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Abstract

Using sensors to investigate the acute effect of traffic-related air pollution in different
commuting modes

Yisi Liu

Chair of the Supervisory Committee:
Edmund Seto
Department of Environmental and Occupational Health Sciences

The contribution of transportation to ambient particulate matter (PM) has increased since 2000 in
China. Over this time, Chinese cities have grown rapidly in size, population, car ownership and
daily commute distance. These changes have led to increased travel times, exposures to traffic-
related air pollution (TRAP) and combined uses of transportation modes during daily commutes.
This dissertation aims to explore the health impacts of TRAP exposure for different commuting
modes, evaluate a possible intervention to mitigate the adverse effects of TRAP in traffic, and
investigate the relationships between built environment factors and travel behaviors for adults in

Chengdu, China.



First, portable sensors were employed to characterize TRAP and noise exposures in different
transportation modes, neighborhoods and seasons in Chengdu. The study found that car trips
exposed people to the lowest TRAP and noise levels compared to other modes (i.e., cycling,

riding buses, and riding subways).

Second, a randomized double-blind crossover intervention experiment was conducted among 21
healthy adults, where each subject travelled on a scripted route repeatedly for two hours using
different transportation modes. Subjects used portable positive pressure respirators in half of the
trips and wore sham respirators in the other half of the trip. TRAP exposure was recorded during
each trip and cardiorespiratory health outcomes were measured immediately before and after
trips. The study showed traveling by bus, subway or walking was associated with increased heart
rate and decreased lung function as compared to riding in a personal motor vehicle. Increased
black carbon and PM with aerodynamic diameter less than 1.0 um (PM1) exposures were
associated with elevated airway inflammation and decreased lung function, respectively.
However, the study found no significant differences in cardiorespiratory health outcomes
between subjects wearing effective respirators and those using sham respirators for two hours in

traffic.

Third, a commute survey was conducted in Chengdu to ask for home addresses, work locations
and time respondents spent in multi-modal commuting. The non-linear relationships between
built environment factors extracted from a Geographic Information System and time spent in
different transportation modes were explored. Finally, a health impact assessment was performed

for TRAP exposure and physical activity to evaluate the impact of multi-modal commuting



under potential built environment changes on cardiovascular diseases mortality for employed
urban residents in Chengdu. The study found that home-work distance was the most important
factor in determining time spent in different travel modes. The health impact assessment showed
that generally, commuting under the policy of garden city and easier access to public transit
would be beneficial for cardiovascular health of residents. However, a longer home-work
distance was estimated to lead to excess cardiovascular diseases mortality due to increased

TRAP exposure and reduced physical active in daily commutes.

Overall, these studies in Chengdu, China suggest that active and public transportation exposes
commuters to higher TRAP levels. For interventions at the individual level, wearing a novel
positive pressure respirator to reduce TRAP exposure during commutes may not improve the
cardiorespiratory health among healthy adults. For policy interventions, the planning policy of
garden city and TOD would potentially benefit population health for employed urban residents in
Chengdu. However, future planning policies are needed to reduce pollutant concentrations and to
address the job-housing mismatch in Chinese cities to reduce commuting distances and to protect

population health.
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CHAPTER 1. INTRODUCTION

1.1 BACKGROUND

Globally, more than 54 % people live in urban areas [1], and this percentage is estimated to reach
68 % in 2050 [2]. Urban residents not only spend increased time in traffic with the sprawl of
urban area, they are also exposed to disproportionately high levels of air pollution in traffic as
compared to other microenvironments [3,4]. Traffic is a major source of air pollution in urban
areas [5]. Traffic-related air pollution (TRAP) comes from the emissions of motor vehicles that
result from fossil fuel combustion, and consists of mixtures of air pollutants, including NO, NO2,
NOx, CO, and particulate matter (PM).For example, globally, 25% of urban ambient PM with
aerodynamic diameter less than 2.5 pm (PM25s) is estimated to come from traffic [5]. People who
spend time in traffic are exposed to tailpipe emissions from vehicle traffic, non-tailpipe
emissions (such as brake and tire wear), as well as noise that together, may have adverse effects

on health and well-being.

The health impact of ambient air pollution has been studied globally. Ambient air pollution
exposures have been associated with respiratory and cardiovascular diseases outcomes [6-10],
adverse birth outcomes [11-14], diabetes [15-17], and cognitive performance [18-21]. Based on 2017
global estimates, ambient air pollution contributed to 147 million (95% CI: 132-162 million)
disability-adjusted life-years (DALYS), and was the fifth-ranked environmental risk factor
attributable to global burden of diseases in East Asia [22]. An increasing number of studies have
explored the health effects of TRAP recently [23-28]. However, there is still controversy over

whether the observed effects are due to air pollution exposure from traffic, and if the effects are



confounded by factors such as noise and socioeconomic characteristics [29]. From a public health
perspective, it is of great importance to understand how much TRAP urban commuters are
exposed to, what health effects are induced by TRAP exposures in different commuting modes,
and whether there is a way to reduce TRAP exposure and related adverse health effects for urban

commuters.

1.2 SPECIFIC AIMS

Figure 1 illustrates a conceptual model that provides a broad context for the research aims of this
dissertation. Although the dissertation does not cover all of the topics illustrated in the figure, it

allows for the reader to understand the specific contributions of this research.

Mobility Options and Diversity
Road Infrastructure

Active mobility infrastructure
Transit Routes

Regional Emissions

Urban and Regional Growth
Urban Policies and Planning || N S R s

Land Use Zoning - - .
Transportation Planning Ambient Air Quality

Built Environment
Factors

Individual Commute

= Exposures
Socioeconomic

Personal Factors
Factors

Economic Development Age
Population Migration Gender

from Rural to Urban Areas y Income

Job Opportunities Car Ownership
Housing Costs Housing Needs

Individual Commute
Health Effects

Residential Locations

Travel Behavior

Figure 1. Conceptual model of acute health effects from personal exposures to traffic related

pollution during urban commuting

As urban development occurs, urban and surrounding regional land use evolves. The economic
and employment opportunities that exist in urban centers may motivate population migration

from rural areas into the city, creating other societal needs, such as needs for housing,



transportation, food, energy, services, etc. To meet these needs, urban planning and social
policies may shape the evolving land use and neighborhood characteristics of the urban area. For
example, land use zoning attempts to create compatible land uses, which can separate
commercial areas, from industrial, residential and natural areas. The separation of areas through
land use policies creates the need for a well-designed urban and regional transportation system.
The transportation options that exist within the city should be considered within the context of
connectivity with regional transportation options, so that the city is not isolated, but allows for
transport of people, goods, and services between the urban core, and the surrounding suburban

and rural areas, as well as between cities.

As described earlier, modern transportation systems allow for multiple modes, yet there are
underlying factors that affect the feasibility and practicality of these modes too. Road
infrastructure, car ownership, and vehicle operating costs may affect personal car use. Transit
routes and cost may affect the use of public transit options. Home-work distances and
infrastructure for safe walking and bicycling may affect active mobility. Similarly, various
factors, such as congestion and limitations of other modes, may be motivating innovation

options, such as shared mobility options.

The overall transportation system, and the population’s choices and uses of the various mobility
options, each of which may be associated with pollutant emissions. Often urban planning is
focused on reducing regional emissions. For example, reducing the numbers of personal car trips
by encouraging people to take public transit may reduce roadway congestion, reduce the

emissions from individual vehicles, yet still allow the public to travel using zero/low emission



options such as electric or hybrid buses and subways. Moreover, encouraging people to take
active modes of travel, not only reduces roadway congestion and pollution emissions, but
potentially provides an opportunity for physical activity, which is important for public health.
Regional transportation emissions and air quality issues are typically studied at the aggregate

population or region/city/neighborhood level.

While a well-designed transportation system has the potential reduce urban air pollution from
mobile sources, there are still open questions about how at the individual-level, a person’s
mobility choices might affect their own acute cardiorespiratory health. This dissertation is
focused on these questions, namely quantifying the exposures to pollution that a person
experiences in certain transportation modes, whether these exposures are associated with certain
acute health effects, whether these exposures and health effects could be mitigated at the
personal level. There is, however one study in this dissertation that examines travel behavior, and

attempts to link urban planning concepts to mode choice, exposure, and health effects.

The overarching goal of this dissertation is to quantify the impact of air pollution exposures for
different transportation modes on cardiorespiratory health in Chengdu, China. Chengdu is the
capital city of Sichuan Province in southwest China, and represents many of the transportation
opportunities and challenges facing cities in low and middle-income countries (LMICs). The
objective of the dissertation is to test hypotheses that (1) TRAP exposures vary by transportation
mode, (2) TRAP exposures experienced in different travel modes are associated with short-term
cardiorespiratory health effects, (3) the use of a personal protective respirators can reduce acute

adverse effects of TRAP exposure and (4) built environment factors affect employees’ commute



choices as well as population health. These hypotheses were tested through the following

specific aims:

Aim 1 (Chapter 2): Characterize variations in TRAP and noise levels experienced in
different modes of transportation in Chengdu, China. Linear models were developed to
explain variations in PM2s, BC and noise by season, neighborhood, and travel modes based on

repeatedly measurements for scripted trips.

Aims 2 and 3 below, were based on a randomized double-blind crossover intervention study,
where a group of healthy volunteers traveled with effective or sham respirators using different
transportation modes on a scripted route. TRAP concentrations were recorded continuously using
portable sensors during each trip, and selected measures of cardiovascular and respiratory health

were measured before and after each trip.

Aim 2 (Chapter 3): Relate the TRAP exposure in different modes of transportation to
short-term cardiorespiratory health effects. The associations between TRAP exposures and
blood pressure (BP), heart rate (HR), fractional exhaled nitric oxide (FeNO), and lung function
measured by spirometry were assessed, after controlling for potential confounders (e.g.,

temperature, relative humidity, noise, perceived stress, physical activity).

Aim 3 (Chapter 4): Evaluate the effect of wearing a positive pressure respirator during
intra-city travel on exposures and cardiorespiratory health, in the same subjects from Aim

2. The effectiveness of the respirator to reduce PM exposure was evaluated in a laboratory



experiment. Then, health outcomes measured before and after each trip were compared within-

subject between sham and effective respirator trips.

Aim 4 (Chapter 5): Investigate the impact of the built environment features on time spent
in a mixture of commuting modes (multi-modal commuting). Machine learning algorithms
(Random Forest) and mediation analysis (G-computation) were used to examine relationships
between built environment and time spent in different modes of transportation. Additionally, a
health impact assessment was performed to estimate changes in cardiovascular mortality
attributable to PM2 s and physical activity levels during daily commuting with potential changes

in the built environment in Chengdu.

The remainder part of Chapter 1 presents systematic reviews of studies that have examined
TRAP variations between different transportation modes, and cross-over studies that have

explored the acute effect of TRAP on human health.

1.3  TRAFFIC-RELATED AIR POLLUTION EXPOSURES IN TRANSPORTATION

Studies in different countries have investigated the variation of air pollution concentrations for
several modes of transportation. Existing studies have mostly focused on particulate matter
exposures (e.g., PM2s, BC) and have largely been conducted in Europe to compare air pollution
exposures for different transportation modes, including driving a car, riding a subway, tram or

bus, as well as active transportation (walking and cycling).



A literature search was performed in PubMed for relevant studies using the following

29 <e

combination of keywords: “traffic related air pollution”, “transportation AND air pollution”,
“transportation mode OR travel mode”, “exposure”, with no restrictions on publication date. In
addition, relevant studies were retrieved from Web of Science, as well as the reference lists of
the identified studies. After removing duplicated publication records, remaining studies were
assessed for inclusion by two reviewers who independently followed the inclusion and exclusion
criteria in Table 1. The two reviewers discussed and resolved issues that arose during the
screening process. This process resulted in a pool of 60 eligible studies for the systematic review.

The selection process is shown in detail in Figure 1, in accordance with preferred reporting items

for systematic reviews and meta- analyses (PRISMA) guidelines.

Table 1. Screening criteria for studies investigating TRAP exposures in different

transportation modes.

Inclusion criteria

Road traffic related air pollution
Peer reviewed articles
Written in English

Exclusion criteria

No on road TRAP measurements (water or air traffic, TRAP measured at indoor or outdoor
places near road)
Reviews and protocol
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Figure 2. Preferred reporting items for systematic reviews and meta- analyses (PRISMA)

diagram for exposure studies
1.3.1 Findings from Europe
Most of European studies showed that traveling in a car is associated with the highest level of air

pollution exposure, including exposures to PMas, BC, CO and VOC (e.g. benzene) [30-33]. Other

studies investigated exposures to particles with different aerodynamic diameters during



commuting, and found that bus trips resulted in the highest concentrations of larger particles
including PM1o and coarse particles (PM25-PM1o), while exposures to submicron (PM3), fine
particles (PM..s5) and UFP levels were higher in car than with other modes of transportation [34-

36].

However, some studies found that active modes of transportation involve greater exposure than
others. For example, a study in London found that commuters using a walking mode were
exposed to 4.7 times higher coarse particle mass (PM2.5-PMuo), 2.2 times higher fine particle
mass (PM1-PM: ;) and 1.9 times higher very fine particle mass (<PM1) and 1.4 times higher UFP
number concentration than those driving [37]. Another study of three cities reported that PM and
BC concentrations were generally higher during biking than during driving cars with closed

windows [38].

Despite the inconsistencies between studies finding greater/lesser exposure for active vs non-
active transit modes, studies including an estimation of inhalation dose of air pollutants during
time in transportation led to the consistent conclusion that individuals inhaled the highest levels
of air pollution when using active transportation and lowest levels while driving a car compared
to other transportation modes mainly because of the reduced commute time [37,39] and inhalation

rate (minute ventilation) [31,33,34] when driving a car.

1.3.2 Findings from the United States

Similar studies were conducted in the United States, and reported inconsistent results for the
relative exposures of different transportation modes. The Fort Collins Commuter Study measured

BC, PM2s, UFP number concentrations during cycling and driving, and found air pollutant levels



were higher when cycling than when driving [40]. A different study in Salt Lake City monitored
PM: 5 concentrations when cycling, walking, driving, riding a bus and riding a light-rail train.
This study found the highest and lowest mean PM2s concentrations were both measured during
driving, but with windows closed (5.20 pg/m®) and with windows open (15.21 pg/m?3),
respectively. The study also estimated that the inhalation dose during commuting was highest for
walking, followed by cycling, and lowest when driving with windows closed [41]. However, a
New York study comparing PM2 s exposures in car, subway and for walking reported that the
fine particle levels did not differ among the three commuting modes (21.4, 30.6 and 26.5 ug/m?®

respectively) [42].

1.3.3 Findings from Asia

Several Asian studies measured air pollution exposures in roadway transport and railway
transport of intra-city commuting. A Beijing study compared exposures during walking, riding
buses and taking the subway, and found that the highest UFP number concentrations and PM2.s
mass concentrations occurred during the subway trips, while walking had the highest particulate
polycyclic aromatic hydrocarbons (particulate-PAHS) concentrations compared to others [43];
another study in Guangzhou measured higher VOC levels in roadway transport than railway
transport (e.g., average of benzene concentrations ranged from 4.8 to 6.1 pg/m? in roadway
transports vs. 3.0-3.8 pug/m? in railway transports) [44]. For roadway transport, CO levels were
found to be higher in taxis than in buses or during walking [45-47], while PM2 s concentrations
were found to be lowest when riding taxis than walking and riding buses[47]. Consistent with
studies in Europe and the United States, research that considered inhaled dose found that the

lowest dose was associated with individuals traveling in cars [47].
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1.3.4 Factors impacting pollutant levels

Some studies explored factors affecting exposure levels for different modes of transportation,
including travel routes, travel time, ventilation, fuel types and meteorological conditions. One of
the most studied factors is the travel route during cycling. Studies of cyclists traveling on
different routes consistently found that cyclists were exposed to higher air pollution levels on
high-traffic routes than on low-traffic routes [30,34,40,46,48-50]. These studies often characterized
routes based on distance from roadway vehicle traffic (e.g., cycle path vs. traffic roadside) and

high vs. low intersection density.

Studies also found that commuting time of day and season also affect air pollution exposures in
traffic. A study in Northwest China found that morning commutes resulted in approximately

40 % higher PM2.s exposures of cyclists, while higher UFP levels were observed in the afternoon
and evening commutes compared to the morning commutes (18,502 vs. 18,342 particles/cm?®)
[50]. In terms of seasonal differences, PM2.s and UFP exposures during cycling were clearly
higher in autumn months than summer months. Another study investigating in-vehicle PM. s and
CO exposures during car driving reported that afternoon non-peak hour commutes only exposed
passengers to slightly lower air pollution levels compared to evening peak hour commutes [44].
However, the effects of commuting time on air pollution exposures may be related to variations

of traffic volumes and may differ between studies in different cities.

Various vehicle-related factors were found to affect exposure. For example, ventilation was
shown to influence air pollution exposure during commutes, with natural ventilation (i.e., open

windows) inducing increased PM, but reduced CO levels during car and bus trips, while
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mechanical ventilation (e.g., air conditioning system, filtration system) decreasing PM but
increasing CO levels [41,44,51]. This may because that the vehicle filtration system and closing of
windows potentially makes the cabin a different microenvironment from pollutant concentrations
outside of the cabin in the street (e.g., vehicle emissions). However, one study reported that the
difference in CO levels between buses running with closed windows (air-conditioned) and
opened (non-air-conditioned) was not statistically significant [46]. This inconsistency would
possibly be explained by variations in air exchange, such as the frequency of doors open under
operation, the ventilation system’s intake of fresh air, and because vehicle filtration may not

reduce gas pollutants.

Another vehicle-related factor that was found to impact exposure is fuel type (i.e., diesel,
gasoline and electricity). Zuurbier et al. measured particle number counts (PNC), PM2s and PMyo
mass concentration, and soot levels in diesel buses, electric buses, gasoline-fueled cars and
diesel-fueled cars in the Netherlands [34]. Results from the study showed diesel buses had
significantly higher PNC (32%) and soot (46%) levels than electric buses, while gasoline-fueled
cars had higher soot concentrations than diesel-fueled cars. Another study in Europe compared
commuters’ exposure to air pollution in electric-powered and diesel-powered trains, and found
diesel-powered trains exposed travelers to approximately 35-fold, 6-fold, 8-fold, 3-fold, twice
and 6 times higher of UFP, BC, NOx, NO2, PM>s and benzo(a)pyrene than traveling in electric-

powered trains, respectively [52].

Meteorological factors were also explored in different studies. Mostly studies reported that

higher wind speed was associated with lower air pollution exposure [30,53]; whereas, another
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study found instead of wind speed, temperature was negatively associated with PM2s
concentrations while temperature and relative humidity explained variations in UFP levels

during commuting [50].

1.3.5 Summary of exposure findings

In summary, studies comparing personal exposures for different modes of transportation have
found inconsistent results, especially for the comparison of air pollution levels during driving vs.
walking/cycling. However, when considering traveling time and minute ventilation, commuters
tend to inhale more air pollutants during active transport than riding a car. Additionally, air
pollution exposures during transportation are determined by different factors, including travel
behavior (route, time, etc.), vehicle characteristics (fuel types, ventilation conditions, etc.) as

well as environmental factors (temperature, relative humidity, wind speed, etc.).

1.4 CROSSOVER STUDIES INVESTIGATING HEALTH EFFECTS OF TRAFFIC-RELATED

AIR POLLUTION

An increasing number of studies have evaluated the health effects of short-term exposure to
traffic-related air pollution during commuting. A systematic review was conducted to summarize
existing cross-over studies investigating short-term health effects of traffic-related air pollution
exposure in commuting. A crossover study is a longitudinal study where study participants
receive a sequence of different treatments or exposures. That is, the participants switch throughout

to all the treatment or exposure groups after a washout period.
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A literature search was performed in PubMed for relevant studies using the following
combination of keywords: “traffic related air pollution”, “transportation AND air pollution”,
“transportation mode OR travel mode”, “short-term health effect”, and “cross-over study OR
intervention study OR panel study”, with no restrictions on publication date. In addition, relevant
studies were retrieved from Web of Science, as well as the reference lists of the identified studies
(extended search). After removing duplicated publication records, remaining studies were
assessed for inclusion by two reviewers who independently followed the inclusion and exclusion
criteria in Table 2. The two reviewers discussed and resolved issues that arose during the
screening process. This process resulted in a pool of 32 eligible studies for the systematic review.

The selection process is shown in detail in Figure 3, in accordance with Preferred reporting items

for systematic reviews and Meta- Analyses (PRISMA) guidelines.

Table 2. Screening criteria for studies investigating health effect of TRAP exposures.

Inclusion criteria

Road traffic related air pollution
Short-term health effects
Cross-over studies

Peer reviewed articles

Written in English

Full text available online

Exclusion criteria

No road TRAP measurements (water or air traffic, TRAP measured at indoor or outdoor places
near road)

Long-term exposure and health studies

Not human health studies (animal/in vitro/in vivo experiment, no human health measurements)
Reviews and protocol

Qualitative analysis

Occupational exposures
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Identification
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Reviews & protocols (n=38)

Not peer reviewed articles (n=43)
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Not human health studies (n=8)
Qualitative analysis (n=1)
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\i Not in English (n=1)
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Abstract screened (n=217)
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Reviews & protocols (n=49)
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Figure 3. Preferred reporting items for systematic reviews and meta- analyses (PRISMA)

diagram for health effect studies

Data were extracted systematically from each study using a pre-designed standard data collection
form. The details of each study were tabulated, including title, journal, author(s), year of
publication, study location, study design, population (sample size and subject characteristics),

study settings, exposure duration, measured TRAP, outcome assessment, statistical methods, and
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main results. Due to heterogeneity in the study settings and measured outcomes, the results were

analyzed using a narrative synthesis rather than a quantitative synthesis.

A total of 13 out of the 32 crossover studies were controlled exposure experiments in laboratory
settings (i.e., exposure chambers). Controlled exposure experiments (i.e., chamber studies) and

real-life exposures studies are listed in Table 3 and Table 4, respectively.

1.4.1 Crossover designed controlled exposure experiments

A total of 13 studies were conducted in chambers with controlled exposures (Table 3). Eleven of
the chamber studies investigated the health effects of diesel exhaust (controlled for PM2s mass
concentrations) compared to filtered air exposures, while the remaining two studies estimated

changes in health biomarkers after exposure to different levels of CO and NOx.

1.4.1.1 Gaseous pollutants

The study exploring the health effects of one-hour NO. exposures on patients with stable
coronary heart disease reported null associations for all the health outcomes measured (FeNO,
lung function, heart rate, blood pressure, leucocyte coping capacity and, and time-domain and
frequency-domain of HRV parameters) [54]. However, these null results may be biased since all
the patients were taking regular medication during the study, which could interfere the effect of
NO- exposures. The study exploring the health effects of CO among healthy adults found that the
increment in CO concentrations was correlated with decreased diastolic blood pressure (DBP)
and increased degree of self-reported drowsiness, failure in focusing and fatigue [55]. However,

the study exposed subjects to increasing levels of CO in chronological order with a wash-out
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period of only 60 min. The reported effects of CO may be results of cumulative exposure of the

series level exposure of CO and the effect on fatigue may be partly due to the repeated tests.

1.4.1.2 Particles

1.4.1.2.1 Particles and inflammation

Among crossover studies exposing subjects to different levels of PM2 s (diesel exhaust vs.
filtered air), the most common health outcomes measured were inflammatory responses. Four out
of five studies reporting systemic inflammation found non-significant associations between 60
min or 120 min of diesel exhaust exposures and different inflammatory markers for healthy
subjects from immediately after exposure to 24 hours after exposure [56-59]. However, a Seattle
study having healthy adults exposed to diesel exhaust (at 200 pg/m?® of PMas) for 2 hours,
reported small but significant increases in different inflammatory biomarkers after 5 hours
(matrix metalloproteinase-9, IL-1beta, IL-6 and 1L-10) and 20 hours (E-selectin, intercellular
adhesion molecule-1, vascular cell adhesion molecule-1, and myeloperoxidase) after exposure
[60]. The subjects in the Seattle study were resting during exposure, whereas subjects in the other
4 studies reporting null association were performing moderate physical exercise (minute
ventilation of around 15 or 20 L/min/m? body surface area) on bicycle ergometers during
exposure. It is possible that physical activity moderated the association between TRAP

exposures and systemic inflammation.

1.4.1.2.2 Particles and vasomotor dysfunction

Three crossover studies explored the associations between diesel exhaust and vasomotor
dysfunction. The studies conducted in Seattle and Sweden recruited healthy subjects for the

experiments and found adverse health effects of diesel exhaust on arterial vasoconstriction: the
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Seattle study reported significant reduction in brachial artery diameter (20.09 mm, 95% CI:
20.01, 20.17) at 30 min after the 2 hours exposure to diesel exhaust at rest (200 pg/m® of PMz.s)
compared to filtered air exposure, and also found the modification effect of genotypes (AGTR1
and TRPV1) [61]; the Swedish study found cycling intermittently for 60 min in diesel exhaust
(300 pg/m?® of PM ) attenuated the vasodilatation to acetylcholine, bradykinin, sodium
nitroprusside, and verapamil at 6 hours post-exposure, compared to filtered air exposures [56].
Another study in the UK enrolled 20 male patients with stable coronary artery disease to cycle
intermittently for 60 min in diesel exhaust (300 pg/m® of PM2s) and filtered air in a randomized
order and showed that diesel exhaust exposures did not aggravate preexisting vasomotor
dysfunction. However, this result may be biased because patients in the UK study were taking

regular medication that were known to influence endothelial vasomotor function [62].

1.4.1.2.3 Particles and other health outcomes

Controlled exposure studies have investigated the effects of diesel exhaust exposures on lung
function, fibrinolytic function, HRV, blood count, postural stability and neurodegeneration.
Limited evidence was found for diesel exhaust exposure and lung function [57,63,64]. Two studies
investigated the association between exposures to diesel exhaust and fibrinolytic function and
found reduction of tissue plasminogen activator at 6 hours following the 60 min intermittent
cycling in diluted diesel exhaust (300 ug/m?® of PM>5s) for both healthy and male coronary artery
disease patients [56,62]. Two hours of diesel exhaust inhalation at 200 pg/m? resulted in increased
high frequency (HF) power of HRV comparing to filtered air exposure (A = 0.33, 95% CI: 0.01,
0.7) and decreased low frequency and high frequency ratio (LF/HF) (A =-0.74, 95% ClI: -1.2, -
0.2); whereas, the effect only existed at 1 hour post-exposure, and was not observed at other

times up to 20 hours after the exposure [65].
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For blood count, 2-hour exposure to diesel exhaust was found to be significantly associated with
increased hematocrit at 7 hours post exposure in both healthy and metabolic syndrome subjects,
with a stronger association in the latter group; however, diesel exhaust elicited increased platelet

count at 22 hours following exposure in only the healthy subject group [60].

One Canadian study measured postural stability using Balance Error Scoring System (BESS)
before and after 120 min exposure to diesel exhaust for 28 healthy participants; no significant

association was seen between diesel exhaust exposure and postural stability [66].

In addition, a study analyzed neurotoxicity of diesel from the same trial by measuring astrocytic
protein S100b, the neuronal cytoplasmic enzyme neuron-specific enolase, and serum brain-
derived neurotrophic factor; still, no associations were found between diesel exhaust exposures
and brain damage [58]. It is possible that acute diesel exhaust exposure was insufficient to induce
changes in the neuro-cognitive spectrum, as the impact of TRAP exposures on central nervous

system may occur through a chronic, "multiple-hit" mechanism [66].

1.4.1.3 Physical activity

There is increasing interest in the trade-offs between the potentially adverse effects of TRAP
exposures and health benefits of physical activity. A few Canadian studies investigated the
modification effects of exercise on diesel exhaust exposure in chamber experiments. One study
explored the effect of diesel exhaust on cycling performance as well as cardiorespiratory health.
The study recruited 8 healthy endurance-trained males and exposed them to diesel exhaust (300

ng/m® of PMas) or filtered air for 60 min followed by a 20 km cycling time trial. In contrast to
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the non-significant effect of TRAP exposures on lung function reported by other studies, the
study reported that compared to filtered air exposure, diesel exposures induced decrement in
FEV1 and increment in heart rate during the cycling time trial. However, no association was
found for diesel exhaust