
TYPE Systematic Review
PUBLISHED 09 May 2024| DOI 10.3389/fenvh.2024.1352786
EDITED BY

Reginald Quansah,

University of Ghana, Ghana

REVIEWED BY

Brie Hawley Blackley,

Centers for Disease Control and Prevention

(CDC), United States

Dalmastri Claudia,

Energy and Sustainable Economic

Development (ENEA), Italy

*CORRESPONDENCE

Achenyo Peace Abbah

chenyoabbah@yahoo.com

RECEIVED 08 December 2023

ACCEPTED 22 April 2024

PUBLISHED 09 May 2024

CITATION

Abbah AP, Xu S and Johannessen A (2024)

Long-term health effects of outdoor air

pollution on asthma and respiratory symptoms

among adults in low-and middle-income

countries (LMICs): a systematic review and

meta-analysis.

Front. Environ. Health 3:1352786.

doi: 10.3389/fenvh.2024.1352786

COPYRIGHT

© 2024 Abbah, Xu and Johannessen. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.
Frontiers in Environmental Health
Long-term health effects of
outdoor air pollution on asthma
and respiratory symptoms among
adults in low-and middle-income
countries (LMICs): a systematic
review and meta-analysis
AchenyoPeaceAbbah1*, ShanshanXu1 andAne Johannessen2

1Centre for International Health, Department of Global Public Health and Primary Care, University of
Bergen, Bergen, Norway, 2Department of Global Public Health and Primary Care, University of Bergen,
Bergen, Norway
Background: Few studies have investigated the association between long-term
exposure to outdoor air pollution and the risk of asthma and respiratory
symptoms in low-and middle-income countries (LMICs).
Objective: To systematically evaluate the epidemiological evidence regarding
the associations between long-term exposure to outdoor air pollution and
respiratory symptoms in LMICs.
Methods: We searched for literature published between January 1946 and
September 2022 in Embase (Ovid), Medline (Ovid), and Web of Science (Core
Collection). The air and gaseous pollutants studied included particulate matter
(PM2.5 and PM10), nitrogen dioxide (NO2), and black carbon (BC), and exposure
was 1-year duration or more. We conducted a systematic review and meta-
analysis with a random-effects model to calculate the relative risk (RR)
estimates. A rerun of the databases was conducted in November 2023 with no
eligible studies found.
Results: Of the 1,346 studies identified, only six met our inclusion criteria, and
these six reported PM2.5, PM10, and NO2 with asthma as the main outcome.
Three of these included studies were further included in the meta-analysis
because they had data on the same exposure and outcome (PM2.5 and asthma).
The main result of our study showed a borderline significant association
between a 10 µg/m3 increase in exposure to PM2.5 and an increased risk of
asthma (RR 1.21, 95% CI 0.93, 1.50). There was evidence of considerable
heterogeneity (I2 = 75.87%). The regression-based Egger test for small-study
effects showed no significant publication bias among these three studies.
Conclusion: Our results indicate that long-term exposure to PM2.5 increases the
risk of asthma in LMICs, but studies are scarce and there is a large need for more
research in LMICs in this field.

Systematic Review Registration: https://journals.plos.org/plosone/article?
id=10.1371/journal.pone.0288667, PROSPERO (CRD42022311326).
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1 Introduction

Due to rapid industrialization, urbanization, population

growth, and changes in the rates of non-communicable diseases,

outdoor air pollution has become a substantial environmental

exposure for populations in low- and middle-income countries

(LMICs) (1–3). Outdoor air pollution poses major global health

and environmental challenges, with the situation being more

severe in LMICs (1, 4), it has been linked to an increased risk of

mortality resulting from lung cancer, chronic obstructive

pulmonary disease (COPD), lower respiratory infections, and

cardiovascular diseases (5, 6). Air pollution is emitted from both

natural sources (dust, pollen, mold spores) and anthropogenic

activities (man-made activities such as industrial processes,

construction work, combustion of fossil fuel, cigarette smoking,

biomass burning for heating or cooking purposes and for the

clearing of lands, and road traffic) (5, 7, 8).

The World Health Organization (WHO) reports that the vast

majority of the world’s population currently lives in areas where

air pollution levels surpass WHO air quality guidelines primarily

due to emissions from anthropogenic activities (9). Despite

significant improvements in air quality in high-income countries

(HICs) since the 1970s, the adverse health effects of air pollution

continue, posing a greater threat in LMICs due to higher levels

of pollution (10). In Sub-Saharan Africa, and Central and

Southern Asia, populations continue to experience exposure to

high levels of air pollution (11). Meanwhile, the lack of sufficient

data on the magnitude of the health impacts of outdoor air

pollution in most parts of the African continent has led to very

few studies being published (12, 13).

There is increasing evidence about the harmful health effects of

high levels of long-term air pollution exposure. New findings from

cohort studies have reported that long-term air pollution exposure

could cause new asthma development in addition to asthma

exacerbations and could cause a delay in lung development.

Asthma is a chronic respiratory disease that affects people of all

ages around the world (14). It is characterized by airway

hyperresponsiveness, chronic airway inflammation, and airway

obstruction causing symptoms such as wheezing, dyspnoea, cough,

chest tightness, and shortness of breath (15–17). Even though

asthma is mostly common in developed countries, it is becoming

more prevalent in developing countries probably due to rapid

urbanization (18). Approximately, 334 million people presently

have asthma globallyThe prevalence of asthma continues to rise

with an overall estimated prevalence to increase by 100 million by

2025 (19) (18, 19). Phase I of the Global Asthma Network (GAN)

evaluated the global prevalence of present asthma symptoms in

children, adolescents, and adults to be 9.1%, 11.0%, and 6.6%,

respectively The 2019 GBD study predicted 21.6 million disability-

adjusted years (DALYs) ascribed to asthma across all ages

worldwide. Among the dominant causes of the burden of disease,

asthma was rated 34th, which was responsible for a 5th out of the

total DALYs from chronic respiratory diseases.

Despite the substantial problem of air pollution and asthma

morbidity are major problems in LMICs, there is a notable lack of

systematic overviews addressing these concerns in these regions.
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Such overviews can be important tools in improving public health

by serving as a base for informed policymaking, arousing public

health authorities and institutions to invest in more effective

measures to cause a decline in exposure to air pollutants, and

pinpointing out knowledge gaps where more original research

studies are needed. A recent systematic review on this particular

topic exists on children in LMICs (20), but no such review has

been conducted focusing on adults. Thus, the main aim of this

systematic review was to investigate the association between the

long-term health effects of outdoor air pollution and asthma and

respiratory symptoms among adults in LMICs.
2 Methods

2.1 Study design

This systematic review and meta-analysis was conducted

according to the PRISMA 2020 (Preferred Reporting Items for

Systematic Reviews and Meta-Analyses) checklist (21). The

completed PRISMA checklist can be found in (Supplementary

Appendix S1). The study protocol was registered in advance in

the International Prospective Register of Systematic Reviews

(PROSPERO- CRD42022311326), and the published protocol

in https://doi.org/10.1371/journal.pone.0288667 (Supplementary

Appendix S2). We used the World Bank’s classification of the

low-and middle-income countries (22).
2.2 Search strategy

The search strategy was developed in collaboration with a

librarian at the medical faculty, at the University of Bergen. The

search terms and search strategy for all databases, the interface

through which the database was searched, and the date range for

our search are outlined in S3 of the appendix of the supplementary

material. We searched systematically in Embase (Ovid), Medline

(Ovid), and Web of Science (Core Collection) from January 1946

up to September 2022. We updated the search strategies in

November 2023, but no eligible studies were found.
2.3 Eligibility criteria

2.3.1 Inclusion criteria
Types of participants/population, study period, and study

setting: Studies on human adult populations. exposed to outdoor

air or gaseous pollutants in low- and middle-income countries

(LMICs- as defined by the World Bank Classification).

Exposure: Studies that reported on exposure to either of the

following outdoor air or gaseous pollutants: particulate matter

<2.5 µm in aerodynamic diameter (PM2.5), <10 µm in aerodynamic

diameter (PM10), nitrogen dioxide (NO2), and black carbon (BC).

Comparison: Cohort studies that reported on the exposure

to relatively lower levels of air or gaseous pollutants in the

same population.
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Outcomes: Asthma, wheezing, cough, and dyspnea.

Study designs: Cohort studies, and cross-sectional studies with

exposure measurements >1 year in duration, and with the following

effect estimates: odds ratio (OR), relative risk (RR), and hazard

ratio (HR).

Exclusion criteria: We excluded studies that were not

published in English, studies conducted on children, qualitative

studies, and studies that were not original research papers.
2.4 Data management and screening

All identified studies were exported to EndNote 20 from the

three databases (Embase, Medline and Web of Science) and

duplicates were removed first in EndNote 20 and then in Rayyan,

a web-based research collaboration platform that was used for

screening (23). Reviewers AA and SX independently screened

titles and abstracts of all records retrieved from the database

searches according to the inclusion criteria described above, after

which the full texts of possible eligible studies were obtained. AA

and SX proceeded to screen all the included full-text studies.

Disagreements on which studies to include for full-text screening

were resolved by AJ in dialogue with AA and SX.
2.5 Data extraction

AA and SX independently extracted data from the included

studies using a standardized pre-piloted data extraction form in

an Excel sheet. The form was adapted from The Cochrane

Collaboration (24) and modified to suit the data extraction of the

included studies of this review. Extracted data included year of

publication, study locations, study designs, duration of follow-up,

pollutants studied, outcomes reported, and effect estimates.
2.6 Quality assessment

The quality of the included studies was independently scored

by two reviewers (AA and SX) and any disagreement was

resolved by AJ. Quality was assessed using the Risk of Bias In

Non-randomized Studies-of Exposure (ROBINS-E) tool

developed by the ROBINS-E Development Group led by Higgins

and co-workers (25), but we adopted the format of the ROBINS-

E form by Park and co-workers from their supplementary data

(26). The ROBINS-E tool includes seven domains of bias:

confounding, exposure classification, participant selection,

departure from intended exposure, missing data, and outcome

measurement. By using a list of signalling questions, each

domain is addressed to gather important information on the

study and the analysis is evaluated (25). Furthermore, three

judgments are made after the important signaling questions have

been answered, then, an overall judgment is carried out for each

of these considerations (25).
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2.7 Data synthesis and statistical analysis

We performed a narrative synthesis of the studies that met our

inclusion criteria where a meta-analysis was performed because

two or more studies were identified for the same pollutant and

the same health outcome. In view of the anticipated variations in

both population sizes and pollutants, we a priori resolved to pool

estimates using DerSimonian and Laird random-effect meta-

analysis (27).

In the case when a study reported OR estimates for an

increment different than per 10 μg/m3 (28), we converted the

estimate to per 10 µg/m3 by calculating slope (Beta) and standard

error (SE) per 1 µg/m3, multiplied by 10 and then exponentiated.

We adopted the standard equations below from Chen et al. (29).

Beta = LN (RRo) /increment

SE = (LN(RRo_high) ‒‒ LN (RRo_low))/(2 × 1.96 × increment)

RRc = EXP (Beta × 10)

RRc_low = EXP (Beta × 10 ‒‒ 1.96 × SE × 10)

RRc_high = EXP (Beta × 10 + 1.96 × SE × 10)

RRc is the estimate we converted to, and RRo is the effect estimate

originally reported in the paper with its low (RRo_low) and high

(RRo_high) end of the confidence interval (CI).

Statistical investigation of heterogeneity of effect estimates

between studies were evaluated using tau2, shown in the form of

an 80% prediction interval around the mean effect (30), Q-test

(chi2), and I2 index. If the P values were below 0.10 in the Q-test

and/or the I2 index was higher than 75%, then the pooled

analysis was considered significantly heterogeneous (26). To

estimate the possible publication bias, we conducted Egger’s

weighted linear regression (31). All statistical tests and plots were

done on STATA version 17.0 statistical software.

In the three studies included in the meta-analysis, one reported

relative risk RR) and two reported odds ratios (OR). We initially

wanted to streamline the effect estimates by converting the RR to

OR, However, such conversion was not possible because the

exposure variable was a continuous variable, and we could not

identify formulas for the conversion of confidence intervals for

estimates based on continuous exposure variables. Hence, we

adopted the recommendations (32–34) that OR and RR can be

interpreted interchangeably for rare outcomes when the

prevalence of OR is less than 10%. We included both OR and

RR in the meta-analysis and interpreted the OR as RR.
2.8 Certainty of evidence assessment

For each pollutant exposure and outcome, the certainty of

evidence (CoE) was evaluated using the Grading of

Recommendations Assessment, Development, and Evaluation

(GRADE) approach developed by a group of experts convened

by the WHO (35–37). The GRADE domains consist of five

domain downgrade reasons: limitations in studies, indirectness,

inconsistency, imprecision, and publication bias, and three

domains of upgrade reasons: large effect size, confounding

domain, and concentration-response gradient domain. In a
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nutshell, we began the rating steps with moderate certainty of

evidence due to the risk of unmeasured confounding in

observational studies. Thereafter, we downgraded or upgraded

the CoE according to the five (downgraded domains reasons)

and the three (upgraded domains reasons) respectively.
3 Results

3.1 Included studies

Our detailed literature search across Embase, Medline, and

Web of Science identified 1,346 studies as shown in (Figure 1),

and these studies were published between January 1946 and

September 2022 with a rerun of these databases on November

20, 2023. Following the removal of duplicates from the records
FIGURE 1

PRISMA flowchart of the study identification and selection process.
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exported to Rayyan software from EndNote, 16 records were

further removed as duplicates in Rayyan, after which we screened

the titles and abstracts of 738 studies. 721 studies were excluded

because of the following reasons: excluded population (n = 305),

excluded study design (n = 152), excluded outcome (n = 97),

excluded exposure (n = 50), not related to the topic of interest

(n = 33), excluded publication type (n = 20), indoor exposure

(n = 23), occupational exposure (n = 14), studies not in LMICs

(n = 12), short-term study (n = 13), animal studies (n = 2). Only

17 studies were eligible for an in-depth full-text screening.

However, just 6 of these studies (28, 38–42) met our inclusion

criteria while 11 studies were excluded. Of these 11, 5 studies did

not report on the outcome of interest, 3 studies did not report

on any of the pollutants of interest, 2 studies had the wrong

study design and 1 study reported on short-term exposure. Of

the 6 included studies, 3 studies were included in the meta-
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analysis, while 3 studies did not provide estimates suitable for

our meta-analysis and were included only in the descriptive part

of this review.
3.2 Study characteristics

Of the six included studies, one study considered participants

15 years old and above as adults (41). We could not find a

plausible explanation as to why they considered 15 years old as

adults. We found the study useful because it assessed the

exposure and outcome of interest for our study. It is important

to note that definitions of adulthood can vary across studies

and contexts. For the other five studies, the study participants

were ≥18 years old. The outcomes reported were wheezing

(n = 2), cough (n = 3), dyspnoea (n = 2), and asthma (n = 3).

Studies were carried out in six different LMICs. Three studies

were carried out in India, one in Northern China, one in South

Africa, and one was a multi-country study including

participants from India, South Africa, China, Russia, Ghana,

and Mexico. These studies were published between 2001 and

2022, and the duration of studies ranged from one year to ten

years. The sample size of participants ranged from 572 to

39,054. The study designs used were 1 cohort study, and 5

cross-sectional studies where pollution exposures had been

measured retrospectively. A general description of each included

study is shown in Table 1.

Yan et al. (38), reported both hazard ratio (HR) and odds ratio

(OR) as their effect estimates. The pooled HR was the main effect

estimate reported in their article while the pooled OR was reported

as part of the supplementary data. To be able to include this study

in our meta-analysis, we chose the pooled OR.
TABLE 1 Characteristics of the included studies.

Study
author

Year of
publication

Study
location(s)

Study
design

Number of
participants/

Sex (%)

D

Yan et al.,
(38)

2022 Northern China Cohort 39,054 (M = 18,905
(48.4%), F = 19,142
(49.0%)

Bagula
et al., (28)

2021 South Africa Cross-
sectional

572 (M = 66 (11.5%),
F = 506 (88.5%)

Ai et al.,
(39)

2019 China, India,
Ghana, Mexico,
South Africa &
Russia

Cross-
sectional

29,249 (M = 12,030
(41.1%), F = 17,219
(58.9%)

Khafaie
et al., (40)

2017 India Cross-
sectional

865 (M = 509
(58.8%), F = 356
(41.2%)

Kumar
et al., (41)

2004 Northern India Cross-
sectional

3,603 (M = 2,013
(55.8%), F = 1,590
(44.1%)

Chhabra
et al., (42)

2001 India Cross-
sectional

4,171 (M = 2,344
(56.2%), F = 1,797
(43.1%)

M, male; F, female.
aThe study duration for these cross-sectional studies is listed as more than one year b

one-study participation.
bPrevalence ratio was assessed which is mathematically identical to relative risk (34),

particulate matter < 10 μm; PM2.5, particulate matter < 2.5 μm.
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Our inclusion criteria focused on studies that used OR, and RR

as effect estimates to be included in our study. Hence, the study by

Ai and colleagues (39) used prevalence ratio (PR) as their effect

estimate to assess the association between PM2.5 and asthma (our

exposure and outcome of interest). So, we searched for literature

to find out if PR and RR can be used interchangeably and the

study by Martinez et al. (34), confirmed that PR is

mathematically identical to RR (Legenda of Table 1).

Our review found only two studies from the African

continent by Bagula et al. (28), and Ai et al. (39), that reported

on the exposure to PM2.5 and NO2 in South Africa and PM2.5 in

Ghana and South Africa respectively. Of the six included

studies, 3 assessed PM2.5 exposure, 3 assessed PM10 exposure,

and 3 assessed NO2.
3.3 Summary of findings of the
included studies

From the most recently included paper in our included study

by Yan et al. (38), it was observed that after adjusting for cities

(Model 4 as described in Table 2), there was no significant

association between PM2.5 and asthma. These differences in the

results between Model 4 and the other models can be attributed

to the diverse economic and medical conditions that can be seen

in the four different cities (Rizhao, Shenyang, Taiyuan, and

Tianjin), but they can also be due to different pollution levels in

the different cities. From the study by Yan et al., we included

OR without adjusting for cities in the meta-analysis. This

information was retrieved from “Supplementary Table S8 of the

Supplementary materials” of the study conducted by Yan et al.

(38), and can be found as Table 2. It showed a significant
uration
(years)

Pollutants
studied

Outcomes
reported

Effect
estimates
reported

Risk of Bias
using

ROBINS-E
9.8 PM2.5 Asthma Odds ratio Moderate

1 PM2.5, NO2 Asthma Odds ratio Moderate

3a PM2.5 Asthma Relative riskb Moderate

1 PM10 Cough,
dyspnoea

Odds ratio High

2a PM10, NO2 Cough, wheeze Odds ratio High

10a NO2 Wheeze, cough,
dyspnoea

Odds ratio Moderate

ecause the air pollution exposure was measured back in time even though it was a

hence this review used the term RR (relative risk). NO2, Nitrogen dioxide; PM10,
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TABLE 2 Adjusted OR (95% CI for the incidence of asthma about each
10 µg/m3 increase in PM2.5) in the study by Yan et al. (38).

Adjusted baseline variable Asthma

Odds ratio (95% CI)
Crude model 1.48 (1.27, 1.73)

Model 1 1.45 (1.24, 1.70)

Model 2 1.45 (1.23, 1.70)

Model 3 1.36 (1.15, 1.60)

Model 4 0.76 (0.55, 1.04)

Model 1, adjusted for gender (male and female), age, and BMI; Model 2, adjusted

Model 1 plus educational level, and personal income; Model 3, adjusted for

Model 2 plus smoking status, passive smoking status, alcohol consumption,

physical activity, and family history of asthma; Model 4, adjusted for Model 3

plus the four cohort cities.
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association between 10 µg/m3 increase of PM2.5 and asthma.In the

study by Yan et al. (38), high-resolution PM2.5 concentration

estimates of 1 km × 1 km were used because it provided more

accurate exposure gradients within population clusters. Moreover,

this was a large cohort study in Northern China with an almost

10-year follow-up to define the concentration-response (C-R)

curves between prolonged outdoor exposure to PM2.5 and the

onset of chronic respiratory diseases. It is also the first of its kind

to consider passive smoking status as an adjustment variable

because second-hand smoke is a significant risk factor for

respiratory diseases in non-smokers. Another important strength

of this study was that the authors carried out bi-pollutant models

such as PM2.5-NO2 and PM2.5-SO2 to assess the impacts of

multi-pollutant exposure on chronic respiratory outcomes. On

the other hand, recall bias for specific self-reported contents such

as lifestyle factors was experienced due to the retrospective

cohort study design. The study also lacked time-scale data on

lifestyles such as smoking and drinking status, hence they were

not analyzed as time-varying covariates. Furthermore, this study

lacked data on the composition of PM2.5, so, the authors were

not able to conduct associated analyses (38).

In the cross-sectional study carried out among adults from

four informal settlements in the Western Cape province of

South Africa by Bagula et al. (28), participants from Khayelitsha

had the highest proportion of wheezing (13.4%), shortness of

breath (10.5%), and chest tightness (12.2%) in the last 12

months. For shortness of breath after exercise, Masiphumelele

(Noordhoek) had the highest proportion with 25.9%, while

Oudtshoorn had the highest proportion of participants bringing

up phlegm from the chest during winter with 12.2%. A major

strength of this study was the use of Land-Use Regression

models which was the first to be used in Africa to evaluate

annual exposure to outdoor air pollution and to assess its link

with cardiorespiratory outcomes. Thus, these models were used

to assess each participant’s annual concentration of exposure to

NO2 and PM2.5 at their present residential address during the

study duration. However, some limitations were encountered in

this study which include self-reported outcomes which could

have led to both recall and reporting biases and potentially may

have introduced outcome misclassification. This does not make

the results stronger but weaker. Also, the generalizability of
Frontiers in Environmental Health 06
their findings may not be possible either to the men or the

general population because most of the participants (about

88.5%) were women (28).

The study by Ai et al. (39), showed that men and smokers had a

higher risk of asthma than women and non-smokers, respectively.

Almost 12% of the asthma cases in men were attributable to PM2.5.

One significant strength of this study was the estimation of

attributable burden which pointed out the exceptional public

health importance that would be accomplished if relevant

interventions are put in place to reduce the exposure to air

pollution. However, some weaknesses were also identified. This

study employed a cross-sectional study design which was not

able to determine the causal relationship between PM2.5 and

asthma. The authors could not control for potential confounders

because of a lack of information on the residential changes of the

participants which may also have an impact on the exposure

assessment. If a person lived somewhere with high pollution

exposure at the time of the exposure measurement and then

moved to a place with low pollution exposure, he would have a

lower pollution exposure on average than what was registered in

the study. The opposite could also happen for some participants.

This could lead to underestimation and overestimation of the

effects, respectively.

Khafaie et al. (40), conducted the first study among diabetic

and non-diabetic participants in India that investigated the long-

term effect of background concentration of air pollution on

respiratory health. The findings from this study showed that

living in a region with high air pollution concentration is linked

with chronic respiratory problems. This study has followed

quality-controlled standard protocols. Nonetheless, a major

weakness in this study was the presence of residual

confounding even though the authors adjusted for known and

possible confounders.

The study by Kumar et al. (41), was one of the few studies

carried out in a developing country to use an ecological method

to conduct a comparison between the respiratory health status of

residents of an industrial town with a high level of air pollution

and residents of a town with lower air pollution. A major

strength of this study was a very high participation rate (90%),

and data was collected from each town at the same time and

from the same field investigators. Also, calibration of the

instruments was regularly done against a standard. However, the

possibility to carry out individual air sampling and to quantify

the effect of various levels of air pollutants was not available,

instead every person living in the same study region was defined

with the same level of air pollution exposure (41).

Findings from Chhabra et al. (42), indicated a significantly

higher ratio of symptomatic persons in the higher age groups

both in the lower-and higher-pollution zones. Also, a highly

significant linear relationship exists between increasing age and

the occurrence of symptoms. It was further shown that

increasing age, smoking, male sex, and lower socioeconomic

status were strong independent risk factors for the occurrence of

chronic respiratory symptoms, cough, and dyspnoea. However,

wheezing showed no consistent pattern concerning its association

with air pollution.
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3.4 Meta-analysis findings

In our analysis, we included six studies that met our criteria,

focusing on the association between exposure to PM2.5 and the

outcome of asthma and respiratory symptoms. However, due to

similarities in exposure and outcome measurements, we conducted

a meta-analysis specifically on only three of these studies. These

three studies reported similar exposure levels of PM2.5 and asthma

outcomes, with effect estimates in the form of odds ratios (OR) or

comparable relative risk (RR) (29, 39, 40). Upon conducting the

meta-analysis, we found that all effect estimates from the included

studies were greater than 1, indicating a positive association

between PM2.5 exposure and the risk of asthma. However, it is

noteworthy that the smallest study among the three had a wide

confidence interval, indicating uncertainty in the precision of its

effect estimate (29). The pooled overall estimate was borderline

significant with RR 1.21 (95% CI 0.93, 1.50) (Supplementary

Fig. S1) suggesting a potential association between PM2.5 exposure

and the risk of asthma, but the confidence interval included 1,

indicating uncertainty.

An important aim of a meta-analysis is to evaluate the existence

of heterogeneity among primary studies and scrutinize the variance

in the findings of the different studies. The degree of dissimilarity

in the individual study findings is meta-analysis heterogeneity (43).

We used the I2 value to test for heterogeneity which quantifies the

effect of heterogeneity and is not dependent on the number of

studies or the type of outcome data. The I2 values vary between

0% and 100% and show the proportion of inter-study variability

that can be attributed to heterogeneity rather than chance (43). I2

value of 25% is considered as low, 50% is moderate while 75% is

high (29). This implies that if the I2 index was above 75%, then

the pooled analysis will be regarded to be significantly

heterogeneous (44). Our meta-analysis revealed considerable

heterogeneity among the included studies (I2 = 75.87%). This

indicated substantial variability in effect sizes across the studies

beyond what would be expected by chance alone.

To assess for publication bias, we conducted a regression-based

Egger test for small-study effects. Typically, a p-value less than 0.05

is considered statistically significant, suggesting the presence of

publication bias (45). The results of this test showed no

significant evidence of publication bias among the three studies

included in the meta-analysis (P-value 0.1021).
3.5 Risk of bias assessment in individual
studies

According to our risk of bias assessment, most of the included

studies (28, 38, 39, 41, 42) were moderate while two studies (40, 41)

were rated high (Supplementary Fig. S2).
3.6 Certainty of evidence

Table 3 describes the application of the GRADE tool to the

body of evidence for PM2.5 and asthma and the rationale for the
Frontiers in Environmental Health 07
rating of the various GRADE domains. We concluded a

downgrade with one level for both inconsistency and imprecision

because there was considerable heterogeneity (I2 = 75.87%) and

the sample size was met but the confidence intervals were wide

and included 1. On the other hand, an upgrade with one level

was concluded for the concentration-response gradient because

two studies reported a plausible shape of the concentration-

response gradient. In sum, we rated the overall GRADE

assessment for our included studies to be low.
4 Discussion

The harmful health effects of air pollution exposure still linger

with a greater health threat in LMICs because of higher levels of

pollution (10). Our meta-analysis has quantitatively investigated

the association between long-term exposure to outdoor air

pollution (PM2.5) and asthma in adults. To our knowledge, this

is the first meta-analysis looking at pollution and asthma in

adults in the LMICs. Studies that were not included in the meta-

analysis but were included in the narrative part of this review

further indicated a significant impact of PM10 on the

development of respiratory symptoms such as cough and dyspnoea.

Three studies (28, 41, 42) included in this review provided data

on NO2, with results indicating no significant association between

NO2 exposure and respiratory symptoms. Despite these results, it is

essential to note that thethree studies did not collectively establish a

consensus regarding the impact of NO2 on respiratory health

outcomes. Several factors could have contributed to the

variability in findings, including differences in study populations,

methodologies, exposure assessment techniques, and outcome

measures. Moreover, the lack of a significant association in these

particular studies does not necessarily negate the potential

respiratory health effects of NO2 exposure. Studies from other

parts of the world have repeatedly shown how NO2 may be an

important risk factor in respiratory health (46–48). The studies

included in our review may have been underpowered to detect

associations, or there may be other unmeasured confounding

factors influencing the results. Although this present review

included only six studies and conducted a meta-analysis on only

three of these, we found that certain factors contribute greatly to

vulnerability to the adverse effects of air pollution. Geography,

economic conditions, sex, and age were all of importance.

Geography can play a direct part in different areas having

different levels of air pollution exposure. For example, Bagula

et al. (28), found that participants from Khayelitsha had a higher

proportion of asthma and respiratory outcomes than participants

from the other locations in the study, possibly because they were

also exposed to the highest levels of NO2 and PM2.5 as indicated

by the annual mean concentrations. However, geography can also

affect the vulnerability to adverse health effects of air pollution,

regardless of the air pollution levels. The same levels of PM

exposure may have different health effects in urban and rural

areas because the components of PM vary in different locations

(49). Another example is that warmer geographic areas have

more pollen than colder areas, and pollen may interact with
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other outdoor air pollution causing increased vulnerability to

pollution health effects in a population (50). Economic

conditions are also of relevance. The associations between air

pollution and asthma in poorer cities or neighbourhoods are

stronger than in wealthier areas (51, 52). The findings by Ai

et al. (39), in addition showed that sex is another factor. It was

shown that males had a higher risk of asthma due to exposure to

PM2.5 (RR 1.09, 95% CI 1.04, 1.14) than females (RR 1.01, 95%

CI 0.97, 1.06). This is also consistent with the previous studies of

Alhanti et al. (53). An underlying reason for this higher

association among the males might be that men are more prone

to engage in outdoor activities than women, hence causing

exposure to higher levels of pollution and then inducing the

likelihood of asthma occurrence. In a cohort study from

Northern China conducted by Yan et al. (38), one of the

included studies in this review, it was noted that participants

older than 60 years had more asthma due to exposure to outdoor

PM2.5 air pollution than the younger participants. The reason for

higher potential vulnerability to air pollution effects in younger

people may be linked to younger people staying more outdoors.

The updated WHO 2021 guidelines recommend annual average

concentrations of 5 µg/m3, 15 µg/m3, and 10 µg/m3 for PM2.5, PM10

and NO2, respectively (54). In all our six included studies, the WHO

recommended guidelines on the annual mean concentrations were

heavily exceeded. These findings are in agreement with the report

from the development aid (55) that South and East Asian cities

emerge as the most polluted cities globally.

The main result of our study showed a borderline significant

association between a 10 µg/m3 increase in exposure to PM2.5

and an increased risk of asthma (RR 1.21, 95% CI 0.96, 1.50).

However, we observed a considerable heterogeneity between

studies (I2 = 75.87%). This is to be expected given the differences

in methodology, exposure information source, concentration,

geographical location, and duration as shown in Table 1 and

Supplementary Table S1. These factors aforementioned are also

emphasized in the systematic reviews and meta-analyses

conducted by Chen et al., (29) Park et al. (26), Badida et al. (56),

and Rajak et al. (57). In addition, the composition of PM and

study population characteristics are also likely to differ between

studies, causing increased heterogeneity. The composition of

PM2.5 across studies will vary in different locations due to

different industries and sources of emissions.

We applied an adapted GRADE approach to evaluate

certainty in the epidemiological body of evidence. Overall, PM2.5

showed a more consistent association with asthma and

respiratory symptoms than PM10. A reasonable explanation for

this difference might be because there are fewer studies of

PM10 relative to PM2.5 (29) and because PM2.5 enters deeper

into the airways.

Our study has several strengths worth mentioning. The

performance of a pilot search improved the credibility, relevance,

and methodology of the review. Correcting the errors in the pilot

search ensured a robust high-quality search in the work with the

main review.

A thorough review of all the included studies was conducted by

reading through the supplementary materials associated with the
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selected papers. This helped us to extract valuable additional

information such as identifying from the paper by Yan et al.

(38), that the effect estimates of our interest were not reported in

the main paper but in the online supplement.

Finally, to ensure comparability among the effect estimates

related to different exposure increments, we standardized

the reported increments to a uniform scale. Specifically, while

two of the included studies reported effects per 10 μg/m3

increment of PM2.5, another study presented outcomes based on

an interquartile range (IQR) increase, with the IQR being

5.12 μg/m3. To align these findings, we converted the odds ratio

(OR) for the less than 10 μg/m3 increment, namely, per IQR

increase of 5.12 μg/m3 in PM2.5 exposure, to an OR per 10 μg/m3

increase. The details of this conversion formula are outlined in

the “Methods—Data synthesis and statistical analysis section”.

This standardization allowed us to perform more direct

comparisons across the effect estimates from the included studies.

When interpreting the results from this review, certain

limitations should also be noted. A significant limitation of our

meta-analysis is that the small number of included studies

affected heterogeneity. To be included in a meta-analysis,

different studies should report the same kind of effect estimate,

in addition to having comparable exposures and outcomes. In

our meta-analysis, two of the included effects estimates were

odds ratios and one was relative risk. Given the scarcity of

studies on long-term pollution exposure and asthma in LMICs,

our meta-analysis necessitated a practical approach. We

interpreted odds ratios (ORs) and relative risks (RRs)

interchangeably, a decision driven by the low asthma prevalence

(less than 10%) observed across the studies we reviewed (32–34)

In such contexts of rare outcomes, the approximation of ORs to

RRs is methodologically acceptable, minimizing the impact of

this decision on the analysis’s overall integrity.

Another limitation worth highlighting is that none of the

included studies in this review were able to disentangle the

effects of multiple air pollutants. Collinearity between for

example PM10, NO2, and SO2 makes it difficult to assess which

pollution marker is the most important concerning respiratory

health outcomes, and variability in NO2 or SO2 between cities

could have influenced the observed results in the paper by Yan

and colleagues added in our meta-analysis. Disentangling the

effects of different air pollutants has been difficult to address

until recently, although promising multipollutant statistical

models are fortunately on the rise. However, none of the studies

identified in our review had considered such models.

Studies on children were not included in our review, which

could be considered a limitation since children may be even

more vulnerable than adults to adverse respiratory effects

resulting from exposure to outdoor air pollutants. However, as

underlying mechanisms behind non-communicable diseases such

as asthma may differ between children and adults, and as asthma

in adults is often a different phenotype than asthma in children,

we would need separate meta-analyses to cover this topic in both

children and adults in LMICs. As a recent systematic review on

this particular topic in children in LMICs already exists (20),

while no such reviews exist for adults, we, therefore, decided to
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perform our systematic review in this important research area

with a particular focus on adults.

Although we only included adults in our review, the age cut-

off for adult populations varied slightly across studies. While most

studies employed 18 years as a cut-off for defining adults, one

study included in our analysis defined adults as individuals

aged 15 years and older. This deviation from the standard

definition of adulthood (58) could potentially impact the

interpretation of the results, as it includes individuals who may

still be considered adolescents in other studies (59). This

variation in age definitions might have introduced heterogeneity

into our meta-analysis. However, it is important to note that

definitions of adulthood can vary across contexts, and as the

authors of this specific study explicitly defined >15 years as

adults and the number of eligible studies was very low, we

chose to include it in our review.

We acknowledge the health implications associated with sulfur

dioxide (SO2) and other significant pollutants, including carbon

monoxide (CO) and ozone (O3), on asthma, however, these

pollutants were not included in our study. This was due to the

unavailability of eligible studies meeting our inclusion criteria.

Initially, we conducted a pilot search in collaboration with the

University Librarian, which revealed that no studies existed on

long-term exposure (>1-year duration) and asthma and

respiratory symptoms in adults in LMICs. Consequently, we

narrowed our focus to PM2.5, PM10, and NO2 for our review.

While our study provides valuable insights into the association

between PM2.5, PM10, and NO2 and asthma, there is a striking

need for future studies focusing on other significant pollutants

and the complex interplay between, for example, SO2 and

NO2The absence of adjustments for variations in NO2 and SO2

levels in any of the four models outlined in Table 2 might have

influenced differences in asthma incidence, potentially serving as

confounding factors or effect modifiers. Notably, NO2 was

assessed in only one of the studies included in our analysis, and

this study was among the smallest. Therefore, while NO2 could

have introduced confounding effects into the models, its limited

availability precluded its inclusion in our meta-analysis, thereby

raising concerns regarding its potential to impact the results. In

the study by Yan et al. (38), although NO2 and SO2 levels were

considered alongside PM2.5 in a two-pollutant model, the

investigation primarily focused on the confounding effects of

these pollutants, without explicitly assessing their potential as

effect modifiers. The findings suggested an intensified association

between PM2.5 exposure and respiratory disease incidence when

accounting for NO2 or SO2. However, this adjustment does not

fully explore the intricate dynamics between these pollutants,

potentially oversimplifying the complex interactions that

contribute to respiratory health outcomes.

The exposure assessment ranges from direct monitoring to

modeling approaches. Each method comes with its own set of

limitations. For instance, direct monitoring might not accurately

capture personal exposure levels due to spatial and temporal

differences, while modeling approaches can introduce bias

through assumptions made during the estimation process. This

variability in exposure assessment methods introduces
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uncertainty and potential measurement error, which may impact

the accuracy and comparability of findings across studies.

Therefore, the heterogeneous nature of exposure assessment

methods represents a limitation in our ability to draw robust

conclusions regarding the relationship between air pollution and

respiratory health outcomes.

The study by Yan et al. (38), employed a spatiotemporal model

utilizing high-resolution satellite imagery, with a resolution of

1 km × 1 km, to evaluate outdoor PM2.5 concentrations. The

precision of PM2.5 pollution estimations was evaluated by

utilizing data sourced from ground PM2.5 measurements

conducted by the China Environmental Monitoring Center. This

assessment employed a random 10-fold cross-validation

approach, yielding an R2 value of 0.95 at the annual level.

Additionally, comparisons were made with PM2.5 ground

measurements from different locations, resulting in an R2 value

of 0.80 at the annual level to validate the predictions of PM2.5. A

limitation observed from using these exposure assessments was

the inability to conduct the related analyses because of the

unavailability of data on the mixture compositions of PM2.5

which is due to the various effects induced by PM2.5 in different

locations of China.

Bagula et al. (28), used land-use regression models to assess the

spatial variation in the annual concentrations of PM2.5 and NO2 with

predictors of exposure collected on-site such as nearby traffic (for

instance, from bus stops, train stations, and major roads), land-

use, waste burning sites, and household density. They highlighted

that the minimal variability in PM2.5 exposure observed in their

study could have introduced bias into the association between air

pollutants and respiratory outcomes, skewing it towards the null.

Furthermore, the limited variability in PM2.5 levels was

unsurprising, considering the small scale of the four study

neighborhoods and the short distances between the sites.

Ai et al. (39), used the Global Chemical Transport Models

method to assess the annual average concentrations of PM2.5 for

three years at 1 km× 1 km resolution, and these were validated by

ground monitoring data with one-sigma uncertainty. The study

utilized satellite-derived three-year average concentrations as

proxies for the actual PM2.5 exposure of each participant.

However, this approach may have introduced exposure

misclassification, particularly given the lack of information

regarding any residential changes among the participants, which

could also impact the accuracy of the exposure assessment in the

study. In the study by Khafaie et al. (40), the atmospheric

dispersion model, AERMOD, was used to evaluate the background

concentration of PM10 at the participant’s home and work.

Kumar et al. (41), employed standard laboratory methods of

the Central Pollution Control Board to assess the levels of PM10,

and NO2 using a high-volume air sampler. They pointed out that

using these methods could not measure the effect of the different

levels of air pollutants because they could not conduct individual

air sampling. This could have led to exposure misclassification,

thereby resulting in biased estimates of the association between

PM10, and NO2 and respiratory symptoms.

Chhabra et al. (42), used air quality monitoring stations in

situated different locations to evaluate the concentration of NO2
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in residential colonies within a 1 km radius. A limitation of this

method is the spatial variability of NO2 levels within the study

area. Air quality monitoring stations typically measure NO2

concentrations at specific fixed locations, which may not fully

capture the spatial heterogeneity of NO2 levels within a

residential neighborhood. As a result, the measurements obtained

from these stations may not have accurately represented the

exposure experienced by individuals living in different parts of

the neighborhood. Therefore, while air quality monitoring

stations provide valuable information on ambient NO2 levels,

their limited spatial coverage may have introduced uncertainties

in assessing NO2 exposure at the individual level within a

residential area.

Some potential biases were encountered in this review. The

health outcomes of interest in this review (asthma, cough,

wheezing, and dyspnoea) were mainly based on self-report which

might have introduced recall bias as reported by Yan and

Bagulas’ studies. Coughlin (60) defined recall bias as “a form of

differential misclassification bias and the risk estimate may be

biased away from or towards the null”. For instance, Yan’s study

was a retrospective cohort study that might have caused a recall

bias for some self-reported details, lifestyle habits such as

physical activity, etc. However, the pollution exposures were

measured objectively, and the outcomes were defined by self-

report based on current disease and through the registry. Also,

our search was limited to English, which means we may have

missed some studies published in other languages. This could

have resulted in biased effect estimates and reduced

generalizability. Through an additional search where we also

included non-English papers, however, we found that only a

limited number of studies were missed in this manner: one study

was published in Bulgarian and two studies in Chinese.

Our study has important implications for policymakers. Our

findings support that long-term exposure to air pollution is

harmful to asthma development in low- and middle-income

countries. The current review provides more evidence for why the

implementation of air quality monitoring should be important for

policymakers. The results can also be important for disease

prevention: identifying patients at risk and advising them to avoid

pollution as much as they can to avoid becoming sick.

Another possible implication is related to costs. If this study

can contribute to increased air quality monitoring and

knowledge about associations between pollution and respiratory

diseases in LMICs, a decrease in health costs could be a

significant co-benefit. The total health cost acquired from air

pollution is enormous, and the decrease in associated health

costs would be a significant cost-benefit of the implementation of

air pollution preventive measures (61).

Our study also has implications for researchers. The

considerable heterogeneity observed across included studies

implies large variation regarding air pollution and respiratory

diseases across LMICs. This should be considered, and studies

should be planned for multiple locations such as in Africa,

Eastern Mediterranean, and South-East Asia regions where no or

few research projects have been carried out. Also, in areas with a

significant contribution of dust to the PM2.5 composition, our
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pooled relative risks (RRs) may not be applicable and the need for

separate studies will be even larger.
5 Conclusion

The LMICs are experiencing rapid urbanization and

economic transformation. These factors contribute greatly to

the increasing levels of outdoor air pollution, and health

problems related to air pollution are further aggravated by

poverty. More studies are needed, but our systematic review and

meta-analysis indicate a positive association between long-term

exposure to outdoor air pollution (PM2.5) and the development

of asthma among adults. The findings of this review contribute

to scientific evidence and may help underpin targeted

mitigation measures to decrease the health burden associated

with outdoor air pollution.
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