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A B S T R A C T

Objectives. This analysis assessed
the association between blood pressure,
meteorology, and air pollution in a ran-
dom population sample.

Methods. Blood pressure measure-
ments of 2607 men and women aged 25
to 64 years who participated in theAugs-
burg Monitoring of Trends and Determi-
nants in Cardiovascular Disease survey
were analyzed in association with 24-hour
mean concentrations of air pollutants.

Results. During the air pollution ep-
isode in Europe in January 1985, an as-
sociation between blood pressure and air
pollution was observed, which disap-
peared after adjustment for meteorology.
Continuous concentrations of total sus-
pended particulates and sulfur dioxide
were associated with an increase in sys-
tolic blood pressure of 1.79 mm Hg (95%
confidence interval [CI]=0.63, 2.95) per
90 µg/m3 total suspended particulates
and 0.74 mm Hg (95% CI=0.08, 1.40)
per 80 µg/m3 sulfur dioxide. In subgroups
with high plasma viscosity levels and in-
creased heart rates, systolic blood pres-
sure increased by 6.93 mm Hg (95% CI=
4.31, 9.75) and 7.76 mm Hg (95% CI=
5.70, 9.82) in association with total sus-
pended particulates.

Conclusions. The observed increase
in systolic blood pressure associated with
ambient air pollution could be related to
a change in cardiovascular autonomic
control. (Am J Public Health. 2001;91:
571–577)
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Recent studies in Europe and the United
States investigated adverse effects of day-to-
day variations in outdoor particle concentra-
tions on both mortality and morbidity. Re-
sults showed an increase in cardiovascular
and respiratory deaths among elderly people
as well as increased hospital admissions for
heart disease and asthma.1–12 Several hy-
potheses regarding causal pathways have
been suggested.

Seaton et al.13 proposed that high par-
ticle concentrations, particularly in the ul-
trafine range, can provoke alveolar inflam-
mation, which might release mediators
capable of exacerbating lung disease and in-
creasing blood coagulability in susceptible
individuals. It was also hypothesized that
particle inhalation induces an inflammatory
response in the lungs with a subsequent re-
lease of chemical mediators that alter the
autonomic nervous system control of car-
diac rhythm.14 A recent study by Godleski et
al.15 showed a disturbance in cardiac rhythm
and increases in broncheoalveolar lavage
neutrophils in dogs exposed to concentra-
tions of air particles.

The results of a study by Pope et al.16

indicated an increase in pulse rate in associ-
ation with ambient particulate matter less
than 10 µm in diameter. No association was
found between blood oxygen saturation and
ambient particulate matter. Analyses of daily
variation in particulate air pollution and car-
diac autonomic control in elderly people
found that increased levels of particulate mat-
ter less than 2.5 µm in diameter are associated
with lower heart rate variability, pointing at
poor cardiac autonomic control.17 Another
recently published study18 found small but
consistent effects of particulate air pollution
on heart rate variability. Gold et al.19 showed
that particulate air pollution was associated
with altered autonomic function of the heart.
These findings could reflect changes in car-
diac rhythm, indicating a possible mecha-

nistic link between particulate matter and car-
diovascular disease morbidity and mortality.

In January 1985, an air pollution episode
occurred throughout central Europe,20 result-
ing in an elevated number of hospital admis-
sions for cardiovascular diseases, which were
attributed to admissions for acute coronary
syndromes and arrhythmia.21 During this time,
the first survey under the World Health Or-
ganization’s project to MONItor trends in
CArdiovascular diseases (MONICA) was car-
ried out in Augsburg, southern Germany.22 A
retrospective analysis of these data showed
elevated levels of plasma viscosity in associ-
ation with total suspended particulates.23 Fur-
thermore, an increase in heart rate was ob-
served during the air pollution episode
compared with nonepisode days.24

Several parameters, such as heart rate,
heart rate variability, blood oxygen satura-
tion, and plasma viscosity, all known risk fac-
tors for cardiovascular mortality and mor-
bidity, have been analyzed in association with
air pollution. Effects of air pollution on blood
pressure, a well-established risk factor for
cardiovascular morbidity and mortality,25

have not yet been documented. The purpose
of this article is to discuss the association be-
tween blood pressure, meteorologic parame-
ters, and elevated levels of air pollution dur-
ing the Augsburg MONICA surveys in 1984–
1985 and 1987–1988.

Effects of Air Pollution on Blood Pressure:
A Population-Based Approach
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Methods

Study Area and Population

The study was conducted in the area of
Augsburg, which is located in southern Ger-
many in the western part of Bavaria. The study
area includes the city of Augsburg and 2 rural
districts, the county of Augsburg and the
county of Aichach–Friedberg, with a total
population of 531 401 in 1981. The city of
Augsburg is situated 489 m above sea level,
with an area covering 147 km2. Of this por-
tion, 49 km2 are farmland, and 37 km2 are
used for forestry.

The first MONICA survey in Augsburg
was carried out in 1984–1985 to provide reli-
able prevalence estimates of cardiovascular risk
factors in the study area.A detailed description
of the study population and sampling proce-
dures is given in the survey manual.26 Of the
5069 randomly sampled eligible subjects, aged
25 to 64 years, 4022 took part (response rate=
79.3%).

In 1987–1988, participants of the first
MONICAsurveywerereexaminedwiththesame
methodologyandprotocolsas3yearsearlier.Of
the4022studyparticipants fromthefirst survey,
3753 took part in the 1987–1988 follow-up
(93.3%).Losstofollow-upwastheresultofdeaths
(46participants), relocation(9participants),and
refusal to participate (214 people). All survey
methodswereasdescribedintheMONICApro-
tocol.26 A uniform age and sex distribution over
time was preserved by design for both examina-
tions. Valid blood pressure measurements were
available for all 3753 study subjects.

Theresults reportedherearebasedonaret-
rospectiveanalysisofasubsampleof2681men
and women, in whom valid electrocardiogram
recordings were obtained in both surveys in ad-
dition to valid blood pressure measurements.
Furthermore, a valid plasma viscosity mea-
surement in the first survey had to be available.
Therewerenomajordifferences inconventional
cardiovascular riskfactorsbetweenthesubgroup
consideredin thisarticleandthe totalsample.22,24

For thestatisticalanalyses,only individualswith
complete informationonphysiologicvariables,
meteorologicdata, andairpollutiondata inboth
surveys were included (n=2607).

Physiologic Measurements

Trained medical personnel measured
blood pressure with the Hawksley random-zero
sphygmomanometer. Three blood pressure
measurements were taken according to the stan-
dardized conditions of the MONICA Manual
and in agreement with theAmerican HeartAs-
sociation.27 Following a 30-minute rest period,
measurements were taken in a seated, upright
position at intervals of no less than 3 minutes.

During each measurement, the first, fourth, and
fifth phase of the Korotkoff sounds and the
pulse rate were recorded.Three cuff sizes (blad-
der size 12×23 cm, 12×28 cm, and 14×40 cm)
were used, depending on the circumference of
the right upper arm of the study subject.

Interobserver and intraobserver varia-
tion were assessed throughout the survey as
part of the quality assurance procedures.28

Mean systolic and mean diastolic blood pres-
sure were calculated, and the second and
third measurements were averaged. Hyper-
tension was defined according to the World
Health Organization and the International
Society of Hypertension criteria: systolic
blood pressure of at least 140 mm Hg, dias-
tolic blood pressure of at least 90 mm Hg,
or both.29 The mean heart rate was deter-
mined from electrocardiogram records with
a duration of 20 seconds by means of com-
puterized electrocardiogram analysis sys-
tems that provided consistently operating
measurement algorithms for all electrocar-
diogram records analyzed.24 Plasma viscos-
ity was tested with blood samples drawn with
only short-term venous occlusion and min-
imal suction. Measurement procedures and
sample preparations met the criteria of the
International Committee for Standardisation
in Haematology and have been described
elsewhere.23

Air Quality Measurements

Sulfurdioxide,carbonmonoxide,andtotal
suspendedparticulatesweremeasuredaspartof
theautomatedBavarianairqualitynetwork.23The
monitoring station was located in the center of
the city, whereas temperature, relative humidity,
and barometric pressure were measured in the
outskirtsof thecity.Airpollutionwasconsidered
in 2 ways in the analyses: (1) as an indicator for
the 1985 episode and (2) as the continuous con-
centrationsofsulfurdioxide, totalsuspendedpar-
ticulates, and carbon monoxide. The pollution
episodewasdefinedasaperiodof3ormorecon-
secutivedayswithsulfurdioxideconcentrations
above150µg/m3.Forbothsurveys,24-hourmean
concentrationsofsulfurdioxide,carbonmonox-
ide, and total suspended particulates measured
midnight to midnight were available.

Statistical Analysis

We used Gaussian regression models for
repeated measures in Proc Mixed in the SAS
System (SAS Institute, Inc, Cary, NC) to model
the association between systolic blood pres-
sure and air pollution. The procedure allows
adjustment for within-subject effects. In ac-
cordance with previous analyses,24 categoric
variables were constructed to control for age

(10-year categories), current smoking, and car-
diovascular medication. Body mass index and
total and high-density lipoprotein cholesterol
entered the models as continuous variables.
Meteorologic parameters were considered as
possible confounders in the regression analy-
ses. To model the influence of the meteoro-
logic parameters appropriately, we included in
the model linear, quadratic, and indicator vari-
ables for temperature, relative humidity, and
barometric pressure. We determined model fit
by taking into account information on the
Akaikes information criterion, P value, and
change in the effect estimate for the pollutant
effect. In the final model, temperature was cat-
egorized as below freezing, 0°C to 10°C, and
above 10°C; the indicator variable for relative
humidity had a value of 1 if relative humidity
exceeded 80% and 0 if it was 80% or lower;
and barometric pressure was included in the
model as a continuous variable.

Effect estimates were calculated for ep-
isode days vs nonepisode days, and the indi-
cator variable for the 1985 episode was used
as the exposure variable. In a second ap-
proach, continuous concentrations of sulfur
dioxide, total suspended particulates, and car-
bon monoxide were included as exposure
variables.

Analyses were conducted separately for
men and women to allow for different associa-
tions of blood pressure with the covariates.30

Summary estimates for a joint analysis of men
and women were calculated, with adjustment
for sex.

Results

Table 1 shows the pollutant concentrations
of total suspended particulates, sulfur dioxide,
and carbon monoxide during both MONICA
surveys (1984–1985 and 1987–1988). Mean
concentrations of total suspended particulates
and carbon monoxide did not change signifi-
cantly between the survey periods, but sulfur di-
oxide concentrations were substantially higher
during the first survey in 1984–1985.

As can be seen in Figure 1, the high sul-
fur dioxide concentrations were caused by a
pollution episode between January 7 and Jan-
uary 19, 1985. Sulfur dioxide concentrations
rose to a maximum of 238.2 µg/m3. Further-
more, the episode was characterized by low
temperatures (Figure 1A), stable relative hu-
midity, and easterly winds.31 Total suspended
particulates and sulfur dioxide were moder-
ately correlated (r=0.42) during winter 1984–
1985. Carbon monoxide was weakly correlated
with sulfur dioxide (r=0.28) but not with total
suspended particulates (r=0.05). Winter 1987/
1988 was characterized by warmer tempera-
tures compared with winter 1984–1985 (Fig-
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TABLE 1—Air Pollution,a Temperature,a and Systolic Blood Pressure During the Augsburg MONICA Survey (1984–1985) and
the Follow-Up (1987–1988)

Nb Mean SD Minimum Maximum

Survey 1984–1985c 144 . . . . . . . . . . . .
Total suspended particulates, µg/m3 119 52.9 32.2 6.8 175.7
Sulfur dioxide, µg/m3 126 60.2 47.4 13.0 238.2
Carbon monoxide, mg/m3 126 4.5 1.9 0.9 11.5
Temperature, °C 144 1.9 7.8 −24.8 14.5
Barometric pressure, hPa 144 1015.3 8.3 997.0 1031.0

Follow-up 1987–1988d 153
Total suspended particulates, µg/m3 131 48.4 22.1 12.0 134.3
Sulfur dioxide, µg/m3 152 23.8 12.3 5.6 71.1
Carbon monoxide, mg/m3 153 4.1 1.3 1.7 8.2
Temperature, °C 153 6 6.5 −11.3 18.7
Barometric pressure, hPa 153 1018.5 7.4 998.0 1037.0

Systolic blood pressure, mm Hg
Men 1339e 132 16 89 211
Women 1268e 125 18 90 223

Note. HPa=hecto-Pascals; MONICA=World Health Organization project to MONItor trends and determinants in CArdiovascular diseases.
a24-hour averages (midnight to midnight).
bNumber of days out of the days on which subjects were examined.
cExaminations on 144 days between October 9, 1984, and May 24, 1985.
dExaminations on 153 days between October 16, 1987, and June 24, 1988.
eNumber of study subjects.

ures 1A and 1B). The correlation between sul-
fur dioxide and total suspended particulates
was similar (r=0.45), and both were correlated
with carbon monoxide (r=0.45 and r=0.52,
respectively). Barometric pressure remained
similar during both surveys.

The mean systolic blood pressure and
standard deviation of all study subjects for
the first and second survey were 129
(± 17) mm Hg and 128 (± 17) mm Hg, re-
spectively. Table 1 shows the mean systolic
blood pressure stratified by sex. Individuals
with an increased heart rate and individuals
with an increased plasma viscosity had a
higher systolic blood pressure, with a mean
and standard deviation of 136 (±18) mm Hg
and 137 (±20) mm Hg, respectively. For these
analyses, increased heart rate was defined as
a heart rate above the 90th percentile, which
corresponds to a heart rate greater than 80
beats per minute. Increased plasma viscos-
ity was defined as a plasma viscosity above
the 90th percentile in the first survey, which
corresponds to plasma viscosity values
greater than 1.35 mPa s (milli–Pascal sec-
onds) for men and greater than 1.33 mPa s
for women.

In Table 2, the associations between air
pollutants, meteorology, and systolic blood
pressure in the MONICA surveys are presented.
During the air pollution episode, a significant
increase in blood pressure was observed in all
study subjects after adjustment for cardiovas-
cular risk factors. Further adjustment for tem-
perature, barometric pressure, and relative hu-
midity showed that the change in blood pressure
associated with the episode was mainly caused

by meteorologic parameters. In men, temper-
atures below 0°C and barometric pressure had
the strongest effect on systolic blood pressure.
Women were less affected by barometric pres-
sure than were men. However, relative humid-
ity and temperatures below 0°C and between
0°C and 10°C were associated with a signifi-
cant change in systolic blood pressure.

Estimates from analyses considering the
air pollutant concentrations as continuous
variables from both survey periods are also
given in Table 2. Regression coefficients are
expressed for increases from the 5th to the
95th percentile of each pollutant, and direct
comparisons between the estimates are pos-
sible. Significant effects for concentrations
of sulfur dioxide and total suspended partic-
ulates were observed for all study participants.
Higher effect estimates for 5-day moving av-
erages compared with effect estimates from
the same day for concentrations of total sus-
pended particulates and sulfur dioxide were
observed for men and women together. Fur-
thermore, odds ratios (ORs) for an increase in
systolic blood pressure above 140 mm Hg,
an increase in diastolic blood pressure above
90 mm Hg, or both, were calculated for all
study participants (results not shown). The
results indicated a significant increase in the
risk of attaining a blood pressure reading
within the hypertensive range (OR = 1.63;
95% confidence interval [CI]=1.21, 2.20).

Effect estimates for the association be-
tween diastolic blood pressure and air pollu-
tion were less in magnitude but also pointed to-
ward an increase in blood pressure in
association with total suspended particulates

(β=0.81 mm Hg; 95% CI=−0.04, 1.67). No
clear association between sulfur dioxide and
carbon monoxide and diastolic blood pressure
was observed.

When both total suspended particulates
and sulfur dioxide were included in the model,
the total suspended particulate effect on systolic
blood pressure for both men and women re-
mained significant (β=1.75; 95% CI=0.45,
3.05), and the sulfur dioxide effect was sub-
stantially reduced (β=0.23; 95% CI=−0.50,
0.96). Adding total suspended particulates and
carbon monoxide to the model increased the ef-
fect of total suspended particulates on systolic
blood pressure from 1.79 mm Hg (95% CI=
0.63, 2.95) to 2.37 mm Hg (95% CI=1.01, 3.72)
per increase in total suspended particulates of
90 µg/m3. No change in effect estimates as com-
pared with the 1-pollutant models occurred
when both sulfur dioxide and carbon monoxide
were included in the model as exposure vari-
ables. 

Comparing the effect of total suspended
particulates on systolic blood pressure in the
city ofAugsburg vs the surrounding rural areas
showed no difference in the effect estimate for
total suspended particulates (β=1.88; 95% CI=
0.15, 3.61 in city ofAugsburg vs β=1.73; 95%
CI=0.15, 3.31 in the rural areas).

The association between systolic blood
pressure and same-day total suspended par-
ticulate concentrations in subgroups with high
levels of plasma viscosity (>90th percentile)
and an increased heart rate (>90th percentile)
is presented in Figure 2. The effect estimate
shows an increase in systolic blood pressure
in all study subjects of 6.93 mm Hg (95% CI=
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FIGURE 1A—Time series of 24-hour mean total suspended particulates (TSP) and sulfur dioxide (SO2) concentrations and
temperature during the MONICA survey (1984–1985), showing the air pollution episode (January 7 to January 19).

FIGURE 1B—Time series of 24-hour mean total suspended particulates (TSP) and sulfur dioxide (SO2) concentrations and
temperature during the MONICA follow-up (1987–1988).
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TABLE 2—Mean Change in Systolic Blood Pressure (SBP) in Association With Air Pollution During the MONICA Cohort
Study (N=2607)

Men (n=1339) Women (n=1268) Men and Womena

SBP, SBP, SBP,
Pollution variable mm Hg 95% CI mm Hg 95% CI mm Hg 95% CI

Crude analysis
1985 episodeb 0.88 −1.03 2.79 1.31 −0.86 3.48 1.10 −0.34 2.54

Analysis adjusted for cardiovascular risk factorsc

1985 episodeb 1.58 −0.29 3.47 2.29∗ 0.11 4.46 1.87∗ 0.44 3.30
Analyses adjusted for cardiovascular risk 

factors and meteorologic parametersd

1985 episodeb 0.20 −1.83 2.24 0.61 −1.73 2.96 0.32 −1.23 1.86
Temperature, <0°C vs ≥0°C 2.81∗ 1.22 4.40 2.69∗ 1.02 4.36 2.73∗ 1.57 3.90
Temperature, 0°C to 10°C vs >10°C 1.27 −0.12 2.66 1.48∗ 0.03 2.93 1.34∗ 0.33 2.35
Barometric pressuree −1.38∗ −2.62 −0.06 −1.29 −2.71 0.13 −1.30∗ −2.34 −0.26
Relative humidityf −0.37 −1.35 0.61 −1.16∗ −2.23 −0.09 −0.81∗ −1.54 −0.08

Continuous air pollutant concentrations
Same-day concentrationsd

TSP (per 90 µg/m3)g 1.23 −0.31 2.78 2.23∗ 0.49 3.98 1.79∗ 0.63 2.95
Sulfur dioxide (per 80 µg/m3)g 0.96∗ 0.07 1.85 0.96 –0.46 1.49 0.74∗ 0.08 1.40
Carbon monoxide (per 5.6 mg/m3)g 0.68 −0.94 2.31 0.51 −1.31 2.19 0.53 −0.66 1.72

5-day averagesd

TSP (per 70 µg/m3)g 1.05 −0.50 2.61 2.74∗ 0.89 4.60 1.96∗ 0.75 3.15
Sulfur dioxide (per 75 µg/m3)g 0.97∗ 0.09 1.85 1.23∗ 0.23 2.22 1.07∗ 0.41 1.73
Carbon monoxide (per 3.6 mg/m3)g 0.92 −0.87 2.70 0.91 –0.87 2.70 1.06 −0.17 2.29

Note. MONICA=World Health Organization project to MONItor trends and determinants in CArdiovascular diseases; CI=confidence interval;
TSP=total suspended particulates.

aAnalyses adjusted for sex.
bCompares the SBP during the episode between January 7 and January 19, 1985, with the SBP on all nonepisode days.
cAnalyses adjusted for age, body mass index, high-density lipoprotein cholesterol, total cholesterol, smoking, leisure-time activity, and

medication intake.
dAnalyses adjusted for temperature, relative humidity, barometric pressure, and cardiovascular risk factors.
eChange in barometric pressure from the 5th to the 95th percentile≅26 hPa.
fRelative humidity>80% vs relative humidity≤80%.
gChange in pollutant concentration from the 5th to the 95th percentile.
∗P<.05.

4.31, 9.75) for an increase in total suspended
particulates of 90 µg/m3 in individuals with
elevated plasma viscosity levels.An increase
in systolic blood pressure of 7.76 mm Hg
(95% CI=5.70, 9.82) was observed for indi-
viduals with higher heart rates. Effect esti-
mates of 5-day moving averages of the pol-
lutant concentration were slightly
weaker—5.71 mm Hg (95% CI=3.21, 8.22)
for the group with high plasma viscosity and
6.89 mm Hg (95% CI = 5.02, 8.77) for the
group with increased heart rates.

Discussion

Duringthe1985Europeanairpollutionep-
isode, a significant increase in blood pressure
was observed in all study subjects after adjust-
ment for cardiovascular risk factors. Further ad-
justment for low temperature, barometric pres-
sure, and relative humidity indicated that the
change inbloodpressureassociatedwith theep-
isodewasmainlycausedbythese3factors.These
resultsshowthatnotonlylowtemperatureandrel-
ative humidity but also barometric pressure are

importantweathervariablesconfoundingtheas-
sociation of air pollution and health effects.

Pope et al.16 found a positive association
between barometric pressure and blood oxygen
saturation, suggesting that when barometric
pressure decreases, oxygen saturation also de-
creases. This study showed a significant in-
verse relation between blood pressure and
barometric pressure; an increase in blood pres-
sure was associated with a decrease in baro-
metric pressure. Thus, a decrease in baromet-
ric pressure might decrease blood oxygen
saturation and increase blood pressure. A de-
crease in blood oxygen saturation could be an
indicator for hypoxia, which could alter auto-
nomic regulation.

Another analysis by Pope et al.32 on mor-
tality data and air pollution found that baro-
metric pressure was negatively associated with
total and cardiovascular mortality. These find-
ings indicate that barometric pressure might
have a considerable effect on the cardiovascu-
lar system. Therefore, barometric pressure
might be a potential confounder in the associ-
ation between cardiovascular morbidity and
mortality and air pollution.

Theresultsof theanalysis thatusedcontin-
uousairpollutionvariablesoverboth survey pe-
riods suggested that elevated 24-hour concen-
trations of ambient total suspended particulates
and sulfur dioxide were associated with an in-
creaseinsystolicbloodpressureinarandomsam-
ple of men and women. Even after adjustment
for other cardiovascular risk factors and meteo-
rologicparameters, the increaseinsystolicblood
pressureremainedsignificant.Unfortunately,no
data on the concentrations of fine and ultrafine
particles were available, and sulfur dioxide and
totalsuspendedparticulatesservedassurrogates
for the levels of inhalable particles. The results
of the 2-pollutant models indicated that the total
suspended particulate effect clearly dominates
the sulfur dioxide effect. This suggests that the
association between systolic blood pressure and
air pollution is attributable more to the effect of
the particulate matter than to the effect of sulfur
dioxide.

Little information is available on underly-
ingbiologicalmechanismstoexplainanincrease
insystolicbloodpressure inassociationwithpar-
ticulateairpollution.Astudyonacuteeffectsof
inhaled urban air pollution particles in rats33
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FIGURE 2—Mean change in systolic blood pressure in association with same-day total suspended particulates (TSP) in
subjects with high levels of plasma viscosity and increased heart rate.

showedincreasedplasmalevelsofendothelin-1,
which is thought to play an active role in the
maintenance of basal systemic vascular tone.
Thesefindingswerebasedonthehypothesis that
respirableparticlesareable toaccess thedistalal-
veolar surface area and affect the lung capillar-
ies through bioavailable components leaching
fromtheparticles.Thegenerationofendothelin-
1 ismarkedly increasedbyhypoxiaandfreerad-
icals34 and could therefore be increased in lung
capillaries throughoxidativedamagecausedby
respirable particles.

In animal models, injection of endothelin-
1 caused dose-related increases in sympathetic
nerveactivityandbloodpressure. Italsohasbeen
reported thatendothelin-1mayacton thecentral
nervous system as a neurotransmitter or neuro-
modulator.Asaconsequence, itmightparticipate
in cardiovascular regulation through the central
nervous system, and an alteration in the central
endothelin-1 system could result in blood pres-
sure elevation.35 Evidence indicates that activa-
tionof thesympatheticnervoussystemplaysan
important role in hypertension and parallels the
degree of blood pressure elevation.36 However,
most of these studies have been conducted with
animalmodels, and thesepotentialmechanisms
still must be confirmed in the human organism.

Recent epidemiologic studies17–19 assess-
ing the association between autonomic cardiac

function and particulate air pollution found an
alteration in heart rate variability in association
withanincreaseinparticulatematter.Eventhough
findings from Gold et al.19 and Pope et al.18 dif-
ferwithrespect totheparticleeffectsonparasym-
pathetic function, these findings support the hy-
pothesisofthealterationoftheautonomicnervous
system in association with particulate matter.

In a retrospective analysis of theAugsburg
data, Peters et al.23 found an association be-
tween elevated levels of plasma viscosity and
total suspended particulates. Plasma viscosity
was positively associated with blood pressure in
the MONICA population.37 Furthermore, heart
rate increased in association with total sus-
pended particulates, sulfur dioxide, and carbon
monoxide.24 In our analysis, increases in blood
pressure in association with total suspended
particulates were 4 times higher for men and
women with an increased heart rate. Similar in-
creases in the magnitude of the effects were ob-
served in a subgroup of individuals with in-
creased plasma viscosity. These results show
that individuals with other cardiovascular risk
factors might be more susceptible to systemic
changes than are individuals without these risk
factors.

Analysesofemergencyhospitaladmissions
and mortality in association with ambient air
pollutionshowedincreasedhospitaladmissions,

particularlyforacutecoronarysyndromesandar-
rhythmia.3,21 A clear increase in cardiovascular
death occurred in association with ambient air
pollution.38Giventheseresults,onewouldexpect
to see systemic changes in the cardiovascular
systemresultinginadversecardiacevents.Blood
pressure, plasma viscosity, heart rate, and heart
rate variability are significant predictors of car-
diovascularmortalityandmorbidityandadverse
cardiacoutcomes.Overall, current findingssup-
port the hypothesis of the alteration of the auto-
nomicnervoussystemandhumoral response in
association with particulate air pollution.

Blood pressure is an extremely variable
parameter and depends on factors such as med-
ication, exercise, age, sex, and meteorology, for
which we tried to adequately control in this
analysis, but we still must be careful in inter-
preting these results.A further limitation of the
study is the use of air quality data from a sin-
gle central measuring site to estimate exposure
to air pollutants. However, the effect of this lim-
itation would be random misclassification of
exposure, which would not be expected to pro-
duce a false-positive association.

Our results showed a consistent signifi-
cant increase in blood pressure in a random
sample of men and women in association with
increased concentrations of total suspended
particulates. Furthermore, a significant increase
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in the risk of attaining a blood pressure within
the hypertensive range was observed. Since an
increase in blood pressure could be caused by
a change in cardiovascular autonomic control,
which could indeed influence adverse cardiac
events, it is important to understand the effects
of particulate air pollution on the autonomic
nervous system. All potential risk factors for
cardiovascular mortality and morbidity need
to be identified. Further research applying other
methods, such as time-series studies, is needed
to investigate the effects of ambient particu-
late matter on cardiovascular health.
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