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Abstract

Background and objectives: Probabilistic statistical methods with the help of Bayesian Statistics help to analyze biomedical data with a
newer and wider perspective. Combined with the knowledge provided by previous data, the novel approach was undertaken to study the
association of Attention Deficit Hyperactivity Disorder (ADHD) with heavy metals in children. ADHD is characterized by inattention,
impulsivity, and hyperactivity. Being a widely prevalent neurodevelopmental disorder, it is attributed to both genetic and environmental
etiology. Hair and urine samples were used instead of blood as two non-invasive sources for assessing heavy metals.

Materials and Methods: ADHD children diagnosed as per DSM-V criteria and age-matched healthy controls were recruited in this study.
Hair and urine samples were analyzed for arsenic, cadmium, copper, lead, nickel, and zinc. The levels of heavy metals were measured using
ICP-OES after acid digestion and extraction. Bayesian Statistics in JASP v0.15 was used for statistical analysis.

Results: The Bayes Factor, BF10 for the group with ADHD vs. healthy children, were significantly different for all heavy metals. In both
hair and urine, lead, cadmium, nickel, and copper concentrations were higher in ADHD. However, zinc levels were lower in both samples
for ADHD.

Conclusion: By the probabilistic method, heavy metals are higher in the urine and hair of children with ADHD.
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Introduction

The current major public health challenges are neurodevelopmental diseases, according to the World Health Organization (WHO). They
account for a significant part in affecting morbidity, mortality, disability, and quality of life. [1] Attention Deficit Hyperactivity Disorder
(ADHD) is diagnosed as per the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V), into two major
symptomatologic “purviews, that is, inattention and hyperactivity/impulsivity. The ADHD prevalence rate varies widely, with 9.5% global
prevalence [2] and 1.5% to 7.2 % prevalence in certain populations in India. [3, 4] It is more common in boys than girls. [5] The brief
attention span (Inattentiveness) is characterized by key indicators such as frequent distractions, inadvertent errors, frequent shifts in activities,
and a general difficulty in comprehending and adhering to instructions. Hyperactivity and impulsiveness are prominently observed in
children, manifested as an inability to maintain composure and stillness, accompanied by constant restlessness and excessive physical motion.
These behaviors are often linked with challenges in academic performance, negative perceptions from peers regarding their learning pace,
and instances of class expulsion or suspension, commonly associated with children diagnosed with ADHD. [6] Furthermore, individuals with
ADHD also tend to exhibit reduced skill acquisition, leading to limited earning potential and employment prospects in adulthood. This results
in poorer overall physical and mental well-being outcomes when compared to their non-ADHD counterparts. [1]
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While trace amounts of heavy metals are necessary for various
physiological functions, excessive metal accumulation can have
neurotoxic effects, detrimentally impacting cognitive function and
disrupting neurodevelopmental processes. Lead poisoning poses a
significant public health concern, particularly childhood poisoning,
which is estimated to contribute to over half a million cases of
intellectual impairment annually, thereby affecting neurodevelopmental
physiological processes. [7]

Research indicates that children diagnosed with ADHD often exhibit
diminished zinc intake and status, which could potentially contribute to
the development of ADHD. This mechanism might involve the
impairment of dopamine transport within the brain of affected children.
[8] Several enzymes within the central nervous system, such as
tyrosinase, peptidyl glycine-amidating monooxygenase, copper/zinc
superoxide dismutase, ceruloplasmin, hephaestin, dopamine-
hydroxylase, and cytochrome c oxidase, rely on adequate copper levels
for proper functioning. Disruptions to this physiological equilibrium
may lead to the onset of various neurological disorders. [9]

Currently, there is a lack of comprehensive data regarding the impact of
cadmium and nickel on the prevalence of ADHD in children. As a
result, this study aims to assess the potential effects of cadmium and
nickel on ADHD status, contributing to a deeper understanding of their
role in this context. The relationship between hair trace elements and
their storage in the body is a significant factor to consider. Hair analysis
has proven valuable in assessing exposure to various environmentally
hazardous substances, capitalizing on this fundamental concept. It is
important to acknowledge certain limitations while interpreting these
findings. Notably, concentrations of specific trace elements like lead,
cadmium, and zinc in the hair are believed to indicate recent exposure
to these metals, underlining the potential insights gained through this
method. [10]

Urine analysis offers a distinct, non-invasive approach for evaluating
the presence of heavy metals in circulation, demonstrating a strong
correlation with corresponding serum levels. It's crucial to bear in mind
certain considerations while interpreting these results. Reflecting these
points, concentrations of the studied trace elements in hair are indicative
of chronic exposure, while urine concentrations offer insights into acute
exposure, both with a significant degree of reliability.

The Bayesian paradigm of statistics provides a very nuanced approach
to data analysis. [11] Specifically, Bayesian techniques enable
researchers to incorporate background knowledge, called priors, into
their analysis rather than repeatedly testing the null hypothesis and
ignoring previous studies' insights. By contrast, frequentist (classical)
statistical approaches frequently entail testing the null hypothesis. As a
result, when comparing Bayesian and Frequentist approaches, the
Bayesian approach is a robust tool for confirmatory strategy due to the
plausibility of past research findings being reviewed in connection to
new data. [12]

Materials & Methods

The present research was conducted at All India Institute of Medical

Sciences in Bhubaneswar, Odisha, India, spanning from August 2019 to
February 2021. The study strictly adhered to ethical standards, receiving
proper clearance from the Institutional Ethical Committee vide Letter
No. IEC/AIIMS BBSR/PG Thesis/2019-20/01. In accordance with the
Indian Council of Medical Research's National Ethical Guidelines for
Biomedical Research involving Children, informed consent and assent
were diligently obtained from all participating subjects.

The study focused on children aged between 3 and 16 years diagnosed
with ADHD by a medical psychiatrist utilizing the DSM-V Criteria.
Controls were selected to match in terms of age and sex. Rigorous
exclusion criteria were applied, disqualifying children with intellectual
disabilities, any neurological or behavioral disorders, or those dealing
with chronic illnesses.

The sample size was meticulously calculated to encompass 48
participants, with an allowable error of 5%, statistical power of 80%, and
95% confidence level.

Sample Collection and Processing: Hair samples were collected
from the nape of the neck using a procedure adapted from the
International Atomic Energy Agency's assessment of at-risk workers.
Additionally, first-morning urine samples were obtained using a
midstream clean-catch technique. [13] All collected samples were
placed in containers that had been pre-treated with nitric acid and were
subsequently stored at a temperature of -80°C for extraction purposes.

The extraction process for hair samples involved digesting them in a
solution containing 6 mL of 65% nitric acid and 2 mL of 30% hydrogen
peroxide. This mixture was heated to 180°C for a duration of 15 minutes,
followed by a cooling period at room temperature for another 15
minutes. [14] In the case of urine samples, the extraction of heavy metals
was carried out using a solution containing 0.1% (V/V) Triton-X-100
(Sigma, USA) and 1% ultrapure concentrated nitric acid. [15] The
quantification of heavy metal levels was performed using a Perkin Elmer
Avio™ 200 dual-view instrument equipped with Syngistix™ software,
employing inductively coupled plasma optical emission spectrometry
(ICP-OES). Both axial and radial views were utilized depending on the
concentration of the specific heavy metal being analyzed. The analysis
included the use of calibration standards and blanks for each heavy metal
within the samples. To determine urine creatinine levels, Jaffe's Method
was employed in a Beckman Coulter AU480 auto analyzer. Heavy metal
concentrations in hair were expressed as micrograms per gram of hair
(ug g-1 of hair), while heavy metal concentrations in urine were
expressed as micrograms per gram of spot urine creatinine (ug g-1 of
spot urine creatinine).

Alongside heavy metal analysis, basic demographic information was
collected, including age, sex, weight, and height. The socioeconomic
status of the participants' families was estimated using the Kuppuswamy
Scale. All data were securely coded and stored in electronic format,
ensuring complete anonymization and confidentiality. The data was
exclusively accessed and utilized by the authors for the purpose of data
analysis, without any personal identifiers.

Statistical Analysis: Data was subjected to the Shapiro-Wilk test and
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and found to not follow a normal distribution. As a result, Table 2: Demographic details of the study population
demographic data was presented using the Median (Interquartile
Range) format, and counts were presented as percentages. To

determine differences between groups, a Bayesian Independent

Samples Mann Whitney U test was conducted. Given the absence of Parameters Median (IQR)
a proper prior distribution for all heavy metals in both hair and urine,

a default width of 0.707 on Cauchy's Scale was used. This data Male, n(%) 35 (72.92%)
interpretation was guided by Jeffery's Scheme of Bayes Factor Sex

interpretation” [16] with details provided in Table-1. Additionally, a Female, n(%) 13 (27.08%)
conventional Mann Whitney U test was also performed and reported

for comparison. All data analyses were carried out using JASP v0.15. Age (in years) 8 (6.5 - 10)

The Bayes Factor (BFij) values provide a scale of evidence for
different hypotheses (Hi and Hj) based on their In(BFij) values. Here's
the interpretation of the Bayes Factor values and their corresponding
In(BFij) ranges:

Height (in cm) 120 (110 - 135.5)

Weight (in kg) 32.5(24.5-38)

This interpretation helps determine the strength of evidence in favour

of one hypothesis over another based on the Bayes Factor values. BMI 2046 (19.13 - 22.88)
Table — 1 Distribution of Bayes Factor interpretation Upper Class, n(%) 24 (50.00%)
Upper Middle Class, n(%) 12 (25.00%)
BFij In(BFi) Interpretation SES
Upper Lower Class, n(%) 6 (12.50%)
>100 >4.61 Decisive evidence for Hi
Lower Middle Class, n(%) 6 (12.50%)
30-100 3.4104.61 Very strong evidence for Hi o o ) .
There was no statistically significant difference in age and
10-30 230 t0 3.40 Strong evidence for Hi anthropometric parameters of the cases and contr_ols. In the contrp]s,
however, most subjects were from Upper Middle-Class families
. . compared to the cases where most were of the Upper Class. The
3-10 1.10102.30 Substantial evidence for Hi comparative data of both groups have been summarized in Table-3.
1-3 0t01.10 Not worth more than a bare Table 3: Difference in demographic, anthropometric and
mention socioeconomic factors of cases and controls
1/3-1 -11t00 Not worth more than a bare P " Cases Controls p-
mention arameters (n=24) (n=24) Value
1/10-1/3 -2.30t0 -1.10 Substantial evidence for Hi Male, n(%) 17 (70.83%) | 17 (70.83%)
Sex 0.7451
1/30-1/10 -3.40t0 -2.30 Strong evidence for H; Female, n(%) 7(2917%) 7(2917%)
1/100-1/30 -4.61 to -3.40 Very strong evidence for H; Age 8(6.5-10) | 8(6.5-10) 0.739°
<1/100 <-4.61 Decisive evidence for H; Upper Class, 18 (75.00%) | 6 (25.00%)
n(%) ) )
Upper Middle
Results g | Class, n(%) 4(16.66%) | 8 (33.34%) _
Upper Lower o 0
The median age of the study participants was 8 years old. A majority Class, n(%) 1(4.17%) 5(20.83%)
of the subjects were male, accounting for 72.92% of the total. The Lower Middle o 0
participants had a median BMI (Body Mass Index) of 20.46. A Class, n(%) 1(4.17%) 5(20.83%)

significant proportion of the children came from families classified as
Upper-Class (Kuppuswamy Scale), constituting 50% of the total
participants in Table-2.

a: Chi-Square Test

b: Mann Whitney U Test
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Table — 4 Difference in heavy metals in hair and urine of cases and controls

Samples Cases Controls p - Value @
Lead 3.12 (1.43 - 10.86) 1.13 (0.61 - 2.08) 0.004
Cadmium 0.73(0.35-1.08) 0.27 (0.16 - 0.6) 0.020
Hair
Zinc 198.49 (124.95 - 248.12) 527.05 (404.19 - 1193.94) <0.001
(ug g™* of hair)
Nickle 6.08 (3.74 - 12.26) 3.54 (1.87 - 6.02) 0.016
Copper 14.01 (7.6 - 20.45) 7.43 (4.31 - 14.72) 0.013
Lead 5.49 (0.77 - 15.33) 1.03 (0.39 - 2.91) 0.004
Cadmium 1.76 (0.57 - 2.11) 0.31(0.13-0.61) 0.001
Urine
1 . Zinc 525.7 (199.52 - 962.2) 1374.09 (881.63 - 1808.84) <0.001
(1g gt of spot urine
creatinine)
Nickle 3.86 (2.84-7.9) 1.67 (0.8 - 2.94) 0.001
Copper 17.01 (8.53 - 40.79) 7.26 (4.27 - 12.56) 0.007

The median concentrations of lead, cadmium, nickel, and copper in
hair were notably higher among the cases compared to the control
group. Similarly, the median urinary levels of these metals were also
found to be higher among the cases. Conversely, the zinc level was
significantly lower in both hair and urine samples from the cases. Upon
applying a conventional statistical analysis (Mann-Whitney U test),
significant differences in the metal levels were observed between the
two groups. A summary of the median levels along with the
corresponding asymptotic significance values obtained from the test
have been presented in Table-4.

The Bayesian Mann Whitney Test was run using a data augmentation
algorithm in-built in JASP with 5 chains of 1000 iterations each. First,
the two-tailed difference was checked, assuming the alternative
hypothesis that the heavy metals' values in cases are not equal to
controls. After that, to refine the results, a single-tailed difference was
run as per the difference in the median values of heavy metals in
groups. Thus, for lead, cadmium, nickel and copper, the alternative
hypothesis stated that the median values of cases were greater than
controls; however, it was the opposite for zinc. In both the scenarios,
the null hypothesis was assumed to be cases and controls having no
difference in their heavy metal levels in hair and urine.

The BFioand log (BF1o) for all the heavy metals in both hair and urine
suggested a significant difference between these two groups. However,
it could be well quantified using the BFio that how much did these
values differ on a probabilistic scale. The error percentage on Bayes
Factor for all the parameters was less than 10%. The Bayesian analysis
has been summarized in Tables-5 and 6.

Discussion

Our study aimed to find the difference between heavy metal levels
in ADHD cases and healthy controls. As evident from the results,
there exists a significant difference in those levels. The
Bayes Factor equipped with Jeffrey's interpretation scheme provides
new insight into how the data might be interpreted. The p-value
driven data can qualitatively state whether the alternate hypothesis
proposed can or cannot be accepted. However, Bayesian statistics
gives us more profound evidence as to how much these data differ.
In this study, it is seen that the difference ranges from moderate to
decisive for all the heavy metals in the hair and urine. It was also
seen that when the assumption was changed from generalized to
more specific difference, the level of evidence in most cases
improved.

A similar study was conducted by Li et al. in Guangzhou province
of China amongst schoolchildren where urinary lead and cadmium
levels were seen in ADHD children. According to that study, there
exists an increased urinary level of these metals in the ADHD
population. [17] A higher level of hair lead in children was reported
in a study of school children from Massachusetts, in which it was
also discussed that hair lead levels strike a more potent warning sign
than tooth-enamel or serum lead levels. [18] Similar to these
findings, our study also demonstrated an evident relation between
increased hair and urine lead and cadmium levels in ADHD children.
For the one-tailed hypothesis, the lead levels were 13.5 and 24.9
times more likely to be higher in hair and urine samples,
respectively, of children with ADHD. The same was 2.3 and 40.5
times for cadmium levels in the hair and urine of children.
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Table 5: Bayes Factor calculation for heavy metals in hair and urine assuming alternate hypothesis, Cases #

Controls
Sample Heavy Metals BF10 log BF10 Median 95% ClI Evidence
Lead 7.519 2.017 0.705 0.157, 1.288 Moderate
Cadmium 1.185 0.17 0.45 -0.097, 1.025 Moderate
Hair Zinc 749.391 6.619 -1.262 -1.907, -0.631 Decisive
Nickel 3.042 1.113 0.603 0.044, 1.161 Moderate
Copper 3.524 1.26 0.615 0.075, 1.205 Moderate
Lead 10.056 2.308 0.767 0.194, 1.355 Strong
Cadmium 29.351 3.379 0.85 0.297,1.473 Very Strong
Urine Zinc 30.433 3.416 -0.907 -1.521, -0.327 Very Strong
Nickel 21.493 3.068 0.862 0.278,1.472 Strong
Copper 4.364 1.473 0.668 0.095, 1.271 Moderate

Table 6: Bayes Factor calculation for heavy metals in hair and urine assuming the one-tailed alternate

hypothesis
Median 95% CI for
Sample Heavy Metals BF10 log BF10 Posterior Posterior Evidence
Distribution Distribution
Lead ® 13.529 2.605 0.719 0.180, 1.327 Strong
Cadmium @ 2.372 0.864 0.485 0.055, 1.045 Anecdotal
Hair . b .
Zinc 486 6.187 -1.248 -1.881, -0.626 Decisive
Nickel 2 6.294 1.84 0.606 0.112,1.185 Moderate
Copper @ 6.968 1.941 0.617 0.122, 1.207 Moderate
Lead ® 24.875 3.214 0.763 0.210, 1.362 Strong
Cadmium @ 40.518 3.702 0.866 0.285, 1.485 Very Strong
Urine < b
Zinc 49.534 3.903 -0.877 -1.486, -0.300 Very Strong
Nickel 2 44.538 3.796 0.856 0.277,1.447 Very Strong
Copper ? 10.818 2.381 0.666 0.150, 1.285 Strong

a: Cases > Controls
b: Cases < Controls
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Copper accumulation has been linked to various neurological issues,
including localized brain swelling, neurodegeneration, demyelination
of nerve fibers, and increased proliferation of glial cells. These
processes can contribute to the development of disorders characterized
by necrosis, cystic changes, interstitial focus, and cavernous
vacuolation. Such conditions are believed to play a role in the onset of
ADHD among children. [17]

Several studies focused on children have indicated elevated serum
copper levels, as evident from a high copper-to-zinc ratio and increased
hair copper concentrations. [19, 20] In alignment with these findings,
our study also identified substantially higher copper levels in both hair
and urine samples of ADHD-afflicted children. Specifically, copper
levels were 6.9 times higher in the hair of ADHD children and 10.8
times greater in their urine samples. These observations align with
previous research conducted by Goodlad et al. and Huang et al., both
of which reported similar elevated copper levels within the ADHD
population. [21, 22]

There is a limited body of prior research addressing the relationship
between nickel and ADHD. Notably, a study conducted by Li et al.
involving school children found a significantly higher nickel level
among children with ADHD. [17] The brain is widely recognized as a
primary target for nickel-induced neurotoxicity. Among the various
potential mechanisms underlying this neurotoxicity, oxidative stress is
a pivotal factor. [23] Our study contributes to the understanding that
ADHD might indeed play a role in the aetiology of ADHD itself.
Specifically, our findings suggest that nickel levels could be 6.3 times.
higher in the hair of children with ADHD and a substantial 44.5 times
higher in their urine samples.

Zinc holds vital importance for brain and neural tissue development
and growth, as it facilitates the conversion of dietary pyridoxine to its
active form, pyridoxal phosphate. This activation process is crucial for
converting tryptophan into 5-hydroxytryptamine, a neurotransmitter
closely linked to ADHD. However, the existing literature on the
relationship between zinc and ADHD is somewhat conflicting. Skalny
et al. and Tippairote et al. investigated hair zinc levels and found
elevated levels in the ADHD group, though the differences were not
statistically significant. [20 — 24] In contrast, our study yielded
decisive evidence of lower hair zinc levels and very strong evidence of
reduced urinary zinc in the ADHD group. Our findings align with the
work of Bilici et al. and Quist and Kennedy, both of whom reported
significantly lower levels of hair and urine zinc in the ADHD
population. [25, 26]

Hence, across the spectrum of heavy metals analyzed, there is a
significant difference in their levels in ADHD children compared to
the healthy controls. ADHD is a multifactorial disease with its
aetiology not being clear. It has ample scope for heavy metal profiling
playing an important role in screening, diagnosis, and subsequent
management and monitoring of ADHD children. In this regard,
Bayesian Statistics provides a novel methodology to look at the
sourced data, away from the yes or no approach of the frequentist
statistics towards a more probabilistic scenario. This will further help
in proper quantification of the cause, thus providing a deeper and better
understanding of the role of heavy metal in ADHD scenarios and
improving the scope for more integrative management of ADHD and
such other diseases in children. A better understanding of the disease

causation and process, and timely and apt treatment and behavioural
therapy will provide an improved scope of learning and skill
development in these children, thus allowing for better academic,
vocation and income opportunities and reducing the rate of other
associated ill effects, both academic and social. These children may
have a chance, highly likely probabilistically, to lead a normal life into
adulthood.

Conclusion

ADHD is a complex disorder with a multifactorial nature and an
unclear underlying cause. In this context, heavy metals have been
proposed as potential contributors to its development. Our study aimed
to explore this association, and our findings revealed elevated levels of
lead, cadmium, nickel, and copper in both hair and urine samples from
children with ADHD when compared to a carefully selected group of
healthy controls, matched for age and sex. Notably, the ADHD group
exhibited significantly lower levels of zinc in both hair and urine
samples.

These results underscore the potential involvement of heavy metals in
the intricate web of factors contributing to ADHD. However, it's
important to note that ADHD is a complex condition influenced by a
range of genetic, environmental, and physiological factors. Our study
adds valuable insight into this intricate relationship and emphasizes the
relevance of considering heavy metal exposure in understanding
ADHD's underlying mechanisms.

Thus, it can be suggested that the determination of heavy metals in a
non-invasive way by the hair and urine analysis will provide for a
useful screening, diagnostic and monitoring tool for ADHD. The use
in other associated syndromes like Autism Spectrum Diseases might
also be studied. The use of the Bayes Factors provided a deeper insight
into the level of evidence as to how much more likely it is to detect
particular heavy metals in ADHD children's hair and urine, which is
not possible by usual methods of p-value used in frequentist analysis.
Thus, these probabilistic methods can be used in other analysis formats
to understand subsequent studies better.

Limitations of the StUdy: The want to conduct a larger
study will be there to accept the probabilistic approach of our study.
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