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A B S T R A C T

Background: Our studies of children in a rural Bangladeshi area, with varying concentrations of arsenic in well-
water, indicated modest impact on child verbal cognitive function at 5 years of age.
Objectives: Follow-up of arsenic exposure and children’s cognitive abilities at school-age.
Methods: In a nested sub-cohort of the MINIMat supplementation trial, we assessed cognitive abilities at 10 years
of age (n = 1523), using Wechsler Intelligence Scale for Children (WISC-IV). Arsenic in maternal urine and
erythrocytes in early pregnancy, in child urine at 5 and 10 years, and in hair at 10 years, was measured using
Inductively Coupled Plasma Mass Spectrometry.
Results: Median urinary arsenic at 10 years was 58 µg/L (range 7.3–940 µg/L). Multivariable-adjusted regression
analysis showed that, compared to the first urinary arsenic quintile at 10 years (< 30 µg/L), the third and fourth
quintiles (30–45 and 46–73 µg/L, respectively) had 6–7 points lower Full developmental raw scores (B: −7.23,
95% CI −11.3; −3.18, and B: −6.37, 95% CI −10.5; −2.22, respectively), corresponding to ~0.2 SD. Verbal
comprehension and Perceptual reasoning seemed to be affected. Models with children’s hair arsenic con-
centrations showed similar results. Maternal urinary arsenic in early pregnancy, but not late pregnancy, showed
inverse associations with Full developmental scores (quintiles 2–4: B: −4.52, 95% CI −8.61; −0.43, B: −5.91,
95% CI −10.0; −1.77, and B: −5.98, 95%CI −10.2; −1.77, respectively, compared to first quintile), as well as
with Verbal comprehension, Perceptual reasoning, and Processing speed, especially in girls (p < 0.05 for in-
teraction of sex with Full developmental scores and Perceptual reasoning). In models with all exposure time
points included, both concurrent exposure at 10 years and early prenatal exposure remained associated with
cognitive abilities.
Conclusions: Both early prenatal and childhood arsenic exposure, even at low levels (about 50 µg/L in urine),
was inversely associated with cognitive abilities at school-age, although the estimates were modest.

1. Introduction

Exposure to inorganic arsenic, a known carcinogenic toxicant,
through drinking water and certain food is common world-wide (EFSA,
2014; IARC, 2012). Most of our knowledge regarding the toxic effects of
arsenic is based on studies in exposed adults, but there is increasing
evidence that early-life exposure may be especially perilous. In parti-
cular, arsenic exposure prenatally and/or in early childhood seems to
affect the developing immune system (Ahmed et al., 2014; Attreed
et al., 2017; Farzan et al., 2016; Raqib et al., 2017), impair fetal and

childhood growth (Gardner et al., 2013; Rahman et al., 2017a), and
increase the risk of later life cancer (Roh et al., 2018; Steinmaus et al.,
2014). Several, mainly cross-sectional studies, have reported inverse
associations between arsenic exposure and cognitive abilities in chil-
dren (Rocha-Amador et al., 2007; Rodrigues et al., 2016; Rosado et al.,
2007; Wang et al., 2007; Wasserman et al., 2007; Wasserman et al.,
2011; von Ehrenstein et al., 2007), even at low-to-moderate exposure
(Signes-Pastor et al., 2019; Wasserman et al., 2014), although not
consistently (Desai et al., 2018; Khan et al., 2012; Kordas et al., 2015).

Our large prospective studies in a rural area in Bangladesh, where
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elevated arsenic concentrations in drinking water are frequent, showed
no significant association between pre- or postnatal arsenic exposure
(based on maternal and child urinary arsenic) and child development at
7 or 18 months of age (Hamadani et al., 2010; Tofail et al., 2009). At
5 years of age, however, we found a modest inverse association be-
tween particularly the children’s concurrent urinary arsenic and their
cognitive abilities (Hamadani et al., 2011). Because there has been a
continued arsenic exposure through drinking water and also through
food in many families, despite major mitigation efforts over the last
15–20 years (Kippler et al., 2016), we hypothesized that this continued
exposure had affected the children’s cognitive abilities further. The aim
of this study was therefore to assess cognitive abilities at 10 years of age
in relation to arsenic exposure, both prenatally and at 5 and 10 years.
Based on the knowledge about arsenic susceptibility factors and our
findings of gender-differences in early life arsenic toxicity (Broberg
et al., 2014; Gardner et al., 2013; Hamadani et al., 2011), we also
evaluated whether arsenic would affect the development differently in
boys and girls.

2. Methods

2.1. Study area and population

Details concerning the study area and population are given in our
previous publications (Gustin et al., 2018; Rahman et al., 2017b;
Skroder et al., 2017a). In short, the study was conducted in Matlab, a
rural area 53 km southeast of the capital Dhaka. Since more than
50 years, the International Center for Diarrhoeal Disease Research,
Bangladesh (icddr,b) continuously collects vital health and demo-
graphic information in the area. In 2002–2003, a parallel water-
screening project found that 70% of all the functioning tube wells, used
by more than 95% of the population, had arsenic concentrations ex-
ceeding 10 µg/L (Rahman et al., 2006). At the initiation of the cohort,
pumps were painted red if the arsenic concentration in the well water
exceeded the national drinking water standard of 50 µg/L. Pregnant
women and people showing symptoms of arsenic intoxication were
given priority for mitigation efforts, performed in collaboration with
NGOs (Rahman et al., 2006).

Our studies concerning child health and development in relation to
early-life exposure to various toxicants were nested in a population-
based randomized trial [Maternal and Infant Nutrition Intervention in
Matlab (MINIMat)], evaluating the effects of food and micronutrient
supplementation in pregnancy (Persson et al., 2012). In total 4436
women were recruited in early pregnancy and randomly assigned to
two food supplementations and three micronutrient supplementations
(Persson et al., 2012). The food supplementation (608 kcal of energy,
vegetable-based, provided six days a week) was initiated either directly
after recruitment or according to common practice around gestational
week (GW) 20. The randomized micronutrient supplementation was
initiated at GW 14 and consisted of either: (i) 30 mg iron and 400 µg
folic acid, (ii) 60 mg iron and 400 µg folic acid (WHO's standard sup-
plementation for pregnant women), or (iii) a multiple micronutrient
capsule containing 30 mg iron and 400 µg folic acid, as well as 13 other
micronutrients.

Infants born in the MINIMat cohort between May 2002 and
December 2003 (n = 2853) were included in the child development
project. More than 2000 children were tested at 7 months and 1.5 and
5 years of age (Hamadani et al., 2010; Hamadani et al., 2011; Tofail
et al., 2009). For the follow-up at 10 years of age, we invited children
who i) were born within MINIMat cohort between October 2002 and
December 2003, ii) had participated in the developmental testing at
both 1.5 and 5 years of age, and iii) were alive and registered as re-
sidents in the study area at 10 years of age (n = 1607). Out of those,
1530 (95%) agreed to participate in the follow-up of developmental
testing. The main reasons for loss to follow-up were out-migration and
parents' refusal. Spot urine samples for assessment of arsenic exposure

were obtained from 1523 of the tested children and hair samples from
1452 children. We had urinary arsenic data for 1477 children at 5 years
and for 1467 mothers in GW 8 and for 1389 mother in GW 30. For 1439
mothers we also had blood arsenic (erythrocyte fraction) in GW14.

Written consent was obtained from mothers at enrollment and again
before the testing of the 10-year-olds. The project was approved by the
research and ethical review committees at icddr,b, Dhaka, Bangladesh,
and the Regional Ethical Review Board in Stockholm, Sweden.

2.2. Exposure assessment

We have previously reported that also food, mainly rice, contributes
to inorganic arsenic exposure in the present cohort (Gardner et al.,
2011a, Kippler et al., 2016), and therefore we used biomarkers of ex-
posure that reflect the total ingestion of arsenic from all sources. In-
organic arsenic is metabolized in the body by methylation (through the
one carbon metabolism cycle) producing methylarsonic acid (MMA)
and dimethylarsinic acid (DMA), which are excreted in urine together
with a certain amount of inorganic arsenic. The sum of the metabolites
in urine is a useful measure of the ongoing individual exposure to in-
organic arsenic from all sources (Vahter 2002). Total arsenic in urine
and blood may overestimate the exposure to inorganic arsenic, as
particularly seafood often contains much less toxic organic arsenic
compounds, such as arsenobetaine, the arsenic analogue of the osmo-
lyte glycine betaine (EFSA, 2014). However, in the present population
the consumption of seafood is very low, and the limited amount of fish
consumed generally comes from the rivers, ponds and paddy fields
(Hossain et al., 2018), and therefore contain much less arsenic than
marine fish. Consequently, the sum concentrations of metabolites of
inorganic arsenic in maternal urine were found to correlate strongly
with the concentrations of total arsenic in urine (R2 = 0.96,
p < 0.001, n = 290) and blood (R2 = 0.83, p < 0.001, n = 265)
(Gardner et al., 2011b). We later measured both arsenic metabolites
and total arsenic in urine of more mothers and children, with excellent
agreement (R2 = 0.90, p < 0.0001, n = 1120, and
R2 = 0.87p < 0.0001, n = 1477, respectively). In summary, total
urinary and blood arsenic concentrations reflect the exposure to in-
organic arsenic very well in the present population.

In the present study, assessment of prenatal exposure was based on
the sum of arsenic metabolites (as we had those measures for more
mothers) in spot urine samples at GW 8 and 30 (to evaluate potential
critical prenatal exposure periods), as well as total arsenic in blood
(erythrocyte fraction) at GW 14 (Gardner et al., 2011b). While the half-
life of arsenic in the whole body is very short (few days for excretion in
urine), arsenic in erythrocytes reflects arsenic during the lifetime of the
erythrocytes, i.e. the previous 3–4 months. Assessment of the children’s
arsenic exposure was based on measures of total arsenic in spot urine
samples at 5 and 10 years of age (Gustin et al., 2018), as well as arsenic
in children’s hair (2 cm closest to the scalp) at 10 years of age, reflecting
exposure to arsenic during previous 2–3 months (Skroder et al., 2017b).

Urine samples from the mothers were analyzed for the sum of me-
tabolites of inorganic arsenic (inorganic arsenic, MMA and DMA) using
hydride-generation atomic-absorption spectroscopy (HG-AAS), as de-
scribed in detail elsewhere (Vahter et al., 2006a). No sample had a
concentration below the limit of detection (LOD, mean 1.3 ± 0.27 μg/
L across the analytical runs). The children's urine samples were ana-
lyzed for total arsenic using inductively coupled plasma mass spectro-
metry (ICP-MS, Agilent 7500ce and 7700x, Agilent Technologies,
Tokyo, Japan) (Gardner et al., 2011a; Kippler et al., 2016). The LOD
(three times the standard deviation of the reagent blanks) was < 0.05
and < 0.02 μg/L for the analyses including the urine samples at 5 and
10 years, respectively, and no sample was below these limits. As quality
control, two commercial reference materials were included together
with the urine samples at 5 years (Seronorm™ Trace Elements Urine
Blank, LOT OK4636 and Seronorm™ Trace Elements Urine, LOT
NO2525) and at 10 years of age (Seronorm™ Trace Elements Urine, LOT
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1011644 and Seronorm™ Trace Elements Urine, LOT 1011645). The
obtained concentrations of arsenic were in general in good agreement
with the reference values, both in the analytical runs with the urine
samples of the 5-year-olds [95 ± 5 µg/L (reference value 85 ± 5 µg/
L) and 178 ± 7 µg/L (reference value 184 ± 17 µg/L)] and those of
the 10-year-olds [77 ± 4 µg/L (reference value 79 ± 16 µg/L) and
175 ± 9 µg/L (reference value 184 ± 37 µg/L)]. To compensate for
the variation in dilution of the urine samples, we adjusted for the
specific gravity (SG) of the urine, measured by a digital refractometer
(EUROMEX RD712 Clinical Refractometer, Holland), according to ur-
inary arsenic × (mean SG-1)/(individual SG-1), as described previously
(Nermell et al., 2008). This is a more suitable adjustment method than
creatinine adjustment, as the creatinine excretion is influenced by age,
pregnancy, and nutrition (Nermell et al., 2008).

Arsenic in erythrocyte samples was measured using ICP-MS (Agilent
7700x, Agilent Technologies) after alkali dilution, as previously re-
ported (Lu et al., 2015). The LOD was < 0.01 µg/L, and no sample was
below LOD. Quality control was performed by including two commer-
cial reference materials for blood (Seronorm™ Trace Elements Whole
Blood L-1, LOT 1103128, and L-2, LOT 1103129), and the obtained
values (2.3 ± 0.2 µg/L and 13.5 ± 0.5 µg/L) were in good agreement
with the reference values (2.4 ± 0.5 µg/L and 14.3 ± 2.9 µg /L).
Some of the blood samples included in the present study had previously
been analyzed with ICP-MS following acid digestion (Gardner et al.,
2011b), and the results from the two analytical methods were highly
correlated. However, the arsenic concentrations from the alkali method
were consistently 5% lower than those from the acidic method (Lu
et al., 2015), and therefore, arsenic concentrations derived using the
acidic method were multiplied by 0.95. As described in detail else-
where, arsenic in hair was measured by ICP-MS (Agilent 7700x, Agilent
Technologies) after acid digestion (Skroder et al., 2017b).

2.3. Measurement of cognitive abilities

As previously described (Gustin et al., 2018; Rahman et al., 2017b;
Skroder et al., 2017a), children were tested using the Wechsler In-
telligence Scale for Children 4th Edition (WISC-IV) (Wechsler 2003), a
commonly used intelligence test in clinical practice. It includes 10 sub-
tests and the total score (sum of all sub-tests, in the following referred to
as Full developmental score) corresponds to the children's general in-
tellectual ability. We also report data for four sub-scales: i) Verbal
comprehension (based on sub-tests for vocabulary, information, and
comprehension), ii) Perceptual reasoning (problem solving skill, block
design, picture concepts, and matrix reasoning), iii) Working memory
(digit span and arithmetic), and iv) Processing speed (coding and
symbol search). To avoid potential bias when comparing with foreign
culture norms, we used the WISC-IV raw scores, not the adjusted scales
to a mean of 100, related to U.S. norms. The test materials and ques-
tionnaires were translated into Bengali and culturally adapted without
changes in the underlying context. Testing was performed at the local
health care facilities by four female psychologists who had undergone
six weeks of training. They showed good inter-rater reliabilities with
their trainer (Rahman et al., 2017b).

2.4. Covariates

Information on parental education (defined as the number of years
at school; categorized as 0, 1–4, 5–9, ≥10 years) and maternal age,
body weight, height, and smoking was collected during the MINIMat
trial (Persson et al., 2012). None of the mothers reported smoking
during pregnancy. A detailed history of socio-economic status (SES)
was collected in early pregnancy and updated at 10 years of age. It
included data on parental education, number of family members, assets
owned by the family, imbalance between income and expenditure and
quality of the roof, floor and walls of the house. An asset score (used as
quintiles) was developed using principal component analysis. At the

follow-up at 5 years of age, maternal IQ was evaluated using the Ra-
ven's colored and Progressive Matrices test (Hamadani et al., 2011),
measuring non-verbal IQ in terms of abstract logical reasoning.

At the follow-up at 10 years, we gathered information on the
number of children in the household, children's formal schooling
(years), and the type of school they attended [public primary school,
Madrasa (Islamic) school, NGO (non-profit private) school, and English
medium (private) school]. Very few children did not attend school
(n = 9) and, based on the developmental scoring by school group, these
children were grouped together with those who attended religious
schools (n = 161) and NGO schools (n = 39). The remaining two ca-
tegories included children who attended ii) primary school (n = 1163)
and iii) English medium school (n = 151). To assess the quality and
quantity of stimulation and support of the children at home, we used a
modified version of the Home Observation for Measurement of
Environment (HOME) for middle childhood (6–10 years) (Caldwell and
Bradley, 2003). Four research assistants were trained to interview
mothers at the home visits. Ten percent of the interviews were su-
pervised, and good inter-observer agreement was achieved. The chil-
dren's height and weight were measured at the health care facilities
after the developmental testing and converted into standardized z-
scores for height-for-age (HAZ), weight-for-age (WAZ), and body mass
index (BMI) for age (BAZ), using the WHO growth references (WHO
2006). According to the WHO standard, children with < -2 of HAZ or
WAZ scores are considered stunted and underweight, respectively. The
children's hemoglobin (Hb) concentrations in peripheral blood (finger
prick) were measured by a HemoCue photometer (HemoCue AB, Än-
gelholm, Sweden).

2.5. Statistical methods

Statistical analyses were performed using the software package
Stata 15 (StataCorp, TX, USA). P-values < 0.05 were considered sta-
tistically significant, but we also considered trends and consistency in
the results. Bivariate associations between arsenic biomarkers (urinary
arsenic at 5 and 10 years, hair arsenic at 10 years of age, and the
mother's urinary and erythrocyte arsenic in pregnancy), outcomes (Full
developmental score, Verbal Comprehension, Perceptual reasoning,
Working memory, and Processing speed), and covariates were explored
with Spearman correlation coefficients, Mann-Whitney U test, or
Kruskall-Wallis test, depending on the type of data. We also examined
the associations between exposures and the outcomes using scatter
plots with a moving average Lowess curve, which indicated non-linear
relationships of arsenic exposure with some of the cognitive abilities,
even when using log2-transformed arsenic concentrations. Therefore,
the different biomarkers of arsenic exposure were divided into quintiles
(Q).

We then created multivariable-adjusted linear regression models
examining the associations of mothers’ and children’s arsenic bio-
markers with children’s cognitive abilities at 10 years of age. The
models were adjusted for covariates that were either i) selected a priori
(gender, age at assessment, and tester of cognitive abilities), ii) corre-
lated (p < 0.05) with both exposure (at any time) and outcomes (BAZ,
family SES at 10 years, father's education, mother's education, mother's
IQ, and level of home stimulation), or iii) that previously had been
associated with the outcomes [school grade, type of school, number of
children in the household, as well as urinary cadmium and water
manganese (both log2-transformed) (Gustin et al., 2018; Rahman et al.,
2017b)]. Mothers’ education was highly correlated with mothers’ IQ
and SES, and therefore we included fathers’ education in the regression
models to avoid collinearity. In the first step of the analysis (Model 1),
we adjusted for gender, age and testers, as we found that the psychol-
ogists scored somewhat different. In the second step (Model 2), we
additionally adjusted for all potential confounders, i.e., BAZ, fathers’
education, mothers’ IQ, HOME, SES, number of children in the house-
hold, number of years at school and type of school, as well as urinary
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cadmium and water manganese. As we previously observed gender-
differences in arsenic toxicity (Broberg et al., 2014; Gardner et al.,
2013; Hamadani et al., 2011), we also tested for a multiplicative in-
teraction between gender and the different arsenic biomarkers in Model
2 and performed stratified analyses. In sensitivity analysis, we also in-
cluded the supplementations provided to the mothers during pregnancy
(6 groups).

To further compare the importance of the different exposure periods
for the cognitive abilities at 10 years of age, we included the urinary
arsenic concentrations (as quintiles) in early pregnancy and at 5 and
10 years in the same regression models. The variation inflation factor
(vif) varied between 1.10 and 2.47 for the different quintiles in the
different exposure measures, indicating acceptable multi-collinearity.

3. Results

3.1. Background characteristics

Background characteristics of the studied children and their families
are shown in Table 1 by quintiles of child urinary arsenic at 10 years.
The age range of the 1523 children assessed for arsenic exposure and
cognitive abilities was narrow (8.8–10.1 years). Forty-two percent of
the children were underweight (< -2 of WAZ) and 27% were stunted

(< -2 of HAZ). The girls (47% of the children) were more underweight
(46% with < -2 of WAZ) and stunted (30% with < -2 of HAZ) than the
boys (41% and 25%, respectively). Children in the lowest quintile of
urinary arsenic at 10 years of age were more likely to have higher so-
cioeconomic status and more educated parents than children in the
higher quintiles (Table 1). Children in the lowest quintile of urinary
arsenic also had slightly lower concentrations of urinary cadmium and
markedly higher concentrations of water manganese than children in
the higher quintiles (rS = 0.13 for urinary arsenic and cadmium, and
rS = -0.43 for urinary arsenic and water manganese, both p < 0.001).
They also had higher raw scores of all cognitive abilities (Table 1). The
overall test raw scores for all children and by gender are presented in
Supplemental Table S1.

The overall median urinary arsenic concentration of the children at
5 and 10 years of age was 53 and 57 µg/L, respectively, with no sig-
nificant gender difference (5 years: median 52 µg/L in girls and 53 µg/L
in boys, p = 0.74; 10 years: median 54 µg/L in girls and 60 µg/L in
boys, p = 0.54). The urinary concentrations of arsenic in their mothers
in early pregnancy were generally higher, with a median value of
82 µg/L. Still, the children in the highest quintile of urinary arsenic at
10 years of age (median 265 µg/L) had higher median concentration
than their mothers (median 193 µg/L in the highest quintile; Table 1),
and those in quintiles 3–5 (median values 57, 104 and 265 µg/L,

Table 1
Characteristics, exposures and outcomes of the 1523 studied children by quintiles of their urinary arsenic concentrations at 10 years of age.

Quintiles of child urinary arsenic at 10 years of age, µg/La, median (range)

Characteristicsb Q1 Q2 Q3 Q4 Q5

Median (range) 22.6 (7.3–29.9) 36.7 (30.0–45.5) 57.3 (45.6–73.1) 104 (73.4–162) 265 (163–940) pc

Number of children 305 305 304 305 304
Age at testing (years) 9.51 ± 0.11 9.50 ± 0.09 9.51 ± 0.09 9.52 ± 0.09 9.52 ± 0.08 0.021
Height (cm) 126.8 ± 5.9 126.2 ± 6.4 126.3 ± 5.9 126.6 ± 5.1 126.5 ± 5.9 0.868
Weight (kg) 23.8 ± 4.3 23.3 ± 4.0 23.3 ± 3.8 23.1 ± 3.1 23.2 ± 3.8 0.695
BMI (kg/m2) 14.7 ± 2.0 14.6 ± 1.6 14.5 ± 1.6 14.4 ± 1.3 14.4 ± 1.78 0.463
Height-for-age Z-score −1.39 ± 0.95 −1.47 ± 1.04 −1.46 ± 0.94 −1.41 ± 0.81 −1.43 ± 0.95 0.930
Weight-for-age Z-score −1.63 ± 1.10 −1.74 ± 1.10 −1.76 ± 1.06 −1.79 ± 0.94 −1.79 ± 1.02 0.719
BMI-for-age Z-score −1.17 ± 1.11 −1.24 ± 1.08 −1.29 ± 1.09 −1.37 ± 1.02 −1.36 ± 1.14 0.471
Number of siblings 2.9 ± 1.1 3.0 ± 1.1 3.0 ± 1.1 3.1 ± 1.1 3.0 ± 1.1 0.166
Socioeconomic status −0.34 (-2.9–11.1) −0.88 (-3.2–10.2) −0.91 (-3.0–9.6) −0.98 (–3.0–8.8) −1.05 (-3.2–9.0) < 0.001
Mothers’ education (years) 6.1 ± 4.0 5.1 ± 3.8 4.8 ± 3.6 4.7 ± 3.5 5.0 ± 3.5 < 0.001
Fathers’ education (years) 6.7 ± 4.6 5.2 ± 4.4 5.2 ± 4.2 4.7 ± 4.0 5.2 ± 4.1 < 0.001
HOME 27.8 ± 5.2 26.8 ± 5.1 26.9 ± 4.7 26.6 ± 4.7 26.7 ± 5.0 0.036
Number of years at school 4.0 ± 0.20 3.9 ± 0.30 4.0 ± 0.20 3.9 ± 0.26 4.0 ± 0.27 0.982
Type of school (%)d 11.1/ 77.8/11.1 12.6/77.8/ 9.6 15.8/ 76.5/7.7 16.6/ 73.6/9.8 12.9/ 76.0/11.1 0.223
Hemoglobin (g/L)e 118 ± 12.2 119 ± 10.8 118 ± 11.9 119 ± 10.7 119 ± 10.2 0.536
Hair arsenic (ng/g)f 246 (63–3527) 308 (73–3120) 396 (99–3297) 643 (93–3590) 1693 (141–8724) < 0.001
Hair selenium (ng/g)f 492 ± 83.5 494 ± 86.6 489 ± 83.7 483 ± 80.4 477 ± 83.9 0.110
Urinary cadmium (µg/L)a 0.21 (0.04–0.99) 0.22 (0.04–2.6) 0.25 (0.04–2.5) 0.26 (0.02–1.7) 0.26 (0.04–2.3) < 0.001
Urinary lead (µg/L)a 1.5 (0.38–11.5) 1.7 (0.26–12.0) 1.5 (0.16–16.0) 1.6 (0.06–8.9) 1.5 (0.23–27.7) 0.456
Water arsenic (µg/L) 0.32 (0.01–299) 0.56 (0.01–333) 1.58 (0.01–510) 23.9 (0.01–482) 193 (0.06–834) < 0.001
Water manganese (µg/L) 1240 (0.4–6984) 891 (0.1–8680) 419 (0.5–7266) 125 (0.3–5563) 83 (0.2–5639) < 0.001
Urinary arsenic at 5 years (µg/L)a,g 32 (6.8–426) 42 (9.7–669) 47 (12–813) 74 (15–601) 183 (17–1016) < 0.001
Maternal urinary arsenic GW8 (µg/L)a,g 42 (3.2–831) 52 (3.2–1275) 68 (7.4–1122) 127 (7.0–1287) 193 (16–1184) < 0.001
Maternal erythrocyte arsenic GW14 (µg/L)a,g 2.4 (0.38–29.7) 3.1 (0.15–86.6) 4.1 (0.57–56.6) 6.4 (0.73–55.3) 10.0 (1.0–67.2) < 0.001
Full developmental scoreh 141 ± 34 135 ± 33 126 ± 34 127 ± 31 132 ± 31 < 0.001
Verbal comprehensionh 40 ± 11 38 ± 11 35 ± 10 36 ± 9.5 36 ± 9.9 < 0.001
Perceptional reasoningh 35 ± 13 32 ± 11 30 ± 11 30 ± 11 32 ± 11 < 0.001
Working memoryh 31 ± 6.0 30 ± 5.7 29 ± 6.6 29 ± 6.3 30 ± 5.9 < 0.001
Processing speedh 36 ± 12 35 ± 12 33 ± 12 32 ± 11 35 ± 11 < 0.001

Abbreviations: BMI, body mass index; HOME, Home Observations for Measurement of Environment; GW, gestational week.
a Adjusted for specific gravity to mean of 1.012.
b Mean ± standard deviation or median (range).
c Kruskal-Wallis (continuous variables) or Chi2 test (categorical variables).
d 1) No school, religious schools and NGO schools (n = 200), 2) primary school (n = 1114) and 3) English medium school (n = 143).
e Only available for 1498.
f Only available for 1446.
g Urinary arsenic at 5 years was available for 1477, maternal urinary arsenic at GW8 for 1467, and maternal erythrocyte arsenic at GW14 for 1439.
h WISC-IV raw scores.
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Table 2
Linear regression analysis of associations between urinary arsenic (quintiles; µg/L) of the children or their mothers during early pregnancy and the cognitive abilities
at 10 years of age. Each model includes urinary arsenic at one time point only.

Quintiles of urinary arsenic

Exposure time point Q1 Q2 Q3 Q4 Q5
B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI) ptrend pint

Children 10 years
n 305 305 304 305 304
Median (range), µg/L 22.6 (7.3–29.9) 36.7 (30.0–45.5) 57.3 (45.6–73.1) 104 (73.4–162) 265 (163–940)

Full developmental score
Model 1a Reference −7.44 (−12.6; −2.31) −15.7 (−20.9; −10.6) −15.2 (−20.4; −10.1) −9.46 (−14.6; −4.33)
Model 2b Reference −1.63 (−5.62; 2.36) −7.23 (−11.3; −3.18) −6.37 (−10.5; −2.22) −2.71 (−6.96; 1.54) 0.042 0.325

Verbal comprehension
Model 1a Reference −2.34 (−3.96; −0.72) −5.09 (−6.70; −3.47) −4.31 (−5.92; −2.69) −3.68 (−5.30; −2.06)
Model 2b Reference −0.56 (−1.87; 0.75) −2.58 (−3.91; −1.25) −1.64 (−3.91; −1.25) −1.60 (−3.00; −0.20) 0.009 0.660

Perceptual reasoning
Model 1a Reference −2.85 (−4.63; −1.07) −5.00 (−6.78; −3.22) −4.84 (−6.62; −3.06) −3.36 (−5.14; −1.58)
Model 2b Reference −1.25 (−2.81; 0.31) −2.62 (−4.21; −1.03) −2.44 (−4.07; −0.82) −1.45 (−3.12; 0.21) 0.035 0.747

Working memory
Model 1a Reference −1.23 (−2.18; −0.28) −2.25 (−3.20; −1.29) −2.00 (−2.95; −1.05) −0.96 (−1.91; −0.00)
Model 2b Reference −0.40 (−1.21; 0.42) −1.02 (−1.85; −0.19) −0.68 (−1.53; 0.17) −0.04 (−0.91; 0.83) 0.725 0.258

Processing speed
Model 1a Reference −1.02 (−2.85; 0.82) −3.40 (−5.24; −1.57) −4.09 (−5.92; −2.25) −1.46 (−3.30; 0.37)
Model 2b Reference 0.57 (−1.01; 2.16) −1.02 (−2.63; 0.59) −1.61 (−3.26; 0.04) 0.38 (−1.31; 2.07) 0.482 0.101

Children 5 years
n 296 295 296 295 295
Median (range), µg/L 21 (6–27) 34 (28–41) 53 (42–69) 100 (70–149) 236 (150–1020)

Full developmental score
Model 1a Reference −2.90 (−8.16; 2.37) −7.62 (−8.16; −2.37) −9.35 (−14.6; −4.09) −4.61 (−9.87; 2.37)
Model 2b Reference −1.53 (−5.63; 2.56) −3.30 (−7.41; 0.81) −2.57 (−6.78; 1.65) 0.59 (−3.67; 4.86) 0.973 0.079

Verbal comprehension
Model 1a Reference −0.57 (−2.23; 1.10) −1.52 (−3.20; 0.15) −2.68 (−4.34; −1.01) −1.46 (−3.13; 0.20)
Model 2b Reference −0.04 (−1.39; 1.31) −0.16 (−1.52; 1.19) −0.60 (−1.99; 0.79) 0.30 (−1.11; 1.70) 0.971 0.045
Perceptual reasoning
Model 1a Reference −0.72 (−2.53; 1.10) −2.41 (−4.23; −0.59) −2.96 (−4.77; −1.14) −1.72 (−3.53; 0.10)
Model 2b Reference −0.29 (−1.89; 1.31) −1.17 (−2.78; 0.43) −1.06 (−2.70; 0.59) −0.26 (−1.93; 1.40) 0.497 0.313

Working memory
Model 1a Reference −0.17 (−1.14; 0.80) −0.74 (−1.72; 0.24) −0.94 (−1.91; 0.03) −0.05 (−1.02; 0.92)
Model 2b Reference −0.13 (−0.96; 0.71) −0.21 (−1.05; 0.63) −0.03 (−0.89; 0.83) 0.54 (−0.33; 1.41) 0.239 0.502
Processing speed
Model 1a Reference −1.44 (−3.32; 0.43) −2.94 (−4.82; −1.06) −2.78 (−4.65; −0.90) −1.38 (−3.25; 0.50)
Model 2b Reference −1.07 (−2.69; 0.55) −1.76 (−3.39; −0.13) −0.88 (−2.55; 0.78) 0.02 (−1.66; 1.71) 0.905 0.190

Mothers gestational week 8
n 294 293 294 293 293
Median (range) 23.8 (3.2–32.4) 43.5 (32.5–58.8) 83.5 (58.9–122) 174 (122–246) 381 (247–1287)

Full developmental score
Model 1a Reference −5.33 (−10.6; −0.04) −9.04 (−14.3; −3.73) −8.98 (−14.3; −3.63) −11.0 (−16.3; −5.71)
Model 2b Reference −4.52 (−8.61; −0.43) −5.91 (−10.0; −1.77) −5.98 (−10.2; −1.77) −3.41 (−7.60; 0.77) 0.094 0.021

Verbal comprehension
Model 1a Reference −2.15 (−3.83; −0.48) −2.55 (−4.23; −0.87) −2.90 (−4.59; −1.21) −3.05 (−4.73; −1.37)
Model 2b Reference −1.90 (−3.24; −0.56) −1.50 (−2.86; −0.15) −1.89 (−3.27; −0.50) −0.65 (−2.02; 0.73) 0.430 0.164

Perceptual reasoning
Model 1a Reference −0.00 (−1.83; 1.82) −2.31 (−4.14; −0.47) −2.65 (−4.50; −0.80) −3.51 (−5.35; −1.68)
Model 2b Reference 0.23 (−1.37; 1.83) −1.46 (−3.08; 0.15) −1.79 (−3.44; −0.15) −1.48 (−3.12; 0.15) 0.010 0.010

Working memory
Model 1a Reference −0.79 (−1.77; 0.18) −0.80 (−1.78; 0.17) −0.73 (−1.71; 0.26) −1.32 (−2.30; −0.35)
Model 2b Reference −0.71 (−1.54; 0.12) −0.38 (−1.23; 0.46) −0.34 (−1.20; 0.52) −0.21 (−1.06; 0.64) 0.939 0.094

Processing speed
Model 1a Reference −2.39 (−4.26; −0.51) −3.38 (−5.26; −1.50) −2.70 (−4.60; −0.81) −3.13 (−5.01; −1.25)
Model 2b Reference −2.15 (−3.76; −0.53) −2.55 (−4.18; −0.92) −1.97 (−3.63; −0.30) −1.07 (−2.72; 0.58) 0.315 0.409

B is the unstandardized regression coefficient.
a Model 1: Adjusted for child gender, age at testing and tester. In relation to the concurrent urinary arsenic at 10 years this model included 1532 children, for

urinary arsenic at 5 years the corresponding number of children were 1501, and for the mother’s urinary arsenic during pregnancy it was 1467.
b Model 2: Further adjusted for child BMI-for-age, type of school (no school, religious school, NGO or primary school, or English medium school), school grade,

number of children in the household, family SES (quintiles), father’s level of education (0, 1–5, 5–10, ≥10 years), motheŕs IQ, level of home stimulation, child
urinary cadmium (µg/L, log2 transformed) and water manganese (µg/L, log2 transformed; 10 years). In relation to the concurrent urinary arsenic at 10 years this
model included 1532 children, for urinary arsenic at 5 years the corresponding number of children were 1471, and for the mother’s urinary arsenic during pregnancy
it was 1460.
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respectively) had 21–45% higher median concentrations than at 5 years
(47, 74 and 183 µg/L). Arsenic concentrations in child urine showed a
significant correlation with arsenic in hair (rS = 0.59; p < 0.001).
Similarly, arsenic concentrations in erythrocytes at GW14 correlated
with arsenic concentrations in urine, collected a few weeks earlier,
around GW8 (rS = 0.65; p < 0.001).

3.2. Arsenic and children’s cognitive abilities – cross-sectional analyses

In the regression analyses adjusted for child sex, age and tester
(Model 1; Table 2), children in quintiles 2–5 of urinary arsenic at
10 years had significantly lower Full developmental scores than the
children in the lowest quintile. After additional adjustments (Model 2,
Table 2), the estimates were considerably weakened (more than
halved), and only those in quintiles 3–4 remained statistically sig-
nificant, with 6–7 points lower scores compared to the first quintile (p
for trend 0.042). The arsenic-associated decrease in the Full develop-
mental scores seemed to be explained mainly by the associations with
Verbal comprehension and Perceptual reasoning (Table 2). Again, the
estimates in the fully adjusted model (Model 2) were less than half of
those in Model 1. For both outcomes, there were significantly de-
creasing trends across quintiles of arsenic exposure, with 1.5–2.7 points
lower scores in quintiles 3–5 of urinary arsenic, compared to the first
quintile (p for trend was 0.009 and 0.035, respectively). Arsenic in
urine was not associated with Working memory. Further adjusting
Model 2 in Table 2 for the different supplementations during pregnancy
(6 groups) did not change the results (estimates of Full developmental
score for Q2-Q5: −1.49, −7.16, −6.27, −2.58).

The interaction term between children’s urinary arsenic and gender
in relation to the Full developmental scores and its sub-scales was not
significant (p > 0.10; Table 2), and after stratifying by gender, the
inverse associations were not very different between girls and boys
(Fig. 1; Supplemental Table S2). For the Full developmental scores, girls
in the third to fifth quintiles had about 6–7 points lower score than girls
in the lowest quintile (p for trend 0.014). Similar estimates were ob-
served for boys in the third and fourth quintiles, however, the estimate
in the fifth quintile was close to null (p for trend 0.63). This tendency of
a U-shaped association for the boys was not as clear for the sub-scales
Verbal comprehension and Perceptual reasoning. To note, the arsenic
concentrations in the fifth quintile were quite similar for boys and girls
(boys 310 ± 145 µg/L, girls 313 ± 140 µg/L), as were the con-
centrations in the first (reference) quintile (22.5 ± 4.9 for boys and
22.7 ± 5.2 for girls).

The results of the regression analyses with children’s hair arsenic
concentrations (Supplemental Table S3) were very similar to those with
urinary arsenic, both for the Full developmental scores and the sub-
scales. The interaction term (gender × hair arsenic) for the Full de-
velopmental score was not statistically significant (p > 0.05).

3.3. Arsenic and children’s cognitive abilities – Prospective analyses

Evaluation of cognitive abilities at 10 years in relation to the urinary
arsenic concentrations at 5 years showed much weaker associations
than in the cross-sectional analyses (Table 2). The multivariable-ad-
justed regression analysis showed about 3 points lower Full develop-
mental scores in quintiles 3–4, compared to the first quintile, although
not statistically significant. The interaction term for gender × urinary
arsenic was close to significant for Full developmental scores
(p = 0.079), but not significant for the other outcomes (Table 2).
Stratifying by gender (Fig. 1; Supplemental Table S2) showed sig-
nificantly inverse associations for Full developmental scores, Verbal
comprehension and Processing speed in the girls, while there were no
significant associations with urinary arsenic at 5 years in the boys.

Concerning the associations between maternal urinary arsenic in
early pregnancy and the cognitive abilities, the differences between
Model 1 (adjusted for age, sex, and tester) and the fully adjusted Model
2 were smaller than in the cross-sectional analyses (Table 2). In the
fully adjusted regression analysis, maternal urinary arsenic was sig-
nificantly inversely associated with Full developmental scores, Verbal
comprehension, Perceptual reasoning, and Processing speed (Table 2).
The Full developmental scores were on average 5–6 points lower in
quintiles 2–4 than in quintile 1, while those in the sub-tests were
1.5–2.5 points lower in quintiles 2–4 (quintiles 3–5 for Perceptual
reasoning), compared to the first quintile. The interaction term for
gender × maternal urinary arsenic was significant for Full develop-
mental score and Perceptual reasoning (p values 0.021 and 0.010, re-
spectively; Table 2), and stratifying by gender (Fig. 1; Supplemental
Table S2) showed stronger associations with Full developmental scores,
Verbal comprehension, Perceptual reasoning and Processing speed in
girls (all statistically significant in at least two quintiles) than in boys
(no significant inverse associations). In the girls, the Full developmental
scores decreased already in the second quintile, and the decrease ap-
peared to be quite stable across the four quintiles (average −8.6
points). Further adjusting Model 2 in Table 2 for the different supple-
mentations during pregnancy (6 groups) did not change the results
(estimates of Full developmental score for Q2-Q5: −4.54, −5.79,
−6.06, −3.41).

The models using erythrocyte arsenic in GW14 as exposure measure
showed overall similar results as those based on urinary arsenic in GW
8, but the associations were slightly weaker (Supplemental Table S4).
The estimate for Full developmental score in the fourth quintile was
−5.11 (95% CI: −9.41; −0.80), that for Verbal comprehension −1.91
(95% CI: −3.34; −0.497), and that for Perceptual reasoning −1.85
(95% CI: −3.53; −0.17), compared to the first quintile. The interaction
term for gender × maternal erythrocyte arsenic was not statistically
significant for any of the outcomes (p values > 0.1), but in line with
the urine-based models, the gender-stratified analyses showed generally
stronger associations for girls than for boys (except for Perceptual

Fig. 1. Multivariable-adjusted associations of
urinary arsenic (quintiles; µg/L) of the chil-
dren at 10 and 5 years of age and their mo-
thers during early pregnancy with children’s
Full developmental scores (raw scores) at
10 years of age by gender. Models were ad-
justed for age at testing, tester, child BMI-for-
age, type of school (no school, religious
school, NGO or primary school, or English
medium school), school grade, number of
children in the household, family SES (quin-
tiles), father’s level of education (0, 1–5, 5–10,
≥10 years), motheŕs IQ, level of home sti-
mulation, child urinary cadmium (µg/L, log2

transformed) and water manganese (µg/L,
log2 transformed; 10 years).
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Table 3
Linear regression analysis of associations between combined exposure at 10 years, 5 years, and prenatally (quintiles of urinary arsenic at 10 years, 5 years and the
mothers in early pregnancy included in the same model). The models are based on data for 1412 children, out of which 675 were girls and 737 were boys.

Quintiles of urinary arsenic

Outcomes with the combined exposures Q1 Q2 Q3 Q4 Q5
B (95%CI) B (95%CI) B (95%CI) B (95%CI) B (95%CI) ptrend

Full developmental score
Urinary arsenic at 10 years
All childrena Reference −2.12 (−6.34; 2.09) −7.20 (−11.5; −2.89) −6.22 (−10.8; −1.64) −3.76 (−8.89; 1.37) 0.044
Girlsb Reference −2.72 (−8.83; 3.38) −6.36 (−12.6; −0.08) −7.16 (−13.8; −0.50) −7.53 (−15.0; −0.10) 0.030
Boysb Reference −2.09 (−8.03; 3.85) −7.19 (−13.2; −1.16) −5.90 (−12.3; 0.53) −0.86 (−8.11; 6.39) 0.388

Urinary arsenic at 5 years
All childrena Reference −0.48 (−4.70; 3.75) −1.17 (−5.49; 3.15) 0.26 (−4.30; 4.82) 2.71 (−2.41; 7.83) 0.166
Girlsb Reference −0.71 (−6.87; 5.45) −1.70 (−8.19; 4.79) −3.54 (−10.1; 2.99) 3.39 (−4.05; 10.8) 0.598
Boysb Reference 0.55 (−5.37; 6.46) 0.45 (−5.48; 6.38) 5.05 (−1.42; 11.5) 2.79 (−4.37; 9.95) 0.118
Urinary arsenic of mothers at GW8
All childrena Reference −3.58 (−7.79; 0.63) −4.59 (−8.90; −0.28) −5.04 (−9.54; −0.53) −2.91 (−7.56; 1.75) 0.268
Girlsb Reference −9.40 (−15.8; −3.04) −7.92 (−14.3; −1.50) −5.82 (−12.5; 0.84) −7.04 (−13.9; −0.23) 0.283
Boysb Reference 1.26 (−4.41; 6.92) −2.42 (−8.33; 3.49) −5.21 (−11.4; 1.00) 1.04 (−5.49; 7.57) 0.701

Verbal comprehension
Urinary arsenic at 10 years
All childrena Reference −0.78 (−2.17; 0.60) −2.62 (−4.04; −1.20) −1.68 (−3.18; −0.17) −2.24 (−3.92; −0.55) 0.004
Girlsb Reference −0.75 (−2.70; 1.21) −2.15 (−4.17; −0.14) −1.33 (−3.46; 0.80) −2.81 (−5.19; −0.43) 0.025
Boysb Reference −1.07 (−3.07; 0.93) −3.10 (−5.14; −1.07) −2.21 (−4.37; −0.04) −2.02 (−4.47; 0.42) 0.038

Urinary arsenic at 5 years
All childrena Reference 0.36 (−1.03; 1.75) 0.53 (−0.89; 1.95) 0.34 (−1.15; 1.84) 1.20 (−0.49; 2.88) 0.135
Girlsb Reference −0.71 (−2.68; 1.26) −0.14 (−2.22; 1.95) −0.74 (−2.83; 1.35) 0.84 (−1.54; 3.23) 0.552
Boysb Reference 1.57 (−0.43; 3.56) 1.37 (−0.63; 3.37) 1.69 (−0.49; 3.87) 1.73 (−0.68; 4.14) 0.102

Urinary arsenic of mothers GW8
All childrena Reference −1.64 (−3.03; −0.26) −1.17 (−2.59; 0.24) −1.49 (−2.97; −0.004) −0.16 (−1.69; 1.37) 0.955
Girlsb Reference −3.13 (−5.17; −1.09) −2.09 (−4.14; −0.03) −2.22 (−4.36; −0.09) −1.70 (−3.89; 0.48) 0.493
Boysb Reference −0.54 (−2.45; 1.37) −0.29 (−2.29; 1.70) −0.97 (−3.07; 1.12) 1.25 (−0.95; 3.46) 0.425

Perceptual reasoning
Urinary arsenic at 10 years
All childrena Reference −1.52 (−3.16; 0.13) −2.71 (−4.39; −1.03) −2.26 (−4.05; −0.46) −1.42 (−3.42; 0.59) 0.121
Girlsb Reference −1.32 (−3.62; 0.99) −1.50 (−3.88; 0.87) −1.61 (−4.12; 0.90) −1.49 (−4.29; 1.32) 0.363
Boysb Reference −1.90 (−4.29; 0.48) −3.40 (−5.82; −0.98) −2.97 (−5.55; −0.39) −1.47 (−4.38; 1.44) 0.162

Urinary arsenic at 5 years
All childrena Reference −0.13 (−1.78 1.52) −0.76 (−2.45; 0.93) −0.22 (−2.01; 1.56) 0.57 (−1.43; 2.57) 0.505
Girlsb Reference 0.22 (−2.10; 2.55) −1.11 (−3.56; 1.34) −1.24 (−3.71; 1.22) 0.88 (−1.93; 3.69) 0.944
Boysb Reference −0.03 (−2.40; 2.35) −0.07 (−2.45; 2.31) 1.31 (−1.29; 3.90) 0.60 (−2.27; 3.48) 0.301

Urinary arsenic of mothers at GW8
All childrena Reference 0.47 (−1.17; 2.12) −0.98 (−2.66; 0.71) −1.46 (−3.22; 0.30) −1.25 (−3.07; 0.57) 0.074
Girlsb Reference −2.27 (−4.67; 0.14) −2.17 (−4.59; 0.26) −2.02 (−4.54; 0.49) −3.10 (−5.67; −0.52) 0.074
Boysb Reference 2.70 (0.43; 4.97) −0.40 (−2.77; 1.97) −1.44 (−3.94; 1.05) 0.39 (−2.23; 3.01) 0.435

Working memory
Urinary arsenic at 10 years
All childrena Reference −0.52 (−1.38; 0.34) −1.11 (−1.99; −0.23) −0.73 (−1.66; 0.21) −0.45 (−1.49; 0.60) 0.322
Girlsb Reference −0.32 (−1.53; 0.89) −1.10 (−2.34; 0.15) −0.52 (−1.84; 0.80) −1.02 (−2.49; 0.46) 0.174
Boysb Reference −0.78 (−2.03; 0.46) −1.05 (−2.32; 0.21 −0.93 (−2.28; 0.41) 0.08 (−1.44; 1.59) 0.931

Urinary arsenic at 5 years
All childrena Reference −0.06 (−0.92; 0.81) 0.003(−0.88; 0.88) 0.21 (−0.72; 1.14) 0.66 (−0.38; 1.71) 0.117
Girlsb Reference 0.41 (−0.81; 1.64) 0.15 (−1.14; 1.43) −0.18 (−1.48;1.11) 1.06 (−0.42; 2.54) 0.328
Boysb Reference −0.45 (−1.69; 0.79) −0.05 (−1.29; 1.19) 0.70 (−0.66; 2.06) 0.32 (−1.18; 1.82) 0.195

Urinary arsenic of mothers at GW8
All childrena Reference −0.64 (−1.50; 0.22) −0.30 (−1.18; 0.58) −0.41 (−1.33; 0.50) −0.35 (−1.30; 0.60) 0.802
Girlsb Reference −1.46 (−2.73; −0.20) −0.35 (−1.62; 0.93) −0.15 (−1.47; 1.17) −0.70 (−2.06; 0.65) 0.935
Boysb Reference 0.21 (−0.98; 1.40) −0.27 (−1.51; 0.97) −0.65 (−1.95; 0.65) 0.10 (−1.27; 1.47) 0.809

Processing speed
Urinary arsenic at 10 years
All childrena Reference 0.69 (−0.97; 2.35) −0.76 (−2.47; 0.94) −1.56 (−3.37; 0.25) 0.34 (−1.68; 2.37) 0.506
Girlsb Reference −0.34 (−2.85; 2.17) −1.61 (−4.19; 0.98) −3.69 (−6.43; −0.96) −2.21 (−5.26; 0.85) 0.040
Boysb Reference 1.66 (−0.61; 3.94) 0.36 (−1.95; 2.67) 0.21 (−2.25; 2.67) 2.55 (−0.22; 5.33) 0.276

Urinary arsenic at 5 years
All childrena Reference −0.65 (−2.32; 1.02) −0.94 (−2.65; 0.76) −0.07 (−1.87; 1.73) 0.28 (−1.74; 2.30) 0.423
Girlsb Reference −0.64 (−3.17; 1.89) −0.59 (−3.26; 2.08) −1.37 (−4.05; 1.31) 0.61 (−2.45; 3.67) 0.776
Boysb Reference −0.55 (−2.81; 1.72) −0.80 (−3.07; 1.47) 1.36 (−1.12; 3.83) 0.14 (−2.60; 2.88) 0.390

(continued on next page)
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reasoning; Supplemental Material Table S4).
Maternal urinary arsenic in late pregnancy (GW 30 on average)

showed markedly weaker associations with cognitive abilities
(Supplemental Material Table S5) compared to those based on early
gestational urinary arsenic, even though the Spearman correlation be-
tween the two measures was 0.62 (p < 0.001).

3.4. Combined prenatal and childhood arsenic exposure

Entering both early prenatal and childhood (5 and 10 years) arsenic
exposures based on urinary arsenic (quintiles) in the same models
(Table 3, Model 2 only) revealed very similar associations between
concurrent exposure at 10 years of age and cognitive abilities, as in the
cross-sectional analyses. Thus, a statistically significant decrease of the
estimates with increasing arsenic exposure (quintiles 3–4) was found
for Full developmental score, Verbal comprehension, and Perceptual
reasoning. Stratifying by gender showed quite similar estimates for girls
and boys in relation to the exposure measures at 10 years, except for the
fifth quintile where the estimate for Full developmental score was −7.5
for girls and close to null for boys.

In this combined exposure model, the 5-year exposure was not as-
sociated with any of the cognitive ability measures for all children
(Table 3). The inverse associations with early prenatal arsenic exposure
were slightly weakened after adjusting for both childhood exposure
measures, compared to the single-exposure model. However, the esti-
mate remained statistically significant for all the outcomes that were
significant in the single-exposure models (all but Working memory),
and still only in girls (Table 3). Again, the estimates based on early
prenatal exposure decreased already in the second quintiles.

4. Discussion

This unique, large, longitudinal cohort study indicates that exposure
to arsenic, both early prenatally and during childhood, is associated
with lower cognitive abilities at 10 years of age. However, the arsenic-
related decrease in cognitive abilities in the rural Bangladeshi children
was rather modest, considering the very high exposure through
drinking water in many of the families (range of children’s urinary
arsenic 7.3–940 µg/L). Nonetheless, the main decrease in cognitive
abilities appeared at rather low exposure levels. The third and fourth
quintiles of urinary arsenic at 10 years (range 46–73 and 73–162 µg/L,
respectively) were associated with a decrease in the Full developmental
scores of 6–7 points (raw scores), compared to the reference quintile of
7–30 µg/L, which mainly represents exposure through the rice-based
diet (Kippler et al., 2016). This decrease corresponds to about 0.2 SD of
the Full developmental scores (mean 132 ± 33). Also, the early pre-
natal exposure showed significant inverse associations, but mainly in
girls, in whom the estimate for Full developmental scores decreased
already in the second quintile (32–59 µg/L). Concerning the sub-scales,
the scores of Verbal comprehension and Perceptual reasoning decreased

by about 2 points (corresponding to about 0.2 SD) with increasing
concurrent or prenatal exposure, while the scores of Processing speed
decreased mainly in relation to the prenatal exposure (in girls). Only
the results of the Working memory sub-test, which measures abilities
like attention and mental control, showed no association with arsenic
exposure at any time point.

The found cross-sectional associations based on child urinary ar-
senic at 10 years of age were supported by the corresponding associa-
tions based on hair arsenic concentrations, which represent arsenic
exposure during the previous few months (Skroder et al., 2017b). The
fairly strong correlation between arsenic in urine and hair (rS = 0.59),
despite the different time periods that they reflect (previous few days
for arsenic in urine), was likely a result of the continuous arsenic ex-
posure through drinking water and food. Although a short-term ex-
posure biomarker like urinary arsenic could be expected to vary de-
pending on the daily activities (with different water sources), the
associations with cognitive abilities were quite consistent for urinary
and hair arsenic. Similarly, the associations of maternal urinary arsenic
in GW 8 with the measures of children’s cognitive function were sup-
ported by models based on arsenic concentrations in blood (erythrocyte
fraction), collected one and a half month later in pregnancy (on average
in GW14). The somewhat weaker associations with arsenic concentra-
tions in erythrocyte may, at least partly, be explained by the rapid in-
crease in the methylation efficiency of arsenic, converting inorganic
arsenic and the initial metabolite MMA to the less toxic DMA. This
change in the biotransformation of arsenic takes place very early in
pregnancy (Gardner et al., 2011b). In line with this, the associations
based on urinary arsenic at GW 30 were even weaker, and generally not
statistically significant. We did not evaluate children’s cognitive abil-
ities against arsenic concentrations in the drinking water, as we pre-
viously reported that there is a substantial exposure to arsenic also
through food (Gardner et al., 2011a; Kippler et al., 2016). In addition,
we only had water samples from the homes, not from the schools and
other places where the children spent their days. Therefore, we used
biomarkers of exposure, reflecting the actual ingested amount of ar-
senic from all sources.

The general concept that the brain is particularly vulnerable to toxic
insult during early development (Grandjean and Landrigan 2014) is
supported by the present findings, as both the concurrent exposure to
arsenic and that during early fetal development appeared to influence
the cognitive abilities at 10 years of age. In our previous study of the
children’s cognitive abilities at 5 years of age, arsenic exposure was
inversely associated with Verbal IQ, but not with Performance IQ,
which was based on the Perceptual Reasoning sub-tests Block Design,
Matrix Reasoning, and Picture Completion (Hamadani et al., 2011). At
10 years of age, arsenic exposure was inversely associated with both
Verbal Comprehension and Perceptual reasoning, indicating a more
widespread impact on cognitive abilities over time, or that the tests of
cognitive abilities are more sensitive at 10 years than that at 5 years.
Previous studies on arsenic and cognitive function in children in

Table 3 (continued)

Quintiles of urinary arsenic

Outcomes with the combined exposures Q1 Q2 Q3 Q4 Q5
B (95%CI) B (95%CI) B (95%CI) B (95%CI) B (95%CI) ptrend

Urinary arsenic of mothers at GW8
All childrena Reference −1.77 (−3.44; −0.11) −2.14 (−3.84; −0.44) −1.68 (−3.46; 0.10) −1.14 (−2.98; 0.70) 0.340
Girlsb Reference −2.54 (−5.15; 0.08) −3.31 (−5.95; −0.67) −1.42 (−4.16; 1.32) −1.54 (−4.34; 1.26) 0.627
Boysb Reference −1.11 (−3.28; 1.06) −1.46 (−3.72; 0.81) −2.14 (−4.52; 0.23) −0.70 (−3.20; 1.80) 0.452

B is the unstandardized regression coefficient.
a Adjusted for child gender, age at testing, tester, child BMI-for-age, type of school (no school, religious school, NGO or primary school, or English medium school),

school grade, number of children in the household, family SES (quintiles), father’s level of education (0, 1–5, 5–10, ≥10 years), motheŕs IQ, level of home
stimulation, child urinary cadmium (µg/L, log2 transformed) and water manganese (µg/L, log2 transformed; 10 years).

b Adjusted as defined above but excluding child gender.
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Bangladesh, India, Mexico, southern Europe, and USA are not con-
sistent as to the specific cognitive targets of arsenic (Rodrigues et al.,
2016; Rosado et al., 2007; Signes-Pastor et al., 2019; Wasserman et al.,
2014; Wasserman et al., 2011; von Ehrenstein et al., 2007).

In contrast to the found cross-sectional associations at 10 years in
the present study, the associations with prenatal arsenic were restricted
to exposure in early gestation (not late gestation), appeared at lower
exposure levels (already in quintile 2), and mainly in the girls. Also, the
associations based on early prenatal exposure were less influenced by
adjustment for covariates, compared to the cross-sectional associations.
Taken together, this might indicate different toxic mechanisms of pre-
natal and childhood arsenic exposure. It is well known that arsenic
easily passes the placenta to the fetus (Concha et al., 1998), and in
experimental studies on mice, arsenic exposure in early gestation was
found to cause specific accumulation in the embryonic neuroepithe-
lium, which may lead to toxicity (Lindgren et al., 1984). For instance,
arsenic may interfere with the extensive fitness-dependent programmed
death of many of the neurons formed during embryonic development
(Wang et al., 2019), as arsenic is known to induce neuronal apoptosis
(Chattopadhyay et al., 2002; Pandey et al., 2017). Other potential
mechanisms include epigenetic modifications (Winterbottom et al.,
2019). We previously found that arsenic exposure (maternal urinary
arsenic) in early gestation was associated with alterations in DNA me-
thylation in cord blood in a sex-specific manner (Broberg et al., 2014).
Although the epigenetic effects were less pronounced in newborn girls
than in boys, they were mainly related to fetal development. The as-
sociations based on arsenic exposure in late gestation were much
weaker.

Given the multidimensional and compelling toxicity of arsenic
(EFSA, 2014; IARC, 2012), the found modest associations with cogni-
tive abilities in children are surprising. Nevertheless, the finding that
prenatal arsenic exposure appeared to influence the test results at
10 years of age suggests that effects induced by arsenic during early
fetal development are irreversible. The observed much stronger inverse
associations of cognitive abilities with the concurrent exposure at
10 years of age than with the exposure 5 years earlier might indicate an
aggravation of the effects with time of continued childhood exposure.
Thus, it is essential to follow-up the arsenic-exposed children in the
different cohorts, even those with modest exposure. Also, the im-
portance of continued mitigation efforts is obvious. Despite compre-
hensive activities to lower the exposure to arsenic through drinking
water in the MINIMat cohort and a decreasing median arsenic con-
centration in drinking water (Kippler et al., 2016; Vahter et al., 2006b),
many of the children still had very high arsenic exposure at 10 years,
some even higher than earlier in life. This may indicate that families
had new wells constructed without analyzing the water for arsenic, or
even that the well-water arsenic problem is being forgotten (Human
Rights Watch, 2016). An additional problem is the exposure through
food, which contributed to the similar median urinary arsenic con-
centrations at 5 and 10 years of age.

The strengths of this study include the large sample size and the
population-based prospective design with repeated assessment of the
wide range of arsenic exposure based on different exposure biomarkers,
both prenatally and during childhood. Because arsenic has a short half-
life in the body (in the order of hours), the urinary arsenic reflects
ongoing exposure. Therefore, we also included more long-term ex-
posure biomarkers, i.e., arsenic in erythrocytes of the mothers and in
the two cm of hair closest to the scalp of the children, both of which
reflect the exposure during the previous few months (Skroder et al.,
2017b). Further strengths of the study include consideration of multiple
potential confounders, including SES, HOME, maternal IQ, parental
education and school attendance, all of which may influence cognitive
abilities of the children. The main limitation of the study is the fact that
WISC-IV has not been standardized for Bangladeshi children. As this
may give rise to low scoring when scaled to U.S. standards, the cogni-
tive assessment data was expressed as raw scores. Because some of the

associations appeared to be non-linear even after log-transformation,
we used quintiles of arsenic exposure biomarkers, with the first quintile
as reference. Generally, the estimate for Full developmental score in the
fifth quintile (with very wide concentrations ranges, e.g. 163–940 µg/L
for urinary arsenic at 10 years) was smaller than those in quintiles 3–4,
especially in the boys. The reason for this in not known, but we found a
similar phenomenon in the evaluation of infant growth in relation to
prenatal arsenic exposure (Saha et al., 2012). Part of the explanation for
a weaker estimate in the last quintile might be found in an arsenic-
related increase in child morbidity (Rahman et al., 2017a), which tends
to be overrepresented in boys (Ahmed et al., 2017; Raqib et al., 2009),
potentially increasing the loss to follow-up of the most sensitive chil-
dren. However, we cannot exclude residual confounding. For example,
there was a complex inverse relationship between arsenic and manga-
nese in drinking water (Kippler et al., 2016), with water manganese
concentrations in arsenic quintile five being less than 10% of those in
arsenic quintile one. Another limitation is the lack of continuous life-
time exposure data, why we were not able to evaluate the potential
impact of different exposure scenarios across life.

5. Conclusions

Even fairly low early prenatal and concurrent childhood exposure to
arsenic from well water and food was associated with impaired cogni-
tive function in school-aged children. However, the time point of the
exposure appeared to influence the impact, with the early prenatal
exposure showing inverse associations with test results at lower ex-
posure levels, mainly in girls and with more sub-tests, than did the
childhood exposure. The effect estimate corresponded to about 0.2 SD
of the Full developmental score at the most, which may easily be
compensated for in the individual child. Yet, it may be important on a
population basis, considering the prevalence of elevated concentrations
of arsenic in drinking water and food in Bangladesh and many other
places world-wide. Still, other arsenic-related health effects in children
may be more critical from a public health perspective. Arsenic exposure
causes developmental immunotoxicity, which has been linked to in-
creased child morbidity and mortality (Ahmed et al., 2014; Farzan
et al., 2016; Smith et al., 2012), as well as cancer later in life (Roh et al.,
2018; Steinmaus et al., 2014). However, a link between immune
function and brain development has also been proposed (Cowan and
Petri 2018).
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