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AB S TRA C T

Objective: The association between serum vitamin D and risk of depression in

older adults is controversial. We performed a dose−response meta-analysis of

prospective cohort studies to examine the association between serum 25-hydroxy-

vitamin D [25(OH)D] concentrations and the risk of depression in older popula-

tion. Methods: Studies published before February 2018 in the PubMed,

Cochrane Library, Web of Science, PsycINFO, and EMBASE databases were sys-

tematically searched. Prospective cohort studies that examined the association

between serum 25(OH)D levels and the risk of depression in older adults were

included. A random-effects model was used to calculate the pooled hazard ratio

and the corresponding 95% confidence intervals. A nonlinear dose−response
association was examined using restricted cubic spline functions. Results: Six

prospective studies covering 16,287 older adults with 1,157 cases of depression

were included and analyzed. The pooled hazard ratio of depression for per

10-ng/mL increment in serum 25(OH)D was 0.88 (95% confidence intervals:

0.78−0.99, I2 = 79.0%, p <0.001 for heterogeneity). A linear dose−response asso-
ciation between serum 25(OH)D concentrations and incident depression was

observed (p = 0.96 for nonlinearity). Conclusion: Serum 25(OH)D concentration
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is negatively associated with the risk of depression in older adults. This meta-

analysis suggests that increasing 25(OH)D levels may be a useful approach to

reduce the risk of depression in older adults and highlights the need for further

large-scale clinical studies. (Am J Geriatr Psychiatry 2019;&&:&&−&&)
INTRODUCTION

D epression is a common psychiatric disorder
that affects more than 200 million people glob-

ally.1 The aging population has been increasing
steadily worldwide, with the proportion of those
aged 60 years and older projected to increase from
10.0% in 2000 to 21.8% in 2050 and to 32.2% in 2100.2

Due to a host of biological and psychosocial factors,
depression is highly prevalent in older adults and is
associated with lower quality of life.3

Vitamin D deficiency is common in older people,
mainly due to poor nutrition and the lack of outdoor
activity and sun exposure, which reduces vitamin D
synthesis.4 Apart from the role of vitamin D in main-
taining calcium homeostasis and bone health, vitamin
D receptors in the brain have been implicated in the
pathophysiology of depression.5

The past few years have seen the topic of vitamin
D in depression prevention rush into the forefront of
academia. Several cross-sectional and cohort studies
have found a strong association between serum 25
(OH)D concentrations and the risk of depression,6−8

which, however, has not been confirmed in other
studies.9,10 A few randomized clinical trials (RCTs)
also showed mixed findings.11,12 Moreover, the com-
pleted RCTs generally suffered from some limita-
tions13 and few focused on depression of older
adults. Although meta-analyses14,15 have examined
the dose−response association between serum 25
(OH)D concentration and depression, the results in
older adults were not reported. This was the rationale
to conduct a dose−response meta-analysis of pro-
spective studies to examine the association between
serum 25(OH)D concentrations and the risk of
depression in older adults.

METHODS

This meta-analysis was registered with the Interna-
tional Prospective Register of Systematic Reviews
(PROSPERO; registration number: CRD42018108965)
and was reported following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
statement for observational studies.16
Search Strategy

Articles that reported the association between serum
25(OH)D concentration and risk of depression were
independently searched by two investigators (HL and
DS) in PubMed, the Cochrane Library, Web of Science,
PsycINFO, and EMBASE from their inception date to
February 2018. The following search terms were used:
“vitamin D,” “1,25-dihydroxyvitamin d,” “25-hydroxy-
vitamin d,” “25(oh)d,” “25(oh)-vitamin d,” “calcidiol,”
or “calcitriol”; “mental disease,” “emotional disorder,”
“mood disorder,” “mental health,” “depression,”
“major affective disorder,” “minor affective disorder,”
“depressive,” or “depressed,” and “nest case control,”
“prospective study,” or “cohort study,” There was no
language restriction in the literature search the details of
which are shown in Supplemental Table 1.
Selection Criteria

Titles and abstracts of relevant records were
screened independently by two investigators (HL and
DS) and then the full texts were read for eligibility.
Studies were included in the meta-analysis if they ful-
filled the following criteria: 1) prospective cohort study
design targeting only older adults (aged ≥50 years); 2)
examining the association between serum 25(OH)D
concentrations and incident depression. Following pre-
vious meta-analyses,14,17 the diagnosis of depression
was established according to study-defined criteria,
such as standardized psychiatric interview, clinical
diagnosis, or using an established cutoff point on a vali-
dated rating scale; 3) reporting a hazard ratio (HR) and
corresponding 95% confidence interval (CI) of depres-
sion across different serum 25(OH)D concentration cat-
egories or providing information that could generate
HR and 95% CI; 4) having at least three serum-25(OH)
D levels to show a dose−response relationship; and 5)
Am J Geriatr Psychiatry &&:&&, && 2019
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providing the number of depression cases and partici-
pants or person-years or nondepression cases across
categories of serum 25(OH)D. In case that more than
one article was based on the same dataset, only the one
with the largest sample size or the longest follow-up
was included. The exclusion criteria were as follows: 1)
studies that did not measure serum 25(OH)D concen-
trations at baseline and/or did not evaluate depression
at study endpoint; 2) studies that did not provide the
mean or median or range of each of at least three 25
(OH)D levels; and 3) studies that referred to depression
as a continuous variable, but not a dichotomous out-
come. Any discrepancies between the two investigators
in the literature search and selection were resolved by
consulting with a third investigator (AW).
Data Extraction

Data were independently extracted, including the
first author, publication year, country, duration of fol-
low-up, mean age of participants, proportion of women,
depression scales, sample size, number of cases with
depression, serum 25(OH)D levels, covariates adjusted
for in the multivariable analyses of the included studies,
and HR and the 95% CI for depression across different
25(OH)D levels. When more than one multivariate
model was reported, the adjusted HRs were extracted
from the model adjusted for the largest number of con-
founding variables in the original studies.
Quality Assessment

The study quality was evaluated using the New-
castle-Ottawa Quality Assessment Scale (NOS)
(http://www.ohri.ca/programs/clinical_epidemiol
ogy/oxford.asp). The NOS consists of eight items that
address subject selection and comparability and the
assessment of the outcome. The NOS scores range
from 0 to 9 points; scores of ≥7 were considered to
indicate high quality.18
Statistical Analysis

The HR and 95% CI were considered as the effect
size. In five included studies, Cox proportional hazard
regression was used to examine the association
between serum 25(OH)D concentration categories and
the risk for depression and the adjusted HR and 95%
Am J Geriatr Psychiatry &&:&&, && 2019
CI was reported. In one study,10 logistic regression
analysis was used, therefore the odds ratio was trans-
formed into relative risk according to the formula rec-
ommended by Zhang and Yu,19 and then the
estimated relative risk was considered as equal to HR
following previous meta-analyses.14,20−23 Addition-
ally, following another study,20 the number of subjects
was multiplied by the average follow-up time to esti-
mate the person-years across serum 25(OH)D concen-
tration categories in the Chan et al’s study.10 The
method recommended by Hamling et al.24 was used
to convert risk estimates in the case that the reference
concentration (i.e., the reference category) used in anal-
yses was not the lowest concentration of 25(OH)D.
Since different units of measurement were used across
studies to express serum 25(OH)D levels (nmol/L or
ng/mL), the concentrations were converted into a
homogeneous measure using the following equiva-
lency: 10 ng/mL = 25 nmol/L. Moreover, the midpoint
of each concentration was used for studies that did not
present the median or mean doses of serum 25(OH)D
levels. If the highest or lowest category was open-
ended, that is, there was no highest or lowest bound-
ary, its midpoint concentration was calculated with
the lower limit multiplied by 1.5 (for the highest cate-
gory) or the higher limit divided by 1.5 (for the lowest
category). When the number of cases with depression
in each serum 25(OH)D category were not available,
the number of cases with depression was estimated
based on the total number and HR of each serum 25
(OH)D concentration.25,26

To examine the association between the specific lev-
els of serum 25(OH)D and the risk of depression, the
two-stage generalized least-squares trend estimation
method27 recommended by Greenland and Longnecker
was performed. A random-effects model was conducted
to examine the linear trend.28 The dose−response out-
comes were presented as per 10 ng/mL (25 nmol/L)
increment in serum 25(OH)D in the forest plots. In addi-
tion, a potential nonlinear dose−response relationship
between serum 25(OH)D and the risk of depression
was assessed using restricted cubic spline functions
with three knots at fixed percentiles of 10%, 50%, and
90% of the distribution.29

Heterogeneity was assessed using Cochran’s Q test
and I2 statistic, where I2 greater than 50% indicated sub-
stantial heterogeneity.30 Subgroup and meta-regression
analyses were conducted using the following variables
3
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in line with a recent meta-analysis:23 numbers of inci-
dent depression cases (≤200; >200), sample size (≤2,000;
>2,000); duration of follow-up (≤5 years; > 5years);
region (Europe; American; and others), numbers of
adjusted covariates (≤8; >8), study quality (<7 points;
≥7 points), and diagnosis of depression by a clinical
interview (no; yes). Sensitivity analyses were performed
by excluding the Chan et al. study10 and then comparing
the findings with the primary results. Publication bias
was assessed by funnel plot. Begg’s and Egger’s tests
were not performed because the number of original
studies included in the analysis was less than 10.

Statistical analyses were performed using Stata
software (Version 14.0; StataCorp). The significance
level was set as 0.05 (two-sided).
FIGURE 1. Flow-chart of study selection.

4

RESULTS

Study Selection

One hundred and twenty-eight of the 1,280 studies
identified in the initial search were selected for full-
text review; and 119 were excluded, leaving 9 studies
(Fig. 1). One study only described depressive symp-
toms as continuous and not a dichotomous variable,
using a cutoff value,31 while two studies32,33 only
reported two levels of serum 25(OH)D. Finally, six
cohort studies6,10,34−37 were included in the meta-
analysis. One study35 reported outcomes separately
for men and women, and they were handled as sepa-
rate arms.
Am J Geriatr Psychiatry &&:&&, && 2019
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Study Characteristics

Table 1 shows the characteristics of the included
studies. The six studies involved 16,287 older adults
with 1,157 cases of depression during follow-up. The
mean age of study population was 73.9 years, and the
follow-up period ranged from 1.07 to 10 years. Five
studies established the diagnosis of depression using
screening scales,10,34,35,37 while one study used the
International Classification of Diseases, Ninth Edition
diagnostic codes.6 Two studies each were conducted in
Europe,35,37 and America,6,34 one each in Australia,36

and China.10 Table 2 shows the association between
serum 25(OH)D concentration categories and the risk
for depression.
Quality Assessment

Figure 2 shows the study quality assessed by the
NOS. Overall, one study was rated as 8,10 two studies
were rated as 7,36,37 and the remaining three studies
were rated as 6.6,34,35
Does−Response Association Between Serum 25

(OH)D and Incident Depression

Figure 3 shows the pooled effect size of the associa-
tion between serum 25(OH)D and the risk of depression.
The pooled HR per 10-ng/mL increment in serum 25
(OH)D using the random-effects dose−response model
was 0.88 (95% CI: 0.78−0.99, p = 0.03), which indicates
an inverse association between vitamin D levels and the
TABLE 1. Characteristics of Studies Included in the Meta-Analysis

First Author,
Year Study Population

Age (SD),
Years

No.
(% Female) D

Chan, 2011 Community-dwelling men
aged ≥65 years

72.5 (4.8) 629 (0)

Almeida, 2015 Community-dwelling men
aged 71−88 years

77.0 (3.6) 2,740 (0)

Williams, 2015 Community-dwelling
adults aged 70−79 years

74.7 (2.9) 2,325 (51.5)

Milaneschi, 2010 Community-dwelling
adults aged ≥65 years

74.4 (6.9) 640 (46.6)

May, 2010 Adults aged ≥50 years
with cardiovascular
disease

73.1 (10.2) 7,358 (58.8)

Jovanova, 2017 Community-dwelling
adults aged ≥55 years

71.6 (6.6) 2,595 (57.4)

CES-D: Center for Epidemiologic Studies Depression Scale; GDS: Geriatri
number; PHQ: patient health questionnaire; SD: standard deviation.

Am J Geriatr Psychiatry &&:&&, && 2019
risk of depression although significant heterogeneity
was found (I2 = 79.0%). Figure 4 shows that a linear
association between serum 25(OH)D and the risk of
depression was found using the restricted cubic splines
analysis (p = 0.96 for nonlinearity withWald test).

The funnel plot was asymmetric and shown in sup-
plementary data (Fig. S1). After excluding Chan et
al’s study (2011) from the analyses, the results did not
change significantly compared to the primary results
(pooled HR: 0.86, 95% CI: 0.76−0.97, p = 0.01;
I2 = 81.6%), which indicates that the results were
robust (Fig. S2).
Subgroup and Meta-Regression Analyses

Table 3 shows the results of the subgroup analyses.
The association between serum 25(OH)D and the risk
of depression was not moderated by the number of
incident depression cases, sample size, length of fol-
low-up, region, number of adjusted variables, and the
type of assessment of depression. Meta-regression
analysis revealed that study quality was a major
source of heterogeneity between studies as measured
by the I2 between studies (Table 3; Fig. S3).

DISCUSSION

To the best of our knowledge, this was the first
dose−response meta-analysis of prospective cohort
studies that examined the relationship between serum
25(OH)D levels and depression in older adults. An
No.
epression

Follow-Up,
Years

Diagnosis
of Depression Country

25 4 GDS-15 ≥8 China

81 6 PHQ-9 ≥10 Australia

366 4 CES-D-10 ≥10 or antide-
pressant medication use

America

200 6 CES-D-20 ≥16 Italy

335 1.07 Clinical diagnosis (ICD-9) America

150 10 CES-D-20 ≥16 Netherlands

c Depression Scale; ICD: International Classification of Diseases; No:

5



TABLE 2. Association Between Serum 25(OH)D Concentration Categories and the Risk for Depression Across Included Studies in
the Original Study

First Author,
Year

Categories of Serum
25(OH)D, ng/mL

Most Adjusted HR
by Category (95% CI)
in the Original Study

Most Adjusted HR
by Category (95% CI)
After Transformation Covariates in the Most Adjusted Model

Chan, 2011a 1: <20
2: 20−29
3: 30−39
4: ≥40

1: 1 (reference)
2: 1.50 (0.16−14.56)
3: 1.27 (0.13−12.89)
4: 2.27 (0.18−28.10)

1: 1 (reference)
2: 1.48 (0.17−12.96)
3: 1.26 (0.14−11.60)
4: 2.19 (0.20−24.31)

Age, BMI, education, PASE, number of
ADLs, DQI, smoking status, alcohol use,
season of measurement, number of
chronic diseases, baseline GDS score,
CSI-D score and serum (ln) PTH
concentration

Almeida, 2015 1: <12
2: 12−20
3: ≥20

1: 1.38 (0.43−4.45)
2: 0.97 (0.53−1.78)
3: 1 (reference)

1: 1 (reference)
2: 0.70 (0.22−2.22)
3: 0.72 (0.23−2.33)

Age, living arrangements, season, coronary
heart disease and stroke

Williams, 2015 1: <20
2: 20−30
3: ≥30

HR (95 % CI)
1: 1.65 (1.23−2.22)
2: 1.31 (0.99−1.74)
3: 1 (reference)

HR (95 % CI)
1: 1 (reference)
2: 0.79 (0.60−1.04)
3: 0.61 (0.45−0.81)

Age, sex, race, site, season, and education,
diabetes, cardiovascular disease, BMI,
3MS score, kidney disease, smoking,
alcohol consumption, marital status,
physical activity, and history of
depression

Milaneschi, 2010 Women:
1: <12.68
2: 12.68−21.56
3: ≥21.56
Men:
1: <12.68
2: 12.68−21.56
3: ≥21.56

Women:
1: 2.56 (1.40−4.64)
2: 1.72 (0.98−3.00)
3: 1 (reference)
Men:
1: 1.96 (0.96−4.00)
2: 1.03 (0.55−1.90)
3: 1 (reference)

Women:
1: 1 (reference)
2: 0.67 (0.41−1.11)
3: 0.39 (0.22−0.71)
Men:
1: 1 (reference)
2: 0.53 (0.26−1.05)
3: 0.51 (0.25−1.04)

Age, baseline CES-D, ADL disabilities, use
of antidepressants, number of chronic
diseases, SPPB, high PTH and season

May, 2010 1: ≤15
2: 16−30
3: 31−50
4: ≥50

1: 2.70 (1.35−5.40)
2: 2.15 (1.10−4.21)
3: 1.95 (0.99−3.87)
4: 1 (reference)

1: 1 (reference)
2: 0.80 (0.31−2.02)
3: 0.72 (0.28−1.85)
4: 0.37 (0.19−0.74)

Age, sex, diabetes, hypertension, coronary
artery disease, myocardial infarction,
heart failure, fracture, renal failure, para-
thyroid hormone levels

Jovanova, 2017 1: <11.43
2: 11.43−17.52
3: 17.52−25.28
4: ≥25.28

1: 0.82 (0.67−1.02)
2: 1.12 (0.79−1.61)
3: 1.24 (0.87−1.78)
4: 1 (reference)

1: 1 (reference)
2: 1.38 (0.99−1.91)
3: 1.51 (1.09−2.10)
4: 1.22 (0.99−1.50)

Gender, age, and baseline depressive
symptoms, BMI, alcohol consumption,
smoking status, marital status, and ADLs
score.

ADLs: activities of daily living; BMI: body mass index; CES-D: Center for Epidemiologic Studies Depression Scale; CI: confidence interval; CSI-D:
community screening instrument for dementia; DQI: diet quality index; GDS: Geriatric Depression Scale; HR: hazard ratio; OR: odd ratio; PASE:
Physical Activity Scale of the Elderly; PTH: parathyroid hormone; SPPB: short physical performance battery; 3MS: the Modified Mini-Mental State
Examination.

a For this study, OR and corresponding 95% CI were reported in the original study. OR first converted to RR (relative risk) according to the fol-
lowing formula: RR = OR/(1 � Pref + Pref £ OR), where Pref is the incidence of depression in the reference group of serum 25(OH)D.
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inverse association was observed between serum 25
(OH)D levels and the risk of depression in older adults.
Every 10-ng/mL increase in serum 25(OH)D was asso-
ciated with a 12% decrease in the risk of depression.
The heterogeneity between studies could be partly due
to study quality, measurement of depression, and
unmeasured variables that were not controlled for in
the included studies. In addition, the different rates of
depression across studies could also be associated
with heterogeneity.

To date, several observational studies have shown
that vitamin D deficiency is associated with increased
risk of late-life depression.38 However, most published
RCTs failed to find evidence supporting benefit of
6

vitamin D supplements in depression.13 Meanwhile, it
should be noted that the completed RCTs generally
suffered from some limitations. A systematic review
and meta-analysis found that RCTs without biological
flaws were more inclined to show benefits of vitamin
D compared to those featured certain limitations.39 It
warranted well-designed and large-scale randomized
trials to give more definitive evidence. Given the
inverse relationship between vitamin D and multiple
health outcomes, screening for vitamin D deficiency
might yield considerable benefits. Actually, it has
become one of the most talked about topic owing to
insufficient evidence.40 Recently, the U.S. Preventive
Services Task Forces published a research plan to
Am J Geriatr Psychiatry &&:&&, && 2019



FIGURE 2. Study quality assessed using the NOS (Newcastle-Ottawa Quality Assessment Scale).

FIGURE 3. Forest plot showing the pooled effect size of the association between serum 25(OH)D and risk of depression using ran-
dom-effects model (pooled HR: 0.88; 95% CI: 0.78−0.99). The pooled effect sizes are shown for 10-ng/mL increments in serum 25
(OH)D levels. Solid circles and horizontal lines represent HR (95% CI); the gray boxes reflect the statistical weight of the study; and
the red dashed vertical line indicates the line of no effect. p for heterogeneity was calculated by Cochran’s Q test with 6 degrees of
freedom.
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FIGURE 4. Dose−response analysis between serum 25(OH)D levels and the risk of depression. The solid line represents the pooled
HR, and the dashed lines indicate 95% CI.

TABLE 3. Subgroup Analysis of Serum 25(OH)D Levels and the Risk of Depression in Dose−Response Meta-Analysis

Subgroup Number Hazard Ratio (95% CI) I2, % pheterogeneity
a pbetween

b

Number of incident depression cases, n 0.791
≤200 5 0.89 (0.73−1.08) 79.5 0.001
>200 2 0.86 (0.80−0.92) 0.0 0.887

Sample size, n 0.349
≤2,000 3 0.82 (0.63−1.06) 70.4 0.034
>2,000 4 0.92 (0.81−1.04) 79.9 0.002

Follow-up time, years 0.674
≤5 3 0.88 (0.80−0.96) 30.5 0.237
>5 4 0.85 (0.68−1.07) 84.0 <0.001

Region 0.528
Europe 3 0.82 (0.63−1.08) 89.3 <0.001
American 2 0.86 (0.80−0.92) 0.0 0.887
Others 2 1.06 (0.83−1.34) 0.0 0.529

Number of adjusted variables 0.674
≤8 4 0.85 (0.68−1.07) 84.0 <0.001
>8 3 0.88 (0.80−0.96) 30.5 0.237

Quality scores, points 0.005
<7 4 0.82 (0.76−0.89) 31.6 0.223
≥7 3 1.03 (0.97−1.09) 0.0 0.797

Clinical diagnosis of depression 0.898
No 6 0.88 (0.77−1.02) 80.7 <0.001
Yes 1 0.86 (0.78−0.96) - -

a pheterogeneity within subgroups calculated by Cochran’s Q test with Number (the number of studies) minus 1 degrees of freedom.
b pheterogeneity between subgroups calculated by meta-regression analysis with z test.
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re-evaluate benefits and harms of screening for vita-
min D deficiency in asymptotic adults. However,
there is no one-size-fits-all screening strategy, which
should vary from country to country, depending on
geographic areas and diet habits. Debate on this hot-
button topic will go on. Based on this meta-analysis,
we suggest that vitamin D deficiency screening
should be put in place for older adults, the population
group with high risk of both vitamin D deficiency and
fracture, depression as well as fall.

Several mechanisms could explain the association
between serum 25(OH)D levels and the risk of depres-
sion. Vitamin D receptors have been identified in cer-
tain brain areas, such as the hippocampus,5 which are
implicated in the pathophysiology of depression. Vita-
min D receptor gene polymorphisms are also associ-
ated with depression in older adults.41 Moreover,
vitamin D could interact with glucocorticoid receptors
in the hippocampus,42 while high circulating corticoste-
roid concentrations are thought to be involved in the
pathogenesis of depression.43 Furthermore, vitamin D
could influence the expression of serotonin-synthesiz-
ing genes tryptophan hydroxylase 1 and tryptophan
hydroxylase 2,44 which are closely linked with the neu-
robiology of depression. Lastly, vitamin D may indi-
rectly reduce the risk of depression through decreasing
inflammatory mediators.45

The strengths of this meta-analysis included the rel-
atively large sample size that could enable more
sophisticated analyses, such as subgroup and sensitiv-
ity analyses. In addition, the inclusion of only prospec-
tive cohort studies could have enhanced the
homogeneity between studies with respect to the
study design. However, there were also limitations in
this meta-analysis. First, the association between
serum 25(OH)D levels and the risk of depression could
be moderated by other variables. Therefore, only the
findings of multivariate analyses from the included
studies were synthesized. Second, the heterogeneity
was relatively large (I2 = 79.0%). Hence, subgroup
analyses were conducted to explore the heterogeneity.
Third, similar to another meta-analysis of prospective
Am J Geriatr Psychiatry &&:&&, && 2019
cohort studies,46 the number of included studies was
relatively small, particularly studies conducted in low-
and medium-income countries. Last, both serum 25
(OH)D and depression fluctuated over time. Hence,
the dynamic association between serum 25(OH)D lev-
els and risk of depression could not be examined.

In conclusion, this meta-analysis demonstrated a
negative association between serum 25(OH)D levels
and the risk of depression in older adults. Specifically,
every 10-ng/mL increase in serum 25(OH)D was
associated with a 12% decrease in the risk of depres-
sion. However, our work was based on observational
studies and could not testify the causal association
between vitamin D deficiency and depression. Fur-
ther findings from high-quality clinical studies are
warranted to clarify whether increasing 25(OH)D lev-
els may be a useful approach to reduce the risk of
depression in older adults. Fortunately, the ongoing
VITAL-DEP study47 with a large sample size and a
long follow-up period should provide more definitive
answers to this question.

AUTHORS’ CONTRIBUTION

Conceptualization, YX and XG; methodology, HL,
DS, HP, and WF; formal analysis, HL, DS, and AW;
writing—original draft preparation, HL, DS, LT, and
XL; writing—review and editing, CHN, GSU, and
WW, supervision, YX and XG.

The authors declare no conflicts of interest. This
research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit
sectors.

SUPPLEMENTARY MATERIALS

Supplementary material associated with this article
can be found in the online version at https://doi.org/
10.1016/j.jagp.2019.05.022.
References
1. Vos T, Abajobir AA, Abate KH, et al: Global, regional, and

national incidence, prevalence, and years lived with disability for

328 diseases and injuries for 195 countries, 1990−2016: a sys-

tematic analysis for the Global Burden of Disease Study 2016.

Lancet 2017; 390:1211–1259
2. Lutz W, Sanderson W, Scherbov S: The coming acceleration of

global population ageing. Nature 2008; 451:716–719

3. Holtfreter K, Reisig MD, Turanovic JJ: Depression and infrequent par-

ticipation in social activities among older adults: the moderating role

of high-quality familial ties. Aging Mental Health 2017; 21:379–388
9

https://doi.org/10.1016/j.jagp.2019.05.022
https://doi.org/10.1016/j.jagp.2019.05.022
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0001
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0001
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0001
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0001
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0001
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0002
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0002
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0003
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0003
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0003


ARTICLE IN PRESS

25-Hydroxyvitamin D and Depression
4. Howe WR, Dellavalle R: Vitamin D deficiency. N Engl J Med

2007; 357, 1981-1981

5. Eyles DW, Smith S, Kinobe R, et al: Distribution of the vitamin D

receptor and 1 alpha-hydroxylase in human brain. J Chem Neuro-

anat 2005; 29:21–30

6. May HT, Bair TL, Lappe DL, et al: Association of vitamin D levels

with incident depression among a general cardiovascular popula-

tion. Am Heart J 2010; 159:1037–1043

7. Wilkins CH, Sheline YI, Roe CM, et al: Vitamin D deficiency is

associated with low mood and worse cognitive performance in

older adults. Am J Geriatr Psychiatry 2006; 14:1032–1040

8. de Oliveira C, Hirani V, Biddulph JP: Associations between vita-

min D levels and depressive symptoms in later life: evidence

from the English Longitudinal Study of Ageing (ELSA). J Gerontol

A Biol Sci Med Sci 2018; 73:1377–1382

9. Pan A, Lu L, Franco OH, et al: Association between depressive

symptoms and 25-hydroxyvitamin D in middle-aged and elderly

Chinese. J Affect Disord 2009; 118:240–243

10. Chan R, Chan D, Woo J, et al: Association between serum 25-

hydroxyvitamin D and psychological health in older Chinese

men in a cohort study. J Affect Disord 2011; 130:251–259

11. Jorde R, Sneve M, Figenschau Y, et al: Effects of vitamin D supple-

mentation on symptoms of depression in overweight and obese

subjects: randomized double blind trial. 2008; 264:599−609
12. Sanders KM, Stuart AL, Williamson EJ, et al: Annual high-dose

vitamin D3 and mental well-being: randomised controlled trial.

Br J Psychiatry 2011; 198:357–364

13. Okereke OI, Singh A: The role of vitamin D in the prevention of

late-life depression. J Affect Disord 2016; 198:1–14

14. Anglin RE, Samaan Z, Walter SD, et al: Vitamin D deficiency and

depression in adults: systematic review and meta-analysis. Br J

Psychiatry 2013; 202:100

15. Ju SY, Lee YJ, Jeong SN: Serum 25-hydroxyvitamin D levels and

the risk of depression: a systematic review and meta-analysis. J

Nutr Health Aging 2013; 17:447–455

16. Moher D, Liberati A, Tetzlaff J, et al: Preferred reporting items for

systematic reviews and meta-analyses: the PRISMA statement.

BMJ 2009; 339:b2535

17. Zhai L, Zhang H, Zhang D: Sleep duration and depression among

adults: a meta�analysis of prospective studies. Depress Anxiety

2015; 32:664–670

18. Stang A: Critical evaluation of the Newcastle-Ottawa scale for the

assessment of the quality of nonrandomized studies in meta-anal-

yses. Eur J Epidemiol 2010; 25:603–605

19. Zhang J, Yu KF: What’s the relative risk? A method of correcting

the odds ratio in cohort studies of common outcomes. JAMA

1998; 280:1690–1691

20. Sun Q, Pan A, Hu FB, et al: 25-Hydroxyvitamin D levels and the

risk of stroke: a prospective study and meta-analysis. Stroke

2012; 43:1470–1477

21. Zhang C, Qin YY, Chen Q, et al: Alcohol intake and risk of stroke:

a dose-response meta-analysis of prospective studies. Int J Car-

diol 2014; 174:669–677

22. Jayedi A, Rashidy-Pour A, Parohan M, et al: Dietary antioxidants,

circulating antioxidant concentrations, total antioxidant capac-

ity, and risk of all-cause mortality: a systematic review and dose-

response meta-analysis of prospective observational studies. Adv

Nutr 2018; 9:701–716

23. Zhang R, Li B, Gao X, et al: Serum 25-hydroxyvitamin D and the

risk of cardiovascular disease: dose-response meta-analysis of pro-

spective studies. Am J Clin Nutr 2017; 105:810–819

24. Hamling J, Lee P, Weitkunat R, et al: Facilitating meta-analyses by

deriving relative effect and precision estimates for alternative
10
comparisons from a set of estimates presented by exposure level

or disease category. Stat Med 2008; 27:954–970

25. Bekkering GE, Harris RJ, Thomas S, et al: How much of the data

published in observational studies of the association between

diet and prostate or bladder cancer is usable for meta-analysis?

Am J Epidemiol 2008; 167:1017–1026

26. Jayedi A, Zargar MS: Dietary calcium intake and hypertension

risk: a dose-response meta-analysis of prospective cohort studies.

Eur J Clin Nutr 2018 Aug 10;doi:10.1038/s41430-018-0275-y

27. Greenland S, Longnecker MP: Methods for trend estimation from

summarized dose-response data, with applications to meta-analy-

sis. Am J Epidemiol 1992; 135:1301–1309

28. Orsini N, Bellocco R, Greenland S: Generalized least squares for

trend estimation of summarized dose−response data. Stata J

2006; 6:40–57

29. Durrleman S, Simon R: Flexible regression models with cubic

splines. Stat Med 1989; 8:551–561

30. Higgins JPT: Measuring inconsistency in meta-analyses. Br Med J

2003; 327:557–560

31. Brouwer-Brolsma EM, Dhonukshe-Rutten RA, van Wijngaarden

JP, et al: Low vitamin D status is associated with more depressive

symptoms in Dutch older adults. Eur J Nutr 2016; 55:1525–1534

32. van den Berg KS, Marijnissen RM, van den Brink RHS, et al: Vita-

min D deficiency, depression course and mortality: longitudinal

results from the Netherlands Study on Depression in Older per-

sons (NESDO). J Psychosom Res 2016; 83:50–56

33. Toffanello ED, Sergi G, Veronese N, et al: Serum 25-hydroxyvitamin d

and the onset of late-life depressive mood in older men and women:

the Pro.V.A. study. J Gerontol A Biol Sci Med Sci 2014; 69:1554–1561

34. Williams JA, Sink KM, Tooze JA, et al: Low 25-hydroxyvitamin D

concentrations predict incident depression in well-functioning

older adults: the health, aging, and body composition study. J

Gerontol A Biol Sci Med Sci 2015; 70:757–763

35. Milaneschi Y, Shardell M, Corsi AM, et al: Serum 25-hydroxyvita-

min D and depressive symptoms in older women and men. J Clin

Endocrinol Metab 2010; 95:3225–3233

36. Almeida OP, Hankey GJ, Yeap BB, et al: Vitamin D concentration

and its association with past, current and future depression in

older men: the Health in Men Study. Maturitas 2015; 81:36–41

37. Jovanova O, Aarts N, Noordam R, et al: Vitamin D serum levels

are cross�sectionally but not prospectively associated with

late�life depression. Acta Psychiatr Scand 2017; 135:185

38. de Oliveira C, Hirani V, Biddulph JP: Associations between vita-

min D levels and depressive symptoms in later life: evidence

from the English Longitudinal Study of Ageing (ELSA). J Gerontol

Ser A Biol Sci Med Sci 2018; 73:1377–1382

39. Spedding S: Vitamin D and depression: a systematic review and

meta-analysis comparing studies with and without biological

flaws. Nutrients 2014; 6:1501–1518

40. Minisola S, Colangelo L, Cipriani C, et al: Screening for hypovitami-

nosis D: cost-effective or not? Eur J Endocrinol 2019; 180:D1–D7

41. Kuningas M, Mooijaart SP, Jolles J, et al: VDR gene variants associ-

ate with cognitive function and depressive symptoms in old age.

Neurobiol Aging 2009; 30:466–473

42. Obradovic D, Gronemeyer H, Lutz B, et al: Cross-talk of vitamin D

and glucocorticoids in hippocampal cells. J Neurochem 2006;

96:500–509

43. Holsboer F: The corticosteroid receptor hypothesis of depres-

sion. Neuropsychopharmacology 2000; 23:477–501

44. Patrick RP, Ames BN: Vitamin D and the omega-3 fatty acids con-

trol serotonin synthesis and action, part 2: relevance for ADHD,

bipolar disorder, schizophrenia, and impulsive behavior. FASEB J

2015; 29:2207–2222
Am J Geriatr Psychiatry &&:&&, && 2019

http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0004
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0004
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0005
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0005
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0005
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0006
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0006
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0006
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0007
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0007
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0007
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0008
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0008
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0008
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0008
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0009
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0009
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0009
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0010
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0010
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0010
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0011
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0011
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0011
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0012
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0012
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0013
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0013
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0013
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0014
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0014
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0014
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0015
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0015
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0015
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0016
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0016
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0016
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0016
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0017
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0017
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0017
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0018
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0018
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0018
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0019
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0019
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0019
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0020
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0020
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0020
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0021
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0021
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0021
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0021
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0021
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0022
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0022
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0022
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0023
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0023
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0023
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0023
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0024
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0024
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0024
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0024
https://doi.org/10.1038/s41430-018-0275-y
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0026
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0026
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0026
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0027
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0027
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0027
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0028
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0028
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0029
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0029
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0030
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0030
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0030
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0031
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0031
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0031
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0031
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0032
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0032
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0032
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0033
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0033
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0033
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0033
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0034
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0034
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0034
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0035
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0035
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0035
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0036
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0036
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0036
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0036
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0036
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0037
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0037
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0037
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0037
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0038
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0038
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0038
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0039
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0039
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0040
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0040
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0040
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0041
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0041
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0041
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0042
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0042
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0043
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0043
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0043
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0043


ARTICLE IN PRESS

Li et al.
45. McCann JC, Ames BN: Is there convincing biological or behav-

ioral evidence linking vitamin D deficiency to brain dysfunction?

FASEB J 2008; 22:982–1001

46. Huang YL, Xu SX, Hua JH, et al: Association between job strain

and risk of incident stroke: a meta-analysis. Neurology 2015;

85:1648–1654
Am J Geriatr Psychiatry &&:&&, && 2019
47. Okereke OI, Reynolds CF 3rd, Mischoulon D, et al: The vitamin D

and OmegA-3 TriaL-Depression Endpoint Prevention (VITAL-

DEP): rationale and design of a large-scale ancillary study evaluat-

ing vitamin D and marine omega-3 fatty acid supplements for pre-

vention of late-life depression. Contemp Clin Trials 2018; 68:

133–145
11

http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0044
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0044
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0044
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0045
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0045
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0045
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046
http://refhub.elsevier.com/S1064-7481(19)30393-8/sbref0046

	Serum 25-Hydroxyvitamin D Levels and Depression in Older Adults: A Dose-Response Meta-Analysis of Prospective Cohort Studies
	Introduction
	Methods
	Search Strategy
	Selection Criteria
	Data Extraction
	Quality Assessment
	Statistical Analysis

	Results
	Study Selection
	Study Characteristics
	Quality Assessment
	Does-Response Association Between Serum 25(OH)D and Incident Depression
	Subgroup and Meta-Regression Analyses

	Discussion
	Authors' Contribution
	Supplementary materials
	References



