Articles

@@ ®

CrossMark

Lancet Infect Dis 2022;
22:1626-47

Published Online
August 11, 2022
https://doi.org/10.1016/
$1473-3099(22)00510-2

See Comment page 1523

*Collaborators listed at the end
of the paper

Correspondence to:

Dr Hmwe Hmwe Kyu, Institute
for Health Metrics and
Evaluation, University of
Washington, Seattle, WA 98195,
USA

hmwekyu@uw.edu

1626

Age-sex differences in the global burden of lower respiratory
infections and risk factors, 1990-2019: results from the
Global Burden of Disease Study 2019

GBD 2019 LRI Collaborators*

Summary

Background The global burden of lower respiratory infections (LRIs) and corresponding risk factors in children
older than 5 years and adults has not been studied as comprehensively as it has been in children younger than
5 years. We assessed the burden and trends of LRIs and risk factors across all age groups by sex, for 204 countries
and territories.

Methods In this analysis of data for the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2019, we
used clinician-diagnosed pneumonia or bronchiolitis as our case definition for LRIs. We included International
Classification of Diseases 9th edition codes 079.6, 466-469, 470.0, 480-482.8, 483.0-483.9, 484.1-484.2, 484.6-484.7,
and 487-489 and International Classification of Diseases 10th edition codes A48.1, A70, B97.4-B97.6, J09-]J15.8,
J16-J16.9, J20-J21.9, J91.0, P23.0-P23.4, and U04-U04.9. We used the Cause of Death Ensemble modelling strategy
to analyse 23109 site-years of vital registration data, 825 site-years of sample vital registration data, 1766 site-years of
verbal autopsy data, and 681 site-years of mortality surveillance data. We used DisMod-MR 2.1, a Bayesian meta-
regression tool, to analyse age—sex-specific incidence and prevalence data identified via systematic reviews of the
literature, population-based survey data, and claims and inpatient data. Additionally, we estimated age-sex-specific
LRI mortality that is attributable to the independent effects of 14 risk factors.

Findings Globally, in 2019, we estimated that there were 257 million (95% uncertainty interval [UI] 240-275) LRI
incident episodes in males and 232 million (217-248) in females. In the same year, LRIs accounted for 1-30 million
(95% UI 1-18-1-42) male deaths and 1-20 million (1-07-1-33) female deaths. Age-standardised incidence and
mortality rates were 1-17 times (95% UI 1-16-1-18) and 1-31 times (95% UI 1-23-1-41) greater in males than in
females in 2019. Between 1990 and 2019, LRI incidence and mortality rates declined at different rates across age
groups and an increase in LRI episodes and deaths was estimated among all adult age groups, with males aged
70 years and older having the highest increase in LRI episodes (126-0% [95% UI 121-4-131-1]) and deaths (100-0%
[83-4-115-9]). During the same period, LRI episodes and deaths in children younger than 15 years were estimated to
have decreased, and the greatest decline was observed for LRI deaths in males younger than 5 years (-70-7%
[-77-2 to —61-8]). The leading risk factors for LRI mortality varied across age groups and sex. More than half of
global LRI deaths in children younger than 5 years were attributable to child wasting (population attributable fraction
[PAF] 53-0% [95% UI 37-7-61-8] in males and 56-4% [40-7-65-1] in females), and more than a quarter of LRI
deaths among those aged 5-14 years were attributable to household air pollution (PAF 26-0% [95% UI 16-6-35-5]
for males and PAF 25-8% [16-3-35-4] for females). PAFs of male LRI deaths attributed to smoking were 20-4%
(95% UI15-4-25-2) in those aged 15-49 years, 30-5% (24-1-36-9) in those aged 50-69 years, and 21-9% (16-8-27-3)
in those aged 70 years and older. PAFs of female LRI deaths attributed to household air pollution were 21-1%
(95% UI 14-5-27-9) in those aged 15-49 years and 18-2% (12-5-24-5) in those aged 50-69 years. For females aged
70 years and older, the leading risk factor, ambient particulate matter, was responsible for 11-7% (95% UI 8-2-15-8)
of LRI deaths.

Interpretation The patterns and progress in reducing the burden of LRIs and key risk factors for mortality varied
across age groups and sexes. The progress seen in children younger than 5 years was clearly a result of targeted
interventions, such as vaccination and reduction of exposure to risk factors. Similar interventions for other age groups
could contribute to the achievement of multiple Sustainable Development Goals targets, including promoting
wellbeing at all ages and reducing health inequalities. Interventions, including addressing risk factors such as child
wasting, smoking, ambient particulate matter pollution, and household air pollution, would prevent deaths and
reduce health disparities.

Funding Bill & Melinda Gates Foundation.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY
4.0 license.
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Research in context

Evidence before this study

The burden of lower respiratory infections (LRI) among children
younger than 5 years has been studied extensively by several
groups, including the WHO Maternal and Child Epidemiology
Estimation group and the Global Burden of Diseases, Injuries,
and Risk Factors Study (GBD). We searched PubMed for the terms
(“lower respiratory infection*”OR “LRI")AND (“burden” OR
“estimates”) AND (“age” OR “sex” OR “gender”) AND
(“differenc*” OR “discrepan*” OR “disparit*”), with no language
restrictions, for publications from Jan 1, 1980, to July 22, 2022.
Our search identified 21 studies that reported population-based
LRI morbidity and mortality estimates. Of these studies,

15 focused on either a single location or a subset of countries or
regions, and six studies reported the LRI estimates at the global
level. None of those studies reported the burden of LRIs
attributable to risk factors for people older than 5 years by age
and sex. We also did not find any studies reporting risk-deleted
LRI mortality estimates. GBD 2017 estimated 2-56 million

(95% uncertainty interval [Ul] 2-44-2-66) LRI deaths among all
ages and 0-80 million (0-75-0-87) LRI deaths in children younger
than 5years in 2017. The GBD 2017 LRI paper evaluated the risk
factors and interventions that have affected the burden of LRIs
among children younger than 5 years in 195 countries and
territories.

Introduction
Lower respiratory infections (LRIs), mainly caused by
bacteria such as Streptococcus pneumoniage and

Haemophilus influenzae type b and viruses such as
influenza and respiratory syncytial virus, are a leading
cause of death globally, killing more than 2 million
people every year.! LRIs are also the leading underlying
cause of sepsis, which is a major cause of health loss and
death worldwide.” Global initiatives to tackle LRIs, such
as the Global Action Plan for the Prevention and Control
of Pneumonia and Diarrhoea,’ the Stop Pneumonia
Initiative,* and the Integrated Management of Childhood
Ilness initiative,” are targeted at children younger than
5 years. Current literature on the burden of LRIs also
focuses primarily on children younger than 5 years; less
attention is paid to the LRI burden among children older
than 5 years and adults. Evidence indicates that males are
more susceptible to LRIs than females, possibly due to
factors such as differences in immune response to
infection and behavioural factors such as smoking.*
Understanding the current burden and trends of LRIs
across all age groups by sex is essential for identifying
areas of intervention.

Although measuring the burden of LRIs is a crucial
input in policy decision making, the assessment of
modifiable risk factors for LRIs can inform preventive
interventions. With the ageing of populations, it is
increasingly important to assess LRI risk factors, especially
those for which exposure is not declining, such as ambient
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Added value of this study

GBD 2019 included new data sources on LRI mortality and
morbidity and used an enhanced standardised approach to
adjust data from different sources (using different case
definitions or measurement methods) to improve the
comparability of data. We assessed the LRI burden for all age
groups by sex for 204 countries and territories. We also
assessed, for the first time, the burden of LRIs attributable to
risk factors for children aged 5-14 years, as well as different
adult age groups. Lastly, for the first time, we provided the risk-
deleted mortality estimates that represent the LRI mortality
rates that would have been observed if the combined effects of
all evaluated risk factors were removed.

Implications of all the available evidence

Our study provides a comprehensive assessment of the LRI
burden and risk factors across different age groups by sex.

We identify the regions, countries, and age-sex groups with the
highest LRI incidence and mortality to inform targeted
interventions. By analysing the LRI burden by time,

and identifying the leading risk factors by age groups separately
for males and females, we provide insight into policy planning
and resource prioritisation for addressing the uneven progress
in reducing the LRI burden.

particulate matter air pollution, and compare them to risk
factors for which exposure is decreasing, such as household
air pollution.” Understanding the changing LRI burden
attributable to various risk factors across the entire age
spectrum can assist in identifying priorities for targeted
interventions. To our knowledge, the global burden of
LRIs attributable to risk factors for age groups other than
those younger than 5 years has not been comprehensively
studied. The objective of this study is to assess the burden
and trends of LRIs and risk factors across all age groups by
sex for 204 countries and territories. This manuscript was
produced as part of the Global Burden of Diseases,
Injuries, and Risk Factors Study (GBD) Collaborator
Network and in accordance with the GBD Protocol.

Methods

Overview

Detailed methods for GBD 2019 have been published
elsewhere.” Here, we describe the methods and esti-
mation strategies for LRIs and risk factors. In
compliance with the Guidelines for Accurate and
Transparent Health Estimates Reporting (GATHER),
input data sources and code for each step of the
estimation process are available on the Global Health
Data Exchange.

Case definition
We used clinician-diagnosed pneumonia or bronchio-
litis as our case definition for LRIs. We included

For input data sources and code
see http://ghdx.healthdata.org/
gbd-2019/data-input-sources
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See Online for appendix 1

For the online data
visualisation tool see

https://vizhub.healthdata.org/
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cod/

International Classification of Diseases 9th edition
codes 079.6, 466—-469, 470.0, 480-482.8, 483.0-483.9,
484.1-484.2, 484.6—-484.7, and 487-489, and International
Classification of Diseases 10th edition codes A48.1, A70,
B974-B976, J09-J15.8, J16-J16.9, J20-J21.9, J91.0,
P23.0-P23.4, and U04-U04.9 (appendix 1 pp 81-84).

LRI mortality

The GBD Cause of Death database collates all available
data from vital registration systems, surveillance systems,
and verbal autopsy studies. Input data for LRI mortality
estimation included 23109 site-years (the number of
years for which data are available for a particular location)
of vital registration data, 825 site-years of sample vital
registration data (ie, data covering a sample of the
population), 1766 site-years of verbal autopsy data, and
681 site-years of mortality surveillance data. Country-
specific data sources and citations are available on the
Global Health Data Exchange. Vital registration data
were adjusted for completeness and garbage coding.'®
Data before and after garbage code redistribution are
available in the online data visualisation tool.

We used the Cause of Death Ensemble modelling
(CODEm) strategy" to generate LRI mortality estimates by
location, year, age, and sex. CODEm assesses a vast array
of sub-models with varying combinations of predictive
covariates (eg, undernutrition and air pollution) that are
run through four model categories (ie, mixed-effects
regression models and spatiotemporal Gaussian process
regression models for cause fractions and mortality rates;
appendix 1 pp 13-14). Sub-models are evaluated using out-
of-sample predictive validity and combined into an
ensemble with the best predictive performance.

LRI morbidity

To estimate age—sex-specific incidence and prevalence of
LRIs, we used data identified via systematic reviews of
the literature. Additionally, we used population-based
survey data, claims data, and inpatient data to estimate
incidence and prevalence (appendix 1 pp 6-10. For
GBD 2019, we used an enhanced standardised approach,
compared with previous GBD iterations, to adjust
definitions in data sources that did not use our reference
case definition to be comparable with our reference case
definition (ie, clinician-diagnosed pneumonia or
bronchiolitis). To do so, we first computed the ratio of the
data based on alternative case definitions to the data
based on the reference case definition, on the basis of all
available data matched by location, year, age, and sex. We
then ran a meta-regression to pool the ratios and used
the pooled ratio to adjust the data based on alternative
case definitions to the level of the data based on the
reference case definition (appendix 1 pp 8-10).

Our inclusion criteria for scientific literature included a
study duration of at least 1 year to avoid bias in the seasonal
timing of LRIs and a sample size of at least 100 people (the
sample size threshold was chosen arbitrarily). Survey data

were adjusted for seasonality by fitting a generalised
additive mixed-effects model with a forced periodicity for
each GBD region, accounting for the year of the survey
and the case definition used. The percentage difference
between the monthly model-fit LRI prevalence and the
corresponding regional mean LRI prevalence was
computed to adjust survey data by month and geography.
The mean duration of LRIs was 7-79 days (uncertainty
interval [UT] 6-20-9- 64)); this was determined on the basis
of a systematic review and meta-analysis,” and was used to
convert incidence data to prevalence. We modelled these
data together with LRI mortality estimates using
DisMod-MR 2.1,"" a Bayesian meta-regression tool that
imposes coherence between data for different parameters,
to produce final incidence and prevalence estimates.
Details on the preparation of data sources and the
modelling in DisMod can be found in appendix 1 (pp 6-11).

Risk factors

Detailed methods for GBD risk factor estimation have
been published elsewhere.” In summary, we first selected
risk—outcome pairs (eg, LRIs attributable to smoking) on
the basis of evidence of a convincing or probable causal
relationship between the risk and the outcome. A full list
of LRI risk factors and the mechanism through which
each risk factor could cause LRIs can be found in
appendix 1 (pp 15-17). The population attributable
fractions (PAFs) of risk factors were quantified by
estimating the risk factor exposure distributions and the
relative risk of the association between each risk factor
and the outcome, and determining the theoretical
minimum-risk exposure level. The PAF is the fraction of
LRI mortality that would have been reduced if the
exposure to the risk factor had been at the theoretical
minimum-risk exposure level. The attributable burden
was computed by multiplying the location—year—age—sex-
specific PAFs of risk factors by corresponding LRI deaths.
We also calculated risk-deleted mortality rates to represent
the LRI mortality rate that would have been observed had
the risk factors been set to their corresponding theoretical
minimum-risk exposure levels. Full details of the
methods used for estimating each of the 14 LRI risk
factors are provided in appendix 1 (pp 18-79).

Uncertainty intervals and age-standardisation
We computed 95% Uls based on 1000 draws from the
posterior distribution of each stage in the estimation
process using the 2-5th and 97-5th percentiles of the
1000 ordered values.

We used the GBD world population age standard” to
calculate age-standardised LRI incidence and mortality
rates.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.
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Figure 1: Incidence and mortality counts (A) and rates (B) due to lower respiratory infections for both sexes combined in 1990 and 2019, by age group

Results

On a global scale, in 2019, the total number of LRI incident
episodes was 257 million (95% UI 240-275) for males and
232 million (217-248) for females, reflecting an increase of
20-0% (95% UI 15-8-24-5) for males and 15-8%
(11-9-19-7) for females since 1990 (appendix 2 pp 3, 5).
The age-standardised incidence rate was 1-17 (95% UI
1-16-1-18) times greater in males than in females in 2019.
When looking at specific age-sex groups, we estimated
that there was a decrease in LRI episodes between 1990
and 2019 in children younger than 15 years and an
increase in this period in all adult age groups (figure 1;
appendix 2 pp 3, 34). Among children, the decrease varied
from 20-8% (95% UI 16-2-25-6) among males aged
5-14 years to 49-9% (48-5-51-6) among females younger
than 5 years. Among adult age groups, the increase varied
from 26-1% (23-2-29-1) for females aged 1549 years to
126-0% (121-4-131-1) for males aged 70 years and older
during the same period (appendix 2 p 34).

Between 1990 and 2019, children younger than 5 years
saw the greatest improvement, with a decrease in
incidence rate per 100000 population of 51-7% (95% UI
50-0-53-5) for males and 52-1% (50-7-53-7) for females.
Other age groups did not show similar improvements
(figure 2; appendix 2 pp 34-37). We estimated only
an 8-6% (6-6-10-5) decrease in incidence rate for males
aged 70 years and older and only an 11-2% (9-2-13-0)
decrease in incidence rate for females aged 70 years and
older between 1990 and 2019.

In 2019, we estimated that individuals aged 1549 years
had the lowest global incidence rate of LRI episodes
per 100000 population among all age groups: 4128-1

www.thelancet.com/infection Vol 22 November 2022

(95% UI 3726-8-4583-5) for males and 3944-6 episodes
(3541-5-4421-4) for females (figures 1, 2; appendix
pp 34-37). Individuals aged 70 years and older, on the other
hand, had the highest incidence rate per 100 000 population
of all age groups: 25786-6 (23182-5-28975-4) for males
and 19819-9 (17921-3-22072-6) for females. Of all super-
regions, South Asia had the highest incidence rate per
100000 population among both males aged 70 years and
older (48185-3 [95% UI 42327-6-56191-8]) and females
aged 70 years and older (38852-6 [34264-3-44606-1];
appendix 2 pp 34-37).

Globally, in terms of absolute numbers, LRIs accounted
for 1-30 million (95% UI 1-18-1-42) deaths in 2019
among males and 1-20 million (1-07-1-33) deaths
among females (appendix 2 p 38). The age-standardised
mortality rate was 1-31 (95% UI 1-23-1-41) times greater
in males than in females in 2019. We estimated an
increase in LRI deaths among all adult age groups
between 1990 and 2019 (figure 1; appendix 2 p 4), with
males aged 70 years and older having the highest increase
in deaths (100-0% [95% UI 83-4-115-9]; table). In high-
income countries, we estimated a 70-7% (95% UI
58-3-77-9) increase in death counts for males aged
70 years and older and a 54-3% (39-7-63-0) increase for
females aged 70 years and older (table). This increase in
the number of deaths between 1990 and 2019 is visible
regardless of age, with 20 countries showing an increase
of more than 100% in death counts attributable to LRIs
for males and 19 countries for females (appendix 2
pp 38-67).

Between 1990 and 2019, children younger than 5 years
showed the greatest improvement in death rates for LRIs

See Online for appendix 2
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(figures 1, 2), with a decrease in mortality rate per
100000 people of 72-1% (95% UI 63-7-78 -4) for males and
a decrease of 69-7% (61-7-76-9) for females (table).
Despite this finding, in 2019, there were still 672000 LRI
deaths (95% UI 551000-826000) in children younger than
5 years for both sexes combined (table; figure 1). Mortality
rates for individuals aged 70 years and older decreased at a
much slower pace globally over the same period (figure 2B);
we estimated a 19-1% (95% UI 12-7-25-8) decrease in
mortality rate for males and a 12-7% (5-6-20-6) decrease
in mortality rate for females (table).

In 2019, global mortality rates due to LRIs were highest
in individuals aged 70 years and older; the mortality rate
per 100000 was 294-8 (95% UI 262-3-317-8) for males
and 241-2 (202 6-266 - 2) for females (table; figures 1, 2B).

In contrast, children aged 5-14 years had the lowest
mortality rates, with a mortality rate per 100000 people
of only 3-3 (2-8-3-9) for males and 3-3 (2-7-3-9) for
females. We estimated that sub-Saharan Africa was the
super-region with the highest mortality rate in
individuals aged 70 years and older, with a mortality rate
per 100000 people of 850-8 (758-1-941-4) for males and
672-1(553-9-766-2) for females (table).

Globally, in 2019, we estimated that 876 000 LRI deaths
(95% UI 770000-987000) among males (PAF 67-6%
[95% UI 62-9-72-1)) and 725000 deaths (95% UI
629000-826000) among females (PAF 60-6% (95% Ul
55-6-65-6) were attributable to all evaluated LRI risk
factors (appendix 2 p 68). Globally, the number of LRI
deaths attributable to all risk factors decreased by 41-4%
(95% UI 32-0-49-3) for males and 44-5% (34-9-53-9)
for females between 1990 and 2019. Children younger
than 5 years had the greatest percentage decrease in
number of deaths and mortality rate attributable to all
risk factors between 1990 and 2019 (appendix 2 p 97).
The greatest percentage increase in attributable deaths
between 1990 and 2019 was estimated to be in males
aged 70 years and older (66-6% [95% UI 50-4-82-8]).
Global age-standardised attributable mortality rate per
100 000 population due to all risk factors in 2019 was 26-2
(95% UI 23-1-29-5) for males and 19-4 (16-8-22-2) for
females. Between 1990 and 2019, this rate decreased
by 56-1% (95% UI 50-0-60-9) for males and 59-1%
(52-5-65-6) for females (appendix 2 p 68).

In 2019, the leading risk factor for LRI mortality in
children younger than 5 years was child wasting, in both
males (PAF 53-0% [95% UI 37-7-61-8]) and females
(56-4% [40-7-65-1]; figure 3; appendix p 117). Child
wasting was also the largest risk factor in children
younger than 5 years in 1990 and had decreased only
slightly by 2019 (figure 3). For children younger than
5 years in 2019, the second largest PAF was for household
air pollution; male and female children in this age group
had near identical PAFs (31-4% [95% UI 21-5-41-5] vs
31-2% [21-3-41-5]; appendix p 117). Household air
pollution was the second largest PAF in 1990 and had
decreased substantially by 2019 (figure 3).

In 2019, the largest risk factor for children aged
5-14 years was household air pollution (PAF 26-0%
[95% UI 16-6-35-5] for males and 25-8% [16-3-35-4]
for females; figure 4; appendix p 134). For males aged
15-49 years, the risk factor with the highest PAF in 2019
was smoking (20-4% [15-4-25-2]); the risk factor with
the lowest effect on the same group was high
temperature (3-0% [1-3-6-9]; appendix p 147). These
findings differ from findings in males aged 1549 years
in 1990, for whom the largest risk factor was household
air pollution (29-0% [20-0-37-9]; figure 4). In 2019,
females aged 15-49 years had the highest PAF from
household air pollution (21-1% [14-5-27-9]), and the
lowest PAF from alcohol use (2-0% [0-6-3-4]; figure 4;
appendix p 147).
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Male Female

2019 Percentage change from 1990 to 2019 2019 Percentage change from 1990 to 2019

Number of deaths* ~ Mortality rate (per ~ Number of deaths ~ Mortality rate (per Number of deaths* ~ Mortality rate (per ~ Number of deaths ~ Mortality rate (per

100000 people) 100000 people) 100000 people) 100000 people)

Global
0-4 years 341000 997 -70-7% -72:1% 331000 103-2 -68-4% -69-7%

(275000t0 428000) (802 to 124-9) (-772t0-618)  (-78-4t0-637) (2700000 401000) (84-2 to 125-0) (75:9t0 -60-0) (769 to-61.7)
5-14years 21800 33 ~45-0% -52:8% 20500 33 -50-2% -56-6%

(18500 to 25900) (2:8t03-9) (-54-2t0-30:9) (-60-6 to -40-6) (16700to 24700) (2-7t03-9) (-59-8t0-39-7) (-65-0to -47-5)
15-49 years 105000 53 27-5% -11.9% 65200 34 57% -27-3%

(95000t0116000)  (4-8t05-8) (14-1t0 43-7) (-21-2t0-0-7) (56500t0 74400)  (2:9t03-8) (-73t021-1) (-36:3t0-167)
50-69years 228000 33-8 47-7% -26-5% 153000 218 50-1% -26-2%

(21000010 248000) (31110 367) (32710 63-9) (-34-0t0-18-4) (132000t0171000) (18-8t024-3) (31710 71-4) (-35-2t0-157)
=70 years 600000 294-8 100-0% -19-1% 628000 2412 90-5% -12:7%

(534000t0 646000) (2623 t0317-8) (83-4t0115-9) (-25-8t0-12-7) (527000t0 693000) (202-6 to 266-2) (73:3t0105-8) (-20-6 t0-5-6)
Central Europe, eastern Europe, and central Asia
0-4 years 7800 54-9 -78:1% -72:0% 6200 465 -782% -71.5%

(6300 to 9700) (44-3t0 68-1) (-828t0-724)  (-78-0t0-64-8) (5100 to 7600) (38:0t0 57-2) (-82:6t0-72.7) (-77-2t0-64-3)
5-14 years 800 30 -42-2% -26-3% 700 2:6 -46-5% -30-1%

(700 to 900) (26t033) (-49-6t0-33-9)  (-35-8t0-15-8) (600 to 800) (2:3t03-0) (-52:9t0-37-4) (-38-4t0-18-2)
15-49 years 13100 131 83-4% 87-4% 4400 4-4 49-3% 53:6%

(11600t014700)  (11-6t014-7) (62:8t0105-7) (66-410110-3) (3900 to 5100) (39to51) (30-0t0 71-9) (33-8t076-8)
50-69years 20000 44-8 72:2% 40-3% 6600 120 383% 193%

(17700t022400)  (39-6t050-2) (52:9t0 92:2) (24-5t0 56-6) (5900 to 7300) (10-9t013-3) (24-4t0533) (73t032:2)
=70 years 18700 1473 69-8% 0-8% 21500 878 35-4% -2.5%

(16600t020400)  (130-4t0160-7) (54-8t0 84-7) (-81t097) (18700t023600)  (76-3t0 96-2) (24-6 t0 45-9) (-10-2t0 5-1)
High-income
0-4 years 900 31 ~74-5% ~72:5% 700 25 ~753% ~73-4%

(700 t0 1000) (2:6103-6) (-78-8t0-69-6)  (-77-1to-67-2) (600 to 800) (21t02-8) (79-2t0 -71-4) (-77-6t0-69-2)
5-14 years 200 03 -64-4% -63-3% 200 03 -62-2% -61-0%

(200 t0 200) (03t003) (-67-6t0-58-9)  (-66-5t0-57-5) (20010 200) (03t00-3) (-66-1t0-53-7) (-65-0t0-52-2)
15-49 years 4500 1.8 -29-6% -32:1% 2900 1.2 -15-1% -17-7%

(4300 to 4600) (17t01.9) (32:6t0-265)  (-35-0t0-29-1) (2800 to 3000) (12t01:3) (-19-0to-11-2) (-21-5t0-13-9)
50-69years 23800 17-8 11-0% -30-8% 13500 9:6 17-7% -22:4%

(22900 to0 24700) (17-2t0 18:5) (6-8t0155) (-33-4to-27-9) (12900 to 13 900) (9-:3t0 10-0) (13-2t022-2) (-25-4t0-19-4)
>70 years 189000 302-2 70:7% -21-9% 201000 2405 54-3% -12:2%

(164000t0202000) (263-3t0323-4) (5830 77-9) (-27-5t0-18:5) (160000t0223000) (191-9t0 266-7) (39710 63-0) (-20-5t0 -7-2)
Latin America and Caribbean
0-4 years 11000 44-9 -79:9% -79-2% 8700 370 -81-4% -80-5%

(8400 to 14.200) (34-0t057-9) (-854t0-731)  (-84:9t0-722) (6800 to 10900) (28-810 46-4) (-86-4t0-756)  (-857to—74-4)
5-14 years 1000 21 -60-3% -61.7% 900 20 -621% -62:6%

(800 to 1200) (17t02:4) (-67-4t0-531)  (-68-5t0-54-7) (800 t0 1100) (17t02:2) (-67-5t0 -56-1) (-67-9t0-56-7)
15-49 years 10200 6-8 19-0% -24-3% 5800 37 51% -32:5%

(9200 to 11300) (61t07:5) (7:6t032:1) (316 t0-15-9) (5100 to 6500) (33t042) (-7-9t019.0) (-40-8t0-23-5)
50-69years 20000 428 89-3% -251% 13600 261 94-5% -27-0%

(18100t022100)  (38-8t047-2) (72-410110-8) (-31-8t0-16-6) (12400t014900)  (23.7t028-6) (75:6 t0 114-8) (-341t0-19-3)
=70 years 55400 3852 160-9% -8-6% 64600 354-0 187-6% -7-2%

(4770010 60800) (3315 to 422:7) (1397t01834)  (-161t0-0-8) (53500t071600)  (293-4t03927) (161.9t02102)  (-15:5t0 0-1)

(Table continues on next page)

Males aged 50-69 years in 2019 had the highest PAF
from smoking (30-5% [95% UI 24-1-36-9]) and the
lowest PAF from high temperature (3-0% [1-3-6-4];
figure 4; appendix p 160). Females in the same age group
had the highest PAF from household air pollution (18-2%
[12-5-24-5]) and the lowest from alcohol use (1-8%
[0-5-3-1]; figure 4; appendix p 160). In individuals aged
70 and older, males in 2019 had the highest PAF from
smoking (21-9% [16-8-27-3]) and the lowest PAF from
high temperature (2-3% [1-1-4-8]; figure 4; appendix
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p 173). Females in this age group had the highest PAF
from ambient particulate matter (11-7% [8-2-15-8]), and
the lowest PAF from alcohol use (1-8% [0-5-3-2];
figure 4; appendix p 173). Differing from females in 2019,
females in 1990 had the highest PAF from household air
pollution (21-2% [15-4-27-6]), and the lowest PAF from
high temperature (1-8% [0-7-6-2]; figure 4).

Ambient particulate matter tended to affect males and
females similarly across all age ranges (figure 4). PAFs
for low temperatures were higher for people aged
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Male Female
2019 Percentage change from 1990 to 2019 2019 Percentage change from 1990 to 2019
Number of deaths* ~ Mortality rate (per ~ Number of deaths ~ Mortality rate (per Number of deaths* ~ Mortality rate (per ~ Number of deaths ~ Mortality rate (per
100000 people) 100000 people) 100000 people) 100000 people)
(Continued from previous page)
North Africa and Middle East
0-4years 15300 50-0 -803% -82:5% 15400 529 -80-1% -822%
(11800t019500)  (38-6t0 63-6) (-86:6t0-72:9)  (-88-1t0-75-9) (12000t019100) (413 t0 65:9) (-85-6 to -73-6) (-87-1t0-76-3)
5-14 years 1800 3:0 -483% -60-0% 1600 29 -52-:0% -62:5%
(1400 to 2300) (23t03:8) (-641t0-32:8)  (-72:2t0-47-9) (1100 to 2100) (2:0t037) (-63-9t0-37-4)  (-71.7to-51.0)
15-49 years 6500 37 68-0% -19-9% 4900 31 37-4% -31.5%
(5400 to 7800) (3-1t0 4-5) (40-5t0 99-6) (-33-1t0-4-9) (3800 to 6000) (2:4t03-8) (11:3t0 65-5) (-44-6 t0 -17-6)
50-69 years 11600 282 89:7% -25-6% 7700 19-9 80-7% -28-4%
(9700 to 13700) (23-6t0333) (56:4t0134-0) (-38:6t0-8-2) (5900 to 9400) (15:3t0 24-4) (46-1t0144-3) (-421t0-3-2)
=70 years 23200 2387 143-9% -82% 19700 2015 131-4% -9-7%
(20100t026700)  (206-3 to 274-0) (1114t01955)  (-20-4t011-2) (16500t023100)  (168-1t0236-0) (92:0t0204-4) (-251t018-8)
South Asia
0-4 years 87800 1024 -76-1% -76-6% 103000 1311 -69-9% -70-2%
(69700t0111000)  (81-3t0129-1) (-823t0-672)  (-827t0-67-9) (82700t0126000) (1051 to 160-7) (78-2t0-60-3) (-78-4t0-60-6)
5-14 years 6600 36 -46-8% -58-2% 7400 4-4 -58-4% -67-3%
(5000 to 8500) (2710 4-6) (-58-6t0-28-5)  (-67-4t0-43-8) (5500 to 9400) (33t055) (-68-1t0-46-6)  (-74-9t0-58.0)
15-49years 16900 34 211% -331% 15000 31 71% -42-8%
(13800t020700)  (2:8t04-2) (-4-8t051-1) (-47-4t0-16-5) (11600t018900)  (2:4t0 4-0) (-18:5t0 37-4) (-56-5t0-26.7)
50-69years 48200 392 42-3% -33-9% 49600 40-5 70-3% -29-9%
(38600t058300) (314 t0 47-5) (10-4t079-0) (-487t0-168) (38000t0 62000)  (31-1t050-6) (26410 126-0) (-47-9t0-6.9)
=70 years 102000 309-2 133:3% -20-9% 111000 3084 178:6% -17-4%
(83800t0122000)  (253-6t0 368-1) (84110 187-3) (-37-6t0-2:6) (86700t0138000)  (240-1to 382-4) (107-1t0 271-0) (-38-6 10 10-0)
Southeast Asia, east Asia, and Oceania
0-4 years 30600 412 -90-2% -87-6% 23400 354 -91-6% -89-1%
(25800t035800)  (347t048-2) (-92:5t0-87-6)  (-90-4t0-84-3) (19900t027200)  (30-0to 41-1) (-934t0-89:3)  (-91-4t0-86-1)
5-14 years 2200 1.6 -78-8% -74-4% 1700 14 -791% -73-4%
(1900 to 2600) (14t01-8) (-821t0-647)  (-78-4t0-57-4) (1500 to 2000) (12t01:6) (-82:6 t0-70-0) (-77-8 t0-617)
15-49 years 16700 29 -20-2% -33-5% 8400 15 -381% -48-4%
(14800t019000)  (2:6t03-3) (-33-4t0 4-5) (-44-4t0-12-9) (7200 to 10000) (13t01-8) (-49-1t0-24-2) (-57-6t0 -368)
50-69years 47900 19-4 422% -39-1% 25000 10-0 10-7% -54-9%
(42100t054500)  (17-1t022-1) (19-0to 71:5) (-49-0t0-26-5) (20300t028700)  (8-1to11:5) (-671032:0) (-62:0t0-46-2)
>70 years 138000 221-4 119-6% -23-1% 138000 178-4 792% -33-5%
(1220000 154000)  (195-1 to 246-0) (89-6t01622)  (-33-6t0-8-2) (112000t0158000) (144-8t0203-4)  (55:9t0110-8) (-42:2t0-21-8)
Sub-Saharan Africa
0-4 years 188000 2241 -40-1% -67-8% 173000 211.5 -353% -64-8%
(143000t0243000) (170-1t0289-2) (-55-1to-17-6) (-75:9 to-55-7) (135000t0220000) (165-3t0268-8) (-52:9to-14-3) (-74-3t0-53-3)
5-14 years 9200 63 2-4% -52.7% 8000 56 47% -51-0%
(7300 to 11400) (50t07-8) (-21-6t0 42-8) (-63-8t0-34-1) (6100t0 10100) (4210 7-:0) (-22:9t039-7) (-63-9 t0 -34-5)
15-49years 36800 146 732% -26-8% 23700 8.9 27-8% -462%
(31100t043600)  (12:3t017-3) (43-0t0106.9) (-39:5t0-12:5) (18700t029400)  (7-0to11-1) (3-2t057-3) (-56-6 t0-33-8)
50-69years 56700 139:6 52:3% -26-8% 37500 842 62-6% -30-8%
(48600t0 65900)  (119-8t0162-4) (28310 80-8) (-38:4t0-13-2) (29900t0 45200)  (67-3t0 101:5) (35-8t0 99-2) (-422t0-152)
>70 years 73100 850-8 797% -10-0% 71500 672-1 101-5% -5:4%
(65200t080900)  (758-1to 941-4) (54-2t0106-1) (-22:8t03-2) (58900t0 81500)  (553-9to 766-2) (76:0t0130-9) (-17-4 t0 8-4)

95% uncertainty intervals are shown in parentheses. GBD=Global Burden of Diseases, Injuries, and Risk Factors Study. *Six-digit numbers are reported to the nearest 1000 deaths and all other numbers are

reported to the nearest 100 deaths.

Table: Lower respiratory infection deaths and mortality rates in 2019 and the percentage change in deaths and mortality rates between 1990 and 2019 by age, sex, and GBD

super-region

70 years and older than for the younger age ranges.
In 2019, second-hand smoke produced differing patterns
of effect between males and females: males aged
5-14 years had a higher PAF (7-9% [95% UI 4-5-11-5])
than other age categories, whereas females aged
1549 years were estimated to have a slightly higher PAF

1632

from second-hand smoke (10-1% [5-8-14-4]) than other
age categories. Alcohol-use PAFs were much higher in
males across all age categories than in females. Lastly,
high temperature PAFs were consistent across both
sexes and tended to show a greater effect on individuals
in younger age categories.
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Figure 3: PAFs of lower respiratory infection deaths due to evaluated risk factors among males and females younger than 5 years in 1990 and 2019
Poor handwashing is defined as no access to a handwashing station with available soap and water. Non-exclusive breastfeeding is defined as the proportion of
children under 6 months of age who are not exclusively breastfed. PAF=population attributable fraction.
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Figure 4: PAFs of lower respiratory infection deaths due to evaluated risk factors among males and females aged 5-14 years, 15-49 years, 50-69 years,

and 70 years and older in 1990 and 2019

Poor handwashing is defined as no access to a handwashing station with available soap and water. Non-exclusive breastfeeding is defined as the proportion of
children under 6 months of age who are not exclusively breastfed. PAF=population attributable fraction.

Mortality and incidence ratios were calculated between
males and females across countries for the year 2019
(figure 5). Male-to-female ratios of age-standardised
incidence rates were the highest in Ukraine and Moldova
(figure 5A). Male-to-female ratios of age-standardised
mortality rates were the highest in Russia, Belarus,
Ukraine, Estonia, Lithuania, Japan, Ghana, and Moldova
(figure 5B).

www.thelancet.com/infection Vol 22 November 2022

In 2019, the male-to-female ratio in global age-
standardised mortality rates was 1-31 (95% UI 1-23-1-41).
When all risk factors for LRIs were removed, the global
age-standardised mortality rate per 100000 population
in 2019 in males was 13-5 (95% UI 11-4-15-7), and in
females was 11-1 (9-2-12-7; appendix 2 p 102). Therefore,
the ratio of risk-deleted mortality rates between males
and females in 2019 was 1-22 (95% UI 1-12-1-36).
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Figure 5: Male-to-female ratio of age-standardised lower respiratory infection incidence rates ( A) and mortality rates (B), 2019
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Comparatively, in 1990, the male-to-female ratio in global
age-standardised mortality rates was 1-24 (95% UI
1-15-1-33). The global risk-deleted mortality rates per
100000 population were 15-6 (95% UI 13-0-18-3) for
males and 13-4 (11-2-15-7) for females (appendix p 102).
The risk-deleted mortality rate ratio between males and
females in 1990 was 1-17 (95% UI 1-07-1-28). In 2019, the
central Europe, eastern Europe, and central Asia region
had the largest risk-deleted male-to-female ratio of all
regions at 1-62 (95% UI 1-43-1-83). South Asia had the
lowest male-to-female ratio at 0-88 (95% UI 0-67-1-14),
where females had a higher risk-deleted mortality rate
than males (appendix p 110).

Discussion

Between 1990 and 2019, the greatest progress in reducing
LRI incidence and mortality rates was observed in
children younger than 5 years, indicating the success of
initiatives targeting children in this age bracket. Much
less progress has been made to reduce LRI incidence and
mortality rates in adults, particularly in older age groups.
Over the same period, in terms of absolute numbers, an
increase in LRI incident episodes and deaths was
estimated among all adult age groups due to population
growth and aging. Globally, in 2019, age-standardised
incidence rates were 1-2 times greater in males than in
females and mortality rates were 1-3 times greater.
Smoking was the leading risk factor for LRI mortality in
adult males, responsible for about one-third of LRI
deaths in those aged 50-69 years and one-fifth of LRI
deaths in other age groups in 2019. PAFs of LRI deaths
attributable to ambient particulate matter pollution have
gone up for both males and females of all ages since
1990. On the other hand, PAFs of LRI deaths due to
household air pollution have decreased among all age
groups since 1990. PAFs of LRI deaths due to child
wasting, stunting, and being underweight have also
decreased among children younger than 5 years during
the same period.

Despite the substantial progress made in children
younger than 5 years, there were still 672000 LRI deaths
in this age group in 2019, and 93-5% (95% U1 90-4-95-7)
of those deaths were attributable to preventable risk
factors. Over the past two decades, global initiatives to
combat wasting, the leading LRI risk factor, have focused
mainly on treating wasting children, particularly in
humanitarian situations.” Although treatment coverage
has steadily increased over time, only one-third of
severely wasted children received treatment in 2019."
This situation has been compounded by COVID-19
pandemic-related disruptions to nutrition and other
fundamental services;* the global prevalence of child
wasting was estimated to increase by 14-3% during the
first year of the pandemic.” Given that undernutrition is
the main risk factor not only for LRIs but also for other
leading causes of death in children younger than 5 years
such as diarrhoea and measles, long-term adverse
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implications are foreseeable unless the recommended
actions (eg, protecting and facilitating access to healthy,
nutritious, and affordable food and reactivation and
scaling up of early detection and treatment services for
child wasting") are taken promptly.

In 2015, the era of the Millennium Development Goals
(MDGs) ended and the global community unanimously
adopted the Sustainable Development Goals (SDGs).
Although substantial progress had been made towards
the MDG goal of reducing under-5 mortality by two-thirds
between 1990 and 2015, achieving the new SDG target
of 25 or fewer deaths per 1000 livebirths by 2030 would
require promoting child survival by accelerating the
decline of the major causes of death in young children.
LRIs, which were still the leading infectious cause of
death among children younger than 5 years in 2019, are
largely preventable through vaccination and addressing
key risk factors."”

In contrast to the progress seen in children younger
than five years, little has been achieved in reducing the
LRI burden among adults, indicating a need for initiatives
that address LRI risk factors in the adult age groups.
Ambient particulate matter pollution was a leading risk
factor for LRI mortality in all adult age groups in 2019.
Studies from 2020 have also suggested associations
between elevated exposures to particulate matter with a
diameter less than 25 pm (PM, ;) and higher COVID-19
cases and deaths.® Contributors to global ambient
particulate matter pollution include wildfires, biomass
burning, sandstorms, chemical plants, and vehicle
combustion sources.”” A study of how countries have
followed the WHO ambient air quality guidelines found
there were no air quality standards in 57 (34%) of the
170 countries examined.” The same study also found that
air quality standards for some pollutants, including
PM,;, were non-compliant with WHO guidelines in
many countries.”

Our results showed that global LRI deaths attributable
to household air pollution decreased among all age
groups between 1990 and 2019; however, exposure to
household air pollution was responsible for more than
a quarter of LRI deaths among children younger than
5 years and children aged 5-14 years, and more than a
fifth of LRI deaths among women aged 1549 years, in
2019. Sub-Saharan Africa had the largest PAFs, and
South Asia had the second largest PAFs, for household
air pollution across all age groups in 2019. More than
890 million people do not have access to clean cooking
fuels in sub-Saharan Africa.” In India, the Pradhan
Mantri Ujjwala Yojana, one of India’s primary policies to
provide households with liquid petroleum gas, a clean
cooking fuel, was scheduled to be implemented in
102 cities and towns and related villages in 2019.* An
evaluation study done in a rural community in Odisha
found that the majority of Pradhan Mantri Ujjwala
Yojana recipients did not refill their liquid petroleum gas
cylinders (ie, solid fuels were still being used for cooking),
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indicating the need for interventions to address
challenges faced by rural households to ensure a
complete transition from polluting to clean fuels.”

Consistent with previous studies,® we found higher LRI
incidence and mortality among males than females,
especially among adults. Potential reasons for this
difference include sex differences in the immune response
to infection and behavioural factors such as smoking and
alcohol use.** Females generally have a stronger immune
system than males.” Smoking is not only immuno-
suppressive but also causes changes such as ciliary
dysfunction in the respiratory tract, leading to decreased
pathogen clearance.”” The highest LRI mortality rates
attributable to smoking among men were observed in
countries in east Asia, southeast Asia, and eastern Europe.
Despite a gradual decline in smoking prevalence in most
of these countries, the declines were not sufficient to
compensate for population growth, leading to a steady or
growing number of smokers with time.” In many
countries worldwide, progress towards reducing smoking
prevalence has stalled in the past decade.”* The number
of countries that have implemented at least one key
intervention of the WHO Framework Convention on
Tobacco Control has increased over time; however, only
62 countries had a complete ban on smoking in public
and workplace settings, and only 23 countries provided
comprehensive support for smokers seeking assistance in
quitting smoking, as of 2018.*

Results showed that PAFs attributable to alcohol use
were much higher in males than females across all adult
age categories. Alcohol use increases the risk of microbe
aspiration and weakens the host immune system.”
Although alcohol use is generally higher among men
than women, it is increasing among women in different
parts of the world, including some countries in sub-
Saharan Africa.* Increased government support and
engagement are essential for adopting and enforcing
effective alcohol policies in sub-Saharan Africa, which is
a target region for alcohol companies to expand their
market.”

We found that the male-to-female ratio in global
age-standardised LRI mortality rates decreased from 1-31
to 1-22 after removing the combined effects of all
evaluated risk factors. Despite the smaller ratio, males
still had a higher mortality rate than females, suggesting
that other factors such as genetics and hormones could
have a role in differential regulation of the immune
system and the greater risk of mortality among males
than females.”

Our results suggest that reducing the LRI burden and
targeting the key risk factors that are different across
age—sex groups will help in achieving multiple SDG
targets, including SDG 3 (ensuring healthy lives and
promoting wellbeing for all ages), SDG 7 (affordable and
clean energy), and SDG-10 (reducing inequalities).” The
remarkable progress made in children younger than
5 years was a result of the scale-up of proven interventions,

including vaccination and reducing exposure to known
risk factors.” Similar interventions for other age groups
could contribute to the achievement of the SDG targets.
Pneumococcal conjugate vaccines have been shown to
have a direct protective effect on young children and an
indirect protective effect on unvaccinated adults.” The
global pneumococcal conjugate vaccine coverage
(third dose) among young children was estimated to
be 47-9% (95% UI 47-0-48-9) in 2019.” The gap in
childhood immunisation coverage has become wider as
the COVID-19 pandemic disrupted routine immunisation
services worldwide, indicating an urgent need for catch-up
and expansion of immunisation.”* Studies published
since 2019 have shown that direct immunisation of older
adults with PCV13 significantly reduced the disease
burden.*# Immunisation of older adults, as well as
addressing key leading risk factors such as child wasting,
smoking, ambient particulate matter pollution, and
household air pollution, could help reduce the burden of
LRIs across all age groups. Additionally, supportive care,
such as oxygen therapy, is a key part of the management of
severe LRIs, and interventions to strengthen oxygen
systems in low-resource settings could further help reduce
LRI mortality.*

This study has several limitations. One of the key
limitations is the availability of data. In the absence of
data for a particular country, estimates were dependent
on the regional patterns, covariates, and out-of-sample
predictive validity assessment. The absence of data in a
given country translated into wide intervals of uncertainty.
Even in countries with data, delays in data reporting
prevented their timely integration into the GBD
estimation. The most recent years for which cause of
death data were available were 2016 and 2017 We were
able to validate our estimation method by comparing
two sets of estimates produced for a particular year with
and without using any data for that year. For example,
GBD 2016 produced LRI mortality estimates for 2016
using data available up to 2013 and 2014; these estimates
were compared with GBD 2019 estimates for the same
year that were informed by empirical data for 2016. GBD
2016* estimated a mortality rate per 100000 population
of 37-0 (95% UI 34-1-40-0) and GBD 2019 estimated
37-9 (32-5-40-8) for all ages and both sexes combined
for the high-income super-region in 2016. Although the
estimates are not identical, they are sufficiently close
enough to support the validity of our approach. In this
study, we were unable to evaluate the contribution of
individual causes to the LRI burden. We plan to do a
comprehensive assessment of the burden attributable to
various pathogens in our future GBD estimation.
Additionally, we have not assessed the LRI burden
attributable to some potentially important risk factors
such as overcrowding and incomplete immunisation.”
Current risk—-outcome pairs were included on the basis
of the World Cancer Research Fund criteria for
convincing or probable evidence. We could evaluate
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whether additional risk factors are eligible for inclusion
in future GBD iterations. Lastly, our current estimates of
risk-attributable burden are limited by the quality of the
primary data underlying the analysis. For example, data
on some risk factors such as smoking and second-hand
smoke were self-reported. Studies have indicated that
self-reported smoking prevalence data might be prone to
underestimation depending on respondents’ perception
of the social acceptance of smoking.”** Second-hand
smoke exposure data might also be prone to recall bias.”
Biomarker-based exposure assessment such as cotinine
could help improve the accuracy of smoking and second-
hand smoke data.””

Although our results represent the LRI burden before
the COVID-19 pandemic, the effect of the pandemic on
LRIs needs to be investigated further. The pandemic was
linked to a reduction of influenza and respiratory
syncytial virus infections, probably as a result of
mitigation measures, including mask wearing and social
distancing.”*® With the relaxation of measures, some
countries started to see a rebound in influenza and
respiratory syncytial virus infections in late 2020.%7 As
the data become more widely available, in future rounds
of the GBD, we can quantify the indirect effects of the
COVID-19 pandemic on the burden and causes of LRIs.

In conclusion, our results showed that despite an
overall global decline in LRI incidence and mortality
rates between 1990 and 2019, the pace of decline has
been unequal across age groups. The observed progress
in children younger than 5 years was clearly a result of
targeted interventions, including improving vaccination
and reducing exposure to risk factors. Similar
interventions for other age groups could contribute to
the achievement of multiple SDG targets, including
promoting well-being at all ages and reducing health
inequalities.
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