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Background Exposure to arsenic through drinking water has been associated
with impaired cognitive function in school-aged children in a few
cross-sectional studies; however, there is little information on crit-
ical windows of exposure.

Methods We conducted a population-based longitudinal study in rural
Bangladesh. We assessed the association of arsenic exposure, based
on urinary arsenic (U-As; twice during pregnancy and twice in
childhood), with the development of about 1700 children at
5 years of age using Wechsler Pre-school and Primary Scale of
Intelligence [intelligence quotient (IQ)].

Results Median maternal U-As in pregnancy was 80 mg/l (10–90 per-
centiles: 25–400 mg/l). Children’s urine contained 35 (12–155)mg/l
and 51 (20–238)mg/l at 1.5 and 5 years, respectively. Using
multivariable-adjusted regression analyses, controlling for all poten-
tial confounders and loss to follow-up, we found that verbal IQ
(VIQ) and full scale IQ (FSIQ) were negatively associated with
(log) U-As in girls. The associations were consistent, but some-
what stronger with concurrent arsenic exposure [VIQ: B¼�2.4,
95% confidence interval (CI)¼�3.8 to �1.1; FSIQ: B¼�1.4, 95%
CI¼�2.7 to �0.1, n¼ 817), compared with that at 1.5 years (VIQ:
B¼�0.85, 95% CI¼�2.1 to 0.4; FSIQ: B¼�0.74, 95% CI¼�1.9 to
0.4, n¼ 902), late gestation (VIQ: B¼�1.52, 95% CI¼�2.6 to �0.4;
FSIQ: B¼�1.35, 95% CI¼�2.4 to �0.3, n¼ 874) and early gesta-
tion (VIQ: B¼�1.23, 95% CI¼�2.4 to �0.06; FSIQ: B¼�0.92,
95% CI¼�2.0 to �0.2, n¼ 833). In boys, U-As showed consist-
ently low and non-significant associations with all IQ measures.
An effect size calculation indicated that 100 mg/l U-As was asso-
ciated with a decrement of 1–3 points in both VIQ and FSIQ
in girls.
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Conclusion We found adverse effects of arsenic exposure on IQ in girls, but not
boys, at 5 years of age.

Keywords Pregnancy, maternal urinary arsenic, child urinary arsenic, cognitive
function, intelligence quotient, arsenic exposure, gender differences

Introduction
Inorganic arsenic (iAs) is a known carcinogenic toxi-
cant that is prevalent in drinking water in many areas
of the world.1–3 The vast majority of published litera-
ture focuses on health effects in exposed adults. A
few cross-sectional studies have reported impairment
of cognitive and neurobehavioural function in school-
aged children with increasing arsenic exposure
through drinking water.4–9 However, we found no sig-
nificant association between pre- or post-natal arsenic
(maternal and child urinary arsenic) and child devel-
opment at 7 or 18 months of age in our ongoing
population-based, longitudinal study in rural
Bangladesh.10,11 However, we observed significant as-
sociation of maternal arsenic exposure with reduced
size at birth and increased infant morbidity and mor-
tality in the same population.12–16

It is conceivable that arsenic affects higher cognitive
functions which develop with increasing age, or that
the effects can be detected first in school-aged chil-
dren even if induced much earlier. Although many
chemicals induce neurotoxicity in utero or early in-
fancy while basic brain structures are forming and
neurons are proliferating and migrating, arsenic may
affect the development of synaptic connections, recep-
tors and transmitter systems, which continues for
years after birth.17 Children in this population may
be particularly vulnerable to arsenic neurotoxicity
later in childhood because the prevalence of under-
nutrition in Bangladeshi children increases after their
first year in life.18 Particularly, a low intake of anti-
oxidants may aggravate arsenic-induced oxidative
stress.19 Also, a low intake of nutrients essential for
arsenic metabolism may result in poor arsenic detoxifi-
cation.20 Arsenic is methylated via one-carbon metab-
olism to methylarsonic acid (MMA) and
dimethylarsinic acid (DMA). A high fraction of the
toxic metabolite MMA in urine is an established
risk factor for adverse effects in adults.21

The aim of this study was to assess cognitive and
language development at 5 years of age in relation to
arsenic exposure at multiple time points throughout
gestation and during childhood. Also, we wanted to
elucidate if malnutrition and poor arsenic metabolism
could influence such associations. Though sex differ-
ences were not specifically hypothesized a priori, based
on the knowledge about toxicological mechanisms of
arsenic and our previous experience of gender-
differences in arsenic toxicity,21,22 we also evaluated
whether arsenic would affect development differently
in girls and boys.

Materials and Methods
Study area and population
Details of the study area and population are given in
our previous publications.10,11,23 In short, the study
was conducted in Matlab, a rural area 53 km south-
east of the capital Dhaka (for a map of the study area,
see Sohel et al. 2010)15 where International Center for
Diarrhoeal Disease Research, Bangladesh (icddr,b) has
been collecting vital health and demographic informa-
tion for the past 60 years.24 A parallel water-screening
project found that 70% of the tube wells, used by
495% of the population, had arsenic concentrations
410 mg/l.25 The arsenic concentration of the water
used by the women during pregnancy had a median
of 66 mg/l (90th percentile: 410 mg/l).26

The study was part of a population-based randomized
maternal and infant nutrition intervention in Matlab
(MINIMat) evaluating the effects of food and micro-
nutrient supplementation in pregnancy.23 Infants born
between May 2002 and December 2003 (n¼ 2853)
were included in the child development component
of the study. Children were tested at 7 months
(n¼ 2116) and at 1.5 (n¼ 2112) and 5 (n¼ 2260)
years. Only infants of mothers with low body mass
index (BMI) benefited from supplementation during
pregnancy at 7 months,23 whereas there was no
effect of supplementation at 1.5 years (Hamadani,
unpublished data).

Exposure assessment
Pre-natal arsenic exposure was measured by arsenic
concentrations in mothers’ urine collected in early
(gestational week 8) and late (gestational week 30)
pregnancy. At 1.5 and 5 years, children’s urine was
collected during home interviews to measure child-
hood arsenic exposure.27,28 Urine samples were trans-
ported frozen to Karolinska Institute for arsenic
analysis. For mothers’ urine, we assessed the sum of
metabolites of inorganic arsenic using hydride-
generation atomic-absorption spectroscopy.26 For chil-
dren’s urine, the concentrations of the different
arsenic metabolites (MMA, DMA and remaining
un-methylated inorganic arsenic) were mea-
sured using high-pressure liquid chromatography on
line with hydride generation and inductively coupled
mass spectrometry (HPLC–ICPMS).26–28 The measure-
ments showed excellent agreement between the two
methods (r¼ 0.98; n¼ 319) and accuracy was demon-
strated using reference materials. In both cases, the
concentration of urinary arsenic (U-As) is defined as
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the sum of iAs, MMA and DMA measured in the
urine. We adjusted for variation in urine dilution by
specific gravity (average 1.012 g/ml for urine of
mothers and 5-year olds, and 1.009 g/ml for the
1.5-year olds). Adjustment for specific gravity is
known to be less dependent on age, nutritional status
and arsenic exposure than is adjustment for creatin-
ine excretion.29

Socio-economic status
A detailed socio-economic status (SES) history was
collected. It included questions on parental education,
number of family members, assets owned by the fam-
ily, imbalance between income and expenditure in the
previous month and the quality of the roof, floor and
walls of the house.23 An asset score was developed
based on the factor analyses of all the assets owned
in the household. A housing index was produced ac-
cording to the materials used for the roof, floor and
walls of the house.

Anthropometry
At enrolment during early pregnancy, mothers’ body
weight and height were measured and the BMI
(kg/m2) was calculated. Birthweight, length and
head circumference were measured using standard
methods.23 Children’s weight, length and head cir-
cumference at 1.511 and 5 years were measured ac-
cording to standard procedures.30 Heights and
weights were converted to standard scores using the
World Health Organization (WHO) growth
references.31

Cognitive function
Children were tested using the third edition of Wechsler
Pre-school and Primary Scale of Intelligence (WPPSI)32

at the nearest health clinic. WPPSI was not previ-
ously used in this population by the present research
group and was therefore culturally adapted and mod-
ified for use in Bangladeshi children. Initially, five
testers were trained to test the children, and test–
retest and inter-observer reliability with the trainer
were assessed. Unfortunately, for unavoidable rea-
sons, three testers left at different times in the
study and new testers were trained. Testers were
regularly supervised. Supervisors rated 10% of all
tests, and adequate inter-observer reliabilities and
test–retest reliability were achieved.

Seven subtests of the WPPSI were used. ‘Block Design’
(20 items), ‘Matrix Reasoning’ (29 items) and ‘Picture
Completion’ (32 items) subtests were summed to cal-
culate the performance intelligence quotient (PIQ).
‘Information’ (34 questions), ‘Vocabulary’ (25 ques-
tions) and ‘Comprehension’ (20 questions) subtests
provided the verbal IQ (VIQ). ‘Coding’ measured the
speed of processing of the children. The three scaled
scores were summed to calculate the full scale IQ
(FSIQ).

Home stimulation
Quality of home stimulation was assessed using a
modified version of home observation for measure-
ment of environment (HOME) for early childhood.33

Four research assistants were trained to interview
mothers at home. Ten per cent of the interviews were
supervised and good inter-observer agreement was
achieved.

Maternal IQ
When mothers brought their children to the health
clinic, they were asked to take Raven’s coloured and
progressive matrices test in order to measure their
IQ.34 The sum of the correct answers was used as
the mother’s IQ.

Statistical methods
Data were analysed using SPSS for Windows version
17 (SPSS Inc., Chicago). Age of the child at the time of
testing was negatively correlated to FSIQ (r¼�0.07,
P¼ 0.002) and PIQ (r¼�0.13, P < 0.001) and we
therefore controlled for age in any analyses relating
to FSIQ and PIQ. Plots of the IQ scores against U-As
indicated a non-linear relationship. Therefore, U-As in
mothers (gestational weeks 8 and 30) and children
(1.5 and 5 years of age) were first categorized into
quartiles for evaluation of differences in develop-
mental scores using one-way analysis of variance
(ANOVA). The distributions of the mothers’ and chil-
dren’s U-As were strongly right-skewed. For linear
regression analyses, U-As values were log-transformed
to meet the requirements of normal distribution of
residuals. Correlations of log-transformed U-As with
developmental scores and potential confounders, i.e.
socio-demographic variables, were calculated for boys
and girls separately. Variables correlating with both
exposure (at any time point) and outcomes were con-
sidered as possible confounders and were used in
multivariable-adjusted regression analyses. Mothers’
education was highly correlated with mothers’ IQ,
fathers’ education and assets, and was therefore not
used in the regression models. We evaluated separate
multivariable-adjusted regression models examining
the effects of mothers’ and children’s U-As, control-
ling for potential confounders. Although the testers
were continuously supervised and showed good agree-
ment in terms of the supervisor evaluation, ratings
between testers still differed. Therefore, to con-
trol for testers’ differences, we used dummy variables
for testers in the multivariable-adjusted regression
analyses.

In the first step of the analysis, we entered U-As
(mothers’ or children’s), sex and age (except for
VIQ) in the model. In the second step, we additionally
entered HOME, and in the third step we entered all of
the potential confounders. HOME was entered separ-
ately in the second step as it was highly related to the
developmental outcomes and most of the SES vari-
ables. For models evaluating the effect of children’s
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U-As, we included fathers’ education, mothers’ BMI
and IQ, assets, housing, number of children in the
household, gestational age at birth, birth length,
height-for-age z-score (HAZ) and dummy variables
representing testers. For models using mothers’
U-As, we controlled for fathers’ education, mothers’
BMI and IQ, assets, housing, number of children
in the household, gestational age at birth, birth
length, head circumference at 5 years and testers.
The sex of the children predicted IQ and we therefore
calculated interaction terms for sex and U-As meas-
ures, and tested these in models fully adjusted as
described above. Next, we omitted gestational age
and anthropometric measures from the regression
analyses to check if the effect of arsenic was mediated
through those measures. Additionally, we assessed
the probability of being tested in the study using
a logistic regression of the covariates that had
missing values (SES, housing, assets, income–
expenditure deficits, maternal BMI at enrolment,
maternal age, parity, parents’ education, gestational
age, birthweight, length and head circumference)
and used the inverse of the predicted prob-
ability as weights in the multiple regression analyses
to determine if the loss to follow-up affected the es-
timates for the effect of arsenic. Finally, we evaluated
potential effects of (i) poverty and (ii) poor arsenic
metabolism by stratifying for (i) SES quintiles
and (ii) low (below median) and high (above
median) percentage of MMA in children’s urine at
5 years. We checked if the food and micronutrient
supplementation during pregnancy had any effect on
children’s IQ, but none of the supplementation groups
differed from others at 5 years of age (data not
shown).

We calculated effect sizes by evaluating U-As in a
fully adjusted model using non-transformed U-As
concentrations <100 mg/l, where residuals were nor-
mally distributed, the relationship between U-As
and IQ was approximately linear and the association
was not unduly influenced by a few individuals with
very high U-As concentrations. We compared the esti-
mated effect with the standard deviation of the
sample.

Ethics
Informed written consent was obtained from mothers
at enrolment and again before the testing of 5-year
olds. The institutional review boards of the Karolinska
Institute and icddr,b approved the project. In a
parallel project, information about the water arsenic
concentrations was provided to the well owners, and
the pumps were painted red if water exceeded the
national drinking water standard of 50 mg/l.25

Pregnant women and people showing symptoms of
arsenic intoxication were given priority for mitigation
efforts.

Results
Singleton children born between May 2002 and
December 2003 (n¼ 2853) comprised the sample for
the child development component. At 5 years of age,
we tested 2260 (79%) of those children, whereas 593
(21%) children were lost due to (i) refusal to come for
the test (n¼ 44, 7% of all lost to follow-up), (ii) mi-
gration to other areas (n¼ 63, 11%), (iii) death
(n¼ 96, 16%), (iv) unavailability on several visits
(n¼ 358, 60%), (v) disability (n¼ 4, 1%) and (vi) ill-
ness at the time of testing (n¼ 28, 5%). The children
who were not tested came from higher SES families
and had higher parental education (P < 0.001),
mother’s BMI (P¼ 0.006) and asset score (P¼ 0.007),
as well as better housing (P¼ 0.001) (Table 1).

The mean age of the mothers was 26 years at enrol-
ment and one-third were undernourished with BMI
<18.5 kg/m2 (Table 1). The children were on average
63 months old [Standard Deviation (SD) 1.9 months]
with an average body weight of 14.9 kg (SD 1.9 kg) and
average body height of 103 cm (SD 5 cm) at the time of
the 5-year developmental testing. Many children in
this population were underweight [41% had weight-
for-age z-scores (WAZ) less than �2] and stunted
(33% had HAZ less than �2) at 5 years of age.

Among the children who were tested for their IQ or
whose mothers were interviewed at home for the
quality of home stimulation at 5 years, we had U-As
measures for 2010 children at 5 years and 2101 chil-
dren at 1.5 years. In addition, we had U-As data
for 1945 of the mothers in early pregnancy and
2019 mothers in late pregnancy. The median U-As
was similar in early (81 mg/l, n¼ 1945) and late
(84 mg/l, n¼ 2019) gestation (Table 1). Children’s
median U-As at 1.5 years was 34 mg/l and at 5 years
was 51 mg/l (Table 1). The distribution of U-As mea-
sured at all time points was right skewed. For ex-
ample, the arithmetic mean concentration at 5 years
was 100 mg/l.

Mean FSIQ, PIQ and VIQ by quartiles of mothers’
and children’s U-As are presented in Table 2. There
were group differences and linear trend across the
arsenic quartiles for all the developmental variables.
U-As was negatively related to most socio-economic
and anthropometric variables (Table 3). FSIQ, PIQ
and VIQ were related to all socio-economic and an-
thropometric variables (data not shown).

Table 4 shows the associations between VIQ and
U-As at all four time points of exposure assessment
using multivariable-adjusted regression analysis.
Controlling for HOME in the models caused substan-
tial changes in the estimates of the effect of arsenic,
but the associations remained after this adjustment
and also after controlling for additional potential
confounders.

For VIQ, there were effects of sex at all four time
points (P < 0.05 for all) and there were interactions of
sex with U-As during late gestation [B¼�1.5, 95%
confidence interval (CI)¼�3.0 to 0.004, P¼ 0.051]
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and at 5 years of age (B¼�2.9, 95% CI¼�4.6 to
�1.1, P¼ 0.001) (Table 4). When boys and girls were
evaluated separately, the effects were only present in
girls, and somewhat stronger with concurrent arsenic
exposure (B¼�2.4, 95% CI¼�3.8 to �1.1, P < 0.001),
compared with that at 1.5 years, and early and late
gestation (Table 4).

Similarly for FSIQ, there were interactions of sex
with U-As in late gestation (B¼�1.4, 95% CI¼�2.8
to 0.07, P¼ 0.063) and at 5 years of age (B¼�2.0,
95% CI¼�3.7 to �0.3, P¼ 0.021), and FSIQ showed
slightly weaker associations with arsenic exposure in
the girls (Table 5). For FSIQ, there was again a ten-
dency in girls for stronger association with concurrent
arsenic exposure (B¼�1.40, 95% CI¼�2.7 to �0.1,
P¼ 0.029) compared with exposure at 1.5 years and
early and late gestation (Table 5).

In boys, all exposures showed consistently low and
non-significant associations with all IQ measures
(Tables 4 and 5).

In all children, PIQ was negatively associated only
with maternal U-As in late gestation (fully adjusted
model: B¼�1.31, P¼ 0.028), not with exposure ear-
lier or later (P¼ 0.32–0.80; data not shown).

We also excluded gestational age at birth, birth an-
thropometry measures and concurrent anthropometry
as covariates in the models, as arsenic has been found
to affect size at birth12 and could potentially mediate
the effects on child cognition. However, exclusion of
these covariates did not change the estimates of the
effect of arsenic. Moreover, weighting the regressions
by the inverse probability of being tested did not
change the result.

Stratified analysis by SES (quintiles) or percentage
of MMA in child urine at 5 years did not indicate any
influence of SES or arsenic methylation efficiency on
the associations between arsenic exposure and IQ
measures, in either girls or boys.

It was not possible to measure the cumulative ex-
posure to arsenic (mg/l � years) as we did not have
information on time points for possible changes of
water sources or on length and completeness of
breastfeeding, which would markedly affect the cu-
mulative exposure. In order to test for the effect of
high exposures throughout life, we selected children
with above median pre-natal U-As. Among these chil-
dren, we compared children with above median U-As
in childhood to children with U-As below median in

Table 1 Characteristics of the study cohort compared with those children not tested

Variable Tested Not tested P-value

Family characteristics n¼ 1945–2200 n¼ 584–592 (U-As: n¼ 320)

Poor housing (%) 21 18 0.001

Income–expenditure deficit (%) 20 18 0.423

Assetsa 0.3 (�1.8, 1.8) 0.7 (�1.5, 2.1) 0.008

Fathers’ education (years)a 5.0 (0, 12) 6.5 (0, 12) <0.001

Mothers’ education (years)a 5.0 (0, 10) 6.0 (0, 10) <0.001

Mothers’ BMI (kg/m2)b 20.1 (2.6) 20.4 (2.8) 0.006

Arsenic in mothers’ urine in
gestational week 8 (mg/l)b

81 (24, 380) 67 (19, 396) 0.998

Arsenic in mothers’ urine in
gestational week 30 (mg/l) b

84 (26, 415) 67 (23, 408) 0.173

Children’s characteristics n¼ 2101�2260 n¼ 269–585

Males (%) 52 52 0.507

Birthweight (g)a 2688.4� 393.7 2668.9 (469.5) 0.342

Birth length (cm)a 47.8 (2.2) 47.7 (2.7) 0.177

Birth head circumference (cm)a 32.5 (1.7) 32.4 (2.0) 0.248

Gestational age (weeks)a 39.2 (1.7) 39.0 (2.3) 0.050

Concurrent anthropometry

HAZ �1.6 (0.9) Not measured

WAZ �1.8 (0.9) Not measured

U-As at 1.5 years (mg/l)b 34 (12, 155) 35 (12, 225) 0.050

U-As at 5 years (mg/l)b 51 (20, 238) 49 (15, 284) (n ¼ 77) 0.610

aMean (SD).
bMedian (10th and 90th percentiles).

EARLY LIFE ARSENIC EXPOSURE AND CHILD DEVELOPMENT AT 5 YEARS 1597

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/40/6/1593/804088 by U

.S. D
epartm

ent of Justice user on 17 August 2022



childhood. However, the differences in VIQ, PIQ or
FSIQ at 5 years between these groups were negligible.
Alternatively, we selected children with above median
post-natal exposure and within that group we com-
pared those with above and below median pre-natal
exposure. There were no significant difference on any
of the measures; however, the children with above
median exposure in the early pre-natal measure
tended to have lower VIQ compared with those with
below median exposure on unadjusted (mean

difference¼ 1.6 and 95% CI¼�0.08 to 3.2; P¼ 0.06)
and adjusted (B¼�1.1, 95% CI¼�2.6 to 0.4;
P¼ 0.15) analysis.

Effect size calculations using non-transformed
U-As values <100 mg/l indicated that an arsenic con-
centration in urine of 100 mg/l U-As was associated
with a decrease in VIQ and FSIQ of 1–3 points,
which equals 0.1–0.3 SD (Tables 4 and 5).

Discussion
This is the first longitudinal study on the effects
of early-life exposure to inorganic arsenic on child
IQ at pre-school age. We found that arsenic exposure,
measured by individual biomarker at four differ-
ent points in time, was negatively associated with
children’s verbal and FSIQ, even after carefully con-
trolling for the most relevant potential confounders,
most notably the quality of home stimulation. An im-
portant new finding is the differential effect of ar-
senic on boys and girls, with the negative effects of
arsenic on IQ observed predominantly in girls. In
boys, there was no evidence of adverse effects of ar-
senic exposure on IQ. In the girls, concurrent expos-
ure at 5 years seemed to be somewhat more
influential than pre-natal and early childhood expos-
ure, in spite of the fact that U-As concentrations were
lower in 5-year-old children compared with their
mothers’ during gestation. Although the effect size
of arsenic in the present study was moderate and
may be compensated for by other factors of import-
ance for development in the individual child, such
a negative effect of arsenic may be important on
a population basis, considering the prevalence of
arsenic in drinking water in Bangladesh and else-
where in the world. We believe that the present re-
sults are also relevant for other populations, as the
effects of arsenic on children’s IQ were independent
of SES.

The main strengths of this cohort study include
the large sample size (more than 1700 children)
and the longitudinal design with repeated measures
of individual arsenic exposure (twice pre-natally and
twice during childhood) and repeated measures of
child development, both at 0.6,10 1.511 and 5 years
of age (this study). We also carefully controlled for
potential confounders including home stimulation
and other socio-economic variables. The develop-
mental tests were culturally adapted and showed
good test–retest reliability. In the present study, the
scores correlated with parental education, maternal
IQ, SES and nutritional status in theoretically ex-
pected ways. The testers were rotated around the
study area throughout the study period and we stat-
istically controlled for testers in the analyses. Hence,
they are unlikely to affect the results. The home
environment had a particularly strong impact on
the IQ of the children, and adjusting for the home
environment decreased the association between

Table 2 Means (SD) of developmental outcomes by quar-
tiles of mothers’ and children’s U-As concentrations

U-As (mg/l) n FSIQa PIQa VIQ

Mothers’ U-As at GW 8

0–36 479 76.6 (99) 77.6 (9.5) 81.2 (10.3)

37–79 481 75.9 (8.8) 76.1 (9.5) 79.5 (8.5)

80–206 490 74.2 (8.5) 75.2 (8.9) 79.1 (8.8)

4206 495 74.2 (9.4) 76.0 (10.3) 78.6 (8.7)

Total 1945 74.9 (9.2) 76.2 (9.6) 79.6 (9.1)

Group difference,
P-value

<0.001 0.001 <0.001

Linear trend, P-value <0.001 0.003 <0.001

Mothers’ U-As at GW 30

0–40 482 76.7 (10.4) 77.3 (10.2) 81.5 (10.2)

41–82 512 75.6 (9.0) 76.6 (9.0) 80.2 (9.4)

83–228 513 74.4 (8.6) 76.0 (9.4) 79.0 (8.5)

4228 512 73.9 (9.0) 75.2 (10.0) 78.8 (8.5)

Total 2019 75.1 (9.3) 76.3 (9.7) 79.8 (9.2)

Group difference,
P-value

<0.001 0.003 <0.001

Linear trend, P-value <0.001 <0.001 <0.001

Children’s U-As at 1.5 years

0–17 522 77.1 (9.7) 77.6 (9.4) 78.0 (9.8)

18–35 542 74.9 (9.1) 75.9 (9.7) 76.2 (9.4)

36–80 522 74.1 (9.0) 75.8 (9.0) 75.5 (9.4)

480 515 74.3 (8.6) 75.6 (10.2) 75.7 (9.6)

Total 2101 75.1 (9.2) 76.2 (9.6) 76.3 (9.6)

Group difference,
P-value

<0.001 0.005 <0.001

Linear trend, P-value <0.001 0.003 <0.001

Children’s U-As at 5 years

0–29 505 76.6 (10.2) 77.2 (9.8) 81.6 (10.6)

30–50 502 75.6 (9.8) 76.6 (10.0) 80.1 (9.3)

51–120 502 74.1 (8.3) 75.6 (9.0) 78.8 (8.3)

4120 501 74.3 (9.1) 76.0 (10.1) 78.8 (8.6)

Total 2010 75.1 (9.4) 76.3 (9.8) 79.8 (9.3)

Group difference,
P-value

<0.001 0.021 <0.001

Linear trend, P-value <0.001 0.008 <0.001

aControlling for age.
GW: gestational week.
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arsenic and the children’s test scores substantially.
Given the marked attenuation of association after ad-
justments, residual confounding cannot be totally
excluded.

We based the exposure assessment on the con-
centration of arsenic metabolites in urine, as it reflects
the actual individual exposure to inorganic arsenic
from both water and food. Thus it provides a more
reliable exposure estimate than water arsenic con-
centrations, which have been used in most of the
previous large-scale epidemiological studies on
arsenic-related health effects. Recent studies
demonstrated elevated arsenic concentrations in

foods of plant origin, mainly rice,35 seen also in the
present study population.26,28 Moreover, we identified
fairly low exposure at 1.5 years due to partial breast-
feeding.27 Measuring arsenic metabolites in urine also
provides the possibility to evaluate the influence of
arsenic metabolism, which is largely genetically deter-
mined.36 However, children with poor methylation of
arsenic did not differ in performance compared with
children with efficient arsenic methylation.

Although there was considerable loss to follow-up,
we found only small differences in arsenic exposure,
anthropometry and SES between lost and tested chil-
dren. The lost children came from higher SES

Table 3 Univariate associations (Pearson’s correlation) of maternal and child characteristics with mean ma-
ternal and child arsenic exposure

Variable

Mother’s
U-As early

gestation (log)

Mother’s
U-As late

gestation (log)
Child’s U-As

1.5 years (log)
Child’s U-As
5 years (log)

Family characteristics

Father’s education �0.11** �0.09** �0.08** �0.11**

Mother’s education �0.11** �0.11** �0.08** �0.12**

Mother’s age �0.03 �0.03 �0.02 �0.008

Mother’s BMI �0.08** �0.08** �0.05* �0.07*

Mother’s IQ �0.06* �0.06* �0.03 �0.09**

Parity 0.02 0.01 0.02 0.06*

Assets �0.14** �0.08** �0.07** �0.09**

Housing �0.19** �0.16** �0.12** �0.12**

Wealth index �0.13** �0.08** �0.08** �0.10**

Income–expenditure deficit �0.03 0.001 0.03 �0.04

Number of children <6 years
of age in the family

0.10** 0.13** 0.13** 0.09**

Child characteristics at birth

Gestational age �0.03 �0.05* �0.05* �0.04

Birth order 0.009 0.01 0.003 0.04

Weight �0.01 �0.04 �0.04 �0.04

Length �0.03 �0.06* �0.06* �0.06*

Head circumference �0.05* �0.06* �0.11** �0.04

Child characteristics at 5 years of age

WAZ 64 months �0.04 �0.02 �0.03 �0.07*

HAZ 64 months �0.04 �0.05* �0.03 �0.05*

BMIZ 64 months �0.02 0.02 �0.002 �0.05*

Head circumference 64 months �0.05* �0.04 �0.03 �0.01

HOME at 64 months �0.09** �0.11** �0.11** �0.14**

FSIQa
�0.10** �0.11** �0.11** �0.10**

PIQa
�0.07* �0.08** �0.08** �0.05*

VIQ �0.11** �0.10** �0.11** �0.12**

aControlling for age at tests.
*P < 0.05, **P < 0.01.
MDI: mental developmental index; BMIZ: body mass index z-score.
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families, and the effect of SES was controlled in the
analyses. In addition, when we adjusted for the char-
acteristics of the lost children through inverse prob-
ability weighting, the results were changed minimally.
In a subsample of the cohort of mothers, we previ-
ously found that water concentrations of manganese
and arsenic were inversely related.37 Thus, it is pos-
sible that manganese exposure might have reduced
the association between arsenic and child develop-
ment, and we have initiated studies to examine that
question in a larger group of mothers and children.
Manganese exposure has been shown to influence
children’s behaviour in recent cross-sectional studies
in Bangladesh.38

There are several possible mechanisms by which ar-
senic may affect the developing brain. A direct effect
on brain cells is possible as arsenic is a pro-oxidant
and may cause oxidative stress in the sensitive de-
veloping brain.39–41 We found associations between
arsenic exposure and oxidative stress markers both
in the mothers’ urine in early pregnancy19 and in
their placentas at delivery.13 Another possible mode
of action of arsenic is hormonal interactions, especial-
ly with oestrogen and thyroid hormones,42 both of
which are essential for brain development.43 A hor-
monal interaction may be supported by the observed
sex differences in our study. Interestingly, recent ex-
perimental studies showed that female rats were more
susceptible to arsenic-induced neurotoxicity than
male rats, particularly to effects on the dopaminergic
system.44 In addition, girls were recently found to be
more susceptible to manganese-induced impairment
of child development than boys.45 Unfortunately,
none of the previously reported epidemiological stu-
dies on arsenic and child development (all
cross-sectional) evaluated the associations separately
in boys and girls.

Our finding that children’s concurrent arsenic ex-
posure is more strongly associated with IQ scores,
compared with exposure earlier in life, is supported
by other studies. In particular, von Ehrenstein et al.9

reported that concurrent exposure (measured by ar-
senic in urine) among 351 Indian children 5–15 years
of age, but not the estimated long term or pre-natal
exposure (based on water arsenic concentrations),
was associated with small reductions in the adjusted
scores of the vocabulary test, the object assembly
test and the picture completion test. A weaker effect
of pre-natal and early post-natal arsenic exposure
might be related to the recently observed up-
regulation of arsenic methylation efficiency very
early in pregnancy,46 which is likely to decrease tox-
icity, in combination with the poor transfer of arsenic
to breast milk.47 However, it is possible that the dur-
ation of exposure is important. We were not able to
assess the exact cumulative exposure (mg/l � years),
as we lacked detailed data on water source and
breastfeeding practices. However, comparing chil-
dren with differing urinary arsenic measures over

time did not show any significant difference on
VIQ, PIQ or FSIQ. Still, our results might suggest
that arsenic exerts an effect on the brain in early
gestation, and that this is sustained or somewhat
aggravated by the continuing childhood exposure.
An effect in early gestation is in line with the
observed lower head circumference at birth for chil-
dren with higher early pre-natal arsenic exposure,12 as
head circumference is associated with lower child
IQ.48 It is essential to follow the children to elucidate
whether their IQ scores deteriorate with persistent
exposure.

Conclusions
We demonstrate associations of early-life arsenic ex-
posure and decreased VIQ and FSIQ in
pre-school-aged children. The noteworthy finding of
effects, particularly in girls, requires confirmation in
future studies. We intend to continue following these
children to determine whether effects become more
apparent in later childhood and adolescence and
whether the sex differences persist. At the same
time, it is essential to improve the mitigation options
particularly for water sources with high arsenic con-
centrations used by children.
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KEY MESSAGES

� This is the first longitudinal study reporting association between pre-natal and childhood arsenic
exposure and development of 5-year-old children.

� All four measures of early-life arsenic exposure were associated with lower VIQ and FSIQ in the girls,
but not in boys, with more pronounced association of concurrent exposure compared with exposure
earlier in life.

� The associations were not influenced by poor nutrition or poor arsenic metabolism.

� Given the persistent arsenic exposure beginning in utero in affected populations, and the documented
impairment of child survival, health and development, it is an urgent task to improve access to safe
drinking water.
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risk of arsenic induced skin lesions in Bangladeshi
men and women is affected by arsenic metabolism and
the age at first exposure. Toxicol Appl Pharmacol 2008;230:
9–16.

22 Vahter M, Akesson A, Liden C, Ceccatelli S, Berglund M.
Gender differences in the disposition and toxicity of
metals. Environ Res 2007;104:85–95.
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