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Long-term exposure to high PM2.5 is associated with an increased risk of esophageal cancer 
Annual average 

concentration of PM2.5 
(μg/m3) 

HR (95% CI) 

Q1 (24.9 - 46.1) 1.00 

Q2 (46.2 - 53.4) 1.09 (0.86 - 1.37) 

Q3 (53.5 - 57.0) 1.28 (0.98 - 1.66) 

Q4 (57.1 - 78.5) 1.32 (1.01 - 1.72) 

Per 10 μg/m3  increase 1.16 (1.04 - 1.30) 

PAF (95% C I ) ,  % 
Current smokers 6.4 (3.1 - 9.7) 
Heavy alcohol consumers 10.2 (8.4 - 12.0) 
Daily red meat consumers 4.4 (0.2 - 8.5) 
Daily preserved vegetable consumers 2.7 (0.4 - 4.9) 
Hot tea preference 5.7 (3.3 - 8.0) 
BMI <18.5 kg/m2 2.1 (1.6 - 2.7) 
Annual average concentration of 

2.5 ≥35 μg/m3 23.3 (6.6 - 40.0) 

If the observed association is causal, 
nearly a quarter of esophageal cancer 
risk could be attributed to annual 
average PM2.5 exposure ≥35 μg/m3, higher 
than the risk that could be attributed to 
lifestyle risk factors. 

PM
BACKGROUND & AIMS: Evidence is sparse and inconclusive
on the association between long-term fine (�2.5 mm) particu-
late matter (PM2.5) exposure and esophageal cancer. We aimed
to assess the association of PM2.5 with esophageal cancer risk
and compared the esophageal cancer risk attributable to PM2.5

exposure and other established risk factors. METHODS: This
study included 510,125 participants without esophageal cancer
at baseline from China Kadoorie Biobank. A high-resolution
(1 � 1 km) satellite-based model was used to estimate PM2.5

exposure during the study period. Hazard ratios (HR) and 95%
CIs of PM2.5 with esophageal cancer incidence were estimated
using Cox proportional hazard model. Population attributable
fractions for PM2.5 and other established risk factors were
estimated. RESULTS: There was a linear concentration–
response relationship between long-term PM2.5 exposure and
esophageal cancer. For each 10-mg/m3 increase in PM2.5, the HR
was 1.16 (95% CI, 1.04–1.30) for esophageal cancer incidence.
Compared with the first quarter of PM2.5 exposure, participants
in the highest quarter had a 1.32-fold higher risk for esophageal
cancer, with an HR of 1.32 (95% CI, 1.01–1.72). The population
attributable risk because of annual average PM2.5 concentration
�35 mg/m3 was 23.3% (95% CI, 6.6%–40.0%), higher than the
risks attributable to lifestyle risk factors. CONCLUSIONS: This
large prospective cohort study of Chinese adults found that
long-term exposure to PM2.5 was associated with an elevated
risk of esophageal cancer. With stringent air pollution
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mitigation measures in China, a large reduction in the esoph-
ageal cancer disease burden can be expected.
BACKGROUND AND CONTEXT

Outdoor air pollution and particulate matter were
classified as Group 1 human carcinogens for lung
cancer. However, whether there is an association
between long-term exposure to PM2.5 and esophageal
cancer risk remains unclear.

NEW FINDINGS
Keywords: Ambient Air Pollution; Digestive Tract; Malignant
Tumor; Observational Study.

sophageal cancer is one of the most common cancers
There was a linear relationship between fine (�2.5 mm)
particulate matter (PM2.5) exposure and esophageal
cancer risk. If the observed association is causal, nearly
one-quarter of esophageal cancer risk could be
attributed to annual average PM2.5 exposure �35 mg/m3.

LIMITATIONS

PM2.5 exposures were assigned to participants according
to their nearby clinics, possibly leading to nondifferential
misclassification and underestimation of the association.

CLINICAL RESEARCH RELEVANCE

Our findings indicate that the disease burden of
esophageal cancer may be reduced by implementing
stricter air pollution control policies in China.

BASIC RESEARCH RELEVANCE

Long-term exposure to PM2.5 was associated with
esophageal cancer risk. Future studies are warranted to
explore the mechanism behind the association.

Abbreviations used in this paper: BMI, body mass index; ESCC, esopha-
geal squamous cell carcinoma; HR, hazard ratio; PM2.5, fine (£2.5 mm)
particulate matter.

Most current article
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Eworldwide, with an estimated 535,000 new cases
and 498,000 deaths contributing to 2.24% and 4.98% of
new cancer cases and deaths in 2019, respectively.1 China
has a heavy esophageal cancer burden, accounting for
approximately one-half of new cases and deaths from
esophageal cancer globally.2 The well-established risk fac-
tors for esophageal cancer include smoking, alcohol con-
sumption, low consumption of fruits and vegetables, high
consumption of preserved vegetables and red meat, hot food
and beverage consumption, and unhealthy weight.2–6 How-
ever, these risk factors cannot explain all mortality and
morbidity, and efforts to investigate unknown risk factors
are still in progress.

China is one of the most fine (�2.5 mm) particulate
matter (PM2.5)–polluted countries, with a large proportion
of the population exposed to an annual average of PM2.5

above the World Health Organization’s7 highest interim
target guideline of 35 mg/m3. Outdoor air pollution and PM
were classified as Group 1 human carcinogens for lung
cancer by the International Agency for Research on Cancer.8

Long-term PM2.5 exposure can induce chronic low-grade
inflammation and oxidative stress at the local and sys-
temic levels and further trigger changes of genetic material,
which may relate to the increased risk of lung cancer and
non-lung cancer.7

Long-term PM2.5 exposure is a well-established risk
factor for lung cancer,7,9,10 but the evidence is sparse and
inconclusive on the association between PM2.5 and esoph-
ageal cancer. Four cohort studies investigated the associa-
tions of long-term PM2.5 exposure with gastrointestinal or
upper digestive tract cancers (including esophageal can-
cer), yielding mixed results of positive11,12 and null asso-
ciations.13,14 Two previous nationwide ecological studies
from China found that long-term PM2.5 exposure was
associated with an increased risk of esophageal cancer.15,16

However, another ecological study from the United States
with low PM2.5 levels did not find associations between
PM2.5 and most non-lung cancers, including esophageal
cancer.17 Ecological studies can only provide clues about
causal relationships due to possible ecological fallacies and
difficulties in controlling confounders at the individual
level. Only 2 US cohort studies have specifically explored
the association between long-term PM2.5 exposure and
esophageal cancer mortality, predominantly adenocarci-
noma,18 and found an inverse or null association.19,20

There is still a lack of high-quality evidence on the asso-
ciation between PM2.5 exposure and esophageal cancer in
China, with high PM2.5 exposure and esophageal squamous
cell carcinoma (ESCC) being the predominant histologic
type.18
Based on 0.5 million Chinese adults from China Kadoorie
Biobank, we aimed to investigate the association of PM2.5

exposure with esophageal cancer incidence. When the as-
sociations were observed, we further compared esophageal
cancer risk attributable to PM2.5 exposure and other
established risk factors.

Methods
Population

Details of the China Kadoorie Biobank cohort have been
described elsewhere.21 Briefly, the baseline survey was con-
ducted between 2004 and 2008. A total of 512,725 participants
aged 30–79 years and living within 1 km of the study clinics
were enrolled from 10 predetermined regions, including 5 ur-
ban (Harbin, Qingdao, Suzhou, Liuzhou, and Haikou) and 5 rural
(Gansu, Henan, Sichuan, Zhejiang, and Hunan) areas in China.
Trained interviewers collected baseline information for par-
ticipants using laptop-based questionnaires with built-in qual-
ity-control procedures, which can prompt and correct errors
during data collection and entry. Participants also completed
https://doi.org/10.1053/j.gastro.2023.03.233
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physical measurements and provided blood samples. All par-
ticipants provided written informed consent before data
collection. The study was approved by the Ethical Review
Committee of the Chinese Center for Disease Control and Pre-
vention (Beijing, China) and the Oxford Tropical Research
Ethics Committee, University of Oxford (Oxford, United
Kingdom).

In the current study, we excluded participants who re-
ported a history of cancer at baseline (n ¼ 2578) or those
without body mass index (BMI) data (n ¼ 2). There was no
missing value in other variables included in our analyses. As the
PM2.5 data were available between 2005 and 2017, we further
excluded participants who completed the baseline survey in
2004 and had incident cancer documented before January 1,
2005 (n ¼ 23), leaving 510,125 participants for analysis. A flow
diagram of the study population is provided in Supplementary
Figure 1.
Assessment of Fine (�2.5 mm) Particulate Matter
Daily PM2.5 concentrations at 1 � 1 km spatial resolution

from 2005 to 2017 were estimated using a satellite-based
model, of which details have been published elsewhere.22,23

Briefly, a random forest algorithm was implemented to esti-
mate daily PM2.5 concentrations. The model was trained using
PM2.5 measurements from over 1300 ground monitoring in
2013–2017 as the dependent variable, and using Multi-Angle
Implementation of Atmospheric Correction aerosol optical
depth values as the main independent variable. Other pre-
dictors included meteorological parameters, land use, popula-
tion density, and the Modern-Era Retrospective Analysis for
Research and Applications PM2.5 products. A gap-filling
approach was implemented to address the issue of missing
aerosol optical depth values. Estimated PM2.5 values were
yielded by combining results from models built with or without
aerosol optical depth values. Our PM2.5 estimates were highly
consistent with out-of-sample PM2.5 measurements, with a
cross-validation R2 of 0.84 at the daily level. For temporal
variations, we conducted an external validation by comparing
PM2.5 measurements during 2008–2012 from provincial
monitoring stations that were not included in model develop-
ment with their corresponding predictions generated by our
random forest models.24 The results showed good consistency
between the measurements and predictions, with an R2 of 0.70
and a root mean square error of 20.92 mg/m3, indicating that
our model has good performance in capturing the temporal
variations of historical data. Historical PM2.5 data in 2005–2012
were derived based on this model.

Annual average PM2.5 concentrations were assigned to each
participant by linking the values of the 1 � 1 km grid to the
geocodes of the study clinics in which they were recruited. We
used annual average PM2.5 concentrations as a time-varying
variable in the primary analyses to account for the temporal
variation of PM2.5 in the study period (detailed in the
Supplementary Methods and Supplementary Tables 1 and 2).
Assessment of Covariates
The baseline questionnaires collected sociodemographic

characteristics, lifestyle factors, passive smoking, household air
pollution from solid fuel use, self-rated health, and family his-
tory of cancer. Sociodemographic characteristics were age, sex,
education, household income, and occupation. Lifestyle factors
included tobacco smoking, alcohol consumption, consumption
of red meat, fresh fruits, and fresh and preserved vegetables,
consumption of tea and hot tea preference, physical activity,
and sedentary leisure time. Information on passive smoking
included hours of second-hand smoke exposure per week and
years of living with a smoker. We collected fuel types for
cooking and heating and cookstove ventilation at participants’
baseline residence and up to 2 previous residences. Detailed
definitions and categorizations of covariates were provided in
Supplementary Methods.

Height, weight, waist circumference, and hip circumference
were measured by trained staff using calibrated instruments.
BMI was calculated as weight (kg) divided by the square of
standing height (m), and waist-to-hip ratio as the ratio of waist
circumference (cm) to hip circumference (cm).
Ascertainment of Outcomes
Diseases, hospitalization events, and deaths occurred dur-

ing the follow-up were obtained by linking to the national
health insurance database and local disease and death registry
systems. We performed annual active follow-up to collect the
disease status and vital information for those who failed to link
to the national health insurance database. Those who moved
away from the city were regarded as lost to follow-up, and that
proportion was <1% until December 31, 2017. Causes of death
were mainly ascertained through official death certificates and
supplemented by checking hospital records or a verbal autopsy
using a validated instrument. All events were coded according
to the International Classification of Diseases, 10th Revision.25

The primary outcome in this study was esophageal cancer,
coded as C15. We also used a negative control outcome, that is,
injuries to upper extremities (International Classification of
Diseases, 10th Revision codes S40-S69), to detect uncontrolled
confounding.

During the follow-up, medical records of incident cases
were retrieved and adjudicated by trained staff to verify dis-
ease diagnosis. Adjudication of incident cancer cases is ongoing.
In the current study population, medical records of 1212 inci-
dent esophageal cancer cases were retrieved and adjudicated,
and 1179 (97.3%) of them were confirmed as esophageal
cancer. Pathology reports with clear diagnoses were retrieved
for 778 esophageal cancer cases, and 721 (92.7%) of them
were ESCC.
Statistical Analysis
Baseline characteristics were presented for all participants

and 2 groups according to the median of average PM2.5 con-
centrations from 2005 to 2017 as means (for continuous var-
iables) or numbers and percentages (for categorical variables),
with adjustment for age, sex, and study areas. Person-years of
follow-up were calculated from January 1, 2005 or the date of
enrollment, whichever came last, to the date of esophageal
cancer diagnosis, death, loss to follow-up, or December 31,
2017, whichever came first.

Cox proportional hazard models were implemented to es-
timate the hazard ratio (HR) and 95% CI of long-term PM2.5

exposure with esophageal cancer incidence, with annual
average PM2.5 concentrations included as a time-varying vari-
able (in 1-year scale) and the follow-up time as the underlying
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time scale. The models were stratified by 5-year age groups and
study areas. We used Schoenfeld residuals to test the propor-
tional hazard assumption, and no violation was observed. Po-
tential confounders were adjusted for in the models, including
age, sex, education, household income, occupation, tobacco
smoking, alcohol consumption, consumption of red meat, fresh
fruits, fresh vegetables, and preserved vegetables, consumption
of tea and hot tea preference, total physical activity levels,
sedentary leisure time, fuel types for cooking and heating at
baseline residence, duration of solid fuel use at the past 3
residences, cookstove ventilation at baseline residence, expo-
sure to second-hand smoke, duration of living with a smoker,
BMI, waist-to-hip ratio, self-rated health status, and family
history of cancer.

We used penalized spline to assess the concentration–
response relationship between PM2.5 and esophageal cancer
incidence.26 After confirming the linear relationship, we sepa-
rately estimated HRs of each 10-mg/m3 increase in PM2.5 and
the 4 quartile groups of PM2.5 with esophageal cancer inci-
dence. Linear trends were tested by assigning the median value
of each quartile group and treating that variable as continuous
in the models.

We conducted several sensitivity analyses by including the
PM2.5 as a continuous variable, including extending the exposure
time window by using 3-year or 5-year average PM2.5 concen-
trations as the time-varying variable, or using average PM2.5

concentrations from 2005 to 2017 as a time-invariant variable
referring to previous studies9,26; excluding participants with
incident esophageal cancer in the first year or in the first 3 years;
adding a random intercept for study clinics, or adding nested
random intercepts for study areas and study clinics to account
for clustering and unmeasured confounder within communities
and study areas27; excluding participants from Henan, an area in
China with a high incidence of esophageal cancer, with the most
esophageal cancer cases and the highest average PM2.5 concen-
tration among 10 study areas; using age as the time scale; and
only considering ESCC cases confirmed by pathology reports as
occurrence of the study outcome.

We performed subgroup analysis according to age, sex,
urban or rural areas, alcohol consumption, tobacco smoking,
second-hand smoking exposure, and household cooking
and heating pollution from solid fuel use. The heterogeneity
of associations between subgroups was tested using
Cochrane’s Q test.

We calculated the population attributable fraction for PM2.5

and 8 other risk factors for esophageal cancer, including cur-
rent smokers, heavy alcohol consumers, daily red meat con-
sumers, not daily fresh fruits consumers, not daily fresh
vegetable consumers, daily preserved vegetable consumers,
daily tea consumers with a preference for hot or burning hot
tea, and low BMI, using a method adapted from the Global
Burden of Disease Study 201928 (detailed in Supplementary
Methods). Adjusted HR for each risk factor was estimated by
treating PM2.5 and BMI as continuous variables and the other 7
risk factors as binary variables in the Cox proportional hazard
model, with adjustment for the other covariates. The highest
interim target of annual average concentration <35 mg/m3 in
World Health Organization’s guideline29 was used as the
reference level for PM2.5 and 18.5 kg/m2 for BMI. The distri-
bution of risk factors was obtained in the study population. The
CI was generated using the delta method.
Statistical significance was set at P < .05 with 2-sided test.
All statistical analyses were performed using Stata, version 17.0
(StataCorp) and R, version 4.0.3 (R Foundation for Statistical
Computing).

Role of the Funding Source
The funders had no role in the study design, data collection,

data analysis and interpretation, writing of the report, or the
decision to submit the article for publication.

Results
The mean ± SD PM2.5 concentration from 2005 to 2017

among 10 study areas was 52.27 ± 10.63 mg/m3, ranging
from 26.32 ± 0.35 mg/m3 in Haikou to 70.89 ± 1.41 mg/m3

in Henan. In most study areas, the annual average PM2.5

concentrations showed a slight upward trend from 2005 to
2013 and a downward trend after 2013 (Supplementary
Figure 2). Mean ± (SD) age of the eligible participants
(n ¼ 510,125) was 52.0 ± 10.7 years; 59.0% were women
and 44.1% lived in urban areas. Participants exposed to a
high level of PM2.5 (above the median) were more likely to
live in urban areas (Table 1).

Distributions of cohort entry year and years of follow-up
are presented in Supplementary Figure 3. During a median
follow-up of 11.12 years (5,517,479 person-years), we
documented 2550 incident cases of esophageal cancer and
4849 cases of injuries to upper extremities. After adjusting
for potential risk factors for esophageal cancer, there was a
linear relationship between long-term PM2.5 exposure and
esophageal cancer incidence (P for a nonlinear trend ¼
.669) (Figure 1). With each 10-mg/m3 increase in PM2.5, the
HR for esophageal cancer incidence was 1.16 (95% CI, 1.04–
1.30) (Table 2). Using the lowest group of PM2.5 exposure as
the reference, the HRs for the other 3 quartile groups, from
low to high, were 1.09 (95% CI, 0.86–1.37), 1.28 (95% CI,
0.98–1.66), and 1.32 (95% CI, 1.01–1.72) (P for trend ¼
.033). After adjusting for the same covariates, we observed a
statistically insignificant association of each 10-mg/m3 in-
crease in PM2.5 with injuries to upper extremities, with an
HR of 1.03 (95% CI, 0.97–1.09; P ¼ .950).

There was no statistically significant difference in the
associations of PM2.5 exposure with esophageal cancer
incidence among various subpopulations defined by age,
sex, alcohol consumption, smoking status, second-hand
smoke exposure, and indoor heating pollution (Figure 2).
The associations were stronger among rural compared with
urban residents (P for heterogeneity < .001), and among
participants cooking with solid fuels but without cookstove
ventilation (P for heterogeneity ¼ .005).

Sensitivity analyses showed the robustness of our re-
sults (Supplementary Table 3). When using 3-year or 5-year
average PM2.5 as the time-varying variable, or using average
PM2.5 concentrations from 2005 to 2017 as long-term PM2.5

exposure, the association estimates of PM2.5 with esopha-
geal cancer incidence increased. The exclusion of esophageal
cancer cases that occurred within the first year of follow-up
did not alter the results substantially. After further
excluding new cases within the first 3 years of follow-up, the



Table 1.Baseline Characteristics of Participants by Median of Average PM2.5 Concentration From 2005 to 2017

Characteristic Total population

Annual average concentration of PM2.5

<53.5 mg/m3 �53.5 mg/m3

Participants, n 510,125 259,158 250,967

Sex, female, n (%) 300,900 (59.0) 155,597 (60.0) 145,303 (57.9)

Study area, urban, n (%) 224,764 (44.1) 89,223 (34.4) 135,541 (54.0)

Age, y, mean ± SD 52.0 ± 10.7 52.1 ± 10.8 51.8 ± 10.5

Education, middle school or higher, n (%) 251,135 (49.2) 116,196 (47.9) 134,939 (50.7)

Household income �20,000 RMB/y, n (%) 217,970 (42.7) 93,246 (40.5) 124,724 (44.9)

Married status, married, n (%) 462,202 (90.6) 232,918 (90.6) 229,284 (90.6)

Smoking status, current smoker,a n (%) 150,081 (29.4) 74,630 (29.7) 75,451 (29.2)

Heavy alcohol consumer,b n (%) 55,203 (10.8) 24,407 (10.0) 30,796 (11.5)

Daily consumer of, n (%)
Red meat 149,193 (29.2) 76,950 (26.7) 72,243 (32.0)
Fresh fruits 95,877 (18.8) 35,595 (17.6) 60,282 (19.7)
Fresh vegetables 483,441 (94.8) 236,417 (94.3) 247,024 (96.2)
Preserved vegetables 80,542 (15.8) 15,908 (13.0) 64,634 (16.9)
Tea with a preference for hot or burning-hot tea 81,427 (16.0) 42,182 (15.1) 39,245 (17.1)

Total physical activity, MET-h/d 21.1 22.4 19.8

Leisure sedentary time, h/wk 21.1 20.9 21.3

BMI, kg/m2 23.7 23.6 23.8

Waist-to-hip ratio 0.882 0.879 0.884

Cooking with solid fuels at baseline
residence, n (%)

174,397 (34.2) 105,875 (35.6) 68,522 (32.4)

Heating with solid fuels at baseline
residence, n (%)

186,863 (36.6) 110,099 (41.0) 76,764 (32.7)

Having cookstove ventilation at baseline
residence, n (%)

268,073 (52.6) 133,794 (54.1) 134,279 (50.6)

Self-rated good health, n (%) 234,040 (45.9) 105,441 (46.0) 128,599 (45.8)

Family history of cancer, n (%) 85,662 (16.8) 29,350 (16.4) 56,312 (17.1)

Annual concentration of PM2.5, mg/m
3,

mean ± SD
52.3 ± 10.6 44.8 ± 8.3 59.9 ± 6.5

NOTE. All percentages and means in 2 PM2.5 groups were adjusted for age, sex, and study area, except for these 3 variables.
All P values for difference between 2 PM2.5 groups were <.001, except for married status (P ¼ .750), smoking status (P ¼ .003),
self-rated good health (P ¼ .352), and family history of cancer (P ¼ .001).
MET, metabolic equivalent of task; RMB, Chinese renminbi.
aFormer smokers who have stopped smoking because of illness were included.
bHeavy alcohol consumer refers to participants with a pure alcohol consumption �30 g/d or former weekly drinkers.

July 2023 Association Between PM2.5 and Esophageal Cancer 65

ES
OP

HA
GU

S

HR estimate was slightly attenuated. Other sensitivity ana-
lyses, including the exclusion of participants in Henan, the
addition of a random intercept for study clinics or nested
random intercepts for study areas and study clinics, or the
use of age as a time scale, also did not alter our results.
When only considering ESCC cases confirmed by pathology
reports as occurrence of the study outcome, the estimate of
association increased slightly.

For all participants, the population attributable risk
because of annual average PM2.5 concentration �35 mg/m3
was 23.3% (95% CI, 6.6%–40.0%), suggesting that
approximately one-quarter of the incident esophageal
cancer cases in this population during the follow-up period
might have been prevented if all participants were
exposed to PM2.5 <35 mg/m3 (Table 3). The incident
esophageal cancer cases were also attributed to, in order
of population attributable fraction, heavy alcohol con-
sumption, current smoking, hot tea preference, daily red
meat consumption, daily preserved vegetable consump-
tion, and BMI < 18.5 kg/m2.
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Figure 1. Concentration–response relationship between
long-term PM2.5 exposure and esophageal cancer incidence.
The curve was observed to be linear, with the P for a
nonlinear trend of .669. The adjusted covariates were
consistent with those in the models of Table 2. Solid line
represents HRs and the gray ribbon represents the 95% CI.
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Discussion
In this large prospective cohort study of Chinese adults,

we observed linear concentration–response relationships
between long-term PM2.5 exposure and esophageal cancer
incidence. The associations with esophageal cancer inci-
dence were greater among rural residents and participants
cooking with solid fuels but without ventilation than their
counterparts. We estimated that nearly one-quarter of
Table 2.Associations of Esophageal Cancer Incidence With Lo

Annual average concentration
of PM2.5, mg/m

3 Case
Inc

(per 1

Q1 (24.9–46.1) 254

Q2 (46.2–53.4) 364

Q3 (53.5–57.0) 413

Q4 (57.1–78.5) 1,519

Per 10-mg/m3 increase 2,550

NOTE. The models were adjusted for age (years), sex, educati
school or above), household income (<10,000, 10,000–19,999,
workers, administrators or managers, technical workers, sales o
(never smokers, smoking quitters because of reasons other than
15–24, or �25 cigarettes or equivalent per day), alcohol cons
weekly drinkers, weekly but not daily drinkers, daily drinkers: <
meat, fresh fruits, fresh vegetables, and preserved vegetables
frequency category), consumption of tea and hot tea preference
tea, hot tea, or burning-hot tea), total physical activity levels (met
types for cooking and heating at baseline residence (clean fuels
the winter), duration of solid fuel use at the past 3 residences (y
hours of exposure to second-hand smoke (h/d), duration of livin
rated health status (excellent, good, fair, or poor), and family hi
PY, person-year; Q, quartile.
esophageal cancer risk could be attributed to annual
average PM2.5 exposure �35 mg/m3, which was higher than
the risks that could be attributed to lifestyle risk factors,
such as heavy alcohol consumption or current smoking.

There are few cohort studies on the association between
PM2.5 and esophageal cancer risk, with only 2 studies con-
ducted in the US population. In an analysis of Cancer Pre-
vention Study-II cohort data, 623,048 participants 30 years
and older were followed-up for 19.2 years and documented
1180 esophageal cancer deaths. No statistically significant
association between PM2.5 and esophageal cancer mortality
was observed (HR, 1.02; 95% CI, 0.93–1.13).20 Another US
study, including 635,539 participants aged 18–84 years,
identified 599 esophageal cancer deaths during follow-up
and found an inverse association between PM2.5 and
esophageal cancer mortality (HR, 0.59; 95% CI, 0.38–
0.90).19 Unlike the findings of these 2 studies, we found a
linear concentration–response relationship between PM2.5

and esophageal cancer risk in the current Chinese popula-
tion. This difference may be due to the low PM2.5 levels in 2
US studies, with mean values of 12.6 and 10.7 mg/m3. In
addition, there is a difference in the predominant histologic
subtype of esophageal cancer between Chinese and US
populations, namely, ESCC and adenocarcinoma,
respectively.18

Two recent ecological studies from China, covering 213
county-level cities and a population of more than 320
million, found positive associations between PM2.5 and
incidence of esophageal cancer between the mid-2000s and
2015.15,16 In these 2 studies, the association became
stronger with the exposure time window extended. Our
study findings were similar. When the exposure time
ng-Term PM2.5 Exposure

ident rate
00,000 PYs) HR (95% CI) P for trend

18.74 Ref .033

26.49 1.09 (0.86–1.37) —

29.23 1.28 (0.98–1.66) —

110.47 1.32 (1.01–1.72) —

46.22 1.16 (1.04–1.30) —

on (no formal school, primary school, middle school, or high
or �20,000 Chinese renminbi/y), occupation (famers, factory
r service workers, self-employed, or others), tobacco smoking
illness, quitters because of illness or current smokers: 1–14,

umption (never regular or less than weekly drinkers, former
30, 30–59, or �60 g/d of pure alcohol), consumption of red
(days per week; assigning according to the midpoint of each
(less than daily drinkers, daily drinkers and preferring: warm

abolic equivalent of task h/d), leisure sedentary time (h/d), fuel
, solid fuels, or other fuels or no monthly cooking or heating in
ears), cookstove ventilation at baseline residence (yes or no),
g with a smoker (years), BMI (kg/m2), waist-to-hip ratio, self-
story of cancer (yes or no).



Age (years)
  <60

≥2

Indoor cooking pollution
  Cooking with clean fuels

  Cooking with other fuels or no cook

  Cooking with solid fuels and ventilation

  Cooking with solid fuels but without ventilation

Indoor heating pollution
  Heating with clean fuels

  Heating with other fuels or no heating

≥60

Sex
  Men

  Women

Areas
  Rural

  Urban

Alcohol consumption*
  Not heavy alcohol consumers

  Heavy alcohol consumers

Smoking categories
  Never smokers

  Current or former smokers

Second-hand smoke exposure (h/week)
  <2

  Heating with solid fuels

1187

Case

1363

1757

793

2082

468

1830

720

920

1630

1233

1317

307

1174

350

719

200

935

1415

1.24 (1.06 - 1.46)

1.08 (0.92 - 1.27)

1.15 (1.00 - 1.31)

1.22 (0.97 - 1.52)

1.31 (1.14 - 1.50)

0.84 (0.68 - 1.04)

1.12 (0.96 - 1.30)

1.25 (1.05 - 1.49)

1.17 (0.94 - 1.45)

1.18 (1.04 - 1.35)

1.17 (0.99 - 1.38)

1.15 (0.99 - 1.35)

0.79 (0.61 - 1.03)

1.21 (1.02 - 1.44)

1.25 (0.96 - 1.63)

1.43 (1.08 - 1.89)

0.95 (0.71 - 1.26)

1.20 (1.02 - 1.41)

1.14 (0.93 - 1.40)

PHR (95%CI) †

.238

.664

<.001

.359

.948

.883

.005

.343

0.50 1.0 2.0

Figure 2. Subgroup analyses of associations between long-term PM2.5 exposure and esophageal cancer incidence according
to baseline characteristics. The HRs and 95% CIs were for the association of esophageal cancer incidence with per 10-mg/m3

increase in PM2.5. The adjusted covariates were consistent with those in the models of Table 2, except for the subgroup
characteristics. *Heavy alcohol consumers refer to participants with a pure alcohol consumption �30 g/d or former weekly
drinkers. †P values for heterogeneity between subgroups were obtained from Cochrane’s Q test.
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window was extended from 1 year to 3–5 years or the total
study period, the association estimates increased, suggest-
ing a possible cumulative effect of the PM2.5 exposure on
esophageal cancer.

In the present study, the association estimates between
PM2.5 and esophageal cancer risk were greater among rural
residents. The above-mentioned ecological study in China
had similar findings.16 The possible reasons for the urban–
rural difference are that the prevalence of traditional risk
factors and the source and components of PM2.5 differ be-
tween urban and rural areas.30–32 Our study also found that
the association between PM2.5 exposure and esophageal
cancer risk was stronger in participants cooking with solid
fuels but without ventilation. Solid fuel combustion can
produce particulate matter and other carcinogens.33,34 Our
results suggest that indoor air pollution from cooking and
ambient PM2.5 exposure may have a synergistic effect on
esophageal cancer risk.
The association between PM2.5 exposure and esophageal
cancer risk is plausible. Inflammation and oxidative damage
caused by PM2.5 further lead to DNA damage, gene muta-
tions, and epigenetic modifications.7,35 PM2.5-bound poly-
cyclic aromatic hydrocarbon and heavy metal may also
accelerate this process.36–38 High PM2.5 exposure was
associated with increased methylation of the DLEC1 gene in
a study of 496 Chinese participants.39 The excessive
methylation of the DLEC1 gene, a tumor suppressor gene,
has been associated with elevated ESCC risk.40 Further
research is needed to elucidate the mechanism underlying
the carcinogenesis of PM2.5 related to non-lung cancer.

Compared with association metrics (eg, HR), population
attributable fraction can provide more information on
public health significance. If the association between PM2.5

and esophageal cancer was causal, we estimated that
approximately one-quarter of incident cases in our popu-
lation during follow-up would be avoided by reducing



Table 3.Population Attributable Fractions for PM2.5 and Other Risk Factors for Esophageal Cancer Incidence

Variable Prevalence, % HR (95% CI)a PAF (95% CI), %

Current smokerb 28.9 1.24 (1.11–1.37) 6.4 (3.1–9.7)

Heavy alcohol consumerc 10.5 2.08 (1.88–2.30) 10.2 (8.4–12.0)

Daily red meat consumer 29.5 1.15 (1.01–1.32) 4.4 (0.2–8.5)

Not daily fresh vegetable consumer 5.1 1.05 (0.83–1.34) NAd

Not daily fresh fruit consumer 81.1 1.13 (0.95–1.35) NAd

Daily preserved vegetable consumer 16.0 1.17 (1.03–1.33) 2.7 (0.4–4.9)

Hot tea preference 15.8 1.38 (1.22–1.56) 5.7 (3.3–8.0)

BMI <18.5 kg/m2 4.1 1.07 (1.06–1.09) 2.1 (1.6–2.7)

Annual average concentration
of PM2.5 �35 mg/m3

94.5 1.15 (1.03–1.29) 23.3 (6.6–40.0)

NOTE. When calculating PAF, the PM2.5 and BMI were treated as continuous variables, and the other 7 risk factors were
treated as binary variables. The adjusted covariates were consistent with those in the models of Table 2, except for these 9 risk
factors.
PAF, population attributable fraction.
aHRs and 95% CIs for binary risk factors, each 1-kg/m2 decrease in BMI and each 10-mg/m3 increase in PM2.5 were shown.
bFormer smokers who have stopped smoking because of illness were included.
cHeavy alcohol consumer refers to participants with a pure alcohol consumption �30 g/d or former weekly drinkers.
dPAFs for not daily fresh vegetable and fruit consumer were not estimated, as the nonstatistically significant associations of
them with esophageal cancer in the current study.
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annual average PM2.5 exposure lower than the World Health
Organization’s highest interim target guideline of 35 mg/m3.
This proportion was higher than that which can be pre-
vented by adherence to healthy lifestyle, such as not
drinking heavily or not smoking.

This is the first cohort study to identify the association
between long-term PM2.5 exposure and esophageal cancer
risk in China, the country with the heaviest burden of
esophageal cancer and high levels of air pollution. Our study
has some strengths. First, the large sample size, long follow-
up period, and large number of esophageal cancer cases and
deaths powered the study to detect the associations of in-
terest in the whole population and across important sub-
groups. Second, the exposure assessment model with high
spatiotemporal resolution enabled PM2.5 prediction over the
entire study period, thus allowing us to account for the
spatiotemporal variation of PM2.5 in the analyses. Third, we
compared the esophageal cancer risk attributable to PM2.5

and other well-established risk factors in the same study
population, providing an intuitive impression of the hazards
of PM2.5 on esophageal cancer risk.

Our study also has several limitations. First, we did not
analyze ESCC and esophageal adenocarcinoma separately
because the information on histologic subtype was unavai-
lable for all esophageal cancer cases in this study. However,
>91% of esophageal cancer in China are ESCC,18 similar to
the findings in our case adjudication. When we considered
ESCC cases only in the sensitivity analysis, the association
estimates increased. Second, despite the high spatiotem-
poral resolution of our satellite model, PM2.5 exposures
were assigned to individuals according to their nearby
clinics, possibly resulting in exposure misclassification.
However, this misclassification was more likely to be non-
differential and lead to an underestimation of the associa-
tion. Third, we did not consider participants’ home address
change in our analyses, which may also bring about expo-
sure misclassification. However, <1% of participants moved
out of their baseline cities by the end of 2017 and were
considered lost to follow-up. Approximately 1% of partici-
pants moved out of their baseline administrative units, but
remained within the study areas. Such a small proportion of
intra-area movement should only have a minor impact on
the results. Fourth, we were unable to consider other pol-
lutants and PM2.5 components due to lack of information.
Future advancements in exposure modeling and/or air
pollution products are warranted to fill this gap. Finally,
given that our participants were exposed to relatively higher
PM2.5 levels, our findings should be extrapolated cautiously
to populations exposed to other levels.

Our study provides important epidemiological evidence
that long-term PM2.5 exposure is an independent risk factor
for esophageal cancer, especially ESCC. Our findings extend
the existing understanding of the potentially harmful effects
of PM2.5 on non-lung cancer. With stringent air pollution
mitigation measures in China, a large reduction in the
esophageal cancer disease burden can be expected.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
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Supplementary Methods

Definitions and Categorizations of Covariates
Sociodemographic characteristics included age, sex, ed-

ucation, household income, and occupation. Education was
categorized as no formal school, primary school, middle
school, or high school or above. Household income was
classified as annual income <10,000, 10,000–19,999, or
�20,000 Chinese renminbi. Occupation was categorized as
farmers, factory workers, administrators or managers,
technical workers, sales or service workers, self-employed,
or others.

Lifestyle factors were tobacco smoking; alcohol con-
sumption; consumption of red meat, fresh fruits, and fresh
and preserved vegetables; consumption of tea and hot tea
preference; physical activity; and sedentary leisure time.
For tobacco smoking, we asked ever smokers about fre-
quency, type, and amount of tobacco smoked per day, and
asked former smokers about years since quitting and the
reason for quitting. Tobacco smoking was classified as
never smokers, smoking quitters because of reasons other
than illness, quitters because of illness or current smokers
(1–14, 15–24, or 25 more cigarettes or equivalent per day).
For alcohol drinking, we asked about typical drinking fre-
quency, type of alcoholic beverage consumed habitually,
and volume of alcohol consumed on a typical drinking day
in the past 12 months. Alcohol consumption was catego-
rized as never regular or less than weekly drinkers, former
weekly drinkers, weekly but not daily drinkers, daily
drinkers: <30, 30–59, or �60 g/d of pure alcohol. Habitual
intakes of 12 conventional food groups in the past 12
months were collected using a validated qualitative food
frequency questionnaire.e1 Days per week of consumption
of red meat, fresh fruits, fresh vegetables, and preserved
vegetables were assigned according to the midpoint of
each frequency category (daily, 4–6 days per week, 1–3
days per week, monthly, or never or rarely). For tea con-
sumption, we asked about usual frequency of tea drinking
during the past 12 months. Participants who reported
weekly consumption were asked about the usual temper-
ature of the tea. Tea consumption was classified as less
than daily drinkers, daily drinkers and preferring: warm
tea, hot tea, or burning-hot tea. Questions about physical
activity included the usual type and duration of activities
in occupational, commuting, domestic, and leisure time in
the past 12 months. Total physical activity levels (meta-
bolic equivalent task [MET]-hours per day) were calculated
by multiplying hours spent on each activity per day by
corresponding physical intensity (MET), and then summing
up the MET-h/d for all activities.

For second-hand smoking, we asked about hours of
second-hand smoke exposure per week and years of living
with a smoker. Participants were asked about years of living
in the present residence and up to 2 previous residences.
For each residence, we asked the participants about fre-
quency of cooking and whether they heated their house in
winter. Participants with a cooking facility in their house
were asked whether the stove has a ventilation facility. We

further asked the participants who cooked monthly or
heated their house in winter about main cooking (eg, gas,
coal, wood, electricity, or other) or heating fuels (ie, central
heating, gas, coal, wood, electricity, or other). Solid fuels
refer to coal and wood, and clean fuels refer to gas, elec-
tricity, and central heating. We categorized fuel types for
cooking and heating in the baseline residence as clean fuels,
solid fuels, or other fuels or no monthly cooking or heating
in the winter. Years of solid fuel use at the past 3 residences
were summed up.

Self-rated health was classified as excellent, good, fair, or
poor. A family history of cancer refers to at least 1 of the
parents or siblings having ever had any cancer. The full
electronic questionnaire is available online at: https://www.
ckbiobank.org/site/binaries/content/assets/resources/pdf/
qs_baseline-final-from10june2004.pdf.

Assignment of Time-Varying and Time-Invariant
Fine (�2.5 mm) Particulate Matter Exposure

In the analyses of Cox model with a time-varying vari-
able, an individual observation was split into multiple re-
cords by year (from wide data to long data). The PM2.5

exposure of each record was assigned according to the
average concentration of that year, when constructing the 1-
year time-varying variable. For example, participant A was
followed up from May 15, 2007 to July 26, 2012. The wide
data of participant A is shown in Supplementary Table 1,
which is transformed to long data of 6 records by year, as
shown in Supplementary Table 2. The Cox model with the 1-
year time-varying variable was performed using the long
data. In the analysis of Cox model with a time-invariant
variable, each participant had only 1 record, with the
average concentration from 2005 to 2017 as the PM2.5

exposure. When constructing 3-year or 5-year time-varying
variables, an individual observation was still divided into
multiple records by year. The PM2.5 exposure of each record
was assigned with an average concentration of the previous
3 (or 5) years. For example, when constructing the 3-year
time-varying variable, the average concentration of 2005–
2007 was assigned to the first record of participant A in
Supplementary Table 2.

Estimated Population Attributable Fractions
The population attributable fraction (PAF) represents

the proportion of incident cases in this population during
follow-up can be prevented if the exposure of a risk factor
reduced to an ideal level, assuming a causal relationship. For
continuous risk factor (PM2.5 and low BMI in this study), the
PAF is defined as:

PAF ¼

Z u

x¼l
HRðxÞPðxÞdx � 1

Z u

x¼l
HRðxÞPðxÞdx

where HR (x) is the hazard ratio as a function of exposure
level x for risk factor with the reference level as l and the
highest level as u; P(x) is the distribution of exposure at x.
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Supplementary Figure 1. Flow diagram of study participants.

For binary risk factors, the PAF is defined as:

PAF ¼ P � ðHR� 1Þ
P � ðHR� 1Þ þ 1

where P is prevalence and HR is the hazard ratio for the risk
factor.

Supplementary Reference
e1. Zhu N, Yu C, Guo Y, et al. Adherence to a healthy

lifestyle and all-cause and cause-specific mortality
in Chinese adults: a 10-year prospective study of
0.5 million people. Int J Behav Nutr Phys Act 2019;
16:98.
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Supplementary Figure 2. Annual average PM2.5 concentration (mg/m3) from 2005 to 2017 among 10 China Kadoorie Biobank
study areas. "U" or "R" in the parentheses indicates whether the area is urban or rural. Values in the legend are mean ± SD of
PM2.5 concentrations from 2005 to 2017 in each area.

Supplementary Figure 3. Distribution of (A) baseline year and (B) years of follow-up.
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Supplementary Table 1.Wide Data of Participant A

Record Participant Start time End time

Average concentration of PM2.5, mg/m
3

2007 2008 2009 2010 2011 2012

1 A May 15, 2007 July 26, 2012 57.6 59.3 60.4 63.5 65.7 67.8

Supplementary Table 2.Long Data of Participant A

Record Participant Start time End time
1-y time-varying

variable of PM2.5, mg/m
3

1 A May 15, 2007 December 31, 2007 57.6

2 A December 31, 2007 December 31, 2008 59.3

3 A December 31, 2008 December 31, 2009 60.4

4 A December 31, 2009 December 31, 2010 63.5

5 A December 31, 2010 December 31, 2011 65.7

6 A December 31, 2011 December 26, 2012 67.8

NOTE. In the analysis of Cox model with a time-invariant variable, each participant had only 1 record, with the average
concentration from 2005 to 2017 as the PM2.5 exposure.
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Supplementary Table 3.Sensitivity Analyses for the Association of Esophageal Cancer Incidence with per 10-mg/m3 Increase
in PM2.5

Variable Cases, n HR (95% CI)

Using 3-y average PM2.5 as time-varying variable 2550 1.25 (1.07–1.46)

Using 5-y average PM2.5 as time-varying variable 2550 1.37 (1.15–1.64)

Using average PM2.5 from 2005 to 2017 2550 1.46 (1.20–1.77)

Excluding incident cases occurred in the first year of follow-up 2319 1.14 (1.01–1.28)

Excluding incident cases occurred in the first 3 years of follow-up 1910 1.10 (0.97–1.24)

Excluding participants in Henan 1265 1.16 (1.02–1.33)

Adding a random intercept for clinic locations 2550 1.16 (1.03–1.30)

Adding a nested random intercept for clinic locations and study areas 2550 1.12 (1.02–1.24)

Using age as time scale 2550 1.14 (1.02–1.26)

Only considering ESCC cases as occurrence of the study outcome 721 1.25 (1.02–1.54)

NOTE. The models were adjusted for age (years), sex, education (no formal school, primary school, middle school, or high
school or above), household income (<10,000, 10,000–19,999, or �20,000 Chinese renminbi/y), occupation (farmers, factory
workers, administrators or managers, technical workers, sales or service workers, self-employed, or others), tobacco smoking
(never smokers, smoking quitters because of reasons other than illness, quitters because of illness or current smokers: 1–14,
15–24, or �25 cigarettes or equivalent per day), alcohol consumption (never regular or less than weekly drinkers, former
weekly drinkers, weekly but not daily drinkers, daily drinkers: <30, 30–59, or �60 g/d of pure alcohol), consumption of red
meat, fresh fruits, fresh vegetables, and preserved vegetables (days per week; assigning according to the midpoint of each
frequency category), consumption of tea and hot tea preference (less than daily drinkers, daily drinkers and preferring: warm
tea, hot tea, or burning-hot tea), total physical activity levels (metabolic equivalent of task-h/d), leisure sedentary time (h/d), fuel
types for cooking and heating at baseline residence (clean fuels, solid fuels, or other fuels or no monthly cooking or heating in
the winter), duration of solid fuel use at the past three residences (years), cookstove ventilation at baseline residence (yes or
no), hours of exposure to second-hand smoke (h/d), duration of living with a smoker (years), BMI (kg/m2), waist-to-hip ratio,
self-rated health status (excellent, good, fair, or poor), and family history of cancer (yes or no).
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