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Robust evidence is needed for the hazardous effects of outdoor partic-
ulate matter (PM) on mortality and morbidity from all types of cancers.
To summarize and meta-analyze the association between PM and can-
cer, published articles reporting associations between outdoor PM expo-
sure and any type of cancer with individual outcome assessment that
provided a risk estimate in cohort studies were identified via systematic
searches. Of 3,256 records, 47 studies covering 13 cancer sites (30 for
lung cancer, 12 for breast cancer, 11 for other cancers) were included in
the quantitative evaluation. The pooled relative risks (RRs) for lung can-
cer incidence or mortality associated with every 1 0-pg/m® PM,. 5 or PMyq
were 1.16 (95% confidence interval [CI], 1.10-1.23; IZ = 81%) or 1.22
(95% Cl, 1.02-1.45; 1% = 96%), respectively. Increased but non-significant
risks were found for breast cancer. Other cancers were shown to be
associated with PM exposure in some studies but not consistently and
thus warrant further investigation.

Keywords: particulate matter; air pollution; cancer; systematic review;
meta-analysis

INTRODUCTION

Cancer is a major public health problem, with over 19 million incident
cases and 9 million deaths globally in 2020." To reduce the incidence and
mortality of cancer, the known risk factors need to be controlled.

Air pollution, especially ambient particulate matter (PM), is a major environ-
mental problem that can cause adverse health impacts.>® Inhaled particles
affect the lungs by causing chronic systemic inflammation, oxidative stress,
and DNA damage to lung tissues.” In addition to depositing in airways, parti-
cles can also move into interstitial spaces between alveoli and circulate to
other organs, which may be relevant for carcinogenic processes, although
the potential mechanisms have not been fully explained.® Thus, PM should
not only play a role in carcinogen progression in lung cancer, but also other
cancers.

There have been some systematic reviews summarizing the relationship
between PM and cancers. A previous meta-analysis by the International
Agency for Research on Cancer (IARC) has summarized ambient PM expo-
sure and lung cancer risk published before 2014. However, the search was
conducted only in the PubMed database and included both cohort and
case-control studies.® Similarly, a combination of all types of study design
was conducted in some other articles.” ® In addition, some reviews pooled
all respiratory tract diseases or cancers of different sites together.'%!"

Combining studies with various designs may introduce more bias and het-
erogeneity. Therefore, to give more robust evidence and comprehensively
summarize the relationship between PM and cancer risk, we conducted a
systematic literature review and meta-analysis. Our aims were to examine
the association between PM and cancer-specific risk among cohort studies

and to examine differences in risk between various subgroups, such as by
smoking status, histological subtypes, and exposure assessment methods.

METHODS
Search strategy

For this systematic review and meta-analysis, we searched MEDLINE, Embase, Psy-
cInfo, CINAHL, EMCARE, and Scopus from the beginning of each database to 20
December 2019 and updated (last search 20 November 2020). Search terms included
keywords related to cancer (“neoplasia,” “tumor,” “cancer,” “melanoma,” “leukemia,”
“lymphoma,” “adenocarcinoma,” “hemangioma”), combined with keywords related
to PM with an aerodynamic diameter less than or equal to 2.5 or 10 um (PM, 5 or
PMig) (“fine particles,” “particulate matter,” “particulate air pollution,” “PM,s,”
“PM;¢") and specific study types (“cohort study,” “follow-up study,” “incidence study,”
“concurrent study,” “prospective study,” “retrospective study,” “longitude study”) (Table
S1). We also extended the search to papers or reports cited in the literature, but not in
the selected databases. We included studies if the design was a cohort study; the
exposure of interest was measured PM, 5 or PM;; the endpoint of interest was can-
cer-specific incident or mortality; authors provided a risk estimate, such as a hazard
ratio (HR), relative risk (RR), or odds ratio (OR) per unit; we excluded animal experi-
ments, and those with no language restrictions. In addition, we also checked the
references cited by World Health Organization (WHO) and IARC documents and in
the articles. The Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) guidelines were followed to identify the studies on ambient PM and cancer
incidence or mortality.

Study eligibility criteria

The criteria used to select studies were: (1) the study was published in a scholarly
peer-reviewed journal; (2) the study was designed as a cohort study, with ecological
studies with data for both outcome and exposure collected only at an aggregated level
excluded; (3) the exposure to PM was specifically defined as PM; or PM, 5; (4) indi-
vidual outcomes for cancer (including total and site-specific cancers) were reported;
(5) HR/relative risks (RR)/OR of PM exposure were reported; (6) quantitative estimates
of the change in cancer incidence or mortality associated with every unit change of
exposure to PM, 5 and/or PM;q were reported or could be calculated from the pub-
lished data; (7) for studies with overlapping study populations and time periods,
only the study with the largest sample size and/or the longest follow-up period was
selected for the meta-analysis.

Study selection

Two investigators (P.Y. and S.G.) conducted title and abstract screening indepen-
dently and then reviewed the full text. Disagreements were resolved by discussion
with a third reviewer (R.X.).

Data extraction

For each study, the following details were extracted: (1) reference details (authors
and year of publication); (2) study details (name, country, study period, study popula-
tion, case numbers, outcome assessment, concentrations of PM exposure, exposure
time assessment, exposure source, and confounder adjustments); (3) effect (RR/HR/
OR per unit exposure and 95% confidence interval [Cl]); (4) subgroup details (exposure
assessment method, smoking, gender, histological subtypes, lag time).
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Figure 1. Study selection

Study quality assessment

We used the National Institute of Health (NIH) Quality Assessment of Observational
Cohort and Cross-Sectional Studies (https://www.nhibi.nih.gov/health-topics/study-
quality-assessment-tools) to assess the study quality. The assessment was conduct-
ed by two authors (P.Y. and S.G.) independently and discussed with the third author
(R.X.) for any disagreement. Nine items included in the assessment are shown in Table
S2. Each item was equivalent to one score and the tallied score translated to a rating of
quality. We considered articles that scored 9 as good quality; articles that scored 7-8
as fair quality, and 0-6 as poor quality. All studies included were evaluated to be good
or fair (Table S3).

The overall quality of the evidence was evaluated by the Grading of Recommenda-
tions Assessment, Development, and Evaluation (GRADE) system,'?' yielding a score
between high, moderate, low, and very low. We considered the cohort studies as the
sources with high-quality evidence, so all studies included were marked as high as a
starting point. The original score could be upgraded/downgraded according to five
downgrading (risk of bias, imprecision, inconsistency, indirectness, and publication
bias) and three upgrading domains (dose-response trend, residual confounding, and
the magnitude of associations). Tables S4—-S9 show the overall judgment for the as-
sociation between PM and the risk of cancer.

Data analysis

All results were estimated with standardized increments of a 10-ug/m?® increase in
exposures to PM, s and PM+o. We calculated the RR for a standardized increment for
each pollutant by applying the following formula:

\n(RRongm> ; .
Tncrementoygn < CeMeNtstandardised

RRstandardised = € (

where In is the log to the base e.

To evaluate the association between PM and cancer risk, a pooled RR ratio and
95% Cl was calculated from the adjusted RR ratio and 95% Cl in each study. To test
heterogeneity across studies, we used the Higgins I? test to determine the percentage
of the total variation. I was computed as follows:

PP =100% x (Q —df)/Q

where Q was Cochran's heterogeneity statistic and df indicated the degree of freedom. I values
ranged from 0% (no heterogeneity observed) to 700% (maximal heterogeneity), with values >
75% indicating substantial heterogeneity. A random-effects model based on the DerSimonian
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Table 1. Summary of studies included in systematic review of cancer risk associated with PM exposure

Study Exposure Exposure time Exposure Covariate
Number Reference Study period Cancer Outcome (mean, SD) nent ment adjustment
1 Coleman Public National ~ 1987—  cancer specific mortality PM,5(10.7,2.4) 1+ 5-, 10 and fix monitor age, sex, smoking
et al. 2020°" Health Interview 2014 15-y moving status, education,
Survey average income, BMI
2 Guo et al. Taiwan National 2001-  gastrointestinal mortality PM, 5 (26.57,7.6) 2-y moving satellite age, sex, smoking
2020°° Death Registry 2016 cancer average status, education,
BMI, occupation
3 Bai et al. OPHEC 2001-  lung and breast incidence PM; 5 (1048b) annual average  satellite age, sex, education,
2019'° 2015 income, histological
subtype
4 Cheng etal CA MEC 1993-  breast mortality  PMy 5% PMq° annual average  fix monitor age, sex, smoking
2019°° 2010 status, education,
income, BMI,

histological subtype

5 DuPre et al. NHS and 1988-  breast mortality PM,5(13.3,3.5 2-y moving fix monitor age, sex, smoking
20192 NHS-II 2014 [NHS], 12.9, 3.1 average status, BMI,
[NHS-1]); PM+o histological subtype
(22.2, 6.9 [NIS],
21.3, 6.2 [NHS-II])
6 Pope et al. National Health  1986-  lung mortality PM,5(10.7,2.4) 1986-2015 fix monitor age, sex, smoking
2019%° Interview Survey 2015 average status, education,
income, BMI
7 White et al. Sister 2003-  breast incidence PM, 5% PM;o° Age, sex, smoking
2019*° Study 2016 status, education,
income, histological
subtype
8 Yorifuji Basic health 2006- lung mortality PM,s (14, 1) 2006-2010 satellite age, sex, smoking
etal. 2019%®  checkups 2016 average status, occupation,
in Okayama histological subtype
9 Andersen ESCAPE 1985—-  brain incidence PM, 5% PM;o° annual average  fix monitor age, sex, smoking
et al. 2018 2008 status, education,
income, histological
subtype
10 Cakmak CANCHEC 1991-  lung mortality PMys° 7-y moving satellite age, sex, education,
et al. 2018% 2011 average income, occupation
11 Datzmann Saxony 2007-  cancer specific incidence PM;jq (20.9, 2007 LUR model age, sex
etal. 2018*°  Semi-individual 2014 15.47-26.3%) concentration
Cohort Study
12 Gandini LIFE MED 1999-  cancer specific incidence PMjs° annual average  fix monitor age, sex, smoking
etal. 2018%°  HISS 2008 status, education,
income, BMI,
occupation
13 Nagel et al. ESCAPE 1985-  stomach and incidence PM, s PM;o° annual average  fix monitor age, sex, smoking
2018°7 2005 upper status, education,
aerodigestive income, occupation,
tract cancer histological subtype
14 Pedersen ESCAPE 1985-  bladder incidence PM, 5% PMqo° annual average  fix monitor age, sex, smoking
et al. 2018°° 2005 status, education,
income, occupation
15 Villeneuve CNBSS 1980-  breast incidence  PMj.5 (9.50°, annual average  satellite age, sex, smoking
et al. 2018%° 2005 6.40-12.40°) status, education,
BMI, occupation
16 Andersen Danish Nurse 1993-  breast incidence PM,5(19.7,3.5); 3-y moving fix monitor age, sex, smoking
etal. 2017°°  Cohort 2013 PM;q (23.5,3.9)  average status, BMI
17 Gharibvand AHS-II 2002- lung incidence PM,5(12.9,3.7 annual average  fix monitor Sex, smoking
et al. 2017'° 2011 [noncases]; status, education

13.1, 4.0 [cases])
18 Gharibvand AHS-II 2002- lung incidence PM,5(12.9,3.7 annual average  fix monitor Sex, smoking
etal. 20172 "7 2011 [noncases]; status, education
13.1, 4.0 [cases])

(Continued on next page)
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Table 1. Continued

Study Exposure Exposure time Exposure Covariate
Number Reference Study period Cancer Outcome (mean, SD) nent nent adjustment
19 Pedersen ESCAPE 1985-  liver incidence PM, 5° annual average  fix monitor age, sex, smoking
et al. 2017°° 2012 status, education,
income, occupation,
histological subtype
20 Pun et al. Medicare 2000- lung mortality PM,s (12.5", 12- to 60-mo fix monitor Smoking status,
2017%° beneficiaries 2008 10.3-14.3°) moving average education, income,
BMI
21 Turner et al. CPS-I 1982—  cancer specific mortality PM,5(12.6,2.8) 1999-2004 fix monitor age, sex, smoking
20174 2004 average status, education,
income, BMI,
occupation
22 Yin et al. Chinese men 1990- lung mortality PM, 5 (43.7, 2000-2005 satellite age, sex, smoking
2017°° cohort 2005 4.2-83.8°) average status, education,
BMI, occupation
23 Chen et al. Northern China ~ 1998-  lung mortality PMqq (144.34, 1998-2009 time fix monitor age, sex, smoking
2016%" Cohort 2009 3.63) dependent status, education,
income, BMI,
occupation
24 Hart et al. NHS-II 1993-  breast incidence PM, 5% PM;(° 48-mo moving fix monitor age, sex, smoking
2016% 2011 average status, income, BMI,
histological subtype
25 Jorgensen Danish Nurse 1993—-  brain incidence PM, 5 (19.7, 3-y moving AirGIS age
etal. 2016°°  Cohort 2013 3.5); PM10 average
(23.6,3.9)
26 Raaschou ESCAPE 1994-  kidney incidence PMa 5% PMqo° annual average  fix monitor age, sex, smoking
et al. 2016°" 2013 status, education,
income, occupation
27 Tomczak CNBSS 1980- lung incidence PMa,5 (9.5, 1998-2006 satellite age, sex, smoking
etal. 2016'® 2004 3.44) average status, education,
income, BMI,
occupation,
histological subtype
28 Wong et al. Hong Kong 1998-  cancer specific mortality PM, 5 (33.7, 1998-2001 fix monitor age, sex, smoking
2016° Elderly Health 2011 3.2) average status, education,
services income, BMI
29 Fischer DUELS 2004- lung mortality PMjo° 2001 fix monitor age, sex, BMI
etal. 2015% 2011 concentration
30 Hart et al. Netherlands 1986-  lung incidence PM, 5 1987-1996 fix monitor age, sex, smoking
2015 Cohort Study 2003 (18.2,10) average status, education,
income, BMI,
occupation
31 To et al. CNBSS 1980-  breast incidence PMs 5 1998-2006 satellite age, sex, smoking
2015 2013 (12.5,2.4) average status, education,
income, BMI,
occupation
32 Turner et al. CPS-lI 1984-  lung mortality PMgs 1999-2004 fix monitor age, sex, smoking
2015%° 2004 (12.6,2.9) average status, education,
income, BMI,
occupation
33 Puett et al. Nurses’ Health 1994-  lung incidence PM, 5 (13.1, 72-mo fix monitor age, sex, smoking
2014* Study 2010 3); PM1q cumulative status, education,
(21.6, 6) average income, BMI
34 Carey et al. Clinical Practice 2003- lung mortality PMys (12.9, 2002 fix monitor age, sex, smoking
2013°¢ Research 2007 1.4); PMyq concentration status, education,
Datalink (19.7,2.3) BMI
35 Cesaroni Rome 2001-  lung mortality PMy 5 (23, 4.4) 1996-2001 FARM Sex, education,
etal. 2013%°  Longitudinal 2010 income, occupation
Study
36 Heinrich North Rhine- 1980s- lung mortality PMqq (43.7, baseline year transformed smoking status,
etal. 2013**  Westphalia 2008 34.8-52.5%) concentration from monitoring income, occupation
cohort TSP

(Continued on next page)
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Table 1. Continued

Study Exposure Exposure time Exposure Covariate
Number Reference Study period Cancer Outcome (mean, SD) nent ment adjustment
37 Raaschou ESCAPE 1990s  lung incidence PMy 5 (21.3, annual average  fix monitor age, sex, smoking
et al. 2013%? 2.7); PM1o status, education
(21.3,2.7)
38 Hales New Zealand 1996-  lung mortality PM (8.3, 8.4) annual average  fix monitor age, sex, smoking
etal. 2012*®  Census-Mortality 1999 status, education,
Study income
39 Lepeule Harvard Six 1974-  lung mortality PM,.5 (15.9) 3-y moving fix monitor age, sex, smoking
etal. 2012%  Cities Study 2009 average status, BMI
40 Hart et al. Trucking 1985- lung mortality PMy 5 (14.1, 4); 1985-2000 fix monitor age, sex, occupation
2011%° company 2000 PM-¢ (26.8, 6) average
41 Katanoda Three-prefecture  1995-  lung mortality  PM,.5 (10.8") 10-y average fix monitor age, sex, smoking
etal. 2011  Cohort Study 2005 concentrations status
(1974-1983)
before the
baseline survey
42 Lipsett California 1999-  lung mortality PMy 5 (15.6, annual average  fix monitor age, sex, smoking
etal. 2011°°  Teachers Study 2005 4.5); PM1o status, education,
(29.2,9.7) income, BMI,
occupation,
43 Turner et al. CPS-lI 1982-  lung mortality PM,5(17.6,3.7) 1979-1983 fix monitor age, sex, smoking
20112 %8 2008 and 1999-2000 status, BMI,
average occupation
44 Brunekreef NLCS-AIR Study 1986-  lung mortality PMy5 (28, 2.1) 1987-1996 fix monitor age, sex, smoking
et al. 2009°” 1996 average status, income
45 Pope et al. CPSHI 1982- lung mortality PMy, (28.8, 1979-1983 fix monitor age, sex, smoking
2002°" 1998 5.9) and 1999-2000 status, education,
average occupation
46 Abbey et al. AHS 1973-  lung mortality PMyq (51.24, 3-y moving fix monitor age, sex, smoking
1999°2 1992 16.63) average status, education
47 Beeson AHSMOG Study  1973-  lung incidence PMy, (51, 3-y moving fix monitor age, sex, smoking
et al. 1998 1992 16.52) average status

AHS, Adventist Health Study; AHSMOG, Adventist Health Study on Smog; CA MEC, California Multiethnic Cohort; CANCHEC, Canadian Census Health and Envi-
ronment Cohort; CNBSS, Canadian National Breast Screening Study; CPS-Il, Cancer Prevention Study-ll; DUELS, Dutch Environmental Longitudinal Study;
ESCAPE, European Study of Cohorts for Air Pollution Effects; FARM, flexible air quality regional mode; LUR, land use regression; NHS, Nurses’ Health Study;

NLCS-AIR, Netherlands Cohort Study-AIR; OPHEC, Ontario Population Health and Environment Cohort; TSP, total suspended PM.

@excluded in full analysis but included in subgroup analysis.
®SD not available.

°Mean concentration not available.

9Median value.

°Range.

and Laird method was used for calculating the overall RR and 95% Cl values because the pop-
ulation and methodologies differed between the studies.'

Subgroup and sensitivity analyses were performed to evaluate the influences of
selected studies and participant characteristics on pooled results. All analyses were
performed with R software version 3.6.1 using the packages meta and metafor.
This review was registered with PROSPERO, CRD42020161986.

RESULTS
Study characteristics

Out of 3,256 records identified by the search, 1,058 studies were given
title screening after duplicates were removed. Abstracts of the papers
retrieved in the electronic search were screened manually for topic rele-
vance and 71 potentially relevant articles underwent a further full-text re-
view. Finally, 47 articles were included in the statistical analyses (Figure 1).
Thirty articles' ** were included in a meta-analysis of PM exposure and
lung cancer risk.

For breast cancer, seven studies' > took incidence as the endpoint,
while another five studies’®®'>* focused on mortality. There were 10
studies*°"5"®" reporting other cancers, which were reviewed but not
included in the meta-analysis. No additional studies were identified by scan-
ning the reference lists of previous studies or the WHO website.

15,45

Table T summarizes the details of the studies included in the systematic
review sorted by the publication year. Most of the studies included in the re-
view reported adverse impacts for cancers of lung, breast, stomach, liver, and
kidney, although several studies reported RRs less than 1. The associations
between PM; and colorectal or brain cancers were still not clear.

PM and lung cancer

Because the case-fatality rate was high for lung cancer, mortality and inci-
dence were comparable.®” Thus, it was reasonable to include both outcomes
within the same meta-analysis.® Thirty publications, including studies from
the US, Europe, and Asia that covered total populations of 30.8 million and
10.6 million for PM, 5 and PMy, respectively, were included in the meta-anal-
ysis for lung cancer. Two publications'®'” from the Adventist Health and
Smog (AHSMOG) Study-2 were included. One study'’ that only reported
adenocarcinoma of the lung was included in a subgroup analysis.

The overall pooled RRs of the change in lung cancer incidence or mortality
per 10-ug/m?® increase in exposure to PM, s and PM-o were 1.16 (95% Cl,
1.10-1.23) and 1.22 (95% Cl, 1.02-1.45), respectively. The between-study
variances for PM, s and PM;q were 81% and 96%, respectively (Figures 2
and 3, estimation by region see Figure S1). Funnel plots for both PM, 5 and
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PM, . and lung cancer

Study Cases (n/N) Relative Risk (RR) RR (95%CI) Weight
Incidence

Bai et al. 2019 100146/4952022 : 1.04 (1.01-1.07) 7.1%
Ganfini et al. 2018 526/74989 L 1.18(1.11-1.26) 6.6%
Gharibvand et al. 2017 250/82830 —i— 1.45 (1.04-2.03) 2.0%
Tomczak et al. 2016 932/89835 —0— 1.34(1.09-1.65) 3.6%
Hart et al. 2015 3355/7881 —+ 1.17 (0.93-1.47) 3.3%
Puett et al. 2014 2155/103650 ——0—— 1.06 (0.90-1.25) 4.5%
Raaschou et al. 2013 2095/312944 —E 1.39 (1.21-1.60) 4.9%
Random effects model <> 1.19 (1.06-1.34) 32.0%
Heterogeneity: /2 = 83%, 12 =0.0112, p < 0.01 .

Mortality :

Pope et al. 2019 7420/635539 —'— 1.12 (1.00-1.26) 5.5%
Yorifuji et al. 2019 885/75531 "—'— 1.63 (1.14-2.34) 1.8%
Cakmak et al. 2018 53220/2291250 —_'_ 1.26 (1.04-1.53) 3.9%
Pun et al. 2017 255544/189000000 ] 1.33 (1.25-1.41) 6.7%
Yin et al. 2017 162/189793 . 1.12(1.10-1.14) 7.2%
Wong et al. 2016 1408/66820 __'__ 1.14 (0.96-1.36) 4.2%
Michelle et al. 2015 16432/669046 ] 1.13(1.06-1.21) 6.5%
Carey et al. 2013 5244/835607 — 1.11 (0.86-1.43) 2.9%
Cesaroni et al. 2013 12208/1265058 1.05(1.00-1.10) 6.9%
Lepeule et al. 2012 7961/8096 —— 1.37 (1.07-1.75) 3.1%
Hart et al. 2011 800/53814 — 1 0.95 (0.82-1.09) 5.0%
Katanoda et al. 2011 518/63520 _'_ 1.24 (1.12-1.37) 5.9%
Lipsett et al. 2011 234/73489 —'__ 0.95(0.71-1.28) 2.4%
Brunekreef et al. 2009 1935/120852 '_'_ 1.06 (0.97-1.16) 6.1%
Random effects model <> 1.15(1.07-1.23) 68.0%
Heterogeneity: 12 = 78%, 12 = 0.0120, p < 0.01 :

Random effects model 0 1.16 (1.10-1.23) 100.0%
Heterogeneity: 12 = 81%, 12 = 0.0115, p < 0.01 I I

Residual heterogeneity: /2 = 80%, p < 0.01 0.5 1 2

Favours lung cancer prevention

Favours lung cancer risk

Figure 2. Estimates of lung cancer risk associated with a 10-ug/m® change in exposure to PM, s overall and by outcome

PM; were visually symmetrical. Trim and fill analyses were also conducted,
showing no hypothetical negative studies were expected (Figure S2). In addi-
tion, the influence analyses showed that the overall findings remained stable
after removing any specific studies (Table S10).

Figures 4 and 5 present subgroup analysis by region, sex, smoking sta-
tus, and histological subtypes. There was no heterogeneity between
different regions (p = 0.78). The estimated RR was highest among former
smokers, then never smokers and current smokers for PM, s exposure. The
difference did not reach statistical significance between groups (p = 0.68).
Only limited studies reported the association between PM;q exposure and
lung cancer by smoking status. Studies that took age, sex, smoking status,
education, income, and occupation exposure into account were also con-
ducted in the meta-analysis. The RR was stable with various confounder
adjustments. Associations between PM, s and PM+q and risk for lung can-
cer by threshold are shown in Table S11. The RRs for studies reported the
mean exposure concentration below the WHO air quality guideline

threshold values of PM,5 (10 ng/m?) and PMqo (20 pg/m°) were slightly
higher than those above the threshold.

PM and breast cancer

Figures 6 and 7 show the studies included in the meta-analyses of PM and
breast cancer incidence and mortality, from total populations of 3.52 million
and 2.06 million included for PM, s and PM, respectively. The pooled RRs
for breast cancer incidence and mortality associated with PM, s were 1.03
(95% Cl, 0.93-1.13) and 1.18 (95% Cl, 0.81-1.73) per 10-ug/m* increase.
Apart from Hart et al,, (2016),"” the other five studies all reported increased
RR, but some were not statistically significant. For PMy, the pooled RRs
for breast cancer incidence was 1.05 (95% Cl, 0.93-1.19) per 10-ug/m? in-
crease (Figures 6 and 7, funnel plots see Figure S3). The number of studies
included was insufficient to enable further subgroup analysis.

As breast cancer risk and prognosis vary by hormone receptor subtypes,
subgroup analyses were conducted to examine possible different effects of
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Study Cases (n/N) Relative Risk (RR) RR (95%CI) Weight
Incidence

Puett et al. 2014 2155/103650 ——0— 1.25(0.75-2.07) 4.8%
Raaschou et al. 2013 2095/312944 —_— 1.22 (1.03-1.45) 8.2%
Beeson et al. 1998 16/6338 —+——— 1.99(1.33-2.98) 5.8%
Random effects model —_ ————— 141(0.73275) 18.8%
Heterogeneity: /2 = 58%, 12 = 0.0444, p = 0.09 :

Mortality

Chen et al. 2016 140/39054 1.05 (1.03-1.06) 9.1%
Fischer et al. 2015 53735/7218363 | 1.26 (1.22-1.30) 9.1%
Carey et al. 2013 5244/835607 —i—' 1.03 (0.88-1.21) 8.3%
Heinrich et al. 2013 41/4752 | : 2.39 (2.05-2.79) 8.4%
Hales et al. 2012 1686/1050222 1.01 (1.00-1.03) 9.1%
Hart et al. 2011 800/53814 —'— : 1.00 (0.92-1.08) 8.9%
Lipsett et al. 2011 275/61181 = : 0.93 (0.81-1.07) 8.5%
Pope et al. 2002 = ' : 0.98 (0.95-1.01) 9.1%
Abbey et al. 1999(a) 18/6338 1.13(0.66-1.93) 4.5%
Abbey et al. 1999(b) 18/6338 - 1.65(1.13-2.41) 6.1%
Random effects model — 1.17 (0.95-1.45) 81.2%
Heterogeneity: /2= 97%, 12 = 0.0793, p < 0.01

Random effects model <> 1.22 (1.02-1.45) 100.0%
Heterogeneity: /2 = 96%, T2 = 0.0736, p < 0.01 ' [

Residual heterogeneity: 12 = 96%, p < 0.01 0.5 1 2

Favours lung cancer prevention  Favours lung cancer risk

Figure 3. Estimates of lung cancer risk associated with a 10-g/m® change in exposure to PM,, overall and by outcome

PM exposure on hormone receptor (estrogen receptor [ER]+ progesterone
receptor [PR]+ versus ER— PR—) breast cancer in some studies, but no
statistically significant differences were found.*>*”*° There were also no dif-
ferences between the risks of breast cancer for premenopausal or postmen-
opausal women.*>*’ Higher PM, s was associated with higher stage | breast
cancer mortality.”” Women who smoked or with a higher body mass index
(BMI; i.e, >30 kg/m?) did not show a greater risk for breast cancer affected
by PM, 5.%*T No study reported male breast cancers.

PM and other cancers

Eleven studies reported other site-specific cancer risks associated
with PM from North America (Public National Health Interview Survey®"
and CPS-1I°%), Europe (ESCAPE study,”® ¢! Danish Nurse Cohort
Study,®® Saxony Semi-individual Cohort Study,*® and LIFE MED HISS
[Mediterranean Health Interview Survey Studies]’®), and Asia (Taiwan
National Death Registry Study®®). The LIFE MED HISS,”° CPS-II,>* and
the National Health Interview Survey and mortality follow-up study in
the US®' found a higher risk of bladder cancer due to PM, 5 exposure.
However, there was no significant association between increased PM, 5
and risk of bladder cancer incidence in ESCAPE and also no association
between PM4, and bladder cancer mortality in a Spanish study.’®®® De-
tails for other cancers are presented in Figure 8.

When restricted to the never smokers, PM,s mortality associations
observed for cancers of stomach, liver, pancreas, cervix, and Hodgkin
lymphoma were still significant.®’ The American CPS-I study reported statis-

tically significant PM, 5 associations with colorectal, kidney, and bladder can-
cer mortality, while the associations of PM, 5 with kidney and bladder cancer
appeared to be limited to men. Gastrointestinal and liver cancer mortality
were reported to be associated with PM, 5 exposure in Taiwan, but not stom-
ach cancer. The association between PM and cancer-specific risks other
than lung or breast were still unclear as the findings from various cohorts
were inconsistent.

DISCUSSION

We conducted a systematic review and meta-analysis of the association
between PM exposure and cancer incidence and mortality worldwide. This
is the first up-to-date systematic review reporting the effect of PM exposure
on all cancers comprehensively focusing on cohort studies, to our knowl-
edge. This evidence supports regulatory authorities addressing community
exposures to reduce the PM-related cancer risk.

Strong evidence suggests that cigarette smoke contributes to the develop-
ment of various types of cancer, especially lung cancer.°* The National
Health Interview Survey study showed different PM, s-mortality associations
with specific cancer types between the full cohort and non-smokers.”' Seven
studies reported the risk of PM, 5 exposure on lung cancer in never smokers
and current smokers, while six studies reported the risk in former smokers.
The meta-analysis of these studies revealed higher PM, s-related lung cancer
risk among former and never smokers than current smokers, although the
findings were imprecise. The risk of outdoor PM, s in current smokers might
be obscured by the effect of smoking and an additive effect was shown
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PM, ; and lung cancer

P-value

Subgroup Relative Risk (RR) RR (95%Cl) between groups
Region
North America — — 1.15(1.05-1.27) 0.778
Europe — — 1.14 (1.02-1.28)
Asia H— 1.21 (0.98-1.49)
Sex
Male H- — 1.08 (0.95-1.23) 0.407
Female — — 1.14 (0.99-1.32)
Method of exposure assesment
Fixed Monitor - 1.18 (1.10-1.26) 0.356
Others — — 1.12 (0.99-1.26)
Histological subtypes
Adenocarcinoma ! 1.51(0.79-2.90) 0.075
Squamous-cell carcinoma f | 0.84 (0.50-1.40)
Smoking status
Current —— 1.18 (1.03-1.34) 0.680
Former _ 1.27 (1.04-1.55)
Never A — 1.17 (1.00-1.37)
Confounder adjustment
Age [ 1.15(1.09-1.22)
Sex HiH 1.15(1.09-1.21)
Smoking HEH 1.19 (1.13-1.26)
Education A 1.14 (1.08-1.20)
Income o 1.13 (1.07-1.20)
BMI Hi 1.17 (1.11-1.24)
Occupation —— 1.14 (1.04-1.25)
05 07 09 11 13 15 17 19 21 23 25

Estimates of lung cancer risk associated a 10-pyg/m? change in exposure to PM,

Figure 4. Estimates of lung cancer risks associated with a 10-pug/m® change in exposure to PM, s by region, sex, method of exposure assessment, histological subtypes,

and confounding adjustment

among never and former smokers. Another reason might be that many of the
subjects had stopped smoking prior to diagnosis, as a result of medical
advice for other diseases. Limited studies reported RR with other cancers
to show robust evidence.

For lung cancer, the present findings provide more strength to the
evidence than was found in previous reviews. Overall, our meta-anal-
ysis suggested that long-term exposure to PM was associated with
increased risk of lung cancer, and the positive association remained
when analyses were adjusted for confounders like age, sex, and smok-
ing status. However, household air pollution, which is the key risk factor
for lung cancer, was not adjusted in all studies since the data were un-
available. No difference in risk between geographical regions was
found, nor between males and females, which was consistent with
previous studies, thus it was reasonable to pool the data from all re-
gions.®®® There was no significant heterogeneity between different re-
gions, but we should be cautious when using the worldwide estimates
because of heterogeneity between studies.

The pooled RRs for studies using fixed monitors were slightly higher than
those using other data sources. Between-group differences were not signifi-

cant for either PM, 5 or PM4, similar to the previous meta-analysis.® Consid-
ering the access to air pollution data, some cohort studies used the annual
concentration at baseline instead of long-term exposure, while some others
used the average concentration during the study period. There were limited
studies using moving average concentrations to estimate the long-term
PM exposure effect on lung cancer risk. Furthermore, only a third of the
studies considered a time-varying effect of PM exposure in analysis, which
may have led to miscalculation.

The ESCAPE study reported that only lung adenocarcinoma risk was asso-
ciated with PM exposure.”” Most studies reported total lung cancer risk
affected by PM, while very few reported the results for lung cancer histolog-
ical subtypes. Studies have shown a changing trend of different histological
types of lung cancer. An increasing incidence of adenocarcinoma and a
decreasing trend of squamous cell carcinoma incidence has been found in
some countries, like China.®® Therefore, cohort studies for total lung cancer
cases cannot accurately reflect the role of PM on different histological types.
The impact of PM on different histological subtypes of lung cancer requires
further study. An ecological study published recently also showed PM, 5 was
associated with an increased risk of death from diseases such as
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PM,, and lung cancer

Subgroup Relative Risk (RR) RR (95%Cl) Pvalue aroups
Region
North America - 1.17 (0.90-1.52) 0.410
Europe L 1.39 (0.78-2.51)
Asia 1.05 (1.03-1.06)
Oceania 1.02 (1.00-1.03)
Sex
Male ' | 1.20 (0.74-1.62) 0.942
Female ———— 1.21 (0.91-1.62)
Method of exposure assessment
Fixed Monitor —.— 1.22 (1.02-1.45)
Others
Histological subtypes
Adenocarcinoma [ 1.28 (0.63-2.58) 0.831
Squamous-cell carcinoma 1.46 (0.43-4.90)
Smoking status
Current 1.10 (0.23-5.26) 0.970
Former ' ] 1.12 (0.53-2.38)
Never —_ 1.09 (0.84-1.44)
Confounder adjustment
Age H—— 1.10 (0.96-1.25)
Sex — — 1.12(0.99-1.27)
Smoking I 1.24 (1.00-1.54)
Education H- 1 1.06 (0.96-1.84)
Income F { 1.24 (0.86-1.79)
BMI —— 1.02 (0.91-1.14)
Occupation ' | 1.17 (0.72-1.92)
05 07 09 11 13 15 17 19 21 23 25

Estimates of lung cancer risk associated a 10-ug/m? change in exposure to PM,

Figure 5. Estimates of lung cancer risks associated with a 10-ug/m® change in exposure to PM,, by region, sex, method of exposure assessment, histological subtypes,

and confounding adjustment

cardiovascular and respiratory disease, even at low levels.®” Two studies®®**

included in our review reported average PM concentrations lower than the
WHO air quality guideline threshold values for PM, s (10 pg/m®) and PMyq
(20 ng/md).°® The Effects of Low-level Air Pollution: A Study in Europe
(ELAPSE), a large pooled cohort analysis, also suggested a linear to supra-
linear shape of the PM, 5 concentration-response function with no evidence
of a threshold.®”

For breast cancer, we did not find a statistically significant effect of PM
exposure. The studies were too limited in number to analyze subgroups.
Breast cancer is a disease with a higher survival rate compared with many
malignant cancers, and the incidence and mortality rates vary greatly be-
tween different stages, subtypes, ages, and ethnicities.®”’® As the 5-year sur-
vival rate is over 95% in patients diagnosed with stage | breast cancer, but
about 30% in stage IV patients,”” it would not be reasonable to pool all stages
togetherto examine the association of PM exposure and breast cancer death
without adjustment for treatment. When a stratified analysis was conducted

of stage | breast cancer patients, PM, 5 was associated with higher breast
cancer-specific mortality.>” A potential explanation for differences among
studies may be that this finding is due to differences in the proportions of can-
cer stages.

Hormone receptor status is a key factor in breast cancer diagnosis and
treatment. A potential mechanism of how PM could increase breast cancer
risk is that estrogenic particles might move from the lung to breast tissue.”’
Only three articles reported the risks of PM on breast cancer stratified by
hormone receptor status, but no significant differences were found be-
tween the risks for ER+ PR+ and ER— PR— breast cancers. The duration
of hormone exposure is also important in breast cancer development.
Two studies that were included reported the risks by menopausal status
with no significant differences. Because of the rapid breast development
and susceptibility of rapidly duplicating cells to environmental insults, pu-
berty could be a critical period during which to assess the impact of expo-
sures to PM, 5 on the breast.”%”® Limited studies focused on early lifetime
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PM, ; and breast cancer incidence

Study Cases (n/N) Relative Risk (RR) RR (95%Cl) Weight
Bai et al. 2019 91146/2564340 . 1.02 (1.01-1.03) 22.5%
Keller et al. 2019 2848/49771 _'_ 1.10 (1.03-1.17) 19.8%
Villeneuve et al. 2018 6427/89247 _I'_ 1.01 (0.93-1.10) 17.8%
Andersen et al. 2017 1145/22877 —=E 1.00 (0.92-1.09) 17.7%
Hart et al. 2016 3416/3416 —: 0.89 (0.78-1.01) 14.2%
Toetal. 2015 2789/29549 . 1.24 (0.99-1.55) 8.0%
Random effects model <':> 1.03 (0.93-1.13) 100.0%
Heterogeneity: I = 63%, 12 = 0.0071, p = 0.02 [ | |
0.75 1 1.5
Favours breast cancer prevention  Favours breast cancer risk
PM, . and breast cancer mortality
Study Cases (n/N) Relative Risk (RR) RR (95%CI) Weight
Cheng et al. 2019 2729/57589 _ 1.10 (0.85-1.42) 23.6%
DuPre et al. 2019 1211/8936 —_— 1.09 (0.87-1.36) 25.3%
Turner et al. 2017 3844/623048 : 1.03 (0.98-1.08) 32.0%
Wong et al. 2016 111/66820 L 180 (1.27-255) 19.1%
Random effects model —_— — 1.18 (0.81-1.73) 100.0%
Heterogeneity: I2 = 70%, T = 0.0457, p = 0.02 [ I |
0.5 1 2
Favours breast cancer prevention  Favours breast cancer risk
Figure 6. Estimates of breast cancer risk associated with a 10-pg/m® change in exposure to PM, 5
PM,, and breast cancer incidence
Study Cases (n/N) Relative Risk (RR) RR (95%Cl) Weight
Keller et al. 2019 2848/49771 —_— 1.02 (0.95-1.10) 25.9%
Datzmann et al. 2018 9577/1918449 —+— 1.19 (1.08-1.31) 22.5%
Andersen et al. 2017 1145/22877 ——l— 1.02 (0.94-1.11) 24.4%
Hart et al. 2016 3416/3416 —0— 1.00 (0.93-1.07) 27.2%
Random effects model 4> 1.05 (0.93-1.19) 100.0%
Heterogeneity: /2 = 68%, T2 = 0.0046, p = 0.03 I I I
0.8 1 1.25
Favours breast cancer prevention  Favours breast cancer risk
PM,, and breast cancer mortality
Study Cases (n/N) Relative Risk (RR) RR (95%Cl)
Cheng et al. 2019 2729/57589 _t 1.05 (0.95-1.16)
DuPre et al. 2019 1211/8936 1.05 (0.89-1.24)
I
T 1
0.9 1 1.1

Favours breast cancer prevention

Favours breast cancer risk

Figure 7. Estimates of breast cancer risk associated with a 10-p.g/m® change in exposure to PM;o
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Subgroup Reference Cases (n/N) Relative Risk (RR) RR (95%Cl)
Digestive and accessory
Oral and oropharyngeal ~ Datzmann et al. 2018 3107/1918449 —_— 1.53(1.31,1.78)
Coleman et al. 2020 274/635539 1.19 (0.74,1.91)
Turner et al. 2017 262/623048 —_— 1.03 (0.84, 1.26)
Esophageal Coleman et al. 2020 599/635539 — 0.59 (0.38, 0.90)
Turner et al. 2017 1180/623048 ——i 1.02 (0.93,1.13)
Stomach Guo et al. 2020 216/385650 — 0.97 (0.82,1.15)
Pedersen et al. 2018 744/26363 [ _ 1.38(0.99, 1.92)
Nagel et al. 2018 744/305551 —_— 1.07 (0.79, 1.42)
Coleman et al. 2020 525/635539 1.87(1.20,2.92)
Turner et al. 2017 1340/623048 —— 1.00(0.91, 1.09)
Colorectal Guo et al. 2020 416/385650 —— 1.13(1.00, 1.26)
Datzmann et al. 2018 11976/1918449 (S 0.95(0.87,1.04)
Coleman et al. 2020 2572/635539 — 1.29 (1.05, 1.58)
Turner et al. 2017 6475/623048 Fet 1.04 (1.00, 1.08)
Liver Guo et al. 2020 611/385651 —— 1.13(1.02,1.24)
Pedersen et al. 2017 256/156211 1.34(0.76, 2.35)
Coleman et al. 2020 761/635539 H—— 1.32(0.94, 1.85)
Turner et al. 2017 1003/623048 —_— 1.05 (0.94,1.16)
Pancreas Coleman et al. 2020 1607/635539 —_— 1.09 (0.83, 1.44)
Turner et al. 2017 3812/623048 —hH 0.98 (0.92, 1.03)
Sex specific organs
Cervical Coleman et al. 2020 237/635539 1.77 (1.00, 3.16)
Turner et al. 2017 115/623048 e 1.34(0.98, 1.83)
Ovarian Coleman et al. 2020 392/635539 —_— 1.03 (0.69, 1.53)
Turner et al. 2017 987/623048 i 1.03(0.93,1.15)
Uterine Coleman et al. 2020 750/635539 1.20 (0.73, 1.96)
Turner et al. 2017 611/623048 —— 1.04 (0.91,1.19)
Prostate Datzmann et al. 2018 9611/1918449 —_ 1.23(1.08, 1.39)
Coleman et al. 2020 1215/635539 —— 0.91(0.68, 1.22)
Turner et al. 2017 1068/623048 —e 0.96 (0.86, 1.06)
Urinary
Kidney Gandini et al. 201 196/74989 —i 1.08 (1.00, 1.17)
Raaschou et al. 2017 697/289002 1.57(0.81,3.01)
Raaschou et al. 2017 697/289002 = 1.29 (0.85, 1.96)
Coleman et al. 2020 603/635539 —_— 0.98 (0.66, 1.46)
Turner et al. 2017 927/623048 —— 1.14(1.03,1.27)
Bladder Pedersen et al. 2018 827/263634 —_—l 0.74 (0.41,1.06)
Gandini et al. 201 501/74989 —— 1.08 (1.00, 1.17)
Pedersen et al. 2018 827/305551 —.- 0.92 (0.58, 1.48)
Coleman et al. 2020 589/635539 1.48 (1.00, 2.20)
Turner et al. 2017 1324/623048 —— 1.13 (1.03, 1.23)
Lymphoid
Hodgkin lymphoma Coleman et al. 2020 59/635539 4.18 (1.20, 14.60)
Turner et al. 2017 125/623048 —_— 1.12 (0.82, 1.54)
NHL Coleman et al. 2020 1016/635539 —_— 1.48(1.10, 1.98)
Turner et al. 2017 2840/623048 4 1.00 (0.94, 1.07)
Leukemia Coleman et al. 2020 971/635539 —_— 1.43(1.05,1.97)
Turner et al. 2017 2584/623048 - 1.01 (0.94,1.07)
Multiple myeloma Coleman et al. 2020 541/635539 —_— 0.99 (0.64, 1.53)
Turner et al. 2017 1421/623048 ot 0.97 (0.89, 1.07)
Other cancers
Laryngeal Coleman et al. 2020 157/635539 0.82(0.34, 1.96)
Turner et al. 2017 223/623048 —_—t 1.04 (0.84, 1.30)
Melanoma Coleman et al. 2020 392/635539 —_— 0.72(0.39, 1.33)
Turner et al. 2017 862/623048 —Ho—i 1.05(0.94,1.17)
Brain Andersen et al. 2018 466/246626 [ E— 0.96 (0.50, 1.43)
Jorgensen et al. 2016 121/25143 1.18 (0.51,2.73)
Andersen et al. 2018 466/246626 - 1.15(0.72,1.83)
Jorgensen et al. 2016 121/25143 0.81(0.35, 1.89)
Coleman et al. 2020 622/635539 1.48 (0.96, 2.29)
Turner et al. 2017 1591/623048 He— 1.04 (0.96, 1.14)
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Figure 8. Estimates of other types of cancer risk associated with a 10-ug/m? change in exposure to PM, s or PM

PM exposure to breast cancer risk. A sister study suggested that exposure  for breast cancer or not. More studies should be conducted to identify
to vehicular traffic-related air pollution during childhood may be associated  high-risk groups for PM.

with increased breast cancer.”* After reviewing all these studies, there are Ambient air pollution was not significantly associated with incidence or
still some research gaps to confirm whether PM exposure is a risk factor  death from most other cancers in the studies included. However, cancers
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of oral cavity, stomach, bladder, kidney, prostate, liver, colorectum, and
lymphoid tissues have been inconsistently associated with PM. PM-related
bladder cancer risk was observed in several ecological studies. A study
from Taiwan suggested an adverse effect of PM, 5 on mortality,”® which
was in line with the study from the US.”® The study using the Surveillance,
Epidemiology, and End Results (SEER) program data in the US showed
negative findings,”” taking bladder cancer incidence as the outcome.
Wang et al. showed the significant adverse effect of PM, 5 on bladder can-
cer incidence, but a null effect on mortality in China.”® Other studies report-
ing PMqgrelated studies were also inconsistent with the cohort study
included. Both a case-control study from Taiwan and an ecological study
from Germany showed the risk of bladder cancer associated with
increasing PM-o concentrations.”*° The inconsistent results, encompass-
ing both incidence and mortality, could be due to the limited number of
studies that were conducted in different regions with concentrations of
exposure.

The inconsistent results apply not only in bladder cancer studies. Kidney
cancer is another example, and inconsistent conclusions were shown
within similar populations. Two cohort studies from Europe gave different
conclusions on PM, s and kidney cancer incidence, while studies from
the US also showed different results for PM, s and mortality from kidney
cancer. In ESCAPE, only vanadium in PM, s was found to be associated
with kidney cancer®" which revealed particles from mixed oil burning and
industry that might be carcinogenic to the kidney. As PM is a complex
mixture of chemical composition related to the sources, more studies
focusing on sources should be conducted to clarify these inconsistent
results.

This is the first systematic review and meta-analysis summarizing the as-
sociation between PM and cancer risk comprehensively with searching
across six databases. Focusing on cohort studies should also give more
robust evidence. However, there are still some limitations to our review.
Firstly, high heterogeneity existed due to general differences in population de-
mographics, exposure assessment methods, and the covariate adjustments
in different studies. Secondly, large-scale studies of PM and lung cancer risk
have not yet been published from some of the most polluted countries, such
as India. Thus, the associations were not completely representative of the
global population. Thirdly, although 30 articles were included for the lung can-
cer analysis, they were still insufficient to demonstrate a dose-response rela-
tionship by conducting meta-regression and also some subgroup analyses.
Finally, the definitions of smoking status varied among studies, which may
lead to misclassification.

CONCLUSION

Our systematic review has summarized cohort studies that aimed to find
the association between ambient PM and cancer risk. Current studies pro-
vide evidence of an adverse effect of outdoor PM exposure on lung cancer.
Further studies of air pollution and breast, bladder, and kidney cancer should
be conducted as these research gaps still exist and need to be filled. Howev-
er, regulatory authorities need to reduce community exposures to PM as
much as feasible.
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