Weichenthal et al. Particle and Fibre Toxicology 2014, 11:70
http://www.particleandfibretoxicology.com/content/11/1/70

RESEARCH

Open Access

Exposure to traffic-related air pollution during
physical activity and acute changes in blood
pressure, autonomic and micro-vascular function
in women: a cross-over study
Scott Weichenthal1*, Marianne Hatzopoulou2 and Mark S Goldberg3

Abstract
Background: Traffic-related air pollution may contribute to cardiovascular morbidity. In urban areas, exposures
during physical activity are of interest owing to increased breathing rates and close proximity to vehicle emissions.
Methods: We conducted a cross-over study among 53 healthy non-smoking women in Montreal, Canada during
the summer of 2013. Women were exposed to traffic pollutants for 2-hours on three separate occasions during
cycling on high and low-traffic routes as well as indoors. Personal air pollution exposures (PM2.5, ultrafine particles
(UFP), black carbon, NO2, and O3) were evaluated along each route and linear mixed-effects models with random
subject intercepts were used to estimate the impact of air pollutants on acute changes in blood pressure, heart rate
variability, and micro-vascular function in the hours immediately following exposure. Single and multi-pollutant
models were examined and potential effect modification by mean regional air pollution concentrations (PM2.5, NO2,
and O3) was explored for the 24-hour and 5-day periods preceding exposure.
Results: In total, 143 exposure routes were completed. Each interquartile increase (10,850/cm3) in UFP
exposure was associated with a 4.91% (95% CI: -9.31, -0.512) decrease in reactive hyperemia index (a measure of
micro-vascular function) and each 24 ppb increase in O3 exposure corresponded to a 2.49% (95% CI: 0.141, 4.84)
increase in systolic blood pressure and a 3.26% (95% CI: 0.0117, 6.51) increase in diastolic blood pressure 3-hours
after exposure. Personal exposure to PM2.5 was associated with decreases in HRV measures reflecting parasympathetic
modulation of the heart and regional PM2.5 concentrations modified these relationships (p < 0.05). In particular,
stronger inverse associations were observed when regional PM2.5 was higher on the days prior to the study period.
Regional PM2.5 also modified the impact of personal O3 on the standard deviation of normal to normal intervals
(SDNN) (p < 0.05): a significant inverse relationship was observed when regional PM2.5 was low prior to study
periods and a significant positive relationship was observed when regional PM2.5 was high.
Conclusion: Exposure to traffic pollution may contribute to acute changes in blood pressure, autonomic and
micro-vascular function in women. Regional air pollution concentrations may modify the impact of these exposures on
autonomic function.
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Background
Traffic-related air pollution is known to contribute to cardiovascular morbidity including both acute and chronic
health effects [1-5]. While the precise biological mechanisms underlying these associations have yet to be fully
elucidated, existing evidence suggests a range of biological
pathways including increases in plasma viscosity, altered
autonomic function, arrhythmia, impaired vasomotor
function, and the promotion of atherosclerosis [4-6].
Moreover, as municipalities move towards the promotion of active transportation in urban environments, it
is increasingly important to understand the potential
health impacts of physical activity in close proximity to
traffic emissions. Indeed, time spent in traffic and personal exposures to soot have each been associated with
acute myocardial infarction (MI) [7,8], with a particularly strong association observed among women [9]. In
addition, others have reported an association between
ultrafine particle (<0.1μm) (UFP) exposures and STsegment depression with a stronger association observed
among women relative to men [10]. Furthermore, recent
evidence suggests that women moving from low-traffic
areas to high-traffic areas have an increased risk of MI
[11]. However, a review of the long-term health effects of
air pollution did not observe strong evidence for gender
differences in air pollution health effects [3].
In the present study, we examined the impact of trafficrelated air pollution on acute changes in physiological
measures of cardiovascular function among women in
Montreal, Canada. Specifically, we examined acute
changes in blood pressure, micro-vascular function, and
heart rate variability as these measures may be involved
in underlying pathophysiological pathways linking air pollution to cardiovascular morbidity/mortality. Women were
selected as the target population as existing evidence related to the acute cardiovascular health effects of some
traffic pollutants such as UFPs largely reflects responses
among men [4].
Results
In total, 53 women completed 143 exposure scenarios
including 50 high-traffic routes, 48 low-traffic routes,
and 45 indoor days. Air pollution and cardiovascular
health data were available for nearly all of these routes
although a small number of samples were lost because
of instrument failure or technician error. In addition, a
small number of data points were removed from analyses owing to changes much greater than for the study
population as a whole. Specifically, 2 RHI measurements
(out of 135) and 11 HRV measurements (out of 2791)
were removed from analyses. The 2 RHI values were
each collected from different participants whereas the
HRV values reflected 5 separate subjects with 4 of the 11
points coming from a single subject who experienced
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large changes in the ratio of LF to HF on a single study
day. Women ranged in age from 18 to 44 years (mean:
25 years), were predominantly Caucasian, and were
generally not obese (Table 1). A small number of women
reported regular use of medications including birth
control (n = 9), irons pills (n = 1), and estrogen (n = 1).
Descriptive data for baseline cardiovascular health measures are presented in Table 2. HRV data were similar to
values observed in our previous study of healthy adults
[12] and resting blood pressure levels were predominantly in the normal range with a small number of participants having high or low blood pressure values. The
mean baseline RHI value was below 1.67, with 16 participants having values below 1.67 on all three study days.
Reasons for low RHI values were not readily apparent;
however, participants with higher diastolic blood pressures tended to have lower RHI values with each 10 mm
Hg increase in diastolic blood pressure corresponding to
a 0.106 (95% CI: -0.181,-0.00304 ) decrease in RHI (See
Additional file 1: Figure S1). Adjusting for caffeine/alcohol consumption, age, race, BMI, recent illness, or second hand smoke exposure in the past 24-hours did not
change this relationship. Personal exposures to air pollution varied substantially across study days (Table 3).
Overall, spearman? s correlations between pollutants were
low (r ≤ 0.33) but were similar to values reported previously for Montreal [13]. Within-route correlations were
slightly higher; the strongest correlations were between
UFPs and black carbon on the high route (r = 0.43),
black carbon and NO2 on the low route (r = 0.54), and
NO2 and O3 indoors (r = 0.55). Reasons for the low concentrations between pollutants may include several factors. For example, PM2.5 is primarily a regional air
pollutant and thus in order to be strongly correlated
with pollutants from local sources (e.g. UFPs and black
carbon) high personal exposure routes would need to
coincide with days with high regional PM2.5. Since
routes were assigned randomly, this was not likely to
occur. In addition, while diesel vehicles are a strong
source of both UFPs and black carbon, gasoline vehicles
are more prevalent in Canada and thus on a given route
it is possible to experience high exposure to UFPs (from
a large volume of gasoline vehicles) but low exposure to
black carbon if large diesel vehicles are not encountered.
In general, differences between routes were greatest for
UFPs and black carbon. Specifically, UFP exposures were
2494 cm? 3 (95%CI: -1589, 6578,) and 11,434 cm? 3 (95% CI:
7928, 14,941) greater on the high-traffic route relative to
the low-traffic and indoor locations, respectively. Black
carbon exposures were 1012 ng/m3 (95% CI: 449, 1574)
and 652 ng/m3 (95% CI: 34, 1270) greater on the hightraffic route relative to the low-traffic and indoor
locations, respectively. Mean indoor levels of some air
pollutants were similar to outdoor concentrations likely
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Table 1 Characteristics of the study population (n = 53)
Age
2

Body Mass Index (kg/m )

n

Mean/% (SD)

Range

53

25 (6.0)

18-44

53

22 (2.9)

15-30

Racial Group
Caucasian

29

54.7%

Asian

13

24.5%

Other

11

20.8%

Yes

19

13.3%

No

124

86.7%

Yes

13

9.1%

No

130

90.9%

None

109

76.2%

1-5 Glasses

34

23.8%

Yes

61

42.7%

No

82

57.3%

Yes

11

21%

No

42

79%

Second-Hand Smoke Exposure
(Past 24-hours)

Recent Illness in the past week

Alcohol Consumption (Past 24-hours)

Caffeine Consumption (Past 24-hours)

Regular Medication Use

SD, standard deviation.

owing to the presence of open windows in the hospital.
Mean ambient temperatures ranged from 20-34?C
(mean = 27?C) on study days with relative humidity
values ranging from 29-70% (mean = 49%). Twentyfour hour and 5-day mean concentrations of ambient
PM2.5, NO2, and O3 were not strongly correlated with
personal exposures during cycling (0.004 ≤ r ≤ 0.42). In
Table 2 Baseline physiological measurements
Physiological measure

n

Mean/% (SD)

Range

Heart Rate

142

78.5 (12)

53-105

Systolic Blood Pressure (mm Hg)

137

98. 4 (9.45)

80-129

Diastolic Blood Pressure (mm Hg)

137

62.1 (7.3)

44-80

Reactive Hyperemia Index

136

1.61 (0.31)

0.93-2.73

SDNN (ms)

142

112 (39)

43-229

RMSSD (ms)

142

28.3 (12)

9-78

pNN50 (%)

142

8.67 (8.5)

0-42

LF (ms2)

142

1316 (1189)

25-6764

2

HF (ms )

142

296 (334)

11-1924

LF:HF

142

6.38 (5.0)

1.1-43

SD, standard deviation; SDNN, standard deviation of normal to normal
intervals; RMSSD, root mean square of successive differences in adjacent NN
intervals; pNN50, proportion of adjacent NN intervals differing by more than
50 ms; LF, low-frequency power; HF, high-frequency power.

addition, personal exposures to NO2, O3, and PM2.5
during cycling were only weakly correlated with regional concentrations of these pollutants during the
same time period (0.02 ≤ r ≤ 0.18). Multi-pollutant
models (including all pollutants) were selected for the
final analyses as coefficients were often sensitive to the
inclusion of other air pollutants (i.e. a change of more
than 10%) (Additional file 1: Tables S2-S7). In addition
to heart rate and temperature, final models included
categorical variables for caffeine and alcohol consumption in the past 24-hours as these factors also had an
important impact on model coefficients. Model estimates of the impact of traffic-related air pollution on
RHI and blood pressure are shown in Figure 1. UFP exposures were associated with decreased micro-vascular
function with each IQR increase in exposure corresponding to a 4.91% (95% CI: -9.31, -0.512) reduction
in RHI values. Other air pollutants were not associated
with reductions in micro-vascular function but each
IQR increase in O3 was associated with a 2.49% (95%
CI: 0.141, 4.84) increase in systolic blood pressure and
a 3.26% (95% CI: 0.0117, 6.51) increase in diastolic
blood pressure. Other air pollutants were not associated with changes in blood pressure. In general, similar
associations were observed between UFPs and RHI and
O3 and blood pressure in sensitivity analyses adjusted
for potential carry-over effects of personal exposures in
the preceding study period (Additional file 1: Table S8).
Furthermore, adjusting RHI and blood pressure models
for 24-hour or 5-day mean regional pollutant concentrations did not have a dramatic impact on model coefficients although some estimates were attenuated
(Additional file 1: Table S8). In particular, adjustment
for 5-day mean NO2 decreased the strength of the relationship between UFPs and RHI (mean change: -4.02%,
95% CI: -8.77, 0.72) and also decreased the relationship
between O3 and diastolic blood pressure (mean change:
2.41%, 95% CI: -1.08, 5.91). However, adjusting for 24hour mean O3 or 5-day mean NO2 resulted in statistically significant positive relationships between UFPs
and diastolic blood pressure and also strengthened the association between O3 diastolic blood pressure (Additional
file 1: Table S8). Additional adjustment for time between
study days did not change the magnitude of the relationships between UFPs and RHI or O3 and blood pressure
(less than a 10% change). Interaction terms between UFPs
and 24-hour or 5-day mean regional NO2, O3, or PM2.5
were not statistically significant in RHI models (interaction
p-values > 0.05). Likewise, interaction terms between O3
and 24-hour or 5-day mean regional NO2, O3, or PM2.5
were not statistically significant in blood pressure models
(interaction p-values > 0.05). However, the relationship between O3 and blood pressure was stronger when 5-day
mean regional PM2.5 was low (≤13.5 μg/m3) prior to study
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Table 3 Distribution of personal exposures to air pollution
Overall
Air pollutant

Route

n

Mean (SD)

Median (Range)

IQR

High-Traffic
mean (SD)

Low-Traffic
mean (SD)

Indoors
mean (SD)

141

16,771 (10,302)

14,300 (3720-50,900)

9150-20,000

21,234 (9998)

18,740 (10,143)

9800 (6688)

Personal Exposures
UFPs (count/cm3)
3

Black Carbon (ng/m )

140

1725 (1406)

1237 (33-8440)

914-2074

2260 (1692)

1248 (910)

1608 (1286)

PM2.5 (μg/m3)

143

14.2 (13)

8.63 (3.1-70.8)

4.2-19.4

15.7 (15.9)

13.4 (13.8)

13.4 (9.4)

NO2 (ppb)

136

48.0 (18)

46.8 (2.3-131)

35.2-57.0

48.9 (17.5)

50.9 (21.2)

43.3 (14.9)

O3 (ppb)

136

50.1 (16)

47.7 (17-101)

38.0-62.3

55.7 (12.1)

56.7 (17.2)

34.4 (7.9)

11.5 (1.88-52.9)

7.13-17.6

Regional Air pollution Concentrations Prior to Study Periods
PM2.5 5 (μg/m3) (24 hours)

134

14.5 (10.9)

NO2 (ppb) (24 hours)

143

7.02 (2.80)

6.41 (1.42-14.1)

5.05-8.34

O3 (ppb) (24 hours)

143

26.9 (7.41)

26.4 (11.2-43.9)

21.1-31.6

PM2.5 (μg/m3) (5 days)

132

14.5 (7.82)

13.5 (4.31-34.6)

7.63-20.2

NO2 (ppb) (5 days)

143

6.53 (1.20)

6.59 (4.03-9.13)

5.71-7.51

O3 (ppb) (5 days)

143

27.4 (5.24)

26.5 (16.1-38.5)

24.4-30.4

UFP, ultrafine particles; IQR, interquartile range.
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Figure 1 Air pollution exposure and changes in RHI and Blood Pressure 3-hours after exposure. All models are adjusted for ambient
temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours. Regression coefficients
reflect interquartile range increases in exposure. Multi-pollutant models are mutually adjusted for all other air pollutants.
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days (systolic mean change = 4.60%, 95% CI: -0.471, 9.68;
diastolic mean change = 6.31%, 95% CI: -0.645, 13.3)
compared to when regional PM2.5 values were above
this median concentration (systolic mean change =
1.02%, 95% CI: -1.96, 4.00; diastolic mean change:
1.59%, 95% CI: -2.54, 5.71). Several pollutants were
associated with changes in HRV over the 3-hour followup period (Figures 2 and 3). In particular, three pollutants were associated with increases in SDNN including
O3 (mean change: 14.9 ms, 95% CI: 8.32, 21.6), black
carbon (mean change: 3.56 ms, 95% CI: 0.865, 6.25),
and UFPs (mean change: 3.61 ms, 95% CI: 0.227, 7.00).
Conversely, each IQR increase in NO2 exposure was associated with a 5.92 ms (95% CI: -10.3, -1.50) decrease
in SDNN although a similar decrease was not observed
in the single-pollutant model. Personal PM2.5 exposures
were inversely associated with HRV measures reflecting
parasympathetic modulation of the heart. Specifically,
each IQR increase in PM2.5 was associated with a 2.73
ms (95% CI: -4.73, -0.721) decrease in RMSSD, a 2.31%
pNN50

(95% CI: -3.96, -0.665) decrease in pNN50, and a 44.0
ms2 (95% CI: -107, 19.6) decrease in high-frequency
power over the 3-hour follow-up period. A significant
interaction was detected between O3 and black carbon
in the multi-pollutant model for SDNN (p < 0.05) with a
stronger positive association observed between O3 and
SDNN at higher black carbon concentrations. In addition,
a significant interaction was detected between O3 and
NO2 in the multi-pollutant model for SDNN with a
stronger association observed between O3 and SDDN at
low NO2 levels (p < 0.05). In frequency domain analyses,
O3 (mean change: 271 ms2, 95% CI: 100, 441) and NO2
(mean change: -187 ms2, 95% CI: -306, -67.8) were each
associated with changes in LF over the 3-hour follow-up
period although the direction of these associations differed. Ozone was also associated with an increase in the
ratio of LF to HF in single pollutant models (mean change:
0.747, 95% CI: 0.0987, 1.40) but the magnitude of this relationship decreased and was no longer statistically significant in the multi-pollutant model (Figure 4). A significant
RMSSD
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Figure 2 Air pollution exposure and changes in time-domain measures of HRV over the 3-hour follow-up period. All models are
adjusted for ambient temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours.
Regression coefficients reflect interquartile range increases in exposure. Multi-pollutant models are mutually adjusted for all other air pollutants.
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Figure 3 Air pollution exposure and changes in frequency-domain measures of HRV over the 3-hour follow-up period. All models are
adjusted for ambient temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours.
Regression coefficients reflect interquartile range increases in exposure. Multi-pollutant models are mutually adjusted for all other air pollutants.

interaction was not detected between NO2 and O3 in the
model for LF (p > 0.05). When changes in HRV were examined at hourly intervals (i.e. lag 0-3 hours) the directions of associations were generally consistent across time
points (Additional file 2: Figures S1-S2). The strongest association between black carbon and SDNN was observed
1-hour after exposure (mean change = 5.05 ms, 95% CI:
0.117, 10.0) whereas the inverse relationship between NO2
and SDNN was strongest immediately after exposure
(mean change = -7.90, 95% CI: -15.9, 0.102). Relationships
between UFPs, O3, and SDNN did not vary substantially
across time points. Inverse relationships between PM2.5
and RMSSD (mean change = -4.09 ms, 95% CI: -7.94,
-0.231), pNN50 (mean change = -3.34 ms, 95% CI: -6.53,
-0.151), and HF (mean change = -69.9 ms2, 95% CI: -166,
25.8) were strongest 2-hours after exposure whereas relationships between O3 (mean change = 486 ms2, 95% CI:
114, 859), NO2 (mean change = -399 ms2, 95% CI: -672,
-125), and LF were strongest 3-hours after exposure.

Sensitivity analyses employing random coefficient models
were generally consistent with the main analysis above
although some differences were detected. Specifically,
the relationship between UFPs and SDNN was stronger
in random coefficient models (mean change: 9.86 ms,
95% CI: 0.245, 19.5) whereas associations with SDNN decreased for O3 (mean change: 5.27, 95% CI: -7.50, 18.0) and
disappeared for black carbon (mean change: -0.465, 95%
CI: -8.53, 7.60). In addition, a stronger inverse relationship
was observed between PM2.5 and SDNN in random coefficient models (mean change: -12.8 ms, 95% CI: -28.3, 2.68).
Inverse relationships between PM2.5 and HRV measures
reflecting parasympathetic modulation remained consistent
in random coefficient models (although decreased slightly
for RMSSD and pNN50) and estimates describing the relationship between LF and NO2 and O3 were nearly identical
to those in the main analysis. Further adjustment of HRV
models for personal exposures during previous study periods or regional air quality did not have a meaningful
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Figure 4 Air pollution exposure and changes in the ratio of LF to HF. All models are adjusted for ambient temperature during exercise,
mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours. Regression coefficients reflect interquartile range
increases in exposure. Multi-pollutant models are mutually adjusted for all other air pollutants.

impact on the magnitude or direction of coefficients
from the main analysis reported in Figures 2 and 3
above (Additional file 1: Tables S9-S13). However, regional
air pollutant concentrations did modify the impact of personal exposures on HRV (Additional file 1: S14-S16). In
particular, regional PM2.5 concentrations 24-hours prior to
each study period modified the impact of personal PM2.5
on HRV measures reflecting parasympathetic modulation
(interaction p-values <0.05). Specifically, in stratified
analyses each IQR increase in personal PM2.5 exposures
was associated with significant decreases in RMSSD
(mean change: -7.76 ms, 95% CI: -10.9, -4.58), pNN50
(mean change: -5.76%, 95% CI: -8.40, -3.12), and HF

(mean change: -134 ms2, 95% CI: -234, -33.0) when 24hour mean regional PM2.5 concentrations were above the
median value (11.5 μg/m3) but non-significant positive
associations were observed when regional PM2.5 concentrations were below this value (Figures 5 and 6). A similar
pattern of effect modification was observed for interactions with 5-day mean regional PM2.5. Regional air pollutants also modified the effects of O3 and NO2 on HRV.
Specifically, the inverse relationship between NO2 and
SDNN was stronger when 5-day mean O3 concentrations
were low (≤26.47 ppb) (mean change: -14.2 ms, 95% CI:
-22.1, -6.68) compared to when regional values were above
this value (mean change:-1.44 ms, 95% CI: -9.75, 6.87)
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Low Regional PM2.5 (24 hours)
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Figure 5 Effect modification by 24-hour and 5-day mean regional PM2.5 in the relationship between personal PM2.5 and RMSSD and
pNN50. All models are adjusted for ambient temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in
the past 24-hours. Regression coefficients reflect interquartile range increases in exposure. All models are mutually adjusted for all other air
pollutants. The high/low cut points were 11.5 μg/m3 for 24-hour PM2.5 and 13.5 μg/m3 for 5-day PM2.5.

(interaction p-value = 0.001) (Figure 7). Similarly, O3 was
inversely associated with SDNN when 24-hour PM2.5 concentration were low (<11.5 μg/m3) (mean change: -28.7 ms,
95% CI: -44.1, -13.2) but was positively associated with
SDDN when regional PM2.5 concentrations were above
the median concentration (mean change: 24.0 ms, 95% CI:
15.7, 32.3) (Figure 7). A similar pattern of effect modification was observed for the relationship between O3 and
SDNN with 5-day mean PM2.5 and NO2 (Figure 7).
Ambient NO2 modified the impact of UFPs on SDNN
(p = 0.015) with a stronger positive association observed when 24-hour NO2 concentrations were low
(Additional file 1: Table S14). Similarly, ambient O3 modified (p = 0.008) the impact of black carbon on SDNN with
a stronger positive association observed at low O3

concentrations (Additional file 1: Table S14). Regression
coefficients for all models are available in the Additional
Material (Additional file 1: Tables S2-S16).

Discussion
Air pollution is a known public health concern and
is recognized as an important contributor to global
disease burden [14]. In this study, we examined the
impact of short-term exposures to traffic-related air
pollution on physiological measures of cardiovascular
function among healthy young women and noted
several important results. In particular, our findings
suggest that changes in blood pressure, cardiac autonomic modulation, and/or vasomotor function may
play a role in explaining previous associations
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Figure 6 Effect modification by 24-hour and 5-day mean regional PM2.5 in the relationship between personal PM2.5 and HF. All models
are adjusted for ambient temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours.
Regression coefficients reflect interquartile range increases in exposure. All models are mutually adjusted for all other air pollutants. The high/low
cut points were 11.5 μg/m3 for 24-hour PM2.5 and 13.5 μg/m3 for 5-day PM2.5.

between short-term exposure to traffic and cardiovascular morbidity. Although the magnitudes of observed associations were small, our findings support
the biological plausibility of a detrimental impact of
traffic-related air pollution on cardiovascular health and
may not be trivial for potentially sensitive sub-populations
that are physically active in urban areas. In addition, our
findings suggest that previous exposure to regional air
pollution may modify the impact of traffic-related air pollution on cardiac autonomic modulation.
Endothelial dysfunction is an initiating event in the development of atherosclerosis [15,16], and in this study
UFP exposures were associated with decreased RHI
values 3-hours after exposure. This finding is consistent
with a number of previous studies that have examined
the impact of UFPs (and exposure to combustion exhaust which is a strong source of UFPs) on vasomotor
function. Specifically, UFP exposures during exercise
have previously been associated with decreases in brachial artery diameter and flow-mediated vasodilation
among men [17,18] and several controlled exposure
studies (primarily in men) have also noted inverse relationships between short-term UFP exposures and endothelial function [19-21]. Conversely, at least one other

study did not observe an inverse relationship between
UFPs and RHI values among healthy adults in a controlled exposure setting [22]; however, this discrepancy
may be explained in part by lower exposure levels as
mean exposures were approximately half those experienced on the high-traffic route in the current investigation. Regardless, toxicological data also supports an
inverse relationship between UFPs and endothelial function as these pollutants have been shown to reduce the
bioavailability of endothelial nitric oxide through scavenging by oxidative stress [23,24] or by direct action on
endothelial nitric oxide synthase [25,26].
Gaseous pollutants were not associated with acute
changes in endothelial function and this finding is consistent with previous studies of controlled human exposure to NO2 or O3 [27,28]. Conversely, while we did not
observe an inverse relationship between PM2.5 and
endothelial function among women, some evidence suggests that short-term exposure to high concentrations
(~300 μg/m3) of PM2.5 from diesel exhaust may impair
nitric-oxide mediated endothelial function by increasing
oxidative stress [29]. Reasons for this discrepancy are
not clear. One explanation may be related to differences
in particle composition as the traffic fleet in Montreal is
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Figure 7 Effect modification by regional air pollution in the relationship between personal NO2 and O3 and SDNN. All models are
adjusted for ambient temperature during exercise, mean heart rate during exercise, and alcohol/caffeine consumption in the past 24-hours.
Regression coefficients reflect interquartile range increases in exposure. All models are mutually adjusted for all other air pollutants. The high/low
cut points were 11.5 μg/m3 for 24-hour PM2.5, 13.5 μg/m3 for 5-day PM2.5, 6.59 ppb for 5-day NO2, and 26.47 ppb for 5 day O3.

primarily composted of gasoline vehicles and thus PM2.5
emissions in this region may elicit a weaker response
than particulate matter from diesel exhaust. However,
controlled human exposure studies with PM2.5 concentrations similar to those in the present study have also
failed to observe an important impact of short-term
PM2.5 exposures on vascular function [22].
Increased sympathetic tone has been proposed as a
plausible mechanism explaining the associations between air pollution and blood pressure [30] and our
findings support this hypothesis. Specifically, personal
exposure to ozone was associated with increases in both
systolic and diastolic blood pressure 3-hours after exposure and the timing of this effect coincided with a positive association between ozone and low-frequency HRV,
a parameter that at least partially reflects sympathetic
modulation. In the main analysis, the positive association
between O3 and SDNN appears to contradict this finding as increased sympathetic modulation is expected to
decrease SDDN; however, findings from sensitivity analyses related to effect modification by regional air pollutants shed some light on this issue. Specifically, the
positive relationships between O3 and blood pressure

were strongest when regional PM2.5 was low and during
these days O3 was inversely associated with SDNN and
positively associated with LF which is consistent with increase sympathetic modulation (Additional file 1: Table
S15). Therefore, our findings suggest that short-term exposure to ozone may increase blood pressure through
increased sympathetic tone but that this relationship
may be modified by previous exposure to PM2.5. Nevertheless, existing evidence related to the impact of ozone
on blood pressure is somewhat inconsistent. For example, a controlled exposure study among men failed to
observe an important impact of ozone on blood pressure
2-6 hours after exposure [28] and short-term exposure
to ozone was not associated with blood pressure changes
among cardiovascular disease patients in China [31].
Conversely, others have reported that ozone exposures
in the first trimester may contribute to increases in
blood pressure among women later in pregnancy [32]
and long-term exposure to ozone has been associated
with increased blood pressure among adults in China
[33]. While other air pollutants were not associated with
significant changes in blood pressure in this study, previous studies have reported positive relationships for
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PM2.5 [33,34] and black carbon [35]. However, these
studies examined responses among cardiovascular disease patients [33,34] or subjects with metabolic syndrome [35] and thus differences in population
susceptibilities may explain this discrepancy. Moreover,
some evidence suggests that single nucleotide polymorphisms in microRNA processing genes may modify the
relationship between short-term black carbon exposures
and blood pressure [35]; therefore, genetic differences
may also contribute to heterogeneity between studies.
In general, our findings suggest that several traffic pollutants may impact cardiac autonomic modulation
among women in the hours immediately following exposure, although the directions of these impacts differed
between pollutants. In particular, PM2.5 exposures were
associated with decreases in HRV measures reflecting
parasympathetic modulation and this is consistent with
several recent studies of short-term personal exposure to
traffic-related air pollution [36-39]; however, we did not
observe similar associations in our previous study
among cyclists [12]. Likewise, while personal UFP exposures were inversely associated with RMSSD and HF in
at least two previous studies [12,36], similar relationships
were not observed among women in Montreal. Reasons
for this discrepancy are not entirely clear, but our sensitivity analysis of within-subject effects suggested possible
heterogeneity in the direction of responses between individuals and future studies should explore potential explanations for these differences. For example, some
evidence suggests that oxidant defence may modify the
impact of PM2.5 on HRV [6] and this may be one factor
contributing to heterogeneity in responses between subjects. In addition, obesity [40] may also modify the impact of air pollution on cardiovascular outcomes but it
was not possible to evaluate this question in the present
study as most women were not overweight or obese.
Few studies have examined the relationship between
HRV and short-term personal exposure to NO2 or
ozone. In general, our findings for NO2 are consistent
with previous studies that have reported inverse associations between ambient NO2 and SDNN and/or LF
[12,41,42]. However, some studies have failed to observe
relationships between ambient NO2 and HRV [43,44]
while others suggest that the impact of NO2 on HRV
may be modified by disease status [45]. Personal exposure to ozone was positively associated with SDNN and
LF among women in this study, but a recent panel study
in Mexico City noted inverse associations between ozone
and these outcomes [42]. Conversely, a controlled exposure study among men [28] did not observe an important
impact of ozone on HRV at much higher exposure levels
(300 ppb) than those experienced in the present study
and two previous panel studies also failed to observe an
association between ozone and HRV [43,46]. Finally, it is
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important to note that none of the pollutants examined
in multi-pollutant models were associated with changes
in the ratio of LF to HF, although evidence of a possible
association was observed for ozone in single pollutant
analyses. In general, this finding suggests that the balance of sympathetic/parasympathetic regulation was not
altered by short-term exposure to traffic-pollution
among women; however, such changes have been noted
in previous studies [12,38].
We are not aware of other human studies that have
examined effect modification by regional air pollution
concentrations in assessing the short-term impacts of
personal exposure to traffic-related air pollution on
autonomic control of the heart. In general, our findings
suggest that personal exposures to PM2.5 result in stronger decreases in parasympathetic modulation of the
heart when regional PM2.5 concentrations are higher on
the days prior to exposure. Regional PM2.5 also modified
the impact of O3 on autonomic function and in general
our results suggest that previous exposures to gaseous/
particulate air pollutants may modify the acute impacts
of more recent exposures on autonomic function. However, our findings with respect to effect modification
should be interpreted with caution as regional monitors
were shown to be poor measures of personal exposures
in this study and thus it is not clear if regional concentrations actually represent personal exposures prior to
participating in the study. Nevertheless, recent toxicological evidence suggests that ozone exposures may
modify cardiovascular responses to PM2.5 and UFPs [47]
and further evaluation of potential latent effects that
modify air pollution impacts on autonomic function is
warranted.
Our study had several strengths including a cross-over
design to limit confounding by within-subject characteristics as well as detailed personal exposure monitoring
for multiple air pollutants. Indeed, personal exposure
monitoring is particularly important for pollutants with
high spatial variability as exposure measurement error
has been shown to mask associations between trafficrelated air pollution and HRV [48]. Nevertheless, it is
important to note several limitations. First, a large number of models were examined and it is possible that
some associations may have occurred by chance. However, our main findings related to UFPs and RHI, O3 and
blood pressure, and PM2.5/O3/NO2 and HRV were robust to a number of sensitivity analyses. Secondly, our
findings reflect responses in healthy young women and
may not be generalizable to subjects who may be more
susceptible to air pollution health effects. In addition,
the duration of follow-up after was short and the impact
of traffic-related air pollution on blood pressure and
endothelial function was only evaluated at a single time
point following exposure. As a result, we do not know
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how long the observed effects might have persisted or if
their magnitudes changed over time. Moreover, while
heart rate was used to account for potential differences
in exercise intensity (and thus minute ventilation) between exposure periods it is likely an imperfect measure;
as a result, it possible that we did not complete account
for these factors in our analyses. In addition, since all exposure periods involved exercise, we could not clearly
differentiate the effects of physical activity from those of
air pollution (although air pollution concentrations did
vary substantially between exercise periods and exercise
intensity was relatively constant between days). Therefore, it is important to recognize that our findings may
represent the combined impact of both exercise and air
pollution on the reported outcomes and future studies
should include a control group without exercise but with
exposure to address this limitation. In addition, we did
not measure noise exposures during cycling and thus
we could not account for this exposure in our analysis. This may be particularly important for HRV as
some evidence suggests that noise may modify the impact of traffic-related air pollution on this outcome
[31]. Future studies should evaluate this possibility
further. While the use of an indoor cycling location
was meant to increase variation in personal air pollution exposures, we noted similar pollutant concentrations between indoor and outdoor routes and between
low and high-traffic routes for some pollutants on
several study days. This may be viewed as a limitation
as a lower exposure site would have increased statistical power; however, this also highlights the potential
for infiltration of traffic pollutants in urban environments. Moreover, as we reported previously [12], the
use of ? high? and ? low? routes based on traffic characteristics is not a suitable replacement for personal exposure measurements on any given day as high
exposures can occur on ? low? routes if strong sources
(e.g. large diesel vehicles) are encountered. The use of
a reactive hyperemia index to evaluate endothelial
function may be viewed as a limitation as brachial artery flow mediated dilation is typically the gold standard measure of vasomotor function in clinical
epidemiology [16]. However, the inverse relationship
observed between baseline RHI and diastolic blood
pressure among women supports the validity of this
measure as previous studies have also reported inverse
relationships between flow mediated dilation and
blood pressure in healthy adults [49]. Finally, our
study did not evaluate the impact of traffic-related air
pollution on physiological measures during cycling,
and thus we could not determine how short-term
peaks in exposure may impact cardiovascular physiology during exercise. These factors should also be
considered in future studies.
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Conclusions
Short-term exposure to traffic-related air pollution during physical activity has a measurable impact on physiological measures of cardiovascular function in healthy
young women. In particular, our findings suggest that
changes in blood pressure, cardiac autonomic modulation, and/or vasomotor function may contribute to
previous associations between short-term exposure to
traffic and cardiovascular morbidity. Moreover, our findings suggest that regional air pollution concentrations
may modify the impact of subsequent exposures on autonomic function. While the observed associations were small
in magnitude, they may be relevant for sensitive subpopulations that are physically active in urban areas.
Methods study population

Women were recruited through advertisements posted
at Montreal area colleges and universities as well as
other public places in Montreal. Specifically, women
were eligible to participate if they were non-smokers
(and did not live with a smoker), were 18-45 years of
age, and did not have a disease or disorder that prevented them from participating in moderate exercise on
a bicycle over a continuous two-hour period. Women
taking heart or anti-hypertensive medications were not
eligible to participate in the study and pregnant or breast
feeding women were also excluded. A telephone interview was conducted to make sure interested participants
met the above eligibility criteria; medical screening was
not conducted.
Study design

A cross-over study design was used to evaluate the impact of short-term exposure to traffic-related air pollution on cardiovascular function in women. Specifically,
women participated on three separate days (in random
order) during which they cycled continuously over a twohour period (between approximately 11:00-13:00) on either a high-traffic route (located in downtown Montreal),
a low-traffic route (predominantly including park areas
and residential roadways), or indoors (Additional file 2:
Figure S3). Indoor cycling took place at the central study
site located in a hospital in downtown Montreal. During
indoor exercise, participants watched a video of a hightraffic route to mimic the starting and stopping action of
outdoor exercise. Women were provided with water during cycling but did not eat during the exercise period.
Visits were separated by at least 5-days (mean = 10 days)
and up to two cyclists travelled along the same route on a
given day along with one study technician as a safety precaution. All participants were asked to take the same route
and mode of transportation to the study site each day in
an effort to limit between-day differences in exposures
prior to beginning the experiment each day. In addition,
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within-day differences (i.e. changes from baseline) in
health measures were used to create outcome variables in
order to limit the potential impacts of recent exposures (i.
e. any such exposures would likely impact baseline and
follow-up measures similarly given their close proximity
in time). Questionnaires were used to collect demographic
data as well as information on medication use, recent
illness, alcohol/caffeine consumption, and recent exposure
to environmental tobacco smoke. The institutional review
boards of Health Canada and McGill University approved
the study. Written informed consent was obtained from
study participants prior to participation.

Physiological measurements

Blood pressure, heart rate variability, and micro-vascular
function were evaluated before and after each 2-hour exposure period. Follow-up measures for heart rate variability were collected immediately after exposure and
each hour for 3-hours after exposure (lag 0-3 h) whereas
micro-vascular function (reactive hyperemia index) and
blood pressure were assessed 3-hours after exposure.
The decision to limit tests of micro-vascular function
and blood pressure to a single time-point following exposure was intended to minimize potential discomfort
associated repeated occlusions of the brachial artery. All
baseline physiological measures were collected at rest
immediately prior to exposure and all measures were recorded in a quiet, dimly lit room with participants resting in a seated position.
Micro-vascular function was assessed using the noninvasive EndoPAT 2000 instrument (Itamar Medical Ltd,
Cesari, Israel). This instrument measures endothelialdependent (i.e. nitric-oxide mediated) vasodilation in the
digital vasculature in response to flow mediated dilation
induced by 5-minute occlusion of the brachial artery.
Concurrent measurements collected from the digital
vasculature of the occluded and non-occluded arms are
used to determine a reactive hyperemia index (RHI) that
is indicative of endothelial function [50]. Attenuation of
this index is a sign of decreased endothelial function and
has been shown to predict coronary endothelial dysfunction and adverse cardiovascular events in a clinical setting [51,52]. In particular, RHI values below 1.67 are
indicative of endothelial dysfunction. This cut-off value
is based on the correlation between RHI values and the
gold standard method of assessing early coronary atherosclerosis [51]. Blood pressure was assessed using an
automated oscillometric device (BP-True BPM100 monitors; BP-True Medical Devices, Coquitlam, BC, Canada).
Three blood pressure measures were collected at each
time-point (separated by approximately 30 seconds each)
and the average of the two closest measures was used
for analysis.
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HRV data were collected using three-channel (sevenlead) digital Holter monitors (Seer Light Extend, GE
Medical Systems Information Technologies Inc, Milwaukee, Wi, USA) with subsequent analysis on a MARS
workstation (version 7.2). Beat annotations were automatically assigned by the software and were verified and
reviewed by technicians at the Arrhythmia Monitoring
Center in Ottawa, Canada. Only normal sinus beats were
used in the analysis. Time domain (SDNN, standard deviation of normal-to-normal intervals; RMSSD, root
mean square of successive differences in adjacent NN intervals; pNN50, proportion of adjacent NN intervals differing by more than 50 ms) and frequency domain (LF,
low frequency power (0.04-0.15 Hz); HF, high frequency
power (0.15-0.40 Hz)) measures of HRV were based on
the last 5-mintutes of each segment of the study day
(baseline, immediately following exposure, and 1-3 hours
after exposure) according to recommended standards
[53]. Mean heart rate during cycling was also determined from Holter monitors to account for potential
differences in exercise intensity across study days. Of the
HRV parameters examined, RMSSD, pNN50 and HF reflect parasympathetic modulation of the heart, LF reflects a mixture of both sympathetic and
parasympathetic modulation, and SDNN reflects overall
heart rate variability [53]. The ratio of LF to HF is
thought to reflect the balance of sympathetic and parasympathetic modulation.

Air pollution measurements

Personal exposures to traffic-related air pollutants were
measured using instruments mounted on bicycle panniers carried as previously described [12]. Specifically,
concentrations of fine (particles with aerodynamic diameters less than 2.5 μm; PM2.5) and ultrafine particulate matter (UFPs) (0.01-0.1μm in diameter) were
determined using Harvard Impactors (10 L/minute)
and TSI Model 3007 instruments, respectively (TSI, St
Paul, MN, USA). The instrument used to monitor UFPs
measures the number concentration of particles (i.e.
particles/cm3) as particle numbers are dominated by
the ultrafine fraction of particulate air pollution. Black
carbon exposures were determined using MicroAeth
Model AE51 aethalometers (Magee Scientific, Berkeley,
CA, USA) and NO2 and O3 exposures were measured
using Ogawa sampling badges (Ogawa and Company,
FL, USA) with subsequent analysis by ion chromatography. Real-time ambient temperature data were also
recorded during each exercise period using HOBO Data
Loggers (Onset, Cape Cod, MA, USA). Mean pollutant
concentrations during each 2-hour exercise period were
the primary exposure variables examined in statistical
models.
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Statistical analysis

Linear mixed-effects models with random-subject intercepts were used to estimate the impact of air pollution
exposures on physiological measures. All models included continuous measures of mean heart rate during
exercise to account for potential differences in exercise
intensity between routes. In addition, all models included a linear term for continuous measures of mean
temperature during exercise to account for the potential
impact of thermal stress on physiological measures.
Other factors examined as potential covariates included
caffeine consumption in the past 24-hours (yes/no), alcohol consumption in the past 24-hours (4-categories),
race, age, body mass index (BMI), recent illness (yes/no),
and second hand smoke exposure in the past 24-hours
(yes/no). These variables were only included in final
models if they had a meaningful impact (a change of
10% or more) on model coefficients. We did not examine potential effect modification by BMI as few participants (n = 13) were classified as overweight or obese
(BMI > 25 kg/m2).
Single and multi-pollutant models (including all air
pollutants) were examined for each outcome. For RHI
and blood pressure, the dependent variable was the percent change from the baseline value 3-hours after exposure ((follow-up ? baseline/baseline) ? 100%). Models for
percent changes in HRV were also examined but model
fit was better when the outcome was modelled as the
difference between follow-up and baseline measurements based on the Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC). Therefore,
HRV models examined the impact of traffic-related air
pollutants on the difference between pre and postexposure measurements (follow-up-baseline). Changes
in physiological measurements were approximately normally distributed for each outcome. If two pollutants
were associated with the same outcome potential interactions were assessed by including the appropriate first
order interaction term in the model. For HRV, separate
models were examined for each time-period (lag 0-3h)
as well as over the entire 3-hour follow-up period by
combining measurements in a single mixed model for
each outcome. As sensitivity analysis, random coefficient
models with subject-specific slopes (for air pollutants)
and intercepts were also examined for HRV over the entire follow-up period. Only one random coefficient (for a
given air pollutant) was included in the model at a time
with all other covariates modeled as fixed effects. These
models assumed an unstructured covariance structure
between the random slopes and intercepts. As relatively
few data points were available to estimate subjectspecific slopes for air pollutant impacts on HRV, the
purpose this analysis was to determine if the magnitude
and direction of regression coefficients remained stable
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when slopes were allowed to vary between subjects.
Subject-specific scatter plots were also examined to
evaluate consistency in the direction of air pollution effects on HRV across participants.
Sensitivity analyses were conducted to adjust for potential carry-over effects from previous visits as well regional air quality in the days prior to each study period.
Specifically, in order to evaluate potential carry-over effects, continuous terms for exposures experienced during the previous visit were added to the models
described above (the first visit was assigned a value of
zero since there was no previous visit). In this analysis,
each previous exposure was evaluated separately (i.e.
only one previous exposure was examined at a time). In
addition, we examined models including a term for the
number of days between visits to evaluate how this parameter may influence model coefficients. A similar approach was used to evaluate the impact of regional air
quality on the reported outcomes. Specifically, the main
models described above were additionally adjusted for
continuous measures of 24-hour or 5-day mean regional
ambient concentrations of NO2, O3, or PM2.5 (separately) prior each exposure period. Regional air quality
data were available from a fixed site station in Montreal.
Finally, if personal exposure to a given pollutant was associated with changes in RHI, blood pressure, or HRV in
the main analyses, potential interactions with regional
air pollutants were evaluated by including the appropriate first-order interaction term in the models above. If a
statistically significant interaction was detected (p <
0.05), stratified models were also examined using the
median value of regional air pollution concentrations as
the cut point. All coefficients reflect interquartile range
(IQR) changes in mean UFP (10,850/cm3), black carbon
(1160 ng/m3), PM2.5 (15.2 μg/m3), NO2 (21.7 ppb), and
O3 (24.2 ppb) exposures during exercise. Analyses were
not conducted by ? route? (i.e. high/low/indoors) as previous evidence suggests that high personal exposures
can occur on ? low? routes and thus broad classification
of exposures based on these criteria likely contribute to
exposure misclassification [12]. All statistical analyses
were conducted using Stata/MP (xtmixed procedure)
(v11; StataCorp LP, USA) and R (version 2.15; R Core
Team).

Additional files
Additional file 1: Figure S1. Scatter plot of baseline RHI and baseline
diastolic blood pressure. Table S1: Spearman correlations between
pollutants; Table S2: Single-pollutant models for the relationship between
air pollutants and changes in reactive hyperemia index and blood pressure;
Table S3: Multi-pollutant models for the relationship between air pollutants
and changes in reactive hyperemia index and blood pressure; Table S4:
Single-Pollutant Models for the Relationship between Personal Air Pollution
Exposures and Acute Changes in HRV over the entire follow-up period.
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Table S5: Multi-Pollutant Models for the Relationship between Personal Air
Pollution Exposures and Acute Changes in HRV over the entire follow-up
period. Table S6: Random-Coefficient Multi-Pollutant Models for the
Relationship between Personal Air Pollution Exposures and Acute Changes
in HRV over the entire follow-up period. Table S7: Multi-Pollutant
Models for the Relationship between Personal Air Pollution Exposures and
Acute Changes in HRV at Hourly Intervals following Exposure. Table S8:
Multi-Pollutant Models for the Relationship between Personal Air Pollution
Exposures and Percent Changes in Reactive Hyperemia Index and Blood
Pressure 3-hours after Exercise Adjusted for Exposures during Previous visits
and Regional Air Quality. Tables S9-S13: Multi-Pollutant Models for the
Relationships between Personal exposures to UFPs (S9), black carbon (S10),
PM2.5 (S11), NO2 (S12), and O3 (S13) and Acute Changes in HRV over the
entire follow-up period with additional adjustment for exposures during
previous visits and regional air quality. Table S14: Personal Exposure to
PM2.5, UFPs, and Black Carbon and Effect Modification by Regional Air
Pollution in HRV models. Table S15: Personal Exposure to O3 and Effect
Modification by Regional Air Pollution in HRV models. Table S16: Personal
Exposure to NO2 and Effect Modification by Regional Air Pollution in HRV
models.
Additional file 2: Figure S1. Relationship between personal air
pollution exposures and hourly changes in time-domain measures of
HRV. Figure S2: Relationship between personal air pollution exposures
and hourly changes in frequency-domain measures of HRV. Figure S3:
Map of Cycling Routes.
Abbreviations
AIC: Akaike information criterion; BIC: Bayesian information criterion;
BMI: Body mass index; HF: High-frequency power; HRV: Heart rate variability;
IQR: Interquartile range; LF: Low-frequency power; pNN50: Proportion of
adjacent NN intervals differing by more than 50 ms; RHI: Reactive hyperemia
index; RMSSD: Root mean square of successive differences in adjacent NN
intervals; SD: Standard deviation; SDNN: Standard deviation of normal to
normal intervals; UFP: Ultrafine particles.

Page 15 of 16

3.

4.
5.
6.
7.

8.

9.

10.

11.

12.

13.

14.
Competing interests
The authors declare that they have no competing interests.
Authors? contributions
SW, MH, and MG designed the study and contributed to data interpretation
and drafting the final manuscript. MH and SW were responsible for leading
the team conducting field work. SW conducted all statistical analyses and
was the lead author. All authors read and approved the final manuscript.
Acknowledgements
We would like to thank Kayley Diamond, Benjamin Ozols-Mongeau, Eleanor
Mathewson, and Julien Neves-Pelchat for their exceptional effort in conducting
field work for this study. We would also like to thank Marie-France Valois for her
excellent work in compiling the data used in this study. This work was funded
by Canadian Collaborative Health Research Projects (CHRP).
Author details
1
Air Health Science Division, Health Canada, 269 Laurier Avenue West, K1A
0K9 Ottawa, ON, Canada. 2Department of Civil Engineering, McGill University,
Macdonald Engineering Building, 817 Sherbrooke Street West, H3A 0C3
Montreal, Quebec, Canada. 3Division of Clinical Epidemiology, McGill
University Health Center, 687 Pine Avenue West, H3A 1A1 Montreal, Quebec,
Canada.

15.
16.
17.

18.

19.

20.

Received: 26 May 2014 Accepted: 24 November 2014
21.
References
1. Shah ASV, Langrish JP, Nair H, McAllister DA, Hunter AL, Donaldson K,
Newby DE, Mills NL: Global association of air pollution and heart failure: a
systematic review and meta-analysis. Lancet 2013, 382:1039? 1048.
2. Mehta S, Shin H, Burnett R, North T, Cohen AJ: Ambient particulate air
pollution and acute lower respiratory infections: a systematic review and
implications for estimating the global burden of disease. Air Qual Atmos
Health 2013, 6:69? 83.

22.

Hoek G, Krishnan RM, Beelen R, Peters A, Ostro B, Brunekreef B, Kaufman JD:
Long-term air pollution exposure and cardio-respiratory mortality: a
review. Environ Health 2013, 12:43.
Weichenthal S: Selected physiological effects of ultrafine particle in acute
cardiovascular morbidity. Environ Res 2012, 115:26? 36.
Sun Q, Hong X, Wold LE: Cardiovascular effects of ambient particulate air
pollution exposure. Circulation 2010, 121:2755? 2765.
Weichenthal S, Godri-Pollitt K, Villeneuve PJ: PM2.5 oxidant defence and
cardiorespiratory health: a review. Environ Health 2013, 12:40.
Peters A, von Klot S, Heier M, Trentinaglia I, Hormann A, Wichmann HE,
Lowel H: Exposure to traffic and the onset of myocardial infarction. N
Engl J Med 2004, 351:1721? 1730.
Von Klot S, Cyrys J, Hoek G, Kuhnel B, Pitz M, Kuhn U, Kuch B, Meisinger C,
Hormann A, Wichmann HE, Peters A: Estimated personal soot exposure is
associated with acute myocardial infarction onset in case-crossover
study. Prog Cardiovasc Dis 2011, 53:361? 368.
Peters A, von Klot S, Mittleman MA, Meisinger C, Hormann A, Kuch B,
Wichmann HE: Triggering of acute myocardial infarction by different
means of transportation. Eur J Prev Cardiol 2013, 20:750? 758.
Pekkanen J, Peters A, Hoek G, Tittanen P, Brunekreef B, de Hartog J, Heinrich
J, Ibald-Mulli A, Kreyling WG, Lanki T, Timonen KL, Vanninen E: Particulate
air pollution and risk of ST-segment depression during repeated
submaximal exercise tests among subjects with coronary heart disease.
Circulation 2002, 20:933? 938.
Hart JE, Rimm EB, Rexrode KM, Laden F: Changes in traffic exposure and
the risk of incident myocardial infarction and all-cause mortality.
Epidemiol 2013, 24:734? 742.
Weichenthal S, Kulka R, Dubeau A, Martin C, Wang D, Dales R: Trafficrelated air pollution and acute changes in heart rate variability and
respiratory function in urban cyclists. Environ Health Perspect 2011,
119:1373? 1378.
Hatzopoulou M, Weichenthal S, Dugum H, Pickett G, Miranda-Moreno L,
Kulka R, Andersen R, Goldberg M: The impact of traffic volume, composition, and road geometry on personal air pollution exposures among cyclists in Montreal, Cananda. J Expo Sci Environ Epidemiol 2013, 23:46? 51.
Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, Amann M,
Anderson HR, Andrews KG, Aryee M, Atkinson C, Bacchus LJ, Bahalim AN,
Balakrishan K, Balmes J, Barker-Collo S, Baxter A, Bell ML, Blore JD, Blyth F,
Bonner C, Borges G, Bourne R, Roussinesq M, Brauer M, Brooks P, Bruce NG,
Brunekreef B, Bryan-Hancock C, Bucello C, et al: A comparative risk assessment
of burden of disease and injury attributable to 67 risk factors and risk factor
clusters in 21 regions, 1990-2010: a systematic analysis for the Global
Burden of Disease Study 2010. Lancet 2012, 380:2224? 2260.
Verma S, Anderson TJ: Fundamentals of endothelial function for the
clinical cardiologist. Circulation 2002, 105:546? 549.
Deanfield JE, Halcox JP, Rabelink TJ: Endothelial function and dysfunction:
testing and clinical relevance. Ciculation 2007, 115:1285? 1295.
Rundell KW, Hoffmann JR, Caviston R, Bulbulian R, Hollenback A: Inhalation
of ultrafine and fine particulate matter disrupts systemic vascular
function. Inhal Toxicol 2007, 19:133? 140.
Rundell KW, Steigerwald MD, Fisk MZ: Montelukast prevents vascular
endothelial dysfunction from internal combustion exhaust inhalation
during exercise. Inhal Toxicol 2010, 22:754? 759.
Barath S, Mills NL, Lundback M, Tornqvist H, Lucking A, Langrish JP,
S?derberg S, Boman C, Westerholm R, L?ndahl J, Donaldson K, Mudway IS,
Sandstr?m T, Newby DE, Blomberg A: Impaired vascular function after
exposure to diesel exhaust generated at urban transient running
conditions. Part Fibre Toxicol 2010, 7:19.
Shah AP, Pietropaoli AP, Frasier LM, Speers DM, Chalupa DC, Delehanty JM,
Huang LS, Utell MJ, Frampton MW: Effect of inhaled carbon ultrafine
particles on reactive hyperemia in healthy human subjects. Environ
Health Perspect 2008, 116:375? 380.
Lucking AJ, Lund?ck M, Barath SL, Mills NL, Sidhu MK, Langrish JP, Boon NA,
Pourazar J, Badimon JJ, Gerlofs-Nijland ME, Cassee FR, BOman C, Donaldson
K, Sandstrom T, Newby DE, Blomberg A: Particle traps prevent adverse
vascular and prothrombotic effects of diesel engine exhaust inhalation
in men. Circulation 2011, 123:1721? 1728.
Br?uner EV, M?ller P, Barregard L, Dragsted LO, Blasius M, Wahlin P, Vinzents P,
Raaschou-Nielsen O, Loft S: Exposure to ambient concentrations of particulate
air pollution does not influence vascular function or inflammatory pathways
in young healthy individuals. Part Fibre Toxicol 2008, 5:13.

Weichenthal et al. Particle and Fibre Toxicology 2014, 11:70
http://www.particleandfibretoxicology.com/content/11/1/70

23. Ikeda M, Watarai K, Suzuki M, Ito T, Yamasaki H, Sagai M, Tomita:
Mechanism of pathophysiological effects of diesel exhaust particles on
endothelial cells. Environ Toxicol Pharmacol 1998, 6:117? 123.
24. Nurkiewicz TR, Porter DW, Hubbs AF, Stone S, Chen BT, Frazer DG,
Boegehold MA, Castranova V: Pulmonary nanoparticle exposure
disrupts systemic microvascular nitric oxide signaling. Toxicol Sci 2009,
110:191? 203.
25. Du Y, Navab M, Shen M, Hill J, Pakbin P, Sioutas C, Hsiai TK, Li R: Ambient
ultrafine particles reduce endothelial nitric oxide production via Sglutathionylation of eNOS. Biochem Biophys Res Commun 2013, 436:462? 466.
26. Knuckles TL, Lund AK, Lucas SN, Campen MJ: Diesel exhaust exposure
enhances venoconstriction via uncoupling of eNOS. Toxicol Appl
Pharmacol 2008, 230:346? 351.
27. Langrish JP, Lundb?ck M, Barath S, S?derberg S, Mills NL, Newby DE,
Sandstr?m T, Blomberg A: Exposure to nitrogen dioxide is not associated
with vascular dysfunction in man. Inhal Toxicol 2010, 22:192? 198.
28. Barath S, Langrish JP, Lundb?ck M, Bosson JA, Goudie C, Newby DE,
Sandstr?m T, Mills NL, Blomberg A: Short-term exposure to ozone does
not impair vascular function or affect heart rate variability in healthy
young men. Toxicol Sci 2013, 135:292? 299.
29. Wauters A, Dreyfuss C, Pochet S, Hendrick P, Berkenboom G, van de Borne P,
Argacha JF: Acute exposure to diesel exhaust impairs nitric oxide-mediated
endothelial vasomotor function by increasing endothelial oxidative stress.
Hypertension 2013, 62:352? 358.
30. Ibald-Mulli A, Stieber J, Wichmann HE, Koenig W, Peters A: Effects of air
pollution on blood pressure: a population-based approach. Am J Public
Health 2001, 91:571? 577.
31. Huang W, Zhu T, Pan X, Hu M, Lu SE, Lin Y, Wang T, Zhang Y, Tang X: Air
pollution and autonomic and vascular dysfunction in patients with
cardiovascular disease: systemic inflammation, overweight, and gender.
Am J Epidemiol 2012, 176:117? 126.
32. Lee PC, Talbott EO, Roberts JM, Catov JM, Bilonick RA, Stone RA, Sharma RK,
Ritz B: Ambient air pollution exposure and blood pressure changes
during pregnancy. Environ Res 2012, 117:46? 53.
33. Dong GH, Qian Z, Zaverius PK, Trevathan E, Maalouf S, Parker J, Yang L, Liu
MM, Wang D, Ren WH, Ma W, Wang J, Zelicoff A, Fu Q, Simckes M:
Asssociation between long-term air pollution and increased blood
pressure and hypertension in China. Hypertension 2013, 61:578? 584.
34. Zanobetti A, Canner MJ, Stone PH, Schwartz J, Sher D, Eagan-Bengston E,
Gates KA, Hartley H, Suh H, Gold DR: Ambient pollution and blood pressure
in cardiac rehabilitation patients. Circulation 2004, 110:2184? 2189.
35. Wilker EH, Baccarelli A, Suh H, Vokonas P, Wright RO, Schwartz J: Black
carbon exposures, blood pressure, and interactions with single
nucleotide polymorphisms in microRNA processing genes. Environ Health
Perspect 2010, 118:943? 948.
36. Hampel R, R?ckerl R, Yli-Tuomi T, Breitner S, Lanki T, Kraus U, Cyrys J,
Belcredi P, Br?ske I, Laitinen TM, Timonen K, Wichmann HE, Peters A,
Schneider A: Impact of personally measured pollutants on cardiac
function. Int J Hyg Environ Health 2014, 217:460? 464.
37. Nyhan M, McNabola A, Misstear B: Comparison of particulate matter dose
and acute heart rate variability response in cyclists, pedestrians, bus and
train passengers. Sci Total Environ 2014, 468? 469:821? 831.
38. Huang J, Deng F, Wu S, Lu H, Hao Y, Guo X: The impacts of short-term
exposure to noise and traffic-related air pollution on heart rate variability
in young healthy adults. J Expo Sci Environ Epidemiol 2013, 23:559? 564.
39. Chuang HC, Lin LY, Ma CM, Chuang KJ: In-car particles and cardiovascular
health : an air conditioning based intervention study. Sci Total Environ
2013, 452? 453:309? 313.
40. Weichenthal S, Hoppin JA, Reeves F: Obesity and the cardiovascular
health effects of fine particulate air pollution. Obesity 2014, 22:1580? 1589.
41. Min KB, Min JY, Cho SI, Paek D: The relationship between air pollutants
and heart-rate variability among community residents in Korea. Inhal
Toxicol 2008, 20:435? 444.
42. Shields KN, Cavallari JM, Olson-Hunt MJ, Lazo M, Molina M, Molina L,
Holguin F: Traffic-related air pollution exposures and changes in heart
rate variability in Mexico City: a panel study. Environ Health 2013, 12:7.
43. Luttmann-Gibson H, Suh HH, Coull BA, Dockery DW, Sarnat SE, Schwartz J,
Stone PH, Gold DR: Short-term effects of air pollution on heart rate
variability in senior adults in Steubenville, Ohio. J Occup Environ Med
2006, 48:780? 788.

Page 16 of 16

44. Schwartz J, Litonjua A, Suh H, Verrier M, Zanobetti A, Syring M, Nearing B,
Verrier R, Stone P, MacCallum G, Speizer FE, Gold DR: Traffic related
pollution and heart rate variability in a panel of elderly subjects.
Thorax 2005, 60:455? 461.
45. Wheeler A, Zanobetti A, Gold DR, Schwartz J, Stone P, Suh HH: The
relationship between ambient air pollution and heart rate variability
differs for individuals with heart and pulmonary disease. Environ Health
Perspect 2006, 114:560? 566.
46. Chan CC, Chuang KJ, Su TC, Lin LY: Association between nitrogen dioxide
and heart rate variability in a susceptible population. Eur J Cardiovasc
Prev Rehabil 2005, 12:580? 586.
47. Kurhanewicz N, McIntosh-Kastrinsky R, Tong H, Walsh L, Farraj AK, Hazari MS:
Ozone co-exposure modifies cardiac responses to fine and ultrafine ambient particulate matter in mice: concordance of electrocardiogram and
mechanical responses. Part Fibre Toxicol 2014, 11:54.
48. Suh HH, Zanobetti A: Exposure error masks the relationship between
traffic-related air pollution and heart rate variability. J Occup Environ Med
2010, 52:685? 692.
49. Verma S, Wang CH, Lonn E, Charbonneau F, Buithieu J, Title JM, Fung M,
Edworthy S, Robertson AC, Anderson TJ: Cross-sectional evaluation of
brachial artery flow-mediated vasodilation and C-reactive protein in
healthy individuals. Eur Heart J 2004, 25:1754? 1760.
50. Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra D, Ganz P: Role
of nitric oxide in the regulation of digital pulse volume amplitude in
humans. J Appl Physiol 2006, 101:545? 548.
51. Bonetti PO, Pumper GM, Higano ST, Holmes DR Jr, Kuvin JT, Lerman A:
Non-invasive identification of patients with early coronary
atherosclerosis by assessment of digital reactive hyperemia. J Am Coll
Cardiol 2004, 44:2137.
52. Rubinshtein R, Kuvin JT, Soffler M, Lennon RJ, Lavi S, Nelson RE, Pumper GM,
Lerman LO, Lerman A: Assessment of endothelial function by
non-invasive peripheral arterial tonometry predicts late cardiovascular
adverse events. Eur Heart J 2010, 31:1142.
53. Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology: Heart rate variability: standards
of measurement, physiological interpretation, and clinical use. Circulation
1996, 93:1043? 1065.
doi:10.1186/s12989-014-0070-4
Cite this article as: Weichenthal et al.: Exposure to traffic-related air
pollution during physical activity and acute changes in blood pressure,
autonomic and micro-vascular function in women: a cross-over study.
Particle and Fibre Toxicology 2014 11:70.

Submit your next manuscript to BioMed Central
and take full advantage of:
? Convenient online submission
? Thorough peer review
? No space constraints or color ?gure charges
? Immediate publication on acceptance
? Inclusion in PubMed, CAS, Scopus and Google Scholar
? Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

