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Abstract

Background: Physical activity (PA) is beneficial to human health, whereas long-term
exposure to air pollution is harmful. However, their combined effects remain unclear. We
aimed to estimate the combined (interactive) mortality effects of PA and long-term exposure
to fine particulate matter (PM2.s) among older adults in Hong Kong.

Methods: Participants aged 65 years or older from the Elderly Health Service Cohort (n=66
820) reported their habitual PA at baseline (1998 to 2001) and were followed up till 31
December 2011. We used a satellite-based spatiotemporal model to estimate PM2 s
concentration at the residential address for each participant. We used Cox proportional
hazards regression to assess the interaction between habitual PA and long-term exposure to
PM2 s on cardiovascular and respiratory mortality. We tested for additive interaction by
estimating relative excess risk due to interaction and multiplicative interaction employing p-
value for the interaction term.

Results: The death risks were inversely associated with higher volume of PA and were
positively associated with long-term exposure to PM2s. The benefits of PA were more
pronounced for participation in traditional Chinese exercise (e.g., Tai Chi) and aerobic
exercise (e.g., cycling). We found little evidence of interaction between PA (volume and
type) and long-term exposure to PM2s on either additive or multiplicative scales.
Conclusions: In this cohort of older Chinese adults, PA may decrease the risk of mortality,
be it in areas of relatively good or bad air quality. The beneficial mortality effects of habitual

PA outweighed the detrimental effects of long-term exposure to air pollution in Hong Kong.

Keywords: Air pollution; Physical activity; Cohort study; Older



47  Key Messages

48 e Moderate to high volume of physical activity is associated with a lower risk of

49 cardiovascular and respiratory mortality.

50 e Traditional Chinese exercise and aerobic exercise are two recommended types of
51 physical exercise for older adults.

52 e The long-term benefits of physical activity (volume and type) did not moderate by
53 physical exercise environment of good or bad air quality.

54 e Physical activity might still be recommended to older adults residing in relatively
55 more polluted areas.
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Introduction

Physical inactivity is a significant lifestyle-related risk factor and potentially modifiable.!
There is convincing evidence that physical activity reduces risks of non-accidental and
cardiovascular mortality over a wide range of age.?> The global and country-specific physical
activity guidelines recommend people to improve their health through regular physical

activity.58

Air pollution is recognized as the world’s largest single environmental risk factor,® associated
with an elevated risk of cardiopulmonary diseases.'® ** An estimated 4.2 million deaths
globally are attributable to ambient air pollution each year.*? Due to an increased ventilation
rate, the uptake of air pollution during physical activity increases considerably, potentially

intensifying the detrimental health effects of air pollution.

It is of significant public health interest to examine the risk-benefit relationship between
health benefits of physical activity and the intensified harmful effects of air pollution during
physical activity. Emerging evidence showed that the benefits of physical activity were lost
after acute exposure to higher level of air pollution (temporal changes in air pollution).**1°
However, evidence on the modification effects of long-term exposure to air pollution (levels
of air pollution at where people usually perform physical activity) on the health benefits of

physical activity is scarce.

To our best knowledge, we totally identified six related studies, including the Danish Diet,
Cancer, and Health Cohort, %8 the Swiss Cohort Study on Air Pollution and Lung and Heart
Diseases,*® a cohort in Taiwan,?® and a cohort in southern California.?! These studies were all

conducted in countries with relatively good air quality, which may limit the power to assess
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the modification effects of air pollution on the health benefits of physical activity. No study

has been conducted in areas with relatively high air pollution levels.

Hong Kong is one of the world’s most populous territories located in the Pearl River Delta
areas, one of the most polluted areas in China. The annual mean concentration of air pollution
in Hong Kong greatly exceeds the World Health Organization (WHO) air quality
guidelines.?? We sought to evaluate the combined mortality effects of habitual physical
activity and long-term exposure to air pollution defined by annual concentration of fine
particulate matter (PM2.5) among ~70 000 older adults in Hong Kong. Findings of this study

should provide evidence on physical exercises recommendation and air pollution control.

Methods

Study population

The Chinese Elderly Health Service Cohort is a prospective cohort, into which all Hong
Kong residents aged 65 years and older were eligible to enrol. From 1998 to 2001, 66 820
elders, about 9% of Hong Kong older population, enrolled into the 18 Elderly Health Centres
of the Department of Health, one in each of the 18 districts, and were followed up till
December 2011. Face-to-face interview for each participant was carried out by registered
nurses and doctors using a standardized and structured questionnaire.?®?* The collected
information included demographic characteristics (e.g., age and sex), socioeconomic status
(e.q., education attainment and personal monthly expenditure), lifestyle (e.g., smoking status
and alcohol consumption), body mass index (BMI), and pre-existing chronic conditions (e.g.,
hypertension and cerebrovascular accident). Details of cohort profile and data collection have

been published elsewhere.?? 2* Ethics approval was obtained from the Ethics Committee of
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the Faculty of Medicine, The University of Hong Kong and of the Department of Health of

Hong Kong.

Definition of physical activity

Physical activity was collected by structured interview using questions regarding types of
physical activity, the frequency of physical activity per week, and duration per session.
Participants were asked to report their most frequently performed type of physical activity,
which included walking slowly (level ground), stretching exercise, traditional Chinese
exercise (Tai Chi, Pak Tuen Kam, and Luk Tung Kuen), aerobic exercise (jogging, cycling,
swimming, walking uphill, and playing ball games), other types not mentioned above (<3%),
and no physical exercise. The frequency of physical exercise was specified as 0 to 7 or >8
times per week, and duration for each session was classified as none (no physical exercise),
<30 minutes, and >30 minutes. We used a standard metabolic equivalent of task (MET) value
to assign the intensity of each physical exercise type according to the Ainsworth
compendium: < 1.0 (never), 2.0 (walking slowly), 2.5 (stretching exercises), 4.0 (traditional
Chinese exercise), and 6.0 (aerobic exercise).?> We then quantified physical activity volume
of each participant by calculating hours of MET per week (MET-h/wk) based on the reported
type, frequency, and duration of physical activity. We finally categorized MET-h/wk as <1.0,
1.0-20.9, and >21.0.2° These methods to define physical activity have been used in earlier

studies using this cohort to reveal the beneficial effects of physical activity.?® 2

Prospective follow-up
Participants were followed from the date of recruitment to date of death or 31 December
2011, whichever came first. We used a common unique identifier to link the cohort with the

death registration in Department of Health, which covered all deaths in Hong Kong.? We
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coded deaths according to International Classification of Diseases, 10" revision (ICD-10):

cardiovascular cause (100-199) and respiratory disease (J00-J47, J80-J99).

Air pollution assessment

We selected PM_ 5 as a proxy for air pollution exposure since PM_ s is the most commonly
used proxy indicator of air pollution.?® We used a satellite-based spatiotemporal model to
estimate the annual concentration of PM2 s at the residential address of each participant
between 1998 and 2011, as previously described.3* 3! Briefly, Aerosol Optical Depth (AOD),
an indicator of PM2 s concentrations in the troposphere, was retrieved from the remote
sensing data of the two National Aeronautics and Space Administration (NASA) Earth
Observing System satellites.®? It was initially retrieved at a 10x10 km resolution and then
refined into 1x1 km resolution by modifying the Moderate Resolution Imaging
Spectroradiometer (MODIS) algorithm.3® The annual Surface Extinction Coefficients (SEC)
from AOD were regressed on the yearly PM2 s concentration measured from the ground-level
air monitoring stations using grid cells with both SEC and PM2 s measurements. We then
used this calibration to estimate yearly PM2.s concentrations at the geocoded residential
addresses for all participants. The estimated PM2s has been validated and was used to assess
the associations of long-term exposure to PM2.s with morbidity* ** and mortality° in this

cohort.

We used the baseline concentration of PM. s at the residential address of each participant as a
proxy for long-term air pollution exposure (Figure 1)%% 3% given the temporal trend of

PM2 s concentrations change in parallel spatially in Hong Kong (Supplementary Figure S1).
In sensitivity analyses we also used the average concentrations of PM2 s over the follow-up to

define long-term air pollution exposure.
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Covariates

Potential confounders were selected according to the literature.®® 34 35 We controlled for
individual-level confounders, including age (strata variable, continuous), sex, BMI (kg/m?, a
natural spline with 3 degrees of freedom), smoking status, education attainment, personal
monthly expenditure, medication taken, and pre-existing chronic conditions (hypertension,
cerebrovascular accident, heart disease, and chronic obstructive pulmonary disease). Tertiary
Planning Unit (TPU) is the smallest administrative area unit used in the Hong Kong
population census report (Supplementary Figure S2), we also controlled for three TPU-
level covariates including % of population aged >65 years, % with tertiary education, and %
with income >$1923 USD per month. We additionally adjusted for smoking rate among

residents over 15 years old at the district-level.

Statistical analyses

Cox proportional hazards regression with follow-up time as the underlying time scale was
used to estimate the associations of physical activity (volume and type) and long-term
exposure to PM.s with cardiovascular and respiratory mortality. To allow for possible non-
proportionality of hazard, age in year was treated as a stratification variable. We estimated
hazard ratio (HR) adjusted for individual-, TPU-, and district-level confounders as mentioned

above.

To investigate whether the beneficial effects of physical activity outweigh the detrimental
effects of air pollution, we examined the combined effects of physical activity and air

pollution and tested their interaction on both additive and multiplicative scales.
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To assess the additive interaction, we first classified participants into those resided in low
(lower 50" percentile of exposure range: <35.3ug/m?) and high PM2 s areas (upper 50"
percentile of exposure range: >35.3ug/m?). Together with physical activity volume (<1.0,
1.0-20.9, and >21.0 MET-h/wk), we then created a new variable with six categories
representing six combinations of physical activity volume and PM2 s exposure. We also
created a new variable with ten categories representing ten combinations of exercise types
(no exercise, walking slowly, stretching exercise, traditional Chinese exercise, and aerobic

exercise) and PM2 s exposure.

To test the additive interaction, we calculated the relative excess risk due to interaction
(RERI) and corresponding 95% confidence interval.®® When calculating RERI, it has been
recommended to recode preventive factors to risk factors.> In the present study, we recoded
physical activity as physical inactivity, and set the highest volume or intensity of physical
activity (>21.0 MET-h/wk or aerobic exercise) and low air pollution as the joint reference
group. A RERI of 0 indicates no additive interaction (i.e., the combined excess risk
calculated as HR-1 is exactly the sum of their individual excess risks), a RERI of more than 0
indicates positive interaction (i.e., the combined excess risk is more than the sum of their
individual excess risks), and a RERI of less than 0 means negative interaction, or that the
combined excess risk is less than the sum of their individual excess risks. A positive RERI
value in the present study would indicate that air pollution diminishes the health benefits of

physical exercise.

We further evaluated the multiplicative interaction and tested the multiplicative interaction by
adding a product term between PM2s (low and high) and volume (<1.0, 1.0-20.9, and >21.0

MET-h/wk) or types (no exercise, walking slowly, stretching exercise, traditional Chinese
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exercise, and aerobic exercise) of physical activity. We used likelihood tests to evaluate the
product term by comparing the model with and without the interaction term. p<0.05 of the

product term indicates a multiplicative interaction.

In the secondary analyses, we conducted stratified analysis to examine whether the additive
and multiplicative interaction between physical activity and long-term exposure to PM2 s

varied by sex.

We performed a series of sensitivity analyses to confirm the robustness of our findings. First,
to check the suitability of baseline PM2 s, we used the average concentrations of PM.s over
the follow-up to define long-term exposure to air pollution. Second, to exclude the possibility
of reverse causality, we excluded participants who died within the first year after enrolment.
Participants who had severe diseases at baseline were prone to be physically inactive. Third,
to reduce air pollution exposure misclassification due to participants’ movement, we did
analyses by excluding participants who moved during the follow-up period. Fourth, to be
aware of the influence of changing physical activity habits, we stratified participants by
baseline pre-existing chronic conditions. Participants with pre-existing diseases are more
likely to change their physical activity habits due to their deteriorating health. Fifth, we
varied cut-offs defined by percentiles of PM2s to dichotomize air pollution and refitted the
regression models to test the multiplicative interactions. All analyses were two-sided and p-
value < 0.05 was considered as statistically significant. We conducted all analyses in R

software (version 3.4.3) with “survival” package (version 2.44-1.1) for survival analysis.

Results

10
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A total of 66 820 older adults were enrolled in the initial study cohort. After excluding 5352
(8.0%) participants due to problems in geocoding or satellite data, 1259 (1.9%) with missing
covariates, and 1566 (2.3%) reported types of physical activity that were listed as others in
the questionnaire, a total of 58 643 (87.8%) participants were included in the final analyses
(Figure 1). During the follow-up, there were 4600 deaths from cardiovascular disease and

3106 from respiratory disease (Table 1).

[Figure 1 here]

The mean age of the 58 643 participants at baseline was 71.9 years old, and approximately
65.7% of the participants were females. Only 4.4% of the participants were current smokers,
about one half received primary education or above (54.4%) or took medications regularly

(52.9%), and more than one third (35.9%) had hypertension (Table 1).

Most participants (80.9%) performed low to moderate volume of physical activity (1.0-20.9
MET-h/wk). For types of physical exercise, about one third of participants (38.1%) chose
stretching exercise, followed by walking slowly (18.4%), traditional Chinese exercise
(17.8%), and aerobic exercise (10.0%). We found males were more likely to participate in
activities of walking slowly or aerobic exercise, whereas females were more likely to

participate in stretching exercise or traditional Chinese exercise (Table 1).

[Table 1 here]

After adjusted for individual-, TPU-, and district-level confounders, the HR per 10 pg/m?®

increase in PM2s concentration was 1.19 (95% ClI: 1.05, 1.35) for cardiovascular and 1.02

11
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(95% CI: 0.87, 1.19) for respiratory mortality. We found elders resided in high PM2 s areas
were positively associated with a higher risk of cardiovascular mortality compared with
participants resided in low PM2s areas in the fully adjusted models (Table 2). The elevated
risk of mortality associated with PM2 s was also observed across gender (Supplementary

Figure S3).

[Table 2 here]

Participation in higher volume of physical activity was associated with a lower risk of
mortality (Table 2). For example, compared with low volume of physical activity (<1.0
MET-h/wk), the HR of cardiovascular mortality was 0.91 (95% CI: 0.88, 0.95) and 0.75
(95% CI: 0.68, 0.83) for low to moderate (1.0-20.9 MET-h/wk) and high (>21 MET-h/wk)
volume of physical activity, respectively. We found the beneficial effects of physical activity
were more pronounced for aerobic exercise such as jogging and cycling and traditional
Chinese exercises such as Tai Chi. We also found suggestive benefits of walking and
stretching exercises, although the association did not reach statistical significance. The
decreased mortality risk associated with physical activity was more pronounced among

females than males (Supplementary Figure S3).

Table 3 shows the combined effects of physical activity volume and long-term exposure to
PMg25s using the high volume of physical activity (>21.0 MET-h/wk)-low PM2s (<35.3 pg/m?®)
participants as the reference. The HR of cardiovascular disease for performing low volume of
physical activity (<1.0 MET-h/wk) was 1.46 (95% CI: 1.11, 1.92) in low PM_ s areas
(<35.3ug/m®) and 1.53 (95% Cl: 1.17, 2.00) in high PM2s areas (>35.3 ng/m?®), and the

corresponding HR for respiratory disease was 1.31 (95% ClI: 0.95, 1.82) and 1.50 (95% ClI:

12
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1.09, 2.06), respectively. We found little evidence of interaction on either additive or
multiplicative scales in overall analysis (Table 3) and gender-specific subgroup analysis

(Supplementary Table S1).

[Table 3 here]

Table 4 represents the combined mortality effects of physical activity types and long-term
exposure to PM2 s using aerobic exercise and low air pollution as the joint reference group.
Lower intensity exercise was associated with a higher risk of mortality irrespective of high or
low PM_ s concentrations. For example, compared with the joint reference group, the
cardiovascular mortality risk for no exercise was 1.53 (95% CI: 1.27, 1.84) in low PM25
areas and 1.61 (95% ClI: 1.34, 1.92) in high PM.s areas. We found little evidence of
interaction between physical activity types (no exercise, stretching exercise, traditional
Chinese exercise, and aerobic exercise) and long-term PM2 s exposure (low and high) on
either additive or multiplicative scales, but we found a significant positive RERI [0.301 (95%
Cl: 0.024, 0.578)] for walking slowly for cardiovascular mortality (Table 4). We also found
little evidence of interaction in the subgroup analysis for males or females (Supplementary

Table S2).

[Table 4 here]

Sensitivity analyses excluding participants who died within the first year of follow-up or who

moved during the follow-up did not materially change our findings (Supplementary Table

S3). When stratified by pre-existing diseases, participants with and without pre-existing

conditions showed similar findings of little evidence of interaction (Supplementary Table

13
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S4). Using the average annual PM2 s concentration over the follow-up to define long-term
exposure to air pollution (Supplementary Tables S5 & S6) or varying cut-off selected by
percentile of PM. s to define low and high air pollution areas did not change our findings of
little evidence of interaction between physical activity (volume and type) and long-term

exposure to PM.s (Supplementary Figure S4).

Discussion

In this large prospective elderly cohort, habitual physical activity was associated with a lower
risk of cardiovascular and respiratory mortality. The beneficial effects of habitual physical
activity were more pronounced for higher volume of physical activity or higher intensity
exercise like traditional Chinese exercise or aerobic exercise. Long-term exposure to PMa s
was associated with a higher risk of mortality. We found little evidence of interaction
between habitual physical activity (volume and type) and long-term exposure to PM2sin
either additive or multiplicative models, which suggest that the benefits of habitual physical
activity outweigh the amplified detrimental effects of air pollution among older adults in

Hong Kong.

Our findings of decreased mortality risks associated with physical activity are consistently
with numerous cohort studies.> 4% A recent systematic review and meta-analysis summarised
33 cohort studies with a total of 883 372 participants and reported that physical exercise was
associated with a 35% (95% CI: 30%, 40%) lower risk of cardiovascular mortality and 33%
(95% ClI: 28%, 37%) lower risk of all-cause mortality.> A recent multi-country cohort study
with ~130 000 participants from seventeen low-, middle-, and high-income countries found

the protective effects of physical activity were consistently observed among countries with

14
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different economic levels.** We found health benefits of physical activity were more

pronounced among females than males, which were also consistent with previous studies.> %!

We found long-term exposure to PM2 s was associated with a higher risk of cardiovascular
mortality, which corroborates the evidence of a positive association between long-term
exposure to PMzs and mortality.*> 43 We found that each 10 pg/m? increase in PMzs was
associated with an HR of 1.19 (95% CI: 1.05, 1.35) for cardiovascular mortality, which was

similar with most previous studies.** 4

A few studies have investigated the interaction between acute or intermediary exposure to air
pollution and physical activity, but findings are mixed.!31> 4650 Some studies reported that
the health benefits from physical exercises were lost in high air pollution days.**° For
example, lung function of asthma patients decreased after walking on a polluted street in
London for only two hours.** A randomized crossover study among 135 participants in UK
also found that acute exposure to traffic related air pollutants diminished the beneficial
cardiopulmonary effects of walking for participants with or without chronic cardiopulmonary
diseases.'® On the contrary, a few other studies found no evidence on cancellation of physical
activity benefits by acute or intermediary air pollution exposure.*®>° For example, a panel
study of 122 healthy adults in three European cities (Antwerp, Barcelona, and London)
reported no evidence of modification effects of short-term or intermediary exposure to black
carbon on the benefits of physical activity on blood pressure*® and subclinical cardiovascular
disease (heart rate variability and retinal vessel diameters).*® Although acute effects of air
pollution studies provide a useful context, our findings of the cumulative interaction between

physical activity and long-term exposure to air pollution are not directly comparable with the
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short-term or intermediary exposure studies that assess the acute interplay between physical

activity and air pollution.

Our findings of the combined relationships between habitual physical activity and long-term
exposure to air pollution are novel. To our knowledge, we only identified six related
epidemiologic studies,'®-?! and these studies were all conducted in relatively good air quality
areas. Consistent with the mortality study,!” we also found little evidence of interaction
between habitual physical activity and long-term exposure to air pollution. Our findings were
also consistent with a health impact modelling study, which tested the risk-benefit balance
between physical activity and background PM2s concentration, and they found that the health
benefits of physical activity generally outweighed the harmful effects of air pollution except
in the most extreme air pollution scenario.>* We found some evidence that the cardiovascular
benefits of walking were reduced in more polluted areas, which was consistent with the
randomized crossover study.'® Although the exact reason to explain the general protective
effects of physical activity on mortality regardless of different PM2 s concentrations have not
been elucidated, one potential hypothesis is that the additional inhaled air pollutants due to
physical activity only account for a small fraction of the total inhaled air pollutants.® It is
also possible that the long-term health benefits of habitual physical activity may reverse the
acute adverse mortality effects associated with exposure to higher level of air pollution

during physical activity.!’

Our findings should be interpreted with caution. First, we did not collect information on
whether participants performed physical activity indoors or outdoors. However, a territory-
wide survey among the elderly in Hong Kong found that up to 85% of their physical activity

were performed outdoors.> Second, we assessed habits of physical activity at baseline.
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Changing physical activity habits during the follow-up might influence our results. However,
we conducted a series of sensitivity analyses by excluding participants who died within the
first year of follow-up or stratifying by pre-existing chronic conditions. Results of these
sensitivity analyses suggests that changing habits of physical activity during the follow-up
would not influence our findings significantly. Third, we used SEC from AOD within 1 km
of ground level to predict concentrations of PM2s. Due to the high population density in
Hong Kong, PM2.s maps of higher resolution will be needed in future studies to better
differentiate the PM. s exposure among participants. Fourth, we used PM2 s concentration at
residential address as a proxy of long-term air pollution exposure encountered during
physical activity. This should work well for this cohort of older participants, as it is
reasonable to assume that most of them perform physical activity near their residences.>* Last
but not least, our study is based on a cohort of Chinese older adults (mean age of ~72 years at
baseline). Results of this study may not be generalizable to younger populations or

populations in other countries.

On the other hand, our study is one of the few studies to evaluate the combined mortality
effects of habitual physical activity (volume and type) and long-term exposure to air
pollution. Our findings add to the scarce evidence of the risk-benefit relationship between
long-term health benefits of habitual physical activity and air pollution. Furthermore, our
analyses were conducted in Hong Kong (annual mean concentration of PM2 s among study
participants was ~35ug/m?), a top 20% most polluted city globally, where levels of air
pollution greatly exceed the WHO air quality guidelines (10pg/m?®). Thus, findings of this
study should provide a more comprehensive picture of the combined effects of habitual

physical activity and long-term air pollution exposure.

17



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

Conclusions

In this cohort of Chinese older adults, we found little evidence of the modification effects of
long-term exposure to air pollution on the benefits of physical activity on mortality. The
beneficial effects of habitual physical activity outweigh the mortality risk associated with air
pollution. Findings of this study may support current guidelines on promoting physical
activity for diseases prevention even for people residing in relatively more polluted areas.
Additional studies in higher air pollution areas or among younger population are still needed

to confirm or refute these findings.

Declaration of interests

None.

Funding: None.

Acknowledgments

The authors would like to thank the Elderly Health Service of the Department of Health for

providing the cohort data and the Environmental Protection Department for providing the air

pollution data.

18



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

References

1. Mokdad AH, Marks JS, Stroup DF, Gerberding JL. Actual causes of death in the
United States, 2000. JAMA 2004; 291: 1238-45.

2. Kujala UM, Kaprio J, Sarna S, Koskenvuo M. Relationship of leisure-time physical
activity and mortality: the Finnish twin cohort. JAMA 1998; 279: 440-4.

3. Barengo NIC, Hu G, Lakka TA, Pekkarinen H, Nissinen A, Tuomilehto J. Low
physical activity as a predictor for total and cardiovascular disease mortality in middle-aged
men and women in Finland. Eur Heart J 2004; 25: 2204-11.

4. Wen CP, Wai JPM, Tsai MK, et al. Minimum amount of physical activity for reduced
mortality and extended life expectancy: a prospective cohort study. Lancet 2011; 378: 1244-
53.

5. Nocon M, Hiemann T, Miiller-Riemenschneider F, Thalau F, Roll S, Willich SN.
Association of physical activity with all-cause and cardiovascular mortality: a systematic
review and meta-analysis. Eur J Cardiovasc Prev Rehabil 2008; 15: 239-46.

6. Piercy KL, Troiano RP, Ballard RM, et al. The physical activity guidelines for
Americans. JAMA 2018; 320: 2020-8.

7. World Health Organization. Global action plan on physical activity 2018-2030: more
active people for a healthier world: World Health Organization; 2018.

8. Hobbs FDR, Piepoli MF, Hoes AW, et al. 2016 European Guidelines on
cardiovascular disease prevention in clinical practice. Eur Heart J 2016; 37: 2315-81.

9. Landrigan PJ, Fuller R, Acosta NJ, et al. The Lancet Commission on pollution and
health. Lancet 2018; 391: 462-512.

10. Di Q, Wang Y, Zanobetti A, et al. Air pollution and mortality in the Medicare

population. N Engl J Med 2017; 376: 2513-22.

19



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

11.  Pope Il CA, Ezzati M, Dockery DW. Fine-particulate air pollution and life
expectancy in the United States. N Engl J Med 2009; 360: 376-86.
12.  WHO. Ambient air pollution - a major threat to health and climate. 2018 [cited

2019 January 25, 2019]; Available from: https://www.who.int/airpollution/ambient/en/

13.  Sinharay R, Gong J, Barratt B, et al. Respiratory and cardiovascular responses to
walking down a traffic-polluted road compared with walking in a traffic-free area in
participants aged 60 years and older with chronic lung or heart disease and age-matched
healthy controls: a randomised, crossover study. Lancet 2017; 391: 339-49.

14. McCreanor J, Cullinan P, Nieuwenhuijsen MJ, et al. Respiratory effects of exposure
to diesel traffic in persons with asthma. N Engl J Med 2007; 357: 2348-58.

15.  Laeremans M, Dons E, Avila-Palencia I, et al. Black carbon reduces the beneficial
effect of physical activity on lung function. Med Sci Sports Exerc 2018; 50.

16. Kubesch NJ, Therming Jgrgensen J, Hoffmann B, et al. Effects of Leisure-Time and
Transport-Related Physical Activities on the Risk of Incident and Recurrent Myocardial
Infarction and Interaction With Traffic-Related Air Pollution: A Cohort Study. J Am Heart
Assoc 2018; 7: e009554.

17.  Andersen ZJ, de Nazelle A, Mendez MA, et al. A study of the combined effects of
physical activity and air pollution on mortality in elderly urban residents: the Danish diet,
cancer, and health cohort. Environ Health Perspect 2015; 123: 557-63.

18. Fisher JE, Loft S, Ulrik CS, et al. Physical activity, air pollution, and the risk of
asthma and chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2016; 194
855-65.

19. Endes S, Schaffner E, Caviezel S, et al. Is physical activity a modifier of the
association between air pollution and arterial stiffness in older adults: the SAPALDIA cohort

study. Int J Hyg Environ Health 2017; 220: 1030-8.

20


https://www.who.int/airpollution/ambient/en/
https://www.who.int/airpollution/ambient/en/

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

20.  Zhang Z, Hoek G, Chang L-y, et al. Particulate matter air pollution, physical activity
and systemic inflammation in Taiwanese adults. Int J Hyg Environ Health 2018; 221: 41-7.
21. McConnell R, Berhane K, Gilliland F, et al. Asthma in exercising children exposed to
ozone: a cohort study. Lancet 2002; 359: 386-91.

22. Environmental Protection Department. Air Quality Reports - Annual Air Quality
Monitoring Results. 2019 [cited 30 April 2019]; Available from:

http://www.aghi.gov.hk/en/download/air-quality-reportse469.html?showall=&start=1

23.  Schooling CM, Chan WM, Leung SL, et al. Cohort Profile: Hong Kong Department
of Health Elderly Health Service Cohort. Int J Epidemiol 2016; 45: 64-72.

24, Lam TH, Li ZB, Ho SY, et al. Smoking, quitting and mortality in an elderly cohort of
56 000 Hong Kong Chinese. Tob Control 2007; 16: 182-9.

25.  Ainsworth BE, Haskell WL, Whitt MC, et al. Compendium of physical activities: an
update of activity codes and MET intensities. Med Sci Sports Exerc 2000; 32: S498-S504.
26.  Shen C, Lee SY, Lam TH, Schooling CM. Is traditional Chinese exercise associated
with lower mortality rates in older people? Evidence from a prospective Chinese elderly
cohort study in Hong Kong. Am J Epidemiol 2015; 183: 36-45.

27.  Schooling CM, Lam TH, Li ZB, et al. Obesity, physical activity, and mortality in a
prospective Chinese elderly cohort. Arch Intern Med 2006; 166: 1498-504.

28.  Tian L, QiuH, Sun S, Lin H. Emergency Cardiovascular Hospitalization Risk
Attributable to Cold Temperatures in Hong Kong. Circ Cardiovasc Qual Outcomes 2016; 9:
135-42.

29.  WHO. Ambient air pollution: A global assessment of exposure and burden of disease;

2016. Report No.: 9241511354.

21


http://www.aqhi.gov.hk/en/download/air-quality-reportse469.html?showall=&start=1
http://www.aqhi.gov.hk/en/download/air-quality-reportse469.html?showall=&start=1

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

30.  Wong CM, Lai HK, Tsang H, et al. Satellite-based estimates of long-term exposure to
fine particles and association with mortality in elderly Hong Kong residents. Environ Health
Perspect 2015; 123: 1167-72.

31.  Zhang Z, Chang L-y, Lau AK, et al. Satellite-based estimates of long-term exposure
to fine particulate matter are associated with C-reactive protein in 30 034 Taiwanese adults.
Int J Epidemiol 2017; 46: 1126-36.

32. NASA. NASA’s Earth Observing System. 2013 [cited 2013; Available from:

https://neo.sci.gsfc.nasa.gov/view.php?datasetld=MODAL2 M AER OD

33. Li C, Lau AH, Mao J, Chu DA. Retrieval, validation, and application of the 1-km
aerosol optical depth from MODIS measurements over Hong Kong. IEEE Trans Geosci
Remote Sens 2005; 43: 2650-8.

34.  QiuH, SunS, Tsang H, et al. Fine particulate matter exposure and incidence of stroke
A cohort study in Hong Kong. Neurology 2017; 88: 1709-17.

35.  Qiu H, Schooling CM, Sun S, et al. Long-term exposure to fine particulate matter air
pollution and type 2 diabetes mellitus in elderly: a cohort study in Hong Kong. Environ Int
2018; 113: 350-6.

36.  Chan SH, Van Hee VC, Bergen S, et al. Long-term air pollution exposure and blood
pressure in the sister study. Environ Health Perspect 2015; 123: 951.

37. Beelen R, Hoek G, van Den Brandt PA, et al. Long-term effects of traffic-related air
pollution on mortality in a Dutch cohort (NLCS-AIR study). Environ Health Perspect 2007,
116: 196-202.

38.  Andersson T, Alfredsson L, Kallberg H, Zdravkovic S, Ahlbom A. Calculating

measures of biological interaction. Eur J Epidemiol 2005; 20: 575-9.

22


https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MODAL2_M_AER_OD
https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MODAL2_M_AER_OD

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

39. Knol MJ, VanderWeele TJ, Groenwold RH, Klungel OH, Rovers MM, Grobbee DE.
Estimating measures of interaction on an additive scale for preventive exposures. Eur J
Epidemiol 2011; 26: 433-8.

40.  Arem H, Moore SC, Patel A, et al. Leisure time physical activity and mortality: a
detailed pooled analysis of the dose-response relationship. JAMA Intern Med 2015; 175: 959-
67.

41. Lear SA, Hu W, Rangarajan S, et al. The effect of physical activity on mortality and
cardiovascular disease in 130 000 people from 17 high-income, middle-income, and low-
income countries: the PURE study. Lancet 2017; 390: 2643-54.

42. Hoek G, Krishnan RM, Beelen R, et al. Long-term air pollution exposure and cardio-
respiratory mortality: a review. Environ Health 2013; 12: 43.

43. Beelen R, Raaschou-Nielsen O, Stafoggia M, et al. Effects of long-term exposure to
air pollution on natural-cause mortality: an analysis of 22 European cohorts within the
multicentre ESCAPE project. Lancet 2014; 383: 785-95.

44.  Crouse DL, Peters PA, van Donkelaar A, et al. Risk of nonaccidental and
cardiovascular mortality in relation to long-term exposure to low concentrations of fine
particulate matter: a Canadian national-level cohort study. Environ Health Perspect 2012;
120: 708-14.

45, Pope 111 CA, Burnett RT, Thurston GD, et al. Cardiovascular mortality and long-term
exposure to particulate air pollution: epidemiological evidence of general pathophysiological
pathways of disease. Circulation 2004; 109: 71-7.

46. Kubesch N, De Nazelle A, Guerra S, et al. Arterial blood pressure responses to short-
term exposure to low and high traffic-related air pollution with and without moderate

physical activity. Eur J Prev Cardiol 2015; 22: 548-57.

23



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

47.  Wong CM, Ou CQ, Thach TQ, et al. Does regular exercise protect against air
pollution-associated mortality? Prev Med 2007; 44: 386-92.

48. Laeremans M, Dons E, Avila-Palencia I, et al. Short-term effects of physical activity,
air pollution and their interaction on the cardiovascular and respiratory system. Environ Int
2018; 117: 82-90.

49.  Avila-Palencia I, Laeremans M, Hoffmann B, et al. Effects of physical activity and air
pollution on blood pressure. Environ Res 2019; 173: 387-96.

50. Kubesch NJ, de Nazelle A, Westerdahl D, et al. Respiratory and inflammatory
responses to short-term exposure to traffic-related air pollution with and without moderate
physical activity. Occup Environ Med 2015; 72: 284-93.

51.  Tainio M, de Nazelle AJ, Gotschi T, et al. Can air pollution negate the health benefits
of cycling and walking? Prev Med 2016; 87: 233-6.

52. Rojas-Rueda D, de Nazelle A, Tainio M, Nieuwenhuijsen M. The health risks and
benefits of cycling in urban environments compared with car use: health impact assessment
study. BMJ 2011; 343: d4521.

53. Government of Hong Kong. Poll of the Hong Kong people’s sport’s habits [cited 14
May 2019]; Available from:

https://www.lcsd.gov.hk/en/cscommittee/common/form/paper csc 0806 20061122 annex C.

pdf; 2006.
54, Cerin E, Lee K-y, Barnett A, et al. Walking for transportation in Hong Kong Chinese
urban elders: a cross-sectional study on what destinations matter and when. Int J Behav Nutr

Phys Act 2013; 10: 78.

24


https://www.lcsd.gov.hk/en/cscommittee/common/form/paper_csc_0806_20061122_annex_c.pdf
https://www.lcsd.gov.hk/en/cscommittee/common/form/paper_csc_0806_20061122_annex_c.pdf
https://www.lcsd.gov.hk/en/cscommittee/common/form/paper_csc_0806_20061122_annex_c.pdf
https://www.lcsd.gov.hk/en/cscommittee/common/form/paper_csc_0806_20061122_annex_c.pdf

562

563

564

565

566

567

568

569

Figure legends

Figure 1. Spatial distribution of air pollution exposure and participants of Elderly Health

Service Cohort in Hong Kong.

The left panel shows varying levels of surface extinction coefficients (SEC) indicating the

concentrations of fine particulate matter (PM2s) at baseline. The right panel shows the spatial

distribution of participants of Elderly Health Service Cohort (n=58 643)
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