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Vitamin D level predicts all-cause dementia
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Abstract.
BACKGROUND: Vitamin D deficiency is common in Western societies and has been implicated in a number of health
conditions including late-life dementia.
OBJECTIVE: To assess whether vitamin D level is associated with all-cause dementia in late life.
METHODS: This was a retrospective case control study using the electronic medical record of an urban medical center
to obtain information on age, sex, body mass index, 25-hydroxy vitamin D (25-(OH)D) values, and presence of dementia
diagnosis in patients 65 to 90 years old. We classified patients to quartiles according to vitamin D values and performed
logistic regression analysis to determine associations between vitamin D quartiles and incidence of dementia diagnosis.
RESULTS: Rates of all-cause dementia decreased with increasing levels of 25-(OH)D independent of age, sex, and BMI,
factors that also predicted dementia. Vitamin D levels above 38 ng/mL were associated with the lowest rate of all-cause
dementia.
CONCLUSIONS: We observed dose-dependent, inverse associations of 25-hydroxy vitamin D levels with all-cause, late
life dementia independent of age, sex, and BMI. There may be greater protection for supra-sufficient levels, a notion that
warrants evaluation in controlled trials.
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1. Introduction

Vitamin D is a steroid hormone essential for
calcium homeostasis and bone mineralization, and
insufficient vitamin D levels are implicated in a
number of health conditions, among them demen-
tia [1]. The primary natural source of vitamin D
in humans is the sunlight-dependent conversion
of cholesterol to vitamin D3 (cholecalciferol) in
the skin. Dietary vitamin D, mostly in the form
of vitamin D2 (ergocalciferol), can be found in
food sources such as dairy products and fatty
fish. Ergocalciferol and cholecalciferol are con-
verted to calcidiol (25-hydroxycholecalciferol or
25-hydroxy vitamin D) in the liver by hydroxylation.
Renal hydroxylation of 25-hydroxycholecalciferol
produces the hormonally active form of vita-
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min D (1,25-dihydroxycholecalciferol or calcitriol).
Through cytosolic signaling, calcitriol promotes
intestinal calcium absorption and bone resorption,
thereby helping to maintain optimal serum parathy-
roid hormone levels and bone density. Severe vitamin
D deficiency is a cause of osteomalacia or, if present
early in life, rickets. Osteomalacia refers to bone
disease as a consequence of vitamin D deficiency.
Vitamin D deficiency may predispose to osteopenia
and osteoporosis but these conditions often are seen
in patients without deficient vitamin D status, and
supplementation does not appear to improve bone
mineral density in patients with osteopenia [2]. While
overt clinical effects of severe vitamin D deficiency
are rare in developed nations, subclinical vitamin
D deficiency, often referred to as “insufficiency,” is
common [3], although estimates of insufficient 25-
(OH)D thresholds vary. Serum 25-(OH)D levels at
or below 8 to 10 ng/mL have been labeled deficient
while a commonly cited threshold for insufficiency is
16 ng/mL [3]. However, there is evidence that a serum
level at or below 30 ng/mL represents a stimulus for
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parathyroid hormone elevation, suggesting this level
as a marker of sufficiency [4]. Among adults in the
United States, the prevalence of serum 25-(OH)D less
than 30 ng/mL has been estimated at 42–64% [5–7].

Recently, a substantial body of research has
demonstrated the pleotropic nature of vitamin D’s
hormonal action as well as associations between vita-
min D insufficiency and adverse neuropsychiatric
outcomes. Vitamin D insufficiency has been related
to increased incidence of depression [8], although
supplementation studies for the treatment and pre-
vention of depression have yielded mixed results
[9–11]. Adequate levels of vitamin D also may be
necessary for the maintenance of normal sleep archi-
tecture [12–14], and vitamin D supplementation has
been reported to improve symptoms in chronic pain
patients [15, 16].

Of particular interest is the possible link between
vitamin D deficiency and cognitive impairment
and dementia, given evidence that vitamin D may
have neuroprotective effects [17–19] and a role in
beta-amyloid plaque clearance [20, 21]. Secondary
analysis of data from the Framingham Heart Study
demonstrated a negative correlation between serum
vitamin D values and neurocognitive performance
and hippocampal volume [22]. Serum vitamin D
levels below 25 ng/mL have been associated with
increased risk for current cognitive impairment [23]
and for future cognitive decline in older adults [24,
25]. In addition, two large studies have demonstrated
increased risk of incident dementia associated with
low vitamin D levels [26, 27], although other studies
have not documented increased risk [28, 29]. Finally,
certain polymorphisms in the vitamin D receptor
gene are reportedly associated with increased risk of
Alzheimer’s dementia [30].

One important hypothesis that bears on dementia
risk is that vitamin D is involved in the clearance
of atherosclerotic plaque. This is based on associ-
ations between vitamin D deficiency and increased
arterial stiffness, increased severity of atherosclero-
sis, and higher incidence of myocardial infarction and
stroke [31–34]. Arterial disease, particularly cere-
brovascular disease, has itself been established as
an independent risk factor for dementia. For exam-
ple, increased severity of carotid and intracranial
atherosclerosis has been associated with increased
prospective risk of Alzheimer’s dementia [35, 36].
Recent analysis of data from the Atherosclerosis Risk
in Communities Study also has shown an independent
association between midlife vascular risk factors and
late-life dementia [37]. These findings have implica-

tions for observed associations between low vitamin
D and dementia. Because vitamin D is thought to
exert anti-atherosclerotic effects, the effect of low
vitamin D on dementia risk may be mediated by
increased prevalence of atherosclerosis in vitamin D-
deficient patients. Further, vitamin D deficiency and
the presence of other vascular risk factors may pro-
duce additive contributions to dementia risk. To date,
neither retrospective nor prospective studies have
adequately characterized the interaction between
vitamin D deficiency and vascular disease as it relates
to dementia risk. Conversely, studies of vitamin D
and neuropsychiatric outcomes have not provided
consistent evidence of dose-response relationships or
that supra-sufficient levels confer a protective effect
beyond avoiding deficiency-related disease.

The goals of the present study were threefold. First,
we aimed to replicate the findings of previous studies,
which found an association between low serum 25-
(OH)D and increased dementia risk in older adults in
Western societies [26, 27]. Second, we examined the
relationship between varying levels of serum vitamin
D and dementia risk, in order to determine whether a
dose-response relationship exists. Finally, we sought
to determine whether vitamin D deficiency indepen-
dently predicted dementia after adjustment for BMI,
which we included as a marker of cardiometabolic
risk given the evidence that elevated BMI in older
adults is strongly related to hypertension [38, 39],
insulin resistance [40], and inflammation [41].

2. Materials and Methods

2.1. Study design

This was a retrospective, case-control study. Study
methods were reviewed by the University of Cincin-
nati Institutional Review Board, and the requirement
for participant informed consent was waived because
private health information was not obtained. Medical
records of inpatients and outpatients were accessed
through the University of Cincinnati Academic
Health Center electronic medical record system. We
included all patients with BMI and serum 25-(OH)D
measurement obtained between January 1, 2012 and
January 1, 2018 who were at least 65 years old
at the time of assessment. When more than one
vitamin D3 measurement was available, the earli-
est measure was included in the analysis. Individuals
were excluded for a history of brain injury or post-
concussive syndrome or diagnosis of any psychotic
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Table 1

ICD-10 codes used to identify presence of dementia

F00.1 Dementia in Alzheimer’s Disease with late onset
F00.2 Dementia in Alzheimer’s Disease, atypical or mixed type
F00.9 Dementia in Alzheimer’s Disease, unspecified
F01.0 Vascular dementia of acute onset
F01.1 Multi-infarct dementia
F01.2 Subcortical vascular dementia
F01.3 Mixed cortical and subcortical vascular dementia
F01.8 Other vascular dementia
F01.9 Vascular dementia, unspecified
F02.0 Dementia in Pick Disease
F02.1 Dementia in Creutzfeldt-Jakob Disease
F02.2 Dementia in Huntington Disease
F02.3 Dementia in Parkinson Disease
F02.8 Dementia in other specified diseases classified elsewhere
F03 Unspecified dementia
F04 Organic amnestic syndrome, not induced by alcohol and other

psychoactive substances
G30.1 Alzheimer’s Disease with late onset
G30.8 Other Alzheimer’s Disease
G30.9 Alzheimer’s Disease, unspecified
G31.01 Pick Disease
G31.09 Other frontotemporal dementia
G31.1 Senile degeneration of brain, not elsewhere classified
G31.81 Alpers Disease
G31.82 Leigh Disease
G31.83 Dementia with Lewy Bodies / Parkinsonism
G81.85 Corticobasal degeneration
G31.89 Other specified degenerative diseases of nervous system
G31.9 Degenerative disease of nervous system, unspecified
R54 Senility NOS

or substance use disorder. Also, individuals with a
diagnosis of dementia as of January 1, 2012 were
excluded.

Data from 25,847 records were included in the
analysis. Dementia cases were defined as individuals
with a diagnosis of dementia after January 1, 2012.
We did not attempt to categorize specific dement-
ing disorders such as Alzheimer’s disease or vascular
dementia because clinical diagnosis of dementia in
busy medical practice often does not involve com-
prehensive cognitive assessment, the application of
formal diagnostic criteria, or invasive biomarker stud-
ies such as cerebral spinal fluid analysis or brain
biopsy. Table 1 contains a list of the ICD-10 codes
used to identify dementia cases. We were not able to
obtain information concerning the indication for the
vitamin D test.

2.2. Statistical analysis

Logistic regression was used to assess associations
between vitamin D levels and risk of dementia, while
adjusting for age, sex and BMI. Age-, sex-, and BMI-

adjusted odds ratios with 95% confidence intervals
were computed for each quartile relative to Q3, which
was chosen as the reference quartile on the basis of
25-(OH)D values [4]. Possible moderation of the vita-
min D effect by each of these factors was assessed by
inclusion of all possible interaction terms up to the
four-way, age × sex × BMI × vitamin D interaction.
We also calculated effect size estimates by convert-
ing odds ratios to Cohen’s effect sizes based on the
tetrachoric correlation [42].

3. Results

The characteristics of the study sample are shown
in Table 2. Relative to non-demented control cases,
those with dementia diagnoses included a higher per-
centage of males and had lower mean BMI. Cut points
for quartiles were established based on the distribu-
tion of 25-(OH)D levels, and all cases were classified
into one of the following: Q1:0 to 20.0 ng/mL;
Q2:20.1 to 29.0 ng/mL; Q3:29.1 to 38.0 ng/mL; Q4:
greater than 38.0 ng/mL. Age, sex proportions, and
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Table 2

Characteristics of study sample

Cases, n Mean (SD) age, y Percent male Mean BMI (kg/m2)

All cases 25,847 74.4 (7.9) 31.1 28.3 (6.8)
Cases without dementia 22,230 73.6 (7.2) 29.9 28.7 (6.9)
Cases with dementia 3,617 79.4 (7.9) 38.5 25.9 (6.1)
25-(OH)D Quartile 1 (0–20.0 ng/mL) 6,370 73.7 (7.4) 33.4 29.5 (7.7)
25-(OH)D Quartile 2 (20.0–29.0 ng/mL) 6,317 74.2 (7.5) 35.3 28.9 (6.8)
25-(OH)D Quartile 3 (29.0–38.0 ng/mL) 6,551 74.7 (7.6) 32.1 28.1 (6.6)
25-(OH)D Quartile 4 (>38.0 ng/mL) 6,609 75.1 (7.6) 23.8 26.7 (6.0)

Note. All 25-(OH)/D quartiles differ from each with respect to age and BMI at p < 0.05.

BMI differed significantly among the vitamin D quar-
tiles at p < 0.05 (Table 2). BMI was inversely related
to serum 25-(OH)D levels.

The unadjusted and adjusted incidence rates of
dementia by vitamin D quartile and unadjusted and
adjusted odds ratios comparing each quartile to the
reference (quartile 3) are shown in Table 3. The
incidence of dementia decreased incrementally from
the lowest to the highest vitamin D quartile. All
inter-quartile differences were statistically significant
(p < 0.001) except Q2 vs Q3 (p = 0.093). Effect sizes
estimates ranged from small to medium [43].

Serum vitamin D quartile, age, sex, and BMI all
were associated with dementia at p < 0.0001. While
age, sex, and BMI independently predicted demen-
tia risk, none of these factors moderated the effect of
vitamin D level independently or jointly, as all inter-
actions with Vitamin D levels were not significant at
p > 0.05.

4. Discussion

The findings demonstrate an inverse association
between serum 25-(OH)D level and rate of incident
dementia, and this association remained significant
after adjustment for age, sex, and BMI. As expected,
age, sex, and BMI also were independent predic-
tors of dementia risk, and these latter associations
also remained significant after adjustment within the
logistic regression model.

Notably, the association between serum 25-(OH)D
and dementia diagnosis appears exposure-dependent,
as dementia risk decreased incrementally from the
lowest to the highest vitamin D quartile. Further,
the magnitude of this effect was not moderated by
age, sex, or BMI. Although all of these factors
were independently associated with dementia risk,
none of them interacted significantly with vitamin D
levels as predictors of dementia. The inverse, dose-

dependent relationship between dementia rate and
serum 25-(OH)D level has been observed previously
for both all-cause dementia and Alzheimer’s disease
specifically [1]. In addition, a similar dose-response
relationship was found in another study in which
the hazard ratio for dementia was 2.25 for serum
levels below 10 ng/mL and 1.53 for levels between
10 ng/mL and 20 ng/mL [26].

Although there is no controlled trial demonstrat-
ing effectiveness of vitamin D supplementation as a
dementia prevention strategy, there are studies indi-
cating that supplementation can improve cognition
in older adults [44]. However, prospective supple-
mentation trials will be essential to investigate not
only the effect of vitamin D on dementia risk but
also to provide information concerning differential
risk with respect to deficiency, sufficiency, and supra-
sufficiency. As noted, in this trial we observed for the
first time, that greater than sufficient vitamin D lev-
els conferred greater protection than that associated
with putatively sufficient levels, as risk for demen-
tia in quartile 4 was significantly lower than risk in
quartile 3.

Given the evidence that elevated BMI is related
to insulin resistance and inflammation, factors that
contribute to vascular pathology, we included BMI
as a marker for cardiometabolic risk. We found an
inverse association of serum 25-(OH)D with BMI,
a relationship that has been observed previously
[45, 46]. However, we also found that the associa-
tion between vitamin D and dementia risk was not
mediated by BMI, which suggested an independent
neuroprotective effect of vitamin D. Further, BMI
was inversely associated with dementia risk with
lower BMI in patients with dementia relative to those
without dementia, even after adjusting for age and
sex. This finding might suggest that BMI is not a
valid surrogate for vascular risk. On the other hand, it
is likely that participants with dementia had already
experienced weight loss related to the disease pro-
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Table 3

Dementia incidence, odds ratios, and effect sizes by vitamin D quartile

Vitamin D quartile Dementia/no dementia, n Dementia rate Unadjusted OR, [95% CI] Adjusted OR, [95% CI] d

Q1 (0–20 ng/mL) 1082 / 6370 16.95% 1.40 [1.27, 1.54]** 1.63 [1.47, 1.81]** 0.39
Q2 (20–29 ng/mL) 901 / 6317 14.26% 1.15 [1.04, 1.27] 1.21 [1.09, 1.34] 0.15
Q3 (29–38 ng/mL) 848 / 6551 12.94% 1.00 # 1.00 # ––
Q4 (>38 ng/mL) 788 / 6609 11.92% 0.91 [0.82, 1.01]** 0.86; [0.77, 0.96]** 0.12

Note: OR = odds ratio. CI = confidence interval. d = effect size. ** = p < 0.001. # = reference value.

cess at the time they received the diagnosis. Weight
loss has been shown to correlate directly with demen-
tia severity and speed of progression [47, 48]. In
addition, individuals without dementia or mild cogni-
tive impairment who experience weight loss in mid-
to late-life have increased risk of future dementia
[49–51], suggesting that weight loss can be a pro-
dromal sign of dementia [52]. It has been proposed
that obesity in mid-life, but not late life, is a risk factor
for the development of dementia [51]. Accordingly, in
some cases with prodromal or clinical dementia, BMI
may cease to be a valid marker of cerebral vascular
risk, owing to the effect of dementia-related weight
loss.

The main strengths of this study included the
large sample size, specific adjustment for potentially
confounding factors, and demonstration of a dose-
dependent relationship between exposure and the
outcome of interest.

Among the more important limitations was the
absence of information concerning the clinical indi-
cation for testing vitamin D status. It is possible that
a number of patients had indications for vitamin D
status testing that might influence risk for demen-
tia, which would bias the results. Another important
limitation was the unavailability of information con-
cerning the season when levels were obtained, given
that extent of sunlight exposure can alter serum 25-
(OH)D levels. Further, we did not have information
concerning race, another potential bias, given that
skin color will alter the level of vitamin D produced
with sunlight exposure. Accordingly, there may have
been seasonal and race effects that was not apparent in
the available dataset. However, these issues might be
relatively less concerning with regard to our sample
of older adults for whom outdoor activity and sunlight
exposure tend to decrease while vitamin D synthesis
with UVB irradiation also becomes less effective.

Another inherent study limitation has to do with
the retrospective and correlational nature of our find-
ings. It may be the case that individuals with dementia
or incipient dementia maintain lifestyles with nutri-

tional patterns, extent of sunlight exposure, and other
factors that will tend lower vitamin D status so that the
observed associations might be influenced by behav-
ioral factors related to dementia. Also, because our
outcome of interest was all-cause dementia, we were
not able to evaluate the possibility that the findings
might be applicable to some dementia subtypes but
not others. Limiting our analysis to specific demen-
tia subtypes, if possible, might have strengthened
our conclusions. However, dementia diagnoses such
as Alzheimer’s disease, vascular dementia, and oth-
ers often are made on clinical grounds rather than
through the application of formal diagnostic crite-
ria. The time interval between measurement of serum
vitamin D and diagnosis of dementia was not con-
sistent. However, all laboratory measurements were
obtained within six years of the diagnosis, and it has
been shown that in patients who do not initiate or
dose-adjust supplementation, the 5-year variability
of serum vitamin D3 is approximately 2–4 ng/mL
[53]. Thus, vitamin D levels were unlikely to have
changed enough within the study period to influence
the outcome. Further, if an individual had multiple
serum vitamin D measurements, we included only
the chronologically earliest value in the analysis.
Our aim was to eliminate the confounding effect of
physician-ordered vitamin D supplementation upon
discovery of a low value. Even so, we were not able
to assess directly which cases were receiving vita-
min D supplementation. Finally, our study may have
been statistically over-powered to detect differences
in dementia rates, although an incremental effect of
vitamin D level was observed, which increases the
likelihood that the results reflect a true association.
In addition, while the effect size estimates (Table 3)
varied from small to medium, these effects can be
judged to be clinically meaningful in the context of a
condition with very substantial health and quality of
life costs and a generally safe intervention.

Vitamin D deficiency and dementia are highly
prevalent, and vitamin D deficiency is treatable with
over-the-counter supplementation so that correction
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of vitamin D deficiency could represent a low-cost
intervention with low risk and considerable bene-
fit. However, data from controlled trials have not yet
established a basis for such a recommendation for
dementia risk reduction.

In conclusion, our results support an association
between vitamin D level and dementia in older adults
that is likely independent of vascular risk. Our find-
ings suggest that maintaining adequate vitamin D
levels in late life can influence dementia risk, and
there are indications that greater risk reduction might
accrue with higher than sufficient vitamin D levels.
Prospective supplementation studies are needed to
confirm this association.

Acknowledgments

We are grateful for the assistance provided by
the National Center for Advancing Translational Sci-
ences of the National Institutes of Health under Award
Number UL1TR000077. The content is solely the
responsibility of the authors and does not necessarily
represent the official views of the NIH.

Funding

The authors report no funding.

Conflict of interest

The authors have no conflict of interest to report.

References

[1] Licher S, de Bruijn RF, Wolters FJ, Zillikens MC, Ikram
MA, Ikram MK. Vitamin D and the risk of dementia: The
Rotterdam study. J Alzheimers Dis. 2017;60:989-97.

[2] Reid IR, Bolland MJ, Grey A. Effects of vitamin D sup-
plements on bone mineral density: A systematic review and
meta-analysis. Lancet. 2014;383:146-55.

[3] Hanley DA, Davison KS. Vitamin D insufficiency in North
America. J Nutr. 2005;135:332-37. Lagunova Z, Poronjnicu
AL, Lindberg F, Hexeberg S, Moan J. The dependency of
vitamin D status on body mass index, gender, age and season.
Anticancer Res. 2009;3713-20.

[4] Hollis BW. Circulating 25-hydroxyvitamin D levels indica-
tive of vitamin D sufficiency: Implications for establishing a
new effective dietary intake recommendation for vitamin D.

[5] Forrest KY, Stuhldreher WL. Prevalence and correlates of
vitamin D deficiency in US adults. Nutr Res. 2011;31(1):48-
54.

[6] Mitchell DM, Henao MP, Finkelstein JS, Burnett-Bowie SA.
Prevalence and predictors of vitamin D deficiency in healthy
adults. Endocr Pract. 2012;18(6):914-23.

[7] Parva NR, Tadepalli S, Singh P, Qian A, Joshi R, Kandala H,
Nookala VK, Cheriyath P. Prevalence of vitamin D deficiency
and associated risk factors in the US population (2011-2012).
Cureus. 2018;10(6):e2741.

[8] Anglin RE, Samaan Z, Walter SD, McDonald SD. Vitamin D
deficiency and depression in adults: Systematic review and
meta-analysis. Br J Psychiatry. 2013;202:100-7.

[9] Gowda U, Mutowo MP, Smith BJ, Wluka AE, Renzaho
AM. Vitamin D supplementation to reduce depression in
adults: Meta-analysis of randomized controlled trials. Nutri-
tion. 2015;31(3):421-9.

[10] Li G, Mbuagbaw L, Samaan Z, Falavigna M, Zhang S, Adachi
JD, Cheng J, Papaioannou A, Rhabane L. Efficacy of vita-
min D supplementation in depression in adults: A systematic
review. J Clin Endocrinol Metab. 2014;99(3):757-67.

[11] Shaffer JA, Edmondson D, Wasson LT, et al. Vitamin D sup-
plementation for depressive symptoms: A systematic review
and meta-analysis of randomized controlled trials. Psycho-
som Med. 2014;76(3):190-6.

[12] McCarty DE, Chesson AL, Jr., Jain SK, Marino AA. The link
between vitamin D metabolism and sleep medicine. Sleep
Med Rev. 2014;18(4):311-9.

[13] Massa J, Stone KL, Wei EK, Harrison SL, Barrett-Connor E,
Lane NE, Paudel M, Redline S, Ancoli-Israel S, Onwoll E,
Schernhammer E. Vitamin D and actigraphic sleep outcomes
in older community-dwelling men: The MrOS sleep study.
Sleep. 2015;38(2):251-7.

[14] de Oliveira DL, Hirotsu C, Tufik S, Andersen ML. The
interfaces between vitamin D, sleep and pain. J Endocrinol.
2017;234(1):R23-R36.

[15] Wu Z, Malihi Z, Stewart AW, Lawes CM, Scragg R. Effect
of vitamin D supplementation on pain: A systematic review
and meta-analysis. Pain Physician. 2016;19(7):415-27.

[16] Yilmaz R, Salli A, Cingoz HT, Kucuksen S, Ugurlu H. Effi-
cacy of vitamin D replacement therapy on patients with
chronic nonspecific widespread musculoskeletal pain with
vitamin D deficiency. Int J Rheum Dis. 2016;19(12):1255-62.

[17] Groves NJ, McGrath JJ, Burne TH. Vitamin D as a neuros-
teroid affecting the developing and adult brain. Annu Rev
Nutr. 2014;34:117-41.

[18] Wrzosek M, Lukaszkiewicz J, Wrzosek M, Jakubczyk A,
Matsumoto H, Piatkiewicz P, Radziwori-Zaleska M, Wojnar
M, Nowicka G. Vitamin D and the central nervous system.
Pharmacol Rep. 2013;65(2):271-8.

[19] Cui X, Gooch H, Groves NJ, Sah P, Burne TH, Eyles DW,
McGrath JJ. Vitamin D and the brain: Key questions for future
research. J Steroid Biochem Mol Biol. 2015;148:305-9.

[20] Grimm MO, Lehmann J, Mett J, Zimmer VC, Grosgen S,
Stahlmann CP, Hundsdorfer B, Haupenthal VJ, Rothhaar TL,
Herr C, Bals R, Grimm HS, Hartmann T. Impact of Vitamin
D on amyloid precursor protein processing and amyloid-beta
peptide degradation in Alzheimer’s disease. Neurodegener
Dis. 2014;13(2-3):75-81.

[21] Briones TL, Darwish H. Vitamin D mitigates age-related cog-
nitive decline through the modulation of pro-inflammatory
state and decrease in amyloid burden. J Neuroinflammation.
2012;9:244.

[22] Karakis I, Pase MP, Beiser A, Booth Sl, Jacques PF, Rogers
G, DeCarli C, Vasan RS, Wang TJ, Himali JJ, Annweiler C,



H.K. Greenblatt et al. / Vitamin D and dementia 147

Seshadri S. Association of serum vitamin D with the risk of
incident dementia and subclinical indices of brain aging: The
Framingham Heart Study. J Alzheimers Dis. 2016;51(2):451-
61.

[23] Llewellyn DJ, Lang IA, Langa KM, Melzer D. Vitamin D
and cognitive impairment in the elderly U.S. population. J
Gerontol A Biol Sci Med Sci. 2011;66(1):59-65.

[24] Llewellyn DJ, Lang IA, Langa KM, Muniz-Terrera G,
Phillips CL, Cherubini A, Ferrucci L, Melzer D. Vitamin D
and risk of cognitive decline in elderly persons. Arch Intern
Med. 2010;170(13):1135-41.

[25] Miller JW, Harvey DJ, Beckett LA, Green R, Farias ST, Reed
BR, Olichney JM, Mungas DM, DeCarli C. Vitamin D status
and rates of cognitive decline in a multiethnic cohort of older
adults. JAMA Neurol. 2015;72(11):1295-303.

[26] Littlejohns TJ, Henley WE, Lang IA, Annweiler C, Beauchet
O, Chaves PH, Fried L, Kestenbaum BR, Kuller LH, Langa
KM, Lopez OL, Kos K, Soni M, Llewellyn DJ. Vitamin D
and the risk of dementia and Alzheimer disease. Neurology.
2014;83(10):920-8.

[27] Annweiler C, Llewellyn DJ, Beauchet O. Low serum vita-
min D concentrations in Alzheimer’s disease: A systematic
review and meta-analysis. J Alzheimers Dis. 2013;33(3):659-
74.

[28] Landel V, Annweiler C, Millet P, Morello M, Feron F. Vita-
min D, cognition and Alzheimer’s disease: The therapeutic
benefit is in the D-Tails. J Alzheimers Dis. 2016;53(2):419-
44.

[29] Olsson E, Byberg L, Karlstrom B, Cederholm T, Melhus
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