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Abstract

Background

For a long time, eliminating tuberculosis (TB) has been an enormous challenge in global
health. We aim to use the 2021 Global Burden of Disease Study (GBD 2021) to systemati-
cally analyze the TB burden in children and adolescents.

Methods

We used the 2021 GBD to retrieve TB incidence, mortality, and disability-adjusted life
years (DALYs) data among people aged 0 to19 years in 204 countries and regions
between 1990 to 2021. The data are reported as counts and ratios per 100,000 people
and are analyzed by age, sex, location and socio-demographic index (SDI). To quantify the
uncertainty of the estimations, we include 95% confidence interval (Cl) for each indicator.

Results

Globally, the TB burden among people under the age of 20 has decreased significantly
between 2019 and 2021. The overall incidence of TB among children and adolescents fell
by 37.4%, from 2.21(95% Ul:1.71-2.76) million in 1990 to 1.38(95% UI:1.06—1.76) million
in 2021. Sub-Saharan Africa had the highest increase in TB incidence (302.88, 95% UlI:
227.85-385.33). The age-standardized incidence rate (ASIR), age-standardized mortality
rate (ASMR) and age-standardized DALYs rate (ASDR) of TB in females decreased faster
than males. The incidence was higher in children under 5 years old and adolescents aged
15 to 19, showing a bimodal pattern. In addition, mortality caused by multidrug-resistant
tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB) have

PLOS ONE | https://doi.org/10.1371/journal.pone.0317880 March 10, 2025

1/19



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0317880&domain=pdf&date_stamp=2025-03-10
https://doi.org/10.1371/journal.pone.0317880
https://doi.org/10.1371/journal.pone.0317880
http://creativecommons.org/licenses/by/4.0/
https://github.com/Z-C-Q/TB-0-19
https://orcid.org/0009-0009-2904-9004
mailto:lxzzqy@163.com
mailto:zhanghj5605@163.com

PLOS ONE

Tuberculosis in children and adolescence

Science and Technology Research Project of
Henan Province (LHGJ20230737).

Competing interests: The authors have
declared that no competing interests exist.

increased dramatically in several areas. The mortality rates for MDR-TB and XDR-TB in
Eastern Europe are 0.04(95% UI:0.02-0.05) and 0.02(95% UI:0.01-0.03) respectively.

Conclusion

Although the burden of TB in children and adolescents has decreased globally, the
disease remains a major public health concern, especially in countries with low SDI. To
accomplish the ultimate aim of TB elimination, we should continue to invest in TB preven-
tion and control, expand health-care infrastructure construction, and advance TB diagnos-
tic, preventive, and treatment technologies.

Introduction

TB caused by Mycobacterium tuberculosis, is a chronic infectious disease that primarily
affects the lungs, but can also arise in extrapulmonary organs. The principal mode of trans-
mission is via the respiratory system. Most healthy people may establish an efficient immune
response to eradicate the virus after initial contact; nevertheless, certain susceptible groups
may develop active TB disease [1]. Despite being a persistent, low-level endemic illness over
the years, TB remains one of the major causes of death globally and continues to offer major
challenges to global eradication attempts [2].

The World Health Organization (WHO) estimates that 10.6 million individuals world-
wide affected TB in 2021, with around 1.2 million of them children. Approximately 220,000
children died from the disease that same year [3]. Children represent about 11% of the global
TB burden, while they account for 14% of TB-related mortality. Adolescence is increasingly
recognized as a key period for tuberculosis infection, disease development, and unfavorable
outcomes, however the underlying causes are not fully understood changes in social contact
situations and immunological function may be contributing factors [4,5]. Previous research
has also indicated a sharp increase in TB incidence during adolescence in high-transmission
areas [6]. Consequently, the diagnosis and treatment of TB in children and adolescents are
crucial for preventing disease progression and halting the spread of TB. These interventions
are essential for reducing the TB burden in these vulnerable populations.

For more than 30 years, the Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) has systematically collected and evaluated estimates of the global incidence and
mortality of diseases and injuries, stratified by location, time period, sex and age group [7].
Compared to prior incarnations, GBD 2021 provides a more detailed assessment of the disease
burden, focusing on the impact of the COVID-19 pandemic [8]. One of the most significant
and immediate effects has been a substantial decline in the number of newly diagnosed TB
cases globally, dropping from 7.1 million in 2019 to 5.1 million in 2020. As a result, accurately
identifying and measuring TB incidence and mortality is critical for reducing the disease
burden among children and adolescents. These efforts are also essential for accelerating the
implementation of the WHO’s End TB Strategy [9].

Several studies have investigated the prevalence of TB among children and adolescents.
Shang and colleagues utilized GBD 2019 data to report the burden of tuberculosis among
adolescents aged 10-24 years at global, national, and regional levels from 1990 to 2019[10].
Lv et al. conducted a study estimating TB burden across eight high-burden countries world-
wide [11]. Another study examined global trends in TB across five age groups from 2015 to
2020[12]. Additionally, a study estimated the global burden of all infectious diseases among
children and adolescents aged 0-24 years [13]. Although prior studies provided valuable data
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on TB burden among children and adolescents, most are limited to specific age groups or
regions and do not encompass the latest global data. Therefore, in comparison with previous
studies, this study analyzes the most recent GBD 2021 data to systematically evaluate the
incidence, mortality, and DALYs burden of tuberculosis in people aged 0 to 19 years from
1990 to 2021. The research study is worldwide in scope, encompassing 204 countries and
territories and stratified by age, sex, and SDI. Our goal is to provide the most up-to-date and
reliable scientific data inform healthcare decision-making and policy implementation, thereby
addressing the global public health challenge posed by TB more effectively.

Methods
Ethical statement

As this study used publicly available summary data from the Global Health Data Exchange,
ethical approval was not required.

Data sources

The GBD 2021 project estimated the incidence, mortality, and DALY associated with 371
diseases and injuries for 204 countries and territories from 1990 to 2021. Data sources were
identified from vital registration, verbal autopsy, registry, survey, police, or surveillance data
across all countries and territories [8]. The general methodologies, primary data sources, and
key changes compared to previous iterations of the GBD have been published [14,15]. Utiliz-
ing the Global Health Data Exchange (https://vizhub.healthdata.org/gbd-results/), we gath-
ered precise data on the incidence, mortality, and DALYs associated with TB among children
and adolescents.

Case definition

In GBD study, TB is defined as an infectious disease caused by Mycobacterium tuberculosis.
This definition includes all types of TB, including both bacteriologically confirmed and clini-
cally diagnosed cases of pulmonary and extrapulmonary TB. According to the 10th revision of
the International Classification of Diseases (ICD-10), the coding for TB includes A10-A19.9,
B90-B90.9, K67.3, K93.0, M49.0, N74.1, P37.0, U84.3. This study includes three types of TB:
1. Drug-susceptible tuberculosis (DS-TB): TB that is susceptible to isoniazid and rifampicin.
2. Multidrug-resistant tuberculosis without extensive drug resistance (MDR-TB): TB that is
resistant to the two most effective first-line antituberculosis drugs (isoniazid and rifampicin)
but is not resistant to any fluoroquinolone and any second-line injectable drugs (amikacin,
kanamycin, or capreomycin). 3. Extensively drug-resistant tuberculosis (XDR-TB): TB that
is resistant to isoniazid and rifampicin, as well as any fluoroquinolone and any second-line
injectable drugs [16,17].

Adolescence is the period between childhood and adulthood, with WHO defining it as
10-19 years old [18]. This study focuses on the methodology and statistical analyses used in
the GBD 2021 study to estimate the burden of TB among children aged 0 to 9 years and ado-
lescents aged 10 to 19. To have a deeper understanding, we divided the age groups into four
subcategories: <5 years, 5-9 years, 10-14 years, and 15-19 years.

The SDI is a composite indicator of a country’s development level that ranges between 0
and 1. It assesses per capita income, average educational attainment in the population aged
15 and up, and total fertility rate in the population under 25 years. The SDI is divided into
quintiles based on 2021 national-level SDI estimates, ranging from low to high: low SDI, low-
middle SDI, middle SDI, high-middle SDI, and high SDI [19].
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Statistical analysis

Data were reported as counts and rates per 100,000 population, including incidence, mortality,
and DALYs, and were analyzed by age, sex, location, and SDI. TB incidence was estimated using
a random-effects meta-analysis approach, employing the DisMod-MR model to integrate epi-
demiological data. Mortality rates were estimated using the cause-of-death ensemble modeling
(CODEm). Final point estimates are presented with 95% uncertainty intervals (Uls), generated
using the 2.5th and 97.5th percentiles from a 1000-draw distribution for each metric [20].

We employed age-standardized rates (ASR) and estimated annual percentage change (EAPC)
to quantify trends in tuberculosis incidence and mortality among children and adolescents
across different regions. EAPC is a widely used summary measure of ASR trends over a specific
period [21]. A regression line was fitted to the natural logarithm of the ASR, i.e., y=a+tx+¢
,wherey = ln(ASR) ,and x = the calendar year. EAPC was calculated as 100 x (exp(’r) — 1) , with
the 95% CI reflecting the time trend of the ASR. An increasing trend in ASR was indicated when
both the EAPC and the lower bound of the 95% CI were positive; conversely, a decreasing trend
was indicated when both the EAPC and the upper bound of the 95% CI were negative.

Pearson correlation analysis was performed to evaluate the relationships between ASIR,
ASMR, and ASDR and SDI across 204 countries and territories, aiming to identify potential
factors influencing the tuberculosis burden. All statistical analyses were conducted using R
software version 4.2.3. Two-tailed tests were used for all statistical assessments, and the signif-
icance level was set at P < 0.05.

Results
Global trend

Globally, there has been a substantial reduction in the global burden of TB among individuals
under the age of 20 between 2019 and 2021. The ASIR, ASMR, and ASDR all decreased pro-
gressively, with ASIR falling at a slower rate than ASMR and ASDR. Meanwhile, males showed
lower ASIR, ASMR, and ASDR for TB than females (Fig 1). The total TB incident number in
children and adolescence decreased by 37.4%, from 2.21(95% UI:1.71-2.76) million in 1990 to
1.38(95% UI:1.06-1.76) million in 2021, while the ASIR per 100,000 population fell from 97.85
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Fig 1. Temporal trends of tuberculosis ASIR (A), ASMR (B), ASDR (C) per 100,000 population by sex, 1990-2021. ASIR, age-standardized incidence rate;
ASMR, age-Standardized mortality rate; ASDR, age-standardized DALY rate; DALY, disability-adjusted life years.
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(95% UI:75.75-122.38) to 52.52 (95% UI: 40.22-66.60), a 46.3% reduction. The EAPC for ASIR
were -2.16 (95% CI: -2.28 to -2.04) (Table 1). The number of deaths decreased by 71.7% from
314,807 (95% UI: 268,570-361,819) in 1990 to 89,086 (95% UI: 70,849-109,974) in 2021, with
the ASMR per 100,000 population dropping from 13.94 (95% UI: 11.89-16.02) to 3.38 (95%
Ul: 2.69-4.17), a 75.8% reduction. The EAPC for ASMR were -3.90 (95% CI: -4.07 to -3.73)
(Table 2). The number of DALYs decreased from 28.10 million (95% UI: 23.92-32.24) in 1990
to 8.26 million (95% UI: 6.70-9.99) in 2021, reflecting a 70.6% reduction. Similarly, the ASDR
per 100,000 population decreased by 74.8% from 1244.33 (95% UI: 1059.09-1427.44) to 313.24
(95% UI: 254.26-379.00). The EAPC for ASDR were -4.21 (95% CI: -4.40 to -4.01) (S1 Table).

In females, the ASIR decreased by 48.12%, with an EAPC of 0.78 (95% CI: -6.59 to 8.74).
Similarly, males experienced a reduction in ASIR by 43.59%, with an EAPC of 0.88 (95% CI:
-6.45 to 8.79) (Table 1). The pattern for mortality and DALY's was similar, with the ASMR and
ASDR showing a reduction of 76.89% and 75.83% for females, and 74.20% and 73.43% for
males, respectively (Table 2, S1 Table).

In 2021, the incidence for individuals aged less than 5 years, 5-9 years, 10-14 years, and
15-19 years were decreased by 52.84%, 57.48%, 51.34% and 33.41%, respectively. The group
aged less than 5 years had the greatest decline in mortality [EAPC= -3.09 (95% CI: -7.75 to
1.80)] and in DALYs [EAPC=-0.02 (95% CI: -6.94 to 7.41)] (Table 2, S1 Table).

TB incidence, mortality, and DALY varied significantly across regions stratified by SDI.
Regions with a High-SDI showed a substantial decline in TB incidence, with a 67.45% and the
lowest ASIR of 3.35 per 100,000 people in 2021. In contrast, regions with a low-SDI experi-
enced only a modest reduction of 1.68%, maintaining a considerably higher ASIR of 88.02 per
100,000 in 2021(Table 1).

In 2021, the global incidence, death and DALYs of TB among individuals under 20 years of age
exhibited notable age and sex variations. The incidence rate was highest among individuals aged
15-19 years old, for both males (88.16, 95% UI:58.71-125.79) and females (112.87, 95% UI: 74.15-
162.99). Among children under 5 years, there was a decrease in incidence rate in females(63.58,
95% UL: 49.49-80.05) and males(41.30, 95% UI: 32.03-52.28)(Fig 2A). In 2021, the global TB
death rate reached its highest level in the youngest age group (<5 years)(Females:9.53, 95% UL
7.21-12.12;Males: 7.31, 95% UI: 4.99-10.27) and was higher in females across all age groups.
Following this, in males aged 5-9 and 10-14 years old, the mortality rate gradually decreases, then
rises again with increasing age (Fig 2B). Similarly, the global TB DALY rate was highest among
individuals aged <5 years old(Females: 898.17, 95% UI: 701.18-1124.07; Males: 680.24, 95% UT:
476.81-934.06), and then decreased with advancing age, for both males and females. However, in
adolescents aged 15-19 years old, DALY rate begin to increase again (Fig 2C). Moreover, in all
age groups, females have higher number of incidence, mortality, and DALYs compared to males.

Regional trend

In 2021, Southern Sub-Saharan Africa (302.88), Central Sub-Saharan Africa (164.95), and
Eastern Sub-Saharan Africa (106.21) had the highest ASIR for TB (per 100,000), the propor-
tion of MDR in 3 regions was 3.66%, 2.24%, 3.73% respectively, whereas High-income North
America (1.05), Australasia (2.38), and High-income Asia Pacific (2.76) had the lowest (Table
1, Fig 3, S2 Table).Central Sub-Saharan Africa (14.07), Southern Sub-Saharan Africa (10.28),
and Eastern Sub-Saharan Africa (8.62) had the highest ASMR from TB (per 100,000) in indi-
viduals under 20 years in 2021, and the proportion of MDR was 5.30%, 9.57%, 9.57% respec-
tively (Table 2, S1 Fig, S3 Table).Similarly, Central Sub-Saharan Africa (1308.15), Southern
Sub-Saharan Africa (1011.34), and Eastern Sub-Saharan Africa (800.29) had the highest ASDR
from TB per 100,000 population, the proportion of MDR in 3 regions was 4.78%, 8.64%,
8.30% respectively (S1 Table, S2 Fig, S4 Table).
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Fig 2. Incidence, death and DALYs of TB, by age and sex in 2021. (A) Number of Incidence cases globally and
Incidence per 100,000 population(B) Number of Death cases globally and Mortality per 100,000 population(C)
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Number of DALY cases globally and DALY per 100,000 population. Lines indicate prevalent case with 95%
uncertainty intervals for men and women.

https://doi.org/10.1371/journal.pone.0317880.9002
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Fig 3. Composition ratio of each type of tuberculosis age-standardized incidence rate in 21 regions in 1990 and 2021.

https://doi.org/10.1371/journal.pone.0317880.g003

From 1990 to 2021, the largest decreases in the ASIR of TB were found in High-income
Asia Pacific (-78.0%), Andean Latin America and East Asia (-75.5%), and North Africa and
Middle East (-66.1%) (Table 1). At the same time, the ASDR of TB among individuals under
20 years showed a decrease in different regions. The greatest decreases in High-income
Asia Pacific (-97.0%), East Asia (-97.7%), and Andean Latin America (-94.0%) (Table 2).
The DALYs showed a significant decrease in all regions from 1990 to 2021, with the larg-
est decreases in High-income Asia Pacific (-95.8%), East Asia (-95.4%), and Andean Latin
America (-93.6%) (S1 Table).

National trend

Among all the 204 countries and territories, India still reported a high incidence, although
the number of cases had decreased to 305,721.35 (95% UI: 221,340.94-405,213.14). Similarly,
Nigeria reported 87,340.14 cases (95% UI: 68,819.18-107,159.19) in 2021. Lesotho (409.07
per 100,000 population) had the highest ASIR of TB (Fig 4A and S5 Table). India and Nigeria
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Fig 4. The incidence, death and DALYs in individuals aged 0 to 19 years in 204 countries and territories in 2021. (A) incidence
number (B) death number (C) DALYs number. DALYs, disability-adjusted life years.

https://doi.org/10.1371/journal.pone.0317880.g004
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also reported the highest number of death cases, 12,888.61 (95% UI: 10,616.29-16,004.70)

and 12,331.75 (95% UI: 7,317.10-18,443.71) respectively. The national ASMR for TB in 2021
varied from 0.001 to 51.592 mortality per 100, 000 population. The highest rates were seen in
Central African Republic (51.59), Somalia (26.34), and the South Sudan (25.85), whereas the
lowest rates were found in Andorra (0.001), Sweden (0.001), and Denmark (0.002) (Fig 4B and
S6 Table). In2021, the global burden of TB measured in DALY for individuals under 20 years
was dominated by India, which reported 1186,270.36 cases (95% UI: 987,064.08-1473,281.40).
Nigeria followed with 1122,978.823 cases (95% UI: 681,848.58-1644,478.00). The highest
ASDR were seen in Central African Republic (4,610.30), Somalia (2,349.80), and South Sudan
(2,329.39) whereas the lowest rates were in Andorra (0.17), San Marino (0.60), and South
Sudan (0.68) (Fig 4C and S7 Table).

Association with the socio-demographic index

At the regional level, there was a negative association between SDI and the ASIR of TB, sug-
gesting that the burden of TB was lower in regions with higher SDI development. However,
Southern Sub—Saharan Africa was an exception, with much higher than predicted levels, and
showing a significant increase. In contrast, Central Latin America, Tropical Latin America,
North Africa and Middle East, Caribbean, Oceania and High-income North America had
lower than expected burdens from 1990 to 2021(Fig 5). As for ASMR of tuberculosis, most
regions experienced reductions or remained stable, except for Southern Sub-Saharan Africa,
where rates first increased and then decreased. In general, the ASMR of TB and SDI levels

are inversely correlated, with regions of higher SDI typically exhibiting lower ASMR (S3 Fig).
From 1990 to 2021, the ASDR decreased exponentially with increases in SDIL. In low-SDI
regions, such as Central Sub—Saharan Africa and Eastern Sub—Saharan Africa had higher
ASDR. This starkly contrasts with high-income regions, where ASDR were substantially lower
(54 Fig). Furthermore, distinct patterns were observed in many medium SDI regions. From
1990 to 2021, some localities kept TB ASDR substantially below projected values, while others
significantly exceeded them.

Discussion

To our knowledge, this is the first study to estimate the TB burden among children and adoles-
cents under the age of 20. Using data from the GBD 2021, we present the latest information on
TB prevalence, mortality, and DALY for the 0-19 age group from 1990 to 2021, as well as ASR
for 204 countries and territories. In 2021, TB in children and adolescents was responsible for
1.38 million incidence cases, 89,100 deaths, and 8.26 million DALYs. We observed an overall
decline in ASIR, ASMR, and ASDR from 1990 to 2021. However, in 2021, the incidence, mortal-
ity, and DALYs of MDR-TB and XDR-TB among people aged 0-19 increased compared to 1990.

A recent study reported that between 1990 and 2019, the incidence, prevalence, and DALY's
of TB among individuals aged 10-24 years decreased by 1.28%, 3.06%, and 2.83%, respectively
[10]. Our analysis discovered that from 1990 to 2021, the global incidence, death, and DALY
of TB among people under the age of 20 dropped by 2.16%, 3.90%, and 4.21%, respectively.
These findings emphasize the progress made over the last three decades in lowering TB
among children and adolescents worldwide. However, the data also highlight the importance
of continuing efforts to address the residual burden, particularly in improving TB diagnosis,
treatment, and preventive.

According to the third edition of the Roadmap towards ending TB in children and adoles-
cents, about 1.25 million children and adolescents (0-14 years old) globally had TB in 2022,
but more than half (51%) of these cases were not diagnosed or reported [22]. The WHO
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report on the United Nations High-Level Meeting treatment targets for TB, by the end of
2021, only 54% of the 3.5 million children who require TB treatment would receive it by the
end of 2021[3]. Among children with rifampicin-resistant or multidrug-resistant tubercu-
losis, the treatment coverage was just 15%. Consequently, the burden of TB in children and
adolescents may be underestimated, and current prevention and treatment efforts are unlikely
to meet expectations.

Notably, several studies have found sex differences in the burden of TB. One study indi-
cated that during adolescence, the proportion of females developing both pulmonary and
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extrapulmonary TB is higher than that of males [23]. For instance, data from Gauteng
Province in South Africa suggest that females aged 10 to 19 have a higher proportion of TB
cases than males [24]. Similarly, our study reveals that from 1990 to 2021, the ASIR, ASMR,
and ASDR of TB were higher among females under the age of 20 than males of the same age
group. However, Zhang et al. reported that in the general population, the ASDR of TB is lower
in females than in males [20]. Another global epidemiological study also found that males
have higher incidence and mortality rates of TB than females [25]. In general, females are
more likely than males to develop from TB infection to active disease throughout adolescence,
even though more males are diagnosed with the disease each year globally.

There could be a number of reasons for the increased incidence of TB in teenage girls.
Firstly, immunological aspects are important. Males and females have significant immunolog-
ical differences during adolescence, which could be related to different exposure levels to sex
hormones. In women, inflammation is often stronger due to the immune-stimulating effects
of estrogen in particular. Additionally, females are more susceptible to TB due to a higher Th2
imbalanced response [5,26]. Secondly, non-immunological elements including sexual behav-
ior and concurrent infections also play a role. Pregnancy can result from sexual activity, which
lowers cell-mediated immunity and raises the occurrence of TB [27,28]. Globally, HIV infec-
tion is a substantial risk factor for TB in females. In the 10 countries where HIV infection rates
account for two-thirds of the global total, 59% of those infected are females, with adolescent
girls and young women aged 15-24 being particularly vulnerable [29]. Consequently, teenage
girls have a higher risk of developing TB than their male peers.

According to our study, there was a notable increase in the mortality rate and DALY due
to MDR-TB and XDR-TB among children and adolescents in 2021 compared to 2019. The
three regions with the greatest increases were Eastern Europe, Central Asia, and Andean Latin
America. This may be attributed to the inadequacies in these regions’ healthcare systems,
limited TB diagnostic and treatment capacities, and socioeconomic factors such as poverty,
malnutrition, and high population density, which all exacerbate the spread of drug-resistant
TB [30,31]. A 2021 systematic review that compiled 37 studies over the past two decades esti-
mated that the global proportion of drug-resistant TB in children is as high as 13.59%. Nota-
bly, the prevalence of MDR-TB in high-income countries (1.8%) was significantly lower than
in lower-middle-income (6.3%) and upper-middle-income countries (7.3%) [32]. MDR-TB
poses a severe threat to the health of children and adolescents, with high treatment costs and
low success rates, making it difficult to manage drug-resistant TB in these populations. As a
result, in regions with a high burden of pediatric MDR-TB, it is imperative to promote emerg-
ing drug resistance detection methods [33], implement preventive treatment strategies [34],
and enhance psychosocial interventions [35] to alleviate disease burden.

Existing research has found a bimodal pattern in the risk of TB among children, with
children under five years old and adolescents having considerably elevated risks of disease
progression and mortality after initial infection [36]. Our study suggested that in 2021, the
mortality rate and DALY for TB peaked among children under the age of five, followed by
adolescents aged 15 to 19. Conversely, adolescents aged 15 to 19 had a higher incidence of TB
than children under the age of five. This finding supports previous reports, further confirming
the bimodal pattern of TB burden in children and adolescents.

This bimodal pattern may be attributed to difficulties in diagnosing and treating TB in chil-
dren. When compared to adults, children with TB frequently lack typical clinical signs such as
cough and hemoptysis. The diverse and nonspecific clinical presentations make TB diagno-
sis in children significantly more challenging [37]. Furthermore, the difficulty in collecting
specimens in children contributes significantly to the difficulties in acquiring microbiological
evidence of TB. Young children often have poor sputum production, low fluid volumes, and
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difficulty in collecting samples like gastric lavage and bronchoalveolar lavage fluids, com-
pounded by poor cooperation, all of which increase the difficulty of obtaining microbiolog-
ical diagnostic evidence [38]. Pediatric TB patients have a low bacterial load, which results

in a lower positive rate on microbiological tests compared to adults. Although the X-pert
MTB/RIF assay has shown higher positivity rates in diagnosing pediatric TB than traditional
smear and culture methods, its sensitivity remains low, ranging from 51% to 66% [39,40],
indicating that additional development is required. In terms of treatment, there is currently
no pediatric-specific anti-tuberculosis medication formulations available. Clinical dosing is
frequently based on scaled-down adult formulations, which might result in erroneous dosing
and reduce therapy efficacy [41]. Furthermore, the lack of pharmacokinetic and pharmacody-
namic data for children also influences therapy outcomes. Insufficient medication concentra-
tions can limit therapeutic efficacy while also encouraging the development of drug resistance.
Therefore, the development of new diagnostic technologies and treatment medications is
crucial to alleviating the TB burden in children.

Our findings show a significant negative correlation between TB-related ASIR, ASMR,
ASDR and SDI. This suggests that regions with higher socioeconomic levels tend to have a
lower TB burden. Similarly, the WHO reported that TB infections in 2022 were predomi-
nantly concentrated in low-income and middle-income countries, including Southeast Asia
(46%), Africa (23%), and the Western Pacific (18%) [42]. This regional distribution pattern
highlights the socioeconomic inequalities of TB on a global scale. According to the GBD 2021,
excluding the three primary TB risk factors of smoking, alcohol consumption, and diabetes,
the number of TB deaths in Central Europe, Eastern Europe, and Central Asia is expected to
decrease by 66.3% from 2015 to 2020[43]. Obore N et al. explicitly pointed out that smok-
ing doubles the risk of TB (RR=2.67, 95% CI 2.017-3.527), while exposure to second-hand
tobacco smoke raises the risk of TB infection by twofold (RR=2.15, 95% CI 1.419-3.242) [44].
Another study revealed that alcohol has a significant impact on TB incidence and death, nota-
bly in Africa and Southeast Asia [45]. The widespread exposure to these risk factors in coun-
tries with low and middle SDI highlights the need for targeted interventions in these regions,
such as enhanced disease awareness campaigns and screening of high-risk populations, to
interrupt the transmission of TB at its source and reduce the TB burden [46].

In addition to these individual risk factors, SDI serves as a composite assessment of a
country’s poverty status. Countries with lower SDI generally have difficulty accessing health-
care services, particularly the availability and affordability of TB diagnosis and treatment [47].
The interplay between socioeconomic development and TB burden underscores the necessity
of formulating and implementing strategic interventions tailored to the specific challenges of
different regions.

The COVID-19 pandemic has had a profound impact on the accessibility of TB diagnostic
and treatment services and the TB burden worldwide. The uneven allocation of global health
resources disrupted TB diagnosis, treatment, and prevention efforts. According to the Global
Tuberculosis Report 2023, newly diagnosed TB cases dropped sharply from 7.1 million in 2019
to 5.8 million in 2020, and then to 6.4 million in 2021, only returning to 7.5 million in 2022—the
highest figure since the WHO began global TB monitoring in 1995[42]. During the pandemic,
extensive healthcare resources were diverted to address COVID-19, delaying TB screening
efforts in many countries. This delay may have been particularly severe in children and adoles-
cents, as school closures and social distancing measures potentially altered TB transmission pat-
terns in these groups. GBD 2021 data indicates that TB incidence and mortality declined in 2020
and 2021 compared to 2019, likely reflecting not an actual decrease in TB incidence but rather
underreporting and delayed diagnosis. Additionally, co-infection with COVID-19 may have
raised mortality and complication rates among TB patients. While this study does not delve into
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specific data on COVID-19 and TB co-infections, existing research suggests that co-infection
with COVID-19 can exacerbate patient outcomes [48]. Therefore, despite the reported decrease
in TB cases and mortality during the pandemic, the true burden of TB might have been under-
estimated due to diagnostic and reporting delays. This conclusion emphasizes the importance of
maintaining continuity in TB control efforts during future pandemics.

Strengths and limitations

Opverall, the article’s strengths include its broad geographic coverage, emphasis on a vulnerable
population, in-depth analysis of drug-resistant tuberculosis, and inclusion of socioeconomic
factors. These provide a strong foundation for guiding future research and policy. Despite the
strong findings presented in this study, it is important to acknowledge several limitations that
may affect the interpretation of the results. First, this study is based on data from GBD 2021,
and the accuracy of the estimates is determined on the quality of the underlying data. The
study’s capacity to comprehensively reflect the global burden of TB in children and adolescents
may be limited due to insufficient data for some regions or groups. Second, there are diagnos-
tic and reporting factors: diagnosing TB in children presents significant challenges, including
the risks of underdiagnosis and misdiagnosis. In addition, differences in diagnostic criteria,
reporting standards, and data collection methods between countries and regions may impact
the accuracy of the results. Third, temporal factors must be considered. This analysis spans
over a 30-year period, during which substantial developments in medical technologies, treat-
ment protocols, and public health policies may have influenced on the burden of TB. Fourth,
socioeconomic factors such as household income, education level, and access to healthcare
facilities may affect the incidence and treatment outcomes of TB in children and adolescents.
Finally, intervention-related factors should be noted. Over the past several decades, global

and national governments have implemented different public health interventions to combat
TB, and the effectiveness of these interventions may vary by region. This study may not have
adequately assessed the impact of these interventions on the burden of TB.

Future directions

Recommendations for future research and policy are crucial to maintaining and enhancing
TB control. Further research should focus on understanding the underlying causes contribut-
ing to anomalies in regions such as sub-Saharan Africa and exploring effective interventions
tailored to local conditions. This may include investigating the sociocultural, economic, and
environmental factors influencing TB transmission and progression. Policy initiatives should
prioritize strengthening healthcare infrastructure and accessibility in low and middle SDI
regions, ensuring universal access to diagnostic and treatment services. Implementing socio-
economic development plans to improve living conditions, nutrition, and education levels, as
well as focusing on finding new vaccines, treatment drugs, and diagnostic methods, will play a
pivotal role in reducing TB burden among children and adolescents.

Conclusion

In conclusion, while the decrease in TB burden among those under 20 years old is
encouraging, it reflects the success of global TB control strategies, including enhanced diag-
nostic capabilities, effective treatment regimens, widespread vaccination efforts, and broader
socioeconomic improvements. However, TB remains in certain regions and populations,
demanding continued and strengthened efforts to address remaining challenges. By focus-
ing on regional and demographic disparities, continuing to invest in healthcare infrastruc-
ture, improving TB diagnosis, prevention, and treatment technologies, we can move closer
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to the goal of eliminating TB and ultimately ensure a healthier future for all young people
worldwide.

Supporting information

S1 Fig. Composition ratio of each types of tuberculosis ASMR in 1990 and 2021.
(TIF)

S2 Fig. Composition ratio of each types of tuberculosis ASDR in 1990 and 2021.
(TIF)

S3 Fig. ASMR of Tuberculosis for the 21 Global Burden of Disease regions by SDI, 1990-
2021. Thirty-two points are plotted for each region and show the observed ASMR from 1990
to 2021 for that region. Expected values, based on socio-demographic index and disease rates
in all locations, are shown as a solid line.

(TIF)

S4 Fig. ASDR of Tuberculosis for the 21 Global Burden of Disease regions by SDI, 1990-

2021. Thirty-two points are plotted for each region and show the observed ASDR from 1990
to 2021 for that region. Expected values, based on socio-demographic index and disease rates
in all locations, are shown as a solid line.

(TIF)

S1 Table. DALYs, ASDR, and Relative change of Tuberculosis in children and Adolescence
in global and 21 regions, with EAPC from 1990 and 2021.
(XLSX)

S2 Table. Each types of tuberculosis ASIR in 1990 and 2021.
(XLSX)

S3 Table. Each types of tuberculosis ASMR in 1990 and 2021.
(XLSX)

S4 Table. Each types of tuberculosis ASDR in 1990 and 2021.
(XLSX)

S5 Table. Incidence number, ASIR under the age of 20 in 204 countries and territories in
2021.
(XLSX)

S6 Table. Death number, ASMR under the age of 20 in 204 countries and territories in
2021.
(XLSX)

S7 Table. DALYs number, ASDR under the age of 20 in 204 countries and territories in
2021.
(XLSX)

S1 Appendix. The essential code used for the analysis.
(DOCX)

Acknowledgments

We would like to thank the institute for the health metrics and evaluation staff, and its Global
Burden of Disease Study collaborators who prepared the publicly available data.

PLOS ONE | https://doi.org/10.1371/journal.pone.0317880 March 10, 2025 16/19



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317880.s012

PLOS ONE

Tuberculosis in children and adolescence

Author contributions

Data curation: Yuanyuan Li, Liping Guo, Yongyan Chen.

Formal analysis: Liping Guo, Yongyan Chen.

Supervision: Xue Li.

Validation: Gaobiao Wang, Hanjuan Zhang.

Writing - original draft: Xue Li, Yuanyuan Li, Liping Guo, Yongyan Chen, Gaobiao Wang,

Hanjuan Zhang.

Writing - review & editing: Xue Li, Hanjuan Zhang.

References

1.

10.

1.

12.

13.

14.

15.

de Lima Corvino DF, Shrestha S, Hollingshead CM, Kosmin AR. Tuberculosis Screening. In: Stat-
Pearls. Treasure Island (FL):StatPearls Publishing; 2023.

Zhong W, Bragazzi NL, Kong JD, Safiri S, Behzadifar M, Liu J, et al. Burden of Respiratory Infection
and Tuberculosis Among US States from 1990 to 2019. Clin Epidemiol. 2021;13:503—14. https://doi.
0rg/10.2147/CLEP.S314802 PMID: 34234569

Word Health Organization. Global tuberculosis report 2022 [cited 2024 June 4]. Available from: https://
www.who.int/publications/i/item/9789240061729.

Snow KJ, Cruz AT, Seddon JA, Ferrand RA, Chiang SS, Hughes JA, et al. Adolescent tuberculosis.
Lancet Child Adolesc Health. 2020;4(1):68—79. https://doi.org/10.1016/S2352-4642(19)30337-2 PMID:
31753806

Seddon JA, Chiang SS, Esmail H, Coussens AK. The Wonder Years: What Can Primary School Chil-
dren Teach Us About Immunity to Mycobacterium tuberculosis?. Front Immunol. 2018;9:2946. https:/
doi.org/10.3389/fimmu.2018.02946 PMID: 30619306

Morabia A. Snippets from the past: cohort analysis of disease rates-another piece in a seemingly still
incomplete puzzle. Am J Epidemiol. 2014;180(2):189—-96. https://doi.org/10.1093/aje/kwui131 PMID:
24920785

Murray CJL. The global burden of disease study at 30 years. Nature Medicine. 2022;28(10):2019—26.

GBD 2021 Diseases and Injuries Collaborators. Global incidence, prevalence, years lived with
disability (YLDs), disability-adjusted life-years (DALYs), and healthy life expectancy (HALE)
for 371 diseases and injuries in 204 countries and territories and 811 subnational loca-

tions, 1990-2021: a systematic analysis for the Global Burden of Disease Study 2021. Lancet.
2024;403(10440):2133-61.

Word Health Organization. Implementing the end TB strategy: the essentials; 2022 update. [cited
2024 June 5] Available from: https://www.who.int/publications/i/item/9789240065093.

Shang W, Cao G, Jing W, Liu J, Liang W, Liu M. Global burden of tuberculosis in adolescents and
young adults: 1990-2019. Pediatrics. 1990;153(4):€123-30. https://doi.org/10.1542/peds.2024-1234

Lv H, Wang L, Zhang X, Dang C, Liu F, Zhang X, et al. Further analysis of tuberculosis in eight
high-burden countries based on the Global Burden of Disease Study 2021 data. Infect Dis Poverty.
2024;13(1):70. https://doi.org/10.1186/s40249-024-01247-8 PMID: 39343935

GBD 2021 Tuberculosis Collaborators. Global, regional, and national age-specific progress towards
the 2020 milestones of the WHO End TB Strategy: a systematic analysis for the Global Burden

of Disease Study 2021. Lancet Infect Dis. 2024;24(7):698-725. https://doi.org/10.1016/S1473-
3099(24)00007-0 PMID: 38518787

GBD 2019 Child and Adolescent Communicable Disease Collaborators. The unfinished agenda
of communicable diseases among children and adolescents before the COVID-19 pan-

demic, 1990-2019: a systematic analysis of the Global Burden of Disease Study 2019. Lancet.
2023;402(10398):313-35. https://doi.org/10.1016/S0140-6736(23)00860-7 PMID: 37393924

GBD 2021 Forecasting Collaborators. Burden of disease scenarios for 204 countries and terri-
tories, 2022-2050: a forecasting analysis for the Global Burden of Disease Study 2021. Lancet.
2024;403(10440):2204-56.

GBD 2021 Causes of Death Collaborators. Global burden of 288 causes of death and life expectancy
decomposition in 204 countries and territories and 811 subnational locations, 1990-2021: a system-
atic analysis for the Global Burden of Disease Study 2021. Lancet. 2024;403(10440):2100-32.

PLOS ONE | https://doi.org/10.1371/journal.pone.0317880 March 10, 2025 17/19



https://doi.org/10.2147/CLEP.S314802
https://doi.org/10.2147/CLEP.S314802
http://www.ncbi.nlm.nih.gov/pubmed/34234569
https://www.who.int/publications/i/item/9789240061729
https://www.who.int/publications/i/item/9789240061729
https://doi.org/10.1016/S2352-4642(19)30337-2
http://www.ncbi.nlm.nih.gov/pubmed/31753806
https://doi.org/10.3389/fimmu.2018.02946
https://doi.org/10.3389/fimmu.2018.02946
http://www.ncbi.nlm.nih.gov/pubmed/30619306
https://doi.org/10.1093/aje/kwu131
http://www.ncbi.nlm.nih.gov/pubmed/24920785
https://www.who.int/publications/i/item/9789240065093
https://doi.org/10.1542/peds.2024-1234
https://doi.org/10.1186/s40249-024-01247-8
http://www.ncbi.nlm.nih.gov/pubmed/39343935
https://doi.org/10.1016/S1473-3099(24)00007-0
https://doi.org/10.1016/S1473-3099(24)00007-0
http://www.ncbi.nlm.nih.gov/pubmed/38518787
https://doi.org/10.1016/S0140-6736(23)00860-7
http://www.ncbi.nlm.nih.gov/pubmed/37393924

PLOS ONE

Tuberculosis in children and adolescence

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

XueY, Zhou J, Wang P, Lan J, Lian W, Fan Y. Burden of tuberculosis and its association with
socio-economic development status in 204 countries and territories, 1990-2019. Frontiers in Medicine.
2022;9:905245. https://doi.org/10.3389/fmed.2022.905245

WangY, Jing W, Liu J, Liu M. Global trends, regional differences and age distribution for the incidence
of HIV and tuberculosis co-infection from 1990 to 2019: results from the global burden of disease
study 2019. Infect Dis (Lond). 2022;54(11):773-83. https://doi.org/10.1080/23744235.2022.2092647
PMID: 35801264

Word Health Organization. Adolescent health [cited 2024 June 5]. Available from: https://www.who.int/
health-topics/adolescent-health#tab=tab_1.

GBD 2019 Demographics Collaborators. Global age-sex-specific fertility, mortality, healthy life expec-
tancy (HALE), and population estimates in 204 countries and territories, 1950-2019: a comprehensive
demographic analysis for the Global Burden of Disease Study 2019. Lancet. 2020;396(10258):1160—
203. https://doi.org/10.1016/S0140-6736(20)30937-2

Zhang T, Zhang J, Wei L, Liang H, Zhang J, Shi D, et al. The global, regional, and national burden of
tuberculosis in 204 countries and territories, 1990-2019. J Infect Public Health. 2023;16(3):368—75.
https://doi.org/10.1016/j.jiph.2023.01.014 PMID: 36702011

Long H, Liu Q, Yin H, Wang K, Diao N, Zhang, et al. Prevalence Trends of Site-Specific Osteoarthri-
tis From 1990 to 2019: Findings From the Global Burden of Disease Study 2019. Arthritis Rheumatol.
2022;74(7):1172-83. hitps://doi.org/10.1002/art.42089 PMID: 35233975

Word Health Organization. Roadmap towards ending TB in children and adolescents, 3rd ed. [cited
2024 June 25]. Available at: hitps://www.who.int/publications/i/item/9789240084254

Thakur S, Chauhan V, Kumar R, Beri G. Adolescent Females are More Susceptible than Males
for Tuberculosis. J Glob Infect Dis. 2021;13(1):3-6. https://doi.org/10.4103/jgid.jgid_229 20 PMID:
33911445

Berry KM, Rodriguez CA, Berhanu RH, Ismail N, Mvusi L, Long L, et al. Treatment outcomes among
children, adolescents, and adults on treatment for tuberculosis in two metropolitan municipalities in
Gauteng Province, South Africa. BMC Public Health. 2019;19(1):973. https://doi.org/10.1186/s12889-
019-7257-4 PMID: 31331311

Horton KC, Sumner T, Houben RMGJ, Corbett EL, White RG. A Bayesian Approach to Understanding
Sex Differences in Tuberculosis Disease Burden. Am J Epidemiol. 2018;187(11):2431-8. https://doi.
org/10.1093/aje/kwy131 PMID: 29955827

Foo YZ, Nakagawa S, Rhodes G, Simmons LW. The effects of sex hormones on immune function: a
meta-analysis. Biol Rev Camb Philos Soc. 2017;92(1):551-71. https://doi.org/10.1111/brv.12243 PMID:
26800512

Weld ED, Dooley KE. State-of-the-Art Review of HIV-TB Coinfection in Special Populations. Clin
Pharmacol Ther. 2018;104(6):1098—109. https://doi.org/10.1002/cpt. 1221 PMID: 30137652

Mathad JS, Gupta A. Tuberculosis in pregnant and postpartum women: epidemiology, management,
and research gaps. Clin Infect Dis. 2012;55(11):1532—-49. https://doi.org/10.1093/cid/cis732 PMID:
22942202

Abdool Karim Q, Baxter C, Birx D. Prevention of HIV in adolescent girls and young women: Key

to an AIDS-free generation. Journal of Acquired Immune Deficiency Syndromes. 2017;75(Suppl
1):S17-26.

Najafizada M, Rahman A, Taufique Q, Sarkar A. Social determinants of multidrug-resistant tuberculo-
sis: A scoping review and research gaps. Indian J Tuberc. 2021;68(1):99—-105. https://doi.org/10.1016/.
ijtb.2020.09.016 PMID: 33641859

Rengganis Wardani DWS, Wahono EP. Spatio-Temporal Dynamics of Tuberculosis Clusters in Indo-
nesia. Indian J Community Med. 2020;45(1):43-7. https://doi.org/10.4103/ijcm.IJCM_182_19 PMID:
32029983

Song W-M, Li Y-F, Liu Y-X, LiuY, Yu C-B, Liu J-Y, et al. Drug-Resistant Tuberculosis Among Children:
A Systematic Review and Meta-Analysis. Front Public Health. 2021;9:721817. https://doi.org/10.3389/
fpubh.2021.721817 PMID: 34490197

Shi C-L, Han P, Tang P-J, Chen M-M, Ye Z-J, Wu M-Y, et al. Clinical metagenomic sequencing

for diagnosis of pulmonary tuberculosis. J Infect. 2020;81(4):567—74. https://doi.org/10.1016/].
jinf.2020.08.004 PMID: 32768450

Marks SM, Mase SR, Morris SB. Systematic Review, Meta-analysis, and Cost-effectiveness of Treat-

ment of Latent Tuberculosis to Reduce Progression to Multidrug-Resistant Tuberculosis. Clin Infect
Dis. 2017;64(12):1670-7. https://doi.org/10.1093/cid/cix208 PMID: 28329197

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317880 March 10, 2025 18/19



https://doi.org/10.3389/fmed.2022.905245
https://doi.org/10.1080/23744235.2022.2092647
http://www.ncbi.nlm.nih.gov/pubmed/35801264
https://www.who.int/health-topics/adolescent-health#tab=tab_1
https://www.who.int/health-topics/adolescent-health#tab=tab_1
https://doi.org/10.1016/S0140-6736(20)30937-2
https://doi.org/10.1016/j.jiph.2023.01.014
http://www.ncbi.nlm.nih.gov/pubmed/36702011
https://doi.org/10.1002/art.42089
http://www.ncbi.nlm.nih.gov/pubmed/35233975
https://www.who.int/publications/i/item/9789240084254
https://doi.org/10.4103/jgid.jgid_229_20
http://www.ncbi.nlm.nih.gov/pubmed/33911445
https://doi.org/10.1186/s12889-019-7257-4
https://doi.org/10.1186/s12889-019-7257-4
http://www.ncbi.nlm.nih.gov/pubmed/31331311
https://doi.org/10.1093/aje/kwy131
https://doi.org/10.1093/aje/kwy131
http://www.ncbi.nlm.nih.gov/pubmed/29955827
https://doi.org/10.1111/brv.12243
http://www.ncbi.nlm.nih.gov/pubmed/26800512
https://doi.org/10.1002/cpt.1221
http://www.ncbi.nlm.nih.gov/pubmed/30137652
https://doi.org/10.1093/cid/cis732
http://www.ncbi.nlm.nih.gov/pubmed/22942202
https://doi.org/10.1016/j.ijtb.2020.09.016
https://doi.org/10.1016/j.ijtb.2020.09.016
http://www.ncbi.nlm.nih.gov/pubmed/33641859
https://doi.org/10.4103/ijcm.IJCM_182_19
http://www.ncbi.nlm.nih.gov/pubmed/32029983
https://doi.org/10.3389/fpubh.2021.721817
https://doi.org/10.3389/fpubh.2021.721817
http://www.ncbi.nlm.nih.gov/pubmed/34490197
https://doi.org/10.1016/j.jinf.2020.08.004
https://doi.org/10.1016/j.jinf.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/32768450
https://doi.org/10.1093/cid/cix208
http://www.ncbi.nlm.nih.gov/pubmed/28329197

PLOS ONE

Tuberculosis in children and adolescence

35.

36.

37

38.
39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Thomas BE, Shanmugam P, Malaisamy M, Ovung S, Suresh C, Subbaraman R, et al. Psycho-Socio-
Economic Issues Challenging Multidrug Resistant Tuberculosis Patients: A Systematic Review. PLoS
One. 2016;11(1):e0147397. hitps://doi.org/10.1371/journal.pone.0147397 PMID: 26807933

Carvalho I, Goletti D, Manga S, Silva DR, Manissero D, Migliori G. Managing latent tuberculosis
infection and tuberculosis in children. Pulmonology. 2018;24(2):106—14. https://doi.org/10.1016/].
rppnen.2017.10.007 PMID: 29502937

Wu XR, Yin QQ, Jiao AX, Xu BP, Sun L, Jiao WW, et al. Pediatric tuberculosis at Beijing Children’s
Hospital: 2002-2010. Pediatrics. 2012;130(6):e1433-40.

Lamb GS, Starke JR. Tuberculosis in Infants and Children. Microbiology spectrum. 2017;5(2).

Detjen AK, DiNardo AR, Leyden J, Steingart KR, Menzies D, Schiller |, et al. Xpert MTB/RIF assay for
the diagnosis of pulmonary tuberculosis in children: a systematic review and meta-analysis. Lancet
Respir Med. 2015;3(6):451-61. hitps://doi.org/10.1016/S2213-2600(15)00095-8 PMID: 25812968

Yin Q-Q, Jiao W-W, Han R, Jiao A-X, Sun L, Tian J-L, et al. Rapid diagnosis of childhood pulmo-
nary tuberculosis by Xpert MTB/RIF assay using bronchoalveolar lavage fluid. Biomed Res Int.
2014;2014:310194. https://doi.org/10.1155/2014/310194 PMID: 25165698

Nolt D, Starke JR. Tuberculosis Infection in Children and Adolescents: Testing and Treatment. Pediat-
rics. 2021;148(6):e2021054663. hitps://doi.org/10.1542/peds.2021-054663 PMID: 34851422

Word Health Organization. Global tuberculosis report 2023. [cited 2024 June 25]. Available at: htps:/
www.who.int/publications/i/item/9789240083851

GBD 2021 Tuberculosis Collaborators. Global, regional, and national age-specific progress towards
the 2020 milestones of the WHO End TB Strategy: a systematic analysis for the Global Burden of
Disease Study 2021. The Lancet Infectious Diseases. 2024;24(7):698-725.

Obore N, Kawuki J, Guan J, Papabathini SS, Wang L. Association between indoor air pollution,
tobacco smoke and tuberculosis: an updated systematic review and meta-analysis. Public Health.
2020;187:24-35. https://doi.org/10.1016/j.puhe.2020.07.031 PMID: 32889229

Imtiaz S, Shield KD, Roerecke M, Samokhvalov AV, Lénnroth K, Rehm J. Alcohol consumption as a
risk factor for tuberculosis: meta-analyses and burden of disease. Eur Respir J. 2017;50(1):1700216.
https://doi.org/10.1183/13993003.00216-2017 PMID: 28705945

Lénnroth K, Castro K, Chakaya J, Chauhan L, Floyd K, Glaziou P. Tuberculosis control and elimination
2010-50: cure, care, and social development. Lancet. 2010;375(9728):1814-29.

Safiri S, Carson-Chahhoud K, Noori M, Nejadghaderi SA, Sullman MJM, Ahmadian Heris J, et

al. Burden of chronic obstructive pulmonary disease and its attributable risk factors in 204 coun-

tries and territories, 1990-2019: results from the Global Burden of Disease Study 2019. BMJ.
2022;378:€069679. https://doi.org/10.1136/bmj-2021-069679 PMID: 35896191

Visca D, Ong CWM, Tiberi S, Centis R, DAmbrosio L, Chen B, et al. Tuberculosis and COVID-19
interaction: A review of biological, clinical and public health effects. Pulmonology. 2021;27(2):151-65.
https://doi.org/10.1016/j.pulmoe.2020.12.012 PMID: 33547029

PLOS ONE | https://doi.org/10.1371/journal.pone.0317880 March 10, 2025 19/19



https://doi.org/10.1371/journal.pone.0147397
http://www.ncbi.nlm.nih.gov/pubmed/26807933
https://doi.org/10.1016/j.rppnen.2017.10.007
https://doi.org/10.1016/j.rppnen.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29502937
https://doi.org/10.1016/S2213-2600(15)00095-8
http://www.ncbi.nlm.nih.gov/pubmed/25812968
https://doi.org/10.1155/2014/310194
http://www.ncbi.nlm.nih.gov/pubmed/25165698
https://doi.org/10.1542/peds.2021-054663
http://www.ncbi.nlm.nih.gov/pubmed/34851422
https://www.who.int/publications/i/item/9789240083851
https://www.who.int/publications/i/item/9789240083851
https://doi.org/10.1016/j.puhe.2020.07.031
http://www.ncbi.nlm.nih.gov/pubmed/32889229
https://doi.org/10.1183/13993003.00216-2017
http://www.ncbi.nlm.nih.gov/pubmed/28705945
https://doi.org/10.1136/bmj-2021-069679
http://www.ncbi.nlm.nih.gov/pubmed/35896191
https://doi.org/10.1016/j.pulmoe.2020.12.012
http://www.ncbi.nlm.nih.gov/pubmed/33547029

