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Abstract
Background

Worldwide, around 210,000 new cases of leprosy are detected annually. To end leprosy, i.e. zero new leprosy cases, preventive
interventions such as contact tracing and post-exposure prophylaxis (PEP) are required. This study aims to estimate the number of
people requiring PEP to reduce leprosy new case detection (NCD) at national and global level by 50% and 90%.
Methodology/Principal findings

The individual-based model SIMCOLEP was fitted to seven leprosy settings defined by NCD and MB proportion. Using data of all
110 countries with known leprosy patients in 2016, we assigned each country to one of these settings. We predicted the impact of
administering PEP to about 25 contacts of leprosy patients on the annual NCD for 25 years and estimated the number of contacts
requiring PEP per country for each year. The NCD trends show an increase in NCD in the first year (i.e. backlog cases) followed by
a significant decrease thereafter. A reduction of 50% and 90% of new cases would be achieved in most countries in 5 and 22 years
if 20.6 and 40.2 million people are treated with PEP over that period, respectively. For India, Brazil, and Indonesia together, a total
of 32.9 million people requiring PEP to achieve a 90% reduction in 22 years.
Conclusion/Significance

The leprosy problem is far greater than the 210,000 new cases reported annually. Our model estimates of the number of people
requiring PEP to achieve significant reduction of new leprosy cases can be used by policymakers and program managers to
develop long-term strategies to end leprosy.

Author summary
Leprosy is a chronic infectious disease affecting the skin and peripheral nerves. Despite efforts to end leprosy, the number of new
leprosy cases remains stable at around 210,000. To interrupt transmission and reduce this number significantly, new strategies
such as the provision of (prophylactic) treatment need to be implemented. This should be done by targeting those most at risk of
developing leprosy, the contacts of new leprosy patients. Mathematical modeling can be applied to predict the impact of preventive
treatment with post-exposure prophylaxis (PEP) on the incidence and the number of contacts requiring PEP at global and national
level. In this study, the cumulative number of individuals requiring PEP was estimated at 40.2 million globally to reduce the
incidence by 90% in 22 years. This number provides a more realistic reflection of the size of the leprosy problem worldwide. The
estimates at national level are highly relevant to all countries where leprosy has been reported as it can support the policymakers
and health program makers to design their elimination strategies. It also provides insight into the investment that is required to end
leprosy globally and nationally.
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Introduction
Leprosy is a chronic infectious disease that can affect the skin and peripheral nerves. Untreated, it may lead to physical and mental
disabilities. Leprosy is treated with multidrug therapy (MDT), a combination of antibiotics including rifampicin, dapsone, and
clofazimine [1]. Transmission of Mycobacterium leprae, the causative agent of leprosy, is mainly human-to-human via the
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respiratory route. Once infected, it can take two to twelve years before the first signs and symptoms appear, although only a small
proportion will develop the disease [2]. Worldwide, 208,619 new cases of leprosy were detected and reported in 2018, of which
80% in India, Brazil, and Indonesia [3].
Elimination of leprosy has been a goal for many years. In 1991 published WHO set a target of less than one registered case per
10,000 population by 2000. Even though this elimination target was met at global level, high case detection numbers persisted at
subnational level in high endemic countries [4]. From 2000 onwards, the same target was set to be reached at country-level by
2005 and ‘elimination as a public health problem’ was achieved in many countries. The national efforts to reach elimination was
also reflected in a steep decline in the new cases detection (NCD) up to 2005 [5]. Smith et al. (2015) however, argued that this
steep decline was primarily a result of the reduction in leprosy control activities seen after elimination was declared in 2000 [6].
From 2005 onwards, the NCD has remained stable at around 210,000 cases with high proportions of disability grade 2 (DG2) and
child cases among the new cases, indicating detection delay and continuing transmission respectively [3].
For many decades, leprosy control has been based on (passive) case detection and provision of MDT. Meanwhile, new preventive
interventions have been developed, such as contact tracing combined with the provision of post-exposure prophylaxis (PEP) with
single-dose rifampicin (SDR). The COLEP trial in Bangladesh has shown that this combination may reduce the risk of developing
leprosy in contacts by 57%. SDR-PEP, therefore, is a promising new leprosy elimination strategy [1, 7]. To interrupt transmission of
M. leprae and reduce the NCD significantly these combined interventions need to be implemented in the most effective way, by
targeting those most at risk of developing leprosy.
Estimating the number of people requiring PEP at global and national level could support policymakers and investors to develop
effective elimination strategies. As described by Cunha et al. (2015), in six small scale PEP studies, the number of people requiring
treatment with PEP to prevent one case has been estimated to vary between 14 and 265 [8]. These estimates however, do not
account for the potential reduction in NCD over a longer period of time due to PEP. It remains unknown how long it will take to
achieve a substantial reduction in NCD using PEP and what the total number of people requiring PEP would be at country and
global level.
As the long-term impact of PEP on NCD, and the associated number of people requiring PEP cannot be established through clinical
trials or short-term observational studies, we apply mathematical modeling. This is an efficient and powerful tool for quantifying
transmission patterns, predicting future trends in leprosy detection and assessing the potential long-term impact of interventions [9].
Mathematical modeling has been applied before to predict the course of leprosy trends, and to assess the feasibility of elimination
and the impact of interventions, including contact tracing and PEP, in various settings [10–12]. In this study, we use the established
individual-based model SIMCOLEP to estimate the number of people requiring PEP to reduce leprosy new case detection at
national and global level by 50% and 90%.

Methods
The stochastic individual-based model SIMCOLEP simulates the spread of M. leprae in a population that is structured in
households and of the impact of treatment and interventions, including administering SDR to contacts. A full description of the
model can be found in Fischer et al. (2010) [13] and Blok et al. (2015) [14]. The model simulates life-histories of individuals,
including birth, death, and formation of households. During the simulation individuals can change households due to life events
such as marriage, moving after adolescence, becoming a widow(er) and death.
In the model, transmission of M. leprae occurs when a susceptible individual has contact with an infectious individual. We assumed
that 20% of the population is susceptible and that 80% will not develop leprosy. The transmission is modeled through two separate
transmission processes: 1) transmission in the general population and 2) within households. The latter reflects the increased risk of
acquiring the infection if one or more household contacts are infected. Infectivity is determined by the product of the contact rate
and the probability of infection during a contact. The natural history of infection is modeled as presented in Meima et al. (1999) [15].
An infected individual develops either paucibacillary (PB) or multibacillary (MB) leprosy, which is randomly assigned based on the
observed MB proportion. We assumed that only MB leprosy is infectious. After infection, an individual enters the asymptomatic
state, which on average lasts 4.2 years for PB and 11.1 years for MB [13, 16]. Afterwards the individual proceeds to the
symptomatic state. A PB case may self-heal, while an MB case remains symptomatic until treatment or death. Table A in Supporting
Information File 1 provides an overview of all leprosy transmission parameters.
SIMCOLEP also replicates control measures including treatment with MDT, passive case detection, tracing, and screening of
contacts of an index patient and the provision of PEP. Only patients with clinical leprosy can be diagnosed. All diagnosed patients
receive MDT treatment and are assumed not to be infectious anymore after treatment. A cured patient can relapse with a rate of
0.001 per year: 90% relapses to MB and 10% to PB [17]. We further included the protective effect of BCG vaccination prior to
infection, which is set to 60% [18]. (Table A in Supporting Information File 1).
Modeled leprosy settings

The model was calibrated to the demographic and leprosy situation of seven well-known settings: India, Brazil, and Indonesia at
country-level, and Chhattisgarh (India), Pará (Brazil), Madura (Indonesia), and Nilphamari and Rangpur (Bangladesh). This study
used the previously published model calibrations [11, 13].
First, we calibrated household formation parameters to match the observed household distribution in each modeled setting. Table B
and C in Supporting Information File 1 provide an overview of the data used and calibrated parameters. Second, we quantified the
model to the leprosy situation in the seven settings [11, 13]. Data used to fit leprosy trends include the reported new case detection
rate (NCDR) and the observed MB proportion (Table D in Supporting Information File 1). The MB proportion was 50%, 65%, 80%
and 20% in India, Brazil, Indonesia, and Bangladesh, respectively. We also modeled leprosy control programs in each setting. The
quality of the program was reflected by passive detection delays, which were on average two years in India, Indonesia, and
Bangladesh, and three years in Brazil. The coverage of existing household contact tracing was set to 0%, 59%, 11%, and 90% in
India, Brazil, Indonesia, and Bangladesh, respectively, prior to the administration of post-exposure prophylaxis (Table A in
Supporting Information File 1).
The transmission contact rates in the general population were calibrated to match the observed NCDR in each modeled setting.
The NCDR (mean of 100 runs) were compared to the data using a log-likelihood function assuming a Poisson distribution.
Afterwards, we used a polynomial regression, in which we fitted the obtained likelihood ratios, as a metamodel to derive the optimal
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value of the contact rates (Table A in Supporting Information File 1). For India, Brazil and Indonesia, validation was performed by
assessing the ability to predict the NCDR in 2015. A detailed description of the fitting procedure can also be found elsewhere [10,
11].
Post-exposure prophylaxis (PEP)

For each setting, we assessed the impact of intensive contact screening and the provision of PEP to contacts of an index patient. In
all settings, we increased the coverage of contact tracing and screening to 90% when PEP was introduced. Besides the household
members of the index patient, four additional neighboring households were traced and screened for leprosy. In the model, these
households are selected randomly at the time of screening. As a result, on average 20–25 persons per index patient are traced and
screened for leprosy depending on the household size of the setting (Table A in Supporting Information File 1). This number was
chosen because the Leprosy Post-Exposure Prophylaxis program has demonstrated that this is a feasible strategy [19]. In the
model, eligible contacts without any signs of clinical leprosy are given PEP, while those with signs of clinical leprosy are given MDT.
The effectiveness of PEP (based on the experience with SDR-PEP) was set to 50% among household contacts and 70% among
other (non-household) contacts [7]. The compliance of eligible contacts was set to 99% [19]. Predictions of the impact of PEP on
the number of new cases per 100,000 and the number of individuals requiring PEP per 100,000 were generated for a period of 25
years. Fig A and Fig B in the Supporting Information File 1 show the modeled NCDR and individual required PEP for each setting,
respectively.
Estimation of population requiring PEP

Leprosy and population data of India, Brazil and Indonesia have been collected from national health systems (sources) and of the
remaining 107 countries that reported leprosy cases in 2016 from the WHO’s Weekly Epidemiological Record [20]. To estimate the
population requiring PEP in each country, we categorized each country to one of the modeled settings presented in Table 1. As
India, Brazil, and Indonesia have the largest number of cases globally, we categorized these countries at a state-level. Each
country or state was matched to a setting that would have the best fit in terms of number of cases, NCDR and MB/PB rate. Table E
in Supporting Information File 1 provides an overview of the categorization.

Table 1. Overview of the main characteristics of the modelled seven leprosy settings, including the new case detection rate (NCDR),
multibacillary (MB) and paucibacillary (PB) ratio and the household size.

https://doi.org/10.1371/journal.pntd.0009146.t001
The outcome measure for this study is NCD. For each country, we projected the future trend of new cases based on the number of
new cases in 2016 and the modeled NCDR trend of the matched setting. We multiplied the population size of a country with the
modeled NCDR to calculate the NCD for each year (Equation A in Supporting Information File 1) The number of individuals that
required to receive PEP per year was calculated in the same way.
Results are shown by country and summarized for three groups: 1) three most endemic countries India, Brazil and Indonesia; 2) 19
countries that were also declared to be priority countries by the WHO; and 3) remaining 88 countries that reported indigenous new
cases of leprosy in 2016 [10].
Sensitivity analysis

We performed a sensitivity analysis on the effectiveness of PEP and the infectiousness of PB. First, we assessed to what extent
lowering the effectiveness of PEP in other contacts to 50% would affect the number of people requiring PEP and the reduction in
NCD. Second, as PB leprosy was assumed not to be infectious in our main results, we also assessed how outcomes would change
if we would assume that it would be infectious. Since it is unknown to what extent PB leprosy is infectious, we tested our model
assuming a PB infectivity of 0.1 and 0.2.

Results
Fig 1 and Table 2 show the global change in the new case detection (NCD) and the cumulative number of people that requires PEP
when given to the household of the index patient and four neighboring households (i.e. 20–25 contacts). In 2016 (t = 0), 228,970
new cases were reported to the WHO by 110 countries. When starting with offering PEP to contacts, the NCD trend shows an
increase of 20% in the NCD in the first year due to backlog cases, immediately followed by a significant decline that flattens
towards the end (t = 25). A 50% and 90% reduction in NCD could be reached in about 5 and 22 years, respectively. The model
predictions show that a total of 20.6 (95% CI: 11.9–29.9) million people requiring PEP to achieve a 50% reduction and an additional
19.6 (total of 40.2; 95% CI: 19.8–64.8) million people to achieve a 90% reduction.

Fig 1. The global change in new case detection and cumulative number of people requiring post-exposure prophylaxis (PEP) over a period of 25
years.

The orange line represents the change in the new case detection (NCD) and its 95% confidence interval. The blue line is the
cumulative number of people requiring post-exposure prophylaxis and its 95% confidence interval. The dotted and dashed
vertical line represents the time of 50% and 90% reduction in NCD, respectively.
https://doi.org/10.1371/journal.pntd.0009146.g001

Table 2. Number of people requiring post-exposure prophylaxis (PEP) to reduce the new case detection (NCD) by 50% and by 90% at global
level and in the three country groups.
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https://doi.org/10.1371/journal.pntd.0009146.t002
For Group 1 (India, Brazil, and Indonesia), a total of 16.8 million people requiring PEP to achieve a 50% reduction in on average 5
years (Table 2). For Group 2 (19 other WHO priority countries) and Group 3 (remaining 88 countries) this is 3.2 and 1.0 million
people in on average 6 years, respectively. To achieve a 90% reduction in NCD for Group 1, a total of 32.9 million people requiring
PEP in on average 22 years. For Group 2 and 3, this is 5.4 and 1.8 million people in on average 21 years, respectively.
Table 3 shows the number of people requiring PEP to achieve a 50% and 90% reduction in NCD for all WHO priority countries (i.e.
Group 1 and 2) separately. For India, Brazil, and Indonesia, 22.3, 7.4 and 3.2 million people requiring PEP to achieve a 90%
reduction in 22, 20 and 25 years, respectively. For Democratic Republic of Congo, Ethiopia, and Bangladesh this is between
640,000 and 750,000 people in 19, 22, and 23 years, respectively. For 13 countries, it is between 100,000 and 450,000 people, and
for Comoros, Micronesia, and Kiribati it is below 60,000 people in 22, 22, and 23 years, respectively.

Table 3. Number of people requiring post-exposure prophylaxis (PEP) per country to reduce the new case detection (NCD) by 50% and by 90%
in the 22 WHO priority countries, ordered according to the NCD.

https://doi.org/10.1371/journal.pntd.0009146.t003
The number of people requiring PEP for high and low endemic provinces/states in India, Brazil and Indonesia are shown in Table 4.
The duration until a 50% reduction will be achieved in high and low endemic states is different in India, Brazil, and Indonesia. In
India, a 90% reduction will be achieved in high endemic states in 22 years and in low endemic states in 20 years. In Brazil, this is in
21 years and 19 years in high and low endemic states, respectively. Indonesia will achieve a 90% reduction in 25 years in high
endemic provinces and in 22 years in low endemic provinces.

Table 4. Number of people requiring post-exposure prophylaxis (PEP) to reduce the new case detection (NCD) by 50% and by 90% in high and
low-endemic states in India, Brazil and Indonesia.

https://doi.org/10.1371/journal.pntd.0009146.t004
Table 5 shows that lowering the effectiveness of PEP would not result in a substantially higher NCD and higher number of people
requiring PEP as compared to the main results. When assuming that PB is infectious, the PEP intervention would result in a slightly
lower NCD and number of people requiring PEP.

Table 5. Sensitivity analysis.

https://doi.org/10.1371/journal.pntd.0009146.t005

Discussion
The NCD trends show an increase in NCD in the first year (i.e. backlog cases) followed by a significant decrease thereafter. We
predicted that a reduction of 50% and 90% of new cases could be achieved in most countries in 5 and 22 years if 20.6 and 40.2
million people are treated with PEP over that period, respectively. For India, Brazil, and Indonesia together, a total of 32.9 million
people would require PEP to achieve a 90% reduction in 22 years.
There are marked differences in the years needed to achieve a 50% or 90% reduction among the countries in the three groups due
to differences in epidemiologic and demographic factors, i.e. MB proportion and household size. For example, the model predicted
that India, Nepal, Sri Lanka, Comoros, and Micronesia (all modeled to setting A or E, see Table 1) will achieve a 50% reduction in 4
years compared to Indonesia, Bangladesh, and Kiribati (all modeled to setting D or G, see Table 1) in 7 years. Countries with a high
MB proportion (e.g. Indonesia 80% MB) will take longer to achieve a reduction in NCD than in countries with a lower MB proportion
(e.g. Nepal 50% MB). It is known that untreated MB patients often have a higher bacterial load and are more likely to transmit the
bacteria to others compared to PB patients [21]. Moreover, the time between infection and clinical disease is longer in MB
compared to PB leprosy [15]. Therefore, it is likely that in countries with a higher MB proportion a higher level of transmission takes
place over a longer period, resulting in a longer time before a 90% reduction is achieved compared to countries with a low MB
proportion. Also, there are differences in the duration at subnational level in India, Brazil, and Indonesia. Table 4 shows that it takes
longer to achieve a 50% or 90% reduction in high endemic states compared to low endemic states.
It is promising that a 50% reduction in the global NCD could be achieved within 5 years at global level, especially for program
managers who are planning their five year-strategies. At a country level it may take up to seven years. To reach a 50% reduction in
global NCD within 5 years however, we assumed that PEP would be implemented in all countries and districts at the same time,
which would be very challenging. It is therefore very likely that the actual time needed to achieve a 50% reduction would be longer.
Once a 50% reduction in NCD has been achieved it will take on average another 17 years to achieve a 90% reduction in most
countries and many more years to eventually reach zero new cases. The reason why it takes so much time is mainly because of
the long incubation time where some people will continue to develop leprosy even after transmission has completely ceased, as
well as the modeled PEP intervention strategy that relies on passive case detection to identify the index patient. In our model, PEP
is continuously provided to on average 20–25 contacts of an index leprosy patient, and with declining numbers the reach of the
intervention would be limited, which slows down the impact of the intervention. The time to reach a 90% reduction in NCD however,
could be shortened if more effective strategies for early detection are implemented, such as extending the number of contacts
provided with PEP, a repeat / second dose after 2 years, or the use of a diagnostic test to identify sub-clinical leprosy in
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combination with providing an enhanced PEP regimen. WHO has modeled such a strategy for tuberculosis and showed that by
optimizing current tools and introducing new prophylactic treatment and a future vaccine, the decline in the global trend of
tuberculosis would be accelerated from 2% to 17% per year [22].
The feasibility of contact tracing and PEP was explored in the Leprosy Post-Exposure Prophylaxis program (LPEP) study
conducted in seven countries. The LPEP study showed that PEP is safe and could be integrated in routine leprosy control activities,
and that there is a high level of acceptance by patients, contacts and health staff [23]. Moreover, the contact tracing and PEP was
shown to be a cost-effective strategy in the short (5 years) and long term (25 years) [24]. The cost of contact tracing, screening and
SDR-PEP was estimated to be US$ 2.9 per contact [25].
An important concern regarding the implementation of SDR-PEP is anti-microbial restistance to rifampicin. To promote resistance,
there must be a large pool of bacilli and several doses of rifampicin must be given over a short time. This applies equally to M.
tuberculosis and M. leprae. The risk of SDR causing rifampicin resistance in either infection is considered negligible [26]. The
sporadic cases of rifampicin resistance in leprosy have developed over decades (and not become at all widespread), and are most
likely due to TB treatment (which contains rifampicin but no other anti-leprosy drug) given to someone unknowingly harbouring
large numbers of M. leprae [27]. Chemoprophylaxis with three months of isoniazid and rifapentine is now being recommended for
TB programmes worldwide [28]. Thus, regimens containing rifampicin but no other anti-leprosy drug are being prescribed to large
numbers of people, some of whom may be infected with M. leprae. Based on currently available evidence, the benefit of
chemoprophylaxis in both TB and leprosy is considered much greater than the risk from future drug resistance. Important conditions
are that leprosy contacts are screened for leprosy and TB before receiving SDR-PEP, have not received rifampicin in the past two
years, and that drug resistance is monitored routinely in leprosy and TB control programs.
The estimation of the number of people requiring PEP to achieve a given reduction in new cases could to some extent be
compared to the concept of the ‘population at risk’. The population at risk for leprosy has not been estimated yet due to major
challenges such as the lack of an accepted screening test for sub-clinical infection, defined geographic risk areas and data from
prevalence surveys. In other Neglected Tropical Diseases, the number of people requiring preventive intervention has been used
as a proxy of the population at risk. For example, in lymphatic filariasis, the population at risk was defined as ‘the number of people
to be targeted by mass drug administration’ to reach elimination estimated using mathematical modeling [29]. This definition is
considered practical for program managers and pharmaceutical companies because it can help identify geographical target
populations easily and operational indicators such as the number of drugs needed and associated costs. In leprosy, however, the
number of people requiring PEP does not completely reflect the population at risk, because it does not refer to the total population
in a geographical area, but to high risk groups. Also, the risk of acquiring infection or developing disease varies from person to
person due to genetic factors. In household settings, children of leprosy affected parents are at higher risk to acquire the disease
than spouses [30]. Identifying those that are genetically susceptible to the disease is difficult and would require reliable diagnostics,
which are not available yet.
The quality of reported data is a concern in this study. The data used are from the patients registered at health centers and are
mainly obtained from the WHO reports that rely on country reporting. Also, these data do not include information on the distribution
of leprosy within countries [20]. Better (within) country-based leprosy data would produce more reliable estimates for each country
individually. In addition, the reported figures are likely underestimating the true number of cases because of underdiagnoses and
underreporting [31, 32]. A previous modeling study of a high-endemic state in Brazil estimated that the annual number of new cases
could be twice that of the diagnosed and reported cases [32].
Another limitation is the uncertainty around some assumptions regarding leprosy transmission because of the paucity of evidence
and data to quantify the model. For example, in our model’s main results, we assumed that PB leprosy is not infectious, because of
the lack of evidence on the extent of infectiousness of PB leprosy. Therefore, we performed a sensitivity analysis to assess the
importance of this assumption. Increasing the infectiousness of PB to 0.1 or 0.2 did not result in significant changes in the impact of
PEP on NCD or number of people requiring PEP as compared to the initial assumption that PB is not infectious (Table 5). Also,
environmental and socioeconomic factors are not included in the model. Leprosy mainly affects marginalized populations and the
risk of developing the disease is associated with poor socioeconomic and environmental indicators [33, 34]. Finally, we did not
model each country separately but rather chose to assign them to seven previously modelled settings that reflect a certain
endemicity level and MB proportion. As a result, estimates for one of these countries are likely more reliable than those that were
assigned to one of the settings [11]. The estimates of the remaining 106 countries can at best be considered as crude.
Nevertheless, since India, Brazil, and Indonesia cover more than 80% of the new cases globally, this limitation will hardly affect the
global number requiring PEP estimate significantly.

Conclusion
The leprosy problem is far greater than the 210,000 new cases reported annually, and the estimates on the number of people
requiring PEP to achieve a significant reduction in new leprosy cases over the years can be used by policymakers and program
managers to develop long-term strategies to end leprosy (i.e. zero new leprosy cases).

Supporting information
S1 Supporting Information File.

Text document containing 1) quantification and assumptions of leprosy transmission parameters (Table A), 2) demographic data
used (Table B), 3) quantification of household movement parameters (Table C), 4) epidemiologic data used (Table D), 5) overview
of countries’ characteristics (Table E), 6) predicted impact of PEP on the leprosy new case detection rate in seven settings (Fig A),
7) predicted number of people requiring PEP per 100,000 in seven leprosy settings (Fig B), and 8) method to calculate country
specific number of individuals requiring PEP (Equation A).
https://doi.org/10.1371/journal.pntd.0009146.s001
(PDF)
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