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Background: Air pollution is widely recognized as a threat to public health. The impact of long-term 

exposure to air pollution on gait speed trajectories over time have not been fully explored among US 

older adults. The specific aims of this study were to 1) examine the relationship between long-term 

exposure to air pollution and decline in gait speed among older adults, and 2) explore effect 

modification by cardiovascular disease status on the association.   

Methods: We analyzed data from 3,022 older adults in a prospective cohort study conducted from 2000 

to 2008. Long term exposure to fine particulate matter (PM2.5) and nitrogen dioxide (NO2) prior to study 

enrollment was estimated using state of the art prediction models. Gait speed at usual and rapid pace 

was assessed annually using a 15-feet timed walk test. Mixed effect models with random intercepts and 

slopes were fitted, adjusting for demographic and socioeconomic factors.   

Results: Greater long-term PM2.5 exposure was related to faster gait speed decline at usual pace: one 

interquartile range higher 5-year average PM2.5 exposure was related to 0.048 m/s decline in gait speed 

(95% CI: -0.084, -0.024) over a 6-year study period adjusted for age, gender, race and ethnicity, 
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education, smoking status, alcohol consumption, study site, and year since enrollment. Greater long-

term NO2 exposure was associated with faster gait speed decline at both usual and rapid pace: one 

interquartile range higher 5-year average NO2 was associated with 0.078 m/s decline in usual pace gait 

(95% CI: -0.120, -0.042) and 0.042 m/s decline in rapid pace gait speed (95% CI: -0.078, -0.006) over 6-

year period in adjusted models. The longitudinal association between air pollution and rapid gait speed 

decline was significant only in individuals with cardiovascular disease. 

Conclusions: Long-term exposure to air pollution appears to be associated with faster progression in gait 

speed decline among older adults in four different locations in the US. Older adults with cardiovascular 

disease are more susceptible to the adverse effects of long-term exposure of air pollution and the 

progression in gait speed decline may be even faster among those with cardiovascular disease. Policies 

to reduce emission of air pollutants and interventions of avoid air pollution exposure or manage 

cardiovascular disease could contribute to the reduction in the burden of preventable 

institutionalization and hospitalization. 
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Background  

 Aging is associated with a decline in physical function that can alter independence and quality of 

life at older ages.1 Gait speed is a reliable, noninvasive, and quick assessment of estimating older adults’ 

functional capacity.2-4 Gait control involves complex processes, integrating musculoskeletal, 

neurological, respiratory and cardiovascular systems.5,6 Thus, decline in gait speed has been shown to be 

associated with a range of adverse health outcomes, such as disability, cognitive impairment, 

institutionalization, falls, and mortality.7-9 Gait speed decline could be used to predict and identify 

individuals at high risk of these adverse outcomes.7,10,11 Additionally, gait speed assessment can provide 

objective and sensitive results of capturing changes over time.12 Low educational attainment, depressive 

symptoms, physical inactivity, and obesity were known as risk factors for slow gait speed.13 However, 

little is known about other environmental factors  that may increase the risk of slow gait speed or 

declining gait speed.   

 Air pollution is widely recognized as a threat to public health.14 Exposure to air pollution, 

particularly long-term exposure, has been associated with multiple health outcomes, including 

cardiovascular mortality, cardiovascular diseases (through inflammation, oxidative stress, activation of 

the abnormal hemostatic system, and disturbance of the autonomic nervous system),15-17 diabetes,18 

cognitive decline, dementia,19 and reduction of life expectancy.20 Given strong associations between 

these health conditions and gait speed21-24, air pollution may be a determinant of declines in gait speed 

in older adults. Older adults, particularly those with neurocognitive, cardiovascular and respiratory 

disease, can be susceptible to the adverse health effects of air pollutants due to diminished capacity to 

withstand the hazardous effects of environmental pollutants.25  

 A few studies have investigated air pollution as a potential risk factor for physical functioning, 

disability, and frailty which are highly related to gait speed.20,26-28 A longitudinal study examined annual 
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average outdoor air pollution concentrations at participants’ the home addresses with performance-

based physical functioning among 1,762 older adults in the Netherlands.28 The physical functioning score 

was created based on multiple tests, including gait speed, balance, ability to stand up and sit down in a 

chair, and capacity to put on and take off a cardigan.28 The authors found significant associations 

between annual concentration of nitrogen dioxide (NO2) and physical functioning at baseline but not 

over a 6-year study period.28 This study also did not find the link between particulate matter (less than 

2.5 ㎛ in diameter, PM2.5) and physical functioning score.28 Another longitudinal study was conducted to 

evaluate the association between long-term exposure to traffic-related air pollution (i.e., nitrogen 

oxides, NOX) and physical disability score consisting of balance, gait speed, and lower-extremity strength 

tests among 5,708 older populations in Chicago, the United States (US).27 The authors found that higher 

long-term NOX exposure (i.e., 5-year averaged ambient concentrations at residential location) was 

related to faster progression in disability.27 A longitudinal study conducted in China did not find a 

significant association between annual average exposure to PM2.5 and gait speed among 10,823 middle-

aged and older adults.29 Another longitudinal study in China found that city-level 1-year exposure to 

poorer air quality measured by air quality index was associated with greater frailty over a 3-year study 

period among 6,570 older adults.30  

 These studies showed mixed findings on the association between air pollution (NO2 and PM2.5) 

and physical functioning although comparison is limited because they applied different physical 

functioning tests, geographic levels, and populations. The impacts of long-term exposure to air pollution 

on gait speed trajectories over time have not been fully explored among US older adults. Moreover, it 

has not been examined if the hazardous effects from the air pollution is larger among older adults with 

cardiovascular disease which is known to be strongly associated with air pollution.31  
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 In this present study, we studied the relationship between long-term exposure to air pollution 

(NO2 and PM2.5) and decline in gait speed among older adults and examined effect modification by 

cardiovascular disease status on this association. We hypothesized that greater long-term exposure to 

ambient air pollution would be associated with faster decline in gait speed and older adults with 

cardiovascular disease would show faster decline in gait speed compared to those without 

comorbidities.   

Methods  

Study design and participants  

We conducted a prospective cohort study of 3,069 participants enrolled in the “Air Pollution, the 

Social Environment, and Alzheimer’s Disease: risk and resilience in the Ginkgo Evaluation Memory Study 

(GEMS)”. The study was designed to evaluate the associations of air pollution and the social 

environment with Alzheimer’s disease (AD) in a well characterized cohort of older adults. The GEMS was 

a randomized controlled trial, initially designed to determine the effectiveness of Ginkgo biloba for the 

prevention of all-cause dementia and AD in healthy older adults. 32,33 However, robust dedication of data 

collection between 2000 and 2008 provides an extraordinary opportunity for investigating trajectories 

of gait speed in association with air pollution exposure. Participants aged 72 years or older were 

recruited from four study sites in the US: Winston-Salem/Greensboro, North Carolina; Sacramento, 

California; Hagerstown, Maryland; and Pittsburgh, Pennsylvania between 2000 and 2002. Potential 

participants were contacted through various modes. All candidate participants underwent 

comprehensive screening tests before enrollment. Individuals with prevalent neurological or 

neurodegenerative diseases (e.g., dementia, Parkinson’s disease, mental disorders using antipsychotic 

agents), contraindications for the use of G. biloba (e.g., use of anticoagulants), and health conditions 

that might lead to study dropout (e.g., heart failure with disability) were excluded from the trial. 
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Participants were followed up via clinic visits every six months through 2008. The current study was 

approved by the Institutional Review Board at the University of Washington. 

Gait speed assessment  

Gait speed was measured annually over 6 years using a 15 feet (4.57 m) timed walk protocol 

which is a valid, reliable, and sensitive measure of physical function.21,22 The walking course for this test 

was marked with tape, and time was counted using a stopwatch (timed to 0.1 seconds). The time in 

seconds were transformed into meters per second. Participants were instructed to walk a 3 feet course 

first as a practice prior to the 15 feet walk test. Participants were asked to walk at their usual pace and 

then to walk at a rapid pace by asking them to walk as fast as possible.  

Long-term exposure to air pollution  

Long-term exposure to air pollution was measured using two criteria of air pollutants, including 

fine particulate matter (less than 2.5 ㎛ in diameter, PM2.5) and nitrogen dioxide (NO2) at the 

participant’s residential area. The details of geocoding and ambient air pollution assessment at the 

residential location were previously described.34 The residential history of participants from 1980 to 

1999 (prior to study entry) was constructed using commercial credit reporting data (i.e., LexisNexis).35 

The participants’ home addresses were geocoded using parcel-based geocoding methods based on the 

TeleAtlas Dynamap 2000 v.16.1 road network (Boston, Massachusetts) with the Business Analyst tool in 

ArcGIS10.6.1 (ESRI, Redlands, California). Residential addresses with an 80% matching accuracy were 

automatically geocoded, and the rest of the addresses matched with at least 80% accuracy were 

manually geocoded to the exact location if possible.  

Averaged annual PM2.5 exposure at each residential location from 1980 through 1999 was 

estimated using a validated historical prediction model based on approximately 300 geographic 
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parameters (e.g., traffic, land use categories, vegetation, and emission).36 To examine the long-term 

exposure to air pollution, the annual concentration of PM2.5 were averaged in 5, 10, 15, and 20 years 

prior to study enrollment. For instance, 5-year exposure to PM2.5 would be the mean value of annual 

estimates of PM2.5 concentration between 1995 to 1999. Averaged NO2 exposure at each year and 

geocoded location between 1990 and 1999 was estimated with a national land-use regression model 

with universal kriging based on 418 geographic parameters (e.g., distance to roadway).37,38 Due to data 

availability, averaged estimates of NO2 exposure over 5 and 10 years will be included as a measure of 

long-term exposure to NO2.  

Other covariates 

Demographic factors and health behaviors at baseline included age (year), education (less than 

high school, high school graduate, some college or graduate, postgraduate), race and ethnicity (White, 

people of color), gender (female, male), smoking status (never, former, current), alcohol consumption39 

(none, less than 1 drink per week, 1 to 7 drinks per week, 7 to 14 drinks per week, and more than 14 

drinks per week), and study site (Winston-Salem/Greensboro, NC; Sacramento, CA; Hagerstown, MD; 

Pittsburgh, PA). Cardiovascular disease indicator was generated based on self-reported medical history 

of myocardial infarction, angina pectoris, stroke, atrial fibrillation, transient ischemic attack (TIA), heart 

failure, deep vein thrombosis, pulmonary embolus, hypertension, and rheumatic fever or heart valve 

(having at least one of the diseases).  

Data analysis  

 Descriptive analyses for study variables and mean of gait speed (m/s) were calculated by 

demographic and health-related factors. The associations between air pollution and decline in gait 

speed, both at usual and rapid paces, were evaluated by fitting a mixed-effect model to account for 

correlations of observations within an individual. Participant specific random intercepts and random 
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slopes for year since enrollment were added to the model. Separate models were fitted for each 

pollutant (i.e., PM2.5 in 5-, 10-, 15-, and 20-year and NO2 in 5- and 10-year) with gait speed. The main 

effect of air pollutants was included to analyze the association at baseline. Interaction effects of year 

since enrollment with air pollution metrics were added to examine the average annual decline of gait 

speed for different levels of air pollution over the study period. Age, gender, education, race and 

ethnicity, smoking status, alcohol consumption, study sites, and year since study enrollment were 

adjusted in all models. The models were fitted again by subgroups based on having or not having 

cardiovascular disease at baseline. We calculated interquartile range (IQR) for each air pollution metric 

with different averaging periods and used own IQR change in air pollution to interpret the point 

estimates. All analyses were conducted using STATA version 16 (StataCorp, College Station, Texas) or R 

statistical computing software (R Core Team).   

Results 

Baseline characteristics  

 Of 3,069 participants at baseline, 47 cases (1.5%) were excluded due to missing either gait speed 

or air pollution metrics, leaving 3,022 participants (12,676 observations) as an analytic sample. 

Participants completed an average of 4.2 annual research assessments (minimum of one to maximum of 

seven).  All other missing items in other covariates were less than 3%. Descriptive statistics of study 

variables with missing (%) are presented in Table 1. Mean (standard deviation) age of participants was 

78.6 (3.3) and 1,630 (53.9%) participants were male. Average gait speed (m/s) decreased with age and 

male participants showed faster gait speed compared to female participants. Mean gait speed was 

faster among individuals reporting high educational attainment (postgraduate level) and without 

cardiovascular disease (Table 1).  
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 Table 2 shows the distribution of air pollution metrics by study site. Figure 1 and 2 depict 

distribution of air pollutants over different averaging periods and study site. Median air pollution 

metrics varied across study regions with Pittsburgh reporting poorer air pollution compared to other 

sites. The median 20-year average PM2.5 and 10-year average NO2 were the highest for all study regions, 

indicating improved air quality over time.    

Long-term exposure to air pollution and gait speed  

 Table 3 reports findings on air pollution prior to the study entry in association with gait speed at 

baseline as well as annual change in gait speed over the study period. Long-term exposure to PM2.5 prior 

to the enrollment was not associated with gait speed at baseline (cross-sectional association) for both 

usual and fast paces. Greater long-term exposure to PM2.5 was related to a faster decline in gait speed at 

a usual pace regardless of exposure averaging period; one IQR higher 5-year average PM2.5 exposure 

(2.00 ㎛/m3) was related to 0.048 m/s decline in gait speed (95% CI: -0.084, -0.024) at a usual pace over 

6-year study period, controlling for age, gender, race and ethnicity, education, smoking status, alcohol 

consumption, study site, and year since enrollment. Higher average PM2.5 was not associated with a 

faster gait speed decline at a rapid pace regardless of exposure averaging period.  

 Long-term exposure to NO2 prior to study entry was associated with gait speed at usual pace at 

baseline (cross-sectional association), adjusting for all potential confounders. One IQR higher 5-year 

average NO2 (6.53 ppb) was associated with 0.026 m/s increase in usual pace gait on average at baseline 

(95% CI: 0.002, 0.046). Long-term exposure to NO2 was associated with a faster decline in gait speed at 

both usual and rapid paces regardless of exposure averaging period; one IQR higher 5-year average NO2 

(6.53 ppb) was associated with 0.078 m/s decline in usual pace gait (95% CI: -0.120, -0.042) and 0.042 

m/s decline in rapid pace gait speed (95% CI: -0.078, -0.006) over 6-year period, controlling for all 

potential confounders.  
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Long-term exposure to air pollution and gait speed by cardiovascular disease status  

Table 4 demonstrates the association between air pollution and gait speed among individuals 

with and without cardiovascular disease. For usual gait speed, greater 5-year, 10-year, and 15-year 

average long-term exposure to PM2.5 was associated with a decline in gait speed for both individuals 

with and without cardiovascular disease. For example, one IQR higher 5-year average PM2.5 exposure 

(2.00 ㎛/m3) was related to 0.036 m/s gait speed decline (95% CI: -0.060, -0.012) among individuals 

without cardiovascular disease and 0.072 m/s gait speed decline (95% CI: -0.132, -0.024) among those 

with cardiovascular disease over 6-year study period. For rapid pace gait, greater 5-year and 10-year 

average PM2.5 were associated with a gait speed decline over time among individuals with 

cardiovascular disease but not those without cardiovascular disease. 

Similarly, the longitudinal association between usual gait speed and long-term NO2 exposure 

was significant among both individuals with and without cardiovascular disease: one IQR higher 5-year 

average NO2 exposure (6.53 ppb) was associated with 0.060 m/s decline in usual gait speed (95% CI: -

0.090, -0.030) among individuals without cardiovascular disease and 0.120 m/s usual gait speed decline 

(95% CI: -0.198, -0.042) among those with cardiovascular disease over 6-year study period. For rapid 

pace gait speed, the longitudinal association between long-term NO2 exposure and gait speed decline 

was observed among individuals with cardiovascular disease but not those without the disease. For 

example, one IQR higher 5-year average NO2 exposure (6.53 ppb) was related to 0.078 m/s rapid pace 

gait decline (95% CI: -0.120, -0.012) over 6-year study period among people with cardiovascular disease. 

Discussion  

This longitudinal study found robust association between long-term exposure to air pollution 

and gait speed decline in a large cohort of older adults in four different locations in the US. Resident 

specific long-term concentrations of PM2.5 and NO2, taking account of residential mobility, were 
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estimated over the 20-year period prior to study entry using a spatio-temporal prediction model.36,38 The 

air pollution metrics indicated that air quality improved over the estimated period, but magnitude of the 

association between air pollution and gait speed decline was similar regardless of exposure averaging 

periods. Gait speed is the result of a complex integration of multiple body functions such as aerobic 

capacity, proprioceptive control, and brain networks.40-42 Exposure to air pollution has been reported to 

be  adversely associated with a range of body function and health outcomes such as brain function, risk 

of developing dementia, diabetes incidence, and cardiovascular disease mortality.43-46 Development or 

progression of these diseases by air pollution exposure may contribute to faster decline of gait speed. 

Additionally, air pollution may directly lead to dysfunction in multiple body structures and functions that 

control gait speed.  

Previous studies mostly investigated annual average concentration of air pollutants in relation to 

performance-based physical functioning.28,29 Unlike our study, the authors did not find a faster decline in 

performance-based physical functinioing28 and gait speed among individuals who were exposed to 

higher level concentration of air pollution.29 On the other hand, another study showed consistent results 

with  our study. The authors found a significant association between 5-year ambient concentration of air 

pollution and faster progression in physical functioning among older adults.27 The previous studies that 

did not find significant associations28,29 assessed air pollution in a relatively short period of time (1-year 

annual average) compared to the study by Weuve et al.27 and ours. This indicates that longer exposure 

to air pollution may have more harmful and stronger impacts on physical functioning; in other words, 

one year annual average air pollutant concentrations may be too short to capture the hazardous 

impacts of air pollution on progression in physical function decline.   

We found the significant association of PM2.5 exposure with decline of gait speed at the usual, 

but not at a rapid pace. Usual gait speed and rapid gait speed tests capture a slightly different aspect of 

functionality. Both usual and rapid gait speed tests together can provide a more complete picture of 
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individuals’ current physical functioning and health status.4 Usual gait speed is indicative of physical 

functioning, frailty, and health status.7,47 Rapid gait speed, required more efforts and physical strength, 

is suggestive of capabilities in the community such as safely cross the street in the time of a signal.48 The 

difference may partially explain the variation in the association of air pollution with usual and rapid gait 

speed. However, further studies are required to understand the nuance of how PM2.5 exposure 

differently affect usual gait speed and rapid gait speed.  

The association between long-term exposure to air pollution prior to study entry and faster gait 

speed decline varied by cardiovascular status at study enrollment. The longitudinal association between 

air pollution (5-year and 10-year average PM2.5 and NO2) and rapid gait speed decline was significant 

only in individuals with cardiovascular disease. The magnitude of harmful impacts of air pollution on 

rapid pace gait may be greater for individuals with cardiovascular disease than in those without 

cardiovascular disease. Air pollution is a well-known risk factor for cardiovascular disease.31 Presence of 

cardiovascular disease may aggregates the adverse impacts of long-term exposure to rapid pace gait 

speed decline.  

 This study has several limitations. First, we included only past exposure to air pollution prior to 

the initial gait speed measure to ensure the temporality that the exposure precedes the outcome. 

However, levels of air pollution are changing over time. Gait speed may be affected by not only long-

term exposure to air pollution in the past but also current air pollution exposure. Second, air pollution 

was disaggregated into specific types of air pollutants (PM2.5 and NO2) because each measure may 

differentially impact health in terms of effect size or direction. It is still unclear which air pollutant has 

the most hazardous impacts on health among older adults.49 However, in real life, air pollutants may 

interact with each other and have synergetic effects on health. Future study should explore the interplay 

of multiple air pollutants on older adults’ health outcomes. Third, the study population primarily 

consists of self-identified White individuals age 75 years and older and highly educated even though the 
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study team made efforts to recruit diverse people. The application of the findings to other settings with 

diverse people may be limited. However, we analyzed rigorously collected data over 6-year and the 

association between long-term air pollution exposure and gait speed we found in this study was robust, 

not changing much depending on covariates or models. The findings still add to the literature and 

increase knowledge on the impacts of long-term air pollution on the gait speed alteration with aging.  

Conclusion 

 Gait speed alteration indicates the risk of development or progression of physical disability, 

frailty, or chronic diseases which are essential for independent living in later life. Long-term exposure to 

air pollution appears to be associated with faster progression in gait speed decline among older adults in 

four different locations in the US. Older adults with cardiovascular disease appear more susceptible 

from the adverse effects of long-term exposure to air pollution and the progression in gait speed decline 

could be even faster among those with cardiovascular disease. Policies to reduce emission of air 

pollutants and interventions of avoid air pollution exposure or manage cardiovascular disease could 

contribute to the reduction in the burden of preventable institutionalization and hospitalization.  

 

 

 

 

 

 

 



14 
 

Table 1. Gait speed at usual and fast pace by selected participants’ characteristics at baseline (N = 3,022) 

  Gait speed (m/s)a 
  Usual gait  Fast gait 
Selected Measure N (%) Mean (SD) Mean (SD) 
Age (year)    

72-79 2,004 (66.31) 0.97 (0.22) 1.39 (0.65) 
80-84 839 (27.76) 0.92 (0.26) 1.30 (0.41) 
85+ 179 (5.92) 0.83 (0.22) 1.17 (0.32) 
Mean (SD) 78.59 (3.25)   

Gender    
Female 1,392 (46.06) 0.92 (0.23) 1.28 (0.53) 
Male 1,630 (53.94) 0.97 (0.23) 1.41 (0.62) 

Race    
White 2,888 (95.57) 0.95 (0.23) 1.35 (0.59) 
People of color 134 (4.43) 0.91 (0.22) 1.26 (0.35) 

Education    
Less than high school 336 (11.12) 0.89 (0.20) 1.27 (0.47) 
High school graduate 753 (24.92) 0.92 (0.22) 1.30 (0.32) 
Some college or graduate 1,233 (40.80) 0.95 (0.23) 1.35 (0.69) 
Postgraduate 700 (23.16) 0.99 (0.26) 1.43 (0.63) 

Smoking     
Never 1,210 (40.04) 0.94 (0.24) 1.33 (0.35) 
Former 1,620 (53.61) 0.95 (0.22) 1.37 (0.73) 
Current 134 (4.43) 0.90 (0.20) 1.28 (0.31) 
Missing  58 (1.92)   

Alcohol consumption (drinks/week)    
Nondrinkers 1,267 (41.93) 0.91 (0.24) 1.31 (0.71) 
0.1-0.9  461 (15.25) 0.96 (0.22) 1.36 (0.32) 
1.0-7.0  677 (22.40) 0.96 (0.20) 1.36 (0.33) 
7.1-14.0  284 (9.40) 1.01 (0.27) 1.42 (0.34) 
 > 14.0  287 (9.50) 0.98 (0.20) 1.44 (0.88) 
Mean (SD) 3.52 (6.48)   
Missing 46 (1.52)   

Cardiovascular diseaseb    
Yes 1,751 (57.94) 0.93 (0.22) 1.32 (0.61) 
No 1,271 (42.06) 0.97 (0.24) 1.39 (0.54) 

Study site    
Winston-Salem/Greensboro, North Carolina 725 (23.99) 0.92 (0.19) 1.30 (0.64) 
Sacramento, California 894 (29.58) 0.94 (0.23) 1.35 (0.31) 
Hagerstown, Maryland 447 (14.79) 0.86 (0.17) 1.29 (0.31) 
Pittsburgh, Pennsylvania 956 (31.63) 1.01 (0.26) 1.42 (0.79) 

a The number of seconds to complete the 15 feet (4.57m) timed walk assessed, then converted to meter 
per second (m/s).  

b Presence of cardiovascular disease was defined as having at least one of the following diseases: 
myocardial infarction, angina pectoris, stroke, atrial fibrillation, transient ischemic attack, heart failure, 
deep vein thrombosis, pulmonary embolus, hypertension, rheumatic fever or heart valve  
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Table 2. Long-term air pollution exposure prior to study enrollment by study site 

 Winston-Salem/ 
Greensboro, NC 

(N = 725) 

Sacramento, 
CA  

(N = 894) 

Hagerstown, 
MD 

(N = 447) 

Pittsburgh, 
PA 

(N = 956) 

Overall 
(N = 3,022) 

 Median (IQR) 
5-year average 
PM2.5 (㎛/m3) 

15.69 (1.17) 15.14 (3.29) 15.32 (1.62) 17.12 (0.93) 16.11 (2.00) 

10-year average 
PM2.5 (㎛/m3) 

16.45 (1.29) 15.63 (3.36) 16.02 (1.66) 18.01 (1.01) 16.81 (2.14) 

15-year average 
PM2.5 (㎛/m3) 

17.32 (1.39) 16.34 (3.51) 16.82 (1.76) 18.91 (1.08) 17.62 (2.26) 

20-year average 
PM2.5 (㎛/m3) 

18.12 (1.52) 17.06 (3.50) 17.58 (1.88) 19.83 (1.12) 18.43 (2.38) 

5-year average 
NO2 (ppb) 13.28 (4.33) 15.82 (6.23) 11.83 (4.53) 19.82 (4.56) 15.69 (6.53) 

10-year average 
NO2 (ppb) 13.69 (4.20) 17.14 (6.42) 13.70 (4.61) 20.42 (4.41) 16.43 (6.54) 

Abbreviation: IQR, interquartile range  
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Figure 1. Distribution of PM2.5 (㎛/m3) exposure before study enrollment by study site 
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Figure 2. Distribution of NO2 (ppb) exposure before study enrollment by study site  
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Table 3. Selected coefficients from linear mixed-effect models for gait speed on air pollution (N = 2,933) 

Air pollutants  

Gait speed (m/s) 
Usual pace Rapid pace 

Coefficient (95% CI) 
5-year average PM2.5    

Mean difference in gait speed at baselinea 0.008 (-0.010, 0.024) -0.008 (-0.024, 0.010) 
Mean annual decline in gait speedb -0.008 (-0.014, -0.004)** -0.004 (-0.010, 0.000) 

10-year average PM2.5   
Mean difference in gait speed at baselinea 0.006 (-0.011, 0.024) -0.009 (-0.028, 0.009) 
Mean annual decline in gait speedb -0.009 (-0.013, -0.002)** -0.004 (-0.009, 0.001) 

15-year average PM2.5   
Mean difference in gait speed at baselinea 0.007 (-0.011, 0.025) -0.009 (-0.027, 0.009) 
Mean annual decline in gait speedb -0.007 (-0.014, -0.002)** -0.005 (-0.009, 0.002) 

20-year average PM2.5   
Mean difference in gait speed at baselinea 0.007 (-0.012, 0.026) -0.010 (-0.029, 0.010) 
Mean annual decline in gait speedb -0.007 (-0.012, -0.002)* -0.005 (-0.010, 0.002) 

5-year average NO2   
Mean difference in gait speed at baselinea 0.026 (0.002, 0.046)* -0.007 (-0.026, 0.020) 
Mean annual decline in gait speedb -0.013 (-0.020, -0.007)*** -0.007 (-0.013, -0.001)* 

10-year average NO2   
Mean difference in gait speed at baselinea 0.026 (0.002, 0.046)* 0.003 (-0.020, 0.026) 
Mean annual decline in gait speedb -0.013 (-0.020, -0.007)*** -0.007 (-0.013, -0.003)** 

a Mean difference in gait speed (m/sec) at baseline for every one additional interquartile change (㎛/m3) 
in air pollutant 

b Mean annual decline in gait speed (m/sec) overtime for every one additional interquartile change 

(㎛/m3) in air pollutant 

Linear mixed-effect models with random intercept (participant) and random slope (year since 
enrollment) were fitted, adjusting for age, gender, race and ethnicity, education, smoking status, alcohol 
consumption, study site, and year since enrollment. *p<0.05 **p<0.01 ***p<0.001 
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Table 4. Selected coefficients from linear mixed-effect models for gait speed on air pollution by 
cardiovascular disease (CVD) status (N = 2,933) 

 Gait speed (m/s) 
 Usual pace Fast pace 
 Without CVD 

(N = 1,230) 
With CVD 

(N = 1,703) 
Without CVD 
(N = 1,230) 

With CVD 
(N = 1,703) 

Air pollutants  Coefficient (95% CI) Coefficient (95% CI) 
5-year average PM2.5      

Mean difference in 
gait speed at 
baselinea 

-0.001 
(-0.016, 0.014) 

0.014 
(-0.014, 0.042) 

-0.012  
(-0.042, 0.020) 

-0.006  
(-0.026, 0.016) 

Mean annual 
decline in gait 
speedb 

-0.006** 
(-0.010, -0.002) 

-0.012** 
(-0.022, -0.004) 

-0.002  
(-0.010, 0.008) 

-0.006*  
(-0.012, -0.001) 

10-year average PM2.5     
Mean difference in 
gait speed at 
baselinea 

-0.001  
(-0.015, 0.013) 

0.0013  
(-0.017, 0.041) 

-0.011  
(-0.041, 0.021) 

-0.011  
(-0.032, 0.011) 

Mean annual 
decline in gait 
speedb 

-0.004**  
(-0.009, -0.001) 

-0.011*  
(-0.019, -0.002) 

-0.002  
(-0.011, 0.006) 

-0.006*  
(-0.013, 0.000) 

15-year average PM2.5     
Mean difference in 
gait speed at 
baselinea 

0.000  
(-0.016, 0.016) 

0.011  
(-0.018, 0.041) 

-0.007  
(-0.041, 0.025) 

-0.011  
(-0.034, 0.009) 

Mean annual 
decline in gait 
speedb 

-0.005*  
(-0.009, -0.001) 

-0.009*  
(-0.018, 0.000) 

-0.002  
(-0.011, 0.007) 

-0.007  
(-0.011, 0.000) 

20-year average PM2.5     
Mean difference in 
gait speed at 
baselinea 

0.002  
(-0.014, 0.017) 

0.012  
(-0.019, 0.040) 

-0.007  
(-0.040, 0.026) 

-0.012  
(-0.034, 0.010) 

Mean annual 
decline in gait 
speedb 

-0.005*  
(-0.010, -0.001) 

-0.010  
(-0.019, 0.000) 

-0.002  
(-0.012, 0.007) 

-0.007  
(-0.012, 0.000) 

5-year average NO2     
Mean difference in 
gait speed at 
baseline a 

0.007  
(-0.013, 0.026) 

0.039*  
(0.001, 0.078) 

-0.007  
(-0.046, 0.033) 

-0.007  
(-0.033, 0.026) 

Mean annual 
decline in gait 
speed b 

-0.010***  
(-0.015, -0.005) 

-0.020**  
(-0.033, -0.007) 

-0.007  
(-0.020, 0.007) 

-0.013*  
(-0.020, -0.002) 

10-year average NO2     
Mean difference in 
gait speed at 
baseline a 

0.007  
(-0.013, 0.026) 

0.039*  
(0.002, 0.078) 

0.013  
(-0.033, 0.052) 

-0.007  
(-0.033, 0.026) 
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 Gait speed (m/s) 
 Usual pace Fast pace 
 Without CVD 

(N = 1,230) 
With CVD 

(N = 1,703) 
Without CVD 
(N = 1,230) 

With CVD 
(N = 1,703) 

Air pollutants  Coefficient (95% CI) Coefficient (95% CI) 
Mean annual 
decline in gait 
speed b 

-0.007***  
(-0.013, -0.007) 

-0.020**  
(-0.033, -0.007) 

-0.007  
(-0.020, 0.007) 

-0.013**  
(-0.020, -0.007) 

a Mean difference in gait speed (m/sec) at baseline for every additional interquartile change (㎛/m3) in 
air pollutant  

b Mean annual decline in gait speed (m/sec) overtime for every additional interquartile change (㎛/m3) 
in air pollutant  

Presence of cardiovascular disease was defined as having at least one of the following diseases: 
myocardial infarction, angina pectoris, stroke, atrial fibrillation, transient ischemic attack, heart failure, 
deep vein thrombosis, pulmonary embolus, hypertension, rheumatic fever or heart valve  

Linear mixed-effect models with random intercept (participant) and random slope (year since 
enrollment) were fitted. Age, gender, race and ethnicity, education, smoking status, alcohol 
consumption, study site, and year since enrollment were controlled. *p<0.05 **p<0.01 ***p<0.001 
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