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Abstract

Early-life exposure to inorganic arsenic (iAs) may adversely impact health later in life. To
date, evidence of iAs adverse effects on children’s neurodevelopment comes mainly from
populations highly exposed to contaminated water with conflicting results. Little is known
about those effects among populations with low iAs exposure from food intake. We
investigated the cross-sectional association between exposure to iAs and
neurodevelopment scores among children living in Spain whose main route of exposure
was diet. Arsenic species concentrations in urine from 400 children was determined, and
the sum of urinary iAs, dimethylarsinic acid, and monomethylarsonic acid was used to
estimate iAs exposure. The McCarthy Scales of Children’s Abilities was used to assess
children’s neuropsychological development at about 4-5 years of age. The median
(interquartile range) of children’s sum of urinary iAs, MMA, and DMA was 4.85 (2.74 -
7.54) ug/L, and in adjusted linear regression analyses the natural logarithm transformed
concentrations showed an inverse association with children’s motor functions (B, [95%
confidence interval]; global scores (-2.29, [-3.95, -0.63]), gross scores (-1.92, [-3.52, -
0.31]) and fine scores (-1.54, [-3.06, -0.03]). In stratified analyses by sex, negative
associations were observed with the scores in the quantitative index (-2.59, [-5.36, 0.17])
and working memory function (-2.56, [-5.36, 0.24]) only in boys. Our study suggests that
relatively low iAs exposure may impair children’s neuropsychological development and
that sex-related differences may be present in susceptibility to iAs related effects; however,
our findings should be interpreted with caution given the possibility of residual
confounding.

Keywords: urinary arsenic species, inorganic arsenic, children, neuropsychological
development, dietary arsenic, developmental toxicology, neurodevelopment, environment,
and McCarthy Scales of Children’s Abilities.

1. Introduction

Arsenic is a ubiquitous element in the environment that occurs in different oxidation states
(=3, 0, +3, +5) in both organic and inorganic forms that constitute total arsenic (referred to
as “arsenic” in this study) (WHO, 2001). Intake of inorganic arsenic (iAs), including
arsenite (As'"") and arsenate (AsV), is an established cause of cancer of the lung, skin, and
bladder and a possible cause of others, with accumulating evidence of effects on non-cancer
health outcomes such as neurological, cardiovascular, respiratory and metabolic diseases
(IARC, 2012; Nachman et al., 2017; Sanchez et al., 2016; Tsuji et al., 2015). The
metabolism of iAs involves a series of reduction and oxidative methylation processes
catalyzed by the enzyme arsenic-methyltransferase with S-adenosylmethionine as the
methyl group donor that results in the formation of the pentavalent monomethylarsonic
acid (MMA) and dimethylarsinic acid (DMA) that are primarily excreted in the urine
(Antonelli et al., 2014; Jansen et al., 2016; Tseng, 2009). The trivalent forms of iAs, MMA,
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and DMA are considered to be more toxic forms with MMA"! having the highest toxicity
followed by iAs'"' (Tseng, 2009). Direct ingestion of DMA and MMA in the pentavalent
form may be excreted in the urine unchanged potentially posing less toxic effects (Buchet
et al., 1981; Cohen et al., 2006; Meharg et al., 2014; Molin et al., 2015; Tseng, 2009). The
sum of urinary iAs and methylated arsenic species concentrations (i.e. MMA and DMA) is
considered a reliable biomarker of short-term exposure to iAs from all sources, and it also
appears to be a reliable source of long-term exposure among individuals with consistent
patterns of exposure such as child populations whose diet is generally of lower food
diversity (EFSA, 2009; Kile et al., 2009; Marchiset-Ferlay et al., 2012; Navas-Acien et al.,
2009; Signes-Pastor et al., 2017b). Oxidative stress is considered to be a potential
mechanism of iAs toxicity, and increasing evidence suggests that this mechanism may be
responsible for iAs related neurotoxicity and impaired neurodevelopment (Grandjean and
Landrigan, 2014; Tolins et al., 2014).

A growing number of epidemiologic studies suggest that children’s iAs exposure adversely
impacts health later in life, including neurodevelopment (EFSA, 2009; Freire et al., 2018;
Grandjean and Landrigan, 2014; Nachman et al., 2017; Tolins et al., 2014; Tsuji et al.,
2015; Wasserman et al., 2014); however, the consistency and generalizability of these
findings has not been established yet, especially among populations whose main exposure
source is diet. This includes the Spanish population for whom ingested iAs and organic
arsenic is likely to be associated with rice and marine product consumption, respectively
(Cubadda et al., 2016; EFSA, 2009; Kurzius-Spencer et al., 2014, 2013; Navas-Acien et
al., 2009; Signes-Pastor et al., 2017b). Among populations whose main exposure route to
iAs is from food intake, consumption of fish/seafood products needs to be carefully taken
into account. These contain high concentrations of arsenobetaine (AsB), a putative non-
toxic organic form excreted in urine unchanged, which may cause exposure
misclassification of iAs if total urinary arsenic is used as a biomarker of exposure (Forns
et al., 2014; Molin et al., 2015; Navas-Acien et al., 2011). Biotransformation of other
fish/seafood organosenicals excreted in urine as DMA or direct ingestion of DMA or MMA
similarly can be problematic in the assessment of iAs intake (Jones et al., 2016; Meharg et
al., 2014; Molin et al., 2015). Currently there is a lack of information regarding the
association between early-life neuropsychological development and iAs exposure based on
urinary arsenic speciation among populations with access to arsenic drinking water lower
than the WHO guideline value of 10 ug/L (Forns et al., 2014; WHO, 2011). In water,
arsenic is mostly present as iAs, and relatively low levels of arsenic drinking water have
been negatively associated with school-age children’s full intelligence quotient (IQ) in the
U.S. (Wasserman et al., 2014; WHO, 2011). In water arsenic-contaminated areas of
Bangladesh, India and Mexico inverse associations were reported between iAs exposure,
assessed using arsenic concentrations in water, urine and blood, and children’s cognitive
function (Hamadani et al., 2011; Mst. Nasrin Nahar et al., 2014; Parvez et al., 2011; Rosado
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et al., 2007; Wasserman et al., 2011; WHO, 2011). However, other studies in Bangladesh
focused on areas with arsenic-contaminated water have not found evidence of child
neuropsychological development in relation to urinary arsenic (Hamadani et al., 2010;
Tofail et al., 2009). Further, although a few studies have suggested sex-related differences
in 1As-associated neurodevelopmental outcomes, this has not always been observed, and
thus further investigations are needed (Hamadani et al., 2011; Llop et al., 2013; Rosado et
al., 2007; Sanchez et al., 2016).

In populations with access to low arsenic drinking water, i.e. < 10 pg/L, food is considered
to be the major source of iAs exposure (Cubadda et al., 2016; EFSA, 2009; Kurzius-
Spencer et al., 2014, 2013), and yet little is known regarding the potential association
between dietary iAs exposure and childhood neuropsychological development. In this
study, we investigated whether early-life exposure to dietary iAs levels adversely affects
children’s neuropsychological development. We focused on a population of children of
approximately 4-5 years of age living in Spain for whom diet is expected to be the major
IAs exposure source (Signes-Pastor et al., 2017b, 2017a). We further explored the
possibility of sex-related differences in susceptibility to iAs related neuropsychological
outcomes.

2. Material and methods

2.1. Study population. The study population was derived from the mother-child pair
participants in the INMA — INfancia y Medio Ambiente - Environment and Childhood
project, a prospective population-based birth cohort study conducted in multiple regions
around Spain (www.proyectoinma.org). The general design of INMA has been previously
described in detail (Guxens et al., 2012). Briefly, women participants of the INMA project
were recruited at the beginning of their pregnancy (2003 - 2006) at their reference primary
health care centers or public hospitals and were followed-up until delivery (n = 2,625). All
women met the inclusion criteria of > 16 years old, singleton pregnancy, non-assisted
conception and delivery scheduled at the reference hospital. Their children were enrolled
at birth and were followed-up during infancy and childhood. Informed consent was
obtained from all participants in each phase, and the hospitals ethics committees in the
participating regions approved the study. For the present study, 100 children, evenly
distributed between boys and girls, were randomly selected to provide a urine sample from
each sub-cohort located in the Spanish regions of Asturias, Gipuzkoa, Sabadell, and
Valencia (overall n = 400) (Signes-Pastor et al., 2017b, 2017a). To date a total of 400
INMA 4-year-old children have had urinary arsenic species concentrations analyzed.

2.2.  Neuropsychological assessment. Overall, children’s neuropsychological
development was assessed at the median age of 4.5 years (standard deviation of 0.6 years)
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with a standardized version of the McCarthy Scales of Children’s Abilities (MSCA)
adapted to the Spanish population (McCarthy, 2009). The MSCA was selected because of
its reliability and validity, and wide use in research related to environmental health and
neurodevelopment including prior studies by INMA (Andiarena et al., 2017; Forns et al.,
2012; Nagle, 1979). For children from the sub-cohorts of Asturias, Gipuzkoa and Sabadell
(n = 300) the MSCA test was performed at the same time urine samples were collected,
along with children’s weight and height measured and a food frequency questionnaire
(FFQ) at a median age of 4.4 years (standard deviation of 0.2 years); for the Valencian
children (n = 100) the neuropsychological assessment was carried out at the median age of
5.8 years (standard deviation of 0.1 years). The urine samples, children’s weight and height,
and the FFQ for the Valencian children were collected at a median age of 4.4 years
(standard deviation of 0.1 years). Trained psychologists administered the MSCA test. The
MSCA test included a battery of 18 subtests (i.e. construction with cubes, puzzle, pictorial
memory, vocabulary, calculation, beating sequence, verbal memory, right-left orientation,
leg coordination, arm coordination, imitative action, copying of drawings, drawing of a
child, numerical memory, verbal fluency, counting and distribution, opposites, and concept
formation). The MSCA subtests were grouped into the original function scales of general
cognitive, verbal, perceptive-performance, quantitative index, memory, and motor
function. With further classification of the MSCA subtests, we obtained the new function
scales of executive, working memory, visual and verbal span, verbal memory, gross motor,
fine motor, and cognitive function of the posterior cortex as described in detail previously
(Julvez et al., 2011). We previously calculated and reported high intraclass coefficients for
the original function scales (> 0.78), and reasonably high Cronbach’s alpha coefficients (>
0.70) with the new function scales. Further details appear in the prior INMA publication
(Valera-Gran et al., 2017).

2.3. Sample preparation and chemical analyses. Arsenic speciation analyses were
carried out in spot urine samples (Signes-Pastor et al., 2017a). Urine samples were
collected in 100 mL polypropylene containers and immediately stored at or below -20°C,
then a 5 mL aliquot from each child in the study were shipped on dry ice to the Institute
for Global Food Security at Queen’s University Belfast (QUB), Northern Ireland, for
arsenic speciation analyses including AsB, DMA, MMA, and iAs. Before speciation, urine
samples were centrifuged, and analytical grade hydrogen peroxide was added to convert
any arsenite to arsenate to facilitate subsequent chromatographic detection by ion
chromatography (IC) with inductively coupled plasma mass spectrometry (ICP-MS). In
each analytic batch, blank and replicate samples of the urine lyophilized material
ClinChek® - Control level I (Recipe Chemicals + Instruments GmbH in Munich, Germany)
were included for quality control. Urine samples were normalized for urine dilution using
specific gravity measured with a clinical refractometer. The average recovery percentages
and standard deviations of the arsenic species based on several replicate samples of the
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urine lyophilized material ClinChek®- Control level I (n = 33) were 115 + 2% for i-As, 97
+ 2% for MMA, 94 + 2% for DMA, and 90 £ 2% for AsB. The mean and range
concentrations of the arsenic species reference values in the urine lyophilized material
ClinChek® - Control level | are as follows: 4.55 (2.73 - 6.37) pg/L for i-As, 2.50 (1.50 -
3.50) ug/L for MMA, 9.8 (5.88 - 13.7) ug/L for DMA, and 16.8 (12.6 - 21.0) pg/L for AsB.
The limit of detection (LOD) for arsenic speciation, calculated from DMA calibration, was
0.011 pg/L (Signes-Pastor et al., 2017a).

2.4. Questionnaire. In the 1% trimester of pregnancy a maternal questionnaire was
administered to gather information regarding parental sociodemographic and
socioeconomic characteristics such as the number of previous live births (i.e. 0, 1, 2, or 3),
maternal age at conception (years), maternal highest attained level of education (i.e.
primary, secondary, or university), and social class according to the International Standard
Classification of Occupants (1ISCO88) (i.e. upper - I+I1, middle - I1I, or lower - IV+V)
(International Labor Office (ILO), 2012). Trained staff measured children’s weight (kg)
and height (m) at the same time the urine samples were collected following standard
protocols to calculate the body mass index (BMI) in kg/m?. At the same time, parents
reported children’s diet including consumption of rice and fish/seafood with a validated
FFQ (Signes-Pastor et al., 2017b; Vioque et al., 2016). All the aforementioned covariates
were among those considered while identifying potential confounders (see Supplemental
Material, Figure S1, for further details)

2.5. Statistical analyses. For all statistical analyses, observations with missing data for at
least one covariate were excluded in addition to children who did not complete the
neuropsychological development test. Summary statistics were calculated for each
variable: median (range and interquartile range) for continuous variables and n (%) of each
level for categorical variables. We calculated the sum of iAs (i.e. arsenite and arsenate),
DMA and MMA (referred to as “sum of urinary arsenic” in this study) as a biomarker of
1As exposure. The distribution of children’s urinary arsenic species concentrations and sum
of urinary arsenic were right skewed, so they were natural logarithm transformed (In-
transformed) before statistical analysis. All scores from the neuropsychological MSCA
function scales were standardized to a mean of 100 points with a standard deviation of 15.

The association between children’s sum of urinary arsenic concentrations In-transformed
(continuous) and neuropsychological function scores was firstly assessed using univariate
linear regression models (Model 0 in Supplemental Material, Table S1). Then, multiple
linear regression models adjusted for potential confounders were computed (Model 1 in
Table 3 and in Supplemental Material, Table S1). The potential confounders were
identified using the directed acyclic graph (Textor et al., 2017), and the selected minimally
sufficient adjustment set contained: maternal highest attained level of education (i.e.
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primary, secondary, or university), child’s sex (i.e. girls or boys), BMI (continuous), age
at MSCA testing (continuous) and calorie adjusted consumption of rice and fish/seafood
(continuous) (Supplemental Material, Figure S1). The adjusted models were also used to
explore the association between children’s sum of urinary arsenic concentrations and the
neuropsychological scores according to sex in stratified analysis and by including the main
effects along with the interaction term (i.e. In-transformed sum of urinary arsenic
concentrations * sex). We carried out multiple sensitivity analyses in the models: i)
children’s sum of urinary arsenic concentrations were calibrated for fish/seafood
consumption using a mathematical method previously described that uses AsB as a
biomarker of fish/seafood intake (Model 2 in Supplemental Material, Table S1) (Jones et
al., 2016), ii) influential points identified with the Bonferroni outlier test of the “car”
package were excluded (Fox and Weisberg, 2011), iii) children’s hair mercury
concentrations analyzed at 4 years were added in the core models as potential confounder
(Model 3 in Supplemental Material, Table S1), iv) analysis restricted to children with low
urinary AsB (i.e. < 1 pg/L) as an indicator of exclusion of fish/seafood consumption (Model
4 in Supplemental Material, Table S1) (Jones et al., 2016), vi) and finally, we explored the
association between children’s In-transformed sum of urinary arsenic concentrations and
the neuropsychological scores adjusting for sub-cohort location (i.e. Asturias, Gipuzkoa,
or Sabadell) in addition to the potential confounders described in the core models
(Supplemental Material, Table S2). Children from Valencia were excluded in the sub-
cohort adjusted models to circumvent collinearity between sub-cohort location and age at
MSCA test. All analyses were carried out with the R software for statistical computing
version 3.5.1 (R Core Team, 2014). A threshold of p-value < 0.05 was used to define
associations as statistically significant.

3. Results

Of the 400 children evaluated, 361 (90%) were ultimately included in the analyses because
they did not contain missing values in neither neuropsychological development test nor
other covariates. Our study sample contained 185 (51%) girls and 176 (49%) boys.
Children’s median (interquartile range) sum of urinary arsenic concentrations was 4.85
(2.74 - 7.54) ng/L overall, and 4.76 (2.36 - 7.48) ug/L and 4.96 (3.09 - 7.60) pg/L for the
girls and boys, respectively. Almost all children reported school attendance at 4 years
across all sub-cohort locations. Refer to Table 1 for further details.

We also assessed characteristics of the study population stratified by the median
concentration of 4.85 pg/L of the sum of urinary arsenic. Children with > 4.85 ng/L also
had higher concentrations of urinary AsB with a median of 15.95 pg/L versus 5.41 pg/L (p
< 0.001). We did not observe statistically significant differences with other characteristics
of the study population (Table 2).
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We observed a negative linear association between In-transformed sum of urinary arsenic
concentrations and the scores from the original global motor function (p = -2.29, 95%
confidence interval (CI) = [-3.95, -0.63], p = 0.007), the derived gross motor function (p =
-1.92, 95% CI = [-3.52, -0.31], p = 0.020) and fine motor function (p = -1.54, 95% CI = [-
3.06, -0.03], p = 0.046) after adjustment for maternal highest attained level of education,
child’s sex, BMI, age at MSCA testing, and calorie adjusted consumption of rice and
fish/seafood (Table 3). We did not observe any clear association with the remaining MSCA
function scores and children’s In-transformed sum of urinary arsenic concentrations (Table
3).

In the stratified analyses by sex, we found negative trends between boy’s In-transformed
sum of urinary arsenic concentrations and the scores of quantitative index and with the
derived working memory function (p = -2.59, 95% CI =[-5.36, 0.17], p = 0.066, and = -
2.56, 95% CI = [-5.36, 0.24], p = 0.073, respectively), which were supported by low p-
values in the interaction term In-transformed sum of urinary arsenic concentrations and sex
in the core models (p = 0.065 and p = 0.052, respectively). Further, we observed a stronger
negative trend with an average of 5-fold higher regression coefficient between In-
transformed sum of urinary arsenic concentrations and the remaining neuropsychological
function scores in boys compared to girls, but they did not achieve statistical significance
(Table 3).

We did not observe any major changes in the regression coefficients between models (i.e.
unadjusted (Model 0), adjusted for confounders (Model 1), with calibrated children’s sum
of urinary arsenic for consumption of fish/seafood (Model 2), and adjusted for children’s
hair mercury concentrations (Model 3 in Supplemental Material, Table S1). The restrictive
analysis including only children who did not consume fish/seafood also followed similar
trends; however, wider confidence intervals were observed owing to the small dataset (n =
49) (Model 4 in Supplemental Material, Table S1). The results from the adjusted sub-
cohort location models, excluding children from Valencia, followed the trend of our
primary findings; however, the regression coefficients were attenuated (Supplemental
Material, Table S2). The mathematically calibrated urinary arsenic species concentrations
(i.e. iIAs, DMA and MMA) and their sum removed any association with urinary AsB
concentrations and had Pearson’s correlation coefficients (r) <0.017, p > 0.745). Calibrated
children’s In-transformed sum of urinary arsenic concentrations did not appreciably alter
the association with the scores in the original scale of global motor function (§ = -2.11,
95% CI =[-3.86, -0.36], p = 0.018) and strengthened the negative association between In-
transformed sum of urinary arsenic concentrations and children’s scores on fine motor
function (B =-1.82, 95% CI =[-3.41, -0.22], p = 0.026) (Model 2 in Supplemental Material,
Table S1). In contrast, the regression coefficient between calibrated children’s In-
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transformed sum of urinary arsenic concentrations and the scores in gross motor was
modestly attenuated and lost statistical significance (f =-1.38, 95% CI = [-3.08, 0.32], p =
0.112) (Model 2 in Supplemental Material, Table S1). Similar results were obtained when
adjusting for children’s hair mercury concentrations (Model 3 in Supplemental Material,
Table S1). We did not observe any major change in the sensitivity statistical analyses when
excluding the identified outliers (n = 10) (data not shown).

4. Discussion

In this study, sum of urinary arsenic concentrations including iAs, MMA, and DMA were
used as a biomarker of iAs exposure. We observed that the sum of urinary arsenic
concentrations was negatively associated with the scores in the neuropsychological
assessment of global, gross and fine motor function among children of approximately 4-5
years of age living in Spain after adjusting for potential confounding factors. Our findings
also suggest that boys may be more susceptible to iAs neurotoxicity. In particular, we found
a stronger negative trend between In-transformed sum of urinary arsenic concentrations
and children’s scores in the neuropsychological quantitative and working memory function
scales for boys compared to girls.

In Spain, drinking water usually complies with the EU drinking water iAs regulation, set
at 10 pg/L (The Council of the European Union, 1998) with a reported median level < 1
ug/L (Espejo-Herrera et al., 2013; Palau Miguel and Guevara Alemany, 2011). Thus, diet
is expected to be the main source of iAs exposure for our study population (Davis et al.,
2017; Signes-Pastor et al., 2017b). Spain is the second largest producer of rice in the EU
and rice consumption is strongly rooted in the Spanish gastronomic culture (Comission,
2015; Signes-Pastor et al., 2017b). Rice contains about 10-fold higher iAs compared to
other cereals and the concentrations vary geographically (Meharg et al., 2009; Meharg and
Zhao, 2012). We have previously reported that rice consumption in our study population
was correlated with an increase of urinary iAs, and more weakly with the sum of urinary
arsenic concentrations (Signes-Pastor et al., 2017b). Using the median cut point as in Table
2, the difference was not statistically significant, which may be in part because the
concentrations of arsenic in rice vary widely and in our previous work in Spain ranges from
37 to 407 pg/kg (Signes-Pastor et al., 2016). Also, lack of associations or strong
correlations may be related to misclassification of reporting of rice intake using a FFQ that
asks about intake over the past year, and not the time period reflective of urinary excretion
of arsenic (e.g., the past few days). Fish/seafood consumption is also an important part of
the Spanish diet and it contributes to the ingestion of AsB, and tends to dominate exposure
to organic arsenic from food intake in the Spanish and other populations with similar
gastronomic cultures (Navarro Serrano et al., 2016; Taylor et al., 2016). In this study, the
AsB concentrations contributed to over half of the sum of all urinary arsenic species
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analyzed (i.e. median (interquartile range) of [AsB /(iAs + MMA + DMA + AsB) *100]
equals 67.0% (41.4% - 86.8%)) and was correlated with children’s fish/seafood
consumption (Signes-Pastor et al., 2017b), and thus, was critical to remove from our
analysis of iAs exposure.

Numerous studies have reported detrimental effects on neuropsychological development
of children living in areas with arsenic-contaminated drinking water with urinary arsenic
concentrations 1-2 orders of magnitude higher compared to the levels found in this study
(Mst Nasrin Nahar et al., 2014; Mst. Nasrin Nahar et al., 2014; Parvez et al., 2011; von
Ehrenstein et al., 2007; Wasserman et al., 2011; WHO, 2011). Although iAs exposure in
our study population was low, we observed negative associations between iAs exposure
and children’s scores in the neuropsychological motor function scales that involve skills
such as playing with a ball and drawing. For each interquartile range increase in exposure
we found a decrease of over 2 points in the scores for global motor and gross motor scores,
and 1.5 points in the scores for the fine motor function.

Only a few studies have been conducted in populations with low drinking water arsenic
concentrations (Forns et al., 2014; Freire et al., 2018; Wasserman et al., 2014). In a cross-
sectional study from Maine, among ~10-year-old children, home tap water with arsenic >
5 ng/L was associated with reductions in full-scale 1Q, and with all index scores, i.e.
working memory, perceptual reasoning, and verbal comprehension (Wasserman et al.,
2014). A recent study from INMA has reported that arsenic levels in placenta were
associated with decrements in global and verbal executive function and quantitative
abilities, and could also be a risk factor for motor impairment in children of 4-5 years of
age (Freire et al., 2018). Another prior study from INMA carried out in the sub-cohort of
Sabadell did not find associations between maternal urinary arsenic concentrations during
pregnancy and children’s neuropsychological development at the age of 4 years (Forns et
al., 2014). However, total urinary arsenic concentrations including AsB was used leaving
open the likelihood of exposure misclassification (Feldmann and Krupp, 2011; Jones et al.,
2016; Molin et al., 2015, 2014, 2012; Signes-Pastor et al., 2017b). In this study, iAs
exposure was estimated with sum of urinary iAs, MMA, and DMA. We have previously
reported lack of correlation between fish/seafood consumption and urinary iAs, MMA, and
DMA concentrations (Signes-Pastor et al., 2017b). However, urinary DMA from
biotransformation of organosenicals from marine product consumption (i.e. arsenosugars
and arsenolipids) may still overestimate iAs. Thus, we adjusted for fish and seafood
consumption and performed several sensitivity analyses (Jones et al., 2016; Molin et al.,
2015, 2014, 2012; Signes-Pastor et al., 2017b). Indeed, to address the potential for
overestimation of exposure from fish/seafood consumption (Signes-Pastor et al., 2017b),
we calibrated children’s urinary arsenic species concentrations using a residual-based
method (Jones et al., 2016). Nevertheless, our analyses using adjusted or calibrated sum of
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urinary arsenic concentrations for fish/seafood consumption generally did not result in
appreciable changes in our findings. Similar results were observed when adjusting for
children’s hair mercury concentrations as a biomarker of fish/seafood intake (Elhamri et
al., 2007). Also, similar findings were obtained when we restricted our analysis to only
children without fish/seafood consumption (i.e. urinary AsB < 1 ug/L), which despite the
small sample size (n = 49) produced an inverse trend between exposure to iAs and
children’s scores in global and fine motor function. Rice contains iAs but also DMA and
potentially traces of MMA (Meharg and Zhao, 2012) that may be excreted in the urine
unchanged raising concerns of potential iAs exposure misclassification, and therefore we
adjusted the regression models for rice intake. Cadmium exposure has been associated with
impaired child development (Forns et al., 2014; Freire et al., 2018; Kippler et al., 2012),
and thus we analyzed cadmium concentrations in rice from Spain as a potential exposure
source; however, we found levels almost undetectable owing to its cultivation under
flooded conditions (Arao et al., 2009; Signes-Pastor et al., 2016). Information on children’s
cadmium level of exposure in our study population is not available yet; however, we would
expect levels to be lower than those of children from an industrial and mining region in
southwestern Spain and possibly more similar to that reported in children of 6-8 years in
Germany or 6-11 years in the U.S. (Rodriguez-Barranco et al., 2014). A preliminary
analysis of 5-year-old children from the New Hampshire Birth Cohort Study do not suggest
a strong correlation between the children’s urinary 1As and cadmium concentrations (n =
389; Spearman r = 0.2) (personal communication). In order to address residual confounding
from mercury exposure as a risk factor (Freire et al., 2018), we adjusted our core models
for children’s hair mercury concentrations. Children’s diet differed by sub-cohort location
(Supplemental Material, Table S3) along with their urinary AsB, MMA, and iAs
concentrations, but not DMA (Signes-Pastor et al., 2017a). However, they did not differ in
their sum of urinary arsenic concentrations (Supplemental Material, Table S3). In order to
account for geographical differences in metal exposure (Freire et al., 2018), we adjusted
for sub-cohort location excluding children from Valencia because of collinearity between
sub-cohort location and age at MSCA test and the results followed the trend of our main
findings, but the strength of the associations were attenuated. We did not consider exposure
to lead and manganese as risk factors (Freire et al., 2018), and that is a limitation of our
study since they could result in residual confounding if they were strongly associated with
1As exposures; however, we do not expect that to be the case.

Our sex-stratified analyses are based on relatively small sample sizes, and therefore caution
must be taken in the interpretation of the results. Our findings suggest that boys may be
more susceptible to iAs neurotoxicity compared to girls particularly for cognitive tasks
related to numerical function, and temporarily storing and managing information. For each
interquartile range increase in exposure we found a decrease of 2.6 points in the scores for
the quantitative index and working memory among boys. In contrast, in a study from
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Bangladesh, pre- and post-natal exposure to iAs was inversely associated with verbal and
full scale 1Q in girls of 5 years of age (Hamadani et al., 2011). In an industrial polluted area
in Mexico, an inverse association was identified between urinary arsenic concentrations
and problem solving, vocabulary and attention scores among boys, and with memory
among girls at the age ranging from 6 to 8 years (Rosado et al., 2007). Sex-related
differences in susceptibility to metals toxicity have been associated with differences in
patterns of exposure, gastrointestinal absorption, metabolism and detoxification (Llop et
al., 2013; Tseng, 2009); however, information regarding early-life gender differences in
susceptibility to iAs neurotoxicity is scarce and will require further investigation (Llop et
al., 2013).

This study is among the first to assess the association between iAs exposure, mainly from
diet, and neuropsychological development of children taking part in a well-designed cohort
(Gascon et al., 2017), and despite the relatively small size of the study population and
relatively low level of iAs exposure, we observed associations between children’s iAS
exposure and the scores in various neuropsychological function scales. Our results should
be interpreted cautiously given the cross-sectional design of the study that precludes us
from determining temporality and thus limits any inferences about causality. We adjusted
for several potential confounding factors, but the effect of unknown factors such as other
environmental/dietary factors or residual confounding remains a possibility. A particularly
small sample size was used in the sex-stratified analyses with limited statistical power.
Children’s daily rice and fish/seafood consumption were measured in personal interviews
with parents using a validated FFQ (Vioque et al., 2016). The FFQ is considered a reliable
method to assess usual diet in epidemiologic studies (Willett, 2012). In this study, the
validity of the FFQ was examined by comparing the nutrient values from FFQ with the
average nutrient values of three 24 hour dietary recalls, and with the concentrations in
blood specimens for several vitamins (i.e. carotenoids, folate, vitamin B12, vitamin C and
a-tocopherol) (Vioque et al., 2016). A mathematical method independent to the data
recorded on the FFQ was applied to calibrate children’s sum of urinary arsenic
concentrations for fish/seafood intake. Further, we carried out analysis adjusting for
children’s hair mercury concentrations, sub-cohort location, and analysis including only
children without fish/seafood consumption. In general, sensitivity analyses supported our
primary findings, with some attenuation with adjustment for sub-cohort location possibly
due the reduced statistical power. Further, multiple testing could have led to false positive
results, and therefore our finding should be interpreted with caution and be explored if they
persist in further follow-up assessments (Blakesley et al., 2009; Rothman, 1990).

In conclusion, our study focused on a population with low arsenic in drinking water but

who consume iAs in their diet, exposure to iAs was related to certain domains of
neuropsychological function scores, in particular motor development. Our findings, along
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with others, support the reduction of iAs exposure particularly during critical
developmental windows early in life.

Competing financial interests
All authors declare they have no actual or potential competing financial interests.

Conflict of interest
The authors do not have conflicts of interest to declare.

Funding

This study was funded by grants from Spanish Institute of Health Carlos I11-Ministry of
Economy and Competitiveness (INMA Network GO03/176, CB06/02/0041, and FIS-
FEDER: P103/1615, P104/1436, P108/1151, P104/2018, P104/1509, P104/1112, P104/1931,
P105/1079, PI105/1052, PI06/1213, P106/0867, P107/0314, P109/02647, PS09/00090,
P109/02311, MS11/0178, PI13/1944, PI13/2032, PI14/00891, PI16/1288, and
P117/00663). Miguel Servet-FEDER: MSI116/00051, CP14/00108 & P116/00261 (Co-
funded by European Regional Development Fund “A way to make Europe”), FEDER
funds, MS13/00054. Generalitat de Catalunya-CIRIT 1999SGR 00241, JCI-2011-09771—
MICINN, Generalitat Valenciana (Conselleria de Sanitat-048/2010 and 060/2010 and
FISABIO-UGP 15-230, 15-244, and 15-249). Generalitat de Catalunya-CIRIT 1999SGR
00241, and Fundacio La Marat6 de TV3 (090430). Alicia Koplowitz Foundation (2017).
Universidad de Oviedo. FISS-P113/2429. Fundacion Cajastur-Liberbank. Department of
Health of the Basque Government (2005111093 and 2009111069). The Provincial
Government of Gipuzkoa (DFG06/004 and DFG08/001). The Fundacion Roger Torné.
ISGlobal is a member of the CERCA Programme, Generalitat de Catalunya. Monica
Guxens is funded by a Miguel Servet fellowship (MS13/00054) awarded by the Spanish
Institute of Health Carlos 111 (Ministry of Economy and Competitiveness). Antonio J.
Signes-Pastor and Margaret R. Karagas are funded by the following projects
PO1ES022832, RD 83544201, R25CA134286 and P42ES007373. Funding sources played
no role in the design and carry out of the study, including: collection, management, analysis
and interpretation of the data; or the preparation, review, and approval of the manuscript.

Acknowledgements

The authors would like to acknowledge all the INMA study participants for their generous
collaboration, and the interviewers for their assistance in contacting the families and
administering the questionnaires.

References

Andiarena, A., Balluerka, N., Gorostiaga, A., Ibarluzea, J., 2017. Neuropsychological
Assessment at Preschool Age: Adaptation and Validation of the McCarthy Scales of
Children’s Abilities to 4 Year-old Basque-speaking Children. Span. J. Psychol. 1—

13


https://projectreporter.nih.gov/project_info_details.cfm?aid=9458743&icde=39539972&ddparam=&ddvalue=&ddsub=&cr=3&csb=default&cs=ASC&pball=

516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
o547
548
549
550
551
552
553
554
555
556
557
558
559
560
561

10. https://doi.org/10.1017/sjp.2017.49

Antonelli, R., Shao, K., Thomas, D.J., Sams, R., Cowden, J., 2014. AS3MT, GSTO, and
PNP polymorphisms: Impact on arsenic methylation and implications for disease
susceptibility. Environ. Res. 132, 156-167.
https://doi.org/10.1016/j.envres.2014.03.012

Arao, T., Kawasaki, A., Baba, K., Mori, S., Matsumoto, S., 2009. Effects of water
management on cadmium and arsenic accumulation and dimethylarsinic acid
concentrations in Japanese rice. Environ. Sci. Technol. 43, 9361-9367.
https://doi.org/10.1021/es9022738

Blakesley, R.E., Mazumdar, S., Dew, M.A., Houck, P.R., Tang, G., Reynolds III, C.F.,
Butters, M.A., 2009. Comparisons of methods for multiple hypothesis testing.
Neuropsychology 23, 255-264. https://doi.org/10.1037/a0012850.Comparisons

Buchet, J.P., Lauwerys, R., Roels, H., 1981. Comparison of the Urinary Excretion of
Arsenic Metabolites After a Single Oral Dose of Sodium Arsenite,
Monomethylarsonate, or Dimethylarsinate in Man. Intemational Arch. Int Arch
Occup Env. Heal. 48, 71-79. https://doi.org/10.1007/BF00405933

Cohen, S.M., Arnold, L.L., Eldan, M., Lewis, A.S., Beck, B.D., 2006. Methylated
arsenicals: the implications of metabolism and carcinogenicity studies in rodents to
human risk assessment. Crit. Rev. Toxicol. 36, 99-133.

Comission, E., 2015. Eu Rice Economic Fact Sheet 14.

Cubadda, F., Jackson, B.P., Cottingham, K.L., Van Horne, Y.O., Kurzius-Spencer, M.,
Ornelas, Y., Horne, V., Kurzius-Spencer, M., 2016. Human exposure to dietary
inorganic arsenic and other arsenic species: State of knowledge, gaps and
uncertainties. Sci. Total Environ. 579, 1228-1239.
https://doi.org/10.1016/j.scitotenv.2016.11.108

Davis, M.A., Signes-Pastor, A.J., Argos, M., Slaughter, F., Pendergrast, C., Punshon, T.,
Gossai, A., Ahsan, H., Karagas, M.R., 2017. Assessment of Human Dietary
Exposure to Arsenic through Rice. Sci. Total Environ. 586, 1237-1244.
https://doi.org/doi.org/10.1016/j.scitotenv.2017.02.119

EFSA, 2009. European Food Safety Authority. Scientific opinion on arsenic in food.
EFSA panel on contaminants in food chain (CONTAM).
https://doi.org/http://www.efsa.europa.eu/sites/default/files/scientific_output/files/m
ain_documents/1351.pdf

Elhamri, H., Idrissi, L., Coquery, M., Azemard, S., Abidi, A. El, Benlemlih, M., Saghi,
M., Cubadda, F., 2007. Hair mercury levels in relation to fish consumption in a
community of the Moroccan Mediterranean coast. Food Addit. Contam. 24, 1236—
1246. https://doi.org/10.1080/02652030701329611

Espejo-Herrera, N., Kogevinas, M., Castafio-Vinyals, G., Aragonéss, N., Boldo, E.,
Ardanaz, E., Azpiroz, L., Ulibarrena, E., Tardon, A., Molina, A.J., L6pez-Rojo, C.,
Jiménez-Moleoénn, J.J., Capelo, R., Gbmez-Acebo, I., Ripoll, M., Villanueva, 2013.
Nitrate and trace elements in municipal and bottled water in Spain. Gac. Sanit. 27,
156-160. https://doi.org/10.1016/j.gaceta.2012.02.002

Feldmann, J., Krupp, E.M., 2011. Critical review or scientific opinion paper:
Arsenosugars-a class of benign arsenic species or justification for developing partly
speciated arsenic fractionation in foodstuffs? Anal. Bioanal. Chem. 399, 1735-1741.
https://doi.org/10.1007/s00216-010-4303-6

14



562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

Forns, J., Aranbarri, A., Grellier, J., Julvez, J., Vrijheid, M., Sunyer, J., 2012. A
conceptual framework in the study of neuropsychological development in
epidemiological studies. Neuroepidemiology 38, 203—208.
https://doi.org/10.1159/000337169

Forns, J., Fort, M., Casas, M., Céceres, A., Guxens, M., Gascon, M., Garcia-Esteban, R.,
Julvez, J., Grimalt, J.O., Sunyer, J., 2014. Exposure to metals during pregnancy and
neuropsychological development at the age of 4 years. Neurotoxicology 40, 16—22.
https://doi.org/10.1016/j.neuro.2013.10.006

Fox, J., Weisberg, S., 2011. An R Companion to Applied Regression, sec- ond ed.
[WWW Document]. Sage, Thousand Oaks CA.
https://doi.org/10.1016/j.stomax.2010.07.001

Freire, C., Amaya, E., Gil, F., Fernandez, M.F., Murcia, M., Llop, S., Andiarena, A.,
Aurrekoetxea, J., Bustamante, M., Guxens, M., Ezama, E., Fernandez-Tardon, G.,
Olea, N., 2018. Prenatal co-exposure to neurotoxic metals and neurodevelopment in
preschool children: The Environment and Childhood (INMA) Project. Sci. Total
Environ. 621, 340-351. https://doi.org/10.1016/j.scitotenv.2017.11.273

Gascon, M., Guxens, M., Vrijheid, M., Torrent, M., Ibarluzea, J., Fano, E., Llop, S.,
Ballester, F., Fernandez, M.F., Tardon, A., Fernandez-Somoano, A., Sunyer, J.,
2017. The INMA—INfancia y Medio Ambiente—(Environment and Childhood)
project: More than 10 years contributing to environmental and neuropsychological
research. Int. J. Hyg. Environ. Health 220, 647-658.
https://doi.org/10.1016/j.ijheh.2017.02.008

Grandjean, P., Landrigan, P.J., 2014. Neurobehavioural effects of developmental toxicity.
Lancet Neurol. 13, 330-338. https://doi.org/10.1016/S1474-4422(13)70278-3

Guxens, M., Ballester, F., Espada, M., Fernandez, M.F., Grimalt, J.O., Ibarluzea, J., Olea,
N., Rebagliato, M., Tarddn, A., Torrent, M., Vioque, J., Vrijheid, M., Sunyer, J.,
2012. Cohort profile: The INMA-INfancia y Medio Ambiente-(environment and
childhood) project. Int. J. Epidemiol. 41, 930-940.
https://doi.org/10.1093/ije/dyr054

Hamadani, J.D., Grantham-McGregor, S.M., Tofail, F., Nermell, B., Fangstrom, B.,
Huda, S.N., Yesmin, S., Rahman, M., Vera-Hernandez, M., Arifeen, S.E., Vahter,
M., 2010. Pre- and postnatal arsenic exposure and child development at 18 months
of age: a cohort study in rural Bangladesh. Int. J. Epidemiol. 39, 1206-1216.
https://doi.org/10.1093/ije/dyp369

Hamadani, J.D., Tofail, F., Nermell, B., Gardner, R., Shiraji, S., Bottai, M., Arifeen, S.E.,
Huda, S.N., Vahter, M., 2011. Critical windows of exposure for arsenic-associated
impairment of cognitive function in pre-school girls and boys: a population-based
cohort study. Int. J. Epidemiol. 40, 1593-604. https://doi.org/10.1093/ije/dyr176

IARC, 2012. Arsenic, Metals, Fibers and Dusts. A review of human carcinogens. IARC
monographs on the evaluation of carcinogenic risks to humans. 100C, 527.

International Labor Office (ILO), 2012. International Standard Classification of
Occupations. Isco-08 I, 1-420.

Jansen, R.J., Argos, M., Tong, L., Li, J., Rakibuz-Zaman, M., Islam, M.T., Slavkovich,
V., Ahmed, A., Navas-Acien, A., Parvez, F., Chen, Y., Gamble, M. V., Graziano,
J.H., Pierce, B.L., Ahsan, H., 2016. Determinants and consequences of arsenic
metabolism efficiency among 4,794 individuals: Demographics, lifestyle, genetics,

15



608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653

and toxicity. Cancer Epidemiol. Biomarkers Prev. 25, 381-390.
https://doi.org/10.1158/1055-9965.EP1-15-0718

Jones, M.R., Tellez-Plaza, M., Vaidya, D., Grau, M., Francesconi, K.A., Goessler, W.,
Guallar, E., Post, W.S., Kaufman, J.D., Navas-Acien, A., 2016. Estimation of
Inorganic Arsenic Exposure in Populations with Frequent Seafood Intake: Evidence
from MESA and NHANES. Am. J. Epidemiol. 184, 590-602.
https://doi.org/10.1093/aje/kww097

Julvez, J., Forns, M., Ribas-Fitd, N., Torrent, M., Sunyer, J., 2011. Attention behavior
and hyperactivity and concurrent neurocognitive and social competence functioning
in 4-year-olds from two population-based birth cohorts. Eur. Psychiatry 26, 381
389. https://doi.org/10.1016/j.eurpsy.2010.03.013

Kile, M.L., Hoffman, E., Hsueh, Y.M., Afroz, S., Quamruzzaman, Q., Rahman, M.,
Mahiuddin, G., Ryan, L., Christiani, D.C., 2009. Variability in biomarkers of arsenic
exposure and metabolism in adults over time. Environ. Health Perspect. 117, 455—
460. https://doi.org/10.1289/ehp.11251

Kippler, M., Wagatsuma, Y., Rahman, A., Nermell, B., Persson, L. ake, Ragib, R.,
Vahter, M., 2012. Environmental exposure to arsenic and cadmium during
pregnancy and fetal size: A longitudinal study in rural Bangladesh. Reprod. Toxicol.
34, 504-511. https://doi.org/10.1016/j.reprotox.2012.08.002

Kurzius-Spencer, M., Burgess, J.L., Harris, R.B., Hartz, V., Roberge, J., Huang, S., Hsu,
C.-H., O’Rourke, M.K., 2014. Contribution of diet to aggregate arsenic exposures-
an analysis across populations. J. Expo. Sci. Environ. Epidemiol. 24, 156-62.
https://doi.org/10.1038/jes.2013.37

Kurzius-Spencer, M., O’rourke, M.K., Hsu, C.H., Hartz, V., Harris, R.B., Burgess, J.L.,
2013. Measured versus modeled dietary arsenic and relation to urinary arsenic
excretion and total exposure. J. Expo. Sci. Environ. Epidemiol. 23, 442-449.
https://doi.org/10.1038/jes.2012.120

Llop, S., Lopez-Espinosa, M.J., Rebagliato, M., Ballester, F., 2013. Gender differences in
the neurotoxicity of metals in children. Toxicology 311, 3-12.
https://doi.org/10.1016/j.tox.2013.04.015

Marchiset-Ferlay, N., Savanovitch, C., Sauvant-Rochat, M.P., 2012. What is the best
biomarker to assess arsenic exposure via drinking water? Environ. Int. 39, 150-171.
https://doi.org/10.1016/j.envint.2011.07.015

McCarthy, D., 2009. Manual for the McCarthy Scales of Children’s Abilities. TEA
Ediciones [Spanish adaptation], Madrid.

Meharg, A.A., Williams, P.N., Adomako, E.E., Lawgali, Y.Y., Deacon, C., Villada, A.,
Cambell, R.C.J., Sun, G., Zhu, Y.G., Feldmann, J., Raab, A., Zhao, F.J,, Islam, R.,
Hossain, S., Yanai, J., 2009. Geographical variation in total and inorganic arsenic
content of polished (white) rice. Environ. Sci. Technol. 43, 1612-7.
https://doi.org/10.1021/es802612a

Meharg, A.A., Williams, P.N., Deacon, C.M., Norton, G.J., Hossain, M., Louhing, D.,
Marwa, E., Lawgalwi, Y., Taggart, M., Cascio, C., Haris, P., 2014. Urinary
excretion of arsenic following rice consumption. Environ. Pollut. 194, 181-7.
https://doi.org/10.1016/j.envpol.2014.07.031

Meharg, A.A., Zhao, F.J., 2012. Arsenic & Rice. Springer-Verlag, Berlin.

Molin, M., Ulven, S.M., Dahl, L., Goessler, W., Fliegel, D., Holck, M., Sloth, J.J.,

16



654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

Oshaug, A., Alexander, J., Meltzer, H.M., Ydersbond, T.A., 2014. Urinary excretion
of arsenicals following daily intake of various seafoods during a two weeks
intervention. Food Chem. Toxicol. 66, 76—88.
https://doi.org/10.1016/j.fct.2014.01.030

Molin, M., Ulven, S.M., Dahl, L., Telle-Hansen, V.H., Holck, M., Skjegstad, G.,
Ledsaak, O., Sloth, J.J., Goessler, W., Oshaug, A., Alexander, J., Fliegel, D.,
Ydersbond, T.A., Meltzer, H.M., 2012. Humans seem to produce arsenobetaine and
dimethylarsinate after a bolus dose of seafood. Environ. Res. 112, 28-39.
https://doi.org/10.1016/j.envres.2011.11.007

Molin, M., Ulven, S.M., Meltzer, H.M., Alexander, J., 2015. Arsenic in the human food
chain, biotransformation and toxicology — Review focusing on seafood arsenic. J.
Trace Elem. Med. Biol. 31, 249-259. https://doi.org/10.1016/j.jtemb.2015.01.010

Nachman, K.E., Ginsberg, G.L., Miller, M.D., Murray, C.J., Nigra, A.E., Pendergrast,
C.B., 2017. Mitigating dietary arsenic exposure: Current status in the United States
and recommendations for an improved path forward. Sci. Total Environ. 581-582,
221-236. https://doi.org/10.1016/j.scitotenv.2016.12.112

Nagle, R.J., 1979. The McCarthy Scales of Children’s Abilities: Research Implications
for the Assessment of Young Children. Sch. Psychol. Dig. 8, 319-26.

Nahar, Mst. Nasrin, Inaoka, T., Fujimura, M., 2014. A consecutive study on arsenic
exposure and intelligence quotient (IQ) of children in Bangladesh. Environ. Health
Prev. Med. 19, 194-199. https://doi.org/10.1007/s12199-013-0374-2

Nahar, Mst Nasrin, Inaoka, T., Fujimura, M., Watanabe, C., Shimizu, H., Tasnim, S.,
Sultana, N., 2014. Arsenic contamination in groundwater and its effects on
adolescent intelligence and social competence in Bangladesh with special reference
to daily drinking/cooking water intake. Environ. Health Prev. Med. 19, 151-158.
https://doi.org/10.1007/s12199-013-0369-z

Navarro Serrano, I., Llorente Ballesteros, M.T., Sdnchez Fernandez Pacheco, S.,
Izquierdo Alvarez, S., Lopez Coldn, J.L., 2016. Total and speciated urinary arsenic
levels in the Spanish population. Sci. Total Environ. 571, 164-171.
https://doi.org/10.1016/j.scitotenv.2016.07.134

Navas-Acien, A., Francesconi, K.A., Silbergeld, E.K., Guallar, E., 2011. Seafood intake
and urine concentrations of total arsenic, dimethylarsinate and arsenobetaine in the
US population. Environ. Res. 111, 110-118.
https://doi.org/10.1016/j.envres.2010.10.009

Navas-Acien, A., Umans, J.G., Howard, B. V., Goessler, W., Francesconi, K.A.,
Crainiceanu, C.M., Silbergeld, E.K., Guallar, E., 2009. Urine arsenic concentrations
and species excretion patterns in American Indian communities over a 10-year
period: The strong heart study. Environ. Health Perspect. 117, 1428-1433.
https://doi.org/10.1289/ehp.0800509

Palau Miguel, M., Guevara Alemany, E., 2011. Calidad del agua de consumo humano en
espafa. informe técnico 437.
https://doi.org/http://www.msssi.gob.es/profesionales/saludPublica/docs/agua_consu
mo_2011 v3 .pdf

Parvez, F., Wasserman, G.A.G.A., Factor-Litvak, P., Liu, X., Slavkovich, V., Siddique,
A.B.A.B., Sultana, R.R., Sultana, R.R., Islam, T., Levy, D., Mey, J.L.J.L., van Geen,
A., Khan, K., Kline, J., Ahsan, H., Graziano, J.H.J.H.J.H., 2011. Arsenic exposure

17



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

and motor function among children in Bangladesh. Environ. Health Perspect. 119,
1665-1670. https://doi.org/10.1289/ehp.1103548

R Core Team, 2014. R: A Language and Enrionment for Statistical Computing, R
Foundation for Statisical Computing. Vienna. https://doi.org/www.r-project.org/

Rodriguez-Barranco, M., Lacasafia, M., Gil, F., Lorca, A., Alguacil, J., Rohlman, D.S.,
Gonzalez-Alzaga, B., Molina-Villalba, I., Mendoza, R., Aguilar-Gardufio, C.,
Gonzélez-Alzaga, B., Lorca, A., Alguacil, J., Mendoza, R., Gil, F., 2014. Cadmium
exposure and neuropsychological development in school children in southwestern
Spain. Environ. Res. 134, 66—73. https://doi.org/10.1016/j.envres.2014.06.026

Rosado, J.L., Ronquillo, D., Kordas, K., Rojas, O., Alatorre, J., Lopez, P., Garcia-Vargas,
G., Caamafio, M. del C., Cebrian, M.E., Stoltzfus, R.J., 2007. Arsenic Exposure and
Cognitive Performance in Mexican Schoolchildren. Environ. Health Perspect. 115,
1371-1375. https://doi.org/10.1289/ehp.9961

Rothman, K.J., 1990. No adjustments are needed for multiple comparisons.
Epidemiology 1, 43-6.

Sanchez, T.R., Perzanowski, M., Graziano, J.H., 2016. Inorganic arsenic and respiratory
health, from early life exposure to sex-specific effects: A systematic review.
Environ. Res. 147, 537-555. https://doi.org/10.1016/j.envres.2016.02.009

Signes-Pastor, A.J., Carey, M., Carbonell-Barrachina, A.A., Moreno-Jiménez, E., Green,
AJ.AJ., Meharg, A.A.A., 2016. Geographical variation in inorganic arsenic in
paddy field samples and commercial rice from the Iberian Peninsula. Food Chem.
202, 356-363. https://doi.org/10.1016/j.foodchem.2016.01.117

Signes-Pastor, A.J., Carey, M., Vioque, J., Navarrete-Mufioz, E.M., Rodriguez-Dehli, C.,
Tarddn, A., Begofia-Zubero, M., Santa-Marina, L., Vrijheid, M., Casas, M., Llop, S.,
Gonzalez-Palacios, S., Meharg, A.A.A.A.A., 2017a. Urinary Arsenic Speciation in
Children and Pregnant Women from Spain. Expo. Heal. 9, 105-111.
https://doi.org/10.1007/s12403-016-0225-7

Signes-Pastor, A.J., Vioque, J., Navarrete-Mufioz, E.M.E.M., Carey, M., Garcia de la
Hera, M., Sunyer, J., Casas, M., Riafio-Galan, 1., Tardon, A., Llop, S., Amoros, R.,
Karagas, M.R., Meharg, A.A.A., 2017b. Concentrations of urinary arsenic species in
relation to rice and seafood consumption among children living in Spain. Environ.
Res. 159, 69-75. https://doi.org/10.1016/j.envres.2017.07.046

Taylor, V., Goodale, B., Raab, A., Schwerdtle, T., Reimer, K., Conklin, S., Karagas,
M.R., Francesconi, K.A., 2016. Human exposure to organic arsenic species from
seafood. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2016.12.113

Textor, J., Zander, B. Van Der, Gilthorpe, M.S., Li, M., Ellison, G.T.H., 2017. Robust
causal inference using directed acyclic graphs: the R package “dagitty” - White Rose
Research Online.

The Council of the European Union, 1998. COUNCIL DIRECTIVE 98/83/EC of 3
November 1998 on the quality of water intended for human consumption. Off. J.
Eur. Communities L 330, 32-54.

Tofail, F., Vahter, M., Hamadani, J.D., Nermell, B., Huda, S.N., Yunus, M., Rahman, M.,
Grantham-McGregor, S.M., 2009. Effect of arsenic exposure during pregnancy on
infant development at 7 months in rural matlab, Bangladesh. Environ. Health
Perspect. 117, 288-293. https://doi.org/10.1289/ehp.11670

Tolins, M., Ruchirawat, M., Landrigan, P., 2014. The developmental neurotoxicity of

18



746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
T
778
779
780
781
782
783
784

arsenic: cognitive and behavioral consequences of early life exposure. Ann Glob
Heal. 80, 303-314. https://doi.org/S2214-9996(14)00304-X
[pii]10.1016/j.a0gh.2014.09.005

Tseng, C.H., 2009. A review on environmental factors regulating arsenic methylation in
humans. Toxicol. Appl. Pharmacol. 235, 338-350.
https://doi.org/10.1016/j.taap.2008.12.016

Tsuji, J.S., Garry, M.R., Perez, V., Chang, E.T., 2015. Low-level arsenic exposure and
developmental neurotoxicity in children: A systematic review and risk assessment.
Toxicology 337, 91-107. https://doi.org/10.1016/j.tox.2015.09.002

Valera-Gran, D., Navarrete-Mufioz, E.M., Garcia de la Hera, M., Ferndndez-Somoano,
A., Tardon, A., Ibarluzea, J., Balluerka, N., Murcia, M., Gonzalez-Safont, L.,
Romaguera, D., Julvez, J., Vioque, J., 2017. Effect of maternal high dosages of folic
acid supplements on neurocognitive development in children at 4-5 years of age: the
prospective birth cohort Infancia y Medio Ambiente (INMA) study. Am. J. Clin.
Nutr. ajcn152769. https://doi.org/10.3945/ajcn.117.152769

Vioque, J., Gimenez-Monzo, D., Navarrete-Mufioz, E.M., Garcia-de-la-Hera, M.,
Gonzalez-Palacios, S., Rebagliato, M., Ballester, F., Murcia, M., Ifiiguez, C.,
Granado, F., 2016. Reproducibility and Validity of a Food Frequency Questionnaire
Designed to Assess Diet in Children Aged 4-5 Years. PLoS One 11, e0167338.
https://doi.org/10.1371/journal.pone.0167338

von Ehrenstein, O.S., Poddar, S., Yuan, Y., Mazumder, D.G., Eskenazi, B., Basu, A.,
Hira-Smith, M., Ghosh, N., Lahiri, S., Haque, R., Ghosh, A., Kalman, D., Das, S.,
Smith, A.H., 2007. Children’s intellectual function in relation to arsenic exposure.
Epidemiology 18, 44-51. https://doi.org/10.1097/01.ede.0000248900.65613.a9

Wasserman, G.A., Liu, X., Lolacono, N.J., Kline, J., Factor-Litvak, P., Van Geen, A.,
Mey, J.L., Levy, D., Abramson, R., Schwartz, A., Graziano, J.H., 2014. A cross-
sectional study of well water arsenic and child 1Q in Maine schoolchildren. Environ.
Heal. A Glob. Access Sci. Source 13, 1-10. https://doi.org/10.1186/1476-069X-13-
23

Wasserman, G.A,, Liu, X., Parvez, F., Factor-Litvak, P., Ahsan, H., Levy, D., Kline, J.,
van Geen, A., Mey, J., Slavkovich, V., Siddique, A.B., Islam, T., Graziano, J.H.,
2011. Arsenic and manganese exposure and children’s intellectual function.
Neurotoxicology 32, 450-457. https://doi.org/10.1016/j.neuro.2011.03.009

WHO, 2011. WHO guidelines for drinking-water quality. WHO Chron. 38, 104-108.
https://doi.org/10.1016/S1462-0758(00)00006-6

WHO, 2001. Environmental Health Criteria 224 ARSENIC AND ARSENIC
COMPUNDS (Second Edition). World Heal. Organ. Geneva 1-66.

Willett, W., 2012. Nutritional epidemiology. Oxford University Press.

19



Table 1: Selected characteristics of the study population for the entire dataset and stratified by sex (minimum; interquartile rage;
maximum) for continuous and n (%) for categorical variables.

Selected characteristics of the study population All (n = 361) Girls (n = 185) Boys (n = 176) p-value
Children:
. . . L 4.85(0.12; 2.74 - 4,76 (0.21; 2.36 - 4.96 (0.12; 3.09 -
Sum of urinary arsenic concentrations (ug/L) 7.54; 84.46) 7.48; 84.46) 7.60; 47.65) 0.393
. 67.0(3.4;41.4 - 67.8(5.9;44.4 - 66.5 (3.4; 37.4 -
0/4\2
Urinary AsB (%) 86.8; 100) 86.8; 100) 86.8; 100) 0.493
. . 27.2 (0.9; 27.2 — 26.1(5.2;16.2 — 28.5(0.9; 18.9 —
Rice consumption (g/day) 39.9; 155.2) 37.8; 142.2) 40.9; 155.2) 0.373
. . 39.9 (10.5; 31.7 - 40.6 (10.5; 32.5 - 38.4 (11.2; 29.9 -
Fish/Seafood consumption (g/day) 48.8; 102.3) 49.3; 102.3) 48.6: 91.1) 0.078
Asturias 96 (27) 48 (26) 48 (27)
i Gipuzkoa 90 (25) 47 (25) 43 (24)
Sub-cohort () Sabadell 76 (21) 41 (22) 35 (20) 0.932
Valencia 99 (27) 49 (26) 50 (28)
> 16.0 (11.5; 15.2 — 16.0 (12.9; 15.2 — 15.9 (11.5; 15.3 -
BMI (kg/m?) 17.2; 25.0) 17.1; 23.5) 17.3; 25.0) 0.578
Maternal:
Age at enrollment (years) 31 (21; 29 - 34; 43) 31(21;29-34;43) 31(21;29 - 34, 42) 0.277
Upper - I+11 83 (23) 43 (23) 40 (23)
Social class Middle - 111 106 (29) 59 (32) 47 (27) 0.483
Lower - IV+V 172 (48) 83 (45) 89 (50)
Primary 70 (19) 35 (18) 35 (20)
Highest attained level of education Secondary 148 (41) 75 (41) 73 (41) 0.929
University 143 (40) 75 (41) 68 (39)
0 198 (55) 103 (56) 95 (54)
o 1 141 (39) 68 (37) 73 (41)
Number of previous live births 5 21 (6) 14 (7) 7(4) 0.278
3 1(0) 0(0) 1(1)

For test of differences by sex, we used Welch’s t-test or Wilconxon’s rank test for continuos variables, and Chi-square or Fisher’s exact test for categorical variables. BMI = Body
mass index.

IDMA + MMA + iAs.
2AsB (%) = (AsB/(iAs + MMA + DMA + AsB)) *100.



Table 2: Selected characteristics of the study population stratified by the median of the sum of urinary arsenic species concentration
(4.85 pg/L) (minimum; interquartile rage; maximum) for continuous and n (%) for categorical variables.

Selected characteristics of the study population <4.85 ug/L (n = 180) >4.85 ug/L (n =181) p-value
Children:
Sex Girls 96 (53) 89 (49) 0.493
Boys 84 (47) 92 (51)
Rice consumption (g/day) 26.7 (0.1; 18.2 — 36.4; 155.2) 27.9(0.9; 18.7 — 42.3; 96.8) 0.587
Fish/Seafood consumption (g/day) 39 (10.5; 29.6 - 48.1; 88.5) 40.1(14.9; 33.5-50.0; 102.3) 0.090
Urinary arsenobetaine (ug/L) 5.41 (0.0g’;slég;l -17.47; 15.95 (0.219,6389)0 - 59.00; <0.001
Asturias (n) 49 (27) 47 (26)
Gipuzkoa (n) 45 (25) 45 (25)
Sub-cohort Sabadell (n) 40 (22) 36 (20) 0863
Valencia (n) 46 (26) 53 (29)
BMI (kg/m?) 15.9 (11.5; 15.2 - 16.9; 25.0)  16.1 (12.9; 15.2 - 17.5; 21.0) 0.546
Maternal:
Enrollment Age (years) 31.0(21.0; 29.0 - 34.2; 43.0) 31.0(24.0; 29.0 - 34.0; 42.0) 0.624
Upper - I+11 42 (23) 41 (23)
Sacial class Middle - 1 50 (28) 56 (31) 0.807
Lower - IV+V 88 (49) 84 (46)
Primary 37 (21) 33 (18)
Highest attained level of education Secondary 69 (38) 79 (44) 0.583
University 74 (41) 69 (38)
0 91 (51) 107 (59)
Number of previous live births ! 74(41) 67(37) 0.150
2 14 (8) 7(4)
3 1(1) 0 (0)

For test of differences by sex, we used Welch’s t-test or Wilconxon’s rank test for continuos variables, and Chi-square or Fisher’s exact test for categorical variables. BMI = Body
mass index.



Table 3: Association between children’s sum of urinary arsenic concentrations (In-transformed) and the McCarthy Scales of
Children’s Ability scores standardized to a mean of 100 points with a standard deviation of 15 according to child sex.

Interaction
Model 1 (n = 361)? Girls (n = 185)¢ Boys (n = 176)¢ (n=
McCarthy Scales of Children's Abilities 361)0d
B 95% ClI p-value B 95% CI p-value B 95% CI p-value p-value
General cognition -0.86 -243  0.71 0.281 -0.08 -200 184 0.937 -1.87 -458 0.84 0.176 0.213
Verbal -0.20 -1.88 1.49 0.819 0.71 -1.37 279 0.502 -1.54 443 134 0.293 0.208
Perceptual-performance -1.30 -2.79  0.20 0.090 -0.94 -2.78  0.90 0.313 -1.56 -4.14 103 0.236 0.539
Original functions
Quantitative index -0.91 -258  0.77 0.288 0.28 -1.84 239 0.796 -2.59 -5.36 0.17 0.066 0.065
Memory -0.75 -2.39  0.88 0.367 0.00 -2.16 217 0.997 -1.63 -420 094 0.212 0.224
Global motor -2.29 -395 -0.63  0.007 -1.85 -3.84 015 0.069 -3.00 -593  -0.07 0.045 0.533
Executive -0.28 -1.86 1.30 0.727 0.54 -133 241 0.570 -1.56 -435 123 0.270 0.188
Visual executive -0.53 -2.10 1.04 0.508 -0.56 -249  1.38 0.571 -0.43 -3.08 222 0.751 0.971
Verbal executive -0.16 -1.82 150 0.850 1.00 -092 292 0.307 -2.00 -5.00 0.99 0.189 0.085
Visual and verbal span -0.50 -2.16 116 0.557 -0.36 -2.63  1.92 0.757 -0.64 -3.11 184 0.611 0.754
New functions Working memory -0.67 237 104 0442 0.61 157 279 0581 256  -536 024 0073 0.052
Verbal memory -0.58 226 111 0.501 0.00 211 212 0.999 -1.03 -385 179 0471 0.446
Gross motor -1.92 -352 -0.31 0.020 -1.86 -3.67 -0.04 0.045 -2.27 -5.24  0.69 0.132 0.931
Fine motor -1.54 -3.06 -0.03 0.046 -0.98 -295 0.98 0.326 -2.18 -466 0.30 0.085 0.394
Cognitive functionof — , 4o 89 045 0156 024 228 179 0813 223 -497 052 0111 0177

posterior cortex

abMultiple linear regression models adjusted for maternal highest attained level of education (i.e. primary, secondary, or university), and children’s sex (i.e. girls or boys), BMI (kg/m?), age at MSCA
(years) and calorie adjusted consumption of rice and fish/seafood (g/day).

°Multiple linear regression models adjusted for maternal highest attained level of education (i.e. primary, secondary, or university), and children’s BMI (kg/m?), age at MSCA (years) and calorie adjusted
consumption of rice and fish/seafood (g/day).

dInteraction between children’s sum of urinary arsenic species concentrations (In-transformed) and sex.



Supplemental Material

Table S1: Association between children’s sum of urinary arsenic concentrations (In-transformed) and the McCarthy Scales of
Children’s Ability scores

Model 0 Model 1 Model 2* Model 3* Model 4

McCarthy Scales of Children's Abilities (n=361) (n=361) (n=361) (n=234) (n = 49)
B 95% ClI p-value B 95% ClI p-value B 95% CI p-value B 95% CI p-value B 95% CI p-value
General cognitive ~ -0.74  -2.37  0.90 0.376 -0.86 -243 071 0.281 -0.80 -246 0.85 0.340 048  -146 241 0.629 -187 741 367 0.499
Verbal  -0.07 -1.79  1.64 0.933 020 -1.88 149 0.819 -0.01  -179 177 0.991 145 -0.68 357 0.182 -066 -6.02 471 0.806
Perceptual performance  -1.25  -2.80 0.30 0.113 -1.30  -2.79 0.20 0.090 -1.31  -2.88 0.27 0.104 -1.01 -2.87 0.85 0.285 -3.32 -8.15 1.51 0.173

Original functions

Quantitative index ~ -0.79  -2.48 0.91 0.362 -0.91  -2.58 0.77 0.288 -0.99  -2.75 0.77 0.270 0.63 -1.33 2.59 0.527 -0.28 -6.12 5.56 0.922
Memory  -0.54  -2.21 113 0.523 -0.75  -2.39 0.88 0.367 -0.88 -2.61 0.85 0.316 0.48 -1.53 2.49 0.640 2.37 -3.07 7.81 0.383
Global motor  -2.16  -3.82  -0.50 0.011 -229  -395 -0.63 0.007 -211  -38 -0.36 0.018 -212 422 -0.02 0.048 -4.77  -10.03  0.49 0.074
Executive  -0.12 -1.74 1.49 0.882 -0.28 -1.86 1.30 0.727 -0.10 -1.76 1.56 0.903 1.06 -0.90 3.02 0.286 -2.13 -1.77 3.50 0.449
Visual executive  -0.42  -2.01 117 0.601 -0.53  -2.10 1.04 0.508 -0.39 -2.04 1.26 0.641 0.06 -1.92 2.05 0.950 -0.51 -6.06 5.03 0.852
Verbal executive ~ -0.01  -1.69 1.67 0.991 -0.16  -1.82 1.50 0.850 0.00 -1.74 1.75 0.997 1.29 -0.81 3.39 0.227 -2.39 -7.98 3.20 0.393
Visual and verbal span  -0.35  -2.02 1.33 0.685 -0.50 -2.16 1.16 0.557 -049  -2.24 1.26 0.585 0.52 -1.47 251 0.609 3.75 -2.02 9.51 0.197
New functions Working memory ~ -0.48  -2.19 1.23 0.582 -0.67  -2.37 1.04 0.442 -0.69 -2.48 111 0.454 0.43 -1.63 2.48 0.683 -0.21 -6.79 6.36 0.948
Verbal memory  -0.42  -2.12 1.28 0.625 -0.58 -2.26 111 0.501 -0.75  -2.53 1.03 0.410 0.42 -1.64 2.49 0.686 0.43 -4.85 5.70 0.871
Gross motor  -1.68  -3.32  -0.04 0.045 -1.92  -352 -0.31 0.020 -1.38  -3.08 0.32 0.112 -1.31 -3.33 0.70 0.201 -2.52 -7.71 2.67 0.332
Fine motor  -159 -3.16  -0.02 0.047 -1.54 -3.06 -0.03 0.046 -1.82  -341 -0.22 0.026 -1.79  -3.67 0.09 0.062 -4.77  -1020 0.67 0.084
Cognitive function of posterior cortex ~ -1.14  -2.82 0.55 0.186 -1.18  -2.80 0.45 0.156 -1.18  -2.90 0.53 0.176 0.09 -1.93 211 0.928 -1.40 -6.68 3.89 0.596

Model 0: Univariant models. Model 1: Models adjusted for maternal highest attained level of education (i.e. primary, secondary, or university), children’s sex
(i.e. girls or boys), BMI (kg/m?), age at MSCA test (years) and calorie adjusted consumption of rice and fish/seafood (g/day). Model 2: The sum of urinary
arsenic species concentrations were calibrated following a mathematical method previously described (Jones et al. 2016) and the confounders were those
included in Model 1 excluding consumption of fish/seafood. Model 3: In addition to the potential confounding factors included in Model 1 we added children’s
hair mercury concentrations analyzed at 4 years. Model 4: Analyses were restricted to children with low urinary AsB (i.e. < 1 ug/L) as an indicator of exclusion
of fish/seafood consumption and the models were adjusted for the potential confounding factors included in Model 1.



*We calibrated children’s urinary arsenic species concentrations following a methodology
previously described (Jones et al. 2016). This methodology takes advantage of the fact that
urinary arsenobetaine (AsB), a putative non-toxic form of arsenic excreted unchanged
rapidly in urine, is an adequate biomarker of fish/seafood intake. To proceed with the
calibration, the original sum of urinary arsenic concentrations (i.e. iAs + MMA + DMA)
were regressed by the urinary AsB and the model residuals were extracted. Then, we added
the mean level of the urinary arsenic species concentrations of participants with low AsB
(<1 pg/L; n = 49) to the residuals, assuming that iAs exposure levels not derived from fish
and seafood are similar in participants with low and high AsB concentrations (Jones et al.
2016). Finally, the calibrated children’s urinary arsenic concentrations were included as an
independent variable in the multiple linear regression core models adjusted also for
potential confounding factors to assess the association with children’s neuropsychological
scores.

*Among children included in our models only 234 had their hair mercury concentrations
analyzed.



Table S2: Association between children’s sum of urinary arsenic concentrations (In-transformed)

and the McCarthy Scales of Children’s Ability scores adjusted by sub-cohort location.

Asturias, Gipuzkoa, and Sabadell (n = 262)?
McCarthy Scales of Children's Abilities

B 95% ClI p-value

General cognition -0.63 -2.42 1.16 0.487

Verbal -0.13 -2.04 1.77 0.891

Perceptual -performance -0.51 -2.22 1.20 0.558

Original functions

Quantitative index -1.35 -3.28 0.57 0.168

Memory -1.02 -2.89 0.85 0.285

Global motor -1.75 -3.61 0.10 0.064

Executive -0.10 -1.88 1.68 0.911

Visual executive 0.08 -1.75 1.91 0.929

Verbal executive -0.21 -2.04 1.62 0.818

Visual and verbal span -0.52 -2.43 1.40 0.595

New functions Working memory -1.07 -3.00 0.86 0.275
Verbal memory -0.81 -2.79 1.17 0.420

Gross motor -1.48 -3.30 0.34 0.110

Fine motor -1.16 -2.86 0.55 0.182

Cognitive function of posterior cortex -1.06 -2.91 0.79 0.261

Models adjusted for maternal highest attained level of education (i.e. primary, secondary, or university), children’s sex
(i.e. girls or boys), BMI (kg/m?), age at MSCA test (years), sub-cohort location (i.e. Asturias, Gipuzkoa, or Sabadell),
and calorie adjusted consumption of rice and fish/seafood (g/day).



Table S3: Selected characteristics of the study population stratified by sub-cohort location (minimum; interquartile rage; maximum)
for continuous and n (%) for categorical variables.

Selected characteristics of the study population Asturias (n = 96) Gipuzkoa (n =90) Sabadell (n = 76) Valencia (n = 99) vapllje
Children:
Girls 48 (50 47 (52 41 (54 49 (49
Sex (50) (52) (54) (49) 0.932
Boys 48 (50) 43 (48) 35 (46) 50 (51)
Rice consumption (g/day) 265(0.9:11.2-375,725) 222 (3.7:99-341:833) 09 (7'21;5?2'? -48.0; 282 (0'222222? =393 5000
. . 40.1 (14.7;32.5 -50.2; 37.1(18.2;30.4-45.1; 43.8 (21.1; 36.9 - 56.0; 38.0 (10.5; 26.9 - 47.2;
Fish/Seafood consumption (g/day) 93.1) 102.3) 82.7) 75.0) 0.000
4.81(0.31;3.04 - 7.19; 4.85(0.12; 2.70 - 8.49; 4.76 (0.22; 2.14 - 6.48; 5.23 (0.37; 2.95 - 7.80; 0615
Sum of urinary arsenic concentrations (ug/L)* 84.46) 69.60) 49.1) 28.49) '
16.1 (11.5; 15.3 - 17.5; 16.1(13.2;15.3-17.2; 15.6 (12.9; 15.0 - 17.0; 15.9(12.6; 15.2 - 16.9;
2’
BMI (kg/m?) 21.0) 22.8) 25.0) 21.0) 0.371
Maternal:
32.0(21.0; 29.0 - 35.0; 32.0(25.0; 29.0 - 35.0; 30.5 (22.0; 28.8 - 34.0; 30.3 (21.0; 27.0 - 33.0;
Enroliment Age (years) 42.0) 43.0) 400) 420) 0.004
Upper - I1+11 18 (19) 33(37) 14 (18) 18 (18)
Social class Middle - 111 24 (25) 27 (30) 27 (36) 28 (28) 0.007
Lower -
VAV 54 (56) 30(33) 35 (46) 53 (54)
Primary 19 (20) 7(8) 22 (29) 22 (22)
Highest attained level of education Secondary 38 (40) 31 (34) 31(41) 48 (48) 0.000
University 39 (41) 52 (58) 23 (30) 29 (29)
0 59 (61) 46 (51) 40 (53) 53 (54)
1 30(31) 39 (43) 31 (41) 41 (41)
Number of previous live births 0.632
2 7(7) 4(4) 5(7) 5(5)
3 0(0) 1(1) 0(0) 0(0)

For test of differences by sex, we used Kruskal-Walis rank test for continuos variables, and Chi-square exact test for categorical variables. BMI = Body mass index.
IDMA + MMA + iAs.



Figure S1: Directed acyclic graph showing the minimal sufficient adjustment set (Textor et al.
2017).
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