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Abstract

Background—Vitamin D may play a role in preserving cognitive function. However, there is a
paucity of prospective studies on the relationship between vitamin D and cognition with aging.
The aim of this study was to examine the association between plasma levels of vitamin D and
subsequent cognitive function.

Methods—This is a prospective study including 1,185 women aged 60-70 years from the
Nurses’ Health Study, who had plasma 25-hydroxy-vitamin D levels measured in 1989-1990 and
completed an initial Telephone Interview of Cognitive Status approximately 9 years later.
Subsequently, three follow-up cognitive assessments were conducted at 1.5-2.0 years intervals.
We used multivariable-adjusted linear regression to model initial cognitive function, and mixed
linear regression to model change in cognitive function over time.

Results—Lower vitamin D levels were associated with significantly worse cognitive function 9
years later. For example, the mean global composite score averaging all the cognitive tests was
0.20 lower (95% Confidence Interval (Cl):—0.33,-0.08; p-trend=0.009) in women in the lowest
quintile (median=14.1 ng/mL) compared with women in the highest quintile of vitamin D
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(median=38.4 ng/mL). The observed differences were equivalent to the effect estimates we found
for women who were approximately 4-6 years apart in age. However, vitamin D levels were not
significantly associated with subsequent cognitive decline during 6 years of follow-up.

Conclusions—Higher levels of plasma vitamin D in women aged 60-70 years were associated
with better cognitive function about a decade later but were not associated with cognitive decline
during 6 years of follow-up.
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INTRODUCTION

Understanding the neurobiological mechanisms underlying cognitive decline and the
identification of potentially modifiable risk factors represents a public health priority (1).
Emerging evidence suggests that vitamin D, which is critically important for bone, muscle
health and the prevention of falls (2—4), may also play a role in brain function (5-7).
Vitamin D receptors are located in a variety of areas, including the human cortex and
hippocampus that are crucial for cognitive function (8), and polymorphisms in vitamin D
receptor gene have been associated with cognitive decline and neurodegenerative disorders
such as Alzheimer’s and Parkinson disease (9-12).

Vitamin D may exert neuroprotective effects through different pathways, including anti-
inflammatory and antioxidant mechanisms (8, 13-14). Indeed, vitamin D deficiency has
been associated with both a pro-inflammatory state (13) and increased oxidative stress (14),
conditions that may alter the homeostasis among the biological systems involved in the
maintenance of cognitive function. The majority of previous epidemiological studies have
shown significant cross-sectional associations between both low plasma levels (6, 15-19)
and inadequate dietary intake (5) of vitamin D and cognitive function. To date, however, the
results have been inconsistent (20-22), with some studies showing adverse associations with
low vitamin D levels (21), while others did not find significant associations (20,22).
Furthermore, because the decline in cognitive function occurs over a long period of time,
prospective studies of long duration are needed to examine the long-term relationships
between vitamin D levels and cognitive function with aging. Therefore, we conducted a
prospective study to examine the association between plasma levels of 25-hydroxy-vitamin
D in women aged 60-70 years old and cognitive function assessed about a decade later in
1,185 women in the Nurses’ Health Study (NHS).

METHODS

Study population

The NHS began in 1976, when 121,700 female registered nurses aged 30-55 years, residing
in 11 US states, returned a mailed questionnaire on their lifestyle and health status. Follow-
up of the original cohort is ongoing via biennial mailed questionnaires. The response rate
was >90%, with higher follow-up for those who donated blood samples (>95%). All women
who were active participants at the inception of collection, completed the 1988
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questionnaire, and responded positively to the question about blood drawing were invited to
provide a blood sample. During 1989-1990, 32,826 NHS participants sent their blood
samples overnight on ice and stored in liquid nitrogen. Previous work has documented the
long-term stability of plasma samples collected and stored under this protocol (23). These
samples have been previously used to study the relationship between many plasma
biomarkers, including plasma vitamin D, and the development of chronic diseases (24).
Health and lifestyle characteristics were similar between the whole Nurses’ Health Study
cohort and those who returned blood samples (25). The Institutional Review Board of
Brigham and Women’s Hospital, Harvard Medical School (Boston, MA) approved this
study.

Cognitive Function Assessment

From 1995 through 2001, 22,715 NHS participants aged 70 years and older who were free
of stroke were selected for a substudy on cognitive function. Of those who were eligible,
19,415 (93%) completed the initial cognitive interview. Three follow-up cognitive
assessments were conducted at approximately two-year intervals, and participation rate
remained high (>90%) over time. The interviews were administered by trained nurses and
included the Telephone Interview of Cognitive Status (TICS) (26) and a telephone
adaptation of the Mini-Mental State Examination (MMSE). Subsequently, the following
tests were added: 1) immediate and delayed recalls of the East Boston Memory Test; 2) a
test of category fluency during which women were asked to name as many animals as
possible in one minute; 3) delayed recall of the TICS 10-word list; and 4) digit span
backwards, in which women repeated backward an increasingly long series of digits. In a
validation study, the performance on the telephone cognitive battery was strongly correlated
(r=0.81) with performance on a comprehensive battery of neuropsychological tests in a
detailed, in-person interview conducted in 61 highly educated women aged 70 years or
older. Inter-interviewer reliability was also high across 10 interviewers (r>0.95 for each
cognitive test).

Our primary outcome of interest was the global composite score (averaging all six tests in
our cognitive battery). We also considered a verbal memory composite score (averaging
immediate and delayed recalls of the TICS 10-word list and the East Boston Memory Test),
the TICS score, category fluency task and the digit backwards. The composite scores were
obtained by first converting the result from each cognitive test to z-scores then taking the
average of the z-scores (27). We have tested the adequacy of the global composite score as a
summary measurement by using principal component analyses as an alternative and found
similar results.

Assessment of Vitamin D

Plasma 25-hydroxy-vitamin D was measured by the radioimmunoassay procedure
(DiaSorin, Stillwater, MN). The method used to assay plasma 25-hydroxy-vitamin D has
been described in detail previously (28). Across the 23 batches of blood samples used for
this study, the mean CV in blinded quality control samples for 25-hydroxy-vitamin D was
10.7% (ranging from 4.9% to 18.5%), indicating an overall high reliability of measurements.
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Population for Analysis

Of the 19,415 women enrolled in the cognitive cohort, 6,863 had provided a blood sample in
1989-1990, and 1,185 women were selected in the nested case-control studies from previous
research in this cohort measuring vitamin D levels as part of nested case-control studies of:
breast, colon, ovarian, pancreatic and endometrial cancer, Non-Hodgkin’s lymphoma,
diabetes and multiple sclerosis. As indicated in Figure 1, we excluded all “cases” of these
outcomes in the selected nested case-control studies and only utilized the control samples for
the purpose of this study, resulting in a final analytical sample of 1,185 women (99.6% were
Caucasian).

Statistical Analysis

We used multiple linear regression models to estimate mean differences in cognitive
function in later life according to quintiles of vitamin D in women aged 60-70 years old. For
tests for trend, we modeled the median value of each quintile as a continuous variable in the
multivariable regression model. Linear models were deemed appropriate for the analyses,
especially given our sample size (29). Alternatively, we defined cut-points of vitamin D as
used in previous studies (30-31): <15, 15-29.9 and >30 ng/mL. We also used polynomial
and spline models to evaluate the presence of any non-linear/dose-response relationship, and
to gain more insights into the possible etiology of low vitamin D levels ~ 10 years prior to
cognitive testing, we also evaluated the relation with rate of cognitive decline (32). To test
the association between plasma vitamin D and decline in cognitive function over four
repeated assessments, we used multivariable-adjusted mixed linear regression models with
random intercepts and slopes. This analytical approach assumes that a participant’s change
in cognitive function follows that of the population mean except for random effects for
initial level of cognitive function (i.e., random intercepts) and rates of change (i.e., random
slopes). Main-effect terms for the exposure, covariates, and continuous time were included
in the model to account for relations with initial level of cognitive function. We included
interaction terms for the exposure and each covariate with continuous time to estimate
associations with change in cognitive function. SAS version 9.1 was used for all analyses
(SAS Institute, Inc, Cary, NC).

We used basic and fully-adjusted models to control for potential confounders. In basic
models, we adjusted for age at interview (in years), highest attained education (Registered
Nurse, Bachelor’s degree, Master’s and above), assay batch (1-23), time between blood
draw and cognitive interview (years) and season at the time of blood draw (winter, summer,
spring, autumn). In fully-adjusted models, we also included the following covariates as of
blood-draw: husband’s education (less than high school, some high school, high school
graduate, Bachelor’s, Master’s or above), cigarette smoking (current, past, never), aspirin
use (<3/week, 3+/week), age at menopause (<50, 50-52, 53+ years), current use of vitamin
E supplements (yes, no), antidepressant use (yes, no), the mental health index (0-52, 53—
100) and the energy-fatigue index (0-49, 50-100) from the Short Form-36 Questionnaire
(33-34), history of hypertension (yes, no), history of high cholesterol (yes, no), alcohol
intake (0, <5, 5-14, 15+ g/day), postmenopausal hormone use (current, past, never), body
mass index (<22, 22-24, 25-29, 30+ kg/m?), and physical activity (quintiles of metabolic-
equivalent-hours/week).
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We performed several secondary analyses. As an alternative to adjusting for batch in the
model, we repeated the analyses after creating quintiles of vitamin D that were specific to
each of the 23 batches. Also, because of the variability of the CVs for vitamin D in the
different batches (ranging from 4.9 to 18.5), we repeated the analyses after excluding those
with CVs >15%. In addition, we eliminated from the sample those with very low cognitive
function performance at the first assessment, defined as the lowest 10% for each cognitive
function score, to evaluate whether our results were driven by this specific segment of the
population. We also examined effect modification by age at 15t cognitive assessment
(median, < 74 vs >74 years), highest attained education (Registered Nurse vs. Bachelor’s,
Master’s or above), body mass index (<25 vs >25 kg/m?2), median level of physical activity
(< 11.5 vs. 211.5 metabolic-equivalent-hours/week), season (May—October vs. November—
April). In addition, because the seasons may not be comparable across the US, we examined
whether the associations adjusted for season differed by US geographical region (Northern
versus Middle or Southern).

The characteristics of participants by quintiles of plasma vitamin D levels as of blood draw
in 1989-1990 are shown in Table 1. The average age at blood draw (63 years) or at first
cognitive interview (74 years) was not substantially different across quintiles of vitamin D.
Women with higher vitamin D levels in 1989-1990 had better cognitive performance on all
tests in the initial assessment in 1995-2001. They were also more physically active, and had
higher use of alcohol, vitamin E supplements and lower prevalence of obesity and cigarette
smoking than women with lower plasma levels of vitamin D as of blood draw. These
differences were adjusted for in multivariable analyses.

Cognitive Function at first assessment

Lower plasma levels of vitamin D in women aged 6070 years old were significantly
associated with worse cognitive performance assessed approximately 9 years later on the
global and category fluency scores (Table 2). For example, compared to the highest quintile
of vitamin D (median=38.4 ng/mL), those in the lowest quintile (median=14.1 ng/mL) had a
mean difference of —0.20 (95% Confidence Interval (Cl):-0.33, —0.08) for the global score
and of -1.17 (95% CI: -2.06, -0.27) for category fluency, after adjustment for potential
confounders. We did not find significant differences in mean cognitive scores across
quintiles of vitamin D for verbal, TICS and digit backwards scores. When we used pre-
defined cut-off points for vitamin D rather than quintiles, we found that women with vitamin
D <15 ng/mL had a significantly lower mean global score (mean difference =—0.18, 95% CI:
-0.31, -0.04) compared with women with levels of vitamin D = 30 ng/mL.

Secondary Analyses

The distribution of vitamin D was comparable across the 23 batches, suggesting that
presence of possible errors related to batch is minimal. Furthermore, the results did not
substantially change when we repeated the analyses using batch-specific quintiles of vitamin
D (the mean difference in the lowest versus highest quintile: —0.16, 95% CI: —-0.29,-0.03 for
global score), and when we excluded those with scores in the worst 10 percent of cognitive
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function (the mean difference in the lowest versus the highest quintile: —0.19, 95% CI:
-0.30, —-0.09 for global score). When we repeated the analyses after excluding those in
batches with CVs > 15% (n= 276; 23.3%), the results remained significant for the global
score. Additional control for other potential confounders such as dietary intake of fish
(which is the main source of omega-3 fatty acids) or supplemental intake of vitamins A and
C did not meaningfully change our results. Finally, we found no significant interactions
between plasma vitamin D levels and age, education, region, and body mass index in
relation to cognitive outcomes (data not shown).

To evaluate whether there was a non-linear association between vitamin D and cognitive
function, we used polynomial and spline models and found a weak non-linear relationship
between vitamin D and the global and category fluency score (p=0.01 for vitamin D squared
term for both outcomes; effect estimate of —0.0003 for global score and —0.002 for category
fluency score), where the increase in scores with increasing plasma vitamin D levels tapered
off at the 95! percentile (~44 ng/mL). There was no evidence of non-linear relationships
with the other outcomes. Finally, we examined whether the associations adjusted for season
differed by US geographical region (Northern versus Middle or Southern). Because the
interaction terms by region were not significant, any potential biases would likely be
minimal.

Decline in Cognitive Function

Over the 6 years of follow-up, we observed some overall modest declines. In particular, the
mean difference between the last assessment and the baseline was —0.12 for the global
composite score, —0.06 for the verbal score, —0.87 for the category fluency score and —0.46
for the digit span backwards test. When we converted these changes to annual rates of
decline and analyzed these rates by plasma levels of vitamin D, we observed that plasma
levels of vitamin D were not significantly associated with change in any of the cognitive
function tests (global, verbal, TICS, category fluency, and digit backwards scores) during
the 6 years of follow-up (Table 3). For example, the mean difference in annual rate of
change in global score between women in the lowest versus the highest quintile of vitamin D
was 0.01 (95% ClI: -0.03, 0.01; p-trend=0.31).

DISCUSSION

In this prospective study, we found that lower plasma levels of 25-hydroxy-vitamin D in
women aged 60-70 years were associated with worse cognitive function 9 years later, based
on our global composite score. The differences in cognitive function that we found for those
with low versus higher levels of vitamin D were clinically significant as they were
equivalent to the differences in cognition that we observed between women who were 4 to 6
years apart in age in our cohort. Associations were also observed with category fluency
score. Overall, we did not find significant associations between levels of vitamin D and
change in cognitive function during 6 years of follow-up. Because our participants were
highly educated and were young-old, it is likely that a longer time of follow-up is needed to
observe a detectable change in cognitive function (17).
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Our findings on the significant association between levels of vitamin D and cognitive
performance are in line with previous cross-sectional studies showing a significant
association between lower levels of vitamin D and measures of cognitive function (15, 16,
35). To our knowledge, only two prospective studies are currently available on the
association between levels of vitamin D and cognitive decline in older persons (21, 22). In
one study, Llewellyn et al. (21) found that lower levels of 25-hydroxy-vitamin D were
associated with greater decline in the Mini Mental State Examination score during 6 years of
follow-up in 858 Italians who were 65 years or older. Because greater variability in
education of the participants may have led to greater variability in the trajectories of
cognitive change with time, it is possible that this study may have had particularly high
power to detect effects compared with our study population of healthy nurses with similar
high education and socioeconomic levels. In the other study, Slinin et al.(21) found no
association between levels of 25-hydroxy-vitamin D and baseline cognitive function
(Modified Mini-Mental State Exam and Trails B test) and also found no significant
associations with incident cognitive decline over 4.6 years of follow-up in 1,604 US men
aged 65 years or older with overall high education. Thus, clearly more research from
prospective studies on vitamin D and cognitive decline is needed.

Vitamin D may have indirect and direct effects on cognitive function. For example, low
vitamin D has been associated with increased risk for cardiovascular disease, hypertension
and diabetes mellitus (30, 36-38), conditions that are associated with cognitive function.
Furthermore, experimental studies have shown that vitamin D reduces levels of pro-
inflammatory markers in the blood (39) and hippocampus (40,41). It also enhances nerve
conduction and brain detoxification by inhibiting the synthesis of nitric oxide synthase and
by protecting neurons from reactive oxygen species (42, 43), and oxidative stress is
considered to be one of the early initiators of the pathophysiologic mechanisms underlying
cognitive decline and dementia (44). These indirect and direct mechanisms linking vitamin
D with cognitive function, that likely occur at an early stage of cognitive decline, may
explain, at least in part, our findings on the association between lower concentrations of
vitamin D at ages 6070 years and initial cognitive function scores 9 years later.

The long length of time (9 years) between the assessment of the exposure and the outcome
of interest minimizes the possibility of reverse causation, where a low level of vitamin D
may have been caused by overall poor cognitive ability and health status. On the other hand,
because cognitive function was not assessed at the time of blood collection, we cannot rule
out the possibility that differences in cognitive function observed at the first cognitive
assessment 9 years later were already present at the time of blood collection. However, we
repeated the analyses after excluding women with the lowest 10% of initial cognitive
function scores, who are likely to represent a particularly vulnerable group with poor
cognitive ability and health status at blood draw 9 years earlier, and the results did not
meaningfully change. Therefore, it is unlikely that reverse causation entirely explains our
results. Furthermore, residual confounding by unmeasured or unknown factors [such as
depression,(45) low social activity,(46) physical function,(47) fractures,(48) osteoporosis,
(49) parathyroid hormone (50), nutritional deficiencies (51, 52)] might have affected vitamin
D levels during the 9-year interval. However, residual confounding, although possible, is
unlikely to explain all of the results given the stability of the effect estimates from the basic
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to the fully-adjusted model, which includes multiple health-related factors such as the use of
aspirin, history of high blood pressure and of high cholesterol. In addition, vitamin D levels
may simply be a marker of another understudied risk factor for cognition. For example, a
recent study found that sunlight exposure, which is a strong determinant of vitamin D levels,
as well as other climactic factors, may be novel risk factors for cognitive function (53).
Another potential limitation is that for examining change in cognitive function over time, we
might have lacked power given the short follow-up time (6 years) in our population of
generally well-educated women (15). It should also be acknowledged that there is an
ongoing debate of the most accurate method to measure 25-hydroxy-vitamin D levels, and a
lack of standardization in the measurements.(54, 55) Although this limitation might have
affected our results, the effect of the additional errors and misclassifications likely
dampened with the categorizations of quintiles, and the errors, if present, would have biased
the results towards the null. Because our sample included a healthy subset (with no major
cancers, diabetes or multiple sclerosis) of a highly educated cohort of mostly (99.6%)
Caucasian women, our results may not generalize to populations with different
characteristics. Interestingly, although our population was unique, the distribution of plasma
vitamin D levels did not differ greatly with that observed for the general US female
population of 60-69 year olds (e.g., in the NHANES |11 (1988-1992). For example, the
percentage of women with very low levels of <10 ng/mL were about 2-3% (56) and the
corresponding percentage was 2.84% in our population).

In conclusion, higher plasma vitamin D in women aged 60-70 years was associated with
better cognitive function about a decade later, but it was not associated with change from the
initial assessment in the subsequent 6 years of follow-up. Further prospective studies with
larger sample sizes and longer follow-up are needed to confirm these results. To further
explore the age at which low vitamin D levels may be most etiologic, prospective studies
with repeated assessments of plasma vitamin D levels from middle (40-50 years) to old age
in populations with high variability in plasma vitamin D levels may be most informative.
Furthermore, future studies on genetic variation on the vitamin D receptors would provide
insights into the underlying factors contributing to the link between vitamin D and decline in
cognitive function. Finally, our study provided a unique opportunity to evaluate the relation
between vitamin D and cognitive function approximately a decade later and supports the
importance of maintaining optimal vitamin D levels in older persons. The identification of
potentially modifiable risk factors for cognitive decline would help the development of cost-
effective intervention strategies aimed at reducing its detrimental consequences and,
ultimately, at improving quality of life in older persons.
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Figure 1.

Derivation of the Population for Analysis

*Cases in the nested case-control studies with 25(OH)Vitamin D levels measured: cases of
breast, colon, ovarian, pancreatic and endometrial cancer, Non-Hodgkin’s Lymphoma,

diabetes and multiple sclerosis
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Table 1

Age and age-standardized characteristics by plasma vitamin D at blood draw

Quintiles of Vitamin D P-value
General Characteristics” 15 3th 5th
(Lowest) (Highest)
Number of participants (N=1185) 237 227 239
Age at cognitive interview (years); mean (SD) 74.0 (2.2) 74.1(2.2) 73.9 (2.0) 0.72
Age at blood draw (years); mean (SD) 63.2 (2.5) 63.0 (2.6) 62.9 (2.4) 0.44

Plasma 25-hydroxy-vitamin D (ng/mL); mean (SD) 13.6 (3.0) 24.8(1.2) 40.7 (7.1) <0.001
Vitamin D from Supplements (1U/day); mean (SD) 108 (269) 145 (212) 194 (215)  <0.001

Vitamin D from Food (IU/day); mean (SD) 198 (130) 221 (108) 235(115)  <0.001
TICS score; mean (SD)T 33.9(2.7) 34.2 (2.6) 34.3(2.5) 0.22
Verbal score; mean (SD)T -0.09 (0.74)  0.02(0.7)  0.04(0.72)  0.20
Category fluency score; mean (SD)T 16.8 (4.6) 17.3(4.7)  17.8(4.6) 0.03
Digit backwards score; mean (SD)Jr 6.6 (2.4) 6.6(24) 72(24) 0.08
Global score; mean (SD) -0.12(0.63) -0.01(0.63) 0.06(0.58)  0.02
Masters/Doctorate degree; % 6 7 7 0.81
Husband with Masters/Doctorate degree; % 22 21 23 0.58
High Physical Activity™; % 13 17 31 <0.001
Current smoking; % 20 7 12 0.02
Alcohol use (>15 g/day); % 10 10 21 <0.001
Current postmenopausal hormone use; % 25 26 35 0.02
Age at menopause (=53 years); % 21 17 20 0.93
Vitamin E use; % 11 13 22 <0.001
Multivitamin use; % 34 42 47 0.002
Aspirin 3+/week; % 16 21 22 0.14
Current antidepressant use; % 7 4 5 0.14
Hypertension; % 32 35 31 0.78
High cholesterol; % 36 36 33 0.73
Obesity (BMI = 30); % 16 10 6 <0.001
Blood drawn in the winter; % 37 29 20 0.04

*
Characteristics at blood draw (1989-1990); cognitive test performance at first assessment (1995-2001); TICS= Telephone interview of Cognitive
Status; High physical activity=highest quintile of metabolic-equivalent-hours/week.

TGlobal score was the average of all of the individual 6 tests converted into z scores (score — mean of the score / standard deviation of the score),

with mean of 0. Verbal score was the average of 4 tests converted into z scores, with mean of 0. TICS score ranged from 0 to 41; category fluency
score had a minimum value of 0 with no upper limit; the digit backwards score ranged from 0 to 12.
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