Natrilix SR versus candesartan
and amlodipine in the reduction of systolic blood pressure in hypertensive patients (X-CELLENT) study. Hypertension. 2011;58:155–160. doi:
10.1161/HYPERTENSIONAHA.111.174383.
36. Webb AJ, Fischer U, Mehta Z, Rothwell PM. Effects of antihypertensivedrug class on interindividual variation in blood pressure and risk of stroke:

Day-to-Day Blood Pressure Variability and Risk of Dementia in a General Japanese
Elderly Population: The Hisayama Study
Emi Oishi, Tomoyuki Ohara, Satoko Sakata, Masayo Fukuhara, Jun Hata, Daigo Yoshida, Mao
Shibata, Toshio Ohtsubo, Takanari Kitazono, Yutaka Kiyohara and Toshiharu Ninomiya
Downloaded from http://circ.ahajournals.org/ by guest on August 18, 2017

Circulation. 2017;136:516-525
doi: 10.1161/CIRCULATIONAHA.116.025667
Circulation is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2017 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7322. Online ISSN: 1524-4539

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://circ.ahajournals.org/content/136/6/516

Free via Open Access
Data Supplement (unedited) at:
http://circ.ahajournals.org/content/suppl/2017/08/07/CIRCULATIONAHA.116.025667.DC1

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissions in the middle column of the Web page under Services. Further information about
this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Circulation is online at:
http://circ.ahajournals.org//subscriptions/

Day-to-day blood pressure variability and risk of dementia in a general Japanese elderly population: the Hisayama
Study

SUPPLEMENTAL MATERIAL

1

Supplemental Table 1. Hazard ratios for the development of all-cause dementia and its subtypes according to CoV levels of home diastolic
blood pressure, 2007-2012
CoV levels (%)

No. of
events

No. of
participants

Age- and sex-adjusted

HR (95% CI)
Model 1

Model 2

All-cause dementia
Q1 (≤4.83)
21
418
1.00 (reference)
1.00 (reference)
1.00 (reference)
Q2 (4.84-5.99)
37
419
1.65 (0.97-2.83)
1.62 (0.94-2.78)
1.65 (0.96-2.83)
Q3 (6.00-7.60)
56
419
2.08 (1.26-3.45)
2.09 (1.26-3.48)
2.13 (1.28-3.54)
Q4 (≥7.61)
80
418
2.75 (1.69-4.46)
2.72 (1.67-4.43)
2.73 (1.68-4.44)
P for trend
<0.001
<0.001
<0.001
Vascular dementia
Q1 (≤4.83)
14
1.00 (reference)
1.00 (reference)
1.00 (reference)
418
Q2 (4.84-5.99)
25
2.39 (0.75-7.62)
2.58(0.80-8.32)
2.95 (0.91-9.57)
419
Q3 (6.00-7.60)
39
2.95 (0.96-8.99)
3.12 (1.01-9.59)
3.51 (1.13-10.91)
419
Q4 (≥7.61)
56
3.67 (1.24-10.88)
3.39 (1.14-10.07)
3.57 (1.19-10.68)
418
P for trend
0.02
0.03
0.03
Alzheimer’s disease
Q1 (≤4.83)
4
418
1.00 (reference)
1.00 (reference)
1.00 (reference)
Q2 (4.84-5.99)
10
419
1.66 (0.87-3.20)
1.60 (0.82-3.09)
1.60 (0.82-3.10)
Q3 (6.00-7.60)
14
419
2.09 (1.13-3.87)
2.05 (1.11-3.81)
2.05 (1.10-3.81)
Q4 (≥7.61)
19
418
2.79 (1.54-5.03)
2.87 (1.59-5.19)
2.87 (1.59-5.19)
P for trend
<0.001
<0.001
<0.001
CoV indicates the coefficient of variation; HR, hazard ratio; and CI, confidence interval.
Model 1 was adjusted for age, sex, education level, use of antihypertensive agents, electrocardiogram abnormalities, diabetes, serum total cholesterol,
body mass index, history of cardiovascular disease, smoking habit, alcohol intake, and regular exercise.
Model 2 was adjusted for the covariates included in model 1 plus the mean values of home diastolic blood pressure for 4 weeks.

2

Supplemental Table 2. Hazard ratios for the development of all-cause dementia and its subtypes according to SD, MMD, ARV, and VIM levels
of home systolic blood pressure, 2007-2012
Vascular dementia
All-cause dementia
Alzheimer’s disease
Levels of variability
No. of events/
No. of events/
No. of events/
HR(95%CI)
HR(95%CI)
HR(95%CI)
No. of participants
No. of participants
No. of participants
SD (mmHg)
Q1 (≤6)
23/418
3/418
1.00 (reference)
17/418
1.00 (reference)
1.00 (reference)
Q2 (7-8)
35/419
9/419
2.37 (0.64-8.85)
23/419
1.07 (0.57-2.02)
1.21 (0.71-2.05)
Q3 (9-10)
49/419
11/419
2.52 (0.68-9.28)
34/419
1.39 (0.76-2.53)
1.52 (0.91-2.53)
Q4 (≥11)
87/418
24/418
3.95 (1.12-13.86)
60/418
2.17 (1.20-3.91)
2.22 (1.35-3.65)
P for trend
0.02
0.003
<0.001
MMD (mmHg)
Q1 (≤26.99)
24/410
1.00(reference)
4/410
1.00 (reference)
17/410
1.00 (reference)
Q2 (27.00-34.50)
36/426
1.07(0.63-1.80)
7/426
1.27 (0.37-4.40)
27/426
1.12 (0.61-2.07)
Q3 (34.67-42.66)
45/413
1.38(0.83-2.29)
13/413
2.26 (0.71-7.15)
28/413
1.23 (0.66-2.27)
Q4 (≥42.67)
89/425
1.89(1.16-3.08)
23/425
2.65 (0.86-8.12)
62/425
1.87 (1.04-3.35)
P for trend
0.03
0.02
0.002
ARV (mmHg)
Q1 (≤6.41)
26/417
4/417
1.00 (reference)
18/417
1.00 (reference)
1.00 (reference)
Q2 (6.42-8.09)
34/420
10/420
1.52 (0.47-4.92)
24/420
1.19 (0.67-2.13)
1.03 (0.61-1.72)
Q3 (8.10-10.17)
51/419
15/419
2.15
(0.69-6.73)
32/419
1.19 (0.67-2.09)
1.44 (0.88-2.34)
Q4 (≥10.18)
83/418
18/418
1.66 (0.52-5.31)
60/418
2.08 (1.23-3.51)
1.75 (1.08-2.84)
P for trend
0.44
0.004
0.005
VIM (units)
Q1 (≤6.67)
30/418
1.00(reference)
8/418
1.00 (reference)
20/418
1.00 (reference)
Q2 (6.68-8.11)
39/419
1.21(0.75-1.96)
9/419
1.31 (0.50-3.44)
27/419
1.19 (0.67-2.13)
Q3 (8.12-9.90)
50/419
1.37(0.87-2.16)
14/419
1.70 (0.71-4.12)
31/419
1.19 (0.67-2.09)
Q4 (≥9.91)
75/418
1.97(1.27-3.05)
16/418
1.93 (0.81-4.60)
56/418
2.08 (1.23-3.51)
3

P for trend
0.11
0.004
0.001
SD indicates standard deviation; MMD, maximum and minimum differences; ARV, average real variability; VIM, variability independent of the mean;
HR, hazard ratio; and CI, confidence interval.
Adjusted for age, sex, education level, use of antihypertensive agents, electrocardiogram abnormalities, diabetes, serum total cholesterol, body mass
index, history of cardiovascular disease, smoking habit, alcohol intake, regular exercise, and mean values of home systolic blood pressure for 4 weeks.
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Supplemental Table 3. Baseline characteristics of subjects according to mean values of home systolic blood pressure levels, the Hisayama Study, 2007
Quartile of mean systolic blood pressure levels (mmHg)
P for trend
Variables
Q1 (≤125)
Q2 (126-136)
Q3 (137-150)
Q4 (≥151)
n=418
n=419
n=419
n=418
Age, mean (SD), y
69 (7)
70 (7)
72 (7)
74 (8)
<0.001
Women, %
62.2
55.1
52.7
53.6
0.009
Education ≤ 9 years, %
37.4
40.4
47.8
48.3
<0.001
Systolic blood pressure, mean (SD), mmHg
116 (7)
131 (3)
143 (4)
161 (10)
<0.001
Diastolic blood pressure, mean (SD), mmHg
70 (6)
76 (7)
80 (8)
84 (9)
<0.001
Use of antihypertensive agents, %
17.0
41.1
53.5
61.7
<0.001
Electrocardiogram abnormalities, %
11.0
14.8
22.7
31.1
<0.001
Diabetes mellitus, %
13.4
20.3
23.9
28.0
<0.001
Serum total cholesterol, mean (SD), mmol/L
5.49 (0.89)
5.44 (0.97)
5.25 (0.89)
5.33 (0.87)
<0.001
Body mass index, mean (SD), kg/m2
21.8 (3.0)
23.2 (3.3)
23.6 (3.3)
23.6 (3.5)
<0.001
History of cardiovascular disease, %
5.3
6.9
9.1
10.8
0.002
Smoking habits, %
12.2
10.0
14.6
15.3
0.06
Alcohol intake, %
36.6
40.8
45.1
47.0
0.001
Regular exercise ≥ 3 times/w, %
14.1
15.3
15.8
11.5
0.34
MMSE score, mean (SD)
27.5 (2.4)
27.5 (2.1)
27.5 (2.2)
27.4 (2.2)
0.50
SD indicates standard deviation; and MMSE, Mini-Mental State Examination.
Electrocardiogram abnormalities were defined as Minnesota Code 3-1, 4-1, 4-2, 4-3, or 8-3. MMSE was examined in 2005-2006 in 1,030 participants.
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Supplemental Table 4. Association between mean values of home systolic blood pressure levels and the development of all-cause dementia and its
subtypes, 2007-2012
Mean systolic blood Person-years
pressure levels (mmHg)
at risk

No. of
events

Incidence rates
(per 103 person-years)*

Age- and sex-adjusted

HR (95% CI)
Model 1

Model 2

All-cause dementia
Q1 (≤125)
1916
32
16.7
1.00 (reference)
1.00 (reference)
1.00 (reference)
Q2 (126-136)
2161
35
16.2
0.92 (0.57-1.48)
0.88 (0.54-1.44)
0.78 (0.46-1.30)
Q3 (137-150)
1800
55
30.6
1.14 (0.73-1.77)
1.02 (0.64-1.64)
0.91 (0.56-1.48)
Q4 (≥151)
2321
72
31.0
1.08 (0.70-1.67)
0.98 (0.61-1.56)
0.81 (0.50-1.32)
P for trend
0.52
0.88
0.58
Vascular dementia
Q1 (≤125)
1916
1.00 (reference)
1.00 (reference)
1.00 (reference)
5
2.6
Q2 (126-136)
2161
1.00 (0.30-3.27)
1.08 (0.32-3.64)
1.22 (0.35-4.27)
6
2.8
Q3 (137-150)
1800
2.05 (0.74-5.70)
2.29 (0.78-6.70)
2.08 (0.67-6.45)
15
8.3
Q4 (≥151)
2321
2.29 (0.84-6.28)
2.55 (0.88-7.42)
2.26 (0.72-7.10)
21
9.0
P for trend
0.04
0.03
0.10
Alzheimer’s disease
Q1 (≤125)
1916
25
13.0
1.00 (reference)
1.00 (reference)
1.00 (reference)
Q2 (126-136)
2161
26
12.0
0.88 (0.51-1.53)
0.83 (0.47-1.45)
0.70 (0.39-1.25)
Q3 (137-150)
1800
34
18.9
0.89 (0.53-1.51)
0.79 (0.45-1.37)
0.68 (0.38-1.20)
Q4 (≥151)
2321
49
21.1
0.90 (0.54-1.49)
0.78 (0.45-1.33)
0.62 (0.35-1.08)
P for trend
0.75
0.41
0.14
HR indicates hazard ratio; and CI, confidence interval.
Model 1 was adjusted for age, sex, education level, use of antihypertensive agents, electrocardiogram abnormalities, diabetes, serum total cholesterol, body
mass index, history of cardiovascular disease, smoking habit, alcohol intake, and regular exercise.
Model 2 was adjusted for the covariates included in model 1 plus the Mini-Mental State Examination score in 2005-2006 (n=1030).
*The values are unadjusted.
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Supplemental Table 5. Multivariable-adjusted hazard ratios of dementia per 1-SD increment in CoV of home systolic blood pressure in
various subgroups of the study population, 2007-2012
HR (95% CI) per 1-SD increment in
Subgroups of variables
No. of events
No. of participants
CoV of home systolic blood
P for interaction
pressure (1 SD=3.11%)
All-cause dementia
Sex
Men
72
738
1.31 (1.10-1.56)
Women
122
936
1.24 (1.06-1.45)
0.46
Age (years)
60-74
58
1145
1.23 (1.00-1.51)
≥75
136
529
1.31 (1.14-1.50)
0.93
Diabetes mellitus
No
149
1315
1.31 (1.15-1.49)
Yes
44
358
1.22 (0.96-1.55)
0.27
Use of antihypertensive agents
No
90
949
1.24 (1.04-1.48)
Yes
104
725
1.27 (1.08-1.48)
0.69
Smoking habits
No
172
1456
1.27 (1.13-1.44)
Yes
22
218
1.19 (0.80-1.79)
0.79
Vascular dementia
Sex
Men
24
738
1.14 (0.83-1.58)
Women
23
936
1.09 (0.74-1.62)
0.88
Age (years)
60-74
17
1145
1.21 (0.83-1.76)
≥75
30
529
0.99 (0.72-1.37)
0.35
Diabetes mellitus
No
34
1315
1.08 (0.81-1.45)
Yes
13
358
1.18 (0.75-1.83)
0.92
7

Use of antihypertensive agents
No
21
949
0.88 (0.57-1.35)
Yes
26
725
1.20 (0.87-1.65)
0.78
Smoking habits
No
39
1456
1.11 (0.84-1.47)
Yes
8
218
1.93 (0.34-10.96)
0.72
Alzheimer’s disease
Sex
Men
41
738
1.40 (1.11-1.76)
Women
93
936
1.30 (1.08-1.55)
0.43
Age (years)
60-74
37
1145
1.18 (0.90-1.55)
≥75
97
529
1.44 (1.23-1.69)
0.37
Diabetes mellitus
No
106
1315
1.36 (1.16-1.58)
Yes
28
358
1.32 (0.98-1.77)
0.52
Use of antihypertensive agents
No
64
949
1.34 (1.09-1.64)
Yes
70
725
1.32 (1.10-1.59)
0.79
Smoking habits
No
121
1456
1.36 (1.18-1.57)
Yes
13
218
1.00 (0.59-1.70)
0.36
SD indicates standard deviation; CoV, coefficient of variation; HR, hazard ratio; and CI, confidence interval.
The HRs were adjusted for age, sex, education level, use of antihypertensive agents, electrocardiogram abnormalities, diabetes, serum total cholesterol,
body mass index, history of cardiovascular disease, smoking habit, alcohol intake, regular exercise and mean values of home systolic blood pressure
for 4 weeks. The variable relevant to the subgroup was excluded from each model.
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Supplemental Table 6. Baseline characteristics of subjects according to CoV levels of home systolic blood pressure, the Hisayama Study, 2007
(n=1030)
Quartile of CoV levels (%)
P for trend
Variables
All
Q1 (≤5.32)
Q2 (5.33-6.41) Q3 (6.42-7.79)
Q4 (≥7.80)
n=1030
n=257
n=258
n=258
n=257
Age, mean (SD), y
75 (6)
74 (6)
75 (5)
76 (6)
76 (6)
<0.001
Women, %
57.4
46.7
58.5
62.0
62.3
<0.001
Education ≤ 9 years, %
51.6
50.2
50.8
50.8
54.7
0.34
Systolic blood pressure, mean (SD), mmHg
141 (18)
140 (18)
141 (18)
143 (18)
141 (17)
0.35
Diastolic blood pressure, mean (SD), mmHg
77 (9)
77 (9)
77 (10)
77 (9)
76 (9)
0.16
Use of antihypertensive agents, %
50.7
51.0
50.8
46.1
54.9
0.62
Electrocardiogram abnormalities, %
21.8
22.2
23.6
18.2
23.4
0.87
Diabetes mellitus, %
22.8
21.4
24.8
23.3
21.9
0.99
Serum total cholesterol, mean (SD), mmol/L
5.26 (0.87)
5.23 (0.82)
5.26 (0.83)
5.28 (0.92)
5.26 (0.91)
0.74
2
Body mass index, mean (SD), kg/m
22.9 (3.4)
22.9 (3.3)
23.2 (3.4)
22.9 (3.4)
22.6 (3.3)
0.19
History of cardiovascular disease, %
9.2
7.4
7.8
9.3
12.5
0.04
Smoking habits, %
10.8
14.4
7.4
9.7
11.7
0.50
Alcohol intake, %
37.4
41.3
34.1
37.2
37.1
0.49
Regular exercise ≥ 3 times/w, %
13.7
16.3
15.5
11.6
11.3
0.05
MMSE score, mean (SD)
27.3 (2.3)
27.7 (2.2)
27.7 (2.0)
27.3 (2.3)
27.2 (2.2)
0.005
CoV indicates the coefficient of variation; SD, standard deviation; and MMSE, Mini-Mental State Examination.
Electrocardiogram abnormalities were defined as Minnesota Code 3-1, 4-1, 4-2, 4-3, or 8-3.
MMSE was examined in 2005-2006.
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Supplemental Table 7. Association between CoV levels of home systolic blood pressure and the development of all-cause dementia and its subtypes
after including pre-baseline cognitive assessment in the analyses (n=1030), 2007-2012
CoV levels (%)

Population at risk

No. of events

HR (95% CI)
Multivariable-adjusted*

All-cause dementia
Q1 (≤5.07)
223
23
1.00 (reference)
Q2 (5.08-6.21)
249
31
1.18 (0.69-2.04)
Q3 (6.22-7.59)
271
46
1.34 (0.81-2.23)
Q4 (≥7.60)
287
80
2.27 (1.42-3.65)
P for trend
<0.001
Vascular dementia
Q1 (≤5.07)
1.00 (reference)
223
4
Q2 (5.08-6.21)
2.01 (0.59-6.89)
249
8
Q3 (6.22-7.59)
2.34 (0.72-7.64)
271
11
Q4 (≥7.60)
3.74 (1.23-11.38)
287
20
P for trend
0.01
Alzheimer’s disease
Q1 (≤5.07)
223
17
1.00 (reference)
Q2 (5.08-6.21)
249
21
1.08 (0.56-2.05)
Q3 (6.22-7.59)
271
30
1.09 (0.60-2.00)
Q4 (≥7.60)
287
57
2.16 (1.24-3.75)
P for trend
0.002
CoV indicates the coefficient of variation; HR, hazard ratio; and CI, confidence interval.
*Adjusted for age, sex, education level, use of antihypertensive agents, electrocardiogram abnormalities, diabetes, serum total cholesterol, body mass
index, history of cardiovascular disease, smoking habit, alcohol intake, regular exercise, and Mini-Mental State Examination score in 2005-2006.
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