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ORIGINAL RESEARCH

Association of Carotid Intima-Media 
Thickness and Other Carotid Ultrasound 
Features With Incident Dementia in the 
ARIC-NCS
Wendy Wang , MPH; Faye L. Norby , PhD, MPH; Kristen M. George , PhD, MPH; Alvaro Alonso , MD, PhD;  
Thomas H. Mosley , PhD; Rebecca F. Gottesman , MD, PhD; Michelle L. Meyer, PhD, MPH;  
Pamela L. Lutsey , PhD, MPH

BACKGROUND: Increased carotid intima-media thickness, interadventitial diameter, presence of carotid plaque, and lower dis-
tensibility are predictors for cardiovascular disease. These indices likely relate to cerebrovascular disease, and thus may 
constitute a form of vascular contributions to dementia and Alzheimer disease–related dementia. Therefore, we assessed 
the relationship of carotid measurements and arterial stiffness with incident dementia in the ARIC (Atherosclerosis Risk in 
Communities) study.

METHODS AND RESULTS: A total of 12 459 ARIC participants with carotid arterial ultrasounds in 1990 to 1992 were followed 
through 2017 for dementia. Dementia cases were identified using in-person and phone cognitive status assessments, hospi-
talization discharge codes, and death certificate codes. Cox proportional hazards models were used to estimate the hazard 
ratios (HRs) for incident dementia. Participants were aged 57±6 at baseline, 57% were women, and 23% were Black individu-
als. Over a median follow-up time of 24 years, 2224 dementia events were ascertained. After multivariable adjustments, the 
highest quintile of carotid intima-media thickness and interadventitial diameter in midlife was associated with increased risk 
of dementia (HR [95% CIs], 1.25 [1.08–1.45]; and 1.22 [1.04–1.43], respectively) compared with its respective lowest quintile. 
Presence of carotid plaque did not have a significant association with dementia (HR [95% CI], 1.06 [0.97–1.15]). Higher disten-
sibility was associated with lower risk of dementia (HR [95% CI] highest versus lowest quintile, 0.76 [0.63–0.91]).

CONCLUSIONS: Greater carotid intima-media thickness, interadventitial diameter, and lower carotid distensibility are associated 
with an increased risk of incident dementia. These findings suggest that both atherosclerosis and carotid stiffness may be 
implicated in dementia risk.
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The burden of dementia is a public health concern, 
particularly as the US population ages.1 By midcen-
tury, the number of individuals with dementia in the 

United States is expected to increase to 13.8  million.1 
Preclinical changes in the brain can occur long before 
dementia develops. Therefore, identifying markers for de-
mentia early in the condition’s natural history is a priority.

Elevated carotid intima-media thickness (cIMT), 
interadventitial diameter (IAD), presence of carotid 
plaque, and low carotid distensibility have all been es-
tablished as predictors for cardiovascular disease.2,3 
Plaque or elevated cIMT can disrupt or reduce ce-
rebral blood flow or could rupture,4 which may lead 
to silent brain infarctions,5 a precursor to cognitive 
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decline.6 Furthermore, if part of an unstable carotid 
plaque embolizes, it can cause a clinical stroke and 
may ultimately lead to dementia.7,8 Elevated cIMT lev-
els have also been cross-sectionally associated with 
silent brain infarctions in Black individuals in a prior 
ARIC (Atherosclerosis Risk in Communities) study 
analysis.9 Plaque can still often be present even when 
cIMT is not elevated, indicating the importance of as-
sessing both cIMT and plaque measurements during 
carotid ultrasounds.10 Additionally, risk factors, such 
as smoking, hypertension, and diabetes mellitus, are 
related to increased cIMT and IAD.11 Individuals with 
an enlarged IAD are less able to maintain levels of 
shear stress, making the artery more vulnerable to 
atherosclerotic development.12 Alternatively, cIMT 
and carotid plaque may simply be markers of cumu-
lative exposure to vascular risk factors throughout 
the life course.13

Arterial stiffening occurs during the aging process 
and is associated with arteriosclerosis.14,15 It has been 
suggested that this stiffening affects the natural cush-
ioning function of the arterial system, which contrib-
utes to the development and progression of cerebral 
small-vessel disease and could eventually affect brain 
function.14,16 The association between pulse wave 

velocity and dementia was previously assessed, but 
results are mixed.17–20 More recently, it was shown that 
higher pulse wave velocity is cross-sectionally associ-
ated with an increased risk of dementia in White par-
ticipants in ARIC,19 though this association was not 
noted in a Swedish cohort.20 However, the prospec-
tive relationship between the stiffness of the common 
carotid artery, measured as the distensibility coeffi-
cient, and dementia is not well documented.

As current knowledge gaps exist, we aimed to 
identify the prospective association of carotid mea-
surements and arterial stiffness indices with incident 
dementia in the ARIC study, a large, population-based 
cohort. We hypothesized that greater cIMT, presence 
of carotid plaque, increased IAD, and lower carotid 
distensibility are associated with an increased risk for 
dementia.

METHODS
The data, analytic methods, and study materials will 
be made available to other researchers for purposes 
of reproducing the results or replicating the proce-
dure in accordance with ARIC study policies. Data 
from the ARIC study can be accessed, with appropri-
ate approvals, through the National Heart, Lung, and 
Blood Institute’s Biospecimen and Data Repository 
Information Coordinating Center (https://bioli​ncc.nhlbi.
nih.gov/home/) or by contacting the ARIC Coordinating 
Center.

Study Population and Design
The ARIC study is a population-based cohort of pre-
dominantly Black and White adults recruited from 
4 US communities: Washington County, Maryland; 
Forsyth County, North Carolina; selected suburbs of 
Minneapolis, Minnesota; and Jackson, Mississippi. 
The ARIC study recruited 15  792 men and women 
aged 45 to 64 who underwent a baseline examination 
(visit 1) in 1987 to 1989.21 After the initial examination, 
participants were examined 6 additional times: 1990 
to 1992 (visit 2), 1993 to 1995 (visit 3), 1996 to 1998 
(visit 4), 2011 to 2013 (visit 5), 2016 to 2017 (visit 6), 
and 2018 to 2019 (visit 7). In addition to the clinic vis-
its, participants were contacted by telephone (annu-
ally before 2012; twice yearly since). Hospitalization 
International Classification of Diseases (ICD) codes 
were obtained through regular cohort surveillance,22 
with record abstraction and adjudication of clinical 
cardiovascular events. National and state death in-
dices were used to identify mortality, and informant 
interviews were conducted.

Visit 2 served as the baseline since this was when 
the arterial indices were measured. Participants 
whose race was not Black or White, as well as 
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titial diameter and lower carotid distensibility in 
midlife are associated with an increased risk of 
incident dementia in later life.

•	 Our findings suggest that markers of athero-
sclerosis and carotid stiffness may be inde-
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non-White individuals in the Minneapolis and 
Washington County centers were excluded because 
of low numbers (n=92). Additionally, those with prev-
alent cardiovascular events (heart failure, stroke, or 
coronary heart disease) at visit 2 (n=1005), prevalent 
dementia at visit 2 (n=1), missing carotid plaque or 
cIMT measurements at visit 2 (n=579), and missing 
covariate information (n=212) were excluded from 
this analysis. Of the 14  348 ARIC participants who 
attended visit 2, 12 459 participants were included in 
this analysis after exclusions.

The institutional review boards at each participat-
ing center approved the ARIC protocol, and all partici-
pants provided written informed consent.

Exposure Measurements
cIMT, IAD, and Carotid Plaque

The ARIC ultrasound measurements were conducted by 
trained technicians, and scans were read centrally at the 
ARIC Ultrasound Reading Center, as has been previously 
described.23 Briefly, Biosound 2000 II duplex scanners 
were used to acquire all images. cIMT was assessed in 
3 segments of the right and left extracranial carotid arter-
ies: the distal common carotid artery (1 cm proximal to 
dilation of the carotid bulb), the carotid artery bifurcation 
(1 cm proximal to the flow divider), and the proximal in-
ternal carotid arteries (1 cm section in the internal branch 
distal to the flow divider).24 A total of 11 measurements of 
the far wall were attempted at each of these segments 
in 1-mm increments; the mean of these measurements 
was calculated. The site-specific reliability coefficients 
for the mean carotid far wall intima-media thickness at 
the carotid bifurcation, internal carotid arteries, and the 
common carotid artery were estimated as 0.77, 0.73, 
and 0.70, respectively.25 Consistent with the European 
Society of Cardiology definition, we considered a cIMT 
>0.90 mm to be “abnormal.”26 The IAD was defined as 
the distance from the near border of the media of the 
near wall to the far border of the media on the far wall.11

Trained readers indicated the presence of plaque 
if located in any of the 6 artery segments of the right 
and left carotid arteries (common carotid, area of bi-
furcation, and internal carotid).27 Carotid plaque was 
recorded as present if 2 of the following 3 criteria were 
met: abnormal wall thickness (>1.5  mm), abnormal 
shape (protrusion into the lumen, loss of alignment with 
adjacent arterial wall boundary), or abnormal wall tex-
ture (brighter echoes than adjacent boundaries). The 
intrareader agreement for carotid plaque had a κ sta-
tistic of 0.76 and an interreader agreement of 0.56.27

Carotid Distensibility

B-mode ultrasound scans of the left common ca-
rotid artery with electrocardiographic gating and echo 

tracking of the arterial diameter were used to assess 
carotid distensibility. B-mode ultrasound scans with 
electrocardiographic gating and echo tracking meth-
ods were done as previously described.21 Starting the 
night before the ultrasound, participants were asked to 
refrain from smoking, vigorous exercise, and beverages 
containing caffeine. Arterial wall characteristics were 
determined using an average of 5.6 cardiac cycles of 
adequate quality for readers to measure arterial diam-
eter changes through the cardiac cycle. Readers at the 
ARIC Ultrasound Reading Center used a standardized 
protocol to assess the arterial diameter variation.28 The 
cross-sectional arterial wall distensibility coefficient (DC) 
was calculated on the basis of the following equation: 
DC=2ΔD/(D×pulse pressure) (10−3/kPa), where ΔD is 
defined as the absolute change in diameter during sys-
tole and D is the end-diastolic diameter. The reliability 
coefficient, which is defined as the between-person 
variance over the total variance, for carotid distensibility 
is 0.67.28 A lower distensibility coefficient indicates less 
carotid distensibility (ie, arterial stiffness).

Dementia Ascertainment
Dementia was ascertained 3 ways22: (1) Adjudicated 
dementia cases were identified from in-person cogni-
tive testing at ARIC–Neurocognitive Study (NCS) visits 
5 and 6. Information available to adjudicators included 
data from longitudinal evidence of cognitive decline 
based on cognitive assessments from prior visits, com-
plete neuropsychological battery at the ARIC-NCS vis-
its, and informant interviews.22 (2) Among participants 
who did not attend the ARIC-NCS clinic visits, the 
Telephone Instrument of Cognitive Status–Modified 
was used to determine cognitive status, or an inform-
ant telephone interview was conducted.22 (3) Additional 
dementia cases were identified from ICD hospitalization 
discharge codes or death certificate codes.29 Etiologic 
dementia diagnoses were available for participants 
who completed neurocognitive assessments at visit 5. 
Reviewers were required to assign a primary diagnosis 
but were allowed to diagnose >1 etiology.22 The diagno-
sis of Alzheimer disease (AD)-related dementia followed 
criteria from the National Institute of Aging–Alzheimer’s 
Association,30,31 while vascular dementia diagnosis 
was based on the National Institute of Neurological 
Disorders and Stroke–Association Internationale pour la 
Recherche et l’Enseignement en Neurosciences crite-
ria.32 For our analysis, dementia etiology was catego-
rized as AD-related dementia if the primary diagnosis 
was AD and as vascular dementia if cerebrovascular 
disease was the primary or secondary diagnosis.

Covariate Measurements
Covariates in this analysis were assessed at visit 2 and 
included age, sex, race, ARIC field center, apolipoprotein 
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E ɛ4 genotype (≥1 allele, 0 alleles), body mass index, 
systolic blood pressure, antihypertensive medications 
(yes, no), smoking status (current, former, never), pack-
years of smoking, and diabetes mellitus status (yes, 
no). Education level (less than high school education, 
high school graduate or high school equivalent or vo-
cational school, college or above) was assessed at visit 
1. A 5-level race/center variable (White participants 
from Minneapolis, Minnesota; White participants from 
Washington County, Maryland; Black participants from 
Jackson, Mississippi; Black participants from Forsyth 
County, North Carolina; White participants from Forsyth 
County, North Carolina) was used in all analyses. 
Participants self-reported their race category, educa-
tion level, smoking status, and amount smoked. Pack-
years of smoking was calculated. Technicians recorded 
current medication use via review of medication bottles, 
which included antihypertensive agents. Apolipoprotein 
E ɛ4 genotyping was done as previously described 
using the TaqMan assay (Applied Biosystems, Foster 
City, CA).33 Technicians also measured height and 
weight to derive body mass index and measured sit-
ting blood pressure 3 times via a random-zero sphyg-
momanometer after a 5-minute rest. The final 2 blood 
pressure measurements were averaged. Diabetes 
mellitus was defined as a fasting serum glucose of 
≥126 mg/dL, nonfasting serum glucose of ≥200 mg/dL, 
a self-reported physician diagnosis of diabetes mellitus, 
or use of antidiabetic medication in the past 2 weeks. 
Stroke was defined as a self-reported physician diag-
nosis of a stroke before visit 1; following visit 1, stroke 
was adjudicated from diagnosis codes indicative of cer-
ebrovascular disease using criteria adapted from the 
National Survey of Stroke.34

Statistical Analysis
Baseline characteristics, stratified across cIMT quintiles, 
were described using frequencies and percentages for 
categorical variables and means and SDs for continu-
ous variables. cIMT, IAD, and carotid distensibility were 
also categorized in quintiles for the primary analyses.

Using Cox proportional hazards models, we esti-
mated the hazard ratios (HRs) and 95% CIs for incident 
dementia per 1-SD increment and per quintile of arte-
rial index (cIMT, IAD, and DC), as well as for presence of 
carotid plaque or abnormal cIMT. Follow-up time was 
defined as time from visit 2 to the occurrence of inci-
dent dementia, death, loss to follow-up, or December 
31, 2017, whichever occurred first. When assessing 
dementia etiology, logistic regression was used to esti-
mate odds ratios and 95% CIs. Model 1 was adjusted 
for age, sex, race/center (5 levels), education, and apo-
lipoprotein E ɛ4 genotype. Model 2 was additionally 
adjusted for body mass index, systolic blood pressure, 

smoking status, and pack-years of smoking. Model 3 
further adjusted for antihypertensive medications and 
diabetes mellitus status. Model 4 further adjusted for 
stroke as a time-varying covariate.

Multiplicative interactions by sex, race, and apolipo-
protein E ɛ4 were analyzed by including cross-product 
terms in the model. All analyses were conducted 
using SAS software (version 9.4; SAS Institute Inc., 
Cary, NC).

RESULTS
Participants had a mean age of 57 years, 57% were 
women, and 23% were Black individuals. Those in 
the highest cIMT quintile were more likely to be men, 
older, current and heavier smokers, have diabetes 
mellitus, carry ≥1 apolipoprotein E ɛ4 allele, and have 
lower educational attainment (Table 1). Over a me-
dian follow-up time of 24  years, 2224 participants 
developed dementia. Among those who developed 
dementia, 23% were diagnosed via in-person cog-
nitive assessments at ARIC-NCS visits, 45% were 
diagnosed from Telephone Instrument of Cognitive 
Status–Modified telephone interviews or informant 
interview, and 32% were diagnosed on the basis of 
hospitalization discharge codes or death certificates.

Carotid Atherosclerosis and Incident 
Dementia
For both cIMT and IAD, there was evidence of a 
dose-response association, with higher values asso-
ciated with greater dementia risk. After model 1 ad-
justments, participants in the highest quintile of cIMT 
(>0.85 mm) had a 1.48-fold increased risk of incident 
dementia (95% CI, 1.28–1.71) compared with the low-
est quintile (Table  2). This association remained in 
model 3 (HR [95% CI], 1.33 [1.15–1.54]). For IAD, the 
highest (versus lowest) quintile was associated with a 
higher risk of incident dementia in model 1 (HR [95% 
CI], 1.49 [1.28–1.73]) and model 3 (HR [95% CI], 1.24 
[1.06–1.46]). When all vessel measures were included 
in model 3, cIMT (per 1-SD increment) was found to be 
an independent predictor for dementia (HR [95% CI], 
1.08 [1.03–1.14]), while IAD (per 1-SD increment) was 
not (HR [95% CI], 1.02 [0.95–1.09]). In addition, greater 
cIMT was associated with higher odds of vascular 
dementia in model 1 (HR [95% CI], 2.16 [1.13–4.12]); 
however, after accounting for vascular risk factors, this 
association was attenuated (eg, model 2 HR [95% CI], 
1.84 [0.95–3.55]); Table S1). No significant association 
between cIMT and AD-related dementia (Model 1 HR 
[95% CI], 1.50 [0.72–3.12]), though precision was poor 
(Table S2). IAD was not associated with and either de-
mentia subtype (Tables S1 and S2).
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Abnormal cIMT (>0.9  mm) was associated with 
greater risk of incident dementia throughout all 
models (Table  3; model 1 HR, 1.32 [1.18–1.48]; 
model 3 HR, 1.22 [1.09–1.36]). Participants with ca-
rotid plaque had a 1.10 (95% CI, 1.00–1.20) times 
higher risk of incident dementia than those without 
plaque in model 1. However, this association atten-
uated with further adjustment (Table 3). There were 
no significant interactions with sex, race, or apoli-
poprotein E ɛ4.

Carotid Distensibility and Incident 
Dementia
Similar to cIMT and IAD, carotid distensibility showed ev-
idence of a dose-response association, with greater DC 
indicating lower risk of dementia. This pattern persisted 
with further model adjustments (Table  2). Likewise, 
when the DC was modeled linearly (per 1-SD incre-
ment), higher distensibility was associated with lower 
risk of dementia across all models. Additionally, the DC 
(per 1-SD increment) was found to be an independent 
predictor of dementia when all vessel measures were 
included in the model (HR [95% CI], 0.89 [0.84–0.95]). 
When assessing dementia subtypes separately, greater 
DC had lower odds of vascular dementia in model 1, 

but associations were attenuated with further model ad-
justments (Table S1). No association with AD-related de-
mentia were noted (Table S2). No significant interactions 
with sex, race, or apolipoprotein E ɛ4 were detected.

DISCUSSION
Elevated markers of atherosclerosis (cIMT and IAD) 
and lower carotid distensibility were associated with 
greater risk of incident dementia in this community-
based study of participants followed for a median of 
24  years. cIMT and carotid distensibility were also 
found to be independent predictors of dementia. No 
significant association with carotid plaque was noted. 
Because atherosclerosis can often be asymptomatic,5 
identifying its markers through a noninvasive ultra-
sound procedure35 may be a useful screening tool in 
identifying who may be at an increased risk for devel-
oping dementia.

These findings add to the growing body of literature 
suggesting that atherosclerosis,36–38 and particularly el-
evated cIMT,37,38 is associated with increased dementia 
risk. Our results are consistent with prior studies, which 
have reported that the highest (versus lowest) quintile 
of cIMT was associated with dementia.37,38 However, 

Table 1.  Baseline Characteristics According to cIMT Quintiles: the ARIC study, 1990 to 1992*

cIMT Quintile

1 2 3 4 5

No. 2491 2492 2492 2492 2492

cIMT median, mm 0.56 0.64 0.70 0.79 0.96

cIMT range, mm 0.38–0.60 0.60–0.67 0.67–0.74 0.74–0.85 0.85–2.98

Carotid plaque 269 (10.8) 455 (18.3) 627 (25.2) 922 (37.0) 1849 (74.2)

Demographics

Age, y 54.4 (5.2) 55.9 (5.5) 56.9 (5.6) 57.6 (5.7) 59.4 (5.3)

Male sex 669 (26.9) 877 (35.2) 1073 (43.1) 1259 (50.5) 1449 (58.2)

Black race 402 (16.1) 549 (22.0) 659 (26.4) 621 (24.9) 586 (23.5)

Education, < high school degree 360 (14.5) 435 (17.5) 498 (20.0) 539 (21.6) 697 (28.0)

Physiologic indicators

Body mass index, kg/m2 26.6 (5.0) 27.7 (5.4) 28.2 (5.2) 28.2 (5.1) 28.1 (5.1)

Systolic blood pressure, mm Hg 115.2 (16.1) 118.9 (17.1) 121.2 (17.8) 123.2 (19.1) 126.7 (19.7)

Use of antihypertensive medication 527 (21.2) 659 (26.4) 711 (28.5) 839 (33.7) 917 (36.8)

Diabetes mellitus 179 (7.2) 269 (10.8) 356 (14.3) 362 (14.5) 491 (19.7)

>1 Apolipoprotein E ɛ4 allele 680 (27.3) 716 (28.7) 726 (29.1) 750 (30.1) 802 (32.2)

Behavioral characteristics

Smoking status

Current smoker 508 (20.4) 488 (19.6) 503 (20.2) 541 (21.7) 705 (28.3)

Former smoker 791 (31.8) 869 (34.9) 888 (35.6) 958 (38.4) 1043 (41.9)

Never smoker 1192 (47.9) 1135 (45.6) 1101 (44.2) 993 (39.9) 744 (29.9)

Pack-years smoking 21.6 (38.4) 22.2 (38.6) 25.0 (41.5) 29.0 (46.2) 40.7 (51.6)

ARIC indicates Atherosclerosis Risk in Communities; and cIMT, carotid intima-media thickness.
*Continuous variables are expressed as mean (SD), while categorical variables are n (%).
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a French multisite study found no association between 
cIMT and dementia over a mean follow-up period of 
5.4 years,39 which differed from our findings of a signifi-
cant association between abnormal cIMT and dementia 
over a mean follow-up of 21 years. On the other hand, 
we found no significant association between presence 
of carotid plaque and incident dementia after adjustment 
for risk factors. Other studies have reported an associa-
tion between carotid plaque and incident dementia; how-
ever, in these studies, mean follow-up time was relatively 

short (5.4 and 6.7 years, respectively) and carotid mea-
surements were obtained in late life (mean age, 73 years 
for both studies).38,39 Our study differed in that follow-up 
was on average 20.9 years and carotid measurements 
were taken in midlife (mean age, 57 years), which is a 
strength given the long natural history of dementia.

Plaque development can cause outward arterial re-
modeling.40 As the IAD indirectly references wall remod-
eling on both sides,41 plaque development can in turn 
affect the IAD. Because plaque is often reported as being 

Table 2.  Hazard Ratios (95% CIs) of Incident Dementia by Quintiles or Per 1-SD Increment: the ARIC Study, 1990 to 2017

cIMT Quintiles (mm)
cIMT Continuous 

per 1 SD (0.19)<0.60 0.60 to <0.67 0.67 to <0.74 0.74 to <0.85 >0.85

Incident dementia, 
n

318 398 454 489 565 2224

Incidence rate (per 
1000 PY)

5.66 7.35 8.65 9.54 12.32 8.55

N at risk 2491 2492 2492 2492 2492 12 459

HR (95% CI)

Model 1 1 (ref) 1.07 (0.92–1.24) 1.19 (1.03–1.37) 1.20 (1.04–1.38) 1.48 (1.28–1.71) 1.15 (1.11–1.20)

Model 2 1 (ref) 1.03 (0.89–1.20) 1.15 (0.99–1.33) 1.14 (0.98–1.32) 1.38 (1.19–1.59) 1.12 (1.07–1.17)

Model 3 1 (ref) 1.03 (0.89–1.20) 1.13 (0.98–1.31) 1.12 (0.97–1.30) 1.33 (1.15–1.54) 1.11 (1.06–1.16)

Model 4 1 (ref) 1.01 (0.87–1.17) 1.12 (0.97–1.30) 1.09 (0.94–1.27) 1.25 (1.08–1.45) 1.08 (1.04–1.13)

IAD Quintiles (mm)
IAD Continuous per 

1 SD (0.92)<6.89 6.89–7.34 7.34–7.76 7.77–8.35 8.36–13.43

Incident dementia, 
n

341 415 457 454 449 2116

Incidence rate (per 
1000 PY)

6.33 7.96 8.99 9.44 10.33 8.52

N at risk 2377 2374 2380 2378 2378 11 887

HR (95% CI)

Model 1 1 (ref) 1.18 (1.02–1.37) 1.23 (1.07–1.43) 1.29 (1.12–1.50) 1.49 (1.28–1.73) 1.13 (0.94–1.13)

Model 2 1 (ref) 1.14 (0.98–1.31) 1.15 (0.99–1.34) 1.16 (0.99–1.35) 1.25 (1.06–1.47) 1.06 (1.01–1.12)

Model 3 1 (ref) 1.14 (0.99–1.32) 1.17 (1.01–1.35) 1.16 (0.99–1.35) 1.24 (1.06–1.46) 1.06 (1.00–1.11)

Model 4 1 (ref) 1.12 (0.96–1.29) 1.13 (0.98–1.31) 1.12 (0.96–1.30) 1.22 (1.04–1.43) 1.05 (0.99–1.01)

DC Quintiles (10−3/kPa)
DC Continuous per 

1 SD (6.80)<11.31 11.31–14.33 14.34–17.62 17.64–21.95 >21.95

Incident dementia, 
n

461 358 339 274 213 1645

Incidence rate (per 
1000 PY)

12.76 9.34 8.46 6.68 5.05 8.32

N at risk 1867 1869 1870 1861 1871 9338

HR (95% CI)

Model 1 1 (ref) 0.81 (0.70–0.93) 0.82 (0.72–0.95) 0.72 (0.62–0.84) 0.65 (0.55–0.76) 0.87 (0.82–0.92)

Model 2 1 (ref) 0.83 (0.72–0.96) 0.87 (0.75–1.01) 0.78 (0.67–0.92) 0.71 (0.60–0.86) 0.90 (0.85–0.96)

Model 3 1 (ref) 0.84 (0.73–0.96) 0.89 (0.77–1.03) 0.80 (0.68–0.94) 0.73 (0.61–0.88) 0.91 (0.86–0.97)

Model 4 1 (ref) 0.85 (0.74–0.98) 0.88 (0.76–1.02) 0.81 (0.69–0.95) 0.76 (0.63–0.91) 0.92 (0.86–0.98)

Model 1: adjusted for age, sex, race/center, education, apolipoprotein E ɛ4. Model 2: adjusted for model 1 plus body mass index, systolic blood pressure, 
smoking status, and pack-years of smoking. Model 3: adjusted for model 2 plus antihypertensive medications and diabetes mellitus status. Model 4: adjusted 
for model 3 plus time-varying stroke. ARIC indicates Atherosclerosis Risk in Communities; cIMT, carotid intima-media thickness; DC, distensibility coefficient; 
HR, hazard ratio; IAD, interadventitial diameter.
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present or absent, the IAD may better reflect the severity 
of atherosclerotic disease41 and potentially the progres-
sion of dementia. Currently, there is little research evalu-
ating the association of IAD and incident dementia. Our 
study provided novel evidence that greater IAD was as-
sociated with a higher risk of dementia, suggesting that 
arterial remodeling may be associated with dementia.

Carotid stiffness, assessed by the distensibility co-
efficient, was also associated with greater risk of devel-
oping dementia. Prior ARIC publications have reported 
that carotid stiffness was cross-sectionally associated 
with white matter hyperintensity volume and prospec-
tively associated with incident ischemic stroke, both 
of which are associated with impaired cognitive func-
tion and poor neurologic outcomes.42,43 Although this 
suggests that there is potentially a direct link between 
carotid stiffness and dementia, prior studies analyzing 
this relationship are scarce and show mixed results.14,18 
Therefore, our results indicating that those with higher 
distensibility coefficients have a lower risk of dementia 
are an important finding.

An alternative explanation for our findings is that 
cIMT and IAD are not truly independent risk factors but 
are rather a reflection of atherosclerotic risk factor dura-
tion and severity across the life course. A single mea-
sure of cardiovascular risk factors, such as we adjusted 
for in the present analysis, does not fully capture the 
impact of past exposure to risk factors.44 Elevated cIMT 
represents not only increased intimal thickening but also 
medial hypertrophy, which is a result of long-standing 
hypertension.9,13 Additionally, there is a dose-response 
association between hypertension status and carotid 
atherosclerosis severity,45 with increases in cIMT begin-
ning before overt hypertension.45,46 Prevalent metabolic 
syndrome has also been associated with increased IAD, 
cIMT, and Young’s elastic modulus (a measure of ca-
rotid distensibility) over 6 years of follow-up.47 These ob-
servations suggest that greater cIMT may represent the 
cumulative effect of both clinical and subclinical vascular 

risk factors.48 In addition, a large meta-analysis reports 
reducing cIMT progression through interventions, such 
as antihypertensives or lipid-lowering medications, re-
duces cardiovascular disease event rates.49 Regardless 
of whether the associations we observed between ca-
rotid markers and dementia are causal, cIMT and IAD 
were early markers of dementia risk, and our findings 
highlight the potential for optimal control of hypertension 
and other modifiable vascular risk factors in midlife to 
decrease dementia risk.

Strengths of this study include the prospective 
design, large sample size, and number of dementia 
cases, long follow-up period, representation of Black 
and White men and women, and comprehensive cog-
nitive assessments. However, this study also has lim-
itations. Some dementia diagnoses were ascertained 
from hospitalization discharge codes (International 
Classification of Diseases, Ninth Revision [ICD-9]). 
ICD codes for dementia have been shown to have 
high specificities (cases identified are true) but lower 
sensitivities (true cases are missed).22 We suspect 
that this misclassification would be nondifferential by 
cIMT, and therefore would most likely bias our results 
toward the null. Also, the date of dementia onset is 
difficult to verify. Therefore, because it is possible that 
some participants had dementia before their date of 
diagnosis, we subtracted 6  months from their es-
timated diagnosis date in a sensitivity analysis, and 
the results remained similar. There is also potential for 
missing dementia cases and survival bias because 
of attrition, as average follow-up time was >20 years. 
Misclassified cases would likely lead to an underesti-
mation. Dementia etiology was available in a subset 
of our participants but was available for only a subset 
of dementia cases, and precision for those analyses 
were poor. Measurement error when assessing ca-
rotid plaque may have resulted in a lack of association 
given that the interreader agreement for presence of 
carotid plaque was considered fair. In addition, we 

Table 3.  Hazard Ratios (95% CIs) of Incident Dementia by Carotid Plaque and cIMT Status: the ARIC Study, 1990 to 2017

Plaque Absent Plaque Present Normal cIMT Abnormal cIMT (>0.9 mm)

Incident dementia, n 1420 804 1815 409

Incidence rate (per 
1000 PY)

7.88 10.08 7.96 12.81

N at risk 8337 4122 10 681 1778

HR (95% CI)

Model 1 1 (ref) 1.10 (1.00–1.20) 1 (ref) 1.32 (1.18–1.48)

Model 2 1 (ref) 1.07 (0.98–1.17) 1 (ref) 1.26 (1.12–1.40)

Model 3 1 (ref) 1.06 (0.97–1.15) 1 (ref) 1.22 (1.09–1.36)

Model 4 1 (ref) 1.02 (0.93–1.12) 1 (ref) 1.15 (1.03–1.29)

Model 1: adjusted for age, sex, race/center, education, apolipoprotein E ɛ4. Model 2: adjusted for model 1 plus body mass index, systolic blood pressure, 
smoking status, pack-years of smoking. Model 3: adjusted for model 2 plus antihypertensive medications, diabetes status. Model 4: adjusted for model 3 plus 
time-varying stroke. ARIC indicates Atherosclerosis Risk in Communities; cIMT, carotid intima-media thickness; HR, hazard ratio.
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were unable to evaluate the volume of carotid plaque 
since B-mode ultrasounds were used in this study, 
which mainly indicates the presence or absence of 
carotid plaque. Furthermore, we are unable to assess 
the association between progression of cIMT, IAD, or 
DC with dementia, as repeat ultrasounds were not 
obtained. Finally, similar to other observational stud-
ies, residual confounding may exist.

CONCLUSIONS
In this large, cohort study, we have shown that greater 
cIMT and IAD and lower carotid distensibility are pro-
spectively associated with an increased risk of incident 
dementia. No significant association with the presence 
of carotid plaque was observed. These associations 
remained after adjustment for traditional cardiovascu-
lar risk factors. Atherosclerosis and arterial stiffness 
may be independent risk factors for dementia, though 
it is also possible that they are simply robust markers 
of lifetime exposure to vascular risk factors, which are 
themselves linked to dementia.

ARTICLE INFORMATION
Received December 16, 2020; accepted March 12, 2021.

Affiliations
Division of Epidemiology and Community Health, School of Public Health, 
University of Minnesota, Minneapolis, MN (W.W., F.L.N., K.M.G., P.L.L.); 
Department of Cardiology, Center for Cardiac Arrest Prevention, Cedars-
Sinai Smidt Heart Institute, Los Angeles, CA (F.L.N.); Division of Public Health 
Sciences, University of California Davis, Davis, CA (K.M.G.); Department of 
Epidemiology, Rollins School of Public Health, Emory University, Atlanta, GA 
(A.A.); The MIND Center, University of Mississippi Medical Center, Jackson, MS 
(T.H.M.); Department of Neurology, Johns Hopkins University, Baltimore, MD 
(R.F.G.);  and Department of Emergency Medicine, University of North Carolina 
at Chapel Hill, , NC (M.L.M.).

Acknowledgments
The authors thank the staff and participants of the ARIC study for their im-
portant contributions.

Sources of Funding
The Atherosclerosis Risk in Communities Study is carried out as a collabo-
rative study supported by National Heart, Lung, and Blood Institute con-
tracts (HHSN268201700001I, HHSN268201700002I, HHSN268201700003I, 
HHSN268201700005I, HHSN268201700004I). Neurocognitive data were 
collected by U01 2U01HL096812, 2U01HL096814, 2U01HL096899, 
2U01HL096902, 2U01HL096917 from the National Institutes of Health 
(National Heart, Lung, and Blood Institute; National Institute of Neurological 
Disorders and Stroke, National Institute on Aging, and National Institute on 
Deafness and Other Communication Disorders), and with previous brain 
magnetic resonance imaging examinations funded by R01-HL70825 from 
the National Heart, Lung, and Blood Institute. This work was also sup-
ported by grants from the National Institute of General Medical Sciences 
(T32GM132063 [Ms Wang]); the National Heart, Lung, and Blood Institute 
(K24HL148521 [Dr Alonso], K24AG052573 [Dr Gottesman]); and the 
American Heart Association (16EIA26410001 [Dr Alonso]).

Disclosures
None.

Supplementary Material
Tables S1–S2

REFERENCES
	 1.	 Alzheimer’s Association. 2016 Alzheimer’s disease facts and figures. 

Alzheimers Dement. 2016;12:459–509. DOI: 10.1016/j.jalz.2016.03.001.
	 2.	 Nambi V, Chambless L, Folsom AR, He M, Hu Y, Mosley T, Volcik K, 

Boerwinkle E, Ballantyne CM. Carotid intima-media thickness and 
presence or absence of plaque improves prediction of coronary heart 
disease risk: the ARIC (Atherosclerosis Risk in Communities) study. J 
Am Coll Cardiol. 2010;55:1600–1607. DOI: 10.1016/j.jacc.2009.11.075.

	 3.	 Godia EC, Madhok R, Pittman J, Trocio S, Ramas R, Cabral D, 
Sacco RL, Rundek T. Carotid artery distensibility: a reliabil-
ity study. J Ultrasound Med. 2007;26:1157–1165. DOI: 10.7863/
jum.2007.26.9.1157.

	 4.	 Wang X, Jackson DC, Varghese T, Mitchell CC, Hermann BP, Kliewer 
MA, Dempsey RJ. Correlation of cognitive function with ultrasound 
strain indices in carotid plaque. Ultrasound Med Biol. 2014;40:78–89. 
DOI: 10.1016/j.ultra​smedb​io.2013.08.001.

	 5.	 Moroni F, Ammirati E, Magnoni M, D’Ascenzo F, Anselmino M, Anzalone 
N, Rocca MA, Falini A, Filippi M, Camici PG. Carotid atherosclerosis, 
silent ischemic brain damage and brain atrophy: a systematic review 
and meta-analysis. Int J Cardiol. 2016;223:681–687. DOI: 10.1016/j.
ijcard.2016.08.234.

	 6.	 Longstreth WT, Bernick C, Manolio TA, Bryan N, Jungreis CA, Price TR. 
Lacunar infarcts defined by magnetic resonance imaging of 3660 elderly 
people: the Cardiovascular Health Study. Arch Neurol. 1998;55:1217–
1225. DOI: 10.1001/archn​eur.55.9.1217.

	 7.	 Wang A, Liu X, Chen G, Hao H, Wang Y. Association between carotid 
plaque and cognitive impairment in Chinese stroke population: the 
SOS-stroke study. Sci Rep. 2017;7:3066. DOI: 10.1038/s4159​8-017-
02435​-3.

	 8.	 Zhong W, Cruickshanks KJ, Schubert CR, Acher CW, Carlsson CM, 
Klein BE, Klein R, Chappell RJ. Carotid atherosclerosis and 10-year 
changes in cognitive function. Atherosclerosis. 2012;224:506–510. DOI: 
10.1016/j.ather​oscle​rosis.2012.07.024.

	 9.	 Caughey MC, Qiao Y, Windham BG, Gottesman RF, Mosley TH, 
Wasserman BA. Carotid intima-media thickness and silent brain in-
farctions in a biracial cohort: the Atherosclerosis Risk in Communities 
(ARIC) study. Am J Hypertens. 2018;31:869–875. DOI: 10.1093/ajh/
hpy022.

	10.	 Boulos NM, Gardin JM, Malik S, Postley J, Wong ND. Carotid plaque 
characterization, stenosis, and intima-media thickness according to 
age and gender in a large registry cohort. Am J Cardiol. 2016;117:1185–
1191. DOI: 10.1016/j.amjca​rd.2015.12.062.

	11.	 Crouse JR, Goldbourt U, Evans G, Pinsky J, Sharrett AR, Sorlie P, Riley 
W, Heiss G. Risk factors and segment-specific carotid arterial enlarge-
ment in the Atherosclerosis Risk in Communities (ARIC) cohort. Stroke. 
1996;27:69–75. DOI: 10.1161/01.STR.27.1.69.

	12.	 Lloyd KD, Barinas-Mitchell E, Kuller LH, Mackey RH, Wong EA, Sutton-
Tyrrell K. Common carotid artery diameter and cardiovascular risk fac-
tors in overweight or obese postmenopausal women. Int J Vasc Med. 
2012;2012:169323. DOI: 10.1155/2012/169323.

	13.	 Martinsson A, Östling G, Persson M, Sundquist K, Andersson C, 
Melander O, Engström G, Hedblad B, Smith JG. Carotid plaque, 
intima-media thickness, and incident aortic stenosis: a prospective 
cohort study. Arterioscler Thromb Vasc Biol. 2014;34:2343–2348. DOI: 
10.1161/ATVBA​HA.114.304015.

	14.	 Geijselaers SLC, Sep SJS, Schram MT, van Boxtel MPJ, van Sloten 
TT, Henry RMA, Reesink KD, Kroon AA, Koster A, Schaper NC, et al. 
Carotid stiffness is associated with impairment of cognitive perfor-
mance in individuals with and without type 2 diabetes. The Maastricht 
Study. Atherosclerosis. 2016;253:186–193. DOI: 10.1016/j.ather​oscle​
rosis.2016.07.912.

	15.	 van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, 
Reneman RS, Hoeks AP, van der Kuip DA, Hofman A, Witteman 
JC. Association between arterial stiffness and atherosclerosis: 
the Rotterdam Study. Stroke. 2001;32:454–460. DOI: 10.1161/01.
STR.32.2.454.

	16.	 Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, 
Kjartansson Ó, Garcia M, Aspelund T, Harris TB, Gudnason V, et al. 
Arterial stiffness, pressure and flow pulsatility and brain structure and 
function: the Age, Gene/Environment Susceptibility—Reykjavik study. 
Brain. 2011;134:3398–3407. DOI: 10.1093/brain/​awr253.

	17.	 Pase MP, Beiser A, Himali JJ, Tsao C, Satizabal CL, Vasan RS, Seshadri 
S, Mitchell GF. Aortic stiffness and the risk of incident mild cognitive 

https://doi.org/10.1016/j.jalz.2016.03.001
https://doi.org/10.1016/j.jacc.2009.11.075
https://doi.org/10.7863/jum.2007.26.9.1157
https://doi.org/10.7863/jum.2007.26.9.1157
https://doi.org/10.1016/j.ultrasmedbio.2013.08.001
https://doi.org/10.1016/j.ijcard.2016.08.234
https://doi.org/10.1016/j.ijcard.2016.08.234
https://doi.org/10.1001/archneur.55.9.1217
https://doi.org/10.1038/s41598-017-02435-3
https://doi.org/10.1038/s41598-017-02435-3
https://doi.org/10.1016/j.atherosclerosis.2012.07.024
https://doi.org/10.1093/ajh/hpy022
https://doi.org/10.1093/ajh/hpy022
https://doi.org/10.1016/j.amjcard.2015.12.062
https://doi.org/10.1161/01.STR.27.1.69
https://doi.org/10.1155/2012/169323
https://doi.org/10.1161/ATVBAHA.114.304015
https://doi.org/10.1016/j.atherosclerosis.2016.07.912
https://doi.org/10.1016/j.atherosclerosis.2016.07.912
https://doi.org/10.1161/01.STR.32.2.454
https://doi.org/10.1161/01.STR.32.2.454
https://doi.org/10.1093/brain/awr253


J Am Heart Assoc. 2021;10:e020489. DOI: 10.1161/JAHA.120.020489� 9

Wang et al� cIMT and Incident Dementia

impairment and dementia. Stroke. 2016;47:2256–2261. DOI: 10.1161/
STROK​EAHA.116.013508.

	18.	 Poels MMF, van Oijen M, Mattace-Raso FUS, Hofman A, Koudstaal PJ, 
Witteman JCM, Breteler MMB. Arterial stiffness, cognitive decline, and 
risk of dementia: the Rotterdam study. Stroke. 2007;38:888–892. DOI: 
10.1161/01.STR.00002​57998.33768.87.

	19.	 Meyer ML, Palta P, Tanaka H, Deal JA, Wright J, Knopman DS, Griswold 
ME, Mosley TH, Heiss G. Association of central arterial stiffness and 
pressure pulsatility with mild cognitive impairment and dementia. The 
Atherosclerosis Risk in Communities Study—Neurocognitive Study (ARIC-
NCS). J Alzheimers Dis. 2017;57:195–204. DOI: 10.3233/JAD-161041.

	20.	 Nilsson ED, Elmståhl S, Minthon L, Pihlsgård M, Nilsson PM, Hansson 
O, Nägga K. No independent association between pulse wave veloc-
ity and dementia: a population-based, prospective study. J Hypertens. 
2017;35:2462–2467. DOI: 10.1097/HJH.00000​00000​001480.

	21.	 The ARIC investigators. The Atherosclerosis Risk in Communities (ARIC) 
study: design and objectives. Am J Epidemiol. 1989;129:687–702.

	22.	 Knopman DS, Gottesman RF, Sharrett AR, Wruck LM, Windham BG, 
Coker L, Schneider ALC, Hengrui S, Alonso A, Coresh J, et al. Mild 
cognitive impairment and dementia prevalence: the Atherosclerosis 
Risk in Communities Neurocognitive Study. Alzheimers Dement (Amst). 
2016;2:1–11. DOI: 10.1016/j.dadm.2015.12.002.

	23.	 Riley WA, Barnes RW, Bond MG, Evans G, Chambless LE, Heiss 
G. High-resolution B-mode ultrasound reading methods in the 
Atherosclerosis Risk in Communities (ARIC) cohort. J Neuroimaging. 
1991;1:168–172. DOI: 10.1111/jon19​9114168.

	24.	 Howard G, Sharrett AR, Heiss G, Evans GW, Chambless LE, Riley WA, 
Burke GL. Carotid artery intimal-medial thickness distribution in general 
populations as evaluated by B-mode ultrasound. ARIC Investigators. 
Stroke. 1993;24:1297–1304. DOI: 10.1161/01.STR.24.9.1297.

	25.	 Chambless LE, Zhong MM, Arnett D, Folsom AR, Riley WA, Heiss G. 
Variability in B-mode ultrasound measurements in the Atherosclerosis 
Risk in Communities (ARIC) study. Ultrasound Med Biol. 1996;22:545–
554. DOI: 10.1016/0301-5629(96)00039​-7.

	26.	 Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, 
Clement DL, Coca A, de Simone G, Dominiczak A, et al. 2018 ESC/ESH 
guidelines for the management of arterial hypertension: the Task Force 
for the management of arterial hypertension of the European Society of 
Cardiology and the European Society of Hypertension: the Task Force 
for the management of arterial hypertension of the European Society 
of Cardiology and the European Society of Hypertension. J Hypertens. 
2018;36:1953–2041. DOI: 10.1097/HJH.00000​00000​001940.

	27.	 Li R, Duncan BB, Metcalf PA, Crouse JR, Sharrett AR, Tyroler HA, Barnes 
R, Heiss G. B-mode-detected carotid artery plaque in a general popu-
lation. Atherosclerosis Risk in Communities (ARIC) Study Investigators. 
Stroke. 1994;25:2377–2383. DOI: 10.1161/01.STR.25.12.2377.

	28.	 Arnett DK, Chambless LE, Kim H, Evans GW, Riley W. Variability in ul-
trasonic measurements of arterial stiffness in the atherosclerosis risk 
in communities study. Ultrasound Med Biol. 1999;25:175–180. DOI: 
10.1016/S0301​-5629(98)00165​-3.

	29.	 Alonso A, Mosley TH, Gottesman RF, Catellier D, Sharrett AR, Coresh J. 
Risk of dementia hospitalization associated with cardiovascular risk fac-
tors in midlife and older age: the Atherosclerosis Risk in Communities 
(ARIC) study. J Neurol Neurosurg Psychiatry. 2009;80:1194–1201. DOI: 
10.1136/jnnp.2009.176818.

	30.	 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas 
CH, Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R, et al. The diag-
nosis of dementia due to Alzheimer’s disease: recommendations from 
the National Institute on Aging-Alzheimer’s Association workgroups 
on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 
2011;7:263–269. DOI: 10.1016/j.jalz.2011.03.005.

	31.	 Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, 
Gamst A, Holtzman DM, Jagust WJ, Petersen RC, et al. The diagnosis 
of mild cognitive impairment due to Alzheimer’s disease: recommenda-
tions from the National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 2011;7:270–279. DOI: 10.1016/j.jalz.2011.03.008.

	32.	 Roman GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, 
Garcia JH, Amaducci L, Orgogozo J-M, Brun A, Hofman A, et al. 
Vascular dementia: diagnostic criteria for research studies. Report of 
the NINDS-AIREN International Workshop. Neurology. 1993;43:250–
260. DOI: 10.1212/WNL.43.2.250.

	33.	 Volcik KA, Barkley RA, Hutchinson RG, Mosley TH, Heiss G, Sharrett 
AR, Ballantyne CM, Boerwinkle E. Apolipoprotein E polymorphisms 

predict low density lipoprotein cholesterol levels and carotid artery wall 
thickness but not incident coronary heart disease in 12,491 ARIC study 
participants. Am J Epidemiol. 2006;164:342–348. DOI: 10.1093/aje/
kwj202.

	34.	 Rosamond WD, Folsom AR, Chambless LE, Wang C-H, McGovern PG, 
Howard G, Copper LS, Shahar E. Stroke incidence and survival among 
middle-aged adults: 9-year follow-up of the Atherosclerosis Risk in 
Communities (ARIC) cohort. Stroke. 1999;30:736–743. DOI: 10.1161/01.
STR.30.4.736.

	35.	 Gardener H, Caunca MR, Dong C, Cheung YK, Elkind MSV, Sacco 
RL, Rundek T, Wright CB. Ultrasound markers of carotid atheroscle-
rosis and cognition. Stroke. 2017;48:1855–1861. DOI: 10.1161/STROK​
EAHA.117.016921.

	36.	 Gottesman RF, Albert MS, Alonso A, Coker LH, Coresh J, Davis SM, 
Deal JA, McKhann GM, Mosley TH, Sharrett AR, et al. Associations 
between midlife vascular risk factors and 25-year incident dementia in 
the Atherosclerosis Risk in Communities (ARIC) cohort. JAMA Neurol. 
2017;74:1246–1254. DOI: 10.1001/jaman​eurol.2017.1658.

	37.	 van Oijen M, de Jong FJ, Witteman JCM, Hofman A, Koudstaal PJ, 
Breteler MMB. Atherosclerosis and risk for dementia. Ann Neurol. 
2007;61:403–410. DOI: 10.1002/ana.21073.

	38.	 Wendell CR, Waldstein SR, Ferrucci L, O’Brien RJ, Strait JB, Zonderman 
AB. Carotid atherosclerosis and prospective risk of dementia. Stroke. 
2012;43:3319–3324. DOI: 10.1161/STROK​EAHA.112.672527.

	39.	 Carcaillon L, Plichart M, Zureik M, Rouaud O, Majed B, Ritchie K, 
Tzourio C, Dartigues JF, Empana JP. Carotid plaque as a predictor of 
dementia in older adults: the Three-City Study. Alzheimers Dement. 
2015;11:239–248. DOI: 10.1016/j.jalz.2014.07.160.

	40.	 Astor BC, Sharrett AR, Coresh J, Chambless LE, Wasserman 
BA. Remodeling of carotid arteries detected with MR imaging: 
Atherosclerosis Risk in Communities carotid MRI study. Radiology. 
2010;256:879–886. DOI: 10.1148/radiol.10091162.

	41.	 Saba L, Araki T, Krishna Kumar P, Rajan J, Lavra F, Ikeda N, Sharma 
AM, Shafique S, Nicolaides A, Laird JR, et al. Carotid inter-adventitial 
diameter is more strongly related to plaque score than lumen diameter: 
an automated tool for stroke analysis. J Clin Ultrasound. 2016;44:210–
220. DOI: 10.1002/jcu.22334.

	42.	 de Havenon A, Wong K-H, Elkhetali A, McNally JS, Majersik JJ, Rost NS. 
Carotid artery stiffness accurately predicts white matter hyperintensity 
volume 20 years later: a secondary analysis of the Atherosclerosis Risk 
in the Community Study. AJNR Am J Neuroradiol. 2019;40:1369–1373. 
DOI: 10.3174/ajnr.A6115.

	43.	 Yang EY, Chambless L, Sharrett AR, Virani SS, Liu X, Tang Z, Boerwinkle 
E, Ballantyne CM, Nambi V. Carotid arterial wall characteristics are 
associated with incident ischemic stroke but not coronary heart dis-
ease in the Atherosclerosis Risk in Communities (ARIC) study. Stroke. 
2012;43:103–108. DOI: 10.1161/STROK​EAHA.111.626200.

	44.	 Rosvall M, Persson M, Östling G, Nilsson PM, Melander O, Hedblad B, 
Engström G. Risk factors for the progression of carotid intima-media 
thickness over a 16-year follow-up period: the Malmö Diet and Cancer 
Study. Atherosclerosis. 2015;239:615–621. DOI: 10.1016/j.ather​oscle​
rosis.2015.01.030.

	45.	 Su T-C, Jeng J-S, Chien K-L, Sung F-C, Hsu H-C, Lee Y-T. Hypertension 
status is the major determinant of carotid atherosclerosis: a community-
based study in Taiwan. Stroke. 2001;32:2265–2271. DOI: 10.1161/
str.32.10.2265.

	46.	 Pauletto P, Palatini P, Da Ros S, Pagliara V, Santipolo N, Baccillieri S, 
Casiglia E, Mormino P, Pessina AC. Factors underlying the increase in 
carotid intima-media thickness in borderline hypertensives. Arterioscler 
Thromb Vasc Biol. 1999;19:1231–1237. DOI: 10.1161/01.ATV.19.5.1231.

	47.	 Ferreira I, Beijers HJ, Schouten F, Smulders YM, Twisk JW, Stehouwer 
CD. Clustering of metabolic syndrome traits is associated with mal-
adaptive carotid remodeling and stiffening: a 6-year longitudinal 
study. Hypertension. 2012;60:542–549. DOI: 10.1161/HYPER​TENSI​
ONAHA.112.194738.

	48.	 Romero JR, Preis SR, Beiser A, DeCarli C, D’Agostino RB, Wolf PA, 
Vasan RS, Polak JF, Seshadri S. Carotid atherosclerosis and cere-
bral microbleeds: the Framingham Heart Study. J Am Heart Assoc. 
2016;5:e002377. DOI: 10.1161/JAHA.115.002377.

	49.	 Willeit P, Tschiderer L, Allara E, Reuber K, Seekircher L, Gao LU, Liao X, 
Lonn E, Gerstein HC, Yusuf S, et al. Carotid intima-media thickness pro-
gression as surrogate marker for cardiovascular risk: meta-analysis of 
119 clinical trials involving 100 667 patients. Circulation. 2020;142:621–
642. DOI: 10.1161/CIRCU​LATIO​NAHA.120.046361.

https://doi.org/10.1161/STROKEAHA.116.013508
https://doi.org/10.1161/STROKEAHA.116.013508
https://doi.org/10.1161/01.STR.0000257998.33768.87
https://doi.org/10.3233/JAD-161041
https://doi.org/10.1097/HJH.0000000000001480
https://doi.org/10.1016/j.dadm.2015.12.002
https://doi.org/10.1111/jon199114168
https://doi.org/10.1161/01.STR.24.9.1297
https://doi.org/10.1016/0301-5629(96)00039-7
https://doi.org/10.1097/HJH.0000000000001940
https://doi.org/10.1161/01.STR.25.12.2377
https://doi.org/10.1016/S0301-5629(98)00165-3
https://doi.org/10.1136/jnnp.2009.176818
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1212/WNL.43.2.250
https://doi.org/10.1093/aje/kwj202
https://doi.org/10.1093/aje/kwj202
https://doi.org/10.1161/01.STR.30.4.736
https://doi.org/10.1161/01.STR.30.4.736
https://doi.org/10.1161/STROKEAHA.117.016921
https://doi.org/10.1161/STROKEAHA.117.016921
https://doi.org/10.1001/jamaneurol.2017.1658
https://doi.org/10.1002/ana.21073
https://doi.org/10.1161/STROKEAHA.112.672527
https://doi.org/10.1016/j.jalz.2014.07.160
https://doi.org/10.1148/radiol.10091162
https://doi.org/10.1002/jcu.22334
https://doi.org/10.3174/ajnr.A6115
https://doi.org/10.1161/STROKEAHA.111.626200
https://doi.org/10.1016/j.atherosclerosis.2015.01.030
https://doi.org/10.1016/j.atherosclerosis.2015.01.030
https://doi.org/10.1161/str.32.10.2265
https://doi.org/10.1161/str.32.10.2265
https://doi.org/10.1161/01.ATV.19.5.1231
https://doi.org/10.1161/HYPERTENSIONAHA.112.194738
https://doi.org/10.1161/HYPERTENSIONAHA.112.194738
https://doi.org/10.1161/JAHA.115.002377
https://doi.org/10.1161/CIRCULATIONAHA.120.046361


 

 

 

 

 

 

 

 

 

SUPPLEMENTAL MATERIAL 
 

 

  



Table S1. Odds ratios (95% confidence intervals) of vascular dementia by quintiles or per 1-SD increment: the 

Atherosclerosis Risk in Communities (ARIC) study, 1990–2013. 

 cIMT quintiles (mm) cIMT continuous 

per 1 SD (0.15)  < 0.58 0.58 – 0.64 0.65 – <0.71 0.71 – <0.80 > 0.80 

Vascular dementia, n 13 22 24 29 50 138 

N at risk 1,163 1,164 1,164 1,164 1,164 5,819 

OR (95% CI)       

     Model 1 1 (ref) 1.38 (0.69, 2.79) 1.32 (0.66, 2.64) 1.44 (0.73, 2.83) 2.16 (1.13, 4.12) 1.21 (1.04, 1.41) 

     Model 2 1 (ref) 1.29 (0.63, 2.60) 1.25 (0.72, 2.50) 1.30 (0.66, 2.58) 1.84 (0.95, 3.55) 1.17 (0.99, 1.37) 

     Model 3 1 (ref) 1.30 (0.64, 2.64) 1.22 (0.61, 2.45) 1.28 (0.65, 2.55) 1.78 (0.92, 3.45) 1.15 (0.98, 1.35) 

 IAD quintiles (mm) IAD continuous 

per 1 SD (0.83)  < 6.77 6.77 – 7.18 7.19 – 7.57 7.58 – 8.10 > 8.11 

Vascular dementia, n 23 15 26 22 46 132 

N at risk 1,125 1,104 1,113 1,110 1,120 5,572 

OR (95% CI)       

     Model 1 1 (ref) 0.61 (0.32, 1.20) 0.92 (0.51, 1.67) 0.70 (0.37, 1.32) 1.32 (0.74, 2.33) 1.17 (0.98, 1.40) 

     Model 2 1 (ref) 0.59 (0.30, 1.16) 0.82 (0.45, 1.48) 0.60 (0.31, 1.13) 0.95 (0.52, 1.74) 1.04 (0.86, 1.27) 

     Model 3 1 (ref) 0.60 (0.31, 1.17) 0.83 (0.46, 1.51) 0.59 (0.31, 1.12) 0.94 (0.51, 1.73) 1.04 (0.85, 1.26) 

 DC quintiles (10-3/kPa) DC continuous 

per 1 SD (6.97)  < 12.21 12.22 – 15.48 15.49 – 18.66 18.67 – 23.25 > 23.28 

Vascular dementia, n 41 26 16 10 9 102 

N at risk 908 910 906 909 910 4,543 

OR (95% CI)       

     Model 1 1 (ref) 0.86 (0.51, 1.44) 0.66 (0.36, 1.22) 0.46 (0.22, 0.95) 0.53 (0.25, 1.14) 0.75 (0.57, 0.97) 

     Model 2 1 (ref) 0.95 (0.56, 1.62) 0.83 (0.44, 1.56) 0.58 (0.27, 1.24) 0.73 (0.32, 1.65) 0.87 (0.65, 1.15) 

     Model 3 1 (ref) 0.94 (0.55, 1.60) 0.83 (0.44, 1.57) 0.59 (0.28, 1.26) 0.74 (0.33, 1.68) 0.87 (0.66, 1.16) 

Model 1: adjusted for age, sex, race/center, education, APOE ɛ4. 

Model 2: adjusted for model 1 plus body mass index, systolic blood pressure, smoking status, pack-years of smoking. 

Model 3: adjusted for model 2 plus antihypertensive medications, diabetes status. 

Abbreviations: OR = odds ratio; SD = standard deviation; cIMT = carotid intima-media thickness; IAD = interadventitial 

diameter; DC = distensibility coefficient 

 

  



Table S2. Odds ratios (95% confidence intervals) of Alzheimer’s disease-related dementia by quintiles or per 1-SD 

increment: the Atherosclerosis Risk in Communities (ARIC) study, 1990–2013. 

 cIMT quintiles (mm) cIMT continuous 

per 1 SD (0.15)  < 0.58 0.58 – 0.64 0.65 – <0.71 0.71 – <0.80 > 0.80 

AD-related dementia, n 11 17 23 21 31 103 

N at risk 1,163 1,164 1,164 1,164 1,164 5,819 

OR (95% CI)       

     Model 1 1 (ref) 1.28 (0.59, 2.79) 1.53 (0.73, 3.22) 1.27 (0.59, 2.71) 1.50 (0.72, 3.12) 1.12 (0.94, 1.35) 

     Model 2 1 (ref) 1.25 (0.57, 2.72) 1.50 (0.72, 3.15) 1.22 (0.57, 2.62) 1.41 (0.67, 2.97) 1.11 (0.92, 1.34) 

     Model 3 1 (ref) 1.26 (0.58, 2.75) 1.50 (0.71, 3.14) 1.22 (0.57, 2.63) 1.40 (0.67, 2.96) 1.10 (0.91, 1.33) 

 IAD quintiles (mm) IAD continuous 

per 1 SD (0.83)  < 6.77 6.77 – 7.18 7.19 – 7.57 7.58 – 8.10 > 8.11 

AD-related dementia, n 16 10 21 28 19 94 

N at risk 1,125 1,104 1,113 1,110 1,120 5,572 

OR (95% CI)       

     Model 1 1 (ref) 0.60 (0.27, 1.35) 1.10 (0.56, 2.17) 1.28 (0.66, 2.49) 0.70 (0.34, 1.47) 0.97 (0.78, 1.21) 

     Model 2 1 (ref) 0.58 (0.26, 1.31) 1.05 (0.53, 2.08) 1.19 (0.60, 2.35) 0.60 (0.27, 1.30) 0.92 (0.73, 1.17) 

     Model 3 1 (ref) 0.59 (0.26, 1.32) 1.06 (0.53, 2.11) 1.21 (0.61, 2.39) 0.61 (0.28, 1.32) 0.92 (0.73, 1.17) 

 DC quintiles (10-3/kPa) DC continuous 

per 1 SD (6.97)  < 12.21 12.22 – 15.48 15.49 – 18.66 18.67 – 23.25 > 23.28 

AD-related dementia, n 31 13 12 10 8 74 

N at risk 908 910 906 909 910 4,543 

OR (95% CI)       

     Model 1 1 (ref) 0.51 (0.26, 1.00) 0.57 (0.28, 1.15) 0.51 (0.24, 1.08) 0.49 (0.21, 1.11) 0.86 (0.64, 1.14) 

     Model 2 1 (ref) 0.52 (0.26, 1.02) 0.58 (0.28, 1.19) 0.52 (0.24, 1.14) 0.50 (0.20, 1.20) 0.89 (0.65, 1.21) 

     Model 3 1 (ref) 0.51 (0.26, 1.00) 0.57 (0.28, 1.18) 0.52 (0.24, 1.14) 0.50 (0.20, 1.21) 0.89 (0.65, 1.21) 

Model 1: adjusted for age, sex, race/center, education, APOE ɛ4. 

Model 2: adjusted for model 1 plus body mass index, systolic blood pressure, smoking status, pack-years of smoking. 

Model 3: adjusted for model 2 plus antihypertensive medications, diabetes status. 

Abbreviations: AD = Alzheimer’s disease; OR = odds ratio; SD = standard deviation; cIMT = carotid intima-media thickness; 

IAD = interadventitial diameter; DC = distensibility coefficient 

 


