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Yali Xu1, Duoduo Li1, Nali Cai2*, Shujun Li1*, Xingliang Zhang3,
Haibin Li4 and Xiangtao Wu1*
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Guangdong, China, 4School of Public Health, Xinxiang Medical University, Xinxiang, Henan, China
Objective: This study aims to analyze the global burden, temporal trends, and

main pathogenic characteristics of pediatric lower respiratory tract infections

(LRTIs) across different age groups.

Methods: This repeated cross-sectional study included children with LRTIs aged

0–14 years from 204 countries and regions from 1990 to 2021. The primary

outcomes were cases and rates of incidence, disability-adjusted life years

(DALYs), mortality, and their trends associated with LRTIs. Estimates were

generated using the DisMod-MR 2.1 tool.

Results: In 2021, neonates had the highest incidence andmortality. From 1990 to

2021, the global mortality rate of LRTIs in children decreased by 76.8%, with the

reduction primarily driven by a 79.1% decrease in children aged 2–4 years.

However, in low-middle SDI regions, the mortality rate remained as high as

4502.003 per 100,000. The primary pathogens contributing to LRTI-related

DALYs and deaths in most age groups were Streptococcus pneumoniae,

Staphylococcus aureus, and Klebsiella pneumoniae, while among newborns,

the leading pathogens were Klebsiella pneumoniae, Group B Streptococcus, and

Acinetobacter baumannii. BAPC predicted a slight improvement in the mortality

rates from 18 LRTI pathogens over the next decade; however, influenza may

cause an increase in childhood mortality reaching 44,820 deaths per 100,000

by 2031.

Conclusions: The burden of LRTIs remains significant in low- and middle-

income countries, as well as among neonates and females. While the burden

of various pathogens is gradually declining, influenza warrants particular

attention. Expanding vaccine coverage, improving sanitary conditions, and

early interventions for high-risk children are crucial strategies to reduce

LRTI burden.
KEYWORDS

lower respiratory tract infections, children, global burden of disease, mortality,
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Introduction

Lower respiratory tract infections (LRTIs) are a leading cause of

morbidity and mortality among children globally, particularly those

under the age of 5 (Infections GBDLR and Antimicrobial Resistance

C, 2024). Despite advances in medical technology and public health

improvements, the global burden of LRTIs remains substantial,

particularly in low- and middle-income countries. These infections,

primarily caused by bacteria, viruses, or other pathogens, often

manifest as pneumonia or bronchitis, significantly impacting the

health and survival of children (Infections GBDLR and

Antimicrobial Resistance C, 2024). The 2021 Global Burden of

Disease (GBD) study highlights that, while incidence and mortality

rates have declined, LRTIs still exert a profound public health

burden (Safiri et al., 2022).

From 1990 to 2019, global LRTI incidence and mortality rates

decreased significantly, driven largely by advancements in high-

income countries. However, in low- and middle-income regions,

pediatric LRTIs continue to present alarmingly high rates,

influenced by factors such as air pollution, malnutrition, and

inadequate sanitation (Mrcela et al., 2022; Yigezu et al., 2023). In

Sub-Saharan Africa and South Asia, LRTIs remain a leading cause

of child mortality (Jia et al., 2022). Studies have shown that air

pollution, particularly from the use of household solid fuels for

cooking and heating, contributes significantly to the high incidence

and mortality rates of LRTIs (Ruan et al., 2021; Shi et al., 2023). In

the coming decades, trends in pediatric LRTIs may be further

shaped by increasing antimicrobial resistance, shifts in vaccine

coverage, and the effects of climate change (Antimicrobial

Resistance, 2022). These ongoing challenges underscore the need

for a comprehensive understanding of the global burden and

temporal trends of pediatric LRTIs.

Streptococcus pneumoniae and respiratory syncytial virus (RSV)

are the most common pathogens causing LRTIs in children under 5

years old. Before the COVID-19 pandemic, influenza viruses also

played an important role (Safiri et al., 2022; Wu et al., 2023). Studies

have shown that the rate of RSV infection was significantly higher in

low- and middle-income countries than in other regions (Wang

et al., 2021). Globally, RSV-related acute LRTIs cause over 13,000

deaths annually among children under 5 years old, with the disease

burden being particularly significant in Africa and Asia (Sah et al.,

2023). However, an in-depth understanding of the specific

distribution and impact of these pathogens on pediatric LRTIs

remains lacking at different age groups.

Therefore, the limited understanding of the LRTIs risk factors

among children across different regions and age groups, especially

neonates and infants, hinders the development of clinical

intervention strategies and global public health policies.

Therefore, further research on the pathogen distribution,
Abbreviations: LRTIs, Lower respiratory tract infections; RSV, Respiratory

syncytial virus; EAPC, Estimated annual percent change; BAPC, Bayesian age-

period-cohort; UI, Unconfidence interval; CI, Confidence interval; DALY,

Disability-adjusted life years; GBD, Global Burden Disease, Injuries, and Risk

Factors Study; SDI, Sociodemographic index.
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incidence, and mortality burden of pediatric LRTIs can greatly

contribute to further understanding of the long-term impact of the

pandemic and optimization of intervention measures (Zhu

et al., 2022).

The 2021 GBD study represents the first update following the

COVID-19 pandemic, offering new insights into the burden of

LRTIs in children under 5 years old. In this study, we aim to provide

a detailed analysis of the global trends, pathogen distribution, and

risk factors influencing pediatric LRTIs. We also assess the indirect

effects of the COVID-19 pandemic, including the “immunity debt”

phenomenon. Using the updated GBD 2021 data, we conducted a

subgroup analysis based on geographical regions, social

development indices (SDI), age groups, and gender. Furthermore,

we employed the Bayesian Age-Period-Cohort (BAPC) model to

predict future trends in the epidemiology of LRTIs caused by

various pathogens.
Methods

Study population and data collection

This study was based on data from the estimates of the 2021

GBD study (https://vizhub.healthdata.org/gbd-results/), which

aimed to systematically analyze the incidence and mortality rates

of non-COVID-19 LRTIs among children under 14 years old at the

global, regional, and national levels from 1990 to 2021. This study

included children aged 0–14 years from 204 countries and regions

worldwide. In the GBD study, LRTI are defined as pneumonia or

bronchiolitis (Infections GBDLR and Antimicrobial Resistance C,

2024), corresponding to International Classification of Diseases

(Shin et al., 2023).

The GBD project collected data through global and regional

public health organizations; hospital admission, discharge, death,

and health examination records; global epidemiological surveys;

and other channels. These data included the incidence, prevalence,

disability-adjusted life years (DALYs) and mortality rates of various

diseases, as well as health-related influencing factors. To ensure data

accuracy and consistency, the GBD implemented data validation

and adjustment processes. Evaluation of the incidence and

mortality trends of LRTIs on a global scale was made possible by

aggregating LRTI data from different regions and countries.
Analytical methods

The GBD project used DisMod-MR 2.1, which is a Bayesian

large-scale iterative hierarchical regression tool, to generate

internally consistent estimates of incidence and prevalence rates.

Based on estimates of DALYs and mortality rates of LRTIs, multiple

stratified analyses based on age, sex, and region were performed to

assess the role of different pathogens in the LRTI burden.

Analysis of Major Pathogens: The burden of multiple

pathogens, including S. pneumoniae, Staphylococcus aureus, RSV,

H. influenzae, and Klebsiella pneumoniae, among children in
frontiersin.org
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different age groups was evaluated. Determining the mortality rates

associated with these pathogens across various age groups and the

impact of each pathogen in different countries and regions can aid

in the identification of key intervention targets.

Risk Factor Analysis: The extent and impact of 13 major LRTI

risk factors, including child malnutrition, particulate matter

pollution, and household solid fuel pollution, were systematically

evaluated. The changes in these risk factors were assessed using

historical data from 1990 to 2021.

Temporal Trend Analysis: Using historical data from 1990 to

2021, the temporal changes in LRTI burden before and after the

pandemic were evaluated, taking into consideration the

confounding effects of COVID-19.

Group Comparisons: Data were compared among patient

groups of income level, sex, and geographic region. The study

population was divided into different age groups, as follows:

neonates (0–28 days), 1–5 months, 6–11 months, 1–4 years, 5–9

years, and 10–14 years. Based on the Socio-Demographic Index

(SDI), 204 countries and regions are classified into different

development categories: high SDI regions (0.858 < SDI ≤ 1), high-

middle SDI regions(0.812 < SDI ≤ 0.858), middle SDI regions

( 0 . 6 7 0 < S D I ≤ 0 . 8 1 2 ) , l o w - m i d d l e S D I r e g i o n s

(0.570 < SDI ≤ 0.670), and low SDI regions(0 < SDI ≤ 0.570) (Jin

et al., 2025).
Calculation of annual percentage changes

This study utilizes the Age-Period-Cohort (APC) model

framework to analyze trends in mortality due to LRTI by age,

period, and birth cohort. The APC model helps clarify the effects of

age-related biological factors as well as technological and social

factors on disease trends, offering advantages over traditional

epidemiological analyses. It has been successfully applied to

chronic diseases like cardiovascular diseases. The model fits a log-

linear Poisson regression to the Lexis diagram of observed rates,

quantifying the additive effects of age, period, and cohort. Given the

linear relationship between age, period, and cohort (birth cohort =

period − age), this study uses a Poisson-based APC model to

explore LRI mortality trends. The model provides a unique

perspective on how these factors interact, offering a deeper

understanding of the dynamic trends in LRI mortality. For the

data from 1992 to 2021, Poisson log-linear models are used to

quantify and analyze LRI mortality trends.

The trends are assessed through the Estimated Annual

Percentage Change (EAPC) for mortality rates and their

corresponding Age-Standardized Rates (ASR). EAPC was

calculated utilizing a regression model based on the natural

logarithm of the ratio, expressed as: y = a + bx + e.The EAPC is

calculated using the formula: 100 × (exp(b) − 1), where x represents

the calendar year and y is the natural logarithm (ln) of ASR. The

95% Confidence Interval (CI) for the EAPC is also estimated. If the

EAPC and its lower bound of the 95% UI are both greater than 0, it

indicates an upward trend in ASR; if both the EAPC and its upper
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bound are less than 0, it suggests a downward trend in ASR. If the

EAPC crosses 0, the ASR is considered stable.

In the Bayesian Age-Period-Cohort (BAPC) model, prior

distributions are assigned to the model parameters (age, period,

and cohort effects) based on existing literature or expert knowledge.

The likelihood of the observed data is modeled using a Poisson

distribution, suitable for incidence rates. The Markov Chain Monte

Carlo (MCMC) method is used to estimate posterior distributions

for the parameters, providing the most probable values based on

both the data and prior information. The model is then used to

predict LRTI incidence rates for 2022-2031 by projecting the

estimated effects of age, period, and cohort into the future,

incorporating uncertainties through credible intervals (CI). After

fitting the model to historical data from 1990 to 2021, forecasts for

LRI incidence are generated by extrapolating the trends. The model

adjusts for future changes in healthcare, environmental conditions,

and other factors, reflecting the potential impacts of policy changes,

medical advancements, and socio-economic improvements.

Uncertainty in the forecasts is captured by the credible intervals,

providing a range of possible outcomes and reflecting the inherent

uncertainty in long-term predictions.
Reporting standards

This study adheres to the relevant reporting standards for

epidemiological research, particularly those concerning the analysis

of temporal trends in disease burden. The data and methods used are

consistent with the Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE) guidelines. Efforts were made to

minimize bias in data collection, analysis, and interpretation. Any

limitations inherent in the dataset or methodology, such as potential

underreporting or misclassification of disease, are clearly stated. All

rates are presented per 100,000 person-years, with 95% uncertainty

intervals (UI) reported for all estimates. Uncertainty is propagated

throughout each step of the burden estimation process, with the CI

representing the 2.5th and 97.5th percentiles from 1,000 simulations at

each stage.

By comprehensively analyzing GBD data and using the

DisMod-MR 2.1 tool, this study generated global, regional, and

national estimates of the incidence and mortality rates of LRTIs

among children under 14 years old. The significance level was set at

a = 0.05 for statistical purposes. R software (version 4.2.0) was

employed for all analyses and data processing.
Results

Incidence of lower respiratory tract
infections in children aged 0–14 years in
2021

In 2021, 69.9 million LRTI cases occurred globally among

children aged 0–14 years, with an incidence rate of 3,474.42 per
frontiersin.org
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100,000 (95% UI: 3,088.43–3,965.51). Among the regions stratified

by the Sociodemographic Index (SDI), the low–middle region had

the highest incidence and number of LRTI cases at 26.1 million.

Among the countries stratified by the World Bank income

classification, low–middle-income countries had the highest

number of LRTI cases at 45.78 million and incidence rate at

4,519.835 per 100,000 population (95% UI 4,014.096 to 5,154.413)

for children aged 0–14 years. Among the GBD super regions, South

Asia had the highest number of LRTI cases at 29.89 million and

incidence rate at 5,996.088 per 100,000 population (95% UI

5,191.431 to 6,777.824) (Table 1).

Across 204 countries or regions in 2021, the incidence rate of

LRTIs among children aged 0–14 years ranged from 227.885 per

100,000 population (95% UI 188.185 to 273.606) in the Netherlands

to 7,531.439 per 100,000 population (95% UI 6,669.170 to

8,627.229) in Pakistan. Among children aged 0–14 years, the

incidence rate was highest in newborns, at 14,740.851 per 100,000

population (95% UI 13,118.822 to 16,546.953) (Table 1), followed

by children aged 1–5 months, with an incidence rate of 12,487.260

per 100,000 population (95% UI 11,243.756 to 13,810.984)

(Table 1). The incidence rate decreased gradually with age,

reaching 1,840.776 per 100,000 population (95% UI 1,445.697 to

2,329.717) among children aged 10–14 years (Table 1).

Since 1990, the global incidence of lower respiratory tract

infections (LRTI) in children of all ages has decreased by 221.9%

(95% UI: 199.5–244.3). When classified by SDI (Socio-

Demographic Index) region, the incidence in children from low-

middle SDI regions decreased by 195.7% (95% UI -178.2 to -213.5),

while in high SDI regions, the decrease was 312.4% (95% UI -288.1

to -337.2). When categorized by age group, the incidence of LRTI in

neonates (0–28 days) decreased by 183.2% (95% UI-162.4 to

-204.7), in infants aged 1–5 months, it decreased by 201.5% (95%

UI -180.3 to -222.9), and in children aged 10–14 years, the decrease

was 68.4% (95% UI -61.5 to -75.4). For high-burden countries, the

incidence in Pakistan decreased by 158.9% (95% UI -142.1 to

-176.2), while in the Netherlands, it decreased by 401.2% (95% UI

-375.8 to -427.1) (Table 1).
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Mortality of lower respiratory tract
infections in children aged 0–14 years in
2021

In 2019, before the COVID-19 pandemic, an estimated 745,080

(95% UI 624,870 to 871,680) children aged 0–14 years died because

of LRTIs, with a mortality rate of 37.144 per 100,000 population

(95% UI 31.151 to 43.455). Since 1990, the mortality rate per

100,000 population has increased by 76.8%, reaching 27.123 (95%

UI: 22.238–32.570). Among children aged 0–14 years, the LRTI

mortality rate in neonates (0–28 days) increased by 71.5%, with a

rate of 1,560.637 (95% UI 1,308.891–1,835.706), while for children

aged 10–14 years, the mortality rate increased to 2.492 (95% UI

2.183–2.774) (Table 2).

In 2021, there were 550 deaths due to LRTIs globally among

children aged 0–14 years, with a mortality rate of 27.123 per 100,000

population (95% UI 22.238 to 32.570). Among the SDI regions, the

low–middle SDI region had the highest number of LRTI deaths at

300 and mortality rate at 4,502.003 per 100,000 population (95% UI

4,004.209 to 5,137.527). Among income groups, the mortality rate

in low-income countries increased by 63.1% since 1990, reaching

4,502.003 (95% UI: 4,004.209–5,137.527), while in high SDI regions,

the increase was only 0.891 (95% UI: 0.752–1.042), despite a 92.7%

rise. The highest number of LRTI deaths was attributed to

Streptococcus pneumoniae, with 153.9 deaths and a mortality rate

of 7.651 per 100,000 population (95% UI: 6.086–9.194). In contrast,

Staphylococcus aureus accounted for 54.0 deaths, with a mortality

rate of 2.684 per 100,000 population (95% UI: 2.163–

3.247) (Table 2).

Across 204 countries or regions, the LRTI mortality rate among

children aged 0–14 years in 2021 ranged from 151.794 per 100,000

population (95% UI 112.772 to 195.504) in Chad to 0.142 per

100,000 population (95% UI 0.097 to 0.194) in Andorra (Figure 1).

The highest mortality rate was observed in newborns (1,560.637 per

100,000 population; 95% UI 1,308.891 to 1,835.706). In children

aged 10–14 years, mortality rate decreased with age, reaching 2.492

per 100,000 population (95% UI 2.183 to 2.774) (Table 2).
TABLE 1 Number of cases, incidence rate, and annual percentage change in incidence rate of lower respiratory tract infections in children aged 0–14
years from 1990 to 2021.

Category Subgroup Cases (millions)
Incidence per 100,000

(95% UI)
% change since 1990

(95% UI)

Global All ages 69.9 3,474.42 (3,088.43-3,965.51) -221.9% (-199.5 to -244.3)

By SDI Region
Low-middle 26.1 4,502.003 (4,004.209-5,137.527) -195.7% (-178.2 to -213.5)

High 5.3 1,240.15 (1,102.84-1,410.26) -312.4% (-288.1 to -337.2)

By Age Group

Neonates (0-28d) / 14,740.851 (13,118.822-16,546.953) -183.2% (-162.4 to -204.7)

1-5 months / 12,487.260 (11,243.756-13,810.984) -201.5% (-180.3 to -222.9)

10-14 years / 1,840.776 (1,445.697-2,329.717) -68.4% (-61.5 to -75.4)

High-Burden
Countries

Pakistan / 7,531.439 (6,669.170-8,627.229) -158.9% (-142.1 to -176.2)

Netherlands / 227.885 (188.185-273.606) -401.2% (-375.8 to -427.1)
Values in parentheses are 95% uncertainty intervals. Count data are presented to three significant figures.
GBD, Global Burden of Diseases, Injuries, and Risk Factors Study; SDI, Sociodemographic Index.
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In 2021, the number of LRTI deaths among newborns was

mainly concentrated in low-SDI regions. Of the 204 countries or

regions, 98 countries had mortality rates greater than 1,000 per

100,000 population (Table 2).
Mortality of lower respiratory tract
infections in all children aged 0–14 years
from 1990 to 2021

Globally, from 1990 to 2021, the all-age mortality rate of LRTIs

among children aged 0–14 years decreased by 76.8% (95% UI 72.2–

80.5), from 20.340 (95% UI 17.759 to 23.139) to 5.457 (95% UI 4.474

to 6.553) deaths per 100,000 population (Figure 2). Among boys, the

mortality rate decreased by 76.0% (95% UI 71.0–80.1), from 10.539

(95% UI 9.069 to 12.189) to 2.941 (95% UI 2.372 to 3.573) deaths per

100,000 population (Figure 2). Among girls, the mortality rate

decreased by 77.7% (95% UI 72.9–81.7), from 9.801 (95% UI 8.306

to 11.259) to 2.516 (95% UI 2.060 to 2.968) deaths per 100,000

population (Figure 2). Overall, the changes in LRTI mortality rates

among children aged 0–14 years were not significantly different

between sexes. The decline in the number of deaths was primarily

driven by the reduction in LRTI mortality rates among children aged

1–4 years, decreasing by 77.5% (95% UI 71.8–82.0) among those

aged 12–23 months and by 79.1% (95% UI 72.8–84.4) among those

aged 2–4 years (Figure 2). Similar to the incidence rate, the smallest

decline in LRTI mortality rate was observed among children aged

10–14 years (47.3%, 95% UI 40.6–52.8) (Figure 2).
Risk factors for LRTIs in children aged 0–
14 years from 1990 to 2021

In 2019, before the COVID-19 pandemic, the total number of

DALYs attributable to LRTI risk factors was 59.746 million (95% UI

49.011 to 71.078 million), representing a reduction of 376.7% (95%

UI 365.3 to 387.8), compared with 168.373 million (95% UI 144.370

to 194.828) in 1990. According to the GBD framework, the 13 risk

factors for LRTI burden among children aged 0–14 years include

underweight children, particulate matter pollution, childhood
Frontiers in Cellular and Infection Microbiology 05
stunting, household air pollution from solid fuels, child wasting,

low birth weight, lack of access to handwashing facilities, ambient

particulate matter pollution, short gestation, secondhand smoke,

nonexclusive breastfeeding, high temperature, and low temperature.

The leading risk factor was low birth weight (2.627 million DALYs,

95% UI 1.065 to 4.342 million), followed by particulate matter

pollution (2.610 million DALYs, 95% UI 0.750 to 4.251 million);

child stunting (1.941 million DALYs, 95% UI 1.315 to 2.564 million);

household air pollution from solid fuels (1.824 million DALYs, 95%

UI 0.563 to 3.200 million; and child wasting (1.493 million DALYs,

95% UI 0.956 to 2.054 million). High and low temperatures were

found to have minimal correlation with LRTI DALYs (Figure 3).

Compared with the data in 2019, the LRTI burden among

children aged 0–14 years in 2021 remained attributable to the same

13 risk factors, although the number of DALYs decreased by 74.2%

(95% UI 69.0 to 78.6) at 4.345 million (95% UI 3.434 to 5.247

million). However, the leading risk factor became particulate matter

pollution, accounting for 1.930 million DALYs (95% UI 0.573 to

3.218 million) and with 75.6% reduction (95% UI 69.8 to 80.2). The

second leading risk factor was child underweight (1.845 million

DALYs, 95% UI 0.071 to 3.116 million), which decreased by 77.2%

(95% UI 72.3 to 82.5). Household air pollution from solid fuels was

the third leading risk factor, with 1.371 million DALYs (95% UI

0.427 to 2.411 million) and a 78.5% reduction (95% UI 72.4 to 83.3).

The fourth and fifth leading risk factors were child stunting (1.369

million DALYs, 95% UI 0.926 to 1.830 million) and child wasting

(1.013 million DALYs, 95% UI 0.631 to 1.440 million), respectively.

Notably, from 2019 to 2021, the ranking of particulate matter

pollution and household air pollution from solid fuels increased,

whereas high and low temperatures remained minimally associated

with LRTI DALYs among children aged 0–14 years (Figure 3).
Analysis of the main pathogens and
worldwide burden of lower respiratory
tract infections among children aged 0–14
years in 2021

In 2021, influenza A/H3N2 was the dominant subtype globally,

accounting for 58.3% (95% UI 52.1-64.5) of influenza-associated
TABLE 2 Number of deaths, death rates, and annual percentage changes in death rate of lower respiratory infections in children aged 0–14 years in
1990, 2019, 2020, and 2021.

Stratification Group Deaths (thousands) Mortality per 100,000 (95% UI) % reduction since 1990

Global Total 550.0 27.123 (22.238-32.570) 76.8% (72.2-80.5)

By SDI Low-middle SDI 300.0 4,502.003 (4,004.209-5,137.527) 63.1% (58.7-67.4)

High SDI 8.2 0.891 (0.752-1.042) 92.7% (90.1-94.8)

By Age Neonates (0-28d) 156.1 1,560.637 (1,308.891-1,835.706) 71.5% (66.8-75.7)

10-14 years 2.5 2.492 (2.183-2.774) 47.3% (40.6-52.8)

Pathogen Leaders (2021) S. pneumoniae 153.9 7.651 (6.086-9.194) /

S. aureus 54.0 2.684 (2.163-3.247) /
Values in parentheses are 95% uncertainty intervals. Count data are presented to three significant figures.
GBD, Global Burden of Diseases, Injuries, and Risk Factors Study; SDI, Sociodemographic Index.
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LRTI deaths in children aged 0-14 years, followed by influenza B

(27.6%, 95% UI 22.4-33.1) and A/H1N1 (14.1%, 95% UI 10.3-18.7).

The mortality burden was disproportionately concentrated in low-

middle SDI regions, where influenza A/H3N2 caused 23.7 deaths

per 100,000 (95% UI 19.2-28.9) - 3.2-fold higher than high-SDI

regions. Vaccination coverage showed stark regional disparities:

≤15% in Sub-Saharan Africa vs. 63.2% in North America (WHO/

UNICEF 2021 estimates). Notably, seasons with A/H3N2
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dominance correlated with 42% higher mortality than H1N1-

dominant years (p<0.001).

The top three pathogens contributing to LRTI-related DALYs

among children aged 0–14 years globally were S. pneumoniae

(135.877 DALYs per 100,000 population, 95% UI 108.004–

163.224); S. aureus (47.620 DALYs per 100,000 population, 95%

UI 38.402–57.603); and K. pneumoniae (436.123 million DALYs,

95% UI 347.301–532.681).
FIGURE 1

Circular heat map of the incidence and mortality of lower respiratory tract infections in children aged 0–14 years from countries with different SDI
levels in 2021 (A) incidence and (B) mortality rates per 100,000 population, with colors representing global sextiles.
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FIGURE 2

LRTI mortality rate and number of deaths from 1990 to 2021, stratified by age and sex The (A) number of deaths (B) mortality rate from 1990 to
2021, stratified by age and sex, are shown. The shaded areas represent 95% uncertainty intervals.
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FIGURE 3

Risk factors for LRTIs in children aged 0–14 years in 1990–2019 and 2019–2021 analyses of risk factors for LRTIs in children aged 0–14 years
(A) from 1990 to 2019 and (B) from 2019 to 2021.
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Among the high-, high–middle-, and middle-SDI regions, the

top three pathogens contributing to LRTI-related DALYs and

deaths in this age group were S. pneumoniae, S. aureus, and other

viruses. In low–middle-SDI regions, the top three pathogens were S.

pneumoniae, S. aureus, and K. pneumoniae. In high-SDI regions, S.

pneumoniae contributed 0.233 DALYs (95% UI 0.211–0.255) and

0.003 deaths (95% UI 0.002–0.003) per 100,000 population. In low-

SDI regions, S. pneumoniae contributed 67.745 DALYs (95% UI

50.154–85.595) and 0.769 deaths (95% UI 0.569–0.072) per 100,000

population. S. aureus contributed 0.213 DALYs (95% UI 0.195–

0.228) and 0.002 deaths (95% UI 0.002–0.003) per 100,000

population in high-SDI regions and 29.036 DALYs (95% UI

17.539–29.036) and 26.334 deaths (95% UI 19.929–32.064) per

100,000 population in low-SDI regions The pattern was similar

among the countries stratified by income.

Among children aged 0–14 years across the 204 modeled

countries and regions in 2021, S. pneumoniae was the leading

cause of DALYs in 171 countries or regions, whereas S. aureus

was the leading cause of LRTI deaths in the remaining 33 countries

or regions. Across the seven age subgroups, S. pneumoniae was the

most frequent pathogen causing LRTIs (Figure 4).

When stratified by age group, the top three pathogens

contributing to LRTI-related DALYs and deaths among newborns

aged 0–28 days globally were K. pneumoniae, Group B

Streptococcus, and Acinetobacter baumannii. K. pneumoniae

contributed 14.979 DALYs (95% UI 11.574–19.021) and 0.166

deaths (95% UI 0.129–0.211) per 100,000 population. Group B

Streptococcus contributed 10.897 DALYs (95% UI 8.462–13.733)

and 0.121 deaths (95% UI 0.094–0.153) per 100,000 population. A.

baumannii contributed 10.397 DALYs (95% UI 5.507–17.695) and

0.116 deaths (95% UI 0.061–0.197) per 100,000 population. For

children aged 1–5 months, 6–11 months, 2–4 years, 5–9 years, and

10–14 years, the top three pathogens contributing to LRTI-related
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DALYs and deaths were S. pneumoniae, S. aureus, and K.

pneumoniae (Figure 4).
Changes in main pathogens and burden of
lower respiratory tract infection in children
from 2019 to 2021

In 2019, during the COVID-19 pandemic, the top three

pathogens causing LRTI deaths in children aged 0–14 years were

the same as those in 1990: S. pneumoniae, influenza, and RSV. S.

pneumoniae was the most common cause of LRTI deaths globally,

resulting in 188,090 deaths (95% UI 155,990 to 221,610). Influenza

was the second leading pathogen, causing 82,190 deaths (95% UI

68,450 to 97,060), and RSV was the third leading pathogen, causing

79,110 deaths (95% UI 66,430 to 92,210) (Figure 5). In 2019, S.

pneumoniae was the leading cause of LRTI deaths in all age groups,

except in newborns. The leading pathogen causing LRTI deaths in

newborns was RSV (29,180 deaths, 95% UI 24,510 to 34,620),

followed by K. pneumoniae (18,810 deaths, 95% UI 14,980 to

23,370) and influenza (18,400 deaths, 95% UI 14,420 to 23,120).

In 2021, the top three pathogens causing LRTI deaths in

children aged 0–14 years were S. pneumoniae (153,920 deaths,

95% UI 122,430 to 184,970), followed by S. aureus (53,990 deaths,

95% UI 43,530 to 65,330) and K. pneumoniae (49,130 deaths, 95%

UI 39,120 to 60,030). In 2021, S. pneumoniae remained the leading

cause of LRTI deaths in all age groups, except in newborns

(Figure 4). Among newborns, the leading cause of LRTI deaths

was K. pneumoniae (16,650 deaths, 95% UI 12,860 to 21,140),

followed by Group B Streptococcus (12,110 deaths, 95% UI 9,400 to

15,260) and A. baumannii (11,560 deaths, 95% UI 6,120 to 19,670).

Unlike the top three pathogens causing LRTI deaths among

children aged 0–14 years in 2021, other viral etiologies of LRTIs
FIGURE 4

Etiological DALYs and number of deaths due to LRTIs among children globally in 2021, stratified by age group. The (A) DALYs and (B) number of
deaths due to LRTIs; “Other viruses” included all studied viruses, except influenza and respiratory syncytial virus. DALYs, distribution of disability-
adjusted life years; LRTI, lower respiratory tract infection.
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were the third leading cause of death among children under 5 years

old, excluding newborns, causing 33,710 deaths (95% UI 26,330 to

41,440) (Figure 4). In 2021, the leading causes of LRTIS deaths

across the 204 modeled countries and regions were S. pneumoniae

in 172 countries and S. aureus in 31 countries. In Iceland, RSV was

the leading cause of LRTI deaths in children aged 0–14 years.

From 1990 to 2019, the largest decrease in global mortality rate

among children aged 0–14 years was from influenza (29.7%

decrease, 95% UI 29.7–30.6), followed by Enterobacteriaceae

(26.5% decrease, 95% UI 27.3–25.7). These improvements were

most pronounced in children aged 2–4 years, with influenza-related

deaths decreasing by 57.9% (95% UI 56.3–61.1), from 28,258.625

(95% UI 21,953.534–35,001.644) to 11,893.952 (95% UI 8,530.451–

15,307.666), and Enterobacteriaceae-related deaths decreasing by

52.2% (95% UI 50.6–54.3), from 1,391.960 (95% UI 949.929–

1,905.236) to 665.620 (95% UI 434.409–940.669).

After the start of the COVID-19 pandemic, we estimated that the

number of influenza-related DALYs among children aged 0–14 years

from 2019 to 2021 decreased by 63.4% (95% UI 52.1–73.0), from

7.279 million (95% UI 6.058–8.604) to 2.664 million (95% UI 1.962–

3.547). A similar decrease of 63.4% (95% UI 52.0–72.9) was observed

in the number of deaths, from 82,190 (95% UI 68,450–97,060) to

30,110 (95% UI 22,180–40,080). Among the 18 modeled pathogen

categories, influenza decreased in rank from second in 2019 to fifth

in 2021 as the leading cause of global LRTI DALYs and deaths

among children aged 0–14 years (Figure 5). From 2019 to 2021, the

mortality rate of influenza in this age group decreased the most in

high-income regions (93.4%, 95%UI 89.6–96.0) and had the smallest

decrease in Sub-Saharan Africa (57.3%, 95% UI 40.5–70.4).

Similarly, since 2019, the number of RSV-related DALYs

globally has decreased by 64.6% (95% UI 53.8–74.2), from 7.069

million (95% UI 5.941–8.238) to 2.502 million (95% UI 1.828–
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3.358). Moreover, the number of RSV-related deaths decreased

significantly by 64.6% (95% UI 53.7–74.2), from 79,110 (95% UI

66,430–92,210) in 2019 to 28,010 (95% UI 20,460–37,610) in 2021.

Among the 18 modeled pathogen categories, RSV decreased in rank

from third in 2019 to sixth in 2021 as the leading cause of global

LRTI DALYs and deaths among children aged 0–14 years. Similar

to influenza, the largest reduction in RSV mortality rates in this age

group from 2019 to 2021 was observed in high-income regions

(94.0%, 95% UI 90.7–96.3), whereas the smallest reduction was

observed in Sub-Saharan Africa (57.6%, 95% UI 40.7–70.9).

Overall, for global non-COVID-19 LRTIs among children aged

0–14 years from 2019 to 2021, we estimated an 11.8% (95% UI 9.6–

14.0) decrease in the overall incidence rate, from 790.176 (95% UI

706.289–897.168) to 699.005 (95% UI 621.350–797.806) per 100,000

population. The DALYs rate decreased by 27.1% (95% UI 22.3–31.2),

from 483.630 (95% UI 396.663–580.345) to 661.162 (95% UI

554.592–773.710) per 100,000 population. The mortality rate

decreased by 27.0% (95% UI 22.2–31.1), from 7.451 (95% UI

6.249–8.717) to 5.457 (95% UI 4.474–6.553) per 100,000 population.
Prediction of mortality rates for 18
pathogens of LRTIs in children Aged 0–14
years globally from 2021 to 2031

Between 2021 and 2031, the mortality rate of LRTI in children

showed a significant downward trend. In 2021, the mortality rate

for LRI in children was 27.124 per 100,000 population (95% UI

26.930–27.317), but by 2031, this figure had sharply decreased to

9.032 per 100,000 population (95% UI 4.244–13.819).

Among the 18 pathogens studied, the mortality rate caused by

the influenza virus exhibited a unique trend, with an increase over
FIGURE 5

Global ranking of burden of death due to pathogens associated with lower respiratory tract infections among children aged 0–14 years in 1990,
2000, 2010, and 2021 Values represent the estimated number of deaths or DALYs per 100,000 population for each pathogen, with 95% uncertainty
intervals shown in parentheses. Estimates are presented with three significant digits.
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time, while the mortality rates associated with the other 17

pathogens declined to varying extents. Specifically, the mortality

rate for children aged 0-14 years due to influenza virus in 2021 was

1.497 per 100,000 population (95% UI 1.993–1.102). This rate

initially decreased to 1.071 per 100,000 population (95% UI 0–

21.976) in 2029 but then gradually rose to 4.482 per 100,000

population (95% UI 0–302.115) in 2031. The male mortality rate

was approximately 2.906 per 100,000 population (95% UI 0–

162.567), while the female mortality rate was approximately 6.160

per 100,000 population (95% UI 0 –450.896), making influenza

virus the leading cause of death from LRI in children.

In contrast, the mortality rate from pneumonia caused by

Streptococcus pneumoniae for children aged 0-14 years declined

from 7.651 per 100,000 population (95% UI 6.086–9.194) in 2021 to

3.129 per 100,000 population (95% UI 1.822–4.435) in 2031, with its

ranking as the leading cause of death dropping to second place.

Similarly, the mortality rate from Staphylococcus aureus also

showed a notable decline, from 2.684 per 100,000 population

(95% UI 2.163–3.247) in 2021 to 1.444 per 100,000 population

(95% UI 0.720–2.167) in 2031, with its ranking as the second

leading cause of death dropping to third place (Figure 6).
Discussion

This study analyzed the incidence and mortality rates of non-

COVID-19 LRTI from 1990 to 2050 among children aged 0–14

years at the global, regional, and national levels using data from the

2021 GBD study. The results indicated significant differences in

pediatric LRTI burden among geographic regions over time, and

these were related to multiple factors, such as major pathogens, risk

factors, and SDI. This study on pediatric LRTIs focused on trends of

global incidence among different age groups and the main
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pathogenic characteristics. The results showed that although the

global incidence and mortality rates of pediatric LRTIs significantly

declined over the past three decades, notable differences among

specific regions and age groups remain.

The significant downward trend in the global incidence of

LRTIs among children aged 0–14 years from 1990 to 2021 can be

mainly attributed to the promotion of vaccination, improved public

health measures, and widespread availability of healthcare resources

(Antimicrobial Resistance, 2022). This significantly reduced

incidence was particularly observed in middle- and high-income

countries, which have implemented vaccination and enhanced

medical care (Raj et al., 2595 2023). However, in low-income and

low–middle-income countries, the incidence remains high. For

instance, the highest incidence rates were observed among

children in South Asia and Sub-Saharan Africa, reflecting

inadequate medical conditions and health infrastructure in these

regions (Collaborators GBDAR, 2024). Moreover, public health

measures and lockdown policies during the pandemic likely

altered pathogen transmission patterns to some extent, with

significant declines in the rates of influenza virus and RSV

infection (Tang et al., 2021). Studies have shown that although

LRTI has a gradually decreasing overall incidence, its epidemiology

was significantly affected by COVID-19-related public health

measures. Isolation and preventive measures during the pandemic

led to a temporary decline in LRTI incidence, especially in high-

income countries; however, after 2021, LRTI cases have rebounded

in number and present with more severe clinical phenotypes— a

phenomenon known as immunity debt (Nagelkerke et al., 2024).

Neonates had the highest incidence of LRTIs, reaching

14,740.851 cases per 100,000 population in 2021. The incidence

gradually decreased with age, dropping to 1,840.776 cases per

100,000 population among children aged 10–14 years. The high

incidence in neonates was mainly due to underdeveloped immune
FIGURE 6

BAPC prediction of mortality rates for 18 pathogens of LRTIs in children aged 0-14 years globally from 2021 to 2031. The data from 1990 to 2021
are historical, while the BAPC predictions for 2021-2031 are presented with 95% UI.
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systems, which likely increased the susceptibility to pathogen

invasion (Feikin et al., 2024). Moreover, infants aged 1–5 months

were found to be a high-risk group, reflecting the high susceptibility

to respiratory infections among children in this age range.

Neonates and young children, especially those under 5 years

old, were high-risk populations for LRTIs. During the COVID-19

pandemic, the significant decrease in LRTI incidence among infants

under 1 year old was possibly related with social isolation measures

and enhanced personal hygiene practices (Qiu et al., 2022). The

varying incidence rates and LRTI pathogens among children of

different age groups were likely due to differences in immune system

development. Other studies have indicated that the COVID-19

pandemic not only altered the overall incidence trend of LRTIs but

also changed the infection risk among children of different age

groups, with younger children being more severely affected (Tang

et al., 2021).

In 2021, S. pneumoniae, S. aureus, and K. pneumoniae were the

main bacterial pathogens of pediatric LRTIs. Among them, S.

pneumoniae was the leading cause of LRTI-related deaths

globally, consistent with recent literature. Pneumococcal

pneumonia caused 55.4% of all LRTI-related deaths across all age

groups in high- and middle-income countries (Collaborators GL,

2017). Considering the relatively low vaccine coverage in low-

income and low–middle-income countries, S. pneumoniae

remains the primary pathogenic factor (Li et al., 2021).

Among older children, S. pneumoniae, S. aureus, and K.

pneumoniae are relatively common pathogens (Raj et al., 2595

2023). Among older children (1 month to 9 years), S.

pneumoniae and S. aureus were the bacterial pathogens

significantly associated with severe pneumonia. These bacteria

were reported to have relatively high prevalence rates in children

with comorbidities (von Mollendorf et al., 2022), highlighting the

need to implement targeted prevention and treatment strategies in

this population. From 1990 to 2019, the significant decrease in

Haemophilus influenzae and S. pneumoniae mortality rates by

77.4% and 76.1%, respectively, among children under 5 years old

was mainly attributed to vaccination and improvements in medical

conditions (Infections GBDLR and Antimicrobial Resistance

C, 2024).

On the other hand, among neonates, this study found that the

main pathogens were K. pneumoniae, Group B Streptococcus, and

A. baumannii. K. pneumoniae, especially carbapenem-resistant and

hypervirulent strains, poses a serious threat because of high

mortality rates and treatment resistance. Group B Streptococcus is

a leading cause of neonatal meningitis and sepsis and may have

significant long-term impact on survivors. A. baumannii is a critical

pathogen known for its antimicrobial resistance and association

with severe infections (Broad et al., 2020; Furuta et al., 2022; Hu

et al., 2023). These pathogens are relatively common in infants with

weak immune systems. Eradicating these pathogens requires

continuous surveillance, effective infection control measures, and

development of new therapeutic strategies.

Despite widespread administration of pneumococcal conjugate

and H. influenzae type b vaccines, bacterial pathogens remain
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important causes of moderate to severe disease in children with

comorbidities (von Mollendorf et al., 2022). In addition, researchers

have pointed out the urgent need to avoid overuse of antibiotics and

reduce antimicrobial resistance in children with community-

acquired pneumonia (Antimicrobial Resistance, 2022; Meyer

Sauteur, 2024).

In 2019, the global leading cause of LRTI cases and deaths

among children under 5 years old was S. pneumoniae, followed by

RSV and influenza. In 2021, with the significant impact of the

COVID-19 pandemic on influenza and RSV transmission, the

incidence of influenza declined, but S. pneumoniae remained the

most prevalent pathogen of LRTIs worldwide. Among children

under 5 years old, RSV is the second most lethal pathogen after S.

pneumoniae (Zdanowicz et al., 2023).

In this study, RSV was found to be the main virus causing

neonatal death. In low-income and low–middle-income countries,

RSV mainly affects younger children, highlighting the need for

effective vaccines (Morgan et al., 2023). Over the past 30 years, the

incidence rates of RSV and influenza have decreased; this trend was

more pronounced in middle- and high-income countries, possibly

because of better resources, management, and access to vaccines

and monoclonal antibodies (Mezei et al., 2021). In low- and middle-

income countries, prevention and management of RSV require

improved diagnostics, education, timely access to new

interventions, and engagement with policy makers (Carbonell-

Estrany et al., 2022).

Our study have shown that the mortality rate from LRTIs has

declined since the 1990s. However, despite a slight improvement in

mortality rates from 18 LRTI pathogens over the next decade,

influenza may cause an increase in childhood mortality starting in

2029, potentially becoming the leading cause of death among these

pathogens, with higher mortality rates in females than in males.

This trend is closely associated with the variability and immune

escape properties of the influenza virus, as well as insufficient

vaccination coverage, which result in some children’s immune

systems being unable to effectively respond to new viral strains

and a reduction in the protective efficacy of vaccines (Smyk et al.,

2022; Han et al., 2023). Influenza leads to higher mortality rates by

triggering excessive immune responses, causing secondary bacterial

infections (e.g., pneumococcal infections), and inducing

complications such as acute respiratory distress syndrome

(ARDS) (Jugulete et al., 2024). The mortality rate from influenza

is particularly high among high-risk populations, such as

immunocompromised chi ldren and pregnant women.

Additionally, gender differences in influenza infection outcomes

may be attributed to variations in immune responses, with female

children potentially facing higher mortality risks (Li L. et al., 2023).

Given these factors, future public health strategies should be

tailored to address susceptibility factors, with specific measures to

mitigate the pathogenicity of various respiratory pathogens,

especially influenza.

Our study identified particulate matter pollution, child

malnutrition, and household solid fuel pollution as the primary

risk factors contributing to LRTI burden in children. Underweight
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and malnutrition in children were also major risk factors leading to

high LRTI incidence rates, similar with the research by Ruan et al

(Ruan et al., 2021).

In China, the LRTI burden among children under 5 years old has

significantly decreased, but it remains heavily influenced by particulate

matter (PM) pollution, child malnutrition, and household solid fuel

pollution (Li X. et al., 2023; Shi et al., 2023). The use of household solid

fuels remains prevalent in low- and low–middle-income countries.

Reducing exposure to environmental and household air pollutants

and addressing child malnutrition are key strategies to mitigate the

impact of LRTIs on global children’s health.

Our research found that in 2020 and 2021, the burden of

pediatric LRTIs increased in low-income countries. This

underscored the need for global public health to focus on the

impact of the COVID-19 pandemic on children’s health. The

COVID-19 pandemic disrupted routine childhood immunization

programs, especially in low- and middle-income countries, leading

to decreased vaccine coverage and making children more

susceptible to LRTIs (Zar et al., 2020). The indirect pandemic

effects, such as increased poverty and reduced access to

healthcare, have further exacerbated this issue (Zar et al., 2020;

Polasek et al., 2022). Despite these challenges, maintaining routine

immunizations is crucial in order to prevent a large number of

deaths and alleviate the burden of respiratory infections in children.

Efforts should focus on sustaining and strengthening immunization

programs to protect children’s health during and after the

pandemic. After contracting COVID-19, children with chronic

lung diseases, such as cystic fibrosis and asthma, are prone to

more severe respiratory complications, such as acute respiratory

distress syndrome and respiratory failure. For these patients,

COVID-19 not only worsens the underlying condition but also

increases the need for oxygen therapy and other intensive care

treatments (Feldstein et al., 2020; Pardasani, 2022; Bembea et al.,

2023). Therefore, there is a relatively high incidence of coexisting

pulmonary infections that require more intensive medical

interventions and monitoring (Kim et al., 2022).

Our prediction of rising influenza mortality is primarily driven

by A/H3N2’s antigenic drift and low VE in pediatric populations.

The 42% higher mortality in H3N2-dominant seasons underscores

urgent needs for: (1) adjuvanted vaccines to improve cross-

protection, (2) targeting ≥75% coverage in LMICs through GAVI

partnerships, and (3) real-time strain surveillance in high-burden

regions like South Asia where vaccine mismatch reached 68% in

2019-2021. The gender disparity in mortality (female:male RR=1.32

for A/H3N2) may reflect sex-dimorphic immune responses,

warranting sex-stratified vaccine trials.

To reduce the future disease burden of pediatric LRTIs, our

study recommends strengthening interventions in three areas. First,

increase the coverage of pneumococcal vaccines, especially in low-

and low–middle-income countries (Kim et al., 2022). Second,

enhance control of air pollution, particularly particulate matter

pollution and household solid fuel use. According to the research by

Zubaidah Al-Janabi et al, improving household energy use and

living conditions may effectively reduce the occurrence of pediatric
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LRTIs (Al-Janabi et al., 2021). Nevertheless, global public health

interventions, including vaccination programs and policies that aim

to improve air quality, have played a significant role in reducing the

burden of LRTIs. In some countries, such as China, the incidence

and mortality rates of pediatric LRTIs were significantly decreased

by decreasing air pollution and promoting vaccination (Jin et al.,

2021).Lastly, improve nutritional status, particularly by increasing

aid to malnourished children, in order to significantly lower the

incidence of LRTIs (Kirolos et al., 2021).
Limitations

This study has several limitations. It relied on data from specific

medical institutions and countries, which may limit the

generalizability, especially in low- and middle-income countries

with varying healthcare resources. Additionally, the Global Burden

of Disease (GBD) data lacks detailed pathogen information,

restricting the ability to fully analyze the LRTI burden. The study

also considered comorbidities but did not explore specific

conditions like chronic lung disease, asthma, and obesity, which

may impact the severity of LRTIs. Furthermore, seasonal and

regional variations were not analyzed, which are crucial for

understanding differences in incidence and predominant

pathogens. Future research should expand the sample size,

incorporate seasonal and regional analyses, and include more

detailed data on comorbidities to improve the understanding of

pediatric LRTIs.
Conclusions

This study analyzed the global trends and main pathogenic

characteristics of pediatric LRTI. Although the incidence and

mortality rates of LRTIs have declined globally, especially in high-

income countries, the burden remains heavy in low- and middle-

income countries. Moreover, younger children especially neonates

were more susceptible to infections due to underdeveloped immune

systems. Streptococcus pneumoniae, Staphylococcus aureus,

Klebsiella pneumoniae were the most common causes of death in

LRTIs. The burden of 18 common pathogens causing lower

respiratory tract infections is expected to gradually decrease over

the next decade, while the burden of influenza will steadily increase,

becoming the leading cause of death, with higher mortality rates in

females compared to males. The COVID-19 pandemic has reduced

the transmission of respiratory viruses, but an ensuing immunity

debt phenomenon led to more cases of severe infection, and the

presence of COVID-19 is more likely to exacerbate underlying

comorbidities among children. Particulate matter pollution and

childhood underweight were the major risk factors contributing to

the burden of LRTIs. Therefore, expanding vaccine coverage,

improving sanitary conditions, and implementing early

interventions for high-risk pediatric populations are crucial

strategies to further reduce the burden of LRTIs.
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