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Background: Despite extensive control measures and a declining number of
human reservoirs, the incidence of leprosy in excess of 200,000 new cases
each year suggests that alternative pathways of transmission may play a role in
continued endemicity. Parasitic coinfection and limited water, sanitation, and
hygiene (WASH) have been suggested to predispose individuals to
Mycobacterium leprae infection and were further explored in this study.

Methods: Leprosy cases and uninfected controls were recruited from areas
around North Gondar, Ethiopia throughout 2019. Participants completed
dietary and WASH surveys in addition to providing stool for helminth
microscopic diagnosis and urine for Schistosoma mansoni Point-of-care
circulating cathodic antigen (POC-CCA)™ rapid diagnostic testing. A similar
methodology was employed for a case—control study of leprosy previously
conducted by our research team in North Gondar from May to October of
2018. To more comprehensively evaluate associations between the above
exposures and leprosy, data from the present 2019 study and the previous 2018
study were combined in select multivariate logistic regression analyses.

Results: A total of 47 men (59%) and 33 women (41%) participated in this study
with an average age of 40 (SD 15.0 years). Most leprosy cases were
multibacillary (93%). There was a high prevalence of parasitic coinfection
among both cases (71%) and controls (60%). WASH insecurities were also
widespread. On multivariate analysis, lack of soap for handwashing [aOR=
2.53, 95% CI (1.17, 5.47)] and the lack of toilet facilities [Adjusted odds ratio
(@OR)= 2.32, 95% CI (1.05, 5.12)] were significantly associated with leprosy.
Positive directionality was identified for a number of other inputs, including
helminth infection [aOR= 3.23, 95% CI (0.85, 12.35)].
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Conclusions: Taken together, these findings strengthen previous research
conducted in 2018 implicating poor WASH conditions as a driver of leprosy
infection. Leprosy remains the leading infectious cause of disability in the
world. As such, future research should explore the above susceptibilities in
more depth to curtail the global burden of disease.

KEYWORDS

neglected tropical disease (NTD), helminths, coinfection, water, sanitation, hygiene,
WASH (water sanitation and hygiene), leprosy

Introduction

Neglected tropical diseases (NTDs) infect over 2.7 billion
people worldwide, a disproportionate number of whom reside in
low- and middle-income countries (LMICs) (1). Leprosy, also
known as Hansen’s disease, is one such NTD that contributes to
significant morbidity and disability in certain areas of the world.
In 2018 alone, over 208,619 incident cases of leprosy were
reported globally, and an estimated 2-3 million people were
living with disease-related disabilities (2, 3).

Mycobacterium leprae, a rod-shaped bacillus and the
causative agent of disease, is believed to be transmitted via
droplets from the nose or mouth during sustained contact
with an infected individual. Incubation lasts an average of 1-5
years but may extend up to 20 years in some cases (2). A special
affinity for keratinocytes in the skin and Schwann cells in the
peripheral nervous system gives rise to some of the more
characteristic symptoms of disease including skin
discoloration, nodules, lesions, sensory loss, blindness, and
deformity (4).

Leprosy is generally categorized according to immune
response and disease burden. Tuberculoid (TT) leprosy falls
on the less severe end of the spectrum with lower bacillary loads,
while lepromatous (LL) leprosy is more severe with notably
higher bacillary loads (5). Effective cellular immunity against TT
leprosy is characterized by a T helper type 1 (Th1) response that
allows for complete destruction of the pathogen, although this
strong Thl activation is not without consequence and often
leads to neurologic compromise. In contrast, the response
against LL is characterized by malfunctioning cytotoxic T cells,
or Th2 immunity, which allows the pathogen to survive and
multiply (6, 7).

Since the advent of targeted multidrug therapy and
aggressive control measures to counteract the human-to-
human proliferation of M. leprae, the overall prevalence of
leprosy has decreased, but incidence in endemic areas
continues to persist. The majority of these new cases also
cannot be linked to a household contact (8). Taken together,
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these factors strongly suggest the presence of alternative
mechanisms of leprosy transmission. The potential for
secondary routes of infection or environmental reservoirs
opens the door for the consideration of risk factors that may
facilitate infection. A few susceptibility factors proposed in the
literature include parasitic coinfection and water, sanitation, and
hygiene (WASH) (6, 9-15).

Recent research implicates parasitic coinfection along the
pathway of leprosy infection and disease. Intestinal helminths
have been found to invoke a strong Th2 immune response and
weaken Thl immunity, which serves as a critical defensive
system against mycobacteria (6). Individuals harboring
intestinal helminths are also known to exhibit defective
immune cell signaling and a greater stimulation of regulatory
T cells, which may further suppress Th1 activation (6, 16). Thus,
the cumulative immune response to a parasitic infection may
physiologically predispose colonization by M. leprae, trigger
active leprosy from latent infection, and favor the more severe
lepromatous end of the disease spectrum (6, 9-11, 16, 17).

In much the same way, poor WASH conditions may
facilitate leprosy transmission in addition to cultivating an
environment favorable for parasitic disease (18-20). Reliance
on an unimproved water source, open defecation, and limited
handwashing have previously been explored as risk factors for
leprosy (12, 13). Water has also been investigated as a potential
reservoir of M. leprae, with proximity to water bodies implicated
in leprosy onset (8, 14, 21). Potentially viable bacilli have been
detected in communal water sources as well as soil samples in
areas used for bathing (15, 21-23). Further, laboratory studies
have demonstrated the survival of the pathogen outside of the
human body, with viability maintained for up to 5 months in
shaded soil samples and 8 months when phagocytized by
common free-living amoebas (24, 25).

In Ethiopia, approximately 5,000 new cases of leprosy are
diagnosed each year (1). This number is much higher when
accounting for existing cases of leprosy, those who have
recovered with disability, and probable underreporting due to
stigma and lack of access to healthcare. Ethiopia is also endemic
for parasitic diseases, many related to poor WASH conditions,
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making this region uniquely suited for studying the overlap
between these susceptibility factors. Schistosomiasis, for
example, affects close to 5 million Ethiopians each year (1).
Hookworm, a common soil-transmitted helminth, affects over
11 million people in Ethiopia, amounting to 5.6% of the
hookworm burden in sub-Saharan Africa. Ascariasis affects
over 26 million Ethiopians, or 15% of the overall burden in
sub-Saharan Africa. Ethiopia ranks within the top 10 countries
for the highest counts of both leishmaniasis and lymphatic
filariasis, and over 12 million Ethiopians are at risk of
onchocerciasis and subsequent blindness (1).

Given the potential secondary mechanisms of leprosy
transmission detailed above, the primary objective of this
case—control study was to better understand coinfection and
environmental factors in the context of leprosy infection. As
previously suggested in the literature, patients with leprosy are
hypothesized to lack appropriate WASH resources and exhibit
higher rates of parasitic coinfection compared to
healthy controls.

Materials and methods
Study site and population

This case—control study was conducted in Gondar, Ethiopia
with a focus on North Gondar and surrounding woredas
(administrative districts). North Gondar has a population of
3,225,022 individuals, most of whom reside in rural or
agricultural areas (84.21%) (26). An average of 5,000 new
cases of M. leprae are diagnosed at health facilities in Ethiopia
each year, resulting in one of the highest burdens in sub-Saharan
Africa (1). Approximately 30% of these cases occur among those
living in the Amhara Region, which encapsulates the densely
populated zone of North Gondar (27).

Data were collected from June to December of 2019.
Potential subjects were identified from a leprosy registry and
recruited from local dermatology and health clinics. Cases were
defined as adults over the age of 18 diagnosed in the prior 12
months with multibacillary or paucibacillary leprosy by trained
dermatologists. Unconfirmed cases, pregnant women with
leprosy, and patients who have completed multidrug therapy
(MDT) were excluded from evaluation. Controls were sampled
from the adult members of surrounding communities with no
current or previous leprosy diagnosis and no known leprosy
exposures. Controls were excluded if there was a history of an
unconfirmed neurological or dermatological disease or known
proximal contact with a leprosy case.

A previous case-control study of leprosy was conducted by
our study team in North Gondar from May to October of 2018
(12). The case definition, exclusion criteria, recruitment
protocols, and methods of obtaining WASH and schistosoma
data were consistent between the 2018 and 2019 collection
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periods. The only addition to the protocol for the present 2019
study was the collection and testing of stool samples using the
Kato-Katz technique, which allowed for a more comprehensive
investigation of parasitic infection beyond the singular S.
mansoni datapoint collected via urine sample in 2018. Thus, in
select analyses, both years of schistosoma infection and WASH
data were combined to allow for a more comprehensive
exploration of susceptibilities.

Data collected

Participants were asked to complete a questionnaire and
provide stool and urine samples after consenting to participate
in the study. On-site medical personnel assisted with the
administration of surveys in Ambharic and the collection of
biological specimens. Demographic and other key health
information from medical records supplemented data obtained
directly from patients.

Field procedures

Cases were diagnosed at local dermatology and health
centers by experienced physicians on the basis of clinical and
bacillary index findings per current World Health Organization
(WHO) guidelines. The WHO (differentiates leprosy into two
types based on physical symptoms and the presence or absence
of bacilli in slit-smear tests. Paucibacillary (PB) leprosy is
characterized by five or fewer skin patches and no bacilli on a
slit-smear test, while multibacillary (MB) leprosy applies to cases
with greater than five skin patches and visible bacilli on a slit-
smear test (2).

Secondary data in the form of demographic information,
medical charts, and survey responses were collected with written
informed consent from participants. This information was
utilized to determine leprosy classification and the degree
of disability.

Evaluation of parasitic coinfection

The Schisto POC-CCA™ rapid diagnostic test was used to
detect Schistosoma mansoni infection. Schisto POC-CCA™
rapid diagnostic tests identify active infections in urine
specimens with burdens as low as 50 worms. The sensitivity
reaches 100% at higher burdens of 400 or more eggs per gram of
feces (28). The presence of other helminths (including eggs for S.
mansoni) was determined by Kato-Katz stool exam using one
sample per individual. Protozoa were assessed by direct
microscopy. Participants who tested positive for a parasitic
infection were immediately referred to providers at local
health centers for treatment
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Evaluation of water, sanitation, and
hygiene conditions

A survey adapted from the WHO/UNICEF Joint Monitoring
Programme for Water Supply and Sanitation (JMP) core
questions on WASH for household surveys was completed by
all participants to better understand water usage, contact,
treatment, soap accessibility, handwashing, and other general
sanitation practices (29).

Information collected regarding drinking water source,
cooking water source, and toilet type was classified according to
improved and unimproved categories for analysis. Per the WHO,
improved water sources are located on premises, available when
needed, and free of fecal and priority chemical contamination
(30). Improved water sources adequately protect water from
outside contamination through avenues such as a household
connection, public standpipe, borehole, protected dug well,
protected spring, and rainwater collection. Unimproved sources
include unprotected dug wells, unprotected springs, surface water,
vendor-provided water, and tanker truck water. Because the
majority of participants in this study did not have access to a
water source on premises, the time it took participants to collect
water was further subcategorized from improved and unimproved
into basic and limited-service groupings. Water collection
involving a round trip of 30 min or less merited a classification
of basic service, while a round trip to collect water exceeding this
cutoff was considered limited water service in accordance with
WHO guidelines (31).

In terms of sanitation, improved facilities are defined by the
hygienic separation of human excreta from human contact
through mechanisms such as a sewer connection, septic
system connection, pour-flush latrines, ventilated improved pit
latrines, and pit latrines with a slab or covered pit (30).
Unimproved toilet facilities include pit latrines without slabs
or platforms, hanging latrines, bucket latrines, and open
defecation. Handwashing data, a key indicator of hygiene, was
dichotomized into limited-service and no-service groupings
based on the presence or absence of functional hand hygiene
stations (32). Finally, previous studies have linked proximity to
bodies of water as a potential susceptibility factor to leprosy (12,
20, 21). The local water source in Gondar, Lake Tana, is also a
known reservoir for S. mansoni (12). Thus, village residency
reported by each participant was recategorized on the basis of
proximity to Lake Tana with individuals assigned to “on the
lake” or “not on the lake” groupings as was done in previous
studies (12).

Statistical analysis

Drawing on previous publications, an alpha of 0.05 and
power of 0.8 coupled with an estimated helminth prevalence in
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the North Gondar region between 20% and 25% and a predicted
odds ratio of 3-4 for the association of helminth infection with
leprosy yielded a total goal sample size of 80 split evenly between
cases and controls (26).

Following data cleaning, all analyses were conducted using
Statistical Analysis Software (SAS) 9.4. Descriptive statistics,
univariate comparisons, and logistic regression were the
primary mathematical outputs. Independent two-sample t-test
and chi-square tests were completed during univariate
procedures to describe differences between cases and controls.
Odds ratios were calculated to indicate associations between the
exposures of interest (parasitic coinfection and WASH status)
and the outcome (leprosy). A p-value of 0.05 or below was
employed as the threshold for significance.

Helminth infection, select WASH variables, and
confounders significantly associated with the outcome on
univariate analyses were included in a multivariate logistic
regression model. Potential confounders included age, sex, and
socioeconomic status. Socioeconomic status was evaluated on
the basis of monthly income, education, and household size.
Monthly income was dichotomized into two groups after
reviewing the frequency and distribution of the data. A large
right skew influenced the selection of the first quartile as the
cutoff value with participants separated into “above Q1”7 and
“below Q1” groups. Education was categorized on the basis of
junior secondary school (grade 8) (33). Thus, participants were
divided into “below grade 8” and “grade 8 and above” categories.
Household size was dichotomized into “crowded” and “normal”
living conditions in accordance with a systematic review and
meta-analysis of socioeconomic risk markers of leprosy, which
linked crowded living conditions, characterized by five or more
individuals residing in a single household, to leprosy
infection (34).

Given the exploratory nature of the study, variables of
fundamental importance to the research question were
evaluated at each phase of the analysis. A detailed report of
findings is provided in the following tables. A Hosmer-
Lemeshow goodness-of-fit test was conducted at the
conclusion of the analysis to investigate the suitability of the
final logistic regression models. A p-value of 0.05 was again
employed as the cutoff with any value below this point
prompting the rejection of the model. Collinearity was also
examined, and there was no evidence to suggest correlations
between variables included in the final models.

Ethical approval

This study was approved by the Institutional Review Boards
of Emory University and the University of Gondar in Ethiopia.
Involvement in the study was voluntary, and informed written
consent was obtained from all participants. Data collection
presented very little risk to patients given the minimal
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invasiveness of testing procedures. All data containing private or
identifying information was stored in a locked room at the
University of Gondar or on a password-protected computer.
Data utilized for the purpose of this secondary analysis were
obtained with permission from the principal investigator and
deidentified before being accessed in the US.

Results
Descriptive statistics

A total of 80 participants, 31 cases and 49 controls, were
enrolled in the study. The average age of enrollees was 40 with a
standard deviation of 15 years. Approximately 59% of
participants were men and 41% were women. The majority of
cases were diagnosed with MB leprosy (93.3%) and had a
positive bacillary index (70.4%). Participants varied in terms of
their disability grade, but a total of 61% experienced some degree
of chronic impairment due to leprosy. Although cases enrolled
in the present study were diagnosed within the past year, it is
possible that symptom onset began well before healthcare
services were sought out. This delay in diagnosis may occur
for many reasons, but perhaps the most important being the
continued stigma surrounding leprosy that often deters
individuals from pursuing treatment until after symptoms are
severe and chronic disability is more likely (35).

Additionally, over 87% of participants did not complete
junior secondary school, and 30% of the population reported a
monthly income below 300 Birr. The mean monthly income was
500 Birr (Figure 1). For reference, the national absolute poverty

10.3389/fitd.2022.934030

line in Ethiopia is set at 3,781 Birr per adult equivalent per year,
or 315 Birr per adult equivalent per month (36). Given that
63.8% of participants reported living in households of five or
more individuals, poverty is likely even more pervasive than
reflected by these numbers. Further demographic,
socioeconomic, and clinical markers are presented in Table 1.

Univariate analysis

Parasitic coinfection

Most participants (64.1%) tested positive for one or more
helminths (Table 2). A total of 41 participants (52.6%) were
infected with S. mansoni, making this parasite the primary driver
of the total helminth prevalence in the study population.
Approximately 16 (22.5%) participants were infected with a
protozoan. The most frequently identified protozoan was E.
histolytica, infecting 11.3% of participants. Although univariate
analysis did not yield significant differences in helminth or
protozoa infection between cases and controls, these findings
underscore the frequency of parasitic infection within the
general study population. Of the 31 cases, 22 (71.0%) tested
positive for a helminth and 7 (22.6%) were infected with a
protozoan. Similarly, 28 controls (59.6%) were identified as
having a helminth infection and 9 (22.5%) tested positive for a
protozoan out of the entire group of 49 people. Thus, the
majority of cases and controls tested positive for a helminth,
protozoa, or both. Additional outcomes relating parasitic
infection to leprosy are presented in Table 2.

As detailed in the methods, a subset of parasitic coinfection
data (S. mansoni POC-CCA data without stool samples) was

Monthly Income for Total Study Population

Percent

2500

3500

4500

6500

Income (Birr/Month)

FIGURE 1
Monthly income (Birr) reported by leprosy cases and controls.
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TABLE 1 Main demographic and clinical data collected in 2019 for cases and controls.

Variable Cases (n=31) Controls (n=49)
Age (years), mean (SD) 41.9 (16.9) 38.7 (13.7)
Sex, n (%)
Male 16 (51.6) 31 (63.3)
Female 15 (48.4) 18 (36.7)
Education, n (%)
Less than Grade 8 27 (93.1) 35 (83.3)
Grade 8 and Above 2(6.9) 7 (16.7)
Missing n=9
Household Size, n (%)
Crowded (=5) 18 (58.1) 33 (67.4)
Normal (<5) 13 (41.9) 16 (32.7)
Monthly Income, n (%)
Below Q1 6 (20.7) 15 (36.6)
Above Q1 23 (79.3) 26 (63.4)
Missing n=10
WHO Classification, n (%)
Paucibacillary (PB) 2 (6.7) N/A
Multibacillary (MB) 28 (93.3)
Missing n=1
Bacillary Index, n (%)
Positive 19 (70.4) N/A
Negative 8(29.6)
Missing n=4
Grade of Disability, n (%)
Grade 0 12 (38.7) N/A
Grade 1 7 (22.6)
Grade 2 12 (38.7)

*, Significant values. N/A, Not Applicable.

available for both the 2018 and 2019 study periods. Thus,
additional univariate analysis was conducted with this
combined dataset. Of the 161 total individuals tested, 24 cases
(33.8%) and 38 controls (43.2%) were positive for S. mansoni.
Additional results are recorded in Table 3.

Water, sanitation, and hygiene conditions

As illustrated in Table 4, many participants did not have
access to improved WASH services. A total of 14 participants
(17.7%) collected water from an unimproved drinking water
source, while 15 (18.8%) obtained cooking water from an
unimproved source. Close to 95% of participants did not have
access to water on premises. The majority of individuals with
access to water off premises reported a roundtrip time to collect
water under 30 min, with only 6.9% exceeding this demarcation.
In terms of water treatment, 34 (41.3%) participants consistently
treated their water while 43 (55.8%) did not. Access to
handwashing facilities, a key metric of hygiene, was only noted
for nine (13.0%) participants with the remaining 87% of the
population lacking functional handwashing stations. Only 38
(48.7%) participants reported consistent access to soap.
Although univariate analysis did not yield significant
differences between cases and controls for the above WASH
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Odds Ratio (95% CI) P-Value (o = 0.05)

40.0 (15.0) 1.01 (0.98, 1.05) 0.3611
47 (58.8) 0.62 (0.25, 1.54) 0.3037
33 (41.3) (ref)
62 (87.3) 2.70 (0.52, 14.06) 0.2380
9 (12.7) (ref)
51 (63.8) 0.67 (0.27, 1.70) 0.4011
29 (36.3) (ref)
21 (30.0) 0.45 (0.15, 1.36) 0.1575
49 (70.00) (ref)
N/A N/A N/A
N/A N/A N/A
N/A N/A N/A

conditions, these findings underscore the prevalence of WASH
insecurity within the general study population.

Similarly, proximity to a body of water was associated with
leprosy [OR=2.74, 95% CI (0.93, 8.01)]. These findings build on
the results of a previous study conducted in Ethiopia showing
increased odds of schistosomiasis among leprosy cases living
near Lake Tana compared to those geographically distanced
from this water source (12). The type of toilet facilities available
to participants was also found to differ between cases and
controls. Approximately 37 (49.3%) participants exclusively
relied upon unimproved toilet facilities that did not
appropriately segregate waste. A total of 31 (41.3%) people
practiced open defecation, a statistically significant number of
whom were also diagnosed with leprosy. In fact, the odds of open
defecation were 2.6 times higher in leprosy cases compared to
controls [OR= 2.6, 95% CI (1.01, 6.73)]. Additional outcomes
relating WASH to leprosy are presented in Table 4.

As previously detailed, WASH data were available for both
the 2018 and 2019 study. Thus, additional univariate analyses
were conducted with this combined dataset and statistically
significant findings were demonstrated overall. Results, again,
illustrate widespread WASH insecurity within the study
population. Close to 18% of participants relied on an
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TABLE 2 Univariate analysis of parasitic coinfection data collected over 2019 among leprosy cases and controls.

Variable Cases (n=31) Controls (n=49)

Helminths, n (%)

Yes 22 (71.0) 28 (59.6)
No 9 (29.0) 19 (40.4)
Missing n=2

S. mansoni, n (%)
Yes 16 (51.6 25 (53.2)
No 15 (48.4 22 (46.8)
Missing n=2

Ascaris (roundworms), n (%)
Yes 4 (12.9) 8 (20.0)
No 27 (87.1) 32 (80.0)
Missing n=9

E. vermicularis (pinworms), n (%)
Yes 1(3.2) 1(2.5)
No 30 (96.8) 39 (97.5)
Missing n=9

Hookworm, n (%)
Yes 3(9.7) 1(2.5)
No 28 (90.3) 39 (97.5)
Missing n=9

Protozoa, n (%)
Yes 7 (22.6) 9 (22.5)
No 24 (77.4) 31 (77.5)
Missing n=9

Amoeba, n (%)
Yes 3(9.7) 1(2.5)
No 28 (90.3) 39 (97.5)
Missing n=9

E. histolytica, n (%)
Yes 1(3.2) 7 (17.5)
No 30 (96.8) 33 (82.5)
Missing n=9

Giardia, n (%)
Yes 3(9.7) 1(25)
No 28 (90.3) 39 (97.5)
Missing n=9

x

, Significant values.

unimproved source for drinking water, 85.9% traveled off
premises for all water needs, and 77.4% lacked access to
handwashing facilities. As illustrated in Table 5, a total of 57%
of the study population were reliant on untreated water.
Consequently, individuals with leprosy had greater odds of not
treating their water compared to controls [OR= 2.24, 95% CI

Total (n=80) Odds Ratio (95% CI) P-Value (o0 = 0.05)
50 (64.1) 1.66 (0.63, 4.38) 0.3065
28 (35.9) (ref)

41 (52.6) 0.94 (0.38, 2.33) 0.8913
37 (47.4) (ref)

12 (16.9) 0.59 (0.16, 2.19) 0.4320
59 (83.1) (ref)

2 (2.8) 1.30 (0.08, 21.64) 0.8549
69 (97.2) (ref)

4 (5.6) 4.18 (0.41, 42.29) 0.2260
67 (94.4) (ref)

16 (22.5) 1.01 (0.33, 3.09) 0.9936
55 (77.5) (ref)

4 (5.6) 4.18 (0.41, 42.29) 0.2260
67 (94.4) (ref)

8 (11.3) 0.16 (0.02, 1.35) 0.0920
63 (88.7) (ref)

4 (5.6) 4.18 (0.41, 42.29) 0.2260
67 (94.4) (ref)

(1.10, 4.55)]. Lack of soap for handwashing was also significantly
associated with leprosy [OR= 2.19, 95% CI (1.16, 4.15)].
Consistent with findings from the 2019 data, 32.9% of the
population did not have access to toilet facilities, a
disproportionate number of whom were also diagnosed with
leprosy. Among leprosy cases, the odds of open defecation were

TABLE 3 Univariate analysis of parasitic coinfection data collected over 2018 and 2019 among leprosy cases and controls.

Variable Cases (n=71) Controls (n=90)

S. mansoni, n (%)

Total (n=161)

Odds Ratio (95% CI) P-Value (o = 0.05)

Yes 24 (33.8) 38 (43.2) 62 (39.0) 0.67 (0.35, 1.28) 0.2290
No 47 (66.2) 50 (56.8) 97 (61.0) (ref)
Missing n=2
*, Significant values.
Frontiers in Tropical Diseases 07 frontiersin.org


https://doi.org/10.3389/fitd.2022.934030
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org

Wasson et al.

10.3389/fitd.2022.934030

TABLE 4 Univariate analysis of WASH data collected over 2019 among leprosy cases and controls.

Variable Cases (n=31) Controls (n=49)

Village Location, n (%)

On Lake 16 (55.2) 9 (31.0)
Not on Lake 13 (44.8) 20 (69.0)
Missing n=22

Drinking Water Source, n (%)
Unimproved 5(16.7) 9 (18.4)
Improved 25 (83.3) 40 (81.6)
Missing n=1

Cooking Water Source, n (%)
Unimproved 5(16.1) 10 (20.4)
Improved 26 (83.9) 39 (79.6)

Time to Collect Water, n (%)
Unimproved 27 (87.1) 46 (100.0)
Improved 4 (12.9) 0 (0.0)
Missing n=3

Time to Collect Water (Unimproved), n (%)
Limited 4 (14.8) 1(2.2)
Basic 23 (85.2) 45 (97.8)

Water Treatment, n (%)
No 19 (65.5) 24 (50.0)
Yes 10 (34.5) 24 (50.0)
Missing n=3

Toilet, n (%)
Unimproved 17 (54.8) 20 (45.5)
Improved 14 (45.2) 24 (54.6)
Missing n=5

Open Defecation, n (%)
No Toilet Facilities 17 (54.8) 14 (31.8)
Toilet Facilities 14 (45.2) 30 (68.2)
Missing n=5

Handwashing Facilities, n (%)
None 26 (89.7) 34 (85.0)
Limited 3(10.3) 6 (15.0)
Missing n=11

Soap, n (%)
No 19 (61.3) 21 (44.7)
Yes 12 (38.7) 26 (55.3)
Missing n=2

*, Significant values.

2.81 times greater than the odds of this exposure in controls
[OR= 2.81, 95% CI (1.40, 5.61)]. Additional outcomes relating
WASH to leprosy are presented in Table 5.

Multivariate analysis

Model 1: 2019 alone

On the multivariate analysis of the primary study exposures
collected in 2019 (Table 6), several susceptibilities maintained a
connection to leprosy. Controlling for monthly income
(indicator of SES), leprosy was significantly associated with
lack of soap [aOR= 6.09, 95% CI (1.53, 24.24)]. Associations
were also sustained between leprosy and lack of water treatment
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Total (n=80)

08

Odds Ratio (95% CI) P-Value (o = 0.05)

25 (43.1) 2.74 (0.93, 8.01) 0.0665
33 (56.9) (ref)
14 (17.7) 0.89 (0.27, 2.96) 0.8477
65 (82.3) (ref)
15 (18.8) 0.75 (0.23, 2.45) 0.6335
65 (81.3) (ref)
73 (94.8) 0.15 (0.02, 1.38) 0.9711
4 (5.2) (ref)
5 (6.9) 7.83 (0.83, 74.12) 0.0729
68 (93.2) (ref)
43 (55.8) 1.90 (0.73, 4.92) 0.1864
34 (44.2) (ref)
37 (49.3) 1.46 (0.58, 3.67) 0.4242
38 (50.7) (ref)
31 (41.3) 2.60 (1.01, 6.73)* 0.0486
44 (58.7) (ref)
60 (87.0) 1.53 (0.35, 6.70) 0.5729
9 (13.0) (ref)
40 (51.3) 1.96 (0.78, 4.94) 0.1532
38 (48.7) (ref)

[aOR= 1.43, 95% CI (0.45, 4.53)] as well as open defecation
[aOR= 1.22, 95% CI (0.38, 3.89)], although not statistically
significant. Thus, markers of WASH all exhibited a positive
relationship with the outcome. Other WASH indicators, such as
village location, were dropped from the model due to a number
of missing data points. Although not statistically significant,
positive directionality persisted for the association between
helminth infection and leprosy [aOR= 3.23, 95% CI
(0.85, 12.35)].

The small study size and necessary inclusion of an SES
marker constrained the total number of variables able to be
incorporated in the model. Thus, age and sex were removed
from the final 2019 multivariate results after confirming these
variables did not act as significant confounders. Given the
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TABLE 5 Univariate analysis of WASH data collected over 2018 and 2019 among leprosy cases and controls.

Variable

Village Location, n (%)
On Lake

Not on Lake
Missing n=24

Drinking Water Source, n

Unimproved
Improved
Missing n=1

Cooking Water Source, n
Unimproved
Improved

Cases (n=71)

(%)

(%)

Time to Collect Water, n (%)

Unimproved
Improved
Missing n=12

Time to Collect Water (Unimproved), n (%)

Limited
Basic

Water Treatment, n (%)
No
Yes
Missing n=30

Toilet, n (%)
Unimproved
Improved
Missing n=6

Open Defecation, n (%)
No Toilet Facilities
Toilet Facilities
Missing n=6

Handwashing Facilities, n

None

Limited

Missing n=46
Soap, n (%)

No

Yes

Missing n=2

*, Significant values.

(%)

25 (37.3)
42 (62.7)

15 (21.4)
55 (78.6)

15 (21.1)
56 (78.9)

56 (86.2)
9 (13.9)

6 (10.7)
50 (89.3)

43 (67.2)
21 (32.8)

43 (60.6)
28 (39.4)

32 (45.1)
39 (54.9)

47 (74.6)
16 (25.4)

42 (59.2)
29 (40.9)

Controls (n=90)

24 (34.3)
46 (65.7)

13 (14.4)
77 (85.6)

14 (15.6)
76 (84.4)

72 (85.7)
12 (14.3)

4 (5.6)
68 (94.4)

32 (47.8)
35 (52.2)

46 (54.8)
38 (45.2)

19 (22.6)
65 (77.4)

42 (80.8)
10 (19.2)

35(39.8)
53 (60.2)

Total (n=161)

28 (17.5)
132 (82.5)

29 (18.0)
132 (82.0)

128 (85.9)
21 (14.1)

10 (7.8)
118 (92.3)

75 (57.3)
56 (42.8)

51 (32.9)
104 (67.1)

77 (48.4)
82 (51.6)

Odds Ratio (95% CI)

1.14 (0.57, 2.30)
(ref)

1.62 (0.71, 3.67)
(ref)

1.45 (0.65, 3.26)
(ref)

1.04 (0.41, 2.63)
(ref)

2.04 (0.55, 7.61)
(ref)

2.24 (1.10, 4.55)*
(ref)

1.27 (0.67, 2.41)
(ref)

2.81 (140, 5.61)*
(ref)

0.70 (0.29, 1.71)
(ref)

2.19 (1.16, 4.15)*
(ref)

10.3389/fitd.2022.934030

P-Value (o = 0.05)

0.7118

0.2513

0.3626

0.9392

0.2886

0.0257

0.4670

0.0035

0.4326

0.0157

TABLE 6 Model 1: Multivariate logistic regression model of data collected during 2019 featuring leprosy as the outcome and parasitic
coinfection, lack of toilet facilities, lack of water treatment, and lack of soap as the exposure variables.

Variable

Monthly Income (ref=Above Q1)

Helminths

Open Defecation (ref=Facilities)

Lack of Water Treatment

Lack of Soap

*, Significant values.

Results were controlled for monthly income.
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Adjusted Odds Ratio (95% CI)

0.16 (0.03, 0.74)

3.23 (0.85, 12.35)

1.22 (0.38, 3.89)

1.43 (0.45, 4.53)
6.09 (1.53, 24.24)*
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exploratory nature of the study and the limited size of the
dataset, interaction terms were not investigated but may be
considered as this line of research moves forward.

Model 2: 2018 and 2019 combined

On the multivariate analysis of S. mansoni infection and
WASH data collected over 2018 and 2019 (Table 7), open
defecation [aOR= 2.32, 95% CI (1.05, 5.12)] and lack of soap
[aOR= 2.53, 95% CI (1.17, 5.47)] were significantly associated
with leprosy when controlling for age, sex, and education
(indicators of SES) (Table 7). Drinking water was included as
a metric of water quality but did not prove significant in this
particular model. Other WASH variables, such as water
treatment, contained incomplete data from 2018 and were
unable to be evaluated in the combined model. In terms of
parasitic coinfection, schistosomiasis was not significantly
associated with leprosy in the present study. However,
education below 8th grade was strongly related to the
outcome, suggesting that a low socioeconomic status may
increase risk of disease [aOR= 3.02, 95% CI (1.02, 8.98)].
Older age (60 years and above) also exhibited positive
directionality, which may be explained on the basis of
declining immunity with advancing age [aOR= 1.28, 95% CI
(0.41, 3.98)].

Discussion

The elimination of leprosy as a public health threat, defined
as a prevalence of less than 1 case per 10,000 individuals, was
achieved globally in 2000, yet there were still over 208,619
incident cases of leprosy reported worldwide in 2018 alone (2).
Interestingly, an estimated 95% of the human population is not
genetically susceptible to leprosy and most infected persons are
not contagious (5). Taken together, these factors depress the
explanatory power of human-to-human transmission as the sole
driver of continued leprosy incidence. The recent identification
of the nine-banded armadillo as an animal reservoir of leprosy in

10.3389/fitd.2022.934030

both the US and Brazil further suggests that other secondary
routes of infection may be at play (37).

In order to cast light on alternative pathways that perpetuate
transmission, the present study set out to explore the
contributions of potential susceptibilities. Findings suggest that
host and environmental considerations play a significant role. In
terms of coinfection, the abundance of parasitic disease was very
high among both cases and controls. Helminth infection was
particularly prevalent with 64.1% of the total study population
testing positive for an intestinal parasite. S. mansoni was
identified as the primary driver of these infections which
aligns with current schistosomiasis prevalence estimates in
Ethiopia in the amount of 5 million cases per year (38). As
observed in the course of univariate analysis, multivariate
logistic regression modeling revealed a positive relationship
between helminths and leprosy when controlling for potential
confounders [aOR 3.23, 95% CI (0.85, 12.35)]. Although this
finding was not sustained after combining the 2018 and 2019
datasets, prior literature affirms the connection between parasitic
coinfection and leprosy as well as other mycobacterial diseases
such as tuberculosis (6, 10, 17). A previous study conducted in
Brazil, for example, identified a 6.80 increased chance of
contracting leprosy in a community with known
schistosomiasis cases compared to a community without [RR=
6.80, 95% CI (1.46, 31.64)] (9).

A related study in Brazil also demonstrated an association
between leprosy and schistosomiasis with the odds of S. mansoni
infection 8.69 times higher in leprosy cases compared to
household contacts [aOR= 8.69, 95% CI (1.50, 50.51)].
However, this relationship was not sustained when the
comparison group was made up of non-contact controls
[aOR= 1.27, 95% CI (0.38, 4.26)] (11). Given that households
contacts more stringently control for SES and other common
exposures, this finding suggests that helminth infection may
drive susceptibility to leprosy infection under conditions in
which all other exposures are equivalent. It is likely, then, that
the present study would have benefited from a more robust
recruitment and matching scheme involving the household

TABLE 7 Model 2: Multivariate logistic regression model of data collected over 2018 and 2019 featuring leprosy as the outcome and
schistosomiasis infection, lack of toilet facilities, unimproved water, and lack of soap as the exposure variables.

Variable

Older Adults Above Age 60 (ref=Young Adults Below Age 40)
Middle Adults Ages 40 to 60 (ref=Young Adults Below Age 40)
Gender (ref=Female)

Education (ref=Grade 8 and Above)

S. mansoni

Open Defecation (ref=Facilities)

Unimproved Drinking Water (ref=Improved)

Lack of Soap

Results were controlled for age, sex, and education.
*, Significant values.
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Adjusted Odds Ratio (95% CI)

1.28 (0.41, 3.98)
0.85 (0.36, 2.03)
0.88 (0.40, 1.91)
3.02 (1.02, 8.98)*
0.77 (0.35, 1.68)
2.32 (1.05, 5.12)*
0.93 (0.33, 2.62)
2.53 (117, 5.47)*
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contacts of leprosy cases. Results from the 2-year model may
have been further attenuated by the availability of only S.
mansoni infection data rather than information regarding all
helminth exposures in 2018.

Helminth infection is a product of both the host response
and the environment. Thus, the true nature of the relationship
between parasitic coinfection and leprosy may have been blurred
by the inability to include all possible, relevant confounders.
Going forward, a deeper examination of the epidemiologic
triangle and the dynamic relationships between host,
pathogen, and environment may be needed to fully elucidate
the impact of helminth infection on leprosy.

Parasitic coinfection is also known to occur in settings
characterized by poor WASH conditions and high rates of
leprosy. In the present study, open defecation was positively
associated with leprosy in the 2-year model [aOR= 2.32, 95% CI
(1.05, 5.12)]. This finding strengthens previous research
conducted by our study team in 2018 which identified a
connection between open defecation and leprosy [aOR= 19.9,
95% CI (2.2, 176.3)] (12). Additionally, lack of water treatment
[aOR= 2.24,95% CI 1.10, 4.55)] and lack of soap [aOR 2.53, 95%
CI (1.17, 5.47)] were significantly associated with the outcome.
These findings build on work from our study group conducted
in 2018 linking lack of soap to leprosy [aOR = 7.3, 95% CI (1.1,
49.9)] (12). In combination with previous literature connecting
unimproved water, lack of water access on premises, and the lack
of handwashing with an infectious disease risk, it is likely that
these conditions meaningfully contribute to leprosy
susceptibility and/or transmission (12, 13).

It is also important to note that these risk factors are a
product of a low socioeconomic status. In order to truly achieve
leprosy control, improvements in poverty must occur
tangentially with other risk reduction measures. The fact that
30% of the participants in this study were found to live on less
than 300 Birr ($6.47 USD) per month substantiates the
prevalence of poverty in Ethiopia and underscores the need
for multifactorial public health interventions that address both
physical and socioeconomic contributions to leprosy infection.
Future research involving larger sample sizes may generate more
confidence in these findings and advance understanding of the
interplay between poverty, WASH, and the transmission of
M. leprae.

That said, the persistence of significant relationships
between WASH conditions after controlling for socioeconomic
status lends credence to the proposed existence of environmental
reservoirs of M. leprae and the role of poor WASH in driving
continued transmission. Research has identified the presence of
M. leprae in communal water sources as well as soil samples in
highly frequented areas (15, 39). The survivability and viability
of the pathogen outside of a human host has also been
demonstrated in excess of 8 months under certain
circumstances (24). The prevalence of open defecation in this
study population coupled with lack of water treatment and soap
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for handwashing is strongly suggestive of an environmental
pathway beginning with M. leprae exposure through limited
WASH and ending in clinically symptomatic disease. As
Ethiopia continues to net a high incidence of leprosy each year
despite extensive control measures, additional research to
elucidate this pathway must be carried out.

Methodologies that more effectively capture the potential for
repeat parasitic exposures may also be warranted. Open
defecation, for example, is a surrogate marker of both poor
WASH and exposure to soil-transmitted helminths (12, 13).
Unfortunately, the one-time sampling of helminths in the
present study only captured individuals currently infected with
a parasite. It is possible that other cases harbored a helminth at
the time of their leprosy diagnosis but did not test positive for a
persistent or repeat helminth infection when enrolled in this
study. While helminth infections may be transient depending on
the life cycle of the infectious agent and the availability of
curative treatments, the practice of open defecation due to a
lack of sanitation resources is likely more enduring. Approaches
that capture a more comprehensive history of parasitic
coinfection may clarify the relationship between this exposure
and leprosy and improve our understanding of the risks
associated with open defecation.

In addition to sustained leprosy endemicity, many areas of
Ethiopia also grapple with a high prevalence of NTDs and
insecure WASH. This study is unique in that it combines both
host and environmental risk factors in the examination of
leprosy in this setting. A major strength of the above
investigation lies in the utilization of a variety of different data
streams including self-report questionnaires, information from
medical records, and biological specimens. Further, this study
builds on previous research in the realm of parasitic coinfection
by investigating a number of helminths and protozoa in addition
to S. mansoni. However, as with all case-control studies,
establishing temporality between exposure and disease can
prove challenging. This study was no exception, leaving many
lingering uncertainties regarding the prospective relationship
between parasitic coinfection, high WASH insecurity, and
leprosy onset. The long incubation period of M. leprae further
complicates the situation by extending the window between
transmission and the manifestation of clinical symptoms, thus
opening the door to extraneous variables that may obscure the
true nature of this relationship.

Fortunately, existing literature speaks to the presence of
underlying biological mechanisms that support the proposed
forward directionality of the above exposures and leprosy onset.
For example, parasitic infection is known to downregulate cellular
and humoral responsiveness to all pathogens, paving the way for
the development of active leprosy after exposure to the disease-
causing bacterium (6). Perhaps even more compellingly,
laboratory studies have confirmed the survivability of M. leprae
outside of a human host for many months (7, 25). The existence of
potentially viable M. leprae in highly frequented areas, such as
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community water sources and open areas where individuals
defecate, has been detected through DNA sampling and may
serve as a common environmental exposure driving sustained
leprosy transmission in endemic areas (38). Finally, the collection
of physiological data in real time, such as the stool and urine
samples, provides greater confidence in the prospective nature of
these relationships.

Despite the above assurances, the small sample size of the
study poses another possible limitation, especially as the number
of cases did not quite reach the target sample size derived from
the power calculations due to challenges surrounding case
enrollment and dropout. Individuals with leprosy continue to
face tremendous stigma and may have declined to participate in
the present study despite assurances of confidentiality.
Additionally, a diagnosis of leprosy has previously been
associated with unemployment, the loss of income, poverty,
and reduced overall wellbeing (40, 41). In combination with
physical disability from the disease process itself, those
diagnosed with leprosy may have been unable to seek
healthcare services at the same rate as their well counterparts.
Concerns regarding the resulting discrepancy in group size and
impact on power were somewhat attenuated by the
supplemental S. mansoni and WASH data obtained in 2018
which allowed for a larger database to explore exposure and
outcome relationships as well as the opportunity to build on
previous findings. Nevertheless, future investigations should
emphasize the recruitment of additional cases in order to
maximize statistical power. Focus should also be directed
toward the collection of complete data given that certain
variables in the present analysis, such as village location, were
unable to be examined in depth due to the quantity of
missing values.

Finally, while this study measured a number of parasitic
coinfection and WASH variables, the impact of concurrent
susceptibilities in a single individual was not explored in the
present analysis and should be examined in future research.
Similarly, other host and environmental conditions, like
nutritional status, are known to affect the immune response
and may further alter the risk profile for leprosy infection. An
investigation of these variables in the context of leprosy
transmission is currently being conducted by our
research group.

It is also possible that exposure to parasitic coinfection and
limited WASH not only facilitates transmission but also
accelerates the progression of disease from latent to clinically
symptomatic in previously infected individuals. Alternatively,
one or more of these exposures may predispose individuals to
the multibacillary form of leprosy which is associated with less
cell-mediated immunity and a more severe disease course. Poor
WASH conditions, such as open defecation and lack of soap
identified in the present analysis, may promote increased
reservoirs of multibacillary M. leprae in the environment,
thereby heightening the chance of human exposure to this
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subtype of the pathogen. The fact that 93.3% of cases in the
present study were diagnosed with multibacillary leprosy
substantiates this theory. Future research should explore these
potentialities in more depth in order to gain a better
understanding of leprosy transmission and inform
prevention efforts.
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