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ABSTRACT

An association between exposure to arsenic (As) and neurologic and behavioral effects has been
reported in some studies, but no systematic review is available of the evidence linking As in drinking
water and neurobehavioral effects after consideration of study quality and potential confounding, with
focus on low-level circumstances of exposure. We conducted a systematic review and reported it in com-
pliance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines,
through a search of the databases PubMed, Web of Science, Scopus, and Embase. We included in the
review the studies reporting results based on exposure from drinking water in humans. Endpoints were
heterogeneous across studies, so we classified them into eight broad domains and developed an ad-hoc
system to evaluate their methodological quality, based on three tiers. It was not possible to conduct
meta-analysis because of the heterogeneity in exposure assessment and in the definition and assessment
of outcomes. The search identified 18,518 articles. After elimination of duplicates and irrelevant articles,
we retained 106 articles which reported results on As exposure and neurobehavioral effects, of which 22
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reported risk estimates from exposure in drinking water (six among adults and 16 among children). None
of the studies was conducted blindly. Among the studies in adults, two, which were conducted in highly
exposed populations, were classified as high quality. These two studies were broadly consistent in report-
ing an association between exposure to As and decline in cognitive function; however, they provide no
evidence of an association for exposure below 75pg/L. The four lower-quality studies were based on
populations with low exposure; these studies reported associations with inconsistent outcomes, few of
which remained statistically significant after adjustment for multiple comparisons. Among the five high-
quality studies of children, one reported an association between As in drinking water and intellectual
function, whereas none of the other studies reported an association with different neurobehavioral indi-
cators, after adjusting for potential confounders and multiple comparisons. Out of seven intermediate-
quality studies, three reported an association with cognitive function or other outcomes; but sources of
bias were not adequately controlled. The remaining studies were negative. The four low-quality studies
did not contribute to the overall evidence because of methodological limitations. Our assessment of the
available literature showed a lack of evidence for a causal association between exposure to As in drinking
water and neurobehavioral effects. To clarify whether such an association exists, further studies prospect-
ively evaluating changes in both the concentration of As in drinking water during the life course, and
neurobehavioral outcomes, as well as appropriately controlling for potential confounders, are needed.

Abbreviation list: As: arsenic; BC: body coordination; BDNF: brain-derived neurotrophic factor; BMI:
body mass index; BSID-lll: Bayley Scales of Infant and Toddler Development-Third Edition (BSID-III);
CBCL-TRF: Child Behavior Checklist-Teacher’s Report Form; Cl: confidence interval; CLOX: Clock Drawing
Task; COWAT: Controlled Oral Word Association Test; EXIT25: Executive Interview; FMC: fine manual
control; GIS: geographic information systems; IARC: International Agency for Research on Cancer; 1Q:
intelligence quotient; MC: manual coordination; MMSE: Mini-Mental State Examination; OR: odds ratio;
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RBANS: Repeatable
Battery for the Assessment of Neuropsychological Status; SA: strength and agility; SC: social compe-
tence; SD: standard deviation; SE: standard error; TMC: total motor composite score; TMT: Trails Making
Test; VR: Visual Reproduction; WISC-IIl: Wechsler Intelligence Scale for Children, version Ill; WISC-IV:
Wechsler Intelligence Scale for Children, version 1IV; WMS-IIl: Wechsler Memory Scale-Third Edition
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Introduction

Arsenic (As) is a metalloid naturally occurring in the environ-
ment. It is found in different valences (mostly +3 and +b5)
and in various organic and inorganic compounds, with the
inorganic showing the higher toxicity for humans.

Exposure to high levels of inorganic As has been associated
with cancer of lung, bladder, and skin (IARC 2012; Boffetta &
Borron 2019). As has also been suggested to be associated with
non-cancer adverse health outcomes, including cardiovascular
(Moon et al. 2017), respiratory diseases (Sanchez et al. 2016,
2018), diabetes (Wang et al. 2014), and neurobehavioral effects
(Mochizuki 2019; Tsai et al. 2003; Tolins et al. 2014; IOM 2015). A
value of 10 ug of inorganic As/L in drinking water has been
established by the World Health Organization for the cut off,
based on inorganic As toxicity (WHO 2022).

As is widespread in the earth crust, from which it is dis-
tributed to the soil, water and air (IARC 2012). The main
source of exposure to As for the general population is
groundwater-derived drinking water, which contains mainly
the inorganic form of As and primarily pentavalent (As', i.e.
arsenate) (IARC 2012; Fatoki and Badmus 2022).

High levels of naturally occurring As are found in ground-
water in a number of countries around the world (Khosravi-
Darani et al. 2022). About 94-220 million people around the
world are potentially exposed to high levels of As from
groundwater, according to a recent study using a statistical
learning approach aimed at modeling geogenic groundwater
As concentrations, and based on estimates from nearly 80
previous reports. Most of these populations are located in
South Asia, but additional areas, previously not identified,
may be affected by groundwater As levels that are higher
than the WHO cutoff level (Podgorski and Berg 2020). Studies
on possible effects of As outcomes should therefore focus on
exposure to As in drinking water.

3A number of systematic reviews were previously published
on the possible effect of As on neurobehavioral effects (e.g.
Brinkel et al. 2009; Dong and Su 2009; McClintock et al. 2012;
Rodriguez-Barranco et al. 2013; Tsuji et al. 2015; Saghazadeh
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and Rezaei 2017; Wang et al. 2019; Khan et al. 2020; Hasanvand
et al. 2020; Heng et al. 2022; Shiani et al. 2023; Li et al. 2023).
However, most of these reviews relied on studies which did not
measure direct exposure of As in drinking water, did not
include an explicit assessment of the quality of the underlying
studies and did not consider potential confounding. In addition,
some of the reviews were restricted to specific world regions or
countries (Brinkel et al. 2009; Dong and Su 2009; McClintock
etal. 2012; Khan et al. 2020; Heng et al. 2022).

The aim of this study is to find out whether there is an
association between exposure to As and neurobehavioral
functions, with a focus on low-level exposure to As. For that
purpose, we systematically summarize current literature on
exposure to As from drinking water and neurobehavioral
effects in both children and adults, taking into account study
quality and potential residual confounding, and including a
formal assessment of the strength of the evidence.

To our knowledge, our study is the first attempt to com-
prehensively assess the association between exposure to As
in drinking water specifically, and broadly defined neurobe-
havioral effects, among both children and adults. Two previ-
ous meta-analyses that focused on exposure to As in
drinking water (Rodriguez-Barranco et al. 2013; Hasanvand
et al. 2020) considered only intelligence quotient (IQ) scores.

Materials and methods
Literature review methodology

We conducted a systematic review and reported it herein
based on the guidelines for Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) (Page et al.
2021) (Table A1 in Appendix). On 1 February 2022, a search
was conducted in the databases PubMed, Web of Science,
Scopus, and Embase, using the search string ((neuro-
development™ OR behavior OR behavior OR mental OR intelli-
gence OR cognitive OR “attention deficit disorder with
hyperactivity” OR ADHD) AND arsenic). Studies conducted in
animals were excluded. This resulted in the identification of
18,518 articles. After excluding duplicates, we reviewed the
title, abstract, and full text of the remaining articles and
identified 106 English-written independent studies which
reported results of human studies on the association
between As exposure and one or more neurobehavioral
effects. Furthermore, we carried out a manual search of ref-
erence lists of included articles and previous reviews, that
allowed us to retrieve 5 additional studies, for a total num-
ber of 111 studies included in the review. The selection of
the studies is described in a flowchart (Figure 1). The list of
studies retained for in depth assessment is included in
Table A2.

Data extraction and synthesis of results

We used a standard form to abstract data on year of publica-
tion, parent study (if relevant), period of data collection or
recruitment, country, study base, type of population (children
[< 18years], or adults), sex distribution, age (mean, median,
range), sample size, source of As exposure, method for
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Identification of studies via other
methods

Records removed before screening:
Duplicate records removed (n =

Records identified from:
Manual search of reference lists
(n=35)

Not on neurobehavioral effects

Identification of studies via databases and registers
)
5 Records identified from:
‘5 Pubmed (n = 4,359)
=) Web of Science (n = 5,313)
E Scopus (n = 5,559) 4,794)
= Embase (n = 8,081)
—
A 4
)
Records screened > Records excluded
(n=18,518) (n=18,363)
A4
Regorts sought for retrieval Reports not retrieved
o (n=150) n=1)
=
@
=
@ v
Reports assessed for eligibility Reports excluded:
(n=149) Not on humans (n = 3)
No data on arsenic (n =9)
(n=6)
Descriptive study (n =12)
Not in English (n = 8)
— Updated by later study (n = 3)
b4 Review article (n = 2)

Studies included in review

(n=111)

Figure 1. Flowchart of the study selection process.

assessment of As exposure, As concentration (mean, median,
categories), factors adjusted for in the analysis, outcomes,
and detailed results. Emphasis was given to results among
populations exposed to low-level (< 100 ug/L) As exposure in
drinking water.

We classified the studies according to the source of As
exposure for which results were reported, and reviewed in
detail the studies reporting results based on exposure from
drinking water. We reviewed and discussed the result of
these studies independently, and drew our own conclusions
regardless of the conclusions made by the original authors.

We developed an ad-hoc system to evaluate the meth-
odological quality of each study. Specifically, we evaluated
how exposure was measured and reported, what confound-
ers were considered, and whether bias was avoided. The
rationale for using an ad-hoc system for the assessment of
methodological quality was represented by the use of an
evaluation system specifically thought and adapted to this
field of scientific research (i.e. As and neurobehavioral
effects), in an effort to provide a more detailed evaluation of
sources of bias compared with that possible with available
and commonly used scales for quality assessment, which usu-
ally have instead a general scope. Based on the quality, we

sorted the articles by three tiers. Tier | includes studies with
individual assessment of water As exposure, typically based
on measurements of samples taken from the place of resi-
dence of subjects, use of standard instruments for outcome
assessment, adjustment for main confounders, in particular
indicators of socioeconomic status, and lack of other sources
of bias. Tier Il studies lack one or two of the following: (i)
individual water As exposure, (ii) use of standard instruments
for outcome assessment, (iii) adjustment for indicators of
socioeconomic status and other important confounders, and
(iv) lack of evidence of other sources of bias. Studies lacking
three of four of these aspects were classified in Tier Ill. Tier I
also includes studies with major methodological limitations,
such as lack of adjustment for any confounder or high pro-
portion of missing values, and studies for which key details
of the design (e.g. As exposure level, instruments used for
outcome or confounder assessment) are not available.

Finally, we applied the GRADE framework to assess the
quality of such evidence from the studies both in adults and
in children (Balshem et al. 2011).

The studies retained in the review included over seventy
heterogenous tests for neurobehavioral outcomes. To be able
to make comparisons and draw conclusions from the studies,



we classified them into eight broad domains: (1) global cog-
nitive functioning, (2) attention, (3) executive functioning, (4)
language, (5) visuospatial functioning, (6) memory, (7) behav-
ior, and (8 motor skills. Details on this classification are
reported in Table A3.

It was not possible to conduct meta-analysis because of
the heterogeneity in exposure assessment and in the defin-
ition and assessment of outcomes. In the review of each
study, we included in square brackets our comments and re-
analyses of original data, which were based on linear regres-
sion modeling of aggregate results reported in the original
manuscripts.

Results

The distribution of studies identified in the literature search,
according to source of exposure to As, is presented in Table
1. A total of 23 studies based on exposure to As from drink-
ing water, published between 2003 and 2019, were included
in the review. Out of the 23 studies, one (Desai et al. 2020)
reported results on the correlation between water and urine
As concentrations but no results on the outcome according
to water concentration, and was excluded. All included stud-
ies had a cross-sectional design; selected characteristics are
summarized in Table 2.

Several studies were conducted in the same populations
(e.g. the FRONTIER Project: Gong et al. 2011; O'Bryant et al.
2011; Edwards, Hall, et al. 2014; Edwards, Johnson, et al.
2014. The Health Effects of Arsenic Longtitudinal Study
(HEALS): Wasserman et al. 2004, 2007; Khan et al. 2011;
Parvez et al. 2011; Khan et al. 2012). They were all included
in the review because their results appeared to be
independent.

Nine of the 22 studies (41%) were conducted in
Bangladesh (Wasserman et al. 2004, 2007; Khan et al. 2011;
Asadullah and Chaudhury 2011; Parvez et al. 2011; Khan
et al. 2012; Nahar, Inaoka, Fujimura, Watanabe, et al. 2014;
Rodrigues et al. 2016; Karim et al. 2019), five (23%) in the
USA (Gong et al. 2011; O’Bryant et al. 2011; Edwards, Hall,
et al. 2014; Wasserman et al. 2014; Edwards, Johnson, et al.
2014), three (14%) in India (Von Ehrenstein et al. 2007; Ghosh
et al. 2017; Manju et al. 2017), three (14%) in China and
Taiwan (Tsai et al. 2003; Wang et al. 2007; Liu et al. 2017),
and two (9%) in other countries (one each in Mexico (Rocha-
Amador et al. 2007) and Pakistan (Abbas et al. 2012)).

Six of the studies were conducted in adults (Gong et al.
2011; O'Bryant et al. 2011; Edwards, Hall, et al. 2014;
Edwards, Johnson, et al. 2014; Liu et al. 2017; Karim et al.
2019), and 16 studies were conducted in children (Tsai et al.

Table 1. Distribution of studies selected for review, by source of arsenic
exposure.

Source of exposure N studies
Urine 44
Blood, serum, and plasma 30
Hair 22
Nail 8
Water 23
Soil 4
Other 7
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2003; Wasserman et al. 2004; Rocha-Amador et al. 2007; Von
Ehrenstein et al. 2007; Wasserman et al. 2007; Wang et al.
2007; Khan et al. 2011; Asadullah and Chaudhury 2011;
Parvez et al. 2011; Abbas et al. 2012; Khan et al. 2012;
Wasserman et al. 2014; Nahar, Inaoka, Fujimura, Watanabe,
et al. 2014; Rodrigues et al. 2016; Ghosh et al. 2017; Manju
et al. 2017).

Studies in adults - review

Tier | studies

Liu et al. (2017) investigated the relationship between water
As concentration and cognitive impairment among 483 sub-
jects aged 40 or older from Shanxi and lJilin provinces of
China using a Chinese version of the Mini-Mental State
Examination (MMSE). The subjects were divided into four
exposure groups, with mean levels, based on samples col-
lected from individual homes, of 4+2pg/L, 25+11 png/L,
73+15pg/L, and 183+88pug/L. A total of 148 subjects were
classified as cognitively impaired (no details provided).
Compared to the category with lowest As concentration, the
odds ratio (OR) of cognitive impairment, adjusted for sex,
age, learning level, smoking status, alcohol consumption,
body mass index (BMI), and marital status, were 1.11 (95%
confidence interval [CI] 1.01-1.43), 1.32 (95% Cl 1.21-2.75),
and 4.01 (95% Cl 2.77-11.03) in the categories with increas-
ing As concentration. [The unadjusted OR for an increase of
10pg/L As concentration, calculated based on the data
reported in the article, was 1.07 (95% Cl 1.03-1.11). No
adjustment was made for factors associated with socioeco-
nomic status other than education.]

Karim et al. (2019) examined the association between As
exposure in drinking water and adult cognitive impairment
using the Bangla version of the MMSE and the serum levels
of brain-derived neurotrophic factor (BDNF), a potential bio-
marker of cognitive impairment. The cross-sectional study
included 693 adult (18-60years old) subjects from non-
endemic (N=169) and endemic (N=>524) areas of As expos-
ure in rural Bangladesh. Average MMSE score and serum
BDNF level were lower in subjects from As-endemic area
than in subjects from non-endemic area. In regression analy-
ses, after adjustment for age, sex, BMI, education, smoking
and income, the coefficient for a log(10) increase in As con-
centration was —0.021 (95% Cl —0.026, —0.015) for MMSE
score and —0.082 (95% Cl —0.105, —0.059) for BDNF level.
Corresponding results for a quartile increase were —0.113
(95% Cl —0.161, —0.064) for MMSE score and —0.437 (95% ClI
—0.609, —0.265) for BDNF level. Similar results were obtained
after excluding subjects from the non-endemic area.

Tier Il studies

O’Bryant et al. (2011) examined the association between cur-
rent and cumulative As exposure from drinking water and
detailed neuropsychological functioning in 434 adults and
elders from two rural counties in Western Texas (FRONTIER
Study). As concentration was estimated based on place of
residence and statewide As data. Average As concentration
in the two counties was 3.0 ug/L and 7.4 ng/L, the maximum
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estimated concentration was 15.6 ng/L. Long-term As expos-
ure was calculated based on concentration at the current
address  multiplied by the years of residence.
Neuropsychological tests included the MMSE, the Executive
Interview (EXIT25), the Repeatable Battery for the Assessment
of Neuropsychological Status (RBANS), separately for immedi-
ate memory, visuospatial, language, attention, and delayed
memory functions, the Trails Making Test (TMTA and TMTB),
the Controlled Oral Word Association Test (COWAT), including
both phonemic (FAS) and categorical (Animal Naming) verbal
fluency, and the Clock Drawing Task (CLOX1 and 2). In
regression analyses adjusted for age, gender, education, lan-
guage of administration, selenium, and the presence of
APOE4 (a gene which increases Alzheimer’s risk), long-term
As exposure (scale unspecified, possibly 1png/L) was associ-
ated with lower scores in the following indicators: MMSE
(coefficient = —0.003, standard error [SE] 0.001, p=0.004),
CLOX2 (coefficient =—0.001, SE 0.001, p =0.038), FAS B (coef-
ficient=-0.012, SE 0.004, p=0.002), BANS language (coef-
ficient=-0.005, SE 0.002, p=0.017), TMTA (coefficient =
0.034, SE 0.014, p=0.016), EXIT25 (coefficient = 0.006, SE
0.002, p<0.001), and RBANS immediate memory (coef-
ficient=-0.010, SE 0.003, p=0.003). Current As concentra-
tion was associated with CLOX1 (coefficient=-0.225, SE
0.0080, p =0.005). [Limitations of this study include confusing
reporting of key aspects of the design, and the lack of adjust-
ment for potential confounders, in particular those related to
socioeconomic status, with the exception of education.
Multiple comparisons were not taken into account (if a
Bonferroni correction is applied, only the association between
cumulative As exposure and EXIT25 score would remain stat-
istically significant. The correlation between different meas-
ures of cognitive function (and therefore their potential
reciprocal confounding) is not reported or discussed. The dis-
crepancy in results between current and long-term exposure
was not explained. No details are reported on the timing of
measurement of As in groundwater and that of administra-
tion of the tests.]

Edwards, Hall, et al. (2014) conducted an analysis of 527
subjects included in the FRONTIER Study. Exposure to As in
drinking water was negatively associated with language
(p<0.001) and executive functioning (EXIT25; p < 0.001).
These associations remained statistically significant after
accounting for multiple comparisons using Bonferroni correc-
tion. No association was detected with immediate memory
(p=0.60), visuospatial skills (p=0.05), attention skills
(p=0.09), and delayed memory index (p =0.06), RBANS total
index (p=0.39) and MMSE (p = 0.07). These associations were
stronger among those with the AA genotype of the AS3MT
gene, while among those with GG genotype, As levels were
positively associated with visuospatial functioning. [The over-
lap between this study and those by O'Bryant et al. (2011)
and Gong et al. (2011) is unclear; stratification by AS3MT
genotype resulted in a large number of comparisons which
were not accounted for. The correlation between different
measures of cognitive function (and therefore their potential
reciprocal confounding) was not reported or discussed. The
authors did not adjust for several potential confounders, in
particular those related to socioeconomic status, with the
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exception of education. Exposure relied on geographic infor-
mation systems (GIS) data and was not assessed at individual
level. Overall, this study does not provide evidence independ-
ent from that of the study by O'Bryant et al. (2011).]

Edwards, Johnson, et al. (2014) conducted a cross-sec-
tional study to investigate the association between As
groundwater levels and neuropsychological function in 733
subjects with Alzheimer’s disease, 127 subjects with Mild
Cognitive Impairment, and 530 subjects with normal cogni-
tion from the Texas Alzheimer's Research and Care
Consortium (TARCC) study. GIS analyses were used to esti-
mate regional-specific groundwater As concentrations.
Results were adjusted for age, gender, education, obesity,
hyperlipidemia, hypertension, diabetes, and selenium level. In
the full study population, As concentrations were positively
associated with language abilities (p =0.008) and memory
(verbal immediate p=0.008, verbal delayed p < 0.001, visual
immediate p=0.02, and visual delayed p < 0.001). In subjects
with normal cognition, As concentration was positively asso-
ciated with MMSE (p=0.03). [The study included a large
number of comparisons: after taking into account multiple
comparisons using the Bonferroni method, the only associ-
ation that remained significant was between As exposure
and Wechsler Memory Scale-Third Edition (WMS-III) Visual
Reproduction (VR) Il in patients with Alzheimer’s disease. The
correlation between different measures of cognitive function
(and therefore their potential reciprocal confounding) is not
reported or discussed. No adjustment was made for factors
associated with socioeconomic status other than education.]

Tier Il studies. Gong et al. (2011) conducted analysis of 299
participants from the FRONTIER Study. These authors com-
pared Folstein MMSE score between subjects with As concen-
tration up to 10 pug/L and those with concentration 10-11 ng/
L and higher than 11 pg/L. There was a difference between
unadjusted means of low and intermediate concentration
groups and between the low and high concentration groups
(p=0.03). [Results were not adjusted for any potential con-
founder, including age or sex. No details were reported on
key aspects of the design of the study. The overlap with the
other analyses of the FRONTIER study (O’'Bryant et al. 2011;
Edwards, Hall, et al. 2014) is unclear.]

Studies in adults - GRADE evaluation

The results from studies in adults are too sparse for an evalu-
ation under the GRADE framework.

Studies in children - review

Tier 1 studies

Wasserman et al. (2004) conducted a cross-sectional study of
intellectual function in 201 children at the age of 10years
from Araihazar, a rural area of Bangladesh as part of the
HEALS study (Ahsan et al. 2006). Median As exposure was
118 ng/L. Tube wells at each child’s home were sampled and
analyzed for water concentrations of As and manganese.
Children’s intellectual function on tests drawn from the



180 (&) P.BOFFETTA ET AL.

Wechsler Intelligence Scale for Children version llI (WISC-III),
was assessed by summing weighted items across domains to
create Verbal, Performance, and Full-Scale raw scores. After
adjustment for maternal education, maternal intelligence,
house type, television access, height, and head circumfer-
ence, the resulting associations with water As concentration
were:

e Full-scale intellectual function: coefficient for one log unit
of As concentration = -1.64, p < 0.01.

e performance score: coefficient = —1.45, p < 0.001.

e verbal score: coefficient = -0.19, p > 0.05.

In a log-linear regression model, the authors estimated
decrease of —3.8 score in the full scale at 10ug/L As, and
—6.4 score at 50 pug/L, compared to unexposed. [The rationale
for the choice of a log-linear regression model is unclear.]

Von Ehrenstein et al. (2007) conducted a cross-sectional
study of 351 children aged 5 to 15years from West Bengal,
India, in 2001-2003. Lifetime exposure to As in drinking
water was assessed using analyses of urinary samples as well
as samples from 409 wells, and was categorized in tertiles.
Intellectual function was assessed with 6 subtests from the
WISC for Children as well as with the Total Sentence Recall
test, the Colored Progressive Matrices test, and a pegboard
test. Adjustment was done for age, sex, BMI and mother’s
age, maternal and paternal education, father's occupation,
number of rooms in the house, type of house-building mater-
ial. After adjustment, no association was found for any of the
10 tests used in the study, for peak As concentration during
life or for average As concentration during pregnancy, with
exposure categorized in tertiles. In a continuous analysis, the
coefficients of the linear regressions for an increase in
100 ng/L (both sources of exposure) ranged from —0.03 to
0.02 in both analyses, none being significantly different
from 0.

Wasserman et al. (2007) replicated the study by
Wasserman et al. (2004) on 301 6-year old children, using the
Wechsler Preschool and Primary Scale of Intelligence Ill. As
exposure categories were defined as quartiles: 0.1-20.9; 21-
77.9; 78-184.9; 185-864 pg/L. The coefficient for one log unit
of As concentration was —0.48 (95% Cl —0.95, —0.01) for
Performance score, —0.18 (95% Cl —-0.72, 0.37) for Verbal
score, —0.54 (95% CI —1.09, 0.01) for Processing Speed score,
and —1.06 (95% Cl —2.18, 0.06) for Full scale. [None of the
regression coefficient is statistically significant after adjust-
ment for multiple comparisons using the Bonferroni method.]

Parvez et al. (2011) investigated the association between
water As concentration and motor function in 303 children in
Bangladesh, 8-11years of age, of whom 151 were from a
low-exposure area (mean As concentration, 2.7 ug/L) and 152
from a high exposure area (mean 83.5 ng/L). Participants were
children of members of the HEALS cohort study. Motor func-
tion was assessed using the Bruininks-Oseretsky test version 2
(Bruininks and Bruininks 2005), in four subscales: fine manual
control (FMC), manual coordination (MC), body coordination
(BC), and strength and agility (SA)—which can be summarized
with a total motor composite score (TMC). Adjustment was
done for sex, school attendance, head circumference,

mother’s intelligence score, blood lead, selenium, and manga-
nese. After the adjustment, the regression coefficients for one
unit of log-transformed As level were —0.54 (95% Cl —1.03,
—0.05) for FMC, —0.15 (95% Cl —-0.52, 0.30) for MC, —0.43
(95% Cl —0.77, —0.06) for BC, —0.11 (95% Cl —0.28, 0.18) for
SA, and —1.18 (95% Cl —2.13, —0.10) for TMC. [None of the
regression coefficient was statistically significant after adjust-
ment for multiple comparisons based on Bonferroni method.]

Rodrigues et al. (2016) investigated 524 children who
were enrolled in a prospective birth cohort established to
study the effects of prenatal and early childhood As exposure
in the Sirajdikhan and Pabna districts of Bangladesh. Water
was collected from the family’s primary drinking source dur-
ing the first trimester of pregnancy and at ages 1, 12, and
20-40 months. As levels were highly correlated within each
child, and for this analysis levels measured in the samples
collected at 20-40 months were used. At age 20-40 months,
neurodevelopmental outcomes (cognitive and fine motor
functions) were assessed using an adapted version of the
Bayley Scales of Infant and Toddler Development, Third
Edition (BSID-IIl). Median water As concentrations were lower
in Sirajdikhan than Pabna (1.5 vs 25.7 ug/L, p < 0.0001). After
adjustment for maternal age, maternal education, child’'s gen-
der, exposure to secondhand smoke, home score, maternal
Raven score, and child hematocrit levels, increased water As
level was not associated with decreased cognitive scores
either in Pabna (coefficient for one log unit increase in As
level =—0.06, SE = 0.03, p=0.05) or in Sirajdikhan (coeffi-
cient —0.002, SE = 0.02, p=0.93). No association was
detected with fine motor score either in Sirajdikhan (coef-
ficient =—0.05, SE = 0.03, p=0.09) or in Pabna (coefficient =
0.02, SE = 0.03, p=10.48).

Tier Il studies

Tsai et al. (2003) studied 49 junior school students from
Taiwan (average age 13.5years) exposed to As from well
water and 60 controls matched on age, sex, education, body
weight, height, BMI, and socioeconomic status. Exposed stu-
dents were divided into two groups, with the 29 students in
the high exposure group exposed to 185+ 225 ppb As in well
water and the 20 students in the low exposure exposed to
131+344ppb As in well water. Four neurobehavioral tests
(continuous performance test, symbol digit, pattern memory,
and switching attention) were applied: continuous perform-
ance was associated with low exposure (p=0.001); switching
attention was associated with high and low exposure
(p < 0.0001); symbol digit showed no associations and pat-
tern memory was associated with high exposure (p=0.003).
[Matching variables were not adjusted for in the analysis,
generating potential confounding.]

Rocha-Amador et al. (2007) studied the association
between exposure to As in drinking water and intelligence
using the Revised Mexican Version of Wechsler Intelligence
Scale (WISC-RM) in 132 children aged 6-10years from three
rural communities in Mexico. Water samples and urine sam-
ples were collected in each child’s home. The average As
concentrations in the drinking water from the three com-
munities were 5.8+ 1.3 ug/L, 169+0.9 ng/L, and 194+ 1.3 ug/L



(Rocha-Amador et al. 2007). After adjustment for blood lead,
mother education, socioeconomic status, height-for-age, and
transferrin saturation, the correlation coefficients between As
concentration and Global Cognitive Function were —4.30
(p <0.01) for Performance 1Q, —6.40 (p <0.01) for Verbal 1Q
and —6.15 (p<0.01) for Full 1Q. [Socioeconomic status and
mother education were inversely correlated with As concen-
tration. Age of children was not adjusted for in the analysis.]

Asadullah and Chaudhury (2011) examined 7710 grade 8
students from 316 school across Bangladesh (Asadullah and
Chaudhury 2011). Exposure to As was based on participants
reporting whether their household well was contaminated
(with threshold at 50 pug/L, 12% of students reported use of
contaminated well). Scores of two mathematics tests were
used as outcome, one mathematics competence for primary
school and one for secondary school. After adjustment for age,
sex, father’'s and mother’s education, availability of appliances
in the household, home construction material, and travel time
to school from home, the regression coefficient for the primary
school score was —0.085 (p=0.01), that for the secondary
school score was —0.044 (p =0.08). [The approach for exposure
assessment is prone to misclassification.]

Khan et al. (2011) conducted an analysis of behavior of a
subset of 201 children out of 304 children who participated
in the HEALS study conducted in Araihazar, a rural area of
Bangladesh studied by Wasserman et al. (2004; 2007).
Average As concentration was 43.7 £67.0 ug/L, with median
of 14.0 and range of 0.0-371.1 ng/L. Participation rate was
66%. Children were rated by their school teachers on exter-
nalizing and internalizing items of classroom behavior using
the standardized Child Behavior Checklist-Teacher’'s Report
Form (CBCL-TRF). Water As concentration was not associated
with CBCL-TRF score: the coefficients of regression for one
log unit of water As concentration, adjusted for water Mn
concentration, sex, maternal education, arm circumference,
and BMI, and controlled for within-teacher correlations in rat-
ing the children, were —0.29 (95% Cl —0.65, 0.07, p =0.12) for
TRF internalizing score, —0.45 (95% Cl —1.62, 0.73, p=0.46)
for TRF externalizing score, and —0.78 (95% Cl —2.18, 0.62,
p =0.28) for total score. [The assessment of outcome was not
blind and may result in bias.]

Khan et al. (2012) conducted a cross-sectional study in
Araihazar, a rural area of Bangladesh as part of the HEALS
(Ahsan et al. 2006), 840 children aged 8-11 agreed to partici-
pate in this study to investigate the association between
water As concentration and academic achievement in math-
ematics and languages. These children were included in a
longitudinal study of school-based educational intervention,
in which As concentrations in drinking water was measured
(average 119pg/L, SD 147.5). Annual scores in languages
(Bangla and English) and mathematics were obtained from
the schools’ records. Water As concentration was not associ-
ated with any of the scores of three academic achievement
tests, after adjusting for water manganese concentration,
school-grade, maternal education, paternal education, head
circumference, and within-teacher correlations in rating the
children. The coefficients in the regression model based on
dichotomized As concentration (details not provided) were:
Bangla language: —1.71 (95% ClI —-4.77, 1.34); English
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language: —0.73 (9%% Cl —4.32, 2.86), and Mathematics: 0.56
(95% Cl —2.98, 4.10).

Wasserman et al. (2014) studied the association between
As in drinking water and intelligence, using the WISC-IV scale,
in 272 children in grades 3-5 from three Maine, US school
districts (average exposure 9.9 ug/L). Adjustment was done
for maternal 1Q and education, home environment, school
district, and number of siblings, and for multiple comparisons
based on the Bonferroni method. After the adjustment,
exposure to water As concentration between 5 and 10 ug/L
was associated with Full Scale 1Q, but not with Working
memory, Perceptual reasoning, Verbal comprehension, or
Processing speed, compared exposure to concentration
below 5pug/L. In the regression analyses comparing 10-20
and >20pg/L vs. <5upg/L As in water, the associations
became weaker and non-significant.

Nahar, Inaoka, Fujimura, Watanabe, et al. (2014) investigated
the relationship between As exposure and IQ (measured using
Raven’s Standard Progressive Matrices) and social competence
(SC, measured using the Texas Social Behavior Inventory, Form
A) in 213 adolescents aged 14-15years recruited in
Sonargaonthana, Bangladesh. Subjects were classified accord-
ing to As concentration in drinking water (0.8-10, 10-50, 50—
100, and >100 pug/L). IQ percentile levels were 52.2, 43.4, 44.0,
and 40.7 in the four As categories. This corresponded to —0.88
percentile score per 10 ug/L increase in As concentration (95%
Cl —0.84, —0.93, p < 0.001), calculated based on the raw num-
bers reported in the article. Corresponding values for SC total
score were 38.6, 37.6, 36.1, and 35.9; corresponding to —0.23
score value per 10ug/L increase (95% Cl —0.22, —0.24). The
authors state that differences between the four As groups per-
sisted for IQ after adjustment for socioeconomic factors, includ-
ing parental education, occupation, and income, while the
differences for SC were no longer present. [Limited details are
provided on multivariate adjustment, which hampers the inter-
pretation of the results.]

Tier Ill studies

Wang et al. (2007) studied 720 children aged 8-12years from
rural villages in Shanxi province, China. The children were
exposed to As in drinking water at concentrations of
142 £ 106 pg/L (medium-As group, N=253) and 190 + 183 pg/L
(high-As group, N=91), compared with a control group that
was exposed to low concentrations of As (2+3 pug/L, N=196).
A standardized 1Q test was modified for children in rural China,
based on the classic Raven Progressive Matrices test. The
mean 1Q scores were 104.8+14.7 in the control group,
100.6 £ 15.6 in the medium-As group, and 95.1+16.6 in the
high-As group. [No potential confounders were accounted for
in this study, all analyses were based on grouped data.]

Abbas et al. (2012) compared the intellectual score, meas-
ured using Raven Progressive Matrices, in children and adults
from 3 areas with As in drinking water and one control area
from Pakistan (number of subjects not reported). The concen-
trations of As in the drinking water was above permissible
level (not specified) in 35%, 47%, and 56% of the water used
by subjects in the exposed areas. The total score was similar in
the four groups (average total score, 26 in the control area,
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and 22-23 in the exposed areas). [The data provided do not
allow to test for the statistical significance of the differences,
not to fit a regression model to estimate the dose-response
relationship between As in drinking water and intellectual
function score. Multiple aspects of the design of the study are
not provided, complicating the interpretation of the results.]

Ghosh et al. (2017) conducted a cross-sectional study in
an As contaminated area in West Bengal, India using the
Raven Progressive Matrices to estimate IQ and a Memory
Power test administered by teachers. Total of 142 children
were selected for the study, including 114 children aged 9-
11, living in the area with high exposure for at least 5 years,
and 28 children with low exposure. Water samples were col-
lected and analyzed. The average As concentration was
50.6 ng/L in the high exposure group and 6 pg/L in the low
exposure group. Adjustment was done for sex, urinary As,
water manganese, water iron, BMI, and head circumference.
After the adjustment, the regression coefficients for an
increase of 10 ug/L As concentration in drinking water were
—3.08 (SD 1.34) for Raven Progressive Matrices score and
—0.062 (SE 0.027, p=0.02) for Memory Power score. [The
results were not adjusted for socioeconomic indicators; it is
not clear whether children with low exposure were recruited
from the same area as the high exposure group.]

Manju et al. (2017) studied 20 school children of age 10-
14years from each of two villages in Karnataka, India, with
high (90 ng/L) and low (“negligible”) level of As in drinking
water. IQ assessment was done using the Raven’s Standard
Progressive Matrices. The mean 1Q tests score in the control
group and study group was 30.55 and 17.95, respectively
(p <0.001). [No adjustment was made for any potential con-
founder. It is unclear whether the As level reported referred
to the study subjects or were ecologic results.]

Studies in children - GRADE evaluation

Studies in children show a lack of evidence of an effect of As
exposure from drinking water on neurobehavioral outcomes.
The initial quality of the evidence was scored low because it
was based only on cross-sectional studies. Among the factors
reducing the level of evidence, risk of bias was considered
moderate, inconsistency was not detected, indirectness, and
imprecision were considered absent, and publication bias
could not be assessed. Among the factors increasing the
level, there were no large effects nor positive results on
dose-response, while any residual confounding would have
likely generated a spurious effect if such effect is absent. The
final quality of evidence for the lack of an association
between water As exposure and neurobehavioral effects
(mainly cognitive function) is therefore considered of moder-
ate quality.

Discussion

Overall, our assessment of available literature showed a lack
of evidence for a causal association between exposure to As
in drinking water and neurobehavioral effects.

Our systematic review identified 22 studies, which
reported results on neurobehavioral effects in subjects
exposed to As in drinking water. All studies were cross-sec-
tional, and measured the prevalence of the outcomes of
interest. In most studies, the assessment of exposure to As in
drinking water and that of prevalence of neurobehavioral
effects were conducted at the same point in time. Since it is
possible that As concentrations have decreased over time,
especially in highly exposed populations, the lack of a time
lag between measurement of exposure and outcome likely
results, in cross-sectional studies of adults, in a bias away
from the null, since effects possibly associated with exposure
to high levels of As in drinking water, are attributed to the
currently measured exposure levels, which are lower than the
ones relevant for the etiology of the conditions.

In only a few studies, exposure assessment preceded out-
come assessment considerably since study subjects were
members of prospective cohorts whose exposure was meas-
ured at baseline. In none of the available studies was there
an explicit statement that outcome was assessed blindly with
respect to the As exposure status of subjects. This possible
source of bias is particularly relevant in studies comparing
subjects living in two or more areas with different exposure
levels, since the allocation of study subjects was likely to be
known to the investigators measuring the outcomes. A fur-
ther limitation of the available studies is the availability of a
single measure of exposure, typically a single tap water sam-
ple. In this case, however, the resulting bias is likely to be
toward the null, since the resulting misclassification is likely
to operate non-differentially with respect to outcome.

The studies varied greatly in terms of protection from
bias. To address this heterogeneity, we classified the studies
in tiers, to account for possible effects of selection, informa-
tion, and reporting bias. We performed an adjustment for
multiple comparisons of the reported results, albeit crudely
based on Bonferroni method, because of the large number of
tests performed in many studies, in the absence of a strategy
for prioritization.

Six studies were conducted in adults, of which two (Liu
et al. 2017; Karim et al. 2019), were classified in Tier |. Both
studies were conducted in highly exposed populations, and
were broadly consistent in reporting an association between
exposure to As and decline in cognitive function, measured
with MMSE. Although a formal quantitative comparison can-
not be made, they provided no evidence of an association
for exposure below approximately 75pug/L. However, since
these were cross sectional studies, it is possible that if the
exposures were, indeed, causing the decline in cognition
function, the levels causing the effect were those occurring
in the past and likely higher than the reported values.

The other four studies of adults (Gong et al. 2011;
O’Bryant et al. 2011; Edwards, Hall, et al. 2014; Edwards,
Johnson, et al. 2014) studied two US populations with low
exposures. These cross-sectional studies used ecological
assessment of As exposure, and were characterized by a large
number of tested associations. These studies reported associ-
ations between exposure to As and various outcomes, some
of which with p < 0.05; however, only few of the associations
remained valid after our adjustment for multiple



comparisons. Results of Gong et al. (2011), were not adjusted
for any potential confounder. Overall, the studies in low-
exposed populations did not provide evidence of an associ-
ation with the different measures of cognitive ability.

The 16 studies in children varied greatly in terms of pro-
tection from bias; we tried to address this heterogeneity by
classifying the studies in tiers. Of the studies of children clas-
sified in Tier I, one (Wasserman et al. 2004) reported results
showing an association between measured level of As in
drinking water (medial level, 118 ug/L) and intellectual func-
tion. None of the remaining Tier | studies (Von Ehrenstein
et al. 2007; Wasserman et al. 2007; Parvez et al. 2011;
Rodrigues et al. 2016) resulted in an association between
drinking water As concentration and neurobehavioral indica-
tors, after adjustment for potential confounders and multiple
comparisons. Of note, the studies by Wasserman et al. (2004,
2007) were conducted in the same population using the
same instruments, although the former included older chil-
dren than the latter (average age 10.0 vs. 6.1).

Two of the children studies classified in Tier Il (Rocha-
Amador et al. 2007; Nahar, Inaoka, Fujimura, Watanabe, et al.
2014) reported an association between drinking water As
concentration and IQ. In addition, Tsai et al. (2003) reported
results showing inconsistent associations between As concen-
tration and other neurobehavioral tests, mainly assessing
attention. In none of these studies, however, sources of bias
were adequately controlled. In three additional studies classi-
fied in Tier Il (Khan et al. 2011; Khan et al. 2012; Wasserman
et al. 2014), the results were mainly negative. Another study
classified in Tier Il (Asadullah and Chaudhury 2011) consid-
ered two outcomes, but only one of which was found to be
associated with water As concentration.

Four studies of children (Wang et al. 2007; Abbas et al.
2012; Ghosh et al. 2017; Manju et al. 2017) were classified in
Tier Ill. The results of three of them (Wang et al. 2007; Ghosh
et al. 2017; Manju et al. 2017) reported associations between
As concentration and various neurobehavioral indicators,
while the results of Abbas et al. (2012) were not easily inter-
pretable. Because of important methodological limitations,
including lack of control for possible confounding factors,
these studies do not contribute to the overall assessment of
the evidence.

Our conclusions do not match those of some previous
reviews of the association between As and neurobehavioral
effects. Brinkel et al. (2009), McClintock et al. (2012),
Rodriguez-Barranco et al. (2013), Khan et al. (2020), and Heng
et al. (2022) concluded that As exposure might be associated
with neurological effects with particular reference to develop-
mental disabilities and cognitive deficits among children,
while evidence on behavioral effects was deemed less clear
(Rodriguez-Barranco et al. 2013). In our opinion, these previ-
ous reviews did not pay sufficient attention to protection
from bias, including weaknesses of cross-sectional design,
effect of adjustment for confounders, and statistical signifi-
cance arising from multiple comparisons in the underlying
studies. None of the high-quality studies reported associa-
tions with neurobehavioral outcomes in populations exposed
to concentrations lower than 100 pg/L.
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Heng et al. (2022) indicated that the period of exposure
could be relevant, with post-natal exposure to As being asso-
ciated with worse children’s neurodevelopment, while find-
ings were mixed for pre-natal exposure to As. This is in
contrast with a previous publication of Tsuji et al. (2015),
who concluded that the overall evidence did not show a
causal dose-response relationship at low exposure. Tsuji et al.
(2015) specifically reviewed the evidence on the association
between pre- and post-natal exposure to low-level of As
(defined as As concentration < 100 pug/L in drinking water or
equivalent biomarker level), and cognitive, behavioral, or
motor/sensory function in children. These authors noted that
a number of studies failed to adjust for some potentially rele-
vant confounders, such as nutritional deficiencies, maternal
IQ, and exposure to other neurotoxicants.

In previous meta-analyses, inverse associations of As were
reported with IQ scores (Dong and Su 2009; Rodriguez-
Barranco et al. 2013; Hasanvand et al. 2020) and positive or
conflicting associations with autism spectrum disorder
(Saghazadeh and Rezaei 2017; Wang et al. 2019; Shiani et al.
2023) and Alzheimer dementia (Li et al. 2023). The limitations
discussed above, including weaknesses related to the cross-
sectional design and other biases, residual confounding, and
multiple comparisons were not adequately considered in
these meta-analyses. In addition, previous systematic reviews
and meta-analyses mostly relied on studies assessing As
exposure in biological samples, such as blood, serum, hair,
and urine, rather than drinking water. Measures of As in bio-
logical samples do not reflect only As ingested through
drinking water, they also depend on other source of intake
and their performance will depend on the context (e.g. acute
and chronic exposure) (Rivera-Nunez et al. 2010; Choi et al.
2022). In addition, the organism’s capacity to metabolize As
might differ between individuals, perhaps modifying As con-
centration in biological samples and thus individual suscepti-
bility even for exposure to the same levels of As in drinking
water (Kobayashi and Agusa 2019).

To our knowledge, our study is the first attempt to com-
prehensively assess the association between exposure to As
in drinking water specifically, and broadly defined neurobe-
havioral effects, among both children and adults. Two previ-
ous meta-analyses that focused on exposure to As in
drinking water (Rodriguez-Barranco et al. 2013; Hasanvand
et al. 2020) considered only 1Q scores.

Although the degree and detail of adjustment for poten-
tial confounders varied between studies, it is important to
notice that in most cases such adjustments weakened the
positive associations between As exposure and various out-
comes, suggesting that some degree of residual confounding
may be present. This is particularly important in low-income
populations, in which poor conditions, such as low socioeco-
nomic status, parental education, malnutrition, and BMI are
associated with low cognitive function (Von Stumm and
Plomin 2015; Eilertsen et al. 2016) and may also be associ-
ated with As level in drinking water (Rocha-Amador et al.
2007; Nahar, Inaoka, Fujimura 2014; Tsuji et al. 2015). An add-
itional factor which should be considered is physical exercise,
which has been associated with cognitive function
(Tomporowski and Pesce 2019; Moore et al. 2022). In
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addition, a decrease in cognitive function over time
(“negative Flynn effect”) has been observed in several popu-
lations (Dutton et al. 2016; Graves et al. 2021).

The comprehensive search strategy and rigorous assess-
ment of available evidence carried out in this study in order
to evaluate whether there is a causal relationship between As
in drinking water and neurobehavioral effects, allowed us to
identify published studies from a large number of records ini-
tially retrieved. Unfortunately, the heterogeneity in outcome
and exposure definitions, as well as statistical methods
employed by the primary studies included in this review, pre-
vented us from performing a quantitative assessment of the
association between As in drinking water and neurobehavio-
ral effects through a meta-analysis. This heterogeneity also
prevented us from assessing the occurrence of publication
bias, which may have led to overestimate of the associations
in systematic reviews and meta-analyses (Higgins et al. 2019).
The restriction of our review to reports written in English
might have led to the exclusion of relevant studies reported
in other languages. However, there is evidence suggesting
that this issue may be limited and, more importantly, it may
not lead to overestimation of investigated associations
(Morrison et al. 2012; Dechartres et al. 2018)

In summary, the available studies show lack of evidence
for an association between exposure to drinking water As
and neurobehavioral effects (mainly cognitive function) in
children, both in high- and low-exposure populations.
Evidence in adults is more limited than in children, and
shows no effects at low levels of exposure. Caution should
be used to generalize results of studies conducted in highly
exposed populations, because of the possible role of con-
founders and effect modifiers, which are specific of such pop-
ulations. Given the limitations of the studies included in our
review, however, further studies prospectively measuring
concentration of As in drinking water during the life course,
and neurobehavioral outcomes, and appropriately controlling
for potential confounders, with particular reference to socioe-
conomic status, nutritional deficiencies, and co-exposures
with other contaminants, are needed to clarify this potential
association.
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Table A1. Preferred reporting Items for systematic reviews and meta-analyses (PRISMA) checklist.

Section and Topic

Item #

Checklist item

Location where
item is reported

TITLE

Title

ABSTRACT
Abstract
INTRODUCTION
Rationale
Objectives

METHODS
Eligibility criteria
Information sources
Search strategy

Selection process

Data collection process

Data items

Study risk of bias assessment

Effect measures

Synthesis methods

Reporting bias assessment

Certainty assessment

RESULTS
Study selection

Study characteristics
Risk of bias in studies

Results of individual studies

10a

10b

13a

13b

13c

13d

13e

13f

16a

16b

17

19

Identify the report as a systematic review.
See the PRISMA 2020 for Abstracts checklist.

Describe the rationale for the review in the context of existing knowledge.
Provide an explicit statement of the objective(s) or question(s) the review
addresses.

Specify the inclusion and exclusion criteria for the review and how studies
were grouped for the syntheses.

Specify all databases, registers, websites, organizations, reference lists, and
other sources searched or consulted to identify studies. Specify the date
when each source was last searched or consulted.

Present the full search strategies for all databases, registers, and websites,
including any filters and limits used.

Specify the methods used to decide whether a study met the inclusion criteria
of the review, including how many reviewers screened each record and
each report retrieved, whether they worked independently, and if
applicable, details of automation tools used in the process.

Specify the methods used to collect data from reports, including how many
reviewers collected data from each report, whether they worked
independently, any processes for obtaining or confirming data from study
investigators, and if applicable, details of automation tools used in the
process.

List and define all outcomes for which data were sought. Specify whether all
results that were compatible with each outcome domain in each study
were sought (e.g. for all measures, time points, analyses), and if not, the
methods used to decide which results to collect.

List and define all other variables for which data were sought (e.g. participant
and intervention characteristics, funding sources). Describe any assumptions
made about any missing or unclear information.

Specify the methods used to assess risk of bias in the included studies,
including details of the tool(s) used, how many reviewers assessed each
study and whether they worked independently, and if applicable, details of
automation tools used in the process.

Specify for each outcome the effect measure(s) (e.g. risk ratio, mean
difference) used in the synthesis or presentation of results.

Describe the processes used to decide which studies were eligible for each
synthesis (e.g. tabulating the study intervention characteristics and
comparing against the planned groups for each synthesis (item #5)).

Describe any methods required to prepare the data for presentation or
synthesis, such as handling of missing summary statistics, or data
conversions.

Describe any methods used to tabulate or visually display results of individual
studies and syntheses.

Describe any methods used to synthesize results and provide a rationale for
the choice(s). If meta-analysis was performed, describe the model(s),
method(s) to identify the presence and extent of statistical heterogeneity,
and software package(s) used.

Describe any methods used to explore possible causes of heterogeneity
among study results (e.g. subgroup analysis, meta-regression).

Describe any sensitivity analyses conducted to assess robustness of the
synthesized results.

Describe any methods used to assess risk of bias due to missing results in a
synthesis (arising from reporting biases).

Describe any methods used to assess certainty (or confidence) in the body of
evidence for an outcome.

Describe the results of the search and selection process, from the number of
records identified in the search to the number of studies included in the
review, ideally using a flow diagram.

Cite studies that might appear to meet the inclusion criteria, but which were
excluded, and explain why they were excluded.

Cite each included study and present its characteristics.

Present assessments of risk of bias for each included study.

For all outcomes, present, for each study: (a) summary statistics for each
group (where appropriate) and (b) an effect estimate and its precision (e.g.
confidence/credible interval), ideally using structured tables or plots.

2-4
2-4
NA

23

NA

34

3,4

NA
NA
NA

34

4, Figure 1

able 2

4, T
4-9
4-9, Table 2
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Location where

Section and Topic Item # Checklist item item is reported
Results of syntheses 20a For each synthesis, briefly summarize the characteristics and risk of bias 4-9
among contributing studies.
20b Present results of all statistical syntheses conducted. If meta-analysis was 4-9
done, present for each the summary estimate and its precision (e.g.
confidence/credible interval) and measures of statistical heterogeneity. If
comparing groups, describe the direction of the effect.
20c Present results of all investigations of possible causes of heterogeneity among NA
study results.
20d Present results of all sensitivity analyses conducted to assess the robustness of NA
the synthesized results.
Reporting biases 21 Present assessments of risk of bias due to missing results (arising from NA
reporting biases) for each synthesis assessed.
Certainty of evidence 22 Present assessments of certainty (or confidence) in the body of evidence for 9
each outcome assessed.
DISCUSSION
Discussion 23a Provide a general interpretation of the results in the context of other 9,10
evidence.
23b Discuss any limitations of the evidence included in the review. 9,10
23c Discuss any limitations of the review processes used. 11
23d Discuss implications of the results for practice, policy, and future research. 1
OTHER INFORMATION
Registration and protocol 24a Provide registration information for the review, including register name and Not registered
registration number, or state that the review was not registered.
24b Indicate where the review protocol can be accessed, or state that a protocol NA
was not prepared.
24c Describe and explain any amendments to information provided at registration NA
or in the protocol.
Support 25 Describe sources of financial or non-financial support for the review, and the 1
role of the funders or sponsors in the review.
Competing interests 26 Declare any competing interests of review authors. 1
Availability of data, code, and 27 Report which of the following are publicly available and where they can be 11

other materials

found: template data collection forms; data extracted from included studies;
data used for all analyses; analytic code; any other materials used in the
review.
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Table A3. Outcome categories included in the studies retained in the systematic review.

Outcome Category

Academic achievement in languages

Academic achievement in mathematics
Anxiety/depression and withdrawn

Attention

Attention problems and aggressive behavior
Attention, processing speed, and verbal function
Behavior problems

Categorical verbal fluency

Cognitive development

Cognitive function

Cognitive impairment

Cognitive performance

Confrontational naming

Continuous performance test

Delayed memory

Dementia and cognitive function defects
Disease severity

Executive control

Executive control (including sequencing)
Executive function

Fine and gross motor abilities

Fine motor skills

General cognitive development

Global cognition

Gross motor skills

Immediate memory

Intellectual function

Intellectual function (WISC-IV full scale)
Intellectual function (WISC-IV perception)
Intellectual function (WISC-IV processing)
Intellectual function (WISC-IV verbal function)
Intellectual function (WISC-IV working function)
Intelligence quotient

Language function

Marks obtained — memory, attention, problem solving, and motor-visual perception
Memory power

Mental distress

Motor development

Motor function

Motor function, coordination of the hands, and fingers
Motor function, coordination of arms and hands, especially for object manipulation
Motor function, locomotion

Motor function, posture, and balance
Non-verbal intelligence quotient

Numerical abilities

Pattern memory

Perceptual information processing

Performance intelligence quotient

Phonemic verbal fluency

Processing of verbal information

Processing speed

Processing speed, verbal fluency

Semantic fluency

Short-term retention of information (verbal, visual, or numerical)
Social competence

Switching attention

Symbol digit

Time taken to fill the questionnaire — memory, attention, problem solving, and motor-visual perception
Verbal intelligence quotient

Verbal memory delayed

Visual attention ability and motor skills

Visual memory delayed

Visual memory immediate

Visuospatial abilities

Visuospatial functioning

Visuospatial praxis to overall clock drawing performance
Working memory
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Categories 4. Language

5. Visuospatial functioning
6. Memory

7. Behavior

8. Motor skills

1. Global cognitive functioning
2. Attention
3. Executive functioning



	Systematic review of studies on exposure to arsenic in drinking water and cognitive and neurobehavioral effects
	Abstract
	Introduction
	Materials and methods
	Literature review methodology
	Data extraction and synthesis of results

	Results
	Studies in adults – review
	Tier I studies
	Tier II studies
	Tier III studies


	Studies in adults – GRADE evaluation
	Studies in children – review
	Tier 1 studies
	Tier II studies
	Tier III studies

	Studies in children – GRADE evaluation

	Discussion
	Acknowledgments
	Declaration of interest
	Data availability
	Orcid
	References


