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ABSTRACT

Attention Deficit Hyperactivity Disorder (ADHD) is a common neurobehavioral
disorder among children. Aluminum (Al) and manganese (Mn) are neurotoxic metals
to which children are continuously exposed and may be involved in the pathogenesis
of ADHD. The aim of this work was to evaluate Mn and Al levels in the hair of a
sample of Egyptian ADHD children in relation to the clinical presentation of this
disorder. The study was carried out on 200 children, divided into two main groups:
the ADHD group including 100 ADHD children and the control group that
comprised 100 apparently healthy children. Hair samples were collected and digested
using microwave. Mn and Al levels in hair samples were detected by inductively
coupled plasma optical emission spectrometry (ICP- OES). A statistically significant
difference was found between the ADHD and the control groups regarding Mn levels
especially among the patients with the hyperactive presentation; meanwhile, there
was no significant difference in hair Al levels between the two studied groups. On the
other hand, patients with inattentive presentation showed relatively higher levels of
Al

Introduction -

Attention deficit hyperactivity disorder is
neuro-developmental  illness

a chronic,

2019). In Egypt, the reported prevalence of
ADHD among primary school children ranged
between 6.5% and 7.9% (EL-Gendy et al,
2017).

Although ADHD is highly prevalent, its

characterized by persistent inattention and/or
hyperactivity and impulsivity that are more
disturbing than expected for their age leading
to functional impairment in several aspects
(Austerman, 2015).

Children with ADHD are at high risk to
develop many negative outcomes such as
antisocial  personality  disorder, conduct
disorders and substance abuse (Caye et al.,
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causes are still unclear. It was generally
considered a hereditary psychiatric condition,
its heritability is about 76%, but also it was
suggested that ADHD results from the
interaction between genes and environment
(Xu et al, 2015), namely neurotoxic metals
which cause cognitive impairment (Lee et al.,
2018). Children are especially at risk due to the
vulnerability of the developing brain to the
environmental pollutants at low levels of
exposure (El-Morsi et al., 2019).

Aluminum (Al) and manganese (Mn) are
neurotoxic metals to which children are
continuously exposed (Caito and Aschner,
2015). Manganese is a coenzyme that protects
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against oxidative stress; on the other hand, in
high concentration, it generates oxidative
damage and adversely affects intellectual
functions. In addition, it was observed to
influence the dopaminergic neurotransmission
in the basal ganglia, which is involved in
ADHD pathogenesis (Bouchard et al., 2018).

Some studies have linked aluminum with
some diseases involving neuronal degeneration
like Alzheimer's disease, Parkinson’s disease,
and Autism but this link has not been
confirmed yet. Al may cause chronic neuronal
insult in genetically liable children by several
mechanisms including mitochondrial
dysfunction and oxidative stress (Morris et al.,
2017). However, its association with
behavioral disorders has not been recently
studied (Tippairote et al., 2019).

The aim of this work is to estimate hair
Mn and Al levels in a sample of ADHD
Egyptian children and to find the relation
between their levels and the clinical
presentation of this behavioral disorder.

Subjects and Methods:

The present work is a case-control
study that was approved by The Institutional
Review Board-Mansoura Faculty of Medicine
(code MD/16.08.09). Informed consent was
obtained from children's parents; also the
children above 7 years were asked for their
agreement for participation.

Subjects:

This study was conducted on 200
children aged between 6 to 15 years. They were
divided into two main groups: 1) the ADHD
group (100 of medication naive patients
diagnosed as attention deficit hyperactivity
disorder) who attended the Psychiatric Clinics
of Mansoura University Hospital. 2) the control
group of 100 apparently healthy subjects who
were recruited from children accompanying
patients including friends, neighbors, and

normal siblings of children in the ADHD
group. The two groups were age and sex-
matched.

Children with severe neurological or
psychiatric disorders such as cerebral palsy,
seizures, autistic disorders, mental retardation
were excluded. In addition, children with
severe birth defects (congenital heart diseases,
hereditary =~ metabolic syndrome, and
chromosomal  anomalies), children on
psychotropic medication (e.g. antidepressants)
and stimulant drug therapy for ADHD, children
with chronic organic diseases (deafness,
blindness, severe anemia and renal diseases)
and those having chemically treated hair were
also excluded.

Children with ADHD were assessed by a
professional psychiatrist and diagnosis was
performed based on Diagnostic and Statistical
Manual of mental disorders (DSM-V) standard
according to the American Psychiatric
Association (APA, 2013).

Based on the types of symptoms, DSM-
IV-TR suggested three clinical variants
(presentations) for ADHD (Gomez et al.,
2016): Combined Presentation: if at least 6
inattention and 6 Hyperactivity/Impulsivity
symptoms were present for the past 6 months.

Predominantly Inattentive Presentation: if
at least 6 inattention symptoms but not
hyperactivity/ impulsivity were present for the
past six months. Predominantly Hyperactive/
Impulsive Presentation: if presence of at least 6
Hyperactivity/Impulsivity symptoms but not
inattention were present for the past six
months.

All the parents of participating children
filled out a questionnaire, concerning socio-
demographic data, sources of drinking water,
using Al cooking utensils and family history of
ADHD.
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Sample collection:

Hair samples were collected from all
subjects in the study from the nape region
using clean ceramic bladed scissors to avoid
sample contamination with exogenous metals
which wusually occurs when using regular
stainless steel scissors. Half a gram of hair
(Michalak et al., 2012) was obtained for the
hair metal assay- as instructed by Tanta
University Central Lab where the analysis took
place. Only the proximal portion (5 cm) of the
hair strands was acquired as samples which
were placed in air-tight prewashed plastic zip
lock bags, labeled and stored in room
temperature until transported to the lab for
analysis (Jursa et al., 2018).

Hair metal analysis:

The hair was cut into 5-mm pieces then
washed three times according to the procedure
recommended by the International Atomic
Energy Agency Advisory Group using acetone:
water (1:3) to remove surface dirt and
exogenous contaminants then dried before
analysis at 50°C oven (Serdar et al., 2012).

According to  the  manufacturer
instructions; each sample was placed in an
acid-washed polypropylene tube with 10 ml of
HNO3 (69%) EMSURE® ACS, Reag. PhEur
Sigma-Aldrich. After centrifuging for 5
minutes, the hair sample was transferred into
Ethos-Easy Microwave Digestion apparatus, to
undergo closed vessel microwave digestion.

All digested samples were analyzed by
using Optima™ 7000 DV ICP-OES (Integrated
Coupled Plasma Optical Emission
Spectroscopy) apparatus — Perkin Elmer
Company, Germany at the Central Laboratory
in Tanta University. For the preparation of
standard solutions, dilutions (0.5, 1, 1.5, 2, 2.5,
3, 3.5, 4 mg/ L) were prepared using, the multi-
elemental standard solution IV (100+ mg/ L
CertiPUR®, Merck) diluted in HNO3 2%.

These standards were measured using
Inductively Coupled Plasma "ICP", to build up
the standard curve. Later, this curve was used
to measure the samples by
WINLAB32Software. The detection limits for
Mn and Al were 0.03pg/dl and 0.9pg/dl
respectively. The concentration of hair Mn and
Al was reported in pg/g.

Statistical analysis:

SPSS version 22 was used for data
analysis. Kolmogorov-Smirnov test was first
used to test the normality of data with one-
sample. Qualitative data were described using
numbers and percentages. Association between
categorical variables was tested using chi-
square. The two groups were compared with
Student's t-test (parametric data) and Mann-
Whitney tests (nonparametric data), while the
Kruskal-Wallis test was used to compare more
than two medians. Binary stepwise logistic
regression analysis was used for prediction of
independent variables of binary outcome.
Adjusted odds ratios and their 95% confidence
interval were calculated.

Results:

The socio-demographic characteristics
of the studied subjects as regards age, sex,
residence, as well as the sources of drinking
water and the usage of aluminum cooking pots,
were illustrated in table (1).

Figure (1) is a pie chart showing the
distribution of family history of ADHD among
the studied cases. Table (2) shows the
percentage of each of the three ADHD
presentations among the ADHD group, most of

them were diagnosed as combined ADHD
(44%).
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Table (1): Demographic characteristics among the studied children (n=200).
P ¢ Control group ADHD group Test of
arameter n=100 n=100 significance
A t=0.48
gelyears 8.60+1.94 8.47+1.86
Mean + SD p=0.63
Sex n % n %
Male 77 77.0 74 74.0 £'=0.62
=0.24
Female 23 23.0 26 26.0 P
Residence 2
Rural 32 32.0 45 45.0 1=3.36
p=0.06
Urban 68 68.0 55 55.0
Usage of aluminum cooking pots and foil: 5
Positive 93 93.0 95 95.0 1=0.36
p=0.55
Negative 7 7.0 5 5.0
Sources of drinking water
Filtered 58 58.0 44 44.0 =402
Un-filtered 39 39.0 51 51.0 p=0.13
Underground 3 3.0 5 5.0

n: number, SD: standard deviation, t: Student test, x*: Chi-Square test, *p value: significant at <0.05.

Family history of ADHD

—Positive
26%

Negative
74%

Fig. (1): A pie chart showing the distribution of
family history of Attention Deficit
Hyperactivity Disorder in studied cases
group (n=100).

Table (2): Classification of ADHD presentation
among the studied children according to
DSM-V criteria (n=100).

ADHD cases
ADHD clinical _
. n=100
presentation
n %
20
H Males 16 20.0
Females 4
36
| Males 22 36.0
Females 14
44
C Males 36 | 44.0
Females 8

n: number, H: hyperactive presentation, I: inattentive
presentation, C: combined presentation, ADHD:
Attention deficit hyperactivity disorder, DSM-V:
Diagnostic and Statistical Manual of Mental Disorders,
Sth Edition.
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Table (3) shows that the hair manganese
level was significantly correlated with the
source of drinking water (p<0.001). It was the
highest in hair samples of children drinking
underground water, followed by those drinking

unfiltered tap water and the least in cases
drinking filtered tap water. Aluminum hair
level was significantly correlated with using

aluminum cooking utensils

shown in table (4).

(p=0.001), as

Table (3): Hair Manganese (Mn) level in relation to the source of drinking water in the studied subjects

(n=200).
Test of significance
L Hair Mn level in studied subjects (ng/g)
Source of drinking water
n=200 KW
p<0.001*

Mean + SD 4.45+2.1

Unfiltered tap water Median 4.13 p1=<0.001*
Min-Max (0.22-14.02)
Mean + SD 2.67+1.34

Filtered tap water Median 2.75 p2<0.001*
Min-Max (0.08-9.03)
Mean + SD 9.12+£2.96

Underground water Median 8.08 p3<0.001*
Min-Max (6.45-15.98)

n:number, SD: standard deviation, Min- Max: minimum- maximum ranges, KW: Kruskal-Wallis test, *p value
significant at <0.05. pl: comparison between not filtered and filtered, p2: comparison between not filtered and
underground, p3: comparison between filtered and underground (significance within groups was tested by Mann-

Whitney U test).

Table (4): Hair Aluminum (Al) level in relation to usage of aluminum cooking utensils in the studied

subjects (n=200).

Use of Aluminum cooking Hair Al level in studied subjects (ung/g) Test of
utensils n=200 significance
Mean + SD 11.43+£49
Negative Median 9.78
Min-Max (5.21-20.42) 7=4.31
Mean + SD 21.87+9.14 p=0.001*
Positive Median 19.7
Min-Max (8.1-62.88)

n: number, SD: standard deviation, Min- Max: minimum- maximum ranges, z: Mann-Whitney U, * p value significant

at <0.05.
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Hair Mn level was significantly higher
in ADHD cases than the control subjects
(p<0.001). Hair Al level was slightly higher in
control group than in ADHD cases but with
no statistical significance (p=0.21) as shown
in table (5). Regression analysis for

prediction of ADHD among the studied cases
was done as shown in table (6). It demonstrated
that each Ipg/g increase in hair Mn level is
associated with 1.28 folds increase in the risk of
developing ADHD.

Table (5): Hair manganese and aluminum levels among the studied control and ADHD groups (n=200).

Hair metal analysis Control group ADHD group Test of
(ng/g) n=100 n=100 significance
Manganese
Mean: SD 3.20+1.9 4254247
Median 2.97 3.78 =402
p<0.001*

(Min-Max) (0.08-12.76) (0.22-15.98)
IQR (2.11-3.88) (2.98-5.08)
Aluminum
Mean+ SD 22.15£9.9 20.32+8.5
Median 20.87 18.73 z=1.25
(Min-Max) (7.6-62.88) (5.21-55.08) p=0.21
IQR (15.38-26.24) (14.95-25.29)

SD: standard deviation, Min- Max: minimum— maximum range, z: Mann Whitney U test, IQR: Inter-quartile range, *P
value significant at <0.05, n: number, ADHD: Attention deficit hyperactivity disorder.

Table (6): Regression analysis for prediction of ADHD (n=200).
95% C.I.
Item B p odds ratio
Lower Upper
Aluminum (pg/g) -0.027 0.100 0.973 0.942 1.005
Manganese (jLg/g) 0.254 0.001%* 1.289 1.105 1.504
Constant -0.356 0.432 0.701

B: standardized beta coefficient, * p value significant at <0.05, C.I.: Confidence Interval, ADHD: Attention deficit

hyperactivity disorder.

Table (7) demonstrates the association
between hair Mn and Al levels with the three
clinical  presentations of ADHD. A
significantly higher mean Mn level was
detected in children with hyperactive
presentation and combined groups than in the

inattentive presentation and in the combined
subtype than the inattentive group. Meanwhile,
the difference between the hyperactive and
combined subtypes was insignificant. In
addition, Al levels were significantly higher in
inattentive than the other two groups.
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Table (7): Statistical association between ADHD presentation according to DSM-V classification
and Manganese & Aluminum hair levels among the studied cases (n=100).

DSM-V classification of ADHD presentation Within
Hair mineral H | c Test of rou
analysis (ng/g) significance ) g. P
n=20 n=36 n=44 significance
Manganese KW
Mean = SD 5.32+£2.47 3.16+1.7 4.67£2.6 p1<0.001*
Median 4.59 3.11 4.09 p<0.001* p2=0.22
(Min-Max) (2.14-12.23) (0.22-9.88) (0.88-15.98) p3=0.001*
Aluminum
Mean + SD 14.46+4.68 25.74+9.89 18.56+5.88 p1<0.001*
Median 14.5 25.7 17.4 p<0.001* p2=0.007*
(Min-Max) (5.21-23.3) (7.39-55.08) (7.39-55.08) p3<0.001*

n: number, SD: standard deviation, Min- Max: minimum- maximum range, H: hyperactive presentation, I: inattentive
presentation, C: combined presentation, KW: Kruskal Wallis test, *P value significant at <0.05, pl: Comparison
between hyperactive subtype and inattentive subtype cases, p2: Comparison between hyperactive subtype and
combined subtype cases, p3: Comparison between inattentive subtype and combined subtype cases by Mann-Whitney
U test, ADHD: Attention deficit hyperactivity disorder, DSM-V: Diagnostic and Statistical Manual of Mental

Disorders, 5th Edition.

Discussion:

In the present study, levels of manganese
and aluminum in hair were estimated to
evaluate chronic exposure of the control and
ADHD children.

This study was done on children (6-15
years), whose symptoms became noticeable
and established after attending school. Male to
female ratio in cases was found to be (2.8:1)
which is consistent with the higher prevalence
of ADHD diagnosis among boys. A study
conducted by Mowlem et al. (2019) supported
this finding, with a male to female ratio (2.5:1).
Also, Tippairote et al. (2017) reported the same
finding where the ratio was (2.2: 1). This could
be explained by the differences in rates of
diagnosis of ADHD types as girls usually have
predominantly inattentive symptoms which are
less annoying to the parents.

According to the present work, a positive
family history of ADHD among parents and

siblings was found in 26% of cases which was
supported by Altun and Altun (2018) who
reported that 20% of the studied preschool
children had a positive family history of
ADHD. Also, El-Nemr et al. (2015) found that
22% out of 96 ADHD children had a positive
family history of ADHD.

The present work demonstrates that
inattentive subtype represented 36% of cases
and was slightly higher in males (1.57:1), while
the hyperactive-impulsive subtype represented
20% -with a male to female ratio of (4:1) - and
44% for the combined subtype which was
predominant in males (4.5:1).

The current findings are in agreement
with the results of Farahat et al. (2014) who
stated that the percentage of the inattentive
presentation was 31.5% and was slightly higher
in females; the combined presentation was 48%
and was more common in males. However, the
hyperactive-impulsive presentation represented
20.5% with a male to female ratio of (1.4: 1).
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Additionally, Abd El Naby and Naguib
(2018) reported that the inattentive and
combined variants represented 12% and 68%
respectively, while the hyperactive ADHD type
represent 20% of the studied cases.
Furthermore, El-Morsi et al. (2019) found that
the commonest presentation of ADHD in
Egyptian children was the combined form
(60.8%).

Since Mn is abundant in groundwater,
high concentrations have been recorded in
populations whose main source of drinking is
groundwater (Iyare, 2019). In Egypt, the
concentrations of Mn in the Nile water was
found to be between 0.5 and 1.45 (mg/l), which
exceeded World Health Organization and
Egyptian Standard for safe water limits for
drinking water guidelines ( 4 mg/l for adults)
(Abdel-Satar et al., 2017).

However, its level in domestic tap water
(unfiltered) may vary according to the
efficiency of water treatment and the integrity
of water pipe systems according to the location
(El-Kowrany et al., 2016).

The results of the questionnaire applied
on the two studied groups in the present work
illustrate that 3% of the control group and 5%
of the cases stated that they used underground
water obtained by pumps for drinking and
cooking purposes. 39% of control subjects and
51% of cases used unfiltered tap water,
whereas 58% of control children and 44% of
the cases depended on filtered water by
applying domestic filters of various types and
efficiency to water taps.

In the current study, the level of hair
manganese was significantly associated with
the source of drinking water, which was the
highest in the group drinking underground
water (9.12+ 2.96 ng/g), followed by the group
drinking unfiltered water (4.45+£2.1 nug/g) and
then the group drinking filtered water
(2.67£1.34 pg/g).

This is in agreement with Ntihabose et al.
(2018) who assessed hair, saliva, and toenails
as biomarkers of low-level manganese
exposure from drinking water in school-aged
children. Only hair and toenails exhibited a
correlation (r=0.29) with manganese exposure
from drinking water.

Moreover, Dion et al. (2017) and do
Nascimento et al. (2015) in their studies
concluded that greater Mn in drinking water
was associated with greater Mn levels in hair.

Worldwide accepted and implemented
universal reference ranges for hair minerals
with the consideration of the methodology used
for detection are lacking (Mikulewicz et al.,
2013), some studies used reference values for
hair Mn < 1.2 pg/g (Menezes-Fihlo et al,
2009), while O’Neal and Zheng (2015) denoted
normal Mn hair level to be 2.6 pg/g. It can be
concluded that in the current study the mean
hair Mn in the studied subjects is generally
high.

It was reported that aluminum present in
cooking pots can cause ingestion of large
amounts of aluminum. Intolerable amounts of
aluminum can be ingested with one meal
cooked using aluminum (more than 150 mg),
especially in the case of acidic dishes like
tomato sauce (Weidenhamer et al., 2017).

In a study done by Osman et al. (2017) on
a group of adolescents from residents in food
catering establishment, the average weekly
dietary aluminum exposure level for an
adolescent was 2.223 mg/kg body-weight/week
which exceeds the Provisional Tolerable
Weekly Intake (PTWI) (2 mg/kg body-
weight/week) established by the Joint Food and
Agriculture Organization/World Health
Organization Expert (FAO/WHO) Committee
in 2011 (Sato et al., 2014).

Also, in a study done in Belgium, it was
shown that Al foil usage in cooking contributes
up to 64% of the total Al intake. It was claimed
that avoidance of Al cooking utensils may
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significantly decrease the risk of exceeding the
aluminum PTWI n food
(Cammaerts and Cammaerts, 2018).

In the present work, the results of the
questionnaire revealed that 93% of control and
95% of ADHD cases use Al cooking pots and
Al foil. Moreover, hair Al Ilevel was
significantly associated with using aluminum
cooking utensils.

In accordance with the current study,
Mohamed et al. (2015) investigated hair
aluminum levels in autistic children in
comparison to healthy controls. They found
that the usage of aluminum cooking utensils
was associated with higher Al hair levels.

In the present work, manganese was
significantly higher in ADHD cases than
control subjects. Shin et al. (2015) also found
that the hair Mn concentrations in the ADHD
group were slightly higher than the control
group. They revealed significant association
between hair Mn levels and ADHD after
statistical control for covariates.

In the current study, Mn level was
significantly higher in the hyperactive and the
combined presentation groups than inattentive,
but the difference between the hyperactive and
the combined presentations was insignificant.

These results agreed with that of
Bouchard et al. (2007), who assessed ADHD
behaviors in relation to hair Mn levels in
children. They found that the correlation was
significant for hyperactivity, but not for
inattention.

On the other hand, Oulhote et al. (2014)
examined the relationship between
neurobehavioral functions and hair Mn in
Canada. Higher levels of exposure to
manganese were associated with deterioration
in attention, and motor functions, but not
hyperactivity.

Also, Rodrigues et al. (2018) evaluated
behavioral effects in children in relation to Mn
exposure. Occipital hair, toenails, and blood

samples were collected. The Child Behavior
Check List (CBCL) was wused to assess
children’s behavior. Hair and blood manganese
levels were not associated with any behavioral
abnormality. Non-linear association between
toenails manganese and aggressive behavior
was observed. This may be explained by
different ADHD rating scales used or different
techniques applied for hair samples washing
and analysis.

In the current work, the mean Al hair
level is higher in the control group (22.15+9.9
pg/g) than in ADHD cases (20.3248.5 pg/g),
but the difference was not of statistical
significance.

More or less similar results were claimed
by Tippairote et al. (2017) in Bangkok, but the
mean hair aluminum levels in ADHD cases and
control subjects were lower than those in the
current study. This may be explained by
different selected age group (3-7 years) or by
using ICP-MS rather than ICP-OES.

The mean hair aluminum levels in the
current works are considered high, when
compared to the reference interval (1.2-9.2
ng/g) mentioned by Underwood (1971).

When comparing the mean hair
aluminum levels among the three presentations
of ADHD among the cases, it was observed
that they were significantly higher in children
with inattentive presentation than those with
combined presentation and in combined than in
hyperactive presentation.

These results are supported by Igbal et al.
(2018) who found that high level of aluminum
may be associated with cognitive impairment
as indicated by decreased mini- mental state
examination (MMSE) scores. On the other
hand, Tippairote et al. (2017) reported that
there was no significant difference in hair Al
levels among the three ADHD presentations.

It is concluded that children with autism
spectrum disorders (ASD) and ADHD may
have greater toxic metal body burden compared
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with healthy children. It is suggested that
ADHD and ASD could be considered as related
conditions that likely share many possible
contributory factors due to similarities in brain
pathology and symptomatology (Kern et al.,
2015).

There may be some argument that
children with ADHD are not the only children
exposed to potentially toxic metals; it may be
the result of a greater ability to accumulate
toxins, which in turn leads to an alteration of
biochemical processes (Shaw and Tomljenovic,
2013).

In addition, poor eating habits in ADHD
children (Ptacek et al.,, 2010) may lead to
deficiency in essential elements as calcium,
copper, Zn, and iron which increase
gastrointestinal uptake of metals including Mn
and Al. Moreover, ADHD patients may have
problems with the chemical pathway that
detoxify these metals (Poujois et al., 2016).

Conclusion:

The present study provides evidence that
higher hair Mn levels were associated with
drinking unfiltered or underground water, and
that exposure to Mn is a risk factor for the
development of ADHD especially the
hyperactive variant. Furthermore, higher hair
Al levels were associated with using aluminum
cooking utensils, and with development of
inattentive symptoms.
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