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Abstract

Objective: Elevated carotid intima-media thickness (cIMT) and carotid plaque are markers of 

arterial injury and may be linked to structural brain injury. We hypothesized cIMT or presence of 
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carotid plaque at midlife are associated with presence of infarcts and cerebral microbleeds, greater 

white matter hyperintensity (WMH) volume, and smaller regional brain volumes in late-life.

Methods: We included 1,795 Atherosclerosis Risk in Communities (ARIC) Study participants 

(aged 57±6 years, 57% female, 23% Black) with carotid ultrasounds in 1990–1992 and brain 

MRI scans in 2011–2013. Weighted linear regression was used for brain volume outcomes, while 

logistic regression was used for infarcts and cerebral microbleeds.

Results: After multivariable adjustments, the highest cIMT quintile was associated with smaller 

deep gray matter (β [95% CI]: −0.11 [−0.22, −0.01]) and cortical volume in a temporal-parietal 

meta region of interest (ROI) (β [95% CI]: −0.10 [−0.20, −0.01]) in late-life. Similarly, those 

with carotid plaque had smaller regional brain volumes than those without (βs [95% CIs]: −0.05 

[−0.12, 0.03] and −0.06 [−0.13, 0.01] for deep gray matter and temporal-parietal meta ROI). No 

significant relations were observed with WMH volume, infarcts, or cerebral microbleeds.

Conclusion: Over a median follow-up of 21 years, greater midlife cIMT and presence of carotid 

plaque were associated with smaller deep gray matter volume and cortical volume in a meta ROI 

involving temporal and parietal lobe regions typically involved in neurodegeneration, including 

Alzheimer’s disease, in later life. Contrary to our hypothesis, associations between measures of 

arterial injury and markers of vascular brain injury were null.
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INTRODUCTION

Elevated carotid intima-media thickness (cIMT) is a marker of arterial injury and can 

be quantified through a noninvasive ultrasound procedure.1 cIMT has been prospectively 

associated with an increased risk for dementia,2,3 including in the Atherosclerosis Risk 

in Communities (ARIC) study,4 and this association may be mediated by either clinical 

or silent cerebrovascular disease.5,6 There are several pathways through which these 

carotid markers may be linked to markers of neuropathology. Carotid atherosclerosis may 

reduce cerebral blood flow7 and result in insufficient delivery of oxygen to the brain.8 

This increases the risk of cerebral hypoperfusion,9 which may contribute to white matter 

hyperintensities (WMH) and ultimately lead to brain atrophy and/or dementia.10,11 As the 

carotid arteries provide the majority of the brain’s blood supply,6 there is a potential link 

between elevated cIMT or presence of carotid plaque and MRI markers of neuropathology, 

either vascular or neurodegenerative. Alternatively, cIMT and carotid plaque may simply 

be a marker of cumulative exposure to vascular risk factors throughout the lifecourse.12 

Midlife vascular risk factors such as hypertension, diabetes, and smoking have been linked 

to dementia, and even imaging biomarkers of dementia in nondemented adults.13,14

Prior research has suggested a relationship may exist between elevated cIMT and MRI 

markers of neuropathology; however, these studies have produced inconsistent results, 

and few examined the longitudinal association. Utilizing data from the community-based 

Atherosclerosis Risk in Communities Neurocognitive Study (ARIC-NCS), we tested the 

hypotheses that greater cIMT and presence of carotid plaque are associated with more 
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imaging findings of vascular brain injury (infarcts, microbleeds, and greater WMH volume) 

and smaller regional brain volumes.

METHODS

Study Population and Design

The ARIC study is a population-based cohort of 15,792 participants aged 45 to 64 at 

baseline (1987–1989) who were recruited from four US communities: Washington County, 

Maryland; Forsyth County, North Carolina; selected suburbs of Minneapolis, Minnesota; 

and Jackson, Mississippi.15 Since the baseline exam, participants have attended several 

additional follow-up visits; for the present manuscript visit 2 (1990–1992) serves as 

baseline since this was the first visit in which cognitive data were collected and cIMT 

was measured at this visit, and brain imaging was conducted at visit 5 (2011–2013). 

Additionally, participants were regularly contacted by telephone (annually before 2012 

and twice-yearly since) and there is continuous surveillance of catchment areas for 

hospitalizations. Participants provided written informed consent at each visit, and all study 

protocols were approved by Institutional Review Boards at the study sites.

A total of 14,348 participants attended visit 2, and 6,538 attended visit 5, of whom 1,978 

took part in brain imaging. From this subset, we excluded participants with missing brain 

MRI measures (n=22), races other than Black or white and non-whites from the Minneapolis 

and Washington County centers due to low numbers (n=15), participants with prevalent 

dementia or cardiovascular events (heart failure, stroke, coronary heart disease) at visit 

2 (n=44), missing carotid plaque or cIMT measurements at visit 2 (n=74), and missing 

covariate information (n=28). After exclusions, 1,795 participants were included in this 

analysis (Figure 1).

cIMT and Carotid Plaque Measurements

As previously described, ARIC ultrasound measurements were conducted at ARIC visit 

2 by trained technicians and scans were read centrally at the ARIC Ultrasound Reading 

Center.16 In brief, Biosound 2000 II duplex scanners were used to acquire images. cIMT 

was assessed in three 1-cm segments of the extracranial carotid arteries: the internal 

carotid, the carotid bifurcation, and the common carotid.17 A total of 11 measurements 

of the far wall were attempted at each segment in 1-mm increments and the mean of 

these measurements was calculated. Measurements were made regardless of the presence of 

plaque. The site-specific reliability coefficients for the mean far-wall thickness at the internal 

carotid, carotid bifurcation, and common carotid were 0.73, 0.77, and 0.70, respectively.17 

Carotid plaque was recorded as present if two of the following three 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 texture (brighter echoes 

than adjacent boundaries). The intrareader agreement had a κ statistic of 0.76 and an 

inter-reader agreement of 0.56.18
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Brain MRI Measurements

ARIC brain MRI imaging protocol has been previously described.19 Briefly, a subset of visit 

5 participants who had no brain MRI contraindications and met any of the following criteria 

were selected to undergo a brain MRI: 1) participated in a prior ARIC brain MRI scan 

in 2004–2006, 2) had evidence of cognitive impairment and/or declines on longitudinally-

administered tests, and 3) selected from an age-stratified random sample of cognitively 

normal participants to approximate the age distribution of cognitively impaired participants. 

Sampling weights were assigned based on inverse sampling fractions and the probability of 

completing the exam.19

3-T Siemens scanners were used at each study site using standardized protocols. Scans were 

read centrally at the ARIC MRI Reading Center at the Mayo Clinic (Rochester, MN). Total 

intracranial volume and distinct regional volumes were measured using FreeSurfer version 

5.1. Deep gray matter was calculated as the combined volume of the thalamus, caudate, 

putamen, and pallidum. The cortical volume in a temporal-parietal meta region of interest 

(ROI) was calculated as the combined volume of the parahippocampal, entorhinal, inferior 

parietal lobules, hippocampus, and precuneus,19 based on prior studies demonstrating the 

relevance of these regions in individuals with Alzheimer’s disease.20,21 WMH burden was 

measured using an algorithm developed at Mayo Clinic, Rochester.22 Briefly, WMH volume 

was derived from a semiautomated segmentation of fluid-attenuated inversion recovery 

(FLAIR) images. To reduce the number of false positive segmentations of WMH from 

FLAIR, the magnetization-prepared rapid acquisition gradient echo (MPRAGE) image was 

resampled in the FLAIR space. A white matter mask was then generated by MPRAGE 

segmentation. WMH was segmented using an automated slice-based seed initialization and 

region-growing method.22

Lacunar infarcts were defined as subcortical T2 fluid-attenuated inversion recovery lesions 

(FLAIR) with central hypointensity>3 mm and hyperintensity ≤20 mm in maximum 

diameter located in the caudate, lenticular nucleus, internal capsule, thalamus, brainstem, 

deep cerebral white matter, centum semiovale, or corona radiata.23 Cortical infarcts were 

defined as lesions with a minimum extent >10 mm on T2 FLAIR.24 Cerebral microbleeds 

were identified as lesions of ≤10 mm in maximum diameter on gradient-echo T2-weighted 

(T2*GRE) imaging sequences and were divided into lobar and subcortical microbleeds 

depending on the location.25,26

Covariate Measurements

Covariates assessed from visit 2 included age, sex, race, ARIC field center, APOEɛ4 

genotype (≥ 1 allele, 0 alleles), body mass index (BMI), systolic blood pressure, 

antihypertensive medications (yes, no), smoking status (current, former, never), pack-years 

of smoking, and diabetes status (yes, no). Education level (less than high school education, 

high school graduate or high school equivalent or vocational school, college or above) 

was obtained from visit 1. Race category, education level, smoking status, and amount 

smoked were self-reported by participants, while pack-years of smoking was calculated. 

Technicians recorded current medication use through review of medication bottles, which 

participants brought to the clinic visit. APOE ɛ4 genotyping was done using the TaqMan 
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assay (Applied Biosystems, Foster City, CA), as previously described.27 Height and weight 

were measured by technicians to derive BMI. Sitting blood pressure was measured three 

times via a random-zero sphygmomanometer after a 5-minutue rest and the final two blood 

pressure measures were averaged. Diabetes was defined as a fasting serum glucose of ≥126 

mg/dl, non-fasting serum glucose of ≥200 mg/dl, a self-reported physician diagnosis of 

diabetes, or use of antidiabetic medication in the past 2 weeks.

Statistical Analysis

Participant characteristics, stratified by cIMT quintiles, were described using frequencies 

and percentages for categorical variables and means and standard deviations (SD) for 

continuous variables. cIMT was categorized in quintiles for this analysis. To assess the 

relationship between cIMT and carotid plaque with brain MRI markers of cerebrovascular 

disease and neurodegeneration, linear regression was used for brain volume outcomes and 

logistic regression was used for dichotomous outcomes (infarcts and microbleeds). Infarcts 

and microbleeds were both assessed in three ways. For infarcts, we assessed the presence 

of 1) any infarcts, 2) lacunar infarcts, and 3) cortical infarcts. Microbleeds were analyzed as 

the presence of 1) any microbleeds, 2) subcortical microbleeds, and 3) lobar microbleeds. 

To compare the magnitude of association across brain regions, brain volumes were scaled 

based on their standard deviations. WMH volume was highly skewed; therefore, log base 2 

transformation was performed for normality.

For all analyses, multivariable models were adjusted as follows: model 1 adjusted for age, 

sex, race/center (5 levels), education, and APOEɛ4 genotype; model 2 additionally adjusted 

for BMI, systolic blood pressure, smoking status, pack-years of smoking, antihypertensive 

medications, and diabetes status. Analyses for brain volume outcomes also adjusted for total 

intracranial volume in all models. To account for potential selection bias, inverse probability 

weighting was used in all analyses to account for inclusion in the brain MRI sample, 

attrition due to death or visit non-attendance.28,29 Logistic models were used to model the 

estimated probabilities of being alive at visit 5, attending visit 5 (conditional on being alive 

at the time of visit 5), and being selected for the brain MRI (conditional on being alive 

at and participating in visit 5). For each participant, their weights were the inverse of the 

product of the estimated probabilities. Multiplicative interactions by age, sex, and racewere 

analyzed by including cross-product terms in the model. P for trend values were obtained 

using quintile numbers. SAS software was used for all analyses (version 9.4; SAS Institute 

Inc., Cary, NC).

RESULTS

Demographic and clinical characteristics of the study participants, stratified by cIMT 

quintiles, are provided in Table 1. At baseline, participants had a mean (SD) age of 57(6) 

years, 57% were female, and 23% were Black. Those in the highest cIMT quintile were 

more likely to be older, male, heavier smokers, use antihypertensive medications, and have 

lower educational attainment. Additionally, participants in the highest cIMT quintile had 

lacunar infarcts present more often, greater WMH volume, and lower cortical volume in the 

temporal-parietal meta ROI when compared to those in the lower cIMT quintiles.
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cIMT and brain MRI markers

Table 2 presents the associations between cIMT and brain MRI volumetric markers. 

Compared to those in the lowest quintile, participants in the highest cIMT quintile had 

smallerdeep gray matter volume (β [95% CI]: −0.11 [−0.22, −0.01]) and cortical volume 

in the temporal-parietal meta ROI(β [95% CI]: −0.10 [−0.20, −0.01]) after multivariable 

adjustments.

No consistent associations between cIMT and markers of vascular brain injury were 

observed. Those in the highest cIMT quintile had greater WMH volume when compared 

to participants in the lowest cIMT quintile, though this association was not statistically 

significant (Table 2; β [95% CI]: 0.06 [−0.08, 0.20]). The association of cIMT with 

infarcts and microbleedsare presented in Table 3. Although more infarcts and microbleeds 

were observed among participants in the highest cIMT quintile, no consistent associations 

between cIMT quintiles and any of the infarcts or microbleeds categories were noted. When 

assessing cIMT continuously (per 1-SD) and lacunar infarcts, an interaction with age at 

baseline (split at the median) was present(p=0.02). For each 1-SD greater cIMT, older 

individuals at baseline had an increased odds of lacunar infarcts, while younger individuals 

had a reduced odds(ORs [95% CIs] per 1-SD cIMT:≤55 years: 0.85 [0.68, 1.06]; >55 years: 

1.14 [0.99, 1.31]). No other interactions were observed.

Carotid plaque and brain MRI markers

Of the 1,795 participants included in this analysis, 473 (26%) participants had carotid plaque 

present on their carotid ultrasound. Associations between presence of carotid plaque and 

any of the brain MRI measures were similar to that of cIMT. Participants with carotid 

plaque present had smaller regional brain volumes than those without carotid plaque (Table 

4; βs [95% CIs]: −0.05 [−0.12, 0.03] and −0.06 [−0.13, 0.01] for deep gray matter and 

temporal-parietal meta ROI volumes, respectively). No association between carotid plaque 

with measures of vascular brain injury (infarcts, microbleeds, and WMH volume) was noted 

(Tables 4 and 5). An interaction with age at baseline (split at the median) was noted (p=0.02) 

when lacunar infarcts was the outcome. Older participants with carotid plaque present had 

greater odds of lacunar infarcts, but younger participants had a reduced odds (ORs [95% 

CIs]:≤55 years: 0.63[0.39, 1.01]; >55 years: 1.42 [0.99, 2.04]). No other interactions were 

noted.

DISCUSSION

In this population-based cohort followed for a median of 21 years, midlife elevated cIMT 

and presence of carotid plaque were associated with smaller regional brain volumes (deep 

gray matter and the temporal-parietal meta ROI) in laterlife. Counter to our hypotheses, 

midlife cIMT or carotid plaque were not related to laterlife markers of cerebrovascular 

disease (e.g. WMH volume). Additionally, an age interaction between both cIMT and 

carotid plaque with lacunar infarcts was present. Older participants with greater cIMT 

or carotid plaque had increased odds of lacunar infarcts, while younger participants had 

reduced odds.
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In the present analysis, elevated cIMT was associated with smaller regional brain volumes. 

A prior study of symptomatic atherosclerotic participants reported elevated cIMT was cross-

sectionally associated with decreased cortical gray matter volume; however, when assessed 

prospectively, no significant association with progression of brain atrophy was present 

over 4-years of follow-up.30 Community-based cohorts have reported contrasting results: 

CARDIA reported no relationship between cIMT and gray matter volume,8 while AGES–

Reykjavik found that elevated cIMT was associated with a steeper decline in gray matter 

volume over 5 years of follow-up among older adults (mean age: 75 years).31 It has been 

suggested that long term exposure to cardiovascular risk factors results in an increased risk 

of brain atrophy.32 As atherosclerosis may represent a lifetime exposure to cardiovascular 

risk factors,8 it is plausible that atherosclerosis leads to greater brain atrophy over an 

extended time-frame of cardiovascular risk factor exposure. This concept is supported by our 

results indicating that elevated cIMT in midlife is prospectively associated withsmaller deep 

gray matter volume and cortical volume in the temporal-parietal meta ROI. Furthermore, 

this set of regions is likely particularly relevant for age-related neurodegenerative disease, 

including but not limited to typical amnestic Alzheimer’s disease. Although the involvement 

of this particular composite set of regions is interesting and may suggest a more specific 

Alzheimer’s-type mechanism, the lack of specificity of this set of regions makes a definitive 

connection impossible.

Prior studies have reported varying results when assessing the relationship of cIMT or 

carotid plaque with brain MRI markers of vascular brain injury. Elevated IMT of the 

common carotid artery was cross-sectionally associated with MRI infarcts in the population-

based Cardiovascular Health Study (all aged ≥65 years),6 while a previous ARIC study 

reported a cross-sectional association between midlife elevated IMT (defined as >0.9 mm) 

and silent brain infarcts in African Americans, but not whites.33 However, other studies in 

middle-aged adults (mean age: 51 and 58 years) found no association present,34,35 similar 

to results from our prospective study. Additionally, we found no significant association 

between elevated cIMT and WMH volume, consistent with results from other population-

based cohort studies.8,34,36 In contrast, the Northern Manhattan and Cardiovascular Health 

Study reported cross-sectional associations of cIMT with WMH in older populations (mean 

age: 71 and 75 years old, respectively).6,37 Prior studies reporting a significant association 

with infarcts and WMH were not only cross-sectional, but also measured cIMT in older 

adults. Our study differed in that we assessed cIMT at midlife and looked at markers of 

brain neuropathology at later life. Atherosclerosis and cIMT progresses over time and may 

represent the cumulative effect of a combination of vascular risk factors,38 such as diabetes 

or hypertension. Therefore, assessing atherosclerosis or cIMT at different points in one’s life 

may reflect different constructs of atherosclerosis severity and progression.

Relatively few prior studies have evaluated the association between cIMT and cerebral 

bleeding outcomes. A study in Taiwan found the highest quartile of cIMT is cross-

sectionally associated with cerebral microbleeds among community-dwelling adults over 

50 years old when compared to the lower three quartiles combined.39 When separated by 

location, deep/infratentorial microbleeds remained associated with greater cIMT, while lobar 

microbleeds did not.39 The Framingham Offspring study reported no significant association 
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between cIMT and cerebral microbleeds overall.38 We observed no consistent associations 

between cIMT and microbleeds.

Of the few studies assessing carotid plaque and brain MRI measures, contrasting results 

were present. Carotid plaque was cross-sectionally associated with silent cerebral infarcts 

in a Japanese study,35 but no relationship with white matter disease or MRI infarcts was 

noted in the Cardiovascular Health Study.6 The Rotterdam study reported an association 

between carotid plaques and lacunar infarcts; however, precision was relatively poor in 

this study.40 In our analysis, participants with carotid plaque present had smaller regional 

brain volumes than those without carotid plaque, which are similar results to that of cIMT. 

However, no association between carotid plaque and infarcts, microbleeds, or WMH volume 

were observed. Given that the reliability coefficient in defining presence of carotid plaque 

was lower than that for cIMT measurements in ARIC,17,18 measurement error may have 

contributed to why we failed to find plaque to be a predictive factor for vascular brain injury.

Although no association between cIMT or carotid plaque with lacunar infarcts was found, an 

age interaction was present. Older participants with greater cIMT or carotid plaque present 

had an increased odds of lacunar infarcts, while younger participants had a reduced odds 

of lacunar infarcts. There are few studies assessing an age interaction in the relationship 

between cIMT and brain MRI markers. In the Northern Manhattan study, a similar age 

interaction was noted, in which cIMT was cross-sectionally associated with WMH in those 

≥70 years, but not among those <70 years old.37 Younger participants in our analysis 

had lower systolic blood pressure and were less likely to have hypertension compared to 

older participants. In addition, atherosclerotic changes in the extracranial arteries are age 

dependent.41 Therefore, it may be that older participants had an increased odds of lacunar 

infarcts given that elevated cIMT is often due to aging and hypertension.42 Prior research 

has indicated that the rate of cIMT progression may be reduced by anti-hypertensive 

medications;43 this suggests the importance of screening for atherosclerosis markers early 

in the disease progression. Additional research is warranted to further clarify the association 

between cIMT and brain MRI markers among younger populations.

An important strength of our study, compared to most conducted previously, is the 

prospective design. In our study, carotid ultrasounds were performed approximately 20 years 

prior to brain MRIs, allowing us to explore the likely temporality of the relationship, though 

unfortunately midlife brain MRI data were not available in this subset, so we could not 

directly evaluate change in brain MRI markers over time. Other strengths include that the 

cohort with brain MRI measures is relatively large and consists of Black and white men 

and women. However, limitations also exist. We are unable to assess whether participants 

had carotid or arterial stenosis at the time of carotid ultrasound. It is possible that those 

with more severe stenosis at baseline may be more unlikely to attend and undergo brain 

MRI scans at the later visit, which may lead to selection bias. In addition, selection bias 

may have also occurred as it is likely that participants who returned for a brain MRI were a 

healthier subset of the baseline cohort. Therefore, we utilized inverse probability weighting 

in our analyses to account for attrition due to visit non-attendance, death, or selection for the 

brain MRI study, but it is still possible selection bias remains. Measurement error is another 

limitation; the inter-reader agreement for presence of carotid plaque was consideredjust fair, 
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which may have resulted in a lack of association. Furthermore, similar to other observational 

studies, causal inference is limited as unmeasured confounding may exist.

CONCLUSION

In this community-based cohort, elevated cIMT and presence of carotid plaque, markers for 

arterial injury, were associated with smaller deep gray matter and temporal-parietal meta 

ROI volumes over 20 years later, independent of traditional vascular risk factors. Counter 

to our expectation, neither cIMT nor carotid plaque were not associated with markers 

of vascular brain injury over 20 years later. Although assessing the role of cIMT and 

brain pathology over a long timeframe is challenging due to issues of selection bias and 

measurement error, our findings suggest markers of arterial injury may contribute to brain 

atrophy in late-life, highlighting the importance of optimal control of modifiable vascular 

risk factors in midlife.
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Figure 1. 
Study sample exclusion flowchart.

Wang et al. Page 13

J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 14

Table 1.

Baseline characteristics according to carotid intima-media thickness (cIMT) quintiles: the Atherosclerosis 

Risk in Communities (ARIC) study, 1990–1992
a

cIMT quintiles

1 2 3 4 5

N 359 359 359 359 359

cIMT range, mm <0.59 0.59 – 0.65 0.66 – 0.71 0.72 – 0.80 >0.80

Carotid plaque 32 (8.9) 55 (15.3) 67 (18.7) 108 (30.1) 211 (58.8)

Demographics

Age, years 54.1 ± 4.8 54.8 ± 5.2 55.7 ± 5.2 56.0 ± 5.0 57.5 ± 5.1

Male sex 96 (26.7) 114 (31.8) 140 (39.0) 164 (45.7) 192 (53.5)

Black race 76 (21.2) 105 (29.2) 89 (24.8) 93 (25.9) 105 (29.2)

Less than high school education 43 (12.0) 42 (11.7) 45 (12.5) 53 (14.8) 61 (17.0)

Physiologic Indicators

Body mass index, kg/m2 26.5 ± 4.9 27.3 ± 4.9 27.3 ± 5.0 28.0 ± 4.8 27.5 ± 4.5

Systolic blood pressure, mmHg 113.2 ± 14.5 114.9 ± 14.3 117.4 ± 16.7 119.4 ± 16.0 120.2 ± 16.7

Use of antihypertensive medication 58 (16.2) 71 (19.8) 86 (24.0) 80 (22.3) 90 (25.1)

Diabetes 21 (5.8) 21 (5.8) 29 (8.1) 41 (11.4) 38 (10.6)

≥1 APOE ε4 allele 88 (24.5) 101 (28.1) 115 (32.0) 106 (29.5) 102 (28.4)

Behavioral Characteristics

Smoking status

 Current smoker 58 (16.2) 53 (14.8) 51 (14.2) 54 (15.0) 55 (15.3)

 Former smoker 120 (33.4) 119 (33.1) 128 (35.7) 139 (38.7) 157 (43.7)

 Never smoker 181 (50.4) 187 (52.1) 180 (50.1) 166 (46.2) 147 (40.9)

Pack-years smoking 16.2 ± 32.5 16.7 ± 34.3 19.5 ± 37.5 16.3 ± 33.4 21.7 ± 36.2

Brain MRI Measurements

Cortical infarcts 25 (7.0) 41 (11.4) 35 (9.7) 46 (12.8) 41 (11.4)

Lacunar infarcts 53 (14.8) 67 (18.7) 61 (17.0) 62 (17.3) 76 (21.2)

Subcortical microbleeds 52 (14.5) 76 (21.2) 73 (20.3) 77 (21.4) 72 (20.1)

Lobar microbleeds 27 (7.5) 33 (9.2) 30 (8.4) 34 (9.5) 32 (8.9)

White matter hyperintensity volume, cm3 14.8 ± 14.4 16.9 ± 15.8 17.4 ± 16.1 17.2 ± 17.2 20.9 ± 20.5

Deep gray matter volume, cm3 42.3 ± 4.2 42.4 ± 4.2 42.9 ± 4.4 42.6 ± 4.3 42.8 ± 4.3

Temporal-parietal meta ROI cortical volume, cm3 59.1 ± 6.8 58.9 ± 7.0 59.2 ± 7.2 58.9 ± 7.1 58.7 ± 6.9

a
Restricted to the analytic sample, which required having brain imaging measure data at visit 5 (2011–2013). Continuous variables are expressed as 

mean ± SD, while categorical variables are n (%).

Abbreviations: APOE = apolipoprotein E; ROI = region of interest
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Table 2.

Weighted
a
 estimates (95% confidence intervals) of brain MRI volume measurements

b
 (2011–2013) by carotid 

intima-media thickness (cIMT) quintiles (1990–1992), ARIC-NCS

cIMT quintiles (mm)

<0.59 0.59 – 0.65 0.66 – 0.71 0.72 – 0.80 >0.80
p for trendN 359 359 359 359 359

Log2(WMH Volume)

 Model 1 Reference 0.10 (−0.03, 0.24) 0.06 (−0.09, 0.21) 0.03 (−0.11, 0.16) 0.12 (−0.01, 0.27) 0.27

 Model 2 Reference 0.09 (−0.04, 0.22) 0.01 (−0.13, 0.15) −0.03 (−0.17, 0.10) 0.06 (−0.08, 0.20) 0.99

Deep Gray

Matter Volume

 Model 1 Reference −0.02 (−0.12, 0.08) −0.01 (−0.13, 0.12) −0.07 (−0.17, 0.03) −0.14 (−0.24, 
−0.03)

0.01

 Model 2 Reference −0.02 (−0.12, 0.07) 0.01 (−0.10, 0.12) −0.05 (−0.15, 0.05) −0.11 (−0.22, 
−0.01)

0.03

Temporal-Parietal Meta

ROI Cortical Volume 
c 

 Model 1 Reference −0.03 (−0.12, 0.05) −0.06 (−0.16, 0.04) −0.10 (−0.20, 
−0.01)

−0.14 (−0.24, 
−0.05)

0.001

 Model 2 Reference −0.02 (−0.11, 0.06) −0.02 (−0.12, 0.07) −0.07 (−0.16, 0.02) −0.10 (−0.20, 
−0.01)

0.02

a
Inverse probability weighting was used.

b
Brain volume data is in SD units. Definition of 1-SD: log2(WMH) 1.28, deep gray matter 4.29 cm3, temporal-parietal meta ROI cortical volume 

7.01 cm3.

c
Calculated as the combined volume of the parahippocampal, entorhinal, inferior parietal lobules, hippocampus, and precuneus regions.

Model 1: adjusted for age, sex, race/center, education, APOE ε4, total intracranial volume

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

Abbreviations: WMH = white matter hyperintensities; ROI = region of interest
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Table 3.

Weighted
a
 odds ratios (95% confidence intervals) of brain MRI measures (2011–2013) by carotid intima-

media thickness (cIMT) quintiles (1990–1992), ARIC-NCS

cIMT quintiles (mm)

p for trend<0.59 0.59 – 0.65 0.66 – 0.71 0.72 – 0.80 >0.80

N 359 359 359 359 359

Any Infarcts

 N events 74 88 83 91 109

 Model 1 Reference 1.28 (0.89, 1.84) 0.96 (0.66, 1.40) 1.24 (0.87, 1.78) 1.37 (0.96, 1.97) 0.12

 Model 2 Reference 1.23 (0.85, 1.78) 0.82 (0.56, 1.20) 1.08 (0.75, 1.57) 1.16 (0.80, 1.68) 0.60

Lacunar Infarcts

 N events 53 67 61 62 76

 Model 1 Reference 1.34 (0.89, 2.02) 1.03 (0.68, 1.57) 1.15 (0.76, 1.73) 1.19 (0.79, 1.80) 0.71

 Model 2 Reference 1.29 (0.85, 1.95) 0.90 (0.59, 1.38) 1.01 (0.66, 1.53) 1.03 (0.67, 1.56) 0.67

Cortical Infarcts

 N events 25 41 35 46 41

 Model 1 Reference 1.62 (0.96, 2.72) 1.10 (0.64, 1.89) 1.64 (0.98, 2.74) 1.36 (0.80, 2.30) 0.34

 Model 2 Reference 1.56 (0.92, 2.65) 0.94 (0.54, 1.65) 1.45 (0.86, 2.44) 1.15 (0.67, 1.97) 0.82

Any Microbleeds

 N events 74 91 85 88 94

 Model 1 Reference 1.25 (0.87, 1.81) 1.03 (0.71, 1.49) 1.14 (0.79, 1.64) 1.08 (0.74, 1.56) 0.95

 Model 2 Reference 1.22 (0.84, 1.77) 0.97 (0.66, 1.41) 1.11 (0.77, 1.62) 1.02 (0.70, 1.49) 0.87

Subcortical Microbleeds

 N events 52 76 77 72

 Model 1 Reference 1.54 (1.03, 2.32) 1.35 (0.89, 2.03) 1.54 (1.02, 2.31) 1.17 (0.77, 1.78) 0.66

 Model 2 Reference 1.51 (1.01, 2.28) 1.29 (0.85, 1.95) 1.51 (1.01, 2.28) 1.12 (0.73, 1.71) 0.79

Lobar Microbleeds

 N events 27 33 30 34 32

 Model 1 Reference 1.20 (J.68, 2.11) 0.90 (0.50, 1.60) 1.16 (0.67, 2.03) 0.92 (0.52, 1.64) 0.75

 Model 2 Reference 1.17 (0.67, 2.07) 0.85 (0.47, 1.53) 1.16 (0.66, 2.05) 0.88 (0.49, 1.58) 0.67

a
Inverse probability weighting was used.

Model 1: adjusted for age, sex, race/center, education, APOE ε4

Model 2: adjusted for model 1 plus body mass index, systolic blood pressure, smoking status, pack-years of smoking, antihypertensive medications, 
diabetes
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Table 4.

Weighted
a
 estimates (95% confidence intervals) of brain MRI markers

b
 (2011–2013) by carotid plaque status 

(1990–1992), ARIC-NCS

Plaque Absent Plaque Present

(n=1322) (n=473)

Log2(WMH Volume)

Model 1 Reference 0.02 (−0.08, 0.12)

Model 2 Reference −0.01 (−0.10, 0.09)

Gray Matter Volume

Model 1 Reference −0.06 (−0.13, 0.02)

Model 2 Reference −0.05 (−0.12, 0.03)

Temporal-Parietal Meta ROI Cortical Volume 
c 

Model 1 Reference −0.07 (−0.14, −0.003)

Model 2 Reference −0.06 (−0.13, 0.01)

a
Inverse probability weighting was used.

b
Brain volume data is in SD units. Definition of 1-SD: log2(WMH) 1.28, deep gray matter 4.29 cm3, temporal-parietal meta ROI cortical volume 

7.01 cm3.

c
Calculated as the combined volume of the parahippocampal, entorhinal, inferior parietal lobules, hippocampus, and precuneus regions.

Model 1: adjusted for age, sex, race/center, education, APOE ε4, total intracranial volume

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

Abbreviations: WMH = white matter hyperintensities; ROI = region of interest
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Table 5.

Weighted
a
 odds ratios (95% confidence intervals) of brain MRI markers (2011–2013) by carotid plaque status 

(1990–1992), ARIC-NCS

Plaque Absent Plaque Present

(n=1322) (n=473)

Any Infarcts

N events 309 136

Model 1 Reference 1.20 (0.95, 1.53)

Model 2 Reference 1.14 (0.89, 1.45)

Lacunar Infarcts

N events 225 94

Model 1 Reference 1.07 (0.82, 1.40)

Model 2 Reference 1.03 (0.78, 1.36)

Cortical Infarcts

N events 130 58

Model 1 Reference 1.18 (0.86, 1.64)

Model 2 Reference 1.11 (0.80, 1.55)

Any Microbleeds

N events 316 116

Model 1 Reference 1.03 (0.80, 1.32)

Model 2 Reference 0.99 (0.77, 1.28)

Subcortical Microbleeds

N events 258 92

Model 1 Reference 0.97 (0.74, 1.27)

Model 2 Reference 0.94 (0.72, 1.24)

Lobar Microbleeds

N events 110 46

Model 1 Reference 1.24 (0.86, 1.79)

Model 2 Reference 1.15 (0.79, 1.67)

a
Inverse probability weighting was used.

Model 1: adjusted for age, sex, race/center, education, APOE ε4

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