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A B S T R A C T

Current research suggests conflicting evidence surrounding the association between serum magnesium levels and
the diagnosis of attention deficit hyperactivity disorder (ADHD). This systematic review and meta-analysis aims
to explore, summarize and quantify the published literature addressing this topic. We conducted an exhaustive
literature search on Scopus and PubMed for all the relevant observational studies published up to August 2018. A
meta-analysis using a random-effects model was used to summarize the overall association between serum
magnesium level and ADHD from the available data. We identified seven studies which reported the mean and
standard deviation (SD) of magnesium concentration in both ADHD and control groups. The random-effects
meta-analysis showed that subjects with ADHD had 0.105mmol/l (95% CI: -0.188, -0.022; P < 0.013) lower
serum magnesium levels compared with to their healthy controls. Moreover, we observed striking and statis-
tically significant heterogeneity among the included studies (I2= 96.2%, P= 0.0103). The evidence from this
meta-analysis supports the theory that an inverse relationship between serum magnesium deficiency and ADHD
exists. High heterogeneity amongst the included studies suggests that there is a residual need for observational
and community-based studies to further investigate this issue.

1. Introduction

Attention deficit hyperactivity disorder (ADHD) is increasingly re-
cognized as a growing diagnosis among children, adolescents, and
adults (Akinbami et al., 2011; Barbaresi et al., 2007). The prevalence of
ADHD is between 5% and 10% in children, whilst, it is estimated to be
around 4% amongst adults (Biederman, 2005). ADHD is categorized as
a neurobehavioral disorder, defined by decreased attention, hyper-
activity, and impulsivity (Yang et al., 2018). This condition often
lowers the overall quality of life of affected individuals by posing a

significant strain on an individual's social life, personal relationships,
and school or work performance (Kooij, 2012). Established evidence
has shown that various medical and psychosocial therapies can be
useful in the treatment of ADHD and its related disorders (Shaw et al.,
2012; Reale et al., 2017; Maia et al., 2017). Nevertheless, experts re-
main uncertain regarding the underlying pathophysiology of ADHD
(Eaves et al., 1997). Certain evidence proposes genetic and environ-
mental etiologies- such as an imbalance of essential dietary nutrients –
being a contributor to the development of ADHD (Reading, 2012).
Magnesium is one of the essential trace minerals and it plays an
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important role in over 300 metabolic reactions including: protein
synthesis, nucleic acid production, and cellular energy generation
(Ford and Mokdad, 2003). Magnesium deficiency is linked with dis-
turbances in cognitive capability which can lead to symptoms such as:
fatigue, lack of concentration, nervousness, mood swings and aggres-
sion (Huss et al., 2010). Considering that the aforementioned symptoms
commonly manifest in ADHD, it is not surprising that most evidence
from clinical trials states that patients with ADHD have lower serum
magnesium levels compared to healthy subjects
(Firouzkouhi Moghaddam et al., 2016; El Baza et al., 2016; Doyle et al.,
2015; Mousain-Bosc et al., 2006; Mousain-Bosc et al., 2004; Starobrat-
Hermelin and Kozielec, 1997; Weiss et al., 1985). Nevertheless, a
minority of clinical studies report that ADHD patients have equal or
higher serum magnesium levels than their healthy counterparts
(Irmisch et al., 2011; Antalis et al., 2006b). Therefore, we aim to em-
ploy a meta-analytical approach to summarize and explore the avail-
able evidence from observational studies and clarify the association
between magnesium deficiency and ADHD.

2. Methods

The present meta-analysis was performed following the Meta-ana-
lysis of Observational Studies in Epidemiology (MOOSE) guidelines
(Stroup et al., 2000).

2.1. Search strategy

We performed a systematic review in PubMed and Scopus for all
published observational studies conducted up to August 2018. We only
included studies that assessed serum magnesium level in both ADHD
patients and healthy counterparts. In addition, the reference lists of
related articles were manually reviewed to avoid the potential omission
of relevant articles. We used the following search strategy including
both Medical Subject Headings (MeSH) and other related keywords in
the search process (Fig. 1):

I) PubMed= (("Magnesium"[Mesh]) OR "Magnesium"[tiab])) AND
(("minimal brain dysfunction"[tiab]) OR "minimal brain dis-
order"[tiab]) OR "overactive child syndrome"[tiab]) OR "adhd"
[tiab]) OR "ADHD"[tiab]) OR "addh"[tiab]) OR "ADD"[tiab]) OR
"attention deficit"[tiab]) OR "hyperactiv"[tiab]) OR "hyperkine-
tic"[tiab]) OR "Attention Deficit Disorder with
Hyperactivity"[Mesh]) OR "Attention Deficit Disorder with
Hyperactivity"[tiab]).

II) Scopus= (TITLE-ABS-KEY (Magnesium)) AND ((TITLE-ABS-KEY
("minimal brain dysfunction") OR TITLE-ABS-KEY ("minimal brain
disorder") OR TITLE-ABS-KEY ("overactive child syndrome") OR
TITLE-ABS-KEY (adhd) OR TITLE-ABS-KEY (adhd) OR TITLE-ABS-
KEY (addh) OR TITLE-ABS-KEY (add) OR TITLE-ABS-KEY ("atten-
tion deficit") OR TITLE-ABS-KEY (hyperactiv) OR TITLE-ABS-KEY
(hyperkinetic) OR TITLE-ABS-KEY ("Attention Deficit Disorder with
Hyperactivity") OR TITLE-ABS-KEY ("Attention Deficit Disorder
with Hyperactivity"))).

We downloaded the articles retrieved from the literature search into
EndNote (version X8) to merge all the citations, to remove the dupli-
cates and to ease the screening process (Fig. 1).

2.2. Eligibility criteria

All original observational case-control studies that explored the
association between magnesium levels and ADHD were included in this
meta-analysis. We excluded studies that were not published in the
English language or that included children with other neurological
disorders. We also excluded literature reviews, case reports, animal
studies or republished data.

2.3. Study selection

Two independent authors (HK-V and SMM) participated in the full
study selection process. The first part included reviewing the titles and
abstracts of the retrieved articles and used a hierarchical method to
assess the study design, population and outcome. Articles that did not
meet the eligibility criteria based on the initial screening process were
excluded. The second screening process involved the analysis of the
full-text of the remaining studies. Studies not meeting the inclusion
criteria were eliminated and any disagreements were resolved amongst
the two reviewers. If discrepancies continued a third author was in-
volved to resolve these.

2.4. Data extraction and quality assessment

Reviewers extracted the following information individually and in
duplicate: the first author's last name, the publication year, the study
location, the participants’ age, the participants’ gender, the sample size
and the serum magnesium levels in both the case and the control group.
The data extraction was performed by two independent reviewers and
any lack of consensus was resolved via discussion. If any additional
information was required from the studies, the main authors were
contacted via email. To assess the quality of the case-control we used
the Newcastle-Ottawa Scale (NOS) (Wells et al., 2012).

2.5. Statistical analysis

The overall relationship between serum magnesium level and the
diagnosis of ADHD was estimated by comparing the mean and standard
deviation (SD) of magnesium levels in ADHD versus the control groups.
The random effects model was used to conduct the meta-analyses and
calculate the pooled effect size of the mean serum magnesium levels in
ADHD patients (DerSimonian and Laird, 1986). Cochran's Q test and the
I2 statistic were used to test the heterogeneity between the included
studies (Higgins and Thompson, 2002). Subgroup analyses were per-
formed in order to establish possible sources of heterogeneity. Sensi-
tivity analyses were carried out using the metaninf test to assess the
impact of each individual study on the overall result. To investigate the
presence of publication bias we performed Begg's funnel plots and Eg-
ger's linear regression tests (Egger et al., 1997). Furthermore, the meta-
trim and fill tests were conducted to impute missing studies
(Palmer et al., 2008). All analyses were carried out using Stata (version
14) and with the use of the "metan" command. P values of less than 0.05
were considered statistically significant.

3. Results

3.1. Search results and study characteristics

The database searches of PubMed and Scopus retrieved 1485 titles
and abstracts and after removing the duplicates a total of 1346 articles
remained. During the title and abstract review, 1309 articles were re-
moved as per the predefined exclusion criteria. In the second screening
process, we examined the full text of the remaining 37 studies, after
which, 7 articles remained. The latter 30 articles were excluded, due to
the following reasons: 13 articles did not report the outcomes of interest
(Leviton et al., 2018; Doyle et al., 2015; Black et al., 2015; Palli et al.,
2012; Caylak, 2012; Biederman et al., 2012; Classi et al., 2011;
Huss et al., 2010; Pohl et al., 2009; Huskamp et al., 2005; Arnold et al.,
2005; Schmidt et al., 1994b), 6 papers were review articles
(Lange et al., 2017; Greenblatt and Delane, 2017; Gröber et al., 2015;
Villagomez and Ramtekkar, 2014; Bisht and Kukreti, 2014;
Liebscher et al., 2011), 7 were clinical trials (Firouzkouhi Moghaddam
et al., 2016; El Baza et al., 2016; Doyle et al., 2015; Mousain-Bosc et al.,
2006; Mousain-Bosc et al., 2004; Starobrat-Hermelin and
Kozielec, 1997; Weiss et al., 1985), 3 articles reported the same data
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(Kamal et al., 2014; Bener et al., 2014; Bener and Kamal, 2013) (out of
which we included the study that had a bigger sample size (Bener and
Kamal, 2013)), and two studies reported magnesium concentrations
measured in saliva and hair (Tippairote et al., 2017; Archana et al.,
2012). Therefore, 7 observational studies that reported serum magne-
sium levels in ADHD patients and control subjects proved eligible.
Characteristics of the included studies are summarized in the Table 1.
The studies were conducted in several different countries: two were
conducted in Egypt (Elbaz et al., 2017; Mahmoud et al., 2011), one in
the USA (Antalis et al., 2006b), one in the UK (Bener and Kamal, 2013),
one in Germany (Irmisch et al., 2011), one in China (Yang et al., 2018),
and one in Russia (Nogovitsina and Levitina, 2005). The articles were
published between 2006 and 2018. The sample size of the eligible
studies ranged from 24 to 1331 children and adolescents. The age of the
participants ranged between 6 and 24 years with the mean age in five
studies being under the age of 10 (Yang et al., 2018; El Baza et al.,

2016; Mahmoud et al., 2011; Irmisch et al., 2011; Nogovitsina and
Levitina, 2005) and in two studies, above (Bener and Kamal, 2013;
Antalis et al., 2006b). All included studies, were coincidentally, case-
control studies. Of the 7 included studies, one solely included males
(Irmisch et al., 2011) while the others included individuals of both
genders (Elbaz et al., 2017; Bener and Kamal, 2013; Mahmoud et al.,
2011; Antalis et al., 2006b; Nogovitsina and Levitina, 2005; Yang et al.,
2018). The quality of the studies as classified by the NOS scale ranged
from 5 to 8 (supplementary Table 1).

3.2. Meta-analysis of mean serum magnesium levels

The seven included studies reported the mean and SD of serum
magnesium levels in both ADHD and control subjects (Elbaz et al.,
2017; Bener and Kamal, 2013; Mahmoud et al., 2011; Irmisch et al.,
2011; Antalis et al., 2006b; Nogovitsina and Levitina, 2005; Yang et al.,

Fig. 1. Flow diagram for study identified and included into the meta-analysis.
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2018). The random effects meta-analysis revealed that subjects with
ADHD had a lower serum magnesium concentration of 0.105mmol/l
(95% CI: −0.188, −0.022; P < 0.013) compared with their healthy
counterparts (Fig. 2). However, the statistical tests also demonstrated
that there was significant heterogeneity among the studies (I2= 96.2%,
P= 0.0103). Heterogeneity in meta-analysis refers to the variation
amongst the obtained results and can be due to clinical diversity or
methodological diversity amongst the selected studies. In order to
identify these possible sources of heterogeneity we conducted a sub-
group analysis according to participants’ ages, the study location, and
their quality NOS score. The subgroup analyses did not suggest that any
of the explored variables represented a significant source of hetero-
geneity. However, the location based subgroup analysis revealed that
the study conducted in Egypt had lower heterogeneity, but this was not
statistically significant (I2= 63.2%, P=0.099). Moreover, the analysis
highlighted that this study reported the lowest serum magnesium levels
in subjects with ADHD compared to their healthy counterparts
(−0.384mmol/l, 95% CI, −0.512, −0.257; P < 0.001) (Table 2).
Sensitivity analysis confirmed the robustness of the results as removing
some of the studies would not make a significant impact on the overall
conclusions (Fig. 3). Visual inspection of the funnel plot did not suggest
the presence of publication bias in the meta-analysis (Begg's test,
P= 0.881; Egger's test, P= 0.930) (Fig. 4). The trim and fill sensitivity
analysis did not reveal the presence of any unpublished study.

4. Discussion

This meta-analysis is the first to investigate the relationship between
serum magnesium levels and ADHD. The findings of this review support
previously published evidence stating that serum magnesium levels are
lower in ADHD patients compared with their healthy controls.

An up to date literature review yielded that low levels of magnesium
have been associated with numerous central nervous system disorders,
such as Alzheimer's disease, migraine headaches, and ADHD
(Villagomez and Ramtekkar, 2014; Gröber et al., 2015). In a recent
narrative review, Villagomez and Ramtekkar (2014) summarized the
results from published studies that assessed the association between
zinc, ferritin, magnesium, and vitamin D status with ADHD empha-
sizing their potential clinical relevance and possible inclusion in clinical
practice. However, to the best of our knowledge, no meta-analysis with
the aim of quantifying these associations has yet been conducted.

Our findings are in line with previous studies conducted in this field.
Bener and Kamal (2013) revealed that there is a relationship between
magnesium deficiency and the diagnosis of ADHD in 2662 young
children. Similarly another research group confirmed that saliva mag-
nesium levels were lower in children with ADHD compared to healthy
controls (Archana et al., 2012).

However, these results are in disagreement with those reported by
Irmisch et al. (2011) who concluded that children with ADHD have
higher magnesium levels compared to their healthy counterparts. Si-
milar results regarding high serum magnesium levels in ADHD patients
were reported by Antalis et al. (2006b). In their case-control study,
individuals diagnosed with ADHD had higher serum magnesium levels
compared to their healthy controls. However, the difference in mag-
nesium levels between the two groups were not confirmed by checking
magnesium levels in their red blood cells (intracellular magnesium),
suggesting increased magnesium blood concentrations could have been
due to therapeutic stimulant medications, as previously demonstrated
(Schmidt et al., 1994a). Likewise, Tippairote reported hair magnesium
levels in ADHD patients to be higher than in the control group, but
without reaching significance (Tippairote et al., 2017). Discrepancies
amongst these results could be explained by the differences in the study
populations, by the different methods of magnesium level measurement
or by the different ADHD mediations taken by enrolled individuals.
Other existing evidence reporting magnesium levels obtained from
sources other than serum (such as aforementioned red blood cells,Ta
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saliva or hair) was not included in the meta-analysis as this would not
result in accurate results.

Interventional clinical trials have also suggested that magnesium
supplementation may provide moderate benefits to ADHD patients. For
example, one large observational cohort study involving 810 children
who received polyunsaturated fatty acids (PUFA) in combination with
magnesium and zinc, showed improved attention, hyperactivity and
impulsivity after 12 weeks of therapy (Huss et al., 2010) . Another trial,
concluded that supplementation with 200mg of magnesium daily led to
a significant improvement in hyperactivity, impulsivity and inattention
amongst magnesium deficient children (El Baza et al., 2016). Similar
findings are reported by other studies as well (Mousain-Bosc et al.,
2006; Starobrat-Hermelin and Kozielec, 1997). As indicated by Durá-
Travé et al. an underlying behavioral explanation of this phenomenon
could be related to the lack of appetite that is common among in-
dividuals with this disorder (Durá-Travé and Gallinas-
Victoriano, 2014). In fact, ADHD medical treatment is known to result
in appetite suppression in some patients, which thus, results in de-
creased nutrient intake, including that of magnesium (Berlin et al.,
2011; Kiddie et al., 2010).

To explain magnesium's involvement in ADHD's pathogenesis sev-
eral other possible molecular explanations have been proposed. Firstly,
magnesium is an essential trace mineral in the body and plays an im-
portant role in biochemical and physiological neuronal processes where

it can induce excitotoxicity (the apoptosis of the nerve cells) by con-
trolling the glutamate N-methyl-aspartate pathway (Lau and
Tymianski, 2010). Secondly, several recent studies have documented
that magnesium plays a critical role in conversion of essential fatty
acids to omega-6 and omega-3 LC-PUFA, important co-factors in the
desaturase enzymes implicated in hyperactive behavior (Antalis et al.,
2006a).

This review has several limitations, mostly due to the small number
of studies identified as eligible for inclusion. Firstly, due to a lack of
studies that involved participants of only one gender we were unable to
draw a conclusion on whether gender is an important confounder in the
observed associations. We believe that this concept warrants further
investigation because there is previous evidence suggesting that mag-
nesium deficiency is more prevalent in male compared to female ADHD
patients (El Baza et al., 2016). Furthermore, we were only able to
perform the subgroup analyses according to age, location of the study
and the quality NOS score, as these were the only parameters available
from all included studies. Other parameters, such as ADHD diagnostic
criteria or patient ethnicity, may have altered our results. However,
most of our included studies used different diagnostic methods and
enrolled participants of different ethnicities, therefore, we were unable
to include these components in the meta-analysis. Finally, although,
there are further published studies that investigated magnesium levels
in ADHD, we were not able to include them because they used cellular

Fig. 2. Forest plot show the WMD in serum magnesium concentrations between participants with ADHD and healthy control participants. The analysis reveals that
children and adolescents with ADHD have 0.11mmol/l lower magnesium concentrations on average.

Table 2
Subgroup analyses.

No. ES (95% CI) p-Significance test(s) of ES p-heterogeneity intergroup I2 (%) p-heterogeneity between group

Mean age 0.341
<10 5 −0.099 (95% CI, −0.122, −0.077) 0.001 0.000 96.9
≥10 2 −0.088 (95% CI, −0.096, −0.079) 0.001 0.000 96.8
Continent location study
European and American 3 −0.085 (95% CI, −0.094, −0.077) 0.001 0.000 95.9 0.000
Chinese and Russia 2 −0.112 (95% CI, −0.137, −0.088) 0.001 0.000 98.8
Egypt 2 −0.384 (95% CI, −0.512, −0.257) 0.001 0.099 63.2
Quality scale
≥7 4 −0.084 (95% CI, −0.092,−0.076) 0.000 0.000 93.5 0.000
≤6 3 −0.182 (95% CI, −0.216,−0.148) 0.000 0.000 97.6
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magnesium measurements (e.g. from muscle, bone or nuclear magnetic
resonance studies). Previous evidence states that these measurements
tend not to accurately reflect systemic magnesium levels
(Arnaud, 2008), therefore, merging these results with our studies which
used serum levels may not portray accurate conclusions. In summary,
these limitations can be a potential guide for designing future ob-
servational studies exploring the relationship of magnesium deficiency
in ADHD patients.

In conclusion, our meta-analysis reports that children and adoles-
cents with ADHD have significantly lower serum magnesium levels
compared to their healthy counterparts.
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