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Abstract 

 

The guidelines on outdoor activities in the presence of air pollution vary. We aim to 

find out the effects of walking and air pollution among young adults. We conducted a 

randomized, 3-session cross-over trial, with 28 healthy Duke Kunshan University (DKU) 

students. Between October 2020 and February 2021 on days with varying air quality levels, 

students walked or took the bus from DKU to Scholars Hotel in Kunshan, China. Indicators of 

neurological function (reaction speed, visual memory, verbal memory, and numerical 

memory), pulmonary function (PEF, FEV1, FVC, and FEV1/ FVC), and cardiovascular 

function (systolic pressure, diastolic pressure, and heart rate) were tested before and after the 

interventions. The paired t-test findings revealed that walking was beneficial for pulmonary 

function, with an average PEF increase of 40.29 ± 84.87 L/min (p<0.05). On the other hand, 

air pollution decreased diastolic pressure by an average of -3.85 ± 5.30 mmHg (p<0.05) and 

numerical memory by an average of -2.27 ± 2.37 points (p<0.01). The regressions results 

showed that air pollution was associated with statistically significant decreases in cognitive 

and pulmonary function. An increase in PM2.5 (1 µg/m3) was associated with decreased 

numerical memory (-2.32 points; p<0.05) and a unit increase in AQI was correlated with 

decreased FEV1 (-6.71 L; p<0.05). On the co-effects of walking and air pollution, our evidence 

was inconclusive. Walking outdoors during air polluted days may negatively affect pulmonary 

functions and neurological functions, while its effect on cardiovascular functions is not clear. 

Being cautious, individuals may refrain from exercising in air polluted environments to avoid 

potential negative health impacts. Nonetheless, we are unable to make strong inferences 

towards such behavioral recommendations due to the limited effect size.  
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1 Introduction  

The combined effects of exercise and air pollution is a topic without clear regulatory 

guidelines, with the Environmental Protection Agency1 (EPA) guidelines suggesting not to 

exercise outdoors on polluted air days while conversely, research by Giles and Koehle (2013) 

show that the benefits of physical activity outweigh the risks of air pollution and injury. 

Nonetheless, EPA and the Centers for Disease Control and Prevention (CDC) advise that 

vulnerable groups "can reduce their exposure by reducing the time they spend being active 

outdoors (e.g., gardening 30 minutes instead of an hour), by reducing the intensity of outdoor 

activity (e.g., jogging instead of running), or by being active outdoors when air quality is 

better"2. These discrepant recommendations are attributed to the inconclusive physiological 

effects of exercising in the presence of air pollution, but also the varying classifications of air 

quality standards globally.   

In different regions of the world, there is a lack of uniformity in air quality standards. 

China's air quality standards are issued by the Ministry of Environmental Protection of China, 

which stipulate the standards in the Technical Regulation on Ambient Air Quality Index (HJ 

633-2012) and the Ambient Air Quality Standards (GB3095-2012). In comparison, the air 

quality standards in the US are issued by the EPA. A comparison of air quality guidelines in 

China, the US, and the World Health Organization (WHO) illustrate this inconsistency of 

'acceptable' levels of air pollution; maximum exposure limits of PM2.5 and PM10 are shown in 

Table 1. 

Table 1. Guidelines for air pollutant exposure maximum limits 

Pollutant China US EU WHO 
Annual 24 h Annual 24 h Annual 24 h Annual 24 h 

PM2.5  15 (zone 1)  
35 (zone 2)  

35 (zone 1)  
75 (zone 2)  

12 35 12 25 10 25 

PM10  40 50   20 25 20 50 
 

While the WHO does not provide specific recommendations for outdoor exercise in 

different levels of ambient air quality, there exists some variation between China's Ministry of 

Environmental Protection as well as the US EPA recommendations, shown in Table 2. AQI 

(air quality index) is a comprehensive index for air quality, which is measured by PM2.5 and 

other indicators. In China, the process of AQI calculation and evaluation can be roughly 

divided into three steps: the first step is to calculate the individual air quality index (IAQI) by 
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comparing the concentration limits of various pollutants, such as fine particulate matter 

(PM2.5), inhalable particulate matter (PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), 

ozone (O3), carbon monoxide (CO) and other pollutants; the second step is to select the 

maximum value from the IAQI of each pollutant as the AQI, and when the AQI is greater than 

50, the maximum IAQI pollutant will be determined as the primary pollutant; the third step is 

to determine the air quality level, category, color, health impact, and recommended measures 

according to the AQI classification standard. In short, AQI is the maximum value of IAQI of 

each pollutant3. 

Table 2. Outdoor exercise recommendations by AQI ranges1 

AQI Range China (HJ 633-2012) US- EPA 

0-50  Air quality is satisfactory. There is 
basically no air pollution, and no impact 
on human activities.  

Enjoy activities  

51-100 The air quality is acceptable. There are 
certain air pollutants that may cause health 
issues to a small number of people who 
should reduce outdoor activities. 

People unusually sensitive to 
air pollution: Plan strenuous 
outside activities when air 
quality is better  

101- 150  Symptoms in susceptible people would 
intensify, and healthy people would show 
irritation symptoms. Elderly people and 
children should avoid long hours of high-
intensity outdoor exercises. 

Sensitive groups (people with 
heart/ lung disease, diabetes, 
older adults and children): Cut 
back or reschedule strenuous 
outside activities  

151-200 Symptoms in susceptible people 

would further intensify, and the breathing of 
healthy people would be affected. Elderly 
people and children should avoid outdoor 
sports. 

Sensitive groups: Avoid 
strenuous outside activities  

Everyone: Cut back or 
reschedule strenuous outside 
activities  

201- 300  Ordinary people would show symptoms.  

Elderly people and children: should avoid 
outdoor sports.  

General population: should reduce outdoor 
activities. 

Sensitive groups: Avoid all 
outside physical activities  

Everyone: Significantly cut 
back on outside physical 
activities  

>300  Obvious and strong symptoms would appear.  
All groups of people: should avoid outdoor 
activities. 

n/a  

 

 
1 AQI in China vs US cannot be directly compared, because the components and weights of components are 
different. This table is just a visualization for different standards.  
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Studies show that exercising in air polluted areas results in reduced lung function4, as 

well as increased heart rate and blood pressure5.  Exercise is in general positive for children 

and adolescents6, associated with improved cognitive skills and academic achievement, 

cardiorespiratory fitness, as well as later-life cardiovascular and metabolic health. There is 

more evidence of the detrimental health effect of air pollution on coronary heart disease and 

pulmonary disease pathways, while there are fewer pieces of evidence on the brain.  

The neurocognitive benefits of exercise is due to the mechanism whereby physical 

activity induces the expression of a brain-derived neurotrophic factor (BDNF), a neurotrophin, 

which is associated with cognitive improvement and the alleviation of depression and anxiety. 

However, while exercising in polluted areas, the intake of air pollution markedly increases due 

to a higher ventilation rate and particle deposition fraction. Thus, air pollution may cause 

oxidative stress and inflammation, which possibly impedes the BDNF function. Hence, the co-

effects of exercise in the presence of air pollution on the brain are inconclusive, and some 

evidence shows a temporary cognitive decline7 in automatic detection speed and selective 

attention.  

Several studies on the effects of air pollution on brain health include the study by Ranft 

et. al.8, who discovered that women among 68-79 years old displayed lower CERAD scores 

for those who lived closer to roads. Research by Chen and Schwartz9 on the other hand, 

demonstrated worse executive function / short-term memory with higher annual average ozone 

concentrations among US adults from age 20-59, while no association was observed with PM10. 

In another study10 testing the effect of black carbon on the cognitive function among normative 

aging study participants, it was found that residents exposed to higher levels of black carbon 

had worsened MMSE/ global cognition among residents exposed to higher levels of black 

carbon. Thus, it is uncertain whether the benefits (we will use the key indicators of 

neurological, pulmonary, and cardiovascular functions to measure the benefits) of exercise 

outweigh the effects of air pollution. 
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2 Literature Review  

According to the Global Burden of Disease (GBD) in 2019, air pollution is the fourth 

leading risk factor for deaths and disabilities in China11,12. Studies on the acute health risks 

associated with ambient air pollution indicate mortality associations from cardiovascular and 

respiratory causes in Chinese cities13,14.  Evidence from cohort studies in China also indicates 

that long-term exposure to ambient air pollution is associated with various chronic diseases, 

including stroke, ischemic heart disease, chronic obstructive pulmonary disease (COPD), and 

lung cancer 15,16 . Nonetheless, healthy young adults are less affected by air pollution compared 

to more vulnerable groups such as the elderly, children, people with diabetes, and/or heart/ 

lung disease2 . 

The global air pollution concentrations in October 2020 are visualized in the Real-time 

Map of Air Pollution (Figure 1). It can be observed that China has heavier pollution than the 

US and Europe. The Chinese Government issued the Healthy China Action 2019–203017 in 

July 2019, in which 'healthy environment promotion' is one of the key focus areas.  

 

Figure 1. Real-time Map of Air Pollution, October 2020 

AQI is measured by the maximum value from the IAQI of each pollutant, and when the 

AQI is greater than 50, the maximum IAQI pollutant will be determined as the primary 

pollutant. In short, AQI is the maximum value of IAQI of each pollutant. The daily AQI of 

Kunshan from March 25-30, 2021, is shown in Figure 2.  
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Figure 2. Daily AQI of Kunshan from March 25-30, 2021 

The WHO recommends18 daily PM2.5 exposure of less than 25 µg/m3 in a 24-hour mean, 

or 10 µg/m3 in an annual mean, in order to limit adverse impacts towards mortality and 

cardiovascular or pulmonary disease morbidity. However, PM2·5 concentrations in China still 

exceed the WHO Air Quality Guidelines for 81% of the nation19. During the month of 

September in Kunshan, China, the average daily PM2.5 levels ranged between 29 – 119 µg/m3 

(see Figure 3). In Kunshan, air quality levels are pegged between "unhealthy" and "unhealthy 

for sensitive groups"19.  

 

Figure 3. Daily PM2.5 levels in Kunshan from 2020-2021 (April) 
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2.1  Pollution effects toward neurological and cardiopulmonary functions 

Exposure to air pollution can cause adverse health effects, affecting the central nervous 

system and cognitive performance. Research investigating the effects of air pollution on 

cognitive impacts remains at an early stage, albeit with mixed findings20. A handful of studies 
21–24 depict the association between air pollution and declining cognitive performance, as well 

as increased risk of dementia. In a cohort study21 measuring these associations among the 

elderly (between 70-81 years old), researchers discovered a negative association between air 

pollution and cognitive decline that is a 10 µg/m3 increment in PM2.5 exposure was responsible 

for 0.018 units decline in cognitive score, which translates as a 2-year decline on the global 

cognitive score. Among a nationally representative longitudinal survey in China, researchers 

discovered that air pollution impedes cognitive performance in verbal and math tests22. Two 

experiments23 among participants below the age of 24 suggest that higher particulate matter 

pollution levels negatively impact short-term cognition. The results depict that short-term 

exposure to PM2.5 greater than 25 µg/m3 in the form of a burning candle resulted in a statistically 

robust cognitive decline of 7.6 points on average for a general Mini-Mental State Examination 

(MMSE).  

As for lung function, Bayer-Oglesby et al. (2006)25 provided strong confirmation that 

living near busy streets leads to adverse respiratory health effects. As for cardiovascular 

function, Dabass (2015)26 found no significant positive associations between short or long-term 

PM2.5 exposures and normal adults' cardiovascular functions after controlling for confounders, 

but stronger associations were found among obese, diabetics, hypertensive and smokers. 

2.2  Combined effects air pollution and walking 

Because walking, regarded as a low-intensity outdoor exercise, could bring about many 

health benefits27, the general consensus was that any adverse effect due to walking in polluted 

air is mitigated by its positive effects282929,30. Yet, this risk-to-benefit ratio that favored 

exercising has been challenged by Bos31 et al. (2014) because these previous risk-to-benefit 

studies employed mainly mortality risks as the study outcome variables and studied only the 

benefits of commuter cycling.  

For instance, investigating the combined effects of physical activity and air pollution, 

the dose-response risks of air pollution increases linearly32 for levels of air pollution where 

PM10 is less than 50 µg/m3, whereas the benefits of physical activity increase curvy-linear with 
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increasing dose33. Several researchers estimate that the health benefits of physical activity 

through walking or cycling outweigh the risks of air pollution29,34,35. 

A recent analysis29 identifies a 'tipping point' for physical activity and levels of air 

pollution whereby in PM2.5 below concentrations of 22 µg/m3, the benefits of physical activity 

far outweigh the risks of air pollution. Whereas, when PM2.5 concentration surpasses 100µg/m3, 

physical activity would negatively impact individual cycling more than 1.5 hours per day or 

walking more than 10 hours per day29. These results suggest that the benefits of physical 

activity resulting from active travel may outweigh the harm caused by air pollution in all but 

most extreme air pollution circumstances.  

When exploring the interactive effects of air pollution and physical activity, 30-minute 

outdoor commute by walking, cycling, or taking the bus, of which the estimated average PM2.5 

measurements ranged between 9.0-9.8 µg/m3, also demonstrated a statistically significant 

short-term cognitive decline in MMSE (mean decline in 7.5 points) as well as a decline in 

automatic detection speed and selective attention test (mean decline in 3.6 points). On the other 

hand, several studies show no association between air pollution and cognitive function36,37.  

2.3  Gaps in knowledge 

Since previous studies on air pollution on cognitive impairment predominantly 

researched the elderly population21,38,39 and young children, there is a lack of empirical evidence 

for its effects on young adults. General population studies examining cognitive effects as an 

outcome of air pollution show contrasting evidence, with some displaying an adverse effect 

and other studies showing no interaction. Moreover, past research designs have employed 

longitudinal cohort studies and therein lacks experiments with empirical data that demonstrate 

the acute effects of air pollution. As previous studies used mainly mortality risks as the study 

outcome39,40, other aspects of the impact of exercise in polluted air were not taken into 

consideration. 

We aim to determine how air pollution affects the young population, and it is crucial to 

identify a method to analyze how the body responds to air pollution, in particular varying AQI 

and PM2.5 levels. The risk for adverse effects on the brain may very likely be different from 

those on the cardiovascular system40. Thus, for our study, we determine neurological functions 

and cardio-pulmonary functions as our outcomes of interest.  
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Epidemiological studies depend on central site monitors as surrogates to assess personal 

exposure to air pollution, which can be inaccurate because they do not assess personal exposure 

in a variety of activities and microenvironments. In many studies, the measures of air pollution 

are analyzed from satellite data as a surrogate for personal exposure, which has been shown to 

not truly reflect population exposure41, given the unknown time spent indoors or outdoors, level 

of physical activity, buildings density in the city and other unmeasured confounding factors42.  

Thus, we fill this knowledge gap through the use of personal air monitoring devices to assess 

human exposure to airborne pollutants and their effects on neurological and cardio-pulmonary 

performance, which increases the specificity of this research.  

Furthermore, this research is opportune as Kunshan is the fastest-growing country-level 

development in China, recording a GDP of CNY 383.2 billion (USD 55.7 billion)43 in the year 

2018. Kunshan's rapid economic development is in tandem with rising levels of environmental 

pollution, and as there currently lacks consensus on the effects of air pollution on cognitive 

function, no specific guideline exists to limit the effects of air pollution on cognition and mental 

health41.  
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3  Methodology 

3.1  Study protocol 

 Recruitment and study population 

We adopt a randomized, 3-session, two treatment cross-over trial design since 

randomized controlled trials are considered to provide a higher degree of evidence which 

minimizes the risk of confounding factors influencing the results. We recruited healthy 

volunteers from the DKU community via DKU's Student Announcements, e-mailed on 

October 9, 2020, and September 29, 2020, as well as posters in DKU community WeChat 

groups and word-of-mouth advertisements in Scholar's Hotel. As our goal was to test the effects 

co-effects of walking and air pollution in healthy young adults, to be eligible for our 

experiment, participants self-declared to be free from asthma, not sensitive to air pollution, not 

have any heart conditions, not have any disabilities, able to walk 2.5km without difficulties, 

and be present in Kunshan, China. 

We enrolled 37 DKU students in this cross-over trial. Although 70 research candidates 

registered to participate in this experiment, we excluded 32 who did not meet the selection 

criteria. All participants provided written informed consent before enrolment. Each participant 

received a DKU digital biomarker bear as a token of appreciation for participation in the study. 

This study protocol is approved by the Institutional Review Board of Duke Kunshan University 

on June 10, 2020, with the protocol number 2020OYH0023 (see Appendix 1 for research 

protocol flowchart). Upon registration, participants answered a demographic information 

survey including age, gender, birth date, ethnicity, and socioeconomic status (see questionnaire 

in Appendix 2).   

A day prior to or on the date of the experiment, participants answered a lifestyle 

questionnaire to check for any factors which could affect their performance in the primary 

outcomes of the experiment. This lifestyle questionnaire included questions pertaining to 

physical activity and sleep cycles in the respondent's past week (see lifestyle questionnaire in 

Appendix 3). A simplified participants guide was emailed to participants prior to the 

experiment, as shown in Figure 4. 
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Figure 4. Instructions of the 2-session Crossover Trial 

 Experimental sites and treatment arms 

The experimental sites were located in Kunshan, China, from the Duke Kunshan 

University (DKU) to the Scholars Hotel (a student residence for some of the participants, 

approximately 2.5 km away from DKU, see Figure 5). Participants were randomly assigned to 

either walk (treatment group) or take the bus (control group) from DKU to Scholars Hotel. 

Participants were allocated by drawing lots through block randomization to distribute male and 

female participants between the two groups equally. Participants were informed of their mode 

of transport only on the day of the experiment. 

 

Figure 5. Map of the walking route from DKU to Scholars Hotel 

DKU 

Scholars Hotel 
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 Experiment session 1: Initial trial  

After the group allocation, there was a test on the randomization of the group 

application. Cognitive function (reaction speed, memory), pulmonary function (FVC, FEV1, 

PEF, FEV1/FVC), and cardiovascular function (max pressure, min pressure, pulse beat) were 

tested on each individual without any interventions. This baseline test was made to verify the 

physical conditions of participants to detect possible outliers.  

On Session 1 of the experiment, participants gathered at the DKU innovation building 

at 6.45 pm on October 15, 2020, and those assigned to the 'walking' treatment arm walked at 

their own pace from 7.30 pm – 8.15 pm towards Scholars Hotel, covering an average of 2.6 

km, whereas the participants in the 'bus' group took a motor vehicle to Scholars Hotel. Prior to 

the experiment, between October 14-15, 2020, participants answered a lifestyle questionnaire 

pertaining to physical activity and sleep cycles in the respondent's past week.   

 Experiment session 2 and 3: Crossover trial  

After a washout period of more than 14 days, the second and third session of our 

experiment was conducted. Participants who walked during the first session took the bus in 

this session and vice versa, participants who took the shuttle bus in the first session walked in 

this session. 

3.2 Exposure assessment 

We utilized two portable air pollution monitors [嘉柏兰], which measure levels of 

PM2.5 and AQI by the second (see Figure 6). Each air pollution monitor was handheld by 

researchers facilitating each treatment arm throughout the commute from DKU to Scholar's 

Hotel. The researchers in both treatment arms took video recordings to document the air 

pollution monitor measurements of AQI and PM2.5 concentrations.   

  

Figure 6. Air quality monitor and health outcome measurement devices 
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3.3  Health outcomes measurements  

The primary health outcomes of interest are as follow:   

Neurological function – Participants recorded their reaction speed and various memory 

functions (verbal, numerical, and spatial) through a self-directed online test from the 

humanbenchmark.com website. A detailed procedure for these tests is available in Appendix 

4. These specific tests were embedded into the Qualtrics response survey to facilitate the 

location of relevant tests and reporting of results.    

Cardiovascular function - After sitting in the DKU Innovation Building/ Scholars 

Hotel lobby for at least 5 min, participants had their left upper arm BP measured by research 

assistants using an electrocardiogram [HEM-7052, Omron欧姆龙]. Participants uploaded their 

measurements for systolic and diastolic pressures, as well as their heart rates, by taking photos 

of the electrocardiogram record and uploading it into the Qualtrics survey.  

Pulmonary function – Research assistants facilitated participants to measure forced 

vital capacity (FVC), forced expiratory volume in 1 s (FEV1), and peak expiratory flow (PEF) 

of each participant using a spirometer [呼吸佳]. Participants uploaded their results by taking 

photos of the spirometer record and uploading it into the Qualtrics survey. 

3.4 Pilot experiment  

As a first step to pre-test our study design, a pilot experiment was performed. We 

ensured that all experimental conditions were in order, such as: 

● questions including lifestyle survey were understood 

● all the tests, instructions, and forms were clear 

● equipment was in working condition. 

We bought 4 electrocardiograms [HEM-7052, Omron 欧姆龙] to measure blood 

pressure (systolic, diastolic, pulse); 4 spirometers [呼吸佳], with 200 one-off blowing nozzle 

for the spirometer to measure forced expiratory volume (FEV1) and forced vital capacity 

(FVC). See our experiment budget in Appendix 5.  

The cross-over experiment was simulated by measuring all primary endpoints before 

and after the interventions, with the 'walk' trial conducted on August 28, 2020 and the 'bus' trial 

conducted on August 29, 2020. In the pilot experiment, the researcher recorded continuous air 
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quality measurements, as air pollution exposure from the experiment sites and throughout both 

cross-over commutes. The researcher made video recordings of the entire pilot test to document 

the experience. 

After the pilot test, several iterations were made: one of the air pollution monitoring 

devices was not functioning and had to be exchanged. Furthermore, we upgraded the lung 

function device to be able to measure PEF, as the previous model did not include this 

measurement.  

3.5 Statistical analysis 

We analyzed our data using various methods, including ANOVA, Paired T-Test, and 

multiple regression. Differences of means in our outcome variables were compared in the 

paired t test and ANOVA; demographic variables were adjusted in the regression. 

  Paired t-test  

The average change in score (or outcome variable) depicts the within-individual-

difference, which captures the treatment effect and paired nature of the design (ie. before and 

after the participants exposure to air pollution/ exercise). This is used as the basis for 

constructing confidence intervals and the hypothesis test.  

For all outcome variables in the experiment, the null hypotheses (H0) and alternative 

hypothesis (H1) below were used. 

H0: Exposure to air pollution and walking has no effect on cognitive/ cardio-

pulmonary performance (i.e., the mean scores are statistically equal). 

H1: Exposure to air pollution and walking has an effect on cognitive/ cardio-

pulmonary performance (i.e., the mean scores are not equal). 

 Regression 

A multiple variable regression is performed to understand the interactions of selected 

variables, represented by the equation:  

(1) Ŷ = β0 + β1 + β2 + β3 + ei 

Whereby Ŷ is the dependent variable (e.g., numerical memory), β1 is the coefficient for 

transportation mode, β2 is the coefficient for maximum AQI levels, and β3 is the coefficient 

for maximum PM2.5 levels. Demographic variables have been adjusted.  
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  ANOVA (repeated measures):  

ANOVA, an analysis of variance, which is used to test the significance of the mean 

difference between two or more samples. That is to say, and it is a test to detect any overall 

differences between related means. We can analyze data using a repeated-measures ANOVA 

to investigate changes in mean scores over three or more time points as we have two groups 

and 3 sessions, repeated measures ANOVA can be adopted. To test for differences of means 

in various outcomes, the data sets were visually inspected for normality using histograms. If 

the distributions did not contain any outliers, then a repeated-measures ANOVA was 

performed comparing the mean between and within the groups.  

• Group1: Bus & clean air 

• Group 2: Bus & air pollution  

• Group 3: Walk & clean air  

• Group 4: Walk & air pollution 

Plus, by classification, we can tell the effects of other factors. For instance, with a 

consideration of the gender effect, we classify by sex and find that girls and boys are differently 

affected by air pollution and exercise. 
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4 Results  

4.1 Data description and ambient air quality levels  

Among the 37 recruited participants, only 28 participants completed the first trial of the 

experiment. On the second trial, there were 7 participants, and during the third trial, only 4 

participants were involved.  

 Summary statistics  

4.1.1.1 Characteristics of study subjects  

We surveyed background information and demographic variables from each individual, 

as shown in Figure 7.  Our study location in Kunshan, Jiangsu Province, which is convenient 

for our participants to join in. In total, there were 15 males and 13 females that are included. 

The average age of them is 22.29, including iMEP, ECE, MP, and undergraduate students from 

the DKU community. The average height of male participants is 1.76m, while of the female is 

1.65m; the average weight of male participants is 68.9kg, while for female participants is 

57.15kg. Their average MBI is 21.58, which is very healthy. The majority of their parents have 

had high level of education; 19/28 fathers and 15/28 mothers have bachelor's degree, 

respectively. The majority of their parents' careers focused in white-collar and government- 

military groups. About 80% of our participants have middle and high household income. We 

also asked them about their exercise behaviors and found that 41% of our participants spent no 

more than 30 minutes per week for exercise. The mean value of average daily sleep hours one 

week before taking each trial is about 6.5 hours. As for sleep quality, 11% said they had very 

good sleep quality, 35% had good sleep quality, 27% had average sleep quality, 11% had poor 

sleep quality, and 16% had very poor sleep quality. Due to the COVID-19, 12 out of 38 students 

(frequency) also wore masks during each trial. 
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Figure 7. Demographic Characteristics of Study Participants 
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4.1.1.2 Description of outcome variables  

Table 3 depicts the summary statistics for each variable. The dependent variables 

illustrate the change in measurements before and after the participant's commute. A link to the 

complete dataset is available at:  

https://duke.app.box.com/file/776724618954?s=ggy08a3ecl4yz1mzoz26egokd4lxa6mi  

Table 3. Summary statistics 

Variable Definition Range Mean Standard 
Deviation 

RS_1   Reaction speed (ms), before [259,565] 371.81 80.46 
Vis_1   Visual memory, before  [3,15] / / 
Vbl_1    Verbal memory, before [6,105] 31.74 21.16 
Num_1   Numerical memory, before  [8,17] / / 
Sys_1     Systolic pressure, before [90,150] 117.76 16.10 
Dstl_1      Diastolic pressure, before [58,96] 77.18 9.05 
HR_1   Heart rate (mmHg), before [58,106] 81.28 11.30 
PEF_1  Peak Expiratory Flow, before [61,471] 170.05 84.25 
FEV_1  Forced Expiratory Volume, before [.66,110] 5.45 18.79 
FVC_1  Forced Vital Capacity, before [1.37,6.14] 3.96 1.09 
FEVFVC_1 FEV1/ FVC (%), before  [.25,79] 18.99 27.72 
RS_2  Reaction speed (ms), after [131,780] 377.34 118.41 
Vis_2   Visual memory, after [7,15] / / 
Vbl_2   Verbal memory, after [10,59] 28.03 14.34 
Num_2  Numerical memory, after  [7,20] 11.28 2.83 
Sys_2   Systolic pressure, after [93,163] 119.64 16.62 
Dstl_2  Diastolic pressure, after [63,118] 78.95 10.44 
HR_2    Heart rate (mmHg), after [54,103] 81.97 11.13 
PEF_2  Peak Expiratory Flow, after [56,463] 198.71 106.12 
FEV_2     Forced Expiratory Volume, after [.77,4.15] 2.28 0.94 
FVC_2   Forced Vital Capacity, after [1.66,6.1] 3.95 1.06 
FEVFVC_2   FEV1/ FVC (%), after  [.17,70] 15.51 24.34 

 

4.1.1.3 Ambient air quality levels 

The first two trials were run on days with good air quality (which is defined according 

to China HJ 633-2012 and US-EPA as AQI <50), and the final session was held on a day with 

moderate ambient air pollution. During the first trial on October 15, 2020, participants by car 

were exposed to slightly higher air pollution (AQI=4-18, PM2.5 =5-10) compared to those who 

walked (AQI=11-14, PM 2.5 = 6-14).  
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In the second trial, participants in the car were exposed to better air quality (AQI=10, 

PM2.5 =3-7) relative to those who walked (AQI=14, PM2.5 = <10). During the third session, air 

pollution levels were more than three-fold the previous sessions, but still within moderate 

limits, with the car group recording air quality levels of AQI=50, PM2.5 = 35, and the walking 

group, PM2.5 = 53. See Table 4 for a summary of ambient air quality levels in the cross-over 

sessions and a map of the air pollution monitor.  

Table 4. Air quality levels during cross-over trials 

Air quality 
indicators 

Session 1 
October 15, 2020 

Session 2 
November 26, 2020 

Session 3 
February 6, 2021 

Car Walk Car Walk Car Walk 
AQI 4-18 11-14 10 14 50 - 
PM2.5 (µg/m3)  6-14 5-10 3-7 <10 35 53 

 

As we have 2 variables-air quality and exercise, we have three sessions and two 

transportation groups for those two variables. Before statistical tests, better to take a look at the 

distribution of each outcome variable in different subgroups. Here we have two methods of 

classification: one is to simply distribute six subgroups by time and transportation (see figure 

below); another is to distribute subgroups by air quality and transportation. The second method 

allows us to rank air quality separately for each sample. 

According to the first method, which is to distribute six subgroups by time and 

transportation simply, no obvious differences were found except one variable-

FEV1/FVC_difference. This is the difference in the FEV1/FVC ratio before and after our 

interference. However, when we look up FEV_diff and FVC_diff separately, no obvious trend 

was found, as shown in Figure 8. 

 

Figure 8. FEV1/FVC ratio on the three sessions, 0=before, 1=after 
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  Description of subgroups 

We adopt the second method, which includes a ranking of air quality. In order to 

compare levels of physical activity and air quality exposure among the participants, we define 

4 subgroups for data analysis. We classify exposure to air pollution as above 10 µg/m3 of PM2.5. 

Thus, we are able to compare the effects of varying active transport and air quality on the 

participant's outcomes.  

● Group 1 (n=5): Bus & clean air [max PM2.5 ≤10 µg/m3]  

● Group 2 (n= 13): Bus & air pollution [max PM2.5 > 10 µg/m3]  

● Group 3 (n=19): Walk & clean air [max PM2.5 ≤ 10 µg/m3]  

● Group 4 (n=2): Walk & air pollution [max PM2.5 > 10 µg/m3]  

4.1.2.1 Neurological functions 

For neurological functions, we observed a general trend whereby performance is 

improved through exercise and clean air (group 3), as shown in Figure 8. The presence of air 

pollution appeared to attenuate verbal memory and numerical memory performance. 

Conversely, exercise had a generally positive effect on the verbal and numerical functions, as 

participants reported increases in these memory functions after a walk. Relatively little change 

is observed between groups for reaction speed and visual memory functions.  
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(i) reaction speed (ii) visual memory 

(iii) verbal memory (iv) numerical memory 
 
Figure 9. Box and whisker plot depicting change in: (i) reaction speed, and (ii) visual 
memory, (iii) verbal memory, (iv) numerical memory, whereby groups 1= bus & clean air, 
2= bus & air pollution, 3= walk & clean air, 4= walk & air pollution    
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4.1.2.2 Cardiovascular functions 

The cardiovascular outcomes, as shown in Figure 10 serve as a control to observe the 

physiological effects of physical activity. As expected, groups who walked (group 3 and 4) 

depicted elevated heart rates as well as systolic and diastolic pressures.  

 

 
(i) systolic difference (ii) diastolic difference 

 

 
(iii) heart rate 

 

 
Figure 10. Box and whisker plot depicting change in: (i) systolic pressure, and (ii) diastolic 
pressure, (iii) heart rate, whereby groups 1= bus & clean air, 2= bus & air pollution, 3= walk 
& clean air, 4= walk & air pollution 
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4.1.2.3 Pulmonary function 

On pulmonary function, the peak expiratory flow (PEF) increases with walking in clean 

air (group 3). Whereas, walking in air pollution (group 4) had the worst lung function across 

all performance metrics, i.e., PEF, FEV1, FVC, and FEV1/ FVC as shown in Figure 11.    

 
(i) PEF 

 
(ii) FEV1 

 

 
(iii) FVC 

 

 
(iii) FEV1/FVC 

Figure 11. Box and whisker plot depicting change in: (i) Peak expiratory flow (PEF), and 
(ii) Forced expiratory volume (FEV1), (iii) Forced vital capacity (FVC), (iv) FEV1/FVC, 
whereby groups 1= bus & clean air, 2= bus & air pollution, 3= walk & clean air, 4= walk & 
air pollution.  
 

4.2 Data analysis  

 Paired t-test  

4.2.1.1 Effect of air pollution  

The paired t-test analysis in Table 5 shows that moderate air pollution leads to an 

average decrease in numerical memory by -2.27 ± 2.37 points (p<0.01) and an average decrease 

in diastolic pressure by -3.85 ± 5.30 mmHg (p<0.05). Groups in clean air reported an average 
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systolic pressure increase of 3.77 ± 10.04 mmHg (p<0.1), and an increase in diastolic pressure 

by 3.58 ± 11.50 mmHg (p=0.05), as well as an increase in PEF by 34.35 ± 80.53 L (p<0.05).  

Table 5. Neurological performance variables in max PM2.5 >10 µg/m3 

 Paired t-test 
Variables   Before After Degree of 

freedom 
T-

value 
Significance  

Neurological function  
Reaction 
speed 

Clean air  380.36 ± 83.53 386.59 ± 
104.45 

21 0.21 0.84 

 Air 
pollution  

360.77 ± 74.69 361.33 ± 
74.64 

8 0.02 0.99 

Visual 
memory  

Clean air  10.4 ± 1.85 10.8 ± 2.26 19 1.07 0.30 

 Air 
pollution  

9.1 ± 2.77 9.7 ± 1.77 9 0.94 0.37 

Verbal 
memory  

Clean air  31.73 ± 17.85 32.74 ± 15.07 18 0.24 0.82 

 Air 
pollution  

32.5 ± 28.85 21.2 ± 11.35 9 -1.38 0.20 

Numerical 
memory  

Clean air  11.65 ± 1.87 12.22 ± 2.83 22 0.99 0.33 

 Air 
pollution  

12 ± 1.67 9.73 ± 2.15 10 -3.18 0.0098 

Cardiovascular function 
Systolic 
pressure  

Clean air  115.92 ± 3.00 119.69 ± 
17.03 

25 1.91 0.07 

 Air 
pollution  

121.46 ± 17.57 119.54 ± 
16.46 

12 -0.82 0.43 

Diastolic 
pressure  

Clean air  75.08 ± 8.47 79.65 ± 10.94 25 2.03 0.05 

 Air 
pollution  

81.38 ± 9.01 77.54 ± 9.63 12 -2.61 0.02 

Heart rate  Clean air  81.19 ± 10.80 82.81 ± 10.76 25 1.21 0.24 
 Air 

pollution  
81.46 ± 12.71 80.31 ± 12.11 12 -0.61 0.55 

Pulmonary function  
PEF  Clean air  181.56 ± 92.75 222.4 ± 115.54 24 2.73 0.01 
 Air 

pollution  
147.73 ± 62.03 156 ± 73.03 10 0.39 0.70 

FEV1 Clean air  7.22 ± 22.97 2.48 ± 0.92 21 -0.96 0.35 
 Air 

pollution  
1.92 ± 0.74 2.08 ± 0.90 10 0.68 0.51 

FVC  Clean air  4.08 ± 0.90 4.02 ± 1.07 21 -0.28 0.78 
 Air 

pollution  
3.69 ± 1.56 3.95 ± 1.05 9 0.96 0.40 

FEV1/ FVC  Clean air  21.45 ± 27.93 20.83 ± 25.53 21 -0.21 0.83 
 Air 

pollution  
13.56 ± 27.91 12.78 ± 26.21 9 -1.12 0.29 

Data are reported as mean ± SD and paired t-test results 



25 

4.2.1.2 Effect of transport   

When segregated by travel modes, the paired t-test only shows significant differences 

for PEF within participants who walked, reporting an average increase of 40.29 ± 84.87 L/min 

(p<0.05). See detailed results in Table 6.  

Table 6. Neurological performance variables in max PM2.5 >10 µg/m3 

 Paired t-test 
Variables   Before After Degree of 

freedom 
T-value Significance 

Neurological functions  
Reaction speed Bus   369.29 ± 

87.05 
399.29 ± 
151.86 

13 0.83 0.42 

 Walk   379.12 ± 
76.79 

362.76 ± 
97.73 

16 -0.58 0.57 

Visual memory  Bus  9.67 ± 2.55 10.07 ± 
2.09 

14 0.81 0.43 

 Walk   10.27 ± 1.91 10.8 ± 2.21 14 1.26 0.23 
Verbal memory  Bus  34 ± 19.54 32.27 ± 

16.99 
14 -0.43 0. 68 

 Walk   30.14 ± 
24.46 

24.93 ± 
11.46 

13 -0.82 0.43 

Numerical 
memory  

Bus   12.06 ± 1.65 10.81 ± 
2.66 

15 -1.55 0.14 

 Walk   11.5 ± 1.92 11.94 ± 
2.98 

17 0.78 0.44 

Cardiovascular functions  
Systolic 
pressure 

Bus   117.78 ± 
16.21 

117.22 ± 
15.58 

17 -0.27 0.79 

 Walk   117.76 ± 
16.40 

121.71 ± 
17.58 

20 1.75 0.09 

Diastolic 
pressure 

Bus  78.39 ± 9.99 77.33 ± 
9.00 

17 -0.46 0.65 

 Walk   76.14 ± 8.27 80.33 ± 
11.57 

20 1.76 0.09 

Heart rate  Bus  81.33 ± 
11.36 

79.78 ± 
11.19 

17 -1.23 0.24 

 Walk   81.24 ± 
11.54 

83.86 ± 
10.99 

20 1.60 0.13 

Pulmonary functions 
PEF Bus   141.88 ± 

53.87 
150.5 ± 
70.30 

15 0.53 0.60 

 Walk   194.7 ± 
98.77 

243.4 ± 
116.21 

19 2.81 0.01 

FEV1 Bus  8.59 ± 27.05 2.00 ± 0.83 15 -0.97 0.35 
 Walk   2.50 ± 0.90 2.67 ± 0.91 16 0.93 0.36 
FVC  Bus  3.77 ± 1.29 3.96 ± 1.10 14 0.64 0.53 
 Walk   4.13 ± 0.89 4.04 ± 1.04 16 -0.47 0.65 
FEV1/FVC   Bus   21.91 ± 

25.83 
23.99 ± 
26.61 

14 0.72 0.48 

 Walk   16.41 ± 
29.83 

13.32 ± 
24.36 

16 -1.14 0.27 

Data are reported as mean ± SD and paired t-test results 
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The peak expiratory flow (PEF) is the highest expiratory flow/ speed during a person's 

full inspiration. Normal PEF ranges for 20-year-olds are between 540 - 600 L/min (males) and 

410-445 L/min (females) according to the EN 13826 or EU scale. The FEV1/FVC ratio may be 

used to measure indications of obstructive diseases, such as asthma, COPD, chronic bronchitis, 

and/or emphysema. Healthy adults FEV1/FVC range from 70-80%, and this percentage 

decreases with obstructive diseases since the FEV1 measurement contracts when there is a 

blockage in the expiratory flow. International guidelines suggest that in asthma and COPD, 

measurements of FEV1 and PEF are equivalent in the assessment of airflow obstructions. 

However, some studies44 caution against assuming parity between FEV1 and PEF, including a 

retrospective study45 shows greater variability with FEV1 that may be as much as 35% lower 

or up to 15% higher than the PEF for patients with obstructive lung diseases. 

4.2.1.3  Co-effect of air quality and transport on PEF 

After conducting Paired T-test for each outcome variable, we found nothing significant 

except one variable: PEF. PEF is short for Peak Expiratory Flow, which is a respiratory 

indicator. The P-value is less than 0.05, which means there is a significant difference between 

PEF before and after the intervention, whether walking or taking a bus. In general, PEF 

increased after the intervention. Two other indicators of respiratory function, FVC, and 

FEV1/FVC, are not significant.  

  

Figure 12. Significant variable PEF 
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Then we would like to find the reason for this significant variable, so we should control 

transportation as fixed. Firstly, we did a Paired T-Test for the bus group only, but nothing 

significant has been found.  

 

 Figure 13.  PEF is insignificant in bus group 

Then, another Paired T-Test was conducted for the walking group only. We found that 

PEF increased significantly before and after students walking from DKU to Scholar hotel, 

which reveals that exercise can promote young population's respiratory status. 

 

Figure 14.  PEF is significant in the walking group 

As analyzed above, walking from campus to scholar's hotel can promote young people's 

respiratory status, but we ignored the impacts of air quality and just simply compared the 

differences between different transportation groups. For a more thorough analysis, air quality 

should be taken into consideration. Since sessions 1 and 2 have very similar air quality, while 

session 3 has dramatically bad air quality with a small sample size, a case comparison is 

conducted, shown as below.  
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Figure 15.  PEF Values of Walking Samples   

We take out the two walking samples in section 3 and compare them with the mean 

values of PEF overall. We have two findings: firstly, PEF values are smaller in bad air quality 

days than that in good air quality days; secondly, exercise can increase PEF value a bit in bad 

air quality days, but not as significantly as in good air quality days. 

 Linear regression  

A simple linear regression is performed to understand the interactions of selected 

variables, represented by the equation:  

(1) Ŷ = β0 + β1 + β2 + β3 + ei 

Whereby Ŷ is the dependent variable numerical memory, β1 is the coefficient for 

transportation mode, β2 is the coefficient for maximum AQI levels, and β3 is the coefficient for 

maximum PM2.5 levels.  

This regression results in Figure 7 illustrates a statistically significant negative 

correlation between PM2.5 exposure and numerical memory (p < 0.05). When adjusted for 

demographic variables, as shown in Figure 8, we observed a statistically significant negative 

correlation between PM2.5 exposure, and FEV1 function.  
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Table 7. Pooled data regression modelling the effect of air pollution and choice of transportation on neurological functions 

Dependent 
variables 

 
 
Independent  
variables 

(i) Reaction 
speed (ms) 

(ii) Visual 
memory 
(points) 

(iii) Verbal 
memory 
(points) 

(iv) 
Numerical 
memory 
(points) 

(v) 
Systolic 
pressure 
(mmHg) 

(vi) 
Diastolic 
pressure 
(mmHg) 

(vii) 
Heart 
rate 
(bpm) 

(viii) 
PEF 
(L/min) 

(ix) 
FEV1 
(L) 

(x) 
FVC 
(L) 

(xi) 
FEV1 
/FVC 
(%) 
 

Transport (Bus=0, 
Walk=1)  

-93.75 
(66.8) 

0.34 (0.83) 4.86 (6.03) 0.52 (1.13) 0.03 (4.11) 0.44 (4.36) 5.28 
(2.66) 

17.10 
(34.77) 

4.07 
(5.63) 

0.02 
(0.70) 

-4.06 
(4.36) 

AQI max -6.59 
(39.33) 

-0.36 
(0.48) 

0.6 (3.45) 1.60 *(0.66) 
p= 0.02 

3.3 (2.3) 4.39 (2.49) 
 

-0.51 
(1.51) 

-5.91 
(20.19) 

-6.87* 
(3.21) 

P=0.04 

-0.61 
(0.40) 

2.04 
(2.49) 

PM 2.5 max 5.78 (56.65) 0.49 (0.69) -0.41 
(4.96) 

-2.28 
*(0.95) 
P=0.02 

-5.03 
(3.38) 

-6.56* 
(3.58) 
P=0.08 

0.78 
(2.19) 

5.23 
(29.10) 

7.86  
(4.63) 

 

0.83 
(0.58) 

-2.47 
(3.58) 

R2 0.09 0.03 0.06 0.25 0.13 0.17 0.13 0.08 0.00 0.11 0.12 
Prob > F  0.40 0.8 0.63 0.03 0.19 0.10 0.19 0.44 0.50 0.29 0.24 
Observations  34 29 28 33 37 37 37 36 37 37 37 

Standard error in parenthesis. Statistical significance:   *p<0.05 
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Table 8. Pooled data regression modelling the effect of air pollution and choice of transportation on neurological functions 

Dependent 
Variables 

Independent  
variables 

(i) Reaction 
speed (ms) 

(ii) Visual 
memory 
(points) 

(iii) 
Verbal 
memory 
(points) 

(iv) 
Numerical 
memory 
(points) 

(v) 
Systolic 
pressure 
(mmHg) 

(vi) 
Diastolic 
pressure 
(mmHg) 

(vii) 
Heart 
rate 
(bpm) 

(viii) 
PEF 
(L/min
) 

(ix) 
FEV1 
(L) 

(x) 
FVC 
(L) 

(xi) FEV1 
/FVC 
(%) 
 

Transport 
(Bus=0, Walk=1)  

-101.71 
(66.87) 

0.37 
(0.84) 

4.74 
(5.92) 

0.68 (1.19) 0.66 
(4.23) 

1.07 (4.44) 5.18 
(2.76) 

 

23.95 
(33.68) 

5.33 
(5.43) 

0.07 
(0.71) 

-4.37 
(4.12) 

AQI max -9.93 
(40.64) 

-0.61 
(0.50) 

0.62 
(3.40) 

1.63* 
(0.70) 
p=0.03 

 

2.70 
(2.49) 

4.03 (2.60) -0.38 
(1.62) 

-15.05 
(20.37) 

-6.71* 
(3.19) 

P=0.04 

-0.73* 
(0.42) 

 

0.94 
(2.42) 

PM 2.5 max 9.72 
(58.85) 

0.85 
(0.72) 

-0.62 
(4.91) 

-2.32* 
(1.02) 

P= 0.03 

-4.11 
(3.59) 

-5.95 
(3.77) 

 

0.54 
(2.34) 

18.04 
(29.49) 

7.57 
(4.61) 

0.99 
(0.61) 

-0.72 
(3.50) 

Age -12.80 
(10.31) 

-0.2 (0.12) 
 

-0.73 (1.0) 0.10 (0.18) -0.06 
(0.65) 

0.20 (0.69) 0.07 
(0.43) 

-2.40 
(5.23) 

1.54 
(0.84) 

 

-0.07 
(0.11) 

-1.67* 
(0.64) 

P=0.01 
Gender -61.43 

(57.17) 
0.03 

(0.81) 
-10.11 
(5.23) 

 

-0.78 (1.01) 
 

0.13 
(3.46) 

2.87 (3.63) -2.30 
(2.25) 

-42.97 
(28.00) 

-2.81 
(4.44) 

-0.65 
(0.58) 

4.14 
(3.37) 

Fitness -32.49 
(56.20) 

-0.03 
(0.77) 

-0.83 
(5.02) 

0.76 (1.01) 4.13 
(3.47) 

3.99 (3.64) -0.54 
(2.26) 

49.16 
(27.89) 

 

8.54 
(4.45) 

 

0.40 
(0.58) 

-2.33 
(3.37) 

R2 0.20 0.18 0.26 0.28 0.17 0.23 0.17 0.23 0.58 0.17 0.29 
Prob > F  0.38 0.57 0.34 0.16 0.41 0.22 0.44 0.24 0.00 0.43 0.08 
Observations  34 29 28 33 37 37 37 36 37 37 37 

Standard error in parenthesis. Statistical significance:  *p<0.05 
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 Subgroup ranking and repeated measures ANOVA  

A repeated measures ANOVA was performed comparing the mean between and 

within the groups.  

● Group1: Bus & clean air 

● Group 2: Bus & air pollution  

● Group 3: Walk & clean air  

● Group 4: Walk & air pollution  

In particular, we seek to compare the groups walking in air pollution (group 4), vs. 

taking bus in clean air (group 1). As shown in Figure 16, the group walking in air pollution 

consistently performs lower compared to the bus group in clean air, for memory functions 

(visual, verbal, numerical) as well as pulmonary functions (PEF, FEV1, FVC, and FEV1/FVC).  

 

Figure 16. Average outcome measures, a performance ranking by subgroups 

The repeated measures ANOVA failed to detect a statistically significant difference 

between and within the subgroups for neurological and cardio-pulmonary functions (see Table 

9).  
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Table 9. Repeated measures ANOVA, difference of means between and within groups 

Variable  Group Average 
change in 

score 
(after –
before) 

SD rmANOVA 
within 
subject 
difference  
[p-value]  

rmANOVA 
between 
subject 
difference  
[p-value] 

Neurological functions  
Reaction speed  
 

1. Bus & clean air  89.4 99.2 0.64 0.95 
2. Bus & air pollution  47.3 49.7 
3. Walk & clean air  21.2 46.5 
4. Walk & air pollution  4 158 

Visual memory  1. Bus & clean air  0.2 0.8 0.68 0.79 
2. Bus & air pollution  0.6 0.8 
3. Walk & clean air  0.6 0.5 
4. Walk & air pollution  0 0 

Verbal memory 1. Bus & clean air  -4.4 11.1 0.88 0.16 
2. Bus & air pollution  1.8 3.5 
3. Walk & clean air  1.6 3.1 
4. Walk & air pollution  -47.0 34 

Numerical 
memory 

1. Bus & clean air  0.4 1.7  
0.95 

 
0.87 2. Bus & air pollution  -1.1 0.9 

3. Walk & clean air  0.5 0.7 
4. Walk & air pollution  -0.5 2.5 

Cardiovascular functions 
Systolic 
pressure  
 

1. Bus & clean air  5.8 4.2 0.40 0.89 
2. Bus & air pollution  -3 2.1 
3. Walk & clean air  3.9 2.4 
4. Walk & air pollution  4 7 

Diastolic 
pressure   

1. Bus & clean air  6.4 6.8 0.67 0.53 
2. Bus & air pollution  -3.9 1.4 
3. Walk & clean air  4.7 2.6 
4. Walk & air pollution  -1 5 

Heart rate 1. Bus & clean air  -2.6 2.8 0.63 0.39 
2. Bus & air pollution  -1.2 1.4 
3. Walk & clean air  3 1.5 
4. Walk & air pollution  -1 12 

Pulmonary functions     
Peak expiratory 
flow  
 

1. Bus & clean air  34.6 11.2 0.20 0.71 
2. Bus & air pollution  10.7 24.7 
3. Walk & clean air  43.7 20.3 
4. Walk & air pollution  7.5 5.5 

Forced 
expiratory 
volume   

1. Bus & clean air  0.3 0.1 0.95 0.50 
2. Bus & air pollution  -8.8 9.0 
3. Walk & clean air  0.5 0.3 
4. Walk & air pollution  -0.1 0.1 

Forced vital 
capacity  

1. Bus & clean air  0.4 9.6 0.40 0.88 
2. Bus & air pollution  0.6 0.5 
3. Walk & clean air  0.4 0.4 
4. Walk & air pollution  0 0.3 

FEV1 /FVC  1. Bus & clean air  1 7.9 0.90 0.18 
2. Bus & air pollution  2.2 2.0 
3. Walk & clean air  -2.3 2.4 
4. Walk & air pollution  -3.5 3.5 
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 Qualitative study and case study 

In the second trial, 6 participants responded to a questionnaire on personal assessments 

of their physiological responses. When asked about the impact of walking or taking the bus on 

their mood, half of the participants reported that they feel more positive taking the bus, whereas 

the other half felt more positive after walking.  

All participants felt that walking improves their cognitive and pulmonary function more 

than taking the bus. This supports the experiment's results which record statistically significant 

improvements in reaction speed and numerical memory among participants who walked. As 

66% of participants reported that taking the bus made them feel less alert, it is noted that during 

the bus ride, participants were using their cell phone, sleeping/ doing nothing), or talking.  

While air pollution may attenuate the benefits of exercise (i.e. during active travel), 

83% of participants revealed that air quality does not affect their decision to walk or take the 

bus, especially since 67% of participants do not check the air quality levels in a given week.  

In session 3, four participants were involved. All of them have participated in session 

one, and two of them have participated in session 2. Due to the limited sample size in session 

3, a case study was conducted instead of statistical analysis. Based on the data from 3 sessions, 

we have three findings: 

i. Participants were inclined to have better neurological function performance in better 

air quality. The air quality in session 3 is worse than in session 1, and four participants 

have slower reaction speed, but the influence on numerical memory is not obvious. 

ii. The influence of air quality and exercise is not obvious on their systolic pressure and 

diastolic pressure. Comparing the systolic pressure and diastolic pressure before and 

after session 3, we did not see an obvious differenc. The systolic pressure and diastolic 

pressure of the four participants in session 3 seemed consistent. 

iii. Most of the participants have smaller Forced Expiratory Volume (FEV1) after session 

3 is conducted; specifically, three of the four participants have this trend. Also, there 

are 3 of the four participants in session 3 have worse Forced Vital Capacity (FVC) after 

finishing the experiments. 
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5 Discussion 

Our observations suggest that exposure to air pollution may counteract the 

physiological benefits of exercise, although we failed to detect statistically significant results. 

Based on the ranking of subgroup scores, walking in the presence of air pollution impedes 

participants' cardiopulmonary and neurological functions. Participants who walked in air 

pollution recorded lower verbal, visual, and numerical memory scores from baseline relative 

to the group of participants who took the bus in clean air. Within these measures, participants 

who walked in clean air obtained the highest scores.  

5.1  Biological mechanisms of exercise and air pollution    

During exercise, the intake of air pollution increases considerably due to an increased 

ventilation rate and particle deposition fraction. Although the biological mechanism by which 

air pollution affects cardio-pulmonary and cognitive performance may differ, our experiment 

implications are consistent – that is, the combined effects of exercise and air pollution's 

exposure is associated with acute negative effects.  

  Neurological effects 

We detected that exposure to air pollution decreases numerical memory by an average 

of -2.27 ± 2.37 points (p<0.01). Our regression results also surmise that air pollution (measured 

by either maximum PM2.5 exposure or AQI exposure) impedes numerical memory. Our 

findings agree with a previous longitudinal study in China22 which asserts that air pollution 

circumvents cognitive performance on math and verbal tests.  

Among the subgroup scores, participants walking in the presence of air pollution 

performed worst for numerical, visual, and verbal memory, while participants who walked in 

clean air recorded the highest mean scores. The ANOVA analysis revealed these differences 

between subgroups to be insignificant. However, our rudimentary analysis by ranking 

subgroup performance may signal that exposure to air pollution possibly attenuates or even 

reverse the benefits of physical activity. Such a premise is supported by a similar study23 

exploring the interactive effects of air pollution and physical activity, whereby a 30-minute 

outdoor commute with average PM2.5 measurements of 9.0-9.8 µg/m3 also demonstrated a 

statistically significant short-term cognitive decline in MMSE (mean a decline in 7.5 points) 

as well as a decline in automatic detection speed and selective attention test (mean a decline in 

3.6 points).  
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Although we did not detect deleterious impacts to a participant's reaction speed from 

exercising in air pollution in the subgroup analysis, an earlier study on aerobic training in rural 

vs urban groups found significant inhibitions. The study46 observed that reaction times on the 

Stroop task improved in the rural group (p=0.001), but not in the urban group who were subject 

to high traffic-related air pollution. This Stroop Color Word test measures response-inhibition 

and selective attention, which are functional parts of the executive function or higher-level 

cognition, and slightly more complex than our reaction speed test. Furthermore, Inge's 

experiment employed more vigorous and prolonged physical activity, which subjected 

participants to a series of aerobic training exercises for 12 weeks, 3 sessions a week. This 

greater physical intensity may likely explain the study's ability to detect more significant effects 

in the participants, compared to our single 40-minute walking treatment.  

 Cardiopulmonary effects 

The physiological effects of the walking treatment group (across varying air quality 

exposures) were evident through an increase in PEF by 40.29 ± 84.87 L/min (p<0.05). 

However, participants who walked in the presence of air pollution recorded non-significant 

effects of PEF changes. Despite that, we observe that participants who walked in an air polluted 

environment had the lowest PEF measurements among the 4 subgroups. Thus, although non-

significant, the direction of this finding agrees with a meta-analysis4 on exercise and air 

pollutant exposure which discovered that among cardiopulmonary function indicators, only 

PEF (effect size -0.238, 95% CI = -0.389, -0.088) was significantly decreased after exercising 

in a polluted environment. PEF is an important indicator for a pulmonary function which 

represents the strength of respiratory muscle and the degree of airway obstruction.   

Further analysis of our experiment subgroups depicts a trend whereby walking in air 

pollution impedes PEF, FEV1, FVC, and FEV1 /FVC, reflected by the poorer relative 

performance of the subgroup (albeit non-significant results). This trend concurs with another 

study5 among healthy volunteers aged above 60 years old, who recorded curtailments in FEV1 

and FVC changes from baseline when walking a relatively polluted commercial roadside that 

is Oxford street vs. Hyde park, in the presence of clean air. Similar to our experiment's trends, 

these participants reported an increase in FEV1 and FVC (demonstrating increased pulmonary 

function) after the walk-in clean air, while participants taking the polluted roadside route 

reported no change in FEV1 and FVC from baseline.  
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However, a meta-analysis4 depicts contrary findings, whereby none of FVC (ES = 

0.004, 95% CI = −0.044, 0.052), FEV1 (ES = −0.077, 95% CI = −0.254, 0.101), FEF 25–75% 

(ES = −0.075, 95% CI = −0.310, 0.160) found significant changes after exercise intervention 

in a polluted environment. However, this review acknowledges a lack of available studies, 

which may contribute to the lack of statistical power to detect effects in their pooled analysis. 

We argue a similar limitation in detecting statistical significance for our study due to the small 

sample size and loss to follow-up within our experiment.  

  Cardiovascular effects 

The material effects of the walking treatment group were reflected in our experiment's 

regression results by participants' heart rate increased by an average 5.28 bpm (p<0.1), 

signaling the desired effect of physical exertion in our experiment's walk treatment. The 

physiological effects of exercise represented by increased systolic pressures were observed 

among participants within clean air exposures who recorded increases of 3.77 ± 10.04 mmHg 

(p=0.07) from baseline measurements. During exercise, a typical blood pressure response is to 

observe a progressive increase in systolic blood pressure and with no change or even a slight 

decrease in diastolic blood pressure47.  

Studying the impacts of air pollution, we detected slight decreases in diastolic pressure 

by an average of -3.85 ± 5.30 mmHg (p<0.05) among participants who were exposed to air 

pollution, across the different transportation modes. Whereas participants in the presence of 

clean air reported a diastolic pressure increase of an average 4.58 ± 11.49 mmHg (p=0.05) from 

baseline. These findings are not intuitive to expectation, and our results may be explained by 

potential imbalances in the combination of physical activities within the group. Thus, when 

separating air pollution treatment by walking vs taking the bus, our subgroup analysis shows 

that diastolic pressures decreased in the presence of air pollution when controlled for 

transportation type. Among the bus and clean air group, participants recorded a 6.4 mmHg 

increase in diastolic pressure, whereas the bus in air pollution group reported a decrease in -

3.9 mmHg. In the walk-in clean air group, participants reported an increased diastolic pressure 

by 4.7 mmHg, whereas the group which walked in air pollution recorded a -1 decrease in 

diastolic pressure. Hence, our findings corroborate with Chen, R. (2017)48, whose randomized 

double-blind cross-over trial recorded that diastolic blood pressure was significantly decreased 

by 4.8% (95% CI: 1.2% to 8.5%) in geometric mean in the presence of clean air vs. polluted 

air. 
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5.2  Strengths and limitations  

  Strengths   

a. RCT with crossover component: 

Randomized controlled trials with cross-over component have many advantages with a 

high level in the hierarchy of evidence. Firstly, cross-over study can reduce the impact of 

individual differences, and all subjects were treated with all interventions. Secondly, a cross-

over study can save sample size by conducting several repeated trials48. Thirdly, RCT can 

control the effect of time factor on treatment mode for each trial, which is better than self-

control design. 

 

b. Real-world scenarios/ evidence: 

This study provides real-world evidence for the joint and combined effects of air 

pollution and exercise. Twenty-eight young people were recruited for our experiment in 

differently polluted days, and 11 health indicators were tested before and after the 

interventions, which somehow fill the knowledge gap of real-world evidence in the eastern part 

of China. 

 

c. Individual-level info of demographic characteristics: 

We also collected individual level of demographic information for each individual, such 

as age, major, gender, hometown, fitness, family background, exercise, sleep, and screen time 

behaviors, which is important for ruling out other confounding factors and digging for more 

information. 

 

d. Measure by novel outcomes: 

Our experiments not only used normal health measuring instruments but also takes 

advantage of novel outcomes-human benchmarks. We got standardized medical equipment for 

testing pulmonary function and cardiovascular function. For cognitive function, a professional 

website 'Human Benchmark' was adopted. With the help of this website, reaction speed, visual 

memory, verbal memory, and numerical memory were monitored precisely at a low cost.  

e. A variety of health outcomes: 

Unlike most papers, our experiment explored a variety of health outcomes. For 

example, Giorgini (2016)49 and his colleagues wrote a paper on the health effects of air 

pollution and exercise but only studied cardiovascular outcomes. 
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  Limitations and potential bias  

a. Small sample size and loss of follow up: 

We recruited only 28 people who attended the first stage, but in the 3rd stage, there 

were only 4 participants. The 3rd stage happened to be the spring festival in China, so the 

majority of our participants went home. Due to the limited number of volunteers, we can reach, 

the statistical power is also limited. This study also has a lack of chronic effect because we 

have long-term follow up of each participant. 

 

b. Samples with a high level of similarity: 

Our participants have a high level of similarity. For financial reasons and convenience, 

we recruited only students from DKU, which lead to a high level of similarity on age, 

educational background, schedules, and other demographic characteristics. However, this will 

not affect too much, because our cross-over study design can reduce the impact of individual 

differences and the target group we study is young people. 

 

c. Limited differences between treatment and control: 

For the convenience of implementation, our treatment group to walk from DKU to 

Scholar Hotel, which is regarded as a kind of exercise by us.  However, we should agree that 

more strenuous exercise can be adopted for a bigger difference in intervention. That is to say, 

our responses may be small, so outcome assessment may be too crude to detect small responses 

with non-invasive indicators (we do have blood bio-marker measurements). 

 

d. Potential bias:  

There may be concerns of potential biases towards increased scores attributed to the 

learning effect of repeatedly performing the neurological tests, instead of reflecting the 

treatment effects of walking or exercise. We assert that since participants were subject to the 

air pollution treatment on the final session (whereby group performance decreased instead of 

possibly increasing due to the learning effect), thus we deduce that our experiment bias may 

be towards the null. 
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5.3  Implications 

 Environmental policy 

We found that on less polluted days, exercise has the trend of promoting neurological 

function. Also, peak expiratory flow is negatively affected in bad air quality days compared to 

good air quality days, and the effects of exercise in bad air quality days are much less than that 

of good air quality days. That is to say, the effects of exercise in polluted days on pulmonary 

function and neurological functions are negative, while cardiovascular function is not clear. On 

less polluted days, exercise can promote neurological function and pulmonary function. Based 

on this, we recommend young people not to exercise on polluted days, but an exercise in clean 

air. Whether exercise in polluted air is healthy or not is still unanswered by this research, but 

we are able to see that different organ systems may be affected differently. 

 

 Future research 

This experiment has the enlightenment function for the following studies. A larger 

sample size and a more controlled experiment should be chosen. Different devices should be 

adopted to monitor air quality to avoid the error caused by the experimental equipment. Future 

research should give equal weight to the null and positive findings to avoid the bias of 

significance.  
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6 Conclusion  

This research seeks to add to the weight of evidence on the effects of physical activity 

and air pollution exposure on the healthy and physiological functioning of young adults. The 

research design extends the body of knowledge wherein previous studies lack a resting control 

group, thereby unable to be certain that walking attributed to the changes in lung function 

and/or other outcome variables.  

The paired t-test results indicated interesting insights which were statistically 

significant such as walking increases PEF, whereas air pollution decreases diastolic pressure 

and numerical memory. On the other hand, clean air increases PEF.  The regressions results 

are consistent with the t-test findings wherein air pollution is statistically associated with a 

decrease in numerical memory. The regression analysis showed that an increase in a unit of 

AQI is statistically correlated with a decrease in FEV1.  

The study also revealed insights whereby walking improves neurological functions 

(reaction speed, visual memory, verbal memory, numerical memory) and pulmonary functions 

(PEF, FEV1, FVC). On the other hand, air pollution (measured by variables maximum AQI 

levels and maximum PM2.5 levels) lowers the score of all our outcome variables except 

FEV1/FVC. These results, however, are not statistically significant, which may be attributed to 

the small sample size. 

On the co-effects of transportation means and air quality, the subgroup that walked in 

clean air performed the best for numerical memory, visual memory, and verbal memory 

functions, which although not significant statistically, are according to our expectation as 

walking in clean air is known to improve neurological functions. Conversely, the subgroup 

walking in air pollution performed the worst for these functions.  A similar trend for pulmonary 

functions was observed. In the subgroup analysis, the group walking in air pollution recorded 

worse levels of PEF, FEV1, FVC, and FEV1/FVC relative to the group who walked in clean 

air. However, the effects on cardiovascular function were less clear.  In summary, the study 

showed the varying effects of air pollution on different organ systems. Despite the limited 

sample size and moderate air pollution levels, the study detected negative effects of air 

pollution to neurological and pulmonary functions. These findings suggest that there is no 'safe' 

limit to air pollution exposure as exercising in the presence of air pollution may have a negative 

effect on health.   
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Finally, given the potential negative effects of air pollution on cognition and 

cardiopulmonary function of healthy young adults, this research is significant to illustrate the 

context of industrial development that transcend the typical trade-offs of economic growth and 

natural resource impingement. Policymakers may consider air pollution externalities, including 

a potential attenuation of society's cognitive ability and health which affects the nation's human 

capital and social wellbeing.  
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Appendix 1: Research Protocol 
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Appendix 2: Demographic Questionnaire 
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Appendix 3: Lifestyle Questionnaire 
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Appendix 4: Neurological tests 

 

Participants will be instructed to test their neurological functions through a series of online games 

measuring reaction speed, number memory, visual memory, verbal memory, typing, and hearing. These 

tests are self-directed, and a brief description of each test is shown below:  

1. Reaction 
speed 

:  a) Subject clicks on any area on the computer screen to start.  
b) Screen turns red and subject waits for the screen to turn green.  
c) The moment the screen switches to green, the subject should click the on-screen 
area as fast as possible.  
The speed of by which the subject is able to react to this change in color is recorded as 
the reaction speed.  
 

2. Number 
memory 

: a) Subject will be given a few seconds to memorize a series of numbers.  
b) The on-screen numbers disappear.  
c) Subject inputs the memorized numbers into the text box.  
Each correct sequence allows the subject to progress to the next level. Each additional 
level includes a longer sequence of numbers. The game ends when the subject is 
unable to input the correct sequence of numbers.  
 

3. Visual 
memory 

:  a) Subject will be given a few seconds to memorize the spatial arrangement of a few 
colored squares.  
b) These on-screen colored squares disappear and are replaced with a matrix of white 
squares.   
c) Subject should click the squares to indicate the given positions of the colored 
squares.  
 Successfully identifying the position of all the colored squares in the matrix allows 
the subject to progress to the next level. Each additional level includes a larger matrix, 
with more colored squares to identify. The game ends when the subject is unable to 
correctly identify the positions of all the squares in a given matrix for more than 3 
times.  
 

4. Verbal 
memory 

:  a) Subjects will be shown a series of words.  
b) For each progressive word flashed on the screen, the subject should identify if the 
word has been "seen" or "not seen", based the set of words that have been shown 
before. For example, all words are initially categorized as "not seen", until it is flashed 
again, and thereby should be categorized as "seen".  
Successfully identifying whether the word has been "seen" or "not seen" allows the 
subject to progress to the next levels of the game. The game ends when a word is 
incorrectly categorized.  
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Appendix 5: Experiment Budget 

 

 


