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Abstract

Vascular disease is associated with cognitive impairment. White matter hyperintensities (WMHs), as detected by
brain magnetic resonance imaging (MRI), are associated with cognitive impairment and considered to be a marker
of cerebral microvascular abnormality. Ankle-brachial pressure index (ABI) and pulse wave velocity (PWV) are non-
invasive methods to assess blockage and stiffness in peripheral arteries, respectively. We investigated the
associations of ABI and PWV with WMHs and cognition. We included 242 subjects representing 56 controls, 75
patients with mild cognitive impairment, and 111 patients with Alzheimer’s disease. We assessed brachial-ankle
PWV (baPWV), ABI, general cognitive status with the Korean Mini-Mental State Examination (K-MMSE), and WMHs
with brain MRI. The mean age of subjects correlated with values of baPWV (r=0.432, p<0.001) and ABI (r=-0.192,
p=0.002). Among vascular risk factors, baPWV was positively associated with the presence of intracerebral artery
stenosis (r=0.102, p=0.028) and ABI was negatively correlated with the presence of hypertension (r=-0.150,
p=0.017) and smoking (r=-0.176, p=0.005), independent of age. After adjusting for age and vascular risk factors,
baPWV was associated with WMHs (r=0.192, p=0.002), and ABI was associated with the K-MMSE score (r=0.14,
p=0.028). There was no association of ABI with WMHs and of baPWV with K-MMSE. An increased baPWV was
associated with the severity of WMHs, and a lower ABI was associated with cognitive impairment. Management of
peripheral vascular disease may help prevent the progression of WMHs or cognitive decline.

Keywords: Ankle-brachial pressure index; Pulse wave velocity;
Peripheral vascular disease; White matter hyperintensities; Aging;
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Introduction
Cognitive impairment and dementia may result from vascular

disease including cerebrovascular disease [1]. In addition to white
matter hyperintensities (WMHs), which are markers of cerebral
micorvasculopathy, the ankle-brachial pressure index (ABI) and pulse
wave velocity (PWV), markers of peripheral arterial disease, are
known to be associated with cognitive impairment [2-6]. ABI and
PWV are non-invasive measures to assess peripheral arterial health
quantitatively, by measuring arterial blockage and stiffness,
respectively. ABI is the ratio of the ankle and the brachial systolic
blood pressure and is used to assess the severity of arterial occlusion in
the leg. A reduction of ABI suggests the presence of peripheral arterial
disease due to atherosclerosis; atherosclerosis in the lower legs
represents a similar pathology in other arterial systems [7,8]. To assess
arterial stiffness, PWV is measured as pressure waves travel a given
distance between two sites along the arterial system. Increased arterial
stiffness adversely affects the brain, with high pulsatile flow damaging
cerebral microvessels, leading progressively to edema, hemorrhage,
and inflammation [9].

Similarly, PWV has been reported to be associated with white
matter hyperintensities (WMHs) on the brain magnetic resonance
imaging (MRI) and other brain structures [10-18]. The etiology of

WMHs may be related to disruption of the blood-brain barrier or
leakage of plasma due to cerebral small vessel disease or cerebral
microvascular arteriosclerosis [19-23]. Greater WMH volume tends to
be associated with poorer cognitive functioning among non-demented
older adults [24], and WMH volume among older adults with mild
cognitive impairment (MCI) is a risk factor for conversion to
Alzheimer’s disease [25]. However, the associations of both ABI and
PWV, with WMHs and cognitive impairment, are not yet clear.

Several mechanisms may explain the cognitive associations of ABI
and PWV. First, arterial stiffness often damages pressure pulsatility,
resulting in hemodynamic stress in the brain. The high levels of central
pulse pressure in the brain result in dysfunction to its microcirculation
[26,27]. Moreover, high pulse pressures may result in structural
changes to cerebral blood vessels, which in turn may interfere with the
transport of important nutrients to the brain and interfere with the
clearance of toxic byproducts out of the brain [28]. Second,
atherosclerosis may induce cerebral hypoperfusion leading to cerebral
hypoxia. These conditions may destabilize neurons and synapses,
generating a neurodegenerative process characterized by formation of
senile plaques, neurofibrillary tangles, and amyloid angiography
[29,30].

We presently evaluated the association of WMHs, markers of
cerebral microvasculopathy, with peripheral artery disease, as
indicated by ABI and brachial-ankle PWV (baPWV). Additionally, we
analyzed the association of ABI and baPWV with cognitive
impairment, as assessed with a brief neuropsychological measure. We
hypothesized that both ABI and baPWV would be associated with
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WMHs, and thereby cognitive impairment as well. A strategy based on
analyses of surrogate markers, such as ABI and PWV, may result in a
targeted and effective prevention of WMHs and cognitive impairment.

Materials and Methods

Subjects
This was a single-center observational study approved by the

Institutional Review Board of The Catholic University of Korea,
Bucheon St. Mary’s Hospital. Subjects provided informed consent.
Between May 2011 and December 2012, we consecutively enrolled
patients who visited the hospital’s Department of Neurology clinic. A
total of 242 subjects were recruited, including 56 controls, 75 patients
with MCI, and 111 patients with AD. Healthy adults who requested a
medical evaluation for a routine assessment of possible
cerebrovascular diseases, due to concerns related to stroke or positive
vascular risk factors, were enrolled as controls. Control subjects had
no cognitive complaints and their scores on the Korean version of
MMSE (K-MMSE) [31] were above -1.0 standard deviations compared
with age- and education-matched norms, and their clinical dementia
rating (CDR) [32] scores were zero. Patients with MCI fulfilled the
clinical diagnostic criteria for MCI [33]. Criteria from the National
Institute of Neurologic and Communicative Disorders as well as the
Stroke and the Alzheimer Disease and Related Disorders Association
[34] were used to diagnose patients with probable AD.

All subjects underwent physical and neurological examinations,
blood tests (i.e., complete blood count, blood chemistry, vitamin B12/
folate, syphilis serology), thyroid function tests, assessment of global
cognitive functioning with the K-MMSE, MRI and MR angiography
(MRA) of the brain, and measurements of ABI and baPWV. The
height and weight of subjects were measured, and body mass index
(BMI) was calculated. Subjects’ history of vascular risk factors (i.e.,
hypertension, diabetes, hyperlipidemia, ischemic heart disease, stroke,
and smoking) was recorded. Subjects were excluded from the study if
there were large territorial infarcts on MRI, were younger than 55
years of age, had a history of diseases (other than MCI or AD) that
may cause cognitive disorder, or had major psychiatric disease.

MRI assessment
All patients had 1.5T brain MRI (Intera; Philips Medical Systems,

Best, The Netherlands), including fluid-attenuated inversion recovery
(FLAIR) imaging and T1/T2-weighted imaging. The slice thickness
was 5 mm without an interslice gap. The imaging protocol for MRA
was the three-dimensional time-of-flight method. The periventricular
WMHs (PVHs) and the deep WMHs (DWHs) were separately
evaluated, as proposed by the Clinical Research for Dementia Of South
Korea (CREDOS) [35]. The severity of DWHs was rated according to
their largest diameter, with the categories D1 (<10 mm), D2 (≥ 10 and
<25 mm), and D3 (≥ 25 mm). The PVHs were rated as P1 if the cap
and band were <5 mm, P2 if the cap or band was ≥ 5 and <10 mm, and
P3 if the cap or band was ≥ 10 mm.

With modification from prior criteria [36], we added Grade 0
(absence; D0 or P0) in the individual ratings of PVHs and DWHs, and
the severity of total WMHs was reclassified into none (Grade 0),
minimal (Grade 1), moderate (Grade 2), and severe (Grade 3) [35].
Table 1 presents modified CREDOS ratings of WMHs for all subjects.

ABI and baPWV measurements
The ABI and the baPWV were measured by an oscillometric device

(form PWV/ABI, COLIN, Tokyo, Japan). In addition to recording the
limb lead echocardiogram, mechano-cardiograms were
simultaneously recorded by attaching blood pressure cuffs with a
tonometic sensor to the upper arm and ankle. The ABI was
determined as the ratio of ankle systolic blood pressure to brachial
systolic blood pressure. To calculate the ABI, brachial pressure and
ankle pressure were measured on both the left and right limbs with
subjects in the supine position. The high ankle pressure method was
used. After checking the systolic pressures in the dorsalis pedis and
posterior tibial arteries of both the legs, the higher of these two ankle
pressures for each leg is then divided by the higher brachial systolic
pressure [37].

　
D0

(none)

D1

(<10 mm)

D2

(10-24
mm)

D3

(>25 mm)

P0 (none)
None

(n=26)

Minimal

(n=10)

P1 (capping/banding, both
<5 mm)

Minimal

(n=35)

Minimal

(n=32)

Moderate

(n=2)

P2 (in between)
Minimal

(n=5)

Minimal

(n=49)
Moderate
(n=17)

Moderate

(n=2)

P3 (either capping/banding
≥10 mm)

Moderate
(n=23)

Moderate
(n=28)

Severe

(n=13)

Table 1: Ratings of the white matter hyperintensities modified from
CREDOS The periventricular hyperintensities and the deep white
matter hyperintensities were separately evaluated and the results were
combined to give a representative rating of the WMH as ‘minimal,
moderate’ and ‘severe’. CREDOS, Clinical Research for Dementia of
South Korea; D, rating of the deep white matter hyperintensities; P,
rating of the periventicular hyperintensities.

The baPWV was calculated by time-phase analysis. The time
interval between the wave front of the brachial waveform and that of
the ankle waveform was defined as the time interval between the
brachium and ankle (ΔTba). The distance between sampling points of
baPWV was calculated automatically according to the height of the
subject. The path length from the suprasternal notch to the brachium
(Lb) was obtained from superficial measurements and was expressed
using the following equation: Lb = 0.2195 × height of the patient (in
cm) -2.0734. The path length from the suprasternal notch to the ankle
(La) was obtained from superficial measurements and was expressed
using the following equation: La = (0.8129 × height of the patient (in
cm)+12.328). Finally, the following equation was used to obtain
baPWV: baPWV = (La-Lb)/ΔTba [38]. The ABI and baPWV from
both right and left limbs were recorded.

Cognitive and neurological measures
K-MMSE: The K-MMSE [31] is the Korean modification and

translation of the mini mental state examination (MMSE) [39]. The
MMSE is a frequently used instrument to assess global cognitive
functioning and to identify individuals with cognitive impairment.
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Consistent with the MMSE, the K-MMSE scores range from 0-30, with
lower scores indicating greater cognitive impairment.

Clinical Dementia Rating (CDR): The CDR [32,40] is a 5-point
rating scale used to indicate the presence and level of severity of AD.
Individuals’ score on the CDR is based on ratings of their cognitive
and functional performance in six domains, memory, orientation,
community affairs, judgment and problem solving, personal care,
home and hobbies, as assessed during a structured-interview [40].
Each of these domains is rated on the following 5-point scale 0 (no
impairment), 0.5 (questionable impairment, 1 (mild impairment), 2
(moderate impairment) to 3 (severe impairment), with the exception
of personal care, which is rated on a 4 point scale (with no rating of .5)
[40]. Scores from each of these domains are combined with an
algorithm to create a composite CDR [40]. This composite, or global
CDR, falls into the following categories: 0 (no dementia), .5
(questionable), 1 (mild dementia), 2 (moderate dementia), and 3
(severe dementia) [40]. The CDR also generates Sum of Boxes score,
which is calculated by summing each of the six domain scores, with
scores ranging from 0 to 18 (higher scores indicating greater
impairment).

Hachinski Ischemic Score (HIS): The HIS [41] is a brief tool to help
differentiate vascular dementia from AD. It consists of 13 items, each
representing a feature believed to be associated with vascular dementia
[42]. Items are rated as either a one or a two, and are summed to create
a total score [42]. Diagnostic differentiation is based on specific cut-off
scores, with a score equal to or less than four suggesting AD and a
score of seven points or more suggesting vascular dementia (total
scores equaling five or six were later considered to be a mixed form)
[42]. Because this study included patients with AD, not vascular
dementia, for the analyses we used just total scores for evaluating the
vascular risks of subjects, without consideration of the cut-off scores
for diagnostic differentiation.

Statistical analyses
Preliminary analyses examined differences between three subject

groups (controls, AD, and MCI) on demographic characteristics, BMI,

and medical history, with analysis of variance (ANOVA) and chi-
square analyses (where appropriate). Group differences were further
examined for cognitive and neurological measures’ scores, WMH
severity levels, baPWV, and ABI with analysis of covariance
(ANCOVA) and chi-square test, adjusting for age and years of
education. The Scheffé method was used for testing multiple
comparisons across the three subject groups. Partial correlations were
used to examine associations among the key variables, baPWV, ABI,
WMH ratings, and the K-MMSE score, while controlling for age and
vascular risk factors, among the total sample. This correlation analysis
was further repeated for each of the three subject groups. The right
and left ABI and baPWV were averaged and then entered in to the
correlation analysis. A probability value of p<0.05 was considered
statistically significant, and all tests were 2-tailed. The data were
analyzed with SPSS 15.0 (SPSS, Chicago, IL, USA).

Results

Characteristics of the subjects
A total of 242 subjects were included in this study. The majority of

subjects were female (72.73%, n = 176 subjects). The mean age of
subjects significantly differed across the three subject groups, with the
control group being the youngest in age and the AD group being the
oldest. Subjects with AD had significantly lower years of education
than subjects with MCI and controls. After adjusting for age and years
of education, K-MMSE score, CDRs, and WMH ratings significantly
differed across the three subject groups. There were no group
differences for the Hachinski ischemic scale, BMI, or vascular risk
factors. After adjusting for age, ABI values, but not baPWV values,
significantly differed across the three groups. Table 2 presents means,
standard deviations, ANOVA, ANCOVA, and chi-square results.

　

Control (n=56) MCI (n=75) AD (n=111) p value Multiple
comparison

(p < .05)

Age (years) 66.46 ± 6.59 70.01 ± 8.09 75.63 ± 5.84 <0.001 AD vs. MCI vs.
Control

Sex (male:female) 17:39 22:53 27:84 0.633

Education (years) 10.19 ± 4.12 6.55 ± 4.60 4.95 ± 4.76 <0.001 AD vs. MCI,
Control

K-MMSE 28.07 ± 1.53 22.89 ± 3.38 15.83 ± 5.23 <0.001† AD vs. MCI vs.
Control

CDR 0.13 ± 0.22 (0~0.5) 0.48 ± 0.10 (0~0.5) 1.25 ± 0.84 (0.5~3) <0.001† AD vs. MCI vs.
Control

SOB 0.28 ± 0.41 (0~1.5) 1.75 ± 0.93 (0.5~5) 7.02 ± 4.69 (0.5~18) <0.001† AD vs. MCI,
Control

HIS 1.50 ± 1.31 (0~4) 1.92 ± 1.73 (0~7) 2.51 ± 2.24 (0~10) 0.294

BMI 23.30 ± 2.68 23.53 ± 2.92 22.98 ± 3.27 0.471
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History of

Hypertension 24 (42.86%) 40 (53.33%) 64 (57.66%) 0.331

Diabetes mellitus 9 (16.07%) 17 (22.67%) 32 (28.83%) 0.292

Hyperlipidemia 9 (16.07%) 10 (13.33%) 18 (16.22%) 0.842

Ischemic

heart disease
5 (8.93%) 7 (9.33%) 10 (9.01%) 0.988

Stroke 1 (1.79%) 5 (6.67%) 12 (10.81%) 0.138

Smoking 3 (5.36%) 5 (6.67%) 10 (9.01%) 0.761

Intracerebral

artery stenosis
11 (19.64%) 35 (46.67%) 74 (66.67%) 0.006 AD, MCI vs.

Control

Rating of WMHs 0.95 ± 0.56 (0~2) 1.11 ± 0.72 (0~3) 1.59 ± 0.68 (0~3) 0.001 AD vs. MCI,
Control

PVHs 1.18 ± 0.86 (0~3) 1.45 ± 1.07 (0~3) 2.08 ± 0.89 (0~3) 0.006 AD vs. MCI,
Control

DWMHs 0.73 ± 0.62 (0~2) 0.82 ± 0.75 (0~3) 1.36 ± 0.89 (0~3) 0.004 AD vs. MCI,
Control

R_baPWV (sec/cm3) 1667.70 ± 422.97 1670.89 ± 352.76 1891.98 ± 447.25 0.248*

L_baPWV (sec/cm3) 1676.38 ± 377.53 1693.25 ± 367.04 1896.21 ± 437.83 0.367*

R_ABI 1.14 ± 0.06 1.13 ± 0.10 1.08 ± 0.10 0.010 AD vs. MCI,
Control

L_ABI 1.15 ± 0.06 1.13 ± 0.10 1.10 ± 0.11 0.012 AD vs. Control

Table 2: Clinical characteristics of the subjects; Values are presented as mean ± standard deviation (range) or number and percentage.
Comparisons among three groups by using the analysis of covariance and chi-square test, where appropriate. Age and †education years were
adjusted for the analyses. *Differences of baPWV values were significant before adjusting for age (all, p<0.001). MCI, mild cognitive impairment;
AD, Alzheimer’s disease; MMSE, mini-mental state examination; CDR, clinical dementia rating; SOB, sum of boxes; HIS, Hachinski ischemic
scale; BMI, body mass index; PVHs, periventricular hyperintensities; DWMHs, deep white matter hyperintensities; baPWV, brachial-ankle pulse
wave velocity; ABI, ankle-brachial pressure index; R, right side; L, left side.

WMHs† K-MMSE† Age Vascular risk factors*

baPWV r=0.192 r=-0.009 r=0.432 (ICA stenosis)

p=0.002 P=0.447 p<0.001

(PVHs) r=0.207, p=0.001

(DWMHs) r=0.129, p=0.044

ABI r=0.036 r=0.111 r=-0.192 (HTN)

P=0.586 p=0.044 p=0.002

(Smoking)

(ICA stenosis)

Table 3: Correlation analysis of baPWV and ABI with WMHs and MMSE, adjusted for age and vascular risk factors (n=242); The analyses were
adjusted for *age or †age and vascular risk factors. baPWV, brachial-ankle pulse wave velocity; ABI, ankle-brachial pressure index; WMHs, white
matter hyperintensities; MMSE, mini-mental state examination; ICA, intracerebral artery; HTN, hypertension.

Association of ABI and baPWV with WMHs and K-MMSE
Table 3 presents partial correlations among the study’s key

variables, ABI, baPWV, WMH ratings, and K-MMSE total score, after

adjusting for age or both age and vascular risk factors. Both baPWV
and ABI were significantly correlated with age, with the correlations
being negative and positive, respectively. Among the vascular risk
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factors, baPWV was positively associated with the presence of
intracerebral artery stenosis and ABI was negatively associated with
the presence of hypertension and smoking, after adjusting for age.

After adjusting for age and vascular risk factors, baPWV was
positively associated with both PVHs and DWHs, in addition to
WMHs. However, ABI did not differ according to the severity of
WMHs (Figure 1).

A significant positive association between general cognitive status
and peripheral arterial health was observed, specifically between the K-
MMSE total score and ABI. A similar association was not observed for
baPWV. The K-MMSE score was negatively associated with WMH
severity (Figure 1). Among patients with AD, the K-MMSE was
significantly associated with ABI (r=0.214, p=0.028) and WMHs were
significantly associated with baPWV (r=0.261, p=0.007). Correlations
among the key variables, ABI, baPWV, WMH ratings, and K-MMSE
total score, were not statistically significant within the control and
MCI groups.

Discussion
Early detection of stroke risk factors may contribute to stroke

reduction and prevention of vascular-related cognitive decline.
Routine brain MRI screening for vascular risk factors, within
neurologically asymptomatic older adults, is costly and not economical
for primary use. Measurements of the ABI and PWV provide one of
the most practical, and relatively cost-effective tools to objectively
assess the presence of atherosclerosis and arterial stiffness. Several
previous studies [2,5,43] suggested that, even at subclinical levels,
atherosclerosis and arterial stiffness are associated with an increased
risk of progressive cognitive decline and that ABI and PWV might be
of clinical value in identifying older people who are at increased risk of
cognitive impairment and stroke.

This study demonstrated that ABI and baPWV, clinical markers of
peripheral artery disease, were associated with neurocognitive aging.
Findings indicated that ABI and baPWV were associated with vascular
risk factors. ABI was significantly associated with intracerebral artery
stenosis; baPWV was significantly associated with hypertension,
smoking, and intracerebral artery stenosis. In terms of the study’s key
variables, ABI was associated with cognitive impairment and baPWV
was correlated with WMHs, independent of age and vascular risk
factors. Thus, the hypothesis that both ABI and baPWV would be
associated with cognitive function and WMH ratings was partially
supported.

Arterial stiffness has been previously demonstrated as an
independent predictor of cardiovascular disease events and risk factors
[44,45], which in turn are important predictors of cognitive decline.
The relationship between WMHs and baPWV has also been reported.
Increased baPWV has been significantly associated with WMHs in
multivariate analyses [12-14,17], consistent with our study. This result
supports the arteriosclerotic etiology of WMHs because an increased
baPWV indicates progression of arteriosclerotic change. Prior findings
have also shown null statistical findings regarding the association
between ABI and WMHs [4,17], as was also shown in the present
study. ABI might not be sufficient to predict WMHs, which result
from various factors including demyelination as well as
cerebrovascular disease [19,21,23].

Figure 1: Correlation analyses of ABI, baPWV, and MMSE with the
severity of WMHs. Age and vascular risk factors were adjusted for
the analyses. ABI, ankle-brachial pressure index; baPWV, brachial-
ankle pulse wave velocity; MMSE, mini-mental state examination;
WMHs, white matter hyperintensities.

Null findings regarding the association of baPWV and global
cognitive functioning may be a result of the PWV measurement site.
Non-significant associations between baPWV and cognitive
impairment have been previously reported [6,46-48]. However, a
number of studies [48-51] used carotid-femoral PWV (cfPWV) and
found inverse relationships between cfPWV and MMSE. In contrast to
cfPWV, the association between baPWV and cognitive function is less
known [6,48]. Although baPWV tends to be associated with cfPWV
[38,52] and cfPWV is the main determinant of baPWV [52], there is a
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substantial difference between the two techniques over the range of
measurement [53]. The baPWV is affected by both central elastic
arteries and peripheral muscular arteries [54], which may be able to
compensate for the loss of compliance due to aging [55]. Our study
also found that the association of baPWV with K-MMSE score
disappeared after adjusting for age. Therefore, baPWV was not
associated with cognitive function, and may not be a good marker for
age-related arterial stiffness, compared to ABI and cfPWV.

In addition, the non-significant association between baPWV and
cognitive function may be partly due to the brief assessment of
cognitive function. The K-MMSE lacks sensitivity to detecting early
stage dementia or subtle changes in cognition [31]. Performance on
the K-MMSE may also be affected by situational and psychological
conditions, and it is best to interpret its scores in the context of other
relevant test scores and subjects’ histories. Similar to the current
study’s results, findings from the Baltimore Longitudinal Study of
Aging [56], indicated that persons with higher baseline PWV tended
to experience declines on tests of verbal learning and delayed recall,
and nonverbal memory; however, PWV was not predictive of
performance on the MMSE.

There are several limitations for the present study. First, to assess
cognitive status, only the K-MMSE was employed in this study.
Second, we did not consider the use of antihypertensives or statins.
Some of these medications may reduce arterial stiffness, and
associations with PWV might be attenuated by use of these
medications. Another limitation is that using a visual rating scale and
integrating PVHs and DWHs into WMHs might be less accurate than
directly measuring the quantitative volume of WMHs. Lastly, the
cross-sectional design provides limited evidence for causal inference.
Although not validated in the present study, the method used in this
study has been validated in the previous study [38]. Comparative study
with other non-invasive assessments with validation [57] of arterial
stiffness also should be considered in the future.

In this study, we measured the associations of ABI and baPWV with
cognitive impairment and WMHs through a cross-sectional study. A
lower ABI value was an independent risk factor for cognitive
impairment. Although a higher baPWV value was not, we are not able
to completely rule out an association between increased PWV and risk
of cognitive impairment due to a number of factors including the
measurement site of PWV and use of the MMSE. However, a higher
baPWV was associated with WMH severity. Further studies including
both baPWV and cfPWV are needed to understand the exact roles in
the cardiovascular system and brain function.
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