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Abstract: (1) Background: Arsenic (As) is a common drinking water contaminant that is regulated as
a carcinogen. Yet, As is a systemic toxicant and there is considerable epidemiological data showing
As adversely impacts reproductive health. This study used data from a birth cohort in Bangladesh
(2008–2011) to examine associations between drinking water As levels and reproductive outcomes.
(2) Methods: Pregnant individuals (n = 1597) were enrolled at <16 weeks gestation and drinking water
As was measured. Participants with live births (n = 1130) were propensity score matched to partici-
pants who experienced miscarriage (n = 132), stillbirth (n = 72), preterm birth (n = 243), and neonatal
mortality (n = 20). Logistic regression was used to examine drinking water As recommendations of
50, 10, 5, 2.5, and 1 µg/L on the odds of adverse birth outcomes. (3) Results: The odds of miscarriage
were higher for pregnant women exposed to drinking water ≥2.5 versus <2.5 µg As/L [adjusted
odds ratio (OR) 1.90, 95% Confidence Interval (CI): 1.07–3.38)]. (4) Conclusions: These preliminary
findings suggest a potential threshold where the odds of miscarriage increases when drinking water
As is above 2.5 µg/L. This concentration is below the World Health Organizations and Bangladesh’s
drinking water recommendations and supports the re-evaluation of drinking water regulations.

Keywords: miscarriage; stillbirth; spontaneous abortion; fetal loss; neonatal mortality; groundwater;
environmental policy; environmental epidemiology; drinking water; arsenic

1. Introduction

Groundwater is an important source of potable water yet arsenic, a geogenic com-
pound, contaminates groundwater in 107 countries [1]. Arsenic is a known human car-
cinogen and systemic toxicant. Currently, regulatory guidelines for arsenic in drinking
water have been established using human health risk assessments that are specific for lung
and bladder cancer. These regulatory guidelines have been adjusted over time as more
epidemiological data was collected documenting the risk of cancer among people exposed
to arsenic-contaminated drinking water. For example, the United States Environmental
Protection Agency (US EPA) lowered the National Primary Drinking Water Regulation’s
maximum contaminant level from 50 µg/L to 10 µg/L in October 2001 after analyses
demonstrated the benefits of reducing bladder and lung cancer risks outweighed treatment
costs based on epidemiological data collected in Taiwan [2–5]. The US enforcement of this
new Arsenic Rule began in 2006 and surveillance studies show that it was effective at re-
ducing arsenic exposure from public drinking water systems and that urinary arsenic levels
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declined among those people relied on public water systems [6,7]. Thus, environmental
regulations that reduce maximum contaminant levels in regulated drinking water systems
is effective at reducing arsenic exposure among whole populations in the US.

The World Health Organization (WHO) also based its provincial drinking water guide-
line at 10 µg/L based on arsenic’s carcinogenicity [8]. As additional health data documented
the increased risk of skin cancer and other adverse effects associated with exposure to
arsenic-contaminated drinking water, certain areas in the US and Denmark adopted even
more protective drinking water regulatory recommendations. For example, New Jersey, US
reduced their arsenic regulation in 2016 to 5 µg/L based on the National Research Council’s
1999 report on arsenic citing increased cancer risk and adverse health effects [9,10]. New
Hampshire, US and Denmark also lowered their drinking water regulations to 5 µg/L
citing skin cancer risks, cardiovascular disease risk, and risk of adverse birth and perinatal
outcomes [11,12].

The human health effects of arsenic exposure have continued to be studied in popu-
lations around the world that rely on groundwater. Subsequently, there are considerable
epidemiological data indicating that arsenic is a reproductive toxicant. However, it is
unclear if drinking water regulatory standards established using cancer data are also pro-
tective against miscarriages, stillbirths, premature births, and neonatal mortality. These
adverse reproductive outcomes are widespread and affect approximately 48 million preg-
nancies every year [13,14]. Bangladesh has made great strides in improving maternal and
child health goals that stem from Bangladesh’s governing bodies signing the Millennium
Development Goals (MDG) in the early 1990’s. Bangladesh made reductions in stillbirth
and neonatal mortalities between 1990–2015, with one of the fastest reductions in stillbirth
from 2000–2015 worldwide [15]. They were also able to reduce neonatal mortality by
40% from 2000–2015 [13,16]. Yet, even with these reductions in stillbirth and neonatal
mortalities, Bangladesh ranks seventh in the world for stillbirths with a rate of 25.4 per
1000 live births [17].

The improvements Bangladesh made to these maternal child outcomes were largely
based on efforts to address the major risks of adverse reproductive outcomes such as
low nutritional status, limited birth spacing, and limited access to obstetric care [18,19].
However, there are multiple risk factors that can adversely impact reproductive success. For
instance, neonatal mortality in Bangladesh typically arises from preterm birth, congenital
abnormalities, asphyxia during birth, and infections due to pneumonia/sepsis [16]. Low
birth weight (weight under 2500 g at birth) is also a risk factor for neonatal mortality
as a product of preterm birth [20,21]. Yasmin et al. in Bangladesh, showed that low
birth weight accompanied by preterm birth resulted in 75% of the neonatal mortality, of
which 84% occurred 0 to 6 days post birth [20]. Studies that have examined the rate of
miscarriage in Bangladesh have identified other risk factors including lower socioeconomic
status, short birth spacing between pregnancies, and mothers aged over 35 years [19,22].
Furthermore, many epidemiological studies on arsenic-related health effects have been
conducted in the past two decades. Several of these studies were conducted in Bangladesh
because of the widespread arsenic exposure that resulted from switching the population’s
source of drinking water from surface water to groundwater [23]. It was estimated that
almost 57 million people were exposed to elevated arsenic levels in Bangladesh [24]. Recent
remediation efforts have made great strides in reducing the country’s exposure to arsenic by
mitigating the source including labelling and stop usage of contaminated wells, community
or single occupancy filtration systems, and installing entirely new wells [25]. Even with
relief efforts, about 13% of drinking water samples tested had elevated levels of arsenic
above 50 µg/L, which is the current drinking water recommendation in Bangladesh [25].
Thus, re-examining the regulatory level for arsenic in drinking water could yield further
improvements in maternal child health.

Using an established prospectively enrolled cohort, we examined the associations
between arsenic exposure at different regulatory cutoff levels and adverse pregnancy
outcomes in Bangladesh. The regulatory level cut offs were used to compare risks of
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neonatal mortality, stillbirth, miscarriage, and preterm birth between different arsenic
exposure groups. Propensity score methodology was used to control for confounding by
matching pregnant women on predictors of arsenic exposure status. We hypothesized that
the odds of neonatal mortality, stillbirth, miscarriage, and preterm birth would be higher
for pregnant women who were exposed to arsenic above 10 µg/L compared to those below
this WHO and US EPA regulatory cut off level. Thresholds below these guidelines were
also examined to understand if there was a potential threshold below which the odds of
adverse pregnancy outcomes remain stable.

2. Materials and Methods
2.1. Study Population

From 2008–2011, mothers were recruited in two study areas (Sirajdikhan and Pabna
Sadar Upazilas) of Bangladesh in partnership with Dhaka Community Hospital Trust
(DCHT) (Figure S1). The study was designed to examine the exposure-response relationship
between arsenic and birthweight and the design has been described elsewhere [26,27].
Briefly, these regions were chosen because groundwater surveys indicated that arsenic was
present in the groundwater across a wide range of concentrations which would facilitate
examining an exposure-response relationship. Additionally, DCHT operated a rural health
care clinic in these areas that included a network of trained midwives. Clinic staff and
midwives told pregnant women in the clinic catchment areas about the study. Recruitment
occurred at the clinics and represented a convenience sample. Participants were eligible if
they were ≥18 years of age, enrolled with a singleton ultrasound at pregnancy ≤16 weeks
gestation, primary source of water was a ground water tube well, stayed in the same
location for the length of pregnancy, use of the prenatal care from DCHT, and agreed to
birth child at DCHT or by a DCHT-trained midwife [26]. Clinical visits and medical care
were provided by DCHT trained medical staff and field technicians. Mothers provided
data and socio-demographic information using structured questionnaires at <16 weeks
gestation, during monthly follow-up home visits, at 28 weeks gestational age, at birth, and
one-month post-partum (if applicable). This study was approved by the Human Research
Committees/Institutional Review Boards at Oregon State University (OSU), Harvard TH
Chan School of Public Health, and DCHT. Informed consent was given by all participants
before the collection of data for the study.

Participants were included in this analysis if they had an ultrasound at the time of
enrollment (<16 weeks gestation), had a singleton pregnancy, and provided a drinking
water sample that was measured for arsenic. Participants with missing data at the time
of enrollment were excluded because propensity score matching requires complete data.
Of the 1613 pregnant women enrolled in the original cohort, 4 women were excluded for
not having an ultrasound at enrollment, 2 women were excluded for lacking exposure
data, 8 women were excluded for having twins, and 2 women were excluded for missing
enrollment data.

2.2. Fetal Loss, Preterm Birth, and Neonatal Mortality

Fetal loss was defined as a fetus that was not alive outside of the womb. Miscarriage
was the loss of a fetus before a viable birth (n = 132) and stillbirth was the loss of a fetus
during a viable birth period (including preterm, n = 72). Neonatal mortality was determined
by mortality of newborn within the first 30 days after live birth from womb (n = 20). Preterm
birth was defined as a viable birth < 37 weeks gestation and lived past one-month post-
partum (n = 243). Gestational age was determined at enrollment via ultrasonography at
the first visit and calculated by mean gestational sac diameter at 4–6 weeks or by crown-
rump length at 7–16 weeks. Ultrasounds were conducted with two technicians for each
participant and verified by an obstetrician at DCH. Trained field staff confirmed all neonatal
mortalities with the parents within the first 30 days of life for n = 1150 live births.
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2.3. Exposure Assessment: Drinking Water Arsenic

Drinking water samples were collected from the participants primary drinking water
source which was a groundwater tube well and arsenic concentrations were measured
using inductively coupled plasma mass spectrometry. Sample collection methods are
described elsewhere [28,29]. Briefly, water was collected at the time of enrollment for
all women. Samples were preserved to pH < 2 using ultrapure nitric acid, kept at room
temperature, and measured for arsenic following EPA methods 200.8. The limit of detection
(LOD) for arsenic was 0.5 µg/L and there were 304 samples below the LOD. The samples
below the LOD were given a value of 0.5 µg/L divided by the square root of 2.

2.4. Covariates

Covariates were chosen a priori based on their associations with arsenic and fetal
loss [26,30,31]. These included maternal age (continuous), self-reported highest level of
maternal education (illiterate/able to write name; primary education; secondary education
and higher education), cook fuel type within home (wood or natural gas versus dung or
cross-residue), body mass index (BMI) derived from the weight at time of enrollment (kg)
divided by height2 (m2) (continuous), monthly family income reported by the financial
provider of the mother (Taka: >3000, 3001–4000, 4001–5000, 5000+), clinic location (Pabna
or Sirajdikhan), previous miscarriage or stillbirth if not first child (yes/no), and parity
(1st child or 2nd and greater). Models for neonatal mortality and preterm birth were
controlled for the above covariates as well as: birth gestational age (only controlled in
neonatal mortality, in weeks), birth type (vaginal or cesarean), sex of child (male or female),
and birthweight of child (kg).

2.5. Statistical Approaches

Descriptive statistics (means, medians, and frequencies) were calculated for continu-
ous variables. Study participants were matched using propensity scores. Rosenbaum and
Rubin [32] developed propensity score matching to create comparative groups with respect
to measured explanatory variables for observational studies. We estimated propensity
scores with optimal full matching using logistic regression via the R package MatchIt [33],
where the binary dependent variable was whether or not drinking water arsenic concentra-
tion was about a threshold (e.g., 10 µg/L) and the independent variables were the covariates
mentioned above based on outcome. Through numeric review of standardized mean differ-
ences and graphical inspections of empirical quantile-quantile plots, the matching yielded
adequate balance. Nearest neighbor and optimal pair matching also were considered, but
optimal full matching effectively produced balanced matches (Figure S2 and Supplemental
Table S3). Matched samples were analyzed using conditional logistic regression to estimate
the association between level of arsenic exposure and adverse birth outcomes. Matching
produced dependent data and therefore, the logistic regression incorporated weights and a
cluster-robust variance of estimated regression coefficients was used to calculate confidence
intervals. Multicollinearity was assessed using variance inflation factors, which were all
below 5. Statistical significance was set at α = 0.05, interval estimates were computed using
a 95% confidence level, and all analyses were performed in R version 4.0.3.

Sensitivity analyses evaluated the robustness of our findings for the adverse out-
come of miscarriage. Specifically, results from unadjusted and adjusted logistic regression
analyses of the unmatched data were compared to results from full and nearest-neighbor
propensity score matched analyses.

3. Results

Of the 1597 women who met the inclusion criteria of this analysis; 1130 women had
live births, 132 women experienced a miscarriage, 72 women experienced a stillbirth, and
20 infants were lost due to neonatal mortalities one month after birth. Within the live births
and neonatal mortalities there were 243 preterm births. Additionally, 215 women withdrew
or were lost to follow up prior to birth, and 28 women withdrew from the study after birth.
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Figure 1 describes the final study sample (n = 1354). The characteristics of mothers with
and without adverse birth outcomes are presented in Table 1. Women who experienced
miscarriage tended to be in the higher income taka brackets (4000–5000 and 5000+) and
were in Sirajdikhan research area. Participants who experienced stillbirth fetal loss tended
to have the lower income taka brackets (>3000 and 3000–4000) and located in Sirajdikhan
research area. In cases of neonatal mortality, mothers tended to have preterm birth of a
viable birth before 37 weeks gestation and lower birth weight for the child. Mean drinking
water manganese were similar for women with live births and adverse birth outcomes,
while the median levels for those who experienced stillbirth tended to be lower. About
22% of the participant’s used water wells that contained arsenic above 50 µg/L (range:
0.5–1400 µg/L). Approximately one third (38%) of drinking water arsenic levels were
above 10 µg/L, 45% were above 5 µg/L, 49% were above 2.5 µg/L, and 72% were above
1 µg/L.
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Table 1. Characteristics of Bangladesh Cohort by Adverse Pregnancy Outcome (n = 1597).

Live Births
(n = 1130)

Miscarriage
(n = 132)

Stillbirth
(n = 72)

Neonatal
Mortality
(n = 20)

Overall
(n = 1597) p-Value **

Age (years) 0.6
Mean (SD) 23.0 (4.22) 23.1 (4.45) 22.2 (3.76) 23.2 (4.02) 22.9 (4.19)

Median [Min, Max] 22.0 [18.0, 41.0] 22.0 [18.0, 35.0] 21.0 [18.0, 35.0] 23.0 [18.0, 33.0] 22.0 [18.0, 41.0]
BMI (kg/m2) 0.4

Mean (SD) 20.5 (3.23) 20.8 (3.18) 20.2 (3.04) 19.8 (2.69) 20.5 (3.20)
Median [Min, Max] 20.0 [13.4, 36.0] 20.4 [12.6, 29.0] 20.1 [15.3, 30.2] 19.3 [14.3, 25.4] 20.1 [12.3, 36.0]

Education 0.1
No school
attendance 159 (14.1%) 24 (18.2%) 13 (18.1%) 6 (30.0%) 236 (14.8%)

Primary School 365 (32.3%) 45 (34.1%) 29 (40.3%) 7 (35.0%) 540 (33.8%)
Secondary School

and Higher
Education

606 (53.6%) 63 (47.7%) 30 (41.7%) 7 (35.0%) 821 (51.4%)

Monthly Household Income (Taka) 0.04
<3000 188 (16.6%) 11 (8.3%) 19 (26.4%) 5 (25.0%) 253 (15.8%)

3001–4000 298 (26.4%) 25 (18.9%) 16 (22.2%) 7 (35.0%) 394 (24.7%)
4001–5000 336 (29.7%) 43 (32.6%) 17 (23.6%) 4 (20.0%) 493 (30.9%)

5001+ 301 (26.6%) 38 (28.8%) 14 (19.4%) 4 (20.0%) 425 (26.6%)
Missing 7 (0.6%) 15 (11.4%) 6 (8.3%) 0 (0%) 32 (2.0%)

Cook Fuel Type 0.1
Clean Fuel 778 (68.8%) 86 (65.2%) 38 (52.8%) 15 (75.0%) 1090 (68.3%)

Less Clean Fuel 346 (30.6%) 46 (34.8%) 34 (47.2%) 5 (25.0%) 499 (31.2%)
Refused 3 (0.3%) 0 (0%) 0 (0%) 0 (0%) 5 (0.3%)
Missing 3 (0.3%) 0 (0%) 0 (0%) 0 (0%) 3 (0.2%)

Risk of subsequent miscarriage/stillbirth 0.8
First Born or None

Previous 922 (81.6%) 105 (79.5%) 59 (81.9%) 15 (75.0%) 1312 (82.2%)

Previous Miscar-
riage/Stillbirth 208 (18.4%) 27 (20.5%) 13 (18.1%) 5 (25.0%) 285 (17.8%)

Number of previous births 0.8
First Born 536 (47.4%) 68 (51.5%) 37 (51.4%) 10 (50.0%) 768 (48.1%)

2nd or Greater
Born 594 (52.6%) 64 (48.5%) 35 (48.6%) 10 (50.0%) 829 (51.9%)

Clinic Location 0.02
Pabna 555 (49.1%) 48 (36.4%) 31 (43.1%) 12 (60.0%) 726 (45.5%)

Sirajdikhan 575 (50.9%) 84 (63.6%) 41 (56.9%) 8 (40.0%) 871 (54.5%)
Preterm Birth (> 37 Weeks Gestation) <0.001

No 887 (78.5%) – – 9 (45.0%) 918 (57.5%)
Yes 243 (21.5%) – – 11 (55.0%) 260 (16.3%)

Missing – 132 (100%) 72 (100%) – 419 (26.2%)
Gestational Age (Weeks) 0.009

Mean (SD) 38.0 (1.85) – – 34.8 (5.08) 37.9 (2.00)
Median [Min, Max] 38.0 [29.0, 42.0] – – 35.5 [22.0, 40.0] 38.0 [22.0, 42.0]

Missing – 132 (100%) 72 (100%) – 419 (26.2%)
Child’s Weight at Birth (kg) 0.01

Mean (SD) 2.84 (0.402) – – 2.52 (0.760) 2.84 (0.409)
Median [Min, Max] 2.86 [0.800, 4.80] – – 2.50 [1.40, 4.60] 2.86 [0.800, 4.80]

Missing – 132 (100%) 72 (100%) – 419 (26.2%)
Child’s Sex at Birth 0.5

Male 574 (50.8%) – – 12 (60.0%) 598 (37.4%)
Female 556 (49.2%) – – 8 (40.0%) 580 (36.3%)
Missing – 132 (100%) 72 (100%) – 419 (26.2%)

Type of Birth 0.06
Cesarean 404 (35.8%) – – 3 (15.0%) 413 (25.9%)
Vaginal 726 (64.2%) – – 17 (85.0%) 765 (47.9%)
Missing – 132 (100%) 72 (100%) – 419 (26.2%)
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Table 1. Cont.

Live Births
(n = 1130)

Miscarriage
(n = 132)

Stillbirth
(n = 72)

Neonatal
Mortality
(n = 20)

Overall
(n = 1597) p-Value **

Drinking Water Manganese (µg/L) 0.5
Mean (SD) 722 (704) 708 (715) 643 (671) 734 (630) 728 (729)

Median [Min, Max] 590 [0.500, 4720] 620 [1.00, 3500] 490 [1.00, 2600] 670 [1.50, 2700] 590 [0.500, 5300]
Drinking Water Arsenic cut off 1 µg/L 0.4

<1 µg/L 312 (27.6%) 36 (27.3%) 20 (27.8%) 2 (10.0%) 442 (27.7%)
≥1 µg/L 818 (72.4%) 96 (72.7%) 52 (72.2%) 18 (90.0%) 1155 (72.3%)

Drinking Water Arsenic cut off 2.5 µg/L 0.2
<2.5 µg/L 576 (51.0%) 73 (55.3%) 43 (59.7%) 7 (35.0%) 845 (52.9%)
≥2.5 µg/L 554 (49.0%) 59 (44.7%) 29 (40.3%) 13 (65.0%) 752 (47.1%)

Drinking Water Arsenic cut off 5 µg/L 0.3
<5 µg/L 624 (55.2%) 78 (59.1%) 46 (63.9%) 9 (45.0%) 915 (57.3%)
≥5 µg/L 506 (44.8%) 54 (40.9%) 26 (36.1%) 11 (55.0%) 682 (42.7%)

Drinking Water Arsenic cut off 10 µg/L 0.3
<10 µg/L 699 (61.9%) 88 (66.7%) 50 (69.4%) 10 (50.0%) 1014 (63.5%)
≥10 µg/L 431 (38.1%) 44 (33.3%) 22 (30.6%) 10 (50.0%) 583 (36.5%)

Drinking Water Arsenic cut off 50 µg/L 0.4
<50 µg/L 886 (78.4%) 108 (81.8%) 61 (84.7%) 14 (70.0%) 1271 (79.6%)
≥50 µg/L 244 (21.6%) 24 (18.2%) 11 (15.3%) 6 (30.0%) 326 (20.4%)

** p-values from chi-squared or Kruskal–Wallis tests were calculated between levels each covariate or exposure
and adverse birth outcome.

3.1. Miscarriage and Drinking Water Arsenic

We used optimal full propensity score matched samples to compare different drinking
water arsenic levels against adverse pregnancy outcomes (Table 2). These analyses showed
that there was a potential threshold at 2.5 µg/L. The adjusted odds of miscarriage were 90%
(7–238%) higher among pregnant women exposed to ≥2.5 µg/L arsenic in drinking water
compared to those exposed to <2.5 µg/L. Pregnant women exposed to ≥5 µg/L of arsenic
in drinking water had 2.73 (1.49–5.02) times the adjusted odds of miscarriage relative to
those exposed to <5 µg/L. The odds of miscarriage were not significantly different at the
higher cutoff levels of 10 µg/L (adjusted odds ratio: 1.18, 0.60–2.30) and 50 µg/L (adjusted
odds ratio: 0.66, 0.33–1.33). Our analysis did not find a specific threshold of drinking
water arsenic levels which the odds of neonatal mortality, stillbirth, or preterm birth were
decreased or increased.

3.2. Miscarriage Sensitivity Analysis

Sensitivity analyses were conducted to determine the robustness of the drinking water
arsenic threshold on miscarriage between different modeling parameters (unmatched, full
matching, and nearest neighbor matching). Comparisons between model types, matching
diagnostics, and descriptive statistics between matched and unmatched cohorts is tabled in
the Supplemental Material. The unmatched sample was larger because matching resulted
in reducing the control group by 10 participants and the cases by 15 participants because
of missing covariate data for household income and cook fuel type. Besides the reduction
in sample size, there were little differences in the distribution of covariates between the
unmatched and matched samples (Table S1). Analyses for drinking water arsenic threshold
comparisons for those participants who experienced miscarriage were broken down and
compared by unmatched crude logistic regression, unmatched adjusted logistic regression,
nearest neighbor, and full propensity score matching methods in Supplementary Table S2.
Generally, we found that the unmatched unadjusted logistic regression models demon-
strated different effect sizes than the unmatched adjusted logistic regression. Our analyses
used different methods of propensity score matching (e.g., nearest neighbor and optimal
full matching). Standard mean differences reported in Supplementary Table S3 showed
that balance was achieved by optimal full matching rather than nearest neighbor matching.
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Table 2. Odds of adverse pregnancy risk based on cut-off regulatory/recommendation values for
drinking water arsenic for women in Bangladesh.

Goal or Regulatory Cut-off of Arsenic (µg/L)

1 µg/L 2.5 µg/L 5 µg/L 10 µg/L 50 µg/L

Below Above Below Above Below Above Below Above Below Above

Miscarriage †

(n = 132)

Yes 6 111 70 47 74 43 83 34 99 18

No 69 1051 569 551 617 503 691 429 878 242

Odds
Ratio 1.09 (0.69–1.73) 1.90 (1.07–3.38) 2.73 (1.49–5.02) 1.18 (0.60–2.30) 0.66 (0.33–1.33)

Stillbirth †

(n = 72)

Yes 20 46 41 25 42 24 46 20 56 10

No 309 811 569 551 617 503 691 429 878 242

Odds
Ratio 0.72 (0.36–1.43) 1.21 (0.60–2.43) 0.60 (0.28–1.30) 0.86 (0.44–1.71) 0.70 (0.31–1.59)

Preterm Birth *
(n = 260)

Yes 44 211 71 184 81 174 112 143 165 90

No 258 614 494 378 533 339 577 295 714 158

Odds
Ratio 1.06 (0.57–1.99) 1.06 (0.56–1.97) 1.44 (0.91–2.31) 1.04 (0.67–1.61) 1.43 (0.93–2.20)

Neonatal
Mortality
(n = 20) *

Yes 2 18 7 13 9 11 10 10 14 6

No 300 803 558 545 605 498 679 424 864 239

Odds
Ratio 3.36 (0.78–14.58) 1.90 (0.75–4.8) 1.48 (0.61–3.61) 1.60 (0.66–3.88) 1.55 (0.59–4.0706)

† Miscarriage and stillbirth propensity score matching and model covariates: age, BMI, income, education,
household cook fuel type, location of clinic, risk of previous miscarriage or stillbirth if not first child, parity,
and drinking water manganese. * Neonatal mortality and preterm birth propensity score matching and model
covariates: age, BMI, income, education, household cook fuel type, location of clinic, birth gestational age (neonatal
mortality only), birth either vaginal or cesarean, parity, sex of child, birthweight of child (kg), risk of previous
miscarriage or stillbirth if not first child, drinking water manganese, and blood lead. Sample sizes for each adverse
birth outcome: Miscarriage n = 1237, Stillbirth n = 1186, Preterm Birth n = 1127, Neonatal Mortality n = 1123.

4. Discussion

This preliminary analysis of the effect of arsenic exposure in drinking water and
adverse birth outcomes observed an increased risk of miscarriage in this Bangladesh cohort
when drinking water arsenic concentrations were above 2.5 µg/L. This risk dissipated at
higher concentrations which could indicate a non-linear or perhaps U-shaped exposure-
response relationship between drinking water arsenic concentrations and miscarriage.
Alternatively, the attenuation of the risk of miscarriage at higher concentrations could
also be a function of the underlying sample distribution. However, this finding is impor-
tant because it indicates that the Bangladesh drinking water regulatory levels of 50 µg/L
(and the WHO 10 µg/L guideline) was not protective against an elevated risk of miscar-
riage. Our analysis did not find a protective drinking water level for neonatal mortality,
stillbirth, or preterm birth. These adverse outcomes were rare in this population-based
prospective cohort of healthy women which resulted in a relatively limited sample size.
Thus, our findings should be considered preliminary with larger studies needed to confirm
our findings.

Our analysis focused on reproductive health outcomes which have been shown to
be influenced by arsenic and suggests that pregnant women are a particularly vulnerable
sub-group of the population that may not be protected by current drinking water arsenic
regulations. Currently, the human health risk assessment process that yields regulatory
drinking water recommendations in Bangladesh is based on the older US EPA cost–benefit
analysis that did not include epidemiological data from Taiwan. Additionally, the WHO
and US drinking water regulations are based on a cost–benefit that only included the
risk for lung and bladder cancer [9]. While the balance between health benefit and eco-
nomic reduction is delicate as the investment in filtration and water distribution can be
burdensome on communities [34] there is ample epidemiological data documenting that
arsenic exposure increases the risk of non-cancer health outcomes. Arsenic is known to
cross the placenta from mother to fetus [35], although it is not transferred from mother
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to child via breast feeding [36]. Numerous epidemiological studies in multiple popula-
tions have shown that prenatal arsenic is associated with a greater risk of preterm birth,
low birth weight, spontaneous abortion, and fetal loss [26,37–40]. In a systematic review
and meta-analysis by Quansah et al., elevated levels of drinking water arsenic exposure
(≥50 µg/L) was associated with increased risks of adverse pregnancy outcomes such as
spontaneous abortion (OR: 1.98, 95% CI: 1.27–3.10), reduction in birth weight (β: −53.2 g,
95% CI: −94.9, −11.4), and infant mortality (OR: 1.35, 95% CI: 1.12–1.62) [41], and neonatal
mortality (OR: 1.51, 95% CI: 1.28–1.78) [38,39,41–44]. Of the five studies from 2000-2015 of
neonatal mortality, three of the studies were based in Bangladesh or West Bengal, India,
while the other two were in Mongolia and Chile. There is growing evidence for arsenic’s
toxicity at lower levels of drinking water exposure (<10 µg/L). Within our research team,
Ahmed et al. showed for low-level drinking water arsenic exposure, a per unit increase in
natural log arsenic resulted in a hazard ratio of fetal loss/neonatal mortality of 1.35 (95%
CI: 1.08–1.69) between weeks 25–28 of gestation [40]. As a potential mechanism in adverse
pregnancy outcomes with altered immune systems, this cohort also saw a reduction in
immune response to vaccinations of diphtheria and tetanus with low-level drinking water
arsenic exposure [28]. There is a gap in knowledge of low-level arsenic exposure during
pregnancy and risk of fetal loss, preterm birth, and neonatal mortality within Bangladesh.

Our findings are consistent with other research groups in Bangladesh who have shown
that drinking water arsenic exposures are associated with adverse birth outcomes [41,45].
Most of the studies which have reviewed adverse birth outcomes focused on exposures
at or greater than 50 µg/L, leaving few studies comparing lower exposures with adverse
birth outcomes. Research studies tended to use values of >10 µg/L as referent groups
comparing to high exposures of drinking water arsenic [41,45]. A study of low to moderate
drinking water arsenic exposures in Romania did not show any association with miscar-
riage (OR = 0.98, 95% CI: 0.96–1.01, n = 150), a sample size of miscarriages similar to our
study [46]. Within this maternal-child cohort in Bangladesh, a common exposure path-
way for arsenic is from both contaminated drinking water and diet [47–49], which could
increase a mother’s internal arsenic exposure with higher toxicity. Previous work within
this cohort has demonstrated the moderate correlation between drinking water arsenic and
internal toenail measurements alluding to drinking water arsenic being one of the primary
sources for the mother’s exposure [26]. Outside of pregnancy outcomes, neurological
studies in the US have shown low arsenic exposure between 5–10 ug/L was associated
with 6.09 points lost on Full Scale IQ points (95% CI: −9.99–−2.19) and other neurological
parameters [50] which points to long term consequences from prenatal arsenic exposure.
Experimental studies also show that arsenic is toxic to fetal development and survival of
newborn pups [51,52]. Specifically, arsenic influences fetal programming and development
via increased telomerase activity, diminishing immune development in mother, increas-
ing oxidative stress, reducing hormone activities such as estrogen and glucocorticoids,
modulating ovarian development, and changes in DNA methylation [53–59].

Propensity score matching was used within this cohort to address residual confound-
ing. As mentioned previously, our non-matched logistic regression models did not show
significant odds of miscarriage compared to those regressions using propensity score match-
ing. The one significant predictor in our models with arsenic exposure was location of
clinic for either Pabna or Sirajdikhan. While Bangladesh tends to have a fairly homogenous
culture and practices, especially among these more rural areas, they do differ. Pabna is
a more rural community with more farmers while Sirajdikhan is more peri-urban and
closer to the capital city of Dhaka. Exposure profiles also differ between these two loca-
tions beyond arsenic. The use of propensity score matching by full matching allowed for
more specific comparisons of location and exposure to measure odds of miscarriage in our
models. Additionally, full matching allowed for more flexibility of matching where all data
was used and matching at least one control to each case. Propensity score matching is not
without its downsides. Researchers pointed out that “greedy” propensity score matching
such as nearest-neighbor can exclude many data points but also reduce the bias of having
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lessor matches of controls in cohort studies [60]. Our approach of using full matching used
most of the data and allowed for more flexibility between matching of cases to controls,
where we saw the best balance between the exposed and non-exposed groups [61,62]. Our
use of full matching allowed for lowered standard mean differences and better graphical
observations while reducing the variances (while using robust variance estimators) and
increasing effect sizes [63]. The exposure of arsenic was common within our cohort, as we
did not specify a “treated” and “untreated” grouping, rather based on a cut-off value of
exposure [64].

It is also worth noting that our population-based sample included a largely healthy
birth cohort of pregnant women. There was no tobacco use and very little preexisting
conditions such as underweight or overweight, diabetes, or hypertension. Very few women
were hypertensive during pregnancy, developed gestational diabetes, or developed pre-
eclampsia. Our exposure assessment utilized individual level drinking water arsenic
measurements. This does introduce some exposure misclassification because it does not
include dietary intake. However, previous studies in the cohort demonstrated the high
correlation between drinking water and internal toenail arsenic exposures, identifying
drinking water as one of the main sources of exposure [65]. There is potential for alternative
sources of arsenic from diet or lifestyle factors to influence the body burden of arsenic
which was not explored in this study.

There are several limitations in this study. Due to low number of neonatal mortality
cases (n = 20), we were only able to compare proportions of matched cases and controls in
association models. Future studies with larger sample sizes of adverse birth outcomes such
as neonatal mortality and stillbirth could possibly see a threshold value in the examples
we used. We were unable to use toenail arsenic exposures in our study as individuals that
experienced miscarriage or stillbirth did not have measurements taken after birth. The
use of propensity scores allowed our results to be significant with an alpha of 0.05, where
traditional adjusted logistic regression models were null. The direction of the effect size
was similar between the two methods, the use of propensity scores creates dependent
study samples which are not comparable to the entire population. There is a chance
that k:1 propensity score matching could increase bias of the estimation with additional
matches beyond 1:1, yet full matching relaxes that assumption [60]. Additionally, with
the use of propensity scores, we were not able to review a continuous exposure of arsenic,
only between a cut off value which lowers the ability to see specific changes in odds of
an outcome. Our sample was comprised almost entirely of Muslim women who do not
partake in smoking or alcohol consumption. On the advice of our community advisory
boards, questions regarding these questions were not included in our surveys because
they would be unnecessary and offensive to the participants. However, our analyses did
examine exposures from burning biomass with cookstove type and included as a covariate
in our models.

5. Conclusions

Women during pregnancy are vulnerable to environmental contamination through
ingestion of drinking water and this vulnerability is not currently taken into consideration
when establishing drinking water guidelines. We observed that the odds of miscarriage in-
creased when drinking water arsenic was above 2.5 µg/L, a concentration that is well below
the current WHO’s provisional drinking water guideline and Bangladesh’s drinking water
recommendations. Our findings are preliminary because of the relatively small number of
adverse birth outcomes observed in this cohort but it helps support the understanding of
low-level arsenic exposures and associations with adverse pregnancy outcomes, not just at
higher levels of over 50 µg/L. While pregnant women are still exposed to unsafe levels of
arsenic around the world, clinicians and providers need to be aware of all levels of arsenic
exposure to reduce adverse effects and support healthy pregnancies.
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