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4. Rationale:

Vascular aging is associated with stiffening of the aorta and arterial segment-specific loss of
arterial elasticity due to the replacement of elastin with collagen®. Several cardiovascular disease risk
factors are associated with accelerated vascular aging, including elevated blood pressure?, diabetes
mellitus and blood glucose levels®, and high adiposity*. Age associated central arterial stiffening results
in increased pulsatility,” which can profoundly affect the blood-brain barrier resulting in hypoperfusion
and increased susceptibility to microvascular damage and remodeling in the brain, therefore resulting
in impaired cognition®. Central arterial stiffening is thus a plausible vascular contributor to cognitive
aging and provides insights into previously observed associations between hypertension and risk of
cognitive decline and dementia in the elderly.
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A recent meta-analysis® cited 13 cross-sectional and 2 longitudinal studies that have examined
the associations between arterial stiffness and brain magnetic resonance imaging (MRI) measures (e.g.
white matter hyperintensities (WMH) and infarcts). A total of 15 cross-sectional studies and 7
longitudinal studies have quantified the associations between arterial stiffness and cognition. All but
one of the cross-sectional studies and one of the longitudinal studies observed increased arterial
stiffness to be associated with lower cognitive function and predictive of cognitive decline,
respectively. Several methodological limitations should be noted in these prior studies. Many of the
studies used different equipment and/or methods to measure arterial stiffness, with unknown
implications. Brachial-ankle pulse wave velocity (baPWV), an estimated measure not recommended
for use in older adults’, was most often used in these studies. Although correlated with central (aortic)
stiffness, baPWV is an indirect measure of the arterial stiffness not likely to impact the
microvasculature of the brain. The Mini-Mental State Examination state (MMSE) was the most
frequently cited measure of cognition in these studies; however, the MMSE is a screening test for
dementia and is not sensitive to capture different aspects of cognition. Lastly, the lack of adjustment
for clinically relevant covariates, such as ApoE4 and depression, limits the reported findings.

We propose to the test the hypothesis that higher central arterial stiffness, as measured by
carotid-femoral pulse wave velocity, is associated with lower cognitive function, infarcts and WMH on
brain MRI, and increased odds of mild cognitive impairment (MCI) and dementia. ARIC provides the
unique opportunity to contribute to the existing literature by examining this association in a well-
characterized biracial cohort with longitudinal assessments of multidimensional cognition, extensive
brain MRI measures, and segment-specific measures of PWV.

5. Main Hypothesis/Study Questions:

Aim 1: To test the hypothesis that arterial stiffness measured in older adulthood is associated with a
greater decline in domain-specific cognition measured from mid- to late-life.

Aim 1.1: Characterize the cross-sectional relationship of arterial stiffness with domain-specific
cognitive function in a cohort of African-American and Caucasian older adults.

Aim 2: To test the hypothesis that arterial stiffness is cross-sectionally associated with white matter
hyperintensities (WMH) and infarcts on the brain MRI.

Aim 3: To test the hypothesis that arterial stiffness is cross-sectionally associated with higher odds of
(a) mild cognitive impairment and (b) dementia.

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis, and
any anticipated methodologic limitations or challenges if present).

Study design: Prospective cohort design of arterial stiffness measured in older adulthood (Visit 5)
and change in cognition from visits 2 to 5.

Visit2 |, Visit3 _p| Visit4 > Visit 5
1990-1992 1990-1992 1996-1998 2011-2013
PWYV data: n=5,683
Neurocognition data:
- DWRT, DSST, WFT n=5,525 n=5,164 n=5,264
- Full neuro battery n=5,683

- Brain MRI n=1,845



Exclusions: Participants with missing information on PWV, body mass index (BMI) >40 kg/m?,
major arrhythmias (Minnesota code 8-1-3, 8-3-1, and 8-3-2), Minnesota code 8-1-2 with evidence of
biased PWV waveforms, aortic aneurysms, abdominal aorta >5 cm, history of aortic or peripheral
revascularization or aortic graft, aortic stenosis, moderate or greater aortic regurgitation; participants
self-identified as Asian; and African American participants from the Minnesota and Maryland sites

Exposure(s):

Arterial stiffness measured by pulse wave velocity

PWV was measured by the VVP-1000 plus system (Omron Co., Ltd., Kyoto, Japan) and the path
length was calculated using the following formula: path length (cm) = carotid-femoral distance (cm)
— (suprasternal notch — carotid distance (cm)). A minimum of two measurements were taken per
participant and the last two usable measurements (i.e. non-zero values) were averaged. We are
primarily interested in carotid-femoral PWV (cfPWV), but may explore the other two segment-
specific measures of PWV (femoral-ankle PWV (faPWV), and brachial-ankle PWV (baPWV)) in
secondary analyses.

Pulse pressure amplification

Considering the hypothesized link between arterial stiffness and cognition to be pulsatile vascular
stress, we will consider the following specific measures (and other derived) variables to provide
further mechanistic insight: carotid pulse pressure and augmentation index.

Outcomes- Neurocognitive outcomes

Aim 1.1. Cognition measured at visits 2, 4 and 5 (longitudinal)

Three cognitive tests were administered by trained interviewers using a standardized protocol at
visits 2, 4 and 5: the Delayed Word Recall Test (DWRT), the Digit Symbol Substitution Test
(DSST), and the Word Fluency Test (WFT). The DWRT is a test of immediate verbal memory where
participants are asked to learn a 10-word list and then must recall as many words as possible after a
5-minute delay.® The score is based on the total number of correctly recalled words. The DSST is a
test of executive function and psychomotor speed where participants are asked to relate numbers to
symbols using a key.® With a maximum score of 93, the participant’s score is the number of correct
symbol-number matches within 90 seconds. The WFT is a test of language and executive function.'®
Participants are asked to generate as many words as possible beginning with the letter, “F,” “A,” and
“S” within one minute. The participant’s score is the total number of correctly generated words from
the three letters. To facilitate relative comparisons across these tests, the raw test scores will be
standardized to accommaodate differences in scales. For each cognitive test at a visit, z scores will be
calculated based on the means and standard deviations at baseline (visit 2). The global cognition z
score will be calculated by averaging the z scores across the three tests.

Aim 1.2. Cognition measured at visit 5 (cross-sectional)
The following tests were included in the comprehensive neuropsychological battery administered at
ARIC visit 5:

- Delayed word recall test (DWRT)

- Digit symbol substitution test (DSST)

- Word fluency test (WFT)

- Logical Memory I and 1l

- Trail Making Test, Part A

- Trail Making Test, Part B

- Boston Naming Test



- Animal Naming
- Digit Span Backwards
- Incidental Learning

Tests will be examined individually and within domains. To facilitate relative comparisons across
these tests, the raw test scores will be standardized to accommodate differences in scales. For each
cognitive test at a visit, z scores will be calculated based on the means and standard deviations.
Domain scores will be estimated by averaging the z scores for tests within a particular domain and
then standardizing the averaged score using the mean and standard deviation. This ensures that each
domain score is standardized to a mean=0 and standard deviation=1.

Aim 2. Brain MRI measures (measured at visit 5)

Brain MRIs were obtained from a 3D-1.5T MRI scan at visit 5/ARIC-NCS (2011-2013).** We will
include imaging features that have been previously related to PWV in the literature, namely white
matter brain atrophy, hyperintensities, cerebral microbleeds, lacunar infarcts, silent subcortical
infarcts, brain volumes, white matter hyperintensity volumes, gray and white matter volumes, in
addition to an AD-signature region variable created for the ARIC MRI data.

Aim 3. MCI and dementia as ascertained at visit 5

Covariates: For Aim 1.1, we will consider the following covariates measured at visit 2: age, seX,
educational attainment, smoking, heart rate, prevalent CVD, diabetes, body mass index, blood
pressure, anti-hypertensive medication use, depression, ApoE4.

For Aims 1.2, 2 and 3, time-varying covariates (smoking, heart rate, pulse pressure, prevalent CVD,
diabetes, body mass index, blood pressure, anti-hypertensive medication use, depression) are
measured at visit 5.

Analysis: Pulse wave velocity will be analyzed using distribution-based cut points and/or meaningful
cut points published recently by the Arterial Stiffness’ Collaboration group using data from eight
European countries which provided reference values for cfPWV*2,

Aim 1.1: Using time on study, we will perform a longitudinal analysis using mixed effects models
with a random intercept, a random slope for spline 1 and a random slope for spline 2.We will use an
independence covariance matrix for the random effects. To account for the lapse in data collection in
ARIC, a linear spline will be included at 6 years (visit 4) to estimate the change in cognition from (a)
0-6 years and (b) 6 years - end of study. An interaction term between categorical PWV and each time
spline will be incorporated to estimate the change separately for years 0-6 and 6 years-end of study.

Aim 1.2: Multivariable linear regression model will be used to estimate the cross-sectional
associations of PWV with each cognitive test z score and cognitive domain score at visit 5.

Aim 2: A weighted multivariable linear regression model will be used to estimate the cross-sectional
associations of PWV with WMH and infarcts on the brain MRI. We will perform a subsidiary
mediation analysis to examine the extent to which the association between PWV and cognition is
mediated by WMH and infarcts. Prior to doing a formal mediation analysis, we will first confirm
whether both the exposure (PWV) and the outcome (cognitive function) are independently associated
with the brain MRI measures. A test for mediation will be performed by including the brain MRI
measures (e.g. WMH or infarcts) into the final model and assessing whether the estimates are
attenuated after its inclusion. If the estimates are attenuated greater than 15%, as recommended in



published literature, then it suggests that these brain MRI measures may explain some of the
variation in the association between the exposure (PWV) and the outcome (cognitive function). A
formal mediation analysis will be used as was previously done in Knopman et al. 2015.*

Aim 3: Multivariable logistic regression analyses will be used to estimate the risk of MCI or
dementia per unit increase in continuous measures of PWV and using distribution-based cut points
for PWV measured at visit 5. Models will be weighted to account for sampling probability. Vascular
etiologies have been attributed to diagnoses of MCI and dementia in the ARIC cohort (data
unpublished, Knopman et al.). As a subsidiary analysis, we will examine the association between
PWYV and MCl/dementia among persons both with and without cerebrovascular features (e.g. history
of stroke, infarcts on imaging, extensive WMH).

For the above analyses, we will examine effect modification by race, systolic blood pressure and
ApoE4.

Attrition and selection biases are of concern when using ARIC data since healthier individuals would
have the greatest influence on associations when analyses are restricted to visit 5. At the time of the
visit 5 examination (2011-2013), 33% (n=>5,275) of participants had died and 38% (n=3,979) of those
alive did not attend the examination. We will use multiple imputation by chained equation (MICE)*?
methods to account for bias due to attrition in the longitudinal analysis in Aim 1.1. These methods
utilize the following information to account for individuals that were not observed at visit 5:
retrospective ascertainment of hospitalization with dementia codes, clinical dementia rating (CDR)
scale conducted with proxies (~94% of cohort members have a proxy), and a comprehensive
assessment of conditions associated with impaired cognition (e.g. functional abilities, CVD risk
factors, etc.). For the visit 5 cross-sectional analyses (Aims 1.2, 2 and 3), we will use Heckman
selection models to account for informative missingness for those participants who either died prior
to visit 5 or were alive and did not attend visit 5.14*> The Heckman selection model is a type of joint
model that allows for a two-stage estimation of submodels; Model 1: the probability of non-
attendance at visit 5 due to either death or dropout, and Model 2: the exposure-outcome association
accounting for the probability of non-attendance. We have previously identified several
sociodemographic, clinical, and social risk factors associated with non-attendance to identify
common predictors of both death and dropout. The following variables were identified as significant
predictors of non-attendance: age, education, race-center, self-rated health, income, and functional
status. In the first submodel, we will estimate the probability of not attending visit 5 using the above
set of predictors. This estimated probability of non-attendance at visit 5 will then be included in the
second submodel as an explanatory variable for the exposure-outcome associations described in
Aims 1.2, 2 and 3). Similar Heckman-type selection models have been used and validated in other
epidemiologic studies to account for selection biases.*®*’

Methodological limitations: The cross-sectional design of aims 2 and 3 limits the inferences relating
to causality in the observed associations between PWV and brain MRI measures and risk of MCI and
dementia. Additionally, issues related to reverse causality will need to be addressed in the manuscript
for the longitudinal aim 1.1. Some PWV measurements were not obtained on visit 5 participants due
to technical issues, participant factors and scheduling conflicts. Height-based formulas used to
estimate baPWV and faPWV were validated in Japanese populations limiting its applicability to
other racial and/or ethnic groups; however, we are primarily interested in the impact of central aortic
arterial stiffening on cognitive function.
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