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OBJECTIVE

We examined longitudinal associations of air pollution exposure, including fine partic-
ulate matter (PM2.5), nitrogen dioxide (NO2), and ozone (O3), with weight, BMI, waist
circumference, fat mass, leanmass, and proportion fat mass in midlife women.

RESEARCH DESIGN AND METHODS

The study population included 1,654 White, Black, Chinese, and Japanese women
from the Study of Women’s Health Across the Nation, with the baseline median
age of 49.6 years, followed from 2000 to 2008. Annual air pollution exposures
were assigned by linking residential addresses with hybrid estimates of air pollut-
ant concentrations at 1-km2 resolution. Body size was measured, and body com-
position was measured using DXA at approximately annual visits. Linear mixed
effects models were used to examine the associations between air pollution and
body size and composition measures and whether these associations differed by
physical activity.

RESULTS

After adjusting for potential confounders, an interquartile range increase in PM2.5

concentration (4.5 lg/m3) was associated with 4.53% (95% CI 3.85%, 5.22%) higher
fat mass, 1.10% (95% CI 0.95%, 1.25%) higher proportion fat mass, and 0.39% (95% CI
20.77%, 20.01%) lower lean mass. Similar associations were also observed for NO2

and O3.Weaker associations of PM2.5 and NO2 with body composition were observed
in participants who engaged in more physical activity.

CONCLUSIONS

Our analyses provide evidence that exposure to PM2.5, NO2, and O3, is adversely
associated with body composition, including higher fat mass, higher proportional
fat mass, and lower lean mass, highlighting their potential contribution to obesity.

Obesity has tripled in prevalence over the previous few decades, making it a global
public health problem (1). The health consequences of obesity are not trivial, in-
cluding type 2 diabetes, cardiovascular disease, certain cancers, and mortality, so it
is of great importance to identify modifiable risk factors for obesity. This informa-
tion will help characterize the population at high risk and identify targets and
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strategies for prevention. Unhealthful di-
ets and physical inactivity are well-estab-
lished risk factors for obesity (2). The
fast rise in obesity prevalence has par-
alleled the increasing exposure to envi-
ronmental factors, emphasizing a
plausible and potentially critical role
for obesity risk factors with environ-
mental origins (3,4).

Exposure to air pollution, including fine
particulate matter (PM2.5), nitrogen di-
oxide (NO2), and ozone (O3), increases
oxidative stress and adipose tissue in-
flammation, induces brown adipose tissue
dysfunction, disrupts the hypothalamic-
pituitary-adrenal axis, and activates per-
oxisome proliferator-activated receptors,
all of which are tightly linked to obesity
(5–10). Recent epidemiologic studies have
reported associations between exposure
to air pollution and obesity, although
most evidence is limited to children (7).
Notably, a majority of epidemiologic stud-
ies so far on this topic have focused on
BMI. BMI does not differentiate between
lean and fat body mass; however, body
composition measurements obtained us-
ing DXA reveal more information on adi-
posity and better predict cardiometabolic
disorders (11–13). Nevertheless, no study
of which we are aware has examined the
association between air pollution and
body composition, except for two re-
cent studies in the United Kingdom
and Taiwan, which did examine the re-
lationships between air pollution and
body composition (fat percentage) (14,15).
Importantly, the midlife is a period of rapid
changes in body composition for women;
gains in fat mass and declines in lean
mass accelerate during this life stage
(16). Therefore, the midlife may repre-
sent a period of vulnerability to obesity.
However, to our knowledge, the associ-
ations between air pollution and body
size and composition have never been
explored in midlife women.

To inform the hypothesis that higher
exposure to air pollution may adversely
affect body size and composition during
the critical midlife stage, we examined
the associations of long-term exposure
to air pollution, specifically estimates of
annual concentrations of PM2.5, NO2, and
O3, with repeated measures of body
weight, waist circumference, BMI, and
DXA-derived fat mass, lean mass, and
proportion fat mass in the Study of
Women’s Health Across the Nation (SWAN).
We hypothesized that higher exposure to

PM2.5, NO2, and O3 is adversely associ-
ated with body size and composition
measures. Because physical activity is a
well-established protective factor against
adverse body size and composition, we
additionally assessed effect modification
by physical activity on the associations
of air pollution with body size and
composition.

RESEARCH DESIGN AND METHODS

Study Population
SWAN is an ongoing prospective cohort
study of midlife women, designed to in-
vestigate physiologic and psychosocial
changes during the menopausal transi-
tion and their long-term health impacts
(17). Between 1996 and 1997, 3,302 women
age 42 to 52 years were enrolled in the
study, all of whom had an intact uterus,
at least one ovary, and at least one men-
strual cycle and had not used hormone
therapy in the previous 3 months. Partici-
pants were recruited from seven sites;
each site enrolled White women and
one site-specific racial/ethnic group, in-
cluding Black women in Boston, Massa-
chusetts, Pittsburgh, Pennsylvania, southeast
Michigan, and Chicago, Illinois; Hispanic
women in Newark, New Jersey; Chinese
women in Oakland, California; and Japa-
nese women in Los Angeles, California.

Air pollution data were available from
2000 (analysis baseline) to 2008 among
2,452 participants recruited from six sites,
excluding the Boston site because of a
lack of residential history to generate
exposure data. Additionally, the Chicago
and Newark sites did not assess body
composition using the DXA instruments;
therefore, 1,675 participants from the
remaining four sites were eligible for
the current analysis. Of these, we fur-
ther excluded 21 participants who had
no information on key covariates, leaving
a final analytic sample of 1,654 women
with 10,370 observations between 2000
and 2008. A flowchart of the analytic
sample is shown in Supplementary Fig. 1.
The institutional review board at each
participating site approved the study pro-
tocol, and all participants provided writ-
ten, signed informed consent at each
study visit.

Air Pollution Exposure Measures
For each SWAN participant included in
the current analysis, we assigned an an-
nual average of the 24-h average PM2.5

concentration, annual average of the daily
1-h maximum NO2 concentration, and
annual average of the daily 8-h maxi-
mum O3 concentration for each calen-
dar year according to their residential
history from 2000 to 2008. Residential
addresses were geocoded to the latitude
and longitude coordinates and then linked
to the air pollution data. Daily ambient
PM2.5, NO2, and O3 concentrations were
estimated at a 1-km2 spatial resolution
based on the ensemble of three machine
learning models (neural network, random
forest, and gradient boosting) with >100
predictor variables, including satellite
variables, land-use variables, meteorologic
variables, chemical transport model–
stimulated variables, and other ancillary
variables. The ensemble models were
shown to have outstanding predictive per-
formance, with an average 10-fold cross-
validated coefficient of determination (R2)
for annual predictions of 0.89 for PM2.5,
0.84 for NO2, and 0.86 for O3. More in-
formation about exposure models can
be found elsewhere in detail (18–20).

Body Size and Composition
Body size outcomes, including weight (kg),
waist circumference (cm), and BMI (kg/m2),
and body composition outcomes, including
fat mass (kg), lean mass (kg), and pro-
portion fat mass (%), were measured at
each SWAN visit using a standardized
protocol across all study sites. Body size
was measured in light clothing and with-
out shoes. Height was measured to the
nearest 0.01 m, and weight was mea-
sured to the nearest 0.1 kg using cali-
brated scales and stadiometers. BMI was
calculated as weight (kg) divided by the
square of height (m). Waist circumference
was measured to the nearest 0.1 cm us-
ing inelastic tape at the narrowest part
of the torso. Fat and lean mass were
measured by DXA using Hologic instru-
ments (Hologic, Inc.) following strict qual-
ity assurance and calibration methods
that have been described previously (16).
Proportion fat mass was calculated as fat
mass divided by the sum of fat and lean
mass as a percentage.

Covariates
Demographic characteristics, including
age, self-defined race/ethnicity (White,
Black, Chinese, or Japanese), education
(high school or less, some college, or
college degree or higher), and financial
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hardship, were assessed through a self-
administered questionnaire. Financial hard-
ship was categorized as very hard,
somewhat hard, or not hard at all based
on the response to the following ques-
tion: “How hard is it for you to pay for
the very basics like food, housing, medi-
cal care, and heating?” Smoking status
(never smoker, former smoker, or current
smoker), exposure to secondhand smoke
(0, <5, or $5 h per week), alcohol drink-
ing (fewer than one drink per month,
more than one drink per month, one or
fewer drinks per week, or more than
one drink per week), physical activity,
and menopausal status (premenopausal,
early perimenopausal, late perimeno-
pausal, postmenopausal, or unknown
because of hormone therapy use) were
assessed through standardized inter-
views. Exposure to secondhand smok-
ing was based on total person-hours
of exposure at home, work, and other
social settings (21). A modified version
of the Kaiser Physical Activity Survey
was used to quantify physical activity
during the past year by two domains,
including sports/exercise and daily liv-
ing (22). Domain-specific indices were
derived by averaging the ordinal re-
sponses to questions in each domain,
resulting in values from 1 to 5. Thus,
the physical activity score ranged from
2 to 10, with 10 indicating the highest
level of activity. The physical activity score
was not measured at two follow-up visits,
so we imputed the value by computing
the mean score for the visits preceding
and following the unmeasured visit. Pre-
menopausal was defined as having men-
struation in the past 3 months with no
change in bleeding regularity, early peri-
menopausal was having menstruation in
the past 3 months but with decreasing
regularity between menses, late perimen-
opausal was no menstruation in past 3 to
11 months, and postmenopausal was no
menstruation in past 12 or more months.
Total energy intake (kCal/day) was deter-
mined based on information collected
from a thorough semiquantitative food fre-
quency questionnaire adapted from the
Block Food Frequency Questionnaire (23).

Statistical Analysis
Distributions of participants’ characteris-
tics were examined at the study baseline
(2000). Distributions of annual air pollu-
tion concentrations were examined by

year from 2000 to 2008. Correlations
between PM2.5, NO2, and O3 were also
calculated.

We used linear mixed effects models
to examine the associations of annual
air pollution concentrations with repeated
measures of body size and composition.
Weight, waist circumference, BMI, fat
mass, and lean mass were log-transformed,
given their right-skewed distributions,
and effect estimates were then back-
transformed and interpreted as per-
cent change in each outcome associ-
ated with an interquartile range (IQR)
increase in air pollution concentration.
We did not apply log-transformation
to proportion fat mass, because it was
normally distributed. The covariates ad-
justed in the models were selected based
on a priori knowledge and included the
non–time-varying variables of age (base-
line), race/ethnicity, study site, and edu-
cation; time-varying variables included
follow-up time, financial hardship, smok-
ing status, exposure to secondhand
smoke, alcohol drinking, physical activity,
total energy intake, and menopausal sta-
tus. Random intercepts were included to
account for intraparticipant correlations
of repeated outcome measures.

To examine the effect modification of
physical activity on the associations of
air pollution with body size and compo-
sition, we incorporated multiplicative in-
teraction terms between air pollutants
and physical activity score in the linear
mixed effects models. The physical activity
score was treated as a continuous vari-
able, and the effects of air pollution were
calculated at the 25th percentile, median,
and 75th percentile of the physical activ-
ity score.

In secondary analyses, we examined
whether exposure to air pollution af-
fected the longitudinal trajectories of
body size and composition. We first used
generalized additive mixed models with
penalized splines to model the trajecto-
ries of body size and composition during
follow-up. The smoothing curves (Supple-
mentary Fig. 2) suggested linear trajecto-
ries for all body size and composition
measures. We then fitted the linear
mixed effects models with interaction
terms between follow-up time and air
pollution to explore whether air pollution
exposures were associated with the rate
of longitudinal changes in body size and
composition. We also examined the asso-
ciations between air pollution and body

size and composition stratified by racial/
ethnic group. To control for the potential
confounding by study site in the stratifica-
tion analysis by racial/ethnic group, we
further examined the associations between
air pollution and body size and composition
among White women who were available
in all sites and stratified by site.

Two sensitivity analyses were per-
formed to test the robustness of our
results. First, we examined the health
effects of exposure to O3 during warm
seasons by averaging daily maximum 8-h
concentrations from May to October (24).
Second, we additionally adjusted for qua-
dratic term of age at baseline, country of
birth (United States vs. foreign born),
occupation, marital status, parity, stress,
and sleep disturbance symptoms. All anal-
yses were conducted using R (version 4.0.3)
(www.R-project.org).

RESULTS

The study population of 1,654 women
had a median age of 49.6 years; most
were never smokers, not exposed to
secondhand smoke, and premenopausal
at baseline (Table 1). Approximately half
of the women were White (47.8%),
23.2% were Black, 13.9% were Chinese,
and 15.1% were Japanese. The median
(IQR) body size and composition meas-
ures at baseline were 69.7 (58.4, 85.0) kg
for weight, 26.3 (22.7, 32.0) kg/m2 for
BMI, 83.0 (74.1, 96.6) cm for waist cir-
cumference, 25.7 (19.0, 35.4) kg for fat
mass, 37.5 (33.4, 43.1) kg for lean mass,
and 40.9% (36.0%, 45.8%) for proportion
fat mass. The median (IQR) annual PM2.5

concentration ranged from 12.3 (11.3,
14.0) mg/m3 (2008) to 15.9 (12.1,
17.6) mg/m3 (2001), the median (IQR)
NO2 ranged from 28.0 (27.1, 32.1) parts
per billion (ppb) (2007) to 37.3 (30.7,
43.3) ppb (2000), and the median (IQR)
O3 ranged from 33.3 (28.4, 34.7) ppb
(2000) to 37.2 (34.9, 38.2) ppb (2007)
(Supplementary Table 1 and Supple-
mentary Fig. 3). Japanese women in
Los Angeles had the highest air pollu-
tion exposures, and Chinese women in
Oakland had the lowest concentrations
(Supplementary Table 2). PM2.5, NO2, and
O3 were positively correlated, with the
strongest correlation observed between
PM2.5 and NO2 (r = 0.79) (Supplementary
Fig. 4).

Associations between air pollution con-
centration and body size and composition
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measures are presented in Table 2. Effect
estimates are summarized as percent
changes in outcome measures per IQR
increase in PM2.5 (4.5 mg/m3), NO2

(9.5 ppb), and O3 (5.0 ppb) concentra-
tions. After adjusting for confounders,
PM2.5 and NO2 were positively associated

with fat mass and proportional fat mass
and inversely associated with lean mass.
Higher O3 was associated with higher pro-
portional fat mass and lower lean mass.
Except for waist circumference, which was
inversely associated with O3, none of the
other body size or composition measures

changed significantly relative to changes
in all pollutant concentrations.

Figure 1 and Supplementary Table 3
show the effect modification by physical
activity on the associations between air
pollution and body size and composition.
There was significant effect modification
by physical activity in the associations of
PM2.5 with weight (P for interaction =
0.008), BMI (P for interaction = 0.006), waist
circumference (P for interaction = 0.004), fat
mass (P for interaction <0.0001), and pro-
portion fat mass (P for interaction <0.0001).
The effect of PM2.5 was stronger among
women with low levels of physical activ-
ity as compared with women with high
levels. The positive associations of NO2

with fat mass (P for interaction = 0.001)
and proportion fat mass (P for interac-
tion <0.0001) and inverse association
between NO2 and lean mass (P for in-
teraction = 0.003) were also stronger in
participants with lower physical activity
scores. No significant differences in the
associations between O3 and body size
and composition measures were ob-
served by physical activity.

In the secondary analysis examining
the rate of change in body size and com-
position, we observed that BMI, waist cir-
cumference, fat mass, and proportion fat
mass increased with time, whereas lean
mass decreased (Supplementary Fig. 2).
Higher levels of PM2.5 and NO2 were as-
sociated with slightly faster increases in
waist circumference and slower increases
in fat mass and proportion fat mass. O3

was associated with slightly faster in-
creases in body size measures and a
slower increase in fat mass and propor-
tion fat mass (Supplementary Table 4).

In the secondary analysis stratifying
the associations by racial/ethnic group,
we found stronger positive associations
of PM2.5 and NO2 with fat mass and
proportion fat mass in Japanese women
in Los Angeles (Supplementary Table 5).
We also observed stronger positive as-
sociations of PM2.5 and NO2 with waist
circumference and inverse associations
with lean mass in Black women. Addi-
tionally, PM2.5 was positively associated
with weight and waist circumference in
Chinese women in Oakland, and O3 was
inversely associated with fat mass in
Japanese women in Los Angeles. We
further evaluated whether the stratified
associations by racial/ethnic group were
confounded by study site by examining

Table 1—Characteristics of the study population at the baseline analysis (N = 1,654)

Characteristic Median (IQR) or n (%)

Age, years 49.6 (47.4, 51.7)

Race/ethnicity

White 791 (47.8)
Black 384 (23.2)
Chinese 230 (13.9)
Japanese 249 (15.1)

Study site

Michigan 430 (26.0)
Oakland 408 (24.7)
Los Angeles 436 (26.4)
Pittsburgh 380 (23.0)

Education

High school or less 364 (22.0)
Some college 579 (35.0)
College and above 711 (43.0)

Financial hardship

Not hard 1,115 (67.4)
Somewhat hard 432 (26.1)
Very hard 107 (6.5)

Smoking status

Never smoker 1,004 (60.7)
Former smoker 434 (26.2)
Current smoker 216 (13.1)

Secondhand smoking, h/week

0 959 (58.0)
<5 367 (22.2)
$5 328 (19.8)

Alcohol drinking

#1 drink/month 917 (55.4)
>1 drink/month and #1/week 395 (23.9)
>1 drink/week 342 (20.7)

Menopausal status

Premenopausal 181 (10.9)
Early perimenopausal 797 (48.2)
Late perimenopausal 143 (8.7)
Postmenopausal 272 (16.4)
Unknown* 261 (15.8)

Physical activity score 5.0 (4.0, 6.0)

Total energy intake, kCal/day 1,703 (1,331, 2,210)

Weight, kg 69.7 (58.4, 85.0)

BMI, kg/m2 26.3 (22.7, 32.0)

Waist circumference, cm 83.0 (74.1, 96.6)

Fat mass, kg 25.7 (19.0, 35.4)

Lean mass, kg 37.5 (33.4, 43.1)

Proportion fat mass, % 40.9 (36.0, 45.8)

*Menopausal status unknown because of hormone therapy or hysterectomy.
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the associations among White women
at each site (Supplementary Table 6).
Stronger associations of PM2.5 and NO2

with waist circumference, fat mass, lean
mass, and proportion fat mass were ob-
served in White women at the Michigan
site.
In sensitivity analyses, warm-season

O3 was positively associated with propor-
tional fat mass and inversely associated
with lean mass, as observed in the pri-
mary analysis, whereas the effect esti-
mates were attenuated (Supplementary
Table 7). Additional adjustments for qua-
dratic term of age at baseline, country of
birth, occupation, marital status, parity,
stress, and sleep disturbance symptoms

did not alter the associations (Supple-
mentary Table 8).

CONCLUSIONS

In this prospective cohort study of
1,654 midlife women representing di-
verse racial/ethnic groups, exposure to
air pollution was associated with adverse
changes in body composition measures.
In particular, PM2.5 and NO2 were posi-
tively associated with fat mass and pro-
portion fat mass and inversely associated
with lean mass. In addition, O3 was posi-
tively associated with proportion fat mass
and inversely associated with lean mass.
Associations of PM2.5 and NO2 with body

size and composition were modified by
physical activity; associations were at-
tenuated among participants with higher
physical activity levels.

The adverse changes in body compo-
sition may have substantial health con-
sequences, even in women within the
normal BMI range. For example, a recent
study using data from the Women’s Health
Initiative reported a positive association
between fat mass and cardiovascular
disease risk among postmenopausal women
with normal BMI (25). In the National Health
and Nutrition Examination Survey, a higher
ratio of fat to lean mass was associated
with increased prevalence of abnormal
blood glucose in adults age $40 years
who were in the normal BMI range (26).
The associations detected between air
pollution and the DXA-based body com-
position measures provide insight into
the potential role of air pollution in car-
diometabolic disorders that may not be
reflected by body size changes like weight
and BMI. Associations of air pollution
with fat and lean mass found in oppo-
site directions might also shed light on
why no associations were found for body
size measures.

Only a few studies have examined the
association between air pollution and body
composition. Furlong and Klimentidis (14)
recently observed positive but not statisti-
cally significant associations of PM2.5 and

Table 2—Percent change in body size and composition measures per IQR
increase in air pollution concentration

PM2.5 (4.5 mg/m3) NO2 (9.5 ppb) O3 (5.0 ppb)

Weight 0.08 (�0.23, 0.39) �0.30 (�0.62, 0.03) �0.10 (�0.35, 0.15)

BMI 0.06 (�0.24, 0.37) �0.27 (�0.60, 0.05) �0.18 (�0.43, 0.07)

Waist circumference 0.08 (�0.20, 0.36) �0.05 (�0.34, 0.25) 20.28 (20.51, 20.05)

Fat mass 4.53 (3.85, 5.22) 3.39 (2.68, 4.10) 0.05 (�0.47, 0.58)

Lean mass 20.39 (20.77, 20.01) 20.86 (21.26, 20.45) 20.95 (21.25, 20.64)

Proportion fat mass 1.10 (0.95, 1.25) 0.94 (0.78, 1.10) 0.25 (0.13, 0.37)

Effect estimates are summarized as percent changes in outcome measures per IQR increase
in PM2.5 (4.5 mg/m3), NO2 (9.5 ppb), and O3 (5.0 ppb) concentrations. All models were ad-
justed for age at baseline, follow-up time, race/ethnicity, study site, education, financial
hardship, smoking, exposure to secondhand smoke, alcohol drinking, physical activity, total
energy intake, and menopausal status. Bold font indicates P < 0.05.

Figure 1—Associations between air pollution and body size and composition measures at the 25th percentile, median, and 75th percentile of physical
activity score. Effect estimates are summarized as percent changes in outcome measures per IQR increase in PM2.5 (4.5 mg/m

3) (A), NO2 (9.5 ppb) (B),
and O3 (5.0 ppb) (C) concentrations. All models were adjusted for age at baseline, follow-up time, race/ethnicity, study site, education, financial hard-
ship, smoking, exposure to secondhand smoke, alcohol drinking, physical activity score, interaction terms between study site and physical activity
score, total energy intake, and menopausal status.WC, waist circumference.
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NO2 with proportion body fat in a large
U.K. prospective cohort study of �20,000
participants age 40 to 69 years during an
average of 4.4 years of follow-up. Most
participants in this study were obese or
overweight at the time of enrollment;
therefore, the associations could have
been underestimated, because they were
mainly captured among those who were
less vulnerable to the effects of air pol-
lution (i.e., selective survival). A cross-
sectional study of 429 overweight and
obese Black and Latino youth from the
Childhood Obesity Research Center Air
Study reported no relationship between
PM2.5 or NO2 and body fat mass (27).
Like our study, a recent cross-sectional
study of 530 elderly individuals age
$65 years in Taiwan also found that
an increase in PM2.5 was associated with
higher body fat mass and lower skeletal
muscle mass (15).

The association between air pollution
and body composition is biologically plau-
sible and supported by evidence from an-
imal and mechanistic studies. In animal
models, exposure to PM2.5 enhanced the
expression of genes involved in adipocyte
differentiation, lipogenesis, and lipolysis,
resulting in larger adipocytes and higher
visceral fat mass (5,6). In the same mouse
models, PM2.5 boosted macrophage infil-
tration into adipose tissue, increased pro-
duction of proinflammatory cytokines,
disrupted adipokine profiles, and induced
insulin resistance (5,6), all of which may
enhance adipose disposition and further
limit muscle synthesis and exacerbate
muscle atrophy (28,29). Air pollution also
impairs brown adipose tissue function
through disruption of mitochondrial un-
coupling protein 1 and affects brown
adipose development through tumor ne-
crosis factor-a–mediated apoptosis and
inflammation, and brown adipose tissue
function is essential in fatty acid metabo-
lism and energy expenditure (30–32). Re-
cent animal studies showed that exposure
to PM2.5 and O3 induced hypothalamic-
pituitary-adrenal axis dysfunction, leading
to elevated glucocorticoid levels, and adi-
pocyte glucocorticoid receptor activation
contributes to obesity by promoting the
expression of adipogenic transcription
factors (8). Finally, some components of PM,
such as polyaromatic hydrocarbons and per-
oxisome proliferator-activated receptors,
are known to be involved in adipogene-
sis, inflammation, and lipid metabolism

(10,33). Future studies examining the
associations between air pollution and
intermediate metabolic traits and bio-
markers in human populations are required
to elucidate the underlying biologic
mechanisms.

Physical inactivity is a major factor ac-
counting for the obesity epidemic, and it
is a modifiable factor frequently targeted
for prevention and intervention (34).
Nevertheless, it should be noted that
greater physical activity, when under-
taken outdoors, can lead to higher ex-
posure to air pollution. Therefore, the
interaction between air pollution and
physical activity on obesity is less well
understood. In our study, the associations
between PM2.5 and body size measures
were attenuated in participants with
higher physical activity levels, which is
consistent with the recent findings of
a large cross-sectional study in China
(35). Our study also observed weaker
adverse effects of PM2.5 and NO2 on body
composition in participants with more in-
tense physical activity, which was in accor-
dance with the findings from two other
studies. In a cross-sectional study in
Taiwan, both a greater loss of muscle
mass and an increase in fat mass asso-
ciated with PM2.5 were observed in el-
derly individuals who were less active
(15). Another cross-sectional study using
data from the Behavioral Risk Factor Sur-
veillance System and the Environmental
Quality Index across all U.S. counties re-
vealed that the relationship between air
pollution and obesity was exacerbated
among more physically inactive popula-
tions (36). Similar effect modifications by
physical activity have also been reported
between air pollution and obesity-
related health outcomes, such as diabe-
tes (37) and cardiovascular disease (38).
These findings support the current view
on air pollution, physical activity, and
health that the benefits of physical ex-
ercise, particularly in terms of obesity
and related health outcomes, may ex-
ceed the risks associated with air pol-
lution exposure. Existing evidence indicates
that physical activity reduces systemic
inflammation, especially in obese indi-
viduals with high levels of inflammatory
biomarkers (39). Nonetheless, to con-
firm our findings, additional prospec-
tive cohort studies in different populations
with a broader range of air pollution

concentrations or already performed
physical activity intervention trials with
obesity and air pollution data are
required.

This study had several major strengths,
including a large cohort of midlife women
followed for up to 9 years with repeated
measures of body size and composition
and high-resolution air pollution data,
which provided good statistical power
to detect differences and permitted as-
sessment of temporal relation of expo-
sure and outcomes. The DXA-quantified
body composition also offered additional
insights into the potential effects of air
pollution on adiposity that are difficult
to capture by summary measures, such
as weight or BMI. However, because SWAN
is a community-based study and therefore
not population based, the findings may not
be generalizable to women in the general
population of the United States or other
Asian ethnic groups (e.g., Vietnamese,
Indian, Korean, and Filipino). Additionally,
although we adjusted for several known
confounders, we cannot rule out un-
known residual confounding, such as
family history of obesity. Finally, only
total body fat mass was measured using
DXA, and information on regional body
fat was not available. Recent studies
suggested that regional body fat may
better predict cardiovascular disease risk
(25). Therefore, it is critically important
to examine the effects of air pollution on
regional fat in future research.

In summary, our analysis provides ev-
idence that exposure to air pollution, in-
cluding PM2.5, NO2, and O3, is adversely
associated with body composition, includ-
ing higher fat mass, higher proportional
fat mass, and lower lean mass. The oppo-
site effects on fat and lean mass may
explain the nonassociation between air
pollution and weight or BMI in the cur-
rent study. BMI as a proxy for adiposity
is frequently challenged for its inade-
quate ability to discriminate between
fat and lean mass, because weight in-
cludes fat and lean mass, both of which
can vary and contribute to distinct ele-
ments of cardiometabolic risk (11). There-
fore, our findings suggest that air pollution
may contribute to midlife women’s adipos-
ity through its impact on fat and lean
mass changes. Finally, we found that the
adverse effects of air pollution on body
composition could be mitigated by
higher physical activity levels. More
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large prospective studies are required
to confirm our findings.
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