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Universitari Sant Joan de Reus, Reus, Spain, 11 ISGlobal- Instituto de Salud Global de Barcelona-Campus

MAR, Parc de Recerca Biomèdica de Barcelona (PRBB), Barcelona, Spain, 12 Department of Medicine,

Universitat Jaume I, Castellón de la Plana, Spain, 13 Department of Preventive Medicine and Public Health,

UPV/EHU, Leioa, Basque Country, Spain, 14 Health Research Instititue, Biodonostia, Donostia-San

Sebastian, Spain, 15 Department of Health of the Basque Government, Public Health Division of Gipuzkoa,

Donostia-San Sebastián, Spain, 16 Universitat Pompeu Fabra, Barcelona, Spain

* asignes@umh.es

Abstract

Ingested inorganic arsenic (iAs) is a human carcinogen that is also linked to other adverse

health effects, such as respiratory outcomes. Yet, among populations consuming low-arse-

nic drinking water, the impact of iAs exposure on childhood respiratory health is still uncer-

tain. For a Spanish child study cohort (INfancia y Medio Ambiente—INMA), low-arsenic

drinking water is usually available and ingestion of iAs from food is considered the major

source of exposure. Here, we explored the association between iAs exposure and children’s

respiratory outcomes assessed at 4 and 7 years of age (n = 400). The summation of 4-year-

old children’s urinary iAs, monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA)

was used as a biomarker of iAs exposure (∑As) (median of 4.92 μg/L). Children’s occur-

rence of asthma, eczema, sneeze, wheeze, and medication for asthma and wheeze at each

assessment time point (i.e., 4- and 7-year) was assessed with maternal interviewer-led

questionnaires. Crude and adjusted Poisson regression models using Generalized Estimat-

ing Equation (GEE) were performed to account for the association between natural loga-

rithm transformed (ln) urinary ∑As in μg/L at 4 years and repeated assessments of

respiratory symptoms at 4 and 7 years of age. The covariates included in the models were

child sex, maternal smoking status, maternal level of education, sub-cohort, and children’s

consumption of vegetables, fruits, and fish/seafood. The GEE—splines function using
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Poisson regression showed an increased trend of the overall expected counts of respiratory

symptoms with high urinary ∑As. The adjusted expected counts (95% confidence intervals)

at ln-transformed urinary ∑As 1.57 (average concentration) and 4.00 (99th percentile con-

centration) were 0.63 (0.36, 1.10) and 1.33 (0.61, 2.89), respectively. These exploratory

findings suggest that even relatively low-iAs exposure levels, relevant to the Spanish and

other populations, may relate to an increased number of respiratory symptoms during

childhood.

1. Introduction

The International Agency for Research on Cancer has classified ingested inorganic arsenic

(iAs) as class 1 human carcinogen [1]. Exposure to iAs also relates to other non-carcinogenic

health outcomes among highly exposed populations [2–6]. There is also a growing body of evi-

dence suggesting that even low levels of iAs chronic exposure relate to deleterious health

impacts [7–10]. Low-level chronic exposures refer to populations with access to drinking

water that complies with the EU, US and WHO maximum arsenic level of<10 μg/L, such as

the Spanish population and others [11–13]. In such populations, food intake is considered the

major source of exposure to iAs [14–17].

High-level exposure to iAs such as that from consumption of contaminated water is associ-

ated with bronchiectasis, chronic obstructive pulmonary disease, chronic bronchitis, and

decreased lung function [10, 18–26]. Inorganic arsenic crosses the placenta, and even relatively

low exposure levels during gestation related to an increased risk of infections during the first

year of life of children from the New Hampshire Birth Cohort study (NHBCS) [9, 27, 28]. A

recent study from the same cohort reported that maternal exposure during pregnancy were

also associated with a reduced lung function of 7-year-old children [29]. These findings and

others support that even low-level iAs exposure in utero and early life relates to detrimental

health effects that may last throughout the lifespan [28–30]. Infants and young children are

particularly vulnerable to the toxic effects of iAs, and often have higher ingestion of iAs com-

pared to adults [15, 27, 31].

The iAs is metabolized in the liver through a series of reduction and oxidative methylation

reactions that ends with the excretion of monomethylarsonic acid (MMA), dimethylarsinic

acid (DMA), and unmetabolized iAs in urine within a few days. The iAs methylation process

is considered a mechanism for detoxification; however, it generates intermediate trivalent

metabolites (i.e., monomethylarsonous acid and dimethylarsinous acid) that are shown to be

more toxic than their parent compounds and are involved in the mechanism of arsenic toxicity

[32–35]. Thus, the summation of urinary iAs, MMA and DMA (∑As) is commonly use as iAs

exposure biomarker in environmental epidemiology studies [24, 36–40]. Ingestion of organo-

senical compounds such as arsenobetaine (AsB) are excreted in the urine unchanged and do

not appear to pose toxicity [37, 38].

Rice and rice-based products may contain high iAs concentrations that relate with an

increased iAs metabolites content in urine [41–43]. Among NHBCS infants, introduction of

rice cereals was associated with increased susceptibility to respiratory infections and allergy

during their first year of life [44]. Maximum levels of iAs in rice and rice-based products have

been advised or regulated to reduce exposure [45–47]. The most restrictive level of 100 μg/kg

of iAs has been stablished for rice destined to produce food for infants and young children

[46]. However, a safe level of exposure to iAs has not been observed yet and the health effects

of exposure during childhood required further investigations [1, 48, 49].
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In this study, we aimed to explore the association between iAs exposure, evaluated using

urinary ∑As concentrations, in 4-year-old children from the Environment and Childhood

project (“INMA—INfancia y Medio Ambiente”) in Spain and respiratory symptoms evaluated

at 4 and 7 years of age using face-to-face interviewer-led questionnaires.

2. Methods

2.1. Study population

The study population here came from the INMA project, a prospective population-based birth

cohort study conducted in several areas of Spain [50, 51]. Briefly, INMA recruited women at

the beginning of their pregnancy (2003–2008) and they were followed up until delivery

(n = 2625), then their children were enrolled and followed-up. In this study, we selected a ran-

dom subset of children evenly distributed by cohort including Asturias (n = 100), Guipuzkoa

(n = 100), Sabadell (n = 100), and Valencia (n = 100) [36]. The final dataset for statistical analy-

sis contained 339 participants without missing values in urinary arsenic species concentra-

tions, cumulative respiratory symptoms at each time point, and the confounding variables

(i.e., case-complete approach). Informed consent was obtained from all INMA participants

before each phase, and the hospital ethics committees in all participating regions approved the

study (i.e, Central University Hospital of Asturias, Donostia Hospital, Health Consortium of

Catalonia—Medical Assistance Municipal Institute, and University Hospital “La Fe”).

2.2. Laboratory analysis

Spot urine samples were collected in 100 mL polyethylene containers during the pediatric fol-

low-up review at 4 years and stored at -80˚C. One aliquot of the sample from each of the par-

ticipants was sent to the Institute of Global Food Security, Queen’s University Belfast,

Northern Ireland to be analyzed for arsenic speciation. To carry out the urinary arsenic specia-

tion analysis, the urine samples were first centrifuged with a Sorvall Legend RT at 4500 g.

Then, a 1 ml aliquot was transferred to a 2-ml polypropylene vial with 10 μl of analytical grade

hydrogen peroxide to convert any arsenite to arsenate to facilitate subsequent chro-

matographic detection. The arsenic speciation analysis included iAs (arsenite + arsenate),

MMA, DMA, and AsB using ion chromatography (IC)-inductively coupled plasma mass spec-

trometry (ICPMS) [8, 36, 42]. The urine samples were analysed in different batches, including

blanks and replicate samples of the certified reference material (CRM) ClinChek—Control

level I. Based on n = 33 urine CRM ClinChek—Control level I samples, the urinary arsenic

species recovery (mean ± standard error) was 115 ± 2% for iAs, 97 ± 2% for MMA, 94 ± 2%

for DMA, and 90 ± 2% for AsB. The LOD for arsenic speciation was 0.011 μg/L [36]. The

gravimetric summation of the urinary arsenic species in μg/L (∑As = iAs + MMA + DMA) was

calculated as an estimate of iAs exposure. The ∑As accounts for the individual fractions of iAs

and the metabolites, excluding the non-toxic AsB found in fish/seafood [24, 36–40]. Urine

samples were adjusted for urine dilution using specific gravity measured with a clinical refrac-

tometer [36].

2.3. Respiratory outcomes

The primary outcomes of this study were respiratory-related symptoms. Interviewer-led ques-

tionnaires given to the mothers collected information on the occurrence (yes/no) of asthma,

eczema, sneeze, wheeze, and medication for asthma and wheeze at ages of 4 and 7 years. The

questionnaire was the Spanish, Catalan or Basque version of the validated International Study
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of Asthma and Allergies in Childhood (ISAAC) questionnaire, depending on the primary lan-

guage of the mother [52, 53].

The occurrence of 1. wheeze, 2. wheeze medication, 3. asthma, 4. asthma medication, 5.

eczema, or 6. sneeze was defined as a positive answer to the following questions i) at 4 years of

age, 1.”Has your child ever had wheezing in the chest in the past 12 months?“, 2.”Has your

child taken any medication for wheezing in the past 12 months?“, 3.”In the last 12 months, has

your child had ever suffered asthma?“, 4.”Has your child had medical assistance due asthma?“,

5.”In the last 12 months, has your child had ever suffered atopic eczema?“, and 6.”In the last 12

months, has your child had ever suffered allergic rhinitis?“, and ii) at 7 years of age, 1.”Has

your child had wheezing or whistling in the chest in the past 12 months?“, 2.”Has your child

taken any medication for wheezing in the last 12 months?“, 3.”Has your child ever been diag-

nosed by a doctor as having asthma?“, 4.”Any medicines for asthma/breathing difficulties in

last 12 months?“, 5.”Ever diagnosed by doctor with having eczema/atopic dermatitis?“, and

6.”In the last 12 months, has your child had problems with sneezing, runny, blocked nose

when not cold or flu?“.

2.4. Covariates

A maternal questionnaire was administered during the 1st and 3rd trimester of pregnancy to

gather information regarding parental sociodemographic and socioeconomic characteristics

(e.g., living area, education, and social class). Children’s diet was assessed with validated food

frequency questionnaires (FFQ) asking about consumption of food items and portion sizes

appropriate for children in the previous year [54, 55]. Parents or children’s guardians com-

pleted the FFQ during a personal interview with trained personnel as described elsewhere

[42].

2.5. Statistical analyses

For the main statistical analysis, a case-complete approach was followed with a dataset of 339

participants as mentioned earlier. Crude and adjusted Poisson regression models using Gener-

alized Estimating Equation (GEE) were performed. This approach allowed to account for the

association between natural logarithm (ln) transformed urinary ∑As in μg/L at 4 years of age

and repeated assessments of respiratory symptoms at 4 and 7 years. The ∑As was ln-trans-

formed owing to its positive skewness. The covariates included in the adjusted models were

child sex (boys or girls), and maternal smoking status (“Have you ever smoked?”—binary),

maternal level of education (primary, secondary, or university studies), sub-cohort (Asturias,

Gipuzkoa, Sabadell, or Valencia), and child consumption of vegetables (g/day), fruits (g/day)

and fish/seafood (g/day) calorie adjusted using the residual method [56]. The covariates were

selected based on previous studies and the Directed Acyclic Graph using the DAGitty software

(S1 Fig—Directed acyclic graph or causal Bayesian network created using DAGitty

browser-based environment) [9, 57, 58].

This study included various sensitivity analyses. First, the Poisson regression models for

each assessment time point (i.e., 4- and 7-year) were carried out. The cumulative expected

counts of respiratory events assessed at both time points were also modelled. Second, the study

included logistic regression spline functions between ln-transformed urinary ∑As and each

respiratory outcome assessed at 4 and 7 years of age combined and separately. Third, it mod-

elled GEE—logistic regression spline functions between ln-transformed ∑As and each cumula-

tive respiratory symptom assessed at 4 and 7 years of age. Finally, the main GEE- Poisson

regression models were performed including (1) iAs + MMA and (2) DMA urinary concentra-

tions ln-transformed as dependent variables.
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A nominal level of 0.05 to define associations as statistically significant was applied. Con-

centrations below the limit of detection (LOD) were replaced with the ½ LOD. The ½ LOD

value was used for statistical analysis and graphics generation purpose. The original data con-

tained 10 (2.5%), 29 (7.2%), and 17 (4.2%) urinary DMA, MMA, and iAs concentrations

<LOD [42]. We calculated the LOD as the mean of the blank concentrations plus three times

the standard deviation of the blank concentrations multiplied by the dilution factor. The R

software version 4.0 was used to conduct all statistical analyses and graphics [59]. Particularly,

we used the functions glm, rcs, and geeglm from the package stats, rms, and geepack,

respectively.

3. Results

Maternal median age of enrolment was 39 years of age, and our child study population was

evenly distributed among boys and girls. Children’s respiratory symptoms were assessed at the

median (first and third quartile (Q1—Q3)) of 4.42 (4.36–4.49) and 7.75 (7.49–8.03) years of

age. Their median (Q1—Q3) urinary concentration was 4.92 (2.94–7.80), 0.36 (0.21–0.57),

0.43 (0.25–0.69), 4.07 (2.22–6.13), and 9.61 (2.89–35.12) μg/L for ∑As, iAs, MMA, DMA, and

AsB, respectively (Table 1). Urinary iAs, MMA, and DMA represented the median (Q1—Q3)

of 8.4% (4.9–12.1), 9.8% (5.7–12.9), and 81.4% (75.5–87.1) of ∑As concentrations in μg/L,

respectively. The interclass correlation coefficient (ICC) for the concentrations of iAs, MMA,

and DMA was 0.063 with a 95% confidence interval (CI) ranging from -0.001 to 0.130.

The GEE—splines function for the Poisson regression shows an increase of the overall

expected counts of respiratory symptoms at high urinary ∑As; however, a greater variability

was observed at low concentrations (Fig 1A). The density function of ln-transformed urinary

∑As is shown in Fig 1B. The crude and adjusted estimates (95% CI) at ln-transformed urinary

∑As 1.57 (average concentration) and 4.00 (99th percentile concentration) were 0.62 (0.48,

0.80)– 0.63 (0.36, 1.10) and 1.24 (0.63, 2.42)– 1.33 (0.61, 2.89) counts, respectively. The

increased trend of the overall expected counts at high urinary ∑As was also clear when directly

applying Poisson regression at 4 and 7 years of age individually and when modelling the cumu-

lative expected counts of events at both time points S2 Fig- Poisson regression spline func-

tions between ln-transformed urinary arsenic concentrations (∑As) at 4 years and

respiratory symptoms assessed at 4, 7, and 4–7 years of age. S3 Fig—Generalized Estimat-

ing Equation (GEE)—Poisson regression spline function between natural ln-transformed

urinary arsenic concentrations (1. iAs + MMA and 2. DMA) and expected respiratory

symptoms at 4 and 7 years of age gathers the results from the GEE—Poisson regression spline

functions when modelling the ln-transformed concentrations of iAs + MMA and DMA sepa-

rately and shows that urinary DMA drove the increased trend of the overall expected counts.

Increased odds ratios (OR) were also suggested from the association between urinary ∑As

and each respiratory symptom of interest when analysed individually and according to the

assessment time point (S4 Fig—Logistic regression spline functions between natural ln-

transformed urinary arsenic concentrations (∑As) at 4 years and each respiratory outcome

assessed at 4 years of age, S5 Fig—Logistic regression spline functions between natural ln-

transformed urinary arsenic concentrations (∑As) at 4 years and each respiratory symp-

tom assessed at 7 years of age, S6 Fig—Logistic regression spline functions between natural

ln-transformed urinary arsenic concentrations (∑As) at 4 years and each respiratory symp-

tom assessed at 4 and 7 years of age, and S7 Fig—Generalized Estimating Equation (GEE)–

logistic regression spline function between natural ln-transformed urinary arsenic (∑As)

at 4 years and each respiratory symptom assessed at 4 and 7 years of age). This was particu-

larly evident for wheeze, wheeze medication, eczema, and sneeze.
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4. Discussion

This exploratory study found that even at relatively low iAs exposure during childhood, evalu-

ated with urinary ∑As concentrations from 4-year-old children living in Spain, was associated

with an increased trend of self-reported respiratory-related outcomes including asthma,

eczema, sneeze, and wheeze from follow-up assessments at 4 and 7 years of age.

Table 1. Selected characteristics of study mothers and children from INMA.

Variables Original sample (n = 400)

Maternal characteristics: n = 339

Age of enrolment 39 (21; 29–34; 43)

Smoking status: no | yes 160 (40.0%) | 179 (44.8%)

Maternal education: Primary | Secondary | University 65 (16.3%) | 141 (35.3%) | 133 (33.3%)

Children characteristics: n = 339

Sex: boys | girls 169 (42.3%) | 170 (42.5%)

Specific gravity 1.02 (1.00; 1.01–1.02; 1.03)

Urinary iAs (μg/L) 0.36 (0.01; 0.21–0.57; 10.98)

Urinary MMA (μg/L) 0.43 (0.01; 0.25–0.69; 6.08)

Urinary DMA (μg/L) 4.07 (0.01; 2.22–6.13; 81.4)

Urinary ∑As (μg/L) 4.92 (0.21; 2.94–7.80; 84.46)

Urinary AsB (μg/L) 9.61 (0.06; 2.89–35.12; 3569.48)

At 4-year time point:

Age 4.42 (4.09; 4.36–4.49; 5.41)

Wheeze; no | yes n = 337; 262 (65.5%) | 75 (18.8%)

Wheeze medication (4 years); no | yes n = 93; 81 (20.3%) | 12 (3.0%)

Asthma; no | yes n = 337; 327 (81.3%) | 10 (2.5%)

Asthma medication (4 years); no | yes n = 334; 325 (81.3%) | 9 (2.3%)

Eczema; no | yes n = 336; 276 (69.0%) | 60 (15.0%)

Sneeze; no | yes n = 334; 327 (81.8%) | 7 (1.8%)

At 7-year time point:

Age 7.75 (5.36; 7.49–8.03; 9.51)

Wheeze; no | yes n = 337; 294 (73.50%) | 43 (10.75%)

Wheeze medication; no | yes n = 93; 88 (22.0%) | 5 (1.3%)

Asthma; no | yes n = 337; 319 (79.8%) | 18 (4.5%)

Asthma medication; no | yes n = 334; 293 (73.3%) | 41 (10.3%)

Eczema; no | yes n = 336; 232 (58.0%) | 104 (26.0%)

Sneeze; no | yes n = 334; 254 (63.5%) | 80 (20.0%)

At 4- and 7-year time points:

Wheeze; no | yes n = 337; 245 (61.3%) | 92 (23.0%)

Wheeze medication; no | yes n = 93; 78 (19.5%) | 15 (3.8%)

Asthma; no | yes n = 337; 318 (79.5%) | 19 (4.8%)

Asthma medication; no | yes n = 334; 291 (72.8%) | 43 (10.8%)

Eczema; no | yes n = 336; 214 (53.5%) | 122 (30.5%)

Sneeze; no | yes n = 334; 251 (62.8%) | 83 (20.8%)

Overall outcomes in each time point: 4-year | 7-year 201 | 295

Continuous values are reported as median (minimum; first and third quartile (Q1—Q3); maximum), and categorical

values as relative and absolute frequencies. The final dataset for statistical analysis contained 339 participants without

missing values in urinary arsenic species concentrations, cumulative respiratory symptoms at each time point, and

the confounding variables. The case-complete datasets for each respiratory symptom are also shown. The percentages

are calculated from the original sample (n = 400), and thus they might not sum 100%.

https://doi.org/10.1371/journal.pone.0274215.t001
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Fig 1. Generalized Estimating Equation (GEE)—Poisson regression spline function between natural ln-

transformed urinary arsenic concentrations (∑As) and expected respiratory symptoms at 4 and 7 years of age. The

∑As is in μg/L. Case-complete approach (i.e., participants with missing values in the dependent, independent, or

adjustment variables were not included in the analysis). N at 4 years of age equal to 339 including 0 counts = 216

(63.7%), 1 count = 73 (21.6%), and�2 counts = 50 (14.7%). N at 7 years of age equal to 339 including 0 counts = 170

(50.1%), 1 count = 101 (29.8%), and�2 counts = 68 (20.1%). ∑As = iAs + MMA + DMA adjusted for specific gravity.

Fig. A) Generalized Estimating Equation (GEE) using family equal Poisson and splines functions. Respiratory

symptoms include asthma, asthma medication, wheeze, wheeze medication, sneeze, and eczema. The grey line shows

the crude model. The dark blue line shows the adjusted models for child sex (boys or girls), and maternal smoking

status (“Have you ever smoked?”—binary) and level of education (primary, secondary, or university studies), cohort

(Asturias, Gipuzkoa, Sabadell, or Valencia), and calorie adjusted consumption of vegetables (g/day), fruits (g/day) and

fish/seafood (g/day) at 4 and 7 years of age. The blue shade shows the 95% confidence interval of the adjusted model.

The black dashed line shows the average expected counts (0.73). To facilitate interpretation, the crude and adjusted

estimates (95% confidence intervals) at ln-transformed urinary ∑As 1.57 (average concentration), and 4.00 (99th

percentile concentration) were 0.62 (0.48, 0.80)– 0.63 (0.36, 1.10) and 1.24 (0.63, 2.42)– 1.33 (0.61, 2.89), respectively.

Fig. B) Density function of ln-transformed ∑As.

https://doi.org/10.1371/journal.pone.0274215.g001
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Here, the study children’s median urinary ∑As was ~10-fold lower than that reported in

4.5- and 9-years old children from the MINIMat cohort in rural Bangladesh exposed to arse-

nic-contaminated drinking water [39]. Contrary, the urinary concentrations were similar to

other child populations consuming water that complies with the EU, US, and WHO maximum

arsenic level of<10 μg/L [11–13, 60]. The MINIMat study evaluated prenatal arsenic exposure

and reported that in utero exposure related to impaired lung function, while childhood expo-

sure increased airway inflammation [39]. In the US, gestational low-level arsenic exposure was

associated with an increased risk of respiratory infections involving medical treatment, and

respiratory symptoms over the first year of life, and lung function in approximately 7-year-old

children [9, 29]. A doubling of maternal urinary ∑As was associated with an estimate of −0.08

decrease in forced vital capacity (FVC) z-scores and −0.10 forced expiratory volume in the first

second of exhalation (FEV1) z-scores in a study population of 358 children [29].

Early-life exposure to iAs while lung formation is particularly critical and may adversely

impact lifelong respiratory health [61–64]. However, the exact mechanisms of iAs-induced

respiratory symptoms and lung function impairment are not fully understood [20]. Inorganic

arsenic accumulates in the lungs, kidney, and liver [65–67] and could cause damage in lung tis-

sue by inducing inflammation [3, 39, 68], and generate oxidative stress [69–71]. IgE produc-

tion is a marker of allergic response generated by Th2 cells, which have been related to

increased urinary arsenic concentrations [72, 73]. Increased urinary arsenic concentrations

have also been associated with reduced percentages of CD4 T cells and interleukin (IL)-2

secretion levels [74] and T-cell proliferation and cytokine secretion that could cause immuno-

suppression [75]. The respiratory health effects related to chronic low-level iAs exposure such

as that in the Spanish population and others still need to be assessed and characterised. This is

among the first studies that prospectively explore low-level iAs exposure during childhood and

respiratory outcomes including asthma, asthma medication, wheeze, wheeze medication,

sneeze, and eczema.

The children included in this study had access to low arsenic drinking water [11, 42], and

thus food intake was likely the major source of iAs exposure [15]. Positive associations between

rice consumption and urinary iAs and MMA, and between fish/seafood intake and urinary

AsB concentrations were previously reported in the INMA children [42]. In a US cohort, each

month earlier of introduction of rice cereals during infants’ first year of live was associated

with increased risk of subsequent upper respiratory tract infections, lower respiratory tract

infections, acute respiratory symptoms including wheeze, difficulty breathing, and cough,

fever requiring a prescription medicine and allergy diagnosed by a physician [44]. Contrary, a

diet rich in antioxidants and polyunsaturated fatty acids from consumption of fish, fruits, veg-

etables, legumes, nuts, and cereals may reduce symptoms of asthma or allergic rhinitis in chil-

dren [76]. The findings here suggest an increased number of respiratory symptoms in relation

to elevated iAs exposure levels after adjustment for consumption of vegetables, fruits, and fish

and other covariates. However, the dual role of early life diet in iAs exposure burden and pre-

vention of adverse respiratory outcomes requires further research.

The findings of this study derive from a well-established birth cohort [50, 51] and show a

positive trend between the overall counts of respiratory symptoms of interest assessed at 4 and

7 years of age and children’s urinary ∑As concentrations, especially among participants with

higher exposure levels. Exposure to iAs and respiratory symptoms were assessed together at 4

years of age. Thus, reverse causality at 4 years cannot be ruled out, however it is not expected

to alter the main findings of the study. The modest study size here precluded the analysis of

certain specific respiratory outcomes of interest (as shown in the Support Information) and

may also have weaken our statistical power to detect associations. This study used one-time

spot urine sample arsenic species concentrations adjusted for urine dilution as a proxy for iAs
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internal exposure. Yet, among populations with consistent patterns of exposure, single samples

urinary arsenic concentrations show temporal stability as a result of chronic exposure [77, 78].

A poor agreement (i.e, low ICC) was observed among the arsenic components of ∑As, which

was dominated by DMA suggesting that for our low-level exposed population most of the

internal iAs was excreted as DMA. The higher proportion of urinary DMA compared to iAs,

and MMA in ∑As is in line with prior studies [43, 79]. It was not possible to differentiate uri-

nary DMA from iAs methylation and that from other sources such as direct dietary ingestion

or from the metabolism of other organosenical compounds (e.g., arsenosugars and arsenoli-

pids) and that must be taken into account in the interpretation of the results [35, 80]. However,

there is a growing body of evidence suggesting that even direct exposure to DMA or from the

metabolism of organosenical compounds could exhibit toxic effects similar to iAs [1, 15, 35,

81–83]. Lastly, children’s respiratory symptoms information was gathered through face-to-

face interviews by trained study staff; however, it is still prone to parental recall bias.

The findings of this exploratory study highlight the potential detrimental impact of early

life relatively low iAs exposure on respiratory health. However, the study has limitations

including a modest sample size that might limit the statistical power, and thus some caution

must be taken in the interpretation of the findings. Large prospective studies on the effects of

chronic low-level iAs exposure are warranted.
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20. Dauphiné DC, Ferreccio C, Guntur S, Yuan Y, Hammond SK, Balmes J, et al. Lung function in adults

following in utero and childhood exposure to arsenic in drinking water: Preliminary findings. International

Archives of Occupational and Environmental Health. 2011; 84(6):591–600. https://doi.org/10.1007/

s00420-010-0591-6 PMID: 20972800

21. Rahman A, Vahter M, Ekström E-C, Persson L-Å. Arsenic exposure in pregnancy increases the risk of

lower respiratory tract infection and diarrhea during infancy in Bangladesh. Environmental health per-

spectives. 2011; 119(5):719–24. https://doi.org/10.1289/ehp.1002265 PMID: 21147604

22. Raqib R, Ahmed S, Sultana R, Wagatsuma Y, Mondal D, Hoque AMW, et al. Effects of in utero arsenic

exposure on child immunity and morbidity in rural Bangladesh. Toxicology Letters. 2009. https://doi.org/

10.1016/j.toxlet.2009.01.001 PMID: 19167470

23. Smith AH, Yunus M, Khan AF, Ercumen A, Yuan Y, Smith MH, et al. Chronic respiratory symptoms in

children following in utero and early life exposure to arsenic in drinking water in Bangladesh. Interna-

tional Journal of Epidemiology. 2013; 42:1077–86. https://doi.org/10.1093/ije/dyt120 PMID: 24062297

24. Powers M, Sanchez TR, Grau-Perez M, Yeh F, Francesconi KA, Goessler W, et al. Low-moderate arse-

nic exposure and respiratory in American Indian communities in the Strong Heart Study. Environmental

Health: A Global Access Science Source. 2019; 18(1):1–2.

25. Chen YC, Su HJJ, Guo YLL, Hsueh YM, Smith TJ, Ryan LM, et al. Arsenic methylation and bladder can-

cer risk in Taiwan. Cancer Causes and Control. 2003. https://doi.org/10.1023/a:1023905900171 PMID:

12846360

26. Parvez F, Chen Y, Brandt-Rauf PW, Slavkovich V, Islam T, Ahmed A, et al. A prospective study of respi-

ratory symptoms associated with chronic arsenic exposure in Bangladesh: Findings from the health

effects of arsenic longitudinal study (HEALS). Thorax. 2010; 65(6):528–33. https://doi.org/10.1136/thx.

2009.119347 PMID: 20522851

27. Farzan SF, Korrick S, Li Z, Enelow R, Gandolfi AJ, Madan J, et al. In utero arsenic exposure and infant

infection in a United States cohort: A prospective study. Environmental Research. 2013; 126:24–30.

https://doi.org/10.1016/j.envres.2013.05.001 PMID: 23769261

28. Concha G, Vogler G, Lezcano D, Nermell B, Vahter M. Exposure to inorganic arsenic metabolites dur-

ing early human development. Vol. 44. 1998. p. 185–90. https://doi.org/10.1006/toxs.1998.2486 PMID:

9742656

29. Signes-Pastor AJ, Martinez-camblor P, Baker E, Madan J, Guill MF, Karagas MR. Prenatal exposure to

arsenic and lung function in children from the New Hampshire Birth Cohort Study. Environment Interna-

tional. 2021; 155:106673. https://doi.org/10.1016/j.envint.2021.106673 PMID: 34091160

30. Hall M, Gamble M, Slavkovich V, Liu X, Levy D, Cheng Z, et al. Determinants of arsenic metabolism:

Blood arsenic metabolites, plasma folate, cobalamin, and homocysteine concentrations in maternal-

PLOS ONE Arsenic exposure and respiratory outcomes during childhood in the INMA study

PLOS ONE | https://doi.org/10.1371/journal.pone.0274215 September 9, 2022 11 / 14

http://dwi.defra.gov.uk/stakeholders/legislation/eudir98{\_}83{\_}EC.pdf
http://dwi.defra.gov.uk/stakeholders/legislation/eudir98{\_}83{\_}EC.pdf
https://arxiv.org/abs/92
https://www.epa.gov/dwreginfo/drinking-water-arsenic-rule-history
https://doi.org/10.1016/j.scitotenv.2016.11.108
https://doi.org/10.1016/j.scitotenv.2016.11.108
http://www.ncbi.nlm.nih.gov/pubmed/27914647
https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/j.efsa.2009.1351
https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/j.efsa.2009.1351
https://doi.org/10.1038/jes.2013.37
http://www.ncbi.nlm.nih.gov/pubmed/23860400
https://doi.org/10.1097/01.ede.0000181637.10978.e6
http://www.ncbi.nlm.nih.gov/pubmed/16222165
https://doi.org/10.1007/s00420-010-0591-6
https://doi.org/10.1007/s00420-010-0591-6
http://www.ncbi.nlm.nih.gov/pubmed/20972800
https://doi.org/10.1289/ehp.1002265
http://www.ncbi.nlm.nih.gov/pubmed/21147604
https://doi.org/10.1016/j.toxlet.2009.01.001
https://doi.org/10.1016/j.toxlet.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19167470
https://doi.org/10.1093/ije/dyt120
http://www.ncbi.nlm.nih.gov/pubmed/24062297
https://doi.org/10.1023/a%3A1023905900171
http://www.ncbi.nlm.nih.gov/pubmed/12846360
https://doi.org/10.1136/thx.2009.119347
https://doi.org/10.1136/thx.2009.119347
http://www.ncbi.nlm.nih.gov/pubmed/20522851
https://doi.org/10.1016/j.envres.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23769261
https://doi.org/10.1006/toxs.1998.2486
http://www.ncbi.nlm.nih.gov/pubmed/9742656
https://doi.org/10.1016/j.envint.2021.106673
http://www.ncbi.nlm.nih.gov/pubmed/34091160
https://doi.org/10.1371/journal.pone.0274215


newborn pairs. Environmental Health Perspectives. 2007; 115(10):1503–9. https://doi.org/10.1289/

ehp.9906 PMID: 17938743

31. Vahter M. Effects of Arsenic on Maternal and Fetal Health. Annual Review of Nutrition. 2009; 29

(1):381–99.

32. Antonelli R, Shao K, Thomas DJ, Sams R, Cowden J. AS3MT, GSTO, and PNP polymorphisms: Impact

on arsenic methylation and implications for disease susceptibility. Environmental Research. 2014;

132:156–67. https://doi.org/10.1016/j.envres.2014.03.012 PMID: 24792412

33. Tseng CH. A review on environmental factors regulating arsenic methylation in humans. Toxicology

and Applied Pharmacology. 2009; 235(3):338–50. https://doi.org/10.1016/j.taap.2008.12.016 PMID:

19168087

34. Fatoki JO, Badmus JA. Arsenic as an environmental and human health antagonist: A review of its toxic-

ity and disease initiation. Journal of Hazardous Materials Advances. 2022; 5(December 2021):100052.

Available from: https://doi.org/10.1016/j.hazadv.2022.100052

35. Molin M, Ulven SM, Meltzer HM, Alexander J. Arsenic in the human food chain, biotransformation and

toxicology–Review focusing on seafood arsenic. Journal of Trace Elements in Medicine and Biology.

2015; 31:249–59. https://doi.org/10.1016/j.jtemb.2015.01.010 PMID: 25666158

36. Signes-Pastor AJ, Carey M, Vioque J, Navarrete-Muñoz EM, Rodrı́guez-Dehli C, Tardón A, et al. Uri-

nary Arsenic Speciation in Children and Pregnant Women from Spain. Exposure and Health. 2017; 9

(2):105–11. https://doi.org/10.1007/s12403-016-0225-7 PMID: 28553665

37. Molin M, Ulven SM, Dahl L, Goessler W, Fliegel D, Holck M, et al. Urinary excretion of arsenicals follow-

ing daily intake of various seafoods during a two weeks intervention. Food and Chemical Toxicology.

2014; 66:76–88. https://doi.org/10.1016/j.fct.2014.01.030 PMID: 24468672

38. Navas-Acien A, Francesconi KA, Silbergeld EK, Guallar E. Seafood intake and urine concentrations of

total arsenic, dimethylarsinate and arsenobetaine in the US population. Environmental Research. 2011;

111(1):110–8. https://doi.org/10.1016/j.envres.2010.10.009 PMID: 21093857

39. Ahmed S, Akhtar E, Roy A, Ehrenstein OS von, Vahter M, Wagatsuma Y, et al. Arsenic exposure alters

lung function and airway inflammation in children: A cohort study in rural Bangladesh. Environment

International. 2017 Apr; 101:108–16. https://doi.org/10.1016/j.envint.2017.01.014 PMID: 28159392

40. Cubadda F, D’Amato M, Mancini FR, Aureli F, Raggi A, Busani L, et al. Assessing human exposure to

inorganic arsenic in high-arsenic areas of Latium: a biomonitoring study integrated with indicators of die-

tary intake. Ann Ig. 2015; 27(1):39–51. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25748504

https://doi.org/10.7416/ai.2015.2021 PMID: 25748504

41. Signes-Pastor AJ, Carey M, Meharg AA. Inorganic arsenic in rice-based products for infants and young

children. Food Chemistry. 2016 Jan; 191:128–34. https://doi.org/10.1016/j.foodchem.2014.11.078

PMID: 26258711

42. Signes-Pastor AJ, Vioque J, Navarrete-Muñoz EM, Carey M, Garcı́a de la Hera M, Sunyer J, et al. Con-

centrations of urinary arsenic species in relation to rice and seafood consumption among children living

in Spain. Environmental Research. 2017; 159(March):69–75. https://doi.org/10.1016/j.envres.2017.07.

046 PMID: 28772151

43. Meharg AA, Williams PN, Deacon CM, Norton GJ, Hossain M, Louhing D, et al. Urinary excretion of

arsenic following rice consumption. Environmental pollution. 2014; 194:181–7. https://doi.org/10.1016/j.

envpol.2014.07.031 PMID: 25145278

44. Moroishi Y, Signes-Pastor AJ, Li Z, Cottingham K, Enelow R, Madan J, et al. Infections, Respiratory

Symptoms, and Allergy in Relation to Rice Cereal Consumption in a United States Cohort. Environmen-

tal Epidemiology. 2022; 3:276.

45. CAC. Codex Alimentarious Commission. Report of the eighth session of the codex commitee on con-

tamianats in food. 2014. Available from: ftp://ftp.fao.org/codex/Reports/Reports{\_}2014/REP14{\_}

CFe.pdf

46. EC. Commission Regulation 2015/1006 of 25 June 2015 amending Regulation (EC) No 1881/2006 as

regards maximum levels of inorganic arsenic in foodstuffs. Official Journal of the European Communi-

ties. 2015;(1881). Available from: eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:JOL{\_}2015{\_}

161{\_}R{\_}0006

47. FDA. FDA proposes limit for inorganic arsenic in infant rice cereal. 2016. Available from: http://www.fda.

gov/newsevents/newsroom/pressannouncements/ucm493740.htm

48. Nachman KE, Punshon T, Rardin L, Signes-Pastor AJ, Murray CJ, Jackson BP, et al. Opportunities and

Challenges for Dietary Arsenic Intervention. Environmental Health Perspectives. 2018; 126:6–11.

https://doi.org/10.1289/EHP3997 PMID: 30235424

PLOS ONE Arsenic exposure and respiratory outcomes during childhood in the INMA study

PLOS ONE | https://doi.org/10.1371/journal.pone.0274215 September 9, 2022 12 / 14

https://doi.org/10.1289/ehp.9906
https://doi.org/10.1289/ehp.9906
http://www.ncbi.nlm.nih.gov/pubmed/17938743
https://doi.org/10.1016/j.envres.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24792412
https://doi.org/10.1016/j.taap.2008.12.016
http://www.ncbi.nlm.nih.gov/pubmed/19168087
https://doi.org/10.1016/j.hazadv.2022.100052
https://doi.org/10.1016/j.jtemb.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25666158
https://doi.org/10.1007/s12403-016-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/28553665
https://doi.org/10.1016/j.fct.2014.01.030
http://www.ncbi.nlm.nih.gov/pubmed/24468672
https://doi.org/10.1016/j.envres.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/21093857
https://doi.org/10.1016/j.envint.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28159392
http://www.ncbi.nlm.nih.gov/pubmed/25748504
https://doi.org/10.7416/ai.2015.2021
http://www.ncbi.nlm.nih.gov/pubmed/25748504
https://doi.org/10.1016/j.foodchem.2014.11.078
http://www.ncbi.nlm.nih.gov/pubmed/26258711
https://doi.org/10.1016/j.envres.2017.07.046
https://doi.org/10.1016/j.envres.2017.07.046
http://www.ncbi.nlm.nih.gov/pubmed/28772151
https://doi.org/10.1016/j.envpol.2014.07.031
https://doi.org/10.1016/j.envpol.2014.07.031
http://www.ncbi.nlm.nih.gov/pubmed/25145278
ftp://ftp.fao.org/codex/Reports/Reports{\_}2014/REP14{\_}CFe.pdf
ftp://ftp.fao.org/codex/
eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:JOL{\_}2015{\_}161{\_}R{\_}0006
eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:JOL{\_}2015{\_}161{\_}R{\_}0006
http://www.fda.gov/newsevents/newsroom/pressannouncements/ucm493740.htm
http://www.fda.gov/newsevents/newsroom/pressannouncements/ucm493740.htm
https://doi.org/10.1289/EHP3997
http://www.ncbi.nlm.nih.gov/pubmed/30235424
https://doi.org/10.1371/journal.pone.0274215


49. Chowdhury R, Ramond A, O’Keeffe LM, Shahzad S, Kunutsor SK, Muka T, et al. Environmental toxic

metal contaminants and risk of cardiovascular disease: Systematic review and meta-analysis. BMJ.

2018; 362:14–6. https://doi.org/10.1136/bmj.k3310 PMID: 30158148

50. INMA. Proyecto INMA. 2021 [cited 2021 Jul 8]. Available from: https://www.proyectoinma.org/

51. Guxens M, Ballester F, Espada M, Fernández MF, Grimalt JO, Ibarluzea J, et al. Cohort profile: The

INMA-INfancia y Medio Ambiente-(environment and childhood) project. International Journal of Epide-

miology. 2012; 41(4):930–40. https://doi.org/10.1093/ije/dyr054 PMID: 21471022

52. Asher MI, Keil U, Anderson HR, Beasley R, Crane J, Martinez F, et al. International study of asthma and

allergies in childhood (ISAAC): Rationale and methods. European Respiratory Journal. 1995; 8(3):483–

91. https://doi.org/10.1183/09031936.95.08030483 PMID: 7789502

53. Carvajal-Urueña I, Garcı́a-Marcos L, Busquets-Monge R, Morales Suárez-Varela M, Garcı́a De Andoin
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