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Abstract

Air pollution is a major cause of specific deaths worldwide. This review article aimed to investigate the results of cohort
studies for air pollution connected with the all-cause, cardio-respiratory, and lung cancer mortality risk by performing a
meta-analysis. Relevant cohort studies were searched in electronic databases (PubMed/Medline, Web of Science, and Sco-
pus). We used a random effect model to estimate the pooled relative risks (RRs) and their 95% ClIs (confidence intervals)
of mortality. The risk of bias for each included study was also assessed by Office of Health Assessment and Translation
(OHAT) checklists. We applied statistical tests for heterogeneity and sensitivity analyses. The registration code of this study in
PROSPERO was CRD42023422945. A total of 88 cohort studies were eligible and included in the final analysis. The pooled
relative risk (RR) per 10 pg/m3 increase of fine particulate matter (PM, 5) was 1.080 (95% CI 1.068-1.092) for all-cause
mortality, 1.058 (95% CI 1.055-1.062) for cardiovascular mortality, 1.066 (95%CI 1.034-1.097) for respiratory mortality
and 1.118 (95% CI 1.076-1.159) for lung cancer mortality. We observed positive increased associations between exposure
to PM, 5, PM,,, black carbon (BC), and nitrogen dioxide (NO,) with all-cause, cardiovascular and respiratory diseases, and
lung cancer mortality, but the associations were not significant for nitrogen oxides (NOx), sulfur dioxide (SO,) and ozone
(O5). The risk of mortality for males and the elderly was higher compared to females and younger age. The pooled effect
estimates derived from cohort studies provide substantial evidence of adverse air pollution associations with all-cause, car-
diovascular, respiratory, and lung cancer mortality.
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Introduction

Air pollution is a well-known risk factor for mortality and
burden of disease [1]. Recent estimates from the Global
Burden of Disease (GBD) study estimated that ambient air
pollution caused 4.2 (95% confidence interval 3.7—4.8) mil-
lion excess deaths (7.6% of total global mortality) for the
year 2015 [2]. World Health Organization (WHO) in 2019,
estimated that 99% of the global population lived in areas
where air quality levels exceeded the air quality guideline
values [3]. The major ambient air pollutants include par-
ticulate matter (PM), nitrogen dioxide (NO,), nitrogen oxide
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(NO), sulfur dioxide (SO,), carbon monoxide (CO), ozone
(03), and volatile organic compounds (VOCs) [4, 5]. PM is
classified according to particle size. Fine particulate matter
(PM, 5) is defined as particles with a diameter equal to or
less than 2.5 pm and coarse particulate matter (PM,) is
defined as particles with a diameter of 10 pm or less [6].
Long-term exposure to air pollution induces many health
problems such as respiratory problems, cardiovascular dis-
ease, neurologic disorders, stroke, and cancer [6-8]. Air
pollution is also recognized as the fourth largest risk factor
for premature and lung cancer death [6-9]. Among air pol-
lutants, PM, 5 and PM,, have been strongly connected to
mortality and morbidity [10-12]. PM, 5 exposure in the long
term increases the relative risk of all-cause mortality by 8%
and cardiovascular events by as much as 10% [13-15]. The
presence of NO, and ground-level O; have been reported
as important contributors to mortality or morbidity due to
respiratory and cardiovascular diseases [5, 16, 17]. NO, is
positively linked to increased mortality from cancer [18].
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Evidence also documented that higher levels of O; are con-
nected with a higher risk of cognitive disorders, preterm
birth, and reproductive health [19, 20].

Several studies are available that investigated the adverse
health effects of air pollution [21], but the findings are incon-
sistent because air pollution is a complex mixture of pollut-
ants from various sources. Some recent meta-analysis and
cohort studies found an increased risk of mortality accom-
panied by air pollution [6, 22-27]. For instance, a cohort
study by Peng et al. (2017) indicated that exposure to PM, s
was significantly connected with mortality from all-cause
(HR 1.30, 95% CI 1.19-1.42), respiratory diseases (HR
1.19, 95% CI 1.02-1.38), lung cancer (HR 1.72, 95% CI
1.36-2.19) and other cancers (HR 1.76, 95% CI 1.33-2.32)
[23]. Kim et al. (2018) in a meta-analysis of cohort stud-
ies indicate that exposure to PM, 5, PM,,, and NO, were
associated with increased mortality from all cancers [28].
Conversely, Tseng et al. (2015) in a cohort study found that
exposure to PM, 5 was not significantly connected to all-
cause (HR 0.92, 95% CI 0.72—1.17) and cardiovascular (HR
0.80, 95% CI 0.43-1.50) mortality [29].

Most existing meta-analysis focus on short-term effects
of air pollution, especially for cardio-respiratory mortality
[11, 30, 31], and the pooled associations between long-term
exposure to air pollution with cardio-respiratory and lung
cancer health is poorly understood. Further, some recent
reports providing additional evidence of the associations
from areas with low levels of air pollution, which found
stronger associations between ambient air pollution, and all-
cause, cardio-respiratory, and lung cancer mortality. Simi-
larly, considering the gaseous air pollutants, the estimated
associations between these pollutants (e.g. SO,, NO, NO,,
and O;) with specific causes of mortality in long-term are
still unclear. Thus, we decided to carry out a comprehen-
sive literature review of cohort studies and perform a meta-
analysis on the long-term association between particulate
and gaseous air pollutants with all-cause and specific-cause
of mortality. This review also systematically summarizes
the effects of air pollution and mortality based on latest pub-
lished evidence. The main goal of this systematic review
and meta-analysis was to summarize the findings of cohort
studies linked to air pollution with all-cause, cardiovascular,
respiratory, and lung cancer mortality.

Method

Search of studies and selection

The current meta-analysis complies with the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-

Analysis) methods (Table S1). The protocol of this study
was registered on PROSPERO (https://www.crd.york.ac.uk/
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prospero/display_record.php?RecordID=422945 with reg-
istration code = CRD42023422945). Electronic databases
including Google Scholar, PubMed, Scopus, and Web of
Science were independently searched by two researchers
(B.K. and S.S.) to obtain the eligible studies up to 30 May
2022. The search for relevant literature was conducted with
no restriction for regarding language, or publication date
using appropriate keywords in the title and abstract, as well
as Medical Subject Headings (MeSH). The search strategy
is detailed in Appendix A (Supplementary Table). The ref-
erence lists of relevant studies were investigated for addi-
tional papers. We applied a combination of the following
keywords: “air pollution”, “air pollutant*”, “particulate®”,
“particle*”, "PM,,", "PM, 5", “nitrogen oxide*”, “nitrogen
dioxide”, “NO,”, “sulfur dioxide”, “SO,”, “black carbon”,
“BC”, “ozone”, “O3”, “carbon monoxide”, “CO” linked with
“mortality”, “ cardiovascular mortal-
ity”, “respiratory mortality”, “lung cancer mortality”. The
search was narrowed to prospective and retrospective cohort
studies.

The title and abstract of the studies were screened and the
full text of the selected studies was investigated for further
assessment. The following inclusion criteria were applied for
the extraction of information: (1) cohort studies explored the
risk of mortality for all-cause, cardiovascular, respiratory,
and lung cancer (2) studies investigated the exposure con-
centrations to PM,,, PM, 5, BC, NO,, NO, SO, and O; (3)
studies provided information about relative risk (RR), hazard
ratio (HR), odds ratio (OR) and beta slope of regression
models with 95% CIs (Confidence Intervals) which linked
with air pollutants. All included studies clearly described
the outcomes according to the International Classification of
Diseases (ICD) codes including ICD-10 A00-R99 or ICD-9
001-779 to describe all-causes mortality, [CD-10 110-170 or
ICD-9 400-440 to explain cardiovascular mortality, ICD-10
JO0-J99 or ICD-9 460-519 to explain respiratory mortality
and ICD-9 C34 to define lung cancer mortality. Review stud-
ies, letters to the editor, news articles, poster and conference
abstracts were excluded. The detailed stepwise literature
selection is presented in Fig. 1.

9 <

all-cause mortality”,

Collection of data

Two investigators (B.K and S.S) separately extracted infor-
mation including study location, study design, publication
years, sample size, period of follow-up, method of expo-
sure measurement, the concentration of air pollutants and
their corresponding standard deviations, risk estimates of
outcomes (RR, OR, HR) and their associated 95% ClIs,
mortality diagnosis by ICD codes, death rate, main findings
and adjustment covariates (Table 1). We also reviewed the
extracted data by the authors for quality control and
assurance.
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Fig. 1 Summary of the study selection procedures by the PRISMA flow diagram

Risk of bias assessment

The risk of bias and internal validity of studies was
assessed by the Office of Health Assessment and Trans-
lation (OHAT) method as suggested by the National
Institutes of Environmental Health Sciences-National
Toxicology program [32]. Six domains including selec-
tion bias, confounders variable, exposure measurement
bias, assessment of outcome, selective reporting bias,
and missing data bias were evaluated. The risk of bias is
categorized per domain as “low”, “probably low”, “prob-
ably high”, “high” and “not applicable” (Table 3 and
see additional Table S2-S89). Furthermore, the Newcas-
tle—Ottawa Quality Assessment Scale (NOQAS) method
was also applied to evaluate the methodological quality
of the selected studies. The methodological quality for
each study is based on estimated scores categorized as
“>17, high”, “4-6, intermediate” and “ <3, low” (see
Table S90- S91).

Data synthesis

Risk estimates obtained from included studies were
expressed as RR, OR, HR, or beta () coefficients of regres-
sion. Estimates of OR, and HR were converted to RR by the
following formulas:

B OR
RR = (1-r)+ (rx OR) M
RR — 1 — EXP(HR x In(1 — r) @

r

where r is the rate of death among the reference group. If r
was not proved in the studies, the Human Mortality Database
was used to obtain death rates based on gender, and age, and
the year of study [28, 33]. The percent change of mortality
is computed from the following equation (Percent change
(%) =(RR-1)x 100%) [6, 33]. To obtain the RR of mortality
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Table 1 (continued)

18

B Bg %‘3 from the beta () coefficients, we exponentiated the regres-
g %5 g sion coefficient. Additionally, 95% CI was estimated using
E 3 £ o S an exponentiated regression coefficient with their standard
g ¥ & 2 5 error [B+(1.96*SE)] [6, 34].
e -« ZE38 When exposure measurements were reported as ppb
% i 2 or ppm, these findings converted to pg/m> as follows:
£ 2% E NO,, 1 ppb=1.88 pg/m?; 05, 1 ppb=1.96 pg/m*; SO,,
3 g g § 1 ppb=2.66 pg/m>; CO, 1 ppb=1.15 pg/m? [35]. If studies
§ s s % ‘g Q did not report the RR based on a unit of 10 pg/m? increment
= g < -E:D B i in each pollutant, the estimates of RR across studies were
e = standardized using the following formula [34]:
s g 823
2E|E 2 | 52%
ME[2 2 | 85487 Meta-analysis
20
2 2?) Statistical analyses and forest plots were created by
2 o) % B 5 STATA12 and R version 3.6.1. The pooled effect (RR) of
§ Z =~ E 3 studies was computed using the random-effect and fixed-
% o) gg % § g effect model based on the Mantel-Haenszel procedure. The
=~ <& E g 2 presence of statistical heterogeneity between the estimated
& 3 E g effect of studies was evaluated by I* and Cochran’s Q-test
% o o § é Z (Significance level <0.1). The I? value equals 25% indicat-
= e EE % ing a “low” degree of heterogeneity, 50% moderate, and
é °§ ; 1% exceeds 75% suggesting a “high” degree of heterogene-
_ £ g k] ity [36]. To assess the possible sources of heterogeneity,
® s 2 é subgroup analyses were performed for sex, mean of age,
f. t ig and study location (Asia, Europe, Canada, and the United
§ é = § States). The presence of publication bias was evaluated by
o ' ' % "U'; i a funnel plot of the log RR against the standard error (SE).
@ ® = f 8 Funnel plot asymmetry was also tested by Egger's test with
B = §\ % § g a significance level <0.10. We applied the trim-and-fill
;,,% § E ; e ‘; § method for detecting and adjusting the publication bias in
3 é’ E E f% our meta-analysis [6, 36]. Sensitivity analyses were achieved
g 5 § & g to investigate the robustness of our main analyses by analyz-
; 2 g £ =273 ing the impact of excluding each study on the consistency
S g g “ges of the results.
N EEEE
S R
L Results and discussion
S 33T R
g | 2253
g 25 g g Studies included
= g 25322
'% - % g :’3 ig‘ After searching databases, 3692 records were recognized.
E = 5 %_i 3:-; § g Eighteen publications were also added from the reference
5 "?:g g g 3 lists. Removing the duplicates and unrelated articles after
% = 5 = 223 the screening of abstracts, 127 studies were eligible to assess
z % zZ e - § 3 = the title and full text. Finally, 88 articles were included in
§ E - g 8 g ig —é the meta-analysis and fulfilled the quality assessment cri-
é % 2 g § 8= § § teria (Fig. 1) [14, 23-27, 29, 37-116]. Eighty-one studies
Z oY 2°®| 328y : ; :
< = 2 284 8 involved an adult population with both genders, and five
2 IS % 2 EX § studies included only adult females [44, 67, 80, 86, 110]
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and two studies included only adult males [64, 75]. Among
the included studies, 66 studies investigated all-cause mor-
tality, 64 studies evaluated cardiovascular mortality, 37
studies assessed respiratory mortality, and 31 studies con-
sidered lung cancer mortality as an outcome. The included
studies were carried out in Europe (31 studies), the United
States (27 studies), Canada (8 studies), and Asia (22 studies)
(Fig. 2A and B). The total number of participants in these
studies was 270877792 individuals (Table 1).

The concentrations of pollutants and methods of expo-
sure assessment are diverse between the studies. The
overall mean concentration of PM, 5 derived from stud-
ies was 19.47 +4.26 ug/m’, with a mean concentration of
39.81+0.78 pug/m? in Asia, 14.92 +2.20 pg/m® in Europe,
19.69 +3.33 ug/m? in the USA, and 10.7 +2.08 ug/m?’ in
Canada, (Fig. 3, See more in Table S3). Pooled average con-
centrations of PM,,, NO,, SO,, and O5 derived from studies
were 45.3+17.68, 23.54+8.92, 16.1 +4.65 and 60.67 + 14
.96 pg/m>, respectively (Table 2). We found higher levels of
air pollution in Asian developing countries (Fig. 3).

Methodological quality and risk of bias

The risk of bias rating based on investigated studies is pre-
sented in Table 3 (also see more detailed of risk of bias
assessment in supplementary Table S4-S91). All individual
studies had a high quality. The findings showed that the risk
of bias for exposure measurement, assessment of outcome,
and selective reporting bias differed among the studies.

Selection bias for one study was rated as “probably high”
risk [42] while other studies were “low” risk. For exposure
measurement bias, 7 studies were rated as “probably high”
risk because the sampling technique of these studies was not
clearly described [27, 29, 42, 54-57]. Outcome assessment
bias for 11 studies rated as “probably high” risk [41, 42,
51, 53, 57-59, 81-84]. The selective reporting bias of 10
studies rated as “probably high” risk [29, 41, 42, 48, 53-55,
57-59]. Results of the risk of bias assessment are displayed
in Table 3, and summary tables justify for the judgments
given for each bias domain presented in supplementary
Table S4-S91.

Air pollutants and mortality

This is a meta-analysis investigating the relationship between
exposure to air pollutants with the risk of mortality for all-
cause, cardiovascular, respiratory, and lung cancer. We
used data derived from 88 cohort studies carried out in 20
countries involving more than 270 million subjects. Using
a random-effect model, exposure to PM, 5, PM,,, NO,, and
SO, was strongly linked with mortality, whereas O; was
not significantly related. The pooled estimates of all-cause
mortality with air pollutants are presented in Table 4. Posi-
tive and significant associations were observed between the
percent changes of all-cause mortality with a 10 pg/m? incre-
ment in PM, 5 (RR 1.08, 95% CI 1.07-1.09), PM,, (RR 1.10,
95% CI 1.06-1.14), and BC (RR 1.04, 95% CI 1.02-1.07)
(Fig. 4a-c). The estimates of heterogeneity between studies

Fig.2 A Geographic location of included studies and (B) the number of publications reporting the association between air pollutants with mor-

tality
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Fig. 3 The pooled concentration of PM, 5 (A), PM,, (B), NO, (C), and O, (pg/m3) (D) stratified by location
Table 2 Pooled concentrations Pollutants  Mean Sd Lower Upper Cochran’sQ df H ? tau® P-value
of PM, 5, PM,, O3, NO,, SO, (ug/m®)
and CO (ug/m’) derived from
studies PM, 5 1949 4267 9.22 34.48 2935.32 61 694 979% 1290 0.000
PM,, 4529 17.68 2448 368.79  266.57 20 3.651 925% 324.38 0.000
04 60.67 1494 2277 105.88 36.71 11 1.827 70.0% 122.02 0.000
NO, 2354 892 7.125 60.14 74.99 21 1890 72.0%  17.53 0.000
SO, 16.10 466 521 40.66 27.90 9 1761 67.7% 1.43260.001
CcoO 1.04 026 04 372 39.51 7 2376 82.3% 0.01700.000

were found to be high for PM, 5, PM,,, and BC (Table 4, see
Forest plot in Supplementary Fig. S1-7). Elevated risk of all-
cause mortality significantly linked with a 10 pg/m? incre-
ment in NO, (RR 1.04, 95% CI 1.03-1.06), NO, (RR 1.02,
95% CI 1.01-1.04) and SO, (RR 1.03, 95% CI 1.00-1.06)
(Fig. 4a-c), but the association was not significant for O,
(RR 0.98, 95% CI 0.97-1.01) (Table 4, see Forest plot in
Supplementary Fig. S1-7). Heterogeneities between the
studies were found to be high for NOy, NO,, SO,, and O;.
The highest elevated risk of cardiovascular mortality was sig-
nificantly linked with a 10 pg/m® increment in PM,, (RR 1.15,
95% CI 1.08-1.22), the second highest with NO, (RR 1.06, 95%
CI 1.04-1.08), followed by SO, (RR 1.06, 95% CI 1.01-1.11),

@ Springer

PM, 5 (RR 1.06, 95% CI 1.05-1.06), NO, (RR 1.03, 95% CI
1.01-1.06), and BC (RR 1.03, 95% CI 1.01-1.05) (Fig. 4a-e).
A non-significant association was observed between the risk of
cardiovascular mortality with exposure to O; (RR 0.99, 95% CI
0.95-1.03) (Table 4, see Forest plot in Supplementary Fig. S8-
14). The relationships between the risk of cardiovascular mor-
tality with exposure to PM,,, PM, 5, BC, NO,, NOx, SO,, and
O, were investigated by 46, 17, 13, 24, 5, 9, and 9 studies, with
“high” levels of heterogeneities (2>75%) (Table 5).
Significant positive relations were observed between the
risk of respiratory mortality with a 10 pg/m® increment in
PM, 5 (RR 1.066, 95% CI 1.034-1.097), PM,, (RR 1.196,
95% CI 1.114-1.279), BC (RR 1.048, 95% CI 1.025-1.07)
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Table 3 Risk of bias rating for each study

# Study Selection bias

Confounding bias

1 Jerrett et al. 2009

2 Hales et al. 2021

3 Bauwelinck et al. 2022
4 So et al. 2022

5 Krewski et al. 2005

6 Tiantian Li et al. 2018
7 Kim et al. 2020

8 Yang et al. 2018

9 Zhang et al. 2022

10 VILLENEUVE et al. 2002
11 Zhang et al. 2021

12 So et al. 2021

13 Klompmaker et al. 2020
14 Hanigana et al. 2020
15 Crousea et al. 2020

16 Dehbi et al. 2017

17 Xi etal. 2022

18 Lietal. 2022

19 Weichenthal et al. 2017
20 Jalali et al. 2021

21 Christidis et al. 2019
22 Tseng et al. 2019

23 Dimakopoulou et al. 2019
24 Gan et al. 2019

25 Carey et al. 2013

26 Di etal. 2017

27 Lefler etal. 2019

28 Sanyal et al. 2018

29 Kim et al. 2017

30 Zhang et al. 2011

31 Enstrom et al. 2005

32 Heritier et al. 2019

33 Arden Pope IIT et al. 2019
34 Yin etal. 2017

35 Fischer et al. 2017

36 Cesaroni et al. 2013
37 Ostro et al. 2010

38 Zeger et al. 2008

39 Beelen et al. 2013

40 Bentayeb et al. 2015
41 Cesaroni etal. 2012
42 Strak et al. 2021

43 ABBEY etal. 1999
44 Caoetal. 2011

45 Zhou etal. 2014

46 POPE et al. 1995

47 Nielsen et al. 2012

48 Hales et al. 2010

49 Filleul et al. 2004

50 Heinrich et al. 2013

51 Jerrett et al. 2005

52 Hoek et al. 2002

53 Beelen etal. 2014

54 Lipfert et al. 2006

55 Coleman et al. 2022
56 Ehring et al. 2006

57 Eftim et al. 2008

58 Hansell et al. 2015

59 Bauleo et al. 2019

60 Arden Pope et al. 2002
61 Stafoggia et al. 2022
62 Danesh Yazdi et al. 2021
63 Arden Pope et al. 2003
64 Peng et al. 2017

65 Liang et al. 2022

66 Hystad et al. 2022

67 Niu et al. 2022

68 Arden Pope et al. 2014
69 Hayes et al. 2020

70 Chen etal. 2017

71 Dong et al. 2011

72 Hvidtfeldt et al. 2019
73 Wang et al. 2022

74 Kazemiparkouhi et al. 2022
75 Beelen etal. 2015

76 Sommar et al. 2021

77 Chen et al. 2021

78 Wang et al. 2014

79 Liu et al. 2021

80 Pond et al. 2022

81 Ostro et al. 2015

82 Badaloni et al. 2017
83 Liu et al. 2022

84 Pinault et al. 2017

85 Crouse et al. 2012

86 Lepeule et al. 2012

87 Cesaroni et al. 2013

88 Nielsen et al. 2013
Risk of bias rating

and NO, (RR 1.061, 95% CI 1.033-1.089), except for
NOx (RR 1.026, 95%CI 0.998-1.055), SO, (RR 1.041, 95%
CI 0.964-1.118) and O; (RR 0.971, 95% CI 0.944-0.998)
(Table 4, Supplementary Fig. S15-21).

We observed significant relations between the risk
of lung cancer mortality with a 10 pg/m? increment in
PM, s (RR 1.118, 95% CI 1.076-1.159, I* 77.40%, t>

Exposure bias

Detection bias Selective reporting bias Other bias

0.0042), PM,, (RR 1.127, 95%CI 1.029-1.224), BC
(RR 1.048, 95% CI 1.025-1.07), NO, (RR 1.067, 95%CI
1.039-1.095), NO, (RR 1.057, 95%CI, 1.005-1.11), and
SO, (RR 1.087, 95% CI 1.011-1.163). Applying the for-
est plot, the risk of lung cancer mortality was negatively
related to exposure to O; (RR 0.921, 95% CI 0.865-0.978)
(Table 4, Supplementary Fig. S22-28).
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Table 4 The §§timated p ooled Parameters RR 95% CI Cochran’s Q H 12 (%) tau? P-value
RR of mortalities associated
with air pollutants using the All-Cause mortality
random effect model PM, 1080 1.068-1.092 2572 6660 9770 00014  0.000
PM,, 1.104 1.064-1.144 1211 7.985 98.40 0.0060 0.000
BC 1.043 1.021-1.066 127.8 3.768 93.00 0.0010 0.000
NO, 1.045 1.033-1.057 1341 6.577 97.70 0.0009 0.000
O, 0.987 0.971-1.003 5314 8.150 98.50 0.0005 0.000
SO, 1.031 1.000-1.062 50.05 2.674 86.00 0.0012 0.000
NO, 1.024 1.007-1.042 12.58 2.048 76.20 0.0002 0.006
Cardiovascular mortality
PM, 5 1.058 1.055-1.062 797.0 4.208 94.40 0.0033 0.000
PM,, 1.149 1.080-1.218 615.1 6.200 97.40 0.0149 0.000
BC 1.028 1.004-1.052 79.88 2.979 88.70 0.0009 0.000
NO, 1.063 1.043-1.084 834.6 6.024 97.20 0.0016 0.000
0O, 0.993 0.952-1.035 306.1 6.186 97.40 0.0037 0.000
SO, 1.059 1.004-1.114 68.54 2.927 88.30 0.005 0.000
NO, 1.034 1.011-1.057 5.99 1.731 55.60 0.0003 0.083
Respiratory mortality
PM, 5 1.066 1.034-1.097 170.1 2.780 87.10 0.0028 0.000
PM,, 1.196 1.114-1.279 391.8 5.714 96.90 0.0141 0.000
BC 1.051 1.03-1.070 45.60 4.753 74.80 0.0005 0.000
NO, 1.061 1.033-1.089 493.2 5.386 96.60 0.0024 0.000
0O, 0.971 0.944-0.998 91.42 3.614 92.30 0.0010 0.000
SO, 1.041 0.964-1.118 24.24 2.010 75.20 0.0061 0.000
NO, 1.026 0.998-1.055 0.55 0.741 0.00 0.0000 0.000
Lung cancer mortality
PM, 5 1.118 1.076-1.159 79.77 2.105 77.40 0.0042 0.000
PM,, 1.127 1.029-1.224 139.5 3.735 92.80 0.0155 0.000
BC 1.048 1.025-1.070 20.60 1.853 70.90 0.0005 0.002
NO, 1.067 1.039-1.095 104.9 2.956 88.60 0.0015 0.000
04 0.921 0.865-0.978 32.27 2.840 87.60 0.0027 0.000
SO, 1.087 1.011-1.163 16.80 1.673 64.30 0.0048 0.000
NO 1.057 1.005-1.110 5.92 1.721 66.20 0.0011 0.029

X

Exposure to PM, 5 per 10 ug/m?® increment is associated
with an elevated risk of mortality for all-cause (8%), cardio-
vascular (6%), respiratory (7%), and lung cancer (11.8%).
Less or more the same associations have been reported
between exposure to PM, 5 and all-cause mortality by two
other studies [117, 118]. Our finding was higher than that
(3.9%) obtained by Hart et al. [119], but considerably lower
than those findings (53% and 17%) reported by studies
conducted in China and the United States [37, 120]. The
association between exposure to PM, 5 and cardiovascular
mortality in the current study was comparable to that finding
previously reported by Pope Lii et al. [90], but higher than
the result obtained by a cohort study conducted in the United
States [121]. The same but not significantly elevated risk
was reported by Beelen et al. [69]. Consistent with our find-
ings, several studies found an elevated relationship between
exposure to PM, 5 with mortality due to respiratory disease

@ Springer

and lung cancer [69, 80, 122, 123]. Air pollution related
to traffic is likely to contribute as a source of PM, 5, which
possibly leads to elevated deaths due to lung cancer [124].
The association between exposure to PM,, and all-cause
mortality in the present study (10%) was considerably lower
than the result reported by a previous study of meta-analysis
(18%) [28], but the association was substantially higher than
the estimated percent changes of 5% and 3.9% obtained two
studies [36, 119]. The onset of mortality associated with
exposure to PM, s and PM,, could be explained through
numerous underlying mechanisms such as oxidative stress
and systemic inflammation, which leads to direct neurotoxic-
ity, hormonal dysregulation, promotion of cell turnover, epi-
genetic changes in the genome, suppression of DNA repair,
DNA methylation, and consequently prompt carcinogen-
esis [125-130]. PM, 5 has also improved the production of
inflammatory cytokines (interleukin (IL) -6 and IL-8) due to



Journal of Environmental Health Science and Engineering (2024) 22:75-95 87

A) Exposure to PM2.5

2

= 110

b=

=]

2 R

P

5 R R

~

& L

= o

3 1.05

®

o

B PR

=

£ ®

o

NI R e L e L e Y L L L PP T

All-Cause Cardiovascular Respiratory Lung cancer Male Female Age <64 Age>65

B) Exposure to PM10

¥}

Relative risk (RR) of mortality

=

All-Cause Cardiovascular Respiratory Lung cancer Male Female Age <64 Age > 65

C) Exposure to BC

o
3

1.05 T o ® (]

1.03 ‘ —_—

Relative risk (RR) of mortality

1.01

0.99

All-Cause Cardiovascular Respiratory Lung cancer Male Female Age < 64 Age > 65

Fig.4 The pooled relative risk of all-cause mortality associated with PM, 5 (A), PM,, (B), BC (C), NO, (D), SO2 (E), and O; (F) exposure
stratified by cause-specific mortality, gender (male and female) and age (< 64 years and > 65 years)
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Table 5 The results of Egger’s Parameters  Egger’s test ~ Number of origi- Adjusted estimate Number of P-value
and trlm—a‘qd—ﬁll test Wlt,h the nal studies (N) O EEEE—— imputed studies
number of imputed stydles to Mean  95% CI (N)
complete asymmetry in the
Funnel plot All-Cause
PM, 5 0.520 59 1.074  1.062 1.086 7 0.001
PM,, 0.330 20 1.104  1.064 1.144 0 0.006
BC 0.450 11 1.043  1.020 1.066 0 0.001
NO, 0.500 36 1.035 1.022 1.049 4 0.001
0O, 0.030 10 0.985  0.969 1.000 1 0.001
SO, 0.005 10 1.011 0978 1.044 2 0.002
NO, 0.012 5 1.023  1.006 1.040 0 0.009
Cardiovascular
PM, 5 0.430 46 1.111  1.090 1.131 2 0.003
PM,, 0.055 17 1.149  1.080 1.218 0 0.015
BC 0.042 13 1.018  0.994 1.042 3 0.001
NO, 0.032 24 1.063  1.043 1.084 0 0.002
04 0.044 9 0.993  0.952 1.035 0 0.004
SO, 0.033 1.059  1.004 1.114 0 0.005
NO, 0.054 5 1.034 1.013 1.056 1 0.112
Respiratory
PM, 5 23 1.066  1.034 1.097 0 0.003
PM,, 0.028 13 1.196 1.114 1279 0 0.014
BC 0.030 8 1.046  1.024 1.069 1 0.001
NO, 0.005 18 1.061 1.033 1.089 0 0.002
O, 0.012 8 0971  0.944 0998 0 0.001
SO, 0.036 7 1.041  0.964 1.118 0 0.006
NO, 0.025 3 1.026  0.997 1.055 1 0.577
Lung Cancer
PM, 5 0.030 20 1.099 1.057 1.141 6 0.005
PM,, 0.005 12 1.121  1.023 1219 0 0.016
BC 0.012 8 1.046 1.024 1.069 1 0.001
NO, 0.030 13 1.067 1.039 1.095 0 0.002
0O, 0.005 6 0914 0.855 0972 1 0.003
SO, 0.012 9 1.063  0.979 1.147 2 0.007
NO 0.025 4 1.054 1.001 1.108 1 0.001

X

the mitochondrial generation of hydroxyl radical (*"OH) as a
reactive oxygen species (ROS) [126, 131-135].

The estimated percent changes of all-cause mortality
per 10 pg/m® increment in exposure to NO, (4.5%), and
SO, (3.5%) in the present study were less or more similar
to those findings obtained by meta-analyses studies [36,
136, 137]. In the present investigation, the significant rela-
tions between exposure to NO, with all-cause (4.5%), car-
diovascular (6.3%), and respiratory (6.1%) mortality were
markedly higher than those findings reported by an earlier
study of meta-analysis including all-cause (1.58%), cardio-
vascular (1.72%) and respiratory (2.05%) mortality [30].
Findings of a recent pooled analysis of 67 studies showed
elevated associations between exposure to SO, with res-
piratory (1.0067) and all-cause (1.0059) mortality, but
the findings were lower than our results [31]. Our finding

for all-cause mortality was substantially lower than the
previous results obtained for NO, (8.2% and 14%) and
S0, 6.9% [79]. NO, and SO, can exacerbate the effects of
oxidative stress and promote the progression of respiratory
disease and lung cancers [138, 139].

No significant associations in the present study
were found between exposure to O; with all-cause (RR
0.99) and respiratory (RR 0.97). Similar results were
reported by a study of meta-analysis for all-cause (RR
0.97) and respiratory (RR 0.99) mortality [136]. The same
findings were also reported by a previous study [140].

Subgroup analyses

Figure 4A-E presents the pooled effects of air pollut-
ants on cause-specific mortality with stratification for sex
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(male and female) and age (< 0-64 and > 65). The RR of
all-cause mortality related to PM, 5 exposure was highest
in males (RR per 10 pg/m®=1.075, 95% CI=1.030-1.09)
compared to the female (1.039, 95% CI: 1.02-1.058) and
individuals with age > 65 years (RR per 10 ug/m’=1.046,
95% CI=1.005-1.075), compared to the individuals with
age <64 years (1.028, 95% CI=0.965-1.085) (Fig. 4). The
RR of all-cause mortality due to PM,,, NO, and SO, for
male and individual age > 65 years were also highest com-
pared to the female and individuals with age < 64 years.

In sex-stratified analysis detected a significant association
between exposure to PM, 5, PM;,, BC NO,, and SO,, and
mortality in males compared with females, but no significant
association was found for O5. This finding could be related
to diverse physiological functions in men and women.
Moreover, individual characteristics (e.g., smoking, physical
activity, alcohol consumption, work- exposures, etc.) are an
important risk factor in air pollution-related mortality [122,
141]. Similarly, the risk of mortality from coronary heart
disease, cardiorespiratory disease, and myocardial infarc-
tion, which is attributed to air pollution was higher in males
and the elderly [142, 143].

Individual over 65 years old was more susceptible to
ambient PM, 5, NO,, and SO, exposure, while the younger
(<65 years old) age were more susceptible to BC and O;.
Previous studies supported these findings [141, 142, 144,
145]. The elderly are typically more exposed to outdoor
air pollution compared to the younger age [141, 146]. The
physiological structures and body functions diminish with
age, which might enhance the risks of air pollution-related
mortality among the elderly [147].

Additional analyses

According to Egger’s test, we found significant publication
bias for O; (P-value 0.03), SO, (P-value 0.005), and NOx
(P-value 0.012) with all-cause mortality, but not for PM, 5
(P-value 0.52), PM,, (P-value 0.33) and BC (P-value 0.44).
The sub-stratified analysis of the association between all-
cause mortality with PM, 5 by location illustrated that the
RR was higher in studies conducted in Canada (RR 1.17,
95% CI 1.15-1.20, I* 68.0%, p-value 0.008) compared with
Asia (RR 1.04,95% CI 1.01-1.08, 1% 98.1%, p-value 0.000)
and United states (1.08, 95% CI 1.06-1.09, 1’ 91.8%, p-value
0.000) (Supplementary Fig. S29-S35).

The trim and fill method result shows that about 7 records
are essential to creating a complete asymmetry in the Fun-
nel plot (P-value < 0.001) of All-Cause with PM, 5 (Table 5,
Supplementary Fig. S36-S59). The graphical funnel plots
appeared to be slightly asymmetrical for exposure to PM,,
BC, NO,, O3, and SO,, suggesting the presence of publica-
tion bias for studies (p-value <0.05). Sensitivity analyses
showed that the results were stable for the combination of
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pollutants with all-cause cardiovascular, and respiratory
mortality, and the pooled RR did not alter when any indi-
vidual record was excluded, indicating the robustness of the
results (Table 5).

The current study has some limitations. First, we included
only cohort studies, and other types of study designs such as
case—control, cross-sectional, time-series, or case-Crossover
designs were not evaluated. Second, most of the included
studies were performed in developed countries especially in
urban areas of Europe and North America, while there was
no study available for African countries. Third, the exposure
measurements were conducted in outdoor environments,
and indoor air pollution (e.g. home, school, office) was not
considered. Fourth, we were also unable to perform meta-
regression analyses to identify the sources of heterogeneity
for some air pollutants due to low sample size.

Conclusion

The most considered air pollutants were associated with an
increased risk of mortality due to cardiovascular and res-
piratory diseases, but the effects of PM,, and PM, 5 were
stronger. Exposure to PM,, and PM, s is the predominant fac-
tor for mortality risk, contributing to RR 1.104 and 1.08 in
all-cause mortality and RR 1.149 and 1.058 in cardiovascular
mortality. The highest respiratory and lung cancer mortality
was associated with exposure to PM; (1.196 and 1.127), fol-
lowed by PM, 5 (RR 1.066 and 1.118). The male and elderly
adults seemed to be more susceptible to exposure to particle
air pollution compared to the female and younger age groups.
Thus, policymakers need to pay more attention to establish-
ing new regulations and intervention strategies to enhance
air quality. This subsequently leads to a diminishing of mor-
bidity and mortality. Further population-based studies in this
field are required to enhance the understanding of the adverse
health effects of air pollution among vulnerable subgroups.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40201-024-00900-6.
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