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A B S T R A C T

Objectives: To identify patterns of spatial clustering of leprosy.
Design: We performed a baseline survey for a trial on post-exposure prophylaxis for leprosy in Comoros
and Madagascar. We screened 64 villages, door-to-door, and recorded results of screening, demographic
data and geographic coordinates. To identify clusters, we fitted a purely spatial Poisson model using
Kulldorff’s spatial scan statistic. We used a regular Poisson model to assess the risk of contracting leprosy
at the individual level as a function of distance to the nearest known leprosy patient.
Results: We identified 455 leprosy patients; 200 (44.0%) belonged to 2735 households included in a
cluster. Thirty-eight percent of leprosy patients versus 10% of the total population live �25 m from
another leprosy patient. Risk ratios for being diagnosed with leprosy were 7.3, 2.4, 1.8, 1.4 and 1.7, for
those at the same household, at 1–<25 m, 25–<50 m, 50–<75 m and 75–<100 m as/from a leprosy
patient, respectively, compared to those living at �100 m.
Conclusions: We documented significant clustering of leprosy beyond household level, although 56% of
cases were not part of a cluster. Control measures need to be extended beyond the household, and social
networks should be further explored.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

Leprosy is an ancient infectious disease caused by Mycobacte-
rium leprae, a microorganism discovered by Hansen (1874). The
main transmission route is probably airborne (Araujo et al., 2016),

with an incubation period ranging from 1–2 years to decades.
When the disease is established, skin and nerve damage provoke
the main symptoms. Immunological disturbances can trigger
inflammatory episodes before, during and after treatment that can
aggravate existing neuropathy or provoke new neuropathy (Wu
and Boggild, 2016). Delay in diagnosis and treatment of leprosy
and its complications can result in permanent deformities
(Yawalkar, 2009), which can cause social stigma (Grzybowski
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Multidrug therapy (MDT) with rifampicin, clofazimine and

dapsone, introduced in the 1980s, has proven highly effective
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World Health Organization, 2002; World Health Organization,
019). As a result, leprosy prevalence has dramatically decreased
orldwide and in 2000, leprosy was declared eliminated as a
ublic health problem. Elimination was defined as a global
revalence of less than 1 leprosy case per 10,000 population
World Health Assembly, 1991). The impact on transmission, and
y extension on the incidence of leprosy, has been less impressive.
ince 2013, the annual number of new leprosy cases reported
lobally has persisted above 200 000, and the average incidence of
eprosy in children has stagnated at close to 1 per 100 000
nhabitants (World Health Organization, 2019). These 2 indicators
upport evidence of uninterrupted transmission of M. leprae.
The Global Leprosy Strategy 2016–2020 aimed to reduce

ransmission, focusing on early diagnosis, especially in children,
nd targeting endemic communities through active case finding
trategies (World Health Organization, 2016). In 2018 the World
ealth Organization endorsed preventive treatment for close
ontacts of patients in the form of single-dose rifampicin post-
xposure prophylaxis (SDR-PEP) (World Health Organization,
018). In Bangladesh, the pivotal COLEP trial had shown a 50%–
0% decrease in leprosy incidence when comparing contacts
eceiving SDR-PEP to contacts receiving a placebo (Ferreira et al.,
017; Moet et al., 2004b). More recently, a modelling study in the
ontext of the Indian health system predicted that SDR-PEP is a
ost-effective intervention based on its ability to prevent
isabilities (Tiwari et al., 2020). Moreover, the feasibility of
rogrammatic delivery of SDR-PEP has been demonstrated in 7
ndemic countries in Asia, Africa and South America (Richardus
t al., 2021).
The Post ExpOsure Prophylaxis for LEprosy (PEOPLE) trial that

ommenced in late 2018 aims to gather further evidence for SDR-
EP and explore different modalities. The study is carried out in 64
illages in the Comoros and Madagascar, with 4 randomized study
rms. Over 3 years (2 years in Madagascar), leprosy incidence in 3
ntervention arms will be compared with that in the comparator
rm without SDR-PEP (Arm 1). Modalities explored include
rovision of SDR-PEP to household contacts only (Arm 2), to all
hose living within 100 m of an index case (Arm 3), or to household
ontacts plus those living with 100 m of an index case and testing
ositive for antibodies directed against M. leprae-phenolic
lycolipid-I (PGL-I), assessed by a rapid test that quantitatively
etects immunoglobulin (IgM) antibodies against PGL-I in finger-
tick blood (Arm 4) (Corstjens et al., 2019).
In this report, we analyse the baseline survey results, before

DR-PEP was provided, to assess patterns of spatial clustering of
eprosy at household and individual level that may inform case-
nding strategies.

ethods

tudy design

As part of the baseline survey of the PEOPLE trial, we visited all
ouseholds in 64 villages, 32 on Anjouan (Comoros), 16 on Mohéli
Comoros) and 16 in Miandrivazo district (Madagascar). All
onsenting household members were screened for leprosy and
esults were recorded, along with their leprosy history and basic
emographic details, on smartphones, using a custom-designed
pp in Open Data Kit (ODK) Collect. The app also enabled the
ecording of the geographic coordinates of each household visited.

(6.0 per 1000) on Anjouan, 39 (1.8 per 1000) on Mohéli, and 70 (3.1
per 1000) in Miandrivazo. We included cases already on treatment
at the time of the survey and cases newly diagnosed during the
survey. This dataset was used to explore the spatial clustering of
leprosy.

Study setting

The Comoros is an archipelago located in the Indian Ocean,
composed of 3 islands: the main island, Grand Comore, and two
smaller islands, Anjouan and Mohéli. The country, with 832 000
inhabitants, is 1 of 23 high-priority countries for leprosy identified
by the World Health Organization (World Health Organization,
2019). The leprosy burden is concentrated on Anjouan and Mohéli,
whereas Grand Comore has only sporadic cases. In 2018, the
leprosy case notification rates were 6.6 and 7.4 per 10 000
inhabitants, respectively, for Anjouan and Mohéli (Programme
National de Lutte contre la Tuberculose et la Lèpre (PNTL), 2019).
The Comoros is ranked 156 out of 189 countries on the human
development index (UNDP, 2020). Over half of the population
(55%) depend on agriculture but soil erosion makes production
insufficient and fishing partially fills the food gaps (The Indepen-
dent Evaluation Office (IEO) of UNDP, 2019). In the latest national
demographic survey, married women and men represent, respec-
tively, 61% and 53% of the population that form nuclear families
that include polygamic unions, which are more frequent in rural
areas (20% versus 14% in urban areas). (DGSP, 2014) Villages on the
Comoros tend to be compact and well-delineated, with little open
space inside village boundaries. Anjouan is the larger of the 2
leprosy endemic islands with a population of 332 466 on a land
area of 424 km2, versus 52 360 population and a land area of 208
km2 for Mohéli. The population density on Anjouan is thus roughly
3 times higher than on Mohéli. This is further compounded by the
fact that Anjouan has relatively little arable land because it is
situated on a steep volcano. Most of the population therefore live in
the coastal areas (Ratter et al., 2016).

Both passive and active case finding strategies for leprosy are
implemented. For over 10 years, leprosy elimination campaigns
have been conducted regularly. During campaigns, the population
is invited for screening for skin conditions in a defined location.
Presumptive leprosy patients are examined by specialized staff and
contact screening is done in the same place (Ministère de la Santé,
2014). Throughout these campaigns, the proportion of new
patients with visible deformities has been <3% (World Health
Organization, 2019) and the MDT completion rate for multi-
bacillary cases (Programme National de Lutte contre la Tuberculose
et la Lèpre (PNTL), 2019) has been >90%, indicative of high-quality
leprosy services. Nevertheless, the continued high incidence of
leprosy and the high proportion of children (<15 years) among new
cases (>30%) illustrates uninterrupted transmission.

Madagascar is a much larger country located in the Indian
Ocean, just south-east of the Comoros, with a land area of
approximately 592,800 km2. It is also included among the 23 high-
priority countries for leprosy, notifying approximately 1500
leprosy cases per year for a total population of 26.2 million. The
leprosy burden is distributed unevenly with high and low
prevalence areas. The proportion of new patients presenting with
visible deformities is close to 20% and the MDT completion rate in
multibacillary cases is 76%; both indicators are explained by the
limited geographical coverage of leprosy services. The proportion
hus, we developed a dataset containing records of 102 089
ndividuals, 57 619 on Anjouan, 21 982 on Mohéli and 22 488 in
iandrivazo, divided over 20 897 households. Median household
ize was 6 on Anjouan and Mohéli, with an interquartile range
IQR) of 4–8, and 5 in Miandrivazo (IQR 4–7). Among those
urveyed, we found 455 (4.5 per 1000) prevalent leprosy cases, 346
9

of children <15 years among new leprosy patients is 9% (World
Health Organization, 2019), though lower than on the Comoros, it
still illustrates persistent transmission. The Madagascar National
Leprosy Control Program implements passive and active case
detection. Active case detection is guided at the regional level by
endemicity, geographical accessibility and available means. On the
7
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human development index Madagascar is ranked 164 out of 189
countries ((UNDP, 2020). At a national level, 63.4% of the families
are nuclear (65.8% and 54.3% in the rural and the urban areas,
respectively). The study district of Miandrivazo is a poor rural
district with a land area of 12 330 km2 and a population of 162 462.
The study villages are situated 24–70 km from the district capital.
They tend to be stretched out, consisting of multiple hamlets, and
are often poorly accessible by road. Most villagers depend on
agriculture for their livelihood, and raising livestock is another
source of income (Institut National de la Statistique, 2020).

Sample size and statistical analysis

The sample size was calculated for the primary objective of the
PEOPLE trial described earlier, which compares the effectiveness
and cost-effectiveness of 3 different modalities of providing SDR-
PEP (Ortuno-Gutierrez et al., 2019b). A total of 64 villages were
selected, with an estimated population of approximately 140 000.
The actual numbers of inhabitants in the villages were lower than
these estimates and, as mentioned earlier, 102 089 participants
were enrolled, among whom there were 455 active leprosy cases,
either newly diagnosed during the survey or on treatment at that
time.

Using the dataset described, we conducted 2 analyses. First, we
used a collapsed dataset in which each household represented 1
observation with geographic coordinates, with the number of
household members and leprosy cases as variables. This dataset
was used to fit a purely spatial Poisson model using Kulldorff’s
spatial scan statistic to identify clusters of leprosy-affected
households (Kulldorff and Nagarwalla, 1995). We used the
software's default settings, i.e., circular clusters with a maximum
size of 50% of the population. We retained only clusters that were
statistically significant (P < 0.05) or borderline significant (0.05 � P
� 0.10).

For the second analysis, we used individual data. Making use of
the distance matrix module in QGIS (Sutton et al., 2021), we
determined for each individual the distance to the nearest other
person who is a (prevalent) leprosy case. For individuals who were
found to be leprosy cases themselves, this would be the distance to
the nearest other leprosy case. Based on these distances, the study
population was divided into 6 categories: 1. Household contacts of
a leprosy patient; 2. Neighbours at <25 m of a leprosy patient; 3.
Village contacts at 25–<50 m of a leprosy patient; 4. Village
contacts at 50–<75 m of a leprosy patient; 5. Village contacts at
75–<100 m of a leprosy patient; 6. Those living at �100 m of a
leprosy patient. These data were used to fit a Poisson model with
prevalent leprosy as the outcome and distance category as the
predictor. As a reference category, we used those living at �100 m
from the nearest known other person with leprosy. To account for
intracluster correlation, we added village of residence nested
within island location to the model as a random effect. As a
sensitivity analysis, not foreseen in the original statistical analysis
plan, we repeated the analysis by site (Anjouan, Mohéli and
Madagascar) and also after excluding villages with zero preva-
lence.

Results

The 455 leprosy cases lived in 418 households. There was a
single case in 382 households, 35 households had 2 cases, 1

The Kulldorff’s spatial scan statistic identified 4 statistically
significant clusters on Anjouan, 1 significant and 1 borderline
significant cluster on Mohéli, and 1 significant and 2 borderline
significant clusters on Madagascar (Table 1). Of all 455 patients in
the 3 sites, 200 (44.0%) belonged to a high prevalence cluster
though 15 of those patients were part of borderline statistically
significant clusters. An example of a cluster in the Comoros is
shown in Figure 2 below.

On Anjouan, 173/346 leprosy patients (50%) were part of 4
high prevalence clusters, with statistically significant P-values
of <0.01 and relative risks of 3.1–6.0. On Mohéli, 10/39 patients
(24%) belonged to 2 high prevalence clusters, 1 statistically
significant cluster that includes 8/39 cases (21%) with a prevalence
rate ratio of 42.4 and P < 0.0005; the other 2 patients belong to a
borderline significant cluster (P = 0.088) which is, in fact, a single
household. In Madagascar, 17/70 patients (24%) were part of 3 high
prevalence clusters, 1 small but statistically significant cluster
comprising 4 patients (P = 0.0045) and 2 marginally significant
clusters made up of 7 and 6 patients with P-values of 0.067 and
0.072, respectively. Details of the clusters are presented in Table 1.

In our second analysis, we found strong spatial clustering of
leprosy based on the probability of being diagnosed with the
disease as a function of geographical distance to the nearest other
prevalent leprosy case at the time of the survey. In our model,
controlling for intracluster correlation by using village of
residence nested within island location as a random effect, and
using those living at �100 m as a reference category, we observed
prevalence rate ratios ranging from 7.5 for household members,
2.5 for neighbours within 25 m, decreasing to 1.8 for those living
at 75–100 m, but all statistically significant. Details are shown in
Table 2.

We repeated the analysis for each island individually and
found similar associations and gradients, details are shown in
Table 3. Due to the smaller sample size, the observed rates are less
stable, but the general picture of associations and gradients
observed remains unchanged. Excluding villages without cases
had no significant impact either with prevalence rate ratios of 7.2
(95% CI 5.0–10�3), 2.4 (95% CI 1.7–3.4), 1.8 (95% CI 1.3–2.5), 1.5
(95% CI 1.0–2.1) and 1.7 (95% CI 1.1–2.4), respectively, for
household contacts, neighbours at <25 m and neigbourhood
contacts at 25–<50, 50–<75 and 75–<100 m distance, as
compared with those living at �100 m.
Figure 1. Distribution of leprosy prevalence per 1000 inhabitants, per village
included in the survey, Comoros and Madagascar, 2019.
Among the 64 villages included in the study, there were 8 villages without leprosy
cases. In the other 56 villages, the prevalence per 1000 population ranged between
1 in 12 villages to 31 in 1 village.
household had 3 cases, and in the remaining 20 479 households, no
prevalent leprosy cases were found.

Prevalence rates by village were 0.0–30.8 per 1000 with a
median of 2.5 and IQR 0.99–5.0 per 1000. In 8 out of 64 villages, no
active cases were found. Figure 1 shows the distribution of leprosy
prevalence by village during the baseline survey.
98
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iscussion

During our baseline survey in 64 villages on the Comoros and
adagascar, we found high leprosy prevalence and strong spatial
lustering. The prevalence of leprosy at village-level exceeded 10
er 1000 population in 9 villages, including 1 in which >30 per
000 had active leprosy. Among 455 leprosy patients, 200 (44%)

were part of high prevalence clusters. On Anjouan, where the
prevalence is highest, these were most often large clusters
extending across many households, even across villages. On
Mohéli and in Madagascar clusters were smaller (2–8 patients).
When considering the entire population in relation to the distance
to the nearest index case, we found strong and highly significant
associations. Compared with those living at �100 m from the

able 1
haracteristics of high prevalence clusters identified by Kulldorff’s spatial scan statistic.

Site Cluster Number of households Cluster size (population) Number of leprosy cases Relative risk P-value

Anjouan 1 355 1688 47 5.2 <0.0001
2 11,59 6159 93 3.1 <0.0001
3 91 464 16 6.0 0.0019
4 113 592 17 5.0 0.0078

Mohéli 1 25 133 8 42.4 <0.0001
2 1 4 2 297.0 0.088

Madagascar 1 3 19 4 71.7 0.0045
2 45 236 7 10.5 0.067
3 32 160 6 13.1 0.072

igure 2. Clustering of leprosy cases in villages on Anjouan (with minimal adaptations to protect the privacy of participants).
he island of Anjouan had the highest proportion of leprosy cases belonging to significant clusters. In this example we illustrate the household screened in green, the
ousehold screened and part of a cluster in blue and the leprosy-affected households in red.

able 2
robability of being a leprosy patient as a function of distance to nearest index case random-effects model controlling for island and village of residence.

Distance to index case Population screened Number of leprosy cases (%) Adjusted prevalence rate ratio (95% CI)
Same household 2159 73 (3.4) 7.5 (5.2–10.8)
Neighbour contact at <25 m 9448 98 (1.0) 2.5 (1.8–3.5)
Neighbourhood contact at 25–<50 m 13,645 91 (0.7) 1.9 (1.4–2.7)
Neighbourhood contact at 50–<75 m 11,255 52 (0.5) 1.6 (1.1–2.3)
Neighbourhood contact at 75–<100 m 8808 40 (0.5) 1.8 (1.2–2.6)
Neighbourhood contact at �100 m 56,774 101 (0.2) Ref.
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nearest index case, the risk of leprosy was more than 7 times
higher for household members. For neighbours at <25 m, the risk
was 2–3 times higher. The association remained statistically
significant up to 100 m.

Our findings are consistent with earlier results from Anjouan in
which we assessed the probability of being diagnosed with leprosy
as a function of distance to index cases of earlier years, during a
door-to-door survey conducted in 4 villages in 2017 (Ortuno-
Gutierrez et al., 2019a,b). SDR-PEP had been provided in those
villages in June 2015 to household contacts of leprosy patients
diagnosed since the beginning of 2012. With those living at >75 m
from the nearest index case (diagnosed between January 2012 and
June 2015) as a reference, the highest risk measured by incidence
rate ratio (IRR) of current leprosy (in 2017) was found among those
residing in the same household (IRR 2.4, 95% CI 1.5–3.6) and a
similar gradient with increasing distance was observed (IRR 1.8,
95% CI 1.3–2.5, IRR 1.2, 95% CI 0.8–1.7 and IRR 1.3, 95% CI 0.8–2.1 for
those living at 1–25, 26–50 and 51–75 m, respectively) (Ortuno-
Gutierrez et al., 2019a,b). The fact that SDR-PEP had been provided
to close contacts of index cases may have obscured part of the
association, especially among household contacts. In an earlier
study in Indonesia van Beers et al. (1999) reported an incidence
rate ratio of 9.4 for household contacts. Moet et al. emphasise the
importance of contact-related factors such as the closeness and
intensity of the contact and inherited susceptibility when
considering who to screen for leprosy (Moet et al., 2004a). Similar
conclusions as those presented by our study were drawn by Moura
et al., highlighting the importance of extending contact screening
beyond the household (Moura et al., 2013).

Although we found significant spatial clustering of leprosy, it is
important to realize that 56% of cases identified in our surveys
were sporadic cases, not belonging to any cluster. We also found
that of 455 patients identified, 284 (62.4%) were living >25 m from
the nearest other leprosy patient and would have been missed if
we had limited screening to near neighbours around an index case.
Even a cut-off of at 100 m would still have missed 22% of our
patients. In another high endemicity setting, in Bihar, India, a study
also found significant clustering among household members and
neighbours living up to 25 m, with prevalence rate ratios of 6.3
(95% CI 1.9–21) and 3.6 (95% CI 1.3–10.2), respectively, when
compared to those living at >100 m (Hasker et al., 2019). Here too,
the majority of leprosy cases (75%) were at >25 m from the nearest
index case.

Geographic proximity is an easy-to-apply criterion for active
case finding but will not be sufficient to interrupt transmission of

analysis and genotyping of M. leprae can play important roles in
further elucidating transmission and identifying those most at risk.
In a study in Brazil, 66% of leprosy cases belonged to a household
social network with 3 or more leprosy cases (Boigny et al., 2020).

Our findings highlight the importance of redesigning active
case finding strategies and targeting of post-exposure prophylaxis,
taking into account the epidemiological burden and resources
available. The tools used in this study (an app on a smartphone
developed with open-access software) are well within reach of
leprosy control programs. A shift away from paper-based systems
could help to identify those most at risk more effectively.

Another area that should be explored is social network analysis.
Although leprosy is a disease associated with social stigma, if all
that is required from social contacts is to swallow one single dose
of rifampicin to achieve a major reduction in risk, it is worthwhile
trying to identify those contacts. In particular, this tracing would
apply to contacts not living in the immediate surroundings of the
index case.

As a limitation of our study, we acknowledge that despite the
strong spatial correlations found, given the long incubation period
of leprosy, it is highly likely that the source of the cases identified
during our survey were patients that we did not consider as index
cases because they were no longer on treatment when the survey
took place.

Other neglected tropical diseases apply mass drug administra-
tion (MDA) for populations at high risk. However, this is harder to
justify for a relatively rare disease like leprosy (Amoah et al., 2020).
As time goes by, these MDA programs for once highly prevalent
diseases are beginning to face similar challenges as in leprosy. If
clusters of high endemicity could be clearly identified, strategies
based on focused application of MDA could be considered. This was
shown by Bakker et al. on small islands in Indonesia (Bakker et al.,
2005) and is the strategy currently piloted in the third arm of the
PEOPLE trial. The use of digital technology can be very helpful in
outlining such clusters. Similar technologies have also been
applied for monitoring and reporting coverage of MDA for other
neglected tropical diseases (Oswald et al., 2020).

In conclusion, this study further supports the importance of
expanding leprosy prevention and control activities beyond the
household level. Focusing on those living within a 25 m perimeter
of an index case is an efficient use of scarce resources but would
miss a large proportion of cases. Additional criteria need to be
developed and verified to identify those in need of screening and
post-exposure prophylaxis, these could include social contacts.
Digital tools can help in outlining high-risk areas, including in a

Table 3
Probability of being a leprosy patient as a function of distance to nearest index case random-effects model by island of residence, Anjouan, Mohéli, and
Madagascar, 2019.

Distance to Prevalence rate ratio (95% CI)

Index case Anjouan Mohéli Madagascar

Same household 6.4 (4.0–10.1) 32.8(12.6–85.3) 9.7 (4.5–20.9)
Neighbour at <25 m 2.4 (1.5–3.7) 5.4 (1.9–15.8) 2.1 (1.0–4.5)
Neighbourhood contact at 25–<50 m 2.0 (1.3–3.1) 2.0 (0.6–6.9) 0.6 (0.2–1.8)
Neighbourhood contact at 50–<75 m 1.8 (1.1–2.8) aNA 0.8 (0.3–2.2)
Neighbourhood contact at 75–<100 m 1.6 (1.0–2.7) 2.5 (0.8–7.5) 1.8 (0.8–3.8)
Neighbourhood contact at �100 m Ref. Ref. Ref.

a There were no cases in this distance band on Mohéli.
M. leprae when a substantial proportion of patients are not part of
any spatial cluster. We will have to consider other contacts than
just near neighbours. Moet et al. also refer to the ‘stone in the pond’
principle applied in tuberculosis, which aligns with our findings
and those of van Beers et al., who emphasise the importance of
contact (van Beers et al., 1999; Moet et al., 2004a). Social network
100
programmatic context.
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