Zhang et al. Infectious Diseases OfPOVE!Ty (2024) 13:60 |nfecti0us Disea ses Of Poverty
https://doi.org/10.1186/540249-024-01227-y

: : ®
Global, regional, and national burden o

of HIV-negative tuberculosis, 1990-2021:
findings from the Global Burden of Disease
Study 2021

Shun-Xian Zhang'?!, Feng-Yu Miao*", Jian Yang®, Wen-Ting Zhou?, Shan Lv?%, Fan-Na Wei*®, Yu Wang',
Xiao-Jie Hu', Ping Yin', Pei-Yong Zheng', Ming Yang', Mei-Ti Wang’, Xin-Yu Feng?®, Lei Duan?®,
Guo-Bing Yang®, Ji-Chun Wang* ® and Zhen-Hui Lu'"

Abstract

Background Tuberculosis (TB) is a major infectious disease with significant public health implications. Its widespread
transmission, prolonged treatment duration, notable side effects, and high mortality rate pose severe challenges. This
study examines the epidemiological characteristics of TB globally and across major regions, providing a scientific basis
for enhancing TB prevention and control measures worldwide.

Methods The ecological study used data from the Global Burden of Disease (GBD) Study 2021. It assessed new
incidence cases, deaths, disability-adjusted life years (DALYs), and trends in age-standardized incidence rates (ASIRs),
mortality rates (ASMRs), and DALY rates for drug-susceptible tuberculosis (DS-TB), multidrug-resistant tuberculosis
(MDR-TB), and extensively drug-resistant tuberculosis (XDR-TB) from 1990 to 2021. A Bayesian age-period-cohort
model was applied to project ASIR and ASMR.

Results In 2021, the global ASIR for all HIV-negative TB was 103.00 per 100,000 population [95% uncertainty interval
(U1):92.21, 114.91 per 100,000 population], declining by 0.40% (95% Ul: — 0.43, — 0.38%) compared to 1990. The global
ASMR was 13.96 per 100,000 population (95% Ul: 12.61, 15.72 per 100,000 population), with a decline of 0.44% (95%
Ul: = 0.61, — 0.23%) since 1990. The global age-standardized DALY rate for HIV-negative TB was 580.26 per 100,000
population (95% Ul: 522.37,649.82 per 100,000 population), showing a decrease of 0.65% (95% Ul: — 0.69, — 0.57

per 100,000 population) from 1990. The global ASIR of MDR-TB has not decreased since 2015, instead, it has shown

a slow upward trend in recent years. The ASIR of XDR-TB has exhibited significant increase in the past 30 years. The
projections indicate MDR-TB and XDR-TB are expected to see significant increases in both ASIR and ASMR from 2022
to 2035, highlighting the growing challenge of drug-resistant TB.

Conclusions This study found that the ASIR of MDR-TB and XDR-TB has shown an upward trend in recent years.
To reduce the TB burden, it is essential to enhance health infrastructure and increase funding in low-SDI regions.

fShun-Xian Zhang and Feng-Yu Miao have contributed equally to this work.

*Correspondence:

Ji-Chun Wang

wangjc@chinacdc.cn

Zhen-Hui Lu

Dr_luzh@shutcm.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40249-024-01227-y&domain=pdf
http://orcid.org/0009-0002-0862-2704

Zhang et al. Infectious Diseases of Poverty (2024) 13:60

Page 2 of 21

Developing highly efficient, accurate, and convenient diagnostic reagents, along with more effective therapeutic
drugs, and improving public health education and community engagement, are crucial for curbing TB transmission.

Keywords Tuberculosis, Epidemiology, Global burden of disease, Sociodemographic Index

Background

Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis (Mtb), primarily affect-
ing the lungs and potentially leading to a chronic, sys-
temic wasting disease. It spreads via airborne droplets
through the respiratory tract and remains a significant
global public health issue, causing considerable mor-
bidity and mortality [1-3]. According to the World
Health Organization (WHO)’s Global Tuberculosis
Report 2023, an estimated 10.6 million people [95%
uncertainty intervals (Uls): 9.9, 11.4 million] developed
TB in 2022, with an incidence rate of 133.0 per 100,000
population. TB caused 1.30 million deaths worldwide
in 2022, including 1.13 million deaths among human
immunodeficiency virus (HIV)-negative individuals
(95% UI: 1.02, 1.26 million) and 0.17 million deaths
among people living with HIV (PLWH) (95% UL
0.14, 0.19 million) [2].

TB can cause long-term damage to the lungs and other
organs, leading to various sequelae, complications, and
comorbidities [4, 5]. TB can result in structural lung dis-
eases such as obstructive lung disease, bronchiectasis,
lung destruction, and atelectasis, as well as permanent
lung function impairment, including restrictive, obstruc-
tive, and mixed pulmonary dysfunction [4, 5]. Lung
function impairment may occur even in asymptomatic
patients, increasing all-cause mortality and reducing life
expectancy. Additionally, TB has significant physical and
psychological impacts on patients [5].

TB remains a significant contributor to global mor-
bidity and mortality despite being preventable and
curable. It is the leading cause of death from a single
infectious agent [1, 3]. Effective anti-TB drugs, such
as rifampicin and isoniazid, have reduced TB inci-
dence globally by 1.9% annually [6]. However, the rise
of HIV and drug-resistant TB strains, along with socio-
economic challenges like poverty, conflict, and natural
disasters, have hindered progress, falling short of the
WHO's target reduction rate of 4-5% [2, 7, 8].

In low- and middle-income countries (LMICs), TB
diagnosis primarily relies on sputum smear microscopy,
detecting only 50-60% of cases [9]. Although more
sensitive diagnostic methods and drug resistance tests,
such as next-generation sequencing, are available, their
high costs limit widespread application in high-burden
countries [10]. Delays in diagnosis and treatment initia-
tion significantly contribute to TB transmission [11].

TB treatment regimens, requiring multiple drugs over
several months, pose challenges for patients and health-
care systems, particularly in LMICs. The rising incidence
of drug-resistant TB necessitates longer, more expensive,
and less tolerable treatment courses, exacerbating trans-
mission [12]. Additionally, the spread of HIV/acquired
immune deficiency syndrome (AIDS) complicates TB
control, with 6.3% of new TB cases being HIV-positive
in 2022, and co-infection rates reaching 50.0% in some
sub-Saharan African regions [2]. If current trends con-
tinue, achieving the 2030 Sustainable Development Goals
(SDGs) and the WHO End TB Strategy—aiming for
a 90% reduction in TB mortality and an 80% reduction
in incidence from 2015 levels, while eliminating cata-
strophic costs for TB-affected households—will be chal-
lenging [13].

A comprehensive understanding of the burden and epi-
demiological trends of TB is crucial for assessing progress
toward TB elimination and guiding the formulation of
control policies and strategies. The Global Burden of Dis-
ease (GBD) Study 2021, one of the most comprehensive
observational epidemiologic studies globally, provides
essential data to explore and understand the epidemio-
logical characteristics of HIV-negative TB [1, 14, 15]. The
study aims to detail the epidemiologic features of TB,
drug-susceptible TB (DS-TB), multidrug-resistant TB
(MDR-TB), and extensively drug-resistant TB (XDR-TB)
on a global scale and across major geographic regions.
The findings underscore the urgency of TB control within
the global health framework and provide a scientific basis
for developing more effective public health strategies and
programs to curb TB transmission.

Methods
Date source
The GBD 2021 comprehensively evaluated the burden of
diseases, injuries, and risk factors across different age and
gender groups globally. It provided data on 371 diseases
or injuries and 88 risk factors from 204 countries and ter-
ritories spanning 1990 to 2021 [15]. The GBD 2021 pro-
ject estimated the rates, numbers and percentages change
of incidences, prevalences, deaths and disability adjusted
life years (DALYs) for diseases, details of these estimated
indices were presented in the appendix of the GBD 2021
capstone paper [1].

The GBD 2021 estimates for the global TB bur-
den have been updated with improved data sources,
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estimation models, and statistical analysis methods,
adhering to the Guidelines for Accurate and Transpar-
ent Health Estimates Reporting [15, 16]. The Disease-
Model Bayesian Meta-Regression (DisMoD-MR) tool
(version 2.1), based on the Bayesian Priors, Regularisa-
tion, and Trimming (MR-BRT) model, utilizes all avail-
able morbidity and mortality data, epidemiological
relationships, and spatial relationships to provide con-
sistent disease burden estimates. Detailed information
on the design, data collection, and estimation methods
for TB and its subtypes in the GBD study 2021 is avail-
able elsewhere [1, 15, 16].

For HIV-negative TB, DS-TB, MDR-TB, and XDR-TB,
data on annual incident cases, incidence rates, number
of deaths, mortality rates, DALY numbers, and DALY
rates from 1990 to 2021 were obtained from the Global
Health Data Exchange tool, categorized by year, age, gen-
der, region, and country (https://ghdx.healthdata.org).
Notably, data on the age-standardized mortality rates
(ASMRs) and death cases for XDR-TB were available
from 1993 [1]. Therefore, data from 2010 to 2021 were
used to analyze the annual changes in age-standardized
incidence rates (ASIRs), ASMRs, and age-standardized
DALY rates for XDR-TB. For TB, DS-TB, and MDR-TB,
data from 1990 to 2021 were used to assess annual aver-
age rate changes [1].

The Socio-demographic Index (SDI) represents the
combined level of health-related social and economic
conditions in each region. SDI is a composite meas-
ure derived from the total fertility rate in women under
25 years, the mean education level in individuals aged
15 years and older, and per capita income. SDI values
range from 0.00 to 1.00 and are multiplied by 100. Coun-
tries and territories in the GBD 2021 are grouped into
five development levels: low (<0.46), low-middle (0.46—
0.60), middle (0.61-0.69), high-middle (0.70-0.81), and
high (>0.81) [15, 16].

The GBD 2021 estimated mortality and DALYs for vari-
ous risk factors and their combinations across different
geographical units, providing a standardized and com-
prehensive assessment of risk exposure and attributable
burden [15, 16]. Data on ASMR and age-standardized
DALY rates due to risk factors were categorized under
level 2, including air pollution, alcohol use, child and
maternal malnutrition, childhood sexual abuse and bul-
lying, dietary risks, drug use, high body-mass index, high
fasting plasma glucose, high low density lipoprotein cho-
lesterol, high systolic blood pressure, intimate partner
violence, kidney dysfunction, low bone mineral density,
low physical activity, non-optimal temperature, occu-
pational risks, other environmental risks, tobacco use,
unsafe sex, unsafe water, sanitation and hand washing
[15, 16].
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Case definition

The classification of TB follows the International Sta-
tistical Classification of Diseases and Related Health
Problems (ICD). This includes all forms of TB, both pul-
monary and extrapulmonary, whether bacteriologically
confirmed or clinically diagnosed. The relevant ICD-
10 codes for TB are A10-A14, A15-A19.9, B90-B90.9,
K67.3, K93.0, M49.0, N74.1, P37.0, and U84.3. The corre-
sponding ICD-9 codes are 010-019.9, 137-137.9, 138.0,
138.9, 320.4, and 730.4-730.6. For HIV-associated TB,
the ICD-10 code is B20.0 [1, 15].

DS-TB is defined as TB that is susceptible to isoniazid
and rifampicin. MDR-TB without extensive drug resist-
ance is defined as TB that is resistant to isoniazid and
rifampicin but not resistant to any fluoroquinolone or
second-line injectable drug. XDR-TB is defined as TB
that is resistant to isoniazid and rifampicin, any fluoro-
quinolone, and at least one second-line injectable drug
[1,2,16].

Statistical analysis

The disease burden of TB, DS-TB, MDR-TB, and XDR-
TB among HIV-negative individuals was quantified by
ASIRs, ASMRs, and age-standardized DALYs, along
with the numbers of incidence, death, and DALY. Age-
standardized rates (ASRs), specific rates for various age
groups, and corresponding numbers were extracted from
the GBD 2021 database, represented as estimated values
with 95% Uls [17]. The formula for calculating the ASR is:

S, aiw;

i Wi

ASR =

where a; the age-specific rate in the ith age group and w;
represents the number of persons (or the weight) in the
same age group among the GBD 2021 standard popu-
lation. N is the number of age groups. 95% Uls were
defined as the 2.5th and 97.5th percentile values of the
ordered 1000 draws.

The percentage change in incidence, death, and DALY
numbers and rates from 1990 to 2021 was calculated
using the equation [18]:

Percentage changes=(value . nq—value p.q.e)/value
before X 100%. The GBD 2021 database used Uls instead of
precise statistical values. Consequently, when comparing
two numerical values (numbers, rates, or percentages),
statistical significance could not be directly calculated. If
the Uls overlapped, it indicated no significant difference
(P>0.05). Conversely, if the Uls did not overlap, a statisti-
cal difference existed (P <0.05).

Smoothing spline models were used to evaluate
the relationship between the ASRs (ASIRs, ASMRs,
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and age-standardized DALY rates) of HIV-nega-
tive TB, DS-TB, MDR-TB, and XDR-TB and the SDI
across 21 geographical regions and 204 countries and
territories. Locally Weighted Scatterplot Smoothing was
applied to fit the splines, automatically determining the
degree, number, and location of knots based on the data
and the span parameter. Spearman’s rank correlation
coefficient was used to verify the correlations between
ASRs and SDI. A P-value of less than 0.05 was considered
statistically significant.

For the ASIRs, ASMRs, and age-standardized DALY
rates from 1990 to 2021, the estimated annual percent-
age changes (EAPCs) were calculated to depict trends in
HIV-negative TB, DS-TB, MDR-TB, and XDR-TB using
a linear regression model In(ASR) =« + Bx + ex sig-
nifies the calendar year, and & denotes an independent,
normally distributed error term [19]. Then, the EAPC is
equal to 100 x (ef — 1), the EAPCs and their 95% confi-
dence intervals (CIs) are utilized to describe trends over
specified time intervals [t;_;, T]. If the upper limit of the
EAPC (95% CI) is less than zero, the rate exhibits a sta-
tistically significant decline over the observed period.
Conversely, if the lower limit of the EAPC (95% ClI) is
greater than zero, the rate shows a statistically significant
increase. When the 95% CI of EAPC includes zero, the
change of the ASRs is considered statistically non-signif-
icant, indicating no meaningful trend. Two-tailed tests
were used for all statistical assessments, and the signifi-
cance level was set at P<0.05.

The Bayesian age-period-cohort model (BAPC, with
the default parameters) examined the multiplicative
effects of age, period, and cohort [20, 21]:

nj = i+ o; + Bj + vk In the model, #; stand for the
ASR, 1 denotes the intercept, and «; and y; were age,
period, and cohort effects, respectively. BAPC model was
implemented with the integrated nested Laplace approxi-
mation (INLA) and BAPC packages in R software [20,
21].

All statistical analyses were conducted using R software
(version 4.4.1. R Foundation for Statistical Computing,
Vienna, Austria, https://cran.r-project.org).

Results

Incidence and temporal trend

In 2021, the global ASIR for all HIV-negative TB was
103.00 per 100,000 population (95% UI: 92.21, 114.91 per
100,000 population), reflecting a percentage change of
—0.40% (95% UL — 0.43, — 0.38%) compared to 1990. The
ASIR for DS-TB was 97.29 per 100,000 population (95%
UL 85.79, 110.48 per 100,000 population), with a decline
of — 0.43% (95% UL — 0.47, — 0.41%) compared to 1990.
For MDR-TB, the ASIR was 5.42 per 100,000 population
(95% UI: 3.17, 9.34 per 100,000 population), showing an
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increase of 4.09% (95% UL 0.99, 12.15%) compared to
1990. XDR-TB had an ASIR of 0.29 per 100,000 popula-
tion (95% UL 0.21, 0.42 per 100,000 population), with a
percentage change of 0.03% (95% UI: — 0.25, 0.47%) com-
pared to 1990 (Table 1). In addition, the EAPC for ASIR
from 1990 to 2021 were — 1.91 (95% CI: — 2.01, — 1.82)
for TB, — 2.40 (95% CI: — 2.21, — 1.97) for DS-TB, and
2.05 (95% CI: 0.58, 3.54) for MDR-TB, respectively, from
1990 to 2021.

In 2021, the global incidence of TB was 8.41 million
cases (95% Ul: 7.52, 9.39 million), with DS-TB accounting
for 7.94 million cases (95% UL 7.01, 9.02 million). MDR-
TB accounted for 0.44 million cases (95% UI: 0.26, 0.77
million), and XDR-TB accounted for 24,036 cases (95%
UL: 17,144, 34,587 persons. Additional file 1: Table S1).

In 2021, the ASIR for all HIV-negative TB was 115.34
per 100,000 population (95% UIL: 103.71, 128.58 per
100,000 population) in males, declining by — 0.39% (95%
UL — 0.42, — 0.36%) compared to 1990. For females, the
ASIR was 91.96 per 100,000 population (95% UI: 81.49,
102.62 per 100,000 population) in female, declining by
— 0.42% (95% UL — 0.45, — 0.40%) compared to 1990
(Table 1). The ASIR for TB, DS-TB, MDR-TB, and XDR-
TB showed no significant differences between males and
females (P>0.05). Compared to 1990, the ASIR of TB and
DS-TB declined in both genders by 2021. However, the
ASIR of MDR-TB increased in both genders in 2021. For
XDR-TB, the ASIR did not show a significant trend in
either direction in males or females in 2021 compared to
2010 (all P>0.05. Table 1).

In 2021, the ASIR of TB, DS-TB, and MDR-TB were
highest in low SDI regions and lowest in high SDI
regions. Conversely, the ASIR of XDR-TB was high-
est in high-middle SDI countries and lowest in high
SDI regions (Table 1). Over the past 30 years, the ASIR
of TB and DS-TB declined across all SDI categories
(Additional file 1: Table S2). For MDR-TB, the ASIR
declined in high SDI regions (EAPC=- 3.33, 95% CI:
— 4.30, — 2.26). Conversely, ASIR increased in low-mid-
dle SDI (EAPC=6.02, 95% CI: 3.61, 6.49) and low SDI
(EAPC=4.39, 95% CI: 2.42, 6.40) regions. XDR-TB dem-
onstrated an increase in ASIR across all SDI categories,
regions with lower SDI values exhibited greater increases
in ASIR. For example, low SDI regions had the highest
increase in ASIR (EAPC=15.30, 95% CI: 10.90, 19.67.
Additional file 1: Table S2).

In 2021, the ASIR of TB and DS-TB was highest in
Southern sub-Saharan Africa and lowest in high-income
North America. The highest ASIR of MDR-TB was
observed in Eastern Europe, while the lowest was in high-
income North America. Similarly, the ASIR of XDR-TB
was highest in Eastern Europe (Table 1). From 1990 to
2021. The ASIR of TB and DS-TB showed a global decline
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Table 1 ASIR of TB, DS-TB, MDR-TB, and XDR-TB in HIV-negative individuals in 2021, and percentage change of ASIR were analyzed
across GBD regions

Regions HIV-negative TB DS-TB MDR-TB XDR-TB
ASIR (per Percentage ASIR (per Percentage ASIR (per Percentage  ASIR (per Percentage
100,000 change 100,000 change 100,000 change 100,000 change of
population) of ASIR population) of ASIR population) of ASIR population)  ASIR (95% Ul)
(95% Ul) 2021 (95% UI) (95% Ul) 2021  (95% UI) (95% Ul) 2021  (95% UI) (95% UI) 2010-2021

1990-2021 1990-2021 1990-2021 2021

Global 103.00 —040(-043, 9729 —043(-047, 542(3.17,934) 4.09(0.99, 0.29 0.03 (- 0.25,
(9221,11491)  —0.38) (85.79,11048)  —041) 12.15) (0.21,042) 0.47)

Male 11534 —-039(-042, 10877 —-042(-042, 620 3.81(3.81, 037 0.01 (—0.27,
(103.71,12858) —0.36) (96.34,12353) —0.39) (3.68,10.59) 11.37) (0.27,0.54) 0.40)

Female 91.96 —-042 (=045, 87.04 —045(-045, 4.70(269,835 442442, 0.21 0.08 (—0.23,
(81.49,10262)  —040) (76.09,98.73) —043) 13.15) (0.15,0.31) 0.57)

East Asia 40.28 — 064 (-066, 3846 —-065(-068, 167(043,473) —-050(-090, 0.15 —-0.16 (=075,
(36.25,44.72) —-062) (33.09, 43.35) —-062) 1.27) (0.04,0.42) 1.14)

Southeast 18141 —-042(-044, 1775 —043(-045, 355(1.87,6.11) 3.35(042, 037 —0.04 (=052,

Asia (164.65,1988)  —040) (161.10,194.22) —042) 10.54) (0.20, 0.64) 0.75)

Oceania 122.03 —-024(-028, 11692 —-027(-032, 447 44.57 (6.85, 0.64 240 (-0.23,
(111.69,133.54) —0.20) (106.56,12833) —0.23) (1.33,10.23) 246.15) (0.19, 1.49) 10.27)

Central Asia 53.28 —045 (=049, 3987 -059(-064, 11.07 6597 (1874, 235 —0.12 (- 042,
(46.65,60.59) —0.40) (33.51,47.29) —0.53) (7.45,15.82) 205.01) (1.59,3.35) 0.24)

Central 13.64 -061(-064, 1333 -062(-065 026(0.12,050) 033(-054- 006 -0.18 (- 0.71,

Europe (11.86, 15.67) —0.58) (11.59, 15.36) —0.58) 2.81) (0.03,0.11) 1.13)

Eastern 57.89 - 042 (-046, 3764 -062(-069, 1673 14.12 352 0.06 (- 0.36,

Europe (48.95,70.52) -034) (29.22,48.03) —0.54) (10.38,24.72) (444-3875)  (2.18,5.20) 0.67)

High-income 1544 - 066 (- 069, 1525 - 066 (-0.70, 0.17(0.05,0.55) —034(-087, 002 —-0.07 (- 0.71,

Asia Pacific (13.33,17.83) —0.63) (13.14,17.66) —0.63) 2.06) (0.01,0.07) 1.79)

Australasia 513(437,601) —040(-044, 496(4.22,584) —042(-046, 0.15(0.06,032) 248(-007, 002 1.54 (- 0.30,

—0.35) —0.36) 15.23) (0.01,0.04) 7.57)

Western 569 4.79,6.76) —056(-059, 555467659 —057(-060, 0.13(0.08021) 029(-031, 002 0.26 (-0.17,

Europe —0.54) —0.55) 1.49) (0.01,0.03) 1.06)

Southern 13.63 —0.51(=055 1343 —051(=055 0.17(0.05054) 085(-066, 002 0.13 (- 0.66,

Latin America  (11.79, 15.97) —047) (11.58,15.76) —047) 7.55) (0.01,0.08) 1.92)

High-income 231(1.99,2.73) —044(-047, 227(195,268) —044(-047, 0.03(0.01,008 —072(-090, 0.00 0.68 (—0.32,

North —041) —040) -0.17) (0.00,0.01) 3.07)

America

Caribbean 3413 -032(-036, 33.96 -032(-036, 0.16(0.06,038) —0.23(-0.80, 0.01 0.85 (- 040,
(30.04,38.28) -027) (29.90,38.12) -0.27) 1.63) (0.00,0.04) 4.09)

Andean Latin ~ 61.55 —-069 (-0.71, 57.00 —-0.71(-074, 092(0.21,264) 1.56(-0.16, 0.35 0.27 (- 0.34,

America (53.60, 71.69) —0.66) (49.38,67.20) —-0.68) 7.29) (0.18,0.69) 1.37)

Central Latin =~ 19.25 —055(-058, 1864 —056(-060, 0.57(0.24,1.13) 7.84(1.90, 0.05 045 (- 0.29,

America (16.92,21.93) -052) (16.34,21.36) —0.53) 25.03) (0.02,0.09) 1.71)

Tropical Latin ~ 29.53 —046 (- 050, 2854 —-048(-053, 420(207,829) 34.16(3.63, 0.07 0.87 (- 0.53,

America (25.53,34.40) —042) (24.31,33.39) —044) 281.56) (0.02,0.21) 4.22)

North Africa 28.94 -0.60(-063, 2806 —-061(-064, 084(047,155) 3.44(0.78, 0.04 —-0.15(=0.60,

and Middle (25.47,32.99) —-0.57) (24.54,32.01) —-0.59) 11.04) (0.02,0.08) 0.75)

East

South Asia 204.05 —0.50(-054, 189.19 —054(-059, 1446 35.35 (4.84, 040 040 (- 049,
(180.62,231.66) —0.46) (161.61,220.04) —049) (4.55,32.75) 179.68) (0.13,091) 2.16)

Central sub- 39231 —028(-031, 38238 -030(-033, 983 4.34(0.09, 0.10 0.23 (- 061,

Saharan Africa  (352.37,437.48) —0.25) (339.78,42541) —0.26) (2.91,25.87) 27.42) (0.03,0.26) 2.94)

Eastern sub- 28294 —-051(=053, 271.21 —-053(=055 1161 18.98 (5.94, 0.12 040(-0.17,

Saharan Africa (250.78,314.99) —0.48) (240.14,302.70) - 0.50) (6.94,19.19) 50.59) (0.07,0.19) 1.29)

Southern 417.09 —-023(-029, 40131 -026(-032, 1565 6.06 (0.98, 0.13 0.15 (- 0.54,

sub-Saharan  (370.35,4704) —-0.17) (352.70,454.55) —0.20) (7.14,32.63) 28.89) (0.06,0.29) 1.73)

Africa
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Table 1 (continued)

Regions HIV-negative TB DS-TB MDR-TB XDR-TB
ASIR (per Percentage ASIR (per Percentage ASIR (per Percentage  ASIR (per Percentage
100,000 change 100,000 change 100,000 change 100,000 change of
population) of ASIR population) of ASIR population) of ASIR population)  ASIR (95% Ul)
(95% UI) 2021 (95% UI) (95% UI) 2021 (95% UI) (95% UI) 2021 (95% UI) (95% UI) 2010-2021

1990-2021 1990-2021 1990-2021 2021

Western 177.75 —051 (=054, 17117 —-053(-056, 652 491 (1.28, 0.06 —0.05 (- 0.50,

sub-Saharan (155.88,200.88) —047) (149.53,193.21) —0.49) (3.06, 13.88) 14.69) (0.03,0.13) 0.90)

Africa

High-middle 3545 —0.56(-0.58, 31.02 —061(=063, 3.77(233,585) 157(-0.04, 0.66 —0.07 (=041,

SDl (31.53,40.33) —0.54) (26.95, 35.55) —0.58) 6.61) (0.41,0.95) 0.37)

High SDI 9.19(8.04,1061) —057 (=059, 896(7.80,1038 —058(—060, 0.21(0.12,038 —0.18 (=060, 0.02 0.02 (—0.36,

—0.55) —0.55) 0.69) (0.01,0.04) 0.72)

Low-middle 184.63 —0.50(=0.53, 17393 —-0.53(-057, 1035 24.56 (6.35, 0.36 0.25 (—0.35,

SDI (164.33,208.36) —047) (152.62,199.25) —-0.5) (4.21,21.99) 79.12) (0.18,0.70) 1.38)

Low SDI 240.81 — 046 (— 048, 22944 —048 (=051, 11.13 10.68 (4.20, 0.23 0.29 (- 041,
(214.04,269.42) —0.44) (203.43,257.18) —0.46) (6.51,19.05) 25.42) (0.12,047) 1.87)

Middle SDI 97.92 —042 (=045, 93.04 —044(-048, 463(222,839) 146(-022, 025 0.09 (—0.34,
(88.07,107.77) —040) (83.33,103.82) —-041) 7.57) (0.15,0.40) 0.81)

Globally, the World Health Organization began to recommend the XDR-TB surveillance in 1991. Consequently, the ASIR of XDR-TB has been tracked and reported
since 1991. However, the GBD 2021 database provides total percentage change data for the periods 1990-2000, 2000-2021, 1990-2021, 2010-2021, and 2019-2021.

Therefore, percentage change of ASIR for XDR-TB spanning 2010-2021 were used in the study

ASIR Age-standardized incidence rate, DS-TB drug-susceptible tuberculosis, GBD Global Burden of Disease, HIV human immunodeficiency virus, MDR-TB multidrug-

resistant tuberculosis without extensive drug resistance, SDI Sociodemographic Index, TB Tuberculosis, Ul Uncertainty interval, XDR-TB extensively drug-resistant

tuberculosis

across all 21 regions, with the most significant reduc-
tions observed in Andean Latin America (P<0.05). How-
ever, the ASIR of MDR-TB increased in several regions,
including Southeast Asia, Oceania, Central Asia, Eastern
Europe, Central Latin America, Tropical Latin America,
North Africa and the Middle East, South Asia, and vari-
ous sub-Saharan African regions (all ?<0.05). The most
substantial increase was in Central Asia (P<0.05), while
high-income North America experienced the largest
decrease in ASIR of MDR-TB (P <0.05. Table 1).

In 2021, Somalia had the highest ASIR of TB, DS-TB,
and MDR-TB, and the Republic of Moldova had the high-
est ASIR of XDR-TB (Additional file 1: Table S3). Com-
pared to 1990, the ASIR of TB and DS-TB decreased
in all countries and regions except for the Philippines
(all P<0.05. Additional file 1: Table S3). Significant
increases in ASIR of MDR-TB were observed in Kyr-
gyzstan. In addition, the most substantial increase in
ASIR of XDR-TB was recorded in Papua New Guinea
in 2021 compared to 2010 (P<0.05. Additional file 1:
Table S3).

Death and temporal trend

In 2021, the global ASMR of TB was 13.96 per 100,000
population (95% UL 12.61, 15.72 per 100,000 popula-
tion), reflecting a decline of — 0.44% (95% UL — 0.61,
— 0.23%) compared to 1990. The ASMR for DS-TB,
MDR-TB, and XDR-TB in 2021 were 12.58 per 100,000

population (95% UI: 10.91, 14.42 per 100,000 popula-
tion), 1.28 per 100,000 population (95% UL: 0.50, 2.53 per
100,000 population), and 0.09 per 100,000 population
(95% UI: 0.04, 0.18 per 100,000 population), respectively.
DS-TB showed a decline in ASMR of 0.49% (95% UI:
— 0.63, — 0.28%) compared to 1990, while the ASMR of
MDR-TB increased substantially by 36.08% (95% UI: 5.11,
208.98%) compared to 1990, and the ASMR of XDR-TB
exhibited a percentage change of 2.24% (95% UI: — 0.26,
9.60%) compared to 2010 (Table 2). The EAPC for ASMR
from 1990 to 2021 were — 3.53 (95% CI: — 3.71, — 3.36%)
for TB, — 3.79% (95% CI: — 3.92, — 3.67) for DS-TB, and
1.18 (95% CI: — 0.43, 2.82) for MDR-TB, respectively.

In 2021, TB resulted in 1.16 million deaths (95% UI:
1.05, 1.31 million), DS-TB accounted for 1.05 million
deaths (95% UI: 0.91, 1.20 million), MDR-TB caused 0.11
million deaths (95% UI: 0.04, 0.21 million), and XDR-TB
led to 7946 deaths (95% UI: 3326, 14,859 persons. Addi-
tional file 1: Table S4).

In 2021, the ASMR for TB in males was 18.19 per
100,000 population (95% UI: 16.16, 21.80 per 100,000
population), reflecting a decline of — 0.65% (95% UL
— 0.72, — 0.47%) compared to 2021. In females, the
ASMR was 10.22 per 100,000 population (95% UI:
9.28, 11.33 per 100,000 population), with a decline of
- 0.66% (95% UIL: — 0.71, — 0.62%) compared to 2021.
ASMR for TB, DS-TB were higher in males than in
females (all P<0.05), whereas the ASMR for MDR-TB
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Table 2 ASMR of TB, DS-TB, MDR-TB, and XDR-TB in HIV-negative individuals in 2021, and percentage change of ASMR were analyzed
across GBD regions

Regions HIV-negative TB DS-TB MDR-TB XDR-TB
ASMR (per Percentage ASMR (per Percentage ASMR (per Percentage ASMR (per Percentage
100,000 change of 100,000 change of 100,000 change of 100,000 change of
population)  ASMR (95% population)  ASMR (95% population)  ASMR (95% population)  ASMR (95% UI)
(95% UI) Ul) 1990- (95% UI) Ul) 1990- (95% UI) Ul) 1990- (95% UI) 2010-2021
2021 2021 2021 2021 2021 2021 2021

Global 13.96 (1261, —065(-069, 1258(1091, —-0.68(-0.73, 1.28(0.50, 245(0.37, 0.09 (0.04, —0.21 (=045,
15.72) —0.55) 14.42) -0.59) 2.53) 7.39) 0.18) 0.10)

Male 18.19 (16.16, —-065(-072, 1641(13.92, —0.68 (=075 1.65(0.66, 2.36(0.34, 0.13 (0.06, —-0.25(-047,
21.80) —047) 19.67) -0.52) 3.26) 7.87) 0.25) 0.07)

Female 10.22 (9.28, —-066(=0.71, 9.21(801, -0.70(=0.74, 0.95(0.37, 249 (043, 0.06 (0.02, -0.13(-042,
11.33) -0.62) 1041) —0.65) 1.88) 7.73) 0.12) 0.30)

East Asia 243(1.99, —0.88(-091, 220(1.68, -0.89(-092, 0.19(0.05, —-083(-096, 0.04(0.01, -037(=0.76,
3.04) —0.83) 2.76) —0.84) 0.48) -0.33) 0.10) 045)

Southeast Asia  27.25 (23.53, —-069 (=074, 26.12(22.56, -0.70(=0.75, 0.95(0.35, 1.06 (= 0.28, 0.19 (0.06, -028 (=061,
31.56) —0.55) 30.36) —0.57) 2.03) 4.93) 043) 0.28)

Oceania 36.51 (2941, —044 (- 061, 33.69 (2645, —049 (=063, 236(0.52, 36.08 (5.11, 046 (0.10, 224 (- 0.26,
45.06) -0.23) 41.69) -0.28) 6.26) 208.98) 1.26) 9.60)

Central Asia 4.67 (4.12, —-062 (=067, 290 (1.94, —0.76 (-0.84, 1.21(0.67, 26.92 (9.34, 0.56 (0.31, —042(-0.59,
5.27) —0.57) 3.78) —0.69) 1.86) 81.81) 0.90) -0.22)

Central Europe  0.99 (0.91, —0.79 (- 0.80, 0.94(0.86, —-0.80(-0.81, 0.03(0.0r1, -035(-0.77, 0.02(0.01, —040(-0.79,
1.07) -0.77) 1.02) -0.78) 0.07) 0.85) 0.04) 0.57)

Eastern Europe 2.95 (2.67, —047 (=052, 154(091, —-0.72(-=083, 0.97(0.55, 560 (1.62, 045 (0.25, —049 (- 0.65,
331) —-041) 2.20) —0.60) 1.39) 16.99) 0.70) -0.25)

High-income 1.10 (0.93, - 084 (=087, 1.07(0.89, —-0.85(-0.87, 0.02(0.00, —0.75(=0.95, 0.01(0.00, —-0.19(=0.75,

Asia Pacific 1.23) -0.82) 1.20) —0.383) 0.07) 0.04) 0.02) 143)

Australasia 149 (1.39, —-0.76(=0.78, 145(1.33, -0.77 (=080, 0.04(0.01, 0.26 (— 0.68, 0.00 (0.00, 0.69 (— 0.53,
1.60) —0.74) 1.57) —0.75) 0.11) 432) 0.01) 4.59)

Western 0.14 (0.13, —-082(-084, 0.13(0.11, —-0.83(-0.84, 0.01(0.00, —0.51(=0.73, 0.00(0.00, —-0.13(-042,

Europe 0.15) -0.82) 0.15) -0.82) 0.02) -0.04) 0.01) 0.36)

Southern Latin  0.27 (0.24, —-0.75(=0.77, 0.26(0.23, -0.76(-=0.78, 0.01(0.01, —-0.11(=0.82, 0.071(0.00, -005(=0.71,

America 0.29) —-0.73) 0.28) -0.73) 0.02) 2.81) 0.03) 1.34)

High-income  0.15(0.14, —-0.79(-0.80, 0.14(0.13, —0.79 (- 080, 0.00(0.00, —0.90(-0.97, 0.00(0.00, 046 (- 040,

North America 0.16) —0.79) 0.15) -0.77) 0.01) —-0.70) 0.03) 2.66)

Caribbean 7.05 (5.66, —-060(=0.71, 6.00(4.37, -060(-0.71, 0.89(0.32, - 048 (=090, 0.01(0.00, 0.69 (— 047,
8.92) —044) 7.78) —044) 1.97) 1.01) 0.03) 3.58)

Andean Latin 241 (213, —086(—-0.89, 2.25(1.95, —-0.88(-092, 0.14(0.05, 0.09 (- 0.62, 0.15 (0.05, —0.01 (=049,

America 2.75) -0.82) 2.60) —0.84) 0.30) 2.66) 0.35) 0.88)

Central Latin 5.07 (3.37, —082(-0.84, 501 (3.34, —-0.84(-0.86, 0.05(0.0T1, 2.96 (0.40, 0.02 (0.01, 0.16 (- 041,

America 12.21) —0.80) 12.07) —0.81) 0.15) 9.60) 0.05) 1.12)

Tropical Latin 229 (2.18, —-071(-=0.72, 213(1.78, -0.73(-=0.77, 0.13(0.03, 14.68 (1.29, 0.02 (0.00, 038 (- 0.61,

America 2.38) —0.70) 2.30) -0.71) 0.39) 117.25) 0.07) 2.63)

North Africa 437 (344, —-0.76 (=081, 4.07(3.10, -0.77 (=082, 0.28(0.09, 247 (0.26, 0.02 (0.01, -0.26 (- 0.64,

and Middle 6.33) —0.65) 5.96) —-0.67) 0.70) 8.38) 0.06) 0.66)

East

South Asia 81.60 (67.28, -071 (=075 7531(61.01, -0.75(-082, 6.21(240, 1722 (242, 0.22 (0.05, 0.17 (= 0.55,
98.09) —-061) 91.46) —0.65) 12.52) 86.95) 0.53) 1.46)

Central sub- 10262 (73.09, —046(—059, 9745 (68.51, —-049 (=061, 5.10(1.24, 331 (=014, 0.07 (0.02, 0.19 (- 0.59,

Saharan Africa  148.92) -0.27) 142.04) —0.30) 17.43) 21.53) 0.24) 2.63)

Eastern sub- 33.11(29.19, —-063(-0.70, 28662223, —-066(-0.73, 4.22(1.04, 15.05 (444, 0.09 (0.03, 0.34(-0.17,

Saharan Africa  39.07) —0.53) 35.03) —0.56) 9.67) 39.10) 0.18) 1.09)

Southern sub-  60.44 (53.28, —-0.26(-044, 55854697, —-031(-048, 453(1.65, 540 (0.86, 0.06 (0.02, —-0.09 (=059,

Saharan Africa  69.99) -0.10) 65.85) —0.15) 10.15) 26.35) 0.15) 1.05)

Western sub-  45.01 (36.28, —058(-068, 41.90(33.04, —060(-069, 3.07(1.07, 4.09 (1.15, 0.04 (0.01, —0.05 (- 048,

Saharan Africa  54.17) —-042) 51.36) —0.46) 6.62) 12.49) 0.09) 0.76)

High-middle 2.07(1.85, —-079(-083, 1.71(143, —-0.82(-0.86, 0.27(0.15, -0.23(=0.70, 0.09(0.05, —0.54 (- 067,

SDI 2.37) -0.72) 2.04) —0.76) 0.46) 1.43) 0.15) -037)
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Table 2 (continued)

Regions HIV-negative TB DS-TB MDR-TB XDR-TB
ASMR (per Percentage ASMR (per Percentage ASMR (per Percentage ASMR (per Percentage
100,000 change of 100,000 change of 100,000 change of 100,000 change of
population)  ASMR (95% population)  ASMR (95% population)  ASMR (95% population)  ASMR (95% UI)
(95% Ul) Ul) 1990- (95% UI) Ul) 1990- (95% UI) Ul) 1990- (95% UI) 2010-2021
2021 2021 2021 2021 2021 2021 2021

High SDI 0.60 (0.54, —-080(-082, 058(0.51, -081(-083, 0.02(001, —0.65(=0.82, 0.071(0.00, —0.23(-048,
0.68) —-0.77) 0.64) -0.78) 0.05) —-033) 0.01) 0.26)

Low-middle 33.81(29.83, - 067 (=073, 30.15(24.74, -071(=077, 345(1.07, 13.92 3.62, 0.21(0.07, 0.09 (- 043,

SDI 38.66) —0.56) 34.81) -0.61) 7.70) 43.57) 0.46) 0.96)

Low SDI 60.16 (52.67, —061 (=067, 54914718, —065(=0.71, 5.09 (205, 7.74 (3.27, 0.16 (0.05, 0.18 (- 040,
70.84) —0.50) 64.86) —0.55) 10.44) 17.00) 0.36) 1.52)

Middle SDI 9.85 (8.81, —-0.74(-0.78, 898(7.79, —0.76 (- 080, 0.78(0.28, 0.06 (— 0.64, 0.08 (0.03, —-024 (=053,
11.63) —0.64) 10.68) -0.67) 1.58) 2.40) 0.16) 0.13)

Globally, the World Health Organization began to recommend the XDR-TB surveillance in 1991. Consequently, the ASMR of XDR-TB has been tracked and reported
since 1993. However, the GBD 2021 database provides total percentage change data for the periods 1990-2000, 2000-2021, 1990-2021, 2010-2021, and 2019-2021.
Therefore, percentage change of ASMR for XDR-TB spanning 2010-2021 were used in the study

ASMR Age-standardized mortality rates, DS-TB drug-susceptible tuberculosis, GBD Global Burden of Disease, HIV human immunodeficiency virus, MDR-TB multidrug-
resistant tuberculosis without extensive drug resistance, SDI Sociodemographic Index, TB Tuberculosis, Ul Uncertainty interval, XDR-TB extensively drug-resistant

tuberculosis

and XDR-TB showed no significant differences between
genders (all P>0.05). Compared to 1990, the ASMR
for TB and DS-TB generally declined in both males
and females by 2021. However, the ASMR for MDR-TB
increased in both genders in 2021 (Table 2).

In 2021, the ASMR for TB, DS-TB, and MDR-TB
were highest in low SDI regions, with TB and DS-TB
rates significantly exceeding those in other regions.
The ASMR for XDR-TB was highest in low-middle SDI
countries. Over the past 30 years, the ASMR for TB and
DS-TB declined across varying SDI categories (Addi-
tional file 1: Table S2). For MDR-TB, declines in ASMR
were also noted in high SDI regions (EAPC=- 6.13,
95% CI: — 6.71, — 5.08), high-middle SDI regions
(EAPC=- 3.67, 95% CI: — 5.42, — 1.88), and middle
SDI regions (EAPC=- 2.51, 95% CI: — 3.70, — 1.31).
In contrast, increases in ASMR were observed in low-
middle SDI regions (EAPC=4.80, 95% CI: 2.19, 7.48)
and low SDI regions (EAPC=3.61, 95% CI: 1.49, 5.77).
For XDR-TB, the ASMR exhibited significant increase
in high-middle SDI regions (EAPC=4.53, 95% CI: 1.36,
7.60), middle SDI regions (EAPC=3.50, 95% CI: 1.37,
5.68), low-middle SDI regions (EAPC=9.78, 95% CI:
6.57, 13.09), and low SDI regions (EAPC=10.88, 95%
CI: 7.65, 14.19. Additional file 1: Table S2).

In 2021, the overall ASMR due to TB was highest in
Central sub-Saharan Africa and lowest in high-income
North America. The ASMR for DS-TB was also high-
est in Central sub-Saharan Africa and lowest in Western
Europe. The ASMR for MDR-TB peaked in South Asia
and was lowest in high-income North America, while the
highest ASMR for XDR-TB was observed in Central Asia.

Comparing 2021 to 1990, the ASMR of TB and DS-TB
decreased across all 21 global geographical regions, with
the most rapid declines observed in East Asia and the
slowest in Southern sub-Saharan Africa. However, the
ASMR MDR-TB increased in Oceania, Central Asia,
South Asia, Eastern Europe, Tropical Latin America,
Eastern sub-Saharan Africa, Southern sub-Saharan
Africa, and Western sub-Saharan Africa (all P<0.05),
while it decreased in Western Europe and high-income
North America (all P<0.05) (Table 2).

In 2021, the highest ASMR for TB was recorded in
the Central African Republic, which also had the high-
est ASMR for DS-TB. The highest ASMR for MDR-TB
was observed in Somalia, while Mongolia had the high-
est ASMR for XDR-TB (Additional file 1: Table S3).
Compared to 1990, the ASMR for TB in 2021 did not
significantly increase in most countries and regions, with
many showing a declining trend (all P<0.05. Additional
file 1: Table S3). However, the decline was slowest in
Lesotho. The ASMR for DS-TB decreased in many coun-
tries but increased in several countries and territories,
with notable rises in Zimbabwe. The highest increases
in the ASMR for MDR-TB were observed in Somalia
(P<0.05. Additional file 1: Table S3).

DALY and temporal trend

In 2021, the global age-standardized DALY rate for all
TB was estimated at 580.26 per 100,000 population (95%
UL 522.37, 649.82 per 100,000 population), with a declin-
ing by — 0.65% (95% UI: — 0.69, — 0.57%) compared to
1990. For DS-TB, the age-standardized DALY rate was
526.03 per 100,000 population (95% UI: 457.25, 596.46
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per 100,000 population), declining by — 0.68% (95% UI:
— 0.72, — 0.60%) compared to 1990. MDR-TB had an
age-standardized DALY rate of 50.76 per 100,000 popula-
tion (95% UI: 21.28, 99.37 per 100,000 population), with
an increase of 2.68% (95% UL 0.53, 7.70%) compared
to 1990. XDR-TB showed an age-standardized DALY
rate of 0.58 per 100,000 population (95% UL 0.19, 1.39
per 100,000 population), with a percentage change of
— 0.25% (95% UL — 0.47, 0.05%) compared to 1990. The
EAPC of the age-standardized DALY rate of TB, DS-TB,
and MDR-TB were -3.50 (95% CI: — 3.67, — 3.32), — 3.75
(95% CI: — 3.87, — 3.62), and 1.36 (95% CI: — 0.30, 3.04)
from 1990 to 2021, respectively.

In 2021, TB caused a total of 46.98 million DALYs (95%
UL 42.48, 52.46 million), with DS-TB contributing 42.56
million DALYs (95% UI: 36.84, 48.24 million), MDR-TB
contributing 4.13 million DALYs (95% UI: 1.71, 8.06 mil-
lion), and XDR-TB contributing 0.29 million DALYs (95%
UL 0.12, 0.53 million. Additional file 1: Table S5).

In 2021, the age-standardized DALY rate of all HIV-
negative TB in males was 705.23 per 100,000 population
(95% UL 623.40, 834.06 per 100,000 population), with a
decline of -0.63% (95% UL — 0.69, — 0.47%) compared to
1990 (Table 3). For females, the age-standardized DALY
rate for all HIV-negative TB was 463.18 per 100,000 pop-
ulation (95% UI: 417.49, 512.9 per 100,000 population),
with a decline of — 0.67% (95% UI: — 0.71, — 0.63%) com-
pared to 1990 (Table 3). In 2021, the age-standardized
DALY rate caused by TB was higher in males compared
to females (P<0.05). Specifically, the age-standardized
DALY rate for DS-TB was higher in males than that of
in females (P<0.05), while the rates for MDR-TB and
XDR-TB showed no significant differences between gen-
ders ( all P>0.05). Compared to 1990, the age-standard-
ized DALY rate for TB and DS-TB in both males and
females showed a declining trend in 2021 (all P < 0.05),
with no difference in the rate of decline between genders
(P>0.05). However, the age-standardized DALY rates
for MDR-TB increased in both males and females (all
P < 0.05), with no significant difference in the rate of
increase between genders (P> 0.05. Table 3).

In 2021, the age-standardized DALY rate of TB, DS-TB,
and MDR-TB was highest in regions with low SDI, fol-
lowed by low-middle SDI regions. The age-standardized
DALY rates of TB and DS-TB in Low SDI areas were
significantly higher than in other regions. The age-
standardized DALY rate of XDR-TB was highest in low-
middle SDI region, followed by low SDI region. Over
the past 30 years, the age-standardized DALY rate for
TB and DS-TB showed a significant decline across five
SDI regions (all P<0.05. Additional file 1: Table S2). For
MDR-TB, the age-standardized DALY rate declined in
high SDI regions (EAPC=-5.98, 95% CI: — 6.99, — 4.96),
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high-middle SDI regions (EAPC=— 3.30, 95% CI: — 5.15,
— 1.40), and middle SDI regions (EAPC=—- 2.34, 95%
CI: — 5.15, — 1.40). However, increases were observed in
low-middle SDI regions (EAPC=4.60, 95% CI: 2.02, 7.24)
and low SDI regions (EAPC=3.25, 95% CI: 1.13, 5.42).
XDR-TB experienced an increase in the age-standardized
DALY rate across five SDI regions, regions with lower
SDI values showed the greatest increases in age-stand-
ardized DALY rates. For instance, low SDI regions had
the highest increase (EAPC=15.30, 95% CI: 10.90, 19.67)
in in age-standardized DALY rates (Additional file 1:
Table S2).

In 2021, the age-standardized DALY rates for TB,
DS-TB, and MDR-TB were highest in Central sub-Saha-
ran Africa. The lowest age-standardized DALY rates for
TB and DS-TB were observed in Australasia, while the
lowest rates for MDR-TB were in high-income North
America. The highest age-standardized DALY rates
for XDR-TB were found in Southeast Asia. Compared
to 1990, the age-standardized DALY rates for TB and
DS-TB decreased across all 21 global regions by 2021,
with the largest declines observed in the high-income
Asia Pacific (all P<0.05. Table 3). Trends for MDR-TB
varied, with the highest increases in age-standardized
DALY rates observed in Oceania (P<0.05. Table 3), and
most significant decreases in high-income North Amer-
ica (P<0.05. Table 3).

In 2021, the Central African Republic had the highest
age-standardized DALY rates for TB and DS-TB. Soma-
lia recorded the highest age-standardized DALY rates
for MDR-TB, while Mongolia had the highest rates for
XDR-TB. Compared to 1990, the age-standardized DALY
rates for TB in 2021 did not significantly increase glob-
ally (P>0.05), with many countries showing a declining
trend. However, the decrease in Lesotho is the smallest.
The age-standardized DALY rate for DS-TB increased
in Zimbabwe but decreased in other regions. The fastest
increases in age-standardized DALY rates for MDR-TB
were observed in Somalia (Additional file 1: Table S3).

Age-gender characteristics

In the 80-84 age group and above, the specific inci-
dence rates of TB and DS-TB are higher in males than
in females (P < 0.05), with no significant differences
observed in other age groups (all P>0.05). The specific
incidence rates for MDR-TB and XDR-TB show no dif-
ferences between males and females across all age groups
(all P>0.05. Fig. 1 A-D).

In the 30-34 age group and above, the specific mortal-
ity rate of TB is higher in males than in females (P < 0.05),
with no significant differences in other age groups
(all P>0.05). In the 25-29 age group and those aged 30
and above, the specific mortality rate of DS-TB is higher
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Fig. 1 The specific incidence of TB, DS-TB, MDR-TB, and XDR-TB showed notable differences across age and gender distribution in 2021 year
(A Incidence of TB, B Incidence of DS-TB. C Incidence of MDR-TB. D Incidence of XDR-TB. DS-TB drug-susceptible tuberculosis, MDR-TB
multidrug-resistant tuberculosis without extensive drug resistance, TB Tuberculosis, XDR-TB extensively drug-resistant tuberculosis)
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in males than in females (all P < 0.05). The specific mor-
tality rates for MDR-TB and XDR-TB show no differ-
ences between males and females across all age groups
(all P>0.05. Additional file 1: Fig.S1 A-D).

In the 25-29 age group and above, the specific DALY
rates for TB and DS-TB are higher in males than in
females (all P < 0.05), with no significant differences in
other age groups (all P>0.05). The specific DALY rates
for MDR-TB and XDR-TB show no differences between
males and females across all age groups (all P>0.05.
Additional file 1: Fig.S2 A-D).

Association between ASRs and SDI
In 2021, across 204 countries and territories, the ASIR,
ASMR, and age-standardised DALY rate for TB exhib-
ited a significant negative correlation with the SDI,
demonstrating a rapid decline as SDI increased (ASIR:
r=— 0.799, P<0.001; ASMR: r=-— 0.857, P<0.001;
DALYs: r=— 0.862, P<0.001. Respectively. Additional
file 1: Fig. S3 A—C). Similarly, for DS-TB, a comparable
trend was observed, with substantial decreases in ASIR
(r=— 0.804, P<0.001), ASMR (r=— 0.859, P<0.001),
and age-standardized DALY rates (r=— 0.866, P<0.001)
accompanying increases in SDI (Additional file 1: Fig.
S4A-C). In addition, a pronounced negative correla-
tion was observed between the ASIR, ASMR, and age-
standardised DALY rate for MDR-TB and SDI (ASIR:
r=— 0.642, P<0.001; ASMR: r=-— 0.782, P<0.001;
DALYs: r=— 0.788, P<0.001. Respectively. Additional
file 1: Fig. S5 A-C). For XDR-TB, significant inverse
associations were also noted with SDI, as evidenced
by the trends in ASIR (r=- 0.485, P<0.001), ASMR
(r=-0.611, P<0.001), and age-standardized DALY rates
(r=-0.625, P<0.001. Additional file 1: Fig. S6 A-C).
From 1990 to 2021, the ASIR (r=- 0.865, P<0.001),
ASMR (r=- 0.872, P<0.001), and age-standardized
DALY rate (r=— 0.865, P<0.001) for TB declined rap-
idly with increases in the SDI globally. However, these
trends varied across different GBD regions. TB incidence
rates modestly increased with rising SDI in Central and
Southern sub-Saharan Africa, as well as Southeast Asia.
Conversely, TB mortality and age-standardized DALY
rate showed rapid declines in Central sub-Saharan Africa
and South Asia as SDI increased (Additional file 1: Fig.S7
A-C). The trends in ASIR (r=- 0.813, P<0.001), ASMR
(r=— 0.886, P<0.001), and age-standardized DALY rate
(r=- 0.879, P<0.001) for DS-TB mirrored those of TB
(Additional file 1: Fig. S8 A-C). For MDR-TB, the ASIR
(r=— 0.504, P<0.001), ASMR (r=— 0.686, P<0.001),
and age-standardized DALY rate (r=— 0.674, P<0.001)
decreased slowly with rising SDI. However, the ASIR of
MDR-TB in South Asia showed a continuous increase
with rising SDI. The ASIR, ASMR, and DALY rates for
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MDR-TB initially rose sharply with increasing SDI,
peaked, and then declined rapidly as SDI continued to
rise in East Asia, Eastern Europe, and Central sub-Saha-
ran Africa (Additional file 1: Fig. S9 A—C). The ASIR and
ASMR of XDR-TB showed a rapid upward trend with
increasing SDI in Central sub-Saharan Africa and South
Asia. In Eastern Europe, Central Asia, and East Asia, the
ASMR and age-standardized DALY rate for XDR-TB rose
swiftly with increasing SDI, reached a peak, and then
declined sharply with further increases in SDI (Addi-
tional file 1: Fig. S10 A-C).

Risk factors for ASMRs and age-standardized DALY rates
From 1990 to 2021, the major risk factors contributing to
the ASMR and age-standardized DALY rate for TB were
ranked as follows: tobacco use, high fasting plasma glu-
cose, high body mass index, dietary risks, and low physi-
cal activity. Notably, the proportion attributed to tobacco
use has been steadily declining, whereas the proportions
due to high fasting plasma glucose and high body mass
index have been increasing (Fig. 2 A, B). The risk factors
and trends for DS-TB and MDR-TB mirrored those of TB
(Fig. 2 C-F). For XDR-TB over the same period, the risk
factors for ASMR and age-standardized DALY rate were
similarly ranked (Additional file 1: Fig. S11 A, B). How-
ever, the contribution of tobacco to the ASMR and DALY
rates for XDR-TB initially rose gradually from 1990 to
2005 and then declined rapidly thereafter. Meanwhile,
the proportions due to high fasting plasma glucose and
high body mass index have continued to rise (Additional
file 1: Fig. S11 A, B).

The contributions of dietary risks and low physical
activity to the ASMR and age-standardized DALY rates
for TB, DS-TB, MDR-TB, and XDR-TB have remained
relatively unchanged and consistently low (Fig. 2 A-F.
Additional file 1: Fig. S11 A, B).

Projecting disease burden

By 2035, the projected ASIR for TB is 76.76 per 100,000
population (95% CI: 69.61, 83.99 per 100,000 population),
and the ASMR is 8.70 per 100,000 population (95% CI:
7.69, 9.70 per 100,000 population). Between 2022 and
2035, its projections indicate declining trends for DS-TB,
while MDR-TB and XDR-TB are expected to see signifi-
cant increases in both ASIR and ASMR, highlighting the
growing challenge of drug-resistant TB (Table 4. Addi-
tional file 1: Table S6).

Discussion

The study is the first to use the GBD 2021 data-
base to assess the burden and trends of HIV-negative
TB over the past 30 years. Significant differences in
ASIR, ASMR, and age-standardized DALY rates for



Zhang et al. Infectious Diseases of Poverty (2024) 13:60

A <
g
»w £ 15
£9
38 Dietary risks
(SR = High alcohol use
5 ® 10 i i
0.2 * High body-mass index
_5 o - * High fasting plasma glucose
‘g o * Low physical activity
al 5 Tobacco
o=
==}
=
® ol
$ & S
¥ ¥ &
Year
c
X
@ ® 15
£
38 Dietary risks
(SR = High alcohol use
‘5w 10 i i
o.2 * High body-mass index
_5 o - ¢ High fasting plasma glucose
Tt o * Low physical activity
S®
Qs 5 Tobacco
o=
o _g /
I e
$ § S
SRR
Year
E
S
(2
§ § 20
38 Dietary risks
oL 15 * High alcohol use
©.2 e, * High body-mass index
§2 10 ;?‘ * High fasting plasma glucose
T o * Low physical activity
S ®
QA Tobacco
o=
o= 5
£ () | eeeeeeseemeeeeesseeeeseeeeses
) Q S IS}
S S N &~
SR
Year

Page 15 of 21

B
X
n P
> 9
<D( E 10 ‘,..-/ Dietary risks
- X M * High alcohol use
g % ¢ High body-mass index
o Q * High fasting plasma glucose
%' Q@ 5 * Low physical activity
8—8 Tobacco
T3
T (| Sesteessssssssssssse
) Q &) IS
3 S ~ Q%
S A
Year
D
S
n P
> 8
< 810 ,,./ Dietary risks
— X M = High alcohol use
g 2 ¢ High body-mass index
c 9 ¢ High fasting plasma glucose
E Q9 5 ¢ Low physical activity
28 / Tobacco
a3
B ol
8] Q &) IS
> S N &
S A
Year
Fo~
x 20
n L
>3
<_(I S 15 Dietary risks
e o ¢ High alcohol use
g-g 10 opeest® ™ eseees? o High body-mass index
kege] ¢ High fasting plasma glucose
5o / « Low physical activity
8—2 5 Tobacco
‘."(:“" 0 SEPPEESIEEITPININEIINEIIONIES
<) Q S IS
S S N &
D VR S

Fig. 2 The association between risk factors and the age-standardized mortality rate and DALY rate of TB, DS-TB, and MDR-TB in 21 GBD regions
from 1990 to 2021 (A mortality rate of TB. B DALY rate of TB. C mortality rate of DS-TB. D DALY rate of DS-TB. E mortality rate of MDR-TB. F DALY
rate of MDR-TB. DALYs disability-adjusted life years, DS-TB drug-susceptible tuberculosis, GBD Global Burden of Disease, MDR-TB multidrug-resistant

tuberculosis without extensive drug resistance, T8 Tuberculosis)

HIV-negative TB, DS-TB, MDR-TB, and XDR-TB were
observed across different countries and regions. The
ASIR, ASMR, and age-standardized DALY rate for
HIV-negative TB have all decreased from 1990 to 2021,
indicating a global decline in the overall burden. How-
ever, TB remains a persistent threat in sub-Saharan
Africa, Southeast Asia, and Eastern Europe, particularly
in low SDI regions. In addition, the ASIR and ASMR of
MDR-TB and XDR-TB have increased in recent years,
highlighting drug-resistant TB as a severe global public

health issue. These findings provide essential techni-
cal support and decision-making evidence for govern-
ments worldwide to formulate key TB control measures
and to plan and allocate health resources effectively.
These findings supports the development of national
health plans, rational allocation of medical institutions,
human resources, equipment, and funding, and the
concentration of resources on priority health issues to
achieve greater cost-effectiveness and social impact.
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Table 4 Predicted age-standardized rates for TB, DS-TB, MDR-TB, and XDR-TB from 2022 to 2035, based on the Bayesian age-period-

cohort model

Index HIV-negative TB DS-TB MDR-TB XDR-TB
ASR (per EAPC (95% CI) ASR (per EAPC (95% CI) ASR (per EAPC(95% CI) ASR (per EAPC (95% CI)
100,000 2022-2035 100,000 2022-2035 100,000 2022-2035 100,000 2022-2035
population) population) population) population)
(95% Cl) 2035 (95% CI) 2035 (95% CI) 2035 (95% CI) 2035
Incidence 76.75 —-197(-198, 70.76 -213 11.02 (0.00, 5.18(5.16,5.20) 3.91 20.34
(69.51,83.99) 1.95) (64.96, 76.55) (—=2.14,-2.12) 2399 (0.00, 24.04) (20.32,20.36)
Death 870(7.69,9.70) —343(-343, 746(6.758.16) —3.75 245(0.00,5.11) 449 (449,450) 1.38 21.03
342) (=3.75,—3.74) (0.00, 10.50) (21.01,21.05)

Globally, the World Health Organization began to recommend XDR-TB surveillance in 1991. Consequently, the age-standardized incidence rate of XDR-TB has been
tracked and reported since 1991, and the age-standardized mortality rate has been tracked and reported since 1993. When predicting ASRs for a given year, if the

lower limit of the 95% confidence interval is below 0, it is set to 0

ASR age-standardized rate, C/ Confidence interval, DS-TB drug-susceptible tuberculosis, EAPC estimated annual percentage change, HIV human immunodefciency
virus, MDR-TB multidrug-resistant tuberculosis without extensive drug resistance, TB Tuberculosis, XDR-TB extensively drug-resistant tuberculosis

Efficient and innovative diagnostic technologies

and strategies are needed to control the spread of TB
Significant progress has been made in global TB con-
trol over the past decades, aligned with the SDGs to end
the TB epidemic. However, the decline in TB incidence
remains disappointing, with one in three TB patients
undiagnosed and many not receiving timely diagnosis
and appropriate treatment [22]. In high-burden coun-
tries, case detection and treatment success rates are still
alarmingly low [1, 2]. Of greater concern is the rising
incidence and mortality of MDR-TB and XDR-TB glob-
ally, driven primarily by transmission between individu-
als rather than by the mutation of DS-TB strains due to
inadequate treatment [23]. Early detection and standard-
ized treatment of new TB cases, particularly MDR-TB
and XDR-TB, are crucial for accelerating recovery and
curbing the community transmission of drug-resistant
TB [24].

Effective TB control requires significant breakthroughs
across various fronts. Key areas include developing
highly sensitive and specific rapid diagnostic tools, cre-
ating more effective drugs for both drug-susceptible and
drug-resistant TB strains, and innovating more effec-
tive vaccines [2]. Governments must provide substantial
funding, technology, and healthcare services to transition
from traditional Directly Observed Treatment, Short-
Course (DOTS) passive case detection to proactive case
identification in high-burden areas [2]. Comprehensive
health education, care, and medication should be pro-
vided to the most vulnerable populations, integrated with
other health services, particularly HIV/AIDS services,
to deliver efficient and holistic healthcare. Ensuring ade-
quate health surveillance at primary healthcare and com-
munity health service institutions is also crucial [25, 26].

To effectively control TB, early and accurate case
detection, prompt initiation, and adherence to effective

treatment are crucial for breaking the transmission chain
[27]. In high-burden countries, many TB patients are
asymptomatic, and treating infections only after symp-
toms appear is insufficient to significantly reduce com-
munity transmission and incidence rates [2]. Proactive
strategies are needed to address health system barriers
to TB control, including routine screening of house-
hold contacts of TB patients and shifting from empiri-
cal detection based on clinical symptoms to active case
detection through sputum smear and culture [28].

Advances in diagnostic technology have made early TB
diagnosis more feasible. Tools like the molecular diag-
nostic GeneXpert MTB/RIF reduce TB diagnosis time
from 1-2 weeks to a few hours [29]. Second-generation
sequencing technology is also time-efficient, providing
diagnostic directions in cases of co-infection with rare
or multiple pathogens [30]. The emergence of novel bio-
markers, specifically TB-specific host biomarkers and
Mtb biomarkers, allows the development of evaluation
models that enable rapid, accurate, and effective moni-
toring of Mtb infection and TB treatment efficacy [31-
33]. Future efforts must focus on developing affordable,
accessible, highly sensitive, and specific screening meth-
ods and indicators. Continuously optimizing screen-
ing strategies and proactively identifying TB-infected
patients are essential to effectively control the spread of
the TB epidemic.

Effective TB control requires low-toxicity anti-TB drugs,
effective vaccines, and an efficient primary healthcare
system

The study confirms previous findings [13], indicating
that the TB burden is more severe among males than
females, with TB incidence rates being 50% higher and
mortality rates 100% higher in males in many countries.
Across all levels of sociodemographic development, the
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TB mortality rate for HIV-negative males over 30 years of
age consistently surpasses that for HIV-negative females.
This underscores the importance of considering gender
factors in TB epidemiology and calls for gender-sensitive
public health interventions.

The study found that all ASRs of HIV-negative TB
were inversely related to the SDI, with high-SDI regions
exhibiting low ASIR, ASMR, and age-standardized DALY
rates for DS-TB, MDR-TB, and XDR-TB. Conversely,
the ASIR, ASMR, and age-standardized DALY rates for
MDR-TB and XDR-TB remain high in low-SDI regions,
particularly in Central sub-Saharan Africa and South
Asia, where these rates have been persistently rising. This
highlights the ongoing public health challenge in these
areas and the need for targeted interventions.

The WHO-recommended strategies for TB control
have evolved significantly over time. Initially, the TB
control strategy was clinical and programmatic, focusing
mainly on providing standardized regimens and medica-
tions [34]. The underlying assumption was that existing
biomedical tools could primarily solve TB transmission,
with the premise that curing patients with active dis-
ease would reduce mortality, lower disease prevalence,
decrease transmission, and subsequently reduce inci-
dence [35]. However, the actual situation in many coun-
tries is more complex, health systems are inefficiently
managed, financially under-resourced, and severely
understaffed in many LMICs. Additionally, there is a lack
of adequate drug production capacity and low levels of
health system informatization [36]. These issues signifi-
cantly hinder effective TB control and have not been ade-
quately addressed in TB control efforts.

There is an urgent need for implementation research to
evaluate the behavioral factors and conditions affecting
the efficacy of drug treatments for TB. Such studies are
essential to modify and improve TB control strategies,
enhancing the real-world effectiveness of anti-TB medi-
cations, improving patient outcomes, reducing mortality
rates, shortening the duration of bacterial shedding, and
decreasing the risk of community transmission and over-
all incidence [2, 37]. Chemotherapy remains the most
crucial treatment for drug-resistant TB [37]. However,
challenges such as prolonged treatment duration, poor
clinical efficacy, numerous adverse effects, and high mor-
tality rates persist. Therefore, developing new drugs and
optimizing chemotherapy regimens are vital to increas-
ing cure and survival rates [38]. These advancements are
crucial for the clinical treatment and control of TB.

Currently, the only licensed vaccine for TB preven-
tion is the bacille Calmette-Guérin (BCG) vaccine.
Developed nearly a century ago, BCG is effective in pre-
venting severe forms of TB in children, essentially miti-
gating severe disease and reducing the severity of clinical
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symptoms in pediatric TB cases. This vaccine has been
widely administered to children globally for many years
[2]. However, its effectiveness has shown significant geo-
graphical variability. Moreover, there is no licensed vac-
cine that effectively prevents TB in adults, either before
or after exposure to the infection. The development and
widespread administration of more effective preven-
tive vaccines in high TB burden settings are crucial for
advancing TB elimination efforts. Encouragingly, the
M72/ASO1E vaccine has shown promise in inducing an
immune response and providing protection against the
progression to pulmonary tuberculosis for at least three
years [39].

Low-SDI regions require increased focus on MDR-TB

and XDR-TB

The study found that the ASIR of MDR-TB is increasing
rapidly in low-SDI regions, while it is declining in high-
SDI regions, consistent with previous studies [2, 40].
This disparity can be attributed to two main factors: (1)
Detection Coverage. High-SDI regions have a high cov-
erage rate for MDR-TB detection. Detected patients are
promptly isolated and treated, reducing disease spread
and decreasing incidence rates. In contrast, low-SDI
regions have poor accessibility to drug resistance testing
services and low population coverage in the early stages.
As detection coverage increases in low-SDI regions, more
potential patients are identified, leading to an apparent
increase in incidence [41]. (2) Insufficient Community
Control. Low-SDI regions lack mature community man-
agement plans and have limited services for patient care
and treatment. Approximately one-third of MDR-TB
patients remain smear-positive at discharge, posing a risk
of community transmission. These findings highlight the
importance of enhancing detection coverage and improv-
ing community-based control measures, particularly in
low-SDI regions, to curb the spread of MDR-TB [2].

The detection of Mtb strain drug resistance has tradi-
tionally relied on bacterial culture methods. However,
rapid molecular diagnostic tests and sequencing technol-
ogies are now being introduced for the diagnosis of drug-
resistant TB. Despite the emergence of new drugs such as
bedaquiline, pretomanid, and linezolid [42], which have
significantly improved the cure rates of refractory TB, the
proportion of drug-resistant TB patients receiving and
completing standardized treatment remains low [43].

Currently, the global registration level for rifampicin-
resistant (RR)/MDR-TB treatment corresponds to only
43% of newly diagnosed RR/MDR-TB patients annually
[2]. From 2018 to 2022, only 55% of the targeted number
of MDR/RR-TB patients received treatment [2]. By the
end of 2022, 40 countries had adopted the new six-month
BPaLM/BPaL treatment regimen for MDR-TB/RR-TB or
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pre-extensively drug-resistant TB (pre-XDR-TB) [2], and
92 countries had implemented the shorter nine-month
oral treatment regimen for MDR/RR-TB. The treatment
success rate for RR/MDR-TB patients has shown steady
improvement, increasing to 63% in 2020 from 60% in
2021, though there is still significant room for progress
[2].

Clinicians should adhere to the latest TB treatment
guidelines and consider early patient characteristics to
predict clinical outcomes. For patients with poor prog-
nostic features, such as thick-walled cavities or persistent
positive sputum cultures at 3 months, targeted individu-
alized measures should be implemented. Enhancing the
treatment success rate for drug-resistant TB patients
and reducing the risk of transmission within families and
communities is a crucial control strategy [44, 45].

Preventing latent TB infection (LTBI) can curb TB
transmission

Close contacts of TB patients are highly susceptible to
LTBI. Early screening and preventive treatment for these
individuals are crucial measures to prevent TB trans-
mission [46]. Individuals with LTBI do not experience
adverse health effects and do not transmit Mtb. How-
ever, they face a continuous risk of progressing to active
TB through reactivation. For those with long-term infec-
tion, the annual risk of developing active TB is relatively
low, with empirical estimates ranging from 10 to 20 per
100,000 population [47].

LTBI remains widespread in regions with high TB
prevalence, and reactivation can account for a signifi-
cant proportion of incident TB cases. This phenomenon
is observed even in countries where TB transmission has
been steadily declining. It is estimated that one-quarter
of the world’s population is infected with LTBI, highlight-
ing its potential as a substantial reservoir for future active
TB cases. Interventions to prevent the progression of
LTBI to active TB disease are critical for TB control [48].

In countries with low TB incidence, close contacts of
pulmonary TB cases, such as family members, are sys-
tematically screened and treated for LTBI. The recom-
mended treatment rate for individuals with LTBI should
be at least 85%, with a completion rate of 75% [49]. How-
ever, the number of household contacts diagnosed with
LTBI and prescribed preventive treatment remains very
low [50]. Identifying and treating individuals with LTBI is
crucial for preventing the development of active TB and
controlling its spread.

Some studies suggest that in countries with severe TB
epidemics or in LMICs, the cost-effectiveness of detect-
ing and treating latent TB infections is lower than treat-
ing active TB cases. This is due to the large population
with latent infections, high costs, poor acceptability, and

Page 18 of 21

difficulties in managing treatment. Nonetheless, address-
ing LTBI remains essential for comprehensive TB control
efforts [2, 51].

Control strategies developed under the guidance

of the One Health approach will better curb TB
transmission

In response to the persistent threat of MDR-TB and
XDR-TB amid a slow decline in the TB burden, a One
Health-based strategy is essential for effective and com-
prehensive TB control. This approach integrates inter-
disciplinary collaboration, environmental management,
animal health monitoring, community engagement,
strengthened research, robust policy support, and inter-
national cooperation [52-58].

The study has several limitations. First, it cannot avoid
the inherent limitations of the GBD methodology. Data
from some countries and regions, particularly for MDR-
TB and XDR-TB incidence, DALYs, and mortality rates
between 1990 and 2021, are missing, significantly affect-
ing the accuracy and completeness of model estimates.
Even when data are available, variations in quality, accu-
racy, and comparability can introduce biases [1]. For
instance, the GBD 2021 dataset was released internally
at the end of 2023, but comprehensive adjustments to
the model parameters were made in early 2024, result-
ing in discrepancies between the updated data (used in
this study) and data from other papers concerning TB
burden [1]. Second, GBD 2021 data are model based
rather than real-world data, which may result in over-
estimation or underestimation. Third, TB and subtype
indicators for 204 countries and regions were calculated
using global population standardization to ensure com-
parability. However, these indicators may not accurately
reflect the true epidemiological situation of TB in each
country. Fourth, the 95% CI of the EAPC may be under-
estimated because it estimates the average trend over the
past thirty years without considering the uncertainty of
these rates. Moreover, EAPC is accurate under linear
trends, but when the rates show non-linear trends such
as U-shaped, V-shaped, or L-shaped patterns, EAPC
results can be erroneous. Fifth, a comprehensive assess-
ment of disease burden requires broader consideration
of economic, familial, and social factors. Sixth, the study
did not include LTBI, HIV-positive TB cases, or TB cases
resistant solely to rifampicin. Future studies should adopt
multidimensional analyses to improve the accuracy and
robustness of results.

Conclusions

The study highlights that the incidence of MDR-TB and
XDR-TB remained steady from 2015 but began to rise
slowly between 2019 and 2021. In addition, TB incidence
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is notably high in women, while men exhibit higher
mortality rates. To address these issues, gender-specific
TB screening and treatment programs should be imple-
mented to improve early detection and treatment out-
comes. Enhancing health infrastructure and increasing
funding in low SDI regions are crucial for accelerating TB
elimination. Developing rapid, accurate diagnostic tools
and shorter, more effective, and less toxic treatment regi-
mens are essential for combating MDR-TB and XDR-TB.
Moreover, improving public health education and com-
munity engagement can raise awareness and ensure bet-
ter prevention and treatment adherence. These measures
are vital for reducing the global TB burden, particularly
in protecting vulnerable populations.
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