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This study investigated the effects of particulate matter (PM) with aerodynamic diameter 0.02—
1 pm (noted as PM; ) inhalation during exercise on conduit artery and microvascular function.
Inhalation of internal combustion-derived PM is associated with cardiovascular mortality and
morbidity. Direct action of PM on the vascular endothelium is likely, as a substantial fraction
of ultrafine PM translocates from the alveoli to the circulatory system. Sixteen intercollegiate
athletes performed 30 min of exercise while inhaling low or high PM;. Flow-mediated brachial
artery dilation (FMD) using high-resolution ultrasonography with simultaneous measurements
of forearm oxygen Kinetics using near infrared spectrophotometry (NIRS) was done before and
after exercise. Basal brachial artery vasoconstriction was found after high PM; exercise (4.0%,
4.66 £+ 0.609 to 4.47 £ 0.625 mm diameter; p = .0002), but not after low PM, exercise (—0.3%,
4.66 £ 0.626 to 4.68 £ 0.613 mm diameter). FMD was impaired after high PM, exercise (6.8 =
3.58% for preexercise FMD and 0.30 = 2.74 % for postexercise FMD, p = .0001), but not after
low PM, exercise (6.6 = 4.04% for preexercise FMD and 4.89 + 4.42% for postexercise FMD).
Reduction in forearm muscle reperfusion estimated by reoxygenation slope-to-baseline after
4 min cuff ischemia was observed for high PM, exercise (55% vs. 3%, p = .0006); no difference
was noted for low PM; exercise. Brachial artery FMD was significantly correlated to muscle
reoxygenation slope-to-baseline (r = .50, p = .005). Acute inhalation of high [PM, ] typical of
urban environments impairs both systemic conduit artery function and microcirculation. The
observed decrease reoxygenation slope-to-baseline after cuff release is consistent with reduced

blood flow in the muscle microvasculature.

Increased hospital admissions for congestive heart failure, is-
chemic heart disease, and ischemic stroke have been associated
with acute airborne particulate matter (PM) exposure (Dockery,
2001; Hoek et al., 2001; Peters et al., 2001). Inhalation of PM
during exercise has been shown to cause decreased heart-rate
variability (Magari, 2001; Pope et al., 1999) and ST-segment
depression in patients with coronary heart disease (Pekkanen
et al., 2002). Little direct in vivo evidence concerning precise
mechanisms by which PM triggers these responses exists. How-
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ever, the inverse relationship between PM toxicity and particle
diameter (Costa & Dreher, 1997, Ferin et al., 1992; Oberdorster
etal.,2004), and the rapid translocation of PM from lungs to sys-
temic circulation supports a direct effect of PM on the vascular
system.

Most studies documenting adverse health effects in relation
to outdoor air pollutants have relied on measured concentra-
tions from central monitoring stations, metrics of proximity to
roads, or traffic volume estimates (Rundell et al., 2006; Zhu
et al., 2002). Recent investigations support the notion that PM
toxicity is highly influenced by number concentration and/or
particle surface area (Oberdorster, 1996), and ambient particu-
late matter with median aerodynamic diameter less than 2.5 yum
(PM; s5) has been associated with cardiovascular events (Burnett
et al., 1995; Peters et al., 2001; Ware, 2000). The most com-
mon source of PM, s is combustion emissions of automobiles
and diesel-powered trucks, with over 90% of the particle count
from diesel aerosol having an aerodynamic diameter of <30 nm
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(Kittelson et al., 2004). Recently, Kittelson et al. (2004) reported
particle concentrations from multiple on-road aerosol measure-
ments an order of magnitude higher than those typical of urban
areas, with the average daily size ranging from 15 to 20 nm.
Using the Kittelson et al. (2004) mobile laboratory, Elder et al.
(2004) identified significant PM effects on rat pulmonary and
circulatory systems.

Inhalation of PM causes a systemic inflammatory response;
Ulrich et al. (2002) reported a fourfold increase in tumor
necrosis factor alpha (TNF-«) levels in bronchial lavage fluid
and a twofold increase in plasma endothelin-1 (ET-1) in
PM-exposed rats. Bouthillier et al. (1998) found plasma ET-1
increased 15% in rats following inhalation of urban air PM. If
the effect of these animal studies is similar in humans, then PM
upregulation of ET-1 may play a key role in vascular pathology,
since increased plasma ET-1 has a high predictive value for
chronic heart failure and postmyocardial infarction mortality
rate (Omland et al., 1994).

Diesel exhaust PM has been shown to suppress endothelium-
dependent vasodilation via inhibition of nitric oxide (NO)
release (Muto et al., 1996). Cheng and Kang (1999) found
impaired vasorelaxation induced by acetylcholine from motor-
cycle gas engine exhaust particles, while Batalha et al. (2002)
showed vasoconstriction of small pulmonary arteries in rats
after inhalation of concentrated ambient particles. In a study
using healthy human subjects, Brook et al. (2002) determined
that short-term inhalation of concentrated ambient particles
plus ozone caused acute conduit artery vasoconstriction but
no change in flow-mediated vasodilation. O’Neill et al. (2005)
reported that both flow-mediated and nitroglycerin-mediated
vascular reactivity were decreased from polluted ambient air
inhalation in type 2 diabetics. Likewise, impaired systemic
endothelium-dependent dilation of the microcirculation has
been shown in rats intratracheally instilled with residual oil fly
ash (Nurkiewicz et al., 2004).

Endothelial function is commonly assessed by measuring the
vasodilatory response to acetylcholine. Endothelium-dependent
vasodilation is primarily regulated by NO, while ET-1 medi-
ates artery vasoconstriction. Endothelial dysfunction leads to
decreased bioavailability of NO and/or increased ET-1 (Puddu
et al., 2000). Flow-mediated dilation (FMD) correlates highly
with acetylcholine-induced vasodilation and has a strong posi-
tive predictive value (95%) for coronary endothelial dysfunction
(Anderson et al., 1995; Kang et al., 2002).

The effects of arteriolar blood flow dynamics on regional tis-
sue oxygenation using near infrared spectroscopy (NIRS) have
been studied in elite athletes (Foster et al., 1999; Im et al., 2001;
Rundell etal., 1997) and intermittent claudicants (Seifalain et al.,
2001). NIRS has been used to assess myocardial oxygenation
in patients with ischemic heart disease during surgical revascu-
larization (Perko & Bay-Nielsen, 2002) and has been shown to
be sensitive to cerebral artery and arteriole dysfunction (Terborg
etal., 2002). The relationship between endothelial; function and
muscle tissue oxygenation/hemodynamics using NIRS has not
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been established; however, local effects of arteriole endothelial
dysfunction may be reflected in muscle reperfusion rate after
artery occlusion.

Exercise upregulates endothelial cell nitric oxide synthase
(eNOS) and superoxide dismutase (SOD), and enhances NO-
mediated arterial dilation (Laughlin et al., 2003). When blood
flow in conduit arteries is increased, NO formation is stimulated,
eliciting an endothelial-dependent vasodilatory response; the ef-
fect of PM inhalation on this process is not known. In this study,
the effects of PM; inhalation during exercise on flow-mediated
dilation of the brachial artery and microcirculatory function in
the forearm were evaluated. Correlations between brachial artery
reactivity and muscle tissue oxygenation kinetics after high PM;
exposure exercise were established.

METHODS

Sixteen male intercollegiate athletes (age, 20.5 £ 2.37 yr;
weight, 79.8 + 9.63 kg; height, 180 £ 6.7 cm; body mass in-
dex [BMI], 24.7 &+ 2.42; mean + SD) served as subjects. Sub-
jects were nonasthmatic, nonsmokers, free of cardiovascular dis-
ease. All subjects signed a written informed consent. This study
was approved by the Marywood University Institutional Review
Board.

Subjects were instructed to abstain from caffeine ingestion
for at least 24 h prior to testing and were required to report to the
Human Performance Laboratory for testing at mid morning, 3 h
after a light, low-fat breakfast. FMD of the brachial artery and
NIRS of the flexor digitorum profundus muscle of the forearm
were performed 10-20 min before and 20-30 min after each of
2 randomized exercise trials that were separated by 3 to 5 days.
Exercise trials involved 30 min of running at between 85 and
90% of maximal heart rate; exercise intensity was verified using
portable heart rate monitors (Polar Vantage XL, Polar Electro,
Finland). Exercise was performed in ambient conditions either
on an inner campus loop free of auto/truck traffic with low ambi-
ent particulate matter (aerodynamic diameter 0.02—1 um [PM, ];
5309 + 1942 particles cm™) or on a soccer field adjacent to a
major highway with high ambient [PM;] (143,501 & 58,565
particles cm™3).

Particulate matter (PM;) was determined at each study site
as previously done (Rundell, 2003). Measurements were made
at 1.5 m height using a calibrated condensation particle counter
(CPC, P-Trak ultrafine particle counter, model 8525,TSI, Inc.,
St. Paul, MN) at a sampling frequency of 1 Hz and recorded as
10-s means of PM; cm™3. Multiple readings were taken for each
measurement and averaged to provide the most representative
particle count for a specific measurement site. The P-Trak CPC
sensitivity size range is 0.02-1.0 um diameter; this range in-
cludes ultrafine and fine PM, defined as PM; in this study. PM;
has been shown to account for >90% of total particle count and
>95% of particle surface area (um?/cm?) for unit density mass
concentration of combustion-derived air samples (Oberdorster
etal., 1995). We have previously measured PM; at this site over
62 days with daily mean concentrations of 115,000 to 134,000
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particles cm~3 (Rundell et al,. 2006). During all study trials, am-
bient CO was below 1.0 ppm, ambient NO, was below 100 ppb,
and ambient O3 was below 0.10 ppm (Gray Wolf Direct Sense
TOX, Trumbull CT) at both low [PM;] and high [PM,] sites.

Endothelial-Dependent FMD and NIRS Imaging

Each subject was placed in a supine position on the exam
table with the arm supported and immobilized in a Vac-Lok
pillow (Medtech, Orange City, IA). Brachial artery FMD and
forearm muscle microcirculation were assessed prior to and for
3 min after 4 min of artery occlusion, which was evoked using
a sphygmomanometer cuff on the upper arm inflated to 280
mm Hg. The brachial artery was imaged above the antecubital
fossa in the longitudinal plane using two-dimensional gray-scale
imaging (Sonosite Titan, SonoSite, Inc. Bothell, WA). Images
were captured at rest and at 40, 60, and 100 after cuff deflation.
The average of four measurements at each time point image
was used to derive the maximal FMD. FMD was expressed as a
percentage of postocclusion vessel diameter relative to precuff
occlusion vessel diameter.

Change in near-infrared light absorption by oxygenated and
deoxygenated hemoglobin (Hb) and myoglobin (Mb) in the
forearm muscle was evaluated using two-channel continuous-
wavelength NIRS at a sampling frequency of 4 Hz (cwNIRS;
NIMS, Philadelphia, PA). The NIRS unit was fitted with a probe
consisting of one LED (light-emitting diode) light source and
two photodiode detectors. The optical probe was positioned on
the medial aspect of the right forearm muscle. The location of
the probe was recorded by noting distances from anatomical
landmarks to ensure identical probe placement during all trials.
Wavelengths of 730 and 850 nm were used to monitor relative
change in oxy/deoxy-Hb/Mb. Oxy-Hb/Mb of muscle tissue was
estimated by changes in the difference in signal strength at those
wavelengths. Although individual contributions of Hb and Mb
cannot be distinguished by NIRS because of similar absorption
spectra for the respective oxygenated and deoxygenated chro-
mophores, the contribution of myoglobin in skeletal muscle has
been shown to account for less than 10% of the NIRS signal
(Chance et al., 1988). Since [Hb] and [HbO;] in large vessels
are sufficient to maximally absorb NIR light, the signal reflects
Hb/HbO, in muscle arterioles, capillaries, and venules (Mancini
etal., 1994). Reperfusion rate after cuff ischemia following each
session was computed as the slope of reoxygenation to baseline
signal (uMs~! Hb,).

Statistical Methods

Vascular responses to high and low PM; exposure and pre-
and postcuff ischemia were compared using two-tailed paired
t-tests. Pearson product moment correlation was used to eval-
uate the association between brachial artery FMD response to
forearm muscle reoxygenation slope. A criterion alpha of p <
.05 was used to determine statistical significance. All data are
reported as mean + SD.
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FIG. 1. Brachial artery diameter change before and after 30 min
of exercise while breathing low or high [PM;]. High [PM;]
inhalation during exercise resulted in significant vasoconstric-
tion (p = .0002). Pre-EX, preexposure; Post-EX, postexposure.
Values presented as mean =+ SE.

RESULTS

Basal brachial artery diameter changes from pre- to post- PM;
exercise exposures are depicted in Figure 1. High-resolution ul-
trasound measurements of the brachial artery diameter before
and after 30 min of high [PM,] exercise showed a statistically
significant 4% vasoconstriction (4.66 £ 0.609 mm vs. 4.47 £+
0.625 mm, for pre- and postexposure exercise, respectively; p =
.0002). No vasoconstriction was evident after 30 min of exer-
cise in low [PM;] (4.66 £ 0.626 mm vs. 4.68 £+ 0.613 mm
diameter, for pre- and postexposure exercise, respectively). No
difference between preexercise low [PM; ] and preexercise high
[PM,] basal brachial artery diameter was noted (4.66 £ 0.626
mm vs. 4.66 £ 0.609 mm, respectively).

High PM; inhalation during exercise resulted in areduction in
FMD (Figure 2). FMD was significantly impaired after 30 min
of high [PM;] exercise (6.8 &+ 3.58% vs. 0.3 £+ 02.74% for
pre- and postexercise measurements, respectively; p = .0001).
Under low [PM;] conditions, preexercise FMD (6.6 + 4.04%)
and postexercise FMD (4.9 & 4.42%) were not different. Post
high [PM;] exercise FMD was significantly less than pre and
postlow [PM;] exercise FMD (p = .0001, p = .003, respec-
tively); preexercise high [PM; ] FMD was not different than pre-
or postexercise [PM;] FMD values.

For low [PM ] conditions, a nonsignificant 3% reduction be-
tween pre- and postexercise forearm muscle NIRS reoxygena-
tion slope-to-baseline after release of 4 min cuff ischemia was
noted (13.9 £ 7.80 uMs~! vs. 13.5 & 7.44 uMs~" for preex-
ercise and postexercise, respectively; Figure 3). For high [PM ]
conditions, a significant 55% reduction between pre- and postex-
ercise in NIRS reoxygenation slope-to-baseline after release of
4 min cuff ischemia was identified (14.3 + 6.80 uMs~! vs. 6.4 +
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FIG. 2. Flow-mediated vasodilation of the brachial artery ex-
pressed as percent increase from basal diameter. Note the sig-
nificantly blunted vasodilation after high [PM;] exercise (p =
.0001). Pre-EX, preexposure, Post-EX, postexposure. Values
presented as mean + SE.

3.55 uMs~! for preexercise and postexercise, respectively; p =
.0006).

Brachial artery FMD response was significantly correlated
to forearm muscle reoxygenation slope in pre- and postexercise
under high [PM, ] conditions (Figure 4; R = .50, p = .005). No
significant correlation was found between brachial artery FMD
response and forearm muscle reoxygenation slope to baseline in
pre- and postexercise under low [PM;].

— Fre-EX
o~ 15 l s Post-EX
()

H
=
o
S 10 -
G .
c
g T
5 i
S 5
>
x
(]
Q
[+
0 ;

Low PM High PM

Particulate Exposure

FIG. 3. Reperfusion slope to baseline of oxygenated
hemoglobin (uMs™") after 4 min of cuff ischemia. Note
the significant 55% reduction in reperfusion slope after high
[PM,] exercise (p = .0006). Pre-EX preexposure; Post-EX
postexposure. Values presented as mean + SE.
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FIG. 4. A significant (p = .005) correlation between reperfu-
sion slope to baseline of oxygenated hemoglobin (uMs~') and
brachial artery FMD was found under high [PM;] conditions.
Filled circles represent preexposure (Pre-EX); open circles rep-
resent postexposure (Post-EX).

DISCUSSION

This study demonstrated adverse effects on conduit artery and
microvascular functions after PM; inhalation during 30 min of
exercise. Consistent with Brook et al. (2002), significant vaso-
constriction of the brachial artery after high [PM; ] exposure ex-
ercise, but not after low [PM| ] exposure exercise, was found. Our
novel finding of diminished FMD after 30 min of high [PM, ] ex-
ercise suggests a PM;-induced disruption of normal endothelial-
mediated vasodilation. This observation is supported by the 55%
decrease in the NIRS muscle reoxygenation slope-to-baseline
after release of artery occlusion following high [PM,] expo-
sure exercise and is consistent with compromised reperfusion.
We cannot determine with certainty whether the PM-induced
reduction in NIRS reoxygenation slope was due to microcircu-
latory dysfunction, compromised brachial artery flow, or both.
Fadel et al. (1996) found a strong correlation between brachial
artery blood flow velocities with Doppler ultrasound and fore-
arm tissue oxygenation with NIRS (» = .80), suggesting that
NIRS can reliably assess blood flow in the conduit arteries. In
the present study, only 25% of the variability in NIRS reoxy-
genation slope was accounted for by brachial FMD, suggesting
a constrictive response from PM; inhalation in the microvascu-
lature independent of the observed brachial artery vasoconstric-
tion. This observation is critical to understanding the effects of
PM, inhalation on vascular dysfunction.

Epidemiological studies have defined strong links between
ambient PM exposure and cardiac mortality and morbidity
(Dockery, 2001; Hoek et al., 2001; Peters et al., 2001). Although
the mechanism for PM-related systemic responses may originate
through pulmonary production of inflammatory mediators (Salvi
etal., 1999; van Eeden et al., 2001), translocation of particles to
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peripheral circulation has been recently demonstrated (Nemmar
et al., 2001, 2002; Oberdorster et al., 1995). A rapid transloca-
tion of a substantial fraction of intratracheally instilled **"Tc-
albumin nanocolloid particles from the lungs into the systemic
circulation has been observed in the hamster (Nemmar et al.,
2001) and in humans (Nemmar et al., 2002). Nemmar et al.
(2002) found that *"Tc ultrafine particles passed into the circu-
latory system within 1 min after inhalation, reached a peak con-
centration between 10 and 20 min, and remained at this level for
up to 60 min. These studies support the presence of a pathway
by which inhaled particles can have direct effects on vascular
endothelium.

Respiratory number deposition fraction of ultrafine particles
during exercise increases approximately 32% over resting values
and exceeds predicted values for exercise by approximately 22%
for 26-nm particles (Daigle et al., 2003). Total particle deposi-
tion increases approximately 4.5-fold for a 3.3-fold increase in
minute ventilation (Daigle et al., 2003), and prediction models of
particle deposition indicate that particles in the 30 nm size range
are predominately deposited in airway generations 19-22 during
exercise. Considering that greater than 90% of auto and truck
emission particle number is found in the 3-30 nm size range and
most of the particle mass is found in the 30-500 nm size range,
particle deposition in the alveolar region is most likely high for
individuals exercising in high auto emission conditions (ICRP,
1994). The probable high particle deposition in our high expo-
sure treatment arm supports the observed PM-induced vascular
effects.

Although U.S. Environmental Protection Agency (EPA)
emission standards for particulate matter are based on mass met-
ric, recent studies suggest that particle number and/or particle
surface area are better related to emission inhalation health ef-
fects (Kittelson et al., 2004; Ramachandran et al., 2005). In this
study, we chose to measure only particle number, since auto and
diesel emission number deposition efficiency is much greater
than on a mass basis (Daigle et al., 2003). Because we did not
obtain particle size distributions for our number counts, we were
unable to calculate a meaningful estimate of particle mass for
comparisons.

The 4% vasoconstriction of the brachial artery after exer-
cise while breathing high [PM; ] ambient air was consistent with
the ~2.6% vasoconstriction reported by Brook et al. (2002).
The greater PM-induced vasoconstriction reported in the present
study could be due to differences in study populations; our sub-
jects were a homogeneous group of fit college athletes who were
approximately 15 yr younger than subjects in the Brook et al.
(2002) study. Alternatively, particles in the Brook et al. (2002)
study were concentrated PM; s, while the particles in our study
were freshly generated particles from auto/truck emissions with
a predominant size range in the ultrafine and nano fraction. We
have recently measured the rate of particle decay with distance
from a major highway (Rundell et al., 2006). We cannot rule
out the influence of ozone, as ozone exposure has been shown
to increase rate—pressure product and heart rate after inhalation
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(Gong et al., 1998). Although it is clear that vasoconstriction
from particle inhalation occurs both in humans and in the ani-
mal model, it is not clear whether particles instill sympathetic
nervous system activation, or create an inflammatory response
with oxidative stress that causes an imbalance between vaso-
constrictive and vasodilatory mediators. The acute 4% vasocon-
striction does not seem large, and would be of little immediate
consequence to healthy individuals; however, those individuals
with cardiac risk factors could be more susceptible to myocardial
ischemia from this vasoreactive response.

Significant correlations have been made between endothelial
function and cardiovascular events, even after adjustment for
other cardiac risk factors (Schachinger & Zeiher, 2000) or in pa-
tients with no apparent obstructive coronary disease (Suwaetal.,
2002). Diesel exhaust PM has been found to inhibit endothelium-
dependent vasodilation via inhibition of NO release (Cheng &
Kang, 1999) and is cytotoxic to artery endothelial cells (Bai et al.,
2001). In the present study, the abolishment of a flow-mediated
dilatory response (0.3 £ 2.74%) following 4 min of upper arm
ischemia after high [PM;] exercise provides evidence for en-
dothelial disruption in the conduit arteries from PM; inhalation.
The 6.6 + 4.06 and 6.8 = 3.58% preexposure FMD values and
the postexposure 4.9 £ 4.42% low [PM;] FMD is in agreement
with other FMD measurements determined by upper arm occlu-
sion. Agewall et al. (2001) reported greater dilation from upper
arm occlusion than from lower arm occlusion (6.4% vs. 3.9%);
likewise, Berry et al. (2000) found greater brachial artery dila-
tion after upper arm occlusion than after lower arm occlusion
(9% vs. 5.9%). Incongruent with our results, Brook et al. (2002)
found no change in FMD after inhalation of concentrated ambi-
ent PM; 5. The mean percent FMD values reported in that study
were lower (range 3.57% to 4.52%, for control and exposed)
than our basal and low [PM; ] exposure FMD values. It was not
reported whether upper or lower arm occlusion was used in the
Brook et al. (2002) study, but if lower arm occlusion was used,
then the basal FMD values would be in accord with our results.

The observation that motorcycle gas engine exhaust parti-
cles impaired vasorelaxation induced by acetylcholine (Cheng
& Kang, 1999) supports our results of impaired FMD, as
acetylcholine-induced vasoconstriction correlates highly with
FMD (Anderson et al., 1995; Kang et al., 2002). Nurkiewicz
etal. (2004) found that residual oil fly ash (ROFA) abolished both
NO-dependent and NO-independent systemic arteriolar dilation
in the spinotrapezius muscle of rats. That group showed that ap-
proximately 50% of the arteriole vasoresponsiveness was due to
NO-dependent factors. Since we did not evaluate nonendothelial
dilation using sublingual nitroglycerine, we cannot dismiss the
possibility that nonendothelial dilation contributed to our results.

In this study, the 55% reduction in NIRS reoxygenation slope
to baseline after high [PM, ] exercise strongly suggests that the
microcirculation is affected by PM; inhalation. The fact that
only 25% of the NIRS signal variability was accounted for by
brachial artery FMD supports a vasoconstrictive response in
the microcirculation from PM; exposure. Since near- infrared
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light is differentially absorbed by oxygenated and deoxygenated
hemoglobin and myoglobin (Chance et al., 1988), oxygen sup-
ply and demand to the muscle tissue are readily determined.
Under steady-state conditions, change in NIRS signal should
reflect blood flow and/or change in vascular tone in the arteri-
oles. Calculation of the return slope of reoxygenation (uMs~')
to baseline after 4 min of cuff ischemia provides a rate of reper-
fusion of the muscle tissue that should be proportional to blood
flow. These findings support a physiologically significant con-
striction and reduced blood flow in the microcirculation that
could promote myocardial ischemia in individuals with cardio-
vascular disease.

CONCLUSION

This study identified acute effects on the systemic circula-
tory system after PM; inhalation during exercise that could be
an important component in explaining the reported increase in
mortality and morbidity during and shortly after high PM expo-
sure episodes. Complementary measurements of brachial artery
function and muscle oxygen kinetics demonstrated that micro-
circulation (e.g., arterioles), as well as larger conduit arteries,
are responsive to high-level PM; exposure. A basal vasocon-
strictive response as well as impaired FMD in the brachial artery
was identified after exercise in high [PM, ], but not after exercise
in low [PM]. Using NIRS in the forearm before and after PM;
inhalation exercise, we found a decrease in the reperfusion slope
after ischemia in the high [PM, ] exposure trials, suggesting com-
promised arteriolar flow. This novel finding is important since
vascular dysfunction is associated with myocardial ischemia and
is a hallmark of cardiovascular disease. Because fractional par-
ticle deposition during exercise increases almost twofold over
resting deposition fraction, and total particle deposition is pro-
portional to minute ventilation (Daigle et al., 2003), exercise
in high PM environments could have long-term cardiovascular
effects. Future studies need to examine chronic effects of high
PM;, exposure and to identify the toxic factors in mixed PM.
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