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Learning Objectives

¢ Recall what previous studies have suggested or demonstrated about rela-
tionships among altered heart rate variability (HRV), cardiovascular disor-
ders, and exposure to air pollutants.

» Define the relationships found in this study of older persons, most of whom
had cardiovascular disease, between ambient levels of traffic-related and
nop-traffic-related air pollutants and HRV.

+ Point out whether the effects of air pollution vary according to medication
usage, and whether and how they alter cardiac autonomic function.

Abstract

Objective: We examined the association between ambient air pollution levels and heart
rate variability (HRV) in a panel study of 32 subjects. Methods: We used linear mixed models
1o analyze the effects of fine, particles (PM, ), sulfate (SO™), elemental carbon (EC); and
gases on log-transformed standard deviation of normal RR intervals (SDNN), mean square of
differences between adjacenr RR intervals (r-MSSD), and high- and low-ﬁequency power (HF,
LF). Results; An interquartile range (IQR) increase of 5.1 wg/m® in SO~ on the previous day
was associated with a decrease of —3.3% SDNN (95% confidetice = —6.0% to —0.5%),
=5.6% r-MSSD (—10.7% to0 —0.2%), and —10.3% HF (—19.5% to —0.1%). Associations with
total PM, ; were similar. HRV was not associated with EC, NO,, 80,, or O,. Conclusion: In
addirion to traffic-related particles, elevated levels of sulfate particles may also adversely affect
autonomic function. (J Oceup Environ Med. 2006,48:780-788)
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cute exposure to increases in ambient
air pollution have been associated with
increased cardiovascular mortality'™*
and morbidity,™® including . increased
subclinical indicators such as heart
rate’'® and ‘blood pressure,'""'* in-
creased risk of cardiac arrhythmias'>'®
and myocardial infarction,'’ % ST-
segment depression,”’ and decreased
heart rate variability (HRV)5!0-2-2
HRV varies with autonomic tone, and
reduced HRV is believed to be either in
the pathway leading to increased cardiac
risk or, alternatively, a marker of poor
health.

Reduced HRV as a patient char-
acteristic has been prospectively
associated with the development of
clinically significant cardiovascular
disease,”? ' and short-term HRV
changes may also have clinical signif-
icance. HRV was decreased in patients
in the period immediately before is-
chemic sudden death® and increased
low-frequency/high-frequency (LF/
HF) ratios have been reported imme-
diately before the onset of ventricu-
lar tachycardias,> ™ suggesting that
shorter-term increased sympathetic
and reduced parasympathetic activity
may trigger cardiac arrhythmias.

Although some studies investigat-
ing the relation of ambient pollu-
tion with HRV have specifically
connected traffic-associated particle
pollution with reduced HRV,'® less
is known about the specific effects of
nontraffic-related pollution on HRV.
In a study of elders living near a
major inner city roadway in Boston,
the effect of traffic-related black car-
bon (BC) on reduced HRV predom-

inated.'° In this study of elders in the _ .

small industrial town of Steuben-
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ville, Ohio, we examined the associ-
ation of acute nontraffic- as well as
traffic-related air pollution exposures
with repeatedly measured HRV us-
ing sulfate (SO,*7) as a marker of
nontraffic pollution.*®

Subjects and Methods

Study Population and Protocol

Thirty-two nonsmoking senior adults
from Steubenville, Ohio, were re-
cruited to participate in a study on air
pollution and cardiovascular health
during the summer and fall of 2000.
Most participants lived in one of three
centrally located, subsidized apartment
buildings. Before inclusion in the
study, a screening appointment was
held to collect information on cardio-
vascular and respiratory health and
medications and to obtain baseline
electrocardiogram (12-lead MACS;
Marquette Medical Systems Inc.) re-
cordings. Exclusion criteria included
smoking, having a pacemaker, a re-
cent acute coronary syndrome, atrial
flutter, or atrial fibrillation.

The study design was reviewed
and approved by the human subjects
committees of the Brigham and
Women’'s Hospital and the Harvard
School of Public Health.

Study participants were seen weekly
on the same day of the week and at the
same time during summer (June
4—August 18) and fall (September 25—
December 15) of 2000. A short ques-
tionnaire on recent symptoms, hospital
or doctor’s visits, and medication use
was administered followed by Holter
electrocardiogram monitoring (SEER
MC; GE Medical Systems) with elec-
trodes in a modified V5 and AVF

position. The Holter monitoring proto-

col included: 1) 5 minutes of rest in a
supine position; 2) three supine blood
pressure (BP) measurements (NIBP
Vital Signs Monitor; Welch Allyn); 3)
5 minutes of standing with three stand-
ing BP measurements taken after 2
minutes; 4) 5 mimutes of exercise (walk-
ing) outdoors (weather and health
permitting); 5) 5 minutes of rest in a
supine position; and 6) 2 minutes and
20 seconds of paced breathing.
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TABLE 1
Participant Characteristics (n = 32)
Characteristic Mean Range
Nurmber of visits 20.2 4-24
Age (yrs) 70.8 54-90
Body mass index (kg/m?) 31.4 21-47
Characteristic No. Percent
Gender
Male 3 9
Female 29 91
Race/ethnicity
Black 10 31
White 22 69
Diagnoses
Angina 6 19
Myocardial infarction 7 22
Coronary artery disease” 11 34
Congestive heart failure 6 19
Diabetes 7 22
Hypertension 23 72
Chronic obstructive pulmonary disease 9 28
Medications uset
Beta-blocker 12 38
Calcium channel blocker 11 34
Statin 9 28
Angiotensin converting enzyme inhibitors 11 34
Digoxin 3 9
Any of the listed medications 21 66

*Angina or myocardial infarction.

tMedication use is defined as reported at least once during the study.

The Holter tapes were analyzed us-
ing a Marquette MARS Workstation
(GE Medical Systems) with a 125
samples/s sampling rate following
HRV guidelines.*” The Holter tapes
were analyzed for time-domain HRV
measures, including the standard devi-
ation of normal RR intervals (SDNN),
the mean square of differences be-
tween adjacent RR intervals (r-MSSD),
and the percent of RR intervals more
than 50 msec different from the prior
interval (PNNS50), and frequency-
domain HRV measures, including LF
power and HF power. HRV and
average heart rate was obtained for
the whole protocol and for each
separate interval.

Air Pollution Concentration and
Meteorologic Measurements
Hourly PM, 5 (TEOM 1400A; Rup-
precht and Patashnick, East Green-
bush, NY), ozone (O5; API, model 400
UV), nitrogen dioxide (NO,; API,
model 200A Chemiluminescent), sul-

fur dioxide (SO,; API, model 100UV
fluorescent), and carbom monoxide
(CO; AP, model 300 GFC) concen-
trations, temperature, relative humid-
ity, and dew point were obtained from
a centrally located ambient monitoring
site at the Franciscan University of
Steubenville operated by CONSOL
Energy Inc. Research & Development.
We calculated apparent tempera-
ture as: —2.653 + (0.994 X Ta) +
(0.0153 X Td?), in which Ta is the air
*temperature and Td is the dew point.
We also collected 24-hour integrated
PM, ., SO,*~, EC, and gaseous pollut-
ant (O3, NO,, SO,) samples beginning
at 9 am each day (except Saturday) using
a Harvard multipollutant monitor.*®
PM,; was measured gravimetrically.
CONSOL analyzed the SO,*~, O,,
NO,, and SO, filters using ion chroma-
tography and EC filters using thermal
optical transmission. The concentration
of nonsulfate PM, 5 was calculated as
the difference between the measured
PM, 5 and sulfate concentrations with
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sulfate assurned to be in the form of
ammonium sulfate ((NH,1,50,), that is:
nonsulfate PM, 5 = PM, 5 — (S0 -
132/96).

Statistical Methods

We examined the associations be-
tween air pollution and log-trans-
formed HRV parameters and HR over
the entire 30-minute protocol with lin-
ear mixed maodels, including random
subject effects, fixed effects of pollu-
tion, age, gender, race, obesity (de-
fined as body mass index >30 kg/m?),
season, time of day, apparent temper-
ature, and a first-order autoregressive
process for the within-subject residu-
als.* In the main analysis, 24-hour
integrated pollution measurements
(ending at 9 aM on the day of the
electrocardiogram recording) were
used as the exposure variable. Expo-
sures also were assessed using moving
averages (472 hours) of PM, 5 and
gaseous pollutant hourly concentra-
tions before the electrocardiogram.

We assessed effect modification
by medical conditions and medica-
tion intake in regression models, in-
cluding interaction terms between air
pollution effects and potential effect
modifiers. Results are restricted to
r-MSSD as an outcome and PM,
and $SO,°” as exposure variables.
Hypertension, coronary artery dis-
ease (angina or myocardial infarc-
tion), and congestive heart failure
were defined as subject-specific
conditions. Medication intake was
defined as a time-varying condi-
tion. Results were similar when we
defined medication intake as sub-
ject-specific (subject defined as
“on medication” when medication
was taken on most days).

Results are reported as estimated
percent differences and 95% confi-
dence interval (Cl) in HRV or heart
rate associated with an interquartile
range (IQR) increase in each pollut-
ant. All analyses were done with
SAS software version 9.1 (SAS In-
stitute, Inc., Cary, NC).
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TABLE 2
Average Heart Rate Variability (HRV) and Average Heart Rate During 30-Minute
Protocol for 32 Subjects (638 valid measurements)

No. Mean (standard deviation)
SDNN (ms) 638 86.4 (32.6)
r-MSSD (ms) 638 36.3 (37.4)
PNN50 (%) 638 7.7 (13.5)
High frequency (ms?) 634 239 (425)
Low frequency (ms?) 635 355 (589)
Heart rate (beats/min) 638 79.7 (12.0)

"Daily data

TABLE 3
Average Air Pollution Concentrations During the Two Study Periods

(June 1-August 25, 2000 and September 20-December 15, 2000)

Pollutant

PM, 5 (g/m?)
S0, (ng/m?)
Nonsulfate PM, ¢ (wg/m®)

EC (pg/md)
NO; (ppb)
80; (ppb)
O3 (ppb)

PM, 5 {pg/m3)
NO; (ppb)
80, (pph)
O3 (ppb)

9 aMm to 9 am

Hourly data
Averaged over
Calendar days

Percentile ]
Interquartile
No. Mean 25th 75th Range
137 187 116 25.0 13.4
133 6.9 3.3 8.5 5.1
133 1006 63 115 53
127 1.1 0.7 1.3 0.6
133 105 6.0 134 7.3
134 41 0.4 4.7 4.3
134 222 121 285 16.4
118 20.0 11.3 265 152
13 109 7.4 147 7.3
151 108 54 132 7.8
144 273 157 363 20.6

TABLE 4

Pearson Correlation Coefficients Between Daily Air Pollution Concentrations
During the Two Study Periods (June 1-August 25, 2000 and September 20—

December 15, 2000)

80,2~ Nonsulfate PM, EC NO, SO, 0,
PM, . 0.90 0.87 059 040 033 023
50,7 0.57 0.47 0.24 0.31 0.36
Nonsulfate PM, ¢ 0.62 054 031 0.01
EC 0.54 038 -0.10
NO, 026 —0.29
S0, ~0.03
Results than 30 kg/m? were classified as

Study Population

Of 53 subjects screened, 32 were
recruited for the study. There were
645 health visits, with an average of
20 (range, 4—24) per subject (Table
1). The mean age at screening was 71
years; 91% of the participants were
female, and 69% were white. Most
participants (84%) had one or more
cardiovascular condition, and two
thirds were on one or more medica-
tions (Table 1). Twenty subjects
(63%) with body mass index greater

obese. Average HRV and heart rate
measurements are listed in Table 2.

Ambient Air Pollutant
Concentrations

Daily mean ambient air pollution
concentrations are summarized in
Table 3 for PM, 5, SO,>~, nonsulfate
PM, 5, EC, NO,, S0, and O; during
the study period. Ambient concentra-
tions of the measured criteria gases
were moderate in Steubenville,
whereas ambient fine particle con-
centrations were relatively high, with
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Fig. 1. Estimated percent changes (95% confidence intervals) in SDNN and r-MSSD
associated with an interquartile range increase in PM, ; mean air pollution for different exposure
metrics: moving averages for 4, 6, 12, 24, 48, and 72 hours (based on continuous data) and 1-day
lag (based on filter data, 9 am to 9 am). Interquartile ranges are: 17.7, 17.5, 16.6, 15.2, 12.6, 11.4,

and 13.4 g/m?, respectively.

sures, the associations between the
daily mean PM, 5 and HRV were sim-
ilar to those for the 24- and 48-hour
moving averages (Fig. 1).

Effect Modification

We found no. consistent effect
modification of the air pollution

effect by congestive heart failure,
coronary artery disease, or statin
intake (Table 6). However, we did
find that subjects with hypertension
showed very little response to in-
creased levels of PM, 5, whereas
subjects without hypertension
showed a change of —17.8% in

Short-Term Effects of Air Pollution on Autonomic Function + Luttmann-Gibson et al

r-MSSD (CI = —25.8 to —8.9)
associated with increased PM, 5 (P
value of interaction = 0.002). We
also found stronger effects of PM, 5
on days when subjects were not on
beta-blocker medication (—10.0% 1-
MSSD [CI = —16.0 to —3.4] for a
PM, ; increase of 13.4 pg/m’) as
compared with no effect (1.6%
[CI = —7.6 to 11.9]) on days when
subjects were on beta-blockers (in-
teraction P value = (0.03). Similarly,
we found higher PM, 5 effects on
days when subjects were not on st-
atins (—8.4% r-MSSD [CI'= —14.4
to —2.0]) as compared with days
when they were (interaction P
value = 0.15). Although 52% of
those with hypertension and 0% of
those without hypertension were on
beta-blockers, the effect modifica-
tion by hypertension remained sig-
nificant (P < 0.05) in the 20 subjects
not on beta-blockers. Associations
between sulfates and HRV were sim-
ilarly modified by hypertension and

TABLE 6

Effect Modification of Association of r-MSSD With PM, 5 (13.4 pg/m3) and S0,%~ (5.1 ug/m°® on the Previous Day by
Chronic Cardiovascular Diagnoses and Medication Intake

PM, ¢ $0,2-
No. No. Percent 95% Confidence Percent 95% Confidence
(subjects) {observations) Change Interval Change Interval
Cardiovascular diagnoses
Hypertension
Yes 23 406 —-2.0 —85t04.8 -3.0 —8.61t0 3.1
No 9 153 —17.8% —25.81t0 —8.9 —-14.2% —22.6t0 —5.0
P Value interaction 0.002 0.03
Coronary artery disease
Yes 11 178 —-2.9 -11.6t0 6.7 -1.5 —985t07.1
No 21 381 —8.3% —14.6to —=1.6 -7.71 —13.6t0 ~1.5
P Value interaction 0.29 0.20
Congestive heart failure
Yes 6 100 —-13.2¢% —~23.8t0 —-1.2 -9.5 —20.2t0 2.6
No 26 459 -5.2 -11.2to 1.1 —4.9 -10.310 0.8
P Value interaction 0.20 0.46
Medication
Beta-blocker
Yes 164 1.6 —761011.9 -0.3 —8.11t0 8.2
No 395 -10.0% —-16.010 —-3.4 —8.31 —14.2 10 —2.1
P Value interaction 0.03 0.09
Statins
Yes 120 0.0 —10.5t011.8 -0.9 -9.7t0 8.7
No 418 —-8.4t ~14.41t0 -2.0 -7.5t —13.2t0 —-1.4
P Value interaction 0.15 0.20
*P < 0.10,
1P < 0.05,

tP < 0.01.




beta-blocker intake, with slightly
higher interaction £ values.

Discussion

We found reduced HRV in a group
of elderly subjects living in Steuben-
ville, Ohio, associated with increased
total PM, 5 and SO,*~ during the
previous day. Reduced HRV was
more weakly related to the nonsul-
fate component of PM, 5 and was not
related to increases in pollutants gen-
erally associated with traffic sources
such as EC, O, or NO,. Increases in
overall PM, 5 and SO,*~ were associ-
ated not only with decreased r-MSSD
and HF, suggesting reduction in vagal
tone, but also with decreased LF and
increased heart rate, suggesting in-
creases in sympathetic tone.

Our sulfate effects suggest that in
an environment where nontraffic
sources of pollution (eg, coal com-
bustion at power plants and steel
mills) contribute significantly to am-
bient pollution in the community,
elevated levels of particles from
these sources may also adversely af-
fect cardiac autonomic function and
clinical cardiac outcomes. This con-
clusion is consistent with the Amer-
ican Cancer Society’s cohort study™®
in which sulfate concentrations were
a significant predictor of cardiovas-
cular mortality, the time-series results
within the Six-Cities Study (which in-
cluded Steubenville) by Laden et al,*!
who found sulfur was predictive of
short-term mortality, and the findings
by O’Neill et al,** who found in-
creased sulfate concentrations to be a
significant predictor of decreased vas-
cular reactivity in diabetics.

Within the framework of the 2000
2002 Steubenville Comprehensive Air
Monitoring Program (SCAMP), Con-
nell et al*® studied fine particulate
matter concentration and composition
and found that SO,°~ is the major
congtituent of PM, 5 in Steubenville,
accounting for approximately 31%
of total mass. Within the period of
this study, ambient SO~ comprised
between 52% and 43% of the total
PM, . mass (as [NH,],SO,).** The
SCAMP analyses™ suggest that lo-
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TABLE 7

Estimated Effects of 10 pg/m® PM, 5 Increase on Heart Rate Variability Measures in Selected Studies of Elderly

LF
95% Confidence

HF

r-MSSD

SDNN

Percent 95% Confidence Percent 95% Confidence Percent 95% Confidence Percent

No. of

MNo. of

Change Interval Change Interval Change Interval
—-15.410 —4.6

Interval
—-6.4t0c 0.8

Subjects Observations Metric Change

Study
Boston Elders, 1987

-~10.0

~2.8

163 4 hrs

20

{Gold et al, 2000)®
Baltimore PM Study,

—-2591tc —-2.3 ~-12.9 ~20.6tc —45

~-14.9

Up to 12 per 1d

56

subject

1998 (Creason et

al, 2001y%*
Vancouver 1998

~23.01t06.9 ~13.4 ~4261015.9

—8.0

78 1d

19

(Ebelt et al, 2005)"
Boston Elders, 1999

—~101 -16.9t0c -2.8

—-6.0t0 0.8

24 hrs

310

28

(Schwartz et al,

20050
Utah, 1990-2001

—3.9tc —1.4 -8.1 —-9.31t0 —-3.0

-2.7

250 1d

88

{Pope et al,

20045
Mexico City, 2002

—-29.2 o0 —8.0 -8.4 -19.3t0 4.0

~19.3

384 1d

34

{Holguin et al,

20032
Normative Aging

~-12.0t0 15.3

0.8

~-289tc —-1.2

~-16.2

-95t0 4.5

497 24 hrs 2.7

497

Study, 2000-2003

~201tc —0.3

-10.7

—-11.4

~12.1toc -0.6

—-8.5

(Park et al, 2005)2%

Steubenville, 200D

—7.0to —0.9

4.0

638 1d

32

~21.5t0 -0.1

HF indicates high frequency; LF, low frequency.
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cal sources in Steubenville contribute

only approximately 4.6 ug/m® (25% of*
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the annual mean 184 ug/m®) to the
city’s PM, s concentrations. The main
source of PM, 5 and sulfate in Steub-
enville is fossil fuel (primarily coal)
combustion,>® most likely produced
by the steel mills and power plants
located in the Ohio River Valley.

Traffic pollutant effects predomi-
nated in our two previous Boston
studies conducted with a similar
study design in a community of el-
ders living next to a city roadway.>'¢
In the first study, SO,”~ and BC
rneasurements were not available,
but we found associations of ozone
as well as overall PM, ; with reduced
HRV.® In the second study, reduced
HRYV was most strongly and consis-
tently associated with increased BC,
which is a marker for traffic expo-
sure.'® Mean air pollution levels dur-
ing the study period from June to
December 2000 show that PM, 5 and
S0,%” were twice as high in Steub-
enville than in Boston (PM, <2 20 vs
10 pg/m>, SO,*7: 6.9 vs 3.0 wg/m®),
whereas the traffic-related pollutant
NO, was lower in Steubenville (10.0
vs 21.5 ppb) (Steubenville: Table 3,
Boston: data not shown).

Our results for Steubenville and
Boston elders, suggesting pollution-
associated decreases in vagal stimu-
lation andfor increases in symipathetic
fone, are consistent with findings from
many other studies that did not sepa-
rate out components of PM, s that
might enable the investigators to dis-
tinguish traffic from nontraffic PM,
effects (Table 7).

Elevation of overall particle pollu-
tion (PM,, 5 or PM, ) has been related
to reduction in HRV or increases
in heart rate in repeated-measures
elders studies from Baltimore,2>%*
Utah Valley,”*** and Mexico City.”®
Although studies have nof consis-
tently found that elevated pollution
levels increase HR at the same time
as they reduce HRV, it has been
proposed that the association of in-
creased pollution with reduced HRV
may be mediated, in part, through
the increase in heart rate that results

SEE

15 -
20 5 i base model
25 - ® adjusted for Hear Rate

N
I

Fig. 2. Estimated percent changes (95% confidence intervals) in hgart rate: variabi]iFy
parameters associated with an interquantile range increase in PM, 5 and SO, (previous day) in

the base model and adjusted for heart rate.

from increased sympathetic tone. For
all HRV parameters in our study,
controlling for heart rate led to small
changes in the magnitude of the ef-
fect estimates (Fig. 2), suggesting
that a portion, but not all, of the HRV
associations related to the pathways
reflected by heart rate.

Similar associations of particle
mass with HRV have been reported
in a chamber study on elderly volun-
teers exposed for 2 hours to concen-
trated air pollution particles, in which
significant decrements in HRV in both
time and frequency domain were
found immediately and 24 hours after
exposure.*> Although the majority of
the studies point to a significant asso-
ciation of particle pollution with re-
duced HRV, effects of PM, s on HRV
have not been found in panel studies
conducted in the northwestern United
States and Canada, perhaps because of
differences in particle composition or,
alternatively, low power.**~*® Also, in
contrast to the negative associations
noted here, increases in traffic pollu-
tion were associated with increased
HRYV in a study of a younger healthy
population of traffic police in North
Carolina.*” The investigators hypothe-
size that the nature of the pollution-
related autonomic dysfunction may
depend on the age and underlying
disease states of the study participants.

Between-person comparisons of
HRV show that reduced HRV may
be a marker for overall ill health.*”
Although the significance of within-
person short-term changes in HRV is
somewhat less well established, a
study of ischemic events showed that

they were preceded by decreased HF
HRYV in the hour before the event
and in LF HRV in the 4 minutes
before the event.>® Similarly, a sig-
nificant decrease in heart HRV has
been reported to precede paroxysmal
atrial fibrillation.”'

We found effect modification of
hypertension and beta-blocker intake
in this study with stronger associa-
tions between particles and HRV
among the “healthier” subjects (no
hypertension, not on beta-blacker).
These findings contrast with several
previous studies, which showed
stronger adverse effects of air pollu-
tion on HRV in subjects with preex-
isting cardiovascular conditions,
previons myocardial infarction,'® or
hypertension.”**® Two of those
studies were cross-sectional analyses
of large cohorts with much larger
numbers of subjects.>’*® The small
numbers of subjects in panel studies
such as this one make examination of
effect modification difficult, and this
result may be a chance finding. Al-
ternatively, it is possible that in
sicker populations, other influences
on HRV (for example, medication)
predominate, making it more diffi-
cult to detect pollution effects. In
support of our findings, a panel study
of elderly subjects in Seattle also
found associations between particles
and heart rate primarily in healthy
subjects.>

Personal exposures to particles
and gases were measured in a subset
of the study population. Associations
between ambient particle concentra-
tions and corresponding personal




exposures were strong, whereas as-
sociations between ambient gases
and their corresponding personal ex-
posures were much weaker.** We
conclude that PM, 5 and SO,*~ am-
bient concenirations are very good
proxies for the personal exposure of
the study participants.

Recently, the scientific and regu-
latory communities have focused
their attention on the adverse cardiac
effects of ambient particles from mo-
bile sources. This study supports the
hypothesis that in an envitronment
such as Steubenville, Ohio, where
nontraffic sources of pollution con-
tribute significantly to ambient pol-
lution in the community, particle
pollution from these sources, par-
ticularly sulfate particles, can also
have adverse effects on autonomic
function.
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