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ABSTRACT

Background: Exposure to particulate matter (PM) has been a major public health threat, but the
potentially differential effects on asthma of PM remain largely unknown in high altitude settings.
We evaluated the effects of ambient PM on asthma in high altitude settings.

Methods: The study recruited a representative sample from high altitude settings using a
multistage stratified sampling procedure. Asthma was defined by a self-reported history of
diagnosis by a physician or by wheezing symptoms in the preceding 12 months. The annual mean
PM2.5 and PM10 concentrations were calculated for each grid cell at 1-km spatial resolution based
on the geographical coordinates.

Results: We analyzed data for participants (mean age 39.1 years, 51.4% female) and 183 (3.7%,
95% confidence interval (CI): 3.2–4.2) of the participants had asthma. Prevalence was higher in
women (4.3%, 95% CI 3.5–5.1) than in men (3.1%, 2.4–3.8) and increasing with higher concen-
tration of PM exposures. For an interquartile range (IQR) difference (8.77 mg/m3) in PM2.5 expo-
sure, the adjusted odds ratio (OR) was 1.64 (95% CI 1.46–1.83, P < 0.001) for risk of asthma. For
PM10, there was evidence for an association with risk of asthma (OR 2.34, 95% CI: 1.75–3.15,
P < 0.001 per IQR of 43.26 mg/m3). Further analyses showed that household mold or damp
exposure may aggravate PM exposure associated risks of asthma.

Conclusions: This study identified that PM exposure could be a dominate environmental risk
factor for asthma but largely unconsidered in the high-altitude areas. The association between PM
exposure and asthma should be of interest for planners of national policies and encourage pro-
grams for prevention of asthma in residents living at high altitudes.
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INTRODUCTION

Asthma is one of the major chronic airway dis-
eases around the world characterized by higher
morbidity, mortality, and economic costs.1,2

Globally, asthma affects 262.4 million people as
estimated in 2019, with low- and middle-income
countries (LMICs) contributing 96% of global
asthma-related deaths,3 and 495.1 hundred
deaths from asthma were estimated and 22.8
million disability-adjusted life-years (DALYs) in
2017.4,5 Due to social and economic
development, accelerated urbanization,
environment, and lifestyle changes as well as
population aging, the prevalence of asthma is
increasing rapidly worldwide particularly in
LMICs. There was limited research on asthma at
high altitude.6–8 However, most of these studies
included just subjects younger than 20 years of
age and paid little attention to the effect of
particulate matter on asthma. In addition to well
known risk factors such as obesity and allergic
rhinitis, a variety of allergens and air pollution,
especially particulate matter (PM), were
associated with management of asthma.9–11

Exposure to PM activates the lung oxidative
stress and interacts with different components of
the immune system and ultimately enhances
allergic inflammatory response. Particularly, fine
particulate matter defined by an aerodynamic
diameter �2.5 mm (PM2.5) can reach the terminal
bronchioles and alveolar region which can cause
new cases of asthma and exacerbate pre-existing
asthma.12 Several population-based studies have
manifested a significant relationship between PM
and asthma.13,14 The effects of PM exposure on
asthma include contributions to asthma
development,15–18 associations with increased
risk of asthma symptoms,19 and asthma lung
function deficits.20–22 However, limited evidence
exists regarding the effects of PM on asthma
among low- and middle-income residents, partic-
ularly in high altitude areas.

In this study, we aimed to depict the overall
characteristics, environmental exposures, chronic
respiratory symptoms, and pulmonary function
parameters of people living at high altitude. We
also determined the prevalence of asthma, esti-
mated the risk factors for prevalent asthma, and
quantified the association between PM exposure
and asthma among residents living in high altitude
in China in this population-based study.

METHODS

Study design and participants

The study was performed in the region with
altitude of 2100–4700 m and selected a repre-
sentative sample of subjects through a multistage
stratified sampling procedure which covering
geographical region, degree of urbanization, and
the sex and age distribution during June 2015 and
August 2016. Details of the design and sampling
method of the study have been presented previ-
ously.23 Shortly, we firstly selected 8 districts or
counties in both urban (2 districts) and rural (6
counties) areas by the probability proportional to
size method. Then 2 streets or townships were
picked out from each district or county, and 3
communities or village communities were picked
out from each street or township by a simple
random sampling method. Finally, according to
the 2010 China census data from communities or
villages, we chose participants from each of the
sex/age strata through the same method. Only 1
participant from each household was chosen. The
permanent residents (ie, living in their current
residence for more than 1 year) aged �15 years
were included for the analysis. The excluded
criteria were treatment for tuberculosis during
the study, hospital admission for any cardiac
condition in the preceding 3 months, any
condition that would interfere with spirometry
(such as recent thoracic, abdominal, or eye
surgery, or retinal detachment), and women who
were pregnant or breastfeeding.

Patient and public involvement

Patients or the public were not involved in the
design, or conduct, or reporting, or dissemination
plans of our research.

Procedures

Pulmonary function tests were performed in all
qualified study participants (spirometry) through a
MasterScreenTM Pneumo PC spirometer (Care-
Fusion, Yorba Linda, CA) according to American
Thoracic Society/European Respiratory Society
(ATS/ERS) recommendations by trained techni-
cians.24,25 Each participant was required to do the
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same procedure twice, before and after receiving
a bronchodilator (400 mg of salbutamol through a
500 ml spacer). The expert panel of physicians
and senior technicians in local health centres
were responsible for the checking of
measurement results on the basis of criteria from
the ATSociety/ERS criteria to perform strictly
quality control. A standardized questionnaire
covering demographic characteristics, clinical
measurements, medical history, history of related
respiratory disease, smoking status, living
conditions, respiratory symptoms, and
occupational and environmental factors was
administered by experienced interviewers at local
community centers.

Asthma and particulate matter exposure

Asthmawas determinedby a self-reported history
of asthma diagnosis by a physician or by wheeze
symptoms in the preceding 12months based on the
asthma questionnaire from the European Commu-
nity Respiratory Health Survey (ECRHS).26 This
questionnaire has been well validated by the
national cross-sectional study in China.27

PM2.5 concentrations were predicted by random
forest models at daily level and 1 km � 1 km
spatial resolution in 2013–2019 in mainland China
with full spatiotemporal coverage. The detailed
methodology was described in the previous
study28 and summarized here. Random forest
models were developed with ground measured
PM2.5 concentrations as a dependent variable,
and Multi-Angle Implementation of Atmospheric
Correction aerosol optical depth (MAIAC AOD),
MERRA-2 simulated PM2.5 concentrations, meteo-
rological parameters, land use data, and popula-
tion density as predictor variables in 2013–2019.
Overall, ten-fold cross validation R2 and root-
mean-square error (RMSE) values between
measured and predicted PM2.5 at daily level of the
random forest models were 0.84 and 16.08 mg/m3,
respectively. PM10 concentrations were predicted
by random forest models at daily level and
1 km � 1 km spatial resolution in 2013–2019 in
mainland China with full spatiotemporal coverage.
We developed random forest models by
combining ground measured PM10 concentra-
tions, Multi-Angle Implementation of Atmospheric
Correction aerosol optical depth (MAIAC AOD),
MERRA-2 simulated PM10 concentrations, PM10
simulations from the Community Multiscale Air
Quality (CMAQ) modeling system, meteorological
parameters, land use data, visibility, and popula-
tion density. Overall, ten-fold cross validation R2

and root-mean-square error (RMSE) values be-
tween measured and predicted PM10 at daily level
of the random forest models were 0.86 and
23.15 mg/m3, respectively.

The monthly and annual mean PM2.5 and PM10

concentrations were calculated for each grid cell at
1-km spatial resolution. They were assigned to par-
ticipants based on the geographical coordinates,
which were converted by the specific address infor-
mation through geocoding, respectively.
Variables

Small airway dysfunction was diagnosed when
at least 2 of the following 3 indicators were less
than 65% of predicted values: MMEF, FEF at 50%
of vital capacity, and FEF at 75% of vital capacity.29

Allergic rhinitis was defined based on the Allergic
Rhinitis and Its Impact on Asthma (ARIA)
questionnaire.30
Statistical analysis

The analyses included a description of the
sample, evaluation of mean spirometric results,
and calculation of the prevalence of asthma. The
Analysis of Variance (ANOVA) or Student’s t-test
for continuous variables and by c2 test for cate-
gorical variables were tested. Multivariable logistic
regression models were built to quantify the rela-
tionship between PM exposures and asthma. The
models also included odds ratios (ORs) with 95%
confidence intervals (CIs). Difference of lung
function parameters, including the means and 95%
CIs, per interquartile range (IQR) change of PM2.5

or PM10 were statistically analyzed by multivariable
linear regression models. Potential confounders
considered were: age, gender, body mass index
(BMI), educational level, smoking status, house-
hold mold or dampness, and allergic rhinitis. The
statistically significant differences were considered
with two-sided p < 0.05. In addition, we conduct-
ed several subgroup analyses stratified by the
above variables and further assessed the potential
interaction by using a multiplicative interaction
term between PM exposure and a categorization
variable. Associations were estimated by ORs and



Total (n ¼ 4967) Male (n ¼ 2415) Female (n ¼ 2552) P value

Age, years 39.10 (14.33) 37.89 (14.30) 40.25 (14.26) <0.001
15-44 3248 (65.4%) 1679 (69.5%) 1569 (61.5%) <0.001
45-64 1471 (29.6%) 614 (25.4%) 857 (33.6%)
�65 248 (5.0%) 122 (5.1%) 126 (4.9%)

Education attainment
Primary school and lower 2668 (53.7%) 1048 (43.4%) 1620 (63.5%) <0.001
Middle and high school 1326 (26.7%) 747 (30.9%) 579 (22.7%)
College and higher 973 (19.6%) 620 (25.7%) 353 (13.8%)

BMI, kg/m2 23.72 (3.99) 23.61 (3.72%) 23.82 (4.23%) 0.076
<18.5 361 (7.3%) 160 (6.6%) 201 (7.9%) 0.197
18.5–24.9 2880 (58.0%) 1420 (58.8%) 1460 (57.2%)
�25.0 1726 (34.7%) 835 (34.6%) 891 (34.9%)

Cigarette smoking
Never-smoker 3604 (72.6%) 1233 (51.1%) 2371 (92.9%) <0.001
Ever-smoker 1363 (27.4%) 1182 (48.9%) 181 (7.1%)

Household mold or damp 175 (3.7%) 76 (3.3%) 99 (4.1%) 0.175

PM2.5 exposure, ug/m3 33.57 (10.78) 33.30 (10.98) 33.82 (10.58) 0.088
<26 2060 (41.5%) 1112 (46.0%) 948 (37.1%) <0.001
26-34 1716 (34.5%) 745 (30.8%) 971 (38.0%)
�35 1191 (24.0%) 558 (23.1%) 633 (24.8%)

PM10 exposure, ug/m3 66.73 (23.47) 64.99 (23.54) 68.37 (23.28) <0.001
<48 1393 (28.0%) 834 (34.5%) 559 (21.9%) <0.001
48–90 2309 (46.5%) 994 (41.2%) 1315 (51.5%)
�91 1265 (25.5%) 587 (24.3%) 678 (26.6%)

Symptoms
Frequent cough 712 (14.6%) 365 (15.3%) 347 (13.9%) 0.167
Sputum 656 (13.4%) 397 (16.7%) 259 (10.4%) <0.001
Recurrent wheezing 257 (5.3%) 106 (4.5%) 151 (6.0%) 0.015
Dyspnea in daily life 1403 (28.7%) 591 (24.8%) 812 (32.5%) <0.001

Lung function parameters
FVC post-BD, L 3.78 (0.99) 4.30 (0.96) 3.28 (0.72) <0.001
FVC post-BD % pred 106.71 (24.75) 101.17 (21.24) 111.94 (26.62) <0.001
FEV1 post-BD, L 3.17 (0.86) 3.61 (0.85) 2.77 (0.64) <0.001
FEV1 post-BD % pred 106.21 (25.63) 101.85 (21.72) 110.33 (28.25) <0.001
FEV1/FVC post-BD, % 84.44 (9.77) 84.20 (10.11) 84.66 (9.43) 0.098
MMEF post-BD, L 3.20 (1.38) 3.58 (1.48) 2.83 (1.17) <0.001
MMEF post-BD % pred 83.30 (33.87) 84.55 (33.55) 82.10 (34.14) 0.014
FEF50% post-BD, L 4.22 (1.58) 4.77 (1.70) 3.70 (1.25) <0.001
FEF50% post-BD % pred 95.30 (31.69) 98.12 (32.34) 92.63 (30.83) <0.001
FEF75% post-BD, L 1.93 (1.01) 2.15 (1.12) 1.72 (0.83) <0.001
FEF75% post-BD % pred 102.49 (52.64) 104.85 (52.50) 100.27 (52.69) 0.003

Asthma 183 (3.7) 74 (3.1) 109 (4.3%) 0.029

SAD 1417 (28.8%) 614 (25.7%) 803 (31.8%) <0.001

Allergic rhinitis 711 (14.5%) 291 (12.2%) 420 (16.8%) <0.001

Table 1. Demographics and risk factors by gender in the high-altitude residents. Data are expressed as number (%) or mean (standard deviation,
SD). BMI, Body mass index; PM2.5, Particulate matter with a diameter �2.5 mm; PM10, Particulate matter with a diameter �10 mm; post-BD, post-bronchodilator;
FVC, Forced vital capacity; FEV1, Forced expiratory volume in the first second; MMEF, Maximum mid-expiratory flow; FEF, Forced expiratory flow; SAD, Small
airway dysfunction
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Overall Men Women

%, 95%CI %, 95%CI %, 95%CI

Prevalence 3.7 (3.2–4.2%) 3.1 (2.4–3.8%) 4.3 (3.5–5.1%)

Age, years
15-44 2.0 (1.5–2.5%) 1.4 (0.9–2.1%) 2.5 (1.8–3.5%)
45-64 5.6 (4.5–6.9%) 4.9 (3.3–6.9%) 6.2 (4.7–8.0%)
�65 14.5 (10.4–19.5%) 16.4 (10.3–24.2%) 12.7 (7.4–19.8%)

P for difference <0.001 <0.001 <0.001

Education attainment
Primary school and lower 5.0 (4.2–5.9%) 4.8 (3.6–6.2%) 5.2 (4.2–6.4%)
Middle and high school 2.6 (1.8–3.7%) 2.4 (1.4–3.8%) 2.9 (1.7–4.7%)
College and higher 1.4 (0.8–2.4%) 1.0 (0.4–2.1%) 2.3 (1.0–4.4%)

P for trend <0.001 <0.001 0.009

BMI, kg/m2

<18.5 3.3 (1.7–5.7%) 2.5 (0.7–6.3%) 4.0 (1.7–7.7%)
18.5–24.9 2.7 (2.1–3.3%) 2.0 (1.4–2.9%) 3.3 (2.4–4.3%)
�25.0 5.4 (4.4–6.6%) 4.9 (3.5–6.6%) 5.9 (4.5–7.7%)

P for trend <0.001 <0.001 0.008

Cigarette smoking
Never-smoker 3.4 (2.8–4.1%) 2.6 (1.8–3.6%) 3.8 (3.1–4.7%)
Ever-smoker 4.4 (3.4–5.6%) 3.6 (2.6–4.8%) 9.9 (6.0–15.3%)

P for difference 0.098 0.172 <0.001

Household mold or damp
Yes 10.9 (6.7–16.4%) 5.3 (1.5–12.9%) 15.2 (8.7–23.8%)
No 3.6 (3.1–4.2%) 3.2 (2.5–4.0%) 4.0 (3.3–4.9%)

P for difference <0.001 0.310 <0.001

Small airway dysfunction
Yes 6.5 (5.3–7.9%) 5.0 (3.5–7.1%) 7.6 (5.9–9.7%)
No 2.5 (2.0–3.1%) 2.4 (1.7–3.2%) 2.7 (2.0–3.6%)

P for difference <0.001 <0.001 <0.001

Allergic rhinitis
Yes 7.0 (5.3–9.2%) 7.2 (4.5–10.8%) 6.9 (4.7–9.8%)
No 3.2 (2.7–3.8%) 2.5 (1.9–3.3%) 3.8 (3.1–4.8%)

P for difference <0.001 <0.001 0.004

Table 2. The prevalence of asthma in the residents aged 15 years older living at high altitude. CI, Confidence interval; BMI, body mass index;
PM2.5, Particulate matter with a diameter �2.5 mm; PM10, Particulate matter with a diameter �10 mm.*Data missing for household mold or damp (n ¼ 281), small
airway dysfunction (n ¼ 55), allergic rhinitis (n ¼ 75)
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their 95% CIs, associated with per IQR increase in
PM exposures. Additionally, we used a natural
cubic spline term with 3� of freedom for PM2.5 and
PM10 to model dose-response curves. All analyses
were performed with R statistical program version
4.0.3 (www.r-project.org/).
RESULTS

As shown in Figure S1, 5843 subjects were
participated in the survey; 196 refused to join in
the survey, and 680 were excluded from the
analysis because they were unable to finish the

http://www.r-project.org/


Fig. 1 The prevalence of asthma based on PM exposures in population aged 15 years and older. A. The prevalence of asthma for subjects
exposed to different subgroups of PM2.5 based on sex. B. The prevalence of asthma for subjects exposed to different subgroups of PM10
based on sex. Bars represent mean prevalence and error bars represent 95% CI.
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spirometry examination, had failed to complete
the post-bronchodilator test, or had unreliable re-
sults from the post-bronchodilator test. Finally, the
analysis for asthma included 4967 individuals
(2415 men and 2552 women) who finished the
questionnaire survey and had credible pulmonary
function tests before and after using a
bronchodilator.

Data descriptive statistics

Table 1 summarizes the general characteristics
and risk factors of the study population. Among
the 4967 participants, 183 (3.7%) had diagnosed
with asthma and 1417 (28.8%) had small airway
dysfunction. The average concentration of PM2.5

and PM10 was 33.57 (10.78) ug/m3 and 66.73
(23.47) ug/m3, respectively. The characteristics and
risk factors of the study population grouped
according to IQR of PM2.5 and PM10 are
presented in Table S1 and S2. Subjects exposed
to highest concentration of PM2.5 (�35 mg/m3)
and PM10 (�91 mg/m3) tended to have a higher
proportion of exposure mold or damp, a higher
proportion of asthma and small airway dysfunction.

The prevalence of asthma

The overall prevalence of asthma was 3.7% (95%
CI 3.2–4.2) among the general population aged 15
years or older (Table 2). Women had a higher
prevalence (4.3%, 95% CI 3.5–5.1%)) than did
men (3.1% 95% CI 2.4–3.8; p < 0.001). This sex
difference was noted among age groups in the
general population. The prevalence increased
with age and was 2.0% (95% CI 1.5–2.5) among
individuals aged 15–44 years, 5.6% (4.5–6.9)
among those aged 44–45 years, and 14.5% (10.4–
19.5) among those aged 65 years or older in the
general population (p < 0.001 for age
difference). Besides that, the prevalence of
asthma increased with increase of concentrations
based on subgroups of PM2.5 and PM10 (Fig. 1).
Asthma prevalence was higher in residents
exposed to 35 mg/m3 or higher concentration of
PM2.5 (7.5%, 95% CI 6.0–9.1) than 26–34 mg/m3

(3.7%, 95% CI 2.8–4.7) and lower than 26 mg/m3

(1.5%, 95% CI 1.0–2.1). In the subgroups of PM10,
asthma prevalence was 7.1% (95% CI 5.8–8.7) for
91 mg/m3 or higher, 3.0% (2.3–3.8) for 48–90 mg/
m3 and 1.7% (1.1–2.6) for lower than 48 mg/m3.
Associations by particulate matter exposures

Table 3 outlines associations of PM exposures
with asthma. PM exposures were closely related
with increased risk of asthma. After controlling
for gender, age, BMI, education, smoking status,
exposure to household mold or dampness, and
allergic rhinitis, the OR (95% CI) were 1.64 (1.46–
1.83) for asthma associated with each IQR rise in
PM2.5 concentration (8.77 mg/m3) and 2.34 (1.75–
3.15) for asthma associated with each IQR rise in
PM10 concentration (43.26 mg/m3). The exposure-
response curves between PM exposures and
asthma suggested an approximately linear rela-
tionship (Fig. 2).
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Exposures Asthma

OR (95% CI) P value

PM2.5 (per 8.77 mg/m3 increase)

Crude OR (95% CI) 1.60 (1.44–1.76) <0.001

Adjusted OR (95% CI)a 1.64 (1.46–1.83) <0.001

PM10 (per 43.26 mg/m3 increase)

Crude OR (95% CI) 2.50 (1.91–3.29) <0.001

Adjusted OR (95% CI)a 2.34 (1.75–3.15) <0.001

Table 3. Estimates of ORs for asthma associated with per interquartile range increase exposure to PM. PM2.5, Particulate matter with a diameter
�2.5 mm; PM10, Particulate matter with a diameter �10 mm; OR, odds ratio; CI, confidence interval. aAdjusted OR: adjustments for age, sex, BMI, education,
smoking status, exposure to household mold or damp, and allergic rhinitis
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Figure S2 and Figure S3 elucidate subgroup
analyses of PM exposures and asthma
associations stratified by gender, age group,
education level, BMI, allergy rhinitis, and
environmental factors (ie, smoke status and
household mold or damp). We observed
suggestive evidence that household mold or
dampness exposure may aggravate PM2.5

associated risks of asthma, with P value of 0.034
for the interaction of household mold or
dampness exposure with PM2.5, but we failed to
identify any significant modifying effects with PM10.

Associations of particulate matter exposures with
lung function

For asthma population, there were statistically
significant and inverse associations of PM exposures
with some indicators of lung function. Table S3 and
S4 revealed the estimates on volume and flow
indicators of lung function associated with per IQR
increase of PM exposures. PM2.5 was statistically
significantly associated with lower measurements
of FEV1, FEF50% and FEF75%. An IQR increase of
PM2.5 concentrations was associated with lower
FEV1 (96.80 ml, 95% CI: 26.68–166.96), FEF50%
(197.58 ml, 95% CI: 63.99–331.17) and FEF75%
(170.29 ml, 95% CI: 97.42–243.16). For lung
function parameters, there was no statistically
significant association was found with PM10.
DISCUSSION

To our knowledge, the population-based study
has provided the prevalence and related risk
factors of asthma among residents aged 15 years
or older living in high altitude. Our large
comprehensive asthma survey, which through a
stringent sampling design and standard methods
for asthma assessment, found an asthma preva-
lence of 3.7% among the high-altitude residents.
After adjustment for confounding factors, PM ex-
posures was associated with an increased odds of
asthma which could be aggravated by household
mold or damp exposure.

Asthma has been identified as the most preva-
lent chronic respiratory disease worldwide by the
Global Burden of Disease study. A study from 70
countries determined that the global prevalence of
wheezing in adults aged 18–45 years was esti-
mated to be 4.3% (95% CI: 4.2–4.4), with the
highest rates found in Australia (27.4%), the
Netherlands (22.7%), the United Kingdom (22.6%),
Brazil (22.6%), and Sweden (21.6%).31 The
prevalence of asthma in China is likely to
increase rapidly due to accelerated urbanization,
ageing population and fast changes in the
environment. Below 1500 m areas in China, the
prevalence of physician diagnosed asthma was
1.2%32 and the prevalence of asthma range from
4.2% to 5.8%27,33 on the basis of wheezing and
physician diagnosis. However, very limited
specific data exist concerning prevalence of
asthma in high altitudes.

There are a few prior studies on prevalence of
asthma at high altitude. A study in urban Lhasa
characterized schoolchildren aged 13–14 years
and found that the overall prevalence was 3.3%,
based on diagnosed to have asthma, having ever



Fig. 2 Concentration response curves between PM exposures and asthma. A. PM2.5 exposures associate with the risk of asthma. B. PM10

exposures associate with the risk of asthma.
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experienced wheezing, and current wheezing.6

This result was similar to our findings of asthma
prevalence. According to a study by Chelsea
Gaviola et al, who analyzed 509 participants from
urban and rural Puno (3825 m elevation Highly),
the estimated prevalence of asthma was 4.0% for
urban subjects and 1.8% for rural subjects,
respectively.7 A cross-sectional, multi-centre sur-
vey from GAN Phase I carried out in 15 centres
corresponding to 14 Mexican cities throughout
2016–2019 found wheezing ever prevalence was
26.2% (95% CI 25.8–26.7%) in school children and
23.9% (95% CI 23.4–24.3%) in adolescents, and
there was a negative relation with center sea level
altitude higher than 1500 m above mean sea level
(p < 0.005).8 However, these studies included just
adolescents and used a relatively small sample or
lack of rigorous random sampling methods. More
importantly, these studies did not explore the
relationship between particulate matter exposure
and asthma. Ultimately, by using a standard
method for asthma definition, we detected the
asthma prevalence with higher sensitivity, which
is important in low- and middle-income countries
where medical resources and equipment were
scarce for accurate diagnosis.

Previous studies found that PM exposure had
an approximate linear relationship with asthma
and was positively associated with an increase in
odds of asthma. Our results are generally consis-
tent with several previous studies.13,16,17,34 A
cohort study using data of 3687 participants
showed higher incidence of asthma until the age
of 20 years with higher exposure to pollutants at
the birth address (OR [95% CI]: 1.09 [1.01–1.18]
for PM10 per IQR increase) that were rather
persistent with age.15 Another cohort study in
Toronto, Canada found that long-term PM2.5

exposure could contribute to increases in the
incidence of adult asthma independent of other
potential risk factors.17 One study from 2008 to
2013 Survey of the Health of Wisconsin (SHOW)
program found that an increase of 5 mg/m3 in
the annual mean PM2.5 can lead to a 3.58
increase in the adjusted odds of having
asthma.34 Another large national cohort study
performed among American women reported
that higher PM2.5 concentrations were
associated with incident wheeze and asthma.16

And the cross-sectional study in 6 low- and
middle-income countries found that the adjusted
prevalence ratio of asthma was 1.05 for each 10
mg/m3 increase in PM2.5 after controlling for the
effects other confounders, suggesting that long-
term exposure to PM2.5 might be an important
risk factor of asthma.13 The SAPALDIA cohort
study investigating associations between traffic-
related particulate matter up to 10 mm in diam-
eter (TPM10) and the incidence of asthma found
that the hazard ratio (1.30; 95% CI 1.05 to 1.61)
per 1 mg/m3 change in TPM10.

18 Besides, we
found that some indicators of lung function were
significantly inverse associations of PM2.5 among
asthma cases. The results were consistent with
the prior studies. A longitudinal panel study in
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Beijing by Ruirui Duan et al found that lower FEV1,
FVC, and PEF was associated with PM2.5 exposure
in asthma patients.22 Another large-scale study
among Chinese populations also confirmed that
exposure to ambient PM2.5 was associated with
lower large- and small-airway function.20 Our
findings may have significant public health
implications in informing environmental and
health care policymakers to make greater efforts
in clean air actions, so as to reduce the burden
of asthma associated with ambient particulate air
pollution in high altitude areas.

We also identified several risk factors associated
with asthma in the high-altitude population. Recent
studies have suggested a relationship between
asthma and age. Those studies indicated that the
prevalence of asthma increased with age,35–37

consistent with our study. In addition to genetic
determinants, the influence of environmental
factors also increases with age. Furthermore, it is
necessary to pay more attention to older asthma
patients who were associated with increased
morbidity and mortality. Second, exposure to
household mold or dampness in the current
residence was found to be an important risk
factors for asthma, consistent with a previous
report.38,39 And our study showed that
household mold or dampness exposure may
aggravate PM exposure associated risks of
asthma. Thus, improvement of home environment
and ventilation measures should be a crucial
strategy for residents in high altitude.

Our study findings also have vital public health
implications. First, the sample size of this survey
was large and the samples were obtained using a
multistage stratified sampling procedure with strict
quality control measures throughout the whole
process in high altitude areas. And this is the first
epidemiological study on asthma in residents
aged 15 years or older in high altitude areas of
China. It provides data for better prevention and
treatment of asthma in the future. Furthermore,
another major finding of this study is the risk fac-
tors affect to a different degree the prevalence of
asthma at high altitude. PM exposures may be the
prevented factors for asthma patients, provided
more useful information for policymakers to
consider more stringent air pollution control
measures. Our results demand an increased focus
on asthma management for residents living in high
altitude to controlling air pollution by ideological
attention, policy formulation, and behavioral
containment. Several limitations to our study also
should be noted. First, as a cross-sectional study, it
could not ascertain the causal relationship be-
tween PM exposure and asthma. The longitudinal
studies are needed in order to determine the
relationship. Second, the study may lead to the
misclassification of chronic obstructive pulmonary
disease as asthma because both diseases present
with wheezing, and our results are prone to
reporting bias. Third, other environmental factors
such as temperature, wind conditions, and baro-
metric pressure may aggravate the PM concen-
trations. Unfortunately, these data were not
collected in our study. Data analysis may not be
possible due to limited data.40,41 Finally, our air
pollution of data particulate matter only included
PM2.5 and PM10, so we could not estimate the
effects of other size-specific particulate matters,
such as PM1 on asthma.

Conclusions

In conclusion, our data indicate the prevalence of
asthma among a large sample of high-altitude res-
idents aged more than 15 years living at high alti-
tude (3.7%). In addition, we also studied whether
PM exposures could be critical risk factors for
asthma, particularly those exposed to household
mold or dampness. It is feasible to raise awareness
of the severity of air pollution and take practical
measures to improve the environmental situation.
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