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Background: The relationships between short-term ozone exposure and
the acute exacerbations of asthma in adults have not been fully studied.
Existing studies commonly ignored the effects of ozone on mild or early
asthma exacerbations.

Objective: To investigate the associations between short-term ozone
exposure and asthma exacerbations in Chinese adults.

Methods: We administered health management for adult asthma patients
through the Respiratory Home Platform and required them to monitor their
lung function every morning and evening by themselves. Finally, a total of
4,467 patients in 18 Chinese cities were included in the current analyses, with
79,217 pairs of lung function records. The maximum daily 8-h average ozone
concentrations were collected from fixed-site air quality monitoring stations.
We calculated diurnal peak expiratory flow (PEF) variation using morning and
evening measurements of PEF and then defined different severity of asthma
exacerbations with diurnal PEF variations >10, 15, and 20%, respectively.
A binomial distributed generalized additive mixture model combined with
distribution non-linear models was applied to examine the association of
ozone with asthma exacerbations. We further conducted stratified analyses by
sex, age, season of lung function tests, and region.

Measurements and results: We found that short-term ozone exposure
was independently associated with an elevated risk of asthma exacerbations
defined by lung function and the effects could last for about 2 days.
At lag 0-2 days, each 10 pLg/m3 increment in ozone concentration was
associated with odds ratios of 1.010 [95% confidence interval (Cl): 1.003,
1.017], 1.014 (95% CI: 1.005, 1.023), and 1.017 (95% CI: 1.006, 1.028)
for asthma exacerbations that were defined by diurnal PEF variation over
10, 15, and 20%, respectively. The associations remained significant after
adjusting for other pollutants, and became unstable when using 24-h average
ozone concentration. We also found that the associations were relatively
stronger in males, those aged 45 years and older, and in the warm season.
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Conclusions:
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Our results suggest that short-term ozone exposure can

increase the risk of asthma exacerbations, even in the early stage of
exacerbation. Male and older asthma patients may be more vulnerable to
ozone air pollution, especially in the warm season.

ozone, asthma exacerbation, lung function, diurnal peak expiratory flow variation,

longitudinal study

1. Introduction

By 2019, ~262 million people worldwide suffered from
asthma, one of the most common respiratory diseases, and
nearly half a million died from asthma each year (1). In China,
the prevalence of asthma in people aged > 20 years was 4.2%
through 2019, with a total of 45.7 million asthmatic patients
(2). Asthma tends to progress over time and tends to present
with recurrent relapses and remissions. At present, the overall
goal of asthma management is to get asthma under control,
that is, to minimize the symptom burden and the risks of acute
exacerbations (3, 4). Research suggested that daily monitoring
of lung function and restricting exposure to risk factors are
essential for asthma health management (5, 6). Unlike childhood
asthma, adult-onset asthma exhibits poorer control and a rapid
decline in lung function. Therefore, recognizing risk factors
for adult asthma exacerbations will aid in the prevention and
management of acute asthma attack in adults.

As a highly oxidizing and reactive gas, inhaled ozone is
considered to be one of toxicants for the respiratory tract,
which has been linked to a variety of adverse respiratory
outcomes, such as a higher risk of respiratory mortality,
increased incidence of respiratory diseases, and exacerbation of
respiratory irritations (7, 8). Previous epidemiological studies
have investigated the associations between ozone pollution and
acute asthma exacerbations (9-11). For example, a national
study in US and multi-city studies in Texas have associated
short-term ozone concentration with asthma hospitalization
(10, 12, 13). Associations of ozone with asthma emergency room
visits were also reported in many studies (14, 15). A recent
meta-analysis concluded that pooled relative risks per 10 pg/m>
in ozone concentration were 1.014 for asthma hospitalization
and 1.006 for asthma emergency room visits (9). Moreover,
Pepper et al. also found that ambient ozone concentration was
positively associated with the use of short-acting beta-2 agonists,
a medication for asthma attacks, providing additional evidence
for ozone exposure and asthma exacerbations (11).

Collectively, almost all these studies used emergency room
visits and hospital admissions to indicate asthma exacerbation,
which may limit capacity to capture acute exacerbations without
noticeable symptoms. As a global authority on the prevention
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and treatment of asthma, the Global Initiative for Asthma
(GINA) believes that lung function measures, such as peak
expiratory flow (PEF), are more responsive and reliable than
symptoms (e.g., coughing or shortness of breath) in reflecting
asthma exacerbation during the acute phase (5). In addition,
most previous studies focused on childhood asthma and most
have been carried out in Europe and the United States. The
relationships between short-term ozone exposure and the acute
exacerbations of asthma in adults have not been adequately
studied, especially in China.

Therefore, we conducted this multi-city longitudinal
study with repeated measurements to investigate the possible
associations of short-term ozone exposure with asthma
exacerbations defined by individual lung function in Chinese
adults. We further assessed whether these associations were
modified by sex, age, the season when lung function was tested,
and the region where the participants lived.

2. Materials and methods

2.1. Study design and population

This is a dynamic longitudinal study with repeated
measurements in adults with asthma from the Respiratory
Home Platform. The entire study began on January 1, 2017
and ended on December 31, 2020. A total of 11,599 physician-
diagnosed mildly asthmatic patients registered on this platform
and received daily follow-ups for asthma management. The
median duration of follow-ups was 31 days. All patients
were instructed to use a portable spirometer to consecutively
monitor their lung function twice daily. Baseline information on
individual characteristics [including sex, age, body mass index
(BMI)] and residential address was also obtained through the
platform. As described previously (16, 17), we excluded those
with unknown baseline information, those younger than 18
years or older than 90 years, and those living outside urban
areas. The Institutional Review Board in School of Public
Health, Fudan University, reviewed and approved the study
protocol (IRB#2021-04-0889). Informed consent was obtained
from all participants.
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2.2. Health outcomes

Each registered patient was assigned a portable and smart
spirometer (BreathHome Inc., China) for daily monitoring
of their lung function. These devices meet the requirements
of American Thoracic Society and European Respiratory
Society (ATS/ERS). After receiving technical training from their
physicians, all participants were able to use the spirometer
correctly to measure their lung function by themselves in strict
accordance with the standard procedures (18). Participants
were required to complete a lung function test in the morning
(approximately between 6 and 10a.m.) and again in the
evening (approximately between 6 and 10 p.m.) daily at home.
For each round of test, participants were asked to conduct
three consecutive measurements of lung function, and the
measurements would be recorded and uploaded to the Breath
Home platform. If a patient did not complete two rounds of lung
function tests in 1 day, the records on that day for this patient
would be excluded from the current analysis. We also excluded
participants who had <3 days of lung function monitoring.

In the present study, we downloaded data on PEF from
the Respiratory Home Platform and calculated the diurnal PEF
variation according to the following equation (16):

|PEF,, — PEF,|

x 100%
0.5 x (PEF,, + PEF,)

diurnal PEF variation =

o

where PEFy, and PEF. refer to the highest PEF value
measured in the morning and the evening on the same
day, respectively.

We then defined asthma exacerbation based on the
calculated diurnal PEF variation. In many previous studies,
diurnal PEF variation has been used to indicate the severity
of asthma (16, 19). The GINA guidelines and previous
studies showed that diurnal PEF variation exceeding 10, 15,
and 20% demonstrated reversible airflow restriction, airway
inflammation, and severe asthma attack, respectively (5, 16,
20). Therefore, we used these cut-off values to compute three
binary variables to indicate acute exacerbation of asthma
10%)
can simultaneously capture mild, moderate, and relatively

in this study. The broad definition (cut-oft value =

severe asthma exacerbation, whereas the strict definition (cut-
off value = 20%) limits outcomes of interest to relatively
severe exacerbations.

2.3. Environmental measurements

Ambient ozone concentrations were measured by the state-
controlled air quality monitoring stations in real-time and were
uploaded on the Chinas National Urban Air Quality Real-time
Publishing Platform. All monitoring stations are located far
away from buildings, factories, and major traffic roads, and thus
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are not affected by local pollution sources and can truly reflect
ambient ozone levels in the city. We obtained hourly ozone
data from this platform and assigned data from the monitoring
station nearest to the participants’ residential address (median
distance of 3.3km) to the corresponding participants. Given
that the diurnal PEF variation reflected the variability of lung
function throughout the day, we used the maximum daily 8-
h average concentration as a daily exposure metric for ozone,
which was widely used in epidemiological studies (21, 22). We
calculated the maximum daily 8-h average concentration only
when the hourly measurements covered more than 75% of this
time period. In addition, we calculated the 24-h average ozone
concentration for sensitivity analysis.

We also obtained other air pollutants data from the
platform, including particulate matter with an aerodynamic
diameter <2.5pm (PMj5), nitrogen dioxide (NOj), sulfur
dioxide (SO3), and carbon monoxide (CO). We calculated 24-
h average concentrations for these pollutants. Meteorological
data were obtained from the China Meteorological Data
Sharing Service, including 24-h average temperature and relative
humidity. In statistical analyses, we excluded outliers of the
meteorological data and pollutant data when they are greater
than (mean + 3 x standard deviation) or less than (mean - 3
x standard deviation).

2.4. Statistical analyses

2.4.1. Main analyses

Generalized additive mixed (GAM) models with binomial
distribution were employed to estimate the associations of ozone
exposure with asthma exacerbation. In the main analysis, we
introduced three dichotomous variables of asthma exacerbation
defined by diurnal PEF variation as a dependent variable,
separately. Participants’ ID number was included as a random
effect intercept. We fitted a distributed non-linear model
(DLNM) to generate a cross-basis matrix of ozone, and then
incorporated it in the GAM models as an independent variable.
The DLNM has an advantage of exploring the associations
between ozone and asthma exacerbation along two dimensions
of exposure variation and lag, simultaneously. Specifically, we
used a linear function to characterize the exposure-response
dimension, since most previous studies have demonstrated the
linearity of the health effects of ozone (22-25), and used a B-
spline function with 2 degrees of freedom to characterize the
lag-response dimension. A maximum lag of 7 days was used
in the DLNM to capture the potential lagged effects of ozone.
In addition, other covariates were also included: (1) individual
characteristics (sex, age and BMI); (2) season of lung function
tests; (3) regions (southern and northern China); (4) a natural
spline function for calendar days from the start of the study to
the end of the study with 4 degrees of freedom per year; and (5)
natural splines of 8-d moving average temperature and relative
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humidity over lag 0-7 days, both with 3 degrees of freedom.
Based on the lag pattern, the lag period with the most prominent
cumulative effect would be selected as the main lag period and
used in the main model and subsequent analyses.

2.4.2. Sensitivity analyses

We performed three sensitivity analyses to test the
robustness of our results. First, as in previous environmental
epidemiological studies, we fitted two-pollutant models to
additionally control for possible confounding by PM; 5, NO,
SO,, and CO. Second, we controlled for temperature and relative
humidity using alternative lag periods, including the average
values on the present day of lung function tests (lag 0 day) and
moving averages from the present day to the previous 3 days (lag
0-3 days). Third, to examine whether our findings were affected
by the choice of exposure metrics, we replaced the maximum
daily 8-h average ozone concentration with the 24-h average
concentration in the main models.

2.4.3. Additional analyses

Then, we performed subgroup analyses by sex (male and
female), age (18-44 and 45-88 years), season of lung function
tests (warm and cool), and region (southern China or northern
China) to examine their potential effect modifications. We then
assessed the statistical significance of between-group differences
in the associations of ozone with asthma exacerbation by
calculating their 95% confidence intervals (Cls), as in previous
studies (17, 26). In addition, we examined the associations
between the maximum daily 8-h average ozone concentration
and diurnal PEF variation using linear mixed-effect models.

Last, we plotted the exposure-response curves between
ozone and asthma exacerbation. To fully capture the possible
non-linear associations, we used natural cubic splines with
2 degrees of freedom for both lag-response dimension and
exposure-response dimension in the DLNM. Other parameters
in the main model remained unchanged.

All statistical analyses were conducted in R software
(Version 4.3.1). All tests were two-sided and p < 0.05 were
regarded statistically significant. The results were shown as
odds ratios (ORs) of asthma exacerbation and their 95% ClIs in

relation to a 10 pug/m? increase in ambient ozone concentration.

3. Results

3.1. Descriptive statistics

As described previously (16, 17), we excluded 2,018 patients
with unknown information on individual characteristics, 3,665
patients without detailed residential address information or
living outside urban areas, and 688 patients aged < 18 or >90
years, and we further excluded 761 patients with lung function
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11,599 asthma patients
registered in the database from

2017 to 2020.

were

Exclude:

2,018 patients with unknown baseline
information on individual characteristic
(i.e., sex, age, and body mass index);

3,665 patients without detailed residential
address information or living outside urban
areas;

688 patients aged <18 or > 90 years.

5,228 adult asthmatic patients with
complete characteristic information
were included.

Exclude:
761 patients with lung
monitoring period of less than three days.

function

4,467 adult asthmatic patients were
finally included.

FIGURE 1
Flow chart of the inclusion and exclusion of adult asthma
patients.

monitoring period of <3 days (Figure 1). The remaining 4,467
patients were included in the present study and were distributed
across 18 Chinese cities (Supplementary Figure 1). A total of
79,217 pairs (morning and evening) of lung function records
were included, with a mean number of 18 pairs of records per
person. The mean age of the study population was 44.2 years
(standard deviation, 13.8 years.) and the mean BMI was 23.0
kg/m2 (standard deviation, 3.5 kg/mz). Of the 4,467 patients,
59.7% were female. A total of 24.4, 13.6, and 8.2% of lung
function records met the broad, moderate, and strict definitions
of asthma exacerbation in this study, i.e., diurnal PEF variation
of more than 10, 15 and 20%, respectively. The proportions
of records with diurnal PEF variation >10, 15 and 20% were
similar between males and females. The proportions of the
three indicators were larger in the people aged between 45 and
88 years than in the people aged between 18 and 44 years
(Table 1).

Table 2 the of the

environmental data. The ambient concentration of ozone

summarizes descriptive results
ranged from 4.0 to 264.5 pg/m> during the study period, with
a mean concentration of 89.4 pLg/m3 (standard deviation, 55.6
iLg/m®). The concentration of ozone was higher in the warm
season than in the cool season, and higher in the southern China
than in the northern China (Supplementary Table 1). During
the same period, the average concentrations of PM; 5, NO,,
SO, and CO were 46.6 jLg/m?>, 44.8 jLg/m>, 9.1 jug/m> and 0.9
mg/m3, respectively. Ambient ozone concentration was weakly
associated with other air pollutants and relative humidity
while moderately and positively associated with temperature
(Supplementary Table 2).
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TABLE 1 Summary of diurnal PEF variations, stratified by sex and age.

Variables

N 79,217 31,710 47,507 42,165 37,052
Diurnal PEF variation > 10%, N (%) 19,313 (24.4%) 7,737 (24.4%) 11,498 (24.2%) 11,379 (27.0%) 7,856 (21.2%)
Diurnal PEF variation > 15%, N (%) 10,742 (13.6%) 4,321 (13.6%) 6,417 (13.5%) 6,493 (15.4%) 4,245 (11.5%)
Diurnal PEF variation >20%, N (%) 6,511 (8.2%) 2,592 (8.2%) 3,919 (8.2%) 4,013 (9.5%) 2,498 (6.7%)

N, number of paired lung function records; PEF, peak expiratory flow.

TABLE 2 Descriptive statistics of air pollutants and meteorological conditions in 18 Chinese cities, 2017-2020.

Variables Mean SD Min Pys Median P75 Max
Air pollutants

03, ug/m’ 89.4 55.6 4.0 49.3 76.8 121.3 264.5
PM, 5, jLg/m? 46.6 37.1 38 21.0 36.3 59.8 246.4
NO,, pg/m? 44.8 20.9 7.0 29.0 41.0 56.4 127.9
80, pg/m? 9.1 8.2 11 35 6.7 117 61.3

CO, mg/m’® 0.9 0.4 0.2 0.6 0.8 1.1 3.0

Meteorologic conditions

Temperature, °C 14.6 11.5 —13.5 3.8 16.8 25.0 32.3

Relative humidity, % 57.5 22.0 13.0 38.0 59.0 76.0 98.0

SD, standard deviation; Min, minimum; Max, maximum; P,s, the 25t percentile; Pys, the 75t percentile; O3, ozone; PM, 5, particulate matter with an aerodynamic diameter < 2.5 um;
SO, sulfur dioxide; NO,, nitrogen dioxide; CO, carbon monoxide.

3.2. Regression results observed a significant association between ozone and diurnal
PEF variation, in which diurnal PEF variation increased by
Figure 2 shows the lag structure of the effects of ozone 0.04% (95% CI: 0.02%, 0.06%) for every 10 wg/m? increase in

on asthma exacerbation over a lag period of 0-7 days. The ozone concentration (Supplementary Table 3).
lag-response curves were similar for asthma exacerbation in In our sensitivity analyses, we found that the associations
different definitions, all showing a linear downward trend. between ozone exposure and asthma exacerbation remained
Specifically, the effect of ozone on asthma exacerbation appeared almost unchanged in magnitude and remained statistically
on the current day of exposure, lasted for about 2 days, then significant after adjustment for PMj 5, SOz, NOj, and CO
decreased in magnitude and became insignificant. Therefore, (Table 3). Similarly, the effects of ozone maintained statistical
we selected lag 0-2 days as the main lag period and used it for significance after using the period of lag 0-3 days for
subsequent analyses. temperature and relative humidity, although the effects were
Figure 3 depicts the cumulative exposure-response curves attenuated when using a lag period of 0 days (Table 3). We
between ozone exposure and acute asthma exacerbation over also found that the effects of 24-h average ozone concentration
a lag period of 0-2 days. For asthma exacerbations that were on asthma exacerbation were comparable in magnitude to the
defined by diurnal PEF variation >10 and 15%, respectively, effects of maximum daily 8-h average concentration. However,
the effects first increased with increasing ozone concentration the association with asthma exacerbation defined by diurnal PEF
and then plateaued at higher ozone concentration. However, variation over 10% lost statistical significance when using 24-h
for severe asthma exacerbation that was defined by diurnal average ozone concentration (Table 3).
PEF variation over 20%, the effect continued to rise in the Subgroup analyses showed that the associations between
whole range of ozone concentration. We observed that each 10 ozone and asthma exacerbation were statistically significant
jLg/m? increase in ozone concentration over a lag period of 0- in males but not in females, in those aged > 45 years but
2 days was associated with ORs of 1.010 (95%CI: 1.003, 1.017), not in those aged < 45 years, and in the warm season but
1.014 (95%CI: 1.005, 1.023), and 1.017 (95%CI: 1.006, 1.028) not in the cool season. We observed stronger associations
for asthma exacerbations that were defined by diurnal PEF in males, those aged > 45 years, and in the warm season,
variation over 10, 15, and 20%, respectively (Table 3). We also although all of the differences between subgroups did not
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FIGURE 2

Lag patterns for the associations between ozone and asthma exacerbations defined by diurnal peak expiratory flow variation over 10% (A), 15%
(B), and 20% (C). The solid lines and shaded areas represent odds ratios and the 95% confidence intervals, respectively.
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Cumulative exposure-response curves for the associations between ozone concentration and asthma exacerbations defined by diurnal peak
expiratory flow variation over 10% (A), 15% (B), and 20% (C), over lag 0—-2 days. The solid lines and shaded areas represent odds ratios and the

95% confidence intervals, respectively.

reach statistical significance. The results of regional stratification
showed no significant differences in associations of ozone with
asthma exacerbation in southern and northern China (Table 4).
Consistently, we also observed significant and relatively larger
effects of ozone on diurnal PEF variation in males, those aged >
45 years, and in the warm season (Supplementary Table 3).

4. Discussion

The current longitudinal study included more than 4,000
adult asthma patients in 18 Chinese cities, with nearly 80,000
pairs of lung function records measured in the morning
and evening. With this dataset, we found that short-term
exposure to ozone was independently associated with an
increased risk of asthma exacerbation defined by lung function
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and the effects of short-term ozone exposure could last
for about 2 days. We also found that the associations
between ozone exposure and asthma exacerbation were slightly
stronger in males, those aged 45 years and older, and in the
warm season.

Our main findings were consistent with numbers of previous
studies that suggested an association between ozone and asthma
exacerbation. In a meta-analysis, Li et al. found that for every
10 pg/m? increment in maximum daily 8-h average ozone
concentration, the risk of adult asthma exacerbation rose by
11% (27). The risk of asthma exacerbation attenuated to the null
when 24-h average ozone concentration was used (28). In the
present study, we also found the maximum daily 8-h average
ozone concentration had a more robust association with asthma
exacerbation compared with the 24-h average concentration,
supporting the use of this metric in the Ambient Air Quality
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TABLE 3 Odds ratios of asthma exacerbations associated with a 10 j.g/m?3 increase in ozone concentration (lag 0—2 days) in the main model and
sensitivity analysis.

Diurnal PEF variation > 10% Diurnal PEF variation > 15% Diurnal PEF variation >20%

Main model

1.010 (1.003, 1.017)

1.014 (1.005, 1.023)

1.017 (1.006, 1.028)

Two-pollutant models

03+PM,5 1.009 (1.002, 1.017) 1.014 (1.005, 1.024) 1.016 (1.005, 1.027)
034+NO, 1.010 (1.003, 1.017) 1.013 (1.004, 1.022) 1.017 (1.006, 1.028)
03450, 1.010 (1.003, 1.017) 1.013 (1.004, 1.022) 1.016 (1.005, 1.027)
0;+CO 1.009 (1.002, 1.016) 1.013 (1.004, 1.022) 1.017 (1.006, 1.028)

Lag periods adjustments?

od

1.005 (0.999, 1.012)

1.008 (0.999, 1.016)

1.010 (0.999, 1.020)

0-3d

1.009 (1.002, 1.014)

1.012 (1.004, 1.021)

1.015 (1.004, 1.025)

Alternative exposure metric

24-h average ozone 1.008 (0.999, 1.018) 1.014 (1.002, 1.027) 1.019 (1.003, 1.034)

PEF, peak expiratory flow; O3, ozone; PM 5, particulate matter with an aerodynamic diameter <2.5 um; SO,, sulfur dioxide; NO3, nitrogen dioxide; CO, carbon monoxide.
#Adjustments for temperature and relative humidity with different lag periods.

TABLE 4 Odds ratios of asthma exacerbations associated with a 10 j.g/m3 increase in ozone concentrations, classified by sex, age, season of lung
function tests, and region.

Number of records Diurnal PEF Diurnal PEF Diurnal PEF
variation > 10% variation > 15% variation >20%

Sex
Male 31,710 1.015 (1.004, 1.026) 1.029 (1.014, 1.043) 1.040 (1.022, 1.058)
Female 47,507 1.005 (0.996, 1.014) 1.001 (0.989, 1.013) 0.999 (0.985, 1.013)
Age
45-88 42,165 1.011 (1.002, 1.021) 1.019 (1.007, 1.030) 1.022 (1.008, 1.036)
18-44 37,052 1.006 (0.995, 1.017) 1.005 (0.991, 1.019) 1.008 (0.991, 1.026)
Season?
Warm 38,197 1.010 (1.001, 1.019) 1.020 (1.008, 1.032) 1.028 (1.013, 1.043)
Cool 41,020 1.006 (0.995, 1.017) 1.001 (0.986, 1.015) 0.995 (0.977, 1.013)
Region
South 21,274 1.015 (1.003, 1.027) 1.014 (0.999, 1.029) 1.019 (1.000, 1.037)
North 57,943 1.007 (0.998, 1.016) 1.014 (1.002, 1.025) 1.015 (1.001, 1.029)

PEF, peak expiratory flow.
Warm season was defined as May to October; cool season was defined as November to April.

Standard (GB 3095-2012). In addition, we observed that the
ozone-asthma associations became larger when the definition of

Notably, almost all these previous studies used asthma
emergency room visits or hospitalizations as the study
asthma exacerbation was tightened (from diurnal PEF variation
over 10% to over 20%), suggesting short-term ozone exposure
exhibited a stronger effect on severe exacerbation of asthma.

endpoints. The use of emergency room visits or hospitalizations
as indicators of asthma exacerbations may introduce health
outcome misclassification because some asthma patients may
Consistently, we found that PEF variation significantly increased delay visiting or not visit the hospital for personal reasons,
with ozone exposure. Similarly, Zheng et al. reported a relatively or may not be timely admitted due to inadequate hospital
higher risk for asthma hospitalization (relative risk = 1.014) beds. In addition, using asthma emergency room visits or
than for asthma emergency room visits (relative risk = 1.006), hospitalizations may ignore early asthma exacerbation or
where emergency room visits for asthma are more common and mild asthma exacerbation that may not have any noticeable

often less severe than hospital admissions (9). symptoms. Different from these publications, our study used
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diurnal PEF variation to define asthma exacerbation, which
could avoid the above-mentioned issues. Researchers also
demonstrated that diurnal PEF variation is more responsive and
more reliable than symptoms in denoting asthma exacerbations
during the acute setting. Especially for patients who have
reduced lung function but do not exhibit symptoms, regular PEF
monitoring is preferred to identify asthma exacerbation (5). In
our study, we did find that ozone exposure was related with
an elevated risk of asthma exacerbation defined by diurnal PEF
variation of more than 10%, suggesting that ozone may have an
early adverse effect on the respiratory system in asthma patients.

Most environmental epidemiological studies have attempted
to find possible environmental triggers of childhood asthma and
ignored adult asthma. Study populations in our study ranged in
age from 18 to 88 years. In subgroup analysis, we found that
the effects of short-term ozone exposure on asthma exacerbation
were more prominent in patients over 45 years old, which was
consistent with previous epidemiological findings (29, 30). This
may be attributed to the fact that older asthma patients are more
vulnerable to acute exacerbations because their lung function is
declining rapidly over time as their asthma progresses. In this
study, we also observed that the effects were more pronounced
in males than in females, which may be partly explained by
the apparent difference in smoking status between males and
females. Previous studies have found that excessive tobacco use
may increase the risk of hospitalization for asthma by promoting
an ozone-producing inflammatory response (31). In China, the
prevalence of smoking is greatly higher in males than in females,
which makes our findings somewhat reasonable. Moreover, in
line with a meta-analysis (27), we found that ozone exposure
showed relatively higher effects on asthma exacerbation in
the warm season than in the cool season. Ambient ozone
concentration is typically higher in the warm season, which
may partially explain seasonal differences in the effects (32).
Another possible reason is that people prefer to be outside
during the warm season, which may increase individual ozone
exposure (33).

The biological plausibility of our findings that the risk of
asthma exacerbation may increase with higher levels of ozone
exposure is widely supported by animal studies and human
controlled-exposure trials (28, 34). As a strong oxidant, inhaled
ozone can cause direct damage to airway epithelial cells, thereby
triggering asthma through a series of chain reactions, such as
promoting the release of “alarmins” and stimulating dendritic
cells (35, 36). The human body has a certain antioxidant capacity
to resist ozone-mediated cellular responses. However, when
people are exposed to high concentrations of ozone or are
persistently exposed to ozone, the antioxidant defenses may
be overwhelmed and thereafter may cause an inflammatory
response, which is an important mechanism in the acute
exacerbation phase of asthma (37, 38). Moreover, in animal
studies, short-term exposure to ozone has been shown to
increase airway hyper responsiveness, another important feature
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of asthma attack (39). Previous studies also suggested that
ozone exposure may contribute to asthma exacerbation by
other mechanisms, such as neuroeffector mechanisms (40) and
immune modifications (41).

This multi-city longitudinal study has several strengths.
For example, we have a large dataset on lung function
of adult asthma patients measured every morning and
evening, which allows us to explore asthma exacerbation
at the individual level with short-term ozone exposure. In
addition, we used diurnal PEF variation to define asthma
exacerbations, which has been shown to be a more sensitive
indicator than emergency room visits or hospitalizations. The
use of lung function to define acute asthma exacerbations
enables us to recognize mild asthma in absence of obvious
symptoms yet. Therefore, our study provides more reliable
evidence for the relationship between ozone and asthma
exacerbation compared with previous ecological studies (e.g.,
time-series studies).

However, our study still has some limitations. First, our
study failed to distinguish between patients with a single
asthmatic condition and those with asthma combined with
other diseases (e.g., chronic obstructive pulmonary disease),
who may have a different response to short-term ozone
exposure (42). Second, we did not collect data on environmental
allergens (e.g., pollen and dust mites) and asthma treatment
or medication, thus we cannot completely rule out their
potential impacts on asthma attacks. However, by intensive
and dynamic lung function measurements and the use of the
GAM model, the effects of residual confounding can be reduced.
Third, we were unable to perform personal ozone monitoring
because of large sample size and long duration of the study,
which may introduce exposure measurement errors. However,
previous studies have indicated that these measurement errors
typically resulted in the underestimation of the risk and we
believe that using ambient ozone concentration did not have
substantial impacts on our conclusion (43, 44). Lastly, the
Respiratory Home Platform has only been developed for asthma
patients in selected Chinese cities at present, therefore one
should be cautious when directly extending the findings to
other populations.

5. Conclusion

Our results suggest that short-term ozone exposure can
increase the risk of asthma exacerbations, even when the
exacerbation was in the early stage, and also suggest that male
and older asthma patients may be more sensitive to ozone
air pollution. The effect of ozone on asthma exacerbation
was more evident in the warm season. These findings will
have important implications for the health management of
asthma patients, especially for vulnerable populations in the
warm season.

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1070231
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Fang et al.

Data availability statement

The datasets presented in this article are not

readily  available  because  individual  data  after

deidentification only will be made available to

researchers whose proposed use of the data has
been approved by an independent review committee.
Requests to access the datasets should be directed to

YN, niuy@fudan.edu.cn.

Ethics statement

The studies involving human participants were reviewed
and approved by the Institutional Review Board in School of
Public Health, Fudan University, reviewed and approved the
study protocol (IRB#2021-04-0889). Written informed consent
to participate in this study was provided by the participants legal
guardian/next of kin.

Author contributions

XF: data curation, formal analysis, writing—original draft
preparation, and visualization. SH: project administration,
and data
investigation, and data curation. JL: methodology and

investigation, curation. YZ: methodology,

data curation. YX: conceptualization and methodology.
YN: conceptualization, writing—reviewing and editing, and
funding acquisition. RC: conceptualization, supervision,

and funding acquisition. All authors read and approved the
final manuscript.

References

1. Diseases GBD, Injuries C. Global burden of 369 diseases and
injuries in 204 countries and territories, 1990-2019: a systematic
analysis for the global burden of disease study 2019. Lancet. (2020)
396:1204-22. doi: 10.1016/S0140-6736(20)30925-9

2. Huang K, Yang T, Xu J, Yang L, Zhao J, Zhang X, et al. Prevalence, risk factors,
and management of asthma in china: a national cross-sectional study. Lancet.
(2019) 394:407-18. doi: 10.1016/S0140-6736(19)31147-X

3. Gionfriddo MR, Hagan JB, Rank MA. Why and how to step down chronic
asthma drugs. BMJ. (2017) 359:j4438. doi: 10.1136/bmj.j4438

4. Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet. (2018)
391:783-800. doi: 10.1016/S0140-6736(17)33311-1

5. GINA. Global Strategy for Asthma Management and Prevention. (2022).
Available online at: https://ginasthma.org/gina-reports/ (accessed October 13,
2022).

6. Thomas D, McDonald VM, Pavord ID, Gibson PG. Asthma remission:
what is it and how can it be achieved? Eur Respir J. (2022) 60:2102583.
doi: 10.1183/13993003.02583-2021

7. Turner MC, Jerrett M, Pope CA 3rd, Krewski D, Gapstur SM, Diver WR, et al.
Long-term ozone exposure and mortality in a large prospective study. Am ] Respir
Crit Care Med. (2016) 193:1134-42. doi: 10.1164/rccm.201508-16330C

Frontiersin Public Health

10.3389/fpubh.2022.1070231

Funding

This work was supported by the National Natural Science
Foundation of China (82030103 and 92043301) and the
Shanghai Committee of Science and Technology (21TQO015).

Conflict of interest

SH was employed by Guangzhou Homesun Medical
Technology Co. Ltd.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.1070231/full#supplementary-material

8. Malig BJ, Pearson DL, Chang YB, Broadwin R, Basu R, Green RS, et al. A
time-stratified case-crossover study of ambient ozone exposure and emergency
department visits for specific respiratory diagnoses in california (2005-2008).
Environ Health Perspect. (2016) 124:745-53. doi: 10.1289/ehp.1409495

9. Zheng X-Y, Orellano P, Lin H-L, Jiang M, Guan W-J. Short-term exposure to
ozone, nitrogen dioxide, and sulphur dioxide and emergency department visits and
hospital admissions due to asthma: a systematic review and meta-analysis. Environ
Int. (2021) 150:106435. doi: 10.1016/j.envint.2021.106435

10. Wei Y, Qiu X, Sabath MB, Yazdi MD, Yin K, Li L, et al. Air pollutants and
asthma hospitalization in the medicaid population. Am ] Respir Crit Care Med.
(2022) 205:1075-83. doi: 10.1164/rccm.202107-15960C

11. Pepper JR, Barrett MA, Su JG, Merchant R, Henderson K, Van Sickle D, et al.
Geospatial-temporal analysis of the impact of ozone on asthma rescue inhaler use.
Environ Int. (2020) 136:105331. doi: 10.1016/j.envint.2019.105331

12. Goodman JE, Zu K, Loftus CT, Tao G, Liu X, Lange S. Ambient ozone
and asthma hospital admissions in texas: a time-series analysis. Asthma Res Pract.
(2017) 3:6. doi: 10.1186/s40733-017-0034-1

13. Zu K, Liu X, Shi L, Tao G, Loftus CT, Lange S, et al. Concentration-response
of short-term ozone exposure and hospital admissions for asthma in texas. Environ
Int. (2017) 104:139-45. doi: 10.1016/j.envint.2017.04.006

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1070231
mailto:niuy@fudan.edu.cn
https://www.frontiersin.org/articles/10.3389/fpubh.2022.1070231/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(19)31147-X
https://doi.org/10.1136/bmj.j4438
https://doi.org/10.1016/S0140-6736(17)33311-1
https://ginasthma.org/gina-reports/
https://doi.org/10.1183/13993003.02583-2021
https://doi.org/10.1164/rccm.201508-1633OC
https://doi.org/10.1289/ehp.1409495
https://doi.org/10.1016/j.envint.2021.106435
https://doi.org/10.1164/rccm.202107-1596OC
https://doi.org/10.1016/j.envint.2019.105331
https://doi.org/10.1186/s40733-017-0034-1
https://doi.org/10.1016/j.envint.2017.04.006
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Fang et al.

14. Nassikas N, Spangler K, Fann N, Nolte CG, Dolwick P, Spero TL, et al.
Ozone-related asthma emergency department visits in the us in a warming climate.
Environ Res. (2020) 183:109206. doi: 10.1016/j.envres.2020.109206

15. Anenberg SC, Henze DK, Tinney V, Kinney PL, Raich W, Fann N, et al.
Estimates of the global burden of ambient [formula: see text], ozone, and [formula:
see text] on asthma incidence and emergency room visits. Environ Health Perspect.
(2018) 126:107004. doi: 10.1289/EHP3766

16. Zhu YX, Yang T, Huang SJ, Li HC, Lei J, Xue XW, et al. Cold temperature
and sudden temperature drop as novel risk factors of asthma exacerbation: a
longitudinal study in 18 Chinese cities. Sci Total Environ. (2022) 814:151959.
doi: 10.1016/j.scitotenv.2021.151959

17. Lei ], Yang T, Huang S, Li H, Zhu Y, Gao Y, et al. Hourly concentrations of
fine and coarse particulate matter and dynamic pulmonary function measurements
among 4992 adult asthmatic patients in 25 Chinese cities. Environ Int. (2022)
158:106942. doi: 10.1016/j.envint.2021.106942

18. Miller MR, Hankinson ], Brusasco V, Burgos F Casaburi R,
Coates A, et al. Standardisation of spirometry. Eur Respir J. (2005)
26:319-38. doi: 10.1183/09031936.05.00034805

19. Stevens DR, Rohn MCH, Hinkle SN, Williams AD, Kumar R, Lipsky
LM, et al. Maternal body composition and gestational weight gain in
relation to asthma control during pregnancy. PLoS ONE. (2022) 17:¢0267122.
doi: 10.1371/journal.pone.0267122

20. ten Hacken NH, Timens W, Smith M, Drok G, Kraan ], Postma DS.
Increased peak expiratory flow variation in asthma: severe persistent increase but
not nocturnal worsening of airway inflammation. Eur Respir J. (1998) 12:546-
50. doi: 10.1183/09031936.98.12030546

21. Di Q, Dai L, Wang Y, Zanobetti A, Choirat C, Schwartz JD, et al. Association
of short-term exposure to air pollution with mortality in older adults. JAMA. (2017)
318:2446-56. doi: 10.1001/jama.2017.17923

22.Yin P, Chen R, Wang L, Meng X, Liu C, Niu Y, et al. Ambient ozone pollution
and daily mortality: a nationwide study in 272 Chinese cities. Environ Health
Perspect. (2017) 125:117006. doi: 10.1289/EHP1849

23. Castner J, Guo L, Yin Y. Ambient air pollution and emergency department
visits for asthma in Erie County, New York 2007-2012. Int Arch Occup Environ
Health. (2018) 91:205-14. doi: 10.1007/s00420-017-1270-7

24. Wang Y, Zu Y, Huang L, Zhang H, Wang C, Hu J. Associations between
daily outpatient visits for respiratory diseases and ambient fine particulate
matter and ozone levels in Shanghai, China. Environ Pollut. (2018) 240:754-
63. doi: 10.1016/j.envpol.2018.05.029

25. Lee SW, Yon DK, James CC, Lee S, Koh HY, Sheen YH, et al. Short-term
effects of multiple outdoor environmental factors on risk of asthma exacerbations:
age-stratified time-series analysis. J Allergy Clin Immunol. (2019) 144:1542—
50.e1. doi: 10.1016/j.jaci.2019.08.037

26. Chen R, Kan H, Chen B, Huang W, Bai Z, Song G, et al. Association of
particulate air pollution with daily mortality: the China air pollution and health
effects Study. Am J Epidemiol. (2012) 175:1173-81. doi: 10.1093/aje/kwr425

27. Li X, Chen Q, Zheng X, Li Y, Han M, Liu T, et al. Effects
of ambient ozone concentrations with different averaging times on
asthma exacerbations: a meta-analysis. Sci Total Environ. (2019)
691:549-61. doi: 10.1016/j.scitotenv.2019.06.382

28. Jorres R, Nowak D, Magnussen H. The effect of ozone exposure on allergen
responsiveness in subjects with asthma or rhinitis. Am ] Respir Crit Care Med.
(1996) 153:56-64.

29. Benson VS, Hartl S, Barnes
Kwon N. Blood eosinophil counts in

N, Galwey N, Van Dyke
the  general

MK,
population

Frontiersin Public Health

10

10.3389/fpubh.2022.1070231

and airways disease: a comprehensive review and meta-analysis.
Eur Respir J. (2022) 59:2004590. doi: 10.1183/13993003.045
90-2020

30. Janson C, Lisspers K, Stiillberg B, Johansson G, Thuresson M, Telg G, et
al. Prevalence, characteristics and management of frequently exacerbating asthma
patients: an observational study in Sweden (PACEHR). Eur Respir J. (2018)
52:1701927. doi: 10.1183/13993003.01927-2017

31. Lin J, Wang W, Chen P, Zhou X, Wan H, Yin K, et al. Prevalence and risk
factors of asthma in mainland china: the care study. Respir Med. (2018) 137:48-54.
doi: 10.1016/j.rmed.2018.02.010

32. Wang R, Bei N, Hu B, Wu J, Liu S, Li X, et al. The relationship between
the intensified heat waves and deteriorated summertime ozone pollution in the
Beijing-Tianjin-hebei region, China, During 2013-2017. Environ Pollut. (2022)
314:120256. doi: 10.1016/j.envpol.2022.120256

33. Diffey BL. An overview analysis of the time people spend outdoors. Br J
Dermatol. (2011) 164:848-54. doi: 10.1111/j.1365-2133.2010.10165.x

34. Kehrl HR, Peden DB, Ball B, Folinsbee L], Horstman D. Increased specific
airway reactivity of persons with mild allergic asthma after 76 hours of exposure to
016 ppm ozone. J Allergy Clin Immunol. (1999) 104:1198-204.

35. Michaudel C, Mackowiak C, Maillet I, Fauconnier L, Akdis CA, Sokolowska
M, et al. Ozone exposure induces respiratory barrier biphasic injury and
inflammation controlled by II-33. J Allergy Clin Immunol. (2018) 142:942-58.
doi: 10.1016/j.jaci.2017.11.044

36. Sokolowska M, Quesniaux VFJ, Akdis CA, Chung KF, Ryffel B, Togbe D.
Acute respiratory barrier disruption by ozone exposure in mice. Front Immunol.
(2019) 10:2169. doi: 10.3389/fimmu.2019.02169

37. Fujisawa T. Role of oxygen radicals on bronchial asthma. Curr Drug Targets
Inflamm Allergy. (2005) 4:505-9. doi: 10.2174/1568010054526304

38. Nadeem A, Masood A, Siddiqui N. Oxidant-antioxidant imbalance in
asthma: scientific evidence, epidemiological data and possible therapeutic options.
Ther Adv Respir Dis. (2008) 2:215-35. doi: 10.1177/1753465808094971

39. Bao A, Yang H, Ji J, Chen Y, Bao W, Li E et al. Involvements of
P38 Mapk and oxidative stress in the ozone-induced enhancement of Ahr
and pulmonary inflammation in an allergic asthma model. Respir Res. (2017)
18:216. doi: 10.1186/s12931-017-0697-4

40. Joos GF. The role of neuroeffector mechanisms in the pathogenesis of asthma.
Curr Allergy Asthma Rep. (2001) 1:134-43. doi: 10.1007/s11882-001-0081-8

41. Alexis NE, Lay JC, Zhou H, Kim CS, Hernandez ML, Kehrl H, et al. The
glutathione-S-transferase Mu 1 (Gstm1) null genotype and increased neutrophil
response to low-level ozone (006 Ppm). J Aller Clin Immunol. (2013) 131:610-
2. doi: 10.1016/j.jaci.2012.07.005

42. Morgan BW, Grigsby MR, Siddharthan T, Chowdhury M, Rubinstein
A, Gutierrez L, et al. Epidemiology and risk factors of asthma-chronic
obstructive pulmonary disease overlap in low- and middle-income countries.
J Allergy Clin Immunol. (2019) 143:1598-606. doi: 10.1016/j.jaci.2018.
06.052

43. Niu Y, Chen R, Xia Y, Cai J, Lin Z, Liu C, et al. Personal ozone exposure
and respiratory inflammatory response: the role of DNA methylation in the
arginase-nitric oxide synthase pathway. Environ Sci Technol. (2018) 52:8785-91.
doi: 10.1021/acs.est.8b01295

44. Zeger SL, Thomas D, Dominici F Samet JM, Schwartz ], Dockery
D, et al Exposure measurement error in time-series studies of air
pollution: concepts and consequences. Environ Health Perspect. (2000)
108:419-26. doi: 10.1289/ehp.00108419

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1070231
https://doi.org/10.1016/j.envres.2020.109206
https://doi.org/10.1289/EHP3766
https://doi.org/10.1016/j.scitotenv.2021.151959
https://doi.org/10.1016/j.envint.2021.106942
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1371/journal.pone.0267122
https://doi.org/10.1183/09031936.98.12030546
https://doi.org/10.1001/jama.2017.17923
https://doi.org/10.1289/EHP1849
https://doi.org/10.1007/s00420-017-1270-7
https://doi.org/10.1016/j.envpol.2018.05.029
https://doi.org/10.1016/j.jaci.2019.08.037
https://doi.org/10.1093/aje/kwr425
https://doi.org/10.1016/j.scitotenv.2019.06.382
https://doi.org/10.1183/13993003.04590-2020
https://doi.org/10.1183/13993003.01927-2017
https://doi.org/10.1016/j.rmed.2018.02.010
https://doi.org/10.1016/j.envpol.2022.120256
https://doi.org/10.1111/j.1365-2133.2010.10165.x
https://doi.org/10.1016/j.jaci.2017.11.044
https://doi.org/10.3389/fimmu.2019.02169
https://doi.org/10.2174/1568010054526304
https://doi.org/10.1177/1753465808094971
https://doi.org/10.1186/s12931-017-0697-4
https://doi.org/10.1007/s11882-001-0081-8
https://doi.org/10.1016/j.jaci.2012.07.005
https://doi.org/10.1016/j.jaci.2018.06.052
https://doi.org/10.1021/acs.est.8b01295
https://doi.org/10.1289/ehp.00108419
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Short-term exposure to ozone and asthma exacerbation in adults: A longitudinal study in China
	1. Introduction
	2. Materials and methods
	2.1. Study design and population
	2.2. Health outcomes
	2.3. Environmental measurements
	2.4. Statistical analyses
	2.4.1. Main analyses
	2.4.2. Sensitivity analyses
	2.4.3. Additional analyses


	3. Results
	3.1. Descriptive statistics
	3.2. Regression results

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


