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1 [ INTRODUCTION

Introduction: Vitamin D purportedly protects against cognitive decline and dementia
based on observational data using circulating 25-hydroxyvitamin D (25(0OH)D). Little
is known about vitamin D in the human brain and the association with dementia or
neuropathology.

Methods: Decedents of the Rush Memory and Aging Project (n = 290) had vitamin
D concentrations measured in four brain regions. Associations with cognitive and
neuropathological outcomes were estimated using linear and logistic regression.
Results: The main form of vitamin D in all brain regions measured was 25(0OH)D;.
Higher brain 25(0OH)D; concentrations were associated with a 25% to 33% lower
odds of dementia or mild cognitive impairment (MCI) at the last visit before death
(all P < .031). However, brain 25(0OH)D concentrations were not associated with any
post-mortem neuropathology outcome studied.

Discussion: Higher brain 25(0OH)D; concentrations were associated with better cog-
nitive function prior to death. Additional research is needed to clarify the specific

mechanisms underlying this potentially protective relationship.
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resilience to pathology.? One nutritional factor that has received con-

siderable attention is vitamin D, an essential fat-soluble vitamin and

By 2050, the global dementia prevalence is projected to exceed 150
million,! representing a six-fold increase from 2019. Hence there is
an urgent need for preventive strategies to reduce the burden of
Alzheimer’s disease (AD) and dementia as the population ages. Evi-
dence is accumulating that nutritional strategies play a key role in
delaying or preventing the onset of cognitive decline and demen-
tia, either through directly affecting neuropathology or by fostering

pro-hormone acquired through the diet and sun exposure.

The 1a-hydroxylase enzyme (cytochrome P450 [CYP]; CYP27B1)
is required to convert 25-hydroxyvitamin D3 (25(OH)Ds), the
main circulating form of vitamin D, to the biologically active 1,25-
dihydroxyvitamin D (1,25(0OH),D), the form that binds to the nuclear
vitamin D receptor (VDR) to exert its biological function.>* The
resultant vitamin D signaling in the brain is purportedly involved in
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neurodegeneration.”® Several,’" 1! but not all,’213 epidemiological
studies have associated low vitamin D intake or circulating 25(0OH)D3
levels with cognitive decline and dementia. Whether low vitamin D rep-
resents an independent risk factor for cognitive decline and dementia
is controversial.1* Some randomized-controlled trials have tested the
effect of vitamin D supplementation on cognitive performance,'>~1?
some with reported null findings.1>~1” However, the limitations of
these trials include not being designed to study cognitive decline as
a primary outcome'®l’” and/or studying participants who are not
necessarily at risk for cognitive decline or vitamin D insufficiency.'>~17
The observation of change in cognitive performance has often been
limited to a period of <3 years. Important outstanding questions
remain including: (1) are brain levels of vitamin D metabolites associ-
ated with cognitive decline or underlying neuropathologies; and (2) do
circulating 25(0OH)D levels reflect the vitamin D in the human brain?
The purpose of this study was to analyze human brain concentrations
of vitamin D and related metabolites and determine the associations
with ante-mortem measures of cognitive function and postmortem
neuropathologic outcomes in participants of the well-characterized
Rush Memory and Aging Project (MAP).

In circulation, nearly 99% of 25(OH)D3 is bound, mostly to vita-
min D binding protein (DBP) or, to a lesser extent, albumin. A small
amount (~1%) is unbound (free). Because free 25(OH)D is more read-
ily taken up by some tissues, it has been suggested that free 25(0OH)D
levels may be more relevant to some health outcomes,?° including AD
and dementia.2! Therefore, to identify optimal circulating biomarkers
of vitamin D status in the brain, the associations of ante-mortem cir-
culating total 25(0OH)D3, free 25(0OH)D, and DBP concentrations with
ante-mortem cognitive status and with postmortem neuropathology

outcomes were also evaluated.

2 | METHODS
2.1 | Participants

Ante-mortem and postmortem measures were conducted in Rush
Memory and Aging Project (MAP) participants. MAP is an ongoing
community-based longitudinal study designed to identify risk factors
for AD and related disorders and cognitive decline.?? At enrollment,
MAP participants are free of known dementia and agree to par-
ticipate in detailed clinical evaluations annually and organ donation
upon death. All participants signed an informed consent and Anatomic
Gift Act. The institutional review boards of Rush University Medical
Center and Tufts University approved this study. Vitamin D concen-
trations were measured in brain tissue samples obtained from 499
MAP decedents who died between 2005 and 2019. We reported pre-
viously that prolonged freezer storage time reduced brain vitamin D

3 so we excluded decedents whose brains were stored

concentrations,?
>6 years (n = 207) or with missing data on apolipoprotein E (APOE)
genotype (n = 2), leaving 290 decedents available for statistical anal-
ysis (Figure S1). Plasma total 25(0OH)D3, free 25(0OH)D, and DBP were

measured in 270 of these participants.

RESEARCH IN CONTEXT

1. Systematic Review: Observational studies report that
higher circulating 25-hydroxyvitamin D (25(OH)D) con-
centrations were associated with better cognitive func-
tion in older adults. Little is known about vitamin D in the
human brain. The goal of this study was to analyze post-
mortem human brain concentrations of vitamin D and
related metabolites and determine their association with
cognitive function. We also evaluated the association of
brain vitamin D concentrations with dementia-related
neuropathologies.

2. Interpretation: In this study of Rush Memory and Aging
Project participants, higher postmortem brain concen-
trations of the vitamin D metabolite, 25(OH)D3, were
associated with better cognitive function prior to death.
However, brain 25(0OH)D3 concentrations were not sig-
nificantly associated with any dementia-related neu-
ropathology outcome studied.

3. Future Directions: Additional research is needed to clar-
ify the mechanisms by which 25(OH)D3 has an apparent
cognitive protective effect.

2.2 | Vitamin D measurements
221 | Brain

Vitamin D3, 25(0OH)D3, and 1,25(0H)D3 were measured in four brain
regions (mid-temporal cortex [MT], mid-frontal cortex [MF], cerebel-
lum [CR], and anterior watershed white matter [AWS]) as described
previously.2* The lower limits of detection (LLDs) for this assay
are as follows: vitamin D3, 0.06 pmol/g; 25(0H)D3, 0.1 pmol/g; and
1,25(0H),D3,0.06 pmol/g.

222 | Blood

Total plasma 25(0OH)D3 was measured using liquid chromatography
with tandem mass spectrometry (LC-MS/MS) (Waters Acquity UPLC
with TQD triple quadrupole mass spectrometer; coefficient of varia-
tion (CV): 6%) and National Institutes of Standards and Technology
(NIST) traceable standards for assay calibration at Tufts Medical Cen-
ter. Free 25(0OH)D was measured by Heartland Assays, LLC directly
by immunoassay (Future Diagnostics, Wijchen, The Netherlands), with
an inter-assay CV of 5.6% to 6.9%. DBP was measured by a poly-
clonal enzyme-linked immunosorbent assay (ELISA; GenWay Biotech)
at Heartland assays. Circulating measures of vitamin D were sampled
an average of 2.1 (SD = 1.6) and 3.4 (SD = 1.9) years before the last
assessment of global cognitive function and death, respectively.

85UB017 SUOWIWIOD BAITeaID 9|ceo!dde auyy A peusenob afe sojonfe YO 8sn Jo Sajni 1o} Ariq1T SUIUO AS|I/ UO (SUONIPUOD-PUR-SWLB)/W0Y A3 | 1M ARelq 1 pUI|UO//:SdNY) SUOIIPUOD pUe SWe | 8u1 8eS *[£202/70/9T] U0 AkiqiTauljuo A3|IM ‘9E82T Z[e/Z00T 0T/I0p/W0d A8 |m Ateiqipuljuosfeulnol-zfe//sdny wolj papeojumod ‘0 ‘6/2525ST



SHEAET AL.

Alzheimer’s & Dementia® K

2.3 | Outcome measurements
2.3.1 | Cognitive function

As described elsewhere, MAP participants are enrolled without known
dementia and followed annually.2>2¢ At each visit, global cognitive
function was determined using scores from a battery of 19 cogni-
tive tests that evaluated the following cognitive domains: episodic
memory, semantic memory, working memory, perceptual speed, and
perceptual orientation.?’ The person-specific rate of change in the
global cognition variable over time was determined previously to esti-
mate individual trajectories of cognitive decline, as described.?8 Annual
diagnosis was assessed using computer scoring of cognitive tests, clin-
ical judgment by a neuropsychologist, and ultimately by diagnostic
classification by a clinician and classified as dementia, mild cognitive
impairment (MCI), or no cognitive impairment (NCI).2 At the time of
patient death and blinded to the results of the autopsy, a neurologist
with expertise in dementia made a final cognitive diagnosis based on all
the available clinical data reviewed and classified it dementia, MCI, or
NCJ.29.30

2.3.2 | Neuropathologic evaluation

After death, brains were removed and dissected during rapid autopsy
using following established protocols as described®! and evaluated
histologically by examiners blinded to clinical information. The median
(interquartile range [IQR]) postmortem interval was 7.4 (2.8) hours.
A quantitative summary of global AD pathology was derived from
counts of neuritic plaques, diffuse plaques, and neurofibrillary tangles
in the Bielschowsky-stained sections of the MF, MT, inferior parietal
cortex, entorhinal cortex, and hippocampus.?® Braak stages were
based upon the distribution and severity of neurofibrillary tangle
pathology.®! Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) scores were based on neuritic plaques.®’ The
Braak stages for neurofibrillary pathology and the CERAD estimate
of neuritic plaques were used to derive the National Institute on
Aging (NIA)-Reagan diagnosis of AD.3! The percent area occupied
by amyloid beta (AB) protein in eight cortical regions was identi-
fied by molecular-specific immunohistochemistry and calculated
as described.2® Neuronal paired helical filaments (PHF)-tau tangle
density and burden were identified by immunohistochemistry in eight
regions and quantified as described.2¢ The age, volume (in mm?3), side,
and location of macroscopic and microscopic cerebral infarctions
were identified as described.3233 Lewy bodies were identified using

immunohistochemistry.34

2.4 | Covariates

At the baseline evaluation, date of birth, sex, and years of educa-

tion were assessed by self-report. APOE genotype was evaluated
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as described,®® given the association between APOE genotype and
dementiarisk.

2.5 | Statistical analyses

Linear and logistic regressions were used to estimate the associa-
tions of brain 25(0OH)D3 and plasma total 25(0OH)D3, free 25(0OH)D,
and DBP concentrations with continuous and categorical cognitive and
neuropathological outcomes. Statistical analyses of the brain regions
focused on 25(0OH)D3 because 25(0OH)D5 was the main form of vita-
min D in all human brain regions evaluated and was detected in all
participants’ brains. Vitamin D3 and 1,25(0OH), D3 were also detected
but were below the assay LOD in 22% and 58% of participants,
respectively.23 Clinical cognitive diagnosis and final cognitive diagno-
sis were analyzed with ordinal logistic regression using dementia, MClI,
and NCI categories. Participants who had MCI or AD diagnosis with
another condition contributing to cognitive impairment were included
in the MCI and AD groups, respectively; participants with other pri-
mary cause of dementia were excluded (nine in clinical cognitive
diagnosis and three in final cognitive diagnosis). Ordinal logistic regres-
sion with proportional odds was used for ordered categories, as we
saw no evidence for non-proportional odds. Global cognitive function
and person-specific rate of change in global cognitive function (slope
of global cognition) were analyzed as continuous outcomes. Domain-
specific cognitive function and rate of change in domain-specific cogni-
tive function were analyzed as exploratory outcomes using a parallel
approach. AD neuropathology was considered as present or absent
based on NIA-Reagan criteria and CERAD scores.?13¢ Braak stage was
categorized as <Ill or >IV. Lewy body disease and infarcts were con-
sidered present or absent.32 Global pathology, amyloid burden, diffuse
and neuritic plaques, and neurofibrillary tangle density and burden
were analyzed as continuous outcomes. Appropriate variable trans-
formations were applied to continuous neuropathology outcomes as
indicated by Box-Cox transformations and visual inspection of residu-
als. The 25(OH)D3 concentrations in the mid-temporal and mid-frontal
cortexes were averaged (since the 25(0OH)D3 concentrations in these
two cortical regions were similar23) and the anterior watershed and CR
were analyzed as separate regions. Covariates included age at death,
sex, education (three levels; <12 years, 12 to 16 years, >16 years),
presence of APOE ¢4 allele (two levels; €4 present or ¢4 not present),
and season of death (for brain analyses) or season of blood draw (for
blood measures analyses). When applicable, models were adjusted for
postmortem interval and/or time between last clinic visit and death. A
log, transformation was used for brain 25(0OH)D5 to satisfy linearity
assumptions. Estimated associations are reported as beta coefficients
or odds ratios: (OR) = exp(B). The 25(0OH)D3 concentrations between
brain regions were compared using repeated-measures analysis of
variance (ANOVA) to model correlation on within-subject measures.
Spearman rank coefficients were reported for pairwise correlations
among brain regions and between brain and circulating vitamin D lev-

els. Analyses were performed in R v 4.0 (R Core Team, 2020) and
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TABLE 1 Participant characteristics (n = 290)2

Age at death, years, mean (SD)
Female, n (%)
Education, n (%)
<12years
12-16 years
>16years
APOE ¢ allele, n (%)
one or more
No alleles
Season at death
Spring
Summer
Fall
Winter
Season of blood draw
Spring
Summer
Fall
Winter

Postmortem interval, hours, median (IQR)

Brain 25(0H)D3, pmol/g, mean (SD)"

Mid-frontal and mid-temporal cortex®

Anterior watershed

Cerebellum

Plasma total 25(0OH)D3, ng/mL, mean (SD)"
Plasma free 25(OH)D, pg/mL, mean (SD)°

Plasma Vitamin D binding protein, ug/mL, mean

(SD)°

Global cognitive function score (last visit), mean

(SD)

Slope of global cognition, mean (SD)

Clinical diagnosis at last clinic visit, n (%)

Dementia
MCI
NCI
Final cognitive diagnosis, n (%)
Dementia
MCI
NCI
Global AD pathology, mean (SD)
Braak stage, n (%)
IV-VI
0-11
CERAD neuritic plaque score, n (%)
moderate-frequent

none or sparse

SHEAET AL.
TABLE 1 (Continued)
92 (6)
223 (77%) NIA-Reagan diagnosis, n (%)
AD 202 (70%)
81 (28%) No AD 88 (30%)
141 (49%) Amyloid beta, % area, mean (SD) 4.27 (3.71)
68 (23%) Gross chronic cerebral infarcts, n (%) 113 (39%)
One or more
66 (23%) None 177 (61%)
224 (77%) Chronic microinfarcts, n (%)
One or more 110 (38%)
73 (25%) None 180 (62%)
66 (23%) Lewy body disease, n (%)
77 (27%) Present 76 (27%)
74 (26%) Absent 208 (73%)
Diffuse plaques, mean (SD) 0.74 (0.70)
57 (21%) Neuritic plaques, mean (SD) 0.93(0.83)
78 (29%) Neurofibrillary tangle burden, mean (SD) 0.70(0.77)
88 (33%) PHF-tau tangle density, mean (SD) count per mm2 8.95(9.40)
47 (17%) Abbreviations: AD, ALzheimer’s Disease; APOE, apolipoprotein E; CERAD,
7.4(2.8) Consortium to Establish a Registry for Alzheimer’s Disease; MCI, mild
o cognitive impairment; NIA, National Institute on Aging; NCI, no cognitive
impairment; PHF, paired helical filament; SD, standard deviation; 25(0OH)D,
1.2(0.8) 25-hydroxyvitamin Dj.
aSeason of blood draw, plasma total 25(OH)D3, free 25(0OH)D, vitamin D
10(08) binding protein n = 270; global cognitive function n = 289; slope of global
1.2(0.9) cognition n = 286; clinical diagnosis at last clinic visit n = 281; final cognitive
352(16.4) diagnosis n = 287; Lewy body disease n = 284.
bGeometric mean reported.
8.6(4.4) ¢Geometric mean of the mean across the mid-frontal and mid-temporal
283.6 (73.0) cortical regions.
~0.96(1.13) the VGAM package.?” An alpha level of 0.05 was used to determine
statistical significance.
—0.007 (0.090)
113 (40%) 3 | RESULTS
68 (24%) L. .
Participants were, on average, 92 + 6 years old at the time of death.
0,
100 (36%) Seventy-seven percent (77%) were female and 72% had at least 12
years of education. Overall, the mean rate of decline in global cogni-
119 (41%) tive scores before death was —0.007 standard units per year and 40%
68 (24%) of participants had diagnosed dementia at their last clinic visit (Table 1).
100 (35%) Although variable within regions, brain 25(0H)D3 concentrations
0.79(0.61) were correlated across the four regions (intra-class correlation coeffi-
cient[ICC]=0.87) (Figure 1). Plasma total 25(OH)D3 and free 25(0OH)D
195 (67%) were correlated with the brain 25(OH)D3 in the four regions measured
()
e (r=0.32t00.39,p <.0001). Plasma total 25(0OH)D3 and free 25(0OH)D
2 were correlated with one another (r = 0.73, p <.0001), but were not
correlated with DBP concentrations (r = 0.08 to 0.10, p > .09).
212(73%) The odds of having dementia or MCl at the last cognitive assessment
78(27%) before death were 25% to 33% lower per doubling of 25(0OH)Dj in the

(Continues)

four brain regions measured (Table 2) (OR 0.669t00.754, all p's <.031.)
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p <.0001
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FIGURE 1 Boxplots of 25-hydroxyvitamin D5 (25(OH)D3)
concentrations in four human brain regions (AWS, anterior watershed,;
MF, mid-frontal cortex; MT, mid-temporal cortex; CR cerebellum)
(n=290). Boxplot indicates the median (middle line of the box), first
quartile (lower boundary of the box), and third quartile (upper
boundary of the box) of 25(OH)D3 concentrations in each brain region.
Brackets indicate post hoc pairwise comparison tests with Tukey
adjustment that have significant p-values

These odds were generally consistent with the odds for dementia or
MClI at the final cognitive diagnosis. Higher brain 25(OH) D5 concentra-
tionsinall regions were also associated with better ante-mortem global
cognitive function scores (all p's <.025), and in the AWS, was also asso-
ciated with a slower rate of cognitive decline (p = .044) (Table 2). Higher
concentrations of 25(0OH)Dj3 in all regions measured were associ-
ated with better semantic and working memory, and higher 25(0OH)D3
concentrations in the AWS were additionally associated with better
episodic memory and perceptual speed (Table S1). Brain 25(0H)D3
concentrations were not associated with any neuropathology outcome
evaluated (Table 3).

Plasma 25(0OH)D3, free 25(0OH)D, and DBP concentrations were not
significantly associated with global cognitive function or global cogni-
tive decline (all p’s > .06) (Table S2). Higher DBP concentrations were
associated with less decline in semantic memory and perceptual ori-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

entation (Table S2). Otherwise there were no significant associations
between any plasma measure and domain-specific cognitive function.
Among the postmortem neuropathologically defined outcomes, higher
plasma total 25(0OH)D5 was associated with fewer chronic microin-
farcts (8 = 0.025 [0.009], p = .004). Otherwise, the associations of
plasma total and free 25(0OH)D and DBP concentrations with the neu-
ropathologically defined outcomes evaluated were not statistically
significant (all p's >.12).

4 | DISCUSSION

In this study of older community-dwelling adults, higher brain
25(0OH)D3 concentrations were associated with better global cognitive
function prior to death but were not associated with any postmortem
neuropathology outcome studied. The 25(0OH)D3 was the predominate
form of vitamin D in human brain.2® To the best of our knowledge,
this is the first study to quantify vitamin D in human brain tissue and
evaluate the associations with cognitive and neuropathological out-
comes. That brain 25(OH)D3 concentration was associated with global
cognitive status but not with any neuropathology may indicate that
the 25(0OH)D3 in the brain is relevant to neuropathologies not stud-
ied here. For example, circulating vitamin D has been associated with
white matter hyperintensities®® and regional brain volumes,3? both of
which have been linked to cognitive impairment.*4? Alternatively, it
is plausible that brain 25(0OH)D3 concentrations may be an indicator of
cognitive resilience, such that individuals with higher levels may display
fewer signs of cognitive impairment despite a high neuropathological
burden.*? It is also possible that 25(0H)D5 may be involved in cogni-
tion through pathologies not studied here. The results of our analyses
suggest that brain 25(0OH)D5 concentrations may be more relevant to
semantic and working memory. However, given the exploratory nature
of these results, it is premature to infer any domain-specific role of
25(0OH)Dj in cognitive health.

In this study, plasma total 25(OH)D3; concentrations were corre-
lated moderately correlated with brain 25(OH)D3 concentrations, but

not with cognitive status or cognitive decline. A recent meta-analysis

TABLE 2 Associations of brain 25(0H)D3 concentrations with cognitive function

MT and MF cortex AWS CR
B (SE) p-value B (SE) p-value B (SE) p-value
Cognitive diagnosis at last clinic visit —0.288 (0.133) .031 —-0.402(0.124) .001 —-0.282(0.127) .027
before death (n = 281)
Final cognitive diagnosis (n = 287) —0.234(0.133) .080 —0.354(0.124) .004 —0.236(0.127) 064
Global cognitive function (n = 289) 0.165 (0.073) .025 0.198 (0.065) .002 0.159 (0.070) .025
Slope of cognitive function (n = 286) 0.008 (0.006) 176 0.010 (0.005) .044 0.009 (0.006) 124

Note: Regression coefficients are reported from ordinal logistic regression for cognitive diagnosis outcomes (categorized as AD, MCI, or NCI) and multiple
linear regression (for global cognitive function and slope of cognitive function). Brain 25(0OH)D; concentrations are expressed as log,. Models are adjusted
for age at death, sex, education, presence of APOE &4 allele, and season of death. Time between last clinic visit and death is additionally adjusted in model of
global cognitive function and cognitive diagnosis at last clinic visit before death. Regression coefficients from ordinal logistic regression indicate cumulative

log odds of AD. Boldface indicates p < .05.

Abbreviations: AD, Alzheimer’s disease; AWS, anterior watershed; 3, beta coefficient; CR, cerebellum.; MCI, mild cognitive impairment; MF, mid-frontal
cortex; MT, mid-temporal cortex; NCI, no cognitive impairment; SE, standard error.
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TABLE 3 Associations of brain 25(0H)D3 concentrations with brain pathology (n = 290)

MT and MF cortex AWS CR

B (SE) p-value B (SE) p-value B (SE) p-value
Dichotomous outcomes:
Braak >IV —0.178(0.155) 25 —0.149(0.142) 29 —0.184(0.150) 22
CERAD neuritic plaque score —0.115(0.162) 48 —0.118(0.148) 42 —0.168(0.158) .29
AD based on NIA Reagan —0.150(0.160) .35 —0.153(0.147) .30 —0.189(0.155) 22
Presence of gross chronic infarcts —-0128(0.141) 37 —0.233(0.125) .06 —0.188(0.136) 17
Presence of chronic microinfarcts —-0.099(0.142) 48 —0.146 (0.126) .25 —-0.117(0.137) .39
Presence of Lewy body disease? —0.146 (0.158) .36 —0.108 (0.141) 44 —0.162(0.151) 28
Continuous outcomes:
Global AD pathology —0.030(0.024) 21 —0.018(0.021) 41 —0.037(0.023) 12
Amyloid-beta —0.075 (0.068) .27 —0.050 (0.060) 40 —0.085 (0.065) 19
Diffuse plaques —0.029(0.031) .35 —0.005 (0.027) .86 —0.036(0.029) 21
Neuritic plaques —0.053(0.033) A1 —0.034 (0.029) .25 —0.057 (0.032) .07
PHF-tau Tangle density —0.034 (0.029) .25 —0.033(0.026) 21 —0.045 (0.028) 11
Neurofibrillary tangle burden —0.020 (0.016) 24 —0.019 (0.014) .18 —0.024 (0.016) .13

Note: Regression coefficients are reported from multiple logistic regression (for dichotomous outcomes) and multiple linear regression (for continuous out-
comes). Continuous outcomes are square root transformed, except for tangle density and neurofibrillary tangle burden which are quartic root transformed.
Brain 25(0OH)D; are expressed as log,. Models are adjusted for age at death, sex, education, presence of APOE4 allele, season of death, and post-mortem

interval.

Abbreviation: AD, Alzheimer’s disease; AWS, anterior watershed; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; CR, cerebellum; MF,
mid-frontal cortex; MT, mid-temporal cortex; NIA, National Institute on Aging; PHF, paired helical filaments

2n = 284 for analysis of Lewy body disease due to missing values.

reported that only vitamin D insufficiency (defined as circulating
25(0OH)D 10 to 19 ng/mL) and deficiency (defined as circulating
25(0OH)D <10 ng/mL) were associated with a significantly higher risk
for AD and dementia.’® The mean + SD plasma 25(0OH)D3 in our sam-
ple was 35.2 + 16.4 ng/mL, which is >10 ng/mL above the threshold
considered sufficient by the Institute of Medicine (20 ng/mL), and only
12% of our participants had plasma 25(0OH)D5 below this threshold,*®
which may have blunted our ability to detect associations. A sim-
ilar criticism has been made of randomized clinical trials in which
the study participants were vitamin D sufficient at the onset of the
trial; hence vitamin D supplementation would have little benefit on
outcomes, such as cognitive performance.® Alternatively, circulating
25(0OH)D3 may not be a robust biomarker of vitamin D status in the
brain, which presents a conundrum that could challenge the utility of
basing vitamin D recommendations for cognitive outcomes on circu-
lating 25(OH)D. Of note, we did detect an inverse association between
plasma total 25(OH)D3 and chronic microinfarcts. The association with
microinfarcts is not strong enough to be maintained if corrections for
multiple testing were employed, but we consider this observation to be
hypothesis-generating, since we did not observe the same associations
with brain 25(0OH)D3; concentrations.

The majority of circulating 25(OH)Dj is bound to DBP for transport
to target tissues. In vivo and in vitro experiments have implicated DBP
in reducing Ag aggregation and neuronal cell death.** In a case-control
study of adults >60 years of age, circulating DBP concentrations were
reported to be higher in those with AD than in cognitively normal

controls.2! In an analysis of ~2000 older adults (mean age 73 years;
920 with AD, 277 with MCI, and 819 controls), higher circulating DBP
concentrations were associated with poorer cognitive performance.*
In contrast, plasma DBP concentrations were not significantly associ-
ated with global cognitive function or any neuropathology outcome in
our study. Given the overall paucity of studies in this area, the involve-
ment of DBP in AD, dementia, and cognitive function remains to be
determined.

A novel finding in our study was that brain 25(0OH)D3; concen-
trations were also moderately correlated with plasma free 25(OH)D.
However, free 25(0OH)D, although thought to be more readily avail-

6 was not significantly associated

able to some tissues, including brain,*
with cognitive function or with any neuropathology outcome evalu-
ated. The results of our study, in which plasma free 25(0OH)D was
measured directly, are in discordance with the only known study to
link free circulating 25(0OH)D to cognitive status.2! The latter study
used the less-precise approach of calculating free 25(0OH)D*” to com-
pare concentrations between adults >60 years of age diagnosed with
AD and those with normal cognitive function.?! It is now known that
megalin, which is integral for cellular uptake of bound vitamin D, is
expressed in neuronal tissues and has been implicated in neurodegen-
erative processes,*84? so the importance of free 25(OH)D specifically
to brain health remains to be clarified.

This study’s findings should be interpreted in the context of its
strengths and limitations. The unique application of ante-mortem

biomarker and cognition measures combined with postmortem brain
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and neuropathologically defined measures that were obtained from
a well-characterized community-based cohort is a notable strength.
We had previously conducted a sensitivity analysis that revealed
that freezer storage time >6 years lowered 25(0OH)D3 concentrations
across all four brain regions measured,?® so we selected decedents
whose brains were stored <6 years to enhance confidence that the
measures reflected the 25(0OH)D3 concentrations at time of death.
However, this reduced our statistical power, which may account for
detecting some associations that approached, but did not reach, sta-
tistical significance. The 1,25(0OH),D3; was below the assay lower limit
of detection in over half of the brains analyzed, which limited our
ability to evaluate the associations of the biologically active form of
vitamin D with cognitive or neuropathological outcomes. Most dece-
dents in this study were White, non-Hispanic, so generalizability to
other race-ethnic groups is uncertain. Given the observational design,
causation cannot be proven. There is the potential for residual con-
founding, as well as for reverse causation, although time ordering
of ante-mortem exposures mitigates this limitation for some of our
analyses.

In conclusion, the results of this study suggest that vitamin D in
the brain may be involved in cognitive decline. However, given the
study’s results and acknowledged limitations, steps for future research
include: (1) developing and testing a priori hypotheses about poten-
tial domain-specific roles of brain 25(OH)D3 in cognitive health in
cohorts with robust measures of performance across multiple cog-
nitive domains; (2) leveraging technology to develop assays with
better sensitivity that more precisely quantify 1,25(0H),D5 in the
brain to advance our knowledge of how the active form of vita-
min D is involved in human neuropathology; (3) applying the design
and methodologies of the present study to race-ethnically diverse
cohorts, such as the Minority Aging Research Study,”® since vita-
min D status is known to differ by race and ethnicity®! and lower
vitamin D intake has been associated with a slower rate of cogni-
tive decline in older Black adults®?; and (4) expanding the analyses
of brain structure outcomes, for example, using ex vivo neuroimag-
ing to determine if vitamin D is involved in changes in brain tissue
integrity not studied here and/or whether it is an indicator of cognitive

resilience.
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