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Abstract Childhood neurodevelopment could be affected by various factors, such
as heavy metal cadmium and copper. The aim of this study was to analyze the
scientific evidence published to date on the potential effects on cognitive
development in children exposed to cadmium and copper by pooling the results
of the different studies. We conducted a systematic review and meta-analysis of
original articles published from January 2012 until December 2020 in PubMed,
Medline, and Cochrane which evaluate the effects on cognitive development due
to pre or post-natal exposure to cadmium and copper in children. Meta-analysis
was performed using Revman 5.3 and linear regression techniques were used to
estimate the effect size. Publication bias was evaluated by Begg’s and Egger's
tests. Our search resulted in 6 articles that evaluated the effects of cadmium and
copper on cognitive development met the inclusion criteria: 4 cadmium, 2 copper,
and 1 both. Most studies evaluating cadmium exposure (4 of 5) reported a
significant negative effect on cognitive development. Only two studies that
evaluated exposure to copper found an association with neurodevelopment. The
meta-analysis showed an increase of cadmium levels in urine would be associated
with a 1.4 decrease in the full-scale intelligence quotient (IQ) (P =0.008) and a
1.03 decrease in verbal scale IQ of children (P =0.006). There were no enough
studies of copper exposure to conduct a meta-analysis. Current evidence supports
the finding that cadmium exposure has a detrimental effect on cognitive
development in children but there is little information on copper.
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INTRODUCTION

Heavy metals are known to have detrimental health effects on humans who are
exposed to certain doses, examples of heavy metals are cadmium and copper (Jarup,
2003). Anthropogenic sources of heavy metals in the environment come from fossil
fuel combustion systems, waste fuel systems, consumer products and mining waste
and metal smelting (Yan ez et al., 2002). Human exposure to cadmium and copper
is generally comes from inhaling metal particles in the air, contaminated food or
drinking water (WHO, 2004, 2011). Children are more susceptible than adults to
poisoning from copper and cadmium exposure. This may result from increased
exposure to copper and cadmium, mutations that interfere with normal homeostasis
or epigenetic factors associated with the development of copper homeostasis
functionality early in life (WHO, 2004, 2011). Environmental exposure in the uterus
can have long-term effects on health and development. Prenatal and postnatal
cadmium exposure have a detrimental effect on the neurodevelopment of the child
and can decrease the mean head circumference at birth and the child's growth in the
first 3 years of life (Lin et al., 2011).

One of the various factors affecting children's cognitive abilities is the exposure
to common environmental pollutants, such as carbon monoxide, cadmium, copper,
and other heavy metals (Liu and Lewis, 2014). Epidemiological studies have found
controversial results regarding the relationship between children's exposure to
cadmium and copper on children's cognitive development and children who already
suffering from pathologies (Forns et al., 2014; Kippler et al., 2016; Polanska et al.,
2017; Amoros et al., 2019; Fiore et al., 2020; Rashaid et al., 2021). To our
knowledge, there was only one systematic review or meta-analysis to date that has
examined the the effect of cadmium in neurovelopment (Rodriguez-Barranco et al.,
2013) but an analysis was not possible due to the insufficient number of studies and
none for copper. Therefore, the aim of this study was to systematically review recent
epidemiological studies of the relationship between cadmium and copper exposure in
children and children's cognitive development.

MATERIALS AND METHODS

Systematic reviews of observational studies were carried out with the PRISMA
guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analysis)
(Liberati et al., 2009).

Inclusion criteria
1. Journal was published betweeen year 2012 to 2020
From PubMed dan Medline database
Prospective cohort and cross-sectional study
The subjects of the study were children up to 18 years of age
Study on evaluating the effect of cadmium and copper exposure on children's
cognitive using the Wechsler Intelligence Scale (WISC) instrument and using
linear regression techniques to estimate the effect size.

unhwnN

Exclusion criteria
Case study articles or case series, ecological designs, literature reviews and
those that only evaluate indirect cadmium and copper exposure via a questionnaire.

Literature search strategy

A PubMed, Medline, and Cochrane search was carried out to identify related
studies published in 2012 to the end of 2020. The keywords "child" AND "infant" AND
"school" AND "prenatal" AND "postnatal" AND "intelligence" AND "IQ" AND "cognitive
"AND ("cadmium" OR "copper") were used. Searches were limited to human studies
and English language.

CMUJ. Nat. Sci. 2022. 21(4): e2022066



Chiang Mai University Journal of Natural Sciences: https://cmuj.cmu.ac.th 3

Study selection and data extraction

All considered publications were screened for relevance by three independent
reviewer and any disagreement on the title and abstract of studies was resolved by
discussion. The full text of the relevant studies were checked based on the inclusion
criteria by researchers. A final list of eligible studies was prepared after a consensus
between the three researchers. The data extracted from all eligible studies were as
follows: year of publication, location, first author's last name, study design, sample
size and method of cadmium and copper exposure assessment, and results expressed
as B coefficients.

The Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) checklist was used to assess the methodological quality of the study. This
tool was originally developed to assess clarity in communicating research results in
observational studies and has been used in recent systematic reviews to assess the
methodological quality of observational studies (von Elm et al., 2008; Rodriguez -
Barranco et al., 2013). Of the 22 items included in the checklist, 9 items related to
the methods section were selected, which assessed different aspects of the
methodology in the observational study (Table 1). After performing the assessment,
the methodological qualities were classified as follows: articles meeting 0-3 out of 9
items were considered to have low methodological quality, 4-6 items as moderate
methodological quality, and 7-9 items as high methodological quality (von Elm et al.,
2008; Rodriguez-Barranco et al., 2013).

Meta analysis

A meta-analysis of the results reported by different studies was conducted to
make estimates and an overall summary of the magnitude of the effects of cadmium
and copper exposure on children's cognitive development. The meta-analysis was
limited to studies evaluating the Full Scale IQ, Verbal IQ and Performance IQ using
any version of the Wechsler scale and linear regression techniques to estimate their
effects.

Table 1. STROBE Checklist.

Methods No item Recommendation

Study Design 4 Show the key elements of study design in the paper

Setting 5 The study describe the setting, locations, and relevant dates, including
periods of recruitment, exposure, follow -up, and data collection

Participant 6 (a) Cohort study—Give the eligibility criteria, and the sources and

methods of selection of participants. Describe methods of follow-up
Cross-sectional study—Give the eligibility criteria, and the sources and
methods of selection of participants

(b) Cohort study—For matched studies, give matching criteria and
number of exposed and unexposed

Variable 7 Comprehensibly define outcomes, exposures, predictors, potential
confounders, and effect modifiers.
Data sources/ 8 For each variable of interest, give sources of data and details of
measurement methods of assessment (measurement).
Describe comparability of assessment methods if there is more than
one group
Bias 9 Describe any endeavor to overcome potential sources of bias
Study Size 10 Explain how the study size was arrived at
Quantitative 11 Explain how quantitative variables were picked up in the analyses.
Variable
Statistical Methods 12 (a) Describe all statistical methods, including those used to control for

confounding

(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed

(d) Cohort study—If applicable, explain how loss to follow-up was
addressed

Cross-sectional study—If applicable, describe analytical methods taking
account of sampling strategy

(e) Describe any sensitivity analyses
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Statistical analysis

Heterogeneity across studies was evaluated using the Cochran Q-test and
expressed using the I2 index (Whitehead and Whitehead, 1991). The pooled results
for Fisher's z-transform were calculated by means of a fixed effect model (for 12
<50%) or a random effect model (for 12> 50%) (Thakkinstian et al., 2005).
Publication bias was evaluated by Egger and Begg's test (Higgins and Thompson,
2002). Statistical analysis were conducted using RevMan 5.3 software

RESULTS

Study selection

Of the 226 articles originally identified in the literature search, 6 met the
inclusion criteria: 4 articles evaluated the effect of cadmium, 1 article evaluated the
effect of copper and 1 article evaluated the effects of the both metals on children's
cognitive (Figure 1).

> Studies identified through
o database search
2 (n= 226)
o
[
= ;
w
=] Studies after duplicates
removed Excluded
(n=216) (n=10)
o
2 I
z
w Studies screened based on R Excluded
5 inclusion criteria (n=6) (n=210)
(%]
Full text article assesed Full text articles
z for eligibility » excluded, with
= (n=6) reason
] (n=0)
: :
-
w
Studies included in
qualitative synthesis
(n=6)
: I
w
(=)
=] Studies included in
‘é quantitative synthesis
(meta analysis)
(n=6)

Figure 1. Flow chart of study selection for meta-analisis.

Design and study population

Most of the articles were prospective cohort study (5 articles) and cross-sectional
(1 article). Randomized Clinical Trial (RCT) research articles were not found in the
literature search for this study. The distribution of journal research took places
showed that it was carried out in various countries such as Spain, Italy, China, and
Bangladesh. If it is divided by continent, there are 3 journals conducted in Asia
(China, Bangladesh) and 3 journals that conduct research in Europe (Spain, Italy).

The study publication year was from 2012 to 2020. The sample sizes ranged
from 261 (Rodriguez-Barranco et al.,, 2014) to 1489 (Gustin et al.,, 2018)
representing a total of 3651 participants for cadmium and 1,016 participants for
copper for cognitive. STROBE scores and main characteristic of each studies included
in the systematic review are shown in Table 2 and 3.
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Table 2. Main characteristics of the study on cadmium were included in the systematic meta-analysis.

No. Location Title, Author & year of Age Sample Study Confounding Mean £ SD Psychologi Result STROBE
publication Range size Design (range) cal Test Score
1. China Sex-Specific Differences 6-8 296 Prospective  Gender of child, age of mother at 0.18 = WISC-R Cd urine | 9
in Cognitive Abilities years Cohort childbirth, level of education, annual  2.38 pg/L Full Scale (High)
Associated with family income, area of residence and IQ, Verbal
Childhood Cadmium and passive smoking IQ and
Manganese Exposures in Performan
School-Age ce IQ
Children: a Prospective
Cohort Study
Zhou et al.2020
2. Italy Neurocognitive impact of 7-10 299 Prospective  Gender of child, age, mother's non- 04 +£1.4 WISC-IV Cd urine | 9
metal exposure years Cohort verbal intelligence and cognitive ng/dL Full Scale (High)
and social stressors stimulation 1Q
among schoolchildren
in Taranto, Italy
Lucchini et al. 2019
3. Bangladesh  Cadmium exposure and 5-10 1489 Prospective  Nutritional status, socioeconomic 0.24 £ WISC-IV Cd urine | 9
cognitive abilities and years Cohort status, level of education of parents, 0.06 pg/L Full Scale (High)
behavior at 10 years of IQ of mothers and level of IQ
age: A prospective stimulation at home
cohort study
Gustin et al. 2018
4., Spain Cadmium exposure and 6-9 261 Cross- Gender of child, child's age, body 0.29 ug/L  WISC-IV Cd urine | 9
neuropsychological years Sectional mass index, maternal age, IQ, Full Scale (High)
development in school father's education and occupation, I1Q and
children in southwestern family income, place of residence, Verbal IQ
Spain family status, gestational age, body
weight, height and head
Rodriguez-Barranco et al. circumference at birth, intake of
2014 vegetables and cereals and IQ rater.
5. Bangladesh Early-Life Cadmium 5 1305 Prospective  Quality of stimulation, mother's IQ, 0.22 = WPPSI Cd urine | 9
Exposure and Child tahun Cohort birth order and socioeconomic status  0.06 pg/L Full Scale (High)
Developmentin 5-Year- I1Q, Verbal
Old Girls and Boys: A IQ and
Cohort Study in Rural Performan
Bangladesh ce IQ

Kippler et al. 2012

CMUJ. Nat. Sci. 2022. 21(4): e2022066




Chiang Mai University Journal of Natural Sciences: https://cmuj.cmu.ac.th

Table 3. Main characteristics of the study on copper were included in the systematic meta-analysis review.

No. Location Title, Author & yearof Age Sample Study Design Confounding Sample Mean + SD Psychological Result STROBE
publication range size (range) Test Score
1. China Sex-Specific 7 years 296 Prospective Gender of child, age Urine 9.36 £ 2.23 ug/L  WISC-R Cuurine | 9
Differences in Cognitive Cohort of mother at verbal IQ .
Abilities Associated childbirth, level of (=leli)
with Childhood education, annual
Cadmium and family income, area
Manganese Exposures of residence and
in School-Age Children: passive smoking
a Prospective Cohort
Study
Zhou et al. 2020
2. Italy Associations of a Metal 10-14 720 Prospective Age, gender of child, Hair 9.6 ug/g WISC-III Cu hair | 9
Mixture Measured in years Cohort socioeconomic status, Verbal IQ .
Multiple Biomarkers HOME (Home (el
with IQ: Evidence from Observation

Italian Adolescents
Living near Ferroalloy
Industry

Bauer et al. 2020

Measurement of the
Environment) score
and hemoglobin
levels
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Association of cadmium with cognitive development in children

Cadmium exposure with the child's full scale IQ

The combined analysis of cadmium exposure was significantly associated with
the child's Full Scale IQ with B = -1.4; 95% CI (- 2.44, - 0.36) using a random effects
model. However, significant heterogenecity was detected for the meta-analysis of
the relationship between cadmium exposure and cognitive (I2 = 64%, P = 0.008)
(Figure 2). The p-value for Begg's test was 0.071 and Egger's test was 0.056,
therefore there was no publication bias (P-value > 0.05).

Mean Difference Mean Difference
Study or Subgroup Mean Difference SE Weight IV, Random, 95% CI IV, Random, 95% ClI
Gustin 2018 5.6 1.6327 8.1%  -5.60 [-8.80, -2.40] - -
kippler 2012 055 0.2296 335%  -0.55[-1.00, -0.10] Ll
luchini 2019 -1.2 09184 17.3% -1.20 [-3.00, 0.60] -
Rodriguez-Barranco 2014 -1.23 0.6429 23.4% -1.23[-2.49, 0.03] &
zhou 2020 -1.488 0.8985 17.6% -1.49 [-3.25, 0.27] -7
Total (95% Cl) 100.0%  -1.40 [-2.44, -0.36] ‘
Heterogeneity: Tau? = 0.79; Chi2 = 11.04, df = 4 (P = 0.03); I2 = 64% : : : :
-10 -5 0 5 10

Test for overall effect: 2 = 2.64 (P = 0.008) Favours [experimental] Favours [control]

Figure 2. Forest plot urine cadmium in full scale IQ.

Cadmium exposure with the child's verbal scale IQ

The combined magnitude of the effect indicated that cadmium in the child's
urine caused a decrease of -1.03 points (95% CI:. -1.76, -0.29; P = 0.006).
This shows that the P value <0.05, which means that in this study there is a
significant relationship between cadmium exposure and Verbal IQ. This study is
heterogeneous because it can be seen in the I2 results of 53%, which indicates the
heterogeneity value of 12 > 50%, so a random effects model is used to combine the
results (Figure 3). The p-value for Begg's test was 0.312 and Egger's test was 0.236,
therefore there was no publication bias (P-value > 0.05).

Mean Difference Mean Difference
Study or Subgroup Mean Difference SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Gustin 2018 -5.6 1.6327 8.1% -5.60 [-8.80, -2.40] -
kippler 2012 -0.55 0.2296 335%  -0.55[-1.00, -0.10] Ll
luchini 2019 -1.2 09184 17.3% -1.20 [-3.00, 0.60] -
Rodriguez-Barranco 2014 -1.23 0.6429 23.4% -1.23 [-2.49, 0.03] &
zhou 2020 -1.488 0.8985 17.6% -1.49 [-3.25, 0.27] - T
Total (95% CI) 100.0%  -1.40 [-2.44, -0.36] ‘

| | | |

Heterogeneity: Tau2 = 0.79; Chi2 = 11.04, df =4 (P = 0.03); 12 = 64% T T ' T

Test Il effect: Z = 2.64 (P = 0.008 10 N 0 > 10
estfor overall effect: Z = 2.64 (P = 0.008) Favours [experimental] Favours [control]

Figure 3. Forest plot urine cadmium in verbal IQ.

Cadmium exposure with the child's performance scale IQ

The combined analysis of cadmium exposure not significantly related to
children's performance IQ was B = -1.3; 95% CI (-3.01, 0.42) using the random
effects model. However, the heterogeneity was not significant for the meta-analysis
result of the association between cadmium exposure and children’s cognitive
(I2 = 68%, P = 0.14) (Figure 4). The P-value for Begg's test was 0.159 and Egger's
test was 0.06, therefore there was no publication bias (P-value > 0.05).

CMUJ. Nat. Sci. 2022. 21(4): e2022066
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Mean Difference Mean Difference
Study or Subgroup Mean Difference SE Weight IV, Random, 95% CI 1V, Random, 95% ClI
zhou 2020 -2.466 1.0026 35.9% -2.47 [-4.43, -0.50] L
kippler 2012 -0.64 0.2602 64.1% -0.64 [-1.15, -0.13] l
Total (95% ClI) 100.0% -1.30[-3.01, 0.42]

l | | !
Heterogeneity: Tau? = 1.13; Chiz = 3.11, df = 1 (P = 0.08); I? = 68% T T I T T

Test f Il effect: Z = 1.48 (P = 0.14 10 N 0 > 10
estfor overall effect: Z = 1.48 (P = 0.14) Favours [experimental] Favours [control]

Figure 4. Forest plot urine cadmium in performance IQ.

Association of copper with cognitive development in children
There were not enough studies of copper exposure in children’s cognitive to
conduct a meta-analysis.

DISCUSSION

In this study, we have systematically reviewed the recent evidence for the
relationship between cadmium and copper exposure in children with children's
cognitive develoment. These findings suggest that there was a significant association
between cadmium exposure measured in children's urine and impaired cognitive of
children. There was one previous systematic review or meta-analysis that has
examined the the effect of cadmium in neurovelopment but an analysis was not
possible due to the insufficient number of studies during that time (Rodriguez-
Barranco et al., 2013).

In the meta-analysis results, the p-value was 0.008 for the Full Scale IQ and
0.006 for Verbal IQ. This result showed that there was a significant relationship
between cadmium exposure in children's urine and cognitive development on the Full
Scale IQ and Verbal IQ index. In the sample heterogeneity test, the sample used
were heterogeneous. It was reported that the results of the Full Scale IQ
measurement with cadmium exposure measured from children's urine with the
combined magnitude of the effect showed that an increase in the level of cadmium
levels in the urine caused a decrease of -1.4 points and the Verbal IQ caused a
decrease of -1.03 points, but there were no effect on Performance IQ. The p-value
for Begg's test and Egger's tests were > 0.05 for all studies therefore there were no
publication bias among these three meta-analyzes.

Of the 5 articles reviewed, it was found that the effect sizes varied for the Full
Scale IQ index ranging from -0.55 (Kippler et al., 2012) to the highest -5.6 (Gustin
et al., 2018). The results of this study are in line with with research Gustin et al.,
2018 which states that there was an association between cadmium exposure and a
decrease in Full Scale IQ and a study by Rodriguez-Barranco et al., 2014 with a
decrease in Verbal IQ (Rodriguez-Barranco et al., 2014; Gustin et al., 2018).

Cadmium exerts toxicity to various organ systems and tissues, such as the
respiratory, cardiovascular, nervous, and bone, by affecting their function either
directly or indirectly. This toxic effect induces degeneration or even transmutation of
cells. At the cellular level, cadmium induces both destruction and repair processes in
which cellular redox status plays an important role (Cuypers et al., 2010). There is
clear evidence on the ability of cadmium to provoke indirect oxidative damage to
DNA, through the induction of cell proliferation mechanisms, inhibition of the
apoptotic mechanism, and block the DNA repair mechanism. Oxidative stress is
assumed to be the main molecular basis underlying the cytotoxicity induced by
cadmium (Cuypers et al., 2010). Cadmium could reaches to the central nervous
system directly, which will cause a neurotoxic effect on child development and an
impact on neurodevelopment. Much of the evidence regarding cadmium-induced
neuronal toxicity was due to the induction of ROS, leading to oxidative stress.

Cadmium induces the formation of ROS which can cause apoptosis of nerve cells
CMUJ. Nat. Sci. 2022. 21(4): 2022066
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through activation of the MAPK (Mitogen-Activated Protein Kinases) and mTOR
(mammalian target of rapamycin) signaling pathways (Chen et al., 2011). Cerebral
cortical neurons have been identified as a target for toxicity. Cadmium-induced
apoptosis of cerebral cortical neurons occurs via mitochondrial Ca2* signaling.
Cadmium interferes with intracellular free calcium (Ca2*) homeostasis, leading to
neuronal apoptosis. Calcium is an intracellular ion that acts as a signaling mediator
in many cellular processes including proliferation, differentiation and cell survival (Xu
et al., 2011). In vivo and in vitro studies revealed that exposure to cadmium at
certain concentrations can produce cadmium dose-thyroid response relationships
(Buha et al., 2018). It has been known for many years that thyroid hormones are
very important in mammalian brain maturation, influencing many aspects related to
neural cell migration, differentiation, signaling, and cognitive function (Rovet, 2014).

Vacchi-Suzzi et al., have proven the stability of cadmium in both spontaneous
and morning urine samples thus showing that urine cadmium can be used as a
biomarker of long-term cadmium exposure in research (Vacchi-Suzzi et al., 2016).
The result of the study by Vacchi- Suzzi et al., could be as one explanation of the
correlation between urine cadmium levels and children's cognitive in this meta-
analysis study. Miura et al., analyzed genetic polymorphisms of people in Japan who
have jobs exposed to cadmium in cadmium toxicity susceptibility. In populations with
SNP A — G significantly reduced transcription of the metalothionein-2A gene so that
people with the G / G genotype were more sensitive to cadmium toxicity compared
to type A / A (Miura, 2009).

There were not enough cognitive studies on copper exposure to conduct a meta-
analysis. Several studies published to date have evaluated the effects of copper
exposure on children's cognitive development. Of all the studies included in this
review, the relationship was observed in two studies. Two studies conducted in China
and Italy, found that exposure can reduce children's cognitive abilities. From the 2
articles that were reviewed, it was found that the effect sizes varied for the Verbal
Scale IQ from a study by Bauer et al., 2020 in Italy which found that an increase in
copper levels in hair significantly led to a decrease in Verbal IQ of -2.9 points (CI 95
%: -5.2,-0.5, P = <0.05) (Bauer et al., 2020) and the research by Zhou et al., 2020
stated that there was a decrease in the Verbal Scale IQ of - 2.2 points (95% CI:
-4.36, -0.039, P = 0.046) on increase in copper levels in children's urine (Zhou et
al., 2020).

The results obtained from a number of experimental studies support the view
that damage ROS-induced oxidative action plays an important role in copper toxicity.
For example, excess copper can cause peroxidative damage to membrane lipids
through the reaction of lipid and oxygen radicals to form peroxy radicals, and cause
peroxidation in the lysosome membrane of liver cells (Bremner, 1998). In mice,
copper could cause oxidative injury, decreased liver GSH level and a-tocopherol,
increased levels of mitochondrial lipid peroxidation products, decreased respiratory
control ratio in hepatic mitochondria, and decreased IV complex activity (cytochrome
C oxidase) and increased levels of copper in the liver (Zhang et al., 2000). Copper
also reduced cytochrome C oxidase activity and impaired hepatic mitochondrial
respiration and increased rat liver chemiluminescence, while GSH catalase and
peroxidase activity decreased significantly. With the increase of oxidation activity that
exceeds the body's antioxidant system and induces DNA damage, lipid peroxidation,
protein modification and other effects, ROS can lead to the development of
degenerative diseases, including cancer, cardiovascular disease, diabetes,
atherosclerosis, neurological disorders, and chronic inflammation (Jomova and Valko,
2011).

Strength and limitation of the current review

No systematic review and meta-analysis has ever reported an association
between childhood Cadmium exposure and children's cognitive development. The
main strength of this research is its novelty and applied findings that can be useful
in preventing developmental retardation in children. The findings in this review also
have several limitations, such as the number of journals that carry this theme was
still very small.

CMUJ. Nat. Sci. 2022. 21(4): e2022066
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CONCLUSION

This systematic review and meta-analysis revealed that there was a significant
relationship between children's cadmium exposure measured from urine and
children's cognitive abilities. The small number of studies that have evaluated
cognitive problems due to copper exposure makes it impossible to draw clear
conclusions regarding this compound. Therefore, future research is highly
recommended to re-evaluate new data on the impact of heavy metals cadmium and
copper on children's cognitive abilities.
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