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ABSTRACT

About 20 Million (73%) people in Nepal still do not have access to safely managed drinking water service and 22
million (79%) do not treat their drinking water before consumption. Few studies have addressed the combi-
nation of socio-economic characteristics and psychosocial factors that explain such behaviour in a probabilistic
manner. In this paper we present a novel approach to assess the usage of household water treatment (HWT),
using data from 451 households in mid and far-western rural Nepal. We developed a Bayesian belief network
model that integrates socio-economic characteristics and five psychosocial factors. The socio-economic char-
acteristics of households included presence of young children, having been exposed to HWT promotion in the
past, level of education, type of water source used, access to technology and wealth level. The five psychosocial
factors capture households’ perceptions of incidence and severity of water-borne infections, attitudes towards
the impact of poor water quality on health, water treatment norms and the knowledge level for performing HWT.
We found that the adoption of technology was influenced by the psychosocial factors norms, followed by the
knowledge level for operating the technology. Education, wealth level, and being exposed to the promotion of
HWT were the most influential socio-economic characteristics. Interestingly, households who were connected to
a piped water scheme have a higher probability of HWT adoption compared to other types of water sources. The
scenario analysis revealed that interventions that only target single socio-economic characteristics do not ef-
fectively boost the probability of HWT practice. However, interventions addressing several socio-economic
characteristics increase the probability of HWT adoption among the target groups.

1. Introduction

of use such as boiling and ceramic filtration, is one possible means to
tackle the challenge of non-potable water at household level (Clasen,

Access to potable water is still a global challenge (WHO & UNICEF,
2017b). About 2.1 billion people, mostly in low and middle income
countries (LMICs), are still without “improved drinking water source
that is located on premises, available when needed, and free from faecal
and priority chemical contamination” (WHO & UNICEF, 2017a). These
unsafe conditions cause a high number of water-related diseases that
have contributed to 9.1% of the global disease burden and have been
responsible for the deaths of 1.3 million people in 2015, most of whom
are children below the age of 5 and located in LMICs (Collaborators,
2017).

Household water treatment (HWT), which treats water at the point
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2009). However, studies have shown that, although necessary and po-
tentially having a positive health impact, households do not regularly
use HWT (Brown and Clasen, 2012). This reduces its potential health
benefits (Hunter et al., 2009).

Psychology concepts or frameworks have been used to understand
why people use or do not use HWT, for example Risk — Attitude — Norm
— Ability — Self-regulation (RANAS) model (Mosler, 2012), the health
belief model (Rainey and Harding, 2005), or Integrated Behavioural
Model for WASH (IBM-WASH) (Dreibelbis et al., 2013). In this paper,
we used the RANAS to model this behaviour due to its high capability of
explaining WASH-related behaviour and the convenience to adapt the
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Fig. 1. Location of the study area in mid and far-western Nepal, drawn using ArcGIS (ESRI, 2011).

RANAS structure to a simple causal structure. RANAS, as also revealed
by other behavioural studies, argues that the socio-economic char-
acteristics of people (called contextual factors in RANAS) influence
behaviour in two ways: directly (Ball et al., 2009; Businelle et al., 2010;
Contzen and Mosler, 2015) and indirectly through the behavioural
determinants (i.e., psychosocial factors) (Geckova et al., 2005; Martinez
et al., 2018; Rodriguez et al., 2014).

Previous studies have included socio-economic characteristics and
psychosocial factors in their analysis of explaining the use of HWT. A
study in Sri Lanka, e.g., showed that socio-economic factors, such as
education, WASH promotion, and type of water source drove the
households’ perception of risk, and higher perception of risk led to a
higher likelihood of households treating water (Nauges and Berg,
2009). However, they only used one psychosocial factor: perceived risk,
though we know there are other psychosocial factors that also play a
role in shaping human behaviour, such as norm or ability. Recent
RANAS studies have further analysed the combination of socio-eco-
nomic and psychosocial factors, using hierarchical regression analysis
to predict handwashing behaviour (Seimetz et al., 2016) and the
cleaning of water storage containers (Stocker and Mosler, 2015).

However, in spite of the clear need for a systems-level approach, i.e.,
analysing all interacting variables within one system, that considers the
influence of socio-economic characteristics on adoption behaviour of
HWT via psychosocial factors, this perspective has often been ignored
and remains to be explored (Daniel et al., 2018; Dreibelbis et al., 2013).
Therefore the motivation of this study is to analyse the interactions
between socio-economic and psychosocial factors, to visualize these
interactions in a conceptually causal manner, and accordingly, to model
them in order to quantitatively predict the adoption of HWT.

Bayesian belief networks (BBN) can model the interaction between
variables that are causally linked (or theorized to be so) in a prob-
abilistic manner. A BBN contains a directed acyclic graph (DAG),
showing the dependencies between variables (called “nodes” in BBN)
based on conditional probability tables (CPTs), which represent the
strength of such relationships between the parent nodes (i.e., where the
arrow originates or the cause) and child node (i.e., where the arrow ends
or the effect) (Pearl, 1988). For example, a Bayesian network could re-
present the probabilistic relationships between diseases such as diar-
rhea or common flu and a symptom such as vomiting. Given data, the
network can be used to impute the probabilities of the vomiting caused
by diarrhea and flu independently, which are then documented in the
CPT corresponding to the node of vomiting.

BBN offers advantages over other methods, such as regression
analysis or agent-based modelling, by 1) visualising a causal

interpretation of a complex system, 2) stimulating stakeholder partici-
pation, 3) integrating expert judgement to tackle uncertainties and
unknown data, 4) integrating quantitative and qualitative information,
and 5) performing both predictive and diagnostic inference (Barton
et al., 2012; Cain, 2001). Despite its many advantages, very few studies
related to WASH, such as understanding hand pump functionality in
Africa (Cronk and Bartram, 2017; Fisher et al., 2015), have used BBN
models. This approach therefore remains underexplored in under-
standing WASH-related behaviour (e.g., HWT or handwashing), as
found in two reviews of BBN applications in water science and man-
agement (Landuyt et al., 2013; Phan et al., 2016).

We present a WASH related cross-sectional survey of rural com-
munities in the mid and far-western regions of Nepal. An analysis of the
interactions between socio-economic characteristics and psychosocial
factors, and the impact of these interactions on the adoption of HWT
through the lens of the simplified RANAS model. BBN was used to es-
timate the probability of HWT adoption, while considering the combi-
nations of socio-economic and psychosocial variables.

2. Methods
2.1. Study setting and data source

In October 2014, a cross-sectional study was conducted during
which 512 households were surveyed within five Village Development
Committees (VDCs), which are the smallest administrative unit in
Nepal. The five VDCs were located in different districts in two pro-
vinces: (1) Province Karnali Pradesh: Jarbuta VDC in Surkhet district,
Nepa VDC in Dailekh district, and Sima VDC in Jajarkot district; and (2)
Province Sudurpashchim Pradesh: Birpath VDC in Achham district and
Pahalmanpur VDC in Kailali district (Fig. 1).

Helvetas Swiss Intercooperation, a non-profit organization based in
Switzerland, sought this research collaboration to rigorously investigate
WASH practices within its service area in the five districts described
above. For the study of WASH practices, data collection involved semi-
structured face-to-face household interviews. The questionnaires were
translated into Nepali, back-translated into English, and reviewed for
accuracy. A pilot test was conducted before the field research. Informed
consent was obtained from all participants prior to the interview. This
baseline study was part of a WASH project initiated by Helvetas Swiss
Intercooperation which was approved by Department of Water supply
and Sewerage Nepal.

Study households were randomly selected for enrolment in a two-
step randomization process: first, within each VDC, wards (sub-level of
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Table 1
Descriptive statistics of behavioural determinant factors, i.e. psychosocial factors. M = mean, SD = standard deviation.
Determinant factors Example questions Scales M(SD)
Risk Vulnerability How high do you feel is the risk that you will get diarrhea if you drink untreated water? 1-5 2.51 (1.07)
Health knowledge What are the causes of diarrheal diseases? 1-5% 1.32 (0.77)
Severity on life Imagine you have diarrhea, how severe would be the impact on your daily life? 1-5 4.16 (0.63)
Severity on a child under 5 years Imagine your child below 5 years has diarrhea, how severe would be the impact on his life and development?  1-5 4.15 (0.54)
Attitude Health benefit How certain are you that always treating your water will prevent you from getting diarrhea? 1-5 2.98 (0.93)
Norm Descriptive How many of your neighbours treat their water? 1-5 1.44 (0.83)
Injunctive People who are important to you, how do they think you should always treat your water before 1-5 2.44 (1.07)
consumption?
Personal How strongly do you feel an obligation to yourself to always treat your water before consumption? 1-5 3.03 (0.97)
Ability Action knowledge Can you explain to me the procedures of the different methods for water treatment? 1-5% 2.13 (1.22)

& For health knowledge, the scale is based on the correct causes mentioned by the respondents; and for action knowledge, the scale is based on the correct HWT

procedures explained by the respondent. See Table S4 for more information.

VDC) were randomly selected after a participatory social mapping of
the VDC with community members based on the population of the
wards. Second, households were randomly selected within the selected
wards through a transect-walk and enrolment of every two or three
houses. The target participants were women who are the primary
caregivers in the households. The questionnaire covers household in-
formation, information on water access, WASH knowledge (questions
on sanitation and hygiene specifically), perception, water related be-
haviour, health status, and market information. A five-item Likert scale
was used to measure each behavioural determinant factor (Table 1).
Socio-economic characteristics were measured on a nominal scale
(Table S3). The respondent's answer to this question was used as the
outcome variable: “‘Do you use any method to treat your drinking
water?”.

2.2. A conceptual model of HWT adoption

2.2.1. RANAS psychosocial factors

The RANAS model consists of five psychosocial factors: risk, attitude,
norm, ability, and self-regulation (Fig. 2) as described in Mosler (2012).
Risk factors indicate an individual's understanding and perception of
health risk. Attitude factors represent a person's belief towards the be-
haviour, such as positive or negative opinions about the costs and
benefits. Norm factors represent which behaviours are perceived to be
normal and abnormal. Ability factors relate to an individual's perception
in his or her ability to execute the behaviour. Finally, self-regulation
represents factors that are responsible for the continuation and main-
tenance of certain behaviour, such as commitment. More details can be

found in S1.

Since RANAS requests the information at the sub-factor level of
psychosocial factors (Fig. 2 and Table S1), Principal Component Ana-
lysis (PCA) on the sub-factors was performed to simplify the BBN
structure and the first principle component, where possible, was used to
represent each RANAS factor. The data were analysed in IBM SPSS 23.
PCA was conducted only on the two psychosocial factors: risk and norm.
The PCA on factor risk yielded two dominant components: Component
1, named perceived severity, was mostly influenced by variables perceived
severity on life and perceived severity on a child under five years, and
Component 2, named perceived infection probability, was mostly influ-
enced by perceived vulnerability and health knowledge. The PCA on the
sub-factors norm yielded one dominant component (detail in S2). The
component scores were then divided into three levels based on the
score: one-third of the lowest score as “low”, the next one-third as
“moderate”, and the rest as “high”. The “new factors” were then used in
the BBN analysis (see S2).

We lost information on the sub-factors of attitude, ability and self-
regulation due to coding error (Table S1). Therefore PCA was not be
conducted on these variables. The psychosocial factor attitude was re-
presented by its sub-factor “beliefs about health benefits” and the factor
ability was represented by the sub-factor “how-to-perform knowledge”
(action knowledge). We scaled these factors into the three categories:
“low”, “moderate” and “high”, in order to keep the CPTs of the BBN
model parsimonious and understandable (see S2). We had to further
simplify the model by removing the RANAS factor self-regulation from
the analysis because only about 30% of the total cases had answered to
the corresponding question (Table S1). Such simplification does not

Socio-economic characteristics

RANAS psychosocial factors

Risk Attitude Norm Ability Self-regulation
Perceived vulnerability Instrumental belief Descriptive norm Action knowledge Action control / planning
Perceived severity Affective belief Injunctive norm Self-efficacy Coping planning
Factual knowledge Personal norm Maintenance self-efficacy Remembering
Recovery self-efficacy Commitment

Household Water Treatment practice

Fig. 2. Conceptual model adapted from Risk — Attitude — Norm — Ability — Self-regulation (RANAS) model for constructing the BBN structure. Adapted from (Mosler,

2012).
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undermine the conclusion that are drawn later. That is because self-
regulation is hard to measure in households who do not perform the
behaviour, i.e., we had only 22% respondents who practiced HWT (Lilje
and Mosler, 2018).

2.2.2. Socio-economic characteristics

Eight socio-economic characteristics were identified from literature
that may influence the psychosocial factors (Table S3): 1) level of edu-
cation (Fotue Totouomet et al., 2012; Nauges and Berg, 2009), 2) WASH
(i.e., water, sanitation, and hygiene in general) or 3) HWT (i.e., HWT
knowledge and practice specifically) promotion activities (George et al.,
2016; Mosler et al., 2013), 4) type of water source (Casanova et al., 2012;
DuBois et al., 2010), 5) Wealth level (Luby et al., 2004; Opryszko et al.,
2010), 6) logistic access (DuBois et al., 2010; Goldman et al., 2001), 7)
presence of sick children and 8) presence of children under the age of 5
(Christen et al., 2011; Freeman et al., 2012).

We performed PCA to create relative wealth level using information
on household assets (Table S2). The first component of PCA was as-
sumed to measure the wealth level of the respondents (Houweling et al.,
2003). The respondents were then divided into three groups: poor
(40%), middle income (40%), and rich (20%); according to their scores
(Vyas and Kumaranayake, 2006).

For the analysis, we removed 61 data cases that did not contain
information on the current practice of treating water. Thus, a total of
451 cases from 512 households were analysed. The answer “do not
know” was coded as an empty value to simplify the categories in the
analysis. Furthermore, we categorized the study locations in our study
into easy logistic access (Surkhet and Kailali) and difficult logistic access
(Accham, Jajarkot, and Dailekh).

2.2.3. Performing the BBN model

Four aspects were considered when building the BBN structure:
statistical relationship between the socio-economic factors and psy-
chosocial factors, the complexity of the model (i.e., number of variables
and categories/states), conformity of inferred relationships with what
are reported in literature, and model performance (Bae and Chang,
2012; Cain, 2001; Chen and Pollino, 2010; Marcot et al., 2006).

The one-to-one relationships (nonparametric chi-square) tests be-
tween each households' socio-economic characteristics and ‘principal’
psychosocial factors were performed to assess potential causal re-
lationships between them (see Fig. S4). However, connecting all sig-
nificantly associated variables may result in a more complex model, in
which case even a statistically significant relationship may not re-
present a true causal relationship. Therefore, more nodes should only
be added and connected thereby increasing the sizes of CPTs, when it
result in a significant improvements in the BBN model performance
(Marcot et al., 2006). Thus, in this study, we considered the model
performance (i.e., the comparison of the results of validation test) as the
most important consideration. In order to simplify the BBN structure,
we only considered the indirect pathways of socio-economic char-
acteristics influencing the adoption of HWT via psychosocial factors,
using an assumption that socio-economic factors rarely influence be-
haviour directly.

We used the Genie 2.2 (www.bayesfusion.com) software package to
implement the BBN analysis. The expectation maximization (EM) al-
gorithm within the software was used to estimate and populate the
CPTs (i.e. calibrated) in a BBN based on the collected survey data set
(Druzdzel and Sowinski, 1995). This algorithm is considered to be ef-
fective, especially when data sets are incomplete (Do and Batzoglou,
2008).

The ten-fold cross-validation was used, using the same software, to
judge how robust calibrated CPTs are, by first calibrating them on a
subset of data and using the calibrated model in prediction mode on the
remaining data (not used in model calibration) to judge model's per-
formance. In our case, 90% of the dataset was randomly selected to
impute the CPT and the remaining 10% was then used to ‘validate’ the

International Journal of Hygiene and Environmental Health xxx (XXxXX) XXX—XXX

performance of the calibrated model. Since the calibration and vali-
dation subsets were randomly selected, the process was repeated 10
times and the average of validation performances was taken as the cross
ten-fold cross validation score. Another performance that was con-
sidered was Receiver Operating Characteristics (ROC). The ROC graph
plots the ‘sensitivity’ on the Y axis and false positive on the X axis. The
value of the area under the ROC curve (AUC - Areas Under Curve) is
used to assess model performance. The closer the AUC value is to 1, the
better is its performance (higher sensitivity and lower false positives)
(Greiner et al., 2000).

Parameter sensitivity analysis of the input node was performed to
identify the nodes that most influence the output node. We utilized the
algorithm within the Genie software which calculates the effect of small
changes in the CPT of each node on the output node.

Finally, we simulated the interventions (scenario analysis) by ex-
ploiting the predictive strength of BBN, i.e., Bayesian inference.
Updating the beliefs of socio-economic nodes (outer layer) updates,
first, the likelihood values of psychosocial nodes (intermediate layer),
and thereafter the outcome node. For example, updating HWT promo-
tion to 100% “yes”, increased the probability of four psychosocial nodes
being “high” that were connected to it: severity, infection probability,
attitude, and ability, then increased the probability of using HWT from
18% to 20% (Figs. S1-52).

3. Results
3.1. Descriptive analysis of the study area

The questionnaire results show that only 22% of all the respondents
treated their water. About 57% of the respondents obtained water from
piped community taps and 27% from a tube well. About half of the
respondents (51%) had at least one child below the age of 5. Only 10
cases of a household having a family member experiencing diarrhea in
the last two days were reported during the survey. Forty-five percent of
the respondents reported having no education. Detail information can
be found in Table S3. Means and standard deviations of the psychoso-
cial sub-factors are provided in Table 1.

3.2. Bayesian belief network structure and model

3.2.1. Lay-out of the BBN model

Fig. 3 showed the final structure that had the best model perfor-
mance, while it kept the number of links between the socio-economic
characteristics and psychosocial factors to a minimum. The BBN model
predicted a use of HWT of 18% considering information in all nodes,
which was slightly different from the real percentage of HWT use
(22%). We did not include variable diarrhea cases in the model because
it did not have a statistically significant relationship with any of the
psychosocial factors and the proportion of diarrhea cases was only 2.4%
in the dataset. Furthermore, we included HWT promotion rather than
WASH promotion in the model since it had a more statistically sig-
nificant relationship with other psychosocial factors (Fig. S4).

3.2.2. Validation test

The overall model accuracy to predict the output was 83.65%
(STD = 0.35%). Its success in predicting the output “no” (true negative
or ‘specificity’), which means that a household did not treat its drinking
water, was 93.33% (STD = 0.43%) and predicting the output “yes”
(true positive or ‘sensitivity’) was 49.19% (STD = 1.51%). Moreover,
the area under the ROC curve (AUC) was 0.85 (STD = 0.005). The
closer the AUC value is to 1, the better is its performance (higher
sensitivity and lower false positives). The result, thus, suggests that the
model performance was good in predicting the output (Greiner et al.,
2000), i.e., it could distinguish between the adopters and non-adopters of
HWT sufficiently well.
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Fig. 3. The compiled BBN model of household water treatment adoption in rural Nepal. The bars in each node show the probability that a node is in a certain state.

3.2.3. Parameter sensitivity analysis

Fig. 4 shows the maximum values of the derivatives of posterior
probability distributions of the output node, taken in relation to the
entries of the CPT of a node. For example, node education had a cor-
responding value of seven percent, which means that there was one
entry in the prior probability table of education, which when perturbed
by one percent of its current value caused a maximum seven percent
change in the probability of HWT adoption. Changing other entries in
that node gave derivative values lower than 0.07.

The sensitivity analysis shows that among socio-economic char-
acteristics, education was the most sensitive node, followed by wealth
level, and received HWT promotion in the past. The nodes severity and
norm were the most sensitive nodes among psychosocial factors.

However, from the sensitivity analysis, we considered that there were
no single highly sensitive socio-economic or psychosocial nodes that
highly affect the output node.

3.2.4. Effect of updating single node on the output node

The effect of updating the belief (i.e., changing the value of input
nodes) of a single node on the output node is presented in Table 2. For
example, setting the type of water source to 100% = “Tap” to 100%,
updates the probability of using HWT to 19% (from 18% in the base-
line). No single factor, socio-economic or psychosocial, on its own in-
creased the probability of HWT adoption to at least 50% (Updated P .
uwt = yes; Table 2). Among the socio-economic characteristics, edu-
cation was the most influential node, followed by wealth level and

[ Children below 5 ] ‘

HWT promotion

Education

‘Water source

Logistic access

Wealth level

Severity

Infection prob.

Attitude

Psychosocial
factorsnodes
|

Norm

Ability

Socio-economic
characteristics nodes
|

|
I 1 I
|
|
[ [
]
I [
|
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
The changes in Puse HWT = yes

Fig. 4. Sensitivity analysis of individual nodes on the output node.
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Changes in posterior probability of positive outcome (using HWT) by individual nodes.

Nodes Updated P yse awr = yes (%)*

APGwr=yes) (%)°

Socio-economic characteristics

Type of water source Tap 19 Tube well 17 Other 16 3
Presence of children under 5 years No 18 Yes 18 0
Receive HWT promotion No 15 Yes 20 5
Education None 15 Primary 19 Secondary 20 Higher 24 9
Logistic access Easy 20 Difficult 16 4
Wealth level Poor 19 Middle 16 Rich 21 7
Psychosocial factors

Perceived severity Low 8 Moderate 20 High 16 12
Perceived infection probability Low 17 Moderate 19 High 22 5
Attitude (certainty about health impact) Low 11 Moderate 23 High 23 12
Norm Low 10 Moderate 23 High 31 21
Ability (action knowledge) Low 9 Moderate 22 High 29 20

@ The value under each category is the updated probability of the output node given the belief of that node. The baseline probability was 18% (Fig. 3).
> AP is the difference between the lowest and highest value of the updated probability of HWT adoption being “yes” in %.

whether the respondents received HWT promotion or not, while the
presence of children under 5 years did not change the likelihood of HWT
adoption (see the change APus pwr = yes in Table 2). Another ob-
servation is that easily accessible areas such as Kailali, had a higher
probability of using HWT.

The psychosocial factors norm and ability played an important role
in influencing the likelihood of using HWT. Moreover, the more
households perceived severity and infection probability, the higher was
their probability to use HWT. Additionally, the psychosocial factors
realizing the health benefits of doing HWT, social pressure, and know how-
to-perform HWT all significantly influenced the adoption of HWT.

3.3. Scenarios analysis to increase the probability of HWT adoption

Bayesian inference was used only to simulate potential interventions
but also to understand how the system works. For example, updating
node education. The more educated the person is, the higher level of
ability and attitude obtained. Surprisingly, the analysis showed that
education level had an inverse effect on perceived infection probability,
with more education resulting in a lower level of perceived infection (Fig.
S3). Nevertheless, education still had an overall positive effect on HWT
adoption (Table 2).

Because HWT adoption can mainly indirectly be influenced by
socio-economic characteristics, we investigated combinations of socio-
economic characteristics that gave the highest probability of HWT
adoption Since HWT promotion alone could only increase the HWT
adoption by five percent, compared to situation without promotion

Table 3
Effect of updating socio-economic characteristics on HWT adoption.

activities (Table 2), combinations with other socio-economic factors
were tested (Table 3; see also Table S6 for more combinations).

Table 3 showed how different categories in socio-economic char-
acteristics nodes yielded different probabilities of HWT use. Table 3
also showed that, when promotion activities were done in areas with
more educated households, the probability of adoption was higher than
in areas with lower education (number 1-2). In addition, households
who have a piped connection have a higher chance of HWT adoption
compared to households that use other types of water sources (number
3-4). Further, even if a household is located in easily accessible parts of
rural Nepal, a higher rate of HWT adoption was only possible when
such households were able to afford HWT technology and had received
promotion activities (numbers 9-10).

Finally, we found that households with a toddler, consisting of
educated and relatively wealthy persons, who were aware of and have
easy access to HWT products, and with piped water connections are
most likely, with 57% likelihood compared to 18% in the baseline, to
adopt HWT (Table 3, number 15). Fig. 5 illustrates this causal inter-
pretation and how the value in the all psychosocial nodes being high
increased compared to the baseline (Fig. 3).

4. Discussion

The presented model illustrates the causal linkages between socio-
economic characteristics, psychosocial factors, and adoption of HWT.
Furthermore, due to its graphical representation of BBN models, it
“facilitates the communication of information to people without

No State for socio-economic characteristics® P use nwt = Yyes (%)
HWT promotion Has children under 5 yrs. Education Water source Logistic access Wealth level
1 Yes None 17
2 Yes College 29
3 Yes Tap 20
4 Yes Other 18
5 Yes Easy 22
6 Yes Difficult 18
7 Yes Poor 21
8 Yes Rich 22
9 Yes Easy Rich 29
10 No Easy Rich 22
11 Yes No Easy Rich 30
12 Yes No Tap Easy Rich 34
13 Yes College Tap Easy Rich 52
14 Yes No College Tap Easy Rich 46
15 Yes Yes College Tap Easy Rich 57

% Empty boxes means that the value of that node did not change or was similar to the baseline condition.
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Fig. 5. The best scenario of intervention (i.e., changing belief) in socio-economic factors on the outcome node practicing HWT.

technical abilities so they can participate better in the decision making
process” (Cain, 2001).

The BBNs presented in this paper combined both quantitative and
qualitative approaches to facilitate the effective design of interventions
in the WASH domain. By analysing the interactions between combi-
nations of variables in a probabilistic manner, the BBN model predicted
the likelihood of different scenarios on the adoption of HWT in the
study area. However, this has not been done in previous WASH-related
behavioural studies that mainly used approaches different from BBN,
e.g., logistic regression (Altherr et al., 2009; Casanova et al., 2012;
Inauen et al., 2013; Stocker and Mosler, 2015).

Our model showed on average a good performance in predicting
83.65% of the output, even though it predicted the correct adoption
output being “yes” only 50% of the time. One possible reason is that the
ratio between adopters and non-adopters is quite high (1:3.5), which
might make the model “more familiar” with non-adopters. Death et al.
(2015) suggested using AUC to evaluate the model's performance in this
unbalanced situation. Our AUC was 0.85 (STD = 0.005) which suggests
good model performance (Greiner et al., 2000).

The maximum predicted probability of practicing HWT by updating
the belief in socio-economic characteristics layer was 57%. This is be-
cause the parent nodes (i.e., socio-economic characteristics) of each
psychosocial factor could not fully explain the observed level of the
psychosocial factors. This means that there are probably more socio-
economic characteristics that also could influence or explain the levels
of the psychosocial factors besides those that we have used in our
model.

It is not surprising to see that education, household's wealth level, and
receiving HWT promotion were the most sensitive nodes (Table 2) be-
cause other studies have found similar results (e.g., Fotue Totouom
et al., 2012; Gamma et al., 2017; George et al., 2016; Nauges and Berg,
2009; Opryszko et al., 2010).

If we look at the effect of updating the belief of individual psycho-
social factors, norm and ability (action knowledge) are the most influ-
ential psychosocial factors behind the adoption of HWT (Table 2). The
probability of HWT adoption greatly increased when these psychosocial
factors were high. This finding is consistent with other reports that

mention that norm is an important factor for sustained positive beha-
viour related to WASH (Gerwel-Jensen et al., 2015; Inauen et al., 2013;
Mosler and Kraemer, 2012) On the other hand, ability, which in this
case is represented by how-to-perform knowledge, has also been found
to be one of the important predictors of regular usage of HWT (Altherr
et al., 2009). This was also confirmed in the work of Rogers (2003) on
diffusion of innovations theory, which stated that individuals should
have enough how-to-perform knowledge before they are expected to try
the innovations.

Although previous studies have also found specific psychosocial
factors responsible for the adoption of HWT, a major result of our study
is that the change of one psychosocial factor is not enough to boost the
adoption of HWT, i.e., greater than 50% for the specific case of rural
Nepal. It suggests that targeting multiple psychosocial factors is ne-
cessary to effectively change the behaviour in water treatment.

It is surprising to see that node education have a different effect on
various psychosocial nodes. In the case of our study, education posi-
tively influenced the HWT adoption not via perceived infection prob-
ability (i.e., education has negative influence), but via attitude and
ability. Cross-tabulation of the sub-factors separately showed that
households with higher education perceived slightly lower vulnerability
and factual knowledge. This perhaps is because of implicit bias that
educated households have in believing that they know more than they
actually do. This advantage, i.e., to visualize the effect of changes one
variable on all related variables at once, is one unique aspect of the BBN
model that sets it apart from other approaches, such as logistic re-
gression. We could simulate and learn the pattern of how socio-eco-
nomic characteristics influence people's perceptions and then drive the
behaviour. In other words, socio-economic characteristics enable us to
understand the system behind the practice of HWT.

4.1. Implications

Our research revealed that there were critical combinations of cer-
tain socio-economic characteristics that facilitated the adoption of HWT
through corresponding psychosocial factors (Table 3). These findings
can be used for targeting specific groups when designing HWT
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interventions and prioritizing the transformation of non-adopters to
improve, i.e., the households with socio-economic characteristics that
correspond to high probability of adopting HWT (Table 3 and Fig. 5).
These households might then be categorized as “earlier adopters” (a la
diffusion of innovations theory, Rogers (2003)) and an implementer can
target this group because rapid adoption among them might trigger
others households to do so (i.e., ‘snowball’ effect).

This does not mean that we want to “change” people's character-
istics by making them rich or attend college as a way to influence the
practice of HWT. However such socio-economic characteristics in the
BBN model can be used as proxies to simulate potential interventions.
For example, Table 2 shows that the availability of tap water resulted in
a higher probability of adoption of HWT, compared to other types of
water sources. The results suggest that water supplier agencies are one
of the potential promoters of HWT products. They could combine their
piped water scheme project with other activities to increase the prob-
ability of HWT adoption. For example, (1) designing HWT promotion to
target the most educated person in each household (i.e., using nodes
HWT promotion and education as a proxies), (2) integrating HWT
promotional activities within an antenatal program (represented by
having children), (3) establishing a distribution network to ensure ea-
sier access to HWT products and information for key target groups
(represented by logistic access), and (4) assessing target households'
willingness and ability to pay for cleaner water prior to procurement of
HWT products. Fig. 5 shows the “ultimate” intervention which ad-
dresses all the socio-economic characteristics nodes.

Furthermore, our model showed that the combination of the pro-
vision of products plus effective promotion activities were better than
the provision of products or promotion alone. Some interventions in
other studies gave the HWT products away for free or at a subsidised
price because HWT are marginally expensive for some households. This
‘income’ effect was interpreted by our model through wealth level being
“rich” and logistic access being “easy”. However, as suggested by a
previous study on the use of toilet in Terai area, Nepal, the subsidies
have to reach poor households. If a non-subsidised program is chosen,
the implementers should think about right strategies for self-financed
toilets, e.g., by providing microloans (Gerwel-Jensen et al., 2015).

This study underlines some limitations and remarks for the future
work. First, this study did not distinguish between different types of
HWT promotion activities that respondents received in the past.
Previous longitudinal studies revealed that different types of HWT
promotion activities resulted in different levels of HWT adoption
(Kraemer and Mosler, 2012; Mosler et al., 2013) which is worth mod-
elling in the next study. Second, we also suggest validating the model in
other locations to examine how generalizable the CPTs are, especially
CPTs corresponding to psychosocial factors node conditional on socio-
economic characteristics, and how they might change across contexts.
RANAS suggests that psychosocial factors can have different influence
on behaviour depending on the situation or location (Mosler, 2012).
Third, due to missing values on certain sub-factors in our datasets, the
representative psychosocial factors used in this model may not fully
reflect the complete meaning of each RANAS factor. Future studies
should incorporate all RANAS factors and see how it can better explain
the HWT adoption. Even though we argue that targeting multiple
psychosocial factors is still the key to increase the adoption rate of
HWT, especially when the adoption rate in that area is very low. Fourth,
we did not explore attitudes of households towards different HWT
methods because the scope of the study was to explore general attitudes
towards HWT practice and not to compare different HWT methods.
Further, such an assessment would also not have been reliable because
most of the respondents only used boiling as a HWT method. Fifth,
future studies should investigate our assumption that socio-economic
characteristics indirectly influence the use of HWT via psychosocial
factors. Lastly, the data of the HWT use was respondent's self-reported
HWT practice, which might have been over-reported and could have
been subject to bias.

International Journal of Hygiene and Environmental Health xxx (XXxXX) XXX—XXX

5. Conclusion

The causal relationship between socio-economic factors, psychoso-
cial factors, and WASH-related behaviour have not been investigated
in-depth in previous studies. In this paper, we showed how socio-eco-
nomic characteristics influence the psychosocial factors of people in
rural Nepal and how those psychosocial factors work together in de-
termining households’ adoption of HWT, while visualising and quanti-
fying their interactions through a BBN model. The findings presented
here highlight the complex system underlying HWT adoption. The most
important drivers of HWT adoption among individual socio-economic
variables were education, wealth level, and HWT promotion, while
social norm, and ability to perform the behaviour were influential
psychosocial conditions. The presented method is also helpful in setting
priorities in behavioural change interventions in the WASH domain,
first by observing the socio-economic characteristics of HWT adopter,
and also by assessing the combinations of psychosocial factors that can
increase the probability of HWT adoption. The results also suggest that
the piped water supply project in LMICs is a potential entry point for
the high likelihood of HWT adoption, if it is accompanied by other
activities as described in this study.

Acknowledgements

None of the authors had any conflicts of interest. First author thanks
Indonesia Endowment Fund for Education (LPDP) for PhD research
funding at Delft University of Technology, the Netherlands. Helvetas
provided funds to support field logistics, and the Swiss Agency for
Development Intercooperation (SDC), Eawag internal funds, and the
Eawag Environmental Partnership Program (EPP) provided additional
support for research activities. The authors declare no conflict of in-
terest between the donors and research activities detailed in this
manuscript. We are grateful to the respondents for their participation in
the study, Eawag Partnership Program (EPP), the HELVETAS Swiss
Intercooperation and WARM-P interview team for assistance during the
field work, Ariel Sarasih and A. Arifin for data analysis and creating the
map of the case studies, Miktha Alkadri for making the graphical ab-
stract, and Paul Donahue for proofreading the article. Supporting in-
formation is available at IJHEH's website.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijheh.2019.04.005.

References

Altherr, A., Mosler, H., Tobias, R., Butera, F., 2009. Health education & behavior atti-
tudinal and relational factors predicting the use of solar water Disinfection: a field
study in Nicaragua. Health Educ. Behav. 35, 207-220. https://doi.org/10.1177/
1090198106288251.

Bae, Y., Chang, H., 2012. Adoption of smart TVs: a Bayesian network approach. Ind.
Manag. Data Syst. 112, 891-910. https://doi.org/10.1108/02635571211238509.

Ball, K., MacFarlane, A., Crawford, D., Savige, G., Andrianopoulos, N., Worsley, A., 2009.
Can social cognitive theory constructs explain socio-economic variations in adoles-
cent eating behaviours? A mediation analysis. Health Educ. Res. 24, 496-506.
https://doi.org/10.1093/her/cyn048.

Barton, D.N., Kuikka, S., Varis, O., Uusitalo, L., Henriksen, H.J., Borsuk, M., Hera, A.D. La,
Farmani, R., Johnson, S., Linnell, J.D.C., 2012. Bayesian networks in environmental
and resource management. Integr. Environ. Assess. Manag. 8, 418-429. https://doi.
org/10.1002/ieam.1327.

Brown, J., Clasen, T., 2012. High adherence is necessary to realize health gains from
water quality interventions. PLoS One 7, 1-9. https://doi.org/10.1371/journal.pone.
0036735.

Businelle, M.S., Kendzor, D.E., Reitzel, L.R., Costello, T.J., Cofta-Woerpel, L., Li, Y.,
Mazas, C.A., Vidrine, J.I., Cinciripini, P.M., Greisinger, A.J., Wetter, D.W., 2010.
Mechanisms linking socioeconomic status to smoking cessation: a structural equation
modeling approach. Health Psychol. 29, 262-273. https://doi.org/10.1037/
a0019285.

Cain, J., 2001. Planning improvements in natural resources management: guidelines for
using Bayesian networks to support the planning and management of development


https://doi.org/10.1016/j.ijheh.2019.04.005
https://doi.org/10.1016/j.ijheh.2019.04.005
https://doi.org/10.1177/1090198106288251
https://doi.org/10.1177/1090198106288251
https://doi.org/10.1108/02635571211238509
https://doi.org/10.1093/her/cyn048
https://doi.org/10.1002/ieam.1327
https://doi.org/10.1002/ieam.1327
https://doi.org/10.1371/journal.pone.0036735
https://doi.org/10.1371/journal.pone.0036735
https://doi.org/10.1037/a0019285
https://doi.org/10.1037/a0019285
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref7
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref7

D. Daniel, et al.

programmes in the water sector and beyond. Ecology 44, 132.

Casanova, L.M., Walters, A., Naghawatte, A., Sobsey, M.D., 2012. Factors affecting con-
tinued use of ceramic water purifiers distributed to tsunami-affected communities in
Sri Lanka. Trop. Med. Int. Health 17, 1361-1368.

Chen, S.A., Pollino, C., 2010. Guidelines for Good Practice in Bayesian Network
Modelling.

Christen, A., Duran Pacheco, G., Hattendorf, J., Arnold, B.F., Cevallos, M., Indergand, S.,
Colford, J.M., Mdusezahl, D., 2011. Factors associated with compliance among users
of solar water disinfection in rural Bolivia. BMC Public Health 11, 210. https://doi.
org/10.1186/1471-2458-11-210.

Clasen, T., 2009. Scaling up Household Water Treatment Among Low-Income
Populations. Geneva World Heal, Organ.

Collaborators, G.D.D., 2017. Estimates of global, regional, and national morbidity, mor-
tality, and aetiologies of diarrhoeal diseases: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet Infect. Dis. 17, 909-948. https://doi.org/10.
1016/51473-3099(17)30276-1.

Contzen, N., Mosler, H., 2015. The RANAS approach to systematic behavior change.
Methodological Fact Sheet 1-6.

Cronk, R., Bartram, J., 2017. Factors influencing water system functionality in Nigeria
and Tanzania: a regression and bayesian network analysis. Environ. Sci. Technol. 51,
11336-11345. https://doi.org/10.1021/acs.est.7b03287.

Daniel, D., Marks, S.J., Pande, S., Rietveld, L., 2018. Socio-environmental drivers of
sustainable adoption of household water treatment in developing countries. npj
Clean. Water 1, 12. https://doi.org/10.1038/s41545-018-0012-z.

Death, R.G., Death, F., Stubbington, R., Joy, M.K., van den Belt, M., 2015. How good are
Bayesian belief networks for environmental management? A test with data from an
agricultural river catchment. Freshw. Biol. 60, 2297-2309. https://doi.org/10.1111/
fwb.12655.

Do, C.B., Batzoglou, S., 2008. What is the expectation maximization algorithm? Nat.
Biotechnol. 26, 897-899. https://doi.org/10.1038/nbt1406.

Dreibelbis, R., Winch, P.J., Leontsini, E., Hulland, K.R., Ram, P.K., Unicomb, L., Luby,
S.P., 2013. The Integrated Behavioural Model for Water, Sanitation, and Hygiene: a
systematic review of behavioural models and a framework for designing and evalu-
ating behaviour change interventions in infrastructure-restricted settings. BMC Public
Health 13, 1015. https://doi.org/10.1186/1471-2458-13-1015.

Druzdzel, M.J., Sowinski, T., 1995. GeNle Modeler.

DuBois, A.E., Crump, J.A., Keswick, B.H., Slutsker, L., Quick, R.E., Vulule, J.M., Luby,
S.P., 2010. Determinants of use of household-level water chlorination products in
Rural Kenya, 2003-2005. Int. J. Environ. Res. Public Health 7, 3842-3852. https://
doi.org/10.3390/ijerph7103842.

ESRI, 2011. ArcGIS Desktop.

Fisher, M.B., Shields, K.F., Chan, T.U., Christenson, E., Cronk, R.D., Leker, H., Samani, D.,
Apoya, P., Lutz, A., Bartram, J., 2015. Understanding handpump sustainability: de-
terminants of rural water source functionality in the Greater AframPlains region of
Ghana. Water Resour. Res. 51, 8431e8449. https://doi.org/10.1002/
2014WR016770.

Fotue Totouom, A.L., Sikod, F., Abba, I., 2012. Household choice of purifying drinking
water in Cameroon. Environ. Manag. Sustain. Dev. 1, 101-115. https://doi.org/10.
5296/emsd.v1i2.1642.

Freeman, M.C., Trinies, V., Boisson, S., Mak, G., Clasen, T., 2012. Promoting household
water treatment through women's self help groups in rural India: assessing impact on
drinking water quality and equity. PLoS One 7. https://doi.org/10.1371/journal.
pone.0044068.

Gamma, A.E., Slekiene, J., von Medeazza, G., Asplund, F., Cardoso, P., Mosler, H.-J.,
2017. Contextual and psychosocial factors predicting Ebola prevention behaviours
using the RANAS approach to behaviour change in Guinea-Bissau. BMC Public Health
17, 446. https://doi.org/10.1186/5s12889-017-4360-2.

Geckova, A.M., Stewart, R., Van Dijk, J.P., Orosova, O., Groothoff, J.W., Post, D., 2005.
Influence of socio-economic status, parents and peers on smoking behaviour of
adolescents. Eur. Addict. Res. 11, 204-209. https://doi.org/10.1159/000086403.

George, C.M., Jung, D.S., Saif-Ur-Rahman, K.M., Monira, S., Sack, D.A., Rashid, M.U.,
Toslim Mahmud, M., Mustafiz, M., Rahman, Z., Bhuyian, S.I., Winch, P.J., Leontsini,
E., Perin, J., Begum, F., Zohura, F., Biswas, S., Parvin, T., Bradley Sack, R., Alam, M.,
2016. Sustained uptake of a hospital-based handwashing with soap and water
treatment intervention (cholera-hospital-based intervention for 7 days [CHoBI7]): a
randomized controlled trial. Am. J. Trop. Med. Hyg. 94, 428-436. https://doi.org/
10.4269/ajtmh.15-0502.

Gerwel-Jensen, L., Rautanen, S.L., White, P., 2015. Strengthening behaviour change
communication in western Nepal: how can we do better? Waterlines 34, 330-346.
https://doi.org/10.3362/1756-3488.2015.030.

Goldman, N., Pebley, A.R., Beckett, M., 2001. Diffusion of ideas about personal hygiene
and contamination in poor countries: evidence from Guatemala. Soc. Sci. Med. 52,
53-69. https://doi.org/10.1016,/50277-9536(00)00122-2.

Greiner, M., Pfeiffer, D., Smith, R.D., 2000. Principles and practical application of the

International Journal of Hygiene and Environmental Health xxx (XXxXX) XXX—XXX

receiver-operating characteristic analysis for diagnostic tests. Prev. Vet. Med. 45,
23-41. https://doi.org/10.1016/50167-5877(00)00115-X.

Houweling, T.A.J., Kunst, A.E., Mackenbach, J.P., 2003. Measuring health inequality
among children in developing countries: does the choice of the indicator of economic
status matter? Int. J. Equity Health 2, 1-12. https://doi.org/10.1186/1475-9276-2-1.

Hunter, P.R., Zmirou-Navier, D., Hartemann, P., 2009. Estimating the impact on health of
poor reliability of drinking water interventions in developing countries. Sci. Total
Environ. 407, 2621-2624. https://doi.org/10.1016/j.scitotenv.2009.01.018.

Inauen, J., Hossain, M.M., Johnston, R.B., Mosler, H.J., 2013. Acceptance and use of eight
arsenic-safe drinking water options in Bangladesh. PLoS One 8. https://doi.org/10.
1371/journal.pone.0053640.

Kraemer, S.M., Mosler, H.J., 2012. Effectiveness and effects of promotion strategies for
behaviour change: solar water disinfection in Zimbabwe. Appl. Psychol. 61, 392-414.
https://doi.org/10.1111/j.1464-0597.2011.00475.x.

Landuyt, D., Broekx, S., D’hondt, R., Engelen, G., Aertsens, J., Goethals, P.L.M., 2013. A
review of Bayesian belief networks in ecosystem service modelling. Environ. Model.
Softw 46, 1-11. https://doi.org/10.1016/j.envsoft.2013.03.011.

Lilje, J., Mosler, H.J., 2018. Effects of a behavior change campaign on household drinking
water disinfection in the Lake Chad basin using the RANAS approach. Sci. Total
Environ. 1599-1607. 619-620. https://doi.org/10.1016/j.scitotenv.2017.10.142.

Luby, S.P., Agboatwalla, M., Hoekstra, R.M., Rahbar, M.H., Billhimer, W., Keswick, B.H.,
2004. Delayed effectiveness of home-based interventions in reducing childhood
diarrhea, Karachi, Pakistan. Am. J. Trop. Med. Hyg. 71, 420-427. pii. https://doi.
org/71/4/420.

Marcot, B.G., Steventon, J.D., Sutherland, G.D., McCann, R.K., 2006. Guidelines for de-
veloping and updating Bayesian belief networks applied to ecological modeling and
conservation. Can. J. For. Res. 36, 3063-3074. https://doi.org/10.1139/x06-135.

Martinez, S.A., Beebe, L.A., Thompson, D.M., Wagener, T.L., Terrell, D.R., Campbell, J.E.,
2018. A structural equation modeling approach to understanding pathways that
connect socioeconomic status and smoking. PLoS One 13, e0192451. https://doi.
org/10.1371/journal.pone.0192451.

Mosler, H.-J., 2012. A systematic approach to behavior change interventions for the water
and sanitation sector in developing countries: a conceptual model, a review, and a
guideline. Int. J. Environ. Health Res. 22, 431-449. https://doi.org/10.1080/
09603123.2011.650156.

Mosler, H.J., Kraemer, S., 2012. Which psychological factors change when habitual water
treatment practices alter? J. Public Health 20, 71-79. https://doi.org/10.1007/
510389-011-0435-1.

Mosler, H.J., Kraemer, S.M., Johnston, R.B., 2013. Achieving long-term use of solar water
disinfection in Zimbabwe. Publ. Health 127, 92-98. https://doi.org/10.1016/j.puhe.
2012.09.001.

Nauges, C., Berg, C. Van Den, 2009. Perception of health risk and averting behavior: an
analysis of household water consumption in Southwest Sri Lanka. Toulouse Sch.
Econ. Work. Pap. 1-33.

Opryszko, M.C., Majeed, S.W., Hansen, P.M., Myers, J.A., Baba, D., Thompson, R.E.,
Burnham, G., 2010. Water and hygiene interventions to reduce diarrhoea in rural
Afghanistan: a randomized controlled study. J. Water Health 8, 687-702. https://doi.
org/10.2166/wh.2010.121.

Pearl, J., 1988. Probabilistic Reasoning in Intelligent Systems: Networks of Plausible
Inference. Morgan Kaufmann Publishers Inc., San Francisco, CA, USA.

Phan, T.D., Smart, J.C.R., Capon, S.J., Hadwen, W.L., Sahin, O., 2016. Applications of
Bayesian belief networks in water resource management: a systematic review.
Environ. Model. Softw 85, 98-111. https://doi.org/10.1016/j.envsoft.2016.08.006.

Rainey, R.C., Harding, A.K., 2005. Acceptability of solar disinfection of drinking water
treatment in Kathmandu Valley, Nepal. Int. J. Environ. Health Res. 15, 361-372.
https://doi.org/10.1080/09603120500289168.

Rodriguez, J.L., Galang, D.D., Balila, E.A., Mergal, V.C., 2014. Influence of socio-cultural
and economic environment on adolescents ’ sexual behavior as mediated by knowl-
edge. Attitude Beliefs 4, 1-5.

Rogers, E.M., 2003. Diffusion of Innovations, fifth ed. Free Press, New York.

Seimetz, E., Boyayo, A.M., Mosler, H.J., 2016. The influence of contextual and psycho-
social factors on handwashing. Am. J. Trop. Med. Hyg. 94, 1407-1417. https://doi.
org/10.4269/ajtmh.15-0657.

Stocker, A., Mosler, H.J., 2015. Contextual and sociopsychological factors in predicting
habitual cleaning of water storage containers in rural Benin. Water Resour. Res. 51
2000-2008. https://doi.org/10.1002/2014WR016005.

Vyas, S., Kumaranayake, L., 2006. Constructing socio-economic status indices: how to use
principal components analysis. Health Policy Plan. 21, 459-468. https://doi.org/10.
1093/heapol/cz1029.

WHO, UNICEF, 2017a. Safely Managed Drinking Water - Thematic Report on Drinking
Water 2017. Geneva, Switzerland.

WHO, UNICEF, 2017b. Progress on Drinking Water, Sanitation and Hygiene: 2017 Update
and SDG Baselines. Geneva, Switzerland.


http://refhub.elsevier.com/S1438-4639(19)30062-8/sref7
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref9
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref9
https://doi.org/10.1186/1471-2458-11-210
https://doi.org/10.1186/1471-2458-11-210
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref11
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref11
https://doi.org/10.1016/S1473-3099(17)30276-1
https://doi.org/10.1016/S1473-3099(17)30276-1
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref13
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref13
https://doi.org/10.1021/acs.est.7b03287
https://doi.org/10.1038/s41545-018-0012-z
https://doi.org/10.1111/fwb.12655
https://doi.org/10.1111/fwb.12655
https://doi.org/10.1038/nbt1406
https://doi.org/10.1186/1471-2458-13-1015
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref19
https://doi.org/10.3390/ijerph7103842
https://doi.org/10.3390/ijerph7103842
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref21
https://doi.org/10.1002/2014WR016770
https://doi.org/10.1002/2014WR016770
https://doi.org/10.5296/emsd.v1i2.1642
https://doi.org/10.5296/emsd.v1i2.1642
https://doi.org/10.1371/journal.pone.0044068
https://doi.org/10.1371/journal.pone.0044068
https://doi.org/10.1186/s12889-017-4360-2
https://doi.org/10.1159/000086403
https://doi.org/10.4269/ajtmh.15-0502
https://doi.org/10.4269/ajtmh.15-0502
https://doi.org/10.3362/1756-3488.2015.030
https://doi.org/10.1016/S0277-9536(00)00122-2
https://doi.org/10.1016/S0167-5877(00)00115-X
https://doi.org/10.1186/1475-9276-2-1
https://doi.org/10.1016/j.scitotenv.2009.01.018
https://doi.org/10.1371/journal.pone.0053640
https://doi.org/10.1371/journal.pone.0053640
https://doi.org/10.1111/j.1464-0597.2011.00475.x
https://doi.org/10.1016/j.envsoft.2013.03.011
https://doi.org/10.1016/j.scitotenv.2017.10.142
https://doi.org/71/4/420
https://doi.org/71/4/420
https://doi.org/10.1139/x06-135
https://doi.org/10.1371/journal.pone.0192451
https://doi.org/10.1371/journal.pone.0192451
https://doi.org/10.1080/09603123.2011.650156
https://doi.org/10.1080/09603123.2011.650156
https://doi.org/10.1007/s10389-011-0435-1
https://doi.org/10.1007/s10389-011-0435-1
https://doi.org/10.1016/j.puhe.2012.09.001
https://doi.org/10.1016/j.puhe.2012.09.001
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref43
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref43
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref43
https://doi.org/10.2166/wh.2010.121
https://doi.org/10.2166/wh.2010.121
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref45
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref45
https://doi.org/10.1016/j.envsoft.2016.08.006
https://doi.org/10.1080/09603120500289168
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref48
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref48
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref48
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref49
https://doi.org/10.4269/ajtmh.15-0657
https://doi.org/10.4269/ajtmh.15-0657
https://doi.org/10.1002/2014WR016005
https://doi.org/10.1093/heapol/czl029
https://doi.org/10.1093/heapol/czl029
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref56
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref56
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref57
http://refhub.elsevier.com/S1438-4639(19)30062-8/sref57

	Understanding the effect of socio-economic characteristics and psychosocial factors on household water treatment practices in rural Nepal using Bayesian Belief Networks
	Introduction
	Methods
	Study setting and data source
	A conceptual model of HWT adoption
	RANAS psychosocial factors
	Socio-economic characteristics
	Performing the BBN model


	Results
	Descriptive analysis of the study area
	Bayesian belief network structure and model
	Lay-out of the BBN model
	Validation test
	Parameter sensitivity analysis
	Effect of updating single node on the output node

	Scenarios analysis to increase the probability of HWT adoption

	Discussion
	Implications

	Conclusion
	Acknowledgements
	Supplementary data
	References




