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Abstract
Objective: The association between 25-hydroxyvitaminD (25(OH)D) andmaternal
depression (MD) is deemed to be inconclusive. The current analysis aimed to
quantify the relationship between 25(OH)D serum concentrations, the main indi-
cator of vitamin D nutritional status, and MD.
Design: Dose–response meta-analysis.
Setting: A systematic search in PubMed, Embase and Web of Science from incep-
tion to June 2019.
Participants: Relevant observational studies reporting risk estimates and 95 % CI of
random effects for 25(OH)D concentration on MD were identified.
Results: Twelve observational studies with thirteen independent reports involving
10 317 pregnant women were included. Compared with the lowest category of
25(OH)D, the pooled OR for the highest category of MD was 0·49 (95 % CI
0·35, 0·63); a high heterogeneity was observed (P = 0·001, I2 = 82·1 %). A non-
linear association between 25(OH)D and MD was found (P for non-linearity
= 0·001); the dose–response analysis indicated that the lowest pooled OR was
at blood 25(OH)D concentrations of 90–110 nmol/l. Subgroup analyses suggested
a stronger association between 25(OH)D and MD in summer time (OR 0·25, 95 %
CI 0·08, 0·43) than in other seasons (OR 0·68, 95 % CI 0·52, 0·83) (P for interaction
= 0·008). A visual inspection of funnel plot and Begg’s and Egger’s tests did not
indicate any evidence of publication bias.
Conclusions: Low circulating 25(OH)D is associated with MD, and our analysis
suggests that they influence each other. Further randomised controlled trials would
be needed to determine the direction of causation.
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Meta-analysis

Depression is a common mental disorder and a leading
cause of disability worldwide(1). It has been reported
that 350 million people around the world are affected by
depression, and as many as two-thirds of all persons who
committed suicide may have had this condition(2). Women
of child-bearing age are more vulnerable to suffer from
depression due to strong biological, physical and social
changes they experience(3). Approximately 15–30% and
10–40% ofwomen experience depression during pregnancy
and postpartum, respectively(4–7). Maternal depression
(MD) (including antepartum depression and postpartum

depression) is associated with adverse offspring develop-
ment, such as preterm birth, low birth weight, intrauterine
growth restriction, birth defects and low intelligence(8–10).
During pregnancy, women need to provide nutrition
for the growth and development of the fetus as well as
for their own metabolic needs; hence, the demand for
vitamins increases. However, due to reduced outdoor
activities and sunlight exposure, pregnantwomenobtain less
vitamin D from sun exposure, thereby making them suscep-
tible to vitamin D deficiency. Over the past decades, the
relationship between poor vitamin D status – as measured
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by serum concentration of the intermediary metabolite,
25-hydroxyvitamin D (25(OH)D) – and depression has been
a research hotspot.

The aetiology of depression is not fully established;
however, genetic, biological and environmental reasons,
such as nutritional deficiency and inadequate sunlight
exposure, are considered potential factors that could
play a role in its pathophysiology(11). Depression is associ-
ated with dysregulated hypothalamic–pituitary–adrenal
axis function, overactivity of the sympatho-adrenal system
and increased level of inflammatory markers(12,13). Vitamin D,
vitamin D receptors, vitamin D-activating enzyme
1α-hydroxylase and other vitamin D-related components
play an important role in regulating neuronal function,
neurotransmitter synthesis, inhibiting apoptosis and
regulating neuron regeneration and differentiation(14–16),
which have been associated with cognitive impairment
and depressive symptoms.

The most widely accepted indicator of vitamin D status
is blood 25(OH)D concentrations, the intermediary
metabolite of vitamin that circulates after dietary or vitamin
D synthesised in the skin after sun exposure is hydroxyl-
ated in the liver. Some epidemiological studies were
conducted to evaluate the association between serum
25(OH)D and MD. However, the results have been incon-
clusive. Some studies have found that 25(OH)D has a
protective effect on MD and recommended vitamin D sup-
plement use for pregnant women(17,18), while other studies
did not report a uniform relationship(19,20). In addition, the
association of serum 25(OH)D concentrations with optimal
mental health remains unknown.We, therefore, performed
a dose–response meta-analysis of observational studies to
describe the epidemiological evidence on the relationship
between 25(OH)D and MD, and explored supplemental
doses of vitamin D required to achieve the lowest risk
of MD.

Methods

Search strategy
We comprehensively conducted a literature search of
PubMed, Embase and Web of Science from inception
to June 2019 for studies addressing the associations
between 25(OH)D and MD based on the Meta-analysis
Of Observational Studies in Epidemiology guidelines(21).
We used the following search terms without restriction:
‘antenatal’ or ‘prepartum’ or ‘prenatal’ or ‘prepartal’ or
‘peripartum’ or ‘perinatal’ or ‘postpartum’ or ‘postnatal’ or
‘puerperal’ or ‘puerperium’ or ‘pregnant’ or ‘pregnancy’
or ‘gravida’ or ‘gestation’ or ‘gestational’ or ‘maternal’
(Mesh) and ‘vitamin D’ or ‘25-hydroxyvitamin D’ or
‘25(OH)D’ or ‘cholecalciferol’ or ‘ergocalciferol’ or ‘ergo-
sterol’ or ‘7-dehydrocholesterol’ (Mesh) and ‘depression’
or ‘depressive symptoms’ or ‘mood disorders’ or ‘mood
disturbance’ or ‘mood symptoms’ or ‘mental disorders’ or

‘mental health’ or’ psychological disorders’. Additionally,
we reviewed reference lists of retrieved articles to identify
additional relevant studies.

Study selection
Two investigators (D.C. and Q.T.) independently
screened all articles. Studies that met the following criteria
were included: (i) the study design was observational;
(ii) 25(OH)D concentrations were estimated and MD was
the outcome variable; (iii) the study reported OR or relative
risk with 95% CI for the association between 25(OH)D and
MD, or provided sufficient information to allow for their
calculation. The studies were limited to English language;
non-human studies, clinical trials, reviews, letters and com-
mentarieswere excluded. If study populationswere reported
more than once, we included the result with the longest
follow-up time; any result in one study stratified by the
season of 25(OH)D measurement was treated as separate
reports. Any discrepancywas solved through discussionwith
the third reviewer (S.L.).

Definition of depression and 25-hydroxyvitamin
D measurement
Our primary outcome for all studies was depression diag-
nosed by one of the following: (i) a clinical diagnosis; (ii) a
diagnosis using a validated rating scale with an established
cut-off point, such as the twenty-one-item Depression,
Anxiety and Stress Scales, or Center for Epidemiological
Studies Depression Scale, or Beck Depression Scale, or
Edinburgh Postnatal Depression Scale. The cut-off point
of the twenty-one-item Depression, Anxiety and Stress
Scale, Center for Epidemiological Studies Depression
Scale and BeckDepression Scalewas 14, 16 and 17, respec-
tively, while that of Edinburgh Postnatal Depression Scale
was diverse in different studies, ranging from 6 to 13.

In two studies, cord blood sample was collected to ana-
lyse the concentrations of 25(OH)D; many studies showed
that maternal 25(OH)D levels are highly correlated with
cord blood 25(OH)D concentrations; mean cord blood
25(OH)D concentrations approximated half of maternal
25(OH)D levels(22,23). So we converted 25(OH)D concen-
trations from cord blood to maternal blood with a conver-
sion factor of 2(22,23). Meanwhile, we converted 25(OH)D
concentrations from ng/ml to nmol/l with a conversion
factor of 2·5.

Data extraction
Data extraction was conducted independently by two
authors (D.C. and Q.T.). Information such as name of
first author, year of publication, study location, number
of participants, number of cases, study design and charac-
teristics of study population at baseline (age and race) was
extracted from the included studies. In addition, the
duration of follow-up for cohort study, methods of expo-
sure measurements and outcome measurements, risk
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estimates and corresponding 95 % CI, and covariates
adjusted in the statistical analysis were extracted. The most
adjusted risk estimates were extracted when available.
Interobserver agreement was assessed using Cohen’s κ.
Any disagreements were resolved by discussion with the
third author (S.L.).

Quality assessment
Quality assessment was independently performed by two
reviewers (D.C. and Q.T.). For cohort and case–control
studies, the Newcastle–Ottawa Scale was used(24), it is a
nine-point scale allocating points based on the selection
process, comparability and identification of exposures
and outcomes in the cohort. Scores of 0–3, 4–6 and 7–9
denoted low, moderate and high quality of studies, respec-
tively. For cross-sectional studies, the quality assessment
guideline recommended by the Agency for Healthcare
Research andQuality was applied(25). The quality of articles
was evaluated based on established questions, which were
scored as follows: 1 point if the item was considered in the
study; otherwise 0 point was assigned.

Data synthesis and statistical analysis
In this meta-analysis, OR and relative risk were considered
as the effect level of association between 25(OH)D
and MD. OR was deemed equivalent to relative risk.
Multivariable adjusted risk was pooled where such esti-
mates were available; otherwise we pooled the unadjusted
estimate. Since exposure categories (dichotomous, multi-
chotomous)might be different in different studies, the high-
est concentration of 25(OH)D was defined as the exposure
group and the lowest was the reference group.We used the
study-specific OR for the highest v. lowest category of
25(OH)D concentration for the current meta-analysis.
Overall pooled OR was calculated using a random-effects
model, which considers both within- and between-study
variations.

Statistical heterogeneity among the studies was esti-
mated by the Cochran Q test, reported as I2 statistic, where
values of <50, 50–75, >75 % were considered as low, mod-
erate and high degrees of heterogeneity, respectively(26).
If heterogeneity was significant, the Mantel–Haenszel
random-effect model was used to pool the results, and
when heterogeneity was negligible, a fixed-effect model
was performed. We conducted sensitivity analysis by
sequential and combinatorial algorithms to evaluate the
change in between-study heterogeneity as one or more
studies were excluded from the calculations. Potential pub-
lication bias was evaluated using a funnel plot and with
Begg’s and Egger’s tests.

Subgroup analyses were conducted to explore potential
sources of study heterogeneity and examine the robustness
of the primary results. These included study design (cohort
study, case–control study, cross-sectional study), MD type
(postpartum depression, antepartum depression) and

methods of MD measurements (depression scale and clini-
cal diagnoses). Additionally, latitude (low, middle, high),
race of participants (Caucasian, Asian, mixed), season of
25(OH)D measurement (summer, winter, all) and adjust-
ment for different confounders (age, education, parity,
history of depression, BMI and smoking) underwent sub-
group analysis.

Dose–response analysis was performed on articles that
reported more than two quantitative categories of 25(OH)D.
For studies that reported concentrations at separate ranges
of 25(OH)D levels, we estimated the midpoint in each cat-
egory by calculating the average of lower and upper
bounds. Where the lower boundary of the lowest category
was unavailable, half of the upper boundary of that cat-
egory was considered the assigned median; if the upper
boundary of the highest category was not provided, the
midpoint of this category was set at 1·5 times that of
the lower level. To evaluate for a potential non-linear
dose–response association between 25(OH)D and risk
of MD, we used a restricted cubic spline regression model
with four knots at percentiles 5, 35, 65 and 95 % of the
distribution. If the P value for non-linearity was against
the null hypothesis that 25(OH)D of the second and third
spline transformation was equal to zero, the non-linear
dose–response relationship between 25(OH)D and risk
of MD was statistically significant(27). A trend curve of
non-linear dose–response relationship was drawn. All
analyses were performed with Stata statistical software
(version 14.0). All tests were two-sided with a signifi-
cance level of 0·05.

Result

Literature search and quality evaluation
We initially retrieved 405 articles from the Web of Science,
366 from PubMed and 331 from Embase. After removing
duplicates, 489 articles were identified as potentially
relevant. After reviewing the titles and abstracts, 465 studies
were excluded based on ineligibility according to the inclu-
sion criteria. The full text of the remaining twenty-four
articles was retrieved for review and detailed evaluation;
twelve studies(19,20,28–37) with thirteen independent reports
were finally included in the meta-analysis (Fig. 1).
The average quality assessment score of all included
cohort, case–control and cross-sectional studies was
7·0, 8·5 and 7·0, respectively, and all studies were of
moderate or high quality (quality score ≥6) (Table 1).
Interobserver agreement between reviewers for study
inclusion was very high (κ = 0·97). In the dose–response
analysis, two studies(33,35) were excluded because of no
or having less than three categories of 25(OH)D concen-
trations. Finally, ten studies with eleven reports were
included in the dose–response analysis of 25(OH)D con-
centrations with risk of MD.
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Study characteristics
This analysis included seven cohort studies(20,28,30,32,34,35,37),
two case–control studies(19,36) and three cross-sectional
studies(29,31,33). All studies used were published within the last
8 years from 2012 to 2019. Sample sizes of these studies
ranged from 120 to 4101, with a total of 10 317 subjects,
and the number of depression cases ranged from 23 to
651,with a total of 2553. Study locationswere as follows: three
in China(33,35,37), one in Brazil(34), two in Australia(20,32), one in
Turkey(30), two in USA(29,31), one in Denmark(19), one in The
Netherlands(28) and one in Iran(36). Methods of depression
measurement used were one by clinical diagnosis(19), one
by the twenty-one-item Depression, Anxiety and Stress
Scale(31), one by Beck Depression Scale(36), three by Center
for Epidemiological Studies Depression Scale(28,29,35) and six
by Edinburgh Postnatal Depression Scale(20,30,32–34,37).

25-Hydroxyvitamin D and risk of maternal
depression
Results of the random-effects meta-analysis combining the
OR of MD in relation to 25(OH)D are shown in Fig. 2.
Compared with the lowest category of 25(OH)D, the
pooled OR of MD for the highest category was 0·49
(95 % CI 0·35, 0·63). A high heterogeneity was observed
(P= 0·001, I2= 82·1 %). Compared with the lowest cat-
egory of 25(OH)D, the pooled OR of antepartum depres-
sion and postpartum depression for the highest category
was 0·51 (95 % CI 0·37, 0·65) and 0·48 (95 % CI
0·24, 0·72), respectively; a moderate heterogeneity was
observed (P= 0·024, I2= 61·2 %) within the studies of ante-
partum depression, and a high heterogeneity was observed
(P= 0·001, I2= 82·8 %) within the studies of postpartum
depression.

Potential articles identified
Web of Science (n 405)
PubMed (n 366)
Embase (n 331)

Duplicated removed (n 613)

Potentially relevant articles evaluation (n 489)

Excluded (n 465)
Review (n 147)
Non-human study (n 140)
Outcome variable was not about maternal
depression (n 178) 

Randomised controlled trial (n 3)
Vitamin D exposure with other nutritional
factors (n 3)  

Vitamin D exposure and depression scale
were continuous variable (n 2)

Depression scale was continuous outcome
variable (n 2)

Dietary vitamin D intake (n 2) 

Full-text studies reviewed in details (n 24)

Studies included in meta-analysis (n 12)
Data points (n 13)

Fig. 1 Flowchart showing the relevant observational studies of vitamin D in relation to maternal depression
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Table 1 Characteristics of twelve studies and scores of quality assessment included in the meta-analysis

Author (year) Country

Age
range/
mean/
median Population Study type Follow-up Categories of vitamin D

Cut-
off

point
Depression
scale

Depression
type

Methods of
vitamin D
measurements

Quality
scores

Zhou et al. (2017)(35) China 27 1491 Cohort study 3months <25, ≥25 nmol/l ≥16 CES-D APD Cord blood 7
Figueiredo et al. (2017)(34) Brazil 26·8 179 Cohort study – <50, 50–70, >70 nmol/l ≥13 EPDS APD Venous blood 8
Huang et al. (2014)(31) USA ≥18 498 Cross-sectional

study
– <72·25, 72·25–85,

85–98·5, ≥98·5 nmol/l
≥14 DASS-21 APD Venous blood 7

Brandenbarg et al.
(2012)(28)

Netherlands 31 4101 Cohort study 3 weeks ≤29·9, 30–49·9, 50–79·9,
≥80 nmol/l

≥16 CES-D APD Venous blood 7

Cassidy-Bushrow et al.
(2012)(13,29)

USA 18–44 178 Cross-sectional
study

– <32, 32–53, >53 nmol/l ≥16 CES-D APD Venous blood 7

Lin et al. (2019)(37) China – 120 Cross-sectional
study

– <50, 50–70, >70 nmol/l ≥10 EPDS PPD Venous blood 7

Abedi et al.
(2018)(36)

Iran 18–35 120 Case–control study – <25, 25–50, 51–70,
>70 nmol/l

≥17 Beck
Depression
Scale

PPD Venous blood 8

Gould et al. (2015)(20) Australian 27 1037 Cohort study 6months <25, 25–50, >50 nmol/l ≥13 EPDS PPD Cord blood 6
Fu et al. (2015)(33) China 31 213 Cohort study 3months ≤25, >25 nmol/l ≥12 EPDS PPD Venous blood 8
Gur et al. (2014)(30) Turkey 28·5 194 Cohort study 6months ≤25, 25–50, ≥50 nmol/l ≥12 EPDS PPD Venous blood 7
Robinson et al. (2014)(32) Australian – 706 Cohort study 5months <47, 47–58, 59–70,

>70 nmol/l
≥6 EPDS PPD Venous blood 6

Nielsen et al. (2013)(19) Denmark ≥18 1480 Nested case–control
study

72months <15, 15–24, 25–49, 50–79,
80–99, ≥100 nmol/l

– Clinical
diagnose

PPD Venous blood 9

CES-D, Center for Epidemiological Studies Depression Scale; APD, antepartum depression; EPDS, Edinburgh Postnatal Depression Scale; DASS-21, twenty-one-item Depression, Anxiety and Stress Scales; PPD, postpartum depression.
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Dose–response analysis of 25-hydroxyvitamin D
with the risk of maternal depression
A total of ten studies with eleven reports were included in
the dose–response analysis(19,20,28–32,34,36,37). In the cubic
spline model (Fig. 3), we found evidence suggesting a
non-linear association of 25(OH)D with the risk of MD
(P for non-linearity= 0·001). As vitamin D concentrations
increased, the risk of MD rapidly decreased to the lowest
and then rose slowly. The lowest pooled OR was at
25(OH)D concentrations of 90–110 nmol/l.

Subgroup analyses
In most of the subgroup analyses, an association between
25(OH)D and risk of MDwas identified. A subgroup analy-
sis of 25(OH)D measurement by season showed that
25(OH)D was negatively associated with MD, irrespective
of the season it was measured. The risk was more pro-
nounced for 25(OH)D measured in summer (OR 0·25,
95 % CI 0·08, 0·43) than in other seasons (OR 0·68, 95 %
CI 0·52, 0·83). Additionally, depression type, study design,
depression measurement, 25(OH)D measurement, lati-
tude, race, adjustment for age, education, parity, history
of depression, BMI and smoking did not influence the
OR summary (Table 2).

Sensitivity analyses
Sensitivity analyses were performed to check for the
robustness of results and to find the potential origins of
heterogeneity. After dropping out four studies identified
by combinatorial algorithms, which were primary origins
of heterogeneity, there was still a statistically significant
negative association (OR 0·67, 95 % CI, 0·56, 0·80), and
no heterogeneity was observed (P= 0·29, I2= 17·2 %). By
sequential algorithms, we excluded any single report in
turn and pooled the results of remaining reports; a pooled
OR of MD ranging from 0·49 (95 % CI, 0·40, 0·51;
P = 0·001) to 0·59 (95 % CI 0·47, 0·71; P = 0·001) was
observed, which indicated the result was robust.

Study
ID ES

0·73

0·91
0·68

0·51
0·39
0·32

0·51

1·19
0·30

0·84
0·14

0·22
0·62
1·01
0·48

0·49 100·00

51·13
6·48
9·19

10·71

12·03
4·22

7·70
0·81

48·87

8·18
12·09
11·43

5·72
1·23

10·210·56, 0·95

0·30, 2·74
0·37, 1·25

0·40, 0·66
0·32, 0·49
0·14, 0·73

0·37, 0·65

0·41, 3·47
0·12, 0·76

0·45, 1·58
0·08, 0·26

0·11, 0·45

0·42, 0·91
0·70, 1·48
0·24, 0·72

0·35, 0·63

95 % CI
%
Weight

1

2

Zhou et al. (35)

Lin et al. (37)

Abedi et al. (36)

Gould et al. (20)

Fu et al. (33)

Gur et al. (30)

Robinson et al. (32)

Nielsen et al. (19)

Figueiredo et al. (34)

Huang et al. (31)

Brandenbarg et al. (28) (winter)
Brandenbarg et al. (28) (summer)
Cassidy-Bushrow et al. (13,29)

Subtotal (I 2 = 61·2 %, P = 0·024)

Subtotal (I 2 = 82·8 %, P = 0·000)

Overall (I 2 = 82·1 %, P = 0·000)

Note: Weights are from random effects analysis

–3·47 3·470

Fig. 2 (colour online) Association between 25(OH)D and risk of maternal depression (1, antepartum depression; 2, postpartum
depression; ES, effect size)
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Fig. 3 Dose–response relation plots between 25(OH)D concen-
tration and risk ofmaternal depression. , lb with ref; , ub
with ref; , rr with ref; , rr_lin
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Publication bias
A visual inspection of the funnel plot did not suggest a
substantial asymmetry (Fig. 4). Both the Begg’s rank corre-
lation test (Z= 0·18, P= 0·855) and the Egger’s linear
regression test (t= –0·09, P = 0·928) indicated no evidence
of publication bias among the studies.

Discussion

To our knowledge, this is the first review to use a dose–
response meta-analytic approach to quantitatively summa-
rise the evidence and systematically estimate the effect
of vitamin D status on MD risk. Based on our systematic
analysis, we interpreted the range of serum 25(OH)D

Table 2 Subgroup and meta-regression analysis of relative risk (RR) of maternal depression

Subgroup Number of studies Pooled OR/RR 95% CI P * I2 (%) P†

Total 13 0·49 0·35, 0·63 0·001 82·10
Depression type
APD 6 0·51 0·37, 0·65 0·024 61·20 0·513
PPD 7 0·48 0·24, 0·72 0·001 82·80

Study design
Cohort study 8 0·51 0·37, 0·65 0·002 69·30 0·711
Case–control 2 0·65 –0·05, 1·34 0·037 86·90
Cross-sectional study 3 0·34 0·04, 0·59 0·047 69·60

Depression measurement
CES-D 4 0·49 0·34, 0·64 0·010 73·60 0·164
EPDS 6 0·41 0·17, 0·65 0·001 75·80
Others 3 0·65 0·22, 1·08 0·021 74·20

25(OH)D measurement
Venous blood 11 0·43 0·29, 0·58 0·001 79·80 0·284
Cord blood 2 0·74 0·56, 0·93 0·718 0·00

Latitude
Low 3 0·65 0·41, 0·88 0·702 0·00 0·462
Middle 10 0·46 0·31, 0·61 0·001 85·10

Race
Caucasian 8 0·46 0·33, 0·59 0·003 67·10 0·347
Asian 3 0·51 –0·04, 1·05 0·001 93·40
Mixed 2 0·85 0·34, 1·37 0·919 0·00

Season of 25(OH)D measurement
Summer 3 0·25 0·08, 0·43 0·201 28·50 0·008
Winter 2 0·46 0·28, 0·64 0·233 29·60
All 8 0·68 0·52, 0·83 0·201 28·50

Age adjusted
Yes 3 0·32 0·02, 0·63 0·040 69·00 0·477
No 10 0·53 0·39, 0·67 0·001 70·70

Education adjusted
Yes 2 0·15 0·07, 0·24 0·345 0·00 0·159
No 11 0·54 0·41, 0·68 0·001 69·20

Parity adjusted
Yes 3 0·24 0·04, 0·44 0·046 67·50 0·347
No 10 0·55 0·42, 0·68 0·005 61·90

History of depression adjusted
Yes 1 0·84 0·28, 1·41 – – 0·479
No 12 0·47 0·33, 0·62 0·001 82·80

BMI adjusted
Yes 2 0·52 0·01, 1·04 0·103 62·40 0·809
No 11 0·49 0·33, 0·64 0·001 84·40

Smoking adjusted
Yes 2 0·47 –0·13, 1·07 0·039 76·40 0·909
No 11 0·51 0·35, 0·66 0·001 83·70

APD, antepartum depression; PPD, postpartum depression; CES-D, Center for Epidemiological Studies Depression Scale; EPDS, Edinburgh Postnatal Depression Scale.
*P for heterogeneity within each subgroup.
†P for heterogeneity between subgroups in the meta-regression analysis.
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Fig. 4 (colour online) Funnel plot of 25(OH)D and risk of mater-
nal depression
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concentrations associated with optimal mental health.
In thirteen reports, 25(OH)D is shown to be significantly
related to a decreased risk of MD. Specifically, the
dose–response meta-analysis indicated that a high blood
25(OH)D concentrations has a protective effect on MD.
Notably, when blood 25(OH)D concentrations increased
to 90–100 nmol/l, the risk of MD was the lowest.

Two valuable and important findings were obtained from
the current analyses. Firstly, we inferred that 25(OH)D and
MD were both a causality and a consequence. Some studies
have demonstrated that vitamin D, a potential neurosteroid,
may play an important role in certain mental processes, and
its deficiency could lead to an improper functioning of
hormones that control mood. Conversely, depression may
also be a risk factor for developing vitamin D deficiency
because of staying indoors, consumption of less-nutritious
diets and inadequate exercises. In the subgroup analysis
by season, an inverse relationship between 25(OH)D
concentrations and MD symptoms was found, and the asso-
ciation became stronger in summer months. If depression
was caused by vitamin D deficiency (mainly due to inad-
equate sunlight exposure), then the association between
25(OH)D concentrations and contemporaneous MD symp-
toms would be expected to be stronger in summer months
when the levels are strongly influenced by sunlight expo-
sure(38–40). This was clearly evident in the subgroup analysis
by season. Regardless of the direction of causation, poor
vitamin D status and depression are common among preg-
nant women, and although both appear to have substantial
adverse health consequences, they are potentially reversible
if enough attention can be paid to it.

Secondly, from our dose–response analysis, pregnant
and lactating mothers may need to maintain blood 25(OH)
D concentrations at about 90–100 nmol/l to reduce the risk
of depression to the barest minimum. As Heaney has
suggested(41), an equivalence value of 2·5 nmol/l may be
used to reflect an input of 2·5 μg/d; herein, 90–100 nmol/l
reflects an input of 90–100 μg/d of vitamin D. Studies
estimating diet records have found that intakes of food
sources would supply no more than 5·0 μg/d of vitamin D.
Even at peak summer,maximal solar synthesis could account
for less than 17·5 μg/d(41). In this regard, we inferred a need
for about 67·5–77·5 μg/d of supplemental vitaminD from our
dose–response analysis. The American Endocrine Society’s
clinical practice guidelines suggest that pregnant and
lactating women require at least 15·0 μg/d of supplemental
vitaminD. It added that at least 37·5–50 μg/d of supplemental
vitaminDmay be needed tomaintain a blood 25(OH)D level
>75 nmol/l(42). The recommended dose in the current dose–
response analysis is higher than that prescribed by the
American Endocrine Society; however, it is below the toler-
able upper intake level and well within the safe range delin-
eated by Hathcock et al.(43).

Although poor vitamin D status may not be the only
cause of depression, it is correlated with the aetiology
and manifestation of depression. Therefore, vitamin D

screening and intake of supplements could be an effective
public healthmeasure to reduceMD risk. To date, guidelines
concerning vitamin D screening and supplements among
pregnant women are conflicting. Clinical antenatal care
guidelines in USA and Australia recommend screening for
women only at an increased risk of vitamin D deficiency,
including those with limited exposure to sunlight. In UK,
pregnant women could obtain free vitamin D supplements
from local health departments. However, similar policies are
yet to be implemented in China and other developing coun-
tries(44). In conclusion, the evidence provided by the current
meta-analysis shows that low 25(OH)D concentrations is
implicated as not only a risk factor but also a consequence
of MD, and supports the recommendation to scale-up vitamin
D screening and use of supplements by pregnant women.
Given the potential impact of season (sunlight exposure) on
25(OH)D concentrations, the dosage of supplement should
be carefully estimated; in winter, pregnant women should
moderately increase the dosage of vitamin D supplement.

The current study has several limitations. Firstly, twelve
studies that measured 25(OH)D concentrations were
selected independently of whether or not the assay used
was standardised as currently recommended for accurate
meta-analyses, and therefore the reported measurements
might vary. Secondly, an association between 25(OH)D
and MD derived from observational studies could just infer
causality; further prospective studies and randomised con-
trolled trials would be needed to confirm the causality.
Another important limitation pertains to the observational
studydesign;most employed a scale cut-off rather than a clini-
cal depression diagnosis and used the unadjusted estimates
as several important covariates, including life stress, social
support and exercise, were missing. Lastly, 25(OH)D2 and
25(OH)D3werenot separately analysed in thedose–response
analysis because 25(OH)D3 is the main part of 25(OH)D.
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