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Habitual exercise is associated with reduced risk of diabetes
regardless of air pollution: a longitudinal cohort study
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Abstract
Aims/hypothesis Physical activity may increase a person’s inhalation of air pollutants and exacerbate the adverse health effects.
This study aimed to investigate the combined associations of chronic exposure to particulate matter with an aerodynamic
diameter less than 2.5 μm (PM2.5) and habitual physical activity with the incidence of type 2 diabetes in Taiwan.
Methods We selected 156,314 non-diabetic adults (≥18 years old) who joined an ongoing longitudinal cohort between 2001 and
2016. Incident type 2 diabetes was identified at the follow-up medical examinations. Two-year mean PM2.5 exposure was
estimated at each participant’s address using a satellite-based spatiotemporal model. Information on physical activity and a wide
range of covariates was collected using a standard self-administered questionnaire. We analysed the data using a Cox regression
model with time-varying covariates. An interaction term between PM2.5 and physical activity was included to examine the overall
interaction effects.
Results Compared with high physical activity, moderate and inactive/low physical activity were associated with a higher risk of
diabetes (HR [95%CI] 1.31 [1.22, 1.41] and 1.56 [1.46, 1.68], respectively). Participants with moderate/high PM2.5 had a higher
risk of type 2 diabetes than the participants exposed to low PM2.5 (HR 1.31 [1.22, 1.40] and 1.94 [1.76, 2.14], respectively). The
participants with high physical activity and low PM2.5 had a 64% lower risk of type 2 diabetes than those with inactive/low
physical activity and high PM2.5.
Conclusions/interpretation Higher physical activity and lower PM2.5 exposure are associated with lower risk of type 2 diabetes.
Habitual physical activity can reduce the risk of diabetes regardless of the levels of PM2.5 exposure. Our results indicate that
habitual physical activity is a safe diabetes prevention strategy for people residing in relatively polluted regions.
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Introduction

Type 2 diabetes is a global public health challenge that poses
an overwhelming burden on healthcare systems. In 2019, 463
million adults were living with diabetes worldwide and 90%
of them had type 2 diabetes [1]. It is estimated that diabetes
contributed to 4.2 million deaths and US$760 billion in health
expenditure [1]. Habitual physical activity is an effective way
to prevent type 2 diabetes [2, 3] and other non-communicable
chronic diseases that lead to premature deaths including CVD,
cancer and respiratory diseases [4]. WHO recommends that
adults should take at least 150 min of moderate physical activ-
ity each week, but approximately 31% of the world’s popula-
tion fails to meet this recommendation [5]. To reduce the
health burden of non-communicable diseases, including
diabetes, WHO has proposed to reduce insufficient physical
activity by 10% by 2025 in WHO Member States [5].

However, physical activity increases the inhalation of air
pollutants due to higher ventilation, which may exacerbate the
adverse health effects of air pollution. An increasing body of
evidence has shown that air pollution is a novel risk factor for
the development of type 2 diabetes [6, 7]. Thus, the risk–
benefit relationship between air pollution and physical activity
has become an important public concern as more than 91% of
the world’s population lives in a place where air quality does
not meet theWHOguidelines [8]. There is limited information
on the combined associations of air pollution and habitual

physical activity with the development of type 2 diabetes
[9]. Health guidelines are urgently needed, especially in
regions with significant air pollution, to inform people wheth-
er they can benefit from habitual physical activity. We there-
fore investigated the combined associations of habitual phys-
ical activity and chronic exposure to ambient particulate
matter with an aerodynamic diameter less than 2.5 μm
(PM2.5) with the incidence of type 2 diabetes in a longitudinal
cohort of 156,314 adults who had 422,831 medical examina-
tions in Taiwan, where the annual PM2.5 concentrations
exceed the limit recommended by the WHO guidelines.

Methods

Study design and participants This study was based on an
ongoing large prospective cohort in Taiwan. Details of this
cohort have been described [10–12]. In brief, this is an open
and dynamic cohort established in 1994 by MJ Health
Management Institution that provides a standard medical
health screening programme for Taiwan residents through a
paid membership. All participants visit the institute and under-
go a series of medical examinations including anthropometric
measurements, physical examinations, blood and urinary
tests, and a standard self-administered questionnaire survey.
Participants are encouraged to visit the institute regularly and
undergo medical examinations. The data have been stored
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electronically since 1996, and more than 600,000 participants
were recruited between 1996 and 2016. Written informed
consent was given by each participant prior to each medical
examination. Ethical approval for this study was acquired
from the Joint Chinese University of Hong Kong - New
Territories East Cluster Clinical Research Ethics Committee.

Electronic supplementary material (ESM) Fig. 1 shows the
participant selection. We selected adults aged ≥18 years as we
were targeting type 2 diabetes. A total of 435,529 participants
with plasma glucose measurements were recruited between
2001 and 2016, where the PM2.5 data were available. A total
of 67,650 participants were excluded due to incomplete infor-
mation (2953 on PM2.5 because of missing address, 28,786 on
habitual physical activity and 35,911 on the covariates).
Compared with the 367,879 participants included in the
preliminary sample, the 67,650 participants excluded due to
missing data had similar distributions in age (mean: 42.1 years
vs 41.9 years), sex (men: 44.6% vs 50.5%), smoking status
(never smokers: 74.3% vs 75.4%), BMI (23.2 kg/m2 vs
23.2 kg/m2), PM2.5 concentration (mean: 24.9 μg/m3 vs
26.2 μg/m3), and physical activity (high physical activity:
37.1% vs 34.8%), but theywere slightly less educated (college
or above: 54.1% vs 67.3%).

We further excluded 205,740 participants who had only
one medical examination and 5825 participants who had
diabetes at baseline. Finally, 156,314 participants with
422,831 medical examinations were included in the data anal-
ysis. Compared with the included participants for data analy-
sis, the 205,740 excluded participants with only one medical
examination generally had similar distributions in the charac-
teristics except they had a slightly higher level of physical
activity (ESM Table 1). The numbers of participants and
observations included in this data analysis differ slightly from
those in our previous study [7] as we have recently updated
the data up to December 2016, and the covariates selected in
this data analysis are slightly different.

Habitual physical activity assessmentDetailed information on
the assessment of habitual physical activity has been described
in previous publications [2, 10, 13]. In brief, we collected
information on habitual physical activity based on the
standardised self-administered questionnaire. Each participant
was requested to report details (including intensity and dura-
tion) of weekly habitual physical activity during the month
prior to the medical examination. The intensity was classified
into the following four levels: light (e.g. walking), moderate
(e.g. brisk walking), medium-vigorous (e.g. jogging) and
high-vigorous (e.g. running). We then assigned each intensity
level a specific metabolic equivalent (MET: 1 MET = 1 kJ h−1

[kg bodyweight]−1) of 10.5, 18.8, 27.2 and 35.6, respectively,
based on the compendium of physical activities and a previous
study [10, 14]. The weekly total time spent on physical activ-
ity was also collected. Thereafter, the product of physical

activity intensity (MET) and duration (hours) was calculated
as the volume of weeklyMET-h. If the participants performed
multiple types of exercises with two or more intensity catego-
ries, weighted MET values were calculated according to the
time spent on each type of exercise. Finally, the participants
were broadly grouped into three categories based on the tertile
cut-off values of the weekly MET-h: inactive/low physical
activity (0.0–0.6), moderate physical activity (0.6–9.8) and
high physical activity (>9.8). Because most participants had
0.0 MET-h in the inactive/low physical activity category and
previous studies showed a non-linear association between
physical activity and non-communicable diseases [15, 16],
the categorical physical activity variable was used.

Particulate matter exposure assessment Details regarding
ambient PM2.5 assessment were described in previous studies
[7, 17–19]. Briefly, the ground-level concentration of PM2.5

was estimated based on a spatiotemporal model which was
developed using the Aerosol optical depth (AOD) data
der ived from the Moderate Resolut ion Imaging
Spectroradiometer (MODIS) installed in US National
Aeronautics and Space Administration satellites. The AOD
data obtained had a resolution of 1 × 1 km2, and the sample
size was comparable to the general worldwide level. Ground-
level ambient PM2.5 from >70 monitoring stations in Taiwan
(2005–2014) were used to validate the model. The correlation
coefficients for the association between the measurements
from satellite and ground-monitoring stations ranged from
0.72 to 0.83 between 2005 and 2014.

Each participant’s address was geocoded into latitude and
longitude data. The address information was routinely
updated during each medical visit. Thus, changes of address
were recorded and taken into account in the data analysis. We
assigned estimated ambient PM2.5 concentrations to each
participant based on the geocoded latitude and longitude.
Because type 2 diabetes is a chronic disease, we used 2 year
mean PM2.5 concentration (the year of the visit and the year
before the visit) as the indicator for chronic PM2.5 exposure.

We classified the participants into quartiles or deciles in our
previous study on the association between PM2.5 and incident
diabetes [7]. However, to correspond to the categories of
physical activity in this study, we classified the participants
into three categories based on the tertile cut-off values of
PM2.5. Both categorical PM2.5 and continuous PM2.5 (every
10 μg/m3) were used for data analysis.

Outcome ascertainment Incident type 2 diabetes was the
outcome in this study and was defined as in our previous study
[7]. An overnight-fasting blood sample was taken in the morn-
ing from each participant. A Hitachi 7150 analyser (Tokyo,
Japan) was used to measure fasting plasma glucose (FPG)
level enzymatically until 2005, after which a Toshiba C8000
analyser (Tokyo, Japan) was used. After the baseline
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assessment at the first visit, all 156,314 non-diabetic partici-
pants were followed up, and those with type 2 diabetes were
identified by medical assessment (defined as FPG ≥7 mmol/l,
or self-reported physician-diagnosed diabetes) in subsequent
visits. The endpoint was the first occurrence of type 2 diabetes
or the last visit if type 2 diabetes did not occur.

Covariates The covariates were selected a priori, mainly based
on literature review [20, 21]. Details of covariates data collec-
tion have been described in the Technical Reports of MJ
Health Research Foundation [12] and other publications [7,
11, 22]. Information on demographics, socioeconomic status,
lifestyle and medical history was collected using standard
questionnaires. In addition to habitual physical activity, the
participants were asked to report their intensity of physical
activity at work according to the levels of exertion described
in the questionnaire: mostly sedentary (e.g. clerk), combina-
tion of sitting/standing/walking (e.g. nurse), mostly standing
or walking (e.g. retail salesperson) or hard labour (e.g. porter).
The variable ‘physical activity at work’ was included as a
covariate. BMI was calculated using weight and height, which
were measured with the participants wearing light indoor
clothing without shoes. Seated BP was measured by auto-
sphygmomanometer (Citizen CH-5000, Tokyo, Japan). An
overnight-fasting blood sample was taken in the morning to
measure the lipid profile using a Hitachi 7150 (until 2005) or
Toshiba C8000 device (after 2005).

The covariates included in the present study are: sex (male
or female); age (years); education (less than high school
[<10 years], high school [10–12 years], college or university
[13–16 years] or postgraduate [>16 years]); smoking status
(never, former or current); alcohol consumption (never/
seldom [drank less than once a week], former [drank at least
once a week but quit later] or current [drank more than once a
week]); physical activity at work (mostly sedentary, combina-
tion of sitting/standing/walking, mostly standing or walking,
or hard labour); vegetable intake (seldom [<1 serving/day],
moderate [1–2 servings/day], or frequent [>2 servings/day]);
fruit intake (seldom [<1 serving/day], moderate [1–2 servings/
day], or frequent [>2 servings/day]); occupational exposure
(exposure to dust or solvent: yes or no); BMI (kg/m2); hyper-
tension (systolic BP ≥ 140mmHg, diastolic BP ≥ 90mmHg or
self-reported physician-diagnosed hypertension: yes or no);
dyslipidaemia (total cholesterol ≥13.4 mmol/l, triacylglycerol
≥11.2 mmol/l or HDL-cholesterol <2.2 mmol/l: yes or no);
self-reported physician-diagnosed CVD (yes or no) and
cancer (yes or no); baseline glucose (mmol/l); season (spring
[March–May], summer [June–August], autumn [September–
November], or winter [December–February]); and year of
enrolment.

Data analysis Cox regression model with time-varying covar-
iates was used to investigate the combined associations of

chronic PM2.5 exposure and habitual physical activity with
the development of type 2 diabetes. All covariates except for
sex and baseline glucose were treated as time-varying vari-
ables in the data analysis to account for the changes in these
covariates during the study period. Follow-up time was used
as the timescale. A city-level random intercept was included to
control for clustering effects within the same city. Sixteen
municipalities or cities were included: Taipei, Keelung,
Taoyuan, Hsinchu, Yilan, Miaoli, Taichung, Changhua,
Nantou, Hualien, Yunlin, Chiayi, Tainan, Kaohsiung,
Taitung and Pingtung. Three models with different covariate
combinations were developed to assess the main associations
of incident diabetes with long-term PM2.5 exposure and habit-
ual physical activity separately: Model 1 was adjusted for
demographic factors (age, sex and educational level); Model
2 was further adjusted for baseline glucose, lifestyle factors
(smoking, alcohol consumption, vegetable intake, fruit intake,
occupational exposure and physical labour at work), season
and year of enrolment; and Model 3 was adjusted for the
covariates in Model 2 plus diabetes-related health factors
(BMI, hypertension, dyslipidaemia, self-reported physician-
diagnosed CVD and cancer). Natural cubic spline function
was used to draw the concentration–response curve of the
association between PM2.5 and incident diabetes adjusting
for Model 3’s covariates. An interaction term ‘continuous
PM2.5 (every 10 μg/m3) × category of physical activity’ was
included in Model 3 to explore the potential interactions.

Subgroup analyses were performed stratified by the cate-
gories of PM2.5 and habitual physical activity separately to
examine the associations with PM2.5 or habitual physical
activity in each stratum. Finally, the participants were classi-
fied into nine groups according to the categories of PM2.5 and
physical activity with reference to the participants with
inactive/low physical activity and high PM2.5 exposure.

To examine the robustness of the estimates, a series of
sensitivity analyses were conducted: (1) we excluded partici-
pants who had self-reported physician-diagnosed CVD or
cancer at baseline to eliminate the potential comorbidity
effects; (2) we used annual PM2.5 exposure in the year previ-
ous to the medical examination to examine the stability of the
associations; (3) we only included participants with at least
2 years of follow-up because the development of type 2 diabe-
tes is a chronic process; (4) we only included participants
enrolled until 2005 with FPG and lipid measurements obtain-
ed using the Hitachi 7150 or those enrolled since 2005 with
FPG and lipid measurements obtained using the Toshiba
C8000 to eliminate potential equipment-related measurement
bias; (5) we only included participants older than 30 years of
age to better differentiate type 1 and type 2 diabetes; (6) we
conducted data analysis for men and women separately to
compare the associations within the sexes; and (7) we
conducted data analysis for never and ever smokers separately
to compare the associations in different smoking status.
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The statistical analyses were performed using R 3.6.1. (R
Development Core Team, Vienna, Austria) with the ‘coxme’
package. A two-tailed p value of less than 0.05was considered
statistically significant.

Results

Table 1 shows the general characteristics of the 156,314
participants with 422,831 medical examinations included in
the main analysis. The participants were generally well
educated and had a relatively low prevalence of smoking
and alcohol consumption. More than 66% of the participants
had sedentary jobs. The PM2.5 concentrations were generally
comparable among the participants with different categories
of habitual physical activity. The mean duration of follow-up
was 5.2 years with an SD of 3.6 years. A total of 5305 new
cases of type 2 diabetes were identified with an incidence rate
of 6.53 per 1000 person-years. The participants underwent a
median of three medical examinations (range, 2–26). The
median examination interval was 16 months (IQR 12–
26 months).

Figure 1 shows the distributions of PM2.5 concentrations by
year. The contrast in PM2.5 exposure was large (range 6.38–
49.78 μg/m3; overall IQR 21.80–28.07 μg/m3). The PM2.5

concentration peaked in 2004 and has gradually decreased
ever since.

Table 2 shows the main associations of incident diabetes
with habitual physical activity and chronic PM2.5 exposure.
High habitual physical activity was associated with a lower
incidence of type 2 diabetes. In contrast, a high level of chron-
ic PM2.5 exposure was associated with a higher incidence of
type 2 diabetes. Mutual adjustment generally resulted in slight
changes in the associations. The concentration–response
curve for the association between PM2.5 and the incidence of
type 2 diabetes is presented in ESM Fig. 2. Overall, the
concentration–response curve was approximately linear (like-
lihood ratio test: χ2 = 2.8, p = 0.09). No significant interac-
tions were observed (p = 0.52).

Table 3 shows the results of the subgroup analysis. Similar
associations were observed (i.e. high habitual physical activity
was associated with a lower incidence of type 2 diabetes in
each PM2.5 stratum,whereas high level of PM2.5 exposure was
associated with a higher incidence of type 2 diabetes in each
physical activity stratum).

Figure 2 shows the combined associations of habitual
physical activity and chronic PM2.5 exposure with the devel-
opment of type 2 diabetes. The participants with a high phys-
ical activity and a low PM2.5 exposure had the lowest risk of
developing type 2 diabetes, whereas inactive/low physical
activity participants with a high PM2.5 exposure had the
highest risk of developing type 2 diabetes. The corresponding
estimated HRs are shown in ESM Table 2.

Sensitivity analyses generally yielded consistent results
(ESM Tables 3–8). The associations of incident diabetes with
PM2.5 and physical activity were relatively stronger for the
participants enrolled after 2005 (ESM Table 9), as compared
with the associations for those enrolled before 2005 (ESM
Table 10).

Discussion

To the best of our knowledge, this is the first longitudinal
cohort study that investigated the combined effects of habitual
physical activity and chronic exposure to PM2.5 on the devel-
opment of type 2 diabetes in the general population. In this
Asian population with a mean PM2.5 exposure of 26.1 μg/m

3,
we found that high levels of habitual physical activity
combined with low levels of chronic PM2.5 exposure were
associated with a lower risk of developing type 2 diabetes,
whereas low levels of habitual physical activity combined
with high levels of chronic PM2.5 exposure were associated
with a higher risk of developing type 2 diabetes. The benefits
of habitual physical activity on type 2 diabetes remained
stable in participants with different levels of PM2.5 exposure.
The adverse associations of type 2 diabetes with chronic
PM2.5 exposure were also observed in participants with vari-
ous levels of habitual physical activity. No significant interac-
tion was observed between PM2.5 and physical activity on
type 2 diabetes development.

Comparison with previous studies It is well known that habit-
ual physical activity may prevent the development of diabetes
and improve the disease prognosis. Our results show that
habitual physical activity was associated with a lower inci-
dence of type 2 diabetes, which is in line with previous studies
[2, 3]. Our results are also in line with many previous studies
that reported a positive association between air pollution and
type 2 diabetes [6, 7].

Compared with our previous study based on the same
cohort [7]. the effect sizes of PM2.5 in this study were slightly
higher. It is possible that our previous study did not consider
the city-level random effects. A study has shown that city-
level random effects may affect the associations between air
pollution and mortality rate [23], but we were not aware of this
at that time. The concentration–response trend was also
smoother after taking into account the city-level random
effects in the data analysis (ESM Fig. 2).

There is limited information on the combined associations
of habitual physical activity and chronic PM2.5 exposure with
the development of type 2 diabetes and our study provides
novel insights on this topic. We observed benefits of physical
activity for diabetes regardless of the levels of PM2.5 expo-
sure. A study in Korea, which targeted an older population
(≥58 years of age), yielded similar conclusions [9]. Our
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Table 1 Characteristics of the
participants Characteristics Participants at baselinea

(n=156,314)

Participants with all
observationsb

(n=422,831)

Age, year 40.7 (11.6) 43.3 (11.5)

Male, n (%) 78,282 (50.1) 216,764 (51.3)

Education, n (%)

Less than high school 18,568 (11.9) 45,814 (10.8)

High school 28,737 (18.4) 77,993 (18.4)

College or university 87,010 (55.7) 236,404 (55.9)

Postgraduate 21,999 (14.1) 62,620 (14.8)

Smoking status, n (%)

Never 118,954 (76.1) 325,623 (77.0)

Former 8416 (5.4) 25,992 (6.1)

Current 28,944 (18.5) 71,216 (16.8)

Alcohol consumption, n (%)

Never/seldom 133,917 (85.7) 360,538 (85.3)

Former 15,312 (9.8) 42,596 (10.1)

Current 7085 (4.5) 19,697 (4.7)

PA at work, n (%)

Mostly sedentary 103,520 (66.2) 290,360 (68.7)

Combination of sitting/standing/walking 38,775 (24.8) 99,366 (23.5)

Mostly standing or walking 11,602 (7.4) 27,758 (6.6)

Hard labour 2417 (1.5) 5347 (1.3)

Habitual PA, n (%)

Inactive/low PA (0.0–0.6 MET-h) 63,210 (40.4) 145,822 (34.5)

Moderate PA (0.6–9.8 MET-h) 52,651 (33.7) 141,122 (33.4)

High PA (>9.8 MET-h) 40,453 (25.9) 135,887 (32.1)

Vegetable intake, n (%)

Seldom 17,931 (11.5) 41,484 (9.8)

Moderate 92,483 (59.2) 246,714 (58.3)

Frequent 45,900 (29.4) 134,633 (31.8)

Fruit intake, n (%)

Seldom 46,020 (29.4) 107,143 (25.3)

Moderate 89,183 (57.1) 249,994 (59.1)

Frequent 21,111 (13.5) 65,694 (15.5)

Occupational exposure, n (%) 12,111 (7.7) 32,126 (7.6)

BMI (kg/m2) 23.1 (3.6) 23.2 (3.4)

Hypertension, n (%) 21,110 (13.5) 62,057 (14.7)

Dyslipidaemia, n (%) 35,773 (22.9) 96,867 (22.9)

CVD, n (%) 4083 (2.6) 12,750 (3.0)

Cancer, n (%) 1981 (1.3) 6979 (1.7)

Baseline glucose (mmol/l) 5.4 (0.6) –

PM2.5 (μg/m
3)c 26.7 (7.6) 26.1 (7.3)

PM2.5 by category of PA (μg/m3)

Inactive/low PA 26.8 (7.6) 26.4 (7.3)

Moderate PA 26.7 (7.5) 26.2 (7.3)

High PA 26.4 (7.7) 25.8 (7.3)

The statistics are shown as mean (SD) for continuous variables and number (%) for categorical variables
a Characteristics of the 156,314 participants without diabetes at baseline
b Characteristics of the 422,831 observations from the 156,314 participants without diabetes
c Refers to the mean PM2.5 levels of the year of the visit and the year before the visit

PA, physical activity
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finding is also in line with previous studies that indicated that
the benefits of physical activity outweighed the adverse health
effects of air pollution for some other outcomes including
blood pressure [24], systemic inflammation [25], lung func-
tion or respiratory diseases [26, 27], recurrent myocardial
infarction [28], and mortality rate [29, 30]. However, a few
studies showed a significant interaction of air pollution and
physical activity and reported that air pollution counteracted
the benefits of physical activity [11, 31, 32]. The discrepancy
may be due to a number of factors such as health outcomes,
study designs, sample size, study duration and the level of air
pollution in the study region.

Although the measurements of physical activity and PM2.5

levels were not comparable (i.e. physical activity was
measured in MET-h, whereas PM2.5 was measured in μg/
m3), our analyses based on the tertile categories suggest that
the PM2.5–diabetes associations were slightly stronger than
the physical activity–diabetes associations (i.e. inactive/low
physical activity was associated with a 56% higher risk of
diabetes, whereas high PM2.5 exposure was associated with

a 94% higher risk of diabetes; see Model 3 in Table 2). This
finding is in line with our previous studies which also indicat-
ed that PM2.5 had a stronger association with hypertension and
lung function than physical activity [11, 33], suggesting the
importance of air pollution mitigation in the prevention of
diabetes.

Potential mechanism Several hypotheses have been proposed
regarding the protective effects of physical activity against
type 2 diabetes, including the maintenance of appropriate
body weight, improvement of insulin sensitivity, alleviation
of systemic inflammation and promotion of lipid regulation
[34–36]. The biological mechanism that underlies the associ-
ation between chronic PM2.5 exposure and type 2 diabetes is
not completely understood. Previous animal experiments
showed that PM2.5 exposure was associated with a higher
level of systemic inflammation and oxidative stress [37].
The study by Houstis et al. indicated that the increase of reac-
tive oxygen species in the two constructed cellular models
may lead to insulin resistance, which is a cardinal feature of
type 2 diabetes [38]. In addition, PM2.5 pollution was associ-
ated with central nervous system inflammation and abnormal
activation of the sympathetic nervous system [39].
Dysfunction of the autonomic nervous system was proved to
be associated with early glucose dysmetabolism and the
development of diabetes [40]. Therefore, dysfunction of the
autonomic nervous system could be another potential pathway
for the PM2.5–diabetes association.

The manner in which habitual physical activity and chronic
PM2.5 exposure jointly affect the development of type 2 diabe-
tes remains unclear. A previous study showed that the addi-
tional air pollutants inhaled while performing physical activity
accounted for only a small fraction of the total inhaled air
pollutants [41]. This may partly explain the positive associa-
tions between physical activity and type 2 diabetes regardless
of the levels of PM2.5 exposure. Moreover, the long-term
benefits of habitual physical activity may reverse the acute
adverse effects associated with the additional intake of air
pollutants during exercise [29].

Strengths and limitations This study has several important
strengths. First, its large sample size enabled us to conduct a
series of subgroup and sensitivity analyses to test the robust-
ness of the associations. The large sample size also gave us
sufficient statistical power to obtain stable and precise esti-
mates. Second, the longitudinal nature of this study allowed
us to consider changes in physical activity habits and chronic
PM2.5 exposure over the study period. Third, we collected
comprehensive information on physical activity (including
household work, transportation, leisure-time physical activity
and daily work) and a number of covariates. Finally, this study
was conducted in an Asian population with a relatively high
level of air pollution exposure (approximately 2.6 times the

Fig. 1 Temporal distribution of the 2 year mean of PM2.5 concentrations
by year in Taiwan. Boxes cover the IQR with centre lines referring to the
median value. Whiskers extend to the highest observations within three
IQRs of the box, with more extreme observations shown as circles. This
represents the distribution of the 156,314 participants at baseline
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PM2.5 limit recommended by WHO guidelines). The research
findings have valuable regulatory and policy implications for
both air pollution and physical activity guidelines in countries/
regions with similar levels of pollution.

Several limitations should be noted. First, we did not distin-
guish whether the participants’ habitual physical activity was
performed indoors or outdoors; however, a 2017 national
survey showed that 92.7% of Taiwanese residents reported
outdoor exercise as their most frequent physical activity
[42]. Also, habitual physical activity was assessed with a
self-administered questionnaire (the content validity and reli-
ability have been reported in a previous study) [10]. Second, it

is difficult to distinguish between type 1 and type 2 diabetes in
a large-scale epidemiological study. However, we only select-
ed participants without diabetes who were at least 18 years of
age at baseline, so most cases of incident diabetes in our study
should be type 2 diabetes. In addition, the sensitivity analysis
that excluded the participants with a baseline age of <30 years
yielded similar results. Third, the spatiotemporal model used
for PM2.5 assessment was not validated before 2005 due to the
limited number of monitoring stations in Taiwan between
2000 and 2004 [19, 43]. However, this is unlikely to have
affected the PM2.5 estimates in the period of 2000–2004 as
the PM2.5 was estimated by the spatiotemporal model based

Table 2 Associations of type 2
diabetes with habitual physical
activity and chronic PM2.5 expo-
sure in Taiwanese adults

Without mutual adjustment Mutual adjustmenta

HR (95% CI) p value HR (95% CI) p value

PA

Model 1b

High Ref Ref

Moderate 1.24 (1.16, 1.33) <0.001 1.23 (1.15, 1.32) <0.001

Inactive/low 1.55 (1.45, 1.66) <0.001 1.54 (1.44, 1.65) <0.001

Model 2b

High Ref Ref

Moderate 1.36 (1.27, 1.46) <0.001 1.36 (1.27, 1.46) <0.001

Inactive/low 1.78 (1.66, 1.91) <0.001 1.77 (1.65, 1.90) <0.001

Model 3b

High Ref Ref

Moderate 1.32 (1.23, 1.41) <0.001 1.31 (1.22, 1.41) <0.001

Inactive/low 1.57 (1.46, 1.68) <0.001 1.56 (1.46, 1.68) <0.001

PM2.5 exposure

Model 1b

Low Ref Ref

Moderate 1.21 (1.13, 1.29) <0.001 1.19 (1.11, 1.28) <0.001

High 1.36 (1.24, 1.50) <0.001 1.33 (1.21, 1.46) <0.001

Per 10 μg/m3 1.53 (1.42, 1.64) <0.001 1.49 (1.38, 1.60) <0.001

Model 2b

Low Ref Ref

Moderate 1.30 (1.21, 1.39) <0.001 1.30 (1.21, 1.40) <0.001

High 1.95 (1.76, 2.15) <0.001 1.92 (1.74, 2.12) <0.001

Per 10 μg/m3 2.20 (2.03, 2.39) <0.001 2.19 (2.02, 2.37) <0.001

Model 3b

Low Ref Ref

Moderate 1.30 (1.21, 1.39) <0.001 1.31 (1.22, 1.40) <0.001

High 1.95 (1.77, 2.16) <0.001 1.94 (1.76, 2.14) <0.001

Per 10 μg/m3 2.24 (2.06, 2.44) <0.001 2.22 (2.05, 2.42) <0.001

a Further adjusted for physical activity (for the association between PM2.5 and type 2 diabetes) or PM2.5 (for the
association between physical activity and type 2 diabetes)
bModel 1 adjusted for age, sex and educational level; Model 2 adjusted forModel 1 factors and physical labour at
work, smoking, drinking, vegetable intake, fruit intake, occupational exposure and baseline glucose, season and
year of enrolment; Model 3 adjusted for Model 2 factors and BMI, hypertension, dyslipidaemia, self-reported
physician-diagnosed CVD and cancer

PA, physical activity
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on satellite data rather than the data from monitoring stations.
There is no larger amount of missing satellite data in this
period. In addition, we estimated PM2.5 exposure at fixed
addresses of the participants. Although the resolution of 1 ×
1 km2 in our study was relatively high compared with other
studies, PM2.5 may still vary significantly within a 1 × 1 km2

grid, especially in some urban areas with heavy traffic and tall
buildings. More advanced technologies are needed for more
accurate assessment of exposure in future studies. Finally, our
study was conducted in an area with moderate pollution.
Further studies in areas with more severe air pollution are

required to examine the applicability of our findings. The
participants in this study were relatively well educated and
healthy. Therefore, generalisation of the findings to other
populations should be conducted with caution.

In conclusion, high habitual physical activity combined
with low PM2.5 exposure are associated with a lower risk of
developing type 2 diabetes, whereas low physical activity
combined with high PM2.5 exposure are associated with a
higher risk of developing type 2 diabetes. Habitual physical
activity reduces the risk of diabetes regardless of the level of
PM2.5 exposure, and PM2.5 exposure generally increases the

Table 3 Subgroup analysis stratified by the categories of PM2.5 or habitual physical activity in Taiwanese adults

Low PM2.5 or inactive/low PA Moderate PM2.5 or PA High PM2.5 or PA

HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value

Habitual PA: stratified by PM2.5

Habitual PA: High Ref – Ref – Ref –

Habitual PA: Moderate 1.12 (1.00, 1.26) 0.060 1.42 (1.25, 1.61) <0.001 1.09 (0.96, 1.24) 0.170

Habitual PA: Inactive/low 1.33 (1.19, 1.50) <0.001 1.70 (1.50, 1.93) <0.001 1.28 (1.13, 1.45) <0.001

PM2.5: stratified by PA

PM2.5: Low Ref – Ref – Ref –

PM2.5: Moderate 1.58 (1.40, 1.78) <0.001 1.39 (1.22, 1.58) <0.001 1.25 (1.11, 1.41) <0.001

PM2.5: High 1.98 (1.68, 2.34) <0.001 1.63 (1.37, 1.93) <0.001 1.99 (1.69, 2.35) <0.001

PM2.5: Per 10 μg/m3 2.26 (1.97, 2.60) <0.001 2.44 (2.09, 2.84) <0.001 2.16 (1.89, 2.46) <0.001

The models were fully adjusted for age, sex, educational level, BMI, physical labour at work, smoking, drinking, vegetable intake, fruit intake,
occupational exposure, baseline glucose, hypertension, dyslipidaemia, self-reported physician-diagnosed CVD and cancer, season and year of enrolment

PA, physical activity

Fig. 2 Combined associations of
habitual physical activity and
chronic PM2.5 exposure with
diabetes in adults in Taiwan. The
results were fully adjusted for age,
sex, educational level, physical
labour at work, smoking,
drinking, vegetable intake, fruit
intake, occupational exposure,
baseline glucose, BMI,
hypertension, dyslipidaemia, self-
reported physician-diagnosed
CVD and cancer, season and year
of enrolment. Combined
associations with participants
classified into nine groups
according to PM2.5 and physical
activity (PA) categories
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risk of diabetes regardless of the level of habitual physical
activity. Our findings suggest that habitual physical activity
is a safe strategy for diabetes prevention for people who reside
in relatively polluted areas and should be promoted. Our study
reinforces the importance of air pollution mitigation for diabe-
tes prevention.
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