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Abstract

Introduction: Despite the association of vitamin D deficiency with incident demen-
tia, the role of supplementation is unclear. We prospectively explored associations
between vitamin D supplementation and incident dementia in 12,388 dementia-free
persons from the National Alzheimer’s Coordinating Center.

Methods: Baseline exposure to vitamin D was considered D+; no exposure prior
to dementia onset was considered D—. Kaplan-Meier curves compared dementia-
free survival between groups. Cox models assessed dementia incidence rates across
groups, adjusted for age, sex, education, race, cognitive diagnosis, depression, and
apolipoprotein E (APOE) £4. Sensitivity analyses examined incidence rates for each
vitamin D formulation. Potential interactions between exposure and model covariates
were explored.

Results: Across all formulations, vitamin D exposure was associated with significantly
longer dementia-free survival and lower dementia incidence rate than no exposure
(hazard ratio = 0.60, 95% confidence interval: 0.55-0.65). The effect of vitamin D on
incidence rate differed significantly across the strata of sex, cognitive status, and APOE
€4 status.

Discussion: Vitamin D may be a potential agent for dementia prevention.

KEYWORDS
apolipoprotein E €4 status, clinical cognitive diagnosis, Cox proportional hazards model, dementia,
modifiable risk factors, sex, survival analysis, vitamin D deficiency, vitamin D supplementation

Highlights

* In a prospective cohort study, we assessed effects of Vitamin D on dementia inci-
dence in 12,388 participants from the National Alzheimer’s Coordinating Center
dataset.

* Vitamin D exposure was associated with 40% lower dementia incidence versus no

exposure.
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Versus carriers.

1 | BACKGROUND

Currently, more than 50 million people around the world live with
dementia and this number will nearly triple by 2050.1 At present,
there is a dearth of highly effective medication for dementia that
can stop or reverse the progression of the disease.? Interventions
based on modifiable risk factors for dementia have been explored
as a potential avenue to slow disease progression.>* Vitamin D defi-
ciency may be a modifiable risk factor and has been recognized as
a widespread health problem, with a worldwide prevalence of up to
1 billion.>¢ Vitamin D is known to participate in the clearance of
amyloid beta (AB) aggregates,” one of the hallmarks of Alzheimer’s
disease (AD), and may provide neuroprotection against Ag-induced tau
hyperphosphorylation.? Low levels of serum vitamin D have been asso-
ciated with a greater risk of dementia and AD.1° Yet, the role of vitamin
D supplementation as a potential intervention has been a subject of
debate, and remains in equipoise.*>12

Previous clinical trials of vitamin D supplementation and cognition
have resulted in conflicting findings, with some reporting that vita-
min D improved cognitive function while others reported no effect.!?
A recent systematic review and meta-analysis of nine randomized
clinical trials (RCTs) on AD prevention found insufficient evidence to
support the use of vitamin D supplementation to improve cognitive
performance as a proxy for AD prevention.'* However, dosing vari-
ability, small sample sizes, short exposure duration, or short follow-up
times in some of these studies may have contributed to the observed
inconsistencies.

Past clinical trials have also varied in terms of the vitamin
D formulation.”> The most used formulation in clinical trials is
cholecalciferol, 620 followed by ergocalciferol.2%22 While some have
regarded these two formulations as interchangeable, recent evidence
has shown that cholecalciferol may be more effective than ergocalcif-
erol at raising and maintaining serum vitamin D levels.2324 Another
common formulation is calcium-vitamin D, in which the addition of
vitamin D (often cholecalciferol) improves calcium absorption.?> Dif-
ferent vitamin D formulations may have different associations with
dementia risk and therefore require further investigation.

Here we assessed dementia-free older adults longitudinally for the
association between vitamin D supplementation and incident demen-
tia, while accounting for demographic, clinical, behavioral, and genetic
variables. Three vitamin D formulations were explored: calcium-

vitamin D, cholecalciferol, and ergocalciferol. Potential interactions

» Vitamin D effects were significantly greater in females versus males and in normal
cognition versus mild cognitive impairment.

* Vitamin D effects were significantly greater in apolipoprotein E ¢4 non-carriers

» Vitamin D has potential for dementia prevention, especially in the high-risk strata.

between vitamin D exposure and relevant model covariates were
further investigated. We hypothesized that exposure to any type
of vitamin D supplement would be associated with lower dementia
incidence.

2 | METHODS

2.1 | Study population: National Alzheimer’s
Coordinating Center

Data used in the present study were obtained from the National
Alzheimer’s Coordinating Center (NACC) database (https://naccdata.
org), with a December 2021 data freeze (2005-2021), across 40
Alzheimer’s Disease Research Centers (ADRCs). NACC was estab-
lished by the National Institute on Aging (NIA) and consists of multiple
NIA-funded ADRCs collecting data on participants with cognitive func-
tion ranging from normal to dementia. The NACC Uniform Data Set
(UDS) is a large longitudinal dataset that includes demographic and
standardized clinical data collected approximately annually. All test
centers administered standardized forms, and informed consent was
collected from all participants and their informants. Detailed informa-
tion on the cohort and neuropsychological tests included in UDS is

described elsewhere 26-28

2.2 | Participant selection

All NACC participants who were dementia-free at baseline (i.e., cogni-
tive diagnosis of normal cognition [NC] and mild cognitive impairment
[MCI]) with at least one follow-up visit were initially considered. Study
inclusion required baseline status for all covariates of interest (i.e.,
sex, years of education, race, cognitive diagnosis, depression, and
apolipoprotein E [APOE] 4 status; Figure 1).

2.3 | Vitamin D supplements

Exposure to vitamin D supplementation was based on the NACC
A4 medication form. Three formulations were considered: calcium-
vitamin D, cholecalciferol, and ergocalciferol. Participants with base-

line exposure to any vitamin D supplement were considered the
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RESEARCH IN CONTEXT

1. Systematic Review: PubMed was searched for papers
on vitamin D and dementia. The literature revealed that
although vitamin D deficiency has been associated with
higher risk of dementia, the role of supplementation
remains in equipoise. Thus, we explored longitudinal asso-
ciations between vitamin D supplementation and incident
dementia in a sample of 12,388 dementia-free older
adults.

2. Interpretation: Exposure to vitamin D supplementation
was associated with a 40% lower dementia incidence rate
than no exposure, providing strong support for supple-
mentation. The results were consistent across three vita-
min D formulations. The effect of vitamin D exposure on
the rate of incident dementia differed significantly across
the strata of sex, cognitive status, and apolipoprotein E
(APOE) 4 status.

3. Future Directions: Future trials should include a more
ethnoracially diverse sample, assess baseline vitamin D
levels, and account for sun exposure, in addition to sex,

baseline cognitive status, and APOE genotype.

vitamin D-exposed group (D+), while those without any exposure
throughout all visits prior to dementia diagnosis were considered non-
exposed (D—-). Participants who had no baseline exposure but were
exposed to vitamin D in follow-up visits were excluded. The exposed
group was further divided based on the formulation taken. The final
sample consisted of 12,388 participants, with 4,637 in the D+ group
and 7,751 in the D— group.

2.4 | Statistical analyses

Baseline demographic, clinical, and genetic variables across the vita-
min D exposure groups included age, sex, years of education, race,
clinical cognitive diagnosis, depression, and APOE ¢4 status. Racial
categories included White, Black, or Other. The Other race category
included Asian, American Indian or Alaska Native, Native Hawaiian
or other Pacific Islanders, or other races as specified in the NACC
UDS, merged due to the small sample size per race. Depressive symp-
toms were assessed using total score on the Geriatric Depression Scale
(GDS). Participants with a GDS total score >5 were considered pos-
itive for depression. APOE &4 status was categorized as carrier and
non-carrier, with carriers having one or two copies of the ¢4 allele.
Between-group differences across each variable were analyzed using
a two-sample t test for continuous variables and Chi-squared test for
categorical variables. Kaplan-Meier (KM) survival curves were gen-
erated to compare 10-year dementia-free survival probability in D+

versus D— participants. The sample was further stratified by baseline

Disease Monitoring

cognitive status (MCl vs. NC). Individual KM curves were produced for
NC and MCl, each stratified by vitamin D exposure. Log-rank tests were
performed to test for statistically significant between-group differ-
ences in survival. A Cox proportional hazards model was implemented
to assess the risk of dementia over 10 years across vitamin D expo-
sure groups, while controlling for baseline age, sex, education, race,
cognitive diagnosis, depression, and APOE ¢4 status. Wald test was
used to test for statistical significance. All hazard ratios (HR) were
accompanied by their associated 95% confidence interval (Cl) and
p-value.

Potential interactions between vitamin D exposure and sex, race,
cognitive diagnosis, depression, and APOE ¢4 status were further
explored in the model, to investigate stratum-specific differences for
each covariate. A reference level was set for each covariate: D— female
for sex, D— Black for race, D— NC for cognitive diagnosis, D— non-
depressed for depression, and D— non-carrier for APOE ¢4 status. Then,
the relative HR associated with vitamin D exposure was determined
within each stratum of a covariate. Adjusted Cox models were imple-
mented to test the interactions. A multiplicative test of interaction was
performed to compare the stratum-specific effects of vitamin D across
the levels of each covariate.

To distinguish the individual associations of each vitamin D formu-
lation with dementia risk, sensitivity analyses examined the effect of
each formulation (calcium-vitamin D, cholecalciferol, ergocalciferol)
on its own, with an additional analysis group for participants with more
than one formulation at baseline. Adjusted Cox models were imple-
mented for each formulation to assess the associated risk of dementia.
Similar interaction analyses were implemented for each vitamin D for-
mulation to assess whether the effect of exposure differed within the
strata of each relevant covariate.

All statistical analyses were performed in RStudio v1.3.1093. The
survival package v3.2.7 was used to run Cox regression models, while
ggplot2 v3.3.3 and survminer v0.4.8 packages were used to gen-
erate the KM curves and forest plots of HRs. Proportional hazard
assumptions were tested using the cox.zph function.

3 | RESULTS
3.1 | Participant demographics

Baseline demographic, clinical, behavioral, and genetic variables of the
dementia-free sample across the vitamin D exposure groups are pre-
sented in Table 1. The final sample comprised 12,388 participants, with
4,637 D+ (age = 71.2 + 8.5; 70.5% female) and 7,751 D— (age =
71.2 + 11.2; 46.9% female). The exposure groups were significantly
different in terms of sex (p < 0.001), years of education (p < 0.001),
race (p < 0.001), cognitive diagnosis (p < 0.001), and depression
(b < 0.001). Compared to D—, the D+ group was more educated, had
more females, and fewer Black participants. MCl and depression were
both more frequent in the D— group, compared to D+. There were
no significant between-group differences in terms of age or APOE

¢4 status.
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NACC Longitudinal Dataset

(n=447713)

R Excluded (n= 13,420)

Due to missing follow-up visits

follow-up visit (n=31,293)

After exclusion based on missing

_| Excluded (n=9,327)

"| Due to dementia at baseline

baseline (n=21,966)

Participants with NC or MCI at

Excluded (n= 2,540)

A4

Due to missing values on covariates
of interest

(n=18,125)

Participants with NC or MCI at
baseline and no missing values

Excluded (n=3,841)

_| Due to not having vitamin D

| exposure at baseline but at follow-up
visits prior to dementia diagnosis

No exposure to vitamin D prior
to dementia diagnosis (n=7,751)

Vitamin D exposure at baseline
(n=4,637)

FIGURE 1
NACC, National Alzheimer’s Coordinating Center; NC, normal cognition.

3.2 | Vitamin D exposure and dementia-free
survival

Exposure to vitamin D was associated with significantly higher
dementia-free survival, compared to no exposure (Figure 2A). The 5-
year survival for D— was 68.4% (95% Cl: 67.1%-69.7%), while for D+
it was 83.6% (95% Cl: 82.3%-84.9%). MCI was associated with lower
dementia-free survival than NC, as expected. In both NC and MCI,
exposure to vitamin D was associated with higher dementia-free sur-
vival. In NC, 5-year survival for D—was 89.1% (95% Cl: 87.9%-90.2%),
while for D+ it was 95.3% (95% Cl: 94.4%-96.3%). In MCI, 5-year sur-
vival for D— was 34.5% (95% Cl: 32.3%-36.9%), while for D+ it was
49.6% (95% Cl: 46.1%-53.4%).

3.3 | Vitamin D exposure and incidence of
dementia

Across the entire sample, 2,696 participants progressed to demen-
tia over 10 years and among them, 2,017 (74.8%) had no exposure

Calcium-D (n=1,797)

» Cholecalciferol (n=1,046)

Ergocalciferol (n=1,283)

Combinations (n=511)

Flowchart illustrating the step-by-step process of the participant inclusion/exclusion criteria. MCI, mild cognitive impairment;

to vitamin D throughout all visits prior to dementia diagnosis, and
679 (25.2%) had baseline exposure. After adjusting for baseline age,
sex, education, race, cognitive diagnosis, depression, and APOE &4 sta-
tus, exposure to vitamin D was associated with 40% lower incidence
of dementia (HR = 0.60, 95% Cl: 0.55-0.65, p < 0.001) compared
to no exposure (Figure 2B). Females were at greater dementia risk
than males (HR = 1.12, 95% Cl: 1.04-1.22, p = 0.004), and Black
participants were at lower risk compared to White (HR = 0.59,
95% Cl: 0.51-0.67, p < 0.001). Depression was associated with 35%
greater incidence of dementia (HR = 1.35, 95% Cl: 1.21-1.50, p <
0.001). Of the 4,637 participants with exposure to vitamin D, 14.6%
(n = 679) progressed to dementia, consisting of 80.9% AD (n =
549), 4% dementia with Lewy bodies (DLB; n = 27), 2.4% behavioral
variant of frontotemporal dementia (bvFTD; n = 16), 0.6% vascu-
lar dementia (n = 4), and 12.1% unrecorded dementia subtypes
(n = 83). Among the 7,751 participants with no vitamin D exposure,
26% (n = 2,017) progressed to dementia, consisting of 82.6% AD
(h = 1,667), 4.8% DLB (n = 97), 2.4% bvFTD (n = 48), 2.1% vas-
cular dementia (n = 42), and 8.1% unrecorded dementia subtypes
(n=163).

85U8017 SUOLILLIOD @A 18810 3|ced! dde 8Ly Aq peusenob ae sajoie YO ‘85N JO Sa|n 10} ARIqiT8UIIUQ AB]IM UO (SUOTIIPUOO-PUR-SWLB 00" A8 1M ARe.ql 18U [UO//:SANLY) SUORIPUOD pUe SWwid | 8u18eS *[£202/TT/9T] uo AriqiTauliuo A(Im ‘AiseAlun punig Aq #0vZT ZPep/zZ00T 0T/10p/wod 8| Im ArIqipul|uo'S uINOf-Z[e//:SAny Wouy pepeojumod ‘T ‘€202 ‘62.82552



GHAHREMANI ET AL.

Diagnosis, Assessment 50f11

Disease Monitoring

TABLE 1 Baseline demographics of dementia-free NACC participants with baseline exposure to vitamin D versus those without any exposure

prior to dementia diagnosis.

No vitamin D

(N=7,751)

Age

Mean (SD) 71.2(11.2)

Median [min, max] 72.0[18.0,104]
Sex

Female 3632 (46.9%)

Male 4119 (53.1%)
Years of education

Mean (SD) 15.5(3.22)

Median [min, max] 16.0[0, 29.0]
Race

White 6281 (81.0%)

Black 1170 (15.1%)

Other 300 (3.9%)
Cognitive diagnosis

NC 4748 (61.3%)

MCI 3003 (38.7%)
Depression status

Negative 6863 (88.5%)

Positive 888 (11.5%)
APOE ¢4 status

Carrier 2844 (36.7%)

Non-carrier 4907 (63.3%)

Vitamin D
(N=4637) Estimate® p-value
71.2(8.5) 0.28 0.782

71.0[29.0,100]

3269 (70.5%) 656.14 <0.001
1368 (29.5%)
16.2(2.80) -12.10 <0.001
16.0[0, 30.0]
3824 (82.5%) 16.39 <0.001
594 (12.8%)
219 (4.7%)
3328 (71.8%) 140.87 <0.001

1309 (28.2%)

4254 (91.7%) 31.86 <0.001
383(8.3%)
1620 (34.9%) 3.80 0.051

3017 (65.1%)

Abbreviations: APOE, apolipoprotein E; MCI, mild cognitive impairment; NACC, National Alzheimer’s Coordinating Center; NC, normal control; SD, standard

deviation.

aThe estimates represent the t-statistic value for continuous variables and the chi-squared value for categorical variables.

Significant interaction effects were seen for sex, cognitive status,
and APOE ¢4. D+ females had lower dementia incidence rate than D+
males (multiplicative interaction test: HR = 0.68, 95% Cl: 0.57-0.81,
p < 0.001). D+ females had 49% lower dementia incidence rate than
D— females (HR = 0.51, 95% Cl: 0.45-0.57, p < 0.001), and D+ males
had 26% lower rate than D— males (HR = 0.74, 95% Cl: 0.65-0.85, p <
0.001). D+ NC participants had lower dementia incidence rate than
D+ MCI participants (multiplicative interaction test: HR = 0.66, 95%
Cl: 0.54-0.81, p < 0.001). D+ NC participants had 56% lower inci-
dence rate than D— NC (HR = 0.44, 95% ClI: 0.37-0.53, p < 0.001),
and D+ MCI participants had 33% lower incidence rate than D— MCI
(HR = 0.67, 95% Cl: 0.60-0.74, p < 0.001). D+ APOE &4 non-carriers
had lower incidence rate for dementia than D+ carriers (multiplica-
tive interaction test: HR = 0.78, 95% Cl: 0.66-0.93, p = 0.005). D+
APOE ¢4 non-carriers had 47% lower dementia incidence rate than D—
non-carriers (HR = 0.53, 95% Cl: 0.46-0.60, p < 0.001) and D+ APOE
¢4 carriers had 33% lower rate than D— carriers (HR = 0.67, 95% Cl:
0.60-0.76, p < 0.001). There were no significant interaction effects
of vitamin D exposure with race (Black vs. White, P = 0.95; Black vs.

Other, p = 0.12, Other vs. White, p = 0.07) or depression (p = 0.17;
Table 2).

3.4 | Individual effect of each vitamin D
formulation on the risk of dementia

Within the sample of participants exposed to vitamin D at baseline,
1,797 had calcium-vitamin D only (age = 71.7 + 8.4; 78% females),
1,046 had cholecalciferol only (age = 70.2 + 8.6; 63.2% females), 1,283
had ergocalciferol only (age = 71.1 + 8.7; 63.2% females), and 511 had
at least two supplements together (age = 71.3 + 8.1; 77.5% females),
mostly ergocalciferol plus calcium-vitamin D (n = 268) and cholecalcif-
erol plus calcium-vitamin D (n = 233). Nine participants were on both
ergocalciferol and cholecalciferol, and only one participant on all three
formulations.

Compared to no exposure, exposure to each formulation on its
own had a lower dementia incidence rate (see Figure S1 in support-
ing information; calcium-vitamin D: HR = 0.56, 95% Cl: 0.49-0.64,
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(A) KM curve of dementia-free survival over 10 years, stratified by exposure to vitamin D. (B) Adjusted HR for dementia across

vitamin D exposure groups. The reference groups were the non-exposed group (N = 7,751) for vitamin D exposure, male (N = 5,487) for sex, White
(N =10,105) for race, NC (N = 8,076) for cognitive diagnosis, non-depressed group (N = 11,117) for depression status, and non-carriers (N =
7,924) for APOE &4 status. Error bars represent the 95% Cl. The star notation indicates statistical significance. APOE, apolipoprotein E; Cl,
confidence interval; HR, hazard ratio; KM, Kaplan-Meier; MCI, mild cognitive impairment; NC, normal cognition.

p < 0.001; cholecalciferol: HR = 0.63, 95% CI: 0.53-0.75, p < 0.001;
ergocalciferol: HR = 0.61, 95% Cl: 0.53-0.71, p < 0.001; combi-
nations of formulations: HR = 0.50, 95% Cl: 0.4-0.64, p < 0.001).

Interaction effects were similar to those of the primary analysis. For

calcium-vitamin D only (p = 0.003) and ergocalciferol only (p = 0.003),

D+ females had lower dementia incidence rate than D+ males. For
calcium-vitamin D only (p = 0.0003) and cholecalciferol only (p =
0.003), D+ NC participants had lower incidence than D+ MCI. For
participants on more than one vitamin D formulation, the only signif-

icant interaction was with depression, such that D+ non-depressed
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TABLE 2 Interaction effects of exposure to vitamin D with sex, cognitive diagnosis, APOE ¢4 status, race, and depression on dementia risk.

Within-strata effect

Multiplicative test of

D— D+ of vitamin D interaction
HR[95% Cl] HR[95% Cl] HR[95% ClI] HR[95% Cl]
Predictor Strata p-value p-value p-value p-value
Sex Female 1 [Reference] 0.51[0.45,0.57] 0.51[0.45,0.57] 0.68[0.57,0.81] p < 0.001
p<0.001 p<0.001
Male 0.81[0.74,0.89] p 0.60[0.53,0.69] 0.74[0.65,0.85]
<0.001 p<0.001 p<0.001
Cognitive NC 1 [Reference] 0.4410.37,0.53] 0.44[0.37,0.53] 0.66[0.54,0.81] p < 0.001
diagnosis p<0.001 p<0.001
MCI 7.36[6.62,8.17] 4.9[4.31,5.56] 0.67[0.6,0.74]
p<0.001 p<0.001 p<0.001
APOE ¢4 Non-carrier 1[Reference] 0.53[0.46,0.6] 0.53[0.46,0.6] 0.78[0.66,0.93] P =0.0054
p<0.001 p<0.001
Carrier 1.72[1.57,1.88] 1.16[1.02,1.31] 0.67[0.6,0.76]
p<0.001 p=0.02 P<0.001
Race Black 1 [Reference] 0.61[0.45,0.84] 0.61[0.45,0.84] Black versus White: 1.0
p=0.002 p=0.002 [0.73,1.39] p=0.95
White 1.71[1.47,1.98] 1.04[0.88, 1.22] 0.61[0.55,0.67] Black versus Other: 0.65
p<0.001 p=0.669 p<0.001 [0.38-1.12]p=0.12
Other 1.84[1.39,2.42] 0.74[0.49, 1.09] 0.40[0.26,0.62] Other versus White: 0.66
p<0.001 p=0.13 p<0.001 [0.42-1.03] p=0.07
Depression Non-depressed 1 [Reference] 0.58[0.53,0.64] 0.58[0.53,0.64] 1.18[0.93-1.51]P=0.165
p<0.001 P<0.001
Depressed 1.29[1.15, 1.46] 0.89[0.73, 1.09] 0.69[0.55,0.86]
P<0.001 p=0.267 p<0.001

Abbreviations: APOE, apolipoprotein E; Cl, confidence interval; HR, hazard ratio; MCI, mild cognitive impairment; NC, normal control.

participants had lower incidence than D+ depressed participants (p =
0.016, Tables S1-54 in supporting information).

4 | DISCUSSION

In this longitudinal study of dementia-free NACC participants, expo-
sure to vitamin D was associated with higher dementia-free survival
and lower dementia incidence rates over 10 years. These findings
were consistent across each vitamin D formulation: calcium-vitamin D,
cholecalciferol, and ergocalciferol. Interaction analyses revealed that
while exposure to vitamin D was associated with lower dementia inci-
dence across all strata of sex, cognitive diagnosis, and APOE ¢4 status,
the rates were lower in females versus males, NC versus MCI, and
APOE ¢4 non-carriers versus carriers.

Several studies have explored the associations of vitamin D supple-
mentation with cognitive performance and dementia in those with and
without cognitive impairment at baseline, but findings have been con-
tradictory. In a systematic review and meta-analysis of nine RCTs on
vitamin D interventions to enhance cognitive performance, no signifi-
cant differences were reported in global and domain-specific cognition
between the exposure groups.'® In another systematic review of 20
RCTs on vitamin D interventions and cognition, mixed findings were
reported in half of the RCTs, but a quarter of them reported positive

effects of vitamin D exposure on cognitive performance.'® Variabil-
ity in serum vitamin D levels, supplementation dosage, and cognitive
tests administered may explain the observed inconsistencies. A recent
RCT in 210 patients with AD assessed the effect of 12-month vita-
min D supplementation on cognition and Ag levels, reporting improved
performance on several cognitive tests and lower AB burden.!? Sev-
eral observational studies have provided evidence on the association
of lower vitamin D with greater risk of AD and dementia,'° and the
positive effect of vitamin D supplementation on performance on neu-
ropsychological tests2? and risk of developing AD.3° Our longitudinal
findings with a large sample of dementia-free older adults provide fur-
ther support for the beneficial effect of vitamin D supplementation on
dementiarisk.

While exposure to vitamin D was associated with significantly lower
dementia incidence in both males and females, the sex-specific differ-
ence was also statistically significant. The effect of vitamin D exposure
was greater in females than males. This finding might be explained by
the associations of estrogen and activated vitamin D and declining lev-
els of estrogen in aging females. Evidence has shown that estrogen may
increase the activity of the enzymes responsible for activating vitamin
D.31 Subsequently, it can be hypothesized that declining levels of estro-
gen in peri- and post-menopausal stages could contribute to vitamin
D deficiency in females. In our sample of participants with mean age
of 71.2, most of the female participants were post-menopausal and,
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we speculate, more likely to have low levels of the activated form of
vitamin D due to lower estrogen levels. Therefore, supplementation
could have had a greater impact in the elderly female sample due to
the relatively lower activated vitamin D levels associated with peri-
and post-menopausal changes. Having said that, in our sample, the D+
group had a significantly higher percentage of females, compared to
the D— group (D+: 70.5% females, D—: 46.9% females). The higher
percentage of females on vitamin D might be explained by the high
risk of bone loss, fracture, and osteoporosis among peri- and post-
menopausal females and the well-known protective effects of vitamin
D on bone health. Osteoporosis is one of the most common mus-
culoskeletal problems among post-menopausal females and is more
common in females than in males.32 Estrogen deficiency is one of the
key factors contributing to osteoporosis post-menopause.3® Several
RCTs have demonstrated a positive effect of vitamin D on bone mineral
density.3* The higher risk of osteoporosis in peri- and post-menopausal
females compared to males may account for greater vitamin D sup-
plementation rate among older females in our sample. Nonetheless,
these findings further contribute to the evidence base highlighting the
importance of sex-specific differences in dementia risk factors.3°3¢

In both NC and MCI, exposure to vitamin D was associated with
significantly lower incidence rate of dementia than no exposure; this
association was more robust in NC, which had a 56% reduction in inci-
dence versus MCI, which had a 33% reduction compared to the D—
group. Similar findings were observed for each vitamin D formulation.
These findings emphasize the importance of interventions early in the
disease course, ideally before overt cognitive symptoms. If vitamin D
is involved in AB clearance,”® early supplementation might influence
the amyloid cascade at a stage when a greater impact on amyloid and
the subsequent production of phosphorylated tau might be observed.
In MCI, the disease may have progressed further, with other contrib-
utors to progression in play. At this stage, external interventions like
vitamin D may be less effective to mitigate dementia relative to earlier
in the disease course.

While depression was associated with a 35% greater incidence of
dementia, no significant interaction was identified between depression
and exposure to vitamin D. The case definition of depression may be a
source of variability in the modeling, as the GDS is a self-report mea-
sure with a reference range of only 1 week.3” This measure may be
at risk of poor specificity for depression due to the short reference
range resulting in transient or reactive symptoms included as cases.
Further, there is a risk of poor sensitivity for self-reports, possibly due
to anosognosia.®83? Future studies can explore different depression
case definitions to determine whether there are depression subgroups
more closely linked to neurodegeneration, and more responsive to
vitamin D.40-43

In our study, while exposure to vitamin D was associated with
significantly lower incidence of dementia in both APOE ¢4 carriers
and non-carriers, the effect was greater in non-carriers. Similar find-

ings have been observed in the past,**

explained by less vitamin D
deficiency in APOE ¢4 carriers. APOE ¢4 carriers may have higher con-
centrations of circulating vitamin D compared to non-carriers despite

the same intake, due to greater intestinal absorption of dietary vita-

min D and lower renal excretion.*>*¢ With a potentially higher baseline
vitamin D level, the APOE ¢4 carriers may benefit less from vitamin D
supplementation, as demonstrated by our findings. Alternatively, APOE
¢4 is the strongest genetic risk factor for AD*/ and vitamin D supple-
mentation may simply not be able to overcome the risk attendant with
this allele.

With regard to the different vitamin D formulations, in our study
all formulations were associated with lower dementia incidence rates
and the HRs did not differ significantly across formulations (calcium-
vitamin D, HR = 0.56; cholecalciferol, HR = 0.63; ergocalciferol, HR =
0.61). Past studies on the association of calcium-vitamin D and demen-
tia are limited. One longitudinal study of 4,143 non-dementia elder
females, 2,034 of whom were on calcium carbonate combined with
vitamin D and 2,109 on placebo, reported no significant between-
group differences in incident dementia, MCI, or cognitive function.° In
our study, we had no information on the dosages of calcium and vitamin
D taken nor the baseline vitamin D and calcium levels. Future clini-
cal trials with a full account of dosage and baseline levels of vitamin
D and calcium, are required to clarify this association. Furthermore,
evidence has shown that cholecalciferol may be more effective than
ergocalciferol at raising and maintaining serum vitamin D levels.2324
However, in our study both formulations demonstrated similar effects
for lower dementia incidence. More information on dosages and base-
line serum levels of each formulation could help clarify this relationship
further.

Despite the benefit of a large sample, there are several limita-
tions of this study that merit consideration. Vitamin D exposure was
dichotomized to determine exposure-associated risk. NACC medica-
tion sheets did not record information on exposure history; therefore,
potential heterogeneities in exposure duration were not accounted
for in the analysis. Neither dosing nor baseline vitamin D levels were
available and thus, it is unknown if rates of incident dementia dif-
fered based on dosing or vitamin D deficiency. Higher doses or greater
intake of vitamin D have been linked to better cognition and lower
risk, especially in vitamin D deficiency.'83%48 Future clinical trials
should consider dosing of vitamin D supplementation, while paying
close attention to baseline serum vitamin D levels. Clarifying exposure
duration, dose-response relationships, and the role of vitamin D defi-
ciency will be necessary to inform intervention studies. The primary
analysis of the present study combined data from exposure to three
vitamin D formulations. Participants with baseline exposure to any of
these formulations were considered D+, potentially limiting interpre-
tation. However, sensitivity analyses revealed that each formulation
alone was associated with a similar lower dementia risk, consistent
with the primary findings. However, our study did not account for expo-
sure to supplementations other than vitamin D, which may have had
additional contribution in lowering dementia risk. Considering that sun
exposure is the most important natural source of vitamin D, the lack
of information on participant-level exposure to sunlight can be consid-
ered another limitation of the present study. The nature of the NACC
cohort and possible selection bias toward highly educated White par-
ticipants may limit the generalizability of the findings.*? Furthermore,

differences in socioeconomic status (SES) across participants may have
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contributed to differences in exposure to vitamin supplementation.
Individuals with higher SES may have been more likely to take vitamin
supplements. SES may also be associated with healthy lifestyles, pace
of biological aging, and risk of dementia. Studies have shown that lower
levels of education and wealth were associated with accelerated bio-
logical aging, faster memory decline,”® and substantially greater risk
of dementia.” While we included education in our models, the NACC
dataset has a dearth of information related to SES and therefore, SES
differences could not be accounted for in our study. Future studies
using cohorts with more comprehensive data on SES and other social
factors would certainly provide valuable information on the associa-
tions of SES with exposure to supplementation and risk of dementia.
Finally, we have no information about the reason for visiting an ADRC,
especially for individuals with NC, or for taking vitamin D supplements.
Despite these limitations, our findings implicate vitamin D as a poten-
tial agent for dementia prevention and provide additional support for
its use in at-risk individuals for AD dementia.

These findings can also inform future studies of vitamin D sup-
plementation and incident dementia for power analyses, appropriate
covariates, and effect modification. Future trials should consider dif-
ferences in sex, race, sun exposure, and APOE status when recruiting
participants. Information on dosage of vitamin D supplementation as
well as the baseline levels of vitamin D will be essential to further
clarify the efficacy and refine the target population for vitamin D

supplementation in preventing AD and dementia.
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