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Abstract

Atherosclerosis is an important risk factor for cognitive decline. This study aimed to investi-

gate the relationship of ankle-brachial pressure index (ABI) and brachial-ankle pulse wave

velocity (baPWV) with cognitive function in patients with lacunar infarction. We included rec-

ords of consecutive patients with their first-ever acute stroke and a diagnosis of lacunar

infarction through magnetic resonance imaging (MRI) from July 1, 2011 to December 31,

2018. We excluded patients diagnosed with dementia, including strategic single-infarct

dementia, before or after stroke onset. Moreover, we excluded patients with one or more

microbleeds, severe white matter lesions, or severe medial temporal atrophy on MRI. For

ABI, we used the lower ankle side and divided the results into ABI < 1.0 and ABI� 1.0. For

baPWV, we used the higher ankle side and divided the results into two groups based on the

median value of the participants. We analyzed 176 patients with stroke (age 72.5 ± 11.4

years, 67 females). The median score on the Mini-Mental State Examination (MMSE) was

27. The number of patients with ABI < 1.0 was 19 (10.8%). Univariate analysis revealed that

the MMSE score was associated with age, body mass index, education, chronic kidney dis-

ease, periventricular hyperintensity, and ABI < 1.0 (p < 0.10), but not baPWV. Multivariate

analysis revealed that body mass index (p = 0.039) and ABI < 1.0 (p = 0.015) were indepen-

dently associated with the MMSE score. For patients with lacunar infarction, a lower ABI,

but not a higher PWV, was associated with cognitive decline.

Introduction

In an aging society, cognitive decline, which causes morbidity and mortality, is among the

most critical issues with respect to population health, care, and medical economics [1, 2].Life-

style habits, including vascular risk factors, contribute to stroke and vascular cognitive

impairment [3, 4]. Additionally, vascular disease is an important modifiable risk factor for

clinically diagnosed Alzheimer’s dementia and related dementias [5, 6]. Moreover, atheroscle-

rosis and cerebral circulation are important factors for cognitive decline.
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The ankle-brachial pressure index (ABI) and pulse wave velocity (PWV), which reflect arte-

rial stenosis and arterial stiffness, respectively, are commonly used for objective non-invasive

assessment of atherosclerosis. ABI is the ratio of the ankle and brachial systolic blood pressure.

It is associated with arterial stenosis severity or leg occlusion, which results in a lower ABI.

Peripheral artery disease is diagnosed using an ABI< 0.9. Generally, the ankle blood pressure

is higher than the brachial blood pressure; moreover, ABI< 1.0 is indicative of arterial sclero-

sis or stenosis to some extent. Lower-leg atherosclerosis also represents a similar pathology in

other arterial systems, including cerebral circulation [7, 8]. On the other hand, PWV is mea-

sured between two sites along the arterial system. This reflects arterial stiffness, which results

in a higher baPWV. There are two main measurements; namely, carotid-femoral PWV

(cfPWV) and brachial-ankle PWV (baPWV).

There have been previous population-based studies on the association between ABI/PWV

and cognitive function [3, 9, 10]. In community-dwelling older populations, a lower ABI, but

not a higher baPWV, is an independent risk factor for cognitive impairment [11]. However,

other cohort studies have reported higher cfPWV values in individuals with vascular dementia

than in those without dementia [12]. Additionally, the cfPWV value is inversely associated

with measures for cognitive function, including the Mini-Mental State Examination (MMSE)

score [13–15]. There have been varying reports regarding the association between artery

assessment and cognitive decline. Diagnosis and treatment of atherosclerosis are crucial for

preventing stroke and cognitive decline.

We aimed to investigate the relationship of ABI and baPWV with cognitive function. In

this study, we focused on the first-ever acute stroke and a diagnosis of lacunar infarction

because the basic mechanism of stroke differs among stroke subtypes. Additionally, in other

stroke types, i.e., stroke types other than lacunar infarction, the stroke lesions usually involve

the cerebral cortex, which itself can affect the cognitive function. In addition, we had to

exclude cases of neurodegenerative diseases. Therefore, we tried to exclude cases of cerebral

microbleeds (CMBs) and white matter lesions (WMLs). CMBs, especially lobar type CMBs,

are associated with amyloid pathology. Severe WMLs are sometimes associated with neurode-

generative diseases such as leukoencepalopathy. Few reports have assessed the association

between atherosclerosis and cognitive decline by excluding such factors. In this study, we

investigated the relationship of ABI and baPWV with cognitive function in patients with first-

ever lacunar infarction and without CMBs and WMLs.

Materials and methods

Ethics

The study protocol was approved by the ethics committee of Suiseikai Kajikawa Hospital

(approval number 2019–07) and was performed in accordance with the national government

guidelines based on the 1964 Declaration of Helsinki. By the ethics committee of Suiseikai

Kajikawa Hospital, the requirement for written informed consent was waived owing to the ret-

rospective nature of this study. Moreover, upon admission, the included patients consented

for their data to be used for future studies.

Participants

We retrospectively included consecutive patients admitted with a first-ever acute stroke diag-

nosed with lacunar infarction from July 1, 2011 to December 31, 2018. Lacunar infarction was

determined according to the criteria of the Trial of Org 10172 in Acute Stroke Treatment [16].

We excluded patients diagnosed with dementia, including strategic single-infarct dementia,

before or after stroke onset. Dementia was diagnosed using the 10th revision of the
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International Statistical Classification of Diseases and Related Health Problems. Diagnosis was

confirmed by two stroke neurologists (HM and EI). Moreover, we excluded patients with one

or more CMBs or severe WMLs on magnetic resonance imaging (MRI) because they might be

confounding factors for ABI/PWV. MRI was performed using a 1.5T scanner (Avanto, Sie-

mens Medical Systems, Erlangen, Germany) or a 3.0T scanner (Spectra, Siemens Medical Sys-

tems, Erlangen, Germany). The imaging protocols were the same for the two MRI groups. We

investigated the difference in background characteristics between the two groups and found

no significant difference. Gradient-echo T2�-weighted MRI (GRE) was performed to evaluate

the presence of CMBs. CMBs were defined as homogeneous round lesions with diameters�

10 mm, which were characterized by signal intensity loss, as shown on GRE. Based on the

appearance or clinical history, lesions exhibiting signal intensity loss in the globus pallidus or

subarachnoid space and diffuse axonal injury were excluded [17]. The severity of WMLs (deep

and subcortical white matter hyperintensity [DSWMH] and periventricular hyperintensity

[PVH]) was rated visually on fluid-attenuated inversion recovery images using the Fazekas

scale (DSWMH: grade 1, punctuate; grade 2, early confluence; and grade 3, confluent; and

PVH: grade 1, caps or lining; grade 2, bands; and grade 3, irregular extension into the deep

white matter) [18]. Patients with WMLs (DSWMH or PVH) of grades 3 were assigned to the

severe WML groups. In addition, according to a previous report, we evaluated the presence of

silent lacunar lesions and graded the number of lacunae as follows: grade 0, absent; grade 1, 1

to 2 lacunae; grade 2, 3 to 5 lacunae; and grade 3, 6 or more lacunae [19]. Two stroke neurolo-

gists (MN and KT) graded the patients after consensus.

Data acquisition

MMSE scores were recorded and ABI/baPWV measurements were performed within 3 days

of admission for all patients [20]. The accuracy of the method of ABI/baPWV measurement

has been validated previously [21]. ABI/baPWV measurements were performed using BP-

203RPE III (OMRON HEALTHCARE Co., Ltd., Kyoto, Japan). For ABI, we used the lower

ankle side and the patients were categorized into patients with ABI < 1.0 or ABI� 1.0 because

ABI < 1.0 is a risk factor for arterial sclerosis and mortality [7, 8]. For baPWV, we used the

higher ankle side and the patients were categorized into two groups based on the median value

of the participants. In addition, we performed linear analysis for baPWV.

We recorded baseline clinical characteristics, including age, sex, body mass index (BMI),

duration of education, complications (hypertension, diabetes mellitus, dyslipidemia, and

chronic kidney disease), current smoking, habitual drinking, and medication before admission

(antihypertensive and antidiabetic drugs). The severity of stroke was evaluated using the

National Institutes of Health Stroke Scale (NIHSS) [22]. In addition to obtaining the medical

history, we identified relevant risk factors from a self-reported medical history or inferred

from medications prescribed by the primary physician. The criteria for hypertension, diabetes

mellitus, and dyslipidemia were previously defined [23].

Statistical analysis

We calculated the required sample size for this study according to previous studies that com-

pared MMSE scores with ABI/baPWV or CMBs [11, 24]. Based on an alpha level of 0.05 and

power of 0.80, we estimated that we would require at least 128 participants. Univariate analysis

was used to investigate the association of MMSE scores with several factors. Subsequently,

multivariate analysis was performed to estimate and test the independent effects of selected

factors on MMSE score. Each of those factors was determined from univariate analysis if the p

value was 0.10 or less. In multivariate analysis, the least squares test was performed with the
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selected factors, which were entered simultaneously. For multiple comparisons, the data were

analyzed using one-way analysis of variance (ANOVA), followed by post-hoc Tukey’s honestly

significant difference (HSD) test, with Bonferroni correction. Moreover, the MMSE score was

divided into 11 sub-scores (orientation of time, orientation of place, registration, serial sevens,

delayed recall, designation, repetition, commands, sentence comprehension, sentence writing,

and graphic replication) for statistical analysis. Data were expressed as the mean ± standard

deviation or median (25% interquartile range [IQR]–75% IQR) for continuous variables;

moreover, frequencies and percentages were presented for discrete variables. Statistical analy-

ses were performed using JMP 15 statistical software (SAS Institute Inc., Cary, NC, USA).

Between-group comparisons were performed using ANOVA. Statistical significance was set at

p< 0.05.

Results

A total of 826 patients were diagnosed with lacunar infarction; of these, 468 patients were

admitted for their first-ever stroke. We excluded 43 patients without MRI data, 25 patients

without MMSE scores, and 127 patients diagnosed with dementia, including strategic single-

infarct dementia (n = 3), before or after stroke onset. We excluded five patients because they

did not undergo ABI/baPWV evaluation. Moreover, we excluded 92 patients with CMBs or

severe WMLs. Ultimately, we analyzed 176 patients with stroke (age: 72.5 ± 11.4 years, 67

females; Fig 1). Regarding the silent lacunar lesion, all patients were judged as having grade 3

or less lesions. In this study, no patient had symptomatic peripheral artery disease and required

percutaneous transluminal angioplasty. The systolic blood pressure in all patients was main-

tained under 220 mmHg. No patient required antihypertensive medications such as intrave-

nous calcium channel blockers at the time of parameter measurement within 3 days of

admission. None of the patients showed altered consciousness. No new psychiatric drugs,

including sleeping pills, were added within 3 days from admission to the recording of MMSE

scores. The median MMSE score was 27 (26–29). Table 1 shows the background characteristics

of the patients. Data pertaining to systolic and diastolic blood pressure in the four limbs and

bilateral ABI and baPWV are shown in S1 Table. We investigated the association between the

laterality of ABI and the MMSE score but found no association. We evaluated the influence of

stroke severity on cognitive function or ABI/baPWV. Linear regression analyses showed no

association between NIHSS and MMSE scores (p = 0.108). Further, there was also no associa-

tion between NIHSS scores and ABI or baPWV (p = 0.376, p = 0.233, respectively). We consid-

ered patients with NIHSS score 0 as almost normal controls and analyzed the effects; there was

no significant relationship with the MMSE score, ABI, or baPWV (p = 0.646, p = 0.546,

p = 0.132, respectively).

The median baPWV was 2019 cm/s. The patients were categorized into the following four

groups: patients with ABI� 1.0 and baPWV� 2019 cm/s; ABI� 1.0 and baPWV > 2019 cm/

s; ABI < 1.0 and baPWV� 2019 cm/s; or ABI < 1.0 and baPWV > 2019 cm/s. S2 Table pres-

ents the characteristics of each group. Fig 2 shows the MMSE scores for each group. ANOVA

showed that the MMSE scores were directly and inversely correlated with ABI and baPWV,

respectively (p< 0.05). Bonferroni correction and Tukey’s HSD tests revealed that the MMSE

scores for the group with ABI < 1.0 and baPWV > 2019 cm/s were significantly lower than

those for the group with ABI� 1.0 and baPWV� 2019 cm/s.

We investigated the association of MMSE scores with the factors listed in Table 1. Univari-

ate analysis revealed that the MMSE score was associated with age, BMI, education level,

chronic kidney disease, and ABI< 1.0 (p< 0.10), but not with baPWV > 2019 cm/s. The loca-

tion of lacunar infarction was not associated with the MMSE score. Multivariate analysis with
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the identified factors revealed an independent association of BMI (p = 0.032) and ABI < 1.0

(p = 0.014) with the MMSE score (Table 2). We also performed linear analysis for baPWV.

Univariate analysis showed that baPWV was associated with MMSE scores (p = 0.011). How-

ever, multivariate analysis using age, BMI, education level, and chronic kidney disease as

covariates showed that baPWV was not significantly associated with MMSE scores (p = 0.117).

Subsequently, we compared the MMSE sub-scores between the ABI < 1.0 and ABI� 1.0

groups. The sub-scores for orientation and immediate recall were significantly lower in the

Fig 1. Flow chart of the inclusion and exclusion criteria. MRI, magnetic resonance imaging; MMSE, Mini-Mental State Examination.

https://doi.org/10.1371/journal.pone.0263525.g001
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ABI < 1.0 group than in the ABI� 1.0 group after adjustment for age, BMI, education, and

chronic kidney disease (p = 0.012 and 0.011, respectively) (Table 3).

Finally, we added the patients with CMBs and severe white matter lesions (who were

excluded based on MRI findings) and reanalyzed again (n = 268). S3 Table shows the back-

ground characteristics of these patients. The median baPWV was 2086.5 cm/s and divided the

patients based on the median baPWV. We investigated the association of MMSE scores with

the factors listed in S3 Table. Univariate analysis revealed that the MMSE score was associated

with age, BMI, education, chronic kidney disease, cerebral microbleeds, PVH, and ABI< 1.0

(p< 0.10), but not with baPWV > 2086.5 cm/s. Multivariate analysis revealed an independent

association of BMI (p = 0.009) and ABI < 1.0 (p = 0.019) with the MMSE score (S4 Table).

Discussion

In this study, we focused on patients with lacunar infarction and excluded patients with CMBs

and severe WMLs on MRI. We observed that a lower ABI was significantly associated with

Table 1. Patients’ background.

n = 176

Age, year 72.5±11.4

Sex (female), n (%) 67 (38.1)

Body mass index, kg/m2 23.9±3.7

Education, year 12.5±2.5

MMSE score, median (IQR) 27 (26–29)

Hypertension, n (%) 124 (70.5)

Diabetes mellitus, n (%) 44 (25.0)

Dyslipidemia, n (%) 101 (57.4)

Chronic kidney disease, n (%) 45 (25.6)

Current smoker, n (%) 64 (36.4)

Habitual drinker, n (%) 72 (40.9)

Antihypertensive drug, n (%) 111 (63.1)

Antidiabetic drug, n (%) 31 (17.6)

NIHSS score, median (IQR) 2 (1, 3)

Location of infarction

Side of the lesion (left), n (%) 89 (50.6)

Corona radiata, n(%) 52 (29.5)

Basal ganglia, n(%) 10 (5.7)

Capsulae internae, n(%) 38 (21.6)

Thalamus, n(%) 50 (28.4)

Brain stem, n(%) 26 (14.8)

MRI findings

DSWMH, median (IQR) 1 (1, 2)

PVH, median (IQR) 2 (1, 2)

Ankle Brachial pressure index 1.10±0.11

Ankle Brachial pressure index <1.0, n (%) 19 (10.8)

Brachial-ankle pulse wave velocity, cm/s 2139.3±571.1

MMSE, Mini-Mental Scale Examination; IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale;

MRI, magnetic resonance imaging; DSWMH, deep and subcortical white matter hyperintensity; PVH,

periventricular hyperintensity.

Data are presented as the mean ± standard deviation, median (25% IQR to 75% IQR), or the number of patients (%).

https://doi.org/10.1371/journal.pone.0263525.t001
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cognitive decline. The MMSE score decreased with lower ABI and higher baPWV; however, a

higher baPWV was not significantly associated with the MMSE score. The sub-scores for ori-

entation and immediate recall were significantly lower in the lower ABI group than in the

higher ABI group.

Peripheral artery disease due to a lower ABI can be highly complicated by stroke. In the

Reduction of Atherothrombosis for Continued Health Registry, 8.5% of patients with prior

stroke and a transient ischemic attack had peripheral artery disease and 23.0% of patients with

peripheral artery disease had stroke and a transient ischemic attack [25]. Moreover, a lower

ABI predicts poor 3-month outcomes in patients with stroke [26]. There have been several

population-based studies on the relationship between ABI and cognitive function [3, 9, 10]. It

is reported that peripheral arterial disease was associated with a lower score for mental status

[27]. A large community-based study reported an association of lower ABI with a decline in

cognitive function over 7 years of follow-up [9]. Moreover, another study with community-

dwelling older individuals reported that a lower ABI was an independent risk factor for cogni-

tive decline [11]. In this study, we excluded patients with CMBs and severe WMLs on MRI,

which are hallmark findings of cerebral small vessel disease (cSVD), which has been associated

with cognitive decline [24, 28–30]. Our findings indicate that regardless of cSVD hallmarks

other than lacunar infarction, a lower ABI was associated with cognitive decline.

Fig 2. Comparison of the MMSE scores among the four groups: ABI� 1.0 and baPWV� 2019 cm/s, ABI� 1.0 and baPWV> 2019 cm/s, ABI< 1.0 and

baPWV� 2019 cm/s, and ABI< 1.0 and baPWV> 2019 cm/s. The MMSE score significantly decreased with lower ABI and higher baPWV (p< 0.05).

Bonferroni correction and Tukey’s HSD tests revealed that the MMSE scores for the group with ABI< 1.0 and baPWV> 2019 cm/s were significantly lower

than those for the group with ABI� 1.0 and baPWV� 2019 cm/s. MMSE, Mini-Mental State Examination; ABI, ankle-brachial pressure index; baPWV,

brachial-ankle pulse wave velocity.

https://doi.org/10.1371/journal.pone.0263525.g002
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Contrastingly, some studies have reported an association between the MMSE scores and

PWV. This inconsistency could be attributed to differences in the population targets. Several

studies have reported an association of cognitive decline with arterial stiffness. Moreover,

Table 2. Associations between multiple factors and decrease in MMSE scores.

Univariate analysis Multivariate analysis

Predictive value p value Predictive value p value

Age -0.039 0.013 -0.019 0.331

Sex (female) 0.044 0.814

Body mass index 0.121 0.011 0.099 0.039�

Education 0.139 0.057 0.031 0.724

Hypertension -0.020 0.917

Diabetes mellitus -0.129 0.536

Dyslipidemia 0.054 0.768

Chronic kidney disease -0.472 0.021 -0.365 0.079

Current smoker -0.172 0.358

Habitual drinker -0.012 0.949

Antihypertensive drug -0.038 0.838

Antidiabetic drug -0.022 0.926

NIHSS score -0.198 0.108

Location of infarction

Side of the lesion (left) -0.138 0.444

Corona radiata 0.198 0.316

Basal ganglia -0.172 0.658

Capsulae internae -0.113 0.605

Thalamus 0.150 0.452

Brain stem -0.344 0.174

MRI findings

DSWMH -0.424 0.182

PVH -0.461 0.060 -0.160 0.532

Ankle brachial pressure index <1.0 -0.808 0.005 -0.731 0.015�

Brachial-ankle pulse wave velocity >2019 cm/s -0.205 0.255

MMSE, Mini-Mental Scale Examination; NIHSS, National Institutes of Health Stroke Scale; MRI, magnetic resonance imaging; DSWMH, deep and subcortical white

matter hyperintensity; PVH, periventricular hyperintensity.

� indicates <0.05.

https://doi.org/10.1371/journal.pone.0263525.t002

Table 3. Comparison of MMSE sub-scores.

Ankle-brachial pressure index <1.0 Ankle-brachial pressure index�1.0

Orientation 10 (9–10) 10 (10–10)

Immediate recall 3 (3–3) 3 (3–3)

Attention and calculation 2 (1–5) 5 (2–5)

Delayed recall 2 (2–3) 2 (2–3)

Language 9 (8–9) 9 (9–9)

Visuospatial cognition 1 (1–1) 1 (1–1)

MMSE, Mini-Mental State Examination. Data are presented as median (25% interquartile range [IQR] to 75% IQR).

The sub-scores for orientation and immediate recall were significantly lower in the ABI < 1.0 group after adjustment

for age, body mass index, education, and chronic kidney disease (p = 0.012 and 0.011, respectively).

https://doi.org/10.1371/journal.pone.0263525.t003
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numerous studies have reported an association of cfPWV with cognitive decline. The baPWV

is measured between two sites along the arterial system and is preferred as it is easy to perform;

however, cfPWV has been established as a more robust measure and is the gold standard.

Studies using a modest sample of elderly individuals have suggested that arterial stiffness may

contribute to the overlap between cSVD and amyloid β deposition in the brain [31, 32]. The

baPWV, which is indicative of arterial stiffness, could reflect cSVD. The cSVD is associated

with cognitive decline; however, we did not observe a significant association of a higher

baPWV with the MMSE score. Similarly, in patients undergoing dialysis, compared with ABI,

baPWV had better predictive power for mortality [33]. Additionally, among patients with

acute stroke, compared with ABI, baPWV had a weaker predictive power for 3-month out-

comes [26]. This may be explained by several factors. The baPWV was underestimated in

patients with peripheral artery disease. The baPWV represents arterial stiffness, which

increases owing to atherosclerosis. However, ABI is indicative of arterial stenosis or obstruc-

tion, which in turn indicates a progressed atherosclerosis stage. Therefore, ABI may indicate

severe atherosclerosis, which has an impact on cognitive decline compared with baPWV.

In our study, the sub-scores for orientation and immediate recall, but not delayed recall,

were lower in the ABI< 1.0 group than in the ABI� 1.0 group. In addition, the sub-scores for

attention and calculation were relatively low in all patients. Patients with mild cognitive

impairment and vascular features tend to exhibit decreased frontal lobar function including

self-motivation and executive function [34]. In this study, sub-score analyses did not strongly

suggest memory function, but attention, self-motivation, and executive function, which was

not consistent with cognitive decline and vascular features. These results suggest that cerebral

microangiopathy might contribute to impaired cognitive function. The mechanisms underly-

ing the association between the pathological and physiological mechanisms remain unclear.

There is a need for further studies on the correlations between lower ABI and pathology to val-

idate the specificity of the relationship with cognitive decline.

This study has several limitations. First, this study was a retrospective single center study.

The selection bias was limitation. In addition, we divided the patients into four groups accord-

ing to the ABI and baPWV; however, the sample size of these two groups was very small,

potentially biasing some of the results. In this study, we excluded patients diagnosed with

dementia, including strategic single-infarct dementia, before or after stroke onset. Moreover,

we excluded patients with CMBs and severe WMLs. This study aimed to investigate the rela-

tionship between ABI/baPWV and cognitive function in patients excluding such factors. Ide-

ally, we should investigate healthy subjects who underwent brain health screening tests.

Second, cognitive assessment was only performed using the MMSE. Other tests, including the

Montreal cognitive assessment, might detect slight cognitive decline.

Conclusions

Among patients with lacunar infarction, there was an independent association of a lower ABI

with cognitive decline. A higher PWV, which indicates peripheral arterial stiffness causing

endothelial dysfunction, was not associated with cognitive decline. Patients with lacunar

infarction who have small vessel damage might already have a decreased PWV, which might

impede evaluation.

Supporting information

S1 Table. SBP and DBP of the four limbs and bilateral ankle-brachial pressure index and

brachial-ankle pulse wave velocity.

(DOCX)

PLOS ONE Ankle-brachial index and cognitive decline

PLOS ONE | https://doi.org/10.1371/journal.pone.0263525 February 4, 2022 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263525.s001
https://doi.org/10.1371/journal.pone.0263525


S2 Table. Characteristics of each group.

(DOCX)

S3 Table. Background characteristics of the patients, including the patients with cerebral

microbleeds and severe white matter lesions.

(DOCX)

S4 Table. Associations between multiple factors and decrease in MMSE scores in all

patients, including the patients with cerebral microbleeds and severe white matter lesions

(n = 268).

(DOCX)

S1 Data. All relevant data of the study.

(XLSX)

Acknowledgments

We would like to sincerely thank Ms. Akiko Hirata, Ms. Masami Nishino, Ms. Masako Fukuta,

and Ms. Kanami Ogawa for their technical assistance.

Author Contributions

Conceptualization: Masahiro Nakamori, Hayato Matsushima, Eiji Imamura, Tatsuya Mizoue.

Data curation: Masahiro Nakamori, Hayato Matsushima, Keisuke Tachiyama, Yuki Hayashi.

Formal analysis: Masahiro Nakamori, Hayato Matsushima, Keisuke Tachiyama, Yuki

Hayashi.

Investigation: Masahiro Nakamori, Hayato Matsushima, Keisuke Tachiyama, Yuki Hayashi.

Methodology: Masahiro Nakamori, Hayato Matsushima, Keisuke Tachiyama, Yuki Hayashi.

Resources: Eiji Imamura.

Supervision: Eiji Imamura, Tatsuya Mizoue, Shinichi Wakabayashi.

Validation: Eiji Imamura, Tatsuya Mizoue, Shinichi Wakabayashi.

Visualization: Eiji Imamura.

Writing – original draft: Masahiro Nakamori, Keisuke Tachiyama, Eiji Imamura, Tatsuya

Mizoue, Shinichi Wakabayashi.

Writing – review & editing: Masahiro Nakamori, Tatsuya Mizoue, Shinichi Wakabayashi.

References
1. Weiler PG, Lubben JE, Chi I. Cognitive impairment and hospital use. Am J Public Health. 1991; 81:

1153–1157. https://doi.org/10.2105/ajph.81.9.1153 PMID: 1951826

2. Liu IY, LaCroix AZ, White LR, Kittner SJ, Wolf PA. Cognitive impairment and mortality: a study of possi-

ble confounders. Am J Epidemiol. 1990; 132: 136–143. https://doi.org/10.1093/oxfordjournals.aje.

a115625 PMID: 2356805

3. Price JF, McDowell S, Whiteman MC, Deary IJ, Stewart MC, Fowkes FGR. Ankle brachial index as a

predictor of cognitive impairment in the general population: ten-year follow-up of the Edinburgh Artery

Study. J Am Geriatr Soc. 2006; 54: 763–769. https://doi.org/10.1111/j.1532-5415.2006.00702.x PMID:

16696741

PLOS ONE Ankle-brachial index and cognitive decline

PLOS ONE | https://doi.org/10.1371/journal.pone.0263525 February 4, 2022 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263525.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263525.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263525.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263525.s005
https://doi.org/10.2105/ajph.81.9.1153
http://www.ncbi.nlm.nih.gov/pubmed/1951826
https://doi.org/10.1093/oxfordjournals.aje.a115625
https://doi.org/10.1093/oxfordjournals.aje.a115625
http://www.ncbi.nlm.nih.gov/pubmed/2356805
https://doi.org/10.1111/j.1532-5415.2006.00702.x
http://www.ncbi.nlm.nih.gov/pubmed/16696741
https://doi.org/10.1371/journal.pone.0263525


4. de la Torre JC. Is Alzheimer’s disease a neurodegenerative or a vascular disorder? Data, dogma, and

dialectics. Lancet Neurol. 2004; 3:184–190. https://doi.org/10.1016/S1474-4422(04)00683-0 PMID:

14980533

5. Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, Iadecola C, et al. Vascular contributions to

cognitive impairment and dementia: a statement for healthcare professionals from the american heart

association/american stroke association. Stroke. 2011; 42: 2672–2713. https://doi.org/10.1161/STR.

0b013e3182299496 PMID: 21778438

6. Montine TJ, Koroshetz WJ, Babcock D, Dickson DW, Galpern WR, Glymour MM, et al. Recommenda-

tions of the Alzheimer’s disease-related dementias conference. Neurology. 2014; 83: 851–860. https://

doi.org/10.1212/WNL.0000000000000733 PMID: 25080517

7. Caruana MF, Bradbury AW, Adam DJ. The validity, reliability, reproducibility and extended utility of

ankle to brachial pressure index in current vascular surgical practice. Eur J Vasc Endovasc Surg. 2005;

29: 443–451. https://doi.org/10.1016/j.ejvs.2005.01.015 PMID: 15966081

8. Drouet L. Atherothrombosis as a systemic disease. Cerebrovasc Dis. 2002; 13: 1–6. https://doi.org/10.

1159/000047782 PMID: 11803180

9. Haan MN, Shemanski L, Jagust WJ, Manolio TA, Kuller L. The role of APOE epsilon4 in modulating

effects of other risk factors for cognitive decline in elderly persons. JAMA. 1999; 282: 40–46. https://doi.

org/10.1001/jama.282.1.40 PMID: 10404910

10. Laurin D, Masaki KH, White LR, Launer LJ. Ankle-to-brachial index and dementia: the Honolulu-Asia

Aging Study. Circulation. 2007; 116: 2269–2274. https://doi.org/10.1161/CIRCULATIONAHA.106.

686477 PMID: 17967779

11. Sugawara N, Yasui-Furukori N, Umeda T, Kaneda A, Sato Y, Takahashi I, et al. Comparison of ankle-

brachial pressure index and pulse wave velocity as markers of cognitive function in a community-dwell-

ing population. BMC Psychiatry. 2010; 10: 46. https://doi.org/10.1186/1471-244X-10-46 PMID:

20537134

12. Mizushima Y, Oobasawa H, Yoshida S, Irie H, Urata T, Shimoda H. Pulse wave velocity in persons with

vascular dementia. J Am Geriatr Soc. 2003; 51: 1329–1330. https://doi.org/10.1046/j.1532-5415.2003.

514208.x PMID: 12919257

13. Fujiwara Y, Chaves PH, Takahashi R, Amano H, Yoshida H, Kumagai S, et al. Arterial pulse wave

velocity as a marker of poor cognitive function in an elderly community-dwelling population. J Gerontol

A Biol Sci Med Sci. 2005; 60: 607–612. https://doi.org/10.1093/gerona/60.5.607 PMID: 15972613

14. Scuteri A, Brancati AM, Gianni W, Assisi A, Volpe M Arterial stiffness is an independent risk factor for

cognitive impairment in the elderly: a pilot study. J Hypertens. 2005; 23: 1211–1216. https://doi.org/10.

1097/01.hjh.0000170384.38708.b7 PMID: 15894897

15. Fukuhara M, Matsumura K, Ansai T, Takata Y, Sonoki K, Akifusa S, et al. Prediction of cognitive func-

tion by arterial stiffness in the very elderly. Circ J. 2006; 70: 756–761. https://doi.org/10.1253/circj.70.

756 PMID: 16723799

16. Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordan DL, et al. Classification of subtype

of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in

Acute Stroke Treatment. Stroke. 1993; 24: 35–41. https://doi.org/10.1161/01.str.24.1.35 PMID:

7678184

17. Greenberg SM, Vernooij MW, Cordonnier C, Viswanathan A, Al-Shahi Salman R, Warach S, et al.

Cerebral microbleeds: a guide to detection and interpretation. Lancet Neurol. 2009; 8: 165–174. https://

doi.org/10.1016/S1474-4422(09)70013-4 PMID: 19161908

18. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal abnormalities at 1.5 T in Alzhei-

mer’s dementia and normal aging. AJR Am J Roentgenol. 1987; 149: 351–356. https://doi.org/10.2214/

ajr.149.2.351 PMID: 3496763

19. Yamamoto Y, Akiguchi I, Oiwa K, Hayashi M, Kasai T, Ozasa K. Twenty-four-hour blood pressure and

MRI as predictive factors for different outcomes in patients with lacunar infarct. Stroke. 2002; 33: 297–

305. PMID: 11779928

20. 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. https://doi.org/10.1016/0022-

3956(75)90026-6 PMID: 1202204

21. Yamashina A, Tomiyama H, Takeda K, Tsuda H, Arai T, Hirose K, et al. Validity, reproducibility, and

clinical significance of noninvasive brachial-ankle pulse wave velocity measurement. Hypertens Res.

2002; 25: 359–364. https://doi.org/10.1291/hypres.25.359 PMID: 12135313

22. Lyden P, Brott T, Tilley B, Welch KM, Mascha EJ, Levine S, et al. Improved reliability of the NIH Stroke

Scale using video training. NINDS TPA Stroke Study Group. Stroke. 1994; 25: 2220–2226. https://doi.

org/10.1161/01.str.25.11.2220 PMID: 7974549

PLOS ONE Ankle-brachial index and cognitive decline

PLOS ONE | https://doi.org/10.1371/journal.pone.0263525 February 4, 2022 11 / 12

https://doi.org/10.1016/S1474-4422%2804%2900683-0
http://www.ncbi.nlm.nih.gov/pubmed/14980533
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1161/STR.0b013e3182299496
http://www.ncbi.nlm.nih.gov/pubmed/21778438
https://doi.org/10.1212/WNL.0000000000000733
https://doi.org/10.1212/WNL.0000000000000733
http://www.ncbi.nlm.nih.gov/pubmed/25080517
https://doi.org/10.1016/j.ejvs.2005.01.015
http://www.ncbi.nlm.nih.gov/pubmed/15966081
https://doi.org/10.1159/000047782
https://doi.org/10.1159/000047782
http://www.ncbi.nlm.nih.gov/pubmed/11803180
https://doi.org/10.1001/jama.282.1.40
https://doi.org/10.1001/jama.282.1.40
http://www.ncbi.nlm.nih.gov/pubmed/10404910
https://doi.org/10.1161/CIRCULATIONAHA.106.686477
https://doi.org/10.1161/CIRCULATIONAHA.106.686477
http://www.ncbi.nlm.nih.gov/pubmed/17967779
https://doi.org/10.1186/1471-244X-10-46
http://www.ncbi.nlm.nih.gov/pubmed/20537134
https://doi.org/10.1046/j.1532-5415.2003.514208.x
https://doi.org/10.1046/j.1532-5415.2003.514208.x
http://www.ncbi.nlm.nih.gov/pubmed/12919257
https://doi.org/10.1093/gerona/60.5.607
http://www.ncbi.nlm.nih.gov/pubmed/15972613
https://doi.org/10.1097/01.hjh.0000170384.38708.b7
https://doi.org/10.1097/01.hjh.0000170384.38708.b7
http://www.ncbi.nlm.nih.gov/pubmed/15894897
https://doi.org/10.1253/circj.70.756
https://doi.org/10.1253/circj.70.756
http://www.ncbi.nlm.nih.gov/pubmed/16723799
https://doi.org/10.1161/01.str.24.1.35
http://www.ncbi.nlm.nih.gov/pubmed/7678184
https://doi.org/10.1016/S1474-4422%2809%2970013-4
https://doi.org/10.1016/S1474-4422%2809%2970013-4
http://www.ncbi.nlm.nih.gov/pubmed/19161908
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.2214/ajr.149.2.351
http://www.ncbi.nlm.nih.gov/pubmed/3496763
http://www.ncbi.nlm.nih.gov/pubmed/11779928
https://doi.org/10.1016/0022-3956%2875%2990026-6
https://doi.org/10.1016/0022-3956%2875%2990026-6
http://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.1291/hypres.25.359
http://www.ncbi.nlm.nih.gov/pubmed/12135313
https://doi.org/10.1161/01.str.25.11.2220
https://doi.org/10.1161/01.str.25.11.2220
http://www.ncbi.nlm.nih.gov/pubmed/7974549
https://doi.org/10.1371/journal.pone.0263525


23. Hosomi N, Aoki S, Matsuo K, Deguchi K, Masugata H, Murao K, et al. Association of serum anti-peri-

odontal pathogen antibody with ischemic stroke. Cerebrovasc Dis. 2012; 34: 385–392. https://doi.org/

10.1159/000343659 PMID: 23207319

24. Nakamori M, Hosomi N, Tachiyama K, Kamimura T, Matsushima H, Hayashi Y, et al. Lobar micro-

bleeds are associated with cognitive impairment in patients with lacunar infarction. Sci Rep 2020; 10:

16410. https://doi.org/10.1038/s41598-020-73404-6 PMID: 33009480

25. Cacoub PP, Abola MT, Baumgartner I, Bhatt DL, Creager MA, Liau Cs, et al. Cardiovascular risk factor

control and outcomes in peripheral artery disease patients in the Reduction of Atherothrombosis for

Continued Health (REACH) Registry. Atherosclerosis. 2009; 204: e86–e92. https://doi.org/10.1016/j.

atherosclerosis.2008.10.023 PMID: 19054514

26. Matsushima H, Hosomi N, Hara N, Yoshimoto T, Neshige S, Kono R, et al. Ability of the ankle brachial

index and brachial-ankle pulse wave velocity to predict the 3-month outcome in patients with non-cardi-

oembolic stroke. J Atheroscler Thromb. 2017; 24: 1167–1173. https://doi.org/10.5551/jat.38901 PMID:

28502918

27. Breteler MM, Claus JJ, Grobbee DE, Hofman A Cardiovascular disease and distribution of cognitive

function in elderly people: the Rotterdam Study. BMJ. 1994; 308: 1604–1608. https://doi.org/10.1136/

bmj.308.6944.1604 PMID: 8025427

28. Garde E, Mortensen EL, Krabbe K, Rostrup E, Larsson HB Relation between age-related decline in

intelligence and cerebral white-matter hyperintensities in healthy octogenarians: a longitudinal study.

Lancet. 2000; 356: 628–634. https://doi.org/10.1016/S0140-6736(00)02604-0 PMID: 10968435

29. van der Flier WM, van Straaten EC, Barkhof F, Verdelho A, Madureira S, Pantoni L, et al. (2005) Small

vessel disease and general cognitive function in nondisabled elderly: the LADIS study. Stroke. 2005;

36: 2116–2120. https://doi.org/10.1161/01.STR.0000179092.59909.42 PMID: 16141425

30. de Groot JC, de Leeuw FE, Oudkerk M, van Gijn J, Hofman A, Jolles J, et al. Cerebral white matter

lesions and cognitive function: the Rotterdam Scan Study. Ann Neurol. 2000; 47: 145–151. https://doi.

org/10.1002/1531-8249(200002)47:2<145::aid-ana3>3.3.co;2-g PMID: 10665484

31. Hughes TM, Kuller LH, Barinas-Mitchell EJ, Mackey RH, McDade EM, Klunk WE, et al. Pulse wave

velocity is associated with beta-amyloid deposition in the brains of very elderly adults. Neurology. 2013;

81: 1711–1718. https://doi.org/10.1212/01.wnl.0000435301.64776.37 PMID: 24132374

32. Hughes TM, Kuller LH, Barinas-Mitchell EJ, McDade EM, Klunk WE, Cohen AD, et al. Arterial stiffness

and beta-amyloid progression in nondemented elderly adults. JAMA Neurol. 2014; 71: 562–568. https://

doi.org/10.1001/jamaneurol.2014.186 PMID: 24687165

33. Kitahara T, Ono K, Tsuchida A, Kawai H, Shinohara M, Ishii Y, et al. Impact of brachial-ankle pulse

wave velocity and ankle-brachial blood pressure index on mortality in hemodialysis patients. Am J Kid-

ney Dis. 2005; 46: 688–696. https://doi.org/10.1053/j.ajkd.2005.06.016 PMID: 16183424

34. Frisoni GB, Galluzzi S, Bresciani L, Zanetti O, Geroldi C. Mild cognitive impairment with subcortical vas-

cular features: clinical characteristics and outcome. J Neurol. 2002; 249: 1423–1432. https://doi.org/10.

1007/s00415-002-0861-7 PMID: 12382161

PLOS ONE Ankle-brachial index and cognitive decline

PLOS ONE | https://doi.org/10.1371/journal.pone.0263525 February 4, 2022 12 / 12

https://doi.org/10.1159/000343659
https://doi.org/10.1159/000343659
http://www.ncbi.nlm.nih.gov/pubmed/23207319
https://doi.org/10.1038/s41598-020-73404-6
http://www.ncbi.nlm.nih.gov/pubmed/33009480
https://doi.org/10.1016/j.atherosclerosis.2008.10.023
https://doi.org/10.1016/j.atherosclerosis.2008.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19054514
https://doi.org/10.5551/jat.38901
http://www.ncbi.nlm.nih.gov/pubmed/28502918
https://doi.org/10.1136/bmj.308.6944.1604
https://doi.org/10.1136/bmj.308.6944.1604
http://www.ncbi.nlm.nih.gov/pubmed/8025427
https://doi.org/10.1016/S0140-6736%2800%2902604-0
http://www.ncbi.nlm.nih.gov/pubmed/10968435
https://doi.org/10.1161/01.STR.0000179092.59909.42
http://www.ncbi.nlm.nih.gov/pubmed/16141425
https://doi.org/10.1002/1531-8249%28200002%2947%3A2%26lt%3B145%3A%3Aaid-ana3%26gt%3B3.3.co%3B2-g
https://doi.org/10.1002/1531-8249%28200002%2947%3A2%26lt%3B145%3A%3Aaid-ana3%26gt%3B3.3.co%3B2-g
http://www.ncbi.nlm.nih.gov/pubmed/10665484
https://doi.org/10.1212/01.wnl.0000435301.64776.37
http://www.ncbi.nlm.nih.gov/pubmed/24132374
https://doi.org/10.1001/jamaneurol.2014.186
https://doi.org/10.1001/jamaneurol.2014.186
http://www.ncbi.nlm.nih.gov/pubmed/24687165
https://doi.org/10.1053/j.ajkd.2005.06.016
http://www.ncbi.nlm.nih.gov/pubmed/16183424
https://doi.org/10.1007/s00415-002-0861-7
https://doi.org/10.1007/s00415-002-0861-7
http://www.ncbi.nlm.nih.gov/pubmed/12382161
https://doi.org/10.1371/journal.pone.0263525

