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Water, sanitation and hygiene interventions have been advocated as important complements to deworm-
ing programs to improve soil-transmitted helminth control. Evidence for the impact of water, sanitation
and hygiene on soil-transmitted helminth infections is mixed, and based mainly on cross-sectional stud-
ies. In this study, we assessed associations between individual- and household-level water, sanitation and
hygiene variables and soil-transmitted helminth infections, using data collected during the 2 year follow-
up study period of the WASH for WORMS randomised controlled trial in Timor-Leste. Data were collected
across four surveys, conducted at 6 monthly intervals in 23 communities. We analysed water, sanitation
and hygiene and sociodemographic variables as risk factors for infection with Necator americanus, Ascaris
spp., and undifferentiated soil-transmitted helminth infection, using generalised linear mixed models to
account for clustering at community, household and participant levels. Water, sanitation and hygiene risk
factors were examined both concurrently and with a 6 month lag period that coincided with the most
recent deworming. The analysis included 2333 participants. Factors associated with N. americanus infec-
tion included age group, male sex (adjusted odds ratio (aOR) 3.1, 95% confidence interval (CI) 2.4-4.2),
working as a farmer (aOR 1.7, 95% CI 1.2-2.4), and completing secondary school or higher (aOR 0.29,
95% C10.16-0.53). Risk factors for Ascaris spp. infection included age group, living in a dwelling with more
than six people (aOR 1.6, 95% CI 1.1-2.3), having a tube well or borehole as the household water source
(aOR 3.7,95% CI 1.3-10.8), and using a latrine shared between households 6 months previously (aOR 2.3,
95% CI 1.2-4.3). Handwashing before eating was protective against infection with any soil-transmitted
helminth (aOR 0.79, 95% CI 0.65-0.95). In the context of regular deworming, few water, sanitation and
hygiene-related factors were associated with soil-transmitted helminth infections. Future research exam-
ining the role of water, sanitation and hygiene in soil-transmitted helminth transmission is required, par-
ticularly in low transmission settings after cessation of deworming. Identifying improved indicators for
measuring water, sanitation and hygiene behaviours is also a key priority.
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1. Introduction

Ascaris lumbricoides, hookworm (Necator americanus, Ancy-
lostoma duodenale and Anyclostoma ceylanicum) and Trichuris trichi-
ura are the most common soil transmitted helminths (STH), and
together constitute the most prevalent neglected tropical disease
(NTD) worldwide (Hotez et al., 2014). STH transmission occurs
through the faecal-oral route after a period of development in soil,
or through direct penetration of the skin by hookworm larvae
(Bethony et al., 2006). STH are therefore common in poor commu-
nities that lack access to safe water, improved sanitation and
appropriate hygiene behaviour (Brooker et al., 2006).

The mainstay of STH control is mass treatment with deworming
drugs (World Health Organization, 2017); these kill adult worms
but must be given on a regular basis due to reinfection after treat-
ment (Jia et al., 2012). In order to interrupt STH transmission and
achieve lasting control, interventions that successfully separate
humans from excreta may be required, particularly in high trans-
mission areas (Anderson et al., 2015; Coffeng et al., 2015). Inter-
ventions aimed at improving water, sanitation and hygiene
(WASH) may therefore represent an important component of inte-
grated control efforts against STH (Freeman et al., 2013b; Campbell
et al.,, 2014).

Interventional studies examining the impact of WASH on STH
epidemiology have revealed mixed results. School-based health
education programs have been shown to reduce STH incidence
and/or intensity in children (Bieri et al., 2013; Gyorkos et al.,
2013), and a household level handwashing and nail clipping inter-
vention decreased intestinal parasitic infections, including STH
(Mahmud et al., 2015). On the other hand, several studies where
community level sanitation interventions were implemented failed
to demonstrate an impact on STH infections, likely due to poor
intervention uptake (Clasen et al., 2014; Patil et al., 2014).

A small number of studies have examined multi-component
WASH interventions. In a pilot trial, a combined sanitation, hygiene
and deworming intervention had no impact on STH reinfection
rates compared with deworming alone, but higher hookworm
egg reduction rates were observed in intervention communities
(Hirlimann et al., 2018). A school-based integrated WASH and
deworming program reduced reinfection with A. lumbricoides, but
not other STH, compared with deworming alone (Freeman et al.,
2013a). The WASH Benefits study in Kenya found that a combined
WASH intervention significantly reduced infection with A. lumbri-
coides (but not other STH) compared with the control group (Pick-
ering et al., Integrating water, sanitation, handwashing, and
nutrition interventions to reduce child soil-transmitted helminth
and Giardia infections: a cluster-randomized controlled trial in
rural Kenya. BioRxiv 464917 preprint, https://doi.org/10.1101/
464917). In that study, a water only intervention achieved similar
reductions in A. lumbricoides prevalence, while no impact on preva-
lence was observed following sanitation only or hygiene only
interventions.

In our WASH for WORMS randomised controlled trial (RCT), no
additional impact on STH infections was identified as a result of an
integrated community level deworming and WASH intervention,
compared with the significant reductions achieved by regular
deworming of the entire community (Nery et al., 2019). Failure
to sustain the sanitation intervention may have been a factor, with
40% of participants in the intervention arm practising open defeca-
tion at the end of the trial. Additionally, gradual improvements in
WASH conditions were observed in the control arm of the study
(Nery et al., 2019).

RCTs provide essential high quality evidence regarding the
impact of interventions; however, in practice, implementing
WASH improvements is challenging, particularly within a trial

context (Campbell et al.,, 2018). Examining the overall impact of
an integrated WASH intervention on STH infections is important,
but offers limited insights into the relative contributions of dis-
crete WASH components and practices, which may vary consider-
ably among study participants. Investigating relationships
between STH infections and specific WASH-related variables may
generate important findings for policymakers seeking to under-
stand what types of tailored interventions might have an impact
on STH, and may similarly inform the development of future inter-
vention trials.

Meta-analyses of observational studies have shown reduced
odds of STH infection associated with a number of WASH-related
variables, including access to and use of sanitation facilities
(Ziegelbauer et al., 2012; Strunz et al., 2014), access to improved
water (Esrey et al., 1991; Strunz et al., 2014), and handwashing
behaviours (Strunz et al., 2014), although these results are not con-
sistent across all studies. A cross-sectional analysis of WASH-
related risk factors for STH infection conducted at the WASH for
WORMS study baseline detected few WASH variables associated
with STH infection (Campbell et al., 2016). It was argued that uni-
versally poor WASH conditions may have made it difficult to detect
any associations (Campbell et al., 2016).

Although most existing analyses of WASH risk factors for STH
infections are cross-sectional in nature, WASH conditions at the
time of most recent deworming are likely to be important pre-
dictors of infection, in addition to concurrent WASH conditions.
This is because reinfection can occur soon after deworming (Jia
et al,, 2012), and it is known that infective stages of hookworm
and T. trichiura can persist in soil for up to several months
(Udonsi and Atata, 1987; Brooker et al., 2006) and A. lumbri-
coides for several years (Muller, 2002). Furthermore, the pre-
patent interval (time between initial infection occurring and
development of egg-laying adult worms) is up to 12 weeks for
A. lumbricoides and T. trichiura and 8 weeks for hookworm
(Bethony et al., 2006).

In the present study, we analyse data from the WASH for
WORMS study, using an observational design, to investigate asso-
ciations between specific WASH-related factors and STH infections.
The specific objectives are to investigate the associations between
STH infections and: (a) concurrent WASH variables (cross-sectional
analysis), and (b) WASH variables 6 months previously, at the time
of most recent deworming (longitudinal analysis).

2. Materials and methods
2.1. Study setting and design

This study took place in remote communities in Manufahi
municipality, Timor-Leste. Data were collected from residents of
the 23 communities initially enrolled in the WASH for WORMS
RCT (of which five were sequentially, rather than randomly, allo-
cated to a study arm and were therefore not analysed in the main
trial) (Nery et al., 2015).

The WASH for WORMS study methods are described in the pub-
lished protocol (Nery et al., 2015). Briefly, this was a two-armed
cluster RCT in which all communities received deworming treat-
ment with albendazole (administered to all residents over 1 year
of age, excluding pregnant women in the first trimester), every
6 months for 2 years. Additionally, in the intervention clusters,
WaterAid Australia and their local partners implemented a WASH
program, which consisted of: providing access to an improved
water source; using a Community Led Total Sanitation-based
approach to improve household sanitation; and promoting
hand-washing with soap at critical times. Characteristics of the
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participating communities at the beginning of the study have been
published elsewhere (Nery et al., 2015; Campbell et al., 2016).

2.2. Data collection

All community residents aged over 1 year were invited to par-
ticipate in data collection surveys. These surveys were conducted
at baseline and then at four follow-up data collection rounds that
occurred at 6 monthly intervals for two years, immediately prior
to each deworming round.

Faecal samples were provided by study participants and pre-
served in 5% (w/v) potassium dichromate. Samples were stored
at room temperature and transported for further processing and
molecular diagnosis at QIMR Berghofer Medical Research Institute
(Brisbane, Australia). We used a multiplex real-time quantitative
PCR (qPCR) technique to identify infections with Ascaris spp.,
N. americanus, Ancylostoma spp., and Trichuris spp. (Llewellyn
et al,, 2016).

Trained local fieldworkers interviewed participants and heads
of households using a structured questionnaire. Information col-
lected included demographic and socio-economic characteristics
(age, sex, education, employment, income, and assets), clinical fea-
tures (history of diarrhoea and deworming), and information
related to WASH ownership and behaviour (presence and use of
household latrines, defecation practices, availability of water, and
hand-washing behaviours). As part of a thorough community cen-
sus, age and sex were documented for all community members,
including those who did not participate in the study. Most infor-
mation about WASH access and behaviours was collected via
self-report, or parental report for young children. Household water
sources and the presence, features, and cleanliness of household
latrines were directly observed by fieldworkers.

2.3. Statistical analysis

Participants for whom both parasitological and questionnaire
data were available at one or more follow-up time points were
included in the analysis. A household level wealth index was con-
structed using principal component analysis as described previ-
ously (Campbell et al., 2016), with minor modifications. Scores
obtained on the wealth index were divided into quintiles to classify
households according to relative poverty.

Due to low prevalence of Ancylostoma spp. and Trichuris spp.,
analyses were only performed for Ascaris spp. and N. americanus,
as well as undifferentiated STH infection. We constructed gener-
alised linear mixed models to examine associations between risk
factors and infection. Models included random effects for commu-
nity, household, and participant, to account for clustering at com-
munity and household levels, and measurements on the same
individuals over time.

Data from all four follow-up time points were included in this
analysis. We examined a wide range of WASH and socioeconomic
variables as potential predictors; a full list is provided in the Sup-
plementary Data S1. All WASH variables were examined both con-
currently (i.e., at the same time point as STH diagnosis) and
6 months previously (i.e., at the previous study time point, when
participants were most recently dewormed). Demographic and
socioeconomic variables displayed no to minimal variability over
the study period, and were examined concurrently only. The study
time point was included as a covariate in all analyses to account for
the number of deworming rounds that had been delivered. The
study intervention was not included as a predictor, because this
analysis focused on individual WASH access and behaviours,
regardless of study assignment. The experimental findings of the
WASH for WORMS RCT have been presented elsewhere (Nery
et al., 2019).

To construct the generalised linear mixed models, we investi-
gated multicollinearity between WASH variables using the “collin”
command in Stata. Univariable regression models were run for
each individual risk factor; these were run separately for concur-
rent and previous time point predictors. Variables were retained
for further analysis if P<0.2. Generalised linear mixed models
were then constructed in a two step approach. Firstly, “within
domain” multivariable models were constructed for each of 8 risk
factor domains: demographic, individual hygiene, individual sani-
tation, school sanitation, individual socioeconomic, household san-
itation, household water, and household socioeconomic variables.
These “within domain” models included age, sex, study time point,
and all variables retained from univariable analysis for that
domain, including both concurrent and previous time point vari-
ables. Secondly, variables with P<0.1 from the “within domain”
models were retained in a full model and then removed iteratively
until only age, sex, study time point, and variables significant at
P<0.05 remained in the final model. Analyses were conducted
using Stata version 14.1 (College Station, TX, USA).

2.4. Ethics statement

Ethical approval was given by the Human Research Ethics Com-
mittees at The University of Queensland (2011000734), The Aus-
tralian National University (2014/311), and the Timor-Leste
Ministry of Health (2011/51). Written consent was provided by
participants aged 18 years and older, and parents/guardians of
those under 18 years of age. Written assent was provided by par-
ticipants aged 12-17 years.

3. Results
3.1. Study participants

In total, 2333 individuals were included in this risk factor anal-
ysis. A summary of participation over time is shown in Supplemen-
tary Table S1. There was a higher proportion of females among
participants (51.4%) compared with non-participants (42.6%,
P <0.001), mainly due to the fact that men were less likely to pro-
vide stool samples than women (P < 0.001). Participants ranged in
age from 1 year to 94 years, and were slightly younger than non-
participants (mean age 26.3 years versus 27.9 years; P <0.001);
see Table 1.

WASH characteristics in the study population over time are
shown in Table 2. These data were collected following the imple-
mentation of the study WASH intervention in 12 of the 23 commu-
nities; as a result, overall WASH coverage among the study
population was higher than that reported at baseline (Campbell
et al,, 2016).

At the first study follow-up, the prevalence of N. americanus was
33.6% (95% confidence interval (CI) 31.3-36.0), while Ascaris spp.
prevalence was 17.9% (95% CI 16.1-19.9). As expected given regu-
lar deworming in both study arms, prevalence decreased by the
end of the study, with final N. americanus prevalence of 14.6%
(95% CI 12.8-16.5) and Ascaris spp. of 10.5% (95% CI 9.0-12.2);
see Fig. 1 and Supplementary Table S2.

3.2. Factors associated with STH infections

Univariable analyses revealed a range of WASH, demographic
and socioeconomic variables with P < 0.2 that were retained for
initial (within domain) multivariable models. Supplementary
Tables S3-S5 depict the results of univariable analyses of all risk
factors examined.
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Table 1
Characteristics of study participants.
Characteristic n (%)
Individual characteristics (n =2333)
Age group
1-5 years 459 (19.7)
6-11 years 488 (20.9)
12-17 years 238 (10.2)
18-64 years 954 (40.9)
65 + years 194 (8.3)
Male sex 1135 (48.7)
For children aged 6-17 (n=726)
Attends school 619 (85.3)
For adults aged 18+ (n=1148)
Education level
Never went to school 535 (46.6)
Not finished primary school 197 (17.2)
Finished primary but not secondary 283 (24.7)
Finished secondary or higher 126 (11.0)
Employment
Not employed outside the home 428 (37.3)
Employed as farmer 629 (55.8)
Employed, other occupation 84 (7.3)
Household characteristics (n = 565)
At least one child under 5 years of age 257 (45.5)
More than 6 people sharing a dwelling 222 (39.3)

Participation was defined as providing both a questionnaire and stool sample for at
least one follow-up time point. Data in this table are from the first time point at
which participation was recorded.

3.2.1. Factors associated with N. americanus infection
Results of the final adjusted multivariable model for N. ameri-
canus are shown in Table 3. The odds of infection decreased with

Table 2
Water, sanitation and hygiene characteristics over time.
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each follow-up, with lowest odds at the final follow-up (adjusted
odds ratio (aOR) 0.15, 95% CI1 0.11-0.20). All age groups were found
to have significantly higher odds of infection compared with chil-
dren aged 1-5years, with highest odds among those aged 18-
64 years (aOR 7.8, 95% Cl 4.7-12.8) and 12-17 years (aOR 6.0,
95% CI 3.7-9.8). Males had significantly higher odds of infection
than females (aOR 3.1, 95% CI 2.4-4.2). Adults who obtained at
least primary school education had lower odds of infection com-
pared with those who never went to school, with lowest odds
among those who completed secondary school or higher (aOR
0.29, 95% CI 0.16-0.53). Farmers had higher odds of infection com-
pared with those who did not work outside the home (aOR 1.7, 95%
CI 1.2-2.4). The only WASH variable that was associated with N.
americanus was having water available for personal cleaning after
defecation, which was associated with marginally increased odds
of infection (aOR 1.4, 95% CI 1.0-2.0).

3.2.2. Factors associated with Ascaris spp. infection

Results of the final adjusted multivariable model for Ascaris spp.
are shown in Table 4. Similar to results for N. americanus, odds of
infection decreased with each follow-up, with odds at the final
follow-up nearly two-thirds lower than the first follow-up (aOR
0.37, 95% CI 0.24-0.55). Adults aged 18-64 (aOR 0.37, 95% CI
0.23-0.61) and 65+ years (aOR 0.37, 95% CI 0.19-0.71) had signif-
icantly lower odds of infection compared with children aged 1-
5 years. Those living in a household with more than six people
had higher odds of infection (aOR 1.7, 95% CI 1.2-2.4). Those
who finished primary school but not secondary school were found
to have higher odds of infection compared with those who never
went to school (aOR 2.1, 95% CI 1.2-3.6). In terms of concurrent

Follow-up 1, n (%)

Follow-up 2, n (%) Follow-up 3, n (%) Follow-up 4, n (%)

Individual sanitation variables n=1598
Main place of defecation is toilet 768 (48.1)
Practises open defecation 852 (53.4)
Uses water to clean self after defecation 659 (41.2)
Household sanitation variables n=482
Household has toilet 226 (46.9)
If yes, toilet has slab 102 (45.1)
If yes, toilet is pour-flush latrine 137 (60.6)
If yes, toilet is clean 67 (29.7)
Toilet shared with another dwelling 26 (5.4)
Household garbage disposed of in bush 295 (61.2)
Household garbage buried 54 (11.2)
Household garbage burnt 273 (56.6)
For households with children < 5 years old n=175
Child waste disposed of hygienically® 38 (21.7)
Household water variables n=482
Main water source
Piped water 167 (34.7)
Protected spring 13 (2.7)
Tube well/borehole 27 (5.6)
Unprotected spring/dug well 208 (43.2)
Surface water 62 (12.9)
Distance to household water source more than 15 min 124 (25.7)
Water always available from main water source 373 (77.4)
Water stored in covered containers only 431 (89.4)
Household water treated 288 (59.8)
Individual hygiene variables n=1598
Washes hands using soap or ash 1060 (66.3)
Washes hands before contact with food 745 (46.7)
Washes hands after contact with faeces 956 (59.9)
Washes hands after contact with dirt 939 (58.8)
Always wears shoes indoors 493 (30.9)
Always wears shoes outdoors and while toileting 891 (55.8)

n=1459 n=1465 n=1412
723 (50.5) 724 (49.4) 813 (57.6)
802 (55.0) 806 (55.0) 675 (47.8)
635 (43.5) 649 (44.3) 815 (57.7)
n=467 n=442 n=428
232 (49.7) 224 (50.7) 244 (57.0)
141 (60.8) 119 (53.1) 125 (51.2)
171 (73.7) 157 (70.1) 181 (74.2)
66 (28.5) 42 (18.8) 66 (27.1)
27 (5.8) 28 (6.3) 18 (4.2)
292 (62.5) 296 (67.0) 283 (66.1)
47 (10.1) 19 (4.3) 21 (4.9)
196 (42.0) 174 (39.4) 128 (29.9)
n=157 n=161 n=127

14 (8.9) 24 (14.9) 7 (5.1)
n=467 n=442 n=428
240 (51.4) 249 (56.3) 293 (68.5)
20 (4.3) 9 (2.0) 8 (1.9)

61 (13.1) 30 (6.8) 41 (9.6)

59 (12.6) 80 (18.1) 50 (11.7)
79 (16.9) 70 (15.8) 32 (7.5)

94 (20.1) 114 (25.8) 95 (22.2)
405 (86.7) 270 (83.7) 368 (86.0)
434 (92.9) 419 (94.8) 393 (91.8)
305 (65.3) 259 (58.6) 246 (57.5)
n=1459 n=1465 n=1412
1233 (84.5) 1306 (89.2) 1379 (97.7)
580 (39.8) 612 (41.8) 709 (50.2)
1127 (77.2) 1192 (81.4) 1243 (88.0)
934 (64.0) 1093 (74.6) 1124 (79.6)
516 (35.4) 590 (40.3) 694 (49.2)
802 (55.0) 869 (59.3) 1001 (70.9)

2 Hygienic disposal defined as disposing of a child’s faeces in the household toilet or with household waste.
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Fig. 1. Prevalence of soil-transmitted helminth infections in the study population
over time.

Table 3
Results of final multivariable mixed effects logistic regression examining risk factors
for Necator americanus infection (n =2333).

Covariate aOR  95% CI P value
General variables
Follow-up number?®
Follow-up 2 034 0.27-0.44 <0.001
Follow-up 3 024 0.18-0.31 <0.001
Follow-up 4 0.15 0.11-0.20 <0.001
Age group?
6-11 years 3.87 2.59-5.76 <0.001
12-17 years 6.03 3.71-9.78 <0.001
18-64 years 7.76 4.69-12.82 <0.001
65 + years 4.05 2.21-7.42 <0.001
Male sex 3.14 2.37-4.16 <0.001

Individual socioeconomic variables
Education level (adults age 18 + years only)"

Didn’t finish primary school 0.79 0.53-1.19 0.259

Finished primary but not secondary school 0.76 0.51-1.12 0.170

Finished secondary school or higher 0.29 0.16-0.53 <0.001
Employment (adults age 18 + years only)*

Employed - farmer 1.66 1.16-2.38 0.005

Employed - other job 1.58 0.85-2.95 0.152

Household sanitation variables
Water available to clean self after defecating  1.43

Random effects variance (95% CI)
Community

Household

Participant

1.00-2.03 0.050

1.01 (0.51-2.02)
1.65 (1.20-2.26)
2.22 (1.66-2.97)

aO0R, adjusted odds ratio; CI, confidence interval.

Reference categories are as follows: *follow-up 1; Paged 1-5 years; “never went to
school; not employed outside the home.

Bold values indicate those reaching statistical significance, defined as P < 0.05.

WASH variables, using household water from tube wells or bore-
holes was associated with significantly higher odds of infection
(aOR 3.7, 95% CI 1.3-10.8). In terms of WASH variables identified
6 months previously, higher odds of infection were observed
among those who used a toilet shared between two or more house-
holds (aOR 2.3, 95% CI 1.2-4.3). No other WASH variables were sig-
nificantly associated with Ascaris spp. infection.

3.2.3. Factors associated with undifferentiated STH infection

Results of the final adjusted multivariable model for undifferen-
tiated STH infection are shown in Table 5. Mirroring the results for
individual STH species, increasing follow-up time was associated

Table 4
Results of final multivariable mixed effects logistic regression examining risk factors
for Ascaris spp. infection (n =2333).

Covariate aOR  95% CI P
value
General variables
Follow-up number®
Follow-up 2 0.61 0.44- 0.001
0.87
Follow-up 3 035 0.24- <0.001
0.51
Follow-up 4 0.37 0.24- <0.001
0.55
Age group”
6-11 years 0.92 0.63- 0.681
1.36
12-17 years 070 042- 0.184
1.18
18-64 years 0.37 0.23- <0.001
0.61
65+ years 037 0.19- 0.003
0.71
Male sex 1.07 0.82- 0.608
1.41
Individual socioeconomic variables
Education level (adults age 18 + only)"
Didn’t finish primary school 139 0.77- 0.329
2.53
Finished primary but not secondary school 2.07 1.18- 0.011
3.63
Finished secondary school or higher 1.81 0.81- 0.197
4,03
Household socioeconomic variables
More than 6 people living in dwelling 1.70 1.18- 0.004
243
Household sanitation variables
Household has shared toilet - six months 229 1.22- 0.010
previously 4.32
Household water variables
Household main water source?
Tube well/borehole 369 1.26- 0.017
10.78
Unprotected spring/dug well 1.07 0.62- 0.795
1.88
Protected spring 1.38 0.55- 0.492
3.50
Surface water 146 0.61- 0.396
3.48

Random effects variance (95% CI)

Community 5.09 (2.64-9.84)
Household 0.85 (0.51-1.42)
Participant 0.58 (0.25-1.37)

a0R, adjusted odds ratio; CI, confidence interval.

Reference categories are as follows: *follow-up 1; Paged 1-5 years; never went to
school; Yhousehold main water source is piped water.

Bold values indicate those reaching statistical significance, defined as P < 0.05.

with lower odds of infection. All age groups had higher odds of
infection compared with children aged 1-5 years, while adults
who finished secondary school or higher had lower odds of infec-
tion compared with those who never went to school (aOR 0.40,
95% CI 0.24-0.65). In terms of concurrent WASH variables, those
using household water from tube wells or boreholes were again
found to have higher odds of infection (aOR 2.5, 95% CI 1.3-4.8).
Variables that were associated with lower odds of infection were
having a water source more than 15 min walk from the household
(aOR 0.74, 95% CI 0.59-0.94) and handwashing before eating (aOR
0.80, 95% CI 0.66-0.96). No other WASH variables were signifi-
cantly associated with undifferentiated STH infection.

A summary of all significant predictors of infection with
N. americanus, Ascaris spp., and undifferentiated STH infection is
provided in Table 6.
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Table 5
Results of final multivariable mixed effects logistic regression examining risk factors
for undifferentiated soil-transmitted helminth infection (n =2333).

Covariate aOR  95% CI P value
General variables
Follow-up number?®
Follow-up 2 044 0.35- <0.001
0.55
Follow-up 3 0.31 0.25- <0.001
0.39
Follow-up 4 0.21 0.76- <0.001
0.28
Age group”
6-11 years 2.08 1.54- <0.001
2.80
12-17 years 272 1.86- <0.001
3.98
18-64 years 3.62 2.57- <0.001
5.09
65+ years 194 1.26- 0.002
297
Male sex 234 1.90- <0.001
2.87
Individual socioeconomic variables
Education level (adults age 18 + only)"
Didn’t finish primary school 087 0.61-1.25 0454
Finished primary but not secondary school 0.89 0.64-1.25 0.512
Finished secondary school or higher 040 0.24- <0.001
0.65
Individual hygiene variables
Washes hands before eating 0.80 0.66- 0.020
0.96
Household water variables
Household main water source?
Tube well/borehole 254 1.34- 0.004
4.84
Unprotected spring/dug well 1.09 0.79-1.52 0.594
Protected spring 1.72 0.88-3.37 0.112
Surface water 1.20 0.75-1.93 0.447
Water source > 15 min walk from household 0.74 0.59- 0.014
0.94

Random effects variance (95% CI)
Community

Household

Participant

1.83 (0.97-3.49)
1.06 (0.78-1.44)
1.37 (1.01-1.86)

aO0R, adjusted odds ratio; CI, confidence interval.

Reference categories are as follows: *follow-up 1; age 1-5 years; “never went to
school; “household main water source is piped water.

Bold values indicate those reaching statistical significance, defined as P < 0.05.

4. Discussion

This risk factor analysis was conducted to further investigate
the role of WASH on STH infections in the context of the WASH

Table 6

for WORMS intervention trial. A novel component of our analysis
was that we examined WASH-related risk factors both concur-
rently and 6 months prior, at the time of the previous deworming
round. In a previous cross-sectional analysis conducted at the
study baseline, few WASH variables were associated with STH
infections (Campbell et al, 2016). The analysis presented here
included data from four study follow-up time points over a 2 year
period, with more diverse WASH conditions compared with the
study baseline. Nonetheless, only a small number of WASH-
related variables were found to be associated with STH infections
in this analysis. The odds of infection with both N. americanus
and Ascaris spp. decreased significantly with increasing follow-up
time, reflecting the impact of regular, community-wide
deworming.

Although water contamination is not thought to play a crucial
role in the STH transmission cycle, meta-analysis has demon-
strated that piped water is protective against multiple STH species
(Strunz et al., 2014), and the recent WASH Benefits study in Kenya
found that an intervention aimed at improving water quality was
protective against Ascaris spp. (Pickering et al., BioRxiv 464917 pre-
print, cited earlier). Our results also provide some evidence that
water source affects the risk of STH infection, lending support to
suggestions that contaminated water may play a more important
role in transmission than previously recognised (Pickering et al.,
BioRxiv 464,917 preprint, cited earlier). Using water from a tube
well or borehole was associated with significantly higher odds of
Ascaris spp. and undifferentiated STH infection, while those using
a water source more than 15 min walk from the household had
lower odds of undifferentiated STH infection. Tube wells and bore-
holes are considered protected water sources; however, in study
communities, these were predominantly used when a commu-
nity’s usual water source was unavailable (i.e., in the dry season).
Our results suggest that water contamination may have occurred
at the source or during collection. Similarly, the protective effect
of water sources located further from the household likely repre-
sents decreased faecal contamination.

In terms of sanitation, previous meta-analyses have found that
sanitation access and use are protective against both A. lumbri-
coides (Ziegelbauer et al., 2012; Strunz et al., 2014) and hookworm
(Ziegelbauer et al., 2012), although results are not consistent across
all studies, and these findings have not been mirrored in commu-
nity level sanitation intervention studies (Clasen et al., 2014;
Patil et al., 2014). In our analysis, using a shared latrine (shared
between two or more households) 6 months previously was asso-
ciated with higher odds of Ascaris spp. infection, possibly due to
increased faecal contamination. Surprisingly, having water avail-
able for personal cleaning after defecation was marginally associ-
ated with higher odds of N. americanus infection. This may

Summary of factors associated with Necator americanus, Ascaris spp. and undifferentiated soil-transmitted helminth infection in final adjusted multivariable models.

Variable domain N. americanus

Ascaris spp.

Undifferentiated STH infection

General variables Study follow-up number
Age groups 6-11, 12-17, 18-64 and 65
+years?®
Male sex
Individual socioeconomic Did not finish primary school®
variables Employed as farmer®
Household socioeconomic -
variables
Household sanitation variables ~ Water available to clean self after
defecating
Household water variables -

Individual hygiene variables -

Study follow-up number
Age groups 18-64 and 65 + years®

Finished primary but not secondary
school®
More than 6 people living in household

Household has shared toilet

Tube well/borehole as main water
source?

Study follow-up number

Age groups 6-11, 12-17, 18-64 and 65
+years®

Male sex

Did not finish primary school®

Tube well/borehole as main water source?

Water source > 15 minutes’ walk from
household
Washes hands before contact with food

Italics indicates that variable is associated with decreased odds of infection.

Reference categories are as follows: *aged 1-5 years; "never went to school; “not employed outside the home; household main water source piped water.
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represent a chance finding, or may relate to skin contact with
water containing infective filariform hookworm larvae (that can
penetrate the skin) while washing after defecation. No other
sanitation-related variables emerged as significant predictors in
our analysis. The lack of association between most sanitation vari-
ables and STH infections is likely due to persistent open defecation
by a proportion of individuals throughout the study period. Ongo-
ing open defecation within the community allows environmental
contamination and transmission to be maintained, such that even
those who regularly use a latrine can still be exposed to contami-
nated soil and become reinfected with STH.

A protective effect of handwashing behaviour on STH has been
previously identified in both observational (Strunz et al., 2014) and
intervention studies (Mahmud et al., 2015). Our analysis identified
lower odds of any STH infection in individuals who reported hand-
washing before eating, but this protective effect was not seen for
individual STH species, and other handwashing variables were
not significant. Given our reliance on self-reported hygiene beha-
viours, this may reflect a degree of measurement error. Previous
work has shown that participants may exaggerate responses that
reflect more desirable WASH practices (Manun’Ebo et al., 1997),
and indeed, hygiene behaviours such as handwashing with soap
and handwashing after defecation were reported by more than
75% of participants in our study at the baseline (Nery et al,
2019). A more reliable method of measuring handwashing beha-
viours may detect a more consistent protective effect against
STH. However, structured observations can also lack validity
(Ram et al., 2010). Identifying accurate, unbiased methods for mea-
suring WASH behaviour remains a significant challenge.

Demographic and socioeconomic factors were strongly associ-
ated with STH infections. Consistent with known age- and sex-
related patterns of STH infection (Brooker et al., 2004; Bethony
et al., 2006), N. americanus infections were highest among males
and adults, while Ascaris spp. infections were higher among chil-
dren. Aligned with findings at the study baseline (Campbell et al.,
2016), adults with higher levels of education had lower odds of
N. americanus infection, reflecting that STH disproportionately
affect the most disadvantaged people (Holland et al., 1988). Indi-
viduals living in a dwelling with more than six people had
increased odds of Ascaris spp. infection, implicating a role of over-
crowding in environmental contamination and transmission. Sim-
ilar findings have been described previously (Holland et al., 1988;
Scolari et al.,, 2000). Importantly, those working as farmers had
increased odds of N. americanus infection. This finding can be
explained by occupational exposure to contaminated soil
(Brooker et al., 2004), and suggests that an educational component
tailored specifically to adults working in high risk occupations
could be of benefit in community level WASH interventions.

A limitation of this observational analysis is the likelihood of
residual confounding. Although we included a wide range of WASH
and sociodemographic variables in our analysis, it is likely that
other, unmeasured factors contributed to the risk of STH infections.
A further limitation is that most sanitation and hygiene variables
were self-reported by participants, and in the case of young chil-
dren, by their parents. As discussed above, self-reported data are
prone to bias. This potential source of measurement error
decreases the reliability of detected associations (or the lack
thereof) between WASH and STH. Finally, it is possible that the
highly sensitive diagnostic technique used to detect STH infections
may have led to weakening of associations between WASH and
STH, due to the detection of very light-intensity infections that
would be missed by more conventional microscopy-based
approaches (Campbell et al., 2016).

In summary, this risk factor analysis found that only a small
number of WASH variables were associated with STH infections,
with regular deworming, socioeconomic variables, and

demographic factors representing the major predictors of infec-
tion. Compared with a cross-sectional analysis conducted at the
study baseline (Campbell et al., 2016), the current analysis identi-
fied more WASH associations in the context of more diverse WASH
conditions. However, many WASH variables were not associated
with STH infection, and identified WASH-related risk and protec-
tive factors were not consistent across STH species. These findings
align with the overall study results of the WASH for WORMS trial,
in which no additional impact of the community-based WASH
intervention on STH infections was seen, compared with deworm-
ing alone (Nery et al., 2019).

STH life cycles rely on individuals being exposed to a faecally-
contaminated environment; thus, a link between WASH and STH
transmission is undisputable. In practice, however, generating evi-
dence for the impact of WASH interventions, access and practices
on STH infections remains challenging. Contributing factors
include the complexity of implementing WASH interventions in
low income settings, the challenge of achieving sustained beha-
vioural change, and the difficulties in accurately measuring WASH
behaviours (Campbell et al., 2018).

Despite these challenges, further research should be undertaken
to elucidate the impact of WASH on STH. The focus should be on
generating evidence to inform policymakers and program imple-
menters in the WASH and NTD sectors regarding what kinds of
interventions, in what settings, and over what period of time, could
be expected to have an impact on STH infections. Particularly
important research priorities include investigating the role of
WASH in settings with low STH transmission, once regular
deworming has ceased (Coffeng et al., 2018), and research into
simple, reproducible strategies to measure WASH behaviours,
including strategies that involve evaluating environmental con-
tamination with STH infective stages (Gyawali et al, 2016;
Steinbaum et al, 2017). Beyond research, fostering collaboration
between the WASH and NTD sectors remains crucial as global
efforts towards sustainable control continue.
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