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Abstract

Background The objective of this study was to evaluate the behavioral determinants associated with exclusive use
of arsenic-safe water in the community-led Strong Heart Water Study (SHWS) arsenic mitigation program.

Methods The SHWS is a randomized controlled trial of a community-led arsenic mitigation program designed to
reduce arsenic exposure among private well users in American Indian Great Plains communities. All households
received point-of-use (POU) arsenic filters installed at baseline and were followed for 2 years. Behavioral determi-
nants selected were those targeted during the development of the SHWS program, and were assessed at baseline
and follow-up.

Results Among participants, exclusive use of arsenic-safe water for drinking and cooking at follow-up was associ-
ated with higher self-efficacy for accessing local resources to learn about arsenic (OR: 5.19, 95% Cl: 1.48-18.21) and
higher self-efficacy to resolve challenges related to arsenic in water using local resources (OR: 3.11,95% Cl: 1.11-8.71).
Higher commitment to use the POU arsenic filter faucet at baseline was also a significant predictor of exclusive
arsenic-safe water use for drinking (OR: 32.57, 95% Cl: 1.42-746.70) and cooking (OR: 15.90, 95% Cl: 1.33-189.52) at
follow-up. From baseline to follow-up, the SHWS program significantly increased perceived vulnerability to arsenic
exposure, self-efficacy, descriptive norms, and injunctive norms. Changing one’s arsenic filter cartridge after installa-
tion was associated with higher self-efficacy to obtain arsenic-safe water for drinking (OR: 6.22, 95% Cl: 1.33-29.07)
and cooking (OR: 10.65, 95% Cl: 2.48-45.68) and higher perceived vulnerability of personal health effects (OR: 7.79,
95% Cl: 1.17-51.98) from drinking arsenic-unsafe water.

Conclusions The community-led SHWS program conducted a theory-driven approach for intervention development
and evaluation that allowed for behavioral determinants to be identified that were associated with the use of arsenic
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safe water and changing one’s arsenic filter cartridge. These results demonstrate that theory-driven, context-specific
formative research can influence behavior change interventions to reduce water arsenic exposure. The SHWS can
serve as a model for the design of theory-driven intervention approaches that engage communities to reduce arsenic

exposure.

Trial registration The SHWS is registered with ClinicalTrials.gov (Identifier: NCT03725592).
Keywords Arsenic, Health behavior, Water treatment, Water, Private well

Background

Arsenic contamination in potable water has long been
recognized as a serious public health concern globally
[1]. Health impacts of prolonged elevated exposure to
arsenic include skin, lung, and bladder cancers, cardio-
vascular disease, diabetes, and kidney disease, as well as
developmental and cognitive impacts if exposed in utero
or during early childhood [2—4]. These health effects are
seen even at low to moderate levels of arsenic exposure
[5]. The United States Environmental Protection Agency
(EPA) defines the maximum contaminant level (MCL)
for arsenic in potable water as 10 pg/L [6]. However, the
EPA mandate only applies to public water sources; when
private wells exceed the MCL of 10ug/L, the burden of
water treatment is left to private well users [7]. In the
United States, a high income country, it is estimated that
over 2.1 million individuals (5% of the population using
private wells), remain exposed to drinking water arsenic
levels above the MCL [7]. Rural communities, which gen-
erally have limited access to public water supplies, rep-
resent the majority of this population [8, 9]. American
Indian communities, especially those in the Great Plains,
Southwest, and Northeast, where groundwater arsenic
contamination is common [10], are also disproportion-
ately impacted due to their reliance on private water
wells.

Reducing arsenic exposure from private wells is chal-
lenging. First, homeowners must be aware of their water
quality. Arsenic is both tasteless and odorless, meaning
that private well users will know their arsenic contamina-
tion levels only through water arsenic testing. Many stud-
ies have assessed factors influencing well water arsenic
testing, identifying barriers such as a lack of awareness,
lack of access to testing services, high prices for arsenic
tests, and low perceived vulnerability [11-14]. Stud-
ies show that households are motivated to test for envi-
ronmental contaminants in their water when there are
perceived health risks or perceived changes in the taste,
color, or smell of water, and when encouraged by the
behaviors of others or to comply with social norms [11,
12, 15].

Significant barriers to reducing arsenic exposure in
water used for drinking and cooking often stem from
gaining access to, and the sustained use of, arsenic-safe
water sources [16, 17]. Possible risk reduction methods

include switching to an arsenic-safe public water source,
installation of a point-of-entry (POE) or point-of-use
(POU) water treatment system, or use of bottled water.
However, many of these options require active participa-
tion in the installation, maintenance, and sustained use of
the arsenic treatment option [18]. Furthermore, bottled
water, typically an arsenic-safe option, can be associated
with a significant financial burden for some households
[19, 20]. Bottled water use also creates substantial plas-
tics pollution and represents a high energy demand, lim-
iting its viability as a long-term solution for the provision
of clean water [21].

Only a handful of studies have assessed behavioral and
situational factors associated with using and maintain-
ing an arsenic removal device or other mitigation option
to reduce arsenic exposure [17, 22—-27]. Several studies
have identified that knowledge of arsenic contamination
alone is not sufficient to induce water treatment or use
of an alternative arsenic-safe water source [22-24]. In
one study conducted in rural Maine, investigators found
that after households received water test results indicat-
ing arsenic concentrations >10pg/L, 45% of households
installed arsenic treatment systems, 30% undertook an
alternative mitigation option such as drinking bottled
water, and 27% of households took no protective meas-
ures [25]. Perceived risk and well water arsenic concen-
tration were significant motivations for taking protective
action. Common reasons for not taking protective action
were lack of concern and high cost of arsenic mitigation
options, with perceived cost influenced by an individual’s
perceived risk of drinking arsenic contaminated water.
Another study conducted in New Jersey reported simi-
lar findings, with 54% of high arsenic households using
water treatment, 10% exclusively using bottled water, and
37% of households taking no arsenic mitigation measures
[26]. Those who took protective actions to reduce arse-
nic exposure had higher levels of perceived risk of arse-
nic exposure. Perceived susceptibility, perceived barriers,
self-efficacy, and commitment all significantly predicted
use of arsenic mitigation measures. Outside of the United
States, several studies have evaluated the use of arsenic-
safe water sources using randomized controlled trials
(RCTs) [28, 29]. However, no RCT, to the authors’ knowl-
edge, has been conducted in the United States to evaluate
an arsenic mitigation program.
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In this study, we assessed the behavioral determi-
nants associated with arsenic-safe water use based
on the Risks, Attitudes, Norms, Abilities, and Self-
regulation (RANAS) model of health behavior change
[30]. This model was developed to target psychoso-
cial factors influencing water, sanitation, and hygiene
(WASH) behaviors. Behavioral determinants are cat-
egorized into five main factors: risk, attitude, norm,
ability, and self-regulation. Each factor focuses on
intentions, use, and habits that may influence WASH
behaviors. Factors are evaluated in social, physical, and
personal contexts and each factor is associated with
a unique behavior change technique. Previous stud-
ies have used the RANAS model to assess arsenic-safe
water use behavior, and supported the development of
theory-informed approaches for interventions focused
on reducing arsenic exposure in Bangladesh [25, 26,
28, 29, 31].

The Strong Heart Water Study (SHWS) is an RCT
of a multi-level, community-led arsenic mitigation pro-
gram to reduce arsenic exposure in drinking and cook-
ing water among the Lakota and Dakota Nations in
the American Great Plains region [32]. The SHWS is
an extension of the Strong Heart Study, a decades long
program investigating cardiovascular disease and other
health topics in partnership with American Indian
communities. Previous work from the Strong Heart
Study has found associations between water arsenic
exposure and health impacts including cancers, car-
diovascular disease, and diabetes prevalence and con-
trol [33—42]. Water arsenic exposure is occurring in the
context of historical environmental injustices faced by
American Indian communities [20]. Initial water qual-
ity assessments for the SHWS indicated that over 25%
of private well users in our partner communities are
exposed to arsenic concentrations >10 pg/L, highlight-
ing the importance of effective interventions for these
communities [43]. Formative research for the SHWS
found that awareness and concern about water arse-
nic contamination was present but varied among par-
ticipants [44]. Community members noted safety, cost,
and water quality factors such as taste and color were
important considerations for selecting water for drink-
ing and cooking.

The primary aim of this study was to prospectively eval-
uate the behavioral determinants associated with exclu-
sive arsenic-safe water use in the SHWS. The secondary
aims were to measure changes in behavioral factors from
the beginning to end of the intervention and determine
the impact of behavioral determinants on arsenic filter
change. This is the first RCT of a water arsenic interven-
tion program in the Americas.
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Methods

Study design

The SHWS is a collaboration between three Great
Plains Nations, the Indian Health Service (IHS), Colum-
bia University, and the Johns Hopkins Bloomberg
School of Public Health. This study utilized a two-arm
cluster RCT design to determine the effectiveness of
a multi-level community-led arsenic mitigation pro-
gram in reducing arsenic exposure from water used
for drinking and cooking (ClinicalTrials.gov Identi-
fier: NCT03725592). Household enrollment took place
between July 2018 and November 2019. Final follow-up
visits took place between November 2020 and Novem-
ber 2021.

Eligibility criteria

To be eligible for participation in the SHWS, households
had to be located in a Great Plains Nation, have at least
one American Indian household member residing in the
home, and utilize a private well for drinking and cook-
ing with an arsenic concentration > 10 pug/L and uranium
concentrations <30 ug/L. Uranium contamination below
the EPA MCL for uranium was included because the
arsenic filters provided by the SHWS do not remove ura-
nium (30 pg/L) [32, 43]. Households with high uranium
were provided with resources to seek alternative water
treatment options. An extensive overview of the initial
water quality and eligibility assessment for the SHWS
has been reported previously [43]. Multiple participants
could be enrolled per household. After household enroll-
ment, eligible household members (> 12 years of age with
the household as their primary residence) were enrolled.

POU arsenic filter installation and water sampling

Missouri Breaks Industries Research, Inc. (MBIRI), a
local American Indian owned and led research organi-
zation, managed and organized study activities. After
enrollment, each study household received a Multipure®
(Model CB-As-SB, Las Vegas, NV) POU arsenic filtra-
tion system installed under the kitchen sink. Filter instal-
lation was completed by community members working
at the Tribal Housing Authority in partnership with the
IHS. At installation, households were provided with
device use instructions and one replacement filter car-
tridge. A cartridge change was recommended every 12
months. The POU arsenic filter was connected to a filter
faucet installed alongside the kitchen faucet for drinking
and cooking water use. Based on feedback from the pilot
study, the POU arsenic filter faucet was also connected
to the refrigerator water and icemaker on request [32].
Other activities such as washing dishes, cleaning, and
washing hands could still be conducted using the kitchen
faucet to reduce the burden on the POU arsenic filter
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device and lengthen the life of each cartridge. Kitchen
faucet samples were collected at baseline and 1-month,
6-month, and long-term follow-up visits (1 to 2 years
after installation). POU arsenic filter faucet water
samples were collected at filter installation and each
follow-up visit. Water samples were analyzed at the Mid-
Continent Testing Labs, Inc. (Rapid City, South Dakota)
by inductively coupled plasma mass spectrometry (ICP-
MS). A comprehensive description of water sample col-
lection and analysis has been published elsewhere [43].

Questionnaire

At baseline and follow-up visits, each participant was
administered an in-person structured questionnaire on
demographics, behavioral determinants, water use, and
other study factors. Questionnaire interviews were con-
ducted by trained research assistants from MBIRI. Due
to the COVID pandemic, some visits were delayed, with
an average duration between baseline and final follow-
up of 2 years. The primary participant in each household
was additionally administered a household-level ques-
tionnaire assessing the condition of the POU arsenic fil-
ter, technical issues related to use, and if the arsenic filter
cartridge was changed since the previous visit.

Behavioral determinants

The community-led SHWS program was designed to tar-
get the behavioral determinants of arsenic-safe water use
in the RANAS model [44]. Behavioral determinants were
assessed on an individual level using Likert scale items
based on the psychosocial factors in this model. The fol-
lowing behavioral determinants were assessed: perceived
vulnerability, descriptive norms, injunctive norms, self-
efficacy, commitment strength, instrumental attitudes,
and knowledge. In addition, other behavioral determi-
nants not explicitly defined in the RANAS model were
included based on previous studies and our qualitative
research findings: perceived cost, competing priorities,
perceived safety of tribal water system, perceived extent
of contamination in the community, and user prefer-
ences [32, 45]. Perceived cost, perceived vulnerability,
competing priorities, arsenic knowledge, and self-effi-
cacy regarding aspects of arsenic filter cartridge cost and
replacement were all behavioral determinants included
based on pilot study qualitative findings [44]. Behavioral
determinant questionnaire items are described in Table 1.
All items except those assessing arsenic knowledge were
coded using a 1-5 Likert scale (e.g. 1 ="strongly disagree”
or “0% sure” to 5="strongly agree” or “100% sure”). Addi-
tional details on response options are included in Supple-
mentary Table 1. Four knowledge items were included in
the questionnaire with an open-ended response format.
The items were: “Name two health conditions that can
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happen from arsenic exposure” (1 point for each cor-
rect response, total possible score of 2 points), “Name
two tasks where it is OK to use water with high arsenic”
(1 point for each correct response, total possible score
of 2 points), “Name two tasks where it is NOT OK to
use water with high arsenic” (1 point for each correct
response, total possible score of 2 points), and “How
could you remove arsenic from drinking water” (1 point
for a correct response, a total possible score of 1 point).
An overall arsenic knowledge variable was calculated by
adding scores from the 4 knowledge items for a total of
7 points. All behavioral determinants were rescaled from
original coding to a 0-1 scale to standardize answers and
improve interpretability.

Water use

Water arsenic exposure was assessed at the individual
level as the self-reported use of arsenic-safe drinking
and cooking water sources in the past month at baseline
and follow-up visits. Arsenic-safe water sources included
the use of the POU arsenic 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 faucet). Participants were
also asked about the type of water use in the past month
for drink and food items. Drink items included home-
made tea or coffee; homemade juices (e.g., fruit punch,
lemonade, Kool-Aid); powdered milk; and homemade
ice. Food items included homemade soup or stew; bread,
muffins, pancakes, cake, cookies, or waffles; pasta, grains,
or boiled vegetables; rice made with water; and gravy
made with water. For analysis, water use was assessed
using the following variables: 1) exclusive use of arsenic-
safe water for drinking, 2) exclusive use of arsenic-safe
water for cooking, and 3) exclusive use of arsenic-safe
water for drinking and cooking.

Intervention

The community-led SHWS program includes a commu-
nity water arsenic testing program, two distinct house-
hold-level health communication programs (SHWS
mobile health (mHealth) & filter arm vs. SHWS inten-
sive arm), and provision of a POU arsenic filter faucet
(for all households). The SHWS mHealth & filter arm
program provides households with a POU arsenic filter
faucet and 3 calls to promote filter use and maintenance
at 2 weeks and 3 and 5 months after filter installation by
a community promoter. The SHWS intensive program
provides the same filter, as well as 3 phone calls and
3 Facebook messages at 2 weeks and 3 and 5 months
after filter installation, and 3 in-person home visits at 1
week, 1 month, and 6 months after filter installation by a
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Table 1 Example behavioral determinants measured in the SHWS, and corresponding behavior change techniques delivered in the

SHWS intervention

Type of factor

Factor

Definition

Example behavior
change technique
delivered

Example items

Hypothesized change

Risk factors

Norm factors

Perceived vulnerability

Arsenic knowledge

Descriptive norms

Injunctive norms

Perceived risk of health
problems from arsenic
exposure [46]

Understanding of the
properties of arsenic, and
comprehension of the
health effects from water
arsenic exposure and
related mitigation options

Perceptions about the
behaviors commonly per-
formed by others [47]

Perceptions about behav-
iors that others commonly
approve or disapprove

of [48]

All: Phone calls at 1-week,
and 1-, 3-,and 5-months
after arsenic filter installa-
tion to provide informa-
tion on the health risks
associated with arsenic
exposure.

Intensive: Video testimoni-
als about the health risks
associated with exposure
to arsenic through
drinking water, including
cancers, heart disease, and
diabetes.

All: FAQ and letter to the
household including
information about arsenic,
health effects of arsenic
exposure, and mitigation
options.

Intensive: Video testimoni-
als about the properties
of arsenic (e.g.,, cannot be
seen, smelled, or tasted),
health risks associ-

ated with exposure to
arsenic through drinking
water, behaviors that
may increase exposure
to arsenic (e.g., boiling
arsenic unsafe water

for consumption), and
mitigation options (e.g.,
testing private well water
for arsenic, installing an
arsenic filter, and drinking
and cooking with arsenic
safe water).

All: Informing households
that the same interven-
tion was provided to
other households with
elevated arsenic in their
community to improve
water quality for people
with private wells.
Intensive: Video testimoni-
als about community
members testing private
wells for arsenic, installing
an arsenic filter, and using
arsenic safe water for
drinking and cooking.

Intensive: Video testimoni-
als from community elders
encouraging testing
private wells for arsenic,
installing an arsenic filter,
and using arsenic safe
water for drinking and
cooking.

How high or low are the
chances of you getting
health problems from
arsenic if it is in your well
water?

Because no one in my
house has developed
health problems from
arsenic, | am not con-
cerned about arsenic in
my well water.

Name two health condi-
tions that can happen
from arsenic exposure.

Name two tasks where it is
NOT OK to use water with
high arsenic.

How could you remove
arsenic from drinking
water?

How many people in your
community with arsenic in
their wells drink this water
without filtration?

How many people in your
community with arsenic in
their wells use an arsenic
filter for their drinking
water?

How much would people
who are important to
you approve or disap-
prove of you using water
containing high arsenic
for drinking?

Higher perceived vulner-
ability

Higher perceived vulner-
ability (lower score = greater
concern)

Higher arsenic knowledge

Higher arsenic knowledge

Higher arsenic knowledge

Lower descriptive norms

Higher descriptive norms

Higher injunctive norms
(increased disapproval =
lower score)
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Table 1 (continued)
Type of factor Factor Definition Example behavior Example items Hypothesized change
change technique
delivered
Ability factors Self-efficacy The belief in one’s abilities  All: Phone calls at 1-week, ~ How sure are you that you  Higher self-efficacy

Commitment strength

to confront and manage
possible situations [49]

Level of dedication to
the decision to perform a
behavior [50]

and 1-, 3-, and 5-months
after arsenic filter installa-
tion to troubleshoot chal-
lenges households faced
when using the arsenic
filter, discuss strategies

to overcome challenges,
and provide suggestions
for how to facilitate using
water from the filter faucet
for all drinking and cook-
ing needs.

Intensive: Video testimoni-
als from community
members about trouble-
shooting arsenic filter
use; Important Reminders
Sheet with advice on how
to make sure one is able
to use arsenic safe water
for drinking and cooking.

All: Provision of one
replacement arsenic filter
cartridge and written
instructions (device man-
ual) on how to change the
filter cartridge; phone calls
at 3-,and 5-months after
arsenic filter installation
with reminders of when to
change the filter cartridge
and to refer to provided
instructions.

Intensive: Step-by-step
video on how to change
the arsenic filter cartridge,
as demonstrated by a
community member;
making an action plan

for when to change the
arsenic filter cartridge.

Intensive: Video testimo-
nial from an arsenic filter
user about using the filter
despite challenges (e.g.,
slow water flow).

can use your arsenic filter
faucet every time you
need water for drinking in
your home?

How sure are you that you
yourself can change your
arsenic filter cartridge
when needed?

How committed do you
feel to drinking water only
from your arsenic filter
faucet?

Higher self-efficacy

Higher commitment
strength
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Table 1 (continued)
Type of factor Factor Definition Example behavior Example items Hypothesized change
change technique
delivered
Other Perceived cost The belief about the true  All: Phone calls at 1-week, | can afford to fix my Decreased perceived costs

Competing priorities

Perceived safety of tribal
water system

Perceived extent of con-
tamination in community

User preferences

cost of a behavior and its
alternatives [45]

Priority of adopting a new
behavior (or behavior
change) compared to
competing concerns or
goals (that may require
the same resources) [51]

The belief that the munici-
pal water system provides
safe water [45]

The belief that arsenic is
present in water sources
in the community [45]

Preference for one safe
water source over another
[45]

and 1-, 3-, and 5-months
after arsenic filter instal-
lation to explain how to
maintain the arsenic filter
over time.

Intensive: Important
Reminders sheet with
advice on time-saving
techniques to manage
time to use the arsenic
filter faucet when there
might be competing
priorities in the home.

All: FAQ stating that the
tribal municipal water
supply is monitored to
make sure it meets EPA
standards for arsenic.
Intensive: Video testimo-
nial from community elder
stating that the municipal
water is arsenic safe.

All: FAQ stating that
arsenic above the EPA
standard has been found
in private wells in the
partner community;
providing households
with contact information
for the wellcare® Hotline
for additional information
on arsenic contamination
in private wells.

Intensive: Provision of
travel water bottles to fill
with arsenic safe water
from the filter faucet for
convenience.

arsenic filter if it breaks.

Of all the things I have to
worry about, the arsenic
filter is not at the top of
my list.

The tribal water system in
my area has a safe level of
arsenic.

How many people in your

community have arsenic
in their wells?

If given the choice, |
would prefer bottled
water over water from an
arsenic filter.

(higher score = decreased
perceived cost)

Increased prioritization of
the arsenic filter (lower score
= greater prioritization)

Increased perceived safety

Increased perceived extent
contamination

Decreased preference for
bottled water

community promoter. Comprehensive descriptions of the
study intervention and COVID-19 related changes have
been published elsewhere (George et al. submitted).

Statistical analysis

Follow-up analyses were based on the final household
visit for each participant. If a participant had both a
6-month and long-term follow-up visit, the long-term
follow-up visit was used. To compare changes in behav-
ioral determinants from baseline to follow-up, descrip-
tive statistics were calculated. Logistic regression with
generalized estimating equations (GEE) with exchange-
able working correlation was performed to account
for clustering within households. Study timepoint was
the outcome, with each behavioral determinant as the
predictor. Logistic regression models with GEE with
exchangeable working correlation were also used to

examine the baseline behavioral determinants associated
with the use of arsenic-safe water for drinking and cook-

ing with household as the cluster, baseline behavioral
determinant or demographic factor as the predictor, and
follow-up water use as the outcome. To assess the influ-
ence of baseline behavioral determinants on arsenic filter
cartridge change during the study period, GEE logistic
regression models with independent working correlation
(due to the smaller sample size) were run with behavio-
ral determinants at baseline as the predictors and arsenic
filter cartridge change as the outcome. Finally, logistic
regression models with GEE with exchangeable working
correlation were also used to assess the influence of the
change in baseline determinants (follow-up — baseline)
over the study period on use of arsenic-safe water with
household as the cluster variable. All analyses were com-
pleted using SAS software (version 9.4, Cary, NC).
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Results

A total of 84 participants were enrolled at baseline from
50 households, of whom 75 completed a long-term or
6-month follow-up visit (11% loss to follow-up). At base-
line, 51 participants from 27 households were enrolled
in the SHWS mHealth & filter arm and 33 participants
from 23 households in the SHWS intensive arm. Forty-
seven participants in the SHWS mHealth & filter arm
and 28 participants in the SHWS intensive arm com-
pleted a 6-month or long-term follow-up visit for loss to
follow-up of 8% and 15%, respectively. Higher intensive
arm enrollment later in the enrollment period resulted
in greater COVID-19 disruption accounting more higher
loss to follow-up in that arm. The mean age at base-
line was 54 years (+ standard deviation (SD), min-max:
19, 13-85) and 54% of participants were female (45/84)
(Table 2). The mean household size at baseline was 4
individuals (+ SD, min-max: 2, 1-8) with an average of 2
household members enrolled in the SHWS (+ SD, min-
max: 1, 1-5). The majority of participants had at least
some high school education (48%, 40/84), with 8% (7/84)
of participants having at least some middle school educa-
tion, 17% of participants had an associate degree (14/84),

Table 2 Baseline demographics, baseline water use, and arsenic
filter cartridge change over follow-up

% n N
Participants 84
Households 50
Household size (household members)
Mean + SD (min-max) 4+2(1-8)
Household members in SHWS
Mean +SD (min-max) 2+1(1-5)
Age (years)
Mean + SD (min-max) 54+ 19 (13-85)
Sex
Female 54% 45 84
Education
Middle school 8% 7 84
High school 48% 40 84
Associate degree 17% 14 84
Bachelor's degree 20% 17 84
Master’s degree or higher 7% 6 84
Duration of follow-up (years)
Mean + SD (min-max) 20+0.5(0.7-2.7)
Exclusive safe water use
Cooking 17% 14 84
Drinking 12% 10 84
Cooking and drinking 11% 9 84
Arsenic filter cartridge change 51% 35 69

n refers to the number of participants with the given characteristic. SD Standard
deviation. Safe water defined as use of POU arsenic filter and/or bottled water
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20% a bachelor’s degree (17/84), and 7% a master’s or
professional degree (MD, PhD, MS, JD, or equivalent)
(9/84). On average, participants were followed for 2.0
years (+ SD, min-max: 0.5, 0.7-2.7). Over the course of
follow-up, 51% (35/69) of participants lived in a house-
hold that reported changing their arsenic filter cartridge.

Baseline exclusive use of arsenic-safe water for drink-
ing and cooking was low at 11% (9/84). Arsenic-safe
water use at baseline was exclusively bottled water with
the exception of one household that hauled water from
a municipal source. Large increases in the exclusive use
of arsenic-safe water were observed from baseline to fol-
low-up. For drinking, exclusive use of arsenic-safe water
increased from 12% (10/84) at baseline to 41% (31/75)
at follow-up. For cooking, exclusive use of arsenic-safe
water increased from 17% (14/84) at baseline to 48%
(36/75) at follow-up. Overall exclusive use of arsenic-safe
water for both drinking and cooking increased to 36%
(27/75) at follow-up.

Behavioral determinants at baseline and follow-up and
the change in score between timepoints are presented
in Table 3. One behavioral determinant significantly dif-
fered by study arm at baseline (Supplementary Table 2).
Some participants were not available when their house-
hold was initially enrolled and therefore may have been
exposed to the intervention before being administered
the behavioral determinant questionnaire at baseline.
This is the most likely explanation for these results. Given
the low frequency of this occurrence, we combined study
arms for all analyses at baseline.

At baseline, most participants were committed to
drinking and cooking with water from the POU arse-
nic filter faucet (drinking: mean: 0.79, SD: 0.26; cooking:
mean: 0.82, SD: 0.25) (commitment strength). Most par-
ticipants reported some disagreement to the statement
“I have been drinking this water for a long time with
no health problems, so I am not concerned about arse-
nic in my well water” (58%, mean: 0.37, SD: 0.36) (per-
ceived vulnerability). The majority of participants were
sure they could use their POU arsenic filter faucet every
time for both drinking (mean: 0.86, SD: 0.22) and cook-
ing (mean: 0.86, SD: 0.22) in the home (self-efficacy). At
baseline, participants reported that most people in their
community with arsenic in their wells drank (mean: 0.71,
SD: 0.26) and cooked (mean: 0.75, SD: 0.23) with the con-
taminated water without filtration (descriptive norms).
Participants also reported that only a few people in their
community used bottled water for drinking (mean: 0.29,
SD: 0.21) or used an POU arsenic filter for their drink-
ing (mean: 0.16, SD: 0.18) or cooking water (mean: 0.17,
SD: 0.22) (descriptive norms). The majority of partici-
pants mentioned disapproval among friends and family



Page 9 of 23

(2023) 22:42

Endres et al. Environmental Health

Zl[am a10ALd INOA Yaim wiajqoid paivjal

9100 €10 ST0 90 6v0 0S50 950 9£0 ST0 AOBDUYD-JI9S  -DIU3SID UD /|01 NOA djay pJnOM $321N0S3l [DI0] 1DY1 NOA 31D 3iNS MOH

¢121bM U] D1uasID

9100 €10 ST0 9€0 ¥S0 0S50 950 OF0 sT0 AoeoLya-4195 1N0QD UID3| 0 S32IN0SAJ [D20] pUl PiNOd NOA 1Y) NOA 21D 2INS MOH

(2IU3SID

000 ZLO ST0 vE0 990 GL'0 SE€0 6v0 0S°0 AORDUYD-JI9S  JO 23] 9YDS D YUM BUjO0D 10§ Ja1M 196 UDI NOA 1Y) NOA 31D 2ins MOH

{21U3SID

7900 4N GZ0 /LE0 €90 S/0 ¥E0 150 050 AoeoLya-495 JO [2A3] 34DS D YIM Ja1pm buryuiip 106 upd noA 1pyi noA a1p ains MOH

(bupjood 40) 21uasip ybiy bujuipiuos Ja1oMm bujsn noA jo aroid

8000 TL'0— STO— C¢T0 LL'O 000 920 €20 ST0 wlou aARduN(ul -dpsip 40 ar0iddp noA 01 Jupriodwi 210 0YM 3jdoad pinom ya2nw MoH

¢bunyuip o) 21uasip ybiy buiuipjuod J230M bujsn noA Jo aroid

ZL0'0 LL'0— STO— T¢TOo0 LLO 000 920 <TTO ST0 wlou aARduN(ul -dbsip 40 ar0iddp noA o1 Jupriodwi 210 oYM 3jdoad pinom yonw MoH

¢1310M U003 112Y] 10} 123 |L 21U3SID

200°0 LL'0 00 LTO0 620 ST0 ¢T0 LLO ST0 wiou aAnduasaq UD 3N SjjaM 41241 Ul D1U3SID YuM Ajunwiuiod inoA uj ajdoad Aupw moH

¢1210M BUULID 11341 10§ 431l DIUSSID

L00'0  ¥L0 00 LZ0 0¢f0 ST0 8L'0 9lL0 sT0 wiou aAndidssg UD 3sN SJ]aM 11241 U] 21UaSID Yum Ajunwiwiod inoA uj ajdoad Aupw moH

;bunyuip 10j 1310m paj3

¥00'0 OL0 00 870 6£0 GT0 LZ0 6T0 (140 wilou aARdidsag  -10q asn Sjjam Jiayl uj 21Uasip YiIm Ayunwiwiod inoA uj ajdoad Aupui Mo

(UOIDIY INOYNUM J3IDM SI)

L00'0 LLO— 00 870 V90 SL'0 €T0 SZ0 SL'0 WoU 9ARdIDSI  YIIM YO0 S[jam Jiayl Uj 21Uasip YIm Ayunwiwiod 1noA uj ajdoad Aupws moH

£U0IIDIY INOYIM J2JDM

€000 OL'0— 00 870 190 SL0 9T0 L0 SL'0 wou 9ARdUDSSIQ  SIY2 UMD S[laM 41341 U 21U3SID Yim Ayunwiwiod JnoA uj ajdoad Aupw moH

€980 €00  STO— 0£0 790 0S0 920 090 G/°0 ANUNWUWOD Ul UOIIRUILIBIUOD JO JUDIXD PAAIDDID ¢Sl|amM J1ay3 Ul 21UasID aAbY Ajunwiwod 1noA ul ajdoad Aubw mop

€000 CLO 00 LE0 6v0 0S'0 620 9€0 0S50 WIDISAS J91BM [eqli} JO A19J8S PaAIRDIR DIUISID JO 23] §JDS D SLY DAID AW U] LI)SAS J2I0M [DQLI1 3 |

4211y

S6¥'0  100— 00 9€0 S¥0 0S0 9€0  9¥0 050 S90URI31d J3SM  DIUISID UD WOL) J2JDM JIAO J2IDM P3210Q J2Jaid pinom | ‘221042 ay1 uanib J|

151 Aw Jo

LT00 tvL0 0S50 o0 950 SL'0 LEO TVO sTo sanuoud bunedwod dorayy 1p jou s Jaxjy 21Uasiv 2y} 1N0qD ALiom 0] aADY | sbuIY1 Y1 J[D JO

8800 SO0 00 6£0 990 S0 9¢0 190 SL0 150D PaAledIad SYD2.q )] J1 J2)]L) JIUSSID AW X1 O] PIOYD UD |

UBIDM JJaM AW Ul DJUSSID INOGD PauIadU0d Jou WD |

clco €00— GC0— GE€E0 6C0 00 S€0 ¢€0 S0 AM[IQRIBUINA PRAIRDIR]  DIUSID WO SWajqoid Yijpay padojaAap sby asnoy Aul uj auo ou asnplag

UBIDM J]aM AU Ul 21UBSID IN0GD PALLIaIU0D JOU WD | OS

9L0'0 80°'0— ST0— 9¢0 8CTO 00 9€°0 L€O T4l AM|IGRISUINA PAAIDDID ‘sajqoid Ypay ou yim awiy buoj b 10J 123oM s1y3 bupulp usaq aAbY |

423 21UBSID UD WO J3)DM ULIP NOA JI 1USSID

LELO S00 00 0£0 SCO0 SZ0 €20  0Z0 SZ0 AM|IGeISUINA PAAIDDID woiy swajqoid yipay buinab noA Jo sasupyd ay1 1o Moy 1o ybiy moH

(13IDM [JaM INOA Ul S1 31 1 21USID WO SWajqoid yijpay

/8€0  ¥00 00 ¢€0 590 /0 LE0 790 S/0 AM|IQRIUINA PAIRDIR  BUIIBb pjoyasnoy JnoA Ul aUOAWIOS JO SaUDYI Y3 21D MOj 0 Ybiy MOH

{121DM J]aM INOK Ul S| 1 JI D1USSID

410 900 SZ0 TS0 /90 G0 LE0 190 050 AM|IGRISUINA PIAIDDID wioiy swajqoud yipay buiab noA Jo saoupyd ay1 1o Moy 10 ybiy moH
anjen-d uealy uelpa|y S UESN UBIPSIN S UES uelpapy

abueyd

(5£= N) dn-moj|o4

(¥8= N) duljaseg

jueuiwialap |elolAeyag

juswi=lels

dn-mojjoj 01 auljaseq WO} 3BbueYD 3Y1 pue dN-MmO|[|0) pUL dUJSSe] 18 SWY 90PaMOUY PUB SIUBUIWISISP [RI0IARYS] JO SOIISIa1oRIRYD 2ARdIDSS( € aqel



Page 10 of 23

(2023) 22:42

Endres et al. Environmental Health

2]eds 19317 uo 3BURYD OU Y}IM SJURUIWIDISP [RIOIABYS] 10 PA3R|ND|eD 3¢ 0} 3|qeun SaN|eA-d P|O] Ul Pa3edIpUl §0'0 > dNjeA-4 "UOIIRIADP pIepUR)S (S ‘(duljdsed-dn-moj|oy) duljaseq pue dn-moj|o) UdaMIaq 3DUIYIP se
pailenojed abueyd “BulIRISN|d [9A3] P|OYIsSNOY J0j JUNodde 0 suofienba Bunewiss pazijesausb Yim uoissaibal Yyum painseaw anjen-4 *Alljiqelsedwod 1oy pajedsas pue 3[eds 13X 1T YHM PaINseaw sueuluwIlap [eJoineyag

cLeEo 000 000 6£0 ¢80 00l 6£0 180 00°L abpajmouy (J31DM BUULIp WO 2]USSID 3A0WAI NOA pjno2 MO

w0 ¥00— 000 O¥0 TL0 00l SE0  9/0 00'L abpamousy DIUISID YDIY YIIM IIDM 35N 01 3O JON SI H I3YM SYSDI OM] JWDN

1820 00— 000 S¥0 190 00'L %0 190 001 obpajmouy| DIUBSID YBIY YUM IIDM 35N 01 YO SI 1 2IdYM SYSDI OM] JWDN

6180 000 000 L¥0  ¥S0 0S0 #¥0 %S0 050 2bpajmou '2INS0AX3 2JU3SID L0 UaddDy UDD 1Dy SUOIIPUOD 1|D3Y OM] JWIDN

0r6'0 100~ 000 6C0 S90 L£0 820 990 120 Sbpajmous) 2bpajmoLy DJUSSID [[DISAO

£13oND) 123y

G590 000 000 8C0 180 00l SC0 ¢80 001 Y1BUS11S JUSWNWIWOD)  DJU3SID INOA WOIY AJUO J31DM U3IM BUI¥002 03 [23) NOA Op PanIiLod MOH

£122nD)

8080 100— 000 8C0 60 00l 9¢0 640 001 Y1BUSIIS JUSWINWIWOD) 3}y DJUSSID INOA L0 AJUO J210M BulyULIp 03 |23) NOA OP PanIiLOI MOH

(SIDAA AY 1XaU AY]

£00°0 SO'0— 000 0£0 080 00'L 2TZTO S80 00°L AOBOUD-JI9S  J2AO AJ3UBISISUOD I}l INOA SN 0] 3JqD aq J[im NOA 1Yy3 NOA 31D ains MOH

(1DaA XU ay1 1o10 Ajpua

LS00 00— 000 ¥C0 880 00l 8L0 760 00'L JSERIIENIETS -1SISUOD J23JL) 21U3SID INOA asn 01 QD 3q [JIM NOA 1Y) NOA 21D 2INS MOH

(papaau uaym abpui

0500 900— GZ0— 00 €90 S/0 /€0 690 00'L [lIITENIELN -ID2 J3)j1Y 21U2SID INOA 26UDYD UD3 Jj35INOA NOA 10Y3 NOA 31D 3ins MOH

(papaau uaym

6910 £00—  GCO— CE0 890 G/0 1€0 S0 00'L AORDUYD-J19S  2BpLIIDD 12} D1USID MAU D AnQ 01 3|qD aq Jjim NOA 1yl NOA 31D 3ins MOH

¢awoy JnoA Uy bupyoo3 1oy a1om pasu

6610 C00— 000 920 ¥80 00l 2TO0 980 00'L AORDWYD-J19S  NOA a1l AIaAa 13NDy 311 21USID INOA 35N UD NOA 1Y} NOA 31D 3ins MOH

¢awoy JnoA u bupjulip 40j 1210M paau

¥€0°'0 00— 000 £LT0 T80 00'L ZZO0 980 00'L AORDLYD-J19S  NOA awill AiaAa 13NDy 311 21USID INOA 35N Ub NOA 1yl NOA 31D 3ins MOH
anjeAn-d ued uelpdly S UES|N UeIp3ly S Ued|y UeIpa|A

abueyd (5£= N) dn-mojjo4 (#8= N) duljaseg JUBUIWISIAP |elolreydg JudWeIS

(Panunuod) € a|qel



Endres et al. Environmental Health (2023) 22:42

of using water containing high arsenic for both drinking
(mean: 0.22, SD: 0.26) and cooking (mean: 0.23, SD: 0.26)
(injunctive norms). Finally, participants reported some
disagreement to the statement that of all the things they
had to worry about, the arsenic filter was not on the top
of their priority list (mean: 0.42, SD: 0.37) (competing
priorities).

At baseline, 81% (68/84) of participants could cor-
rectly name at least one method to remove arsenic from
water. The most commonly reported methods were fil-
tration (correct) at 81% (68/84) of participants, boil-
ing (incorrect) at 7% (6/84), and that arsenic cannot be
removed from water (incorrect) at 4% (3/84) (Table 4).
The majority of participants at baseline were able to cor-
rectly name two tasks where it is not okay to use arsenic
contaminated water (62%, 52/84); a further 21% (18/84)
correctly named one task and 17% (14/84) were unable to
name any tasks. Drinking (correct) (81%, 68/84), cooking
(correct) (61%, 51/84), and bathing/showering (incorrect)
(6%, 5/84) were the most commonly mentioned tasks
where it is not okay to use arsenic contaminated water.
Similarly, 50% (42/84) of participants at baseline cor-
rectly named two tasks where it is okay to use arsenic
contaminated water; a further 18% (15/84) of partici-
pants correctly named one task, and 32% (27/84) of par-
ticipants could not name any tasks where it is okay to use
arsenic contaminated water. The three most common
responses to this item were bathing/showering (correct)

Table 4 Arsenic knowledge themes at baseline and follow-up
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(36%, 30/84), washing dishes (correct) (18%, 15/84), and
laundry (correct) (15%, 13/84). Lastly, only 41% (34/83)
of participants at baseline were able to correctly report
two health conditions resulting from arsenic exposure; a
further 21% (17/83) provided one correct response, and
39% (32/83) could not provide a correct health condi-
tion. Twenty-eight percent (23/83) of participants named
cancer (correct), 13% (11/83) diabetes (correct), and
14% (12/83) heart disease (correct) as health conditions
resulting from arsenic exposure.

All changes in behavioral determinants and knowledge
items from baseline to follow-up were in the hypoth-
esized direction. Concern about future personal health
problems from long-term arsenic exposure (p=0.016)
(perceived vulnerability) increased from baseline to
follow-up (Table 3). Self-efficacy to obtain arsenic-safe
water for drinking (p=0.062) and cooking (p=0.004)
also increased over this time. Participants’ perceptions
of the proportion of community members drinking and
cooking with arsenic-safe water significantly increased
from baseline to follow-up (drinking (p=0.001) and
cooking (p=0.002)), as well as a significant increase in
the perceived proportion of community members that
used bottled water for drinking (p=0.004) (descriptive
norms). Consistent with this, during the study period
there was a significant decrease in the perceived use of
arsenic-unsafe well water for drinking in the commu-
nity (p=0.003) (descriptive norms). There was also a

Name two health conditions that can happen from arsenic exposure:

Major themes  Baseline % Follow-up % Response Cat-
(N =83) (N=70) egory

Cancer 28% (23) 43% (30) Correct

Do not know 33% (27) 29% (20) Incorrect

Diabetes 13% (11) 10% (7) Correct

Heart disease 14% (12) 9% (6) Correct

Death 6% (5) 11% (8) Correct

Name two tasks where it is NOT OK to use water with high arsenic:

Major themes Baseline % Follow-up % Response Cat-
(N=84) (N=71) egory

Drinking 81% (68) 72% (571) Correct

Cooking 61% (51) 65% (46) Correct

Do not know 17% (14) 17% (12) Incorrect

Bathing/show- 6% (5) 4% (3) Incorrect

ering

Water plants 5% (4) 0% (0) Incorrect

Name two tasks where it is OK to use water with high arsenic:

Major themes Baseline % Follow-up % Response
(N =84) (N=71) Category

Bathing/show- 36% (30) 28% (20) Correct

ering

Do not know 29% (24) 30% (21) Incorrect

Washing dishes 18% (15) 31% (22) Correct

Laundry 15% (13) 24% (17) Correct

Cleaning 10% (8) 13% (9) Correct

How could you remove arsenic from drinking water?

Major themes Baseline % Follow-up % Response
(N =84) (N=71) Category

Filter 81% (68) 82% (58) Correct

Boiling 7% (6) 18% (13) Incorrect

Do not know 15% (13) 6% (4) Incorrect

Arsenic cannot 4% (3) 7% (5) Incorrect

be removed from

water

Use alternative 2% (2) 0% (0) Correct

source (change
well)

N refers to the number of participants. Participants were allowed two responses to each question. The 5 most common themes are reported for each item, regardless
of correctness.“Do not know” refers to those who replied that they did not know for all responses to the given question
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significant increase in participant’s perceived disapproval
of their peers in using arsenic-safe water for drinking and
cooking from baseline to follow-up (drinking (p=0.012)
and cooking (p=0.008)) (injunctive norms). There were
no significant changes in commitment strength or arse-
nic knowledge from baseline to follow-up. Changes from
baseline to follow-up for each study arm are provided in
Supplementary Table 3.

Higher commitment to exclusively drink and cook
with water from the POU arsenic filter faucet at baseline
was associated with significantly higher odds of exclu-
sive use of arsenic-safe water for cooking (OR: 15.90,
95% CI: 1.33-189.52) and drinking (OR: 32.57, 95% CI:
1.42-746.70) at follow-up (Table 5). Greater concern
about arsenic even if someone had been drinking arse-
nic contaminated water for a long time without health
related problems (OR: 0.22, 95% CIL: 0.06—0.81 (lower
score =greater concern about arsenic)) (perceived vul-
nerability), greater confidence in one’s ability to find local
resources to learn about arsenic in water (OR: 5.19, 95%
CI: 1.48-18.21) (self-efficacy), and higher confidence in
the usefulness of local resources to resolve an arsenic-
related problem with a private well (OR: 3.11, 95% CI:
1.11-8.71) (self-efficacy) at baseline were significantly
associated with exclusive use of arsenic-safe water at
follow-up. Higher confidence in one’s ability to use the
POU arsenic filter faucet every time for drinking water
in the home at baseline was significantly associated with
exclusive use of arsenic-safe water for drinking at follow-
up (OR: 9.17, 95% CI: 1.15-73.35) (self-efficacy). Higher
agreement that the POU arsenic filter faucet was not a
priority compared to other worries at baseline was also
associated with exclusive use of arsenic-safe water for
drinking and cooking at follow-up (OR: 0.23, 95% CI:
0.06—0.94). Providing a correct response to the knowl-
edge item “How could you remove arsenic from drink-
ing water?” at baseline was significantly associated with
exclusive use of arsenic-safe water for cooking at follow-
up (OR: 3.52, 95% CI: 1.07-11.58). Sex, education, and
age were not significant for any of the three exclusive use
outcomes assessed (Supplementary Table 4).

Increased commitment to cook only with water from
the POU arsenic filter faucet from baseline to follow-
up was significantly associated with the exclusive use of
arsenic-safe water for both cooking and drinking (OR:
4.24, 95% CI: 1.15-15.66) and for cooking only (OR: 8.89,
95% CI: 1.84-43.06) at follow-up (Table 6). Increased
perceived vulnerability from baseline to follow-up related
to the chances of a household member developing health
problems from arsenic exposure in well water was also
significantly associated with exclusive use of arsenic-safe
water for drinking at follow-up (OR: 3.44, 95% CI: 1.04—
11.3370). Additionally, increased self-efficacy related to
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the use the POU arsenic filter faucet every time for cook-
ing in the home was significantly associated with exclu-
sive use of arsenic-safe water for cooking at follow-up
(OR: 11.5, 95% CI: 1.41, 92.79).

Perceived vulnerability, self-efficacy, and competing life
priorities were significantly changed with overall SHWS
program delivery from baseline to follow-up and were
associated with the exclusive use of arsenic-safe water
at follow-up. Concern about arsenic even if someone
had been drinking arsenic contaminated water for a long
time without health related problems (perceived vulner-
ability) increased during the SHWS program period, and
this change led to increases in exclusive use of arsenic-
safe water for both drinking and cooking at follow-up.
The ability to find local resources to learn about arsenic
in water (self-efficacy) and the belief that these resources
would be helpful to resolve arsenic-related well prob-
lems (self-efficacy) significantly increased during the
study period, and this was associated with exclusive use
of arsenic-safe water for both cooking and drinking at
follow-up. Finally, participants were less worried about
their POU arsenic filter faucet compared to other priori-
ties at baseline compared to follow-up, and this was asso-
ciated with exclusive use of arsenic-safe water for both
cooking and drinking at follow-up.

Greater concern about arsenic even if someone had
been drinking arsenic contaminated water for a long
time without health-related problems (OR: 7.79, 95%
CI: 1.17-51.98) (perceived vulnerability) or a house-
hold member had been drinking arsenic contaminated
water for a long time without health-related prob-
lems (OR: 11.41, 95% CI: 1.75-74.44) (perceived vulner-
ability) at baseline were both associated with a higher
likelihood of changing the arsenic filter cartridge after
installation (Table 7). Higher baseline self-efficacy in the
perceived ability to obtain water with a safe level of arse-
nic for drinking (OR: 6.22, 95% CI: 1.33-29.07) and for
cooking (OR: 10.65, 95% CI: 2.48—-45.68) was also associ-
ated with a higher likelihood of changing the arsenic fil-
ter cartridge after installation. There was no association
between the demographic variables assessed and arsenic
filter cartridge change (Supplementary Table 5).

Discussion

This study investigated behavioral determinants associ-
ated with exclusive use of arsenic-safe water and chang-
ing ones arsenic filter cartridge for households receiving
the community-led SHWS arsenic mitigation program.
The SHWS program significantly increased perceived
vulnerability to arsenic exposure, and self-efficacy,
descriptive norms, and injunctive norms related to the
use of arsenic-safe water. Increased perceived vulnerabil-
ity, self-efficacy, and commitment strength to using the
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Table 7 Influence of behavioral determinants at baseline on arsenic filter cartridge change after installation

Statement Behavioral determinant Arsenic filter cartridge
change after installation

OR 95% Cl p-value

How high or low are the chances of you getting health problems from ~ Perceived vulnerability 7.79 1.17,51.98 0.034
arsenic ifitis in your well water?

How high or low are the chances of someone in your household getting ~ Perceived vulnerability 11.41 1.75,74.44 0.011
health problems from arsenic if it is in your well water?

How high or low are the chances of you getting health problems from Perceived vulnerability 070 0.09,553 0.735
arsenic if you drink water from an arsenic filter?

I have been drinking this water for a long time with no health problems,  Perceived vulnerability 036 008,168  0.195
so lam not concerned about arsenic in my well water.

Because no one in my house has developed health problems from Perceived vulnerability 030 008116  0.081
arsenic, | am not concerned about arsenic in my well water.

| can afford to fix my arsenic filter if it breaks. Perceived cost 087 0.19,4.08 0.859
Of all the things | have to worry about, the arsenic filter is not at the top  Competing Priorities 029 006,135 0.116
of my list.

If given the choice, | would prefer bottled water over water from an User preferences 132 032,543 0.703
arsenic filter.

The tribal water system in my area has a safe level of arsenic. Perceived safety of tribal water system 129 022,769  0.781
How many people in your community have arsenic in their wells? Perceived extent of contamination in community 083  0.10,6.67  0.857
How many people in your community with arsenic in their wells drink Descriptive norm 0.17 003,101 0.051
this water without filtration?

How many people in your community with arsenic in their wells cook Descriptive norm 0.15 0.02,1.03 0.054
with this water without filtration?

How many people in your community with arsenic in their wells use Descriptive norm 286 034,2429 0336
bottled water for drinking?

How many people in your community with arsenic in their wells usean ~ Descriptive norm 365 0.17,7991 0410
arsenic filter for their drinking water?

How many people in your community with arsenic in their wells usean ~ Descriptive norm 1.57 025,984 0628
arsenic filter for their cooking water?

How much would people who are important to you approve or disap-  Injunctive norm 080 0.10,6.74 0.84
prove of you using water containing high arsenic for drinking?

How much would people who are important to you approve or disap-  Injunctive norm 140 0.19,10.06 0.741
prove of you using water containing high arsenic for cooking?

How sure are you that you can get drinking water with a safe level of Self-efficacy 6.22 1.33,29.07 0.020
arsenic?

How sure are you that you can get water for cooking with a safe level of ~ Self-efficacy 10.65 2.48,45.68 0.001
arsenic?

How sure are you that you could find local resources to learn about Self-efficacy 142 031,647 0654
arsenic in water?

How sure are you that local resources would help you resolve an arsenic-  Self-efficacy 769  149,3964 0015
related problem with your private well?

How sure are you that you can use your arsenic filter faucet every time ~ Self-efficacy 094  0.10,843 0.955
you need water for drinking in your home?

How sure are you that you can use your arsenic filter faucet every time  Self-efficacy 243 0.25,2341 0442
you need water for cooking in your home?

How sure are you that you will be able to buy a new arsenic filter car- Self-efficacy 422 060,29.73 0.148
tridge when needed?

How sure are you that you yourself can change your arsenic filter Self-efficacy 312 087,11.23  0.082
cartridge when needed?

How sure are you that you will be able to use your arsenic filter consist-  Self-efficacy 6.82  0.35,13344 0210
ently over the next year?

How sure are you that you will be able to use your filter consistently over  Self-efficacy 168 0181564 0.650
the next five years?

How committed do you feel to drinking water only from your arsenic Commitment strength 302 0352632 0317

filter faucet?
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Table 7 (continued)

Page 19 of 23

Statement

Behavioral determinant

Arsenic filter cartridge
change after installation

OR 95% Cl p-value

How committed do you feel to cooking with water only from your Commitment strength 786 0.76,8141 0.084
arsenic filter faucet?

Overall arsenic knowledge Knowledge 266 0451561 0278
Name two health conditions that can happen from arsenic exposure. Knowledge 248 083,743 0.105
Name two tasks where it is OK to use water with high arsenic. Knowledge 079 023,272 0.711
Name two tasks where it is NOT OK to use water with high arsenic. Knowledge 272 070,1054 0.148
How could you remove arsenic from drinking water. Knowledge 185 053,638 0332

Odds ratios (OR) calculated with regression with generalized estimating equations to account for household level clustering. P-value < 0.05 indicated in bold

POU arsenic filter faucet after SHWS program delivery
was associated with higher exclusive use of arsenic-safe
water at follow-up. Perceived vulnerability and self-effi-
cacy were also associated with changing one’s arsenic fil-
ter cartridge during the follow-up period. These results
suggest that the community-led SHWS program was
effective in changing the targeted behavioral determi-
nants of the use of arsenic-safe water and changing ones
arsenic filter cartridge, and thereby increased these behav-
iors. This study demonstrates the effectiveness of theory
driven community-led intervention approaches to reduce
arsenic exposure. These findings complement those from
George et al. and Zacher et al., which found that delivery
of the SHWS intervention significantly reduced arsenic
exposure (George et al., submitted; [52]). These behavioral
determinants of arsenic-safe water use and changing ones
arsenic filter cartridge will be targeted in scaling efforts
for this arsenic mitigation program.

Commitment strength to only drink and cook using
water from the POU arsenic filter faucet was the behav-
joral determinant most strongly associated with the
exclusive use of arsenic-safe water for both cooking and
drinking. Numerous studies have highlighted the con-
nection between commitment strength and behaviors
to protect against water arsenic exposure, both in the
United States and internationally [25-29, 53]. Com-
mitment strength was high at baseline, with no signifi-
cant change in reported commitment strength between
baseline and follow-up with SHWS program delivery.
It is possible that those who participated in the SHWS
did so because they were already committed to reduc-
ing their arsenic exposure. While overall commitment
strength did not change significantly between baseline
and follow-up, our findings indicate that an increase in
commitment from baseline to follow-up to cook only
with water from the POU arsenic filter faucet was asso-
ciated with a higher likelihood of exclusive use of arse-
nic-safe water at follow-up. This finding suggests that

for the participants whose commitment to only cook
with arsenic-safe water increased, this increase was an
important contributor to their arsenic-safe water use.
Future studies assessing approaches for arsenic mitiga-
tion should evaluate the impact of arsenic interventions
on commitment strength.

Perceived vulnerability to the health effects of arse-
nic exposure increased with SHWS delivery and was
associated with exclusive use of arsenic-safe water for
both cooking and drinking. This finding is consistent with
previous studies conducted both in the United States and
in Bangladesh that assessed arsenic mitigation [25, 27,
54] and use of arsenic mitigation options [25, 27]. In one
study in New Jersey examining health protective behav-
iors to reduce arsenic exposure, perceived susceptibility
to arsenic exposure was a significant predictor of the use
of an arsenic mitigation option [27]. These findings high-
light the importance of changes in perceived vulnerabil-
ity for sustained use of arsenic-safe water in our program
setting, and indicate that our health communication on
the health implications of long-term arsenic exposure
increased perceived vulnerability on the health effects
of arsenic within our partner communities, and subse-
quently increased the use of arsenic-safe water.

Self-efficacy at baseline was strongly associated with
exclusive use of arsenic-safe water for both cooking and
drinking at follow-up. Our findings suggest that those
who are confident in their ability to use local resources to
resolve an arsenic-related problem with their private well
are more likely to perform protective behaviors to reduce
their arsenic exposure. This is consistent with results of
previous studies that have highlighted the importance
of self-efficacy in water arsenic protective behaviors [25,
27, 55, 56]. Severson et al. found that among a survey of
homeowners with high-arsenic in their wells, accessing
arsenic information increased protective behaviors [24].
This highlights the importance of our finding that when
participants are confident in their ability to access local
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resources about arsenic, they are more likely to exclu-
sively use arsenic-safe water.

The SHWS did not significantly increase arsenic knowl-
edge between baseline and follow-up. However, baseline
knowledge of how to remove arsenic from drinking water
was associated with higher exclusive use of arsenic-safe
water. One potential explanation for this finding is that
because well water arsenic testing occurred prior to study
enrollment, participants had already received some infor-
mation regarding water arsenic levels, how to remove
arsenic, and the possible health related effects of arsenic
exposure. A few participants may have also been exposed
to the intervention prior to their baseline questionnaire
if they were not available when the initial household
enrollment occurred. Even after the SHWS program was
delivered, 18% of participants at follow-up still reported
boiling could remove arsenic, and 17% did not know
which household tasks could be safely performed with
arsenic-safe water. Future SHWS health communication
should work to further improve understanding of how to
remove elevated arsenic from water and which tasks are
safe to perform with contaminated water.

Participants who were less worried about their POU
arsenic filter compared to other concerns at baseline
were more likely to report exclusive use of arsenic-safe
water at follow-up. While initially unexpected, it is pos-
sible that these individuals placed higher trust in the
POU arsenic filter faucet to provide arsenic-safe water,
and thus devoted less time worrying about their filters.
Many individuals in our study face numerous chal-
lenges in their daily lives apart from arsenic contami-
nation of well water [44], thereby providing the arsenic
filter may have enabled them to spend less time worrying
about arsenic in their water.

None of the demographic factors assessed (age, sex, and
education) predicted exclusive use of arsenic-safe water.
Results from previous studies on the influence of demo-
graphic factors on arsenic treatment and mitigation and
well testing for arsenic have yielded varying results [23,
25, 57-59]. In one study in central Maine, use of an arse-
nic treatment system was associated with higher education
and income, while drinking bottled water was associated
with lower education and income [25]. In another study
in rural Nevada, lower education was associated with the
decision to treat water for arsenic [23]. Finally, among
families with children in rural Montana and Washington
utilizing a non-municipal water source and demographic
variables including age, education and income were simi-
lar between those who choose to take precautions against
arsenic contaminated water and those that did not [59].

Changing the POU arsenic filter cartridge over the
study period was associated with higher baseline self-
efficacy in the ability to obtain arsenic-safe water for
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drinking and cooking and higher perceived vulner-
ability in the health effects from arsenic at both the
personal and household levels. Changing one’s arsenic
filter cartridge is an integral aspect of the SHWS pro-
gram. If the POU arsenic filter is not changed as rec-
ommended, it may not reduce arsenic concentrations
below 10 pug/L. Participants may therefore be unknow-
ingly consuming arsenic-unsafe water despite using
the arsenic faucet for drinking and cooking. To the
authors knowledge, no study has specifically assessed
prospectively behavioral determinants associated
with changing or maintaining a POU arsenic filter. In
one cross-sectional survey conducted in New Jersey
among those treating water for arsenic, level of com-
mitment and signing a service agreement were associ-
ated with treatment maintenance in all models tested
[27]. Contrary to our results, perceived susceptibil-
ity was not associated with treatment maintenance.
Our finding that higher perceived vulnerability of the
health effects of arsenic influenced changing one’s
filter cartridge may indicate that those who saw con-
sumption of arsenic-safe water as a greater risk were
more committed to overcome challenges in chang-
ing the filter cartridge. Future studies should investi-
gate behavioral determinants of maintaining arsenic
mitigation options over time in other settings glob-
ally so that interventions can target these behavioral
determinants.

This study has some strengths and limitations. The
first strength is that this study reports findings from
the first RCT evaluating an arsenic mitigation program
to reduce water arsenic exposure in North America.
Second, this study presented the unique opportuni-
tie to prospectively assess behavioral determinants of
the use of arsenic-safe water and changing ones POU
arsenic filter cartridge and the impact of the commu-
nity-led SHWS program on these behavioral determi-
nants. Another strength of this study is information
on both exclusive use of arsenic-safe water for drink-
ing and cooking, and changing one’s filter cartridge for
arsenic. Previous intervention studies only focused on
behavioral determinants of arsenic-safe water. The first
limitation is the small sample size due to study enroll-
ment being halted because of the COVID-19 pandemic
which limited the ability to assess differences between
study arms. Second, COVID-19 impacted study visit
timelines and in-person visits.

Conclusions

Millions are exposed to unsafe levels of arsenic in water
used for drinking and cooking globally. The commu-
nity-led SHWS arsenic mitigation program conducted
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a theory-driven approach for intervention development
and evaluation that allowed for behavioral determinants
to be identified that were associated with the use of arse-
nic-safe water and changing one’s arsenic filter cartridge.
This program increased perceived vulnerability to arse-
nic exposure and self-efficacy to obtain arsenic-safe
water and these changes were associated with exclusive
use of arsenic-safe water. Perceived vulnerability to arse-
nic exposure and self-efficacy were associated with
changing one’s arsenic filter cartridge before the final
follow-up. These results demonstrate that theory-driven,
context-specific formative research can influence behav-
ior change interventions to reduce water arsenic expo-
sure. The SHWS can serve as a model for the design of
theory-driven intervention approaches that engage com-
munities to reduce their arsenic exposure.
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