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ABSTRACT
Background and aims Growing burden of dementia 
was considered as a global public health priority as 
its epidemic scale rises with the world’s population 
increases in age. In the absence of effective treatment, 
early identification of decline in cognitive function and 
risk factors that lead to the onset of dementia is a critical 
issue. Subclinical atherosclerosis may be a potential 
risk factor for cognitive impairment and progression to 
dementia. Research is needed to identify which subclinical 
atherosclerosis risk factors can better predict cognitive 
decline.
Methods A total of 1554 participants (mean age 
59.81±6.93 years) were enrolled from Beijing Research 
on Ageing and Vessel and underwent baseline evaluation. 
Carotid intima- media thickness, carotid plaque and 
brachial ankle pulse wave velocity (ba- PWV) were selected 
as subclinical atherosclerosis markers. Cognitive function 
assessment was conducted by standardised tasks to 
assess the associations with subclinical atherosclerosis 
markers.
Results Significant associations (p<0.001) were 
shown in the unadjusted models between all three 
subclinical atherosclerosis markers and cognitive 
function assessments. After adjusting for covariates, 
in the assessment of the association between carotid 
atherosclerosis and cognitive function, plaque numbers 
showed significant associations in Montreal Cognitive 
Assessment (MoCA) (β=−0.15, p=0.006) and verbal 
memory scores (β=−0.13, p=0.013). While in the 
assessment of the association between arterial stiffness 
and cognitive function, ba- PWV showed significant 
associations in MoCA (β=−0.09, p=0.009) and semantic 
fluency scores (β=−0.13, p=0.036).
Conclusions Positive associations shown between 
subclinical atherosclerosis and cognitive function. 
Subclinical atherosclerosis markers of plaque numbers 
were significantly associated with global cognitive 
functioning in MoCA, memory and semantic fluency, while 
ba- PWV was significantly associated with global cognitive 
functioning in MoCA and semantic fluency.

INTRODUCTION
Dementia is a neurological condition char-
acterised by cognitive and functional impair-
ment, including deterioration in memory 
and at least one other cognitive domains.1 

Individuals who suffer from this major neuro-
cognitive disorder will eventually lose their 
independence in daily life functioning. As 
the world’s population increasing in age, 
dementia affected a population of estimated 
50 million people worldwide in 2018 and the 
epidemic scale will be likely to rise to about 
152 million people in 2050,2 causing a signif-
icant burden on affected individuals, family 
members, the healthcare system and society. 
The growing burden of dementia was consid-
ered a global public health priority by The 
WHO and Alzheimer’s Disease International, 
and the greatest global health and social care 
challenge in the 21st century.3

The cognitive decline process leading to 
impairment often begins many years before 
dementia onset. Neurocognitive disorder 
stage occurred between healthy ageing and 
dementia with appeared objective cognitive 
decline symptoms but preserved daily activi-
ties.4 In the absence and unsuccessful finding 
of curative or disease- modifying treatment 
for dementia, early life diagnosis of cognitive 
impairment and initial potentially preventive 
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 ⇒ Beijing Research on Ageing and Vessel is a large 
community- based prospective, longitudinal study 
that analysed 1554 participants at the baseline sur-
vey in 2019.

 ⇒ The unique contribution of our study is the multiple 
assessed markers (intima- media thickness, carotid 
plaque and brachial ankle pulse wave velocity) of 
subclinical atherosclerosis and different cognitive 
assessment tests of both global cognitive function 
and specific cognitive domains.

 ⇒ This is a cross- sectional study, which can only pres-
ent an observational result rather than a temporal 
inference cause–effect conclusion.

 ⇒ The composition of population was only as a single 
race of Chinese with ratio of men was much less in 
number that included in our study, thus, our findings 
may not be fully applied to the common population.
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interventions that target modifiable risk factors will like to 
delay or halt the onset of dementia.5

Subclinical atherosclerosis may cause a decline in 
cognitive function through cerebral hypoperfusion and 
cerebrovascular disease.6 Increasing arterial stiffness is 
an important cause of vascular damage and a predictor 
of the development of cardiovascular disease (CVD).7 
Brachial- ankle pulse wave velocity (baPWV) was known as 
an indicator of arterial stiffness, which was identified as an 
independent marker of predicting the risk of developing 
CVD risk in people with a low to intermediate CVD risk.8 
Measuring carotid intima- media thickness (IMT) and the 
presence of carotid plaque are widely used non- invasive 
approaches by carotid ultrasonography to assess carotid 
atherosclerosis. Increased IMT has been associated with a 
higher risk of cognitive decline and incident dementia,9 
however, other studies evaluating the association have 
yielded conflicting results.10 While compared with early 
IMT, formed carotid plaques represent more advanced 
atherosclerosis leads to artery stenosis and thrombosis, 
indicating an increased risk of dementia and mortality.11

Despite these findings, the association between subclin-
ical atherosclerosis and dementia is still controversial.12–14 
More research is needed to identify which subclinical 
atherosclerosis risk factors can better predict cognitive 
decline. In this study, we investigated the association 
between subclinical atherosclerosis and cognitive func-
tion using carotid IMT, carotid plaque and brachial ankle 
pulse wave velocity (ba- PWV) as markers.

MATERIALS AND METHODS
Participants
The Beijing Research on Ageing and Vessel (BRAVE) is 
a community- based, prospective, longitudinal study to 
investigate the contributions of vascular conditions to 
cognitive impairment causing dementia. At the baseline 
survey in 2019, all 1789 residents aged 40–80 years were 
invited from the Xishan community, Shijingshan District. 
A total of 1554 participants were initially enrolled and 
underwent baseline evaluation. Among them, 35 partic-
ipants were excluded from this study due to missing data 
of atherosclerosis or cognitive assessment.

The study was approved by the Institutional Review 
Board of Peking University Health Science Center 
(IRB0001052- 19060), all participants gave their informed 
written consent according to the Declaration of Helsinki.

Atherosclerosis assessment
Carotid artery ultrasound scans were obtained with an 
ultrasound machine (M6T, Mindray Bio- Medical Elec-
tronics, China) and quantitative analysis through Vascular 
Research Tools V.6 software (Medical Imaging Applica-
tions LLC, Iowa).

Measurement of IMT was made only at a plaque- free site 
on the left and right sides of the far wall of the common 
carotid artery (CCA), 10 mm segment proximal to the 
bifurcation and the internal carotid artery (ICA). The 

presence of plaques was scanned longitudinally and trans-
versally at six sites (CCA, ICA and the bifurcation, both 
sides). Plaque was assessed as present if the wall thickness 
of localised protrusion into the vessel lumen was at least 
50% thicker than adjacent IMT or the IMT at the location 
was greater than or equal to 1.5 mm.15 The mean IMT and 
total plaque number of the measurements from the six 
sites were used in the analyses. All carotid images were 
analysed by one trained observer. We randomly selected 
20 participants from the BRAVE and let the observer 
remeasured their IMT. The intraclass correlation coeffi-
cient for intraobserver reproducibility of IMT was 0.94 
(95% CI 0.85 to 0.98, p<0.001).

Ba- PWV was measured with a non- invasive arterioscle-
rosis measuring device (Vascular Inspecting Apparatus 
MB3000, M&B Electronic Instruments, China). Measure-
ments were conducted in the supine position after at least 
5 min of rest. Occlusion cuffs were applied to both the left 
and right brachial and ankles, electrodes were placed on 
both wrists and a heart sound sensor was placed on the left 
margin of the sternum of subjects. The device simultane-
ously recorded the data of ECG, phonocardiogram, pulse 
volume waveform, heart rate and arterial blood pressure 
and automatically analysed the results.16 The mean value 
of the left and right ba- PWV was used in the analyses.

Cognitive assessment
Cognitive function assessment was conducted by stan-
dardised tasks, including measures of global cognitive 
functioning, memory and semantic fluency.

Global cognitive functioning was assessed by the 
Montreal Cognitive Assessment (MoCA). Among the 
available cognitive screening tests for evaluation of cogni-
tive impairment, MoCA is widely used for early evaluating 
of cognitive function in clinical settings. The MoCA is 
available in multiple languages and includes measures 
on various cognitive domains.17 The Chinese version of 
MoCA Basic (MoCA- BC) was used to assess global cogni-
tive function in the study. MoCA- BC was administered in 
15 min that comprise individual tests to evaluate cogni-
tive performance in executive function, memory, orienta-
tion, calculation, conceptual thinking, visual perception, 
language, concentration and attention domains. MoCA 
score was divided into quartiles to better display baseline 
characteristics of study population at different levels of 
cognitive function. The maximum score of MoCA- BC is 
30 points with higher scores representing better cogni-
tion function. All examiners had completed the official 
MoCA training and certification programme before 
administering and scoring MoCA.

Details of cognitive function assessment of memory 
and semantic fluency had been published previously.18 19 
Verbal memory test was used to assess memory through 
immediate and delayed free recall of a 10- word list. Partic-
ipants had 2 min to recall and repeat the words as many as 
possible after trained examiners pronounced all of them 
with a 2 s interval. After a few minutes, the participant was 
asked to recall the word list again. The maximum score 
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of the memory test is 20, which was obtained through 
each correctly recalled word from the two repeats. Imme-
diate and delayed recall tests had demonstrated good 
construct validity and consistency.20 Animal fluency test 
was conducted for the evaluation of semantic fluency 
through category fluency for animal test. The participant 
was asked to give as many words of animals as possible 
in 1 min. The total score of semantic fluency was calcu-
lated by the sum number of unrepeated names of animals 
in category fluency for animals test and fruits in MoCA. 
Animal fluency test had well- established reliability and 
validity.21

Covariates
Demographic characteristics, vascular risk factors, 
previous medical and medications history were obtained 
at baseline.

Level of education was defined as higher education if 
the years of education were 9 years or more. A current 
drinker was defined as a person whose consumption of 
alcohol was at least one drink per week and lasted for 
1 year and above. Smoking status was defined as a current 
smoker if the individual smoked at least one cigarette a 
day. Resting brachial systolic and diastolic blood pressure 
(SBP, DBP) was measured with an automatic device by 
specially trained personnel. The values were defined as the 
mean value of three measurements in sitting participants 
after a 5 min resting period. Blood samples were obtained 
from participants after overnight fasting and centralised 
standard measurements of glycated haemoglobin A1C 
and plasma glucose were performed. Genomic DNA was 
extracted from blood cells and PCR amplification was 
conducted to determine the apolipoprotein E (APOE) 
genotype. Participants were classified as APOE carriers by 
at least one copy of the APOE ε4 allele.

Information on medical health history was obtained by 
self- report via questionnaires. Hypertension was defined 
as a self- reported condition, or current use of antihyper-
tensive medications or measured SBP ≥140 mm Hg, or 
DBP ≥90 mm Hg.22 Diabetes was defined as self- reported 
condition, or current use of antidiabetics medications, 
or regular use of insulin or fasting glucose concentra-
tion ≥7.00 mmol/L or glycated haemoglobin A1C ≥6.5%.23 
Depressive symptoms were defined as a self- reported 
condition, or current use of anti- depressive medications, 
or the score of the Chinese version of Center for Epide-
miological Studies ≥12.24

Statistical analysis
Descriptive statistics of baseline characteristics were 
analysed according to the MOCA quartiles. Data were 
presented as either means and SD for continuous vari-
ables or frequencies and percentages for categorical vari-
ables. P values for trend were analysed by linear regression 
test for continuous variables or by χ2 test for categorical 
variables.

Standardised regression coefficients were used as effect 
size to compare the associations between atherosclerosis 

measurements and cognitive assessment test results. 
The results were assessed in three models: model 1 was 
univariate linear- regression model, model 2 adjusted for 
sex, age and education and model 3 further adjusted for 
marital status, smoking, alcohol, physical activity status, 
hypertension, diabetes, stroke, angina pectoris, myocar-
dial infarction, depression, antihypertensive medications, 
antidiabetics medications, use of statins and APOE ε4. 
Subgroup analyses were performed to further evaluate 
the p for interaction value between subclinical athero-
sclerosis and MoCA, according to age (<60, ≥60 years), 
sex, the status of smoking and hypertension. The adjusted 
covariates were age, sex, education, marital status, 
smoking, alcohol, physical activity status, hypertension, 
diabetes, stroke, angina pectoris, myocardial infarction, 
depression, antihypertensive medications, antidiabetics 
medications, use of statins and APOE ε4, except where 
an adjusting variable was itself being tested. All the tests 
were two sided and a p value less than 0.05 was considered 
significant. Statistical analyses were conducted with SAS 
V.9.4 (SAS Institute, Cary, North Carolina).

Patient and public involvement
Participants and the public were not involved in the 
design, conduct, reporting and dissemination plans of 
this study.

RESULTS
Baseline characteristics of subjects
The mean and SD of the MoCA score of the study popula-
tion is 24.60±3.37. The characteristics of the study popu-
lation were distributed by quartiles of MoCA in table 1. 
The quartiles of MoCA score distribution were 23, 25 and 
27 for the 25th, 50th and 75th percentiles, respectively.

The mean age of the 1519 participants enrolled in 
this study was 59.81±6.93 years, ranging from 40 years to 
83 years and comprised 37.06% of men. For the entire 
sample, the mean ba- PWV, carotid IMT and plaque 
numbers were 15.15±2.66 m/s, 0.71±0.11 mm and 
1.73±1.66, respectively.

Participants in the fourth quartile of MoCA were 
younger, were more likely to be women and had a higher 
proportion of higher education level and lower propor-
tion of vascular risk factors compared with the first quar-
tile. Age, sex, education level, tobacco use, diabetes, 
hypertension, myocardial infarction, stroke, use of anti-
hypertensive, antidiabetes were significantly decreased by 
increasing MoCA quartiles (p for trend <0.05). Moreover, 
in the assessment of subclinical atherosclerosis, lower 
MoCA scores were found in subjects with thicker IMT in 
the first quartile compared with the fourth. Similar associ-
ation was identified when assessing plaque numbers and 
ba- PWV.

Association of carotid atherosclerosis and cognitive function
Multivariate regression analysis results of the associations 
between plaque numbers and cognitive assessment test 
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scores are shown in table 2. There were significant asso-
ciations of decreasing in all three cognitive assessment 
test scores for increasing plaque numbers, when variables 
were not adjusted in model 1. After adjusting for age, 
sex and education in model 2, the significant association 
remained. However, when further adjusting for other 
potential confounders in model 3, the significant asso-
ciations were only shown in MoCA and verbal memory 

scores. Every 1 unit increase in carotid plaque number 
was associated with a 0.15- point decrease in MoCA scores 
(table 2).

The associations between IMT (max carotid IMT, mean 
carotid IMT) and cognitive assessment test scores are 
shown in table 3. IMT thickness was inversely associated 
with all three cognitive assessment test scores with signif-
icant associations in model 1. However, the associations 

Table 2 Standardised regression coefficients of the associations between plaque numbers and cognitive test scores

Plaque numbers

MoCA scores Verbal memory scores Semantic fluency scores

β p value β p value β p value

Model 1 −0.39 <0.001 −0.35 <0.001 −0.56 <0.001

Model 2 −0.15 0.006 −0.14 0.007 −0.21 0.029

Model 3 −0.15 0.006 −0.13 0.013 −0.17 0.083

Model 1: unadjusted.
Model 2: adjusted for age, sex and education.
Model 3: adjusted for as model 2 plus marital status, smoking, alcohol, physical activity status, hypertension, diabetes, stroke, angina 
pectoris, myocardial infarction, depression, anti- hypertensive medications, anti- diabetics medications, use of statins and APOE ε4.
APOE, apolipoprotein E; MoCA, Montreal Cognitive Assessment.

Table 1 Characteristics of the study population stratified by quartiles of MoCA test score (n=1519)

Variables

MoCA test score

P for trend*First quartile (n=493)
Second quartile
(n=350)

Third quartile
(n=379)

Fourth quartile
(n=297)

Age 62.35±6.54 59.91±7.00 58.92±7.30 56.63±6.98 <0.001

Male 229 (46.45%) 138 (39.43%) 115 (30.34%) 81 (27.27%) <0.001

Married 440 (89.25%) 308 (88.00%) 336 (88.65%) 265 (89.23%) 0.984

Higher education 219 (44.42%) 212 (60.57%) 254 (67.02%) 223 (75.08%) <0.001

Smoker 128 (25.96%) 79 (22.57%) 70 (18.47%) 54 (18.18%) 0.003

Drinker 115 (23.33%) 84 (24.00%) 72 (19.00%) 59 (19.87%) 0.104

Active physical activity 76 (15.42%) 51 (14.57%) 45 (11.87%) 44 (14.81%) 0.461

Diabetes 168 (34.08%) 101 (28.86%) 93 (24.54%) 70 (23.57%) <0.001

Hypertension 319 (64.71%) 225 (64.29%) 217 (57.26%) 167 (56.23%) 0.004

Myocardial infarction 33 (6.69%) 10 (2.86%) 12 (3.17%) 10 (3.37%) 0.015

Stroke 41 (8.32%) 27 (7.71%) 21 (5.54%) 15 (5.05%) 0.038

Angina pectoris 37 (7.51%) 21 (6.00%) 19 (5.01%) 15 (5.05%) 0.101

Depression 48 (9.74%) 20 (5.71%) 35 (9.23%) 16 (5.39%) 0.113

Atrial fibrillation 24 (4.87%) 10 (2.86%) 20 (5.28%) 19 (6.40%) 0.242

Heart failure 7 (1.42%) 3 (0.86%) 5 (1.32%) 2 (0.67%) 0.463

Anti- hypertensive 198 (40.16%) 127 (36.29%) 117 (30.87%) 89 (29.97%) <0.001

Anti- diabetics 102 (20.69%) 48 (13.71%) 65 (17.15%) 39 (13.13%) 0.016

Statins 108 (21.91%) 73 (20.86%) 85 (22.43%) 58 (19.53%) 0.600

APOE ε4 85 (17.24%) 62 (17.71%) 68 (17.94%) 48 (16.16%) 0.804

Mean ba- PWV 15.74±2.70 15.24±2.63 14.82±2.74 14.49±2.54 <0.001

Max carotid IMT, mm 0.84±0.14 0.81±0.14 0.82±0.13 0.80±0.12 <0.001

Mean carotid IMT, mm 0.73±0.12 0.70±0.11 0.70±0.11 0.68±0.10 <0.001

Plaque numbers 2.12±1.87 1.71±1.49 1.54±1.64 1.35±1.50 <0.001

*Calculated by linear regression analysis or χ2 test for trend.
APOE, apolipoprotein E; ba- PWV, carotid plaque and brachial ankle pulse wave velocity; IMT, intima- media thickness; MoCA, Montreal Cognitive 
Assessment.
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were attenuated and lost significant, after adjusting for 
potential confounders in model 2 and model 3.

Association of arterial stiffness and cognitive function
As shown in table 4, ba- PWV predicted lower scores on 
all three cognitive assessment tests in model 1 with signif-
icant associations. After adjustment for age, sex and 
education in model 2, MoCA and semantic fluency scores 
remained significantly associated with ba- PWV. In model 
3, adjustment of potential confounders, the associations 
of ba- PWV with cognitive assessment tests remained the 
same as in model 2. Every 1 unit increase in ba- PWV was 
associated with a 0.09- point decrease in MoCA scores 
(table 4).

Subgroup analyses of subclinical atherosclerosis and 
cognitive function
Subgroup analyses stratified by age, sex, the status of 
smoking and hypertension were conducted to eval-
uate the association between the three biomarkers of 
subclinical atherosclerosis and global cognitive func-
tion in MoCA. The results in figures 1 and 2 showed no 

significant interaction associations observed between 
subclinical atherosclerosis and global cognitive function 
in MoCA.

DISCUSSION
To the best of our knowledge, this was the first study in 
China to investigate the association between subclinical 
atherosclerosis and cognitive function among community- 
dwelling individuals. In the unadjusted model, significant 
associations were revealed between subclinical athero-
sclerosis markers (IMT, carotid plaque and ba- PWV) 
and cognitive function in MoCA scores, verbal memory 
scores and semantic fluency scores, respectively. The 
clinical implications provided by the significant associ-
ations between carotid plaques number, ba- PWV and 
MoCA score were noteworthy. The SD for the MoCA 
score was 3.37, while as indicated that a change of 0.5 
SDs in a health- related indicator is clinically relevant.25 
Thus, according to the results from unadjusted models, 
participants with every 4–5 number increased in plaque 

Table 3 Standardised regression coefficients of the associations between carotid IMT value and cognitive test scores

Carotid IMT

MoCA scores Verbal memory scores Semantic fluency scores

β p value β p value β p value

Max carotid IMT

  Model 1 −2.57 <0.001 −2.66 <0.001 −5.01 <0.001

  Model 2 0.97 0.149 0.41 0.526 −0.37 0.761

  Model 3 1.06 0.126 0.44 0.506 0.07 0.957

Mean carotid IMT

  Model 1 −3.78 <0.001 −3.54 <0.001 −6.42 <0.001

  Model 2 0.59 0.467 0.30 0.692 −0.56 0.704

  Model 3 0.73 0.375 0.31 0.688 −0.15 0.919

Model 1: unadjusted.
Model 2: adjusted for age, sex and education.
Model 3: adjusted for as model 2 plus marital status, smoking, alcohol, physical activity status, hypertension, diabetes, stroke, angina 
pectoris, myocardial infarction, depression, anti- hypertensive medications, anti- diabetics medications, use of statins and APOE ε4.
APOE, apolipoprotein E; IMT, intima- media thickness.

Table 4 Standardised regression coefficients of the associations between ba- PWV value and cognitive test scores

ba- PWV

MoCA scores Verbal memory scores Semantic fluency scores

β p value β p value β p value

Mean ba- PWV

  Model 1 −0.23 <0.001 −0.16 <0.001 −0.33 <0.001

  Model 2 −0.08 0.019 −0.03 0.420 −0.13 0.029

  Model 3 −0.09 0.009 −0.04 0.193 −0.13 0.036

Model 1: unadjusted.
Model 2: adjusted for age, sex and education.
Model 3: adjusted for as model 2 plus marital status, smoking, alcohol, physical activity status, hypertension, diabetes, stroke, angina 
pectoris, myocardial infarction, depression, anti- hypertensive medications, anti- diabetics medications, use of statins and APOE ε4.
APOE, apolipoprotein E; ba- PWV, carotid plaque and brachial ankle pulse wave velocity; MoCA, Montreal Cognitive Assessment.
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numbers or 7.32 m/s increased in ba- PWV would then 
suffer clinically significant in cognitive alterations. After 
adjusting for potential confounders, the results revealed 
negative associations of cognitive function with carotid 
plaque numbers and ba- PWV. Increased carotid plaque 
numbers predicted poor global cognitive functioning in 
MoCA, memory and semantic fluency, while increased 

ba- PWV predicted poor global cognitive functioning in 
MoCA and semantic fluency. The results were consistent 
in the subgroup analyses, no significant interaction asso-
ciations were found between subclinical atherosclerosis 
and global cognitive function when subgroup analyses 
were performed to re- evaluate in different subgroups, 
according to age group (<60,≥60), sex, the status of 
smoking and hypertension.

Inconsistent associations of study results were found 
between subclinical atherosclerosis and cognitive func-
tion in previous studies. Our findings of the association 
between carotid plaques and cognitive function were in 
line with previously published results in the Rotterdam 
Study, which found a positive association of carotid 
plaques with dementia in cross- sectional analysis.26 In 
the prospective studies, inconsistent associations were 
found between carotid plaques and cognitive decline, as 
some studies could not confirm the association,11 while 
others found similar association after years of follow- up.10 
Progression of carotid plaques was also found to be 
correlated with increased cognitive impairment in a study 
of Alzheimer’s disease subjects over 12 months.27 Other 
studies had also indicated that total plaque burden was 
associated with cognitive impairment and maybe a sensi-
tive tool in the prediction of atherosclerosis.28 29 The asso-
ciation between the number of plaques with cognitive 
function was analysed in our study, which may to a certain 
extent reflect the total plaque burden in arteries, leading 
to cognitive impairment.

Increased risk of cognitive decline correlated with 
IMT thickening in the CCA and ICA has been found in 
previous population- based studies of elderly subjects.30 31 
Some studies found that carotid IMT was associated with 
dementia, especially with Alzheimer’s disease. In the 
Rotterdam Study and Cardiovascular Health Study, similar 
results were found that the highest quartile of baseline 
carotid IMT in the CCA and ICA could predict Alzhei-
mer’s disease. Conversely, no association of IMT and 
cognitive function was found in our study as may due to 
measurements of IMT were conducted in sites free of 
carotid plaque, which the results were in line with The 
Three- City Study.32 Positive associations of IMT and cogni-
tive function were found in previous studies, when carotid 
plaques were included in the measurement of carotid 
IMT at carotid segments.11 13 The severity condition of 
atherosclerosis may not be better assessed if measure-
ment of carotid IMT was conducted in a plaque- free site. 
From the inconsistent findings of the association between 
carotid IMT and cognitive function, it is essential to focus 
on methods of conducting carotid IMT measurement.

Our cross- sectional study demonstrated that arterial 
stiffness as measured by ba- PWV was associated with the 
level of cognitive function in both global cognitive func-
tion and specific cognitive domain. The findings in our 
study of the association between arterial stiffness and 
cognitive impairment were consistent with prior cross- 
sectional studies.33 34 Longitudinal studies had also found 
the associations between arterial stiffness and greater 

Figure 1 Associations between plaque number, mean 
ba- PWV and MoCA score, stratified by age, sex, the status 
of smoking and hypertension. ba- PWV, carotid plaque and 
brachial ankle pulse wave velocity; MoCA, Montreal Cognitive 
Assessment.

Figure 2 Associations between mean IMT, max IMT and 
MoCA score, stratified by age, sex, the status of smoking and 
hypertension. IMT, intima- media thickness; MoCA, Montreal 
Cognitive Assessment.
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cognitive decline after long- term follow- up.35 Previous 
studies found significant association between higher 
PWV and greater cognitive decline in specific cognitive 
domains but did not provide evidence for an association 
for global cognitive function.36 37 PWV is an integrative 
marker of arterial function and the gold standard for 
non- invasive estimation of arterial stiffness to the progres-
sive decline in cognitive function.38Arterial stiffness has 
also been identified as an independent predictor of CVD 
and important predictor of cognitive decline.39 40

Several possible pathophysiogical mechanisms may 
contribute to the association between subclinical carotid 
atherosclerosis and cognitive function. Subclinical athero-
sclerosis may cause chronic cerebral hypoperfusion when 
narrowed of vessel lumen caused by increased arterial wall 
thickness, decreased of pressure in intracranial arterial 
perfusion and reduced of velocity in blood flow.41 These 
effects may consequently to chronic ischaemic injuries 
and reduced energy supply, which may in turn cause 
brain dysfunction.42 Cerebral emboli formed by unstable 
carotid plaques could manifests as silent strokes, leading 
to cognitive function impairment.6 43 Brain infarcts and 
white matter hyperintensities that detected by MRI were 
found to be related with carotid plaques and associated 
with cognitive decline and incident dementia.44 45

Other possible pathophysiological explanations hypoth-
esised that subclinical atheroscleroses were markers of 
pathogenic pathways. Vascular inflammation and endo-
thelial dysfunction that included in these pathways may 
increase arterial stiffness possibly leading to formation 
and rupture of plaque and development of CVD.46 The 
increased arterial stiffness process will further increase 
the risk of CVD development with mircovascular damage 
in large and small vessels as the cushioning effect of the 
large arteries and coronary blood flow was decreased and 
cardiac afterload was increased.47 Pathogenic pathways 
were also associated with structural brain changes, such 
as atrophy in the brain leading to cognitive decline.48 49 
Thus, the relationship between subclinical carotid athero-
sclerosis and cognitive function by possible pathophysio-
logical explanations should be considered.

The strengths of this investigation were the large sample 
size of community- based population, multiple assessed 
markers (IMT, carotid plaque and ba- PWV) of subclin-
ical atherosclerosis and different cognitive assessment 
tests of both global cognitive function and specific cogni-
tive domains. Limitations were the cross- sectional study 
design, which can only present an observational result 
rather than a temporal inference cause–effect conclusion 
from our study. Moreover, the ratio of men was much less 
in number in the recruited population. The composition 
of population was only as a single race of Chinese that 
included in our study, thus, our findings may not be fully 
applied to the common population. Data of atheroscle-
rosis and cognitive function assessment in 35 participants 
were failed to obtain at baseline and there may be other 
unmeasured confounding factors, which could cause bias 
the association results

Our findings suggested that subclinical atherosclerosis 
markers of plaque numbers and ba- PWV were associated 
with cognitive function. Concerns should be made to 
focus on cognitive function in the population with severe 
atherosclerosis. Future prospective studies and longitu-
dinal analyses are essential to verify the evidence from 
this cross- sectional study.

Author affiliations
1Peking University Clinical Research Institute, Peking University First Hospital, 
Beijing, China
2PUCRI Heart and Vascular Health Research Center at Peking University Shougang 
Hospital, Beijing, China
3Key Laboratory of Molecular Cardiovascular Sciences (Peking University), Ministry 
of Education, Beijing, China
4Department of Geriatric Psychiatry, Affiliated Wuhan Mental Health Center, Tongji 
Medical College of Huazhong University of Science & Technology, Wuhan, China
5Vascular Medicine Center, Peking University Shougang Hospital, Beijing, China

Acknowledgements We gratefully appreciate all of the contribution of the 
research participants, clinicians and imaging and laboratory technicians.

Contributors Conceived and designed the study: WX and HW. Performed the study 
and acquisition of data: YZ, YM, CL and RH. Analysed, interpreted the study data and 
statistical analysis: YL. Drafting of the manuscript: YL. Revision of the manuscript: 
WX, HW and BZ. Study guarantor and supervision: WX.

Funding The present study was supported by the National Natural Science 
Foundation of China (project number 81974489) and 2019 Irma and Paul Milstein 
Program for Senior Health Research Project Award.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved 
by Institutional Review Board of Peking University Health Science Center 
(IRB0001052- 19060). Participants gave informed consent to participate in the study 
before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement No data are available.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Yao Lu http://orcid.org/0000-0001-6747-9210
Wuxiang Xie http://orcid.org/0000-0001-7527-1022

REFERENCES
 1 Francesmonneris A, Pincus H, First M. Diagnostic and statistical 

manual of mental disorders: DSM- V 2013.
 2 Alzheimer's Disease International, CP. World Alzheimer report 2018 

2018.
 3 Krishnamoorth ES, Alzheimer’s Disease International, DA. Dementia: 

a public health priority. Alzheimer’s Disease International 2012.
 4 Fratiglioni L, Qiu C. Prevention of cognitive decline in ageing: 

dementia as the target, delayed onset as the goal. Lancet Neurol 
2011;10:778–9.

 5 Norton S, Matthews FE, Barnes DE, et al. Potential for primary 
prevention of Alzheimer’s disease: an analysis of population- based 
data. Lancet Neurol 2014;13:788–94.

 6 Dempsey RJ, Vemuganti R, Varghese T, et al. A review of carotid 
atherosclerosis and vascular cognitive decline: a new understanding 
of the keys to symptomology. Neurosurgery 2010;67:484–93.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-6747-9210
http://orcid.org/0000-0001-7527-1022
http://dx.doi.org/10.1016/S1474-4422(11)70145-4
http://dx.doi.org/10.1016/S1474-4422(14)70136-X
http://dx.doi.org/10.1227/01.NEU.0000371730.11404.36


8 Lu Y, et al. BMJ Open 2022;12:e059024. doi:10.1136/bmjopen-2021-059024

Open access 

 7 Cohn JN. Arterial compliance to stratify cardiovascular risk: 
more precision in therapeutic decision making. Am J Hypertens 
2001;14:258S–63.

 8 Ohkuma T, Ninomiya T, Tomiyama H, et al. Brachial- ankle pulse 
wave velocity and the risk prediction of cardiovascular disease: 
an individual participant data meta- analysis. Hypertension 
2017;69:1045–52.

 9 Wendell CR, Zonderman AB, Metter EJ, et al. Carotid intimal medial 
thickness predicts cognitive decline among adults without clinical 
vascular disease. Stroke 2009;40:3180–5.

 10 Arntzen KA, Schirmer H, Johnsen SH, et al. Carotid atherosclerosis 
predicts lower cognitive test results: a 7- year follow- up study of 
4,371 stroke- free subjects - the Tromsø study. Cerebrovasc Dis 
2012;33:159–65.

 11 van Oijen M, de Jong FJ, Witteman JCM, et al. Atherosclerosis and 
risk for dementia. Ann Neurol 2007;61:403–10.

 12 Knopman D, Boland LL, Mosley T, et al. Cardiovascular risk 
factors and cognitive decline in middle- aged adults. Neurology 
2001;56:42–8.

 13 Newman AB, Fitzpatrick AL, Lopez O, et al. Dementia and 
Alzheimer’s disease incidence in relationship to cardiovascular 
disease in the cardiovascular health study cohort. J Am Geriatr Soc 
2005;53:1101–7.

 14 Nilsson ED, Elmståhl S, Minthon L, et al. No independent association 
between pulse wave velocity and dementia: a population- based, 
prospective study. J Hypertens 2017;35:2462–7.

 15 Stein JH, Korcarz CE, Hurst RT, et al. Use of carotid ultrasound to 
identify subclinical vascular disease and evaluate cardiovascular 
disease 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 2008;21:93–111.

 16 Kim H- L, Im M- S, Seo J- B, et al. The association between arterial 
stiffness and left ventricular filling pressure in an apparently healthy 
Korean population. Cardiovasc Ultrasound 2013;11:2.

 17 Chen K- L, Xu Y, Chu A- Q, et al. Validation of the Chinese version of 
montreal cognitive assessment basic for screening mild cognitive 
impairment. J Am Geriatr Soc 2016;64:e285–90.

 18 Zheng F, Xie W. High- sensitivity C- reactive protein and cognitive 
decline: the English longitudinal study of ageing. Psychol Med 
2018;48:1381–9.

 19 Zheng F, Yan L, Yang Z, et al. HbA1c, diabetes and cognitive 
decline: the English Longitudinal Study of Ageing. Diabetologia 
2018;61:839–48.

 20 Baars MAE, van Boxtel MPJ, Dijkstra JB, et al. Predictive value 
of mild cognitive impairment for dementia. The influence of case 
definition and age. Dement Geriatr Cogn Disord 2009;27:173–81.

 21 Dregan A, Stewart R, Gulliford MC. Cardiovascular risk factors and 
cognitive decline in adults aged 50 and over: a population- based 
cohort study. Age Ageing 2013;42:338–45.

 22 Chobanian AV, Bakris GL, Black HR, et al. Seventh report of the 
joint National committee on prevention, detection, evaluation, and 
treatment of high blood pressure. Hypertension 2003;42:1206–52.

 23 Kerner W, Brückel J, German Diabetes A, German Diabetes 
Association. Definition, classification and diagnosis of diabetes 
mellitus. Exp Clin Endocrinol Diabetes 2014;122:384–6.

 24 Andresen EM, Malmgren JA, Carter WB, et al. Screening for 
depression in well older adults: evaluation of a short form of the 
CES- D (center for epidemiologic studies depression scale). Am J 
Prev Med 1994;10:77–84.

 25 Norman GR, Sloan JA, Wyrwich KW. Interpretation of changes in 
health- related quality of life: the remarkable universality of half a 
standard deviation. Med Care 2003;41:582–92.

 26 Hofman A, Ott A, Breteler MM, et al. Atherosclerosis, apolipoprotein 
E, and prevalence of dementia and Alzheimer’s disease in the 
Rotterdam study. Lancet 1997;349:151–4.

 27 Mathiesen EB, Waterloo K, Joakimsen O, et al. Reduced 
neuropsychological test performance in asymptomatic carotid 
stenosis: the Tromsø study. Neurology 2004;62:695–701.

 28 Rossetti HC, Weiner M, Hynan LS, et al. Subclinical atherosclerosis 
and subsequent cognitive function. Atherosclerosis 2015;241:36–41.

 29 Spence JD, Hackam DG. Treating arteries instead of risk factors: 
a paradigm change in management of atherosclerosis. Stroke 
2010;41:1193–9.

 30 Sander K, Bickel H, Förstl H, et al. Carotid- intima media thickness is 
independently associated with cognitive decline. The invade study. 
Int J Geriatr Psychiatry 2010;25:389–94.

 31 Johnston SC, O'Meara ES, Manolio TA, et al. Cognitive impairment 
and decline are associated with carotid artery disease in patients 
without clinically evident cerebrovascular disease. Ann Intern Med 
2004;140:237–47.

 32 Carcaillon L, Plichart M, Zureik M, et al. Carotid plaque as a predictor 
of dementia in older adults: the three- city study. Alzheimers Dement 
2015;11:239–48.

 33 Scuteri A, Brancati AM, Gianni W, et al. Arterial stiffness is an 
independent risk factor for cognitive impairment in the elderly: a pilot 
study. J Hypertens 2005;23:1211–6.

 34 Fukuhara M, Matsumura K, Ansai T, et al. Prediction of 
cognitive function by arterial stiffness in the very elderly. Circ J 
2006;70:756–61.

 35 Benetos A, Watfa G, Hanon O, et al. Pulse wave velocity is 
associated with 1- year cognitive decline in the elderly older 
than 80 years: the PARTAGE study. J Am Med Dir Assoc 
2012;13:239–43.

 36 Watson NL, Sutton- Tyrrell K, Rosano C, et al. Arterial stiffness and 
cognitive decline in well- functioning older adults. J Gerontol A Biol 
Sci Med Sci 2011;66:1336–42.

 37 Waldstein SR, Rice SC, Thayer JF, et al. Pulse pressure and pulse 
wave velocity are related to cognitive decline in the Baltimore 
longitudinal study of aging. Hypertension 2008;51:99–104.

 38 Laurent S, Cockcroft J, Van Bortel L, et al. Expert consensus 
document on arterial stiffness: methodological issues and clinical 
applications. Eur Heart J 2006;27:2588–605.

 39 Elias MF, Robbins MA, Budge MM, et al. Arterial pulse wave velocity 
and cognition with advancing age. Hypertension 2009;53:668–73.

 40 Johnson TE. Recent results: biomarkers of aging. Exp Gerontol 
2006;41:1243–6.

 41 de la Torre JC. Critically attained threshold of cerebral 
hypoperfusion: can it cause Alzheimer’s disease? Ann N Y Acad Sci 
2000;903:424–36.

 42 Endarterectomy for asymptomatic carotid artery stenosis. Executive 
committee for the asymptomatic carotid atherosclerosis study. JAMA 
1995;273:1421–8.

 43 Vermeer SE, Prins ND, den Heijer T, et al. Silent brain infarcts 
and the risk of dementia and cognitive decline. N Engl J Med 
2003;348:1215–22.

 44 Debette S, Markus HS. The clinical importance of white matter 
hyperintensities on brain magnetic resonance imaging: systematic 
review and meta- analysis. BMJ 2010;341:c3666.

 45 Brisset M, Boutouyrie P, Pico F, et al. Large- vessel correlates of 
cerebral small- vessel disease. Neurology 2013;80:662–9.

 46 Bakker W, Eringa EC, Sipkema P, et al. Endothelial dysfunction and 
diabetes: roles of hyperglycemia, impaired insulin signaling and 
obesity. Cell Tissue Res 2009;335:165–89.

 47 Tomiyama H, Yamashina A. Non- invasive vascular function tests: 
their pathophysiological background and clinical application. Circ J 
2010;74:24–33.

 48 Dede DS, Yavuz B, Yavuz BB, et al. Assessment of endothelial 
function in Alzheimer’s disease: is Alzheimer’s disease a vascular 
disease? J Am Geriatr Soc 2007;55:1613–7.

 49 Stampfer MJ. Cardiovascular disease and Alzheimer’s disease: 
common links. J Intern Med 2006;260:211–23.

http://dx.doi.org/10.1016/s0895-7061(01)02154-9
http://dx.doi.org/10.1161/HYPERTENSIONAHA.117.09097
http://dx.doi.org/10.1161/STROKEAHA.109.557280
http://dx.doi.org/10.1159/000334182
http://dx.doi.org/10.1002/ana.21073
http://dx.doi.org/10.1212/wnl.56.1.42
http://dx.doi.org/10.1111/j.1532-5415.2005.53360.x
http://dx.doi.org/10.1097/HJH.0000000000001480
http://dx.doi.org/10.1016/j.echo.2007.11.011
http://dx.doi.org/10.1016/j.echo.2007.11.011
http://dx.doi.org/10.1186/1476-7120-11-2
http://dx.doi.org/10.1111/jgs.14530
http://dx.doi.org/10.1017/S0033291717003130
http://dx.doi.org/10.1007/s00125-017-4541-7
http://dx.doi.org/10.1159/000200465
http://dx.doi.org/10.1093/ageing/afs166
http://dx.doi.org/10.1161/01.HYP.0000107251.49515.c2
http://dx.doi.org/10.1055/s-0034-1366278
http://www.ncbi.nlm.nih.gov/pubmed/8037935
http://www.ncbi.nlm.nih.gov/pubmed/8037935
http://dx.doi.org/10.1097/01.MLR.0000062554.74615.4C
http://dx.doi.org/10.1016/S0140-6736(96)09328-2
http://dx.doi.org/10.1212/01.wnl.0000113759.80877.1f
http://dx.doi.org/10.1016/j.atherosclerosis.2015.04.813
http://dx.doi.org/10.1161/STROKEAHA.110.577973
http://dx.doi.org/10.1002/gps.2351
http://dx.doi.org/10.7326/0003-4819-140-4-200402170-00005
http://dx.doi.org/10.1016/j.jalz.2014.07.160
http://dx.doi.org/10.1097/01.hjh.0000170384.38708.b7
http://dx.doi.org/10.1253/circj.70.756
http://dx.doi.org/10.1016/j.jamda.2010.08.014
http://dx.doi.org/10.1093/gerona/glr119
http://dx.doi.org/10.1093/gerona/glr119
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.093674
http://dx.doi.org/10.1093/eurheartj/ehl254
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.126342
http://dx.doi.org/10.1016/j.exger.2006.09.006
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06394.x
http://www.ncbi.nlm.nih.gov/pubmed/7723155
http://dx.doi.org/10.1056/NEJMoa022066
http://dx.doi.org/10.1136/bmj.c3666
http://dx.doi.org/10.1212/WNL.0b013e318281ccc2
http://dx.doi.org/10.1007/s00441-008-0685-6
http://dx.doi.org/10.1253/circj.cj-09-0534
http://dx.doi.org/10.1111/j.1532-5415.2007.01378.x
http://dx.doi.org/10.1111/j.1365-2796.2006.01687.x

	Association of subclinical atherosclerosis and cognitive decline: a community-based cross-sectional study
	Abstract
	Introduction
	Materials and methods
	Participants
	Atherosclerosis assessment
	Cognitive assessment
	Covariates
	Statistical analysis
	Patient and public involvement

	Results
	Baseline characteristics of subjects
	Association of carotid atherosclerosis and cognitive function
	Association of arterial stiffness and cognitive function
	Subgroup analyses of subclinical atherosclerosis and cognitive function

	Discussion
	References


