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BACKGROUND: Chronic arsenic exposure has been associated with an increased risk of cardiovascular disease; diabetes; cancers of the lung, pancreas
and prostate; and all-cause mortality in American Indian communities in the Strong Heart Study.

OBJECTIVE: The Strong Heart Water Study (SHWS) designed and evaluated a multilevel, community-led arsenic mitigation program to reduce arsenic
exposure among private well users in partnership with Northern Great Plains American Indian Nations.
METHODS: A cluster randomized controlled trial (cRCT) was conducted to evaluate the effectiveness of the SHWS arsenic mitigation program over a
2-y period on a) urinary arsenic, and b) reported use of arsenic-safe water for drinking and cooking. The cRCT compared the installation of a point-
of-use arsenic filter and a mobile Health (mHealth) program (3 phone calls; SHWS mHealth and Filter arm) to a more intensive program, which
included this same program plus three home visits (3 phone calls and 3 home visits; SHWS Intensive arm).
RESULTS: A 47% reduction in urinary arsenic [geometricmean ðGMÞ=13:2 to 7:0 lg=g creatinine] was observed from baseline to the final follow-up
when both study arms were combined. By treatment arm, the reduction in urinary arsenic from baseline to the final follow-up visit was 55% in the
mHealth and Filter arm (GM=14:6 to 6:55 lg=g creatinine) and 30% in the Intensive arm (GM=11:2 to 7:82 lg=g creatinine). There was no signifi-
cant difference in urinary arsenic levels by treatment arm at the final follow-up visit comparing the Intensive vs. mHealth and Filter arms: GM ratio
of 1.21 (95% confidence interval: 0.77, 1.90). In both arms combined, exclusive use of arsenic-safe water from baseline to the final follow-up visit
significantly increased for water used for cooking (17% to 53%) and drinking (12% to 46%).

DISCUSSION: Delivery of the interventions for the community-led SHWS arsenic mitigation program, including the installation of a point-of-use ar-
senic filter and a mHealth program on the use of arsenic-safe water (calls only, no home visits), resulted in a significant reduction in urinary arsenic
and increases in reported use of arsenic-safe water for drinking and cooking during the 2-y study period. These results demonstrate that the installa-
tion of an arsenic filter and phone calls from a mHealth program presents a promising approach to reduce water arsenic exposure among private well
users. https://doi.org/10.1289/EHP12548

Introduction
In the United States, >2million individuals use private wells with
arsenic levels above the US Environmental Protection Agency
(EPA) guideline for drinking water (<10 lg=L).1 Arsenic is a
highly toxic and carcinogenic element, classified as the top hazard-
ous substance by the Agency for Toxic Substances and Disease

Registry.2 The US EPA mandates for potable water regulate only
public water supplies; therefore, the burden lies with private well
users to ensure drinking water safety. Arsenic in drinking water
disproportionately affects rural populations relying on private wells,
including American Indian communities.3–7 The Strong Heart Study
(SHS), conducted in partnershipwithAmerican Indian communities,
found an association between arsenic exposure and cardiovascular
disease8–10; diabetes prevalence and control11; albuminuria and
kidney disease12,13; lung function measures14; neurological out-
comes15,16; cancers of the lung, pancreas and prostate17; and all-
cause mortality.18 These findings demonstrate the urgent need for
interventions to reduce arsenic exposure in these communities.

Despite the growing evidence on the health implications of
chronic arsenic exposure, there has been limited research focused
on developing and evaluating effective interventions to reduce ar-
senic exposure for privatewell users in theUnited States.Most pre-
vious studies have focused on evaluating the effectiveness of
arsenic filters in reducing water arsenic exposure, but not on devel-
oping approaches to ensure sustained use of filters over time in a
way that will effectively reduce arsenic exposure.19–23 Some stud-
ies, mostly cross-sectional, have investigated the psychosocial fac-
tors associated with an individual’s or household’s decision to use
an arsenic-safe drinking water source.19–28 However, few of these
studies, existing in Bangladesh only, took the important next step
of developing interventions targeting the psychosocial factors
associated with using arsenic-safe water.29–31 Furthermore, the
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only randomized controlled trials (RCTs) of arsenic interventions
were conducted in South Asia, and they have mostly focused on
switching from arsenic-contaminated to alternative, arsenic-safe
drinking water sources.32–35 One such trial in Bangladesh of ar-
senic filters made from sand and iron found small, nonsignificant
reductions in urinary arsenic 1 month after installation, which atte-
nuated thereafter.35 Research is needed on the design and imple-
mentation of evidence-based arsenic interventions for private well
users in the United States.

The objective of the Strong Heart Water Study (SHWS) was to
design and evaluate a multilevel, community-led arsenic mitigation
program to reduce arsenic exposure among private well users in part-
nership with American Indian communities that participated in the
SHS in the Northern Great Plains. As part of the SHWS program, a
water arsenic testing program of 440 wells in the community found
that 29% of private wells within SHS partner communities had ar-
senic levels of >10 lg=L.36 The interventions delivered as part of the
SHWS program were designed through formative research that
included semi-structured interviews, community workshops, and a
pilot study, described in detail by Thomas et al.37 A community-led
approach for intervention design and implementation ensured the
intervention targeted the needs of the community. The SHWS pro-
gram interventions included water arsenic testing, installation of a
point-of-use (POU) arsenicfilter, amobileHealth (mHealth) program
(phone call reminders), video testimonials from community mem-
bers, home visits, and intervention promotional materials designed to
facilitate arsenic-safe water use for all drinking and cooking. In the
pilot study of the program, the intervention had high acceptability
among participants.37 In addition, the installed POU arsenic filters
performedwell over the 9-month pilot period,with nofilter failures.38

This present study evaluated the impact of the interventions
delivered as part of the SHWS arsenic mitigation program on the
following main outcomes: a) urinary arsenic (a biomarker of ar-
senic exposure and internal dose), and b) self-reported use of
arsenic-safe water for drinking and cooking. We hypothesized
that delivery of the SHWS interventions would reduce arsenic ex-
posure and internal dose among private well users.

Methods

Study Design
Complete study methods have been previously described.39–41 In
summary, a two-arm cluster RCT (cRCT) was conducted in a
Northern Great Plains American Indian Nation from July 2018 to
May 2021, where a cluster was a household (ClinicalTrials.gov
Identifier: NCT03725592). Households were recruited through a
community-led water arsenic testing program.36,38 The cRCT
compared the installation of a POU arsenic filter with an accom-
panying mHealth program of three phone calls (mHealth and
Filter arm) to a more intensive program, which included this
same intervention plus three home visits, four video testimonials
from community members, and intervention materials (e.g., mug,
tankard) (Intensive arm). The SHWS intervention was designed
to be delivered over a 12-month period. Informed consent was
obtained for all participants. The ethical review boards of the
Johns Hopkins Bloomberg School of Public Health, the Great
Plains Indian Health Service, and the Tribal Research Review
Board approved study procedures.

Participants
Households residing in an American Indian Nation in the Northern
Great Plains who used a private well for drinking were eligible to
have their well tested for arsenic and uranium to identify house-
holds eligible to receive a POU arsenic filter. The SHWS is a

separate study occurring in the same communities and via the same
networks as the SHS but which enrolled additional new households
and participants. Only four households participated in both the
SHWS and the SHS. FromApril 2014 toMay 2021, drinking water
from the kitchen faucet of 440 households was tested for arsenic
and uranium.36 This sample size was based on the number of
households interested in water quality testing of private wells at
our study site. All water arsenic analyses were performed by induc-
tively coupled plasmamass spectrometry (ICP-MS). To be eligible
for the SHWS cRCT, households had to a) have water samples
above the maximum contaminant level (MCL) of 10 lg=L for ar-
senic and below the MCL of 30 lg=L for uranium, b) have ≥1
adult (≥18 years) of age eligible and willing to participate, c) have
indoor plumbing and a permanent heat source, d) have ≥1 house-
hold member(s) self-identify as American Indian, and e) be willing
to grant study members access to the interior of their household for
eligibility screening, filter installation, and data collection. In addi-
tion, participants had to plan to reside in the household for the next
12 months and reside in the residence for ≥4 d=wk year-round
(i.e., in all seasons). Uranium was included in the water quality
analysis because the selected POU arsenic filters did not remove
uranium from water, and elevated uranium levels were a concern
in our study setting.36 Households with elevated uranium were
referred to their local Tribal Water Resource Department, given
that these households needed to receive a separate water treatment
device from the one offered by the SHWS program. Households
were enrolled in the SHWS cRCT between July 2018 and
November 2019.

Randomization and Masking
Block randomization was performed at the household level,
stratified by the presence of a 10- to 17-y-old child in the house-
hold, after baseline activities were completed and the POU ar-
senic filter was installed. Randomly varying block sizes of 2, 4,
and 6 were used to reduce bias and achieve overall balance of
this age group in the allocation of the households to the two study
arms. The study biostatistician (L.H.M.) provided the randomiza-
tion list, which was produced using a pseudo-random number
generator. Sealed opaque envelopes including the randomization
assignment for each household were given to the project coordi-
nator (T.Z.). The sealed envelopes were opened in the order pro-
vided only after baseline activities were completed and the POU
arsenic filter was installed in the household.

Intervention Procedures
The formative research conducted to develop the SHWS arsenicmit-
igation program and a detailed description of intervention develop-
ment is published elsewhere.37,38 In brief, the SHWS arsenic
mitigation was developed through community-centered participa-
tory formative research using a theory-driven approach and guided
by an ecological conceptual framework.42,43 The SHWS interven-
tion focused on four key behaviors: a) obtaining an arsenic test for
private wells, b) installing a POUarsenic filter, c) drinking and cook-
ing with arsenic-safe water, and d) changing the POU arsenic filter
cartridge after 12months.

Households who enrolled in the study received a Multipure
(model CB-As-SB) POU filtration system, which was installed
under the kitchen sink/faucet area. The Multipure Drinking
Water System is a POU system designed to remove arsenic from
water using an adsorptive media filter. An adsorptive media filter
was selected because of concerns raised by community members
during formative research on how reverse osmosis could impact
the taste of drinking water.37 The specific filter was also selected
owing to considerations of cost, ease of use and installation, and
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the limited change to the taste of the water. The Tribal Housing
Authority through funding from Indian Health Service oversaw
the installation of the POU arsenic filter. The filter was installed
under the kitchen sink connected to a filter faucet alongside the
kitchen faucet for individuals to use for drinking and cooking
water. The regular kitchen faucet could still be used for nonpot-
able water purposes, such as washing dishes, washing hands,
and household cleaning, to reduce the use burden of the filter
device and increase its life span. Tribal Housing Authority
plumbers from the community installed the POU arsenic filters
and provided households with a replacement cartridge and the
manufacturer’s instruction manual on how to use the device
(e.g., collect water from the filter faucet and replace the car-
tridge). Three households requested and had their refrigerator
filter and icemaker connected to the arsenic filter.

Both study arms (the mHealth and Filter arm and the Intensive
arm) received the POU arsenic filter, replacement cartridge, and
the manufacturer’s instruction manual (Figure 1). Both arms also
received a Frequently Asked Questions document with informa-
tion on arsenic exposure and the POU filter, and the number for
the toll-free wellcare hotline (https://www.wellcarehotline.org).
Health promoters fromMissouri Breaks Industries Research Inc.,
a local American Indian-owned and run research organization,
performed calls and conducted home visits for SHWS program
delivery. The mHealth and Filter arm received phone calls from a
health promoter at 2 wks, 3 months, and 5 months post-installation
(3 calls) to encourage use of the filter faucet for all water used for
drinking and cooking inside the home, and to remind households
when to change theirfilter cartridge. These time pointswere selected
based on our previous formative research.37 The objective of this
series of contacts was to encourage adoption and maintenance
of an arsenic-safe water source for all drinking and cooking, as
well as to address challenges that the household encountered.

The Intensive arm also received the same mHealth program
with phone calls scheduled at 2 wks, 3 months, and 5 months post-
installation, with the addition of home visits within 2 wks of device
installation and 1- and 6-months post-installation (3 home visits

and 3 phone calls), video testimonials, and intervention materials.
During home visits, health promoters showed three videos promot-
ing the use of arsenic-safe water. These videos were developed by
our research team in collaboration with community partners during
our formative research, and all videos included community mem-
bers. The first videowas shownwhen the POU arsenic filter was in-
stalled in the home and included testimonials from community
elders and a tribal leader, who were also private well users, discus-
sing arsenic toxicity and the importance of using arsenic-safewater
for drinking and cooking. The second video was delivered during
the home visit at 1-month post-installation and included testimoni-
als from POU arsenic filter recipients on overcoming challenges
they had encountered with drinking and cooking with arsenic-safe
water. The third video, delivered at 6-months post-installation dur-
ing home visits and through text messages and social media
(Facebook), was on how to change the arsenic filter cartridge.
During the COVID-19 pandemic, in September 2020, a fourth video
was created encouraging households to continue using their POUar-
senic filter throughout the pandemic. This fourth video was deliv-
ered through text messages and Facebook to all enrolled Intensive
arm households, regardless of the follow-up time point. Last,
Intensive arm households also received intervention promotional
materials (mugs, water bottles, window clings, and a tankard) as
cues to drink and cook with arsenic-safe water. Health communica-
tion encouraged households to use arsenic-safe water from the filter
faucet for preparing all drinks and food where water was required
(e.g., tea, coffee, rice, and soup).

Evaluation Procedures
Prior to the installation of the POU arsenic filter, household mem-
bers received a baseline evaluation visit, which included a study
questionnaire, clinical exam, and urine collection. The study ques-
tionnaire collected information on individual and household demo-
graphic factors (e.g., age, smoking history), drinking and cooking
water use and sources, and health history. The clinical exam
included weight, height, and blood pressure measurements. A

Figure 1. Overview of Strong Heart Water Study (SHWS) program activities. The SHWS took place between July 2018 and May 2021. A total of 84 total par-
ticipants were enrolled. Note: FAQ, frequently asked questions; mHealth, mobile Health; POU, point-of-use.
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follow-up visit was planned 6 months and 2 y after the installation
of the POU arsenic filter. The COVID-19 pandemic, however,
delayed follow-up visits. During follow-up visits, participants
were administered another questionnaire on demographic factors,
drinking and cooking water use and sources, and health history. A
urine sample was collected during follow-up visits.

Arsenic Measurements
Spot urine samples were collected at baseline and at 6 months to
2 y after enrollment using acid-washed containers.7,44 The urine
samples were put in cooler boxes with ice packets immediately
upon collection, transported to our local laboratory at Missouri
Breaks Industries Research Inc. and frozen at −20�C within 2 h
of collection. Samples were shipped on dry ice to Columbia
University for arsenic analysis. In brief, the following procedures
were carried out with urine samples from the SHWS using urine cer-
tified referencematerials (CRMs), andmethod blanks; further details
are provided in the Supplemental Material in “Supplementary File
S1.”An aliquot of urine (100 lL) was treated with hydrogen perox-
ide at 60°C for 30min, before dilution to the 5-fold volume. Samples
were analyzed using high-performance liquid chromatography
(HPLC) coupled to elemental detection using ICP triple quadrupole
MS (ICPMS/MS). Separation of individual arsenic species was per-
formed on an Agilent 1260 Infinity-II BioInert series system using a
Hamilton PRP-X100 (250× 4:1 mm, 10 lm particles) analytical
column under isocratic elution conditions applying an aqueous mo-
bile phase containing 10mM phosphate, 10mM nitrate, and 0.5%
vol acetonitrile adjusted to pH 9.1. Detection of individual ar-
senic species was performed on an Agilent 8900 series ICPMS/
MS system after HPLC separation. Arsenic species were detected
in oxygen reaction mode by monitoring the mass transitions m/z
75 to 91 (75As), 77 to 93 (77Se and 40Ar37Cl), 82 to 98 (82Se),
and 53 to 69 (40Ar13C). Quantification was performed after
external calibration in matrix-matched mixed arsenic species
standards for arsenobetaine (AB), dimethylarsinic acid (DMA),
monomethylarsonic acid (MMA), and arsenate [As(V)]. The
minimum detection limits (MDLs) for this method were deter-
mined to be 0:02 lg As L-1 urine (AB, DMA, and MMA) and
0:03 lg As L-1 urine [As(V)]; minimum quantitation limits
(MQLs) for this method were 0:05 lg As L-1 urine (AB and
MA), 0:06 lg As L-1 urine (DMA), and 0:08 lg As L-1 urine [As
(V)]. Accuracy of the method for arsenic speciation analysis was
determined based on the five urinary CRMs (n=12 each) and
resulted in accuracies [mean± standard deviation ðSDÞ] of
101± 12%, 100± 10%, 93 ± 9%, and 98±16% for AB, DMA,
MMA, and As(V), respectively. Intraday and interday coeffi-
cients of variation (CVs) were calculated based on the five cer-
tified reference urines (n=12 each) and resulted in mean
intraday CVs of 1.7%, 1.9%, 2.5%, and 2.1% and interday CVs
of 2.9%, 3.2%, 4.0%, and 3.8% for AB, DMA, MA, and As(V),
respectively. A total of one monomethylarsonic acid (MMA)
and four inorganic arsenic (iAs) samples were between the
MQL and the MDL and were calculated as the mean (MQL to
MDL). One sample was below the MDL for iAs, and it was cal-
culated as the MDL divided by the square root of 2.

Urinary arsenic was defined as the sum of iAs (in micro-
grams per gram creatinine), MMA, and DMA measurements.
Arsenic speciation allowed for distinguishing inorganic arsenic
(iAs, the sum of arsenite and arsenate), MMA, DMA from or-
ganic arsenicals such as arsenobetaine and other arsenic cations,
which are considered to be nontoxic. To assess arsenic metabo-
lism (a measure of how the body is transforming iAs into meth-
ylated species, with MMA being considered a more toxic
intermediate species and DMA a less toxic species that is easier
to eliminate from the body), the proportions of urine iAs,

MMA, and DMA over the sum of inorganic and methylated
species was used to calculate iAs%, MMA%, and DMA%
(which sum to 100%). Finally, urinary creatinine was measured
using the Mindray BS-200 Chemistry Analyzer (to account for
measurement error due to urine dilution) at the Biomarker,
Biochemistry, and Biorepository Core at Medstar Health. The
testing value range was 1:0–250 mg=dL creatinine in urine.

Outcomes
Primary outcomes were a) changes in urinary arsenic from base-
line to the final follow-up visit (before and after installation of
the filter) in household members pooled and by study arm, and
b) urinary arsenic at the final follow-up visit by study arm. The
secondary outcomes were related to a) arsenic metabolism—
change in iAs%, MMA%, and DMA% [95% confidence interval
(CI)] from baseline to the final follow-up visit (before and after
installation of the filter) in household members pooled and by
study arm—and iAs%, MMA%, and DMA% at the final follow-up
visit by study arm; and b) use of arsenic-safe water for drinking,
cooking, and both drinking and cooking—change in exclusive use
of arsenic-safe water from baseline to the final follow-up visit in
household members pooled and by study arm—and exclusive use
of arsenic-safe water at the final follow-up visit pooled and by study
arm. Exclusive use was defined as a) exclusive use of arsenic-safe
water for drinking, b) exclusive use of arsenic-safe water for cook-
ing, and c) exclusive use of arsenic-safe water for both drinking and
cooking. Arsenic-safe water sources included use of the POU ar-
senic filter faucet, bottled water, or the municipal water system, and
arsenic-unsafe sources included use of the kitchen faucet, bathroom
faucet, and refrigerator filter or icemaker (if not reported to be con-
nected to the POU arsenic filter).

Power Calculation
Based on our pilot data, we estimated that 520 households of our
partner in the Northern Great Plains American Indian Nation
would be using private wells that exceeded the US EPA arsenic
limit of 10 lg=L. We estimated that 55% of these households
would be eligible and willing to participate. We thus expected to
have a sample size of 300 households for the study (150 per arm).
Based on SHS follow-up data at the time the study started, we
anticipated a 10% loss to follow-up, resulting in 135 households
per study arm. We planned to recruit up to two individuals per
household (owing to budgetary constraints). Assuming an intra-
cluster correlation of 0.5 in urinary arsenic concentrations
within households and a SD of 10 lg=L in total urinary arsenic
(A. Navas-Acien, personal communication), and type 1 error of
0.05, we estimated that we would have 80% power to detect a dif-
ference in mean urinary total arsenic concentrations of 3 lg=L
between the two study arms. Within study arms, assuming a
within-person correlation of 0.5 and within-household correla-
tion of 0.5 for urinary total arsenic and similar assumptions as
above, we would have 90% power to detect a 2:5-lg=Lmean dif-
ference in urinary total arsenic between baseline and follow-up.
Similarly, for secondary outcomes, we anticipated having 80%
power to detect differences in distributions of continuous out-
comes of 0.3 SDwhen measured among all participants.

Statistical Analysis
The main analysis for the primary outcomes of changes in urinary
arsenic from baseline to the final follow-up visit and comparing
participants in the mHealth and Filter arm vs. the Intensive arm
at the final follow-up visit was performed on the modified intent-
to-treat ITT (mITT) population: those household members with
baseline and follow-up urine samples. We also report all
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descriptive results for all participants at baseline even if we did
not obtain their follow-up urine samples. Linear regression mod-
els were performed to evaluate the change in log-transformed uri-
nary arsenic per gram urine creatinine and percentages of iAs,
MMA, and DMA from baseline to the final follow-up visit and
between study arms at the final follow-up visit. For the model
using log-transformed urinary arsenic per gram urinary creatinine,
we exponentiated the beta coefficient to estimate the GM ratio,
which represents the relative difference between time points and
study arms and is easier to interpret than a mean difference in log
units. For the percentages of iAs, MMA, and DMA, the beta coef-
ficients are interpreted as mean differences. The change in self-
reported exclusive arsenic-safe water use (for items used for cook-
ing, items used for drinking, and a combination of both cooking
and drinking items) in the home from baseline to the final follow-
up visit and between study arms at the final follow-up visit was
evaluated with logistic regression.

Generalized estimating equations with an exchangeable correla-
tion matrix were used for all regression analyses to account for the
within-household correlation. Urinary arsenic study outcomes are
shown adjusted for sociodemographic factors (sex and age) and life-
style factors [ever smoking and baseline body mass index (BMI)].
Selection of covariates was completed during the development of
the DataAnalysis Plan prior to analysis based on previous studies of
urinary arsenic levels in American Indian communities.7,45,46 The
final follow-up visit for all participants was used to evaluate study
outcomes. Analysis was completed using SAS statistical soft-
ware (version 9.4; SAS Institute, Inc.) and figures were produced
in R (R 4.2.1 Development Core Team 2022).

Results
Between July 2018 and March 2020, 114 households were identi-
fied as eligible to participate in the study because they had kitchen
faucet water arsenic concentrations of >10 lg=L (26% of the 440
households screened for arsenic) and uranium concentrations of
<30 lg=L (Figure 2). Forty-four percent (50/114) of households
were enrolled prior to the COVID-19 lockdown in March 2020,
which prematurely ended our study recruitment activities. Among
the 84 participants residing in the 50 households enrolled in the
study, 51 participants from 27 households were randomized to the
mHealth and Filter arm and 33 participants from 23 households
were randomized to the Intensive arm. The mean±SD (mini-
mum–maximum) household size at baseline was 3± 2 (1–8) indi-
viduals. The mean±SD age for study participants was 54± 19 y,
with 6 participants 12–17 years of age (Table 1). Fifty-four percent
(45/84) of participants were female, 82% (69/84) reported ever
smoking, 49% (41/84) had hypertension, and 38% (32/84) had a
mean BMI >30 kg=m2. The mean±SD (minimum–maximum)
follow-up duration from baseline to the final follow-up visit for
study participants was 23:7± 6:2 (8.8–32.5) months. Participants
in the mHealth and Filter arm vs. the Intensive arm reported
higher levels of education (53% vs. 30% more than a high school
education) and had higher BMI (31 vs. 28 kg=m2). Baseline char-
acteristics by quartile of water arsenic is reported in the Excel
Supplemental Material in Supplementary Table S1.

Eighty-two participants had a urine sample available at baseline
and 74 had a urine sample from a follow-up visit. Participants in the
highest urinary arsenic quartile had higher water arsenic, were older,
were more educated, had lower BMIs, and reported less water use

Figure 2. The Strong Heart Water Study randomized controlled trial profile and analysis population for primary outcomes, June 2016–May 2021. Household
assessment for eligibility began in June 2016, and the trial completed in May 2021. Note: mHealth, mobile Health.
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outside home compared with the other quartiles (Excel Supplemental
Material, Supplementary Table S2). The geometric mean (GM) for
urinary arsenic at baseline was 13:2 lg=g creatinine (Table 2 and
Figure 3A), with no significant difference at baseline by study arm
(p=0:25). A 47% reduction in GM for urinary arsenic per gram cre-
atinine was observed from baseline to the final follow-up when both
study arms were combined (13.2 to 7:0 lg=g). This reduction was
55% in the mHealth and Filter arm (GM=14:6 to 6:55 lg=g creati-
nine) and 30% in the Intensive arm (GM=11:2 to 7:82 lg=g creati-
nine) (Figure 3B). There was a significant decline in mean MMA
% from baseline to the final follow-up visit when both study
arms were combined [percentage point change: −1:21 (95% CI:
−2:16, −0:25)], and for the Intensive arm [−2:27 (95% CI:
−3:79, −0:74)] (Table 3). There was also a significant decline in
mean iAs% from baseline to final follow-up in the mHealth and
Filter arm [−2:61 (95% CI: −5:07, −0:16)]. There was no statis-
tically significant difference in total urinary arsenic levels per
gram creatinine between study arms at the final follow-up visit
[GM ratio of Intensive to mHealth and Filter: 1.21 (95% CI:
0.77, 1.90)] (Table 4).

Participants who reported exclusive use of arsenic-safe water for
cooking, drinking, and cooking and drinking combined at the final
follow-up visit had significantly lower urinary arsenic levels per
gram creatinine at this time point compared with those who did not
report exclusive use (Excel Supplemental Material, Supplementary
Table S3). Participants reported increases in exclusive use of
arsenic-safewater frombaseline to the final follow-up visit for drink-
ing (12% to 46%), for cooking (17% to 53%), and when this measure

was combined (11% to 42%) (Table 5). Therewas no statistically sig-
nificant difference between study arms in exclusive use of arsenic-
safe water for drinking, cooking, or both drinking and cooking at the
final follow-up visit (Table 6). At the final follow-up visit, 53% (24/
45) of participants in the mHealth and Filter arm and 52% (14/27) of
participants in the Intensive arm reported exclusive arsenic-safe
water use for cooking (OR = 0.94; 95% CI: 0.31, 2.82), 47% (21/45)
and 44% (12/27) for drinking (OR = 0.91; 95% CI: 0.29, 2.90), and
42% (19/45) and 41% (11/27) for both drinking and cooking (OR =
0.94; 95% CI: 0.30, 2.96), respectively. For drink items prepared at
home using water, reported use of arsenic-safe water for making tea
increased from 20% at baseline to 72% at the final follow-up visit, for
making juices increased from 18% to 75%, for making ice increased
from 13% to 62%, and for making powdered milk increased from
15% to 60% (Excel Supplemental Material, Supplementary Table
S4). For changes in food items prepared at home using water,
reported use of arsenic-safe water for making rice increased from
16% to 82%, for making baked goods increased from 17% to 85%,
for making soup increased from 15% to 79%, for making gravy
increased from 19% to 77%, and for making pasta increased from
15% to 76%. Findings were similar when stratified by study arm
(Excel Supplemental Material, Supplementary Table S5).

Discussion
In our RCT, delivery of the SHWS arsenic mitigation program
significantly reduced urinary arsenic and MMA% and increased
reported exclusive use of arsenic-safe water for drinking and
cooking during the 2-y follow-up period. There was no statisti-
cally significant difference between delivery of the SHWS pro-
gram with installation of a POU arsenic filter and mHealth
compared with the more intensive intervention with home visits
by a health promoter. This result shows that reductions in arsenic
exposure are possible without home visits by a health promoter
for program delivery and suggests that mHealth and the installa-
tion of a POU arsenic filter may present a promising approach to
deliver health promotion for household arsenic mitigation pro-
grams. To the best of our knowledge, this is the first RCT of an
arsenic mitigation program in the Americas. Our findings dem-
onstrate that the SHWS program can be delivered to households
to reduce arsenic exposure in our partner American Indian
communities.

We attribute the success of the SHWS program to the
community-led, participatory design for program development and
implementation. The participatory approach for intervention develop-
ment engaged community members through community workshops,
interviews, and a pilot study.37 Interviews helped to identify the facil-
itators and barriers to using arsenic-safe water in the community.
During workshops, community members ranked their priorities
related to water quality and their preferred communication chan-
nels for program delivery and selected and finalized intervention
content. The pilot study then allowed us to determine acceptability
and operability of the program in the community and identify areas
for further refinement before program implementation. To ensure a

Table 2. Geometric mean (GM) and adjusted GM ratio of urinary arsenic (lg=g creatinine) overall and by study arm comparing baseline [before Strong Heart
Water Study (SHWS) intervention] to final follow-up for participants in the SHWS randomized controlled trial (N =82).

Arm

Urinary arsenic GM (range) Adjusted linear regressiona

n Baseline n Follow-up n GM ratio (95% CI) p-Value

Overall 82 13.2 (0.21–136.4) 74 7.00 (1.45–46.7) 74 0.52 (0.39, 0.69) <0:001
mHealth and Filter arm 50 14.6 (0.21–136.4) 46 6.55 (1.51–46.7) 46 0.43 (0.28, 0.66) <0:001
Intensive arm 32 11.2 (3.17–44.1) 28 7.82 (1.45–32.7) 28 0.71 (0.55, 0.92) 0.011

Note: BMI, body mass index; CI, confidence interval; GM, geometric mean.
aUrinary arsenic was defined as the sum of inorganic arsenic (iAs) (lg=g creatinine), monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA) measurements, with GMs
reported. Adjusted for sociodemographic factors (sex and age) and lifestyle factors (ever smoking and baseline BMI), and study arm. Urinary arsenic is log-transformed for analysis.
Regression analyses were performed using generalized estimating equations to account for clustering at the household level using an exchangeable correlation.

Table 1. Baseline Strong Heart Water Study randomized controlled trial
participant characteristics overall and by study arm (N =84).

Characteristic Overall
mHealth and
Filter arm

Intensive
arm

Participants 84 51 33
Households 50 27 23
Age (y) 54± 19 58± 19 48± 18
12–17 6 (7) 4 (8) 2 (6)
>18 78 (93) 47 (92) 31 (94)

Female 45 (54) 27 (52) 18 (55)
Education
High school or less 47 (56) 24 (47) 23 (70)
More than high school 37 (44) 27 (53) 10 (30)
Ever smoked 69 (82) 41 (80) 28 (85)
BMI (kg=m2) 30± 8 31± 9 28± 7
Overweight (BMI ≥25) 59 (71) 36 (70) 23 (70)
Obesity (BMI ≥30) 32 (38) 23 (45) 9 (27)
Hypertensiona 41 (49) 23 (45) 18 (55)
Systolic bp 129± 19 129± 20 128± 18
Diastolic bp 77± 12 76± 12 78± 13
Household water arsenic (lg=L)

[mean±SD (min–max)]b
20:8± 29:4
(6.0–210.0)

24:8± 38:0
(6.0–210.0)

15:2± 4:0
(8.5–22.8)

Note: Values given as n, n (% of total), or mean (standard deviation). BMI, body mass
index; bp, blood pressure; max, maximum; min, minimum; SD, standard deviation.
aBased on average systolic bp >130 or diastolic bp >80 during three consecutive
readings.
bHousehold water arsenic reported at the household level.
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community-led approach for program implementation, community
members employed by Missouri Breaks Industries Research Inc.
led the implementation of the water arsenic testing program and
delivered the intervention content during phone calls and home vis-
its, and community plumbers from the Tribal Housing Authority
installed POU arsenic filters. Our qualitative evaluation of the
SHWS program found that this community-led approach allowed
for social ties to be leveraged in the community for program deliv-
ery and built community trust in the SHWS program.40 Additional
results from the SHWS, reported elsewhere, found that the pro-
gram significantly increased perceived vulnerability to arsenic ex-
posure and self-efficacy to use the arsenic filter and that these
psychosocial factors were associated with higher exclusive use of
arsenic-safe water at follow-up.41 This suggests that increased per-
ceived vulnerability and self-efficacy following delivery of the
SHWS program were likely important contributors to the high use

of arsenic-safe water and subsequent reductions in urinary arsenic
at the final follow-up visit, further emphasizing the importance of
our tailored intervention design centered around the community.

The 47% reduction in urinary arsenic from baseline to the
final follow-up visit with delivery of the SHWS program is sup-
ported by the water arsenic findings from this RCT, where we
found that at the final household visit 93% of POU arsenic filters
were effective in reducing water arsenic below the US EPA MCL
of 10 lg=L.39 In addition to reducing arsenic exposure, we found
a reduction in MMA%, an arsenic metabolite that has been asso-
ciated with higher risk of cardiovascular disease and cancer.47
Although significant changes were not observed in DMA% and
iAs% for the overall study population, these three main arsenic
species are interrelated, and therefore the impact of arsenic me-
tabolism may be better observed in one species, with the addi-
tional impact split between the other two species.47 This finding

Table 3.Mean and adjusted mean difference of urinary arsenic metabolites (percentage species over the sum of inorganic and methylated arsenic species)
comparing baseline (before intervention) to final follow-up overall and by study arm for participants in the Strong Heart Water Study randomized controlled
trial (N =82).

Study arm

Mean (range) Adjusted mean differencea

N Baseline N Follow-up N b (95% CI) p-Value

Overall 82 74 74
iAs% 15.5 (1.62–47.7) 14.5 (1.40–80.3) −0:65 (−3:82, 2.51) 0.686
MMA% 13.2 (2.19–23.6) 11.8 (3.26–23.1) −1:21 (−2:16, −0:25) 0.013
DMA% 71.3 (35.9–96.2) 73.8 (16.5–93.1) 1.86 (−1:59, 5.31) 0.290
mHealth and Filter arm 50 46 46
iAs% 14.5 (1.62–47.7) 11.8 (3.68–30.6) −2:61 (−5:07, −0:16) 0.037
MMA% 12.5 (2.19–23.6) 11.8 (3.26–23.1) −0:56 (−1:71, 0.60) 0.345
DMA% 73.0 (35.9–96.2) 76.3 (53.5–93.1) 3.17 (−0:07, 6.41) 0.055
Intensive arm 32 28 28
iAs% 17.2 (6.55–34.8) 18.8 (1.40–80.3) 2.50 (−4:40, 9.39) 0.478
MMA% 14.3 (4.48–22.0) 11.6 (3.29–18.9) −2:27 (−3:79, −0:74) 0.004
DMA% 68.5 (46.4–88.9) 69.7 (16.5–90.3) −0:23 (−7:44, 6.98) 0.951

Note: BMI, body mass index; CI, confidence interval; GM, geometric mean; iAs%, percentage inorganic arsenic species; MMA%, percentage of monomethylated arsenic; DMA%, per-
centage dimethylated arsenic.
aRegression adjusted for sociodemographic factors (sex and age) and lifestyle factors (ever smoking and baseline BMI). Regression analyses were performed using generalized esti-
mating equations to account for clustering at the household level using an exchangeable correlation. Participants without urinary arsenic data (n=2) were excluded.

Figure 3. (A) Urinary arsenic (lg=g creatinine) at baseline and final follow-up visit for all participants in the Strong Heart Water Study (SHWS) randomized
controlled trial. Urinary arsenic corresponds to the sum of inorganic and methylated arsenic species. Samples were collected between July 2018 and May 2021.
Data corresponding to this figure is found in Table 2. (B) Urinary arsenic (lg=g creatinine) at baseline and final follow-up visit by study arm visit for partici-
pants in the SHWS randomized controlled trial. Urinary arsenic corresponds to the sum of inorganic and methylated arsenic species. Samples were collected
between July 2018 and May 2021. Data corresponding to this figure is found in Table 2.
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is consistent with a previous analysis in Northern Chile, at much
higher arsenic levels, where an intervention reducing arsenic expo-
sure also decreased MMA%.48 Overall, our results demonstrate that
the adsorptive media POU arsenic filter selected for the SHWS pro-
gram had a high efficacy in reducing arsenic exposure during the 2-
y follow-up period. Previous studies have evaluated the efficacy of
POU arsenic filters; however, these studies have mostly focused on
reverse osmosis systems or sand filters,20,22,35,49,50 and some sys-
tems have not shown the ability to remove arsenic from water over
an extended period of time in real-world scenarios.51–53 Even when
arsenic filters are effective at removing arsenic from water, chal-
lenges with maintenance and continued use of POU water treatment
systems have been substantial.20,23,35,54 For example, previous stud-
ies in Bangladesh found that POU arsenic filters resulted in only
short-term reductions (<6 wk) in urinary arsenic owing to a lack of
sustained filter use,35,54 making the continued efficacy of our filter
after a 2-y period notable. Future studies should evaluate the effi-
cacy of adsorptive media POU arsenic filters in reducing water and
urinary arsenic for a longer duration than 2 y, and in other settings
globally, to determine the potential sustained impact of this arsenic
mitigation option.

The mHealth and Filter arm of the SHWS program led to a 55%
reduction in urinary arsenic from baseline to follow-up during the
2-y follow-up period. The addition of home visits did not signifi-
cantly change the reduction in urinary arsenic achieved by the
mHealth and Filter intervention of the SHWS program. This find-
ing demonstrates that home visits by promoters are not needed for
successful SHWS program delivery. Therefore, installation of an
effective filter together with an mHealth component was as effec-
tive as the intensive program. Water, sanitation, and hygiene
(WASH) interventions delivered through in-person visits are often
expensive and difficult to implement in rural settings. mHealth is a
low-cost, innovative intervention that has been shown to improve
disease prevention practices.55–58 mHealth programs are particu-
larly beneficial in the present time, where the COVID-19 pandemic
has demonstrated limitations with home visits for intervention
delivery globally. This is the first study to date that we are aware of
that implemented an mHealth program for an arsenic mitigation
intervention. Beyond the present study, there is only one RCT of a
WASH mHealth program published to date, to our knowledge.59T
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Table 5. Change in exclusive arsenic-safe water use between baseline and
follow-up for participants in the Strong Heart Water Study randomized
controlled trial (N = 84).

Exclusive
arsenic-safe
water usea

Overall (N =84)

Baseline Follow-up
OR (95% CI) p-Valuen (%) n (%)

Overall (N =84)
Cooking 14 (17) 38 (53) 5.33 (2.29, 12.42) <0:001
Drinking 10 (12) 33 (46) 6.21 (2.18, 17.70) <0:001
Cooking and drinking 9 (11) 30 (42) 5.98 (2.07, 17.26) <0:001

mHealth and Filter arm (N =51)
Cooking 6 (12) 24 (53) 9.6 (2.01, 36.60) <0:001
Drinking 4 (8) 21 (47) 12.8 (2.32, 71.02) 0.004
Cooking and drinking 4 (8) 19 (42) 10.7 (1.99, 57.63) 0.006

Intensive arm (N =33)
Cooking 8 (24) 14 (52) 2.69 (0.92, 7.85) 0.070
Drinking 6 (18) 12 (44) 2.93 (0.81, 10.66) 0.102
Cooking and drinking 5 (15) 11 (41) 3.16 (0.81, 12.30) 0.097

Note: CI, confidence interval; OR, odds ratio; POU, point-of-use.
aExclusive use is defined as no arsenic-unsafe source is consumed. Arsenic-safe
source options included use of the POU arsenic filter faucet, bottled water, or the mu-
nicipal water system, and arsenic-unsafe sources included use of the kitchen faucet,
bathroom faucet, and refrigerator filter or icemaker (if not reported to be connected to
the POU arsenic filter faucet). Regression analyses were performed using generalized
estimating equations to account for clustering at the household level using an
exchangeable correlation.
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Our research group conducted this RCT in Bangladesh of the
Cholera Hospital-based Intervention for 7 Days (CHoBI7) WASH
mHealth program, an intervention focused on water treatment
through chlorination and boiling and handwashing with soap. In
this trial, we found that delivery of the CHoBI7 WASH mHealth
program with a single in-person visit was effective in significantly
reducing diarrheal disease and stunting among young children.59

These findings suggest that mHealth is a promising intervention
approach for water treatment in multiple settings. Future studies
are needed to evaluate the effectiveness of mHealth programs
focused on reducing arsenic exposure in affected settings globally.

The SHWS study greatly increased exclusive arsenic-safe water
use for both drinking and cooking over the 2-y study period in both
study arms, with the greatest impact in the mHealth and Filter arm.
We also found arsenic-safe water use was higher for preparing both
drink items and food items. Some participants, however, reported
continued use of arsenic-unsafe water for making ice. Plumbers
only connected the refrigerator icemaker (a main source of ice) to
the filter faucet at the request of households. Future studies should
prioritize connecting the icemaker to thewaterfilter and include spe-
cific reminders about ice in mHealth materials. Overall, safe water
use for food and drink items was high; however, exclusive use was
not. These findings indicate that more emphasis needs to be placed
in our health communication materials on promoting exclusive use
of arsenic-safe water for food and drink items prepared using water
in the home. We observed that self-reported exclusive use of
arsenic-safe water for drinking and cooking was associated with
lower urinary arsenic compared with those reporting nonexclusive
use. This finding provides evidence to support that self-reported
exclusive use of arsenic-safe water can be used as a proxy measure
of arsenic exposure in our study setting.

This study has several strengths. The first strength of this study
is that we measured inorganic urinary arsenic and arsenic metab-
olites at baseline and follow-up, allowing us to assess reduction
in arsenic exposure and internal dose and changes in arsenic
methylation efficiency. This approach builds on previous water
arsenic filter interventions that have focused solely on self-
reported use of arsenic-safe water.29,31,33,60 Second, there was a
long duration of household follow-up, with the mean follow-up
duration being 24 months. Previous RCTs of arsenic interven-
tions had follow-up periods of 3–12 months in duration.31–33,35

Finally, the community-led design for intervention development
and implementation ensured that the intervention was tailored to
our partner communities. Most previous arsenic intervention pro-
grams have focused solely on providing arsenic mitigation tech-
nologies, rather than taking a participatory approach that engages
communities in tailoring arsenic mitigation programs to address
their needs.35,54

This study also has some limitations. First, we lacked a con-
trol arm that did not receive an arsenic filter or mHealth program.
Given the extensive literature demonstrating the health implica-
tions of chronic arsenic exposure, not providing an intervention
to reduce this exposure among eligible households was viewed as

unethical by both the community and other study investigators.
Second, we lacked a study arm that received the filter only (i.e.,
no mHealth program or home visits). Including this additional
arm would have been valuable to determine the added benefit of
the WASH mHealth component of the study. This arm was not
included due to budgetary constraints and because it was also
considered preferable to provide the filter together with some
level of support to the households to adequately use it. Third,
although having repeated urine samples during the follow-up
period for each participant would have been ideal, this was diffi-
cult because of the COVID-19 pandemic. However, urinary ar-
senic levels are known to reflect arsenic exposure in water after
accounting for urine dilution if the source of water is consistent
over time.7 Finally, we did not quantify POU filter water usage.
This information will be important to collect in future studies.

Conclusion
Millions of people are exposed to elevated arsenic in potable water
globally, and American Indian communities are disproportionally
affected.61,62 The community-led SHWS arsenicmitigation program
was effective in significantly reducing arsenic exposure among
American Indian communities in the Northern Great Plains. A single
visit for the installation of a POU arsenic filter followed by delivery
of an mHealth program through calls only was sufficient to signifi-
cantly reduce urinary arsenic over the 2-y study period. We attribute
the success of this program to the community-led intervention design
and implementation. The SHWS presents a model that can be used
for the design, implementation, and evaluation of arsenic mitigation
programs globally.
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