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Effects of Carotid Artery Stiffness on 
Cerebral Small-Vessel Disease and 
Cognition
Caroline Robert , MSc; Lieng-Hsi Ling , MD; Eugene S. J. Tan , MD; Bibek Gyanwali , MD, PhD; 
Narayanaswamy Venketasubramanian , MD; Shir Lynn Lim , MD; Lingli Gong, MD;  
Josephine Lunaria Berboso, BSc; Arthur Mark Richards , MD, PhD; Christopher Chen , MD;  
Saima Hilal , MPH, MD, PhD

BACKGROUND: Carotid artery stiffness is associated with cognitive impairment and dementia, but the underlying mechanisms 
remain unknown. We examined the associations of carotid artery stiffness with cerebral small-vessel disease markers, cogni-
tion, and dementia subtypes in a memory clinic cohort.

METHODS AND RESULTS: A total of 272 participants underwent carotid ultrasonography, 3 Tesla brain magnetic resonance 
imaging, and neuropsychological assessment. Carotid ultrasonography was used to assess β-index, pressure-strain elastic 
modulus, and pulse-wave velocity-β. Brain magnetic resonance images were graded for cerebral small-vessel disease mark-
ers, including white matter hyperintensities, lacunes, and cerebral microbleeds. Participants were classified as having no cog-
nitive impairment, cognitive impairment and no dementia, or dementia subtyped as Alzheimer disease and vascular dementia. 
Cognition was assessed using National Institute of Neurological Disorders and Stroke–Canadian Stroke Network harmoniza-
tion battery. After adjusting for age, sex, cardiovascular risk factors, and diseases, multivariable models showed that β-index 
(β=0.69; P=0.002), elastic modulus (β=0.78; P<0.001), and pulse-wave velocity-β (β=0.80; P<0.001) were associated with 
white matter hyperintensities, and elastic modulus (odds ratio [OR], 1.39 [95% CI, 1.04–1.85]) and pulse-wave velocity-β (OR, 
1.47 [95% CI, 1.10–1.98]) were independently associated with lacunes. Similarly, β-index (OR, 2.04 [95% CI, 1.14–4.13]), elastic 
modulus (OR, 2.22 [95% CI, 1.25–4.42]), and pulse-wave velocity-β (OR, 2.50 [95% CI, 1.36–5.18]) were independently asso-
ciated with vascular dementia. Carotid stiffness measures were independently associated with worse performance in global 
cognition, visuomotor speed, visuospatial function, and executive function. These associations became largely nonsignificant 
after further adjusting for cerebral small-vessel disease markers.

CONCLUSIONS: In memory clinic patients, carotid artery stiffness was associated with white matter hyperintensities and lacu-
nes, impairment in global and domain-specific cognition, and causative subtypes of dementia, particularly vascular. The ef-
fects of carotid stiffness on cognition were not independent of, and were partially mediated by, cerebral small-vessel disease.
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Conduit arterial stiffening leads to elevated systolic 
blood pressure, pulse pressure, left ventricular 
hypertrophy, as well as increased risk for cardio-

vascular diseases (CVDs), such as myocardial infarc-
tion, heart failure, and stroke.1 Stiffening also affects the 

elastic common carotid artery, increasing its resistance 
to deformation by systolic blood pressure.2 Contributors 
to vascular stiffness include carotid atherosclerosis, 
often manifested subclinically by carotid intima-media 
thickening and plaque formation.3,4
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Carotid artery stiffness has been found to be as-
sociated with incident stroke independent of CVD 
risk factors and aortic stiffness assessed by carotid-
femoral pulse wave velocity (PWV). Moreover, carotid 
stiffness modestly improved stroke risk prediction 
beyond Framingham stroke risk score factors and 
PWV, thus highlighting the importance of carotid stiff-
ness in the pathogenesis of stroke.5 Carotid artery 
stiffness is also associated with other cerebrovascu-
lar outcomes, such as cognitive impairment and de-
mentia.6–8 Although the mechanisms underlying this 
association are not clearly understood, and difficult to 
disentangle from shared CVD risks, it has been sug-
gested that increased carotid artery stiffness leads 
to higher pulsatile pressure and flow load on the 
brain, which can disrupt cerebral microcirculation.9,10 
This increased pulsatile load penetrates deeply and 
damages the low impedance microvascular bed, 
where vascular resistance and protection from pul-
satile forces are lower.11–13 Such cerebral microvas-
cular damage can manifest as cerebral small-vessel 

disease (CSVD), which is visible on brain magnetic 
resonance imaging (MRI) scans as white matter hy-
perintensities (WMHs), lacunar infarcts, and cerebral 
microbleeds.6,14,15 These brain markers of CSVD are 
also known to be associated with dementia, cogni-
tive impairment, as well as cognitive decline during 
follow-up.16–18

In our community-based study, carotid artery stiff-
ness was found to be associated with impairment in 
global cognition in nondemented older adults without 
CVDs, but the associations with specific cognitive do-
mains varied, with only executive function reaching sig-
nificant association.7 Other studies have also reported 
varying associations with executive function, process-
ing speed, and episodic memory.14,19,20 Nonetheless, 
there is little evidence to substantiate either a direct 
or an indirect relationship between carotid artery stiff-
ness and cognition, as their relationship has not been 
examined in the presence of CSVD. If higher pulsatile 
pressure and flow load engendered by carotid artery 
stiffening damage the cerebral microcirculation, which 
are subsequently manifested by CSVD markers that 
are associated with cognition, then there should be 
an indirect relationship between carotid artery stiff-
ness and cognition. In other words, the relationship 
between carotid artery stiffness and cognition should 
be attenuated in the presence of CSVD. To ascertain 
the mechanistic role of carotid artery stiffness in cog-
nition, the present study aims to determine the asso-
ciation of carotid artery stiffness with CSVD markers, 
cognitive impairment, and causative subtypes of de-
mentia, as well as with cognitive performance in a 
memory clinic population. We hypothesize that ca-
rotid artery stiffness is associated not only with worse 
cognitive performance, but also with CSVD markers 
on neuroimaging, cognitive impairment, and vascular 
dementia. In addition, we hypothesize that CSVD me-
diates the association between carotid artery stiffness 
and cognition.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Sample
This study was conducted as part of an ongoing mem-
ory clinic–based study, which recruits participants 
from the National University Hospital, Singapore. The 
following diagnostic categories at baseline were con-
sidered eligible for inclusion in this study: no cognitive 
impairment (NCI), cognitive impairment no dementia 
(CIND), and dementia. All participants underwent com-
prehensive evaluation, including physical, medical, and 

CLINICAL PERSPECTIVE

What Is New?
•	 Our study demonstrated that increased carotid 

artery stiffness, derived by using central aortic 
pressures, was associated with cerebral small-
vessel disease markers, vascular dementia, and 
cognition.

•	 Cerebral small-vessel disease partially mediates 
the detrimental effects of carotid stiffening on 
cognition.

What Are the Clinical Implications?
•	 Increased carotid artery stiffness may help 

identify patients with, or at risk for developing, 
cerebral small-vessel disease, cognitive impair-
ment, and dementia, so that timely interventions 
and preventive strategies can be effectively 
administered.

Nonstandard Abbreviations and Acronyms

CIND	 cognitive impairment no dementia
CSVD	 cerebral small-vessel disease
Ep	 elastic modulus
NCI	 no cognitive impairment
PWV	 pulse-wave velocity
VaD	 vascular dementia
WMH	 white matter hyperintensity
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neuropsychological assessments along with 3T brain 
MRI. Between August 2015 and February 2020, 272 
participants were enrolled in a cardiovascular sub-
study, where they additionally had a 12-lead ECG and 
vascular imaging. The mean duration between (a) MRI 
scans and neuropsychological assessments was 0.12 
(range, 13) months, (b) MRI and cardiovascular studies 
was 3.3 (range, 24) months, and (c) neuropsychologi-
cal and cardiovascular assessments was 3.4 (range, 
24) months. Written informed consent was obtained 
from participants or, if applicable, their legal represent-
ative. Ethical approval was obtained from the National 
Healthcare Group Domain-Specific Review Board. 
This study was conducted in accordance with the 
Declaration of Helsinki.

Vascular Studies
Carotid vascular studies were performed with the 
ProSound Alpha 10 ultrasound system (Hitachi Aloka 
Medical Ltd, Tokyo, Japan) at the Cardiovascular 
Imaging Core Laboratory, National University Health 
Systems, Singapore. Measures of carotid artery stiff-
ness were obtained using the eTRACKING method, 
which digitally tracks real-time motion of opposed 
common carotid artery walls to 0.01-mm resolution 
at 10 MHz by using radiofrequency signals. The soft-
ware ensemble averages multiple (typically 15) disten-
sion waveforms and calculates several carotid stiffness 
parameters21:

	1.	 The Peterson pressure-strain elastic modulus (Ep), 
which refers to the resistance to being deformed 
elastically when stress is applied, expressed as fol-
lows: (Ps−Pd)/[(Ds−Dd)/Dd], where Ps = systolic 
blood pressure, Pd = diastolic blood press, Ds = 
maximum vessel diameter, and Dd = minimum ves-
sel diameter.

	2.	 The β stiffness index (β-index), which is a relatively 
blood pressure–independent stiffness index, ex-
pressed as log-transformed (Ps/Pd)/[(Ds−Dd)/Dd].

	3.	 One-point PWV-β, which assesses carotid stiff-
ness by deriving the pressure-diameter curve of 
the artery, and calculating local PWV from the time 
delay between 2 adjacent distension waveforms. It 
is expressed as (βP/2ρ)1/2, whereby β is the stiffness 
parameter, P is arterial pressure, and ρ is blood 
density (1050 kg3).22

All carotid stiffness parameters were calculated 
using central aortic systolic and diastolic pressure ob-
tained with the SphygmoCorPx (AtCor Medical, West 
Ryde, NSW, Australia). This system uses applanation 
tonometry to obtain the radial artery waveform and 
applies a transfer function to convolve radial to aortic 
pressure.23

Neuroimaging
Brain MRI scans were performed on a 3T Siemens 
Magnetom Trio Tim Scanner, with a 32-channel head 
receive coil. The standardized neuroimaging protocol 
included 3-dimensional T1-weighted, T2-weighted, 
fluid-attenuated inversion recovery, and susceptibility 
weighted images. Detailed description about the brain 
MRI protocol was reported in Data S1. Neuroimaging 
markers of CSVD, including WMHs, lacunes, and cer-
ebral microbleeds, were graded by an expert clinical 
researcher (S.H.), in accordance with the standardized 
criteria,15 as follows:

	1.	 WMHs are hyperintense lesions on T2-weighted 
and fluid-attenuated inversion recovery sequences, 
and hypointense lesions on T1-weighted images. 
The age-related white matter changes scale was 
used to grade WMHs in 5 different brain locations.24

	2.	 Lacunes were identified as round or ovoid lesions 
that are typically between 3 and 15 mm in size, in-
volving the subcortical regions, with a low signal on 
T1-weighted images and fluid-attenuated inversion 
recovery, a high signal on T2-weighted images, and 
hyperintense rim.15

	3.	 Cerebral microbleeds are focal, round hypoin-
tense lesions with blooming effect on susceptibility 
weighted images and were graded using the Brain 
Observer Microbleed Scale.25

	4.	 Significant CSVD was defined as the presence of 
≥2 lacunes and/or confluent white matter lesions 
in 2 regions of the brain (age-related white matter 
changes score ≥8).

Neuropsychological Assessment
Neuropsychological assessment involved the ad-
ministration of the National Institute of Neurological 
Disorders and Stroke and the Canadian Stroke 
Network harmonization battery that has been validated 
in our local sample.26,27 The assessments were admin-
istered by research psychologists in the participants’ 
habitual language (eg, English, Chinese, or Malay). The 
neuropsychological test battery assessed the following 
6 cognitive domains:

	1.	 Attention: Digit Span, Visual Memory Spa, and 
Auditory Detection.

	2.	 Executive function: Frontal Assessment Battery 
and Maze Task.

	3.	 Language: Boston Naming Test and Verbal Fluency.
	4.	 Visuomotor speed: Symbol Digit Modality Test and 

Digit Cancellation.
	5.	 Visuospatial function: Weschler Memory Scale—

Revised Visual Reproduction Copy Task, Clock 
Drawing, and Block Design, a subset of Weschler 
Adult Intelligence Scale—Revised.
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	6.	 Memory: Word List Recall, Story Recall, Picture 
Recall, and Weschler Memory Scale—Revised 
Visual Reproduction.

All individual test raw scores were transformed into 
z-scores using the means and SDs of the NCI group. 
The score for each cognitive domain was computed 
by averaging the z-scores of individual tests and using 
the mean and SD of the NCI group. Global cognition 
z-scores were computed by averaging all the cognitive 
domain z-scores and using the mean and SD of the NCI 
group.25,27,28 Higher z-scores indicate better domain-
specific and global cognitive performance.

Diagnosis of Cognitive Impairment
Participants were classified into 4 diagnostic categories 
based on their clinical features, neuroimaging, psycho-
metrics, and blood investigations at consensus meet-
ings with clinicians and neuropsychologists. Participants 
were classified as having NCI if they had no objective 
cognitive impairment on neuropsychological tests or 
functional loss. Participants were diagnosed with CIND 
when they had scores <1.5 SDs than the educational-
level adjusted cutoff values for each test in at least half 
the tests in each domain on the neuropsychological 
test battery, but did not meet the Diagnostic Statistical 
Manual of Mental Disorders, Fourth Edition (DSM-IV) 
criteria for dementia.29 Dementia was diagnosed in 
accordance with DSM-IV criteria. The causative diag-
noses of dementia followed the National Institute of 
Neurological and Communicative Disorders and Stroke–
Alzheimer’s Disease and Related Disorders Association 
for Alzheimer disease (AD),30 and the National Institute 
of Neurological Disorders and Stroke–Association 
Internationale pour la Recherche en l’Enseignement en 
Neurosciences criteria for vascular dementia (VaD).31 
Participants classified as having cognitive impairment 
included patients with CIND and dementia.

Covariates
A detailed questionnaire was administered to all partic-
ipants to document social demographic variables: age, 
sex, and education. Vascular risks factors, such as his-
tory of hypertension, diabetes, hyperlipidaemia, and 
smoking, were noted and verified by medical records. 
CVDs were defined as having a history of myocardial 
infarction, atrial fibrillation, coronary angioplasty, coro-
nary bypass surgery, stroke, and heart failure.

Statistical Analysis
Statistical analyses were performed using RStudio 
4.0.3 (Boston, MA). The characteristics of the partici-
pants were summarized using means and SDs for con-
tinuous variables, and numbers and percentages for 

categorical variables. We transformed all raw values 
of carotid artery stiffness into standardized z-scores. 
Dementia (AD and VaD) and its preclinical stages (CIND) 
were considered as outcomes. Multivariable linear re-
gression with 95% CIs was performed to determine as-
sociations between carotid artery stiffness and WMHs. 
Multivariable logistic regression with odds ratio (OR) 
and 95% CI was conducted to examine if carotid ar-
tery stiffness was associated with presence of lacunes 
and cerebral microbleeds. The models were adjusted 
for age, sex, hypertension, diabetes, hyperlipidemia, 
CVD, and smoking. Similar logistic regression analyses 
were performed to examine the relationship between 
carotid artery stiffness and diagnostic groups (ie, CIND 
and dementia) and for participants with dementia strati-
fied by cause (AD and VaD). The models were adjusted 
for age, sex, education, hypertension, diabetes, hyper-
lipidemia, CVD, and smoking. Linear regression models 
with mean difference and 95% CIs were constructed 
to investigate the associations between carotid artery 
stiffness and cognition. All models were first adjusted 
for age, sex, and education (model 1) and subsequently 
adjusted for hypertension, diabetes, hyperlipidemia, 
smoking, and CVD (model 2). Finally, the regression 
model was additionally adjusted for the presence of la-
cunes and WMHs (model 3). Additional mediation anal-
yses were conducted to determine the indirect effects 
of the association between exposure (ie, carotid stiff-
ness) and outcome (ie, cognition) by the mediator (ie, 
significant CSVD). Carotid stiffness measures that were 
significantly associated with cognition in model 2 were 
selected for further mediation analyses. The mediator 
was defined as presence of significant CSVD, in which 
participants who were graded ≥8 on the age-related 
white matter changes scale for WMHs and/or had pres-
ence of lacunes on brain MRI scans were considered 
as having significant CSVD. Mediation models were ad-
justed for age, sex, education, hypertension, diabetes, 
hyperlipidemia, CVD, and smoking. For all mediation 
analyses, we tested the significance of the indirect ef-
fects using bootstrapping procedures. Unstandardized 
indirect effects were computed for each 1000 boot-
strapped samples, and 95% CIs were reported. 
Although 1-tailed P<0.05 was considered statistically 
significant for all analyses, Bonferroni-corrected signifi-
cance cutoffs were conducted for the multiple testings 
performed within the 6 cognitive domains for the as-
sociation between carotid artery stiffness and cognition 
in model 1, model 2, and model 3, with the resulting 
1-tailed P<0.008 as statistically significant.

RESULTS
The characteristics of the study sample are presented 
in Table 1. The mean age of the 272 participants was 
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75.4±6.8 years, with 58% women and 87% of Chinese 
ethnicity. Most individuals had cardiovascular risk fac-
tors: hyperlipidemia (70%), hypertension (65.8%), and 
diabetes (30.5%). Of those diagnosed with demen-
tia, 79% had AD and 21% had VaD. Carotid stiffness 
measures, CSVD, and cognitive performance are fur-
ther detailed in Table S1.

Associations between carotid artery stiffness and 
CSVD are shown in Table 2. Increased carotid β-index 
(β=0.69; P=0.002), Ep (β=0.78; P<0.001), and PWV-β 
(β=0.80; P<0.001) were associated with WMHs, inde-
pendent of age, sex, hypertension, diabetes, hyperlip-
idemia, CVD, and smoking. In addition, Ep (OR, 1.39 
[95% CI, 1.04–1.85]) and PWV-β (OR, 1.47 [95% CI, 

Table 1.  Characteristics of Study Population

Characteristics All (N=272) NCI (n=74) CIND (n=99) AD (n=78) VaD (n=21)

Age, mean (SD), y 75.42 (6.77) 72.93 (7.52) 77.01 (5.87) 75.9 (6.45) 74.67 (7.07)

Sex, n (%)

Female 157 (57.72) 44 (59) 51 (52) 55 (71) 7 (33)

Education, mean (SD), y 7.32 (5.04) 9.64 (4.82) 8.1 (5.03) 4.63 (4.43) 5.48 (2.52)

Ethnicity, n (%)

Chinese 237 (87.13) 68 (92) 86 (87) 67 (86) 16 (76)

Malay 18 (6.62) 3 (4) 4 (4) 7 (9) 4 (19)

Indian 14 (5.15) 2 (3) 8 (8) 3 (4) 1 (5)

Others* 3 (1.10) 1 (1) 1 (1) 1 (1) 0 (0)

Vascular risk factors, n (%)

Hypertension 179 (65.80) 40 (54) 63 (64) 55 (71) 21 (100)

Diabetes 83 (30.51) 12 (16) 28 (28) 32 (41) 11 (52)

Hyperlipidemia 191 (70.22) 53 (72) 67 (68) 53 (68) 18 (86)

Current smoking 12 (4.41) 4 (5) 5 (5) 1 (1) 2 (10)

History of CVD, n (%)

Myocardial infarction 11 (4.04) 2 (3) 5 (5) 2 (3) 2 (10)

Atrial fibrillation 13 (4.78) 1 (1) 9 (9) 1 (1) 2 (10)

Coronary angioplasty 9 (3.31) 2 (3) 3 (3) 2 (3) 2 (10)

Coronary bypass procedure 7 (2.57) 1 (1) 4 (4) 2 (3) 0 (0)

Heart failure 3 (1.10) 1 (1) 2 (2) 0 (0) 0 (0)

Stroke 49 (18.01) 5 (7) 17 (17) 10 (13) 17 (81)

Blood pressure, mm Hg

Systolic 142 (19) 139 (19) 140 (18) 147 (21) 147 (18)

Diastolic 73 (11) 73 (10) 71 (10) 74 (11) 78 (14)

Mean arterial pressure, mm Hg 96 (12) 95 (11) 94 (11) 98 (12) 101 (14)

Heart rate, bpm 61 (10) 59 (8) 61 (10) 61 (10) 69 (14)

Pulse pressure, mm Hg 70 (17) 66 (17) 69 (16) 73 (17) 69 (16)

AD indicates Alzheimer disease; bpm, beats per minute; CIND, cognitive impairment no dementia; CVD, cardiovascular disease; NCI, no cognitive impairment; 
and VaD, vascular dementia.

*Other ethnicities include those who are Eurasians, or have mixed-ethnicities (e.g., Chinese-Malay, Chinese-Indian, Malay-Indian).

Table 2.  Association Between Carotid Artery Stiffness and CSVD on MRI

Variable

WMHs Presence of lacunes Presence of CMBs

β estimate (95% CI), P value OR (95% CI), P value OR (95% CI), P value

β-Index 0.69 (0.26–1.12), P=0.002* 1.31 (0.98–1.75), P=0.066 1.13 (0.88–1.47), P=0.329

Elastic modulus 0.78 (0.35–1.21), P<0.001* 1.39 (1.04–1.85), P=0.023* 1.10 (0.85–1.42), P=0.460

Pulse-wave velocity-β 0.80 (0.37–1.23), P<0.001* 1.47 (1.10–1.98), P=0.009* 1.07 (0.83–1.38), P=0.579

N=272; linear regression model for the association between carotid stiffness and WMH; logistic regression models for the association between carotid 
stiffness and presence of lacunes and CMBs; all values adjusted for age, sex, hypertension, diabetes, hyperlipidemia, cardiovascular disease, and smoking. 
CMB indicates cerebral microbleed; CSVD, cerebral small-vessel disease; MRI, magnetic resonance imaging; OR, odds ratio; and WMH, white matter 
hyperintensity.

*Levels of significance, P<0.05.
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1.10–1.98]) were independently associated with pres-
ence of lacunes. Table  3 shows the association be-
tween carotid artery stiffness and diagnostic groups 
(CIND and dementia), with NCI as the comparison 
group. Ep (OR, 1.59 [95% CI, 1.06–2.56]) and PWV-β 
(OR, 1.68 [95% CI, 1.13–2.61]) were associated with 
dementia diagnosis after adjusting for age, sex, educa-
tion, hypertension, diabetes, hyperlipidemia, CVD, and 
smoking. There were no associations between carotid 
artery stiffness and CIND. In Table 4, when dementia 
was further stratified by its cause (AD and VaD) and 
NCI as the comparison group, β-index (OR, 2.04 [95% 
CI, 1.14–4.13]), Ep (OR, 2.22 [95% CI, 1.25–4.42]), and 
PWV-β (OR, 2.50 [95% CI, 1.36–5.18]) were associated 
with VaD. There were no associations between carotid 
artery stiffness and AD.

The association between carotid artery stiffness 
and cognition after adjusting for age, sex, and edu-
cation (model 1) is shown in Table 5. The β-index, Ep, 
and PWV-β were associated with worse performance 
on global cognition (β-index: β=−0.31, P=0.018; Ep: 
β=−0.37, P=0.006; PWV-β: β=−0.42, P=0.002) and 
visuomotor speed (β-index: β=−0.18, P=0.007; Ep: 
β=−0.20, P=0.003; PWV-β: β=−0.21, P=0.001). Ep 
(β=−0.31; P=0.007) and PWV-β (β=−0.34; P=0.003) 
were additionally associated with visuospatial function, 
and PWV-β was also associated with executive func-
tion (β=−0.33; P=0.004). When the models were fur-
ther adjusted for vascular risk factors and CVD (model 

2; Table 6), all 3 stiffness parameters remained associ-
ated with global cognition (β-index: β=−0.31, P=0.028; 
Ep: β=−0.36, P=0.007; PWV-β: β=−0.42, P=0.001) and 
visuomotor speed (β-index: β=−0.18, P=0.005; Ep: 
β=−0.19, P=0.003; PWV-β: β=−0.22, P=0.001). PWV-β 
was also associated with executive function (β=−0.34; 
P=0.004), visuospatial function (β=−0.33; P=0.004), 
and memory (β=−0.22; P=0.006). All stated associa-
tions with cognitive domains in models 1 and 2 sur-
vived multiple comparison. When CSVD markers were 
adjusted for in model 3 (Table 7), all associations be-
came insignificant, apart from a borderline significant 
association of PWV-β with global cognition (β=−0.27; 
P=0.041). Additional mediation analyses were con-
ducted to determine the indirect effects of the associa-
tion between carotid artery stiffness and cognition that 
was mediated by CSVD. These showed that CSVD 
markers partially mediate the association between ca-
rotid artery stiffness and cognition (Figures S1–S5).

DISCUSSION
The present study found that functional parameters of 
carotid artery stiffness, β-index, Ep, and PWV-β, were 
independently associated with brain MRI markers of 
CSVD. These measures were additionally associated 
with a dementia diagnosis, specifically VaD rather than 
AD, and impairments across a swathe of neurocogni-
tive domains, including visuomotor speed, visuospa-
tial function, and executive function. The associations 
were independent of vascular risk factors and CVD, 
and thus not attributable to the downstream effects 
of CVD. They were largely attenuated after adjusting 
for CSVD markers, suggesting that cerebral microvas-
cular damage partially mediates the effects of carotid 
stiffening on cognition.

Stiffening of the aorta and other conduit arteries 
and their associations with CSVD and cognitive de-
cline have previously been studied, with most report-
ing a positive relationship.6,14,32 Given the proximity of 
the common carotid artery to the cerebral beach head 
and its eminent accessibility to ultrasonic interrogation, 
carotid biophysical properties might be expected to 
inform on the state of the cerebral microvasculature.10 
A few studies have documented a link between ca-
rotid artery stiffening and CSVD,19,33,34 whereas there 
is ambiguity surrounding the reported associations of 
carotid stiffness and cognitive function.18–20,35–40 The 2 
by far largest of the considered reports, the Maastricht 
and Rotterdam Scan Studies,20,35 showed unexpect-
edly no independent association of carotid stiffness 
with cognitive performance, in contrast to other stud-
ies, including our own community-based study of an 
aging cohort.7 These conflicting results could arise 
from differences in population profile and techniques 

Table 3.  Association Between Carotid Artery Stiffness 
and Dementia Diagnosis, Expressed as ORs With 95% CIs

Variable CIND (n=98) Dementia (n=99)

β-Index 1.17 (0.80–1.80) 1.47 (1.00–2.27)

Elastic modulus 1.10 (0.78–1.60) 1.59 (1.06–2.56)*

Pulse-wave 
velocity-β

1.15 (0.82–1.66) 1.68 (1.13–2.61)*

Logistic regression models adjusted for age, sex, education, hypertension, 
diabetes, and hyperlipidemia.

CIND indicates cognitive impairment no dementia; and OR, odds ratio.
*Levels of significance, P<0.05.

Table 4.  Association Between Carotid Artery Stiffness 
and Dementia Diagnosis Stratified by Cause, Expressed as 
ORs With 95% CIs

Variable AD (n=78) VaD (n=21)

β-Index 1.36 (0.88–2.18) 2.04 (1.14–4.13)*

Elastic modulus 1.39 (0.93–2.20) 2.22 (1.25–4.42)*

Pulse-wave 
velocity-β

1.48 (1.00–2.29) 2.50 (1.36–5.18)*

Logistic regression models adjusted for age, sex, education, hypertension, 
diabetes, and hyperlipidemia.

AD indicates Alzheimer disease; OR, odds ratio; and VaD, vascular 
dementia.

*Levels of significance, P<0.05.
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of cognitive testing and stiffness assessment, non-
uniform adjustment for confounders, and challenges 
related to cohort attrition and verification of the diagno-
sis of dementia in population-based longitudinal stud-
ies.20,35,41 Nevertheless, the evidence supporting a link 
between cognition and direct measures of carotid stiff-
ness is not definitive and certainly less robust than for 
systemic arterial stiffness.9

Our study differs from the aforementioned studies in 
several respects. Participants were mostly older sub-
jects referred for memory loss who therefore represent 
a clinical cohort at high risk of cognitive impairment. This 
also afforded the opportunity to examine carotid stiff-
ness parameters in relation to clinically adjudicated sub-
types of cognitive impairment, which was not feasible 
in other studies. Compared with healthier population-
based cohorts, these memory clinic patients may also 
have stiffer aortas with therefore less mismatched aortic 
and carotid impedance, encouraging transmission of 
destructive pulsatile energy to the cerebral microcir-
culation,42,43 and potentially increasing the burden of 
CSVD for similar degrees of carotid stiffness. Unlike all 
previous studies, carotid stiffness indexes were derived 
using central aortic pressures, in recognition of aorta-
to-peripheral pulse pressure amplification.44,45 Uniquely 
for carotid stiffness-based studies, we adjusted for 
brain MRI markers of CSVD to examine their potentially 
indirect effects on cognitive impairment.

Using the same eTRACKING method used in our 
community-based study,7 we reconfirm in a memory 

cohort the association of functional parameters of ca-
rotid artery stiffness with cognitive impairment, as well 
as WMHs and lacunes. Higher carotid Ep and PWV-β 
were associated with an increased risk of dementia, 
whereas all 3 stiffness parameters were associated 
with VaD rather than AD, expectedly because of its 
vascular pathology. Prior studies have found associa-
tions between carotid artery stiffness and lower cog-
nitive performances in age-sensitive domains, such 
as executive function, processing speed, working 
memory, and episodic memory.7,8,19,37 In the current 
study, although all carotid stiffness parameters were 
associated with global cognition, PWV-β appeared to 
be the most robust stiffness parameter, being associ-
ated with a broad swathe of neurocognitive domains 
even after comprehensive adjustment. Nevertheless, 
these associations were considerably weak and were 
almost entirely nullified following adjustment for CSVD. 
Additional mediation analyses confirmed that the as-
sociations between carotid artery stiffness and cog-
nition were partially mediated by CSVD. Our findings 
provide compelling evidence that CSVD (partially) 
mediates the deleterious effects of carotid stiffening 
on cognition. They mirror similar findings by the Age, 
Gene/Environment Susceptibility-Reykjavik Study in 
relation to aortic stiffness and memory.46 This same 
community-based study also used a Duplex technique 
to assess common carotid artery flow characteristics, 
and showed that these measures, although signifi-
cantly associated with memory, processing speed, and 

Table 5.  Linear Regression Models for the Association Between Carotid Artery Stiffness and Cognition (Model 1)

Variable Global z-scores Attention
Executive 
function Language

Visuomotor 
speed

Visuospatial 
function Memory

β-Index −0.31 (−0.57 to 
−0.05), P=0.018*

−0.08 (−0.21 to 
0.04), P=0.189

−0.22 (−0.45 to 
0.003), P=0.053

−0.40 (−0.88 to 
–0.09), P=0.114

−0.18 (−0.30 to 
−0.05), P=0.007†

−0.27 (−0.49 to 
−0.05), P=0.017

−0.16 (−0.32 to 
−0.01), P=0.039

Elastic 
modulus

−0.37 (−0.63 to 
−0.11), P=0.006*

−0.11 (−0.23 to 
0.02), P=0.102

−0.28 (−0.51 to 
−0.06), P=0.014

−0.45 (−0.95 to 
0.04), P=0.071

−0.20 (−0.32 to 
−0.07), P=0.003†

−0.31 (−0.53 to 
−0.09), P=0.007†

−0.20 (−0.35 to 
−0.04), P=0.015

Pulse-wave 
velocity-β

−0.42 (−0.67 to 
−0.16), P=0.002*

−0.13 (−0.26 to 
−0.003), P=0.045

−0.33 (−0.56 to 
−0.11), P=0.004†

−0.52 (−1.01 to 
−0.03), P=0.038

−0.21 (−0.34 to 
−0.09), P=0.001†

−0.34 (−0.56 to 
−0.12), P=0.003†

−0.21 (−0.37 to 
−0.05), P=0.009

Data are given as estimate (95% CI), P value. N=272; models adjusted for age, sex, and education.
*Level of significance, P<0.05.
†Bonferroni-corrected P value (0.05/6=0.008), P<0.008.

Table 6.  Linear Regression Models for the Association Between Carotid Artery Stiffness and Cognition (Model 2)

Variable Global z-scores Attention
Executive 
function Language

Visuomotor 
speed

Visuospatial 
function Memory

β-Index −0.31 (−0.58 to 
−0.05), P=0.028*

−0.09 (−0.21 to 
0.04), P=0.177

−0.22 (−0.45 to 
0.002), P=0.053

−0.38 (−0.88 to 
0.11), P=0.130

−0.18 (−0.31 to 
−0.05), P=0.005†

−0.27 (−0.49 to 
−0.04), P=0.020

−0.17 (−0.33 to 
−0.02), P=0.030

Elastic 
modulus

−0.36 (−0.62 to 
−0.10), P=0.007*

−0.11 (−0.23 to 
0.02), P=0.096

−0.28 (−0.50 to 
−0.05), P=0.018

−0.43 (−0.93 to 
0.07), P=0.090

−0.19 (−0.32 to 
−0.07), P=0.003†

−0.30 (−0.52 to 
−0.07), P=0.010

−0.20 (−0.36 to 
−0.04), P=0.012

Pulse-wave 
velocity-β

−0.42 (−0.68 to 
−0.16), P=0.001*

−0.14 (−0.26 to 
−0.01), P=0.034

−0.34 (−0.56 to 
−0.11), P=0.004†

−0.52 (−1.01 to 
−0.02), P=0.041

−0.22 (−0.34 to 
−0.09), P=0.001†

−0.33 (−0.56 to 
−0.11), P=0.004†

−0.22 (−0.38 to 
−0.06), P=0.006†

Data are given as estimate (95% CI), P value. N=272; models adjusted for age, sex, education, hypertension, diabetes, hyperlipidemia, cardiovascular disease, 
and smoking.

*Level of significance, P<0.05.
†Bonferroni-corrected P value (0.05/6 =0.008), P<0.008.
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executive function, were no longer predictive following 
adjustment for brain WMHs.43 Future studies could ex-
plore the relative merits of carotid biophysical vis-à-vis 
hemodynamic characteristics in predicting CSVD and 
cognitive impairment, as well as mechanisms other 
than microvascular damage that could account for the 
residual association between carotid artery stiffness 
and cognition, including cerebral hypoperfusion46,47 
and cardioembolism.48 Furthermore, our findings sup-
port the importance of early screening for cognitive 
impairment in participants who have elevated carotid 
artery stiffness, CVD, or other vascular risk factors.49

STUDY STRENGTHS AND 
LIMITATIONS
A strength of our study was the availability of both 
brain MRI markers of CSVD and cognition to explore 
mechanistic pathways of carotid artery stiffening. In 
addition, we used an extensive neuropsychological as-
sessment that is a more sensitive tool to measure cog-
nitive change or impairment compared with cognitive 
screening tests.

Most studies examining the effects of arterial stiff-
ness on cerebrovascular diseases and cognition have 
used carotid-femoral PWV, the reference standard 
measure of systemic arterial stiffness.50 Although there 
is no consensus on the ideal carotid artery stiffness 
parameter, we have focused on PWV-β, which cor-
relates well with carotid-femoral PWV,22 as well as Ep 
and β-index, which provide for more physiological ac-
counting of regional stiffness than simple compliance 
by normalizing for vessel size and blood pressure, re-
spectively.9,44 We did not assess carotid plaque for-
mation, which may be promoted by increased shear 
strain in the artery, and cause downstream effects that 
could influence cognition.9 Given the cross-sectional 
study design, we could not determine whether ca-
rotid artery stiffness contributes to the onset of cog-
nitive impairment and dementia or vice versa. We are 
also constrained to consider associations and can-
not definitively ascribe cause and effect. Another lim-
itation was that a minority of participants (n=36) had 

measures of vascular function, brain MRI, and cogni-
tive function, performed 1 to 2 years apart. The time 
delay between measurements may underestimate the 
relationships between carotid stiffness, CSVD, and 
cognition. Furthermore, the effect sizes for the asso-
ciation between carotid stiffness and cognition were 
small, because of our relatively small sample size. 
As our sample was recruited from a memory clinic, 
our findings may not be generalizable to the general 
population.

CONCLUSIONS
Our study demonstrated that increased carotid artery 
stiffness was linked to increased WMHs and the pres-
ence of lacunes, as well as cognitive imparment and 
dementia. The association between carotid artery stiff-
ness and cognition was in part explained by the pres-
ence of CSVD. Elevated carotid artery stiffness may 
help identify patients with, or at risk for developing, 
CSVD, cognitive impairment, and dementia, so that 
timely treatment plans and preventive strategies can 
be effectively administered. Future studies could as-
certain if carotid artery stiffness has a causative role in 
cognitive impairment and dementia, or serve as a ther-
apeutic target for prevention of vascular brain damage 
and improvement of cognitive outcomes.
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0.18), P=0.204
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−0.03), P=0.018
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−0.01), P=0.045

−0.13 (−0.29 to 
0.02), P=0.10
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*Level of significance, P<0.05.
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SUPPLEMENTAL MATERIAL 

 



Data S1.  

 

Supplemental Methods – Brain MRI protocol 

 

Participants underwent a 1.5-hour multi-modal MRI scan. Brain MRI scans were acquired at 

the Clinical Imaging Research Centre, on 3-Tesla MRI scanners with a state-of-the-art 32-

channel head coil. Structural images were obtained with the following protocol and sequences: 

• T1-weighted MRI: High-resolution T1-weighted Magnetization Prepared Rapid 

Gradient Recalled Echo (MPRAGE) or similar versions were acquired for the whole 

brain or specific regions of interest.  

• T2-weighted MRI: T2-weighted images were also acquired using a double spin echo.  

• Fluid Attenuated Inversion Recovery (FLAIR):  FLAIR data were acquired using 

FSE- IR sequence.  

• Susceptibility weighted imaging (SWI): SWI data were acquired during GRE 

sequence. 

• Quality Assurance (QA): Quality assurance scans were performed on the day when 

the patient scan is scheduled. The QA scan is acquired using a gradient echo pulse 

sequence. The QA images were analyzed in regards to signal to noise ratio (SNR), 

spatial resolution, slice thickness and location. 

 

The standardized protocol for the scanner acquisition parameters is as follows (51);  

3D T1-weighted imaging (1.0x1.0x1.0 mm3 voxels, repetition time, TR=2300 ms, time to 

echo, TE=1.9 ms, inversion time (TI), 900 ms, flip angle 9°, matrix=256×256×180 mm3). 2D 

multislice T2-weighted (1.0x1.0x3.0 mm3 voxels, TR=3000 ms, TE=10.1 ms, 

matrix=247x256). 2D multislice fluid-attenuated inversion recovery (FLAIR) images 



(1.0x1.0x3.0 mm3; TR=9000 ms; TE=82 ms; TI 2500 ms, matrix=232 x 256). SWI (echo time 

= 20 ms; repetition time = 27 ms; flip angle = 15 degrees; field of view= 256 mm; field of 

view= 75%; image matrix = 192×256; slice thickness = 1.50 mm).  



Table S1. Characteristics of study population.   

 All 

(N=272) 

NCI 

(n=74) 

CIND  

(n=99) 

AD 

(n=78) 

VaD 

(n=21) 

Vascular stiffness      

 β-index  12.14 

(5.91) 

10.73 

(4.42) 

12.03 

(5.90) 

12.77 

(6.11) 

15.01 

(8.43) 

 Elastic modulus 167.06 

(90.55) 

144.18 

(65.67) 

161.67 

(86.17) 

180.13 

(94.7) 

221.44  

(137.12) 

 Pulse wave velocity-β 7.39 

(1.77) 

6.91 

(1.41) 

7.30 

(1.67) 

7.64 

(1.84) 

8.50 

(2.46) 

CSVD markers      

 White matter 

hyperintensities (WMH) 

7.09 

(3.77) 

5.74 

(3.68) 

6.57 

(3.41) 

8.17 

(3.66) 

10.29 

(3.49) 

 Presence of lacunes, n (%) 69 (25.37) 9 (12.16) 24 

(24.24) 

19 

(24.36) 

17 

(80.95) 

 Presence of CMBs, n (%) 115 

(42.28) 

25 

(33.78) 

43 

(43.43) 

38 

(48.72) 

9 

(42.86) 

Cognition      

 Global z-scores -2.49 

(2.55) 

-0.11 

(1.02) 

-1.92 

(1.47) 

-4.79 

(2.24) 

-4.98 

(2.09) 

 Attention 7.11 

(2.39) 

8.47 

(2.07) 

7.42 

(2.21) 

5.98 

(2.08) 

5.36 

(1.84) 

 Executive function 100.39 

(42.47) 

61.22 

(16.77) 

95.37 

(35.65) 

134.29 

(32.49) 

140.75 

(26.18) 

 Language 13.44 

(2.37) 

14.74 

(0.60) 

14.12 

(1.03) 

11.70 

(3.15) 

12.05 

(2.97) 

 Visuomotor speed  20.61 

(14.54) 

35.42 

(10.58) 

21.72 

(10.51) 

8.55 

(8.38) 

7.57 

(9.37) 

 Visuospatial function 20.33 

(10.74) 

29.01 

(5.12) 

22.64 

(7.99) 

12.01 

(10.02) 

9.55 

(8.31) 

 Memory 7.54 

(5.44) 

13.60 

(4.010 

7.69 

(4.19) 

2.98 

(1.75) 

2.83 

(1.63) 

 



 
Figure S1. Mediation effect of CSVD on the association between carotid artery stiffness 

and global cognition. N=272; all models were adjusted for age, sex, education, 

hypertension, diabetes, hyperlipidaemia, CVD, smoking; *p<0.05, **p<0.01, ***p<0.001.   

 

 

 
Figure S2. Mediation effect of CSVD on the association between PWV-ß and executive 

function. N=272; all models were adjusted for age, sex, education, hypertension, diabetes, 

hyperlipidaemia, CVD, smoking; *p<0.05, **p<0.01, ***p<0.001.   
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Figure S3. Mediation effect of CSVD on the association between carotid artery stiffness 

and visuomotor speed. N=272; all models were adjusted for age, sex, education, 

hypertension, diabetes, hyperlipidaemia, CVD, smoking; *p<0.05, **p<0.01, ***p<0.001.   

 

 
Figure S4. Mediation effect of CSVD on the association between carotid artery stiffness 

and visuospatial function. N=272; all models were adjusted for age, sex, education, 

hypertension, diabetes, hyperlipidaemia, CVD, smoking; *p<0.05, **p<0.01, ***p<0.001.   

 

 

 
Figure S5. Mediation effect of CSVD on the association between carotid artery stiffness 

and memory. N=272; all models were adjusted for age, sex, education, hypertension, 

diabetes, hyperlipidaemia, CVD, smoking; *p<0.05, **p<0.01, ***p<0.001.   
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