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Key factors for selecting PM2.5 and ozone
exposure assessment methods in
epidemiological studies
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Environmental epidemiological studies often use both station-monitored and personal air pollutant
exposures, which frequently yield different results. We aimed to identify key considerations when
choosing between thesemeasures. In a panel study of 37 college students assessed six times across
three seasons for cardiorespiratory outcomes, personal PM2.5 andO3 exposuresweremonitored for 5
days with wearable sensors before each health assessment, alongside concurrent measurements
from nearby monitoring stations. The association between station-monitored and personal
concentrations was stronger for PM2.5 (regression coefficient: 0.51 ± 0.16) than for O3 (regression
coefficient: 0.19 ± 0.15). Both station-monitored and personal PM2.5 were associated with decreased
forced expiratory volume in thefirst second (FEV1), forced vital capacity (FVC), and increased fractional
exhaled nitric oxide (FeNO). In contrast, only station-monitored O3 was associated with decreased
FEV1, FVC, increased FeNO, andworsening augmentation index (AI) and blood pressure. Personal O3

showed mostly null associations or even “seemingly beneficial” associations with AI, FEV1, and FVC.
These findings suggest station-monitored PM2.5 can serve as a reasonable proxy for personal
exposure in studies with minimal indoor PM2.5 sources. However, this may be unsuitable for O3, given
its high spatial variability and potential differences in exposure to ozone-derived reaction products.

Exposures to air pollutants such as ozone (O3)and fine particulate matter
(PM2.5) have been widely associated with cardiorespiratory mortality and
morbidity1–3. In previous studies, two approaches have been often used to
assess air pollutant exposures. One is to measure personal air pollutant
exposures; and the most common approach is to use outdoor air pollutant
concentrations. Compared to outdoor air pollutant concentrations4,5, per-
sonal air pollutant exposures are generally considered to capture exposures
more accurately6, because it accounts for exposure from indoors where
people spend the majority of time7,8. However, it is important to note that
assessingpersonal air pollutant exposures couldbe logistically impractical in
large population-based epidemiological studies.

Therefore, it is necessary to assess whether outdoor air pollutant
concentrations could serve as reliable proxies for personal air pollutant
exposures. Although people spend most of their time indoors, and indoor
PM2.5 exposure is the dominant contributor to personal exposure9, the

variability in outdoor PM2.5 concentrations often drives the variability in
personal exposure estimates10. This is primarily because indoor PM2.5

emissions tend to have relatively smaller day-to-day variability compared to
outdoor levels. As a result, outdoor PM2.5 concentrations have been often
used as a proxy for personal PM2.5 exposure. For example, multiple studies
have demonstrated moderate to high correlations between outdoor PM2.5

levels and personal PM2.5 concentrations
11–13, especially in environments

with minimal indoor sources, such as student dormitories14. In contrast,
suchcorrelations are typicallyweaker forO3

13,15. This discrepancy is partially
due to the large spatial variability in ambient O3 concentrations, as O3 is a
secondary pollutant formed through photochemical reactions involving
precursor pollutants (e.g., NOₓ and VOCs) and sunlight16,17, both of which
can vary substantially across the space. Furthermore, O3 is a highly reactive
compound that can be consumed by various reactants present outdoors
(e.g., nitric oxide freshly emitted from gasoline or diesel-powered vehicles)
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and indoors (e.g., nitric oxide from gas stoves and organic compounds on
indoor surfaces and in the air). However, it remains unclear how the per-
formance of station-monitoredO3 exposure compares with that of personal
exposure in epidemiological studies. This is an important question given
logistical challenges that may preclude the use of personal monitoring.

To explore these factors, we conducted a panel study of 37 participants
in Guangzhou, China, measuring cardiorespiratory outcomes at 6 clinical
visits per participant along with assessing station-monitored outdoor PM2.5

and O3 levels and real-time personal exposures prior to each clinical visit.
We aim to (1) analyze the association between personal air pollutant
exposures and stationary concentrations, both overall and separately when
participants were indoors and outdoors; (2) compare the associations
between cardiorespiratory responses using personal versus stationary con-
centration measurements; and (3) identify the key factors for choosing
between station-monitored and personal exposure measurements in epi-
demiological studies.

Results
Participant characteristics and air pollution levels
Among the total of 42 eligible participants recruited, 4participantswithdrew
before the first visit, and 1 participant withdrew after the third visit. Ulti-
mately, 37 participants were included in the statistical analysis. Table 1
summarizes the demographic characteristics and cardiorespiratory out-
comes of the participants across all 6 visits. Among the 37 participants, the
average age was 21.0 ± 1.0 years old, with 25 participants (67.6%) being
female. The demographic characteristics, health outcomes, and average
exposure concentrations of air pollutants at each clinical visit are sum-
marized in Supplementary Table S1.

Spearman correlations among environmental exposure are shown in
Fig. 1. The correlation between station-monitored PM2.5 and personal
exposure to PM2.5 was 0.448 (p < 0.001), while lower correlation was
observed between station-monitored O3 and personal exposure to O3 with
0.269 (p < 0.001).

Comparison of the station-monitored concentrations and per-
sonal exposures
The comparison of the station-monitored concentration and personal
exposure is shown in Fig. 2, with specific values provided in Supplementary
Table S2 and Supplementary Table S3. During the five days prior to each of
the clinical visits, the regression coefficients for the daily station-monitored
O3 exposure on personal O3 exposure ranged from −0.05 to 0.47, with a
median coefficient of 0.17. In contrast, the regression coefficients for daily
station-monitoredPM2.5 exposure onpersonal PM2.5 exposure ranged from
0.25 to 0.84,with amedian coefficient of 0.49,whichwasnotablyhigher than
that of O3 (Fig. 2A). These coefficients remain stable when stratified by
indoor and outdoor environments. The regression coefficients of indoor
and outdoor personal exposure of PM2.5 exhibited strong associations with
the exposure obtained from monitoring stations, with a median of 0.50. In
contrast, the corresponding coefficients of indoor and outdoor personal
exposure of O3 were both notably lower, with amedian of 0.11 (Fig. 2B). As
participants spent most of their time indoors (see Table S4), indoor
cumulative exposure to both PM2.5 andO3 constituted a significantly larger
proportion of cumulative exposure compared to outdoor cumulative
exposure. On average, indoor personal exposure to PM2.5 andO3 accounted
for 83.33% and 83.62% of the cumulative individual exposure, respectively
(Fig. 2C).However, the average exposure levels to air pollutants indoors and
outdoors showed considerable similarity among individual participants.
The average personal exposure to PM2.5 indoors and outdoors was
21.93 μg/m3 and 22.33 μg/m3, respectively. Meanwhile, the corresponding
exposure to O3 was 65.60 μg/m

3 and 66.07 μg/m3, respectively (Fig. 2D).

Respiratory responses to air pollution
The associations between station-monitored concentration and personal
exposure to O3 and PM2.5 with lung function and airway inflammation are
illustrated in Fig. 3, specific estimates are shown in Supplementary Table S4.
Notably, the associationsof station-monitoredO3withFEV1differed largely
in both direction and estimates from those of personal exposure toO3. Each
IQR increase in 0–3 days cumulative station-monitored O3 was associated
with a−1.24% (95%CI:−2.27%,−0.21%) change in FEV1, while each IQR
increase in cumulative personal exposure over the same period was asso-
ciated with a 0.59% (95% CI: −0.20%, 1.39%) increase in FEV1. This dis-
crepancy persisted throughout the preceding 5 days. Similar results were
observed in FVC, each IQR increase in the 0–2 days cumulative station-
monitored O3 concentration was associated with a change of−0.42% (95%
CI: −1.44%, 0.60%), compared to 0.56% (95% CI: −0.23%, 1.34%) for
personal exposure. In addition, although both station-monitored O3 and
personal exposure toO3 showed an insignificant associationwithFeNO, the
association was stronger for station-monitored concentration than for
personal exposure, with changes of 11.81% (95% CI:−1.48%, 25.10%) and
−1.74% (95% CI: −11.80%, 8.32%) per IQR increase over 0–1 days,
respectively.

In contrast to O3, the associations between station-monitored PM2.5

and the respiratorymeasureswere similar in both direction and estimates to
those of personal exposure to PM2.5. For lung function, each IQR increase in
0–4 days cumulative station-monitored PM2.5 was associated with a -0.21%
(95% CI: −1.23%, 0.82%) change in FEV1, while each IQR increase in
0–4 days cumulative personal exposure was associated with a -0.87% (95%
CI: −1.64%, −0.11%) change in FEV1. Each IQR increase in cumulative
station-monitored concentration and personal exposure to PM2.5 over
0–3 days was associated with changes in FVC of -0.59% (95% CI:−1.57%,
0.38%) and -1.26% (95%CI:−1.98%,−0.53%), respectively. For FeNO, the
strongest associations were observed with station-monitored cumulative
concentration on 0 days, showing a change of 1.28% (95% CI: −7.18%,
9.74%) per IQR increase, and with personal cumulative exposure on 0 days,
showing a change of 4.26% (95% CI:−3.51%, 12.03%) per IQR increase.

Cardiovascular responses to air pollution
The associations of cardiovascular outcomes with station-monitored con-
centration and personal exposure to O3 and PM2.5 are shown in Fig. 4,

Table 1 | Demographic and cardiorespiratory outcomes
characteristics of participants across all visits

Characteristics Minimum Mean
(SD)

Median
(IQR)

Maximum

Age (year) 18 21.0 (1.0) 21 (2) 23

BMI (kg/m3) 15.6 21.6 (3.0) 20.8 (5) 29.6

Respiratory outcomes

FeNO (ppb) 5.0 20.5 (16.1) 16 (11) 114.0

FVC (L) 2.2 4.1 (0.8) 4 (2) 5.7

FEV1 (L) 2.2 3.6 (0.6) 4 (1) 4.9

FEV1/FVC 69.1 87.4 (6.5) 88 (8) 99.9

Cardiovascular outcomes

AI (%) 1.0 16.4 (7.0) 16 (8) 38.3

PWV (m/s) 3.6 5.7 (1.4) 6 (1) 15.4

PPI 0.9 1.2 (0.2) 1 (0) 2.2

SBP (mmHg) 92.3 114.3 (9.9) 114 (15) 137.3

DBP (mmHg) 49.0 62.5 (5.4) 62 (7) 79.3

Average personal exposure over the 5 days prior to the clinical visit

PM2.5 (μg/m
3) 7.1 22.4 (6.5) 22 (10) 38.8

O3 (μg/m
3) 15.1 65.6 (23.0) 64 (29) 117.5

Average station-monitoring concentration over the 5 days prior to the clinical visit

PM2.5 (μg/m
3) 9.6 23.4 (9.7) 22 (14) 47.5

O3 (μg/m
3) 19.8 63.1 (26.7) 61 (35) 124.9

Temperature (°C) 13.2 26.4 (5.1) 28 (8) 34.1

Relative humidity (%) 28.3 58.9 (10.7) 58 (13) 80.4
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specific estimates are shown in Supplementary Table S5. Station-monitored
PM2.5 and personal exposure to PM2.5 showed similar estimates, except for
blood pressure. Positive associations were observed between station-
monitored PM2.5 andAI, with changes of 5.19% (95%CI:−4.19%, 14.57%)
and 5.14% (95% CI: −5.00%, 15.28%) per IQR increase in 0–4 days and
0–5 days of cumulative station-monitored PM2.5, respectively. Similarly,
personal PM2.5 exposure was associated with changes of 7.33% (95% CI:
0.20%, 14.45%) and 6.21% (95%CI: –1.09%, 13.52%) over the same periods.
In addition, we observed that the associations between station-monitored
O3 and AI, SBP, and DBP differed considerably in both direction and
estimates from those with personal exposure to O3. Positive associations
between station-monitored O3 and AI were observed for all the cumulative
exposure days, except for 0–4 and 0–5 days, while the association with
personal exposure to O3 was significantly negative. Similarly, positive
associations were observed for blood pressure with station-monitored
concentration, while negative associations were found with personal
exposure.

Sensitivity analysis
The associations between station-monitored concentration and personal
exposure toPM2.5 andO3 remained relativelyunchangedafter excluding the
participants who had respiratory infection during each of the clinical visits
(Supplementary Fig. S1 and Supplementary Fig. S2) and after excluding the
participantwhodidnot complete all six visits (Supplementary Fig. S3). After
limiting the calculation of personal daily exposure to a minimum of 16 h of
available data, the associations between personal exposure to air pollutants
and cardiorespiratory function, as well as respiratory inflammation,
remained stable compared to themain analysis (Supplementary Fig. S4 and
Supplementary Fig. S5).

Discussion
In this panel study of 37 healthy young adults, we compared station-
monitored concentrations with personal sensor measurements in their
associations with a set of biomarkers of cardiorespiratory pathophysiology.
We found that both station-monitored concentration and personal

exposures to PM2.5 were associated with decreased FEV1, FVC, and
increased FeNO level. However, adverse associations on respiratory out-
comes were observed only for station-monitored O3, but not for personal
O₃, with the exception of FEV₁/FVC; and the association between station-
monitored O3 and FeNO was stronger than that of personal exposure. For
cardiovascular biomarkers, a positive association for PPI was observed
consistently for both station-monitoredPM2.5 andpersonalPM2.5 exposure.
In contrast, station-monitored concentration and personal O3 exposure
showed completely opposite associations with blood pressure and AI.

Given that personal exposure measurements are often impractical,
especially in large population studies, station-monitored concentrations
have been commonly used as a proxy for air pollution exposure levels18,19. In
the context of an epidemiologic investigation of associations between
exposure and health outcomes, as long as station-monitored and personal
exposure concentrations are correlated, fixed-site monitoring data could be
a reasonable proxy of personal exposure. This notion is supported in the
present study for PM2.5 by showing (1) personal exposure to PM2.5 was
highly correlated with stationary PM2.5 levels and (2) associations of car-
diorespiratory outcomes with PM2.5 were similar for personal and station-
monitored data.

In locations where outdoor PM2.5 levels are high, indoor PM2.5 con-
centrations are largely driven by outdoor infiltration with insignificant or
negligible contribution from indoor sources. This could make station-
monitored and personal PM2.5 concentrations strongly correlated. For
example, a study of college students in Beijing, China, found a correlation of
0.678 between personal and station-monitored PM2.5 exposure

20. A study
conducted in the same city of this study (Guangzhou) reported correlations
ranging from 0.25 to 0.79 across 7 districts21. A review of 44 studies from
around theworld reported an overall correlation of 0.63 (95%CI: 0.55, 0.71)
between personal and station-monitored PM2.5

22. Nonetheless, none of
these studies examinedwhether outdoor PM2.5 concentrationsmeasured at
fixed sites and personal PM2.5 exposures differ in their associations with
health outcomes.

Our present study supports the use of fixed-site outdoor PM2.5 con-
centrations as a proxy for PM2.5 exposure in epidemiologic studies

Fig. 1 | Spearman correlations among the envir-
onmental factors. (Notes: RH refers to relative
humidity, *** refers to p < 0.001, ** refers to
0.001 < p < 0.01, * refers to 0.01 < p < 0.05).
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examining the associations between PM2.5 and health outcomes. From the
point of toxicology that dose makes poison, personal exposure represents
inhaled dose from all sources for a given time period while ambient con-
centration cannot capture exposures resulting from non-ambient sources
(e.g., indoor sources). Therefore, even when fixed-site concentrations and
personal exposures are reasonably correlated, it is not surprising to observe
heterogeneity in their associations with health outcomes. For example,
previous studies in children, who typically have relatively simple daily
routines and exposure patterns, showed ahigh correlation betweenpersonal
and ambient PM2.5 exposure (r = 0.60). Both types of PM2.5 exposure
metricswere positively associatedwith FeNOandnegatively associatedwith
FEV1, with the association being stronger for personal exposure than for
station-monitored concentration23–25. Another study of 46 subjects with
diverse occupations reported a correlation of 0.52 between ambient and
personal PM2.5, however, significant increases in FeNOwere observed only
in association with personal exposure26. While In a cohort of 65 non-
smoking subjects with relatively low correlations (r = 0.19) between station-
based and personal PM2.5 measurements, adverse associations on cardio-
vascular outcomes were observed only for personal exposure27. Thus, the
correlation between personal and ambient PM2.5 levels may depend on
individual daily activities and living environment. In our study, which

included university students, we observed a high correlation between the
two exposure metrics and little difference in their associations with cardi-
orespiratory outcomes.

In contrast to PM2.5, our results suggested that adopting the same
strategy for O3 needs more caution for several reasons. First, we found low
correlations between station-monitored ozone levels and personal ozone
levels when participantswere outdoors, suggesting high spatial variability in
outdoor ozone levels within the urban area28,29, likely driven by the strong
influence of local O3 sinks such as nitric oxide (NO) freshly emitted by
motor vehicles and ozone-reactive surfaces (trees, painted walls, etc.)29,30.
Second, participants spent majority of time in indoors, where O3 can
interact with indoor substances to form secondary pollutants termed ozone
reaction products, including aldehydes, ketones, dicarbonyls, organic acids,
and peroxy acids, as well as organic nitrates31. Some of ozone reaction
products are expected to be more toxic than O3 itself 32.

Recent studies suggest that exposure to ozone reactive products, as
compared with O3 itself, exhibited greater associations with cardior-
espiratory outcomes32. Because ambient O3 contributes to both ozone and
ozone reactive products, it cannot be ascertainedwhether the associations of
ambient O3 levels with adverse cardiorespiratory outcomes observed in our
studies or previous studies were driven primarily by ozone or by ozone

Fig. 2 | Comparison of the station-monitored concentrations and personal
exposures at the individual level. The regression coefficients between station-
monitored air pollutants and personal exposure, adjusted for season (A), the
regression coefficients between station-monitored air pollutants and personal

exposure when participants are indoors vs. outdoors, adjusted for season (B),
contributions of outdoor exposure and indoor exposure to total personal exposure
(C), and comparison of average personal O3 or PM2.5 levels when participants are
outdoors vs. indoors (D).
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reaction products. Herein, this study provides new evidence to clarify this
issue. Specifically, we observed that personal ozone exposure, which more
accurately reflects individual-level inhalation of ozone, was not significantly
associated with cardiorespiratory outcomes. In contrast, ozone levels from
outdoor monitoring stations showed significant associations with adverse
cardiorespiratory outcomes. This discrepancy suggests that the observed
associations with station-monitored O3 may not be due solely to direct O3

exposure but may, instead, reflect the influence of co-exposure to ozone
reaction products, especially those generated indoors or in the breathing
zone (O3 does react with skin lipids readily

33). In addition, indoor ozone can
react with surfaces and building materials, resulting in significant ozone
decay indoors34. Temperature and humidity also influence the chemical
reactivity of ozone on indoor surfaces35. Moreover, because individuals
spend most of their time indoors, they are likely to be exposed pre-
dominantly to ozone reaction products rather than ozone itself 32. These

findings suggest the potential importance of ozone reaction products as key
contributors to O3-associated cardiorespiratory outcomes36. They also
emphasize the need formore refined exposure assessments that account for
complex ozone chemical transformations occurring in real-world
environments.

There are several limitations in our study. Firstly, all participants in this
study were recruited from university students, who spent the majority of
their time indoors (dormitories and classrooms) in the absence of cooking
and other household activities encountered in a more typical housing
environment. Therefore, extrapolating the results of this study to other
populations should be cautious. Secondly, we did not measure indoor-
outdoor air change rate (ventilation conditions),whichmayhavepotentially
influenced the relationships between personal and station-monitored con-
centrations. In addition, the observed associations of cardiorespiratory
function and FeNO with PM2.5 and O3 exposures may be confounded by

Fig. 3 | The associations of station-monitored concentration and personal exposure to O3 and PM2.5 with lung function and airway inflammation.
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some unmeasured co-pollutant exposure, such as VOCs and semi-volatile
organic compounds (SVOCs). As this was an observational study, all par-
ticipants followed their usual daily routines; therefore, unmeasured residual
confounders such as caffeine intake and physical activity cannot be entirely
excluded.

In a cohort of college students living on a university campus located in
the Chinese city of Guangzhou, station-monitored and personal sensor
concentrations weremore strongly correlated for PM2.5 (r = 0.448) than for
ozone (r = 0.269). Both station and personal concentrations for PM2.5

showed similar associations with biomarkers of cardiorespiratory

Fig. 4 | The associations of station-monitored concentration and personal exposure to O3 and PM2.5 with cardiovascular function indicators.
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pathophysiology. This finding supports the use of ambient PM2.5 con-
centrations as a proxy of personal exposure in epidemiology studies when
fixed-site and personal measurements are well correlated. In contrast, only
station-monitored O3 showed positive associations with multiple bio-
markers, whereas personal O3 exposure showed null, or even negative,
associations. This ozone finding, along with emerging evidence in the lit-
erature, suggests personal ozonemonitoringmay be associatedwith greater
confoundingbyozone reactionproducts than ambientO3 concentrations in
epidemiologic studies.

Methods
Study participants
This studywas conductedon the campusofGuangzhouMedicalUniversity,
located in Guangdong Province, China, from September 2020 to October
2022. Eligible participants were recruited from the university students based
on the following criteria: (1) residing in university dormitories during the
study period to reduce the heterogeneity in variations of lifestyle, dietary
patterns, and exposures to indoor pollutants, as cooking and smoking were
not permitted in participants’ dormitories; (2) absence of chronic respira-
tory or cardiovascular disease; (3) not taking any prescribed medications
that may interfere with the respiratory function for at least the preceding
month; and (4) not being exposed to active or passive smoking regularly.
Physical examination, blood tests and lung function tests were conducted to
ensure all participants meet the inclusion criteria. All participants provided
written informed consent upon enrollment. The study protocol was
approved by theMedical Ethical Committee of The First AffiliatedHospital
of Guangzhou Medical University [2020, No. 90].

Study design
Guangzhou city (23°07′N, 113°16′E) is located in southern China and
characterized by a humid subtropical climate. During winter, the city
typically experiences lower levels of O3 but higher concentrations of PM2.5.
In spring, O3 levels typically remain low, while PM2.5 concentrations
decrease from winter time. Conversely, summer witnesses higher O3 levels
and lower PM2.5 concentrations. Therefore, Guangzhou offers a natural

seasonal variation in concentration environment to investigate the asso-
ciation of respiratory health with PM2.5 and O3. In this study, we followed
participants across three distinct seasons. Each participant completed two
health assessments per season, with a minimum interval of five days
between clinical visits within the same season (see Fig. 5). Each clinical visit
lasted about 4 h and was conducted under resting-state, during which
participants completed the assigned clinical measurements.

Health outcome measurement
We collected individual data on demographic characteristics (age, gender,
height, and weight) and lung function at enrollment. At each clinical visit,
lung function indicators, including forced expiratory volume in the first
second (FEV1), forced vital capacity (FVC), and FEV1/FVC ratio, were
measured using spirometry (PONY FX, Cosmed, Italy). Fractional exhaled
nitric oxide (FeNO) was measured as a biomarker of airway inflammation
using a NIOX VERO device (Circassia Pharmaceuticals Inc., USA). Car-
diovascular function indicators, including pulse wave velocity (PWV),
augmentation index (AI), pulse pressure index (PPI), systolic bloodpressure
(SBP), and diastolic blood pressure (DBP) were measured by a cardiovas-
cular and peripheral vascular testing instrument (VICORDER, SMT
Medical, Würzburg, Germany). Additionally, height and weight were
measured to calculate body mass index (BMI). All these health outcomes
were measured by physicians or technicians from The First Affiliated
Hospital of GuangzhouMedical University. Participants were also required
to report any respiratory infections and their activity patterns, specify
whether they were indoors or outdoors each hour during the five days prior
to each of the clinical visits. The study was carried out during most of the
COVID-19 period. As such, in-vehicle exposures were very limited among
the student participants who did not have a car.

Air pollution exposure assessment
Daily air pollutant concentrations were obtained from the nearest mon-
itored stations within a 4-kilometer straight-line distance of each campus.
Supplementary Fig. 6 illustrates the locations of both campuses along with
their respective nearest air monitored sites.

Fig. 5 | Clinical visit schedules and station-monitored air pollution concentrations during the study period, using the measurement dates of lung function as an example.

https://doi.org/10.1038/s44407-025-00045-2 Article

npj Clean Air |             (2026) 2:2 7

www.nature.com/npjcleanair


For the personal exposure assessment, participants were required to
carry a personalmonitor for at least 5 days preceding each clinical visitwhen
outcome measurements were made. Researchers at Duke University
developed these monitors over multiple years, which integrate Plantower
PMS3003 sensors for PM2.5 and Alphasense OX-A4 sensors for O3

37. They
have been utilized and validated in several previous studies38,39. We calcu-
lated daily personal exposure based on the minute-level data from the
wearable monitors that had been calibrated by co-locating them with an
established high-performance air pollution measurement station, further
details on the co-location calibration are provided in Supplementary
Table S6.

Statistical analysis
We report mean with standard deviation (SD) and percentage for partici-
pants’ baseline characteristics. Correlations among station-monitored
PM2.5, station-monitored O3, personal exposure to PM2.5, personal expo-
sure to O3, ambient temperature, and relative humidity were determined
using Spearman’s correlations.

We investigated the relationship between station-based con-
centration and personal exposure for each subject, including the season
of the visit as a covariate in the regression model. Given that personal
activity patterns might influence these associations, we further analyzed
these season-adjusted relationships stratified by whether the subject was
in an indoor or outdoor environment. Additionally, to compare the
relative contributions of personal indoor and outdoor exposures to total
personal exposure, we calculated the proportions by dividing cumulative
indoor and outdoor exposures by total personal exposure, respectively.
Furthermore, we compared average personal exposure concentrations to
air pollutants between indoor and outdoor environments at the indivi-
dual level. Due to scheduling constraints of the measurement equip-
ment, FeNO, lung function, and cardiovascular function indicators for
the same individual may not be measured on the same day, with a
maximum gap of three days. Therefore, we primarily presented the
results of the correlation analysis and descriptive statistics based on the
FeNO measurement date. For the subsequent association analyses with
the outcomes, the definition of lag days was strictly based on the exact
outcome measurement date.

We used linear mixed-effect models (LMMs) which included the
subject ID as random effects to examine the associations between the
cardiorespiratory outcomes and exposures to PM2.5 and O3 with dif-
ferent lag structures. These included current day exposure at the time of
outcome measurement (0 day), and cumulative exposure over multiple
days: 0–1 day (representing the moving average exposure from the
current day to 1 day preceding the outcome measurement), 0–2 days,
0–3 days, 0–4 days, and 0–5 days. The two pollutantmodels were further
adjusted for the 2-day average (lag 0–1) temperature and relative
humidity, as previous studies have shown that the lag 0–1 ambient
temperature exhibited the strongest associations with cardiorespiratory
outcomes40. In addition, we adjusted for gender, age, BMI, and whether
the participant had a respiratory infection. From the model output, we
calculated the percentage change and 95% confidence interval (95% CI)
of the health outcomes associated with an interquartile range (IQR)
increase in exposure to air pollutants.

Several sensitivity analyses were conducted to assess the robustness of
our main results. Firstly, we excluded participants who had respiratory
infection during each of the clinical visits. Secondly, one participant com-
pleted only five cardiovascular indicatormeasurements, sowe excluded this
participant from the analysis as part of the sensitivity analysis. Thirdly, due
to partial missing hourly values in personal monitor records, we limited the
calculationof personal daily exposure to aminimumof 16 hof available data
and further investigate the associations of respiratory health with daily air
pollution exposure.All statistical analyseswere conducted using “lme4” inR
software (version 4.3.2). P values of less than 0.05 were considered statis-
tically significant.

Data availability
The datasets generated and analyzed during the current study are not
publicly available due to institutional restrictions but are available from the
corresponding author on reasonable requests.
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