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Abstract.
Background: Ankle-brachial index (ABI), an indicator of atherosclerosis or arterial stiffness, has been associated with
Alzheimer’s disease (AD) dementia and related cognitive impairment. Nevertheless, only limited information is available
regarding its contribution to brain alterations leading to cognitive decline in late-life.
Objective: We aimed to investigate the relationship of ABI with in vivo AD pathologies and cerebrovascular injury in
cognitively impaired older adults.
Methods: Total 127 cognitively impaired (70 mild cognitive impairment and 57 AD dementia) individuals, who participated
in an ongoing prospective cohort study, were included. All participants underwent comprehensive clinical and neuropsycho-
logical assessment, ABI measurement, apolipoprotein E (APOE) �4 genotyping, and multi-modal brain imaging including
[11C] Pittsburgh Compound B (PiB)-positron emission tomography (PET) and [18F] fludeoxyglucose (FDG)-PET, and MRI.
Results: General linear model analysis showed significant relationship between ABI strata (low ABI: <1.00, normal ABI:
1.00–1.29, and high ABI: ≥1.30) and AD-signature region cerebral glucose metabolism (AD-CM), even after controlling
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age, sex, clinical dementia rating–sum of box, and APOE �4 positivity (p = 0.029). Post hoc comparison revealed that low
ABI had significantly lower AD-CM than middle and high ABI, while no difference of AD-CM was found between middle
and high ABI. There was no significant difference of global A� deposition, AD-signature region cortical thickness, and white
matter hyperintensity volume between the three ABI strata.
Conclusion: Our findings suggest that lower ABI, likely related to atherosclerosis, may contribute to the aggravation of
AD-related regional neurodegeneration in cognitively impaired older adults.

Keywords; Alzheimer’s disease, ankle-brachial index, cerebral A� deposition, mild cognitive impairment, neurodegeneration

INTRODUCTION

The ankle-brachial pressure index (ABI), the ratio
of the ankle and brachial systolic blood pressure
(SBP), is a widely used non-invasive measure of
arterial health. A low ABI reflects the presence of
atherosclerosis of the arterial walls in the lower
extremities and it is regarded as a good indicator of
generalized atherosclerosis [1, 2], while high ABI
indicates arterial stiffness or arteriosclerosis of the
vessel wall [3, 4].

Several epidemiological studies showed that low
ABI was related to an increased risk or progression
of AD and related cognitive impairment, suggesting
presence of relationship of atherosclerosis of cerebral
arteries to AD dementia and cognitive decline in older
adults [2, 5–7]. Some studies also reported that both
high and low ABI were related to increased risk of
cognitive impairment or dementia, particularly a U-
shaped relationship [8, 9].

Nevertheless, relatively limited information is
available for brain alterations related to the relation-
ship between ABI levels and cognitive impairment.
While our group previously reported a positive asso-
ciation between a high ABI and increased amyloid-�
(A�) burden in cognitively healthy older adults [10],
to our knowledge, no studies examined the associa-
tion between ABI levels and brain alterations such as
AD pathologies and cerebrovascular injury in cogni-
tively impaired individuals.

We aimed to investigate the relationship of
ABI levels with in vivo AD pathologies and
cerebrovascular injury measured by multi-modal
brain imaging scans in older adults with cognitive
impairment (CI).

METHODS

Participants

The present study was part of the Korean Brain
Aging Study for the Early Diagnosis and Prediction
of Alzheimer’s Disease (KBASE) [11], an ongoing

prospective cohort study, which started in 2014. In
total, 127 older adults (55–90 years of age) with CI
(i.e., 70 mild cognitive impairment (MCI) and 57
AD dementia patients) were included in this study.
All individuals with MCI had a Clinical Dementia
Rating (CDR) score of 0.5 and met the core clinical
criteria for diagnosis of MCI according to the recom-
mendations of the NIA-AA guidelines [12]. For the
AD dementia group, participants who fulfilled the
following inclusion criteria were recruited: 1) crite-
ria for dementia in accordance with the Diagnostic
and Statistical Manual of Mental Disorders 4th Edi-
tion (DSM-IV-TR) [13], 2) the criteria for probable
AD dementia in accordance with the NIA-AA guide-
lines [14], and 3) a global CDR score of 0.5 or 1.
For both MCI and AD dementia groups, individuals
with the following conditions were excluded from
the study: 1) presence of major psychiatric illness;
2) significant neurological (e.g., cerebrovascular dis-
ease) or medical condition or comorbidities that could
affect mental function; 3) contraindications to MRI
(e.g., pacemaker, claustrophobia); 4) illiteracy; 5)
presence of significant visual/hearing difficulty, and
severe communication or behavioral problems that
would make clinical examination or brain scan diffi-
cult; 6) taking an investigational drug; and 7) pregnant
or breastfeeding. Details of the KBASE cohort and
recruitment of participants were previously described
[11]. The study protocol was approved by the Insti-
tutional Review Boards of Seoul National University
Hospital (C-1401-027-547) and SNU-SMG Boramae
Center (26–2015-60), Seoul, South Korea, and was
conducted in accordance with the recommendations
of the current version of the Declaration of Helsinki.
All participants or their legal representatives pro-
vided written informed consent to participate in this
study after receiving a complete description of the
study.

Clinical and neuropsychological assessments

All subjects underwent standardized clinical
assessments by trained psychiatrists based on the
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KBASE clinical assessment protocol which incor-
porated the Korean version of the Consortium
to Establish a Registry for Alzheimer’s Disease
Assessment Packet (CERAD-K) [15]. The KBASE
neuropsychological assessment protocol incorporat-
ing the CERAD-K neuropsychological battery [16]
was also administered to all participants by trained
neuropsychologist or psychometrists. Reliable infor-
mants provided information regarding participants’
cognitive, emotional, and functional changes as
well as medical history. A panel of psychiatrists
and a clinical neuropsychologist with expertise in
dementia research made clinical decisions regard-
ing the CI (i.e., MCI or AD dementia) diagnosis
and CDR.

Determining the APOE genotype

Genomic DNA was extracted from venous blood,
and apolipoprotein E (APOE) genotyping was per-
formed according to the method described by
Wenham et al. [17].

Measurement of ABI

At baseline, SBP in the right arm (brachial artery)
and the bilateral ankle (posterior tibial artery) was
measured three times in the supine position using
a hand-held Doppler device (BIDOP ES-100V3,
Hadeco, Inc., Kawasaki, Japan) following the stan-
dard protocol [2, 18, 19]. The mean of the three
measurements for each ankle and for the right arm
was calculated for each individual. ABI was com-
puted by dividing the average of each ankle SBP by
the average of the brachial SBP measurements, and
the lower ABI value was chosen [2, 18, 19].

Measurement of cerebral Aβ deposition

Participants underwent simultaneous three-
dimensional (3D) PiB-PET and 3D T1-weighted
MRI using a 3.0T Biograph mMR (PET-MR)
scanner (Siemens, Washington DC, USA) accord-
ing to the manufacturer’s guidelines. Details of
PiB-PET image acquisition and preprocessing are
presented in the Supplementary Methods. The
automatic anatomic labeling algorithm and a region
combining method [20] were used to determine
regions of interests (ROIs) to characterize the
PiB retention level in the frontal, lateral parietal,
posterior cingulate-precuneus, and lateral temporal
regions. The standardized uptake value ratio (SUVR)

values for each ROI were calculated by dividing the
mean value for all voxels within each ROI by the
mean cerebellar uptake value in the same image. A
global cortical ROI consisting of the four ROIs was
also defined, and a global A� retention value was
generated by dividing the mean value for all voxels
of the global cortical ROI by the mean cerebellar
uptake value in the same image [20, 21]. Each
participant was classified as A� positive (A�+) if
the global A� retention value was >1.21 or as A�
negative (A�–) if the global A� retention value was
≤1.21 [22].

Measurement of AD-signature region
neurodegeneration

Participants also received FDG-PET imaging
using the same PET-MR machine described above.
Details of the [18F] FDG-PET image acquisition
and preprocessing are presented in the Supplemen-
tary Methods. AD-signature FDG ROIs including the
angular gyri, posterior cingulate cortex, and inferior
temporal gyri, which are sensitive to alterations asso-
ciated with AD [23], were determined. AD-signature
region cerebral glucose metabolism (AD-CM) was
defined as voxel-weighted mean SUVR extracted
from the AD-signature FDG ROIs. Details of MR
image acquisition and preprocessing are also pre-
sented in the Supplementary Methods. AD-signature
region cortical thickness (AD-CT) was defined as
a mean cortical thickness values obtained from
AD-signature regions, including the entorhinal, infe-
rior temporal, middle temporal, and fusiform gyrus,
according to a previous study [24].

Measurement of white matter hyperintensities

Participants underwent MRI scans with fluid atten-
uated inversion recovery (FLAIR) using the same
3.0T PET-MR scanner. We used a previously vali-
dated automatic procedure [25] in order to measure
white matter hyperintensity (WMH) volume. Details
of the volume measurement of WMH are presented
in the Supplementary Methods.

Statistical analysis

Referring to previous reports which indicated a
U-shape relationship between ABI and cognitive
impairment (i.e., the contribution of both low and
high ABI to cognitive decline) [8, 9], we divided the
ABI into three strata, i.e., low ABI: <1.00, normal
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ABI: 1.00–1.29, and high ABI: ≥1.30, to identify
the ABI level that primarily affects neuroimaging
markers. This categorization was based on reports
suggesting that an ABI <1.00 may indicate sub-
clinical atherosclerosis in lower extremity arteries
[2], and that an ABI value of 1.30 is the cut-off
point at which the ABI reflects arterial stiffness
[26]. Group differences of participant characteris-
tics between the low ABI, normal ABI, and high
ABI groups were analyzed by analysis of variance or
chi-squared test. The differences in imaging markers
were tested among ABI strata using the general lin-
ear model (GLM) analysis with post-hoc tests using
the least significant difference (LSD) method (pair-
wise comparison). The model included age, gender,
APOE �4 positivity, and CDR-SOB as covariates. To
explore the moderating effects of age [younger (≤70
years) versus older (>70 years)], sex, and APOE �4
positivity on the association between ABI and the
neuroimaging biomarker(s), additional GLM analy-
ses were repeated including a two-way interaction
term between the ABI strata and each of the factors
mentioned above as an additional independent vari-
able. All statistical analyses were conducted using
SPSS software (ver. 20.0 for Windows; SPSS Inc.,
Chicago, IL, USA) and a two-tailed p-value <0.05
was considered significant.

RESULTS

Demographic and clinical characteristics of the
subjects

The demographic and clinical characteristics of
the subjects are presented in Table 1. There were
significant differences for sex, blood pressure, AD-
CM, and AD-CT between the low, normal, and high
ABI groups. However, age, APOE �4 positivity, CDR
(0.5/1), CDR-SOB, MMSE score, global A� reten-
tion value, or WMH volume did not show significant
differences between the three ABI groups.

Association between the ABI and cerebral Aβ

deposition

As shown in Table 2, GLM analysis controlling
age, gender, APOE �4 status, and CDR-SOB as
covariates showed that the three stratified ABI groups
did not have significantly different global A� reten-
tion.

Association between the ABI and AD-signature
region neurodegeneration

In contrast to the finding for A� retention, there
were significantly different AD-CM values between
the three ABI groups even after controlling age, sex,
APOE �4 positivity, and CDR-SOB as covariates
(Table 2). The post-hoc comparisons showed that low
ABI group had significantly lower AD-CM than both
normal and high ABI groups (Fig. 1). In regard of
AD-CT, however, we did not find any significant dif-
ference between the ABI groups after controlling the
same covariates (Table 2).

Association between the ABI and white matter
hyperintensities

There was no significant association of the ABI
groups with WMH volume after controlling for age,
sex, CDR-SOB, and APOE �4 positivity (Table 2).

Moderation of age, sex, and APOE �4 positivity
on the association between ABI and
neuroimaging biomarkers

Exploratory analyses demonstrated that there was
no significant ABI groups × age (or ABI group × sex
or ABI group × APOE �4 positivity) interaction
effect on any neuroimaging biomarkers (Table 3).

DISCUSSION

In the present study, we found that low ABI group
had significantly lower AD-CM than the other ABI
groups after controlling for the effects of CDR-SOB,
a measure of functional severity by cognitive impair-
ment, as well as age, sex, and APOE �4 positivity. The
finding is comparable with the previous reports that
a low ABI was related to an increased risk of cogni-
tive impairment or dementia syndrome including AD
dementia [2, 5, 7, 27]. This probably corresponds to
the left side of the U-shaped relationship found previ-
ously between the ABI and cognitive impairment [8].
Given that a lower ABI is an indicator of generalized
atherosclerosis [1, 2] including atherosclerosis in the
brain [28, 29], cerebral atherosclerosis may causes a
lowered cerebral perfusion, which can induce subse-
quent brain hypometabolism through reduced oxygen
supply [5, 28].

In contrast to AD-CM, neither AD-CT nor WMH
volume was related to low ABI. This may be
explained by the fact that we excluded subjects with
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Table 1
Descriptive statistics by ABI groups

Characteristics Total (n = 127) Low ABI
(n = 14)

Normal ABI
(n = 87)

High ABI
(n = 26)

F/χ2 p p for low
versus
normal
ABI

p for low
versus
high ABI

p for
normal
versus
high ABI

Age (y) 73.17 (7.30) 75.35 (6.76) 72.92 (7.18) 72.81 (8.04) 0.708 0.495

Gender (male) 38 (29.9%) 8 (57.1%) 17 (21.8%) 13 (50.0%) 14.420 (χ2) 0.001∗ <0.05 NS <0.05

Education (y) 9.82 (5.20) 10.57 (5.47) 9.37 (5.14) 10.92 (5.25) 1.061 0.349

APOE �4 (+) 59 (46.4%) 5 (35.7%) 40 (45.9%) 14 (53.8%) 1.228 (χ2) 0.541

Systolic BP (mmHg) 123.54 (17.84) 120.71 (21.65) 127.24 (16.96) 112.69 (14.02) 7.569 0.001∗ NS NS <0.001

Diastolic BP (mmHg) 77.09 (10.77) 72.85 (13.36) 78.97 (1.035) 73.08 (9.28) 4.432 0.014∗ 0.045 0.029 0.013

CDR (0.5/1) 89/38 9/5 63/24 17/9 0.724 (χ2) 0.696

CDR (SOB) 3.12 (1.91) 3.50 (2.17) 2.90 (1.81) 3.68 (2.04) 1.986 0.142

MMSE 19.65 (4.44) 18.07 (4.20) 20.08 (4.62) 19.04 (3.80) 1.553 0.216

Diagnosis (MCI/AD) 70/57 7/7 52/35 11/15 2.634 (χ2) 0.268

Global A� retention value 1.76 (0.50) 1.69 (0.46) 1.74 (0.50) 1.86 (0.554) 0.688 0.505

AD-CM 1.36 (0.15) 1.25 (0.08) 1.36 (0.15) 1.36 (0.15) 3.792 0.025* 0.007 0.025 NS

AD-CT 2.52 (0.29) 2.37 (0.31) 2.56 (0.29) 2.47 (0.25) 3.053 0.051 0.026 NS NS

WMH 6.01 (5.18) 6.16 (4.20) 6.09 (5.35) 5.60 (5.31) 0.076 0.926

ABI, ankle brachial index; APOE, apolipoprotein E; A�, cerebral amyloid-�; BP, blood pressure; CDR, Clinical Dementia Rating; SOB, sum of boxes; MMSE, Mini-Mental State Examination;
MCI, mild cognitive impairment; AD-CM, Alzheimer’s disease signature regional cerebral glucose metabolism; WMH, white matter hyperintensity; NS, non specific.



92 S.W. Moon et al. / Low ABI Relates to AD-Signature Glucose Metabolism

Table 2
Effect of the ABI on global cerebral A� retention, AD-CM, AD-CT, and WMH: Results from GLM analyses

ABI strata (ABI <1.00, 1.00∼1.29 and ≥1.30)

Neuroimaging markers Type III SS df Mean square F p

Global A� retention value 0.108 1 0.054 0.259 0.772
AD-CM 0.146 1 0.073 3.634 0.029*
AD-CT 0.055 1 0.027 0.496 0.610
WMH 9.476 1 4.738 0.198 0.820

ABI, ankle brachial index; A�, cerebral amyloid-�; AD-CM, AD-signature region cerebral glucose metabolism;
AD-CT AD-signature cortical thickness; WMH, white matter hyperintensity; SS, square sum. ∗p < 0.05, p values
by general linear model (GLM) analysis controlling age, gender, APOE �4 positivity, and CDR-SOB as covariates.

a history of stroke or severe vascular lesions includ-
ing infarcts and hemorrhages on brain MRI from the
current study. Such strict application of exclusion cri-
teria might result in ruling out subjects with severe
cerebral atherosclerosis. In line with this, the num-
ber of subjects with a low ABI was relatively small
(n = 11, 11.0%). Subsequently, it would be hard to
detect the structural brain changes such as decrease of
AD-CT and increase of WMH volume due to severe
atherosclerosis.

There was no significant association between ABI
and brain amyloid deposition. Such lack of significant
finding for CI individuals in the present study appears
contrast to our previous report for the association
between high ABI and increased cerebral amyloid
deposition in cognitively normal (CN) old adults [10].
This discrepancy may be due to the different range
of cerebral amyloid accumulation levels between CN
and CI individuals. Cerebral A� deposition begins
10–20 years before development of AD dementia
[30]. It gradually increases in the stage of CN and
reaches a state of near saturation in the stages of
MCI and dementia, i.e., CI stage [31, 32]. Therefore,
detection of an association between ABI and cere-
bral A� deposition may be difficult in CI compared
to CN.

To the best of our knowledge, this study is the first
to show association between low ABI and decreased
AD-CM in CI individuals. Nevertheless, several lim-
itations needed to be mentioned. First, as this was
a cross-sectional study, causal relationship cannot
be inferred. Further longitudinal studies are needed.
Second, the relatively small number of subjects with
abnormal ABI, low ABI subjects in particular, was
included. This may have made it difficult to detect a
weak association between ABI and brain biomarker.
Third, there was a significant gender difference
between normal ABI and low/high ABI groups in our

Fig. 1. Comparisons of AD-CM between 3 stratified ABI sub-
groups in overall subjects. AD-CMglu, AD-signature region
cerebral glucose metabolism; ABI, ankle-brachial index.

participants. The difference could potentially affect
the results. However, we statistically controlled gen-
der as a covariates when analyzing between-ABI
group difference of neuroimaging makers to min-
imize such potential confounding effect of it. In
addition, we did not find any moderation effect of
gender on the relationship between ABI group and
neuroimaging markers as shown in Table 3. Given
together, it is not likely that our findings were affected
by between-group gender difference. Finally, only
Asians (specifically Koreans) were included in this
study. The prevalence of abnormal ABI status or
peripheral arterial disease is lower in Asian or white
older adults than black ones [33]. Given such eth-
nic difference for ABI and related arterial conditions,
our observations need to be replicated further in other
ethnic populations.
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In conclusion, the present findings suggest that
lower ABI, probably related to cerebral atherosclero-
sis, may contribute to hypometabolism of AD-related
brain regions in cognitively impaired older individu-
als.
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