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4. Rationale:

Low serum 25-hydroxyvitamin D [25(OH)D] levels are associated with coronary heart disease,’
stroke, and its risk factors such as hypertension and diabetes.> Emerging data suggest that
vitamin D may be important for cognitive functioning and may be protective against
neurovascular injury.* Vitamin D receptors are located in the human cortex and hippocampus,
areas of the brain important for cognitive functioning, and vitamin D receptor down regulation in
these key areas has been associated with Alzheimer’s disease.” Therefore adequate levels of
vitamin D in midlife may help prevent cognitive decline and dementia, particularly Alzheimer’s
and vascular dementia.

We previously analyzed the association of 25(OH)D levels measured during the ARIC visit 3
(1993-1995) with cognition among 852 whites and 800 blacks participants of the ARIC Brain
MRI ancillary study from the Jackson and Forsyth County sites.” We found that lower 25(OH)D
was not associated with 3 cognitive measures (DWRT, DSST, WFT) cross-sectionally at visit 3,
nor with greater DWRT, DSST, or WFT decline for both short term follow-up (visit 3 to visit 4)
and ~10-year follow-up (visit 3 to the 2004-2006 ARIC Brain MRI visit) (p>0.05 for all
associations). Though not statistically significant, lower levels of 25(OH)D were suggestive of
an association with increased dementia risk (HR lowest versus highest race-specific tertile:
whites 1.32 [95% CI: 0.69, 2.55]; blacks 1.53 [95% CI: 0.84, 2.79]). We concluded that, in
contrast to prior studies performed in older white populations, our study did not find significant
associations between lower levels of 25(OH)D measured in late-middle age black or white
participants with lower cognitive test scores at baseline and change in scores over time.
However in this paper, we did not use ARIC-NCS data, nor did we examine a more
comprehensive approach to neuropsychological testing. We also did not take into account
possible biases due to selective attrition.

A primary objective of the Atherosclerosis Risk in Communities Brain MRI study (ARIC Brain)
held in 2004-2006 and the ARIC Neurocognitive study (ARIC NCS) held in 2011-2013 is to
evaluate the contribution of vascular risk factors, measured during midlife, to long-term
cognitive decline and neuropsychological functioning. The ARIC Brain Visit was a subset of the
ARIC cohort at the Jackson and Forsyth County locations (~1100 individuals), while the ARIC
NCS study included ~6500 individuals who were survivors of the original ARIC cohort. At
these visits (ARIC Brain and ARIC NCS), a more comprehensive battery of neuropsychological
tests were performed which represent 4 cognitive domains: Memory (Delayed Word Recall Test,
Logical Memory Test Part | and I1, Incidental Learning), Language and Verbal Fluency
(Animal Naming, Boston Naming Test, Word Fluency Test), and Processing Speed and
Executive Function (Trail Making Test A and B, Digital Symbol Substitution Test, Digit Span
Backwards) and General performance (all of the above) [see supplemental table 1 for factor
loading]. Rather than evaluating the association of 25(OH)D with each of the individual 10 tests,
it makes more biological sense to consider the association of 25(OH)D with these 4 global
cognitive domains as has been done previously in ARIC-NCS by Rawlings et al.°

However, one problem in ARIC is that the cognitive tests performed in ARIC differed across the
study visits. Some of the tests performed in ARIC Brain differed slightly from ARIC NCS, and
only DWRT, DSST, and WFT were performed at earlier ARIC visits. For example, ARIC visit 2



did not perform the more advanced neuropsychological testing that was done at the ARIC Brain
and ARIC-NCS visits. Gross and colleagues developed a factor analysis in ARIC to use all
available cognitive data to derive scores of cognitive performance to study associations with
cognitive decline in these 4 areas of general cognitive performance, memory, executive
functioning, and language.’

While vitamin D was measured at an earlier time point (ARIC visit 2) and is not
contemporaneous with either the ARIC Brain or ARIC NCS visits, this is a strength of the
proposed analysis rather than a limitation because of the minimization of the problem of reverse
causation, e.g., where people who are more cognitively impaired may spend less time outdoors
with reduced sunlight exposure (i.e. vitamin D). If vitamin D and cognitive performance is
causal, then adequate levels earlier in life may be key to prevention of cognitive decline later in
life.

Another area of interest is whether race modifies the association between vitamin D and
neuropsychological performance. While blacks are known to have lower levels of total
25(0OH)D on average compared to whites, recent work has shown that blacks and whites have
similar concentrations of estimated bioavailable 25(OH)D, secondary to blacks having lower
levels of both total 25(OH)D and vitamin D binding (DBP) protein compared to whites.? There
are two common single nucleotide polymorphisms (SNPs), rs7041 and rs4588, that are
associated with the DBP gene. Blacks have been shown to be more likely than whites to havea T
allele at rs7041 and to have a C allele at rs4588. The rs7041 G versus T allele and the rs4588 A
versus C allele have been shown to genetically predispose individuals to higher DBP levels and
thus those with lower levels of bioavailable vitamin D. The DBP SNPs are also highly
correlated with total 25(0OH)D levels.® Bioavailable vitamin D may better correlate with
cognitive performance than total 25(OH)D. While we do not currently have bioavailable vitamin
D in ARIC, we can test for interactions by DBP SNP as a surrogate for bioavailable vitamin D
status.

This new analysis is novel by using multiple tests contributing to each of the 4 cognitive
domains, and we can account for attrition which may have biased our previous results toward the
null.

5. Main Hypothesis/Study Questions:

1. To determine whether 25(OH)D levels measured in mid-life (years 1990-1992,
population mean age 57) are independently associated with later cognitive performance
on key neuropsychological variables assessed at ARIC Brain (2004-2006, population
mean age 70) and the ARIC NCS (2011-2013, population mean age 77). [We will first
confirm that vitamin D is not associated with cognitive function cross-sectionally at
ARIC visit 2 as measured by DWRT, DSST, and WFT. The more advanced
neuropsychological tests were not done at visit 2].

Hypothesis: After accounting for attrition, low vitamin D status in mid-life predicts
poorer performance on neuropsychological testing performed in older age.



2. For the subset that attended both the ARIC Brain visit and ARIC NCS (n~600),
25(0OH)D levels measured in mid-life would be independently associated with less
decline in performance between the ARIC Brain visit (2004-2006) and ARIC-NCS
(2011-2013)

Hypothesis: After accounting for attrition, low vitamin D status in mid-life is associated
with more decline in neuropsychological function between ARIC Brain and ARIC NCS.

3. To determine whether the association of 25(OH)D with neuropsychological performance
differs by race in both the non-concurrent cross-sectional analyses and the change
analyses.

Hypothesis: Associations of low vitamin D with cognitive performance and cognitive
change will be similar by race at the ARIC Brain and ARIC NCS visits — no racial
interaction.

4. To determine whether the association of 25(OH)D with neuropsychological performance
differs by key DBP SNP status.

Hypothesis: Performance on neuropsychological tests will be modified by rs7041 and
rs4588 SNPs (worse performance with rs7041 G versus T allele and rs4588 A versus C
allele, i.e. those genetically predisposed to higher DBP levels and thus those with lower
levels of bioavailable vitamin D

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: Non-concurrent cross-sectional analysis using vitamin D measured at ARIC visit
2 (mid-life) with later life neuropsychological performance at ARIC Brain visit (2004-2006),
which is a subset of ARIC participants participating in this ancillary study, and ARIC-NCS
(2011-2013). For those participating in both ARIC Brain and ARIC-NCS, change analyses will
also be evaluated between these 2 studies.

Participants: All white and black (excluding blacks from Minnesota/Maryland) ARIC
participants with 25(OH)D measured at ARIC visit 2 and neuropsychological testing at ARIC
Brain and/or ARIC-NCS. We will exclude blacks from Minnesota/Maryland, those with missing
genetic data (vitamin D binding protein single nucleotide polymorphisms: rs7041 and rs4588),
and those missing covariates on key demographics.

We additionally will exclude data from individual study visits (not participants) when the
individual reports taking CNS altering medications that may affect cognitive test performance.

Vitamin D variables: This proposal makes use of the newly measured 25(OH)D2 and 25(0OH)D3
levels measured from serum samples and stored at -70°C until analyzed using liquid
chromatography-tandem high-sensitivity mass spectrometry (Waters Alliance 2795, Milford,




Massachusetts) in 2012-2013. The inter-assay coefficient of variations (CVs) for 25(OH)D2 is
10.9% and for 25(OH)D3 is 6.2%. 25(0OH)D2 and 25(OH)D3 were added together for total
25(OH)D concentration.

Seasonally adjusted 25(OH)D: 25(OH)D concentrations vary by season. Therefore will we
adjust 25(OH)D for seasonal change by computing the residuals from a linear regression model
with 25(OH)D as the dependent variable and month of visit as the independent variable. The
residuals will be added back to the grand mean to determine an estimated annual 25(OH)D value.
We will perform this adjustment separately for whites and for blacks, as 25(OH)D concentrations
also vary by race. This vitamin D adjusted for month of visit will be used in all analyses.

In analyses, we will model vitamin D both continuously and also by clinical cutpoints, with
considering levels less than 20 ng/ml as deficient and >=20 ng/ml as replete.

Vitamin D binding protein SNPs (rs7041 and rs4588): We will categorize rs7041as TT
(reference) versus TG/GG and rs4588 as CC (reference) versus AC/AA. We will also consider
models that do assume an additive approach (rs7041: TT [reference] versus TG versus GG and
rs4588: CC [reference] versus AC versus AA).

Covariates (from visit 2): Demographic factors: age (continuous, centered), age® (continuous,
centered), sex (male; female), and race/center (Minnesota whites; Maryland whites; North
Carolina whites; North Carolina blacks; Mississippi blacks).

Socioeconomic and lifestyle factors: education (<high school; high school, GED, vocational
school; college, graduate or professional school), smoking (never; former; current), alcohol
consumption (never; former; current), physical activity (continuous, centered), and vitamin D
supplementation use (yes; no; more as a surrogate for health seeking behavior). We will consider
supplements as nutritional products containing Vitamin D on the medication list from visit 2.

Cardiovascular disease related factors: body mass index (continuous), hypertension (yes; no;
defined as diastolic blood pressure >90 mmHg or systolic blood pressure >140 mmHg or
hypertension medication use), diabetes (yes; no; defined as fasting glucose >126 mg/dl or non-
fasting glucose >200 mg/dl or self-reported physician diagnosis or diabetes medication use),
total cholesterol and HDL cholesterol (continuous), prevalent stroke (yes; no; defined by
standardized criteria and physician adjudication), and prevalent coronary heart disease (yes; no;
defined by standardized criteria and physician adjudication).

Possible Effect Modifiers: Race and vitamin D binding protein SNPs (rs7041 and rs4588),
pursuant to aims 3 and 4.

Outcome Ascertainments (Cognitive Tests): We will first look at the association of vitamin D
with each of the individual 10 neuropsychological variables at ARIC Brain and ARIC NCS. For
the primary analysis, these will be grouped into 4 domains representing general cognitive
performance, memory, executive functioning, and language. In the subset attending both visits,
we will also look at change in these 10 factors and 4 domains between ARIC Brain and ARIC
NCS.




Data Analysis:

We will first look at the associations of vitamin D (measured at visit 2) with the three cognitive
tests administered at visit 2 and each of the individual 10 neuropsychological tests at ARIC Brain
(n~1100) and ARIC NCS (~n=6500). ARIC Brain is a smaller sample size but performed 12
years after vitamin D measurement. ARIC-NCS is a larger sample size, but nearly 20 years after
the vitamin D measurement.

As we realize that this non-contemporary cross-sectional analysis described above has
limitations, we will also focus on change in these neuropsychological factors between ARIC
Brain and ARIC NCS. For the change analysis between ARIC Brain and ARIC NCS, briefly, we
will use Generalized Estimating Equations (GEE) linear regression models with an unstructured
correlation matrix (to account for within-person repeated cognitive test data) and robust variance
to estimate the association between vitamin D and change in these 4 factor domains.

Models will be adjusted for age, age?, sex, race/center, education, smoking, alcohol
consumption, physical activity, vitamin D supplementation use, body mass index, hypertension,
diabetes, prevalent stroke, and prevalent coronary heart disease. We will also consider further
adjustment for biomarkers associated with 25(OH)D, including parathyroid hormone, calcium,
and phosphate.

We will formally test for interaction by race and by vitamin D binding protein polymorphism
genotype (rs7041 and rs4588). If there is any evidence for interaction by race or by
polymorphism status, results will be presented stratified.

In accordance with the ARIC-NCS analysis working group recommendations, we will also
perform sensitivity analyses to account for the significant attrition (dropout/death) in the cohort
over the 20-year follow-up period. First, we will evaluate the extent of the vitamin D attrition.
Then, if needed, we plan to use the MICE (multiple imputation by chained equations)
methodology as developed by Rawlings and Sharrett, with sensitivity analysis including and
excluding those who died in the imputation.
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Yes —we will look at vitamin D binding protein polymorphisms rs7041 and rs4588.
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Supplemental Table 1: Factor loadings for general and domain-specific factor analyses: Results
from ARIC NCS (N=14,252)

Cognitive test

General cognitive
performance

Memory Language

Executive function

Factor loading (SE)

Factor loading  Factor loading

Factor loading (SE)

(SE) (SE)

White Black White+Black White+Black White Black
Delayed word recall 0.49 (0.01) 0.61 (0.01)
Logical memory 0.58 (0.01) 0.70 (0.02)
Incidental learning 0.58 (0.01) 0.63(0.01)
Trail Making Test, Part A 0.70 (0.01)  0.79 (0.01) 0.78 (0.01)  0.80 (0.02)
Trail Making Test, Part B 0.83 (0.02) 0.84 (0.02)
Digit symbol substitution ~ 0.79 (0.01)  0.86 (0.01) 0.74 (0.01)
Semantic fluency 0.66 (0.01) 0.81 (0.01)
Boston Naming 0.57 (0.01)  0.65(0.01) 0.65 (0.01)
Phonemic fluency 0.50 (0.01) 0.69 (0.01) 0.69 (0.01)
Digit span backwards 0.47 (0.01)  0.56 (0.02)
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