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Objective The study examined the association between hair manganese level and symptoms of attention-deficit/hyperactivity disorder
(ADHD) in Korean children.

Methods Forty clinic-referred children with ADHD and 43 normal control children participated in this study. The participants were
6-15 years old and were mainly from the urban area of Seoul, Korea. ADHD was diagnosed using the Diagnostic and Statistical Manual
of Mental Disorders, 4th edition and Kiddie-Schedule for Affective Disorders and Schizophrenia-Present and Lifetime Version-Korean
Version. The severity and symptoms of ADHD was evaluated according to the ADHD Diagnostic System, and parent’s Korean ADHD
Rating Scale (K-ARS). All participants completed intelligence test and hair mineral analysis. We divided the data of hair Mn into two
groups to determine whether a deficit or excess of Mn are associated with ADHD. Multiple logistic regression analyses were performed
to identify hair manganese levels associated with ADHD, controlling for age, sex, and full scale intelligence quotient (IQ).

Results The proportion of abnormal range Mn group was significantly high in ADHD compared to controls. However, after statistical
control for covariates including age and sex, abnormal range Mn group was significantly associated with ADHD (OR=6.40, 95%
CI=1.39-29.41, p=0.017).

Conclusion The result of this study suggests that excess exposure or deficiency of Mn were associated with ADHD among children in

Korea. Further investigation is needed to evaluate the effects of hair manganese levels on symptoms in ADHD.
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is one of
the most common psychiatric disorders of childhood and ad-
olescence." ADHD has a global prevalence of about 5%."'
ADHD is characterized by symptoms of inattention, hyperac-
tivity, and impulsivity. The impairment areas of childhood
ADHD include academic and social dysfunction and skill
deficits.” Even though the etiology of ADHD is not known
exactly, what is believed to predict persistence of ADHD in-
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cludes family history of ADHD, cormobid psychiatric disor-
der, and psychosocial adversity.” Some evidence based on
neurochemical, imaging, and genetic studies suggest dysregu-
lation of catecholaminergic systems in ADHD.*

Necessary nutrients, such as trace minerals including man-
ganese (Mn), iron, zinc, iodine, selenium, copper, fluoride,
and chromium, are associated with changes in neuronal func-
tion that can lead to adverse effects on behavior and learning.’
Specifically, Mn is an essential nutrient in human and ani-
mals. Mn is needed by children to support normal brain
growth and development.® Mn is a naturally occurring ele-
ment that constitutes approximately 0.1% of the earth’s crust,
and in present in low levels in water, food, and air.” The main
exposure to manganese is by eating food or Mn-containing
nutritional supplements.® Vegetarians who consume foods
rich in Mn such as whole-grain cereals, green leafy vegetables
and nuts, as well as heavy tea drinkers, may have a higher in-
take of Mn than the average person.>'° The amount of Mn in-
gested in drinking water is substantially lower than intake



from food, generally considered to be <1% although depend-
ing on the concentration of Mn, this route of intake can rise
to 20%." Certain occupations like welding, mining, and
working in a factory where steel is made may increase chanc-
es of being exposed to high levels of Mn."*"* Furthermore,
people who smoke tobacco or inhale second-hand smoke are
exposed to high level of Mn, particularly for children who live
in house where there are smokers.” Mn concentrations in the
serum increase after 12 months of age, and Mn has been
measured as an average of 1.4£1.25 pg/L in children aged 1
month to 18 years." Concentrations of Mn in food and drink-
ing water may vary between different countries and geo-
graphic area. Also, few data are available that provide clear
cut-offs for nontoxic levels of Mn. Based on the dietary infor-
mation described by World Heath Organization,' Schroeder
et al,"” and National Research Council,' Environmental Pro-
tection Agency (EPA) estimated that an intake for 10 mg Mn
per day in the diet is safe for lifetime exposure.”” The US Food
and Drug Administration, EPA, and Ministry of Environ-
ment of South Korea also recommends a concentration of Mn
in drinking water not to exceed 0.05 mg/L.”

Although Mn is an essential metal at low doses, excessive
and chronic exposure to high doses has been associated with
neurotoxicity."* Mn neurotoxicity is characterized by altera-
tions in dopamine neurobiology of brain. The dopamine
transporter (DAT) is affected by high Mn levels."” ADHD has
also been linked to impaired dopaminergic functioning, so
high Mn levels in children with ADHD reflects a similar neu-
rotoxic effect.”® In developing children, high Mn exposure
have been associated with behavioral disinhibition,* hyperac-
tive behavior,”" and diminished cognitive function, such as in-
telligence quotient (IQ),'**** % school grades.”® The
high blood concentration of Mn inversely affected attention®

memory,

and IQ scores,” in studies on children living in community.
Farias et al. assessed a group of children with ADHD and
matched control children attending public school and report-
ed elevated serum level of Mn in treatment-naive children
with ADHD compared to normal controls.® A cross-sectional
study in a non-risk area found that in school-aged children,
higher levels of Mn in blood samples were inversely associat-
ed with significantly lower scores on tests of verbal IQ and
full-scale IQ.** High levels of Mn have been found in the scalp
hair of children with ADHD* and elevated levels of Mn that
influence the dopaminergic system and dopaminergic trans-
mission is postulated to be involved in the etiology of ADHD.
Presently, we investigated the association between excess or
deficency of Mn in head hair and symptoms of ADHD in
non-risk environmental Mn exposure. Unlike previous stud-
ies that examined associations between ADHD and Mn using
only rating scales, our study raised the accuracy of ADHD di-
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agnosis using semistructured interview. We contrasted Mn
levels in a group of children with ADHD and normal control
in Korea.

METHODS

Participants and diagnosis

Forty clinic-referred children with ADHD and 43 normal
control children participated in this study. Normal controls
were recruited by advertisement. The participants were 6-15
years old and were mainly recruited from the urban area of
Seoul, Korea. ADHD was diagnosed using the Diagnostic
and Statistical Manual of Mental disorders, 4th edition (DSM-
IV) and Kiddie-Schedule for Affective Disorders and Schizo-
phrenia-Present and Lifetime Version-Korean Version (K-
SADS-PL-K). K-SADS-PL-K is a comprehensive measure of
a variety of past and present pathological conditions, and is
useful as a diagnostic interviewing tool for diagnosing major
psychiatric disorders in child and adolescent psychiatry. This
measure was performed for all subjects as well as their parents
in an effort to evaluate psychiatric disorders comorbid with
ADHD. We excluded children with comorbid psychiatric dis-
order, medical illness requiring medication, or with a prior
history of taking ADHD medication. All tests were per-
formed by highly trained and supervised psychiatrists. To
evaluate the severity of ADHD symptoms, parent’s Korean
ADHD Rating Scale (K-ARS) was used. The ADHD diagnos-
tic system (ADS) was also used to evaluate the severity of in-
attention and impulsivity. Full-scale intelligence quotient (IQ)
was measured using the Weschsler Intelligence Scale for Chil-
dren, 3rd edition (WISC-III) and hair mineral was analyzed.
Written informed consent was obtained from the parents of
the children after the purpose and process of the study were
explained. The protocol of this study was approved by the In-
stitutional Review Board at Kangbuk Samsung Hospital
(Seoul, Korea).

Measures

K-SADS-PL-K

The K-SADS-PL (Present and Lifetime Version)® has been
used to assess the severity of symptoms as well as the present
and lifetime status of 32 DSM-IV* child and adolescent psy-
chiatric disorders. In Korea, Kim et al.”® examined the validi-
ty and reliability of the K-SADS-PL-K for Korean children.
Good to excellent validity and reliability was demonstrated in
diagnosing major disorders in child and adolescent psychiat-
ric patients, including ADHD, oppositional defiant disorder,
and tic disorder.
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Korean version of Dupaul’s ARS, parent and
teacher version

Developed by Dupaul, the ARS lists 18 symptoms of
ADHD based on DSM-IV diagnostic criteria: nine for atten-
tion-deficit and nine for hyperactivity-impulsivity domains.'
The scale has been translated and standardized in Korean.”
The K-ARS parent and teacher forms are considered to have
high validity and reliability. Internal constancy of K-ARS by
age is 0.77-0.89. In interrater reliability between parents and
teachers, Pearson correlation coefficients are 0.31-0.97 and
are statistically significant (p<0.01). Items are rated on a
4-point scale (O=never or rarely, 3=very often) checked by
teacher and parent.

ADS

ADS is a computerized continuous performance test that
consists of visual-auditory stilmulation tests.” In each modal-
ity, the targets and non-targets are presented in the form of
auditory or visual stimuli, which takes 15 minutes to com-
plete. The test is available for Korean children over 5 years of
age. It consists of three sessions: early, middle, and late phases.
ADS has four variables: omission errors, commission errors,
response time, and response time variability. An omission er-
ror indicates that the subject did not respond to a target stim-
ulus, with high scores reflecting inattention.” A commission
error indicates the subject made an incorrect response to the
non-target. This measures impulsivity®® and inhibitory con-
trol.* The response time (RT) score measures the amount of
time between presentation of the target stimulus and a correct
response. The standard deviation of the RT measures variabil-
ity or inconsistency of attention.*® Scores are reported as age-
adjusted T-scores. In our study, all subject performed the
ADS at baseline of the study.

WISC-III

The WISC-IIL” which is suitable for children >6 years of
age, consists of five (or six, depending on administration) ver-
bal subscales that together provide a Verbal IQ score and a
similar number of performance subscales that together pro-
vide a Performance IQ.

Hair sampling and analysis

Mn exposure levels of both groups (ADHD and control)
were similar because they are living in the same geographic
area. Hair analysis was performed to evaluate the long term
metal exposure and mineral level. For analysis of hair miner-
als, all participants were asked not to chemically process their
hair (i.e., no dyeing, perms, or frosting) for at least 3 weeks
prior to hair sample acquisition. Participants also refrained
from using hair gels, oils, and hair creams before sampling.
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Approximately 150 mg of hair was obtained from the parietal
region of the scalp using stainless steel scissors so as not to
contaminate the samples with any metal. Hair samples were
collected from the children with their parents accompanying
them to reduce children’s anxiety and to increase their coop-
eration. The only proximal portion (within 3.0 cm of the root)
was acquired as the sample. The hair samples were not washed
for the assays. The cut hair was placed directly into a clean
hair specimen envelope normally provided by the laboratory
and sealed with the envelope’s glue flap. Hair samples were as-
sayed by Trace Elements, Incoperated (Addison, TX, USA).
Each sample was weighed, placed in a 50 mL acid-washed
polyprophylene tube, and trace-metal grade HNO, was add-
ed. After centrifuging for 5 minutes, hair sample was trans-
ferred into a CEM Mars 5 Plus Microwave Digestion appara-
tus. Samples were kept at 70°C for 20 min and then the
temperature was gradually increased to 115°C over 15 min.
Content of each mineral was analyzed by inductively coupled
plasma-mass spectrometry [ICP-MS using a Sciex Elan 6100
apparatus (Perkin-Elmer, TX, USA)].

Statistical analyses

Demographic and clinical variables were compared by Stu-
dent’s t-test for continuous variables and Chi-square test for
categorical variables. The Mn concentration was natural log
transformed to achieve normal distributions of the variables.
We divided hair Mn level into two groups: normal range Mn
group (0.10-1.30 ppm), and abnormal range Mn group
(<0.10 ppm or >1.30 ppm) to determine whether a lack or
overload of Mn are associated with ADHD.*** Two multiple
logistic regressions were performed to evaluate the associa-
tion between Mn level and ADHD after adjusting confound-
ing factors. In Model I, Mn was used as a categorical variable
after controlling age, sex. And full scale IQ was additionally
controlled in Model II. Statistical analysis was performed us-
ing SPSS statistical software, version 18.0 (SPSS, Chicago, IL,
USA). The cut-off for statistical significance set at p<0.05.

RESULTS

Demographic characteristics of the subjects

The subjects comprised 83 children. Ethnicity and language
were homogenous in the study sample. The demographic and
clinical characteristics of the ADHD group (n=40) and the
control group (n=43) are presented in Table 1. Children aver-
aged 9.72 years of age (range, 5 to 15 years, median age 9.5
years), with no significant differences (10.27%3.14; control,
9.35+2.95; ADHD, t=1.385, p=0.170) between the two
groups. There was no statistically significant difference in
birth weight (3.43+0.71; control, 3.30+0.42; ADHD, t=0.882,



p=0.381), body mass index (BMI; 18.98+3.91; control, 18.50+
4.27; ADHD, t=0.480, p=0.633), sex distribution (83.7% for
male; control, 85.0% for male; ADHD, x°=0.026, p=1.000),
education level of mother (77.5% for >12 years; control, 57.9%
for >12 years; ADHD, x’=3.439, p=0.090), socioeconomic
status (100% for middle; control, 5% for high, 90.2% for mid-
dle, 5% for low; ADHD, x*=3.565, p=0.550), and occupation
of mother (29.3% for housewife; control, 22.5% for housewife;
ADHD, x*=0.483, p=0.861) between the two groups.

Comparison of clinical characteristics and hair
Mn levels between ADHD and control groups

The ADHD group had hair Mn concentrations that were
slightly higher, but not statistically significant, than the con-
trol group (0.31£0.46; ADHD, 0.22+0.10; control, t=0.255,
p=0.79) (Table 2). Compared with the normal range Mn
group, the abnormal range Mn group showed significantly
high proportion of ADHD (42.9% for ADHD; normal range
Mn group, 75.0% for ADHD; abnormal range Mn group,
x’=4.244, p=0.039) (Table 2). Children in the ADHD group
had a lower full scale IQ (112.39£10.44; control, 101.79+14.90;
ADHD, t=3.199, p=0.001), verbal IQ (116.00£10.40; control,
106.36+15.48; ADHD, t=0.506, p=0.002), and performance
IQ (105.08+12.62; control, 96.28+14.47; ADHD, t=3.606,
p=0.006) than control children, with a significant difference
between the two groups (Table 2). Total K-ARS were higher
in children in the ADHD group compared to the control
group, and was statistically significant (3.63+3.63; control,

Table 1. Sample summary statistics for ADHD and control: demo-
graphic variables

Control ADHD

2
(N=43)  (N=40) 'O'X P

Age (years) 1027+3.14 9354295 1385 0.170*
Birth weight 3434071 3.3010.42 0882 0.381*
BMI 1898391 18.50+4.27 0.480 0.633*
Male 36(83.7%) 34 (85.0%) 0.026 1.000*%

Education level of 31(77.5%) 22(57.9%) 3.439 0.090%

mothers (>12 years)

SES 3.565 0.5507
High 0 (0%) 2 (5.0%)
Middle 43 (100%) 36 (90.0%)
Low 0 (0%) 2 (5.0%)

0483 0.861%
12(29.3%) 9 (22.5%)

Data are expressed meantstandard deviation or n (%). *statistical
significance based on Student’s t-test, Tstatistical significance based
on Fisher’s exact test, as appropriate, ¥statistical significance based
on chi-square test, as appropriate. BMI: Body mass index, SES: so-
cioeconomic status, ADHD: attention-deficit/hyperactivity disorder

Occupation of mothers

Housewife
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28.37£12.08; ADHD, t=-12.545, p=0.000) (Table 2).

Associations between hair Mn and ADHD

Levels of hair Mn were significantly correlated with total K-
ARS (r=0.275, p=0.013) and not significantly correlated with
full scale IQ (r =-0.036, p=0.755). Logistic regression analysis
was performed to determine the influence of hair Mn levels
on the prediction of ADHD. Hair Mn level was not signifi-
cant association with ADHD after controlling age, sex, and
full scale IQ (OR=4.43, 95% CI=0.50-35.54, p=0.178). Odds
ratio of abnormal range Mn group was significantly high
compared with the normal range Mn group after controlling
age and sex in Model I (OR=6.40, 95% CI=1.39-29.41, p=
0.017) (Table 3). The associations between abnormal range
Mn group and ADHD were not significant after controlling
age, sex, and full scale IQ in Model II (OR=2.60, 95% Cl=
0.45-15.16, p=0.289) (Table 3).

DISCUSSION

The present study examined the association between con-
centrations of Mn in hair and ADHD symptoms of children.
There was no difference between the ADHD group and con-
trol group in hair Mn levels. In logistic regression analysis us-
ing Mn as a continuous variable, odds ratio of Mn level was
elevated without significant association with ADHD after
controlling age, sex, and full scale IQ (OR=4.43, 95% Cl=
0.50-35.54, p=0.178). After statistical control for covariates
including age and sex, abnormal range Mn group was signifi-

Table 2. Sample summary statistics for ADHD and control: K-
ARS, ADS, IQ, and Mn level

Control ADHD  tory> p
K-ARS 3.63+3.63 28.37£12.08 -12.545 <0.001
Full scale IQ 112.39+10.44 101.79+14.90 3.199 0.001
Verbal IQ 116.00+10.40 106.36+15.48 0.506 0.002

Performance IQ 105.08+12.62 96.28+14.47 3.606 0.006

Mn (ppm) 0.22+0.10  0.31+0.46  0.255 0.800*
Mn group 4.244 0.039%
Normal range 40 (93%) 30 (76.9%)
group (0.10-1.30)
Abnormal range group
High (>1.30) 0 (0%) 2 (5.1%)
Low (<0.10) 3(7%) 7 (17.9%)

Data are expressed meantstandard deviation or n (%). *Mn con-
centrations was natural log transformed to achieve normal distri-
butions of the variables, Tstatistical significance based on chi-square
test as appropriate, using two categories of Mn were 0.10-1.30
ppm and <0.10 ppm or >1.30 ppm. K-ARS: Korean version of Du-
pauls Attention-Deficit/Hyperactivity Disorder Rating Scale, IQ: in-
telligence quotient, ADHD: attention-deficit/hyperactivity disorder
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Table 3. Result of logistic regression analysis

Model I Model II
AOR (95% CI) p AOR (95% CI) p
Mn (ppm)

Normal range group 1 (reference) 1 (reference)

Abnormal range group 6.40 (1.39-29.41) 0.017 2.59 (0.44-15.16) 0.289
Age 0.85 (0.72-0.99) 0.048 0.73 (0.59-0.91) 0.006
Sex 0.60 (0.16-2.24) 0.450 0.98 (0.21-4.54) 0.987
Full scale IQ 0.91 (0.87-0.96) 0.001

Model I: adjusted for age and sex, Model II: adjusted for age, sex and full scale IQ. AOR (95% CI): adjusted odds ratio and 95% confidence in-

terval, IQ: intelligence quotient

cantly associated with ADHD (OR=6.40, 95% CI=1.39-
29.41, p=0.017). A significant association was evident be-
tween Mn levels and the presence of ADHD.

Although the neurotoxicity of lead (Pb) is well established,*
relatively little is known about Mn neurotoxicity. Unlike Pb,
which is a toxic metal, Mn is an essential microelement.” Mn
is needed by infants and children to support normal growth
and development of brain.® There is no concensus on the opti-
mal biomarkers of Mn exposure in children.*” In a small case-
control study, children with ADHD had significantly higher
hair Mn levels than did controls.” In this regard, recent studies
have observed the impacts of heavy metals on childhood cog-
nition and behavior. Exposure to subtoxic levels of Mn has
also been suggested to be associated learning and attention
problems,”* hyperactive behavior, and learning problems,’
with neurofunctional alterations characterized by neuromotor
and cognitive deficits, and mood changes.’ Recently, a series of
studies reported associations between excessive Mn exposure
and neurologic disorders in children, mainly behavioral ef-
fects.*® A number of studies reported relationships between
excessive Mn exposure and neurobehavioral performance,”
lower learning and memory test scores,”** and cognitive at-
tention deficits in children.** We additionally showed the re-
sults after controlling full scale IQ. The associations between
abnormal range Mn group and ADHD were not significant
after adjusting age, sex, and full scale IQ in Model IT (OR=2.60,
95% CI=0.45-15.16, p=0.289). Previous study reported that
ADHD is more likely to be present in the context of develop-
mental delay, at the level of borderline-to-mild intellectual
disability.*”*® In contrast, other study reported major impact
of ADHD on lower IQ scores, impaired verbal and visuo-spa-
tial short-term memory.*>* Therefore, this finding after ad-
justing full scale IQ should be viewed with caution

Our study findings support the hypothesis that high-level,
chronic exposure and deficiency of Mn is associated with
ADHD risk in children. It is consistent with previous findings
of an association between Mn hair level and ADHD.?"*"*
Compared with adults, infants and younger children can ab-
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sorb and accumulate more Mn. Homeostatic mechanisms
that limit absoption of ingested Mn are not fully developed in
infants and younger children,” allowing Mn to more easily
enter the brain.*

The study has several limitations. First, the small sample
size limited our ability to evaluate and adjust for potential
compounding factor. Because of small sample size, we com-
bined groups with hair Mn level which lies less than 0.10 ppm
or greater than 1.30 ppm and then defined it as an abnormal
range Mn group. A recent study on relationship between
blood Mn levels and child’s attention, cognition, behavior and
academic performance divided Mn level into three groups:
lower, and upper 5th percentile and middle 90th percentile.™
They reported that excess or deficiency of Mn can cause
harmful effects in children. Although we could not classify
Mn into three groups due to small sample size, the results was
not much different from the results of three groups. Also,
small sample size leads to likelihood of detecting real associa-
tions between hair Mn levels and childhood ADHD was re-
duced. But, Mn concentration was completely dissociated
from socioeconomic status, which reduces the potential for
confounding.* Second, the lack of other trace elements influ-
ence on the symptoms of ADHD in our study makes it diffi-
cult to conclude that manganese levels are specifically associ-
ated with ADHD symptoms. Third, the concentrations of Mn
were measured in hair only. Several tests are used to measure
Mn in blood, hair, urine, or feces. Currently, no consensus has
emerged as to the optimal biomarker of exposure to manga-
nese.*” Hair might not be the tissue that provides the most ac-
curate measure of a child’s exposure to the metals of interest.
Also, it is unknown that hair accurately reflects Mn level of
brain because the exact mechanism of Mn transport into the
brain is not well understood.” Although there have been sev-
eral discussions about the usefulness of hair analysis and its
standardization for studying Mn exposure,” additional mea-
sures, such as serum Mn, are needed. While urine and blood
tend to show current exposure or recent body status, hair re-
flects chronic exposure and reveals retrospective information



about an individual’s nutritional status and exposure.”>”” Also,
hair is easier and safer to collect, ship, and store for mineral
analyses than blood or urine and the analysis is less expen-
sive.”® Research suggests its usefulness as an early predictor
of toxic exposure.’” For this reason, we decided trace element
analysis in hair as a screening tool. But, use of hair is prob-
lematic for several reasons. For example, exogenous contami-
nation may yield values that do not reflect absorbed does, and
hair growth and loss limit its usefulness to only a few months
after exposure.” Other researches reported that manganese
concentrations in hair vary with hair color.® Forth, the cross-
sectional nature of our data makes it difficult to infer a causal
relationship from the results.

In summary, this study revealed significant associations be-
tween hair Mn levels and ADHD after statistical control for
covariates. Possible foci for future research should include
prospective design, broadly representative ADHD samples,
and good ethics of research. Further research is needed to un-
derstand the causal relationship between Mn exposure and
children’s health, and to enable an improved risk assessement.
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