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An association between vitamin D and attention deficit hyperactivity disorder (ADHD) has been proposed by several researchers in recent years;
however, the investigations have led to inconsistent results. The present study was conducted to summarize the published observational data on
the relation between vitamin D status and the likelihood of ADHD. Online databases, including PubMed, the ISI Web of Science, Google Scholar,
and Scopus, were checked up to June 2017 for relevant observational studies. A random-effects model was incorporated to summarize the study
results. Out of 2770 retrieved articles, 13 observational studies (9 case-control or cross-sectional studies and 4 prospective studies) were eligible for
inclusion in the systematic review and meta-analysis. Analysis of the 10,334 children and adolescents who attended the 9 case-control or cross-
sectional studies revealed that children with ADHD have lower serum concentrations of 25-hydroxyvitamin D than do healthy children (weighted
mean difference: —6.75 ng/mL; 95% Cl: —9.73, —3.77 ng/mL; /> = 94.9%)]. Five case-control studies reported the OR for developing ADHD based
on vitamin D status; the meta-analysis of their data revealed that lower vitamin D status is significantly associated with the likelihood of ADHD (OR:
2.57:95% Cl: 1.09, 6.04; [ = 84.3%). Furthermore, the meta-analysis of prospective studies conducted in 4137 participants indicated that perinatal
suboptimal vitamin D concentrations are significantly associated with a higher risk of ADHD in later life (RR: 1.40; 95% Cl: 1.09, 1.81; = 0.0%). It
should be noted that the association found in prospective studies was sensitive to one of the included investigations. The present review provides
evidence supporting the relation between vitamin D deficiency and ADHD. However, the overall effect sizes are small, and therefore the association
should be considered equivocal at this time. Further prospective cohort studies and community-based intervention trials are highly recommended
to better elucidate the causal association. Adv Nutr 2018;9:9-20.
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Introduction cial level might be lower in adulthood, and this might have
Attention deficit hyperactivity disorder (ADHD) is one of an economic burden to societies (5).
the most common behavioral conditions, particularly among The causes of ADHD are not fully understood; however,

children (1). A systematic review and meta-analysis esti- several environmental (e.g., exposure to certain foods or in-
mated that ~5.29% of people are affected by ADHD or hy- halants) and genetic risk factors have been proposed (6). It
peractivity disorder worldwide (2). ADHD typically startsin  has been suggested that dietary interventions such as w-3
childhood and often persists throughout life (3). The symp-  FA (7) and vitamin and mineral supplementation (8), restric-
toms are inattention, hyperactivity, and impulsivity (4). Peo-  tion diets, and the avoidance of synthetic food color additives
ple with ADHD might reach lower education levels than (9) might affect ADHD symptoms (10). Recently a number
healthy children and their occupational attainment and so-  of studies have proposed that vitamin D might play a role

in ADHD pathogenesis. The mechanisms by which vitamin
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suggested that vitamin D might have neurohormonal prop-
erties in the human brain (11). Furthermore, a recent study
proposed that vitamin D directly upregulates expression of
tyrosine hydroxylase (a rate-limiting enzyme in dopamine
synthesis) by binding to the nuclear vitamin D receptor (12).
It is also suggested that this vitamin is involved in the synthe-
sis of serotonin in the brain (13).

Several observational studies have examined the associa-
tion between vitamin D status and ADHD in children and
adolescents in recent years; however, they have achieved in-
consistent results (14-17). The majority of case-control stud-
ies have revealed that serum vitamin D concentrations are
lower in ADHD children than in healthy controls (15, 16, 18-
20). However, a study done by Celik et al. (14) could not show
the same association. Moreover, in a cohort study, Gustafs-
son et al. (17) reported that there is no difference in cord
blood vitamin D concentrations at birth between children
with ADHD and healthy controls. In contrast, another cohort
study conducted by Morales et al. (21) revealed that higher
maternal circulating concentrations of 25-hydroxyvitamin D
[25(OH)D] in pregnancy might be associated with a lower
risk of developing ADHD-like symptoms in offsprings.

Although the findings of a connection between vitamin
D status and ADHD have been controversial, we are aware
of no systematic literature review that summarizes the evi-
dence. The present systematic review was therefore designed
to summarize all of the relevant observational studies. We
also aimed to perform a meta-analysis on the data provided
by the relevant publications, to provide overall estimates and
find the potential sources of heterogeneity between the re-
sults.

Methods

The present systematic review and meta-analysis was performed ac-
cording to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. The study protocol was
registered in the international prospective register of systematic
reviews (PROSPERO) database with the registration number of
CRD42016038469.

Search Strategy and Study Selection

A literature search was conducted using PubMed, the ISI Web
of Science, Google Scholar, and Scopus up to June 2017. We
used 2 sets of keywords selected from Medical Subject Head-
ings (Mesh) and also text words that might be used in the
title and/or abstract of the relevant papers: I) “vitamin D,”
“cholecalciferol,” “ergocalciferol,” “calcitriol,” “calcifediol,” “25-
hydroxyvitamin D 2,” “25-hydroxyvitamin D,” “1-25-dihydroxy-
23,23-difluorovitamin ~ D3,”  “25(OH)D,”  “1,25(OH)(2)D,”
“1,25(0H)D,” “1,25-(OH)(2) D(3),” “25 hydroxyvitamin D,” “25-
(OH)D(3),” and “25-(OH)D(2)” in combination with 2) “ADHD,”
“hyperactivity,” “inattention,” “impulsivity,” “attention deficit
hyperactivity disorder,” “minimal brain dysfunction,” “attention
deficit and disruptive behavior disorder,” “hyperkinesia,” “attention
deficit disorder with hyperactivity,” “attention deficit,” “hyper-
activity disorder,” and “attention.” No restrictions were applied
regarding the date or original language of the publications. The ref-
erence lists of the relevant articles were checked for any additional
investigations. Publications found were compared and reviewed
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TABLE 1 Population, intervention/exposure, comparison,
outcome, and study design criteria for eligible studies

Criteria Description

Population Children and adolescents aged <18y
Intervention/exposure  Vitamin D status in children and adolescents
Perinatal (neonatal or maternal) vitamin D status

Comparison Vitamin D sufficiency in children or adolescents
Perinatal (neonatal or maternal) vitamin D
sufficiency
Outcome Attention deficit hyperactivity disorder
Study design Case-control studies, cohort studies, nested

case-control studies

for their relevance with the use of the pre-specified inclusion and
exclusion criteria by 2 independent authors (YK and AS-A) and
disagreements were resolved by group discussion; if any disagree-
ment still remained, it was resolved by discussion with the third
author (RB).

Eligibility Criteria

We included any original observational study that tried to assess the
relation between current or perinatal vitamin D status and ADHD
in childhood and/or adolescence (Table 1). No restriction in terms
of the biomarker selected for vitamin D status was considered. Stud-
ies that were conducted on children with other neurological disor-
ders or that only considered hyperactivity disorder as the outcome
variable, review articles, and duplicate reports of the same works
were excluded from the systematic review.

Data Extraction

We extracted the following information from the eligible articles:
first author’s last name; date of publication; study design; research
location (latitude); participants’ age and gender; study sample size;
biomarkers used to assess vitamin D status and their assessment
methods; follow-up time for cohort studies; mean £ SD of serum
vitamin D concentrations in participants with ADHD and healthy
controls; OR, RR, or HR for ADHD in vitamin D-insufficient or-
deficient participants compared with vitamin D-sufficient subjects;
and the use of any matching or adjustment for confounding vari-
ables in the data analysis. Data extraction from articles, tables and
figures was performed by 2 of the authors (YK and RB) indepen-
dently, and the accuracy of the data entry was double-checked and
confirmed by the third author (AS-A).

Quality Assessment

We used the Newcastle-Ottawa scale to assess the quality of studies
included in the systematic review (22). This scale was developed to
check the quality of non-randomized studies by a collaboration be-
tween the University of Newcastle and the University of Ottawa. The
scale considers 3 major domains: the selection of the study groups
(4 items); the comparability of the study groups (1 item); and the
ascertainment of either the exposure or the outcome (3 items) for
the case-control and cohort studies, respectively. A study receives a
maximum of 1 star (score) for each item of the selection and out-
come or exposure domains. However, it receives a maximum of 2
stars for the item designed to assess the comparability. Therefore,
a study might receive a total score of 9 using this tool (22). In the
present study, studies scoring >7 were considered to be high qual-
ity, and those with scores between 4 and 6 and <4 were considered
as middle and low quality, respectively.
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Statistical Analysis

The sample sizes and the mean =+ SD for serum 25(OH)D concen-
trations in participants with and without ADHD were obtained to
derive the mean difference & SD in serum vitamin D concentrations
between cases and healthy controls. This was then used as the effect
size for the meta-analysis of means. For consistency, if the serum
concentrations of 25(OH)D were presented in nanomoles per liter,
we converted them to nanograms per milliliter by using the conver-
sion factor 1 ng/mL = 2.5 nmol/L.

Furthermore, a number of case-control investigations reported
data on the OR and its 95% CI, comparing the likelihood of
ADHD between vitamin D-insufficient or —deficient and vitamin
D-sufficient children. Therefore we conducted a separate meta-
analysis of studies with data on ORs. Moreover, cohort studies re-
ported the RR of developing ADHD based on perinatal vitamin
D status (maternal or cord blood concentrations). Data on RRs
and their corresponding 95% Cls were used to conduct the meta-
analysis of prospective studies. As ADHD is prevalent in children
and adolescents, the ORs and RRs might differ. Therefore, we sep-
arately conducted a meta-analysis on the case-control and prospec-
tive studies.

We used DerSimonian and Laird’s random effects model to
conduct all the meta-analyses (23) because this model takes the
between-study variability into account. Statistical heterogeneity be-
tween studies was evaluated using Cochran’s Q test and the I
statistic (23). Subgroup analysis was incorporated to explore the
possible sources of heterogeneity between study results (23). Sen-
sitivity analysis was performed by excluding studies from the meta-
analysis one by one. This analysis was done to determine the
extent to which a study might affect the overall estimates. Pub-
lication bias was assessed by visually checking funnel plots and
conducting Egger’s regression and Begg’s adjusted rank correlation
asymmetry tests (24). All analyses were done with the use of
STATA, version 11.2 (Stata Corp.). P values <0.05 were considered
significant.

Results

The database search and the hand search led to 2770 and 11
publications, respectively. After removal of duplicates, 2171
articles were checked for potential eligibility. Screening the
titles and abstracts led to the exclusion of 2142 publica-
tions; the full texts of the remaining 29 articles were care-
fully checked. At this stage, 5 studies were excluded because
they were assessed to not be relevant (25-29), 5 papers were
review articles (13, 30-33), 1 study was a clinical trial (34),
and 3 papers assessed vitamin D status in association with
hyperactivity disorder (35-37). Furthermore, 3 of the studies
(16, 20, 38) were based on the same data, so we kept the study
conducted by Bener and Kamal (20) because the association
between vitamin D status and ADHD was better illustrated
and they included a larger sample size in their analysis. The
flow of the study selection process is illustrated in Figure 1. In
total, 13 relevant investigations [9 retrospective case-control
or cross-sectional studies that compared serum vitamin D
concentrations between children with ADHD and healthy
controls (14, 15, 18-20, 39-42) and 4 prospective studies that
assessed the relation between maternal or offsprings’ vitamin
D status and ADHD in later life (17, 21, 43, 44)] remained
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to be included in the current systematic review and meta-
analysis.

Table 2 represents the general characteristics of studies
entered in the qualitative and quantitative synthesis. In to-
tal, 3484 patients with ADHD (2183 from the case-control
and cross-sectional studies, 1301 from the prospective stud-
ies) and 11,837 healthy children (8151 from the case-control
and cross-sectional studies, 3686 from the prospective stud-
ies) aged between 5 and 18 y were included. Five studies were
conducted in Turkey (14, 19, 40-42), 2 in Denmark (43, 44),
and 1 each in China (18), Qatar (20), Germany (39), Iran (15),
Spain (21), and Sweden (17).

Of the 9 case-control and cross-sectional studies, 3 (14,
15, 18) were conducted entirely on children (6-12 y) and
1 on adolescents (aged 12-16.6 y) (39), and the others re-
ported the association for both children and adolescents (5-
18 y) (19, 20, 40-42). The majority of included studies tried
to adjust for age or gender as the principal confounding vari-
ables by using matching or statistical methods (17, 18, 38,
40-43). However, other studies did not control for possible
confounding factors. Only 2 studies matched the case and
control groups for nationality and country of birth (17, 38).
There were also 2 studies that adjusted for season of vitamin
D sampling (41, 43). The study conducted by Strem et al.
(43) incorporated the greatest number of variables, includ-
ing parity, maternal age, maternal prepregnancy, BMI, ma-
ternal smoking during pregnancy, maternal education, off-
spring sex, and season of birth. Strem et al.’s model assessed
the association between maternal serum vitamin D and risk
of ADHD in adolescence.

All studies included in the systematic review and meta-
analysis measured serum 25(OH)D as the marker for vi-
tamin D status. The marker was measured by using im-
munochemical assays (18, 39), radioimmunoassay (20), liq-
uid chromatography tandem mass spectrometry (17, 44),
HPLC (21), ELISA (15, 19), and chemiluminescent mi-
croparticle immunoassay methods (41) in the case-control
and cross-sectional studies. Serum concentrations of vita-
min D in 3 of the prospective studies were measured by
LC-MS/MS (17, 43, 44) and in the other one, vitamin D
was measured by HPLC (21). Two prospective studies as-
sessed serum vitamin D derived from cord blood (17, 44)
and the other 2 studies measured this marker in maternal
serum (21, 43).

The quality score of studies ranged from 3 to 9, based on
the Newcastle-Ottawa scale. Overall, 2 studies were assessed
to be low quality (14, 15), 6 were of middle quality (17-19,
39, 40, 42) and the other studies were high quality (20, 21, 41,
43, 44) (Table 2).

Meta-analysis of Mean Serum Vitamin D Concentrations
In total, 9 studies reported the mean + SD vitamin D
concentrations in subjects with and without ADHD (14,
15, 18-20, 39-42) and the meta-analysis of their re-
sults showed that children with ADHD had 6.93 ng/mL
lower serum vitamin D concentrations compared with
healthy controls (95% CI: —9.34, —4.51 ng/mL; P < 0.001)

Vitamin D and ADHD 11
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(Figure 2). However, we found a significant between-study
heterogeneity (Cochran’s Q test, P < 0.001; I> = 93.6%). To
explore the possible sources of heterogeneity, we conducted
a subgroup analysis based on the variables adjusted for the
association. The analysis revealed a significant difference
in serum vitamin D concentrations between cases and con-
trols [weighted mean difference (WMD): -6.3 ng/mL; 95%
CL: -10.11, -2.49 ng/mL; P = 0.001) in studies with no
adjustment or matching for confounding variables (14,
15, 18, 19); however, the heterogeneity was still signifi-
cant (Cochran’s Q test, P < 0.001; > = 87.7%). Serum
vitamin D concentrations were also lower in children and
adolescents with ADHD in studies which addressed >1 con-
founding variable (20, 40-42) (WMD: —7.05 ng/mL; 95%
CI: —8.55, —5.54 ng/mL; P < 0.001) and the heterogeneity
was slightly lower (Cochran’s Q test, P = 0.079; I> = 55.8%).
The subgroup analysis based on the quality of included
studies also revealed that the difference is significant in
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Flow chart of the number of studies identified and included in the systematic review and meta-analysis.

low- (14, 15) (WMD: —7.26 ng/mL; 95% CI. —11.83,
—2.70 ng/mL; P for effect = 0.002; Cochran’s Q test, P for
heterogeneity = 0.245; I* = 26.1%), middle- (18, 19, 39, 40,
42) (WMD: —7.61 ng/mL; 95% CI: —11.86, —3.36 ng/mL;
P for effect < 0.001; Cochran’s Q test, P for heterogene-
ity < 0.001; I* = 91.6%) and high-quality studies (20, 41)
(WMD: —6.44 ng/mL; 95% CI: —7.67, —5.21 ng/mL; P for
effect <0.001; Cochran’s Q test, P for heterogeneity = 0.125;
I? = 57.6%). We also checked if the heterogeneity is because
of one or a number of studies using sensitivity analysis.
When we removed the study by Meyer et al. (39), the hetero-
geneity was considerably less (Cochran’s Q test, P = 0.088;
I? = 43.6%), whereas the WMD was still significant (WMD:
-7.04 ng/mL; 95% CI: —8.27, —5.81 ng/mL; P <0.001).
We found that the study by Meyer et al. (39) was the only
cross-sectional study included in the present review and was
conducted in West European countries; the other studies
were conducted in East Asian countries and the Middle East
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FIGURE 2 Forest plot illustrating the WMD in serum vitamin D concentrations between participants with ADHD and healthy control
participants. The analysis reveals that children and adolescents with ADHD have 6.93 ng/dL lower vitamin D concentrations on average.
The analysis was conducted using a random effects model. ADHD, attention deficit hyperactivity disorder; WMD, weighted mean

difference.

(14, 15, 18-20, 40-42). The Meyer et al. study (39) was also
conducted at the latitude of 51°17'N, whereas the other stud-
ies were carried out at lower latitudes (25°15'N-41°40'N).

Sensitivity analysis showed that removing each study in-
cluded in the meta-analysis did not substantially change the
overall estimate. Although a slight asymmetry was observed
in Begg’s funnel plot, the asymmetry tests demonstrated that
there is no evidence of publication bias in the meta-analysis
on serum vitamin D concentrations (Begg’s test, P = 0.854;
Egger’s test, P = 0.466).

Meta-analysis of Odds Ratios Derived from
Case-Control Studies

In total, 5 studies provided data on the ORs for developing
ADHD in children and adolescents with vitamin D defi-
ciency or insufliciency compared with those with sufficient
serum vitamin D concentrations (14, 15, 18, 20, 41). Two
studies from Turkey defined vitamin D insufficiency or
deficiency as serum 25(OH)D <20 ng/mL (14, 41) and 3
other studies categorized subjects with serum 25(OH)D
<30 ng/mL as vitamin D insufficient or deficient.

The analysis of ORs showed a significant association be-
tween vitamin D concentration and the likelihood of ADHD
(OR: 2.57; 95% CI: 1.09, 6.04; P = 0.03) (Figure 3). The
heterogeneity between studies was significant (Cochran’s Q
test, P < 0.001; > = 84.3%). The subgroup analysis showed
that vitamin D status is not associated with ADHD (OR:
-1.51; 95% CI: 0.22, 10.12; P = 0.647) in studies with no ad-
justment or matching for confounding variables (14, 15, 18).
However, the heterogeneity was still significant (Cochran’s
Q test, P < 0.002; I* = 84.6%). Analysis of studies which
considered >1 confounding variable (20, 41) revealed that
participants with vitamin D insufficiency or deficiency had
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a greater chance of developing ADHD than did those who
were vitamin D sufficient (OR: 3.24; 95% CI: 1.05, 10.03;
P < 0.041), and this heterogeneity was significant (Cochran’s
Q test, P = 0.001; I> = 91.4%). The association was not
significant in studies which were categorized as low quality
(14, 15) (OR: 0.55; 95% CI: 0.1, 25.77; P for effect = 0.758;
Cochran’s Q test, P for heterogeneity = 0.002; I* = 82.9%).
However, lower serum vitamin D concentrations were re-
lated to a greater chance of developing ADHD in studies of
medium (18) (OR: 6.05 ng/mL; 95% CI: 2.2, 16.63 ng/mL;
P < 0.001) or high quality (20, 41) (OR: 3.24; 95% CI: 1.05,
10.03; P for effect = 0.03; Cochran’s Q test, P for heterogene-
ity = 0.001; I* = 91.4%). When we conducted the sensitivity
analysis, the heterogeneity was decreased but remained sig-
nificant (Cochran’s Q test, P = 0.001; I> = 81.0%) by remov-
ing a study done by Celik et al. (14) from the analysis. In that
study, the authors did not examine the association between
vitamin D status and ADHD as the primary outcome, and
the sample size was very low. Even after this exclusion, the
results still suggested that those with lower concentrations of
vitamin D have a greater chance of developing ADHD (OR:
3.70; 95% CI: 1.76, 7.75). The sensitivity analysis showed that
none of the studies could influence the overall effect very
much.

Meta-analysis of Prospective/Cohort Studies

The analysis of prospective studies (17, 21, 43, 44) showed
that lower maternal or cord serum vitamin D concentrations
increase the risk of developing ADHD in childhood or ado-
lescence by 40% (RR: 1.40; 95% CI: 1.09, 1.81; P = 0.009)
(Figure 4). There was no evidence of between-study het-
erogeneity (Cochran’s Q test, P = 0.538; I = 0.0%). Sub-
group analysis based on the source of vitamin D samples
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Study (year)

Odds Ratio (95% CI) Weight (%)

Bener et al. (2014) (38) + 1.89 (1.47, 2.42) 26.83
Sharif et al. (2015) (15) —~— 3.43(1.25,9.47) 19.80
Shang-Guan and Zhao (2015) (18) -é—’— 6.05(2.20, 16.63) 19.83
Celik et al. (2016) (14) 5 0.07 (0.01, 0.63) 9.50
Avcil et al. (2017) (41) ; —=— 5.98 (3.24, 11.06) 24.04
Overall <> 2.57 (1.09, 6.04) 100.00
Favors vitamin D sufficiency 1 Favors vitamin D insufficiency/deficiency

FIGURE 3 Forest plot summarizing the association between vitamin D status and the likelihood of ADHD in case-control studies. The
analysis shows that vitamin D-insufficient or -deficient children have an ~2.57-times greater chance of developing ADHD than those with
sufficient vitamin D concentrations. The analysis was conducted using a random effects model. ADHD, attention deficit hyperactivity

disorder.

demonstrated a marginally significant association between
maternal serum vitamin D concentration and the risk of
ADHD (RR: 1.46; 95% CI: 0.97, 2.21; P=0.070), and the het-
erogeneity between studies was not significant (Cochran’s Q
test, P = 0.435; I> = 0.0%). There was also a reverse but non-
significant association between cord blood vitamin D con-
centrations and risk of ADHD (RR: 1.37; 95% CI: 0.98, 1.91;
P =0.067). The between-study heterogeneity was not signifi-
cant in this subgroup (Cochran’s Q test, P=0.301; > = 6.7%).

Sensitivity analysis revealed that excluding the study con-
ducted by Mossin et al. (44), which assessed the association

between cord blood vitamin D concentrations and childhood
ADHD, rendered the overall effect nonsignificant (RR: 1.31;
95% CI: 0.96, 1.80; P = 0.089).

Discussion

The present systematic review and meta-analyses found that
children and adolescents with ADHD have lower mean con-
centrations of serum 25(OH)D than do healthy controls. The
studies which reported ORs also showed a significant asso-
ciation between lower vitamin D status and the likelihood
of ADHD. Furthermore, the meta-analysis of prospective

Study (year) RR (95% CI) Weight (%)
Maternal serum i

Strem et al. (2014) (43) E 2.45(0.63,9.51) 3.53

Morales et al. (2015) (21) T 1.39(0.90, 2.14) 34.62

Subtotal <:r> 1.46 (0.97,2.21) 38.15
Cord blood i

Gustafsson et al. (2015) (17) T 1.13 (0.69, 1.84) 27.31
Mossin et al. (2016) (44) _E'*_ 1.60 (1.03, 2.46) 34.53

Subtotal <:> 1.37 (0.98, 1.91) 61.85
Overall <> 1.40 (1.09, 1.81) 100.00

Favors high vitamin D levels 1 Favors low vitamin D levels

FIGURE 4 Forest plot illustrating the overall RR for comparison of the ADHD risk between perinatal (as well as maternal and cord blood)
vitamin D status and the risk of developing ADHD in childhood and adolescence. Lower perinatal vitamin D concentrations were
associated with a 40% higher risk of ADHD in later life. The analysis was conducted using a random effects model. ADHD, attention deficit

hyperactivity disorder.
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studies indicated that perinatal vitamin D status is signifi-
cantly associated with risk of ADHD in childhood or adoles-
cence. It should be noted that this association was sensitive
because the association vanished after excluding the study
conducted by Mossin et al. (44).

To the best of our knowledge, this study is the first system-
atic review and meta-analysis about the association between
vitamin D status and ADHD. However, a number of literature
reviews have mentioned the vitamin D deficiency as a risk
factor for diseases of the central nervous system. In a recent
narrative review, Focker et al. (45) attempted to summarize
published studies concerning the association between vita-
min D status and a variety of neurological and mental disor-
ders in children and adolescents, including autism spectrum
disorder, depression, alcohol use disorders, nocturnal enure-
sis, psychiatric distress and disorders, and ADHD. However,
they did not assess the quality of the studies included, nor
did they conduct a meta-analysis. In their study, Focker et al.
used a brief range of keywords and only searched the PubMed
database; therefore, they did not find 6 case-control stud-
ies (15, 16, 19, 20, 38, 39) [3 of which were based on the
same data (16, 20, 38)] or 2 prospective studies (17, 21) on
the association between vitamin D status and ADHD. In the
present study, we used a wide range of keywords to search
PubMed, Scopus, Google Scholar, and the ISI Web of Science,
and found 11 case-control or cross-sectional (14-16, 18-20,
38-42) and 4 prospective studies (17, 21, 43, 44). As 3 of the
case-control studies (16, 20, 38) were based on the same data,
we considered only one of them (20). In total, 13 relevant in-
vestigations [9 case—control or cross-sectional studies (14, 15,
18-20, 39-42) and 4 prospective studies (17, 21, 43, 44)] were
included in the present systematic review and meta-analysis.
Conducting the meta-analysis on the maximum number of
studies enabled us to summarize the effects and also to ex-
plore the possible sources of difference in findings of the in-
cluded studies.

It is found that ADHD prevalence is higher in areas with
mostly sunny weather, though it has been suggested that
sunlight might protect children from the disease (46). Pho-
totherapy and sunray therapy have been considered as strate-
gies for treatment (47) because vitamin D is produced from
sunlight on the skin (46). The role of vitamin D in ADHD
and other neurological diseases is not fully understood. How-
ever, studies have demonstrated the role of vitamin D in
regulating the development and function of nerve cells (27).
Vitamin D is involved in the functioning of the central ner-
vous system, and this is supported by the presence of the
enzyme 25(OH)D3-1c-hydroxylase (which is responsible
for the formation of the active vitamin D) as well as vi-
tamin D receptors in the brain, mainly in the hypothala-
mus and dopaminergic neurons of the substantia nigra (11).
These parts of the brain have been associated with the cause
of ADHD (48, 49).

Vitamin D as a hormone has also been mentioned as a
key regulator of the synthesis of serotonin (13), a neurotrans-
mitter that plays critical roles in brain functions (50). It is
proposed that adolescents with ADHD and reduced brain
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serotonin concentrations experience increased aggressive be-
havior (51).

At the molecular level, it has been revealed that polymor-
phisms in the tryptophan hydroxylase 2 (TPH2) gene and
other genes related to serotonin synthesis are associated with
increased susceptibility to ADHD (52). The TPH2 gene is
activated by vitamin D hormone through its vitamin D re-
sponse element (53). It is suggested that vitamin D status
might interact with polymorphisms in the TPH2 gene, as the
mice with the polymorphism are more sensitive to vitamin D
deficiency in adulthood. These mice showed intense defects
in cognitive function and behavior when their vitamin D in-
take was restricted (54, 55).

The timing of the vitamin D deficiency is also proposed
to be important regarding its effect on cognitive and behav-
ioral functions. Insufficient vitamin D concentrations dur-
ing early life might accelerate the risk of cognitive dysfunc-
tion and brain morphology defects (13). Studies have also re-
vealed that vitamin D deficiency during pregnancy leads to a
28% increase in the size of brain lateral ventricles in neonates
(56). One of the clinical factors observed in ADHD is the en-
largement of the lateral ventricles (57).

Vitamin D status might also affect the dopamine system
through its effect on the expression of tyrosine hydroxylase,
the rate-limiting enzyme for synthesis of dopamine (12). The
polymorphism in this enzyme’s gene has been associated with
ADHD in animal models (58). Dopamine, as well as other
neurotransmitters, including serotonin and opioids, is in-
volved in the controlling of mood (59).

A number of points should be considered when interpret-
ing our results. First, we found that serum vitamin D con-
centrations in children and adolescents with ADHD were
~6.93 ng/mL lower than in the healthy controls. However,
although the difference was statistically significant, it might
not be of great clinical importance. Furthermore, our analysis
of both case-control and cross-sectional studies revealed that
lower vitamin D concentrations are associated with ADHD.
A causal association cannot be inferred from these types
of studies because the deficiency might occur as a result
of lifestyle change experienced by children with ADHD. It
should be noted that the majority of case-control studies had
selected their participants from clinics; therefore, their results
cannot be extrapolated to the general population. In fact, only
2 studies tried to recruit their participants from the general
population (38, 39). In the present review, we could include
only 4 prospective studies, which were conducted in Europe,
East Asia, and the Middle East; therefore, it is not clear if the
association exists in other regions.

The meta-analysis of prospective studies also showed an
inverse association between vitamin D concentration and
ADHD; however, the summary estimate was sensitive to the
investigation done by Mossin et al. (44). Therefore, this result
should be interpreted with caution. In addition, although the
majority of the included studies adjusted the association for
age and/or gender as confounding variables (17, 18, 38, 40—
43), the other variables, like race or skin color, season of vita-
min D sampling, sunlight exposure, latitude, dietary habits,
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and socioeconomic status, were proposed to affect the serum
vitamin D concentration (60) and therefore should be con-
sidered while examining the association. Not adjusting for
the other possible confounders might affect the overall asso-
ciations because the difference in vitamin D concentrations
found between children with and without ADHD might be
because of their difference in race, the season of blood sam-
pling or differences in lifestyle habits. In the present study,
we conducted a subgroup analysis to determine if the associ-
ation is different in studies with and without adjustment for
possible confounding variables because it might be an impor-
tant source of between-study heterogeneity in meta-analyses
of observational studies (61). It should also be considered
that the included case-control studies used different cut-offs
to define suboptimal concentrations of vitamin D. Further-
more, vitamin D deficiency and insufficiency are currently
diagnosed using criteria developed based on studies exam-
ining vitamin D status in association with bone health (62);
therefore, the cut-off values might be different when consid-
ering vitamin D in association with mental health.

Based on the points mentioned above, future prospective
cohort studies with larger sample sizes and from different
populations, and even population-based intervention studies
that consider the maximum number of possible confounders,
might help to better elucidate the causal association between
vitamin D status and the risk of developing ADHD.

In conclusion, in the present systematic review and meta-
analysis, we found modest but significant lower serum vi-
tamin D concentrations in children and adolescents with
ADHD compared with healthy control subjects. Moreover,
lower perinatal and childhood vitamin D status were both
associated with a higher likelihood of developing ADHD.
It should be noted that the former relation should be con-
sidered with caution because it was sensitive to one of the
prospective studies included in the analysis. Future cohort
studies and population-based trials are highly recommended
to confirm our results. Because vitamin D deficiency is highly
prevalent in children (62), based on the current findings,
community-based interventions trying to increase sun expo-
sure and vitamin D intake in early life should be considered
with high priority.
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