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ABSTRACT: Air pollution particles are thought to kill w500,000 people worldwide
each year. The population most at risk appears to be elderly people with respiratory and
cardiovascular disease. As yet, no commonly accepted mechanism has been proposed
which can explain the cause of these deaths.

Heart rate variability (HRV) was assessed in healthy elderly adults between the ages
of 60 and 80 who were exposed twice for 2 h: once to clean air and once to concentrated
ambient air pollution particles (CAPS). Changes in HRV were measured immediately
before, immediately following, and 24 h after exposure.

Elderly subjects experienced significant decreases in HRV in both time and frequency
domains immediately following exposure. Some of these changes persisted for at least
24 h. These data were compared with HRV data collected from young healthy
volunteers exposed to CAPS in a previous study, in which no CAPS-induced changes in
HRV were found.

These concentrated ambient air pollution particle-induced changes in heart rate
variability in a controlled human exposure study extend similar findings reported in
recent panel studies and suggest potential mechanisms by which particulate matter may
induce adverse cardiovascular events.
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During the past decade, many epidemiological studies have
reported statistically significant positive correlations between
daily concentrations of air pollution particles with a 50% cut-
off aerodynamic diameter of 10 mm (PM10) and increased
mortality and morbidity attributable to respiratory and cardio-
vascular causes [1–3]. A recent analysis of w90 USA cities
reported that a 10 mg?m-3 increase in PM10 resulted in an
average increase of about 0.5% in mortality [4]. The similarity
of these results is remarkable because the studies occurred in
many different locations that varied significantly in geogra-
phical climate, PM10 components, time of year, and amounts
of gaseous co-pollutants such as ozone. The observed increases
in mortality and morbidity, while statistically significant, are
still small compared to risks found in epidemiological studies
of occupational or other risk factors. However, because of the
large fraction of the population potentially exposed to fine
particles in the air, it has been estimated that 500,000 excess
deaths worldwide each year may be attributable to PM10 [5].

In general, these studies report higher mortality rates
attributable to respiratory and cardiovascular causes than for
total nonaccidental mortality. Elderly individuals with under-
lying cardiac or pulmonary disease appear to be at greatest
risk [6]. These studies lend plausibility to the idea that
inhalation of fine air pollution particles results in cardio-
pulmonary events which can rapidly trigger increased mortality
or morbidity in a small fraction of the population. Two recent
studies which support this idea report associations between
elevated particulate matter (PM) levels and serious ventricular
arrhythymias [7] as well as myocardial infarctions [8]. How-
ever, the underlying pathophysiological mechanisms which
link PM and cardiopulmonary mortality remain largely
unknown. It has been suggested that PM may induce lung

inflammation and hypoxia, which could cause cardiovascular
distress. Although some studies have observed low levels of
inflammation in humans exposed to ambient air particles [9],
PM-induced hypoxia has not yet been observed in humans
[10].

There has been a growing recognition of the importance of
the autonomic nervous system in cardiovascular death [11–14]
and overall mortality in the aged [15] and among those
surviving a myocardial infarction [16]. Three recent panel
studies have reported associations between ambient PM
levels and changes in autonomic nervous system control as
assessed by heart rate variability (HRV) in elderly volunteers.
HRV reflects autonomic modulation of rhythmic heart rate
and changes in both the time and frequency domains are
measured by a number of different analytical techniques. An
association was reported between particles with a 50% cut-off
aerodynamic diameter of 2.5 mm (PM2.5) levels and decreased
HRV in the high frequency (HF) range (0.15–0.40 Hz) in a
group of 26 elderly residents of a retirement centre in
Baltimore who were examined during a 3 week period in
the winter of 1997. This association was limited to those
participants who had some evidence of pre-existing cardio-
vascular disease [17]. No association was found between
particles and changes in lung function, heart rate, systolic or
diastolic blood pressure, oxygen saturation, or markers of
inflammation as assessed by analysis of cells and fluid
obtained by nasal lavage [18]. POPE et al. [19] performed
repeated ambulatory electrocardiographic monitoring on
seven subjects with varying degrees of respiratory and
cardiovascular disease for a total of 29 person-days before,
during and after episodes of elevated air pollution. Elevated
PM10 levels were associated with increased mean heart rate,
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and decreased standard deviation of all beat-to-beat intervals
(SDNN), a broad measure of autonomic tone. A third study
investigated associations between PM and cardiovascular
function in 21 elderly active Boston residents in the summer
of 1997. Each person was observed up to 12 times during
this period and negative associations were reported between
PM2.5 and SDNN [20]. Since a decline in HRV has been
associated with adverse cardiovascular events, it is possible
that the lower variability associated with increased PM in these
studies indicates increased risk for an acute cardiovascular
event in elderly persons with compromised cardiovascular
health status, via altered autonomic modulation of the cardio-
vascular system.

This study sought to extend the panel studies by exposing
human volunteers to either clean air or relevant levels of
ambient air pollution particles in a controlled manner. The
recent development of ambient particle concentrators has
made it possible to perform controlled exposures of animals
and humans by inhalation of "real world" particles. The
device used in this study concentrates particles between
0.1–2.5 microns, while gases and smaller particles are not
concentrated [21, 22]. There also does not appear to be
appreciable loss of individual particle components such as
metal, sulphates, nitrates, acids, elemental and organic
carbon, and general classes of organics [23]. In the Chapel
Hill area of North Carolina, ambient particulate mass is
driven primarily by mobile sources such as automobiles and
is similar in size distribution and chemical composition to
that found in many USA East coast cities, albeit at lower
concentrations. Concentration of particles found in Chapel
Hill air 6–7 fold allows controlled exposure of humans to
similar concentrations of particles as seen in many major
metropolitan areas.

In this study healthy elderly volunteers were exposed for
2 h to filtered air or PM2.5 concentrated from Chapel Hill air.
Changes in HRV were assessed immediately before, immedi-
ately following, and 24 h after exposure. These changes were
compared with HRV changes in young healthy volunteers
exposed to concentrated ambient air pollution particles
(CAPS) in a previous study.

Materials and methods

Study population

Both young and elderly volunteers responding to a news-
paper advertisement were prescreened over the telephone. The
elderly population was selected using the following criteria:
age between 60–80 yrs; in good general health; no diagnosis
of a cardiovascular or chronic lung disease. Specific exclusion
criteria were: indication of diabetes, asthma, chronic obstruc-
tive pulmonary disease (COPD), use of b-adrenergic block-
ing drugs, decompensated heart failure or left ventricular
ejection fraction v40%, angina, atrial fibrillation, history of
nonsustained or sustained ventricular tachycardia, pacemaker,
internal cardiac defibrillator, hypertrophic cardiomyopathy,
infiltrate cardiomyopathy (e.g. sarcoidosis, amyloidosis), long
QT interval, second or higher degree heart block, ventricular
or atrial bigeminy or left ventricular hypertrophy, uncontrolled
hypertension (blood pressure w160/90 mmHg), myocardial
infarction or coronary bypass surgery in the past 12 months,
episodes of syncope within the past 12 months, dementia,
dialysis treatment, need for supplemental oxygen, use of
digoxin. The elderly subjects were also required to have
visited their personal physician within the past 2 yrs and be
willing to have their records reviewed to confirm self-reported
diagnoses and use of medications.

The young healthy population was selected using the
following criteria: between the ages of 18–40 yrs; nonsmokers
for at least 5 yrs prior to study; no history of allergies or
respiratory diseases (food allergy, hay fever, dust allergies,
rhinitis, asthma, chronic bronchitis, COPD, tuberculosis,
haemoptysis or recurrent pneumonia); and not presently
on any medication prescribed by a physician (except birth
control pills). A urine pregnancy test was performed on all
female subjects and a positive result excluded the subject from
further participation in this study.

Prior to participation in the study, subjects were informed
of the procedures and potential risks and each signed a
statement of informed consent. The protocol and consent
form were approved by the University of North Carolina
School of Medicine Committee on the Protection of the
Rights of Human Subjects. The screening procedures for
each subject included a Minnesota Multiphasic Personality
Inventory, medical history, physical examination, chest
radiography, and routine haematologic and biochemical tests.

Exposure to concentrated ambient particles

Particles between the sizes of 0.1–2.5 mm present in the
Chapel Hill air were concentrated 6–10 fold using a Harvard/
Environmental Protection Agency Ambient Fine Particle
Concentrator. The principles by which this device works
have been previously described [21, 22] and its use in human
PM exposure studies has been described in detail [9]. The
concentration of PM inside the chamber varied depending on
concentrations of PM2.5 in the Chapel Hill air (which usually
ranges from 5–30 mg?m-3). Sham exposures were conducted
by exposing subjects to clean air without particles. Each
elderly volunteer was exposed twice: once to filtered air and
once to CAPS. Exposures were for 2 h while the subject sat
quietly. During the 2 h exposure, particle concentrations were
monitored continuously at the inlet duct of the chamber by
using a Tapered Element Oscillating Microbalance (TEOM,
Series 1400a; Rupprecht & Patashnick, Inc., Albany, NY). In
an earlier study young volunteers were exposed a single time
to either filtered air or CAPS. Subjects were monitored con-
tinuously using telemetry and arterial saturation by oxygen.
Total exposure time was 2 h. Subjects alternated 15 min of
rest and 15 min of moderate exercise on a cycle ergometer
during the exposure. Workload was adjusted so that these
subjects breathed at a ventilatory rate, normalised for body
surface area, of 25 L?m-2 per min.

Particle characterisation

Methods for physical and chemical characterisation of
CAPS have been described earlier [9].

Analysis of heart rate variability

All potential subjects were screened with a 24-h ambulatory
electrocardiogram (ECG) for the purpose of assessing their
suitability for HRV analysis. Subjects were excluded if the
ambulatory ECG showed evidence of atrial fibrillation,
or frequent arrhythmia. Exclusion criteria also included
concomitant use of medications with known effects on the
autonomic nervous system and HRV, such as adrenergic
receptor agonists or antagonists, calcium channel antagonists,
and centrally acting antihypertensive agents. HRV was
assessed immediately before and after exposure, and 24 h
after exposure. Subjects reclined in a dark quiet room. In each
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case the final 10 min of this 25 min epoch was available for
HRV analysis. The recordings were analysed on a Zymed
holter system which performed initial QRS labelling and
editing by standard Zymed software algorithms. An electro-
cardiographic research technician blinded to the treatment
randomisation then edited the sequence of electrocardio-
graphic complexes to ensure proper labelling of each QRS
complex. A 7-min epoch was chosen for further analysis that
minimised noise and interpolated beats. Premature atrial and
ventricular beats were identified and labelled as abnormal and
excluded, as were segments containing interfering noise. The
remaining normal-to-normal (N-N) QRS intervals were then
transferred to a second software program that downloaded
the N-N files for HRV analysis. Excluded intervals were
replaced using an interpolation method. Because of the stringent
exclusion criteria related to arrhythmia and low noise levels,
arrhythmias were rare in this population and few interpolated
beats are included in the study. Nevertheless, the results of
one subject were excluded because of numerous premature
atrial beats.

Standard time- and frequency-domain measures were calcu-
lated and reported as measures of autonomic tone. Time-domain
parameters included the SDNN and the percentage of N-N
intervals w50 ms (PNN50). Frequency domain analysis was
limited to 7-min intervals as noted. The frequency spectrum is
divided into low frequency (LF) power (0.03–0.15 Hz) and
HF power (0.15–0.40 Hz). The HF component and PNN50
are believed to respond to changes in vagal input to the heart,
while LF represents a mixture of both sympathetic and
parasympathic input.

Statistical analysis

Data are expressed as mean¡SE. Differences in HRV
between air and CAPS-exposure for the elderly subjects were
tested using a paired t-test. Significance was assumed at
pv0.05. Changes in HRV between air and CAPS in the young
subjects were tested using the paired t-test of independent
means while those between multiple groups were compared
using one-way analysis of variance. The post-hoc test employed
was Scheffe9s test. Two-tailed tests of significance were employed.

Results

Study populations and exposure

The elderly population consisted of 10 volunteers, seven
males and three females, with an average age of 66.9¡1.0 yrs.
There was a substantial range in CAPS exposures reflecting
the variation outside the facility, with individual exposures
ranging from 21.2–80.3 mg?m-3. The average for all CAPS
exposures was 40.5¡8.6 mg?m-3 and the average concentration
factor was 6.5. The average for air exposures was 1.1¡0.4 mg?m-3.
The size distribution of exposure aerosols did not change
following concentration and was approximately log-normal
with the values of mass median aerodynamic diameter and
geometric standard deviation similar to those reported pre-
viously [9].

Changes in heart rate variability

Figure 1a shows changes in HRV in elderly subjects immedi-
ately following a 2-h exposure to clean air or CAPS. Bars
represent values after exposure divided by baseline values
recorded immediately before exposure. Significant decreases

in both time and frequency domain were observed following
exposure to CAPS, as compared with exposure to clean air.
There was a 35.7% decrease in HRV in the HF domain
and a 59.6% decrease in PNN50 immediately following
CAPS exposure. There was also a 16.5% decrease in SDNN
immediately following CAPs exposure, which approached
but did not reach statistical significance. Changes in other
measurements were unchanged. CAPS-induced decreases in
PNN50 were still apparent in subjects 24 h following expo-
sure, and there was also a trend towards decreased HRV in
the high frequency mode (fig. 1b). Abnormal beats recorded
during the 24 h period the subjects wore the Holter monitor
were also assessed. Although there were no statistically
significant changes induced by CAPS for the group as a
whole, several subjects experienced significant increases in
abnormal beats following CAPS exposure. For example, two
subjects experienced a w3-fold increase in premature atrial
contractions following CAPS exposure, and three subjects
experienced a w5-fold increase in bradycardia. It is not clear
if these individuals represent a population that may be
especially susceptible to PM or a statistical anomaly.

In an earlier study, young healthy adults were exposed
to CAPS or clean air, followed by bronchoalveolar lavage [9]
to assess the degree of inflammation caused by exposure to
CAPS. HRV was also measured in a subset of these subjects.
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Fig. 1. – Changes in heart rate variability (HRV) in elderly volunteers
a) immediately following and b) 24 h after exposure to concentrated
ambient air pollution particles (CAPS) and clean air. Subjects were
exposed to air or CAPS on two separate occasions. HRV was
assessed immediately before and then a) immediately after, and b)
24 h after exposure. Bars labelled standard deviation of all beat-to-
beat intervals (SDNN) and the percentage of N-N intervals w50 ms
(PNN50) refer to changes in time domain variables and bars labelled
low frequency (LF), high frequency (HF), total, and ratio refer to
changes in frequency domain variables. h: clean air; u: CAPS. *:
pv0.05; z: pv0.08.
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Twenty-two subjects (17 male, five female, average age 28.8¡0.9)
were exposed to varying concentrations of CAPS (range
24.8–216.6 mg?m-3 and average 105.8¡12.6 mg?m-3). Eleven
subjects (seven male, four female, average age 29.6¡1.1) were
exposed to clean air. There were no significant CAPS-induced
changes in any HRV parameter in this population either
immediately (fig. 2a) or 24 h (fig. 2b) following exposure.

Discussion

Results of this investigation demonstrate that a 2-h
exposure of healthy elderly subjects to moderate levels of
particulate pollution results in alterations in HRV. The levels
of pollutant to which these individuals were exposed are
comparable to those seen in many major metropolitan areas
around the world. Furthermore, the elderly subjects were only
exposed for 2 h while quietly sitting, in contrast to most
people who would be exposed to particles for a longer period
of time while ambulatory (and thus with higher respiratory
rates). The physiological importance of the observed changes
in HRV is not fully known. Lower HRV has been associated
with increased risk for developing coronary heart disease and
to sudden cardiac death. Although there is a rich literature
demonstrating a link between decreased HRV and high risk

of cardiovascular disease and sudden death in population-
based studies, it is not yet known whether day-to-day changes
in HRV (such as those found following an acute exposure to
PM) is associated with day-to-day risk for sudden cardiac
death.

The effects were observed in components that reflect changes
in high frequency variation in heart rate, suggesting that
exposure to PM may result in a loss of parasympathetic
control of heart rate. These results are in agreement with a
panel study showing associations between PM and decreased
HF HRV in elderly residents of a retirement home [17] and a
panel study of elderly Boston residents showing associations
between PM and mean of the squared differences between
adjacent normal beat-to-beat (RR) intervals (r-MSSD), a
measure which correlates with HF components of HRV [20].
Other panel studies have reported associations between PM
and SDNN; in this study there was also a tendency for CAPs
to decrease SDNN, but these levels did not reach statistical
significance. These differences may reflect differences in sampl-
ing intervals (5 min in the present study versus 24 h in some
of the panel studies), differences in the nature of the particles
to which subjects were exposed (for example, CAPS do not
contain significant amounts of ultrafine particles), or the fact
that subjects were exposed only a single time in the present
study.

These results are consistent with several recent toxicological
studies which report adverse cardiac events in humans or
animals exposed to PM. Changes in ECG patterns, including
elevations of the ST segment, were reported in dogs exposed
to CAPS [24]. Similarly altered patterns in ECG patterns were
observed in rats exposed to residual oil fly ash [25] or CAPS
[26]. Increased arrhythmia was also seen in rats exposed to oil
fly ash or CAPS [27]. Human volunteers exposed to ultrafine
carbon particles experience altered cardiac repolarisation as
indicated by changes in the corrected QT interval on the ECG
[28].

The concentrated ambient air pollution particle-induced
decrements in heart rate variability found in healthy elderly
volunteers are in contrast to the lack of response the present
authors observed in healthy young adults exposed to con-
centrated ambient air pollution particles in an earlier study.
Although both groups were exposed to comparable levels
of concentrated ambient air pollution particles, the young
volunteers exercised intermittently throughout the exposure,
while the elderly subjects remained at rest for the entire
exposure. The current authors estimate that the increased
ventilation of the young subjects resulted in a y3 fold
increased deposition of concentrated ambient air pollution
particles into their lungs. Nevertheless, there were no con-
centrated ambient air pollution particle-induced changes in
heart rate variability in these subjects either immediately
following exposure or 24 h later. This could indicate that
elderly people are more responsive to particulate matter than
young individuals. However, the young subject study, which
was designed to primarily measure changes in lung inflamma-
tion, was not a paired study with each person serving as their
own control, but rather a cohort study in which some subjects
were exposed to CAPS and others to clean air. Each elderly
subject was exposed to both air and concentrated ambient air
pollution particles. Thus the difference in results seen between
the two studies could also be related to design differences.
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Fig. 2. – Changes in heart rate variability (HRV) in young volunteers
a) immediately following and b) 24 h after exposure to concentrated
ambient air pollution particles (CAPS) and clean air. One group of
subjects was exposed to air and one to CAPS. HRV was assessed
immediately before and then a) immediately after, and b) 24 h after
exposure. Bars labelled standard deviation of all beat-to-beat intervals
(SDNN) and the percentage of N-N intervals w50 ms (PNN50) refer
to changes in time domain variables and bars labelled low frequency
(LF), high frequency (HF), total, and ratio refer to changes in
frequency domain variables. h: clean air; u: CAPS.
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