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aDepartment of Preventive Medicine, Keck School of Medicine of the University of Southern 
California, 2001 N Soto St, Los Angeles, CA, 90032, USA;

bDepartment of Microbiology and Environmental Toxicology, University of California, Santa Cruz, 
1156 High St, Santa Cruz, CA, 95064, USA;

cDepartment of Preventive Medicine, Feinberg School of Medicine, Northwestern University, 680 
N Lake Shore Dr, Chicago, IL, 60611, USA;

dDepartment of Obstetrics and Gynecology, Keck School of Medicine, 2020 Zonal Ave, Los 
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Abstract

Prenatal arsenic exposure has been associated with reduced fetal growth and increased risk for 

preterm birth, but most studies have been conducted in highly exposed populations outside the 

U.S. or in non-Hispanic populations in the rural U.S. The objectives of the current study were to: 

1) examine the impact of early pregnancy exposure to arsenic on birth weight and gestational age 

at birth in a predominately lower income Hispanic pregnancy cohort in urban Los Angeles and 2) 

compare multiple biomarkers of arsenic exposure (blood, urine, and hair) assessed in early 

pregnancy (mean ± SD gestational age at biospecimen collection: 14 ± 4 weeks). Total arsenic 

(blood, hair) was measured by ICP-MS and speciated arsenic (urine) was measured by HPLC 

coupled to ICP-MS. Associations between log2-transformed arsenic measures and birth outcomes 

were evaluated using multivariable linear regression. A doubling in hair arsenic was associated 

with a 72.2 g (95% CI: −144.3, −0.1, P=0.05) lower birth weight, after adjusting for potential 

confounders and gestational age at birth. A similar but non-significant trend was observed for 
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blood arsenic, but not urine arsenic. The inverse association between hair arsenic and birth weight 

was more pronounced among infants whose mothers gained greater amounts of weight during 

pregnancy (Pinteraction=0.02). The association between urinary monomethyl arsenic and GA at 

birth differed by pre-pregnancy BMI (Pinteraction<0.01). This study provides evidence that even at 

relatively low levels of exposure, arsenic exposure (measured in hair samples collected in early 

pregnancy) may adversely affect fetal growth in this understudied population, particularly in 

combination with greater gestational weight gain. Future studies with larger sample sizes are 

needed to confirm these findings and to further investigate some of the inconsistencies observed 

for the different arsenic biomarkers evaluated.
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1. Introduction:

Rates of low birth weight and preterm birth have been increasing in the U.S. (1). This may 

have profound impacts on public health, as both outcomes have been related to greater risks 

of morbidity and mortality across the life course (2–14). A diverse set of environmental 

toxicant exposures, including persistent organic pollutants, endocrine disruptors, and air 

pollution, have been associated with reduced fetal growth and gestational length (15–17). 

Growing evidence indicates that prenatal exposure to arsenic, a toxic metalloid that readily 

crosses the placenta (18), may also reduce fetal growth and increase risk for preterm birth 

(19–23).

Certain subpopulations may be more susceptible to the toxic effects of in utero arsenic 

exposure. Several studies have observed differential associations between arsenic exposure 

and birth outcomes depending on the sex of the newborn (19, 24–28), maternal pre-

pregnancy BMI (24), and maternal smoking status during pregnancy (28). There is also 

evidence that inefficient arsenic metabolism increases risk for adverse birth outcomes (25, 

29). Arsenic metabolism consists of two sequential methylation reactions: 1) the methylation 

of inorganic arsenic (iAs) to monomethyl arsenic (MMA), a toxic intermediate of arsenic 

metabolism, and 2) the methylation of MMA to dimethyl arsenic (DMA), which is rapidly 

eliminated into urine (30). The percentages of these three major metabolites in blood or 

urine (calculated as (iAs/(iAs+MMA+DMA))*100, (MMA/iAs+MMA+DMA)*100), and 

DMA/(iAs+MMA+DMA)*100) are thought to reflect arsenic methylation capacity and have 

been associated with numerous adverse health outcomes (31, 32).

The majority of previous studies examining prenatal arsenic exposure or arsenic metabolism 

in relation to birth outcomes have been conducted in highly exposed populations outside the 

U.S. or in predominately non-Hispanic populations in the rural U.S. (23, 33). Much less is 

known about these relationships in minority populations in the urban U.S. Additionally, few 

studies have compared multiple biomarkers of arsenic exposure, which represent different 

time windows of exposure and arsenic species. The objective of the current study was to 

examine the impact of prenatal arsenic exposure, measured in urine, blood, and hair, and 
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specific urine arsenic metabolites, on birth weight and gestational age (GA) at birth in the 

Maternal and Developmental Risks from Environmental and Social Stressors (MADRES) 

pregnancy cohort (34), which represents a mostly lower income Hispanic population in 

urban Los Angeles.

2. Methods:

2.1 Study Participants

MADRES is an ongoing, prospective pregnancy cohort, which began in November 2015 and 

has been described previously (34). Briefly, participants are recruited from four prenatal care 

providers in Los Angeles, California, which include two community health clinics, one 

county hospital prenatal clinic, and one private obstetrics and gynecology practice. A small 

number of participants are also recruited through self-referral from community meetings and 

local advertisements. Most of the participating clinics serve predominately lower income 

Hispanic populations. Women are eligible to participate in MADRES if they are less than 30 

weeks gestation at the time of recruitment, ≥18 years of age, and can speak either English or 

Spanish fluently. The current paper focused on participants who enrolled prior to 20 weeks 

gestation, given our interest in early pregnancy exposure to arsenic. Exclusion criteria for the 

study include: 1) HIV positive status; 2) having a physical, mental, or cognitive disability 

that would prevent participation in the study or the ability to provide informed consent, 3) 

current incarceration, and 4) multiple gestation. Informed consent was obtained from each 

participant at study entry, and the study was approved by the University of Southern 

California’s Institutional Review Board.

Laboratory analyses for hair arsenic assessment occurred in Fall 2018. At this time, a total of 

366 MADRES participants had enrolled in the study prior to 20 weeks gestation, 233 

(63.7%) of whom had reached their first trimester study visit window and provided a first 

trimester hair sample. Of these 233 first trimester hair samples, 167 were selected for hair 

arsenic testing, because these participants had not withdrawn from the study, had 

participated in at least one additional study visit, and had mostly complete covariate 

information. Laboratory analyses for blood arsenic assessment occurred in Summer 2018. At 

the time of sample selection, a total of 358 participants had enrolled in the MADRES study 

prior to 20 weeks gestation, 191 (53.4%) of whom had reached their first trimester study 

visit window and provided a blood sample. We prioritized 176 of these participants for blood 

arsenic assessment, because they had not withdrawn and also had a paired third trimester 

blood sample. Laboratory analyses for urine arsenic assessment were completed in July 

2019. By that time, a total of 444 MADRES participants had enrolled in the study prior to 20 

weeks gestation, 304 (68.5%) of whom had reached their first trimester study visit window 

and provided a urine sample. After excluding participants who had withdrawn prior to 

delivery, all remaining trimester 1 urine samples (N=296) were sent out for arsenic testing. 

Of the 167, 176, and 296 MADRES participants with hair, blood, and urine arsenic 

measurements, 116 (69.5%), 100 (56.8%), and 167 (56.4%) participants, respectively, had 

reached delivery and had high-quality birth outcomes data abstracted from electronic 

medical records (described in more detail below) and relevant covariate information at the 

time the statistical analyses were conducted (Fall 2019).
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2.2 Biospecimen Collection

Maternal hair, blood, and urine samples were collected from participants between 6 and 24 

weeks gestation (mean ± SD: 14 ± 4 weeks gestation). Hair samples (~50 strands) were 

collected at the base of the skull and stored in labeled paper envelopes at −80 °C. Up to 50 

mL fasting blood were collected by a trained phlebotomist, using standard venipuncture 

protocols, in BD Vacutainer (blue top) EDTA collection tubes (Fisher Scientific) designed 

for trace element testing. Blood samples were transported on ice to the laboratory within one 

hour and stored at −80 °C. Spot urine samples were collected by participants in a 90 mL 

sterile specimen container and transported on ice to the laboratory within one hour. 1.5 mL 

aliquots were then stored at −80 °C in 2 mL sterile cryovials (VWR).

2.3 Arsenic Measurements

Hair arsenic concentrations were measured in the trace metal facility at the University of 

California, Santa Cruz. As described previously (35), cleaning and processing of hair 

samples was conducted in a HEPA filtered-air trace metal clean room, using acid-cleaned 

labware and ultrapure trace metal grade reagents. Two centimeters of hair were trimmed 

from the scalp end of each sample and cleaned of exogenous contamination, as described 

previously (36). Briefly, samples were placed in acid-cleaned 5 mL polypropylene syringe 

tubes and sonicated (20 min) in 0.5% Triton, rinsed five times with ultrapure Milli-Q water, 

sonicated (10 min) in 1 N trace metal grade nitric acid (Fisher Scientific, Santa Clara, CA, 

USA), rinsed with 1 N nitric acid, and rinsed five-times with Milli-Q water, and then dried at 

65 °C for 48 h. Subsequently, samples were digested in 0.5 mL 15.7 N quartz-distilled nitric 

acid (Fisher Scientific, optima grade) at 80 °C for 6 h in a Class-100 HEPA filtered-air fume 

ho od, and then diluted with 5 mL Milli-Q water. For analyses, 0.25 mL of digestate was 

transferred to an acid-cleaned polyethylene microfuge tube, diluted with 0.25 mL Milli-Q 

water, and centrifuged at 13,000 × g for analysis. Rhodium and thallium were added to 

samples as internal standards, and samples were analyzed for total arsenic by magnetic 

sector inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Element XR ICP-

MS, Waltham, MA, USA). Methane was added to the argon (Ar) carrier gas to minimize 

ArCl formation. The analytical limits of detection (LOD) over four runs ranged from 0.001 

to 0.008 ng/mL. For all hair samples, arsenic concentrations exceeded the LOD. The 

National Institute for Environmental Studies (Japan) Standard Reference Material (SRM) 

NIES 13 (human hair) was used to assess analytical accuracy. The mean SRM recovery of 

arsenic (%recovery ± %relative standard deviation) based on the non-certified reference 

value was 76% ± 2%.

Blood arsenic concentrations were measured in William Funk’s laboratory at Northwestern 

University. 50 μL of whole blood was added directly into 15 mL metal-free polypropylene 

centrifuge tubes containing 2.5 mL extraction solution (5% ultrapure acetic acid and 0.01% 

ultrapure Triton X-100 in deionized water) using acid-washed pipette tips. Blood extracts 

were centrifuged at 3,600 x g for 3 minutes and incubated at room temperature on a shaker 

table at 300 rpm for 90 minutes. Total arsenic was then quantified using a Thermo Scientific 

iCAP Q ICP-MS. Samples were measured across seven instrument runs. The LODs ranged 

from 0.0018 to 0.0071 μg/L. None of the blood arsenic concentrations were below the LOD.
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Urine arsenic metabolites, including arsenite (AsIII), arsenate (AsV), MMA, DMA, and 

arsenobetaine (AsB) were measured by High Performance Liquid Chromatography (HPLC) 

coupled to ICP-MS at the University of Arizona Hazard Identification Core. Total urinary 

arsenic was calculated by summing inorganic (AsIII + AsV) arsenic metabolites, MMA, and 

DMA. AsB, a form of arsenic found in fish and seafood, was excluded from the total urinary 

arsenic variable, since it is thought to be non-toxic (37). Percent arsenic metabolites were 

calculated as follows: %inorganic arsenic (%iAs) = ((AsIII + AsV)/(AsIII + AsV + MMA + 

DMA) × 100), %MMA = ((MMA/)/(AsIII + AsV + MMA + DMA)) × 100), and %DMA = 

(DMA/(AsIII + AsV + MMA + DMA)) × 100. LODs across four analytical runs ranged 

from: 0.011 to 0.040 μg/L for AsIII, 0.020 to 0.143 μg/L for AsV, 0.020 to 0.086 μg/L for 

MMA, and 0.014 to 0.169 μg/L for DMA. Values below the detection limit were imputed as 

the dilution-corrected LOD divided by the square root of 2. The number (%) of samples 

below the LOD were 70 (41.9) for AsIII, 84 (50.3) for AsV, 38 (22.8) for MMA, 2 (1.2) for 

DMA, and 48 (28.7) for AsB. Urine specific gravity was measured by a refractometer 

(Itago), and urine arsenic concentrations were adjusted for specific gravity to account for 

urine dilution, using the following formula: Ac = A × [(SGmean−1)/(SG−1)], where Ac = the 

SG-adjusted arsenic or arsenic metabolite concentration, SGmean = the mean SG value for 

the study sample, and SG = the SG value of the participant (38).

2.4 Birth Outcomes

Birth weights were abstracted from electronic medical records. GA at birth was estimated 

for each participant based on ultrasound measures, which were abstracted from electronic 

medical records. If available, crown-rump length measures from an early ultrasound (<14 

weeks gestation) were used to determine the GA at birth. However, if a first trimester 

ultrasound was not obtained, fetal measures from a second trimester ultrasound were used 

instead.

2.5 Covariate Information

Questionnaires were administered in either English or Spanish, depending on the 

participant’s preferred language, during the first study visit (first or second trimester). 

Maternal self-reported pre-pregnancy weight, race, ethnicity, birth country, ever smoking 

status, and education level (less than 12th grade, completed 12th grade, some college or 

technical school, completed 4 years of college, some graduate training after college) were 

determined. Maternal standing height was measured twice by stadiometer (Perspectives 

Enterprises Model PE-AIM-101). Maternal pre-pregnancy BMI was calculated using the 

self-reported weight and measured height values (kg/m2). Each participant’s age was 

determined using the date that she completed the questionnaire and her birth date. A 

combined variable indicating ethnicity by birth place was created based on the participant’s 

self-reported ethnicity (Hispanic vs. non-Hispanic) and birth country (U.S. versus other), 

which had 3 categories: non-Hispanic, Hispanic born in the U.S., and Hispanic born outside 

the U.S. Information on newborn sex and delivery type (normal spontaneous vaginal, 

planned cesarean section, unplanned/emergency cesarean section, vaginal birth after 

cesarean, vacuum assisted vaginal, and forceps assisted vaginal) were abstracted from 

electronic medical records; if this information was missing from the maternal medical 
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records, it was filled in using reports from a questionnaire administered to the mothers 7–14 

days after birth.

Information on maternal fish/seafood and rice consumption during the pregnancy was 

obtained by a questionnaire administered during the participant’s second visit (second 

trimester or early third trimester). Participants were asked if they had ever consumed any of 

the following types of fish or seafood during the pregnancy: fish sticks, fresh oily fish, other 

fresh fish, canned tuna, shellfish, or fried shellfish. A combined variable was then created 

with 2 categories: ever versus never consumed any type of fish or seafood during the 

pregnancy. Participants were also asked if they had ever consumed rice during the 

pregnancy. If a participant reported consuming rice, she was additionally asked how 

frequently she typically consumed rice (1–6 times per year, 7–11 times per year, 1 time per 

month, 2–3 times per month, 1 time per week, 3–4 times per week, 5–6 times per week, 1 

time per day, or 2 or more times per day). These categories were then collapsed into a binary 

variable: frequent rice consumption (≥5–6 times per week) versus infrequent rice 

consumption (<5–6 times per week).

Total weight gain in pregnancy (in kg) was calculated by subtracting the participant’s self-

reported pre-pregnancy weight from her last recorded weight taken during the pregnancy (if 

obtained within two weeks prior to delivery), which was abstracted from the medical 

records. If a participant was missing a self-reported pre-pregnancy weight, the first weight 

measurement obtained during pregnancy (at <10 weeks gestation) was used. Net weight gain 

in pregnancy (in kg) was also calculated by subtracting the infant’s birth weight from the 

total weight gained by the mother during her pregnancy. Since a subset of participants was 

missing information on gestational weight gain in pregnancy (N=11 for urinary arsenic 

subset, N=8 for blood arsenic subset, and N=9 for hair arsenic subset), we compared two 

different methods when utilizing this variable: 1) a complete case analysis and 2) 

multivariate imputation by chained equations to obtain gestational weight gain values for 

individuals missing this information, conducted using the MICE package in R (39), 

specifying 100 imputations and 100 iterations.

2.6 Statistical Analyses

The relationships between total blood arsenic, total hair arsenic, total urinary arsenic, and all 

urinary arsenic metabolites were examined using Pearson correlations. Associations between 

arsenic measures of interest (hair arsenic, blood arsenic, urinary arsenic, iAs, MMA, DMA, 

AsB, %iAs, %MMA, %DMA) and birth outcomes (birth weight, GA at birth) were 

examined using linear regression models. Arsenic measures were right-skewed and therefore 

log2-transformed to reduce the influence of extreme values and to improve linearity between 

the exposures and outcomes to meet linear regression model assumptions. All models were 

adjusted for hypothesized confounders, determined using directed acyclic graphs (40), and 

known predictors of the outcomes. These variables included recruitment site, maternal age, 

ethnicity by birth place, education (collapsed into two categories: completed high school or 

did not complete high school), pre-pregnancy BMI (continuous), parity (primiparous or 

multiparous), ever smoking status, delivery type (collapsed into three categories: normal 
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spontaneous vaginal delivery, cesarean section, or other), newborn sex, and GA at birth (for 

birth weight models).

Given prior evidence of interactions between arsenic exposure and newborn sex (19, 24, 25, 

27, 28), maternal pre-pregnancy BMI (24), and smoking status (28) in relation to birth 

outcomes, we examined potential interactions between each of these variables and the 

arsenic measures. We also explored potential interactions between arsenic measures and 

both total and net gestational weight gain. Since a previous study has observed that arsenic is 

associated with lower gestational weight gain and that arsenic-associated reductions in birth 

weight are partially mediated by this decrease in weight gain (41), we also investigated 

associations between arsenic exposure and maternal weight gain in pregnancy.

Sensitivity analyses were conducted for the main models to determine whether results were 

similar after: 1) excluding preterm pregnancies (GA at birth <37 weeks), 2) adjusting for 

frequency of rice consumption during the pregnancy, 3) adjusting for fish/seafood 

consumption during the pregnancy, 4) excluding participants who reported fish/seafood 

consumption during the pregnancy, and 5) additionally adjusting for urinary AsB. We also 

investigated the influence of AsB using residual regression, whereby each arsenic measure 

was regressed on urinary AsB. The residuals from these models were then extracted and 

evaluated as the exposures of interest in relation to each birth outcome.

3. Results:

3.1 Participant Characteristics

Characteristics of each subset of participants with hair, blood, or urinary arsenic measures 

are presented in Table 1. These characteristics were generally similar for each subset. 

Overall, participants were between 18 and 45 years of age. The median pre-pregnancy BMI 

was ~28 kg/m2 with a range of 18.6 to 45.5 kg/m2, and >60% of participants were 

overweight or obese. Approximately 80% or more of participants were Hispanic, and 45% 

or more were Hispanic and born outside the U.S. Median (range) arsenic concentrations 

were 0.010 (0.001, 0.060) μg/g in hair, 0.63 (0.23, 3.46) μg/L in blood, and 5.66 (1.96, 

28.75) μg/L in urine (iAs+MMA+DMA). Median (range) urinary AsB concentrations were 

0.50 (0.04, 478.82) μg/L.

3.2 Correlations between Blood, Hair, and Urine Arsenic Measures

Pearson correlations between arsenic measures are shown in Figure 1 for the 82 participants 

who had arsenic measures for all three sample types (hair, blood, and urine). Hair arsenic 

was weakly, but positively and significantly, correlated with all arsenic measures, except 

%iAs and %DMA. Total blood and urinary arsenic were weakly and significantly positively 

correlated. Blood arsenic was moderately and significantly positively correlated with urinary 

DMA. Total urinary arsenic was strongly and significantly positively correlated with urinary 

DMA, moderately and significantly positively correlated with urinary iAs and MMA, and 

weakly and significantly positively correlated with %MMA. Urinary AsB was positively and 

significantly correlated with all arsenic measures, except urinary MMA and the %arsenic 

metabolites.
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3.3 Associations between Arsenic Measures and Birth Outcomes

A doubling in maternal hair arsenic was associated with a 72.2 g (95% CI: −144.3, −0.1 g) 

lower birth weight (P=0.05) (Table 2). A similar but non-significant trend was observed for 

blood arsenic, but not for urinary arsenic or the urinary arsenic metabolites (Table 2). 

Participants with hair arsenic measures were generally representative of the larger MADRES 

cohort (Table S1), although there were slightly more overweight and Hispanic women and 

slightly fewer high-school educated women, fish/seafood consumers, and spontaneous 

vaginal deliveries. None of the arsenic measures were significantly associated with GA at 

birth in primary analyses (Table 2). Associations were similar after 1) excluding preterm 

births (GA at birth < 37 weeks) (Table S2), 2) additionally adjusting for fish/seafood 

consumption during the pregnancy (Table S3), and additionally adjusting for urinary AsB 

(Table S4). Results were also similar in the AsB residual regression sensitivity analyses 

(Table S5). However, the inverse association between hair As and birth weight was slightly 

stronger after additionally adjusting for the frequency of rice consumption during pregnancy 

(Table S6) and was much stronger after excluding participants who reported consuming fish/

seafood during the pregnancy (Table S7). Additionally, urinary iAs was associated with a 0.6 

(95% CI: −1.0, −0.1, P=0.03) week shorter gestational length after excluding participants 

who reported any fish/seafood consumption during the pregnancy (Table S7).

3.4 Interactions between Arsenic Measures and Maternal Smoking, Pre-Pregnancy BMI, 
Gestational Weight Gain, and Newborn Sex

Statistically significant interactions were observed between hair arsenic and both total 

(Pinteraction=0.02) and net (Pinteraction=0.02) gestational weight gain in relation to birth 

weight, such that the inverse association between hair arsenic and birth weight was stronger 

among women who gained more weight during their pregnancies (Figure 2). Results were 

similar when gestational weight gain values were imputed for nine participants who were 

missing this information (Pinteraction=0.04 for both total and net gestational weight gain). 

Cross-product terms for gestational weight gain and other arsenic measures were not 

statistically significant (p-values > 0.05). However, significant interactions were observed 

between pre-pregnancy BMI and both total urinary arsenic (Pinteraction=0.05) and urinary 

MMA (Pinteraction<0.01) in relation to GA at birth; an inverse association was observed 

between MMA and GA at birth among infants whose mothers had low pre-pregnancy BMIs 

(less than ~25 kg/m2), while a positive association was observed among infants whose 

mothers had high pre-pregnancy BMIs (greater than ~30 kg/m2) (Figure S1). A similar trend 

was seen for total urinary arsenic (Figure S1). No significant interactions were observed 

between any of the arsenic measures and either infant sex or maternal smoking status (p-

values > 0.05).

3.5 Associations between Hair Arsenic and Gestational Weight Gain

Given previous evidence that gestational weight gain may mediate arsenic’s impact on birth 

weight (41), we additionally evaluated associations between arsenic exposure and both total 

and net gestational weight gain. Since the inverse association between hair arsenic and birth 

weight was robust, we focused on hair arsenic for these analyses. Results from a complete 

case analysis were compared with results from an analysis that imputed gestational weight 
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gain for the nine participants who were missing this information. In the complete case 

analysis (N=107), a doubling in hair arsenic was associated with a 1.3 kg (95% CI: 0.2, 2.4 

kg) higher total weight gain in pregnancy (P=0.02) and a 1.4 kg (95% CI: 0.3, 2.4 kg) higher 

net weight gain in pregnancy (P=0.01), after adjusting for the length of the pregnancy, 

newborn sex, ethnicity by birth place, recruitment site, age, education, parity, pre-pregnancy 

BMI, and ever smoking status (Table 3). Results from models using imputed gestational 

weight gain values (N=116) were very similar (Table 3).

4. Discussion

Previous studies have observed that arsenic exposure adversely affects fetal growth and 

increases risk for preterm birth (23, 33). Although the majority of studies have focused on 

populations outside the U.S., such as in Bangladesh, India, Taiwan, and Chile, where arsenic 

concentrations in drinking water can reach extremely high levels (20, 23, 42), several studies 

in the U.S. have found that even at relatively low levels of exposure, arsenic may adversely 

affect birth outcomes (24, 43, 44). For example, an inverse association between urinary 

arsenic and birth weight was observed among girls born to overweight/obese women in the 

New Hampshire Birth Cohort study (24). Additionally, blood arsenic was inversely 

associated with birth weight in a study of pregnant women living near the Tar Creek 

Superfund Site in Oklahoma (43). To our knowledge, this study is among the first in the U.S. 

to examine associations between arsenic and birth outcomes in a predominately Hispanic 

population, which experiences higher rates of preterm birth and low birth weight (1), and in 

urban Los Angeles, where the levels and sources of exposure may differ from those of rural 

populations. The median urinary arsenic concentration in MADRES was slightly higher (5.7 

μg/L) than in the New Hampshire Birth Cohort study (3.4 μg/L), but the median blood 

arsenic concentration was lower (0.6 μg/L) than in the Tar Creek study (1.4 μg/L). Despite 

generally low levels of exposure, we observed that a doubling in hair arsenic was associated 

with a 72.2 g lower birth weight, which is similar in magnitude to the associations observed 

in these two previous U.S. studies. In the New Hampshire Birth Cohort Study, a doubling in 

urinary arsenic was associated with a 62.9 g lower birth weight among infants of 

overweight/obese mothers (24), and in the Tar Creek Study, an interquartile range increase in 

blood arsenic was associated with a 77.5 g lower birth weight (43). Although the previous 

U.S. studies did not evaluate hair arsenic, an inverse association between hair arsenic and 

birth weight has also been observed in a much more highly exposed population in 

Bangladesh (45).

In contrast with the findings for hair arsenic, blood and urine arsenic measures were not 

significantly associated with birth weight in MADRES. One possible explanation may be 

that hair arsenic represents previous exposure, whereas urine and blood arsenic primarily 

reflect recent exposure over the past several days (46). While rates of hair growth differ 

between individuals, the average rate is estimated to be one centimeter per month (47). 

Given the methods used to collect hair samples in MADRES (i.e., 2 cm of hair cut close to 

the scalp), the hair arsenic values in the current study represent exposure over the past ~2 

months. Hair arsenic may therefore be a better biomarker of integrated exposure in this 

urban population, which is likely exposed to arsenic from dietary and/or industrial sources 

that may vary temporally. In addition to representing different windows of exposure, each 
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biospecimen reflects different arsenic species. For example, hair is thought to primarily 

accumulate iAs, whereas blood and urine represent all of the major arsenic species, with 

DMA being the predominant species in urine (46). Blood and urine arsenic biomarkers may 

also reflect arsenic from fish/seafood. For example, total blood arsenic can include AsB, a 

metabolite derived from fish/seafood that is rapidly eliminated from the body and considered 

non-toxic (46). While we excluded AsB from our total urinary arsenic measure, 

arsenosugars and arsenolipids are also derived from fish/seafood and can be metabolized to 

DMA (48). The blood and urine arsenic measures in our study may therefore reflect 

arsenosugars and arsenolipids in addition to iAs exposure. However, the toxicity of these 

complex organic arsenicals is currently unclear (48). Nevertheless, the null associations 

between the blood and urine arsenic measures and birth weight were robust in a series of 

sensitivity analyses, which included additionally adjusting for fish/seafood consumption; 

additionally adjusting for AsB, a biomarker of fish/seafood consumption (46); using residual 

regression models to remove variance from urinary AsB; and restricting to participants who 

reported that they did not consume fish/seafood. In contrast, the inverse association between 

hair arsenic and birth weight increased in magnitude after restricting to non-fish consumers. 

While this was somewhat unexpected, since hair is thought to primarily accumulate iAs (46), 

other arsenic metabolites including DMA have been identified in human hair (49). 

Consistent with this, we observed significant, albeit weak, positive correlations between hair 

arsenic and all of the urinary arsenic metabolites.

Interestingly, we observed a significant interaction between hair arsenic and gestational 

weight gain, whereby the magnitude of the inverse arsenic-birth weight association 

increased as weight gain increased. While this finding may seem counterintuitive, as birth 

weight tends to increase as maternal weight gain increases (50), one possible hypothesis 

may be that arsenic diverts nutrients from the fetus to the mother, leading to a higher 

maternal weight gain, but restrictions in fetal growth. While this hypothesized mechanism 

has been largely untested and would need to be investigated further, we did observe a 

positive association between hair arsenic and gestational weight gain, which is consistent 

with this hypothesis and also prior evidence that arsenic may be an obesogen (51). Although 

a previous study of CD-1 mice did not observe arsenic-associated alterations in gestational 

weight gain (52), exposure was restricted to the second half of gestation and the dams were 

lean. It is therefore unclear how results would have compared if early pregnancy exposures 

had been evaluated or if the experimental conditions more closely represented our study 

population. Our results are also inconsistent with previous studies in Bangladesh, which 

observed inverse associations between arsenic exposure (measured in drinking water and 

maternal toenails) and gestational weight gain (20, 41). However, these discrepancies may 

be explained by population differences, such as the high arsenic exposures, low prevalence 

of overweight/obesity, and high prevalence of malnutrition observed in Bangladesh (20, 41). 

Evidence from Bangladesh also indicates that lower maternal weight gain may partially 

mediate arsenic-associated reductions in birth weight (41), but this was not supported in our 

study, since arsenic was associated with increased gestational weight gain.

Although numerous studies, many conducted in Bangladesh, have observed that arsenic is 

associated with a shorter gestational period (20, 27, 29, 41, 44, 53, 54), this was not 

observed in our primary analysis. The association between prenatal arsenic exposure and 
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GA at birth was also null in the New Hampshire Birth Cohort Study (24). Potential 

explanations for the inconsistent findings observed between the current study and studies 

conducted in other countries may therefore be differences in exposure levels or population 

differences in the rates and causes of preterm birth; Bangladesh, for example, experiences 

one of the highest incidences of preterm birth in the world (55). It is also possible that our 

null results were driven by negative confounding by fish/seafood consumption. Although 

associations between arsenic measures and GA at birth remained null after additionally 

adjusting for AsB and also when using residual-regression to remove the influence of AsB, 

we did observe a significant inverse association between urinary iAs and GA at birth when 

we excluded participants who reported consuming fish/seafood during the pregnancy. 

However, the latter result needs to be considered with some caution, given the small number 

of participants (N=51) in the restricted analysis. Prior studies in Bangladesh have also 

observed that arsenic-associated reductions in birth weight are almost entirely mediated by 

reductions in GA at birth (41, 53). However, in MADRES the inverse association between 

hair arsenic and birth weight was independent of GA at birth, consistent with the New 

Hampshire Birth Cohort study (24). The mechanism by which arsenic impacts birth size 

may therefore depend on population-specific characteristics, such as exposure levels and the 

prevalence of overweight/obesity. Consistent with this, we observed a complex relationship 

between urinary MMA and GA at birth, such that an inverse association was observed when 

maternal pre-pregnancy BMI was low or normal (<25 kg/m2) while in contrast a positive 

association was observed when maternal pre-pregnancy BMI was high (>30 kg/m2).

Our study had several limitations. Most notably, speciated arsenic measures were not 

available for hair, so we could not investigate the arsenic metabolites responsible for the 

inverse association observed between hair arsenic and birth weight. While hair is thought to 

primarily accumulate iAs (46), other arsenic metabolites have also been detected in human 

hair samples (49). Furthermore, the stronger inverse association observed for hair arsenic 

and birth weight among non-fish consumers, and the positive correlations between hair 

arsenic and all urinary arsenic metabolites, suggest that arsenic species other than iAs may 

have been present. An additional limitation of our study was the potential for confounding 

by fish/seafood consumption, as a large portion of MADRES participants (67%) reported 

consuming some type of fish/seafood during the pregnancy. While we attempted to account 

for this in a series of sensitivity analyses, using information on both fish/seafood intake and 

urinary AsB, which is an objective biomarker of fish/seafood consumption, we cannot rule 

out residual confounding. Another important consideration for this study is that hair samples 

are susceptible to exogenous contamination (35). However, we used a rigorous cleaning 

method that successfully removes exogenous metal contamination (36) and observed 

positive and significant correlations between hair arsenic and both blood and urine arsenic 

measures, which are not susceptible to external contamination. This is consistent with prior 

studies that have also demonstrated that hair arsenic can reflect the internal body burden of 

arsenic (56). We also collected information on permanent hair treatments and hair dye use 

for a subset of participants (N=30), given evidence that these behaviors may impact certain 

metal concentrations in hair (57). While only two participants reported permanent hair 

treatments within the past six months, nearly 40% reported dyeing or highlighting their hair. 

However, hair arsenic concentrations were not higher among women reporting hair dye use. 
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In fact, inverse associations were observed between hair dye use and all three of the As 

biomarkers evaluated (hair, blood, and urine).

Importantly, information on arsenic exposure from drinking water was not available for 

MADRES participants. While this population resides in urban Los Angeles and is therefore 

likely drinking from bottled or municipal water sources, rather than from private wells, 

participants may still be exposed to some arsenic through their drinking water. An additional 

consideration is that we may have been underpowered to identify possible differences by 

infant sex. Given limited statistical power, we were also unable to examine potential three-

way interactions, such as between arsenic, pre-pregnancy BMI, and fetal sex, which has 

been seen previously (24). Furthermore, while we observed a positive association between 

hair arsenic and gestational weight gain, indicating that weight gain is likely not a mediator 

of the arsenic-birth weight association in our study, we were underpowered to formally 

evaluate this. We therefore cannot rule out the possibility that maternal weight gain may be 

an intermediate in this pathway. The interaction that we observed between hair arsenic and 

gestational weight gain therefore needs to be considered with caution, as conditioning on an 

intermediate can introduce collider bias (58). To address this, we attempted a sensitivity 

analysis proposed by VanderWeele et al. to examine the possibility of collider bias, using the 

predicted probability of gestational weight gain based on baseline covariates, rather than 

gestational weight gain itself (58). However, we were unable to specify a model that was 

sufficiently predictive of gestational weight gain to apply this method. Future studies are 

therefore needed to more formally investigate how maternal weight gain may contribute to 

arsenic-associated reductions in birth weight and how this role may vary in different 

populations.

Our study also had several notable strengths. We focused on a population that has a higher 

risk of preterm birth and low birth weight (1) that has been understudied in the context of 

arsenic toxicity. Although arsenic exposures were in the low range for most MADRES 

participants, we observed an inverse association between hair arsenic and birth weight that 

was similar in effect size to studies conducted in non-Hispanic populations in the rural U.S., 

including a study of private well users in New Hampshire (24) and a study of more highly 

exposed women in Oklahoma (43). We were also able to compare multiple biomarkers of 

arsenic exposure, which represent different exposure timeframes and arsenic species. 

Furthermore, we measured arsenic in biospecimens that were collected in the first or second 

trimester (representing pre-pregnancy through mid-pregnancy exposures), which is 

important given evidence that fetal growth trajectories may be largely determined by 

conditions in early pregnancy, or even as early as the periconceptional period (reviewed in 

(59)).

The findings from this study have important public health implications. The inverse 

association between hair arsenic and birth weight was comparable in magnitude to effect 

estimates observed for secondhand tobacco smoke exposure, which have ranged from a 

difference in birth weight of −6 g to −120 g, depending on the exposure metric evaluated 

(reviewed in (60)). This is concerning, since lower birth weight has been associated with 

increased risk for numerous adverse health outcomes later in life (2–14), including obesity 

and cardiometabolic disease, which are more prevalent in lower income and Hispanic 

Howe et al. Page 12

Environ Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



populations (61–63). It will therefore be important to examine the subsequent health 

consequences of these arsenic-associated reductions in birth weight. Since the MADRES 

pregnancy cohort was designed to follow children through the first 5 years of life, impacts 

on early life growth and adiposity can be directly examined in future studies.

5. Conclusions

In a population of mostly lower income Hispanic women living in urban Los Angeles, hair 

arsenic (representing pre-pregnancy and early pregnancy exposure) was inversely associated 

with birth weight, independent of GA at birth. This association was more pronounced among 

women who gained greater amounts of weight during the pregnancy, which requires further 

investigation. Since reduced birth weight has been associated with adverse health outcomes 

later in life, identifying and reducing the major sources of arsenic exposure in this 

understudied population is essential.
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Highlights:

• Hair arsenic was inversely and significantly associated with birth weight

• The hair arsenic-birth weight association differed by gestational weight gain

• Hair arsenic was associated with increased gestational weight gain

• Blood and urine arsenic were not significantly associated with birth weight
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Figure 1. 
Pearson Correlations Between Arsenic Measures for Participants with Hair, Blood, and 

Urine Arsenic Measures (N=82). Positive correlations are indicated in blue shades. Negative 

correlations are indicated in red shades. Larger circles correspond to stronger correlations, as 

do darker shades, as indicated in the corresponding key. *P<0.05. Abbreviations used: As, 

arsenic; DMA, dimethyl arsenical species; iAs, inorganic arsenic arsenical species; MMA, 

monomethyl arsenical species
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Figure 2. 
Associations between Hair Arsenic and Birth Weight by Total (A) and Net (B) Gestational 

Weight Gain (N=107). The x-axis indicates the total or net gestational weight gain (total 

weight gain-birth weight) in kg with an overlaying histogram. The y-axis shows the 

difference in birth weight in g and the corresponding 95% confidence interval for a doubling 

in hair arsenic. Results are from linear regression models, which were adjusted for 

gestational age at birth, newborn sex, delivery type, maternal age, ethnicity by birth place, 

recruitment site, education, parity, pre-pregnancy BMI, and ever smoking status.
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