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A B S T R A C T

Experimental data suggests that PM1 is more toxic than PM2.5 although the epidemiologic evidence suggests that
the health associations are similar. However, few objective exposure data are available to compare the asso-
ciations of PM1 and PM2.5 with children lung function. Our objectives are a) to evaluate associations between
long-term exposure to PM1, PM2.5 and children’s lung function, and b) to compare the associations between PM1

and PM2.5. From 2012 to 2013, we enrolled 6,740 children (7–14 years), randomly recruited from primary and
middle schools located in seven cities in northeast China. We measured lung function including forced vital
capacity (FVC), forced expiratory volume in 1 s (FEV1), peak expiratory flow (PEF), and maximal mid-expiratory
flow (MMEF) utilizing two portable electronic spirometers. We dichotomized continuous lung function measures
according the expected values for gender and age. The spatial resolution at which PM1 and PM2.5 estimated were
estimated using a machine learning method and the temporal average concentrations were averaged from 2009
to 2012. A multilevel regression model was used to estimate the associations of PM1, PM2.5 exposure and lung
function measures, adjusted for confounding factors. Associations with lower lung function were consistently
larger for PM1 than for PM2.5. Adjusted odds ratios (OR) per interquartile range greater PM1 ranged from 1.53 for
MMEF (95% confidence interval [CI]: 1.20–1.96) to 2.14 for FEV1 (95% CI: 1.66–2.76) and ORs for PM2.5 ranged
from 1.36 for MMEF (95%CI: 1.12–1.66) to 1.82 for FEV1 (95%CI: 1.49–2.22), respectively. PM1 and PM2.5 had
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significant associations with FVC and FEV1 in primary school children, and on PEF and MMEF in middle school
children. Long-term PM1 and PM2.5 exposure can lead to decreased lung function in children, and the associa-
tions of PM1 are stronger than PM2.5. Therefore, PM1 may be more hazardous to children’s respiratory health
than PM2.5 exposure.

1. Introduction

Air pollution is a global public health problem and an important
environmental determinant of human respiratory health (Burki 2019).
Atmospheric particulate matter (PM), is a major contributor to urban
air pollution, especially PM2.5 (particulate matter with an aerodynamic
diameter of 2.5 μm or less) (Kirrane et al. 2019) and PM1 (particulate
matter with an aerodynamic diameter of 1.0 μm or less) (Li et al. 2019).
Toxicological evidence suggests that smaller particle PM1 is more ha-
zardous than PM2.5 on cytotoxic effects and inflammation (Jalava et al.
2015). However, epidemiological evidence to date indicates similar
negative health associations for PM1 and PM2.5 with cardiovascular
outcomes, stroke, and respiratory endpoints (Hu et al. 2018).

Long-term PM2.5 exposure has been linked to impaired lung func-
tion in children (Guo et al. 2019), yet few studies are available on the
respiratory associations of PM1 exposure. There are several studies that
have investigated the adverse associations of PM1 exposure on lung
function in children and adolescents (Ghozikali et al., 2018;
Moshammer et al., 2006; Xing et al., 2020; Zhang et al., 2019;
Zwozdziak et al., 2016). All the studies suggested that higher short and
long-term PM1 exposure were associated with poorer lung function.
However, none of them compared the individual contributions and
differences of PM1 and PM2.5 to lung function.

Lung function measurement provides an objective index for evalu-
ating lung injury, which is of great value for the diagnosis and pre-
diction of respiratory disease (Vos et al. 2017). Age and gender are
important factors affecting lung function (Carey et al. 2007). Some
birth-cohort studies have shown that pediatric lung function growth
trajectories track into adult lung function (Belgrave et al. 2018).
Therefore, obtaining childhood lung function data is very important for
the subsequent assessment and diagnosis of respiratory health (Agusti
and Faner 2019).

Across China, PM1 comprises approximately 70% to 90% of the
PM2.5 mass, suggesting that PM1 is the key driver of fine particulate air
pollution (Chen et al. 2017). However, there is little information
available to evaluate the difference in associations and few indicators of
PM1 and PM2.5 toxicity. Therefore, our aim was to evaluate associations
between long-term exposure to PM1 and PM2.5 with children’s lung
function, and to differentiate the associations of PM1 from PM2.5. We
used data from the Seven Northeastern Cities study (Dong et al. 2014).
We hypothesized that long-term PM1 and PM2.5 exposures would be
associated with children’s poorer lung function, and that associations
for PM1 would be larger than those for PM2.5.

2. Material and methods

2.1. Study population and questionnaire

Study participants were recruited to the China Seven Northeastern
Cities study from seven Liaoning Province cities (Shenyang, Dalian,
Fushun, Anshan, Benxi, Dandong, and Liaoyang), located in north-
eastern China. We selected a total of 24 urban districts across the study
cities to maximize contrasts of ambient air pollutant concentrations
measured in 2009–2012. Each of the 24 districts had one municipal air
quality monitoring station available. In each district, we randomly se-
lected one or two primary schools (student age range 6–12 years) and
middle schools (student age range 12–15 years) among the schools lo-
cated within 2 km of the district air quality monitoring station. A total
of 62 schools were included in the study. Within each school, we

randomly selected one or two classrooms, depending on the class size
from each grade level, to enroll study participants (i.e., all students in
the selected classrooms). All students who had lived in the study district
for at least two years and had resided within a 2 km radius from the air
quality monitoring station were eligible. A detailed description of the
random sampling procedure is described in eMethods1 in the
Supplement. The study was conducted according to World Medical
Association Declaration of Helsinki-Ethical Principles for Medical
Research Involving Human Subjects and the Human Studies Committee
of Sun Yat-sen University approved the study protocol. Written in-
formed consent was obtained from all participants and their parents/
guardians before starting data collection.

Principals in the selected schools distributed study questionnaires to
teachers of each selected classroom. Teachers described the study
during a parent’s school visitation night, obtained informed consent,
and distributed study questionnaires to the parents with return envel-
opes. Eligible children’s parents could choose to complete the ques-
tionnaire during the school visitation night or to complete the form at
home and return it in a sealed envelope the next day. Principals and
teachers were instructed not to encourage or otherwise coerce the
parents to participate. The study questionnaire, previously described by
our group (Zeng et al. 2016), captured covariate information, including
sociodemographic factors, lifestyle factors, residential factors, personal
medical history, including a detailed history of respiratory health, and
family medical history among other requested information. Trained
nurses followed the standardized World Health Organization protocol
for measuring the height (at 0.1 cm) and weight (at 0.1 kg) of children
and calculated the body mass index (BMI) in kg/m2. We dichotomized
parents’ education as having a high school education or not, and ca-
tegorized annual family income (≤4999, 5000–9999, 10000–29999,
30000–100000, or > 100000 RMB). Children’s passive tobacco smoke
exposure was defined as cohabitation with a daily cigarette smoker, and
home coal use was assessed as household use for cooking or space
heating. Area of residence per person (m2) was calculated by dividing
the housing area by the number of household residents. We also queried
the ‘ever’ presence of a house pet (i.e., dog, cat, bird, farm animals, and
others). We defined family history of atopy as a clinical diagnosis of
allergies. Doctor-diagnosed asthma was defined as an affirmative an-
swer to the question “Has a doctor ever diagnosed asthma in this
child?” Current asthma among previously asthma-diagnosed children
was defined by an affirmative answer to the question ‘‘Has this child
had an asthma attack in the last two years?’’ or an affirmative answer to
the question ‘‘Does this child take medicine or treatment for asthma or
asthmatic bronchitis?’’ We determined home renovation as a positive
response to the question “Have you made any renovations in your home
within the past 2 years?” We defined breastfeeding as having been
mainly breast fed for more than three months. A detailed description of
this information is provided in eMethods 2 in the Supplement.

2.2. Ambient particulate matter exposure assessment

We estimated daily PM1 and PM2.5 concentrations from 2009 to
2012, using a machine learning method at a spatial resolution of 10 km
by 10 km, based on satellite remote sensing, meteorological data, and
land use information. Four-year (2009–2012) mean PM1 and PM2.5

concentrations were calculated and assigned to each child as surrogates
for long-term exposure. Daily PM1 and PM2.5 concentrations were es-
timated using a spatial statistical model with a machine learning
method matched to the children's geocoded home addresses. Briefly,
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each participant's home address was geocoded as a geographical long-
itude and latitude, and superimposed over predicted daily PM1 and
PM2.5 concentration grids. The exposure parameters were then calcu-
lated by averaging the daily concentrations for PM1 and PM2.5 over the
four-year period 2009–2012. The results of a 10-fold cross-validation
showed coefficient of determination values for daily predictions were
55% for PM1 and 86% for PM2.5, and coefficient of determination va-
lues for annual predictions were 75% for PM1 and 86% for PM2.5.
Detailed information regarding the analysis had been published (Chen
et al. 2018), and is presented in eMethods 3 in the Supplement.

2.3. Lung function measurement

We conducted the children’s health examinations between April
2012 and May 2013. Briefly, four measures of lung function, including
forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1),
peak expiratory flow rate (PEF), and maximum mid expiratory flow rate
(MMEF) were measured utilizing two portable electronic spirometers
(Spirolab, MIR, Italy) (Mehrparvar et al., 2014). Spirometry was per-
formed according to the American Thoracic Society (ATS) and Eur-
opean Respiratory Society (ERS) standards. The child stood comfortably
and wore a nose clip to prevent air from coming out from the nose
during spirometry. After that, the values of total lung capacity (TLC)
and residual volume (RV) were measured. FVC and FEV1 should be
both the largest value obtained from any of three technically satisfac-
tory curves, and the change in FVC and FEV1 values should not exceed
5% in at least two of the three curves. All testing processes were au-
tomatically corrected for body temperature and pressure water vapor
saturated (BTPS). We used EpiData Entry for data entry and doc-
umentation. We dichotomized spirometry measures as impaired, based
on the values predicted for children residing in northeastern China (Ma
et al. 2013): lung function as FVC < 85% of reference (FVC < 85%),
FEV1 < 85% of reference (FEV1 < 85%), maximum mid expiratory
flow < 75% of reference (MMEF < 75%), or PEF < 75% of re-
ference (PEF < 75%).

2.4. Statistical analysis and data calculation

We examined distributions and evaluated bivariate associations
among the covariates. We evaluated the association of ambient air
pollutants with continuous lung function measures using generalized
linear regression models, adjusted for confounding variables, as pre-
viously described (Dong et al. 2013). Briefly, we used a two-level lo-
gistic regression model to estimate the relation between dichotomized
lung function tests and ambient air pollutant concentrations. Children
were the first-level units and districts were the second-level units. The
details of this model are described in eMethods 4 in the Supplement. In
brief, PM1 and PM2.5 were considered as predictor variables, expressed
per interquartile range (i.e., difference between the 75th percentile and
the 25th percentile). We first operationalized lung function measures as
continuous outcomes to assess biological response. Next, we dichot-
omized lung function measures according to predicted values to assess
clinical significance. At the district level, the random coefficients were
regressed on district-specific air pollutant levels. Confounding variables
were identified as age, body mass index (BMI), breast fed status, gender
(for total sample only: we only adjusted the gender in the total popu-
lation analysis), parental education, income, passive tobacco smoke
exposure, home coal use, home renovation, and family history of atopy.
Because, lung function varies with age, we also adjusted for standing
height and gender (Carey et al. 2007). We entered cross-product terms
between gender and air pollutants to test effect measure modification in
regression models, and then stratified by gender to interpret the results
(VanderWeele, 2009). Asthma, breast fed and smoke are all important
factors affecting children’s lung function. We also analyzed the asso-
ciations of PM1 and PM2.5 as predictors of lung impairment in children,
overall and stratified by gender and current asthma, gender and breast

fed, and by gender and passive tobacco smoke exposure. We further
interrogated heterogeneity of PM1 and PM2.5 associations according to
participant age, defined as primary school vs. middle school, using the
same approach. P-values < 0.05 and 0.10 were considered statistically
significant for two-tailed tests of main associations and interactions,
respectively. All analyses were performed using SAS version 9.4 (SAS
Institute, Cary, North Carolina). As PM1 is a constituent of PM2.5,
PM2.5/PM1 concentration ratio should equal log(aORpm1)/log
(aORpm2.5) under ideal conditions, given that PM2.5/PM1 = log
(aORpm1)/log(aORpm2.5); where y = β1 × PM1 and y = β2 × PM2.5,
and aOR1 = 10β1 and aOR2.5 = 10β2, so β1 = log(aOR1) and β2 = log
(aOR2.5). That means = ×

×1 log(aOR1) PM1
log(aOR2.5) PM2.5 , so PM2.5/PM1 = log

(aORpm1)/log(aORpm2.5).

Table 1
Distribution of sociodemographic, lifestyle, clinical, and exposure factors
among 6740 Chinese children, overall and by gender.

Characteristics Total
(n = 6740)
n (%)

Boys
(n = 3382)
n (%)

Girls
(n = 3358)
n (%)

Age (year), Mean (SD) 11.6 (2.1) 11.6 (2.1) 11.5 (2.0)
Height (cm)a 154.0 (12.6) 155.6 (14.0) 152.3 (10.8)
Weight (kg)a 48.4 (15.6) 51.2 (17.3) 45.7 (13.2)
BMI, Mean (SD)a 20.0 (4.7) 20.7 (5.3) 19.3 (3.9)
Exercise time per week (hour),

Mean (SD)a
7.6 (7.8) 7.8 (7.6) 7.3 (7.9)

Area of residence per person
(m2), Mean (SD)a

22.7 (9.8) 23.1 (10.0) 22.4 (9.6)

Breast feda 4751 (70.5) 2312 (68.4) 2439 (72.6)
Personal education > high

school
4211 (62.5) 2101 (62.1) 2110 (62.8)

Family income
< 4999 RMB 758 (11.3) 375 (11.1) 383 (11.4)
5000–9999 RMB 876 (13.0) 431 (12.7) 445 (13.3)
10,000–29,999 RMB 2394 (35.5) 1197 (35.4) 1197 (35.7)
30,000–100,000 RMB 2437 (36.2) 1250 (37.0) 1187 (35.4)
> 100,000 RMB 275 (4.1) 129 (3.8) 146 (4.4)
Passive tobacco smoke

exposure
3281 (48.7) 1623 (48.0) 1658 (49.4)

House coal use 676 (10.0) 357 (10.6) 319 (9.5)
House pet 1435 (21.3) 694 (20.5) 741 (22.1)
House renovation 2416 (35.9) 1197 (35.4) 1219 (36.3)
Family history of atopy 1390 (20.6) 669 (19.8) 721 (21.5)
Asthma diagnosisa 460 (6.8) 275 (8.1) 185 (5.5)
Lung function
FVC (mL), Mean (SD)a 2626.0

(755.1)
2817.7
(843.9)

2432.9
(594.2)

FEV1 (mL): Mean (SD)a 2463.5
(699.6)

2628.9
(775.7)

2296.8
(566.8)

PEF (mL/s): Mean (SD)a 4777.7
(1415.0)

5163.5
(1534.6)

4389.2
(1160.4)

MMEF (mL/s): Mean (SD)a 3349.7
(1048.5)

3490.9
(1153.9)

3207.6
(908.6)

Lung function impairment
FVC < 85% predicteda 759 (11.3) 350 (10.4) 409 (12.2)
FEV1 < 85% predicted 578 (8.6) 303 (9.0) 275 (8.2)
PEF < 75% predicteda 458 (6.8) 186 (5.5) 272 (8.1)
MMEF < 75% predicteda 634 (9.4) 287 (8.5) 347 (10.3)
Air pollutant levels (μg/m3),

Mean (SD)
PM1 47.5 (6.5) 47.6 (6.5) 47.3 (6.5)
PM2.5 54.6 (6.1) 54.7 (6.2) 54.4 (6.1)

Note: RMB, Chinese Yuan. FVC, forced vital capacity; FEV1, forced expiratory
volume in 1 s; PEF, peak expiratory flow rate; MMEF, maximum mid expiratory
flow rate.

a P < 0.05 for difference between boys and girls using Chi square for ca-
tegorical variables and t-test for continuous variables.
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3. Results

3.1. Study population characteristics and air pollution exposure

Participant characteristics are shown in Table 1. A total of 6740
children with complete data were included in this analysis. We ex-
cluded n = 279 with missing data (< 4%), although with similar
characteristics to the included participants (eTable 1). Boys had higher
BMI than girls, they exercised more frequently and resided in larger
residences on a per person basis. However, boys were less likely to have
been breast fed than girls. All lung function measures were better for
boys compared to girls. The prevalence of impaired lung function
ranged from 5.5% (PEF) to 10.4% (FVC) of the study population. Girls
were more likely to have higher FVC, PEF, and MMEF impairment than
boys. The distribution of air pollutants and lung function are shown in
eTable 2 in the Supplement. Table 1 also shows the distribution of four-
year average PM1 and PM2.5 concentrations, overall and by gender. The
mean predicted concentration and standard deviation were 47.5 (6.5)
μg/m3 for PM1 and 54.6 (6.1) μg/m3 for PM2.5. The mean PM1/PM2.5

ratio was 0.87 and it exceeded 0.85 for 77% of children. There was a
significant and strong positive correlation between PM1 and PM2.5

(rSp = 0.94). PM2.5-1 concentration is shown in eTable 3 in the Sup-
plement.

3.2. Associations between air pollution exposure and dichotomized lung
function

Table 2 shows the associations between ambient air pollutants and
dichotomized lung function outcomes, and the results of log(aORpm1)/
log(aORpm2.5). The ratio of log(aORpm1)/log(aORpm2.5) in total chil-
dren, boys, and girls range from 1.3 to 1.6, 1.3 to 1.7, and 1.3 to 1.5,
respectively. All t log(aORpm1)/log(aORpm2.5) were greater than PM2.5/
PM1 (i.e., 1.15). We consistently found positive associations between
air pollutant exposure and the odds of lung function impairment.
Among lung function measures, FEV1 association estimates were larger
and weaker for MMEF. Among pollutants, association estimates were
larger for PM1 exposure, in which each increase in interquartile range
(IQR) concentration was associated with and aOR of 2.1 (95% CI: 1.7,

2.8) for FEV1 impairment in total children, adjusted for confounding.
Each PM2.5 increase in IQR concentration was associated with an aOR
of 1.8 (95% CI: 1.5, 2.2) for FEV1 impairment in total children. We also
detected statistically significant interactions with respect to gender for
FEV1 and MMEF with PM1 and PM2.5 exposures (Table 2). We found
that associations of FEV1 with PM1 and PM2.5 were larger in girls than
in boys. We also identified larger associations of MMEF with PM1 and
PM2.5 in girls than in boys. Associations between PM2.5-1 and lung
function are shown in eTable 4 in the Supplement. There was no sta-
tistically significant association between PM2.5-1 and lung function.
Unadjusted estimates of ambient air pollutants in relation to lung
function impairment are shown in eTable 6 in the Supplement. In ad-
dition, the associations between ambient air pollutants and lung im-
pairment among Chinese children, overall and stratified by gender and
asthma, and by gender and breast fed, are shown in eTable 8 and 9 in
the Supplement. The results of passive tobacco smoke exposure with
respect to lung function among children overall and by gender are
shown in eTable 10 in the Supplement.

Fig. 1 shows the results of regression models to assess interactions
between participant age and PM exposure associated with lung function
impairment. The difference in associations between PM1 and PM2.5 was
more significant in young children. In primary school children
(mean ± SD = 10.2 ± 1.5 years of age) and middle school children
(mean ± SD = 13.3 ± 1.2 years of age), the ratio of log(aORpm1)/log
(aORpm2.5) ranged from 1.5 to 1.8 and 0.8 to 1.2, respectively. All log
(aORpm1)/log(aORpm2.5) ratios were more than the PM2.5/PM1 (1.15)
ratio in primary school children. Associations of PM1 and PM2.5 with
FVC impairment and FEV1 impairment were significantly larger among
primary school children than among middle school children. In addi-
tion, PM1 and PM2.5 had statistically significant associations with FVC
and FEV1 (large airways) in primary school children, and on PEF and
MMEF (small airways) in middle school children.

3.3. Associations between air pollution exposure and lung function
measures

Table 3 shows the results of multiple linear regression analysis to
estimate relationships between ambient air pollutants and continuous

Table 2
Adjusted OR (95% CI) of PM1 and PM2.5 concentrations (μg/m3) in relation to lung impairment and log(aORpm1)/log(aORpm2.5) among Chinese children, adjusted for
confounding variables, overall and by gender (n = 6740).

Air pollutants Totala Boysa Girlsa Pinteraction
c

aORb 95% CI aORb 95% CI aORb 95% CI

FVC < 85% predicted
PM1 2.0 1.5, 2.5 1.9 1.4, 2.5 2.1 1.5, 2.8 0.54
PM2.5 1.6 1.3, 1.9 1.5 1.1, 1.9 1.6 1.3, 2.1 0.36
log (aORpm1)/log(aORpm2.5) 1.6 – 1.7 – 1.5 – –
FEV1 < 85% predicted
PM1 2.1 1.7, 2.8 1.8 1.3, 2.5 2.6 1.9, 3.6 0.06
PM2.5 1.8 1.5, 2.2 1.6 1.3, 2.0 2.1 1.6, 2.7 0.06
log (aORpm1)/log(aORpm2.5) 1.3 – 1.3 – 1.3 – –
PEF < 75% predicted
PM1 1.6 1.3, 2.1 1.6 1.2, 2.3 1.6 1.2, 2.2 0.93
PM2.5 1.4 1.1, 1.7 1.4 1.1, 1.9 1.4 1.1, 1.8 0.77
log (aORpm1)/log(aORpm2.5) 1.4 – 1.3 – 1.5 – –
MMEF < 75% predicted
PM1 1.5 1.2, 2.0 1.2 0.9, 1.6 2.0 1.5, 2.6 0.003
PM2.5 1.4 1.1, 1.7 1.1 0.9, 1.4 1.6 1.3, 2.1 0.01
log (aORpm1)/log(aORpm2.5) 1.4 – 1.4 – 1.4 – –

Note: CI, confidence interval; aOR, adjusted adds ratios; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow rate; MMEF,
maximum mid expiratory flow rate.

a Adjusted for age, body mass index (BMI = weight (kg) / height (m)2), breast fed status, gender (for total sample only), parental education, income, smoking
exposure, home coal use, house renovation, and family history of atopy.

b OR were scaled to the interquartile range (25th to 75th percentile of district-specific concentrations) for each pollutant (12.9 μg/m3 for PM1, 10.0 μg/m3 for
PM2.5).

c p-Value for test of gender × air pollutant in regression models.
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measures of lung function. We consistently detected statistically sig-
nificant and inverse associations between concentrations of air pollu-
tants and lung function measures. Association estimates were largest for
PEF and smallest for MMEF, adjusted for confounding. Association es-
timates were largest for PM1 exposure, in which each increase in IQR
concentration was associated with a −243.6 mL (95% CI: −307.0,
−180.2) PEF (Table 3). We also detected statistically significant in-
teractions with gender for all associations (Table 3). PM1 associations
among boys were stronger than among girls for FEV1. Yet, the PM1

associations among girls were stronger than those among boys for PEF
and MMEF. Still, association estimates were consistently largest for PEF
and for PM1 overall. The associations between PM2.5-1 and continuous
lung function measures are shown in eTable 5 in the Supplement, al-
though there was no statistically significant association. The results of
unadjusted estimates in lung function measures associated with am-
bient air pollutants are shown in eTable 7 in the Supplement.

4. Discussion

The results of this large, population-based investigation showed that
long-term exposure to PM1 and PM2.5 were associated with poorer lung
function and greater odds of lung function impairment in Chinese
children. The associations were consistently stronger for PM1 than for
PM2.5 exposure and varied according to children’s gender and age. We
found the largest overall associations for FEV1 impairment followed by
FVC, and more modest associations for PEF and MMEF. Thus, our re-
sults suggest that PM1 and PM2.5 exert adverse associations with lung
function in children, although the vulnerability may vary by gender and
age, and PM1 may be more hazardous to children’s respiratory health
than PM2.5 exposure.

Our study appears to be the first comparison of children’s lung
function damage in association with both long-term PM1 exposure and
PM2.5 exposure. Unlike previous epidemiologic studies, we found not
only that greater long-term PM1 exposure was associated with chil-
dren’s lung function, but also that the association estimates were

Fig. 1. Associations of PM1 and PM2.5 with lung function and log(aORpm1)/log(aORpm2.5) in Chinese Children. aOR, adjusted adds ratios; FVC, forced vital capacity;
FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow rate; MMEF, maximum mid expiratory flow rate. Pri, Primary school students; Mid, Middle school
students. The associations were adjusted for age, body mass index (BMI = weight (kg) / height (m)2), breast fed status, gender, parental education, income, passive
tobacco smoke exposure, home coal use, house pet, house renovation, and family atopy. Association estimate scaled to the interquartile range (25th to 75th percentile
of district-specific concentrations) for each pollutant (12.9 μg/m3 PM1 and 10.0 μg/m3 PM2.5). PM2.5/PM1 = 1.15: the concentration ratio of PM2.5 and PM1 is 1.15.

Table 3
Mean difference (95% CIs) in lung function measures associated with PM1 and PM2.5 concentrations (μg/m3) among Chinese children, adjusted for confounding
variables, total and by gender (n = 6740).

Air pollutants Totala,b Boysa,b Girlsa,b PInteraction
c

β 95% CI β 95% CI β 95% CI

FVC
PM1 −163.0 −194.9, −131.0 −163.2 −212.8, −113.6 −148.1 −185.2, −111.1 0.07
PM2.5 −136.7 −164.0, −109.3 −133.3 −175.5, −91.2 −127.7 −159.5, −95.9 0.03
FEV1
PM1 −123.9 −151.8, −96.1 −119.4 −161.7, −77.0 −116.4 −149.7, −83.1 0.02
PM2.5 −102.9 −126.7, −79.1 −96.4 −132.3, −60.4 −99.1 −127.7, −70.5 0.01
PEF
PM1 −243.6 −307.0, −180.2 −175.6 −269.1, −82.1 −279.9 −359.5, −200.2 0.001
PM2.5 −194.6 −248.8, −140.4 −140.4 −219.7, −61.1 –223.3 −291.7, −154.9 0.003
MMEF
PM1 −96.5 −144.4, −48.6 −38.6 −109.9, 32.7 −134.1 −194.5, −73.7 < 0.001
PM2.5 −76.1 −117.1, −35.2 −27.6 −88.1, 32.9 −109.4 −161.1, −57.6 < 0.001

Note: β, association estimate; CI, confidence interval. FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow rate; MMEF,
maximum mid expiratory flow rate.

a Adjusted for age, body mass index (BMI = weight (kg) / height (m)2), breast fed status, gender (for total sample only), parental education, income, passive
tobacco smoke exposure, home coal use, house pet, house renovation, and family atopy.

b Association estimate scaled to the interquartile range (25th to 75th percentile of district-specific concentrations) for each pollutant (12.9 μg/m3 for PM1,
10.0 μg/m3 for PM2.5).

c p-Value for test of gender × air pollutant in regression models.
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stronger than for PM2.5. PM1 is the mainly part of PM2.5. In this study,
PM1 accounts for 87% of PM2.5, this means PM1 = 0.87 × PM2.5. If
y = β1 × PM1, and y = β2 × PM2.5, so
β2 × PM2.5 = β1 × 0.87 × PM2.5. That means β1/β2 = 1/0.87,
because aORpm1 = 10β1 and aORpm2.5 = 10β2, so β1 = log(aORpm1)
and β2 = log(aORpm2.5). Therefore, log(aORpm1)/ log
(aORpm2.5) = 1.15. Under ideal conditions, the association of PM1 in
PM2.5 should be equal to the concentration proportion of PM1 in PM2.5

[log (aORpm1)/log(aORpm2.5) = PM2.5/PM1]. However, if log(aORpm1)/
log(aORpm2.5) > PM2.5/PM1, that means the actual association of PM1

is higher than the concentration proportion effect of PM1 in PM2.5, PM1

has additional associations and PM1 is stronger than PM2.5. In our
study, the log(aORpm1)/log(aORpm2.5) in lung function ranged from 1.3
to 1.6 in children, higher than the ratio of PM2.5/PM1 (1.15). In addi-
tion, the PM2.5-1 concentration was only 13% of PM2.5, and PM2.5-1 has
no significant association with children's lung function in this study.
PM1 is the main hazardous component in PM2.5. Therefore, because the
association of PM2.5-1 was null, the role of PM1 was stronger than PM2.5.
These results showed that PM1 had stronger associations with children's
lung function than PM2.5.

We reviewed the literature and found five children’s studies
(Ghozikali et al., 2018; Moshammer et al., 2006; Xing et al., 2020;
Zhang et al., 2019; Zwozdziak et al., 2016) that assessed the associa-
tions of PM1 and PM2.5 with lung function, but they did not compare the
associations of PM1 and PM2.5. A 2013 study by Xing et al (Xing et al.
2020), found that PM1 and PM2.5 concentrations were significantly
associated with lung function impairment for normal weight, over-
weight, and obese children, especially in overweight and obese chil-
dren. A 2013 study by Zhang et al (Zhang et al. 2019), found that
breastfeeding could decrease the risk of lung function impairment
among Chinese children exposed to PM1, PM2.5 and other air pollutants,
especially in younger children. Several prior studies investigated asso-
ciations between short-term PM1 exposure and lung function measures
in children or young adults. A 2001 panel study of 163 children
7–10 years of age, reported that the most sensitive indicator for acute
combustion-related pollutant associations was a change in maximal
expiratory flow in the small airways (MEF50% and MEF25%) after PM1

and PM2.5 exposure (Moshammer et al. 2006). A more recent 2017
panel study of 23 asthmatic and 23 non-asthmatic Iranian students
15–18 years of age, reported inverse associations between greater am-
bient PM10, PM2.5, and PM1 exposure, measured using personal air
monitoring, with FVC and FEV1 (Ghozikali et al. 2018). Another recent
2010 panel study of 141 secondary school students 13–14 years of age,
reported modest but statistically significant differences in FVC, FEV1,
PEF, and MEF25 per interquartile range greater PM2.5 and PM1 ex-
posure (Zwozdziak et al. 2016). In our study, we add new evidence to
the literature by suggesting that long-term PM1 and PM2.5 exposure
may increase the risk of lung function impairment, and the association
of PM1 is stronger than that of PM2.5.

Smaller size particles have higher surface area to volume ratio than
larger size particles, thus having greater potential for deleterious bio-
logical interactions with respiratory tissues and risks for adverse health
outcomes (Mei et al. 2018). PM2.5 has the ability to penetrate deeper
into the respiratory tract than PM10, where the particles can more easily
penetrate the air-blood barrier (Polichetti et al. 2009). The greatest
health risks may be associated with PM1 exposure, not only because it
can access the gas-exchange region of the lungs, but also because it
contains a relatively large proportion of organic carbon that serves as a
universal carrier of toxic organic compounds (Cassee et al. 2013). Fine
particles contained greater concentrations of organic pollutants, such as
polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-
dioxins and furans (PCDD/Fs), and other chemicals known to be asso-
ciated with adverse health effects than larger particles (Degrendele
et al. 2014). Toxicological experiments and human studies indicate that
smaller particle sizes elicit greater toxicity. An experimental study of
mature mice exposed to different PM granularities (i.e., PM0.49, PM0.95,

and PM0.95-1.5) found that PM exposure induced oxidative stress, peri-
bronchiolar inflammation, and immune imbalance, and that PM 0.95 μm
had a far more aggravating effect on asthma development than PM0.95-

1.5 (Mei et al. 2018). A 2007–2012 study of hospital admissions for
respiratory diseases (Xiong et al. 2015) found stronger positive asso-
ciations between respiratory hospital admissions in Beijing and ex-
posure to PM0.3 and PM0.3-0.5, than for exposure to PM0.5-1.0. In our
study, associations with lung function measures were consistently
stronger for PM1 than for PM2.5.

We also found stronger associations of PM1 exposure with FVC and
FEV1 in younger children than in older children, possibly indicating a
modifying association of age on these parameters. In contrast, asso-
ciations for PM1 and PM2.5 exposures with PEF were weaker in younger
children than in older children. FEV1 represents the mechanical prop-
erties of large and medium-sized airways and FVC reflects lung size
(Sullivan et al. 2019). Changes in FEV1 and FVC usually occur in the
early stage of lung injury, whereas PEF and MMEF are used to confirm
small airway obstruction and monitor the diagnosis following abnormal
results from other measurements, such as asthma for example (Shrine
and Guyatt 2019). Therefore, PEF and MMEF usually changes when the
lungs develop deceases. Additional work is needed to characterize age-
related vulnerabilities more definitively for different lung function in-
dicators.

We found that girls had significantly lower lung function levels than
boys and that they were more sensitive to PM1. Gender differences on
lung function in response to air pollution or other environmental sti-
muli may be present due to sex-related differences in lungs and airway
development (Carey et al. 2007). A reason is that lungs in males tend to
be larger than in females, with a greater number and surface area of
alveoli at birth. Some studies suggest that greater estrogen synthesis in
adolescence elevates pulmonary disease risk in girls, compared to boys
(Keselman and Heller 2015). However, Carey et al., found that males’
pulmonary airway growth lags behind females’, resulting in narrower
airways prior to adulthood (Carey et al. 2007), which might make boys
more susceptible to the deleterious associations of air pollution ex-
posure at younger ages. Thus, the gender-related associations with air
pollution-lung function associations in children may be further mod-
ified by age, but additional investigation is necessary to test this hy-
pothesis.

Our study offers many strengths although it also has several im-
portant limitations. The large sample size allowed us to detect modest
associations with increased precision and to interrogate gender and age
as potential modifiers of air pollution-lung function associations. Given
the cross-sectional nature of our study design, we were unable to es-
tablish a temporal relationship in which PM exposure preceded the
onset of lung function. Thus, we cannot rule out ‘reverse causality,’
although we believe this to be unlikely given that all participants re-
sided in urban areas of Liaoning Province and the context of our hy-
pothesis (i.e., for children with poorer lung function to relocate to areas
with greater ambient air pollution). We enrolled participants from 24 of
27 urban districts across study cities based on air quality data. While
this strategy enhanced statistical power, we cannot rule out the possi-
bility for a selection bias if study district was independently related to
children’s lung function. We assessed for effect measure modification
on the multiplicative scale. Yet multiplicative measures alone are in-
sufficient to fully assess the relevance of exposure modification and so
additional investigation should be conducted on the additive scale
(Mathur and Tyler, 2018; Prentice, 2011). Furthermore, we were un-
able to generate multivariable PEF models among girls due to the small
number asthma events (n = 18) (eTable 8).

We used a comprehensive, validated, satellite-based model to assign
air pollutant exposures to children's home addresses, which may have
misclassified exposure for some participants. Nevertheless, we esti-
mated PM1 and PM2.5 concentrations using a machine learning method
at a spatial resolution of 10 km by 10 km. The PM concentration of all
home addresses in the same 10 × 10 km grid is the same. Therefore, the
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misclassification is unlikely to have varied by study outcome, producing
a bias towards the null hypothesis. In addition, small variations in PM1

and PM2.5 (< 10 μg/m3) may have compromised our statistical power
to detect modest associations. Yet, we detected statistically significant
associations despite the limited range of exposure in the study popu-
lation, further underscoring the relevance of PM1 and PM2.5.
Furthermore, Chinese statute mandates attendance at local schools, and
the average time walking to school was about 11.6 min from the home.
Thus, our exposure assessment also captured school exposure in part,
and so provides more robust conclusions than other similar investiga-
tions. In addition, we were unable to assess PM composition, including
different proportions of constituent chemicals, metals, and ions in dif-
ferent areas. We used spirometry to capture an objective measure of
lung function not prone to recall bias in all children, minimizing out-
come misclassification. Finally, although we adjusted for a range of
confounding variables, we were unable to capture data for additional,
potential environmental confounders, such as time-activity patterns for
study participants, and thus, residual confounding is possible.

5. Conclusions

PM1 and PM2.5 levels were associated with poorer lung function in
children with stronger associations for PM1 compared to PM2.5. To the
best of our knowledge, our results are the first to compare the asso-
ciations of PM1 and PM2.5 exposure with children’s lung function
measures. Our results provide further support for previously published
findings linking higher ambient air pollution concentrations to poorer
lung function in children. Although preliminary, our results suggest the
importance of regulating finer PM fractions (PM1) and mitigating the
adverse associations.
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