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Abstract

Emotional and behavioral problems during childhood raise the risk of subsequent developmental of mental disorders. Our
aim was to study the association between maternal metal and trace element concentrations during gestation and these
problems in 9 year-old children. The study sample comprised Spanish mother-child pairs in the INMA project (n=1003).
Metals and trace elements (As, Cd, Co, Cu, Mo, Ni, Pb, Sb, Se, Tl and Zn) were measured in urine samples collected
during pregnancy. Inorganic As metabolites were speciated in a subsample (n="729). Emotional and behavioral problems
were assessed using the Child Behavior Checklist (CBCL) composed of three scales: internalizing, externalizing and total
problems. Sociodemographic, dietary and exposure to other environmental pollutants were obtained through question-
naires. Single nucleotide polymorphisms in brain- and metabolism-related genes APOE, BDNF, GSTP1, and PONI were
determined in cord blood. Multivariate negative binomial models were used. The interaction with sex and genotypes was
evaluated including interaction terms. A multi-element analysis was carried out by a principal component analysis. Higher
concentrations of Cu, monomethylarsonic acid, and Pb during pregnancy were associated with an increased incidence ratio
risk (IRR) between 4.6 and 7.5% for internalizing and externalizing problems for all three CBCL scales in the children.
Increasing Mo, Ni and Co concentrations were associated with higher IRR for internalizing problems (up to 8%), and Cd
for externalizing problems (6.7%). Modifications by sex and genotypes were found for several associations. Multi-element
analysis associated multiple metals and trace elements (Ni, Cu, Se, Cd and Pb) with higher internalizing problems.
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Introduction (including behaviors related to anxiety, depression, somatic

complaints and withdrawal) associated with changes in eat-

Mental disorders among children and adolescents, including
anxiety or depression, behavioral disorders, and attention-
deficit/hyperactivity disorder (ADHD) (Fonseca-Pedrero et
al. 2020) are a worldwide health challenge. Their pooled
prevalence reached 20% during the last decade (Vasileva
et al. 2021). Emotional and behavioral symptoms at the
subclinical level raise the risk of subsequent development
of mental disorders. These behavioral symptoms can be
assessed during pre-adolescence through internalizing and
externalizing problems (Gonzalez et al. 2021). Internaliz-
ing or emotional problems are inward-directed symptoms

Extended author information available on the last page of the article

Published online: 22 August 2023

ing or sleeping habits, social withdrawal, violence, drug
abuse, changes in personality, and teenage suicide (Liu et
al. 2011). Externalizing, or behavioral, problems (including
aggressive and oppositional behaviors, inattention/hyper-
activity and emotion dysregulation are outward-directed
symptoms (Jaspers et al. 2012) associated with poorer edu-
cational achievement, work incapacity in young adulthood
and antisocial personality disorder (Narusyte et al. 2017).
The prevalence of internalizing and externalizing prob-
lems in Spanish adolescents was reported to be 22.6% and
14.6%, respectively (Ortuilo-Sierra et al. 2014). Pre- and
postnatal environmental exposures, including outdoor,
indoor, chemical and lifestyle exposures, have been related
to internalizing and behavioral problems (Maitre et al. 2021;
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Gonzalez et al. 2021). The European HELIX project (Mai-
tre et al. 2018) based on six longitudinal population-based
birth cohorts (N=1287 6—11 year-old children), found that
higher pre- and postnatal lead (Pb) and copper (Cu) blood
concentrations, indoor air pollution, and unhealthy diet,
were related to more internalizing and externalizing prob-
lems, whereas longer sleep duration, healthy diet and higher
socioeconomic status were associated with fewer problems
(Maitre et al. 2021). This study did not assess interaction
effects. However, sex, age, and genetics may modify these
associations during pre-adolescence and their persistence
later in life. Behavioral problems appear to be more com-
mon and more persistent in boys than girls, whereas inter-
nalizing problems are more common in girls and increases
with age (Jaspers et al. 2012; Klipker et al. 2018; Supke et
al. 2021).

Some metals, metalloids and trace elements (abbreviated
further on as metals) have been associated with mental dis-
orders. In the general population, exposure to metals mainly
occurs via diet, drinking water, air pollution, dust ingestion,
cigarette smoking, medication or dietary supplements (17).
Most metals are able to cross the placenta and the blood
brain barrier (Iyengar and Rapp 2001). The foetus is thus
particularly susceptible to exposure and, due to the devel-
opment of the nervous system, to neurotoxicity. However,
the relationship between metal exposure during the prena-
tal period and risk of internalizing and behavioral problems
during childhood remains unclear. Most of this research has
addressed exposure to lead (Pb), which has been associated
with inattention (Xu et al. 2015) and impaired cognitive
development (Yorifuji et al. 2011; Liu et al. 2014; Vigeh
et al. 2014). Other metals, or combinations of them, have
been linked to internalizing and behavioral problems. Com-
bined prenatal exposure to manganese (Mn), zinc (Zn), and
Pb have been associated with more internalizing problems
in 811 year old children (Yousef et al. 2011; Horton et al.
2018). Further, increased cord blood cadmium (Cd) concen-
trations were related to more internalizing problems in 7—8
year old boys (Sioen et al. 2013), and cord blood methylmer-
cury (MeHg) concentrations were associated with increased
ADHD symptoms in 11 year old children (Boucher et al.
2012). Moreover, sex and genetic polymorphisms have
shown to be modifiers of the toxicity of these metals (Napier
et al. 2016; Broberg et al. 2019; Lozano et al. 2021). There-
fore, further research is needed to assess the relationships
between internalizing and behavioral problems and metals,
as well as potential effect modifiers.

Some single nucleotide polymorphisms (SNPs) in 4po-
lipoprotein E (APOE), Brain Derived Neurotrophic Fac-
tor (BDNF), Glutathione S-Transferase Pi 1 (GSTPI) and
Paraoxonase 1 (PONI1) genes, have shown a possible role
in pathways related with metal neurotoxicity (Gaynor et al.
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2009; Benke et al. 2014; Trucco et al. 2018; Della Torre et
al. 2018; Paes et al. 2018; Cimino et al. 2020; Lozano et al.
2021; Treble-Barna et al. 2022). For instance, a Taiwanese
study (Ng et al. 2015) observed that children’s carriers of
APOE &4 showed a higher risk of internalizing and exter-
nalizing problems with increasing mercury at the age of
two years. Additionally, we reported in a previous study a
significant modification of the association between mercury
and externalising problems scores according to genotypes
for BDNF SNPs 151519480 and 157934165 (Lozano et al.
2021). Other SNPs are able to modify metals neurotoxic-
ity by influencing their toxicokinetics; for instance, those
in glutathione transferase related genes, considered one of
the main mechanisms of metals elimination from the body.
Thus, children from mother’s homozygote for the rare allele
(G) in the GSTPI rs1695 SNP presented worse mental
development with increasing Hg in a prospective study of
Seychellois population (Wahlberg et al. 2018).

The INMA, INfancia y Medio Ambiente (Childhood
and Environment), project is a seven birth cohorts study in
Spain that aims to study the association of the exposure to
environmental pollutants during pregnancy with children
and adolescent growth and development. Previous INMA
studies have already assessed the associated factors to the
exposure to these metals measured in urine (Lozano et al.
2022), as well as the relationship of some of them with
neuropsychological scales measured in children during the
study follow up (Soler-Blasco et al. 2020, 2021).

The objective of this study is to relate the prenatal expo-
sure to metals with pre-adolescents’ internalizing, exter-
nalizing and total problems assessed at 9 years. We also
consider the effect modification of children’s sex and genetic
polymorphisms in Apolipoprotein E (APOE), Brain Derived
Neurotrophic Factor (BDNF), Glutathione S-Transferase
Pi 1 (GSTPI), and Paraoxonase 1 (PONI), which showed
associations with behavioral problems in a previous INMA
project (Lozano et al. 2021).

Methods
Study Population

The sample was composed by participants in the Valen-
cia (east, n=_855), Gipuzkoa (north, n=638) and Sabadell
cohorts (north-east, n=777) of the INMA Project with
available metals measures. Recruitment took place by con-
secutive sampling of those women who met the inclusion
criteria: >16 years, singleton pregnancy, non-assisted con-
ception, delivery scheduled at the reference hospital, and no
impairment hindering communication. The study protocol
has been published elsewhere (Guxens et al. 2012). The
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study sample (n=1003, 45.2%) comprised mother-child
pairs for whom at least one the following metals: total arse-
nic (tAs), Cd, cobalt (Co), Cu, molybdenum (Mo), nickel
(Ni), Pb, antimony (Sb), selenium (Se), thallium (T1) and
zinc (Zn) had been determined in urine at both the first and
the third trimesters of gestation. Children’s internalizing,
externalizing and total problems were reported by mothers
at 9 years old as well as the covariates included in the study.
As metabolites (unmetabolized inorganic As (iAs), mono-
methylarsonic acid (MMA), dimethylarsinic acid (DMA)
and arsenobetaine (AB) were determined in the first trimes-
ter only in Gipuzkoa and Valencia cohorts (n=704). Char-
acteristics for the study groups included and not included in
the present study are shown in Supplemental Table S1.

Exposure Assessment

Metals and creatinine (to control for differences of urine
dilution) were determined in urine following a protocol
reported elsewhere (Lozano et al. 2022).

Urinary concentrations of total As (tAs), Cd, Co, Cu,
Mo, Ni, Pb, Sb, Se, Tl, Zn and creatinine were available in
the three INMA cohorts. Detailed description of methods,
limits of detection and references can be found in the Sup-
plementary Methods file. Metals concentrations and asso-
ciated factors have been reported previously (Soler-Blasco
et al. 2021; Lozano et al. 2022). The As speciation details
are described in a previous INMA study (Soler-Blasco et
al. 2021) and have been included in the Supplementary
Methods file. A new variable of total inorganic As (tiAs:
MMA + DMA +iAs) was created to be used in the statisti-
cal analysis. Urinary metal concentrations were expressed
in pg/g of creatinine for descriptive purposes.

Internalizing, Externalizing and Total Problems
Assessment

The presence of internalizing, externalizing and total prob-
lems in the children were assessed when they were 9 years of
age (mean [standard deviation (SD)]=9.33 (0.23) by using
the Child Behavior Checklist test (CBCL) (Achenbach and
Ruffle 2000). The test has been validated for the Spanish
population (Rubio-Stipec et al. 1990) and the scores were
used in its discrete form (natural numbers).

The CBCL provides eight syndrome scales (anxious/
depressed, withdrawn/depressed, somatic complaints,
social problems, thought problems, attention problems,
rule-breaking behavior, and aggressive behavior) grouped
by three composite scales: (1) internalizing problems (emo-
tional scales: anxiety, depression, somatic complaints); (2)
externalizing problems (behavior scales: rule-breaking and
aggressive behavior); and (3) total problems, which is the

sum of internalizing, externalizing, and three other scales
which are considered mixed-syndrome scales that do not
belong to either domain: social, thought, and attention prob-
lems (Achenbach and Rescorla 2001). The total problems
composite scale finally quantifies general impairment and
corresponds to the sum of scores from all eight syndrome
scales, together with a group of 17 “other problems” items
that do not belong to any specific syndrome scale. The
CBCL is a one hundred and twelve-item parent-report ques-
tionnaire which refers to problems that might have occurred
in the preceding two months and are rated on a three-point
scale (0=not true, 1 =somewhat or sometimes true and
2=very or often true). Higher scores mean more behav-
ioral problems in all scales. Parents assessed the behavioral
functioning of pre-adolescents under the supervision of a
trained psychologist blinded to the metals exposure status
of the children.

Sociodemographic Covariates

Sociodemographic, environmental and lifestyle informa-
tion was collected by trained interviewers using question-
naires at the first trimester (mean [SD]=13.21 [1.58] weeks
of gestation) and at the third trimester (mean [SD]=32.3
[2.21] weeks of gestation). The maternal covariates used
in this study were age (years), body mass index (BMI)
(kg/m?), country of birth (Spain, Latin America, other),
education level (up to primary, secondary, university), par-
ity (0, 1, >2), type of zone of residence (urban, semi-urban,
rural), working during pregnancy (yes/no), smoking during
pregnancy (yes/no), and passive exposure to tobacco smoke
(yes/no). Children’s sex (male/female) and their age at the
time of the test (years) were also collected. Family social
class was defined from the maternal or paternal occupation
during pregnancy with the highest social class, according
to a widely used Spanish adaptation of the International
Standard Classification of Occupations, approved in 1988
(ISCO88) (Class I+II: managerial jobs, senior technical
staff and commercial managers; class III: skilled non-man-
ual workers; and class IV +V: manual and unskilled work-
ers) (Domingo-Salvany et al. 2013).

Dietary Covariates

Information on diet during pregnancy was obtained from a
validated food frequency questionnaire (FFQ) completed
at the time of sampling (Vioque et al. 2013). We obtained
data (expressed as the mean of the daily servings registered
in both trimesters) on the consumption of dairy products,
eggs, meat, seafood, fruit, vegetables, legumes, nuts, pota-
toes, cereals and pasta, bread, sweets, beverages with and
without alcohol, coffee, tea and other infusions, animal and
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vegetal fats, processed food and dressings. Estimates on
daily caloric intake were derived from the FFQ.

Environmental Covariates

Exposure to environmental pollutants was assessed through
questionnaires at the third trimester of pregnancy according
to the participants’ perception and included the proximity
of the house to a street with traffic (metres), the frequency
with which cars pass near the house (constantly, frequently,
rarely, never), the frequency with which heavy traffic passes
near the house (constantly, frequently, rarely, never), and the
proximity to a greenhouse (yes/no), to a crop field (yes/no)
or to industrial activity (yes/no).

Percentages of agricultural areas, semi-natural areas and
wetlands in use, urban fabric land use and green urban areas,
and sports and outdoor leisure facilities near the house were
obtained within a buffer area of 300 m for each geocode of
the house (Lozano et al. 2022).

Prenatal exposure to air pollutants including particulate
matter (<2.5 pm in diameter, PM, 5 pg/m’) and nitrogen
dioxide (NO,) was also measured following the method-
ology explained in previous INMA studies (Iiiiguez et al.
2009; Lertxundi et al. 2019) and detailed in the Supplemen-
tary Methods file.

Genetic Analysis

Cord blood DNA was used for genotyping in all three
cohorts (n=1221) and available for 716 (69.7%) of the
samples included in the present study: Gipuzkoa (n=295),
Sabadell (n=195), and Valencia (n=226). Detailed infor-
mation about genotyping and quality control is available
in the Supplementary Methods file. We assessed several
single nucleotide polymorphisms (SNPs) in genes previ-
ously related to metal toxicity and behavioral problems:
rs429358, 15769449, and rs7412 (APOE); rs11030104,
rs10835210, rs2049045, rs11030119, rs7934165, rs6265
and rs962369 (BDNF), rs1138272 and rs1695 (GSTP1); and
15662 (PONI) (Supplemental Table S2).

Statistical Analysis

Descriptive statistics were performed for CBCL behavioural
tests (mean and standard deviation (SD)). Kruskal-Wallis
tests were carried out between CBCL scores and categorical
covariates for contrasting the scores between socio-demo-
graphic, environmental, dietary and genetic characteristics
of the study population. Spearman tests adjusted for cohort
were performed to evaluate correlations between CBCL
scores and continuous covariates. Metal levels measured in
the first and third trimesters were averaged to smooth the
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variance and better estimate the exposure during all the
pregnancy. These averaged metals exposure were described
calculating their geometric mean (GM) and confidence
intervals (CI). Due to their skewed distribution, they were
log2-transformed before their inclusion in statistical mod-
els. In order to identify possible susceptibility windows, we
also did analysis separately for first and third trimester.

To eliminate the influence of seafood arsenicals, we cali-
brated the methylated and non-methylated species concen-
trations using a mathematical method proposed by Jones et
al. (Jones et al. 2016). See Supplemental Methods file for
details.

To assess the relation between prenatal exposure to met-
als during pregnancy and the scores on the CBCL behav-
ioral tests, multivariate negative binomial models were
built following a two steps procedure. Firstly, three out-
come multivariate models were built for the CBCL scales
in their discrete form (internalizing, externalizing and total
problems). To do this, bivariate and multivariate negative
binomial models adjusted for sex, age at test and cohort
were assessed. Each multivariate model was built as fol-
lows: (1) Obtaining a sociodemographic multivariate basal
model by using all the sociodemographic covariates previ-
ously associated with a p-value <0.2 in the bivariate analy-
ses. Following a backward elimination procedure, all the
sociodemographic covariates associated with the outcome
at a p-value level <0.1 in the likelihood ratio test were
retained in the model; (2) Dietary covariates were added
to this sociodemographic basal model individually and
those with a p-value<0.2 were candidates to enter in the
model. Following a backward elimination procedure, all the
dietary candidate covariates associated with the outcome at
a p-value level < 0.1 were also retained in the model; (3)
The same procedure was repeated on this new sociode-
mographic and dietary basal model using environmental
covariates in order to obtain the final outcome multivariate
model. Models with dietary covariates were also adjusted
for caloric intake.

Secondly, each log2-averaged metal variable was intro-
duced into each outcome multivariate model obtaining
forty-five multivariate models. The log2-averaged metal
concentrations (unadjusted for creatinine) were included in
the models with urinary creatinine added as a separate inde-
pendent variable (Barr et al. 2005). All covariates associated
with each metal exposure described in a previous INMA
study carried out on the same sample were considered to
be potential confounders (Lozano et al. 2022). This proce-
dure was repeated using each metal individually measured
at first and third trimesters in order to assess the difference
in associations between metals in early and late pregnancy.
The coefficients of these negative binomial models are pre-
sented as Incidence Risk Ratios (IRR) and they mean the
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risk of a one-point of increase in the score with one unit
of the exposure increase. The associations were consid-
ered statistically significant in the final multivariate mod-
els at the p-values <0.05 and marginally significant at the
p-values <0.1.

Generalized additive negative binomial models were also
built to evaluate non-linear patterns. Linear and non-linear
models were compared through Akaike (AIC) scores. Then,
the model with the lowest AIC was chosen and checked
with graphical examination. Segmented models were used
to determine possible break-points in the linear association
between each outcome and metals concentrations (Muggeo
2003).

Effect modifications by children’s sex and SNPs were
evaluated through inclusion of an interaction term in the
models. Metals coefficients according to each sex and geno-
type were graphically evaluated. Multi testing correction by
false discovery rate (FDR) was applied for the SNPs effect
assessing.

Sensitivity analyses were performed excluding the par-
ticipants from Sabadell cohort due to its different analytical
methodology for metal analysis. See Supplemental Methods
file for details.

Additionally, a multi-element analysis was carried out by
means of a principal component analysis (PCA) with vari-
max normalized rotation (Kaiser 1958), using only the uri-
nary metal concentrations (as the first- and third-trimester
average concentrations) adjusted for creatinine. PCA was
used in order to assess correlation patterns and identify clus-
ters among metals. These clusters may indicate which uri-
nary metals are associated with each other based on sources
of exposure and the influence of associated sociodemo-
graphic, environmental and dietary factors (Bommarito et
al. 2019). The main principal components were included in
the multivariable adjusted models for each CBCL outcome
to identify clusters associated with CBCL scales.

The validity of the regression models was tested by resid-
ual analysis. No influential data was identified by graphical
representation. Collinearity diagnostics were conducted on
the final models.

Statistical analysis was performed with the R statistical
package (v. 4.1.1) (R Core Team 2017).

Results

Children’s CBCL scores according to sociodemographic,
dietary and environmental characteristics are shown in Sup-
plemental Table S3. The mean age of the mothers at the time
of conception was 30.6 years, around 92% of them were
born in Spain, around 35% had a university degree, more
than 40% belonged to the lowest social class and almost

80% lived in urban and semi-urban areas. Around 85% of
the women worked and did not smoke during pregnancy.
Children from the Gipuzkoa cohort showed better behav-
ioral test results for all three scales, i.e. the lowest CBCL
scores. Children showed higher scores (worse test results)
for all scales when living near a greenhouse (Supplemental
Table S3). Children also showed higher scores when their
mothers were born abroad, had higher BMI, a low edu-
cational or social class level, were non-workers, active or
passive smokers, or had a higher consumption of potatoes,
bread or meat (especially red and processed meat) during
pregnancy (Supplemental Table S3). Boys showed higher
scores than girls, but only for externalizing problems. Statis-
tically significant positive correlations were found between
MMA concentrations and internalizing and total problems.
Details, discussion about metals concentrations and their
contextualization with respect to other studies, and metals
correlations have been shown in a previous study with the
same population (Lozano et al. 2022). Regarding the dif-
ferences of the study participants not included in the pres-
ent study, we found higher proximity to traffic, agricultural
areas and crop fields, and lower fish and cereals consump-
tion (Supplemental Table S1).

Variables included in the multivariate models for the
internalizing, externalizing and total problems scales are
shown in Figure S1. Figure 1 shows the Incidence Rate
Ratios (IRR) for the averaged log2-transformed mater-
nal urinary metal concentrations in relation to the three
CBCL scales scores in the final adjusted multivariate mod-
els (effect estimates are presented in Supplemental Table
S4). Higher maternal urinary concentrations of Cu, MMA
and Pb were associated with a higher incidence ratio risk
(IRR 4.6-7.5% of increase) for all three CBCL scores in
the children. Co, Mo, and Ni were associated with higher
risk for internalizing problems (up to 8% of increase), and
Cd with higher risk for externalizing problems (6.1%). The
arsenic metabolism efficiency (by adding percentages of
the individual As metabolites to the adjusted multivariable
models; data not shown) only showed marginal significance
for %MMA for internalizing problems (1.3% of increase in
IRR, p-value=0.066). Detailed information regarding IRR
coefficients for each adjusted multivariable model, effect
modification by sex, and sensitivity models can be found in
Supplemental Table S4. Sensitivity models excluding Sab-
adell (n=729) did not show discrepancies compared with
multivariable models including all three cohorts (n=1003).

Some of the associations between maternal metals con-
centrations and children’s scores showed a sex-dependent
pattern with interaction p-values statistically significant
for Ni and Se. (Supplemental Table S4). Ni concentrations
were positively associated with internalizing problems only
in boys (IRR increased in 10.4%, p-value=0.006), and Se
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Internalizing problems Externalizing problems Total problems
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n=704 n=704 n=704
Total inorganic arsenic — S —_
p=0589 p=0.096 p=0.246
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p=0.009 p=0.016 p=0.011
n =704 n=704 n =704
Dimethylated arsenic _— & —_—
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n=704 n=704 n=704
Unmetabolised inorganic arsenic
p=0,908 p=0.647 p =0.400
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n =906 n =906 n =906
Copper & & ' g
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n=1002 n =996 n=1002
Molybdenum ® & ®
p=0.040 p=0.444 p=0.302
n=975 n =969 n =969
Nickel
p=0.029 p=0486 p=0.088
n =968 n =968 n=974
Lead b
p=0.028 p=0.027 p=0.046
n=974 n=974 n=974
p=0958 p=0577 p=0916
n=959 n=981 n =959
p=0.186 p=0528 p=0177
n =996 n=1002 n=1002
Thallium E— ' —
p=0.255 p=0.159 p=0.113
n =992 n =992 n=992
Zinc ®- o d
p=0.196 p=0.138 p=0.132
095 1.00 1.05 1.10 115 095 1.00 1.05 110 115 095 1.00 1.05 110 115

Fig. 1 Maternal log2-metal concentrations in urine and incidence risk
ratios (IRR) for internalizing, externalizing and total problems

Only metals coefficients adjusted for covariates are showed. All mod-
els were adjusted for smoking, parity, maternal education, BMI, cohort,
sex, age at the time of the test and creatinine. Confounders from each
metal basal model modifying more than 10% of the metal coefficient

was positively related to total problems in girls (IRR 9.5%
of increase, p-value=0.048). Other metals’ coefficients
showed a non-significant sex-dependent effect. Pb con-
centrations were positively associated with all three CBCL
scales only in boys (an IRR increase of 7.3%, 9.6% and
5.1% for the internalizing, externalizing and total problems
scales, respectively) and Zn concentrations were positively
associated with the three scales only in girls (7.6%, 9.4%
and 6.4%) (Supplemental Figure S2). Boys only showed
associations with maternal total iAs (10.2% and 6.1% higher
IRR for externalizing and total problems, respectively),
MMA (8.2% for internalizing problems), DMA (9.3% and
5.6% for externalizing and total problems, respectively)
and Ni (7.9% for total problems) (Supplemental Figure S3).
Girls only showed associations with maternal Co (6.0% and
5.1% for internalizing and total problems, respectively),
Cu (7.9.% and 6.5% for externalizing and total problems,
respectively), Se (12.9% for internalizing problems), and
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IRR

in each multivariable model were also incorporated (see supplemental
material). Metals in bold were assessed in all three cohorts (Gipuz-
koa, Sabadell and Valencia) and As metabolites only in Gipuzkoa and
Valencia cohorts. IRRs mean the risk of a one-point of increase in the
score with one unit of metals concentration increase.

Tl (9.6% and 7.0% for externalizing and total problems,
respectively) (Supplemental Figure S4).

Most significant relationships between metals concen-
trations and CBCL scales were linear (Supplemental Table
S4). There were some exceptions with non-linear relation-
ships showing inverted U shapes (with specific concentra-
tion break-points in the linear relationships) according to
the plotting and AIC criteria: MMA concentrations showed
an estimated break-point at 0.95 pg/L (p-value of the
smooth term 0.019) for internalizing problems scale, 0.72
ug/L (0.006) for externalizing problems scale, and 0.92
ug/L (0.023) for the total problems scale); DMA showed
estimated break-points at 5.2 pg/L (0.005) for externaliz-
ing problems and 5.6 pg/L (0.018) for total problems; Co
showed a break-point at 0.16 pg/L (0.076) for internalizing
problems; and Mo a break-point at 15.8 pg/L (0.085) for
internalizing problems and 27.2 pg/L (0.086) for total prob-
lems. No differences in associations between metals in early
and late pregnancy were found excepting in the case of Ni,
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which only showed significance at the first trimester (4.8%).
Coeflicients details for all multivariable models are shown
in Supplemental Table S4. These inverted U-shape non-
linear relationships indicate higher scores with increasing
metal concentrations until reaching the linearity break-point.
For increasing metal concentrations above the breakpoint,
the scores no longer correlate with metal levels or even
decrease, showing a potential dose-effect association.

PCA with varimax normalized rotation pointed to three
optimal principal rotated components (RC) by using non-
graphical solutions for Cattell’s scree test (Raiche et al.
2013), which explained 57% of the total variance (Supple-
mental Figure S5). PCA clustered the metals to each RC as
follows: (1) RC1: Ni+ Cu + Se + Cd +Pb (24% of explained
variance); (2) RC2: Co+Zn+Mo+ Sb (18%); and (3) RC3:
AB+DMA+MMA+iAs (15%) (Supplemental Table S5).
These RC were assessed as exposures in the multivariable
adjusted models for each outcome. RC1 showed marginal
significance for internalizing and total problems (9.2% and
8.3% increased IRR, respectively).
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Fig. 2 Incidence risk ratios (IRR) for cobalt (Co) with modified effect
on the internalizing problems scores according to genotypes of APOE
rs429358 (A), BDNF 1511030119 (B) and BDNF 15962369 (C); and
for lead (Pb) and monomethylated arsenic (MMA) on total problems
scores depending on BDNF rs11030104 (D and E, respectively)

Only models with corrected interaction p-values with FDR <0.1 are
shown. IRR (Confident Interval 95%) and p-values included in the
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Several SNPs modified the associations between mater-
nal metal concentrations and CBCL scores in the children
after correction for multiple testing (FDR < 0.1, Fig. 2). The
association between Co and internalizing problems differed
according to APOF rs429358 (unadjusted interaction term
p-value=0.024), BDNF rs11030119 (0.029) and rs962369
(0.025) genotypes. Only children homozygous for com-
mon alleles 0f rs429358, rs11030119, and rs962369 showed
increased IRR of internalizing problems with increasing
Co concentrations (17.4%, 6.2% and 6.3%, respectively),
whereas children being variant homozygotes of rs11030119
or 1s962369 had lower scores (IRR —21.9% and —22.7%,
respectively). The associations between Pb and MMA
and total problems were modified according to BDNF
rs11030104 (0.010 and 0.004, respectively) genotype. For
total problems, children being homozygous for the common
allele of rs11030104 showed higher risk with increasing Pb
(6.7% increase) and children homozygous or heterozygous
for rs11030104 showed higher risk with increasing MMA
concentrations (11.3% and 11.2%, respectively). For both
Pb and MMA, homozygous carriers of the variant allele of
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plots below to the metal exposure for each genotype of reference. IRRs
mean the risk of a one-point of increase in the score with one unit of
metals concentration increase
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rs11030104 showed decreasing scores (16.3% decrease).
No interactions were found for PONI and GSTPI.

Discussion

The aim of the study was to study the relationship between
prenatal urinary concentrations of metals and internal-
izing, externalizing and total problems assessed during
pre-adolescence, taking multiple covariates and confound-
ers into account. We observed that increasing concentra-
tions of some metals in maternal urine during pregnancy
increased the risk of presenting internalizing and externaliz-
ing problems among children at 9 years of age. Specifically,
increasing prenatal concentrations of Cu, MMA and Pb
were associated with an increased risk for all three problem
scales. Increasing prenatal concentrations of Mo, Ni and Co
were associated with higher risk for internalizing problems,
and Cd with externalizing problems. We also performed a
multi-element analysis and we found that the mixture of Ni,
Cu, Cd, Se and Pb increased the risk of internalizing and
total problems, although, the association was only margin-
ally significant. BDNF seem to be the most important sus-
ceptibility gene for several metals. Boys are more sensitive
to heavy metals whereas girls to trace elements.

Early life exposure to Pb has previously been associ-
ated with different behavioral outcomes during pre-adoles-
cence; for instance, blood Pb levels measured during late
pregnancy increased the risk of behavioral problems in 5
year-old boys from Korea (n=1751) (Joo et al. 2018), and
worse executive functions (n=>549) in 6-7 year-old Mexi-
can children (Merced-Nieves et al. 2022a). Additionally, in
both studies sexually dimorphic differences on the prenatal
Pb neurobehavioral function effects were observed, similar
to our study; boys obtained worse scores with increasing
Pb for all three scales. The relationship between prenatal
exposure to a mixture of Pb, Mn, Hg and Se (measured in
maternal erythrocytes) and children’s social, emotional,
and self-regulatory behaviors at 7 years was evaluated in
mother-child pair participants in the VIVA Project in the
USA (n=1006) (Fruh et al. 2019). In this study, a trend
of worsening performance with increasing concentrations
of the mixture was observed, with Pb and Se as the larg-
est contributors. A combined effect of particulate matter, Pb,
Mn, and Ni airborne exposure during pregnancy was associ-
ated with increased risk of autism in 3—18 years old children
from the USA (n=325 cases and 22,101 controls) (Roberts
Andrea et al. 2013).

In our study, prenatal exposure to other toxic metals, such
as Cd, Ni and MMA, also increased the risk of children’s
behavioral problems. The literature regarding behavioral
effects associated with prenatal exposure to these metals is
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more limited and the results are heterogeneous. A prospec-
tive study of Belgian children highlighted an increased risk
for internalizing problems in 7- to 8-year old boys, but not
in girls, with higher cord blood Cd concentrations (n=270)
(Sioen et al. 2013). Similarly, in a Chinese study, maternal
blood Cd concentrations were negatively associated with
the social domain among 12 months old children (n=300)
(Wang et al. 2016). Contrarily, Cd measured in maternal
blood did not correlate with problematic behavior among
3-5 years old children from Greenland (n=102) (Korn-
vig et al. 2021). In a smaller study conducted on pregnant
women of Arab-Bedouin origin (Karakis et al. 2021), a link
was observed between maternal concentrations of several
metals, including Li, Co, Ni, Sr, V, As, Mo, and Cd and
behavioral outcomes in the children at an age of 6 years
(n=111). In a recent study conducted in Mexico, the behav-
ioral effects of a mixture of maternal blood Mn and Pb and
urinary Cd and total As (which may include the non-toxic
organic arsenic) were evaluated among 322 6-7 year-old
children (Merced-Nieves et al. 2022b). This mixture was
associated with a significant decrease in several task per-
formance measures (related with learning behavior), with
Pb, Cd and As being those which contributed the greatest
weight to the mixture effect. Regarding prenatal exposure
to arsenic, in a mother-child cohort from rural Bangladesh
(n=1523) prenatal exposure to total As (which in this cohort
was shown to mainly reflect inorganic arsenic) was associ-
ated with several outcomes related with behavior, especially
in girls (Hamadani et al. 2011; Vahter et al. 2020). It should
be noted that a previous publication conducted on the same
population as the present study reported an inverse asso-
ciation between maternal urinary MMA concentrations and
the scores obtained by the children in the McCarthy Scales
of Children Abilities at 5 years of age (Soler-Blasco et al.
2022).

Associations between maternal levels of Cu, Mo and
Co, and children’s behavioral problems have been scarcely
reported in the literature. A study conducted with Polish
children at an early school age evaluated the association
between maternal blood (and hair for Hg) concentrations of
Pb, Cd, Hg, Se, Zn and Cu and neurodevelopmental out-
comes including externalizing and internalizing problems
(n=436) (Gari et al. 2022). Authors reported some long-
term deleterious effects of two neurotoxic metals (Hg and
Pb) and two micronutrients (Zn and Se) on child behavior
and IQ. A recent multi-element analysis performed in the
US Rhode Island Child Health Study (n=192) found a posi-
tive association (worse tests results) between increased lev-
els of a mixture of placental metals (Cd, Co, Cu, Fe, Mn,
Mo, Se and Zn) and atypical behavior in newborns (Tung et
al. 2022), with Cd having the largest weight in the mixture
effect.
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Human exposures to metals and metalloids frequently
occur as mixtures, and hence it is important to consider the
joint action of these elements, which may produce additive,
synergistic/potentiating, or antagonistic effects (Nordberg et
al. 2014). In the present study, we observed an increased
risk of internalizing and total problems related to the mix-
ture of Ni, Cu, Cd, Se and Pb. If we consider their action
individually, Cd was not associated with the CBCL scores
and Se only for females. This fact could be indicating that
toxicity of Cd or Se seems to be enhanced by the action of
other metals, such as Cu, Ni or Pb. At present, there is much
to be learned about the joint action of both toxic and trace
elements, and this is clearly a critical area of research. There
is a pressing need for an in-depth discussion of the public
health implications of exposure to mixtures of metals and
the role of modified dose-response relationships in the risk
assessment of such exposures.

Comparability between the different studies evaluat-
ing the influence of prenatal levels of metals on children’s
behavior is challenging, since the exposure assessment, the
tests for internalizing and externalizing problems, and age
of the children tested differ between studies. Different bio-
logical samples (urine, serum, plasma, erythrocytes, total
blood, placenta) taken at different time points during the
prenatal period have been used. Urinary metals have been
frequently used as an indicator of recent exposure and it is
considered as an appropriate biomarker for some metals,
such as As, Cd or Co (Nordberg et al. 2014). However, for
other metals, such as Pb, concentrations in blood are con-
sidered more suitable for biomonitoring than urine because
it reflects the combination of exposure during the previous
months and exposure over the past few years (Nordberg et
al. 2014). Blood, plasma, serum, or urinary Ni, Se, Zn and
Mo measurements can be useful monitors of environmen-
tal or occupational exposures (Nordberg et al. 2014). Most
metals evaluated in this study are able to cross the placenta
and blood-brain barriers and provoke changes, such as neu-
rotransmitter impairment or brain cell death and degenera-
tion, which seem to increase the susceptibility to develop
negative effects in the neuropsychological development
throughout childhood (Grandjean and Landrigan 2006;
Heindel et al. 2015).

The children’s genetic background could be also influ-
encing the heterogeneity of the results observed in the dif-
ferent studies. The main genetic effect modification was
found for the BDNF gene. BDNF is coding for a polypep-
tide known to play an important role in the survival, dif-
ferentiation and outgrowth of neurons during development
and adulthood (Lu et al. 2014). Additionally, several lines of
evidence suggest that BDNF plays a role in the pathogen-
esis of some behavior problems, such as ADHD (Luo et al.
2020; Chang et al. 2020). Lower blood levels of BDNF have

been observed among children with ADHD and with autism
spectrum disorders (Skogstrand et al. 2019). Previous stud-
ies, mainly on mercury, have reported that different BDNF
genotypes are able to moderate the impact of early exposure
to this metal on child neurodevelopment (Julvez et al. 2013,
2019; Woods et al. 2014). In a previous study on the INMA
cohort, the association between postnatal mercury exposure
and children’s behavior was modified by BDNF rs1519480,
rs7934165, and rs7103411 (Lozano et al. 2021). The litera-
ture about other BDNF-metal interactions and neurotoxic-
ity is still limited; however, exposure to As, Pb or Cd, has
been associated with alterations in serum concentrations
of BDNF (Karim et al. 2019; Malavika et al. 2021; Rodri-
guez-Carrillo et al. 2022) and in some studies these altera-
tions were associated with children’s neuropsychological
development. Epigenetic changes of BDNF has been also
associated with metal exposure (Karim et al. 2019). In the
present study we observed a significant effect modification
for the BDNF rs11030119, rs11030104 and rs962369 poly-
morphisms. Specifically, the genotypes at risk of obtaining
worst internalizing and total problems with increasing pre-
natal exposure to Co, Pb or MMA were AA in rs11030104,
GG and GA inrs11030119 and TT and TC in 1s962369.

For APOE 1s429358: children carrying the C allele had
worse internalizing problems scores with increasing Co.
APOE is a crucial factor involved in cholesterol metabo-
lism, neurite growth, and neuron repair in the central ner-
vous system. The rs429358 corresponds to an arginine to
cysteine amino acid exchange at amino acid position 130.
This change determines the €4 genotype, a major genetic
susceptibility factor for neurodegenerative diseases, includ-
ing Alzheimer (Jayadev 2022). Ng et al. (2013) found that
€4 carriers prenatally exposed to methyl-Hg had poorer neu-
rodevelopment and higher scores in the general internaliz-
ing, emotionally reactive, and anxiety/depression, as well as
CBCL total scores, at 2 years of age (Ng et al. 2013). Con-
trarily, a study in mother-infant pairs living in and around
Mexico City (Wright et al. 2003) observed a possible pro-
tection against Pb exposure among €4 carriers; the negative
association between Pb and the mental development scale at
24 months was stronger among non-&4 carriers. Polymor-
phisms in APOE seem to play a role on metals neurotoxic-
ity and further studies exploring this mechanism should be
developed to settle the role of this gene.

In relation to pre-adolescent’s sex we observed some
differences. Girls had a higher risk of total problems with
increasing Se compared with boys. Boys had a higher risk
of internalizing and externalizing problems with increasing
Ni concentrations than girls. Although other interactions
were not significant, they are worth noting. For instance,
Pb concentrations were positively associated with all three
CBCL scales only in boys, and Zn concentrations were
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positively associated with all scales only in girls. Boys only
showed associations of MMA and Ni with internalizing
and total problems, and tiAs and DMA with externalizing
and total problems. Girls only showed significant associa-
tions of Co with internalizing and total problems and Cu
and TI with externalizing and total problems. Previous stud-
ies have evaluated the sex-specific toxic effect of some of
these metals during pre-adolescence. Thus, although both
sexes are affected by Pb exposure, the incidence, manifes-
tation, and severity of outcomes appears to be stronger in
boys than in girls (Singh et al. 2018). These differences have
been explained by the neuroprotective role of some sex ste-
roid hormones (estradiol and progesterone), sex-dependent
effects of Pb on gene expression, and sex specific epigenetics
changes induced by Pb (Khalid and Abdollahi 2019). Other
metals seem to show sex differential neurotoxic effects. For
instance, in a birth cohort from Massachusetts (USA), a
doubling of cord blood Mn was positively associated with
internalizing symptoms for girls (Rokoff et al. 2022). In the
PRISM pregnancy cohort in Boston and New York (USA),
prenatal exposure to a mixture of seven metals was associ-
ated with significantly increased scores on the temperamen-
tal domain of fear in infants, with girls showing particular
sensitivity Information regarding sex differences in suscep-
tibility of most part of the metals is still too scarce to draw
any definitive conclusion and more research is highly war-
ranted about this matter.

Strengths and Limitations

This study is based on a large prospective study of Span-
ish birth cohorts, with extensive information about envi-
ronmental, dietary and life-style factors. We measured
multiple maternal metals during the pregnancy and studied
metals interactions and their effect using a multi-element
approach. Also, we have included speciated As in the analy-
ses and this is the first study, as far as we know, evaluating
the effects of prenatal concentrations of inorganic As and
its methylated forms on behavioural outcomes. One advan-
tage of this study is its prospective design, which made it
possible to obtain detailed information concerning mater-
nal and child characteristics that may affect neuropsycho-
logical development. However, this study was conceived to
specifically assess the prenatal effect and we did not assess
the confounding effect of postnatal covariates which could
potentially affect neurodevelopment such as breastfeeding
(Amaro et al. 2022), tobacco exposure (Anadon et al. 2022),
as well as lower social class, multiparity and greater number
of older siblings (Pham et al. 2022). Also, postnatal covari-
ates collected in the INMA study will cause a loss of sample
size and a consequent lack of robustness in the confounding
assessing. Additionally, the prospective follow-up will also
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enable us to study the persistence of the metal neurotoxic-
ity at further ages, although the lack of later CBCL scores
or school information did not allow us to evaluate potential
differences in children’s behavior across time points and
locations. We also evaluated the influence of certain fac-
tors, such a genetic polymorphism and children’s sex, on
the effect of metals on children’s behavior. This could con-
tribute to the identification of high-risk subpopulations and
improve public health interventions aimed at preventing the
neurobehavioral impacts of metals exposure. The study has
other limitations. First, metals concentrations were mea-
sured at two laboratories. However, we carried out sensitiv-
ity analyses excluding the Sabadell cohort without finding
significant discrepancies. In addition, only 45% of the study
population included initially in the cohorts participated in
this study, the main causes being the unavailability of met-
als concentrations at both trimesters in order to assess the
exposure during all the pregnancy or the lack of children’s
behavioral assessments at 9 years. Finally, the PCA used
to assess the multi-element analysis showed inconclusive
results. However, the results may be useful to develop fur-
ther research focused in multi-pollutant effects.

Conclusions

In this large prospective birth cohort study we found that
increasing prenatal levels of Cd, Co, Cu, tiAs, DMA, MMA,
Mo, Ni, Pb, Se, Tl and Zn were associated with increased
emotional and behavioral problems during pre-adolescence.
We also observed that this association might be modified by
certain genetic, sex and sociodemographic factors. Identify-
ing susceptibility factors and other modifiers is important for
understanding potential biological mechanisms and for the
protection of vulnerable subpopulations. Larger prospective
studies designed to address susceptibility factors may help
unravel the complexity in metals-neurodevelopment asso-
ciations. As we progress toward investigating the effects of
the exposome, it is imperative that modifying factors are
more fully examined. The present study shows that some
modifiable lifestyles, food intakes, environmental factors,
as well as sex and genetics, could be associated with pre-
natal exposure to metals and their effect on these disorders
later in life, which may be considered in further studies to
assess public health interventions.
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