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BACKGROUND: Cardiovascular risk factors are associated with cognitive decline and dementia. Magnetic resonance imaging
provides sensitive measurement of brain morphology and vascular brain injury. However, associations of risk factors with brain
magnetic resonance imaging findings have largely been studied in White participants. We investigated associations of race,
ethnicity, and cardiovascular risk factors with brain morphology and white matter (WM) injury in a diverse population.

METHODS AND RESULTS: In the Multi-Ethnic Study of Atherosclerosis, measures were made in 2018 to 2019 of total brain vol-
ume, gray matter and WM volume, and WM injury, including WM hyperintensity volume and WM fractional anisotropy. We as-
sessed cross-sectional associations of race and ethnicity and of cardiovascular risk factors with magnetic resonance imaging
measures. Magnetic resonance imaging data were complete in 1036 participants; 25% Black, 15% Chinese-American, 19%
Hispanic, and 41% White. Mean (SD) age was 72 (8) years and 53% were women. Although WM injury was greater in Black
than in White participants in a minimally adjusted model, additional adjustment for cardiovascular risk factors and socioeco-
nomic status each attenuated this association, rendering it nonsignificant. Overall, greater average WM hyperintensity volume
was associated with older age and current smoking (69% greater vs never smoking); lower fractional anisotropy was addition-
ally associated with higher diastolic blood pressure, use of antihnypertensive medication, and diabetes.

CONCLUSIONS: We found no statistically significant difference in measures of WM injury by race and ethnicity after adjustment
for cardiovascular risk factors and socioeconomic status. In all racial and ethnic groups, older age, current smoking, hyperten-
sion, and diabetes were strongly associated with WM injury.
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traditional cardiovascular risk factors—including age,

multiple pathologic processes including atrophy
and vascular brain injury and are associated
with subsequent dementia and Alzheimer’s disease.'®
Brain magnetic resonance imaging (MRI) in several
large cohort studies has demonstrated associations of

Alterations in brain structure and function reflect

higher body mass index (BMI), hypertension, smoking,
diabetes, and low physical activity level—with struc-
tural brain measures such as total brain volume (TBV)
and white matter hyperintensity (WMH) volume.*®
However, studies performed in North America and
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CLINICAL PERSPECTIVE

What Is New?

e Existing studies of the association of cardiovas-
cular risk factors with brain magnetic resonance
imaging measures have included largely White
populations.

e Qur study investigated associations of race,
ethnicity and cardiovascular risk factors with
measures of white matter injury and brain atro-
phy in a multiethnic cohort of older individuals.

e Qur analysis found that although Black partici-
pants had more evidence of white matter injury
than White participants, these differences were
progressively attenuated after adjustment for
cardiovascular risk factors and socioeconomic
status and became nonsignificant.

What Are the Clinical Implications?

e Differences by race in the extent of brain white
matter injury were largely explained by the
greater burdens of cardiovascular risk factors
and socioeconomic disadvantage in Black par-
ticipants than in White participants.

e Cardiovascular health is crucial to brain health,
and early treatment of cardiovascular risk fac-
tors, including in Black populations, may lessen
the burden of white matter injury and brain atro-
phy later in life.

Nonstandard Abbreviations and Acronyms

FA fractional anisotropy

GM gray matter

MESA  Multi-Ethnic Study of Atherosclerosis
TBV total brain volume

WM white matter

WMH  white matter hyperintensity

Europe included predominantly White populations.
Available data suggest that compared with White pop-
ulations, Black populations have a higher burden of
cerebral small vessel disease, echoing differences in
cardiovascular risk factor distributions and stroke rates,
which may arise or be exacerbated by lack of health
care access and other forms of structural racism.®
Comparatively few data are available for Americans of
Asian or Hispanic background.”"" Additionally, some
of the available brain MRI data were collected 10 to
25 years ago, and newer MRI protocols provide im-
proved image resolution and quantification.

In the MESA (Multi-Ethnic Study of Atherosclerosis)
Atrial Fibrillation ancillary study, brain MRIs were
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completed in 2018 and 2019 on 1062 participants
from 4 racial and ethnic groups. We provide the brain
MRI protocol, describe the participants, and conduct
cross-sectional analyses to characterize associations
of race, ethnicity and cardiovascular risk factors with
brain morphology and MRI indices of WM injury.

METHODS

The data used in this analysis are available through the
MESA Coordinating Center with an approved paper
proposal. Instructions for data access may be found at
https:/www.mesa-nhibi.org/.

Study Population

The analysis setting was MESA: a longitudinal study
of subclinical atherosclerosis among 6814 men
and women 45 to 84 years of age and free of clini-
cally recognized cardiovascular disease at base-
line at 6 field centers: Baltimore, Maryland; Chicago,
lllinois; Forsyth County, North Carolina; Los Angeles
County, California; New York, New York; and St.
Paul, Minnesota. Participants self-identified as Black,
Chinese-American, Hispanic, or White. Study details
have been previously reported.” The baseline exam for
MESA occurred between 2000 and 2002, and 5 fol-
low-up exams have been performed, including Exam
6 in 2016 to 2018. At Exam 6, 1942 MESA participants
were invited to participate in the Atrial Fibrillation an-
cillary study involving extended ambulatory cardiac
rhythm monitoring™® followed 1 to 2 years later by
brain MRI. Among the 1557 participants who com-
pleted cardiac monitoring at Exam 6, 1030 completed
the brain MRI in 2018 to 2019, a median of 17 months
later. The brain MRI was not completed by 527 partici-
pants for the following reasons: metal implant (n=104),
claustrophobia (h=63), unable to lie flat or too large for
scanner or head coil (n=7), deceased or moved out
of the area (n=11), and too ill or declined participation
(n=342). A total of 32 participants completed the brain
MRI but not the cardiac monitoring, for a total of 1062
participants with brain MRI. Each study site obtained
institutional review board approval and all participants
provided written informed consent.

Risk Factors

Self-reported age, sex, race and ethnicity, and maxi-
mum attained education level were collected at base-
line. All other risk factor data were collected at Exam
6 (2016-2018). Information on smoking status, medi-
cation use, and family income was updated; height
and weight were measured by study staff. Blood pres-
sure was calculated as the average of the last 2 of 3
seated measurements. Total and high-density lipopro-
tein cholesterol, glucose, hemoglobin Alc, and serum


https://www.mesa-nhlbi.org/
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creatinine were measured from fasting blood samples;
low-density lipoprotein cholesterol was calculated
using the Friedewald equation. Estimated glomerular
filtration rate was calculated based on serum creati-
nine using the Chronic Kidney Disease Epidemiology
Collaboration equation.'* Diabetes was defined as use
of diabetes medication, fasting glucose > 126 mg/dL,
or hemoglobin Alc > 6.5%.

At telephone contacts every 9 to 12 months during
follow-up after the baseline visit, participants were
asked to identify new hospitalizations and diagnoses.
Medical records were obtained and myocardial infarc-
tion, heart failure, atrial fibrillation, and stroke during fol-
low-up were ascertained as previously reported.'215:16
Mean neighborhood socioeconomic status between
baseline exam and MESA Exam 5 (2010-2012) was
calculated using principal factor analysis of 16 census-
tract-level variables from American Community Survey
2005 to 2009 and 2007 to 2011 estimates' reflecting
education, employment, housing, and household in-
come and wealth, as described elsewhere.'® Missing
covariate values were imputed using multiple impu-
tation with chained equations (Stata release 14.2,
StataCorp LP, College Station, TX). Covariate data
were missing and imputed for fewer than 5% of partic-
ipants for all covariates.

Brain MRI Acquisition and Processing
Brain MRI scans were acquired on 3-Tesla (3T)
Siemens scanners: Prisma VE11C (University of
California Los Angeles, Columbia University, John
Hopkins University, Northwestern University, University
of Minnesota) and Skyra VD11B (University of California
Los Angeles, Wake Forest University). Staff from the
University of Pennsylvania Brain MRI Reading Center
trained MRI technologists to perform standardized im-
aging protocols and supervised study quality.

Structural MRI brain sequences included 1 mm iso-
tropic sagittal 3D T1-weighted, T2-weighted, and fluid
attenuated inversion recovery. Additional imaging ac-
quired for the protocol included axial 2D echo-planar
diffusion-tensor imaging, axial 3D pseudo-continuous
arterial spin labeling, axial 3D multiecho quantitative
susceptibility mapping/susceptibility weighted imag-
ing, and axial 2D resting state and breathhold func-
tional MRI sequences. A detailed brain MRI protocol is
included in Data S1.

The participant MRI scans were transferred from
the MESA field centers to the Reading Center using
a designated, HIPAA-compliant transfer image and
data system (TRIAD, American College of Radiology,
Philadelphia, PA). Clinically significant findings identi-
fied by the field center or Reading Center radiologist
were reported to the participant and with permission,
the participant’s physician.
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MRI Measures

The present report includes data from the T1, T2, fluid
attenuated inversion recovery, and diffusion tensor
imaging MRI sequences. Variables of interest derived
from the MRI images included TBV, total gray matter
(GM) volume, total WM volume, total WMH volume,
and WM fractional anisotropy (FA).

An automated pipeline was applied for preprocess-
ing structural MRIs, including inhomogeneity correc-
tion' and extraction of the intracranial brain tissues and
cerebrospinal fluid using multiatias skull-stripping.?°
Anatomical regions of interest were identified using
a multiatlas label fusion method?' and were used to
segment GM and WM tissues, with the sum of GM
and WM defining TBV. Total intracranial volume was
defined as the sum of all GM, WM, and cerebrospinal
fluid. The volume of WMH, or leukoaraiosis, was mea-
sured from inhomogeneity corrected and coregistered
fluid attenuated inversion recovery and T1-weighted
images using a deep learning-based segmentation
method.?? The deep-learning model was trained using
a separate training set with human-validated segmen-
tation of WMH and was applied to participants to cal-
culate binary WMH masks.

WM FA is a measure of WM integrity calculated
from diffusion tensor imaging using automated pipe-
lines.?® FA is the degree to which water diffusion is
limited to a single dimension and is a scalar ranging
from O, indicating equivalent motion in all directions,
to 1, indicating motion restricted to a single direction.
Here FA is reported as a Z score; low FA is interpreted
as indicating poor WM integrity, and characterizes WM
injury burden in diseases affecting the WM, including
cerebral small vessel disease.

Statistical Analysis

We used linear regression to assess the association of
race and ethnicity with TBV, total GM volume, total WM
volume, total WMH volume, and WM FA, adjusting for
3 sets of covariates. Model 1 included age, sex, and
MESA site; the volumetric measures were also adjusted
for total intracranial volume. Model 2 included model 1
covariates plus BMI, smoking status, systolic and di-
astolic blood pressure, use of hypertension medica-
tion, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, diabetes status, and estimated
glomerular filtration rate. Model 3 additionally adjusted
for educational attainment, income, and neighborhood
socioeconomic status. To account for potential cluster-
ing by MESA site, all models used robust sandwich es-
timators. WMH volume is heavily right skewed and was
log-transformed for analysis. Regression estimates for
WMH volume are expressed as the percent difference
in WMH volume per increment of the exposure, based
on the geometric mean ratio.
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We used linear regression, including the Model 2
covariates described, to assess the association of es-
tablished cardiovascular risk factors with brain MRI
measures. We used variance inflation factors to investi-
gate the potential for bias due to multicollinearity in this
model. We further investigated statistically-significant
associations from this analysis for differences by
race and ethnicity and by sex by adding an interac-
tion term for the cardiovascular risk factor of interest
and either race and ethnicity or sex, and testing for
significance. In sensitivity analyses, we adjusted for
or excluded participants with prevalent cardiovascu-
lar disease, defined as study-identified myocardial in-
farction, heart failure, atrial fibrillation, or stroke before
brain MRI. We ran a separate analysis excluding partic-
ipants with multiple sclerosis (N=3), stroke (N=15), and
transient ischemic attack (N=11), and lastly an analysis
excluding participants with a self-reported blow to the
head that resulted in loss of consciousness or being
“dazed or confused” (N=80). To explore the possibility
of nonlinear relationships in the models described, we
fit models with restricted cubic splines separately for
each continuous cardiovascular risk factor included in
the model.

RESULTS

Participant Characteristics
A total of 1062 MESA participants completed brain
MRI. Twenty six participants were excluded for focal
structural lesions, such as encephalomalacia, tumors,
or large infarcts, that could affect image processing, or
poor MRI quality control issues, or missing image data,
leaving 1036 participants with complete MRI measures
in the analysis. Characteristics at Exam 6 of the 1036
participants with brain MRI are described in Table 1.
Participants had a mean age of 72 years (SD: 8), 53%
were female, and the mean BMI was 28 (SD: 5) kg/m?.
Distribution of race and ethnicity was representative of
the original MESA cohort: 25% Black, 15% Chinese-
American, 19% Hispanic, and 41% White. Compared
with White participants, Black participants had higher
BMI, systolic blood pressure, diastolic blood pressure,
and use of hypertension medication and diabetes, and
lower prevalence of clinical cardiovascular disease;
Chinese-American participants had lower BMI and
higher diabetes prevalence; and Hispanic participants
had a higher diabetes prevalence (Table 1). Household
income and educational attainment also differed in the
4 racial and ethnic groups; larger proportions of White
participants had higher levels of income and educa-
tional attainment.

Table 1 also includes characteristics of participants
who attended MESA Exam 6 but did not complete the
brain MRI. Participants who did not complete brain
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MRI were older on average and had greater prevalence
of hypertension medication, cardiovascular disease,
and diabetes. Chinese-American participants were
more likely to be included in our analysis sample and
Hispanic participants were slightly less likely to be in-
cluded. On average, MESA participants not included in
this analysis had lower income, and a smaller propor-
tion completed high school or college (Table 1).

Summary statistics for brain MRI measures are pre-
sented in Table 2. For all racial and ethnic groups, av-
erage TBV was smaller and WMH volume was larger
with increasing age (Figure 1).

Association of Race and Ethnicity With
Brain MRI Measures

Compared with White participants, Black participants
had greater TBV in all models (Table 3). In Model 3,
Black participants had on average 11.9 mL larger TBV
than White participants (95% ClI, 4.8 to 19.1 mL). Black
and Hispanic participants had greater WM volume
compared with White participants. Black participants
also had on average greater WM injury than White
participants as measured by higher WMH volume and
lower WM FA, but these differences were progressively
attenuated after adjustment for cardiovascular risk fac-
tors and socioeconomic status and were no longer
statistically significant (Table 3, Model 3). No differ-
ences in WMH volume or WM FA were detected for
Chinese-American or Hispanic participants compared
with White participants.

Association of Cardiovascular Risk
Factors with Brain MRI Measures

In multivariable models, older age and diabetes were
strongly associated with lower TBY, total GM, and
total WM volumes, and higher diastolic BP with lower
TBV and GM volume (Figure 2, Table S1). Older age
and current smoking were associated with greater
WMH volume and lower WM FA (Figure 2, Table S2).
Higher diastolic blood pressure, use of hypertension
medication, and diabetes were all associated with
greater WM injury as measured by WM FA. Better
kidney function (higher estimated glomerular filtration
rate) was associated with higher WM FA, which sug-
gests less WM injury. High-density lipoprotein and
low-density lipoprotein cholesterol were not associ-
ated with brain volumes or measures of WM injury in
the multivariable models. We did not find evidence
of multicollinearity from variance inflation factors in
our main models. In analyses of effect modification
by race and ethnicity, compared with White partici-
pants, Chinese-American participants had a slightly
weaker association of age with WM FA (interaction
P value=0.041). We did not otherwise find evidence
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Table 1. Characteristics of MESA Participants With and Without Brain MRI at Exam 6 (2018-2019)

Exam 6 participants with completed brain MRI Exar:n .6
participants
Chinese- without completed

CherEsErse Total Black American Hispanic White brain MRI*
N 1036 259 155 199 423 2267
Female sex, n (%) 549 (53) 154 (59) 76 (49) 95 (48) 224 (53) 1211 (53)
Age, y, mean (SD) 72 (8) 73 (8) 72 (8) 72 (8) 73 (8) 75 (9)
Cigarette use

Never, n (%) 493 (48) 105 (41) 108 (70) 97 (49) 183 (44) 1028 (46)

Former, n (%) 482 (47) 130 (50) 43 (28) 92 (46) 217 (51) 1106 (49)

Current, n (%) 60 (6) 24.(9) 4(3) 10 (5) 22 (5) 124 (5)
Systolic BP, mm Hg, mean (SD) 127 (21) 134 (20) 122 (19) 125 (18) 125 (21) 128 (21)
Diastolic BP, mm Hg, mean (SD) 69 (10) 72 (10) 68 (9) 68 (9) 68 (10) 68 (10)
Body mass index, kg/m?, mean (SD) 28 (5) 30 (5) 24 (3) 30 (5) 28 (5) 29 (6)
High-density lipoprotein cholesterol, 60 (18) 65 (21) 58 (16) 53 (14) 62 (18) 60 (19)
mg/dL, mean (SD)
Low-density lipoprotein cholesterol, mg/ 107 (35) 108 (37) 106 (36) 1083 (33) 109 (35) 105 (35)
dL, mean (SD)
Estimated glomerular filtration rate, ml/ 77 (19) 79 (22) 78 (22) 79 (19) 74 (17) 74 (21)
min/1.73m?, mean (SD)
Hypertension medication, n (%) 602 (58) 178 (69) 89 (568) 116 (58) 219 (52) 1430 (64)
Diabetes, n (%) 222 (22) 67 (26) 39 (26) 60 (30) 56 (13) 559 (26)
Prevalent cardiovascular disease, n (%) 132 (13) 29 (11) 20 (13) 23 (12) 60 (14) 424 (19)
Income

<$25,000, n (%) 230 (23) 59 (24) 61 (40) 68 (35) 42 (10) 600 (28)

$25,000-$49,999, n (%) 249 (25) 69 (28) 25 (16) 72 (38) 83 (21) 533 (25)

$50,000-$99,999, n (%) 300 (30) 76 (31) 37 (24) 41 (21) 146 (36) 571 (26)

>$100,000, n (%) 213 (21) 39 (16) 31 (20) 11 (6) 132 (33) 451 (21)
Education

<High school, n (%) 114 (11) 12 (5) 31 (20) 59 (30) 12 (3) 310 (14)

High school, n (%) 160 (15) 45 (17) 22 (14) 47 (24) 46 (11) 379 (17)

Some college, n (%) 249 (24) 85 (393) 20 (13) 58 (29) 86 (20) 539 (24)

College degree, n (%) 271 (26) 65 (25) 48 (31) 23 (12) 135 (32) 523 (23)

Graduate degree, n (%) 240 (23) 51 (20) 34 (22) 12 (6) 143 (34) 511 (23)

Prevalent cardiovascular disease=myocardial infarction, stroke, atrial fibrillation, or heart failure.
BP indicates blood pressure; MESA, Multi-Ethnic Study of Atherosclerosis; and MRI, magnetic resonance imaging.
*Race and ethnicity distribution of 2265 participants without completed brain MRI:, 26% Black, 12% Chinese-American, 22% Hispanic, 40% White.

of differences by race and ethnicity in the associa-
tions of cardiovascular risk factors with the brain
MRI measures examined. We found evidence of dif-
ferences by sex in the associations of age with TBY,
age with total GM volume, and age with total WM
volume (all interaction P values <= 0.003); advanced
age was more strongly associated with low brain
volumes in men than women (Table S3). In sensitiv-
ity analyses, adjustment for history of clinical car-
diovascular disease or exclusion of participants with
a history of clinical cardiovascular disease did not
materially affect the results presented in Figure 2.
Similarly, exclusion of participants with multiple
sclerosis, stroke, or transient ischemic attack did
not meaningfully influence results, nor did exclusion
of participants with a self-reported history of head
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injury. Finally, we did not find evidence of meaningful
nonlinear relationships of cardiovascular risk factors
with brain MRI measures.

Table 2. Summary of MESA Exam 6 (2018-2019) Brain MRI
Measures in 1036 Participants

Brain MRI measure

Total brain volume, mL, mean (SD) 1092 (114)
Total gray matter volume, mL, mean (SD) 597 (65)
Total white matter volume, mL, mean (SD) 495 (56)
Total white matter hyperintensity volume, mL, median 29(1.2,7.5
(interquartile range)

White matter fractional anisotropy*, mean (SD) 0.39 (0.03)

MESA indicates Multi-Ethnic Study of Atherosclerosis; and MRI, magnetic
resonance imaging.
*Fractional Anisotropy is a scalar with values between 0 and 1.
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Figure 1. Magnetic resonance imaging-derived total brain volume (A) and white matter hyperintensity volume (B)
by age within racial or ethnic groups, with linear fit (line) and 95% CI (shaded).
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DISCUSSION

In MESA, 3T brain MRI was completed during 2018
to 2019, with complete volumetric and diffusion ten-
sor imaging data available in 1036 participants from 4
racial and ethnic groups. Compared with White partici-
pants, Black participants had greater TBV in all mod-
els, and Black and Hispanic participants had greater
total WM volume. These differences were small, rep-
resenting about 0.1 SDs of TBV in the analysis sam-
ple. The greater burden of WM injury in Black than in
White participants in minimally adjusted analyses was
progressively attenuated after adjustment for cardio-
vascular risk factors and socioeconomic status. By
contrast, across all 4 racial and ethnic groups, older
age and modifiable cardiovascular risk factors were
strongly and consistently associated with lower brain
volumes and greater WM injury.

Race, Ethnicity, and Brain MRI Measures

Our findings suggest minimal differences in meas-
ures of brain atrophy and WM injury by race and
ethnicity while supporting established associations

Brain MR, Race, and Cardiovascular Risk Factors

between cardiovascular risk factors and brain
health. A 2008 study found a higher ratio of brain
volume to total intracranial volume among Hispanic
participants and Black than in White participants,
similar to our findings in Table 3.7 In our analysis
of WM injury measures adjusted only for age, sex,
and study site, Black participants had more WM in-
jury than White participants as indicated by higher
WMH volume and lower FA. However, adjustment
for cardiovascular risk factors and measures of
socioeconomic status progressively attenuated
these associations, suggesting confounding by
the greater burden of cardiovascular risk factors
and socioeconomic disadvantage among Black
participants. Previous studies have documented
greater deep WM hyperintensity volume and more
subclinical cerebrovascular disease in participants
of African-American and Afro-Caribbean descent,
respectively, than in White participants.?42% Our re-
sults suggest that some of the previously observed
differences may be because of differing burdens
of cardiovascular risk factors and socioeconomic
disadvantage.

Table 3. Associations Between Race, Ethnicity and Brain MRI Measures in MESA from Multivariable Models

Model 1*

Model 2t

Model 3*

Coef. (95% CI)

Coef. (95% CI)

Coef. (95% ClI)

difference

Total brain volume, mL White Ref. Ref. Ref.
Black 9.5 (3.0to 15.9)! 12.4 (5.5 t0 19.4)" 11.9 (4.8 to 19.1)!
Chinese-American -1.6 (-9.5106.3) -0.8(-8.91t07.3) -2.5(-11.410 6.9)
Hispanic 5.9 (-1.4 to 13.1) 7.8 (0.4 to 15.2)! 47 (3.2 t0 12.6)

Total gray matter volume, White Ref. Ref. Ref.

ml- Black -4.0(-9.3t01.9) -1.8 (-7.510 3.8) -1.8 (-7.6 10 3.9)
Chinese-American -3.9(-9.7t0 1.8) -3.1(-911t02.8) -3.8 (-10.3t0 2.7)
Hispanic 0.8 (-4.7 t0 6.2) 1.6 (-3.91t07.2) 0.0 (-5.9t0 6.0

Total white matter volume, White Ref. Ref. Ref.

mL Black 13.5 (9.8 to 17.2)! 14.3 (10.4 to 18.1)! 13.8 (9.8 to 17.8)!
Chinese-American 2.3(-21106.8) 2.3(-2.4107.0) 1.2 (-3.8t06.3)
Hispanic 5.1(0.9t09.9)! 6.2 (1.9 to 10.5) 4.7 (-0.0t0 9.4)"

Total white matter White Ref. Ref. Ref.

hyperintensity volume, % Black 46.2 (18.5 to 80.4)! 29.4 (4.0 to 61.0)' 21.3 (-3.2 10 52.0)

Chinese-American

21 (-20.9 10 31.9)

~0.1 (-22.9 t0 29.4)

~4.8 (-27.2 t0 24.4)

Hispanic 0.7 (-18.7 to 24.6) 01 (-19.6 to 24.7) 210.4 (-29.2 10 13.5)
White matter fractional White Ref. Ref. Ref.
i §
anisotropy (SD) Black ~0.19 (-0.34 to —0.05)! ~0.06 (-0.21 to 0.09) ~0.03 (-0.19 t0 0.13)

Chinese-American

0.01 (-0.17 t0 0.20)

0.04 (-0.15 10 0.23)

0.05 (-0.14 t0 0.25)

Hispanic

0.06 (~0.10 t0 0.22)

0.12 (~0.04 t0 0.28)

0.14 (-0.03 to 0.31)

MESA indicates Multi-Ethnic Study of Atherosclerosis; MRI, magnetic resonance imaging; and WM, white matter.

*Model 1 adjusted for age, sex, MESA site, and total intracranial volume (for MRI volumes).
Model 2 adjusted for Model 1 variables and body mass index, smoking status, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,

estimated glomerular filtration rate, systolic and diastolic blood pressure, use of antihypertensive medication, and diabetes status.
*Model 3 adjusted for Model 2 variables, family income, highest attained education, and neighborhood-level socioeconomic status.

SFractional anisotropy presented as Z scores; low WM fractional anisotropy is interpreted as indicating poor WM integrity.

IRepresent those results that reach statistical significance (P<0.05).
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Total Brain Total Gray Matter Total White Matter
Volume (ml) Volume (ml) Volume (ml)
Age (per 5 years) S - -
BMI (per 5 units) — —— -+
Former Smoker (vs Nonsmoker) — —r —o—
Current Smoker (vs. Nonsmoker) —_— T R —
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White Matter
Hyperintensity Volume White Matter Fractional
(% difference) Anisotropy* (SD)
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Diabetes — —

-100 0 100 05 0 -0.5

Figure 2. Associations between cardiovascular risk factors and brain MRl measures in 1036 MESA participants based on

multivariable* models

*Regression models include sex, race and ethnicity, MESA site, total intracranial volume (for magnetic resonance imaging volumes),
and all cardiovascular risk factors in the leftmost column. TWhite matter hyperintensity volume presented as percent difference per
indicated unit of the exposure based on the geometric mean ratiof Fractional anisotropy presented as Z scores; low white matter
fractional anisotropy is interpreted as indicating poor white matter integrity. For fractional anisotropy, the x axis has been reversed to
aid interpretation. BMI indicates body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; MESA, Multi-Ethnic Study of Atherosclerosis; and MRI, magnetic resonance imaging.

Cardiovascular Risk Factors and Brain
MRI Measures

Associations of age and diabetes with brain volumes, as
well as associations of age, current smoking, diastolic blood
pressure, use of hypertension medication, and diabetes
with WM injury have been identified in the Coronary Artery
Risk Development in Young Adults study, Atherosclerosis
Risk in Communities study, and Framingham Heart Studly,
among others. #5262 |In our analysis, the large magni-
tude of the association between current smoking status
and white matter injury did not differ by race and ethnic-
ity, and this supports the importance of smoking as a
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modifiable risk factor for WM injury.2® Similarly, diabetes
was associated with 4 of the 5 MRI measures after ad-
justment for other cardiovascular risk factors, supporting
existing evidence of the associations of diabetes with WM
injury, cognitive decline, and dementia. In our analysis, the
association of older age with smaller brain volumes was
stronger in men than in women (Table S3), in agreement
with findings from previous studies.3*! However, in our
study, the association of age with brain volumes did not
differ by race and ethnicity.

Cognitive function data are available on MESA partic-
ipants included in this analysis, though they are beyond
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the scope of this analysis and not assessed here.
Additional work is needed to assess the degree to which
differences in brain MRI measures in this population are
associated with differences in cognitive function.

Characteristics of MESA participants at Exam 6 who
were and were not included in this analysis differed in
ways that may influence the generalizability of our findings.
Compared with participants not included in the analysis,
those included were slightly younger and healthier, with
more privileged socioeconomic status. Some of these
differences may be unavoidable, because brain MRI ex-
clusion criteria (such as metal implants) limited our ability
to enroll a representative sample of the MESA population.
In addition, older participants and those in poor health
may not have wished to undergo the burden of additional
testing after Exam 6 participation. These differences may
have led to some selection bias, and results should be
viewed in light of these considerations.

Our analysis has several limitations that influence our
results and their interpretation. MESA participants had
a single brain MRI, and the present analysis is cross-
sectional. We cannot demonstrate progression of brain
atrophy or WM injury, limiting our ability to make causal
inferences. The MESA cohort was free of known cardio-
vascular disease at enrollment in 2000 to 2002 when the
average age was 63 years, and although clinical cardio-
vascular disease has occurred during follow-up, MESA
participants are not likely fully representative of the larger
population of their age and demographic characteris-
tics. Although we have information on blood pressure,
diabetes, and other cardiovascular risk factors, we lack
detailed data on the severity or control of these risk fac-
tors between exams. We do not have detailed data on
MRI-defined infarcts, which may affect values of several
measures of interest. However, the prevalence of clini-
cally recognized stroke was low in our MRI cohort, and
quality control notes by MRI readers allowed us to iden-
tify and exclude participants with large infarcts or clus-
ters of small infarcts that may have affected outcome
measures in this analysis. Global measures of brain vol-
ume are sensitive but not specific measures, and future
studies using these brain MRI data may focus on partic-
ular regions of interest. Additionally, our analysis included
a large number of tests for significance, increasing the
possibility of type | error. We chose not to correct for
multiple comparisons because the brain MRI measures
are strongly correlated, though many of the associations
identified would have remained after Bonferroni multiple-
comparisons adjustment.

CONCLUSIONS

Brain MRI provides a detailed view of structural differ-
ences in the brain that may represent atrophy and vas-
cular brain injury, including WM injury, and which may
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reflect dementia risk. We found that Black and Hispanic
participants had slightly greater total brain and WM vol-
umes than White participants. After adjustment for car-
diovascular risk factors and socioeconomic status, we
did not find consistent evidence of differences in WM
injury by race and ethnicity. Rather, the findings from this
multiethnic cohort support the importance of modifiable
cardiovascular risk factors including smoking, hyperten-
sion, and diabetes as risk factors for vascular brain injury
in all racial and ethnic groups.
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Data S1.

Brain MRI Quality Assurance

Each MRI center followed standard quality assurance protocols using phantoms developed for
the Alzheimer's Disease Neuroimaging Initiative (ADNI) and the Functional Bioinformatics
Research Network (FBIRN). The following established quality assurance acceptance thresholds
from phantom scans were used: Signal-to-Noise (SNR) >300 and maximum distortion >1mm for
ADNI measurements; Signal-to-Fluctuation Noise Ratio (SfNR) >220 and Radius DeCorrelation
(RDC) >3.1 for FBIRN measurements. Scanner performance was met for all MRI centers prior
to study start-up and monitored throughout the study with all scanners showing stability of

phantom measurements.

Brain Magnetic Resonance Imaging Parameters

Imaging parameters were as follows: T1 (TR=1900ms, TE=2.93ms, flip angle=9, FOV=250mm,
slice thickness=1mm, slices=176, averages=1); T2 (TR=3200ms, TE=408ms, FOV=250mm,
slice thickness=1mm, slices=176, averages=1); FLAIR (TR=6000ms, TE=289ms, TI1=2200 ms,
FOV= 258mm, slice thickness=1mm, slices=160); DTI (TR=9700ms, TE=82ms, FOV=246mm,
acceleration factor=2, slice thickness=2.2ms, slices=64, averages=1); pCASL (TR=4300ms,
TE=37ms, FOV=240ms, PLD=2000ms, slice thickness=2.5ms, slices=48, averages=1);
QSM/SWI (TR=35ms, TE1=7.5ms, TE2=15ms, TE3=22.5ms, TE4=30ms, flip angle=15,
FOV=256mm, slice thickness=1.5mm, slices= 96, acceleration factor=2, averages=1); fMRI
(TR=2000ms, TE=25ms, flip angle=75, FOV=224ms, slice thickness=3.5mm, slices=33,

measurements=120 [resting]; 105 [breathhold]).



Table S1: Associations between cardiovascular risk factors and MRI brain volumes in MESA based on multivariable* models.

Total Brain Volume (mL)

Total Gray Matter Volume

Total White Matter

(mL) Volume (mL)
Coef. (95% Cl) P-Value Coef. (95% Cl) P-Value Coef.(95% Cl) P-Value
Age (per 5 years) -21.2(-23.0,-19.3)  <0.001  -17.6(-19.0,-16.3)  <0.001  -3.5(-4.6,-2.4) <0.001
BMI (per 5 units) -0.5(-3.2, 2.3) 0.743 0.0(-2.0, 2.1) 0.967 -0.5(-1.9,0.9)  0.498
Smoking
Never Ref. N/A Ref. N/A Ref. N/A
Former -4.5(-9.3,0.4) 0.071 -2.4(-6.0, 1.3) 0201  -2.1(-4.9,0.8) 0.151
Current -5.9(-17.4, 5.6) 0.315 -6.0 (-14.5, 2.6) 0.170 0.1(-6.2,6.4)  0.977
HDL (per 10 mg/dL) 0.1(-1.4, 1.6) 0.937 -0.4 (-1.5, 0.6) 0.422 0.5 (-0.4, 1.4) 0.263
LDL (per 10 mg/dL) 0.3 (-0.4, 1.0) 0.348 0.3(-0.2,0.8) 0.266 0.0(-0.4,0.4)  0.897
eGFR (per 10 mL/min/1.73m?) -0.5(-1.8, 0.8) 0.483 -0.2(-1.2,0.8) 0.650  -0.2(-0.9,0.5)  0.517
SBP (per 10mm Hg) 1.4 (-0.2, 3.1) 0.079 1.1(-0.2, 2.4) 0.087 0.3(-0.7, 1.4) 0.529
DBP (per 10mm Hg) -3.6 (-7.1,-0.2) 0.038 -2.8 (-5.4,-0.2) 0.037  -0.8(-2.8,1.2) 0.422



Hypertension Medication -1.5(-6.7, 3.7) 0.563 -1.4 (-5.4, 2.5) 0.469  -0.1(-3.2,3.0) 0.959

Diabetes -12.9(-19.3,-6.5)  <0.001 -9.3 (-14.2, -4.4) <0.001 -3.6(-7.1,-0.1)  0.044

BMI = body mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein; eGFR = estimated glomerular filtration

rate; SBP = systolic blood pressure, DBP = diastolic blood pressure

* Regression models include sex, race and ethnicity, MESA site, total intracranial volume, and all cardiovascular risk factors in the

leftmost column



Table S2: Associations between cardiovascular risk factors and white matter injury measures in MESA based on multivariable*

models.
White Matter
White Matter Fractional
Hyperintensity Volume (%
Anisotropy (SD)t
Difference)
Coef. (95% Cl) P-Value Coef. (95% Cl) P-Value
Age (per 5 years) 43.3(35.9,51.2) <0.001  -0.25(-0.29,-0.21)  <0.001
BMI (per 5 units) 1.2 (-6.8,9.9) 0.768 -0.05 (-0.11, 0.00) 0.062
Smoking
Never Ref. N/A Ref. N/A
Former 1.4 (-12.6, 17.6) 0.854 0.03 (-0.08, 0.14) 0.607
Current 69.4 (23.4,132.5)  0.001  -0.31(-0.54,-0.08)  0.009
HDL (per 10 mg/dL) 1.1(-3.5, 6.0) 0.634 0.00 (-0.03, 0.03) 0.946
LDL (per 10 mg/dL) 1.6 (-0.5, 3.7) 0.138 0.01 (-0.01, 0.02) 0.425
eGFR (per 10 mL/min/1.73m?) -2.3(-6.1,1.7) 0.251 0.04 (0.01, 0.07) 0.007

SBP (per 10mm Hg) 3.7 (-1.7, 9.4) 0.188 -0.02 (-0.06, 0.02) 0.344



DBP (per 10mm Hg) 9.5 (-1.7, 22.0) 0.099  -0.10(-0.18,-0.02)  0.011
Hypertension Medication 16.8 (-0.2, 36.7) 0.053 -0.16 (-0.27, -0.04) 0.007

Diabetes 19.7 (-1.7, 45.8) 0.073 -0.19 (-0.33, -0.05) 0.008

BMI = body mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein; eGFR = estimated glomerular filtration
rate; SBP = systolic blood pressure; DBP = diastolic blood pressure

* Regression models include sex, race and ethnicity, MESA site, total intracranial volume (for white matter lesion volume only), and
all cardiovascular risk factors in the leftmost column

T Fractional anisotropy presented as z-scores; low WM fractional anisotropy is interpreted as indicating poor WM integrity



Table S3: Associations of age with brain volumes and with measures of white matter injury for men and women in MESA based on

multivariable* models

Women (n=549)

Men (n=486)

Age x Sex

Interaction P-value

Age (per 5

years)

Total Brain Volume (mL)

Total Gray Matter Volume (mL)

Total White Matter Volume (mL)

White Matter Hyperintensity Volume (% Difference)

White Matter Fractional Anisotropyt (SD)

-17.4 (-19.7, -15.0)
-15.4 (-17.2, -13.7)
-2.0(-3.3,-0.6)
8.1(6.4,9.8)

-0.27 (-0.33,-0.22)

-25.3 (-28.0, -22.7)
-20.0 (-22.0, -18.0)
-5.3 (-6.9, -3.8)
6.7 (5.1, 8.3)

-0.24 (-0.30, -0.19)

<0.0005

<0.0005

0.003

0.085

0.685

* Regression models include race and ethnicity, MESA site, body mass index, smoking status, high-density lipoprotein, low-density

lipoprotein, estimated glomerular filtration rate, systolic and diastolic blood pressure, use of hypertension medication, diabetes status,

and for MRI volumes, total intracranial volume,

t Fractional anisotropy presented as z-scores; low white matter fractional anisotropy is interpreted as indicating poor white matter

integrity
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