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Abstract
Arsenic (As), a ubiquitous environmental toxicant, has recently been linked to disrupted immune
function and enhanced infection susceptibility in highly exposed populations. Drinking water As
levels above the EPA maximum contaminant level occur in our US study area and are a particular
health concern for pregnant women and infants. As part of the New Hampshire Birth Cohort
Study, we investigated whether in utero exposure to As affects risk of infant infections. We
prospectively obtained information on four-month-old infants (n=214) using a parental telephone
survey on infant’s infections and symptoms, including respiratory infections, diarrhea and specific
illnesses, as well as the duration and severity of infections. Using logistic regression and Poisson
models, we evaluated the association between maternal urinary As during pregnancy and infection
risks adjusted for potentially confounding factors. Maternal urinary As concentrations were related
to total number of infections requiring a physician visit (Relative Risk (RR) per one-fold increase
in As in urine =1.5; 95% confidence interval (CI)=1.0, 2.1) or prescription medication (RR=1.6;
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95% CI =1.1, 2.4), as well as lower respiratory infections treated with prescription medication
(RR=3.3; 95% CI =1.2, 9.0). Associations were observed with respiratory symptoms (RR=4.0;
95% CI =1.0, 15.8), upper respiratory infections (RR=1.6; 95% CI =1.0, 2.5), and colds treated
with prescription medication (RR=2.3; 95% CI =1.0, 5.2). Our results provide initial evidence that
in utero As exposure may be related to infant infection and infection severity and provide insight
into the early life impacts of fetal As exposure.
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1. Introduction
Infectious diseases remain the primary cause of mortality in young children, resulting in
nearly 4.4 million child deaths under age 5 years in 2010, despite major advancements in
immunization and sanitation programs (Schuchat 2012; WHO 2010). Even infants born in
industrialized countries, such as the US, experience a high burden of infection-related
morbidity and mortality, especially before the age of one year and primarily from respiratory
infections and diarrhea (Mehal et al. 2012; Tregoning and Schwarze 2010). We are now
beginning to appreciate the potential impact of environmental agents on childhood infection
susceptibility and to understand the effects of toxicants, such as arsenic (As) in altering the
body’s response to infection (Birnbaum and Jung 2010; Feingold et al. 2010; Karagas 2010).

Non-occupational As exposure occurs primarily via contaminated drinking water, typically
from unregulated, private wells (Council 2001; Karagas et al. 2002; Karagas et al. 1998),
and some foods including rice and poultry (Gilbert-Diamond et al. 2011; Nachman et al.
2012). Millions are chronically exposed to As worldwide (Argos et al. 2010; Council 2001;
MM Rahman et al. 2009), including in the US, where detectable urinary levels of inorganic
As were found in over half of the 2003- 2004 National Health and Nutrition Examination
Survey (NHANES) participants over age 6 years (Caldwell et al. 2009). While chronic As
exposure has been most widely associated with carcinogenicity (Council 2001; Karagas et
al. 2001; Karagas et al. 2002; MM Rahman et al. 2009), as well as higher mortality rates
(Argos et al. 2010), the potential for adverse effects of As are of particular concern in
vulnerable populations, such as pregnant women and infants (Karagas 2010; Vahter 2009).
During pregnancy, As passes easily from mother to fetus through the placenta, resulting in
in utero exposure levels roughly equivalent to those of the mother during this critical
developmental period (Vahter 2009). Studies, primarily from As-endemic areas of the globe,
have reported increased risks of spontaneous abortions, stillbirths, infant mortality, preterm
birth, low birth weight, and growth restriction (Ahmad et al. 2001; Hopenhayn et al. 2003;
Huyck et al. 2007; Milton et al. 2005; Rahman et al. 2010; Rahman et al. 2007; A Rahman
et al. 2009; Vahter 2009; von Ehrenstein et al. 2006).

Recent attention has turned toward growing evidence of the immune modulating effects of
As (summarized in Tables 3 and S1). As-exposed model organisms from mice to zebrafish
exhibit altered expression of immune response genes and are less able to clear viral and
bacterial infections, even at low levels of exposure (i.e. 2 and 10 ug/L in water) (Kozul et al.
2009a; Kozul et al. 2009b; Nayak et al. 2007). It has been well established that As treatment
in vitro acts as an inhibitor of both lymphocyte proliferative responses and cytokine
production following immune challenge and can induce oxidative stress responses and
apoptosis of lymphocytes (Conde et al. 2007; Das et al. 2011; Galicia et al. 2003; Lau et al.
2004a; Lau et al. 2004b; Lemarie et al. 2006; Martin-Chouly et al. 2011; Nain and Smits
2010; Patterson et al. 2004; Stepnik et al. 2005; Vega et al. 2004). In cross-sectional studies,

Farzan et al. Page 2

Environ Res. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



As-exposed adults displayed hallmarks of immune dysfunction, including impaired
macrophage functionality, decreased lymphocyte proliferative response, reduced cytokine
production (i.e. IFN-γ, a cytokine known to be an important mediator of immune responses
to microbial infections), abnormal proportions of T-cell populations, as well as elevated
oxidative stress markers, which may promote lymphocyte apoptosis (Banerjee et al. 2009;
Biswas et al. 2008; Fry et al. 2007; Hernandez-Castro et al. 2009; Soto-Pena et al. 2006). A
study located in a region of Mexico with elevated rates of As drinking water contamination
found that highly exposed children (>50 ug/L urinary As, as compared to the low exposure
group, i.e. <50 µg/L) exhibited altered immune function measures, including increased
granulocyte macrophage colony stimulating factor (GM-CSF) secretion by mononuclear
cells and reductions in proliferative responses to mitogen stimulation, CD4+ T-cell
subpopulations, and IL-2 secretion (Soto-Pena et al. 2006). Further, microarray analyses
provide evidence for the occurrence of these immunopathological effects at the gene
regulatory level, including As-associated differential regulation of immune-related genes,
pro-inflammatory cytokines (e.g. IL-1β) and cellular stress-response genes that correspond
to pathways implicated in disrupted immune function (Andrew et al. 2008; Fry et al. 2007;
Wu et al. 2003). Similarly, in a prospective study of infants in Thailand, cord blood gene
expression signatures from infants born to mothers who were exposed to As during
pregnancy (≥0.5µg/g toenail As; corresponding to chronic consumption of ≥10µg/L water)
had abnormal activation of cellular stress and inflammation gene networks when compared
to infants of unexposed mothers (<0.5µg/g toenail As) (Fry et al. 2007). Many of these genes
are involved in immune response and function, including production of cytokines IL-8 and
IL-1β, thus supporting a role for As in immune perturbation (Fry et al. 2007). In a recent
prospective study from Bangladesh, maternal As exposure related to decreased cord blood
levels of signal-joint T-cell receptor excision circles (sjTRECs), a molecular indicator of
thymic development and lymphocyte maturation (Ahmed et al. 2012). Taken together, these
results suggest that As exposure in humans may impair immune function, potentially leading
to enhanced infection susceptibility.

A small number of recent studies have reported associations between prenatal As exposure
and increased infection among pregnant women and infants (Tables 3 and S1). In As-
endemic Bangladesh, a prospective study of 140 mother-child dyads found that elevated
urinary As concentration in pregnancy related to maternal fever and diarrhea during
pregnancy and an increased risk of acute respiratory infection in male infants (Raqib et al.
2009). A subsequent study of 1552 pregnant women in Bangladesh found maternal urinary
As concentrations during pregnancy were associated with increased risk of lower respiratory
tract infections and diarrhea in infants (Rahman et al. 2011). An ecological study from Chile
reported elevated standardized mortality ratios for bronchiectasis -- a chronic lung disease
often resulting from prolonged or repeated lung infection -- for individuals born around the
time of peak drinking water As concentrations (Smith et al. 2006). Thus, accumulating
evidence indicates that high levels of As exposure may enhance infection risks for infants
exposed prenatally.

In the state of New Hampshire, USA, roughly 40% of all households rely on private wells as
their primary water source, of which over 1 of every 10 wells contains As levels exceeding
the EPA’s maximum contaminant level (MCL) of 10 µg/L (Karagas et al. 2002; Karagas et
al. 1998). Therefore, we investigated whether in utero exposure to lower, environmentally
present levels of As increases infant infections in the first 4 months after birth in the New
Hampshire Birth Cohort Study (NHBCS), an ongoing prospective study of infants born to
mothers using private well water in their homes.
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2. Methods
2.1. The New Hampshire Birth Cohort

In January 2009, we began recruiting 18–45 year old pregnant women receiving prenatal
care at study clinics in New Hampshire, USA as described previously (Gilbert-Diamond et
al. 2011). Women were screened for eligibility at an initial prenatal care visit and were
enrolled at 24–28 weeks gestation if they reported using water from a private, unregulated
well in their home since their last menstrual period and were not planning a change in
residence prior to delivery. Only singleton, live births were included in the cohort.

2.2. Study Questionnaires and Medical Record Review
Women who agreed to participate were asked to complete a medical history and lifestyle
questionnaire, which included questions about sociodemographic factors (age, race/
ethnicity, marital status, level of education), reproductive history (previous pregnancies,
complications, birth outcomes), and general health history. Women were asked about habits,
including tobacco and alcohol use, as well as regarding their home water source, use of
water filters and amount of water consumption.

Two weeks post-delivery, participants were sent a second questionnaire to obtain updated
information about changes in key exposures, and information about pregnancy
complications and infections. Participants also consented to a review of prenatal, labor and
delivery, and infant medical records, which allowed additional information to be recorded
about prenatal infections, medication use, birth outcomes and delivery details, as well as the
general health of the women and their infants after birth.

2.3. Infant Infection and Allergy Follow-Up Telephone Survey
Mothers were contacted by telephone at four months postpartum and asked a series of
questions to determine whether their child had any infections in the first four months of life
(e.g. influenza, otitis media, respiratory syncytial virus) or symptoms of illness (e.g. fever,
diarrhea, cough). For positive responses, women were questioned about the duration of any
symptoms, and whether the illness resulted in a doctor visit or treatment with prescription
medication.

2.4. Home Water Sampling
Upon enrollment, participants were asked to provide water samples from their home tap (i.e.
kitchen), using a commercially washed, mineral free, high-density polyethylene collection
bottle (compliant with EPA standards for water collection) and instructions to minimize
contamination. They were provided with mailing materials to return the samples to the study
office, where they were stored at −20 °C until analysis by inductively coupled plasma mass
spectrometry (ICP-MS) at the Trace Element Analysis Core at Dartmouth, as previously
described (Gilbert-Diamond et al. 2011).

2.5. Urine Collection and Analysis
Women were asked to provide a spot urine sample upon enrollment (24–28 weeks gestation)
using a pre-labeled, acid-washed, urine specimen container. Urine samples were stored
upright at 4 °C, and sent via courier to the Pathology Department at Dartmouth Hitchcock
Medical Center for processing within 24 hours of collection, after which they were aliquoted
and stored at −80 °C. The original collection vial was shipped on dry ice to the University of
Arizona Hazard Identification Core for analysis as described elsewhere (Gilbert-Diamond et
al. 2011) using a high-performance liquid chromatography (HPLC) ICP-MS system (Larsen
et al. 1993; Le et al. 2000; Wei et al. 2001). This method can quantitatively determine levels
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of AsIII, Asv , dimethylarsinic acid (DMAv ), monomethylarsonic acid (MMA v), and
arsenobetaine. Detection limits ranged from 0.10 to 0.15 µg/L for individual As species and
samples that registered below the detection limit were assigned a value equal to the
detection limit divided by the square root of two.

2.6. Statistical Analysis
Individual maternal arsenic exposure at 24–28 weeks gestation was assessed by calculating
total urinary As concentration by summing inorganic As (AsIII and AsV) and the metabolic
products MMAV and DMAV, as previously reported (Gilbert-Diamond et al. 2011). We
excluded arsenobetaine from this calculation, which is thought to be nontoxic and pass
through the body unmetabolized (Tseng 2009).

We used logistic regression models to assess the relation between ln-transformed urinary
maternal pregnancy As and types of common infections as separate outcomes, such as
rhinorrhea, colds, otitis media, influenza, respiratory syncytial virus (RSV), upper
respiratory tract infections (includes rhinorrhea, colds, otitis media, conjunctivitis), or lower
respiratory tract infections (includes RSV, pertussis, bronchitis, bronchiolitis, pneumonia)
and acute respiratory (includes cough, difficulty breathing, wheeze) and gastrointestinal (i.e.
diarrhea) symptoms, similar to previous studies (Rahman et al. 2011; Raqib et al. 2009).
Using Poisson models, we evaluated the relation between ln-transformed maternal urinary
As and number of reported infections overall, as well as those lasting more than 2 days,
resulting in a doctor visit or warranting prescription medication treatment. To generate a
graphical representation of infection count results, a scatter plot smoother was used to
compare with estimated Poisson regression curves (Friedman 1984).

All models were adjusted for available covariates that could potentially influence infection
risk based on a priori considerations, including maternal age, maternal smoking and
secondhand smoke exposure during pregnancy, birth weight, gestational age, parity, breast-
feeding and day care attendance. Gestational age was calculated using first trimester
ultrasound gestational age estimates or, if an ultrasound estimate was unavailable, last
menstrual period date. A proportion of individuals were missing values for gestational age
due to incomplete records, which were imputed using the average of the observed values.
Maternal age was calculated at time of birth and both smoking and secondhand smoke were
defined as any reported use or exposure during any trimester.

3. Results
A total of 214 mother- infant pairs were available for the analysis of maternal pregnancy
urinary arsenic and infant infections at four months of age as of January 19, 2012.

3.1. Demographic Data
The mean (SD) age of the women in this study was 31.4 (4.8) years at the time of delivery
(Table 1). The majority of women (87.0%) reported that they did not smoke during
pregnancy and also were unexposed to second-hand smoke (87.3%). In the cohort of infants,
slightly more than half were female (54%) and the mean (SD) birth weight was 3456.9
(546.3) grams, just slightly higher than the average birth weight in the US of 3389 grams at
term (Donahue et al. 2010). The average (SD) gestational age at birth was 39.7 (1.7) weeks.
At four months of age, most children (64%) were not in daycare and received all care in the
home and 42% of mothers reported exclusive breast-feeding and close to half (49%)
reported some combination of breast and formula feeding. Infections (Table 2) were
prevalent, with 85% reporting at least one infection in the first four months of life, of which
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half resulted in a doctor visit and close to a quarter (27%) of infections were treated with
prescription medication.

3.2. As Exposure
At 24 to 28 weeks gestation, the median maternal total urinary As concentration measured
was 3.7 µg/L and the mean (SD) concentration was 6.0 (7.5) µg/L, with a range of 0.45- 58.3
µg/L. The overall average drinking water As concentration was 5.2 µg/L (range 0.01–67.5
µg/L).

3.3. In Utero As Exposure and Infant Infections
As summarized in Table 2, in Poisson models, maternal urinary As concentration during
pregnancy (per one-fold increase in As in urine) was related to the number of reported infant
infections in the first four months of life requiring a doctor visit (RR =1.5; 95% CI =1.0,
2.1) or treated with a prescription medication (RR=1.6; 95% CI =1.1, 2.4), after adjustment
for maternal age, infant sex, gestational age, birth weight, breast feeding, day care
attendance and parity. Figure 1 shows the plots of the smoothed observed data and fitted
model parameters from the Poisson models indicating increasing trends in the number of
reported infant infections with higher maternal urinary As concentrations. The relationship
between maternal urinary As and number of infections lasting more than two days was
suggestive of a similar trend, but not significant (RR=1.3; 95% CI =0.9, 1.8) (data not
shown).

In logistic regression models, after adjustment for maternal age, infant sex, gestational age,
birth weight, breast feeding, day care attendance and parity, maternal urinary As
concentrations during pregnancy (per one-fold increase in As in urine) were associated
specifically with infant lower respiratory infections treated with a prescription medication
(RR=3.3; 95% CI =1.2, 9.0), and respiratory symptoms including coughing, wheezing or
difficulty breathing (RR=4.0; 95% CI =1.0, 15.8) treated with a prescription medication, and
with attenuated, and not statistically significant estimates for those requiring a visit to the
doctor or lasting two or more days.

Additional associations were observed with upper respiratory infections (RR=1.6; 95% CI
=1.0, 2.5), and specifically infant colds, including rhinorrhea or nasal congestion, treated
with a prescription medication (RR=2.3; 95% CI =1.0, 5.2), but with less statistical
precision. Diarrhea symptoms lasting two or more days (RR=1.9; 95% CI =0.9, 3.9) or
requiring a doctor’s visit (RR= 3.5; 95% CI =0.8, 15.4) also were positively associated with
higher maternal urinary As concentrations, but we could not exclude the possibility of
chance.

4. Discussion
In our US-based study, we found maternal As exposure during pregnancy to be related to
infant infections in the first four months of life, and specifically those resulting in a doctor
visit, requiring prescription medications, and infections of the lower respiratory tract.

To our knowledge, our findings are the first to report such an association in a prospective
study in the United States. Remarkably, despite differences between study sites and
populations, our results concur with two prospective studies from Bangladesh that found
associations between maternal As exposure and increased infant infection morbidity. The
earlier study of 140 mother and infant pairs by Raqib and colleagues observed increases in
acute respiratory infections in infants in relation to maternal urinary As, which also related
to thymic index and decreased presence of immune modulators IL-7 and lactoferrin in breast
milk (Raqib et al. 2009). A larger, subsequent study followed 1552 pregnant women and
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their infants for 12 months after birth (Rahman et al. 2011). Similar to our study, in
Bangladesh As exposure-related respiratory infections, particularly lower respiratory
infections were elevated; close to a 70% increase in the relative risk of lower respiratory
infections and more than a 50% increase in severe lower respiratory infections was observed
among infants whose mothers had urinary As concentrations in the highest quintile of
exposure (262–977 µg/L), compared with those in the lowest quintile (< 39 µg/L) (Rahman
et al. 2011). The highest versus lowest quintile of exposure also was associated with a 20%
increase in the relative risk of diarrhea in these infants (Rahman et al. 2011). While overall
exposure levels and effect sizes in our study were lower than those of Bangladesh, we
observed analogous trends in our data for more severe infections and diarrhea symptoms in
infants with higher in utero As exposure.

Our results suggest that exposure to As in utero may affect the risk of severe infant
infections reflected by infections requiring doctor visits or warranting prescription
medication. In animal work, low doses of As (2, 10 and 100 µg/L in water), comparable to
exposure levels in our study population, enhanced virulence of infections, weakened
immune response, and increased pathogen load (Kozul et al. 2009a; Nayak et al. 2007).
Epidemiological (Banerjee et al. 2009; Biswas et al. 2008; Fry et al. 2007; Hernandez-
Castro et al. 2009; Soto-Pena et al. 2006) and experimental (Conde et al. 2007; Das et al.
2011; Lau et al. 2004b; Lemarie et al. 2006; Martin-Chouly et al. 2011; Nain and Smits
2010; Patterson et al. 2004; Stepnik et al. 2005; Vega et al. 2004) studies (summarized in
Tables 3 and S1) provide further evidence of As’s ability to exert measurable
immunopathological effects, in part by reducing lymphocyte proliferative response,
macrophage functionality and certain T-cell populations. However, data on the effects of As
on the immune system and subsequent clinical outcomes in infants and children is very
limited, and prospective studies at low As exposure levels common to the US are lacking.

There are both strengths and limitations of our study. Our study was based on a biomarker of
in utero exposure -- maternal urinary As-- and carefully collected prospective data, including
infection occurrences, as well as information on potentially confounding factors. However,
we lacked information on postnatal infant exposure to As (i.e. from food or water sources);
yet based on previous studies, including our own study of infant formula, ingested sources
may not contribute appreciably to exposure (Jackson et al. 2012b). Accuracy of mothers’
recollections of infections and their doctors’ diagnoses is a potential source of bias;
however, we would not expect that reporting or diagnostic inaccuracies would be related to
maternal arsenic exposure causing differential misclassification. We attempted to minimize
misclassification by asking about the severity of infections (e.g., whether the infection
required a doctor visit or prescription medicine). While under-or over-reporting remains a
possibility, this too was unlikely related to exposure status (i.e., maternal urinary As
concentrations). In future analyses as we obtain more information from our mothers and
medical records, it will also be important to consider maternal infections and conditions
such as asthma and allergies, which could potentially impact the incidence of infections in
infants. Also, while private wells in the US provide drinking water that is generally free of
pathogens, it is possible that illness could result from home water consumption, but we
expect that such occurrences are sporadic and unlikely to be related to the presence of
arsenic in well water. It is conceivable that the effects of in utero As exposure may differ by
the sex of the infant. We did not observe any appreciable differences by gender, i.e., for
lower respiratory infections involving a physician visit (data not shown); but as our study
size is still relatively small, we lacked statistical power to detect such differences. We also
are limited in the precision of our analyses, but we were able to observe significant increases
in As-exposure related infection risks, and as this cohort grows, will be able to determine the
robustness of our results, and the impact of As exposure on infections later in childhood.
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Acute respiratory infections are among the most common causes of morbidity and mortality
among children worldwide (Tregoning and Schwarze 2010; WHO 2010). Lower respiratory
infections accounted for the majority of hospitalizations for childhood infections in the US
in 2003, which together resulted in 1 million hospital days for infants at a cost of $690
million (Yorita et al. 2008). Respiratory syncytial virus (RSV), a lower respiratory infection
often involved in bronchiolitis (CDC 2012), alone is responsible for the hospitalization of 1
in 50 US infants before their first birthday (Zhou et al. 2012). There is evidence that early-
life respiratory infections increase the risks of later-childhood asthma, allergic sensitization,
and wheezing (Lemanske et al. 2005; Tregoning and Schwarze 2010; Wright 2002). At
much higher relative exposure levels (>800µg/L in drinking water) compared to our study,
studies have suggested that in utero or early life As exposure decreases lung function and
bronchiectasis-related mortality in adulthood (Dauphine et al. 2011; Smith et al. 2006).

5. Conclusions
During the critical developmental period that begins in fetal life and continues postnatally,
the immune system has distinct sensitivities to environmental perturbations compared to that
of an adult (Dietert and Piepenbrink 2006; Vahter 2009). Our initial findings suggest that
maternal As exposure during pregnancy may increase risk of infant infections early in life,
including infections that require medical treatment. Millions of people are exposed to
elevated As concentrations in drinking water within the United States and worldwide, while
others may be exposed via dietary sources (Gilbert-Diamond et al. 2011; Jackson et al.
2012a). Further, there is mounting evidence of As’s effects on immune function. Thus, in
light of the health risks and costs of early life infections, our findings highlight the need to
understand the potential clinical and public health implications of environmental As
exposure in early childhood.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

▸ Gestational As related to risk of infant infections involving a physician visit

▸ Associations also were specific to infections prescribed medication

▸ Strongest associations were observed for lower respiratory tract infections

▸ Our findings parallel those observed in more highly exposed populations

▸ As exposure at levels found in the US may enhance susceptibility to infant
infections
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Figure 1.
Graphical representation of Poisson models of natural log transformed maternal urinary As
and (a) total number of reported infant infections resulting in a doctor visit (RR = 1.5; CI
=1.0, 2.1) and (b) total number of reported infant infections resulting in prescription
medication treatment (RR = 1.6; CI =1.1, 2.4). Shown are the fitted Poisson models (black)
and the smoothed scatterplots (red) of data.
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Table 1

Selected sample characteristics for mothers and infants participating in the New Hampshire Birth Cohort
Study (n = 214).

Maternal Variables Mean (range) or %

Maternal Age, years 31.5 (18.6–44.6)

  <20 1.4%

  20–29 33.2%

  30–35 45.3%

  >35 20.1%

Education Level*

  <11th grade 2.0%

  High school graduate/ GED 8.2%

  Junior college, some college, technical school 17.9%

  College graduate 44.4%

  Postgraduate schooling 27.5%

Relationship status*

  Single 10.7%

  Married 85.7%

  Separated or divorced 3.6%

Smoking during pregnancy*

  Yes 5.6%

  No 87.0%

Secondhand smoke exposure*

  Yes 4.7%

  No 87.3%

Parity*

  Nulliparous 44.4%

  Multiparous 54.2%

Infant Variables

Infant Sex

  Male 45.7%

  Female 54.3%

Birth Weight, grams* 3456.9 (1380.0–5318.0)

Gestational age, weeks* 39.6 (31.1–44.9)

Childcare Setting at 4 months

  Home 64.5%

  Daycare 35.5%

Type of feeding at 4 months

  Breast-fed only 42.1%
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Maternal Variables Mean (range) or %

  Formula-fed only 9.3%

  Combination 48.6%

*
Sum of subjects less than total sample size due to missing values. Eighteen subjects were missing education level and relationship status, sixteen

were missing smoking and secondhand smoke exposure, three were missing parity, four were missing birth weight and twenty-nine were missing
gestational age, for which missing values were imputed using the average of observed values.
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Table 2

Frequencies and relative risk estimates (95% CI)† for infant infections in the first four months of life, per one-
fold increase in maternal urinary arsenic on a natural log scale, at ~24–28 weeks pregnancy (n = 214).

Infections At least one
infection

Lasting 2 or more
days

With a physician
visit

Treated with
prescription
medication

RR (95% CI)
Total no. of cases

Respiratory tract infections (RTI)

  Any Upper RTI 1.1 (0.8, 1.6)
133

1.2 (0.9, 1.7)
111

1.1 (0.8, 1.6)
53

1.6 (1.0, 2.5)
28

    Cold, runny or stuffed
    nose

1.0 (0.8, 1.4)
126

1.1 (0.8, 1.5)
103

1.0 (0.7, 1.4)
39

2.3 (1.0, 5.2)
9

    Eye infection
    (conjunctivitis)

1.4 (0.8, 2.4)
17

1.4 (0.8, 2.6)
14

1.6 (0.9, 2.9)
14

1.2 (0.7, 2.1)
14

    Ear infection
    (otitis media)

1.1 (0.5, 2.6)
8

1.1 (0.5, 2.6)
8

1.6 (0.7, 3.8)
7

1.6 (0.7, 3.8)
7

  Any Lower RTI
  (i.e. bronchitis,
  pneumonia, bronchiolitis,
  RSV, pertussis)

1.4 (.7, 3.1)
9

1.4 (0.7, 3.1)
9

1.4 (0.7, 3.1)
9

3.3 (1.2, 9.0)
7

Acute symptoms, conditions, illnesses

    Respiratory
    (i.e. cough, wheeze,
    difficulty breathing)

1.1 (0.8, 1.6)
74

1.3 (0.9, 1.9)
57

1.3 (0.8, 2.0)
27

4.0 (1.0, 15.9)
5

    Gastrointestinal
    (i.e. diarrhea)

1.2 (0.7, 2.0)
21

1.9 (0.9, 3.9)
10

3.5 (0.8, 15.4)
6

*
1

†
Based on logistic regression;

*
too few cases to analyze
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Table 3

Summary of literature on in utero or early life arsenic exposure and changes in immune and immune-related
outcomes in infants and children.

Outcome Results References

Cord Blood

↑

IL-1β/NFκB (SOC3, CXCL1), STAT1/HIF1α
(DUSP1), and apoptosis/stress response/TNFα

(EGR-1, IER2, JUNB, OSM, PTGS2) pathways Δ

8-OHdG #* , apoptosis related genes (GADD45A,

NOD1, CASP2, CASP8, CD70, TRADD)*

Fry et al., 2007;
Ahmed et al., 2011;
Ahmed et al., 2012

U IL-8, TNFα, IL-1β#

↓

sjTRECs in CD4+ / CD8+ cells #*, antioxidant
(ALB, TXNDC2, SOD3, APOE), oxidative stress
(ANGPTL7, NME5, MBL2, MTL5) peroxidase
(CYGB, DUOX2, EPX, LPO, PXDNL, PXDN,
GPX5) and ROS metabolism (NOS2A, AOX1)

pathways*

Placenta
↑ Expression of 8-oxoG #* , IL-1β # , Leptin ,# IFN-

γ , TNFα Ahmed et al., 2011;
Ahmed et al., 2012

↓ CD3+ T-cells ; CD64+ monocytes/ macrophages

Peripheral Blood
Mononuclear
Cells

↑
PBMC apoptosis; Nitric oxide and oxygen

superoxide anion production; GM-CSF secretion$
Rocha-Amador et al., 2011;
Luna et al., 2010;
Soto-Pena et al., 2006

↓

Lymphocyte proliferative response; T-helper cell
proportion; CD4+: CD8+ ratio; secretion of IL-2,

IFN-γ$

Clinical
manifestations in
infancy (up to
age 12 months)

↑
Diarrhea, lower respiratory infection, severe lower

respiratory infection, acute respiratory infection # Rahman et al., 2011;
Raqib et al., 2009;
Moore et al., 2009

↓ Infant thymic index at 2, 6 and 12 months #%

U: U-shaped expression pattern, i.e. highest expression at lowest and highest As exposures.

Δ
Based on maternal toenail arsenic during pregnancy Based on urinary arsenic measured at gestational week 8

#
Based on urinary arsenic measured at gestational week 30

%
Based on urinary arsenic measured at gestational weeks 8 and 30 (averaged)

$
Based on concomitant urinary arsenic in children ages of 6–12 years

*
Based on cord blood arsenic measured at birth
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