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Background: Leprosy is a neglected tropical disease, with approximately 200,000 new cases reported worldwide every year.
Although there are numerous studies on the epidemiology of leprosy, the age, period, and cohort effects remain poorly understood.
Objective: We present an overview of trends in leprosy incidence, prevalence and disability-adjusted life years worldwide from 1990 to
2019 and associations with age, period, and birth cohort. Data for analysis were obtained from the Global Burden of Disease Study 2019.
Methods: We described incident case, prevalent case, age-standardised incidence, prevalence and disability-adjusted life years rates
of leprosy from 1990 to 2019. Subsequently, we calculated overall annual percentage changes, annual percentage changes, and the
relative risks of period and cohort using an age-period-cohort model.

Results: From 1990 to 2019, the global age-standardized incidence rate of leprosy decreased from 1.48 per 100,000 to 0.65 per
100,000. Additionally, countries with low Socio-Demographic Index (SD/) demonstrated higher age-standardised incidence, preva-
lence and disability-adjusted life years rate. The age-standardised incidence, prevalence and disability-adjusted life years rate were
significantly higher in males compared to females. Furthermore, the impact of age on leprosy increased with age, peaking at 25-35
years, with the highest prevalence rates observed in the 35-40 age group. Notably, the peak age of leprosy onset increases with SDI.
Both the period and cohort effects on leprosy incidence and prevalence showed decreasing trend in middle SDI, low-middle SDI and
low SDI countries in recent 30 years and birth cohort later than 1905. However, unfavorable period and cohort effects were noted in
high SDI regions.

Conclusion: Leprosy incidence, prevalence and disability-adjusted life years have significantly decreased globally, but remain high in
areas with lower SDI. Developing regions should increase public awareness of leprosy risk factors, develop effective control policies
to better manage and prevent the disease.
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Introduction

Leprosy is a chronic infectious disease caused by the Mycobacterium leprae, slow-growing intracellular parasite with
a tropism for macrophages and Schwann cells, primarily affecting the skin and peripheral nervous system.'™ This
disease is characterized by difficulty in recognizing early signs and symptoms, a long incubation period, and difficulty in
determining the time of onset.* Leprosy is often accompanied by neuritis and leprosy reactions, and in severe cases, it can
lead to deterformation and disability, so it poses a great threat to human health." Additionally, the physical deformities
caused by leprosy often lead to stigma, social prejudice and discrimination.
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Since the introduction of multi-drug therapy (MDT) in the early 1980s, the worldwide incidence of leprosy has
dropped dramatically.” Despite significant reductions in incidence and prevalence due to the World Health Organization’s
control strategy, new cases continue to emerge. The WHO’s latest global leprosy strategy is “Towards zero leprosy”, with
a long-term vision of zero infection and disease, zero disability, zero stigma and discrimination.® Globally, a total of
140594 new leprosy cases were reported in 2021, with Southeast Asia, the Americas, Africa, the Eastern Pacific, and the
Western Mediterranean showing concentration. India remains the epicenter of global leprosy cases.”® Leprosy is
currently classified as a neglected tropical disease, and global elimination has been a longstanding goal. Therefore, it
is crucial for ongoing efforts to monitor the global leprosy burden.

Epidemiological studies could help shed light on the burden of leprosy on human health from a macro perspective and
provide basis for improving public health at the global, regional, and national level, allocating medical resources
reasonably, and formulating health strategies. Despite the ongoing follow-up on the global and national leprosy burden,
few studies have analyzed the leprosy trends at the global, regional, and country levels based on the Global Burden of
Disease Study. Access to global data and comparisons between countries could significantly enhance our understanding
of the complexities and trends of leprosy. Additionally, there is a lack of in-depth analyses on the effects of age, period,
and birth cohort, as well as comparisons across multiple countries. Age-period-cohort (4PC) analysis can illuminate how
time and population dynamics influence the occurrence and spread of diseases. The strength of this analytical method lies
in its capacity to assess the effects of various age groups, time periods, and birth cohorts concurrently, offering a deeper
understanding of the evolving nature of diseases.”'® The availability of the Global Burden of Disease Study database
provides researchers with the opportunity for thorough analysis and investigation.'!

In the present study, we obtained data from the GBD 2019 to assess the time trends of leprosy incidence, prevalence
and DALY globally over the past three decades. In addition to analyzing the change pattern of incident case, prevalent
case, the age-standardized incidence rates (ASIR), age-standardized prevalence rates (ASPR) and age-standardised
disability-adjusted life years (DALY) rate, we also evaluated how trends in leprosy incidence, prevalence and DALY
differ based on age, period, and birth cohort effects at the global, regional levels.

Methods

Data Sources
We obtained data on the incidence, prevalence and DALY of leprosy from the Global Health Data Exchange GBD
Results Tool (http://ghdx.healthdata.org/gbd-results-tool). The tool provides the most up-to-date estimation of the

descriptive epidemiological data on a total of 369 diseases and 87 risk factors for 204 countries and territories within
21 GBD regions from 1990 to 2019. Data sources in the estimation process for GBD estimates include population
censuses, household surveys, civil registration and vital statistics, disease registers, health service use, air pollution
monitoring, disease notifications, and other sources.'® All disease estimates of GBD contain 95% uncertainty intervals
(UIs), and countries with fewer or no data sources for the 25th and 975th ordinal values based on a 1000 posterior
distribution generally have a higher 95% UI, suggesting greater inaccuracy in disease estimates.'”

This analysis used the Socio-Demographic Index (SDI) for each country, a comprehensive indicator of a country’s
development status, which is derived from a comprehensive assessment of the overall fertility rate of women under 25
years of age, the average education level of women aged 15 and over, and per capita income. The SDI ranges from 0 to 1,
with higher values for countries with higher socio-economic levels. Based on the 2019 SDI values, all countries are
divided into five regions, namely, low (0-0.455), low-middle (0.456—0.608), middle (0.609—0.690), high-middle (0.691-
—0.805), and high (0.806—1) SDI regions. By dividing countries into SDI quintiles, we can more clearly compare the
differences in leprosy burden among different levels and explore the relevant factors, providing a basis for formulating
targeted prevention and control strategies.'> Furthermore, we choose the estimated annual percentage change (EAPC) in
ASIR and ASPR to quantify the temporal trends of leprosy burden worldwide, from 1990 to 2019.'*!3

884 https: Clinical, Cosmetic and Investigational Dermatology 2025:18


http://ghdx.healthdata.org/gbd-results-tool

Zhang et al

Descriptive Analysis

Our study analyzed incident case, prevalent case, age-standardised incidence, prevalence and DALY rates of leprosy and
their spatial and temporal trends from 1990 to 2019. This study reported on leprosy incidence, prevalence and DALY in
different SDI regions in 2019 and provided a global view of leprosy incidence and prevalence, comparing differences in
leprosy incidence and prevalence between countries and regions. We plotted leprosy incidence, prevalence and DALY
from 1990 to 2019 to compare across years.

Age-Period-Cohort Analysis
The age-period-cohort model is a commonly used statistical model for extracting information hidden in disease morbidity
and mortality. This model is widely used in the field of epidemiology, and the model requires data to conform to the

Poisson distribution.'®

The model decomposes the research indicators into three dimensions: age, period, and birth
cohort, and analyzes the effects of age, period and birth cohort on disease incidence and mortality. Age effects reflect
changes in age, including the impact of population ageing on morbidity or mortality. Period effect refers to the impact of
changes in certain objective factors, such as disease screening methods, treatments, and interventions, on morbidity or
mortality over a period. Cohort effect refers to the effect of different levels of exposure to disease risk factors on
morbidity or mortality in different birth cohorts. Therefore, to better understand the long-term incidence trend of leprosy
and explain its potential causes, the study used the APC model to analyze the incidence, prevalence and DALY trend of
leprosy from 1990 to 2019, and explored the effects of age, period, and cohort on the incidence, prevalence and DALY of
leprosy, to provide a basis for leprosy prevention and control.

The APC model was used to decompose the research indicators into three dimensions: age, period, and birth cohort,
and the impact of these dimensions on incidence and prevalence was analyzed.'” Due to the lack of leprosy data under 5
years old, 5—94 years old were selected as the research subjects in this study. Therefore, we divide the population aged
5-94 into 18 age groups (59, 10-14. 90-94), the data were arranged according to the five consecutive years from
1990-1994 to 20152019, divided into 6 period groups, and the reference period was 2000-2004. An individual’s birth
cohort is calculated using the time of death and individual age at death (ie, birth cohort = period-age). As a result, 23
consecutive birth cohorts were also created, including those cohorts between 1900-1994 and 2010-2014, with cohort
between 1955 and 1959 as reference groups.

To avoid possible non-identification problems due to the linear relationship between age, period, and cohort, we used
the classical intrinsic estimator (/E) proposed by Yang et al to estimate the effect coefficients for age, period, and
cohort,'®1°

relative to the reference group. When the RR value is greater than 1, it indicates that this factor has the effect of

and to estimate the ratio (RR) of leprosy incidence and prevalence in different periods and birth cohorts

increasing the risk of leprosy. When the RR value is less than 1, it indicates that this factor has the effect of reducing the
risk of leprosy. To test the significance of the estimated parameters, Wald’s chi-square test was used, and the p-value less
than 0.05 was statistically significant. APC-IE analysis was performed through the R 4.3.1 software.

Results

Global, Regional, and National Incidence, Prevalence and DALY in Leprosy in 2019

In 2019, globally, the total number of leprosy incidence cases decreased from 73,078.12 (95% UI 64,129.85-85,174.30)
to 52,714.94 (95% UI 46,035.07-61,339.42) compared to 1990. The age-standardised incidence rate (ASIR) of leprosy
followed a similar declining trend, dropping from 1.48 per 100,000 (95% UI 1.30-1.73) to 0.65 per 100,000 (95% UI
0.57-0.75). Similarly, the total number of prevalent leprosy cases and the age-standardised prevalence rates (4SPR) also
decreased. In 2019, the number of prevalent leprosy cases decreased from 793.96 thousand (95% UI 664.68-933.34) to
527.89 thousand (95% UI 449.95-619.99) compared to 1990. The age-standardised prevalence rate of leprosy decreased
from 17.00 per 100,000 (95% UI 14.35-19.92) to 6.43 per 100,000 (95%UI 5.47-7.55). The age-standardised DALY rate
decreased from 0.58 per 100,000 (95% UI 0.38-0.85) to 0.27 (95% UI 0.18-0.41) per 100,000 compared to 1990.
Additionally, the ASIR, ASPR and age-standardised DALY rate in male were significantly higher than in females, almost
twice as high as in females (Figure 1 and Table 1).

Clinical, Cosmetic and Investigational Dermatology 2025:18 https: 885



Zhang et al

'Y

o

Incident cases(thousands)

20

Prevalent cases(thousands)
@
2
8

»
&
3

N
3

DALY(thousands)

>

Number of Incident cases(All ages)

20

o

ASIR(per 100,000)

o

05

1990 2000
Year

Number of Prevalent cases(All ages)

2010

2020

20

@

ASPR(per 100,000)

3

1990 2000 2010 2020
Year
DALY(All ages)
sex
—* Both
Female
—* Male
Sos
g
g8
=3
=
b
2
=
s
2
S
2
2
4
8
£
§o04
®
@
&
<
02
1990 2000 2010 2020
Year

Age-Standardised Incidence Rate

sex
—* Both
\ Female
\ —* Male
1990 1995 2000 2005 2010 2015 2020
Year
Ag i P Rate
(\
\\
sex
\
N\ ~* Both
\ Female
= Male
x
1990 1995 2000 2005 2010 2015 2020
Year
Age-standardised DALY rate
sex
—* Both
Female
~* Male
1550 1505 2000 2005 2010 2015 2020
Year

Figure | Global trend in incident case (A), ASIR (B), prevalent case (C), ASPR (D), DALY (E), age-standardised DALY rate (F) of leprosy from 1990 to 2019.
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Table | The Age-Standardized Incidence, Prevalence, and DALY Rate for Leprosy in 1990 and 2019 and the Percentage Changes from 1990 to 2019

Location 1990 2019 Percentage Change 1990 to 2019
ASIR per 100,000 ASPR per Age-Standardized ASIR per ASPR per Age-Standardized DALY ASIR ASPR Age-Standardized
(95% UI) 100,000 DALY rate 100,000 100,000 rate (95% UI) (95% UI) DALY rate
(95% UI) No. x 103 (95% UI) (95%UI) (95% UI) No. x 103 (95% UI) (95% UI)
Both 1.48 17 0.58 0.65 6.43 0.27 -0.56% -0.62% -0.56%
(1.3-1.73) (14.35-19.92) (0.38-0.85) (0.57-0.75) (5.47-7.55) (0.18-0.41) (-0.58-0.55) | (—0.64-0.59) (-0.58- —0.55)
Female 0.94 13.07 0.43 0.41 4.43 0.21 -0.57% —0.66% -0.55%
(0.81-1.09) (10.91-15.38) (0.28-0.63) (0.35-0.48) (3.74-5.23) (0.14-0.31) (-0.59-0.55) | (—0.68-0.63) (-0.57- —0.53)
Male 2.04 21.22 0.74 0.89 8.52 0.34 -0.56% —-0.6% -0.56%
(1.76-2.39) (18.02-24.77) (0.49-1.10) (0.77-1.05) (7.3-9.99) (0.22-0.50) (-0.58-0.55) | (—0.62-0.57) (-0.57- —0.55)
SDI
High 0 0.05 0.01 0.01 0.08 0.01 1.06% 0.62% —0.43% (—0.48-0.38)
(0-0.01) (0.04-0.06) (0-0.01) (0.01-0.01) (0.07-0.1) (0-0.01) (0.92-1.27) (0.54-0.71)
High middle 0.4 1.92 0.05 0.32 1.85 0.03 —-0.22% —0.04% —0.39% (—0.43-0.34)
(0.34-0.49) (1.66-2.22) (0.03-0.08) (0.27-0.38) (1.59-2.15) (0.02-0.05) (-0.25-0.2) (-0.07-0)
Middle 0.82 5.89 0.49 0.49 3.8l 0.28 —0.41% —-0.35% —0.46% (—0.48-0.44)
(0.69-1) (5.07-6.83) (0.32-0.71) (0.42-0.59) (3.26-4.46) (0.18-0.41) (-0.43-0.39) | (-0.37-0.33)
Low middle 423 57.52 1.65 1.27 14.41 0.6l —0.7% —0.75% —0.67% (—0.69-0.65)
(3.74.93) (48.29-67.41) (1.08-2.41) (1.11-1.47) (12.3-16.9) (0.40-0.90) (-0.72-0.69) | (-0.77-0.73)
Low 5.03 725 224 1.6 24.11 0.73 -0.7% —0.67% —0.71% (-0.73-0.69)
(4.51-5.65) (60.52-85.8) (1.48-3.25) (1.43-1.81) | (20.42-28.48) (0.49-1.07) (-0.71-0.68) | (—0.69-0.64)
GBD region
Andean Latin 0.3 4.02 4.02 0.1 1.32 0.04 —0.67% —0.67% —0.81% (-0.83-0.79)
America (0.27-0.34) (3.35-4.69) (3.35-4.69) (0.09-0.11) (1.1-1.57) (0.02-0.06) (-0.69-0.65) | (-0.7--0.64)
Australasia 0 0.0l 0.01 0 0.01 0 —0.14% —0.15% —0.24% (—0.43-0.03)
(0-0) (0.01-0.02) (0.01-0.02) (0-0) (0.01-0.02) (0-0) (-0.19-0.07) | (—0.23-0.07)
Caribbean 0.53 6.21 6.21 0.36 4.96 0.16 -0.31% —0.2% —0.60% (—0.64-0.56)
(0.47-0.59) (5.16-7.42) (5.16-7.42) (0.33-0.4) (4.16-5.86) (0.10-0.24) (-0.35-0.27) | (-0.26-0.13)
Central Asia 1.23 3.08 3.08 0.77 1.94 0.63 —-0.37% -0.37% —0.38% (—0.43-0.34)
(0.98-1.55) (2.45-3.86) (2.45-3.86) (0.62-0.97) (1.51-2.43) (0.40-0.92) (-0.41-0.32) | (—0.42-0.32)
Central Europe 0 0 0 0 0 0 0% (0-0) 0% (0-0) 0% (0-0)
(0-0) (0-0) (0-0) (0-0) (0-0) (0-0)
Central Latin 0.25 2.63 0.21 0.13 1.31 0.08 —0.49% —0.5% —0.63% (—0.67-0.60)
America (0.22-0.28) (2.21-3.1) (0.13-0.31) (0.12-0.14) (1.1-1.54) (0.05-0.12) (-0.5--0.47) | (—0.53-0.48)
Central Sub- 4.59 31.87 3.40 1.97 33.6 0.72 -0.57% 0.05% —0.82% (—0.84-0.78)
Saharan Africa (4.16-5.01) (27.57-36.95) (2.22-4.94) (1.76-2.21) | (27.93-39.83) (0.46—1.06) (-0.61-0.53) | (-0.02-0.13)
East Asia 0.08 1.45 0.08 0.04 0.65 0.02 —-0.53% —-0.55% —-0.73% (-0.76-0.71)
(0.07-0.09) (1.2-1.74) (0.05-0.13) (0.03-0.04) (0.53-0.78) (0.01-0.04) (-0.56-0.5) | (-0.58-0.52)

(Continued)
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Table | (Continued).

Location 1990 2019 Percentage Change 1990 to 2019
ASIR per 100,000 ASPR per Age-Standardized ASIR per ASPR per Age-Standardized DALY ASIR ASPR Age-Standardized
(95% UI) 100,000 DALY rate 100,000 100,000 rate (95% UI) (95% UI) DALY rate
(95% UI) No. x 103 (95% UI) (95%UI) (95% UI) No. x 103 (95% UI) (95% UI)
Eastern Europe 0 0 0 0 0 0 0% (0-0) 0% (0-0) 0% (0-0)
(0-0) (0-0) 0-0 (0-0) (0-0) (0-0)
Eastern Sub- 3.02 37.73 1.87 1.19 16.62 0.66 —0.61% —0.56% —0.69%
Saharan Africa (2.7-3.39) (31.95-44.32) (1.22-2.68) (1.06-1.32) | (14.09-19.54) (0.43-0.95) (-0.63-0.59) | (—0.58-0.54) (-0.72- —0.66)
Location 2010 2019 Percentage change 1990 to 2019
ASIR per 100,000 ASPR per Age-Standardized ASIR per ASPR per Age-Standardized DALY ASIR ASPR Age-Standardized
(95% UI) 100,000 DALY rate No. x 100,000 100,000 rate No. x10-5 (95% UI) (95% UI) DALY rate
(95% UI) 10-5 (95% UI) (95% UI) (95% UI) (95% UI) (95% UI)
High-income Asia 0.0l 0.12 0.02 0.0l 0.11 0.01 —0.13% -0.09% —0.54%
Pacific (0.01-0.01) (0.09-0.15) (0.01-0.03) (0.01-0.01) (0.09-0.14) (0-0.01) (-0.18-0.07) (-0.16-0) (-0.60- —0.47)
High-income 0 0 0 0 0 0 0% (0-0) 0% (0-0) 0% (0-0)
North America (0-0) (0-0) (0-0) (0-0) (0-0) (0-0)
North Africa and 0.27 3.6 0.15 0.13 1.84 0.04 -0.52% —-0.49% —0.68%
Middle East (0.24-0.3) (2.95-4.36) (0.09-0.22) (0.11-0.15) (1.54-2.19) (0.03-0.07) (-0.53-0.5) | (-0.51-0.47) (-0.70- —0.65)
Oceania 276 37 1.54 2.18 32.37 0.76 -0.21% -0.13% —0.54%
(2.47-3.09) (30.63—44.92) (1.00-2.22) (1.98-2.41) | (26.91-38.62) (0.50-1.13) (-0.25-0.16) | (—0.19-0.04) (-0.60- —0.47)
South Asia 5.86 79.97 2,07 1.57 18.08 0.72 -0.73% -0.77% —0.69% (—0.71-0.67)
(5.1-6.86) (67.04-94.06) (1.36-3.03) (1.36-1.85) | (15.46-21.21) (0.04-1.05) (-0.75-0.72) | (-0.79-0.75)
Southeast Asia 1.43 13.33 1.94 0.8l 6.06 0.41 —0.43% —0.55% —0.55%
(1.26—1.65) (11.35-15.65) (1.28-2.85) (0.7-0.96) (5.2-7.04) (0.27-0.61) (-0.45-0.41) | (-0.56-0.53) (—0.58- —0.52)
Southern Latin 0.17 0.93 0.07 0.1 0.71 0.04 —0.4% —0.24% —0.48%
America (0.15-0.19) (0.8-1.09) (0.04-0.11) (0.09-0.11) (0.6-0.82) (0.02-0.06) (-0.45-0.35) | (-0.29-0.2) (-0.52- —0.45)
Southern Sub- 0.08 1.72 0.11 0.08 1.73 0.07 —0.08% 0% —0.44%
Saharan Africa (0.07-0.1) (1.41-2.08) (0.07-0.17) (0.07-0.09) (L41-2.11) (0.04-0.10) (-0.13-0.02) | (—0.07-0.08) (-0.46- —0.41)
Tropical Latin 471 25.92 1.85 343 22.04 1.37 -0.27% -0.15% —-0.27% (-0.31-0.22)
America (3.87-5.72) (22.29-30.14) (1.19-2.68) (2.854.15) | (18.87-25.83) (0.91-2.00) (-0.29-0.25) | (-0.17-0.13)
Western Europe 0 0 0 0 0 0 0% (0-0) 0% (0-0) 0% (0-0)
(0-0) (0-0) (0-0) (0-0) (0-0) (0-0)
Western Sub- 1.57 13.38 .11 0.94 14.02 0.45 —0.4% 0.05% —0.64%
Saharan Africa (1.42-1.75) (11.23-15.78) (0.73-1.64) (0.84-1.06) (11.68-16.7) (0.29-0.66) (-0.43-0.37) | (-0.01-0.1) (—0.65- —0.62)
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Next, we conducted a regional analysis of ASIR, ASPR and age-standardised DALY rate of leprosy based on SDI and
21 regions. In comparison to 1990, by 2019, High SDI, High-middle SDI, and Middle SDI countries exhibited
a downward trend in ASIR, ASPR and age-standardised DALY rate, while other SDI countries did not show a clear
trend. The ASIR, ASPR and age-standardised DALY rate of leprosy were highest in low SDI countries, with rates of
1.6 per 100,000, 24.11 per 100,000 and 0.73 per 100,000, respectively. Among the 21 regions in the GBD 2019, Tropical
Latin America, Oceania, Central Sub-Saharan Africa, and South Asia had the highest ASIRs, ASPRs and age-
standardised DALY rates (Figure 2 and Table 1).

In terms of countries and territories, the ASIR and ASPR of leprosy varied widely between different countries and
territories in 2019. In 1990, areas with high ASIRs of leprosy included Micronesia, Kiribati, Marshall Islands, Bhutan,
Nepal, and Mozambique, all exceeding 10.0 per 100,000. However, by 2019, only Micronesia, Kiribati, and Marshall
Islands retained ASIRs exceeding 10.0 per 100,000, with decreasing ASIRs observed in most countries and territories
over the three decades. The leprosy ASPR declined in almost all regions, with a decline of over 50% in the vast majority
of Low-SDI and Low-middle SDI countries and territories. In 1990, Bangladesh, Bhutan, Equatorial Guinea, Kiribati,
Micronesia, Mozambique, Nepal, and Timor-Leste recorded ASPRs higher than 100 per 100,000. By 2019, only Kiribati
maintained an ASPR higher than 100 per 100,000, with Bangladesh, Bhutan, and Equatorial Guinea seeing drops to less
than 1 per 10,000 people. Few countries and regions experienced an increase in leprosy ASPRs. For instance, the Central
African Republic witnessed an increase from 62.84 per 100,000 to 169.65 per 100,000 (Figures 3 and 4).

Spatial and Temporal Trends of Leprosy Burden from 1990 to 2019

Furthermore, the annual percentage change in ASIR, ASPR and age-standardised DALY rate from 1990 to 2019 was
estimated. At the global level, the annual percentage change of ASIR was —0.56% (95% CI: —0.58%, -0.55%) during the
period from 1990 to 2019, and the annual percentage change of ASPR from 1990 to 2019 decreased by —0.62% (95% UI:
from —0.64% to —0.59%). In terms of SDI level, the annual percentage change in ASIR and ASPR increased slightly in
the high SDI region but the annual percentage change in ASIR and ASPR in the other four SDI regions and the annual
percentage change in age-standardised DALY rate in five four SDI regions were on the decrease. As for the analysis of
leprosy according 21 territories, the annual percentage change in the age-standardised incidence rates in Andean Latin
America (—0.67% [95% UI —0.69% to —0.65%]), Central Sub-Saharan Africa (—0.57% [95% UI —0.61% to —0.53%]),
Eastern Sub-Saharan Africa (—0.61% [95% UI —0.63% to —0.59%]) and South Asia (—0.73% [95% UI —0.75% to
—0.72%]) decreased significantly from 1990 to 2019. However, the percentage change incidence kept steady in the
following four territories such as Central Europe (0% [95% UI 0% to 0%]), Eastern Europe (0% [95% UI 0% to 0%]),
Western Europe (0% [95% UI 0% to 0%]) and High-income North America (0% [95% UI 0% to 0%]). The top three
statistically significant decreases in age-standardised prevalence rates were observed in South Asia (—0.77% [95% Ul
—0.79% to —0.75%]), Andean Latin America (—0.67% [95% UI —0.70% to —0.64%]), and Eastern Sub-Saharan Africa
(—0.56% [95% UI —0.58% to —0.54%]). The most significant decline in the age-standardised DALY rate is in Andean
Latin America, Central Sub-Saharan Africa, and East Asia. (Table 1)

Figure 2 Global age-standardised incidence rate (A), age-standardised prevalence rate (B), age-standardised DALY rate (C) of leprosy by SDI regions from 1990 to 2019.
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Figure 3 Age-standardised incidence rates of leprosy in 1990 (A) and 2019 (B) in 204 countries and territories.

Descriptive Analysis of Leprosy Incidence by Age, Period, and Birth Cohort Groups
Figure 5 illustrated global trends in leprosy incidence by age, period, and birth cohort group. The overall trend of leprosy
incidence shows an initial increase followed by a decrease with age within each period. Leprosy incidence was lowest in
the 5-9 age group and highest in the 45-69 age group. In most age groups, the incidence of leprosy decreased over time,
with the most significant decrease in the middle and youth age groups. Additionally, there was decreasing trend in leprosy
incidence across birth cohorts, indicating a relatively low risk of leprosy incidence in the most recent birth cohort.
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Figure 4 Age-standardised prevalence rates of leprosy in 1990 (A) and 2019 (B) in 204 countries and territories.

Age-Period-Cohort Effect Analysis on Leprosy in the Global Level and the Five SDI
Regions

After adjusting for period and birth cohort effects, the age pattern of leprosy incidence, prevalence and DALY was
consistent across the five SDI regions and globally. Incidence, prevalence and DALY initially increased with age, peaking
in middle age, then declined. Notably, low and low-middle SDI regions saw the sharpest increases, while middle and
high-middle SDI regions experienced more gradual rises, and high SDI regions remained stable. The peak age of leprosy
onset shifted from low to high SDI countries, with prevalence and DALY peaking later than incidence. The incidence of
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Figure 5 Global trends in leprosy incidence. (A) Global trends in leprosy incidence by age. (B) Global trends in leprosy incidence by period. (C) Global trends in leprosy
incidence by birth cohort.

children aged 5-9 and 10-15 years in low and low-middle SDI regions is significantly higher than the global level
(Figure 6A, D and G).

Period effects on incidence, prevalence and DALY varied significantly across SDI regions, except for high SDI
countries. Middle, low-middle, and low SDI countries showed declining trends, while high-middle SDI regions
experienced increasing prevalence effects in the last 15 years. Conversely, high SDI countries saw rising risks over
the past three decades in incidence and prevalence. Relative risks (RRs) of incidence, prevalence and DALY from
2015-2019 compared to 2000-2004 ranged from 0.62 (95% UI: 0.61 to 0.64) to 1.54 (95% UL 1.05 to 2.26) for
incidence, from 0.92 (95% UI: 0.89 to 0.94) to 1.35 (95% UI: 1.21 to 1.51) for prevalence, from 0.49 (95% UI: 0.47 to
0.51) to 0.87 (95% UI: 0.57 to 1.31) for DALY across the five SDI regions (Figure 6B, E and H).

Similarly, cohort effects differed significantly across SDI regions, except incidence and prevalence for high SDI
countries. Declining trends were observed in middle and low-middle SDI countries, starting with cohorts born after 1905,
contrasting with a less significant decrease in high-middle SDI regions. Relative cohort risks of incidence rate decreased
notably in low SDI countries. Prevalence trends varied, with increasing prevalence observed before 1990 in middle, low-
middle, and low SDI countries. In high-middle SDI regions, prevalence showed a peak-and-decline pattern across
cohorts. In high SDI regions, unfavorable cohort effects on incidence and prevalence were noted (albeit not statistically
significant), however cohort effects on DALY maintained a sustained downward trend (Figure 6C, F and I).

Discussion
As a millennial disease, leprosy is widespread in at least 122 countries, and its continued endemicity is a public health
and social issue of global concern.”® Although the World Health Organization (WHO) declared leprosy eliminated in
2000 (defined as less than 1 case per 10,000 people), the global incidence of new cases has remained relatively stable
over the past decade.”’ Our study also indicates that while the global incidence, prevalence and DALY of leprosy
decreased from 1990 to 2019, the global leprosy prevalence rate stood at 6.43 cases per 100,000 in 2019. Over the past
three decades, all countries have achieved elimination as a public health problem, thanks to the World Health
Organization’s effective control and eradication strategy.”> However, global eradication of leprosy remains a challenge
of drug resistance, relapse of leprosy and treatment failure.* >

The incidence, prevalence and DALY in males were significantly higher than in females. A meta-analysis revealed
a notably lower proportion of leprosy cases in women, with a pooled proportion of 37%.> Another study showed that
globally, about 35-37% of all new reported cases of leprosy were in women, with few cases in women in some countries,
possibly due to underdiagnosis in women.?® This gender gap may be attributed to men having better healthcare access
and being more socially active, potentially leading to increased vector exposure.’® Despite significant progress globally
in reducing the incidence, prevalence and DALY of leprosy, concerning trends persist in some regions.

Additionally, our study found that the age-standardised incidence, prevalence and DALY rate of leprosy decreased
with increasing SDI, with the lowest rates observed in regions with high SDI. Previous studies utilized per capita
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Figure 6 Estimates of age (A, D, G), period (B, E, H), and cohort (C, F, I) effects on the incidence, prevalence and DALY of leprosy in global and five-SDI quintiles from
1990 to 2019.

household income as a measure of socioeconomic status, demonstrating a correlation between poverty and leprosy
risk.?”*® Moreover, two studies from Brazil utilized the Gini Index to evaluate inequality®® and the income ratio between
the wealthiest and poorest 20%,*® respectively, both shedding light on the correlation between leprosy and socio-
economic disparities. Overall, these results indicate that leprosy risk is linked not only to low socioeconomic develop-
ment but also to levels of inequality. Leprosy should be recognized as a poverty-related disease, and its prevention and
treatment should be integrated into poverty alleviation programs. Furthermore, our study found that Tropical Latin
America, Oceania, Central Sub-Saharan Africa, and South Asia had the highest ASIR in 2019. Previous study showed
that the regional proportion of all new cases in 2019 was 71.3% in Southeast Asia, 14.9% in the Americas, 9.9% in
Africa, 2.1% in the Eastern Mediterranean, and 1.9% in the Western Pacific,>' consistent with our results. We also
observed that leprosy’s high incidence is primarily concentrated in tropical regions, suggesting a higher risk for
individuals living in these areas. This is partly attributed to environmental factors such as soil, humidity, vegetation,
and thermal-hydrologic climate, which can serve as sources of leprosy transmission.’> > Similar to our study, other

authors have also noted a downward trend in the number of new leprosy cases in many countries, including India,
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Mexico, Japan, South Korea, and Saudi Arabia.*®>° This decline may be due to access to health services, the provision
of multi-agent chemotherapy for newly identified cases,?’ contact tracing and monoprophylaxis. Immediate treatment and
the effectiveness of MDT upon diagnosis reduced the number of infections.

In terms of age, our study demonstrated that the highest rates on incidence, prevalence and DALY were found in the 25-35
age group, 35-40 age group and 4045 age group, respectively. The Immunological effects of pregnancy in young adults lead
to a higher incidence of leprosy in these age groups.* Given that these age groups typically comprise the economically active
population, disabilities and incapacities resulting from leprosy can significantly impact both their work and social environ-
ments, leading to not only economic but also psychological losses for individuals and their communities. Furthermore, our
research indicated that the peak age of leprosy onset increases with Socio-Demographic Index (SDJ). This trend can be
attributed to the decrease in leprosy incidence, resulting in new patients experiencing longer incubation periods, consequently
leading to a higher age of onset.*! Additionally, the prevalence of leprosy peaks later than the incidence rate, which aligns with
the limited duration of active leprosy. Finally, the incidence of children under 15 years of age in low and low-middle SDI
regions is significantly higher than the global level. The detection of new cases in children is a surrogate sign of sustained
community transmission and implies active transmission.** A study of leprosy in children in Cuba showed that most children
diagnosed with leprosy had a history of leprosy in their relatives.** Therefore, low SDI countries need to invest more in
providing early diagnosis and early detection of leprosy cases for people at high risk of infection to prevent further household
and community transmission, thereby reducing morbidity and disability rates in children.

Period effects often reflect the impact of social, economic, and medical factors on disease across all age groups. The
RRs of the period on incidence, prevalence, and DALY of leprosy revealed that the risk of developing leprosy decreased
in middle SDI, low-middle SDI, low SDI countries from 1990 to 2019. In contrast, RRs have increased in high-middle
SDI countries over the past 15 years. Part of the reason for the downward trend may be that the introduction of multidrug
therapy (MDT) reduces the burden of Mycobacterium leprae in the community, thereby reducing the spread of
infection.* In 1981, a WHO study team recommended that patients with leprosy should be treated with a combination
of three drugs (rifampicin, clofazimine and dapsone), with rifampicin, the most effective drug, as the backbone of the
MDT.** It took about 15 years to achieve global coverage of all registered leprosy patients after the WHO called for
universal MDT.***® By 1991, the number of leprosy patients worldwide had decreased from 5.3 million in 1985 to
3.1 million.*” The World Health Organization recommends a reduction in the treatment duration from 2 years to 1 year
for multibacillary cases and from 1 year to six months for paucibacillary cases in 1997.*® This change automatically
reduces the leprosy prevalence in subsequent years since leprosy prevalence is based on the number of patients who are
still receiving MDT. Another reason for the declining trend could be the increased steadily coverage of Bacillus
Calmette-Guérin vaccination. There is substantial evidence that BCG case—control studies have shown that BCG is
protective against leprosy, especially when repeated vaccinations, although the degree of this protection varies widely,
from 20% to 80%.%°~>" In leprosy-endemic areas, increasing vaccination coverage and ensuring timely BCG vaccination
in routine childhood immunization programs is expected to reduce the incidence of leprosy. Surprisingly, the period
effects of incidence and prevalence have increased for high-middle SDI and middle SDI countries over the past 15 years.
Over the years, some new cases have been reported in some European countries such as France, Spain and Italy, and the
majority of cases are in migrants from other leprosy-endemic countries.”>>* In the US state of Florida, the incidence of
leprosy has increased since 2010. It is believed that human leprosy and exposure here are linked to environmental sources
of the nine-banded armadillo and leprosy.” Therefore, leprosy eradication is still considered a challenging goal for low-
middle and low-SDI countries with low leprosy risk.

Cohort effects on leprosy incidence, prevalence and DALY showed a decreasing trend from 1905 cohort to 2014
cohort in middle SDI, low-middle SDI, and low SDI countries. This trend probably arose because of educational
improvements, increased access to sufficient food, and a reduction in overcrowding. Previous studies have shown that
food shortages and food insecurity are positively associated with the occurrence of leprosy, and it is suggested that
impaired host immune response to pathogenic bacteria due to inadequate nutrient intake may be responsible for the
occurrence of leprosy.’® Higher levels of education are associated with a reduced likelihood of developing leprosy,’” as
education often correlates with improved economic outcomes. In addition, it is found that crowded living conditions were
significantly associated with a higher risk of leprosy.”®
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Our study has several advantages and limitations. This study is the first attempt, to our knowledge, to compare and
analyze a composite estimate of leprosy incidence, prevalence and DALY by age, sex, global, regional, and national
levels spanning from 1990 to 2019. We also utilize the APC model to assess the effects of age, period, and birth cohort
on leprosy rates. However, it relies on cross-sectional data from the GBD study from 1990 to 2019, which was not
a cohort study. Leprosy-related data are lacking in many countries, and estimates are mainly derived from predicted
covariates and neighboring locations, and we are unable to obtain original data for more accurate analysis.”® While our
study covers a global scale, the findings of specific regions and countries may not be generalizable to others due to
differences in socio-economic, environmental, and public health factors. Therefore, large-scale cohort studies are
urgently needed to obtain better and more extensive raw data and address these limitations. During the Covid-19
pandemic, the detection of many cases was suspended or restricted, and the diagnosis of leprosy became difficult,
resulting in a decrease in the incidence and prevalence of leprosy. A 2020 study in Brazil showed that the number of
leprosy cases in Brazil decreased by 11,357 (41.4%) in 2020 compared to the average number of cases between 2015 and
2019.°° However, this study was unable to study the incidence, prevalence and DALY during the Covid-19 pandemic.

Conclusion

Overall, from 1990 to 2019, the global incidence, prevalence and DALY of leprosy decreased significantly, and the
incidence, prevalence and DALY were significantly higher in men than in women. The age-standardised incidence,
prevalence and DALY rates of leprosy are higher in areas with lower SDI. The risk of morbidity is highest in people aged
25-35 years, the risk of prevalence is highest in people aged 3540 years, and the highest DALY is in people aged 40—45
years. Surprisingly, unfavorable periods and cohort effects have been observed in high SDI regions. Our study shows that
the age-standardised incidence, prevalence, and DALY rate of leprosy are inversely correlated with the Social
Development Index and that the degree of poverty and inequality is associated with leprosy risk. The high incidence
of leprosy is concentrated in the tropics, where soil, moisture, vegetation and hydrothermal climate may be sources of
leprosy transmission. Migrants from other leprosy-endemic countries in the context of globalization and increased human
exposure to the nine-banded armadillo carrying Mycobacterium leprae are important reasons for the negative trend in
high-SDI areas. Therefore, in order to effectively prevent and manage leprosy, it is crucial to enhance public awareness
of leprosy risk factors, conduct targeted leprosy screening among high-risk groups, vaccinate newborns with BCG in

a timely manner, and increase investment in leprosy prevention and control in low-SDI areas.
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