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Abstract The World Health Organization’s leprosy-elimination campaign has sig-
nificantly reduced global leprosy prevalence, but approximately 214,000 new cases
of leprosy are reported each year. An ancient and neglected affliction, leprosy is also
one of the most heavily stigmatised diseases of all time. We developed a mathe-
matical model to examine the effects of stigma on sustaining disease transmission,
using low and high degrees of stigma, as well as in its absence. Our results show
that stigma does indeed play a central role in the long-term sustainability of leprosy.
We also examined sensitivity of the outcome to all parameters and showed that the
effects of stigma could increase the number of infected individuals by a factor of
80. Therefore both targeted education and shifts in cultural attitudes towards leprosy
will be necessary for the eventual eradication of the disease.
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1 Introduction

Leprosy is a disease that has affected human beings for millennia; however, its
causative agent, the bacteriaMycobacterium Leprae, was not identified until 1872 by
ArmauerHansen. In the 1940s, a curewas developedwith the drug dapsone; however,
dapsone requires treatment for life. In the 1960s, drug resistance evolved due to
widespreaduseof dapsoneuntil the 1970s and80s,when, upon recommendation from
the World Health Organization (WHO), multi-drug therapy (MDT) was developed.
Combining dapsone with the drugs clofazimine and rifampicin [17] resulted in a cure
rate of 98% [4]. In addition to solving the drug-resistance problem, theMDT cocktail
for leprosy also lessened the drug treatment timescale from life to a maximum of
24 months, depending on the type and severity of infection [18]. Thus, following
the success of MDT for leprosy, the WHO launched a leprosy-elimination campaign
in 1991 [10]. The target date of the 1991 WHO elimination campaign was the year
2000, for which elimination was defined in terms of a global prevalence threshold
of less than 1 case in 10,000. In 1995, it was resolved that the MDT cocktail for
leprosy would be provided to all patients worldwide for free [18]; in 2000, the WHO
claimed to have achieved their elimination goal, citing a global prevalence of less
than 600,000 cases. Yet, while all but six countries reported leprosy prevalences
of less than 1 case in 10,000 in 2005 [17], approximately 214,000 new cases of
leprosy are currently reported each year, with a global case-detection rate of 3.78 per
100,000 [4]. About 80% of all new cases come from India, Brazil and Indonesia [1,
4]. The WHO’s original use of the term “elimination” has been criticised [10, 17] as
an inhibiter to the progress of further leprosy reduction after 2000. The WHO later
rebranded its leprosy efforts as an “Enhanced global strategy for further reducing the
disease burden due to leprosy 2011–2015” [1].

Leprosy is a bacterial infection of the skin and is a leading infectious cause of
disability [13, 18]. Yet, even among the neglected tropical diseases, it is one of the
most overlooked [1]. This is in part because an effective treatment exists for the
disease and in part because it is hard to quantify the cumulative socio-economic
impact of the disease, as the disease is not fatal. Rather, leprosy infections lead to a
plethora of secondary problems, such as infection of untreated wounds, debilitating
ulcers on palms and soles, nerve-function impairment and damage, chronic disability,
blindness and severe disfigurement [20].

The only known reservoirs of theM. Leprae bacteria are humans and South Amer-
ican armadillos [18]. However, M. Leprae can also survive outside the body for up
to 45 days [10]. While the exact transmission mechanism is still unknown, most
scholars agree that it involves direct contact with nasal fluids from the infected. Fur-
thermore, it is thought thatmost people infectedwithMleprae do not develop clinical
infections [18]. Two types of clinical infections may develop, either paucibacillary
(PB) or multibacillary (MB) leprosy, with MB leprosy being the more severe. Of
the two types of infections, MB leprosy is thought to be the only infectious type or
at least the main source of M. Leprae [1, 18]. The type of infection that develops
in an individual is thought to be largely mediated by the response of their immune
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system [1]. In the case of MB leprosy, the bacteria spread systematically, and lesions
tend to contain higher levels of bacilli. To simplify the diagnosis process in the field,
an operational classification of leprosy has been developed by the WHO, in which
patients are diagnosed simply by the number of skin lesions they have [4]. In cases
where an infectee has five or more skin lesions, they are classified as having MB
leprosy; otherwise, the classification is PB leprosy [18]. The incubation period from
sub-clinical to clinical infections is extremely slow for leprosy, ranging from 2–12
years [18], and there is currently a lack of diagnostic tools for detecting early levels
of M. Leprae [4]. While a vaccine specifically geared toward leprosy immunisation
does not exist, the bacillus Calmette–Guérin (BCG) vaccine, originally developed
for tuberculosis (TB), is known to provide variable protection against leprosy [13].
However, given that a new TB vaccine will likely supersede BCG in the future, the
eventual consequences for leprosy control efforts remain unclear [13].

Stigma confers itself in several forms: exterior social forces, sometimes denoted
“community stigma”, and the emotional harm contained by an individual within
themselves [23]. A further understanding has been reached concerning the layers of
cognitive categories and the ways that they complement the predisposed beliefs of
a particular disease. These include labelling, stereotyping, cognitive separation and
emotional reactions [9]. Perception of stigma and experiences of discrimination cause
people to feel ashamed and may cause them to isolate themselves from society [19],
thus perpetuating the stereotype that leprosy is something shameful to be hidden away
[23]. Alongside the emotional trauma is the added effect of prolonging individual
instances of infection and increasing the chanceof spread to others [7, 26]. The impact
of knowing that one carries the disease and the anticipated stigma is in some instances
as great or an even greater source of suffering than symptoms of the disease itself
[22, 24], These factors play into the propensity to hide the ailment, which prolongs
its affliction on the individuals involved and society as a whole [26]. Recently, there
has been a substantial interest in understanding and diluting the overarching trend
of stigma in many of today’s diseases [24]. Several initiatives are being explored
to address the prominence of stigma in sustaining the disease and the impact it has
from the perspective of the individual [14]. These include alleviating health problems
with improved social policies, unhinging the inclination to stigmatise on the part
of perpetrators and better supporting those already affected by social neglect [24].
These all aspire to the same end goal, which is the transformation of stigma into
social support rather than an increased burden [3].

The effects of leprosy stigma are widespread, negatively affecting employment,
marriages and social activities of those infected, recovering or recovered [16]. Such
aspects of disease-related stigma further deteriorate both the psychological and phys-
iological states of individuals, promoting a feedback loop of negative overall health
[24]. Furthermore, there is much ignorance regarding leprosy in countries where
it persists. For example, stigmatisation of infected individuals is promoted through
local legislation in some countries, while many believe the disease to be hereditary
when it is not [21]. The reason for this misconception is that family members of
those infected are disproportionately at higher risk of infection due to frequent close
contact with infected individuals [1]. Leprosy also disproportionately affects poorer
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citizens who lack access to care, which further promotes unfounded stigma against
the poor [11]. Hence recovered infectees face substantial risks to their overall health
and well-being even after being released fromMDT [23]. It is also known that stigma
can lead to significant delays with respect to case detection and self-diagnosis [24].
However, it is when individuals first develop symptoms that they derive themost ben-
efit from MDT. This is because, while MDT is an effective treatment at all stages,
severe nerve damage or further complications arising from the disease grow with
time and remain permanent after infections are cleared [21].

To date, only a handful of mathematical models have addressed leprosy [6]. Mod-
els have used compartments [8], been simulation based [12] or individual based [5]
and have considered treatment and relapse [15]. However, to the best of our knowl-
edge, there have been no attempts to model the effects of stigma in the transmission
dynamics of leprosy. Therefore, we propose a simple model for the transmission
dynamics of leprosy that can account for the effects of stigma. We address the fol-
lowing research questions: 1. What role does stigma play in the transmission dynam-
ics of leprosy? 2. How sensitive is the outcome to variation in disease parameters,
including stigma? 3. Can leprosy be eradicated if stigma is removed?

2 The Model

Our model consists of susceptible, exposed, infected and recovered individuals, with
the productively infected compartment split in two. The model allows for otherwise
healthy individuals to contract leprosy, clear asymptomatic infections, progress from
asymptomatic to symptomatic infection states, recover through MDT or relapse to
symptomatic infection. Specifically, the five classes under consideration are as fol-
lows: the susceptible class ‘S’, those with sub-clinical or asymptomatic infections
‘A’, those with symptomatic infections that they choose to disclose ‘X’, those with
symptomatic infections that they choose to conceal ‘Y’, and those who have recov-
ered from the disease ‘R’. By splitting the non-asymptomatic infection compartment
into two discrete groups, the model mimics the choice, available to members of the
populationwho develop symptomatic leprosy infections, to either conceal or disclose
their infection. Likewise, the same choice is available to members of the population
who relapse into symptomatic infections. Two further possibilities are accounted
for by the model, in which members who originally concealed their symptomatic
infection may later change their minds, disclosing their infection or are discovered.
This is manifested as a path from ‘Y’ to ‘X’. Incorporating this split in the infection
compartment is a simple way to explicitly account for the effects of stigma on the
transmission of leprosy.
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Fig. 1 Model flow diagram
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The differential equations governing our model are as follows:

S! = ! + "A " (µ+ #)S

A! = #S " (µ+ $ + ")A

X ! = f $ A + %Y + f &R " ('X + ()X

Y ! = (1 " f )$ A + (1 " f )&R " ('Y + % + ) )Y

R! = (X + )Y " (µ+ &)R,

(1)

with the force of infection given by # = *1(1 " +)A + *1Y + (*1 " *2X
m+X )X .

A schematic of the model is shown in Fig.1, and the model parameters are
described in Table1.

In deriving this model of leprosy, we make the following assumptions:

1. The chance of infection depends upon interactions between S and classes A,
X and Y , although the most prominent course of infection remains the interac-
tion between S and Y (the stigma class); the *1 term is thus the largest of the
transmission terms.

2. Because it remains difficult to detect asymptomatic infections, members of the
A class act as usual, interact with susceptibles as usual and die at the natural
death rate.

3. The asymptomatic class, which carries the M. Leprae bacteria, has a naturally
reduced transmission compared to the stigma class.

4. The effect of transmission from the X class is modified by a dampening term
that reduces infectivity. This dampening term takes the form of a Holling Type
II function with the property that the effect saturates at a level *2 when there are
large numbers of individuals in the disclosing class. This reflects the fact that
susceptible individuals will likely attempt to reduce contact with individuals
who openly display symptoms, but the effect of such avoidance is limited when
numbers are large. As such, *1 > *2.

5. A large fraction " of members with asymptomatic leprosy infections clear such
infections [18], after which they return to the susceptible class.
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Table 1 Variables and parameters
Symbol Description Range Units Reference

S Susceptible individuals – people –

A Asymptomatically infected
individuals

– people –

X Infected individuals with
disclosed, symptomatic infections

– people –

Y Infected individuals with
undisclosed, symptomatic
infections

– people –

R Recovered individuals – people –

! Birth rate 10–30 people
year [25]

# Force of infection – 1
year –

*1 Transmissibility between
susceptibles and non-disclosing
infectees

0.001–
0.01

1
people · year [4]

*2 Dampened transmissibility
between susceptibles and
disclosing infectees

*1
2

1
people · year Estimate

+ Coefficient of reduced infection
between for asymptomatic
infectees

0–1 – –

m Half-saturation constant 0–5 people Estimate

" Clearance rate of asymptomatic
infection

0.5–1 – [18]

µ Natural death rate 0.01–0.03 1
year (Lifespan of 33–100

years)

$ Rate of developing symptoms 0–0.2 1
year [18]

f Fraction who disclose infection 0–1 – –

% Rate of eventual disclosure of
infection

0.5–1 1
year [18]

'X Disease death rate (unstigmatised) 0.03–0.09 1
year Estimate

'Y Disease death rate (stigmatised) 0.09–1 1
year Estimate

( Recovery rate without stigma 0.1–1 1
year [18]

) Recovery rate with stigma 0–0.1 1
year Estimate

& Relapse rate 0–0.1 1
year [4, 18]

6. A fraction f of individuals who develop symptomatic infections will disclose
their infection and seek MDT; we assume this fraction is the same at the onset
of initial infection as it is when immunity lapses.

7. Those who initially conceal their symptomatic infection are identified at rate % ,
either by changing their minds or due to discovery.

8. Individuals who do not disclose their symptoms consequently do not seek MDT
and do not recover.
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9. In the absence of stigma, all members who progress to symptomatic infection
have the opportunity to seek MDT, which is highly successful and freely avail-
able.

10. There is a small chance for symptomatic infection relapse (approximately 2–3%)
[18].

11. Some stigmatised individuals may disclose only to their doctors and receive
MDT; we assume this factor will be much smaller than stigmatised individuals
who seek treatment.

In addition to these primary assumptions, we further assume constant birth and
death rates and ignore vaccination.

RemarkWenote that, when f = 1, thenY = 0,% is not relevant,# = *1(1 " +)A +
(*1 " *2X

m+X )X , and our model collapses to the special case of leprosy without stigma,
corresponding to assumption (9).

3 Analysis

3.1 Equilibria

The disease-free equilibrium (DFE) is given by (S, A, X , R) = (!/µ, 0, 0, 0).
To find the endemic equilibrium, we start by setting the governing equations of

our model to zero:

0 = ! + "A " µS " *1(1 " +)SA " *1SY "
!

*1 " *2X
m + X

"
SX (2)

0 = *1(1 " +)SA + *1SY +
!

*1 " *2X
m + X

"
SX " (µ+ $ + ")A (3)

0 = f $ A + %Y + f &R " ('X + ()X (4)

0 = (1 " f )$ A + (1 " f )&R " ('Y + % + ) )Y (5)

0 = (X + )Y " (µ+ &)R. (6)

We rearrange Eq. (6) to obtain

R(X,Y ) = (

µ+ &
X + )

µ+ &
Y. (7)

Next, we substitute Eq. (7) into Eq. (5), giving

0 = (1 " f )$ A + (1 " f )
(&

µ+ &
X + (1 " f )

) &

µ+ &
Y " ('Y + % + ) )Y, (8)
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which we then rearrange to get

A(X,Y ) =
!
('Y + % + ) )Y " (1 " f )

) &

µ+ &
Y " (1 " f )(&

µ+ &
X

"
1

(1 " f )$
. (9)

Next, substituting our expressions for A(X, Y ) and R(X) into Eq. (4), we get

Y (X) = ('X + ()(1 " f )
f ('Y + % + ) )+ % (1 " f )

X # qX. (10)

We re-express (9) as

A(X) =
#
('Y + % + ) )q " (1 " f )) &

µ+ &
q " (1 " f )(&

µ+ &

$
1

(1 " f )$
X # nX, (11)

and it is easy to show that n > 0. We now substitute A(X) and Y (X) into Eq. (3) and
use the fact that X $= 0 to get

S(X) = n(µ+ $ + ")

n(1 " +)*1 + *1q +
!

*1 " *2X
m+X

" . (12)

Note that

*1 " *2X
m + X

> *1 " *2 > 0,

and hence S(X) > 0.
Finally, we substitute Eq. (12) into Eq. (2) along with the condensed forms of

Eqs. (10) and (11) to find that

0 = X2
#
*1(1 " +)n2(µ+ $ )+ *1qn(µ+ $ )+ *1n(µ+ $ ) " *2n(µ+ $ )

$

+ X
#
µn(µ+ $ + ")+ *1(1 " +)n2(µ+ $ )m + *1qn(µ+ $ )m + *1mn(µ+ $ )

+ !*2 " !n(1 " +)*1 " !*1q " !*1

$

+ µn(µ+ $ + ")m " !n(1 " +)*1m " !*1qm " !*1m

= a1X
2 + b1X + c1.

Since*1 > *2, it follows that a1 > 0, and hence this is an upward-facing parabola.
Furthermore, since S % !

µ
(the upper bound of the population), then, using Eq. (12),

the constant term satisfies
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c1 = µn(µ+ $ + ")m " (!n(1 " +)*1 + !*1q + !*1)m

% !n(1 " +)*1m + !*1qm + !*1m " !*2Xm
m + X

" (!n(1 " +)*1 + !*1q + !*1)m

= "!*2Xm
m + X

< 0

if X > 0. It follows that the parabola has a negative y-intercept. An upward-facing
parabola with a negative y-intercept can only have a single positive x-intercept,
regardless of the sign of b1. It follows that there is a unique positive endemic equi-
librium given by

X̄ =
"b1 +

%
b21 " 4a1c1

2a1
. (13)

If X = 0, we have c1 = 0. Hence the endemic equilibrium collides with the DFE
at this point.

3.2 Basic Reproduction Number

Using the next-generation method, R0 is defined to be the largest eigenvalue of the
matrix FV"1, with F representing newly arising infections in the system and V the
balance of transfers of existing infections between the classes. Thus

F =

&

'
*1(1 " +)!

µ
*1

!
µ

*1
!
µ

0 0 0
0 0 0

(

) and V =

&

'
(µ+ $ + ") 0 0

" f $ ('X + () "%

"(1 " f )$ 0 ('Y + % + ) )

(

) .

We find the reproduction number for leprosy with stigma to be:

R0 =*1
!

µ

(1 " +)

(µ+ $ + ")
+ *1

!

µ

% (1 " f )$ + f $ ('Y + % + ) )

(µ+ $ + ")('X + ()('Y + % + ) )

+ *1
!

µ

(1 " f )$
(µ+ $ + ")('Y + % + ) )

.

These three terms represent the contributions from asymptomatic, unstigmatised
and stigmatised individuals, respectively.
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4 Numerical Simulations

To assess the effects of stigma, we considered three regimes: (a) moderate stigma,
(b) high stigma, and (c) no stigma. We used sample values chosen within the ranges
from the table and varied the effect of stigma using the disclosure rate % to assess
moderate versus high stigma regimes and turned off the proportion of individuals
entering the stigma compartment for the no-stigma case.

Using recent leprosy-prevalence statistics [4], we conduct approximate order-of-
magnitude estimates of our infection coefficients. Roughly 214,000 cases of leprosy
were reported in 2014, with approximately 81% of those cases coming from Brazil,
India and Indonesia. Approximating the populations of these nations by 200 million,
1.25 billion and 250 million, respectively, we estimate the coefficient of infection to
be

*1 =
0.81 & 214000
1700000000

= 0.000101965 ' 0.0001. (14)

We considered a small village of 1000 individuals. Initial conditions were chosen
so that there were 1000 susceptibles and a single infected non-stigmatised individual.
Figure2 illustrates the case of moderate stigma, showing an infection wave and a
substantial number of uninfected individuals (S + R = 636 at the end of this simu-
lation).

Next, we used the same parameters and initial conditions as in Fig. 2 except
that we changed the rate of disclosure from % = 1 to % = 0.1. This reflects the
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Fig. 2 Leprosy modelled in a moderate stigma regime. There is an infection wave, with
an endemic disease outcome but a substantial number of recovered individuals. Parameters
used were ( = 1; ) = 0.1;*1 = 0.01;*2 = *1/2; $ = 0.2; & = 0.1;µ = 0.03; ' = 0.09;! =
30; % = 1;" = 1; f = 0.5;m = 0.5; + = 0.8. Note in particular that stigmatised individuals
remain so for 1

% = 1 year
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Fig. 3 Leprosy modelled in a high stigma regime. Parameters were as in Fig. 2 except that % = 0.1
(i.e., stigmatised individuals remain so for an average of ten years). The number of recovered
individuals is low, while stigmatised individuals persist. Note the re-ordering of the final outcome,
compared to Fig. 2

case where individuals remain stigmatised for ten years (since the length of time
remaining in a compartment is inversely proportional to the rate of leaving it). In this
case, the number of stigmatised individuals exceeds the number of non-stigmatised or
asymptomatic individuals, sustaining a high level of infected individuals. The number
of uninfected individuals was significantly lower than in Fig. 2 (S + R = 376 in this
simulation).

Finally, wemodelled the case of no stigma. Parameterswere as in Fig.2 except that
f = 1 to ensure that no individuals entered the stigma compartment. The outcome is
similar to Fig. 2 except that there are slightly more uninfected individuals (S + R =
729 at the end of this simulation).

Additionally,we numerically explored the dependency of the results on the param-
eters *2 and m. However, although these had an effect on the shape of the curves,
they did not produce outcomes significantly different to Figs. 2, 3 and 4. (Results not
shown.)

We also performed a sensitivity analysis on the reproduction number using Latin
Hypercube Sampling (LHS) and Partial Rank Correlation Coefficients (PRCCs).
Latin Hypercube Sampling is a statistical sampling method that evaluates sensitivity
of an outcome variable to all input variables. PRCCs measure the relative degree of
sensitivity to each parameter, regardless of whether the parameter has a positive or
negative influence on the outcome variable [2].

PRCCs were calculated for the model and are displayed in Fig. 5 using the ranges
from the table but with the range for *1 extended to 0 % *1 % 0.005 to illustrate a
wider outcome. This analysis provides a way to measure the sensitivity of a model
to each parameter it contains. Figure5 shows that *1 and + are the most sensitive
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Fig. 4 Leprosy modelled in a stigma-free regime. Parameters were as in Fig. 2 except that f = 1
so that there were no stigmatised individuals. The number of infected cases is low, and the number
of recovered individuals is high
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Fig. 5 Partial rank correlation coefficients for the model

parameters in the model. Note that the stigma parameters *2 and m do not affect R0,
which is a measure of initial disease invasion.

In Fig. 6, we plot the individual Monte Carlo simulations of the twomost sensitive
model parameters. For 0 % *1 % 0.5 & 10"3, eradication will result, regardless of
the values of the other parameters (i.e., if the disease transmission is extremely
low). However, there is no value of + that can guarantee eradication; even if + = 1,
fluctuations in the other parameters could still maintain the epidemic. Note that the
threshold value of *1 is larger than the value found in the literature using (14). This
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Fig. 6 Monte Carlo simulations for the twomost sensitive model parameters, *1 and +. The R0 = 1
threshold is indicated by the horizontal line. Eradication can be achieved if *1 is reduced below
0.0005. However, no value of + can guarantee eradication
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Fig. 7 Box plot of the range of R0 values from Monte Carlo simulations

suggests that eradication is theoretically possible, but fluctuations in the parameters
could have a significant effect on the outcome.

Figure7 shows the complete range of R0 values for all simulations. While the
interquartile range crosses the R0 = 1 threshold, suggesting that eradication is the-
oretically possible, the outlier values are quite extreme, suggesting that fluctuations
in the parameter values could lead to significant epidemics. Note that this figure uses
the extended range 0 % *1 % 0.005.

Since the endemic equilibrium can be uniquely determined from (13), we used the
LHS method to determine the effects of stigma on the outcome. We ran Monte Carlo
simulations on the endemic equilibrium X̄ and then applied the ratio of stigma to
non-stigma cases using (10). The outcome is illustrated in the ordered scatterplot in
Fig. 8. The blue dots (lower half of graph) illustrate the number of simulations where
there were fewer stigma cases, while the red circles (upper half of graph) illustrate
the number of simulations where there were more stigma cases. In this example,
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Fig. 8 Ordered scatterplot of the ratio of more-stigma versus less-stigma cases using LHS on the
endemic equilibrium values on a log-log scale using ranges from the table. The red circles (upper
right) are the Monte Carlo simulations where there are more stigma cases at equilibrium. The blue
dots (lower left) are the simulations where there is less stigma at equilibrium. The inset graphs
illustrate the two cases in a linear scale. Note that, at the extreme, there are 78 times as many stigma
cases as non-stigma cases

there were 796/1000 cases where less stigma occurred and 204/1000 cases where
more stigma occurred. However, although there were more cases where stigma was
reduced, the degree of stigma expansion in the more-stigma case was extensive. At
the extremes, the ratio of less-stigma to more-stigma cases ranged from a factor of
0.000545 to a factor of 78.

5 Discussion

We examined the effects of stigma on leprosy, both in the short term of initial disease
outbreak (Figs. 5 and 6) and in the long term (Figs. 2, 3 and 4). Although stigma had
no effect on initial disease invasion or eradication, differences in stigma levels had
the potential to substantially alter the overall prognosis of leprosy in the population.
To the best of our knowledge, this is the first mathematical model of leprosy to
incorporate stigma.

Additionally, we used an ordered scatterplot to examine the ratio of increased
stigma to decreased stigma across a range of parameter values. Although there were
more cases where the amount of stigma was reduced, in the cases where it was
increased, the result could be as much as an 80-fold increase in the number of
stigmatised individuals. It follows that stigma is an important factor in the spread of
leprosy.
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Our model has some limitations, which should be acknowledged. We conflated
“disclosure” and “stigma”, whereas in practice the social phenomenon of leprosy-
related stigma is more complex. We represent stigma by way of parameter choices,
which is a simplification. Leprosy is an extremely heterogeneous disease in at least
two major senses: it is heterogeneous with respect to those at risk of exposure to
the M. Leprae bacteria and with respect to the spatial distribution of the disease.
Therefore, given this heterogeneity, mass-action disease transmission may not be
suitable for modelling this disease. We have also assumed constant birth and death
rates, but, for any long-term disease, modelling time-varying birth and death rates
may be more appropriate. Likewise, a further refinement would be to model the
stigma parameters as randomly time-varying functions. Future work will examine
the effect of TB vaccines against leprosy, which have been shown to be efficacious
[18].

We thus see that stigma, whether moderate or high, plays a significant role in
sustaining leprosy. Our sensitivity analysis showed that R0 tends to range from 1 to
18 for typical model parameter ranges (Fig. 7). In practice, we may never have direct
control over the transmission rate *1, yet we may be able to influence % , the rate at
which non-disclosing symptomatic infectees either change their minds and disclose
their infection or are discovered. Figure3 shows that reducing this rate is critical.

In practice, leprosy-eradication strategies should focus on the reduction of
leprosy-related stigma through a combination of targeted education about the dis-
ease and shifts in cultural attitudes towards leprosy. However, since the measure of
stigma estimated in this model may conflate actual disease-related stigma with other
important factors, such as knowledge or access to care, this model also highlights
the importance of continuing to make leprosy MDT accessible while simultaneously
educating at-risk populations about the possibility of such care. Finally, depending on
how likely it is that asymptomatic infections can in turn generate new infections, such
strategies may need to be supplemented by continued efforts to detect sub-clinical
infections, which has been emphasised in the literature [17]. The persistence of lep-
rosy is a complex problem; therefore a simple solution for its eradication is likely
not possible; however, any approach incorporating the reduction of leprosy-related
stigma will likely go a long way towards true leprosy eradication.

Acknowledgements The authors are grateful toAlisonKealey andNyukSianChong for invaluable
assistance and are also grateful to an anonymous reviewer for insightful comments that greatly
improved the manuscript. RS? is supported by an NSERC Discovery Grant. For citation purposes,
please note that the question mark in “Smith?” is part of the author’s name.

References

1. Blok, D., de Vlas, S., Fischer, E., Richardus, J.: Mathematical modelling of leprosy and its
control. Adv. Parasitol. 87, 33–51 (2014)

2. Blower, S., Dowlatabadi, H.: Sensitivity and unvertainty analysis of complex models. Int. Stat.
Rev. 62, 229–243 (1994)



68 S. G. Mosher et al.

3. Cross, H., Choudhary, R.: STEP: an intervention to address the issue of stigma related to leprosy
in Southern Nepal. Lepr. Rev. 76, 316–324 (2005)

4. Dara, S., Gadde, R.: Epidemiology, prognosis, and prevention of leprosy worldwide. R. Curr.
Trop. Med. Rep. (2016)

5. Fischer, E., Vlas, D., Meima, A., Habbema, D., Richardus, J.: Different mechanisms for het-
erogeneity in leprosy susceptibility can explain disease clustering within households. PLoS
ONE 5 (2012)

6. Kealey, A., Smith?, R.: Neglected tropical diseases: infection, modelling and control. J. Health
Care Poor Underserved 21, 53–69 (2010)

7. Kumaresan, J., Maganu, E.: Socio-cultural dimensions of leprosy in North-Western Botswana.
Soc. Sci. Med. 39, 537–541 (1994)

8. Lechat, M., Misson, C., Lambert, A.: Simulation of vaccination and resistance in leprosy using
an epidemiometric model. Int. J. Lepr. 53, 461–467 (1985)

9. Link, B.G., Phelan, J.C.: Conceptualizing stigma. Annu. Rev. Sociol. 27, 363–385 (2001)
10. Lockwood,D., Suneetha, S.: Leprosy: too complex a disease for a simple elimination paradigm.

Bull. World Health Organ. 83, 230–235 (2005)
11. Lustosa, A., Nogueira, L., Pedrosa, J., Teles, J., Campelo, V.: The impact of leprosy on health-

related quality of life. Revista da Sociedade Brasileira de Medicina Tropical 44, 621–626
(2011)

12. Meima,A., Gupte,M., Oortmarssen, G.V., Habbema, J.: Simlep: a simulationmodel for leprosy
transmission and control. Int. J. Lepr. Other Mycobact. Dis. 67, 215–236 (1999)

13. Merle, C., Cunha, S., Rodrigues, L.: BCG vaccination and leprosy protection: review of current
evidence and status of BCG in leprosy control. Expert. Rev. Vaccines 9, 209–222 (2012)

14. Mg, W.: Stigma and the social burden of neglected tropical diseases. PLoS Negl. Trop. Dis. 2,
e237 (2008)

15. Mushuyabasa, S., Bhunu, C.: Modelling the effects of chemotheraphy and relapse on the
transmission dynamics of leprosy. Math. Sci. 6, 12 (2012)

16. Rafferty, J.: Curing the stigma of leprosy. Lepr. Rev. 76(2), 119–126 (2005)
17. Richardus, J., Habbema, J.: The impact of leprosy control on the transmission of M. leprae: is

elimination being attained? Lepr. Rev. 78(4), 330–337 (2007)
18. Rodrigues, L., Lockwood, D.: Leprosy now: epidemiology, progress and research gaps. Lancet

Infect. Dis. 11(6), 464–470 (2011)
19. Sengupta, S., Banks, B., Jonas, D., Miles, M.S., Smith, G.C.: HIV interventions to reduce

HIV/AIDS stigma: a systematic review. AIDS Behav. 15, 1075–1087 (2011)
20. Smith, W., Anderson, A., Withington, S., Van Brakel, W., Croft, R., Nicholls, P., Richardus,

J.: Steroid prophylaxis for prevention of nerve function impairment in leprosy: randomised
placebo controlled trial (tripod 1). Br. Med. J., 328 (2004)

21. Suzuki, K., Akama, T., Kawashima, A., Yoshihara, A., Yotstu, R., Ishii, N.: Current status
of leprosy: epidemiology, basic science and clinical perspectives. Adv. Exp. Med. Biol. 582,
22–33 (2012)

22. Tsutsumi, A., Izutsu, T., Islam, M.D.A., Amed, J.U., Nakahara, S., Takagi, F., Wakai, S.:
Depressive status of leprosy patients in Bangladesh: association with self-perception of stigma.
Lepr. Rev., 57–66 (2004)

23. van Brakel, W.H., Sihombing, B., Djarir, H., Beise, K., Kusumawardhani, L., Yulihane, R.,
Kurniasari, I., Kasim,M., Kesumaningsih, K.I., Wilder-Smith, A.: Disability in people affected
by leprosy: the role of impairment, activity, social participation, stigma and discrimination.
Glob. Health Action 5, 18394 (2012)

24. Weiss, M., Ramakrishna, J., Somma, D.: Health-related stigma: rethinking concepts and inter-
ventions. Pyschology Health Med. 11(3), 277–287 (2006)

25. World Bank: Crude birth rate for developing countries in Middle East and North Africa (2016)
26. Yang, L.H., Kleinman, A., Link, B.G., Phelan, J.C., Lee, S., Good, B.: Culture and stigma:

adding moral experience to stigma theory. Soc. Sci. Med. 64, 1524–1535 (2007)


