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Abstract.
Background: Few studies have comprehensively evaluated the relationship between vascular disease and cognition of older
adults without cardiac disease.
Objective: We explored the associations of structural atherosclerosis, vascular stiffness, and reactivity with global, memory,
attention, language, visuospatial ability, and executive function in community-dwelling, non-demented older Asians without
cardiac diseases.
Methods: Cognition was assessed by Mini-Mental State Examination (MMSE) (n = 308) and detailed neuropsychological tests
(n = 155). Vascular measures included carotid intima-media thickness; aortic stiffness [carotid-femoral pulse wave velocity
(CFPWV), aortic augmentation index (AI), and aortic pulse pressure (PP)]; carotid stiffness [elasticity modulus (Ep), beta index
(�), arterial compliance (AC), carotid AI]; and endothelial function [reactive hyperemia index (RHI)]. Multivariable analyses
controlled for potential confounding by demographics, apolipoprotein E genotype and cardiovascular risk factors.
Results: The participants’ mean age was 63.0 ± 6.1 years. Inverse associations with MMSE were found for AC (� = 0.128,
p = 0.019), Ep (� = –0.151, p = 0.008), � index (� = –0.122, p = 0.029), carotid stiffness z-score (� = –0.154, p = 0.007); with
executive function for CFPWV (� = –0.209, p = 0.026), AC (� = 0.214, p = 0.005), Ep (� = –0.160, p = 0.050), � index (� = –0.165,
p = 0.041), and both aortic (� = –0.229, p = 0.010) and carotid (� = –0.208, p = 0.010) stiffness z-scores; with verbal memory for
AI (� = –0.229, p = 0.004) and aortic (� = –0.263, p = 0.004) stiffness z-score; with language for AI (� = –0.155, p = 0.025), aortic
stiffness z-score (� = –0.196, p = 0.011). RHI positively correlated with visuospatial ability (� = 0.195, p = 0.013) and executive
function (� = 0.151, p = 0.045).
Conclusion: The results support a link between systemic vascular health and neurocognitive function in older Asian adults.
Subclinical noninvasive measures of arterial stiffness and reactivity may identify individuals vulnerable to cognitive impairment.
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INTRODUCTION

Vascular health refers to the structural and func-
tional state of the circulation, including that of the
endothelium. Vascular remodeling occurs with age
and is exacerbated by vascular risk factors; it is char-
acterized by pathophysiological changes in regional
and local vasculature which can be detected nonin-
vasively. Intima-media thickness (IMT) measured at
the common carotid artery (CCA) is an established
surrogate of subclinical atherosclerosis, and increases
up to three-fold between 20 and 90 years of age as
elastin is replaced by collagen. Stiffening of the aorta, a
viscoelastic conduit through which pulse waves propa-
gate, is reliably assessed by measuring carotid-femoral
pulse wave velocity (CFPWV) [1]. Greater arterial
stiffness is reflected by more rapid forward wave trans-
mission and earlier return of reflected waves from
the terminal aorta [1]. As a consequence, the central
aortic systolic blood pressure (SBP) increases and
the diastolic blood pressure (DBP) decreases, creat-
ing an increase in central aortic pulse pressure (PP).
The prematurity and quantum of these reflected waves
can be quantitated by the augmentation index (AI).
Local stiffness of the carotid artery can be determined
from pulsatile vessel diameter changes [2]. Endothe-
lial function includes vascular permeability, vasomotor
tone, blood fluidity, and inflammatory processes which
are regulated by the expression, activation, and release
of nitric oxide and other bioactive substances, [3]
and is traditionally assessed using brachial artery
flow-mediated dilation (FMD). The clinical validity
of these noninvasive metrics of structural atheroscle-
rosis, arterial stiffness and endothelial function has
been demonstrated by their ability to predict all-cause
and cardiovascular mortality, acute coronary and cere-
brovascular events [4–7].

The etiologic and clinical role of vasculopathy in
cognitive ageing and decline, and risk of Alzheimer’s
disease and dementia is increasingly being inves-
tigated. Greater arterial stiffness is known to be
associated with the presence of white matter hyperin-
tensities, cerebral lacunar infarcts, and cortical atrophy
of the brain [8, 9]. Several groups have reported asso-
ciations with cognitive impairment and decline with
increasing carotid IMT [10–15] and conduit arterial
stiffness [8, 16–18]. The vast majority of studies on
arterial stiffness have used PP, CFPWV, or brachial-
ankle pulse wave velocity rather than direct measures
of local arterial stiffness [19]. There are also no stud-
ies correlating cognition and peripheral vasodilator
response as a measure of endothelial dysfunction using

the novel fingertip pulse amplitude tonometry, a non-
operator dependent technology.

Few studies have investigated the link between
measures of vascular health to specific cognitive
domains such as memory, attention, visuospatial and
executive function, cognitive function being most com-
monly assessed globally using the Mini-Mental State
Examination (MMSE). While studies evaluating the
association of vascular markers with cognitive func-
tion or decline have adjusted for confounders such
as demographic factors, education, depression, and
vascular risks, few have controlled for heart failure
which is common in older persons and known to be
associated with dementia. Notably, the Framingham
Offspring Cohort Study, which controlled for cardio-
vascular disease, including heart failure, failed to show
a significant association between CFPWV or brachial
reactivity with measures of logical memory and exec-
utive function [20].

In this study, we examined a population-based
sample of multi-ethnic Asian adults without myocar-
dial infarction, atrial fibrillation, or heart failure to
determine the association of noninvasive measures of
vascular health with cognitive performance, and specif-
ically with memory, attention, language, visuospatial
ability, and executive function. We hypothesized that
indices of systemic vascular health would be related
to neurocognitive function independent of established
cardiovascular risk factors. Subclinical changes in
indices of vascular health may therefore be “interme-
diate phenotypes” associated with greater likelihood of
target organ damage in the brain.

MATERIALS AND METHODS

Subjects

Study participants were community-based adults
identified from the second wave of the Singapore
Longitudinal Ageing Study (SLAS-II), an ongoing
community-based cohort study of aging and neurocog-
nitive function among older adults in Singapore [21].
The study sample consisted of a subset of 308 par-
ticipants, without a history of myocardial infarction,
heart failure, or stroke, who underwent vascular profil-
ing as control subjects in the Singapore Heart Failure
Outcomes and Phenotypes (SHOP) study [22]. Impor-
tantly, none of the study participants had clinically
overt dementia. The study was approved by the Institu-
tional Review Board, National University Singapore,
and all participants gave written informed consent.
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Cognitive tests

MMSE
All 308 participants were assessed by the MMSE,

a measure of global cognitive function with princi-
pal domains of memory, attention, language, praxis,
and visuospatial ability [23]. The Chinese version of
MMSE has been validated for local use among Sin-
gaporean older adults [24]. The 30 items were coded
as zero if the subjects refused or were unable to com-
plete. Total MMSE score ranges from 0 to 30, with
higher score denoting better cognitive performance.

Neurocognitive tests
A comprehensive battery of neuropsychological

tests was administered to a subset of 155 partici-
pants without any specific selection criteria by trained
research psychologists, independent of the research
nurses who administered the MMSE. The compre-
hensive neuropsychological test battery assessed a
wide range of cognitive domains, including atten-
tion (Digit Span-Forward and Colour Trails Test 1),
verbal memory (Rey Auditory Verbal Learning Test,
Story Memory and Recall), language (Boston Naming
Test), visuospatial ability (Brief Visuospatial Memory
Test-Revised), and executive function (Digit Span-
Backward, Block Design, Colour Trails Test 2 and
Categorical Verbal Fluency (Animal Naming)). The
assessment was administered in English, Mandarin,
or Chinese dialects according to the participant’s lan-
guage preference. Completion of the test battery took
about 1 to 1.5 h. Details of each test have been
described previously [25, 26].

All raw test scores were converted into stan-
dardized Z scores, which were summed to
construct five composite cognitive domain scores:
Attention score = Average of (ZDigit Span forward longest

span– ZColour Trails Test1); Verbal memory score =
Average of (ZRAVLT immediate recall + ZRAVLT delayed

recall +ZStory Memory immediate recall +ZStory Memory delayed

recall); Language score = ZBoston Naming Test; Visuo-
spatial ability score = Average of (ZBVMT-R

immediate recall + ZBVMT-R delayed recall); Executive
function score = ZDigit Span backward longest span + ZBlock

Design– ZColour Trails Test 2 + ZCategorical Verbal Fluency

(Animal Naming)).

Carotid IMT

IMT was measured by high resolution B-mode ultra-
sound using a 10.5 MHz UST-5412 linear transducer
and Prosound �10 system (Hitachi Aloka Medical Ltd.,

Tokyo, Japan) in accordance with guidelines of the
American Society of Echocardiography [27]. The CCA
was scanned in 3 planes (anterior, posterior and lateral)
and IMT measured 1 cm proximal to the carotid bulb,
in an area devoid of plaque. IMT measurements in all
planes were averaged, and the mean of both right and
left IMT used for analysis.

Arterial stiffness

CFPWV was measured in the supine position using
applanation tonometry (SphygmoCorVx, AtCor Med-
ical, West Ryde, NSW, Australia) [28]. The carotid-
femoralpathlengthwasobtainedbysubtractingcarotid-
suprasternal notch distance measured with a tape ruler
from suprasternal notch-femoral distance. Carotid-
femoraltransittimewasobtainedbysubtractingthetime
between onset of the electrocardiographic R wave and
the foot of the carotid pulse and the time between the
R-wave and the femoral pulse, each averaged from 8 to
10sequentialwaveforms.CFPWVwascalculatedasthe
carotid-femoral path length divided by the transit time.
Left and right-sided measurements were obtained for
each patient, and averaged for analysis.

From the radial artery waveform obtained by the
high-fidelity tonometer, the SphygmoCorPx System
reconstructed the aortic pressure waveform using a
transfer function [29, 30]. This waveform depends
on left ventricular ejection, as well as the timing and
amount of wave reflection from branch points or areas
of impedance mismatch which are determined by aor-
tic stiffness and arteriolar tone [31]. Central or aortic
AI was calculated as the increment in pressure from the
first systolic shoulder of the ascending aortic pressure
wave to the peak of the second, late systolic shoul-
der, expressed as a percentage of the pulse pressure.
Aortic AI was also normalized to a heart rate of 75
bpm (AI@HR75) to facilitate comparison. Using the
aortic pressure waveform, the central pulse pressure
height is obtained using the values of central systolic
and diastolic pressures.

Local or CCA stiffness was quantified using the
eTRACKING method on a Prosound �10 ultrasound
system (Hitachi Aloka Medical Limited, Tokyo, Japan)
[32]. Using radio frequency signals, eTRACKING
detects motion of opposed common carotid arterial
walls in real-time, to 0.01 mm resolution at 10 MHz.
The software ensemble-averages multiple waveforms
and calculates:

(i) arterial compliance (AC) or the ratio between
variations in arterial cross-sectional area and
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pulse pressure, as π(Ds×Ds - Dd × Dd) / [4(Ps
- Pd)] where Ps = systolic BP, Pd = diastolic
BP, Ds = maximum vessel diameter and
Dd = minimum vessel diameter.

(ii) pressure-strain elasticity modulus (Ep) which
expresses compliance relative to initial vessel
diameter, as (Ps - Pd) / [(Ds - Dd)/Dd].

(iii) � index, a relatively BP-independent parameter
of stiffness, as ln (Ps/Pd) / [(Ds - Dd)/Dd].

(iv) Carotid AI, similarly to aortic AI. The CCA
waveform owing to proximity is modified lit-
tle by the transfer function, and can be used to
directly estimate aortic AI [33].

We converted all raw values of indices of carotid
and aortic stiffness into standardized Z-scores, which
were summed to produce two composite arterial
stiffness scores: aortic stiffness z-score=average of
(ZCarotid-femoralPWV + ZAorticAI + ZAorticPP) and carotid
stiffness z-score=average of (ZEp + Z� index + ZCarotidAI
–ZAC).

Endothelial function

Endothelial function was assessed using fingertip
peripheral arterial tonometry (PAT) (EndoPAT2000,
Itamar Medical, Caesarea, Israel) [34]. Participants
were given standardized instructions on pretest prepa-
rations, which included fasting, restrictions on exercise
and consumption of alcohol, coffee, tea, and cardioac-
tive medications [35]. With the subject supine in a quiet,
temperature-controlled room with hands at the level of
the heart, probes with inflatable neoprene membranes
and transducers were mounted on both index fingers to
measure changes in digital pulse amplitude. Following
thebaselinerecording,arterialflowinthenon-dominant
arm was occluded for 5 min using a rapid cuff inflation
system (Hokanson E20 and AG101, D.E. Hokanson
Inc., Bellevue, WA, USA) to 60 mmHg above systolic
blood pressure or 200 mmHg, whichever was higher.
PAT signals were recorded for at least 5 min following
deflation and reactive hyperemia. A reactive hyper-
emia index (RHI) was calculated as the ratio of reactive
hyperemic response (average amplitude of the PAT sig-
nal 90 – 150 s after cuff deflation) to basal flow (average
PAT amplitude over 3.5 min), indexed to the contralat-
eral, control arm. A RHI of ≤1.67 was used as the
threshold value for “endothelial dysfunction”.

Covariates

Socio-demographic variables included age, gen-
der, and education. Participants were categorized by

their smoking history as current or former smokers
versus non-smokers. Height and weight were mea-
sured with a portable Secastadiometer (Model 708,
Vogel and Halke Hamburg, Germany), with body mass
index (BMI) calculated as kg/m2. The presence of
hypertension was defined by self-reported high BP,
and/or a history of treatment with anti-hypertensive
drugs, and/or sitting systolic BP>140 mmHg and/or
diastolic BP>90 mmHg. The presence of diabetes
was defined as self-reported diabetes and/or a his-
tory of treatment with oral hypoglycaemic agents or
insulin, and/or fasting blood glucose ≥7.0 mmol/L.
Dyslipidemia was defined as self-reported lipid abnor-
mality, and/or total cholesterol ≥6.5 mmol/L and/or
LDL-cholesterol ≥4.1 mmol/L and/or triglycerides
≥2.3 mmol/L and/or HDL-cholesterol <1.0 mmol/L
and/or total cholesterol:HDL-cholesterol ratio >4.5.
Apolipoprotein E (APOE) genotype was identified by
polymerase chain reaction (PCR) amplification fol-
lowed by restriction endonuclease digestion of the
PCR product,[36] and coded based on �4 allele carrier
status.

Statistical analysis

The patients’ characteristics were summarized using
mean (±standard deviation) for quantitative variables
and proportion (expressed as percentage) for qual-
itative variables. Vascular indices and markers of
cognition were summarized using median (and range).

The primary analyses evaluated neurocognitive test
performance as dependent variables individually for
their association with markers of structural atheroscle-
rosis, arterial stiffness, and endothelial function.
Multivariable analyses were performed using multiple
linear regressions in hierarchical models that con-
trolled for potential confounding variables: (i) model 1:
unadjusted; (ii) model 2: adjusted for age, gender, edu-
cation, hypertension, diabetes, dyslipidemia, smoking,
BMI, and APOE �4 genotype

The results are presented as the standardized coef-
ficients (�) and p values, with statistical significance
set at p < 0.05 (two-tailed). All statistical analyses were
carried out using SPSS software (version 15.0, SPSS
Inc., Chicago, IL).

RESULTS

Characteristics of the population

Table 1 shows the demographics, clinical character-
istics, and descriptive statistics for the vascular health
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Table 1
Characteristics of study participants

Variable MMSE participants Neurocognitive domain test
(n = 308) participants (n = 155)

Age, years 63.0 ± 6.1 (51–83)1 64.2 ± 6.4 (54–83)1

Female, n (%) 138 (44.8) 62 (40.0)
Ethnicity, n (%)

Chinese 252 (81.8) 151 (97.4)
Malay 39 (12.7) 1 (0.6)
Indian 15 (4.9) 2 (1.3)
Others 2 (0.6) 1 (0.6)

Education: more than 6 y, n (%) 192 (62.3) 103 (66.5)
Hypertension, n (%) 141 (45.8) 67 (43.2)
Diabetes, n (%) 37 (12.0) 18 (11.6)
Dyslipidemia, n (%) 202 (65.6) 105 (67.7)
Current or former smoker, n (%) 76 (21.8) 35 (20.8)
Body mass index (m2/kg) 25.0 ± 4.1 (16.3– 48.6) 24.6 ± 3.5 (17.3– 34.6)
APOE �4 carrier, n (%) 59 (9.2) 34 (21.9)
Vascular Markers

IMT (mm) 0.75 (0.45–1.82)2 0.74 (0.45–1.82)2

Carotid-femoral PWV 4.96 (2.55–14.10) 4.90 (2.95–13.00)
Aortic AI (%) 35.9 (6.0–65.0) 35.9 (6.0–65.0)
Aortic AI@HR75 (%) 28.2 (2.0–52.0) 27.9 (2.0–52.0)
Aortic PP (%) 51.4 (26.0–146.0) 52.4 (29.0 –98.0)
Aortic stiffness z-score –0.029 (–1.60 – 2.26) –0.022 (–1.66 – 2.43)
AC (mm2/Kpa) 0.68 (0.22–1.87) 0.70 (0.22–2.18)
Ep (Kpa) 147.3 (55.0–488.0) 149.8 (55.0–488.0)
� index 10.7 (4.2–37.0) 10.9 (4.2–37.0)
Carotid AI (%) 21.5 (0.1–64.4) 21.3 (2.1– 48.5)
Carotid stiffness z-score –0.004 (–1.96 – 3.50) –0.002 (–1.56 – 3.00)
RHI 2.20 (0.97–3.65) 2.19 (0.97–3.65)

Cognitive tests
MMSE total score 28.6 (17–30) 28.8 (17–30)
Attention z-score 0.027 (–2.61–2.36)
Verbal memory z-score 0.038 (–2.48–2.66)
Visuospatial ability z-score 0.012 (–2.06–1.82)
Language z-score 0.006 (–3.08 – 1.43)
Executive function z-score 0.033 (–1.60– 1.42)

APOE, Apolipoprotein E; IMT, intima-medial thickness; PWV, pulse wave velocity; AI, augmentation index;
AI@HR75, augmentation index normalized to a heart rate of 75 bpm; PP, pulse pressure; AC, arterial compliance;
Ep, elastic modulus; �, beta; RHI, reactive hyperemia index; MMSE, Mini-Mental State Examination. 1Mean±SD;
range in parentheses (for all such values). 2Median; range in parentheses (for all such values).

and cognitive tests, of the study population and the
subset population who underwent detailed neuropsy-
chological tests.

Vascular health indices and MMSE

The relationships between indices of vascular health
and MMSE are summarized in Table 2. Four partici-
pants had MMSE scores <23, but none had clinically
overt dementia. In the unadjusted model, significant
associations with MMSE were observed for IMT
(p = 0.050) and multiple indices of arterial stiffness,
including CFPWV (p = 0.001), AI@HR75 (p = 0.006),
AC (p = 0.006), Ep (p < 0.001), and � index (p = 0.003),
and both aortic and carotid stiffness composite z-scores
(p = 0.001 and p < 0.001, respectively). Adjustment for

demographics, education level, APOE �4 genotype,
and cardiovascular risk factors attenuated these rela-
tionships but the associations with AC (p = 0.019), Ep
(p = 0.008), � index (p = 0.029), and carotid stiffness
z-score (p = 0.007) (Fig. 1) remained significant.

Vascular Health Indices and Specific Cognitive
Domains

Independent relationships between indices of vas-
cular health and specific cognitive domains are
summarized in Supplementary Table 1 and Table 3.

Attention
In the unadjusted model, attention was significantly

associated with CFPWV (p = 0.012) and aortic PP
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Table 2
Association between indices of vascular health and MMSE (n = 308)

Model 1 Model 2

� p � p

Carotid atherosclerosis IMT –0.112 0.050 –0.051 0.378
Aortic stiffness Carotid-femoral PWV –0.195 0.001 –0.086 0.160

Aortic AI –0.100 0.080 –0.049 0.387
Aortic AI@HR75 –0.156 0.006 –0.100 0.095
Aortic PP –0.088 0.124 0.021 0.711
Composite z-score –0.185 0.001 –0.055 0.360

Carotid stiffness AC 0.157 0.006 0.128 0.019
Ep –0.199 <0.0001 –0.151 0.008
� index –0.166 0.003 –0.122 0.029
Carotid AI –0.054 0.346 –0.017 0.756
Composite z-score –0.209 <0.0001 –0.154 0.007

Endothelial function RHI 0.091 0.114 0.103 0.058

Model 1: unadjusted. Model 2: adjusted for age, gender, education, hypertension, diabetes, dyslipidemia, smoking, body mass index, and APOE
�4 status. Abbreviations as in Table 1.

Fig. 1. Association between carotid stiffness and MMSE. Significant positive association was found for (a) AC with MMSE. Significant inverse
associations were found for (b) Ep, (c) Beta index, (d) carotid stiffness z-score, with MMSE. AC, arterial compliance; Ep, elastic modulus;
MMSE, Mini-Mental State Examination.
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Table 3
Associations between indices of vascular health and neurocognitive specific domains (n = 155)

Attention Verbal memory Language Visuospatial ability Executive function

� p � p � p � p � p

Carotid IMT 0.001 0.989 –0.038 0.648 –0.047 0.511 –0.021 0.807 –0.133 0.106
atherosclerosis

Aortic stiffness Carotid-femoral PWV 0.011 0.908 –0.084 0.398 –0.134 0.110 0.167 0.098 –0.209 0.026
Aortic AI 0.045 0.564 –0.229 0.004 –0.155 0.025 –0.044 0.600 –0.103 0.194
Aortic AI@HR75 0.093 0.262 –0.215 0.012 –0.157 0.030 –0.030 0.728 –0.068 0.418
Aortic PP –0.030 0.716 –0.160 0.065 –0.086 0.245 0.005 0.955 –0.137 0.103
Composite z-score 0.015 0.864 –0.263 0.004 –0.196 0.011 0.041 0.662 –0.229 0.010

Carotid stiffness AC 0.010 0.898 0.121 0.128 0.057 0.404 0.082 0.308 0.214 0.005
Ep 0.066 0.398 –0.149 0.070 –0.061 0.389 –0.006 0.944 –0.160 0.050
� index 0.051 0.516 –0.145 0.076 –0.058 0.409 –0.050 0.540 –0.165 0.041
Carotid AI 0.064 0.407 0.014 0.861 –0.028 0.685 0.121 0.137 –0.023 0.770
Composite z-score 0.062 0.430 –0.146 0.076 –0.074 0.294 –0.005 0.949 –0.208 0.010

Endothelial RHI –0.006 0.939 0.089 0.259 0.047 0.482 0.195 0.013 0.151 0.045
function

Adjusted for age, gender, education, hypertension, diabetes, dyslipidemia, smoking, body mass index, and APOE �4 status. Abbreviations as in
Table 1.

(p = 0.007), and aortic stiffness z-score (p = 0.006),
but not after adjustment for other covariates
(Table 3).

Verbal memory
Several indices of arterial stiffness were inversely

associated with verbal memory, including carotid-
femoral PWV (p = 0.013), aortic AI (p = 0.004), aortic
AI@HR75 (p = 0.012), aortic PP (p = 0.001), Ep
(p = 0.003), � index (p = 0.005), and aortic and carotid
stiffness z-scores (p < 0.001 and p = 0.005, respec-
tively). Only aortic AI (p = 0.004), aortic AI@HR75
(p = 0.012), and aortic stiffness z-score (p = 0.004)
remained significantly associated with verbal memory
after adjustment for demographics, education level,
APOE �4 genotype and cardiovascular risk factors
(Table 3, Fig. 2).

Language
In the unadjusted model, arterial stiffness parame-

ters that were inversely associated with language were
carotid-femoral PWV (p = 0.020), aortic AI (p = 0.003)
and aortic AI@HR75 (p = 0.002), aortic PP (p = 0.002),
Ep (p = 0.028), � index (p = 0.039), and aortic and
carotid stiffness z-scores (p < 0.001 and p = 0.007,
respectively). Only aortic AI (p = 0.025), AI@HR75
(p = 0.030), and aortic stiffness z-score (p = 0.011)
remained significantly associated with verbal memory
after adjustment for demographics, education level,
APOE �4 genotype and cardiovascular risk factors
(Table 3, Fig. 3).

Visuospatial ability
RHI was positively related to better visuospatial

ability (p = 0.025) (Fig. 4) and remained signifi-
cantly associated after adjustments for demographic,
education, APOE �4 genotype and cardiovascular
risk variables (p = 0.013) (Table 3). Inverse trends
were observed for aortic PP (p = 0.071) and � index
(p = 0.057) in the unadjusted model.

Executive function
Carotid IMT (p = 0.026), arterial stiffness indices

[CFPWV (p < 0.001), aortic PP (p = 0.007), AC
(p = 0.001), Ep (p < 0.001), and � index (p < 0.001),
aortic and carotid stiffness z-scores (p < 0.001)] and
endothelial function (p = 0.058) were associated with
executive function in the unadjusted model. CFPWV
(p = 0.026), AC (p = 0.005), Ep (p = 0.050), � index
(p = 0.041), aortic (p = 0.010), and carotid (p = 0.010)
stiffness z-scores, and endothelial function (p = 0.045)
remained significantly associated even after adjust-
ment for demographics, education, APOE �4 genotype
and cardiovascular risk factors (Table 3, Fig. 5).

In further analyses, we tested for potential interac-
tions of vascular indices with APOE �4 in modifying
the relationship between vascular health and cognition.
The results showed no statistically significant interac-
tions with APOE �4 (data not shown).

DISCUSSION

The role of vascular disease in the pathogenesis of
cognitive impairment is an area of keen investigative
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Fig. 2. Association between aortic stiffness and verbal memory. Significant inverse associations were found for (a) aortic AI, (b) aortic AI@HR75,
and (c) aortic stiffness z-score, with verbal memory. AI, augmentation index; AI@HR75, augmentation index normalized to heart rate of 75
bpm.

interest. Neurodegeneration is considered to underlie
most cases of dementia [37], but neuropathological
studies suggest that cerebrovascular disease, either
coexistent or isolated, frequently contributes to demen-
tia among elderly community-dwellers [38]. While the
precise cause-effect relationship is difficult to estab-
lish, the confluence of vasculopathy with less severe
cognitive impairment and cognitive aging, arising from
shared vascular risk factors, is increasingly appreciated
[39, 40].

The present study represents one of few community-
based studies [41–45] which have attempted to
correlate multiple specific domains of cognition with
subclinical vasculopathy in middle-aged to older
adults. Other strengths include exclusion of subjects
with a history of myocardial infarction, heart failure or

other heart disease (thus eliminating a major source of
confounding), comprehensive phenotyping of arterial
structure, biophysical properties and responsiveness,
and adjustment for the effects of psychosocial factors
and vascular risk factors. Even after accounting for
these confounders, we find that: (1) greater arterial
stiffness was associated with impaired global cogni-
tion, verbal memory, language and executive function,
and (2) “endothelial dysfunction” was associated with
visuospatial ability and executive function. Our study
is also the first from a multi-ethnic Asian popula-
tion, and extends the implications of arterial stiffening
reported in community-dwelling Japanese [46, 47] and
Korean [48] elderly.

Prior studies of cognition and vascular disease have
largely used measures of central (aortic) stiffness, most
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Fig. 3. Association between aortic stiffness and language. Significant inverse associations were found for (a) aortic AI, (b) aortic AI@HR75,
and (c) aortic stiffness z-score, with language. Abbreviations as in Fig. 2.

Fig. 4. Association between endothelial function and visuospatial
ability. Endothelial function, measured by RHI, was positively asso-
ciated with visuospatial ability. RHI, reactive hyperemia index.

commonly CFPWV (or brachial-ankle pulse wave
velocity), pulse pressure, and AI. Studies evaluating
their relationship with MMSE global score have mostly
yielded positive associations [43, 46, 49–51] although
one large population-based cohort study found no cor-
relation [42]. The relationship with specific cognitive
domains have yielded inconsistent results, but positive
associations with processing speed, memory, visuospa-
tial ability, and executive function have been variously
reported [41–43, 52–55]. Our findings, that aortic AI
was independently associated with verbal memory and
language, and PWV with executive function, are in
broad agreement with these studies. Greater arterial
stiffness leads to increased arterial pulsatility, which
damages the microcirculation. The high-flow, low-
impedance nature of brain microcirculation renders
it particularly vulnerable to such insults. The resul-
tant injuries manifest as white matter hyperintensities,
microhemorrhages, lacunar infarcts, and cerebral atro-
phy, pathologies which could explain the association
between arterial stiffness and cognitive decline. Recent
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Fig. 5. Association between aortic stiffness and executive function. Significant associations were found for (a) CFPWV, (b) aortic stiffness
z-score, (c) AC, (d) Ep, (e) Beta index, (f) carotid stiffness z-score, (g) RHI, with executive function. CFPWV, carotid-femoral pulse wave
velocity; AC, arterial compliance; Ep, elastic modulus; RHI, reactive hyperemia index.

studies show that arterial stiffness is associated with
amyloid-� deposition, independent of its association
with white matter hyperintensities. Previously thought
to be pathognomonic of Alzheimer’s disease, cere-
bral amyloid-� deposition has been shown to be
present in up to 34% of non-demented adults [56] and
increases with age [57]. In a group of non-demented
individuals, Hughes and colleagues demonstrated that
arterial stiffness was associated with the extent as
well as progression of amyloid-� deposition, indepen-
dent of potential confounders [58]. While the exact
mechanisms linking arterial stiffness and amyloid-�
deposition have yet to be elucidated, their finding
underscores the importance of vasculopathy in cog-
nitive ageing and decline.

To our knowledge, only one published study has cor-
related a direct measure of CCA stiffness to cognitive
performance. Using the same eTRACKING method,
Jurasic et al [19]. found higher � index in 38 patients
with dementia compared to controls but there was
considerable overlap, and confounders were not con-
trolled for. In our study, CCA AC, Ep, and � index

were independently related to MMSE global cogni-
tion score and executive function, even in the absence
of overt dementia. While AC, Ep, or � index were addi-
tionally associated with verbal memory and language
domains in unadjusted models, they were no longer sig-
nificant in multivariable analyses. Carotid AI was also
not predictive in any adjusted analysis. By comparison,
measures of central or conduit arterial stiffness were
more robust predictors across several domains of cog-
nitive functioning. The causes for this discrepancy are
unclear but the aorta more directly bears the brunt of
pressure pulsatility, increasing fragmentation of elas-
tic lamellae and reducing compliance. Even though the
aorta and CCA are elastic arteries, the aorta becomes
disproportionately stiff compared to the CCA with age,
especially in the presence of hypertension and diabetes
[59]. Accelerated aortic stiffening in itself may predis-
pose to resistant hypertension and its cerebrovascular
consequences [60]. Disproportionate aortic stiffening
can also reduce regional impedance mismatch, para-
doxically lessen wave reflection at the CCA interface
and increase transmission of pulsatile flow into the
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CCA, damaging the cerebral microcirculation [41, 61].
Large artery thromboembolism from the CCA can lead
to stroke and cognitive decline, but the atherosclerotic
aorta is also a source [62], potentially jeopardizing
not only the anterior but also posterior cerebral cir-
culation, including to the hippocampus which has a
central role in memory and cognition [63]. Further-
more, there could be errors in computing CCA stiffness
using brachial BP owing to pressure amplification
[64]. These considerations aside, our study shows that
measures of aortic and CCA stiffness may contribute
non-overlapping information on vascular relationships
with cognitive function.

Endothelial function is a general barometer of
vascular health and precedes frank atherosclerosis.
Endothelial dysfunction in the cerebral circulation may
promote cognitive decline since nitric oxide regulates
cerebral blood flow, modulates synaptic function in the
hippocampus, and influences synaptic plasticity in the
striatum and cortex [65]. Endothelial function assessed
by FMD has been linked to white matter hyperinten-
sities and cognitive performance in patients diagnosed
with cardiovascular disease [66], and there is increas-
ing evidence linking the emerging vascular hypothesis
and endothelial dysfunction to Alzheimer’s disease
[67]. In our study, RHI determined by PAT was found to
be independently associated with visuospatial impair-
ment and executive function, but not with cognitive
domains of attention, verbal memory, and language.
Unlike FMD, RHI quantifies the pulsatile volume
changes to reactive hyperemia in small digital arter-
ies and their microcirculation [68]. Nevertheless, these
alterations in digital flow and microvascular dilatation
are in part nitric oxide- and endothelium-dependent
[69, 70]. Our finding that endothelial function cor-
relates with executive functioning extends previous
work by Forman and colleagues, albeit in a younger,
community-dwelling Asian cohort [66]. This also is
in broad agreement with the notion that the frontal-
subcortical systems are more vulnerable to vascular
influences. An association between endothelial func-
tion and visuospatial ability has not previously been
reported, and this finding needs to be replicated in other
studies.

Carotid IMT has been shown to be inversely related
to cognitive performance in several studies [10–15].
We found a similar relationship between IMT and
MMSE and executive function in univariate analy-
sis but our data did not support an association with
cognition, independent of age and cardiovascular risk
factors. This is unsurprising given that IMT is an
intermediate phenotype for early atherosclerosis and

influenced by antecedents, which we rigorously con-
trolled for. Some studies [10, 11] did not adjust for
these vascular risk factors, and one large study that did
also failed to establish an independent association [71].
The similarly large Atherosclerosis Risk in Communi-
ties study also found no association of carotid IMT
with change in cognition over 6 years, even though
IMT correlated with baseline cognitive performance
[72].

In this study, only half of the entire cohort completed
comprehensive neuropsychological tests. This was not
the result of specific selection but rather accounted
for by: 1) subjects’ refusal to participate, as further
testing would require 1 to 1.5 h of commitment, 2) con-
straint of manpower availability, and 3) exclusion due
to language difficulties in a multi-racial population as
translated versions were available only in Mandarin
and Chinese dialects. While the possibility of some
selection bias could not be excluded, we found no sig-
nificant differences in vascular health indices between
those who completed the neuropsychological tests and
those who did not. Given the small sample size of this
study, we were unable to demonstrate statistically sig-
nificant interactions of vascular indices with APOE
�4. The role of APOE �4 in modifying the relation-
ship between vascular health and cognitive function
is highly plausible, and should be further explored in
future studies. The cross sectional design of our study is
another limitation. Longitudinally designed studies are
needed to ascertain if cognitive impairment and indices
of vascular pathophysiology, that are common and may
share mediators, are causally related. Because neu-
roimaging was not systematically performed in study
participants, we are unable to provide direct support
to the hypothesis that cognitive impairment associated
with arterial stiffness and endothelial dysfunction is
mediated by abnormalities of cerebral blood flow and
small vessel disease.

In conclusion, our exploratory evaluation demon-
strated an inverse relationship between arterial stiffness
and global cognition, verbal memory, language and
executive function, and endothelial dysfunction with
worse visuospatial ability and executive function.
The results provide further support for the vascular
hypothesis of Alzheimer’s disease and dementia, by
demonstrating an independent link between systemic
vascular health and cognitive performance even in the
subclinical phases. Indices of intermediate vascular
phenotype for neurocognitive disorders may therefore
be useful for identifying individuals susceptible to cog-
nitive impairment and dementia. Further evaluation
of the longitudinal predictive value of these vascu-
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lar health indices may improve patient selection for
therapeutic interventions.

ACKNOWLEDGMENTS

The authors thank the following voluntary wel-
fare organizations for their support of the Singapore
Longitudinal Ageing Studies: Geylang East Home for
the Aged, Presbyterian Community Services, Thye
Hua Kwan Moral Society (Moral Neighbourhood
Links), Yuhua Neighbourhood Link, Henderson Senior
Citizens’ Home, NTUC Eldercare Co-op Ltd, Thong
Kheng Seniors Activity Centre (Queenstown Centre)
and Redhill Moral Seniors Activity Centre. We also
thank the technical staff of the Cardiovascular Imaging
Core Laboratory, National University Health System,
for performing the vascular procedures.

The study was supported by research grant
funding from the Biomedical Research Council,
Agency for Science, Technology and Research
(03/1/21/17/214), and National Medical Research
Council (08/1/21/19/567 and NMRC/CG/NUHCS/
2010).

Authors’ disclosures available online (http://j-alz.
com/manuscript-disclosures/15-0516r1).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: http://dx.doi.org/
10.3233/JAD-150516.

REFERENCES

[1] Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P,
Giannattasio C, Hayoz D, Pannier B, Vlachopoulos C, Wilkin-
son I, Struijker-Boudier H (2006) Expert consensus document
on arterial stiffness: Methodological issues and clinical appli-
cations. Eur Heart J 27, 2588-2605.

[2] O’Rourke MF, Staessen JA, Vlachopoulos C, Duprez D,
Plante GE (2002) Clinical applications of arterial stiffness;
definitions and reference values. Am J Hypertens 15, 426-444.

[3] Tousoulis D, Kampoli A-M, Tentolouris C, Papageorgiou N,
Stefanadis C (2012) The role of nitric oxide on endothelial
function. Curr Vasc Pharmacol 10, 4-18.

[4] Chaves PH, Kuller LH, O’Leary DH, Manolio TA, New-
man AB, Cardiovascular Health Study (2004) Subclinical
cardiovascular disease in older adults: Insights from the Car-
diovascular Health Study. Am J Geriatr Cardiol 13, 137-151.

[5] Gokce N, Keaney JF Jr, Hunter LM, Watkins MT, Nedeljkovic
ZS, Menzoian JO, Vita JA (2003) Predictive value of non-
invasively determined endothelial dysfunction for long-term
cardiovascular events in patients with peripheral vascular dis-
ease. J Am Coll Cardiol 41, 1769-1775.

[6] Kuller LH, Shemanski L, Psaty BM, Borhani NO, Gardin J,
Haan MN, O’Leary DH, Savage PJ, Tell GS, Tracy R (1995)

Subclinical disease as an independent risk factor for cardio-
vascular disease. Circulation 92, 720-726.

[7] Perticone F, Ceravolo R, Pujia A, Ventura G, Iacopino S,
Scozzafava A, Ferraro A, Chello M, Mastroroberto P,
Verdecchia P, Schillaci G (2001) Prognostic significance of
endothelial dysfunction in hypertensive patients. Circulation
104, 191-196.

[8] Hanon O, Haulon S, Lenoir H, Seux M-L, Rigaud A-S, Safar
M, Girerd X, Forette F (2005) Relationship between arte-
rial stiffness and cognitive function in elderly subjects with
complaints of memory loss. Stroke 36, 2193-2197.

[9] Iadecola C (2004) Neurovascular regulation in the normal
brain and in Alzheimer’s disease. Nat Rev Neurosci 5, 347-
360.

[10] Auperin A, Berr C, Bonithon-Kopp C, Touboul PJ,
Ruelland I, Ducimetiere P, Alperovitch A (1996) Ultra-
sonographic assessment of carotid wall characteristics and
cognitive functions in a community sample of 59- to 71-year-
olds. The EVA Study Group. Stroke 27, 1290-1295.

[11] Cohen RA, Poppas A, Forman DE, Hoth KF, Haley AP,
Gunstad J, Jefferson AL, Tate DF, Paul RH, Sweet LH, Ono
M, Jerskey BA, Gerhard-Herman M (2009) Vascular and cog-
nitive functions associated with cardiovascular disease in the
elderly. J Clin Exp Neuropsychol 31, 96-110.

[12] Komulainen P, Kivipelto M, Lakka TA, Hassinen M, Helkala
EL, Patja K, Nissinen A, Rauramaa R (2007) Carotid intima-
media thickness and cognitive function in elderly women: A
population-based study. Neuroepidemiology 28, 207-213.

[13] Muller M, Grobbee DE, Aleman A, Bots M, van der Schouw
YT (2007) Cardiovascular disease and cognitive performance
in middle-aged and elderly men. Atherosclerosis 190, 143-
149.

[14] Zhong W, Cruickshanks KJ, Huang GH, Klein BE, Klein R,
Nieto FJ, Pankow JS, Schubert CR (2011) Carotid atheroscle-
rosis and cognitive function in midlife: The Beaver Dam
Offspring Study. Atherosclerosis 219, 330-333.

[15] Wendell CR, Zonderman AB, Metter EJ, Najjar SS, Waldstein
SR (2009) Carotid intimal medial thickness predicts cognitive
decline among adults without clinical vascular disease. Stroke
40, 3180-3185.

[16] Abbatecola AM, Barbieri M, Rizzo MR, Grella R, Laieta MT,
Quaranta E, Molinari AM, Cioffi M, Fioretto P, Paolisso G
(2008) Arterial stiffness and cognition in elderly persons with
impaired glucose tolerance and microalbuminuria. J Gerontol
A Biol Sci Med Sci 63, 991-996.

[17] Nagai K, Akishita M, Machida A, Sonohara K, Ohni M, Toba
K (2004) Correlation between pulse wave velocity and cogni-
tive function in nonvascular dementia. J Am Geriatr Soc 52,
1037-1038.

[18] Scuteri A, Brancati AM, Gianni W, Assisi A, Volpe M (2005)
Arterial stiffness is an independent risk factor for cognitive
impairment in the elderly: A pilot study. J Hypertens 23, 1211-
1216.

[19] Jurasic MJ, Popovic IM, Morovic S, Trkanjec Z, Seric V,
Demarin V (2009) Can beta stiffness index be proposed as
risk factor for dementia. J Neurol Sci 283, 13-16.

[20] Tsao CW, Seshadri S, Beiser AS, Westwood AJ, Decarli C,
Au R, Himali JJ, Hamburg NM, Vita JA, Levy D, Larson
MG, Benjamin EJ, Wolf PA, Vasan RS, Mitchell GF (2013)
Relations of arterial stiffness and endothelial function to brain
aging in the community. Neurology 81, 984-991.

[21] Feng L, Chong MS, Lim WS, Lee TS, Collinson SL, Yap P,
Ng TP (2013) Metabolic syndrome and amnestic mild cog-
nitive impairment: Singapore Longitudinal Ageing Study-2
findings. J Alzheimers Dis 34, 649-657.

http://j-alz.com/manuscript-disclosures/15-0516r1
http://j-alz.com/manuscript-disclosures/15-0516r1
http://dx.doi.org/10.3233/JAD-150516
http://dx.doi.org/10.3233/JAD-150516


A
U

TH
O

R
 C

O
P

Y

S.L. Lim et al. / Vascular Health and Cognitive Domain Function 39

[22] Santhanakrishnan R, Ng TP, Cameron VA, Gamble GD, Ling
LH, Sim D, Leong GKT, Yeo PSD, Ong HY, Jaufeerally F,
Wong RC-C, Chai P, Low AF, Lund M, Devlin G, Troughton
R, Richards AM, Doughty RN, Lam CSP (2013) The
Singapore Heart Failure Outcomes and Phenotypes (SHOP)
study and Prospective Evaluation of Outcome in Patients with
Heart Failure with Preserved Left Ventricular Ejection Frac-
tion (PEOPLE) study: Rationale and design. J Card Fail 19,
156-162.

[23] Folstein MF, Folstein SE, McHugh PR (1975) "Mini-mental
state". A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.

[24] Ng T-P, Niti M, Chiam P-C, Kua E-H (2007) Ethnic and
educational differences in cognitive test performance on mini-
mental state examination in Asians. Am J Geriatr Psychiatry
15, 130-139.

[25] Collinson SL, Fang SH, Lim ML, Feng L, Ng TP (2014)
Normative data for the repeatable battery for the assessment
of neuropsychological status in elderly Chinese. Arch Clin
Neuropsychol 29, 442-455.

[26] Lee CKY, Collinson SL, Feng L, Ng T-P (2012) Prelimi-
nary normative neuropsychological data for an elderly chinese
population. Clin Neuropsychol 26, 321-334.

[27] Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB,
Mohler ER, Najjar SS, Rembold CM, Post WS, American
Society of Echocardiography Carotid Intima-Media Thick-
ness Task Force (2008) Use of carotid ultrasound to identify
subclinical vascular disease and evaluate cardiovascular dis-
ease risk: A consensus statement from the American Society
of Echocardiography Carotid Intima-Media Thickness Task
Force. Endorsed by the Society for Vascular Medicine. J Am
Soc Echocardiogr 21, 93-111; quiz 189-190.

[28] Chirinos JA (2012) Arterial stiffness: Basic concepts and mea-
surement techniques. J Cardiovasc Transl Res 5, 243-255.

[29] Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL,
Kass DA (1997) Estimation of central aortic pressure wave-
form by mathematical transformation of radial tonometry
pressure. Validation of generalized transfer function. Circu-
lation 95, 1827-1836.

[30] Pauca AL, O’Rourke MF, Kon ND (2001) Prospective eval-
uation of a method for estimating ascending aortic pressure
from the radial artery pressure waveform. Hypertension 38,
932-937.

[31] Murgo JP, Westerhof N, Giolma JP, Altobelli SA (1980)
Aortic input impedance in normal man: Relationship to pres-
sure wave forms. Circulation 62, 105-116.

[32] Carerj S, Nipote C, Zimbalatti C, Zito C, Sutera Sardo L,
Dattilo G, Oreto G, Arrigo F (2006) 388 Normal vascular
aging evaluated by a new tool: E-tracking. Eur J Echocardiogr
7, S49.

[33] Millasseau SC, Patel SJ, Redwood SR, Ritter JM,
Chowienczyk PJ (2003) Pressure wave reflection assessed
from the peripheral pulse: Is a transfer function necessary?
Hypertension 41, 1016-1020.

[34] Lekakis J, Abraham P, Balbarini A, Blann A, Boulanger CM,
Cockcroft J, Cosentino F, Deanfield J, Gallino A, Ikonomidis
I, Kremastinos D, Landmesser U, Protogerou A, Stefanadis
C, Tousoulis D, Vassalli G, Vink H, Werner N, Wilkinson I,
Vlachopoulos C (2011) Methods for evaluating endothelial
function: A position statement from the European Society of
Cardiology Working Group on Peripheral Circulation. Eur J
Cardiovasc Prev Rehabil 18, 775-789.

[35] Lim LS, Ling LH, Cheung CM, Ong PG, Gong L, Tai ES,
Mathur R, Wong D, Foulds W, Wong TY (2015) Relationship
of systemic endothelial function and peripheral arterial stiff-

ness with diabetic retinopathy. Br J Ophthalmol 99, 837-841.
[36] Hixson JE, Vernier DT (1990) Restriction isotyping of human

apolipoprotein E by gene amplification and cleavage with
HhaI. J Lipid Res 31, 545-548.

[37] Reitz C, Brayne C, Mayeux R (2011) Epidemiology of
Alzheimer disease. Nat Rev Neurol 7, 137-152.

[38] Schneider JA, Arvanitakis Z, Bang W, Bennett DA (2007)
Mixed brain pathologies account for most dementia cases
in community-dwelling older persons. Neurology 69, 2197-
2204.

[39] Gorelick PB, Scuteri A, Black SE, Decarli C, Green-
berg SM, Iadecola C, Launer LJ, Laurent S, Lopez OL,
Nyenhuis D, Petersen RC, Schneider JA, Tzourio C, Arnett
DK, Bennett DA, Chui HC, Higashida RT, Lindquist R, Nils-
son PM, Roman GC, Sellke FW, Seshadri S, American Heart
Association Stroke Council, Council on Epidemiology and
Prevention, Council on Cardiovascular Nursing, Council on
Cardiovascular Radiology and Intervention, and Council on
Cardiovascular Surgery and Anesthesia (2011) Vascular con-
tributions to cognitive impairment and dementia: A statement
for healthcare professionals from the american heart associa-
tion/american stroke association. Stroke 42, 2672-2713.

[40] Debette S, Seshadri S, Beiser A, Au R, Himali JJ, Palumbo C,
Wolf PA, DeCarli C (2011) Midlife vascular risk factor expo-
sure accelerates structural brain aging and cognitive decline.
Neurology 77, 461-468.

[41] Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD,
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