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Abstract

Objective: Arsenic is a known childhood neurotoxicant, but its neurotoxicity at low exposure 

levels is still not well established. The aim of our cross-sectional study was to test the association 

between low-level arsenic exposure and executive functions (EF) among children in Montevideo. 

We also assessed effect modification by arsenic methylation capacity, a susceptibility factor for the 

health effects of arsenic, and by B-vitamin intake, which impacts arsenic methylation.

Methods: Arsenic exposure was assessed as the specific gravity-adjusted sum of urinary 

arsenic metabolites (U-As) among 255 ~7 year-old children, and methylation capacity as the 

proportion of urinary monomethylarsonic acid (%MMA). Arsenic concentrations from kitchen 

water samples at participants’ homes were assessed. B-vitamin intake was calculated from the 

average of two 24-hour dietary recalls. EF was measured using three tests from the Cambridge 

Neuropsychological Test Automated Battery – Stockings of Cambridge (SOC), Intra-dimensional/

extra-dimensional shift task (IED), and Spatial Span (SSP). Generalized linear models assessed 

the association between U-As and EF measures; models were adjusted for age, sex, maternal 

education, possessions score, Home Observation for Measurement of the Environment Inventory 

score, season, and school clusters. Additional analyses were conducted to address issues of 

residual confounding and sample size. A “B-vitamin index” was calculated using principal 
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component analysis. Effect modification by the index and urinary %MMA was assessed in strata 

split at the respective medians of these variables.

Results: The median (range) U-As and water arsenic levels were 9.9 μg/L (2.2, 47.7) and 0.45 

μg/L (0.1, 18.9) respectively, indicating that exposure originated mainly from other sources. U-As 

was inversely associated with the number of stages completed (β = −0.02; 95% CI: −0.03, −0.002) 

and pre-executive shift errors (β = −0.08; 95% CI: −0.14, −0.02) of the IED task, and span 

length of the SSP task (β = −0.01; 95% CI: −0.02, −0.004). There was no clear pattern of effect 

modification by B-vitamin intake or urinary %MMA.

Conclusion: Low-level arsenic exposure may adversely affect executive function among 

children but additional, including longitudinal, studies are necessary to confirm these findings.
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1. Introduction

Because arsenic is ubiquitous in the environment, human exposure to this metalloid cannot 

be avoided altogether. Food and water are the most common sources of exposure globally, 

with >200 million people exposed to high levels of arsenic (>50 μg/L) from drinking water 

(George et al. 2014), and millions worldwide exposed to low-levels (Focazio et al. 2000; 

Naujokas et al. 2013). Children’s exposure to arsenic has been associated with deficits in 

verbal intelligence quotient (IQ) (Calderon et al. 2001; Hamadani et al. 2011; Wasserman et 

al. 2011) as well as processing speed (Wasserman et al. 2007). The neurotoxicity of arsenic 

at low-level exposure is, however, not well established (Desai et al. 2018; Signes-Pastor et 

al. 2019; Wasserman et al. 2014).

Executive functions (EF) is an umbrella term for several inter-related cognitive domains 

such as working memory, planning, cognitive flexibility (Diamond 2013), which develop 

from early childhood well into adolescence (Juric et al. 2013). While IQ is used commonly 

in research studies and is well understood, it does not specifically measure important 

domains of EF, such as inhibitory control and cognitive shifting (Friedman et al. 2006). 

These domains are critical in daily and school functioning because they relate to life 

activities such as thinking before acting, facing unanticipated challenges, focusing, and 

resisting temptations (Diamond 2013), and to school readiness (Blair and Raver 2015; 

Blankenship et al. 2019; Welsh et al. 2010) and academic success (Bartels et al. 2002; 

Jensen 1998; Neisser et al. 1996; Sternberg et al. 2001). Inhibitory control of attention 

represents the ability to selectively focus on tasks at hand, while ignoring other stimuli 

(Diamond 2013), whereas cognitive shifting is the ability to switch between mental 

processes to generate appropriate behavioral responses (Dajani and Uddin 2015). EF deficits 

have been linked to attention deficit hyperactivity disorder (Barkley 1997). While the effects 

of other metals, like lead, on EF have been relatively well studied (Bellinger et al. 1994; 

Canfield et al. 2003b; Chiodo et al. 2004; Froehlich et al. 2007; Lanphear et al. 2000; Surkan 

et al. 2007), the associations between arsenic exposure and EF remain largely unexplored 

(Forns et al. 2014; Wasserman et al. 2014; Wasserman et al. 2011).
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Susceptibility to arsenic-induced health outcomes may be influenced by arsenic methylation 

capacity (Del Razo et al. 1997; Pu et al. 2007; Steinmaus et al. 2006; Vahter 2001; Wu et al. 

2006), which in turn is affected by B-vitamin intake and status (Gamble et al. 2006; Gamble 

et al. 2005; Gamble et al. 2007; Hall et al. 2009a; Hall et al. 2009b; Howe et al. 2017; 

Steinmaus et al. 2005). In the body, arsenic metabolizes via the one-carbon metabolism 

cycle, wherein inorganic arsenic is converted to monomethylarsonic acid (MMA), and then 

to dimethylarsinic acid (DMA) (Challenger 1945). Both MMA and DMA are excreted in 

urine; higher %MMA and lower %DMA in urine indicate lower methylation efficiency. 

Folate acts as a methyl donor, whereas vitamins B-2, B-6, B-12 act as cofactors in the 

reactions leading to methylation of inorganic arsenic (Hall and Gamble 2012; Mason 2003; 

Peters et al. 2015; Vahter 2007). Importantly, it is unclear to what extent arsenic methylation 

capacity or B-vitamins moderate the effect of arsenic on neurodevelopmental outcomes in 

children (Desai et al. 2018; Hamadani et al. 2011; Hsieh et al. 2014).

Our study aim was to assess the effect of low-level arsenic exposure on EF in school-

age children. We hypothesized an inverse association between arsenic exposure and 

EF, and explored whether arsenic methylation capacity (urinary %MMA) and B-vitamin 

(B-1[thiamine], B-2 [riboflavin], B-3 [niacin], B-6, folate, and B-12) intake act as effect 

modifiers in this association.

2. Materials and Methods

2.1. Study Setting and Participant Recruitment

This study was conducted between July 2009 and August 2013 in private elementary schools 

in low- and middle-income neighborhoods of Montevideo, where metal exposure among 

children was previously demonstrated (Kordas et al. 2010; Mañay et al. 2008; Queirolo et 

al. 2010). The median concentration of arsenic in drinking water of the study children was 

0.45 μg/L (range: 0.10, 18.9), but food also appeared to be a source of exposure (Kordas et 

al. 2016). In this study, 357 children ~7 years old attending first grade of elementary school, 

and their caregivers (typically mothers), were enrolled. The details of the recruitment can be 

found in a previous publication (Desai et al. 2018). Informed consent was obtained prior to 

beginning data collection. The research protocol was approved by the Institutional Review 

Boards at the Catholic University of Uruguay, Pennsylvania State University, and the State 

University of New York at Buffalo.

2.2. Urinary Arsenic

Total urinary arsenic concentration was measured as the sum of inorganic arsenic, 

MMA, and DMA, and arsenic methylation capacity as urinary %MMA. Urinary arsenic 

concentration was measured using HPLC-HG-ICP-MS (HG, hydride generation, selects 

inorganic arsenic and its methylated metabolites into the ICP-MS, Inductively Coupled 

Plasma Mass Spectrometry), as described previously (Desai et al. 2018; Kordas et al. 2016). 

The sum of urinary arsenic metabolites was adjusted for specific gravity; this measure is 

referred to as U-As hereafter.
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2.3. Household Water Arsenic Assessment

The study staff visited the participants’ homes and collected samples of water that was 

used for drinking or cooking; caregivers pointed out the water typically used for these 

purposes. Water was collected directly from the kitchen taps or from a water storage 

container in a 100 ml plastic cup. About 15 ml water was extracted from the cup using 

a syringe (Becton-Dickinson, Franklin Lake, NJ, USA) and passed through a 0.45 μm filter 

(VWR International, PA, USA) into a plastic bottle, previously rinsed with 10% HNO3 

and deionized water. The pH of the water was measured and adjusted to < 2. Water 

arsenic concentrations were measured at the Materials Characterization Laboratory of the 

Pennsylvania State University using Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) with Collision Cell Technology (Thermo Scientific XSERIES 2, Bremen, Germany). 

The limit of detection was 0.03 μg/L.

2.4. B-Vitamin Intake

Two non-consecutive 24- hour dietary recalls were conducted with the mother/caregiver, as 

described previously (Desai et al. 2018). The amount of each food consumed was calculated 

based on the average of the two recalls. The amounts of vitamins B-1, B-2, B-3, B-6, 

folate, and B-12 in the reported foods were calculated using the Uruguayan nutrient database 

or the United States Department of Agriculture (USDA) National Nutrient Database for 

Standard Reference, Release 28 (Version Current: September 2015) for foods not listed in 

the Uruguayan database (Instituto de Nutrición de Centro América y Panamá (INCAP) and 

Organización Panamericana de la salud (OPS) 2012; Instituto Nacional de Alimentación 

(INDA) 2010; Kordas et al. 2018; 2018). These details have been described in previous 

publications (Desai et al. 2018; Kordas et al. 2016). Each B-vitamin intake was adjusted for 

total energy intake and expressed per 1000 kcal/day.

2.5. Anthropometric measures

Trained nurses measured children’s height in triplicate to the nearest 0.1 cm using a portable 

stadiometer (Seca 214, Shorr Productions, Colombia, MD), and weight in triplicate to the 

nearest 0.1 kg using a digital scale (Seca 872, Shorr Productions, Colombia, MD).

2.6. Parental questionnaires

Parents completed questionnaires about socio-demographic characteristics of the family. 

A household possessions score was derived based on a factor analysis that retained the 

ownership of five items – computer, car, refrigerator, laundry, and a landline telephone, as 

described previously (Kordas et al. 2018).

2.7. Home Observation for Measurement of the Environment (HOME) Inventory score

The Home Observation for Measurement of the Environment (HOME) Inventory (Bradley 

et al. 2003) was used to assess the quality of the children’s home environments and the 

availability of developmental stimuli such as educational toys or books at home. The 

inventory consists of 59 items grouped into eight subscales—1) parental responsibility, 

2) encouraging maturity, 3) emotional climate, 4) learning materials and opportunities, 
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5) active stimulation, 6) family participation, 7) parental involvement, and 8) physical 

environment. The total index score was used in statistical analyses.

The HOME Inventory was administered by a study staff during a visit to the child’s home. 

The time of the visit was previously scheduled with the family during a phone call, which 

also consisted of explaining the purpose of the visit to the family. The family had the right 

to refuse the visit. The visit was generally scheduled between 9 am and 3 pm on a Saturday, 

with at least the mother and the child present at home. In case it was difficult for the mother 

to be present, the father or another caregiver was asked to participate. At the beginning of 

the visit, the study staff explained that some interview questions were directed toward the 

mother/other caregiver, whereas some questions were directed toward to study staff to make 

observations.

2.8. Hemoglobin measurement

A 25-gauge safety butterfly blood collection set (Vacutainer, Becton Dickinson, Franklin 

Lakes, NJ) was used by a phlebotomy nurse to collect fasting venous blood into a serum 

tube with clot activator and separator gel (Becton Dickinson, Franklin Lakes, NJ). A drop 

of venous blood was removed from the tube immediately after the blood draw and used 

to measure hemoglobin via a hemoglobinometer (HemoCue Inc, Lake Forest, CA). Quality 

control checks were performed daily with standard controls (low, medium, high) provided 

by the manufacturer.

2.9. Blood lead measurement

Using the blood collection system described above, a second blood sample was 

collected into heparin coated tubes (Vacutainer, Becton Dickinson, Franklin Lakes, 

NJ) for lead analysis. Blood lead concentrations were measured using Atomic 

Absorption Spectrometry (AAS, VARIAN SpectrAA-55B) at the Toxicology Laboratory 

“CEQUIMTOX” (Specialized Center for Chemical Toxicology), of the Faculty of 

Chemistry, University of the Republic of Uruguay, as detailed in a previous publication 

(Desai et al. 2018).

2.10. Hair manganese measurement

Hair samples were collected using previously disinfected blunt-tip, stainless steel scissors 

from the occipital region of the children’s heads. One centimeter of hair from these 

samples was cut and kept in polyethylene vials. Hair samples were washed with 10 ml 

1% Triton X-100 solution, rinsed vigorously, and then dried at 60°C for 24 hours in an 

oven. Subsequently, one ml of concentrated nitric acid was added and the hair samples were 

digested at 80°C for 11 hours. Digested samples were diluted by adding 20 ml of double 

distilled water and analyzed for manganese at the Materials Characterization Laboratory at 

Pennsylvania State University by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

with Collision Cell Technology (Thermo Scientific XSERIES 2, Bergen, Germany). The 

detection limit for manganese was 0.01 ng/ml.
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2.11. Urinary cadmium measurement

Urinary cadmium was measured at the Karolinska Institutet, Sweden, as described 

previously (Kippler et al. 2007; Kippler et al. 2010). The samples were analyzed in two 

batches using an Agilent 7700× ICP-MS (Agilent Technologies, Tokyo, Japan). The limits 

of detection were 0.0005 μg/L for batch 1 and 0.001 μ/L for batch 2; there were no batch 

differences. Urinary cadmium concentrations were adjusted for urinary specific gravity to 

account for differences in the hydration status of participants.

2.12. Executive Function

The Cambridge Neuropsychological Test Automated Battery (CANTAB) was administered 

to participants to assess executive functions. First, the Big Circle Little Circle test, a motor 

function test, was administered to test their ability to follow directions and use the touch 

screen. Then, three CANTAB tests were administered in the following order: (i) Stockings 

of Cambridge (SOC), (ii) Intra-dimensional/extra-dimensional shift (IED), and (iii) Spatial 

Span (SSP).

The Stockings of Cambridge (SOC) is a spatial planning task, i.e., it measures the ability of 

an individual to plan and work accordingly. In this test, the participant sees two displays of 

colored balls enclosed in three “stockings.” One display is in the middle and one at the top 

of the screen. The participant is asked to reproduce the display that is present at the top of 

the screen by making changes to the display in the middle of the screen. These changes are 

to be made by clicking the ball the participant plans to move and then clicking the desired 

location. To make these changes, the balls in the display need to be moved one at a time and 

a ball at the bottom of the sock cannot be moved before the ball on top has been moved first. 

Trials increase in complexity and number of moves to be planned out. The outcome measure 

is the number of problems solved with minimum moves.

Intra-dimensional/extra-dimensional shift task (IED) measures visual attention. It includes 

the tasks of rule acquisition and reversal, and involves the use of color-filled shapes and 

white lines. The participant is asked to click on the correct color-filled shape on the screen 

by understanding and applying an implicit rule. The computer then shows the correct 

answer. After a few trials, the rule changes and once this new rule is learned, responding 

continues with additional trials. The criterion for learning each rule is 6 correct consecutive 

responses. If the child fails to achieve this criterion after 50 trials, the test terminates. A 

total of nine test stages exist - stages one and two include shapes only, stages three, four 

and five consist of a white line pattern overlaid on the shape. New shapes and white line 

patterns are introduced in stages six and seven, which is considered the intra-dimensional 

shift. The white line pattern then becomes the discriminating selection factor instead of 

the geometric shape in stages eight and nine, which is considered the extra-dimensional 

shift. The outcomes of interest are number of stages completed, total number of errors, 

pre-executive shift error, and post-executive shift error. For the total number of errors, the 

adjustment approach from the CANTAB Administration Guide was used; 25 errors were 

added for each failed stage based on the logic that 50 trials are given before failing a stage, 

and chance alone could explain half of the correct trials. This approach has been used in 

previous studies (Gau and Shang 2010; Potter et al. 2012). Five children failed the IED 
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task prior to stage four. In addition, two children received zero errors after they failed stage 

nine, when there are no more errors to accumulate. Data for these seven children were set to 

missing on the pre-executive shift error and the post-executive shift error.

The Spatial Span (SSP) task measures working memory. White squares are displayed on the 

screen, and the squares change color, one at a time. The participant is asked to touch the 

squares that changed color, remembering the sequence. The number of illuminated squares 

increases from 2 to 9. The outcome measures include span length and total number of errors. 

In our study, 17 children did not repeat the correct pattern during the two-square sequence 

after three attempts. These children were assigned a span length of one, the minimum 

possible value.

The reliability and validity of the CANTAB have been previously studied; for children, 

the test-retest intraclass correlation was 0.78–1.00 for the IED task, 0.72–1.00 for the SOC 

task, and 0.55 for the SSP task for an interval of 14–42 days (Gau and Shang 2010). The 

discriminant validity of the battery has also been shown through its use in assessing several 

outcomes such as epilepsy (Luciana and Nelson 2000), autism (Hughes et al. 1999; Hughes 

et al. 1994), as well as attention deficit hyperactivity disorder (Kempton et al. 1999).

2.13. Statistical analyses

All analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, 

USA). Descriptive analyses included calculating the medians (range) and frequencies of 

sociodemographic, biochemical, and dietary characteristics of participants. The associations 

between U-As and EF measures were assessed using a separate generalized linear model 

for each endpoint, with the identity link function using generalized estimation equation to 

address data clustered by school. Models were adjusted for age, sex, maternal education 

(years), possessions score, HOME score, and season (to account for the season of diet 

recall, since season-based foods may affect both arsenic exposure and cognitive outcomes 

in general). These models are referred to as the base models, and had a sample size of 

255 participants. Effect sizes were calculated by dividing the regression coefficients by the 

respective standard deviations observed in the study sample.

In additional analyses, models were adjusted for (i) known risk factor for the outcomes, 

blood lead levels and hemoglobin (Canfield et al. 2003a; Halterman et al. 2001; Health 

2005; Jáuregui-Lobera 2014), n=244, and (ii) potential risk factors for the outcomes, urinary 

cadmium and hair manganese levels (Kippler et al. 2012; Rodríguez-Barranco et al. 2013), 

n=241. To overcome the reductions in sample size from exclusion of participants with 

missing covariate data, the models were re-analyzed among participants with complete 

exposure and outcome data, by replacing missing covariate values. The missing values for 

continuous covariates were replaced with the respective medians, whereas for categorical 

variables, a separate category for missing data was created (Kaiser 2014; Zhang 2016). This 

led to a sample size of 286 participants.

Urinary %MMA was stratified at the median; stratified analyses were conducted to assess 

effect modification by arsenic methylation capacity. These analyses were conducted among 

those with no seafood intake (n=228), because arsenolipids and arsenosugars found in 
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seafood metabolize to DMA (Raml et al. 2007; Schmeisser et al. 2006); increased %DMA 

from seafood intake may lead to reduced %MMA irrespective of methylation capacity. 

Principal component analysis was conducted with vitamins B-1, B-2, B-3, B-6, folate, and 

B-12, which led to the separation of two indices – (1) high loadings on all B-vitamins except 

folate, and (2) high loadings on folate alone. These separate indices were observed perhaps 

because flour in Uruguay is fortified with folate but not the other B-vitamins. A factor score 

was then calculated based on all B-vitamins except folate. The factor score was stratified 

at the median, and the strata used to assess effect modification by the overall B-vitamin 

intake. Similarly, stratified analyses by folate intake, split at the median, were conducted. 

Because effect modification by sex was observed in a recent Spanish study (Signes-Pastor 

et al. 2019), we also conducted analyses stratified by sex. Stratified analyses were adjusted 

for the same covariates as the base models. As exploratory analyses, we also conducted 

regressions stratified at the respective medians of blood lead, urinary cadmium, and hair 

manganese levels.

3. Results

Table 1 presents the sociodemographic, biochemical, and dietary characteristics of study 

participants. The median (range) age of participants was 7 (5, 9) years, and about 57% 

were boys. The median (range) U-As and urinary %MMA were 9.9 μg/L (2.2, 47.7) and 

9.7% (2.6, 24.8) respectively. The correlation between water arsenic levels and U-As was 

0.1 (p=0.2). Water arsenic as well as urinary %MMA levels were similar in boys and girls. 

The median (range) scores of the CANTAB subtests are shown in Supplemental Table 1, 

along with results obtained from participants of similar age groups from other studies for 

comparative purposes.

The associations between U-As and EF measures are shown in Table 2. U-As was inversely 

associated with the number of stages completed (β = −0.02; 95% CI: −0.03, −0.002), 

pre-executive shift errors (β = −0.08; 95% CI: −0.14, −0.02) on the IED task, and span 

length from the SSP task (β = −0.01; 95% CI: −0.02, −0.004) in the base models. 

Further adjustment for hemoglobin, blood lead, urinary cadmium, and hair manganese 

levels led to similar point estimates, also presented in Table 2. Results remained unchanged 

upon re-running models among 286 participants whose missing covariates were replaced 

(Supplemental Table 2). Effect size calculations for the statistically significant associations 

carried out to standardize results across outcomes revealed small effect sizes: each unit 

(μg/L) of U-As was associated with lower SOC stages completed, a measure of spatial 

planning, IED pre-executive shift errors, a measure of visual attention, and SSP span length, 

a measure of working memory, by 0.01–0.14 units, equivalent to 0.01–0.02 SD.

Table 3 shows the results of analyses stratified by urinary %MMA, the B-vitamin index, and 

folate intake. There was suggestive evidence of effect modification by folate intake; those 

with low folate intake had fewer pre-executive shift errors on the IED task compared to 

those with high folate intake. However, it is noteworthy that the 95% confidence intervals of 

the point estimates were largely overlapping between the strata in all the stratified analyses, 

indicating that there was either no effect modification, or that we did not have sufficient 

power to detect it. Similarly, we observed no effect modification by sex (Supplemental Table 

Desai et al. Page 8

Environ Int. Author manuscript; available in PMC 2024 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3); the estimates were similar for boys and girls, with overlapping 95% confidence intervals. 

We observed some evidence of effect modification by lead, cadmium and manganese 

exposure for various CANTAB test outcomes, but with no clear pattern (Supplemental Table 

4).

4. Discussion

Among ~7 year-old children from Montevideo exposed to low levels of arsenic, we found 

an inverse association between low-level arsenic exposure and executive functions of rule 

learning and reversal, visual attention, and working memory measured with the CANTAB, 

but the effect sizes were small. There was no clear pattern of effect modification by 

arsenic methylation capacity (urinary %MMA), or the B-vitamins (B-1, B-2, B-3, B-6, 

folate, B-12). Notably, we observed no association between arsenic exposure and general 

cognitive function among the same children in a previous study (Desai et al. 2018). Among 

participants of the INfancia y Medio Ambiente (INMA) birth cohort, detectable arsenic 

levels (compared to undetectable, 77.8% of the samples) from the placental tissue were 

associated with deficits in global and verbal executive function, endpoints derived from 

the McCarthy Scales of Children’s Abilities, among 4–5 year-old children (Freire et al. 

2018). Another study from the INMA cohort found inverse associations of children’s urinary 

arsenic with motor function, but no association with executive function, similarly assessed 

based on the McCarthy Scales of Children’s Abilities (Signes-Pastor et al. 2019). Both 

these studies were conducted among populations with drinking water containing low arsenic 

concentrations, indicating that arsenic from foods may be important. American children with 

water arsenic levels ≥ 5 μg/L (vs. < 5 μg/L, reference) had deficits in verbal comprehension, 

working memory, reasoning, and full scale IQ (Wasserman et al. 2014).

We assessed EF using three tasks from the CANTAB, a standardized battery that has been 

used to measure EF across different ages, including children as young as 4 years (De Luca 

et al. 2003; Luciana and Nelson 2002). Different domains of executive functions appear 

to have different developmental trajectories in children, for instance, cognitive flexibility, 

goal setting, and information processing have a critical developmental period that extends 

from 7 to 9 years of age (Anderson 2002). On the other hand, attentional control begins 

developing from infancy; children are able to inhibit impulse-based behaviors to an extent 

by 3 years of age, and this inhibition improves with age until about 11 years (Anderson 

2002). Older children usually perform better on tests of EF compared to younger children 

(De Luca et al. 2003; Luciana 2003). Test performance of Montevideo first-graders was 

comparable to that observed among 6–11-year-old Brazilian children on SOC problems 

solved in minimum moves, SSP span length, and IED stages completed (Roque et al. 2011). 

Similarly, ~11 year-old children participating as controls in a study focused on attention 

deficit hyperactivity disorders had performance comparable to our participants with respect 

to minimum number of moves needed to solve the SOC and total errors on the IED (Fried 

et al. 2015). On the other hand, 6–17 year-old Canadian children participating as controls in 

a study of prenatal alcohol exposure, had slightly better performance than our participants, 

perhaps reflecting the age related maturation of several EF (Rasmussen et al. 2011).
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Although the neural mechanisms underlying EFs are not fully understood, the prefrontal 

cortex of the brain plays a key role (Funahashi and Andreau 2013). Individuals with a 

damaged prefrontal cortex have normal IQs, long-term memory, as well as motor and 

language skills, however, they lack skills required to adapt to new rules or to select 

among several seemingly similar options and act accordingly (Funahashi and Andreau 

2013). A deficit in these skills is attributed to poor planning, decision making, and working 

memory, all of which are important domains of EF (Funahashi and Andreau 2013). Animals 

with prefrontal cortex lesions exhibit similar deficits (Fuster 2015). Several mechanisms 

are thought to underlie the neurotoxicity of arsenic. For example, arsenic exposure is 

hypothesized to induce epigenetic modifications to the DNA, which can cause aberrant 

gene expression in the brain (Tyler and Allan 2014). Studies in animal models suggest 

the neurotoxicity of arsenic at high exposure levels. For example, arsenic exposure of 5 

mg/kg of body weight for 2–3 months daily (Nagaraja and Desiraju 1994), as well as 0.1 

g sodium arsenate per liter of drinking water for 11 days (Valkonen et al. 1983) were 

associated with decreased acetylcholinesterase activity in rat brain, indicating an impact 

on cholinergic signaling. Other studies in rats showed that arsenic affected monoaminergic 

signaling through reduced dopamine activity (Kannan et al. 2001; Rodriguez et al. 2003; 

Tripathi et al. 1997). Among humans, hampered dopaminergic activity in the prefrontal 

cortex and mesolimbic system is associated with deficits in visual working memory (SSP) 

and selective attention (intra-dimensional change), problems that increase notably in deep 

dopaminergic damage observed in pathologies like Parkinson’s disease (Robbins 2000). 

Hippocampal dysfunction, and glutamatergic and glucocorticoid signaling, also associated 

with the hippocampus, are other proposed mechanisms of arsenic neurotoxicity (Tyler and 

Allan 2014). However, their role in EF impairments may be limited, given that EF are 

primarily associated with the prefrontal cortex. Oxidative stress is another hypothesized 

mechanism; arsenic exposure led to the production of reactive oxygen species and lipid 

peroxidation, and the reduction in the levels of the antioxidant glutathione and activity of 

the enzyme glutathione peroxidase in rat brains (Chaudhuri et al. 1999; Xi et al. 2010). 

Similarly, arsenic exposure affected glutathione enzymes and neuronal development in 

human brain cells in vitro (Chattopadhyay et al. 2002a; Chattopadhyay et al. 2002b).

We found an inverse association between U-As and pre-executive shift errors of the IED 

task, which was in the direction that we did not hypothesize. Interestingly, we observed 

no associations with post-executive errors of the same task. The IED is a complex task 

that necessitates understanding when the implicit rule of the test changes, i.e., when the 

“shift” in the definition of a correct response occurs. Following this shift, the task is 

relatively more difficult than prior to the shift, and responses may depend on the level of 

maturation of both the prefrontal cortex and the EF in question (De Luca et al. 2003). 

For example, the performance of 4–6 year-old children has been shown to be distinct from 

that of older children, suggesting that this task may be particularly sensitive to early brain 

development (Luciana 2003). Therefore, optimal responding is likely to develop first in 

tasks measuring pre-executive shift. In an attempt to disentangle the observed associations, 

we used pre-executive shift errors as a covariate in regressions modeling the association 

between arsenic exposure and post-executive shift errors. The results remained unchanged 

(results not shown). It is possible that, due to the age of the children in this study, the task 
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was similarly difficult to all children post-shift, regardless of any effect of environmental 

exposure on performance.

To address issues of residual confounding and unaccounted risk factors for the outcomes, we 

conducted a series of additional analyses. Previous studies suggest that even low levels of 

blood lead may been associated with EF deficits in children (Canfield et al. 2003b; Surkan 

et al. 2007), prompting us to adjust our models for blood lead levels. Although we found no 

association between low blood lead (mean = 4.2, SD = 2.1 μg/dL) and EF-related behaviors 

among our study participants (Barg et al. 2018), we had not assessed EF directly. We 

also adjusted our analyses for hemoglobin concentrations because iron deficiency has been 

inversely associated with cognitive performance (Halterman et al. 2001; Jáuregui-Lobera 

2014). Finally, we adjusted for urinary cadmium and hair manganese because exposure to 

both metals is associated with neurodevelopmental deficits in children (Kippler et al. 2012; 

Rodríguez-Barranco et al. 2013). These adjustments did not change our results. Similarly, 

we found no clear patterns of effect modification by these metals in the relationship between 

arsenic exposure and EF endpoints. To compensate for reductions in sample size due to 

exclusion of participants with missing covariate data, we repeated the analysis in a larger 

sample obtained when we replaced missing covariate values with median values or when we 

created “missing” categories for categorical variables. The results remained unchanged.

Urinary %MMA is regarded as a susceptibility factor for arsenic-induced health outcomes 

(Vahter 2001). Higher urinary %DMA and lower %MMA and %inorganic arsenic indicate 

more efficient arsenic methylation. However, higher urinary %DMA could result from 

high intake of foods such as seafood, independent of methylation capacity (Navas-Acien 

et al. 2011). Since U-As was measured in this study as the sum of urinary inorganic 

arsenic, MMA, and DMA, a high DMA intake could lead to lower %MMA in urine. 

Hence, we assessed effect modification by urinary %MMA among participants with no 

seafood intake (n=228). Previous studies focusing on arsenic-induced neurodevelopmental 

outcomes have shown inconsistent results with respect to urinary %MMA. Taiwanese 

preschool children with developmental delays (n=63) had higher urinary %MMA levels 

compared to those without developmental delays (n=35) (Hsieh et al. 2014). However, 

among Bangladeshi children, there was no evidence of effect modification of the arsenic-IQ 

association by urinary %MMA (Hamadani et al. 2011). This study in Bangladesh had 

more than 1000 participants with median (10th, 90th percentile) U-As of 34 μg/L (12, 

155) at 1.5 years of age and 51 μg/L (20, 238) at 5 years of age (Hamadani et al. 2011). 

Furthermore, there is suggestive evidence that children might have an overall efficient 

arsenic methylation capacity compared to adults (Löveborn et al. 2016). Consistent with 

the study in Bangladesh, we previously found no effect modification by urinary %MMA 

on general cognitive outcomes in Uruguayan children who were exposed to much lower 

levels of arsenic (Desai et al. 2018). Hence, it is unsurprising that we observed similar point 

estimates with overlapping confidence intervals analyses stratified by urinary %MMA (split 

at median).

Because of their role in the one-carbon metabolism cycle, which also methylates arsenic, 

B-vitamin intake and status have been associated with efficient arsenic methylation (Hall 

and Gamble 2012; Mason 2003; Peters et al. 2015; Vahter 2007). We hypothesized that a 
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high intake of B-vitamins would be associated with less detrimental effects of arsenic on 

measures of EF. The overlapping confidence intervals in the stratified analysis suggested no 

effect modification, or that our study was underpowered to detect it. Flour in Uruguay 

is fortified with folate, thereby leading to high folate intake levels in the population. 

Participants in our study appeared to have adequate B-vitamin intake levels, however, these 

data were obtained from two 24-hour dietary recalls, which may not reflect habitual intakes. 

Furthermore, the possibility of chance findings cannot be ruled out.

Our study has certain limitations. First, the participation rate was 53%, although it differed 

by school. Selection bias is possible if participation was associated with both the exposure 

and outcome. Families would have no knowledge of their arsenic exposure prior to the study 

so the possibility of them making a participation decision based on arsenic exposure is low. 

However, we have no way of knowing if families self-selected because of perceived learning 

or behavioral difficulties in their children. Given the range of participation by school (12 

to 88.5%), we do not believe that self-selection based on measures related to the study’s 

outcome were strongly at play. Based on anecdotal evidence, we believe that low rates of 

participation (~12%) in some schools had to do with a general misperception of research 

studies by school officials and parents. Second, we assessed arsenic concentrations in one 

spot urine sample, which is a measure of short-term exposure. Similarly, diet was assessed 

by averaging two 24-hour dietary recalls, which may not reflect habitual intakes. In addition, 

we used the USDA database as well as the Uruguayan database to assess B-vitamin intake. 

Measurement error is possible, even though we matched as closely as possible the foods 

consumed by participants to those listed in the databases.

On the other hand, the strengths of our study include the use of CANTAB to assess 

different aspects of EF, from short-term memory to set shifting and planning ability. 

Many tests in the CANTAB are standardized and use non-verbal cues, which means they 

can be administered in any geographical area irrespective of the language. Because it 

is computerized, the CANTAB scores are minimally affected by the differences among 

testers. Our findings remained unchanged even after a series of additional analyses, thereby 

increasing confidence in the observed inferences, although unmeasured confounding cannot 

be ruled out completely. Finally, EF continue to develop well into adolescence (Juric et al. 

2013), and our study captures an important part of this trajectory.

5. Conclusion

Among ~7 year-old children in Montevideo exposed to low levels of arsenic, we observed 

a small adverse effect of arsenic on test performance in the intra-dimensional/extra-

dimensional shift task and the spatial span task of the CANTAB used to measure executive 

functions. There was no clear pattern of effect modification of this relationship by exposure 

to other metals, arsenic methylation capacity or B-vitamin intake.
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Table 1:

Sociodemographic, biochemical, and dietary characteristics of study participants

Variables N All participants

Age, months

 Median (range) 255 81 (57, 105)

Sex 255

 Girls, n (%) 111 (43.5)

 Boys, n (%) 144 (56.5)

Maternal Education

 Years, median (range) 255 8 (4, 17)

HOME score1 255

 ≤ 46, n (%) 133 (52.2)

 > 46, n (%) 122 (47.8)

Household possessions score2 255

 ≤ 3, n (%) 110 (43.1)

 > 3, n (%) 145 (56.9)

Water arsenic, μg/L

 Median (range) 255 0.45 (0.1, 18.9)

Water arsenic, μg/L

 Median (range) 255 0.45 (0.1, 18.9)

Total urinary arsenic3, μg/L

 Median (range) 255 9.89 (2.2, 47.7)

%MMA4

 Median (range) 255 9.68 (2.6, 24.8)

Vitamin B-1, mg/1000 kcal

 Median (range) 249 0.83 (0.2, 2.6)

Vitamin B-2, mg/1000 kcal

 Median (range) 249 1.00 (0.3, 2.2)

Vitamin B-3, mg/1000 kcal

 Median (range) 249 8.61 (3.7, 23.3)

Vitamin B-6, mg/1000 kcal

 Median (range) 249 0.68 (0.3, 1.7)

Folate, μg/1000 kcal

 Median (range) 249 214.1 (75.1, 466.5)

Vitamin B-12, μg/1000 kcal

 Median (range) 249 1.7 (0.3, 8.3)

1
Home Observation for Measurement of the Environment Inventory score, split at median,

2
Spit at median,

3
Measured as sum of urinary inorganic arsenic, monomethylarsonous acid, and dimethylarsinic acid; adjusted for urinary specific gravity,

4
Monomethylarsonous acid
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