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Rationale: Ambient air pollution has been shown to be associated
with cardiovascular morbidity and mortality.

Objectives: A prospective panel study was conducted to study the
early physiologic reactions characterized by blood biomarkers of
inflammation, endothelial dysfunction, and coagulation in response
to daily changes in air pollution in Erfurt, Germany.

Methods: Blood parameters were repeatedly measured in 57 male
patients with coronary heart disease during the winter of 2000/
2001. Fixed-effects linear and logistic regression models were ap-
plied, adjusting for trend, weekday, and meteorologic parameters.
Measurements: Hourly data on ultrafine particles (UFPs; number con-
centration of particles from 0.01 to 0.1 pm), mass concentration
of particles less than 10 (PM;,) and 2.5 pm in diameter, elemental
and organic carbon, gaseous pollutants, and meteorologic data
were collected at central monitoring sites.

Main Results: Increased levels of C-reactive protein above the 90th
percentile were observed for an increase in air pollution concentra-
tions of one interquartile range. The effect was strongest for accu-
mulation mode particles, with a delay of 2 d (odds ratio [OR], 3.2;
confidence interval [Cl], 1.7, 6.0). Results were consistent for UFPs
and PM,,, which also showed a 2-d delayed response (OR, 2.3; CI,
1.3, 3.8; and OR, 2.2; Cl, 1.2, 3.8, respectively). However, not all
of the blood markers of endothelial dysfunction and coagulation
increased consistently in association with air pollutants.
Conclusion: These results suggest that inflammation as well as parts
of the coagulation pathway may contribute to the association be-
tween particulate air pollution and coronary events.
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Increasing evidence suggests that ambient air pollution may ad-
versely affect the cardiovascular system. It has been shown that
ambient air pollution leads to increased cardiovascular mortality
(1-6), and studies found associations between ambient air pollu-
tion and hospital admissions for various cardiovascular diseases,
including congestive heart failure (7-9). Also, an increased risk
for acute myocardial infarction (MI) (10) and cardiorespiratory
symptoms (11) has been reported in association with particulate
air pollution.

The exact mechanisms linking the inhalation of ambient air
particles to an acute exacerbation of cardiovascular disease are
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not completely understood (12). Seaton and coworkers (13) hy-
pothesized that inhaled particles would lead to alveolar inflam-
mation, which increases the level of blood coagulability, thus
leading to an increased risk of ischemic events in susceptible
individuals. DeMeo and colleagues (14) found reduced oxygen
saturation in association with particulate matter of less than
2.5 pm in diameter (PM,;). Pope and colleagues (15), who linked
long-term exposure to particulate air pollution to various causes
of mortality, found a strong and robust association between
PM, ;5 and cardiovascular disease mortality. They concluded that
exposure to particulate air pollution and cardiopulmonary mor-
tality risk is linked by accelerated pulmonary and systemic in-
flammation. Moreover, Peters and coworkers (16) demonstrated
increased levels of plasma viscosity during an air pollution epi-
sode in central Europe, compared with less polluted days. In-
creased plasma concentrations of C-reactive protein (CRP), the
classic acute-phase protein, were also shown during the 1985 air
pollution episode (17).

There is a strong link between inflammation and coronary
heart disease (CHD) because factors involved in inflammation
and infection seem to play a proatherogenic role and inflamma-
tion has been identified as a potent risk factor for acute coronary
syndrome. Systemic inflammation could result in destabilization
or even rupture of vulnerable atheromatous plaques, leading to
acute ischemic events.

Most of the cited studies have been conducted in the general
population or in elderly healthy subjects. This study looks at a
susceptible subgroup to provide insight into the ways in which
air pollution might precipitate death in persons with underlying
heart disease, based on the hypothesis that particulate air pollu-
tion can alter cardiovascular function.

Repeated measurements of markers of an early inflammatory
response, cell recruitment and coagulation, were compared with
concurrent levels of air pollution. Our primary hypothesis was
that CRP, a well-known marker for inflammation, would in-
crease in association with a rise in levels of air pollution. More-
over, we analyzed various other markers of inflammation (serum
amyloid A [SAA]), cell adhesion (E-selectin, von Willebrand fac-
tor antigen [VWTI], intercellular adhesion molecule 1 [[CAM-1]),
and coagulation (fibrinogen, factor VII [FVII], prothrombin
fragment 1+2, D-dimer) on a more explorative basis hypothe-
sizing that the levels of these blood markers would also go up in
association with higher levels of air pollution, as seen in Figure 1.
Some results have been previously presented in form of an
abstract (18).

METHODS

Study Design

As part of the University of Rochester Particulate Matter Center, a
prospective panel study was conducted between October 15, 2000, and
April 27,2001, in Erfurt, Germany. The panel consisted of male patients
with CHD who were scheduled for 12 subsequent clinical visits. Each
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Figure 1. Conceptual model showing hypothesized as
well as observed effects of the cellular events linking partic-
ulate exposure to cardiopulmonary events. CRP =
C-reactive protein; FVII = factor VII; ICAM-1 = intercellular
adhesion molecule 1; IL = interleukin; SAA = serum
amyloid A; vWf = von Willebrand factor.
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clinical visit included a short interview and the withdrawal of a blood
sample. At the first visit, a baseline questionnaire was administered
regarding health status, pulmonary and cardiac symptoms, medication
intake, and smoking history.

Sixty-one nonsmoking men, aged 50 yr or older, with physician-
diagnosed CHD were recruited through a local cardiologist. Patients
with pacemakers, recent (< 3 mo ago) MI, bypass surgery, or balloon
dilatation were not included because the inflammatory processes in-
volved in such a procedure might not yet have subsided. Persons with
type 1 diabetes or on anticoagulation therapy (except for antiplatelet
agents) were also not included. A written, informed consent was ob-
tained from all subjects. The study protocol was approved by the
German Ethics Committee of the “Bayerische Landesdrztekammer”
in Munich, Germany. All methods used in the study were conducted
according to standard operating procedures and were tested beforehand
in a 2-wk pilot study.

Air Pollution Monitoring

Concentrations of different ambient air pollutants were measured at
one fixed monitoring site in the city center representing urban back-
ground levels. The measurement site was put up especially for carrying
out epidemiologic studies (19,20) and all measurements were conducted
according to the standard operating procedures developed within the
framework of previous studies (21-23).

Continuous ultrafine particle (UFP) counts (0.01-0.1 wm), accumu-
lation mode particle (AP) counts (0.1-1.0 wm), and fine-particle mass
(PM,5) were measured with the mobile aerosol spectrometer (MAS).
The MAS, described previously (24, 25), consists of two different, com-
mercially available instruments covering different size ranges. Particles
in the size range from 0.01 to 0.5 pm were measured using a differential
mobility particle sizer (TSI, Aachen, Germany). Particles in the size
range from 0.1 to 2.5 wm were classified by an optical laser aerosol
spectrometer (PMS, Leonberg, Germany).

PM,, (particulate matter < 10 pm in diameter) data were collected
by the tapered element oscillating microbalance method (TEOM 1400a;
Rupprecht and Patashnik, Albany, NY) and continuous data on elemen-
tal (EC) and organic carbon (OC) were measured with an ambient
carbon monitor (ACM 5400; Rupprecht and Patashnick). Data on mete-
orologic variables for this period as well as concentrations of gaseous
air pollutants were collected from existing networks. Missing values of
the ambient UFPs between January 20 and February 13 were imputed
by a linear regression model based on parallel measurements with a con-
densation particle counter and a scanning mobility particle sizer. The
R squares for the regression model was 0.96. Also, between December
2000 and May 2001, approximately 15% of the PM,s measurements
by MAS were lost. These missing values were replaced by corrected
data based on parallel measurements with TEOM-PM,, and Harvard
Impactor-PM, s (Air Diagnostic and Engineering, Inc., Naples, ME).
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For each person and visit, the individual 24-h average of pollutants
immediately preceding the clinical visit (lag 0) up to Day 5 (lag 1-4)
and 5-d running means before the examination were calculated if more
than two-thirds of the hourly measurements were available for this
period.

Clinical Measurements

The clinical visits were scheduled on the same weekday (Monday to
Friday) and time (8:00 a.M. to 5:00 p.M.) for each patient once every
2 wk.

At each visit, ethylenediaminetetraacetic acid and citrate plasma
samples were drawn (Becton Dickinson, Franklin Lakes, NJ). Samples
were centrifuged and aliquots were immediately stored at —20°C until
analysis. CRP (high-sensitivity assay), SAA, and fibrinogen were analyzed
by immunonephelometry (Dade Behring, Marburg, Germany). ICAM-1,
E-selectin (R&D Systems, Wiesbaden, Germany), and prothrombin
fragment 1+2 (Dade Behring) were measured by means of a commer-
cial ELISA. D-dimer and vWf were analyzed using an immunoturbidi-
metric method and FVII by clotting time measurement (Diagnostica
Stago, Asnieres-sur-Seine, France).

Study Subjects

Fifty-seven of 61 patients were included in the analyses. One patient
refused to participate, and three patients had to be excluded for the
following reasons: two were diagnosed with leukemia or lymphoma
and one patient had constantly elevated levels of white and red blood
cells, indicating an unknown hematologic disorder. Fifty-five patients
participated in 12, one patient participated in nine, and one patient
participated in eight scheduled visits (99% completeness). Blood sam-
ples of patients reporting an acute infection and/or surgery during the
2 wk before the examination were excluded from the analysis (46 blood
samples [7%] of 19 different patients). Also, 18 blood samples (3%)
in 15 patients showing implausibly low fibrinogen values (< 1.0 g/L)
on nephelometry were excluded from the analysis. Finally, not all pa-
tients were able to give the scheduled amount of blood at each visit.
Therefore, between 544 blood samples (87%) and 581 blood samples
(92%) remained for analysis, depending on the marker.

Statistical Analyses

Continuous concentrations of the blood markers were analyzed using
linear regression models. Also, values above the 90th percentile were
assessed using logistic regression models (17). Generalized additive
models, including pollutant and confounder variables, were used for
fixed-effects regression with individual intercepts for each patient.
Long-term time trend, an indicator variable for each subject, weekday
of the visit, and the meteorologic parameters air temperature, relative
humidity, and barometric pressure, each with lag 0 to lag 3, were consid-
ered as potential confounders. Because the half-life of most markers
is only a couple of hours and the visits took place in 2-wk intervals, it
was assumed that no autocorrelation was present in the patient data,
and no adjustment for autocorrelation was made.

Prothrombin fragment 1+2, FVII, SAA, CRP, and E-selectin were
log-transformed before analysis because their residuals remained
skewed after multivariate modeling.

Model building was done for each blood parameter separately with-
out an air pollution variable. To explore the shape of the association
between confounders and blood markers, nonparametric smooth func-
tions on the basis of locally weighted least squares were applied for all
confounders. Model fit was rated on the basis of the Akaike information
criterion (AIC). In the final model, nonparametric smooth functions
were replaced by appropriate polynomials (degree 2 or 3) or natural
splines based on lowest AIC. After the model fit was completed, dose—
response functions of the confounders were checked visually and in case
implausible shapes were observed, degrees of freedom were decreased.
Each pollutant was added separately to the final model.

Data were analyzed using the statistical package SAS version 8.2
(SAS Institute, Inc., Cary, NC) and S-Plus version 6.0 (Mathsoft Engi-
neering and Education, Inc., Cambridge, MA).

Logistic regression models were used to determine whether the
effect was limited to the upper tail of the distribution. Confounder
adjustment was done in the same way as described for the linear regres-
sion models; however, more parsimonious models were used. Sensitivity

analyses were done to explore the influences of the different confounder
models.

RESULTS

Patient Characteristics

Patient characteristics are summarized in Table 1. The study
population comprised 57 nonsmoking men, aged 51 to 76 yr.
Approximately 84% of them were retired. Except for one per-
son, all patients had stopped smoking at least 1 yr before the
examinations.

Air Pollutants

The distributions of the 24-h average concentrations of the par-
ticulate and gaseous pollutants as well as meteorologic data are
given in Table 2.

PM,, PM,;5, and AP were highly correlated (r = 0.90-0.91),
whereas UFPs were only moderately correlated with PM,, and
PM,; (r = 0.57 and 0.41, respectively). PM, s showed a moderate
negative correlation with air temperature (r = —0.5; Figure 2).
EC and OC showed high correlation (r = 0.96) and were also
highly correlated with all other particle fractions (r = 0.63-0.90).
Also, CO and NO, were highly correlated (r = 0.82), whereas
the correlation for UFPs with NO, was slightly lower than with
CO (r = 0.75 and 0.82, respectively).

Blood Parameters

Levels of blood parameters are summarized in Table 3. Parame-
ters of the acute-phase response, SAA and CRP, were corre-
lated (r = 0.53), as were the adhesion molecules ICAM-1 and
E-selectin (r = 0.53). However, no significant correlation was
seen between markers of an acute-phase response and adhesion
molecules (r = 0.08 to 0.31). SAA and CRP also showed a moder-
ate correlation with fibrinogen (r = 0.44 and 0.34, respectively).

TABLE 1. CHARACTERISTICS OF THE STUDY POPULATION,
57 MEN WITH HISTORY OF CORONARY HEART DISEASE IN
ERFURT, GERMANY, WINTER 2000/2001

Mean (SD)
Age, yr 66 (6.0)
BMI, kg/m? 28 (3.4)
No. (%)
History of
Coronary heart disease 57 (100)
Angina pectoris 40 (68)
Myocardial infarction 43 (75)
Bypass surgery/balloon dilatation 49 (86)

Stroke 3(5

Diabetes mellitus 13 (23)

Hypertension 40 (70)

Chronic bronchitis 24

COPD 5(9)

Hay fever 24

Chronic kidney disease 6(11)
Smoking

Never smoker 15 (26)

Ever smoker 42 (74)
Medication use

Platelet aggregation inhibitors

Acetylsalicylic acid 52 (91)

Thienopyridines 3(5
Antihyperlipidemic medication 29 (51)

Definition of abbreviations: BMI = body mass index; COPD = chronic obstructive
pulmonary disease.
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TABLE 2. SUMMARY STATISTICS OF DAILY CONCENTRATIONS (24-h AVERAGE) OF AIR POLLUTANTS AND METEOROLOGIC
VARIABLES IN ERFURT, GERMANY, BETWEEN OCTOBER 12, 2000, AND APRIL 27, 2001 (INCLUDING IMPUTED VALUES)

Variable No. Mean (* SD) Min. First Quartile Median Third Quartile Max. IQR IQR (5-d average)
UFPs,*n/cm? 196 12,602 (= 6,455) 2,542 7,326 11,444 17,332 34,294 10,005 6,821
AP, n/cm? 167 1,593 (+ 1,034) 328 821 1,238 2,120 4,908 1,299 1,127
PM,s," pg/m? 197 20.0 (= 15.0) 2.6 9.7 14.9 26.1 83.7 16.4 12.2
PMq, pg/m? 154 20.0 (= 13.0) 5.4 10.8 15.6 26.0 74.5 15.2 12.8
Organic carbon, pg/m? 126 1.5 (= 0.6) 0.3 1.1 1.4 1.8 3.4 0.7 0.5
Elemental carbon, pg/m? 126 2.6 (£ 2.4) 0.2 1.0 1.8 3.2 12.4 23 1.8
NO,, ng/m? 198 343 (£ 11.4) 8.0 253 34.0 42.5 68.4 17.2 9.3
CO, mg/m? 198 0.52 (= 0.29) 0.11 0.33 0.44 0.60 1.93 0.27 0.22
Temperature, °C* 198 4.1 (= 4.8) -10.4 0.5 4.4 7.9 13.2 7.4 5.9
Barometric pressure, hPa 198 973.4 (= 9.7) 949.5 966.3 972.9 980.0 995.7 13.6 10.8
Relative humidity,* % 198 83.5 (+ 8.8) 55.8 78.9 84.3 88.8 100.0 10.0 9.1

Definition of abbreviations: AP = accumulation mode particles (particles with a size range of 0.1 to 1.0 pm); IQR = interquartile range; PM,s = mass concentration
of particles less than 2.5 um in diameter; PM;, = mass concentration of particles less than 10 pm in diameter; UFPs = ultrafine particles (number concentration of

particles with a size range of 0.07 to 0.1 pm in diameter).
* For UFPs, 13% of the hourly measurements were imputed.
T For PM,s5, 15% of the hourly measurements were imputed.
* For temperature, 0.5% of the hourly measurements were imputed.
§ For relative humidity, 0.5% of the hourly measurements were imputed.

Regression Results

Results for the regression of different blood markers are summa-
rized in Table 4 (logistic regression) and Table 5 (linear regression).
Effect estimates are presented together with 95% confidence
intervals (95% CI) based on an increase in air pollution
concentration from the first to the third quartile (interquartile
range).

Inflammation and adhesion. For CRP, the odds of observing
concentrations above the 90th percentile were consistently in-
creased in association with PM,, and UFPs (Figure 3) as well as
AP, NO,, and CO for lag 2. The highest odds ratio (OR) was
seen with AP, whereas EC and OC showed no significant results.

The OR for observing high ICAM-1 levels increased, espe-
cially for lag 1 and 2. This pattern was seen for PM,, (Figure 3),
AP, EC and OC, and CO. For ICAM-1, a decrease with lag 0
was also found for most pollutants. Results for SAA indicate
an increase in association with particulate air pollution (e.g.,
with UFP concentrations); however, results are not as strong
and consistent as for CRP (Figure 3). Linear regression analyses
looking at the continuous distribution did not reveal significant
results for CRP, ICAM-1, and SAA. Also, E-selectin did not
show any association with ambient air pollution (Figure 3).

Linear regression analyses of vWf (Table 5) revealed statistically
significant positive associations for most pollutants with lag 0 and
for the 5-d average exposure (Figure 3). For PM,s and AP, the
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Figure 2. Time series of number concentrations of particles sized 0.01 to 0.1 wm (ultrafine particles [UFP]) and mass concentrations of particles
less than 2.5 um in diameter (PM,;) together with air temperature in Erfurt, Germany, between October 2000 and April 2001.
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TABLE 3. BIOMARKERS FOR 57 MALE PATIENTS WITH CORONARY HEART DISEASE IN ERFURT,

GERMANY, WINTER 2000/2001

Parameter No. Mean (SD) Min. Median 90th Percentile Max.
CRP, mg/L 579 3.7 (6.5) 0.2 2.0 8.5 93.2
SAA, mg/L 579 6.9 (35.1) 0.80 3.0 8.5 761
Factor VII, % activity 543 124 (61) 42 118 158 839
VWS, % activity 549 135 (59) 21 134 209 393
Fibrinogen, g/L 577 2.9 (0.70) 1.24 2.90 3.81 5.73
Prothrombin fragments 1+2, nmol/L 543 1.5(1.8) 0.7 1.24 1.7 19.6
D-dimer, pwg/ml 549 0.7 (1.1) 0.2 0.42 1.3 10.0
ICAM-1, ng/ml 578 272 (75.7) 50.0 263 362 717
E-selectin, ng/ml 578 59.2 (122) 1.7 49.2 85.4 2,922

Definition of abbreviations: CRP = C-reactive protein; ICAM-1

intercellular adhesion molecule 1; SAA = serum amyloid A;

2006

vWf = von Willebrand factor antigen.

effect was limited to the 5-d average exposure. Associations for
the 1-d lag were found to be even stronger than for lag 0; how-
ever, this was not consistent throughout all pollutants.

Blood coagulation. In linear regression, a consistent decrease
in the mean of percentage of activity was found with FVII for
almost all pollutants for the 5-d average exposure, indicating a
cumulative effect (Figure 3). With the exception of PM,s and
NO,, this decrease was also consistently found for lag 2.

Logistic regression results for FVII were in agreement with
the results of the linear regression.

For prothrombin fragment 1+2, the logistic regression re-
vealed constant increases of the OR, with lag 4 showing a consis-
tent pattern in all measured pollutants (data not shown). Fibrino-
gen only revealed very few significant effects, which might be
due to chance. Analyses of D-dimer revealed a null result in
linear as well as in logistic models (Figure 3).

Sensitivity analyses. Thorough sensitivity analyses were con-
ducted for the logistic regression models comparing different
models with varying number of confounder variables.

For CRP, adding temperature, relative humidity, and air pres-
sure resulted in higher AIC values. In these models, the results
for the two-lagged effect of UFPs and AP were confirmed; how-
ever, these had generally wider confidence intervals. For pro-
thrombin fragment 1+2, the AIC was reduced by adding air
pressure to the model. However, estimates were up to twofold
higher and results for the AP destabilized. Therefore, the more
conservative and more stable model was used. Throughout all
models, stable results were found for lag 2 with the UFPs and
with lag 4 for AP, PM,,, PM,5;, EC, and OC. The results for
ICAM-1 also remained stable throughout all models. Moreover,
we conducted sensitivity analyses comparing the results for those
patients who were on lipid-lowering drugs, primarily statins, with
those who were not. Results for the linear regression show that
the effects were mainly driven by the patients who were not
on lipid-lowering medication. The effects were larger than the
overall effects but had wide confidence intervals due to reduced
power. Stratified analyses for CRP showed stronger effects in
the patients taking statins.

We compared the results of a random-effects model with
those of the fixed-effects model for the linear regression, showing
consistent effect estimates (FVII, AP, 5-d average exposure:
OR, —4.3; 95% CI, —8.1, —0.5). Some associations were found
to have a nonlinear exposure response function as marked in
Tables 4 and 5. Nonlinearity weakens the evidence for a strong
influence of these pollutants; however, for the CRP, all associa-
tions were linear (Table 4).

DISCUSSION

Summary

Our findings suggest increases in CRP and ICAM-1 in associa-
tion with ambient air particles. For these markers, the effects
were limited to the higher values of the parameters, showing an
increase in the odds of observing high levels of the respective
parameters with elevated levels of air pollution. CRP rose with
a delay of 2 d for all measured pollutants except for EC and
OC. For ICAM-1, a 1- and 2-d delayed increase was associated
with most pollutants.

Mean concentrations of vWf were shifted toward higher val-
ues revealing the strongest effect for the 5-d average exposure
to almost all pollutants. Moreover, a rise in prothrombin frag-
ment 1+2 in association with all pollutants was seen, which was
consistent for lag 4. For FVII, clear and consistent negative
associations were observed.

UFPs, NO,, and CO were measured simultaneously and
therefore allow a rough estimate on how well the two gases can
be used as surrogates for the exposure to combustion-derived
particles. Our results show a high correlation among these three
pollutants, and also the estimates for the blood markers show
comparable results, especially in logistic regressions. Similar con-
clusions have been drawn by Cyrys and colleagues (26), who
found UFPs, NO,, and CO to be strongly correlated and to
reflect motor vehicle traffic.

Possible Mechanisms

This study was based on the following mechanistic hypotheses
(Figure 1): Airway injury or activation of blood cells, such as
monocytes, caused by particles deposited in the alveoli leads to
a release of proinflammatory cytokines interleukin (IL)-6 and
IL-8. Increased production of IL-6 and IL-8 activates mononu-
clear as well as endothelial cells, initiating the hepatic synthesis
of acute-phase proteins, such as CRP and SAA, and an up-
regulation of the expression of adhesion molecules as markers
of endothelial dysfunction. An enhanced acute-phase response
as well as endothelial cell activation increase procoagulant activ-
ity, indicated by a rise in coagulation proteins or evidence of
activation of the clotting cascade (27). These changes in blood
parameters, together with plaque instability, may ultimately lead
to a coronary event in susceptible patients.

Inflammatory Pathway

Regarding CRP, Seaton and coworkers (28) observed a positive
association between exposure to ambient PM;, and CRP concen-
trations in elderly subjects in the United Kingdom. For CRP, our
findings are in accordance with those of Seaton and colleagues
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TABLE 4. EFFECTS OF AIR POLLUTION ON BLOOD
PARAMETERS PRESENTED AS OR FOR AN INCREASE IN THE
BLOOD MARKER ABOVE THE 90th PERCENTILE (LOGISTIC
REGRESSION) PER INCREASE IN INTERQUARTILE RANGE
AIR POLLUTANT IN 57 MEN WITH CORONARY HEART
DISEASE IN ERFURT, GERMANY, WINTER 2000/2001

Time Period before cRP ICAM-1

Blood Withdrawal OR 95% ClI OR 95% ClI

PMo 0to23h 1.2 0.8,1.9 1.3 0.9,1.8
24 t0 47 h 2.0* 1.1,3.6 3.1+ 2.0,4.8

48to 71 h 2.2* 1.2,3.8 3.4* 2.2,5.2

5-d-mean 2.0* 1.2,3.7 3.4* 2.2,53

PM, 0to23h 1.1 0.7,1.8 0.7* 0.4,0.9
24 t0 47 h 1.5% 0.9,2.5 1.3 0.8,1.8

48to 71 h 1.2 0.8,1.9 1.8* 1.2,2.7

5-d-mean 1.4 09,23 1.1 0.8,1.5

AP 0to23h 0.7 0.5,1.2 0.6** 0.4,0.9
24 t0 47 h 1.5 0.9,2.6 1.8* 1.2,2.8

48to 71 h 3.2* 1.7,6.0 1.6 1.0,2.5

5-d mean 1.5 0.8,3.0 0.9 0.6,1.5

UFPs 0to23h 0.7 0.5,1.2 0.6* 0.4,1.0
24 t0 47 h 1.2 0.7,2.0 1.0 0.6,1.6

48to 71 h 2.3* 1.3,3.8 1.3% 0.8,2.2

5-d mean 1.5 0.9,2.6 0.8 0.5,1.2

EC 0to23h 1.2 0.7,2.0 1.0% 0.7,1.6
24 t0 47 h 1.3 0.7,2.4 2.6% 1.7,3.8

48 to 71 h 1.6 0.9,2.7 4.0* 2.5,6.1

5-d mean 1.2 0.7,2.1 2.2% 14,33

oC 0to23h 1.2 0.7,1.9 0.9% 0.6,1.3
24 t0 47 h 1.3 0.8, 2.1 2.0% 1.3,3.2

48to 71 h 1.4 0.8,2.4 3.0* 1.8,4.8

5-d mean 1.2 0.7,1.8 1.3 0.8,2.0

NO, 0to23h 1.1 0.7,1.8 0.6 0.4,1.0
24 t0 47 h 1.4 0.9,2.3 1.0% 0.7,1.6

48 to 71 h 2.0* 1.2,3.3 1.0 0.6,1.5

5-d mean 1.4% 1.0,2.0 0.8* 0.6,1.1

CcO 0to23h 0.9 0.7,1.2 0.8* 0.6,1.0
24 t0 47 h 1.0 0.7,1.5 1.5* 1.2,1.9

48to 71 h 1.5% 1.1,2.1 1.7% 1.3,2.3

5-d mean 1.1 0.8,1.6 1.2¢ 1.0,1.6

Definition of abbreviations: AP = accumulation mode particles (particles with a
size range of 0.1 to 1.0 um); Cl = confidence interval; CRP = C-reactive protein;
EC = elemental carbon; ICAM-1 = intercellular adhesion molecule 1; OC =
organic carbon; OR = odds ratio; PM,s = mass concentration of particles less
than 2.5 wm in diameter; PM;, = mass concentration of particles less than
10 wm in diameter; UFPs = ultrafine particles (number concentration of particles
with a size range of 0.01 to 0.1 pm).

*p < 0.05.

fp<o0.1.

# Nonlinearity observed in the model.

Final models: CRP, adjusted for relative humidity lag 4, ns (df = 2) + temperature
lag 3, ns (df = 2) + trend (linear) + ID; ICAM-1, adjusted for temperature
lag 0, ns (df = 4) + trend (linear) + ID.

and are also consistent with those previously reported from
Augsburg, Germany (17). Increased concentrations of CRP are
known to predict cardiovascular events in healthy subjects (29).
Also, elevated levels of IL-6 have been found to be associated
with total mortality (30) and with risk of future fatal and nonfatal
MI (31). PM,, is suggested to affect the upper bronchi and there-
fore lead to an inflammation in the lung, whereas the smaller
particles potentially transfer into the blood and start a systemic
inflammatory response. Our data indicate a systemic delayed
response to air pollution. According to Geiser (32), particles are
rapidly translocated into the blood. It is therefore possible that
the delay we observed is due to the time needed to initiate the
acute-phase response after a rapid UFP translocation. With a
half-life of 19 h (33), CRP is down-regulated rapidly and there-

437

fore does not show any elevation 3 to 4 d after an increase in
air pollution.

Endothelial Dysfunction

Adhesion molecules, such as ICAM-1, mediate the contact be-
tween circulating leukocytes and endothelial cells. ICAM-1 in-
duces a tight binding of leukocytes to the endothelium. In this
way, leukocytes can leave the blood stream and enter the suben-
dothelial space (34-37). ICAM-1 has been shown to predict
acute coronary events as well as angina pectoris in a prospective
cohort of apparently healthy men (38). Also, an increase in
ICAM-1 in association with diesel exhaust was shown in bron-
chial biopsies in a panel of 15 human volunteers (39). Moreover,
particles collected in Provo, Utah (40), enhanced the expression
of ICAM-1 in primary cultures of human epithelium. Our data
are in accordance with the literature indicating an up-regulation
in ICAM-1 expression primarily with lag 1 and 2.

In addition, vW{ may serve as a marker of endothelial dys-
function. In healthy mice, increased vWf expression on hepatic
endothelium was detected after application of UFPs (41). vWf
reflects endothelial cell release and probably vascular reactivity.
Vascular reactivity could be secondary to inflammation, and
because vWT can mediate platelet adhesion to damaged endothe-
lium, this could be a predictor of coronary events (34, 42).

Coagulation Pathway

In contrast to our initial hypothesis, the various clotting factor
levels showed no consistent pattern in association with air
pollution.

FVII, one of the key enzymes of the extrinsic system of the
coagulation cascade, is activated by tissue factor. Complexes of
tissue factor with factor VIla are central to the activation of
factor X and to the formation of thrombin, which mediates the
conversion of fibrinogen to fibrin (43). Results for FVII in the
literature are inconsistent (28, 44). In our study, FVII activity
decreased significantly in association with most pollutants.

Regarding fibrinogen levels, we did not find any consistent
results in association with air pollution. Controlled human expo-
sure studies (45, 46) as well as epidemiologic studies (47, 48)
demonstrated positive associations between fibrinogen or plasma
viscosity and air pollution. However, decreases in fibrinogen levels
also have been reported and the significance of these results is
unknown (28, 41).

Prothrombin fragment 1+2 is cleaved from prothrombin
when it is activated to thrombin by factor Xa, thereby represent-
ing a marker of activation of the coagulation pathway (34, 49,
50). Our data indicate an increased concentration in association
with ambient air pollutants. This significant increase indicates
that an early step of blood coagulation has been activated. How-
ever, this activation was not associated with increased formation
of fibrin, as would be detected by elevated D-dimer levels. The
elevated levels of prothrombin fragment 1+2 are an important
finding that shows that air pollution not only induces inflamma-
tion but also coagulation.

The large number of blood markers measured in this study
revealed inconsistencies that were already observed in previous
studies (13). One possible explanation is that various particle
fractions or components differ in their effects. CRP, for example,
did not show any association with EC and OC, whereas other
blood markers showed quite strong effects. Moreover, diverse
time patterns in the reaction to air pollution, due to the differing
biological mechanisms, are conceivable and were also seen in
the data.

While the results for inflammation and air pollution seem
consistent, inhomogeneity exists in terms of coagulation mark-
ers. Our data strongly indicate that the pathway that links airway
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TABLE 5. EFFECTS OF AIR POLLUTION ON BLOOD PARAMETERS PRESENTED AS PERCENTAGE OF
CHANGE FROM THE MEAN/GEOMETRIC MEAN IN THE BLOOD MARKER (LINEAR REGRESSION)
PER INCREASE IN INTERQUARTILE RANGE AIR POLLUTANT IN 57 MALE PATIENTS WITH
CORONARY HEART DISEASE IN ERFURT, GERMANY, WINTER 2000/2001

FVII
Time Period before % Change % Change
Blood Withdrawal (mean) 95% Cl (GM)S 95% ClI
PM, 0to23h 4.0 -0.6, 8.5 —6.6* -10.4, —-2.5
24 t0 47 h 6.0* 0.6, 11.5 —8.4* -12.3, —4.3
48to 71 h 1.7 -49,7.0 -5.9* -9.6, 2.0
5-d mean 6.1 -0.6,12.8 —8.0* -12.4, -3.4
PM, 0to23h 3.9 -0.3, 8.1 =25 -6.2,1.4
24 t0 47 h 3.1 -1.6,7.8 -2.8 -6.1,0.6
48to 71 h 3.6 -1.1,83 =23 -5.0, 0.6
5-d mean 5.6* 0.5,10.8 —3.5* -6.4, —0.4
AP 0to23h 4.8* 0.2,9.3 0.0 -29, 3.0
24 t0 47 h 5.9* 0.4,11.5 -2.9¢ -6.1,0.4
48 to 71 h 7.0* 0.7,13.4 —3.6* -6.8, —0.3
5-d mean 13.5*% 6.3, 20.6 —4.1* -7.9, -0.3
UFPs 0to23h 3.4 -2.2,9.0 1.3F -23,5.1
24 t0 47 h 3.5 -2.7,9.7 —6.6* -10.6, —2.4
48to 71 h 3.1 -3.4,9.6 —6.4* -10.4, —2.3
5-d mean 7.8* 1.4,14.3 —6.6* -10.7, =2.3
EC 0to23h 5.0* 0.0, 10.1 -5.7* -10.5, 0.7
24 t0 47 h 7.6* 1.4,13.7 —6.9* -11.2, =23
48to 71 h 117 -52,74 —4.2¢ -8.4,0.2
5-d mean 5.7% -0.5,12.0 —6.0* -10.5, —-1.2
OoC 0to23h 5.5% 0.2,10.8 —6.1* -10.6, —1.4
24 t0 47 h 8.0* 2.1,13.9 -7.2* -11.4, —2.8
48to 71 h 3.57 —2.6,9.6 -3.8 -8.2,09
5-d mean 7.4%t 2.0,12.8 —5.6* -9.8, —1.1
NO, 0to23h 5.7* 0.7,10.7 -3.0 -6.7,0.9
24 t0 47 h 4.1 -1.2,9.4 —-2.0f -55,17
48 to 71 h 3.9 -1.5,9.4 —-1.5¢ -4.8,1.9
5-d mean 5.7* 1.6,9.8 —2.8* -5.5,0.0
Cco 0to23h 4.4* 1.4,7.5 -1.4 -3.8, 1.1
24 t0 47 h 2.7 -0.8, 6.1 —2.6* -4.8, -0.3
48 to 71 h 2.0 -1.7,58 —2.8* =51, -04
5-d mean 4.9* 1.0, 8.8 —-3.0* -5.5, -0.4

Definition of abbreviations: EC = elemental carbon; FVII = factor VIl; OC = organic carbon; PM,s = mass concentration of
particles less than 2.5 um in diameter; PM;, = mass concentration of particles less than 10 um in diameter; UFPs = ultrafine
particles (number concentration of particles with a size range of 0.01 to 0.1 pm); vWf = von Willebrand factor antigen.

*p < 0.05.
* Nonlinearity observed in the model.
fp<0.1.

¢ Percentage of change per interquartile range increase in air pollution.

Final models: VWf: air pressure, lag 1, ns (df = 2) + relative humidity, lag 1, ns (df = 4) + air temperature, lag 3, ns (df = 5) +
trend, ns (df = 3)+ ID + weekday; factor VII: air pressure, lag 3, ns (df = 4) + relative humidity, lag 0, ns (df = 5) + air
temperature, lag 1, ns (df = 3) + trend, ns (df = 4) + ID + weekday.

injury from air pollution and coronary events may include in-
creased expression of adhesion molecules and a proinflammatory
response. Furthermore, the coagulation system (prothrombin
fragment 1+2) is activated, although not sufficiently enough to
cause increased fibrin formation, as would have been reflected
by elevated D-dimer levels. We do not have an explanation
for the decreased concentrations of fibrinogen and FVII, but,
whatever the cause, they may act to protect against clinical events
secondary to coronary thrombosis. Our study represents mea-
surements of background levels of blood markers and does not
reflect changes that might relate to acute clinical events.

Strengths and Limitations

A strength of this study is the achievement of 99% of all sched-
uled visits. Moreover, a wide range of markers, reflecting differ-
ent pathways, were measured within the same setting. All of the
measured biomarkers may increase in response to a number of

unspecific stimuli, such as infectious diseases or surgery. CRP
is particularly sensitive and can increase a thousandfold within
a short time in response to such triggers (34). Therefore, we
excluded all blood samples that potentially might have been
affected by sources other than air pollution. All patients were
asked about infections and surgery in the 2 wk before the blood
withdrawal. Reasons for physician visits as well as hospital admis-
sions were recorded, and study nurses documented signs of an
acute respiratory infection in the patient during regular clinic
visits. None of the samples that revealed especially high or low
levels of the respective biomarker were excluded unless a reason
was known.

We used logistic regression analyses in addition to linear
regression because Peters and colleagues (16) had suggested that
effects of air pollution may be seen on a small number of subjects
with high values of a particular marker with less effect on the
mean level. Also, some parameters showed a few extreme outli-
ers, which strongly influenced the regression results.
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Figure 3. Effects of UFPs and PM;, on blood markers of inflammation, endothelial dysfunction, and coagulation; lag 0 to lag 2 and 5-d average
exposure. Fifty-seven male patients with coronary heart disease in Erfurt, Germany, winter 2000/2001. GM = geometric mean; IQR = interquartile

range; OR = odds ratio.

Although the fixed-effect models were adjusted for individual
time-invariant factors, by design no adjustment for time-dependent
individual-level variables was possible.

A variety of pollutants were used for the analyses, because
different pollutants may point toward different properties of the
aerosol, and also represent different sources of air pollution.
However, by testing multiple blood parameters and a set of
air pollutants, the possibility that some effects might have oc-
curred by chance cannot be excluded. Because the air pollution
parameters are closely correlated, we considered especially con-
sistent patterns in the data as actual effects. Moreover, thorough
confounder adjustment for meteorologic variables was done to
rule out the possibility that the detected associations resulted
from meteorologic influences or seasonal differences.

Only one central measurement site was used for the collection
of ambient air pollution. However, the spatial representativeness
of this site has been analyzed in detail previously by Cyrys and
colleagues (51), who measured sulfate and PM,levels simultane-
ously at three additional monitoring sites in the Erfurt area.
The relatively high intersite correlation between the monitoring
stations (0.69-0.98) indicates that regional episodes of sulfates
and PM,, in Erfurt can be identified using one fixed monitoring
site and that our site is generally representative for the urban
background level of air pollution within Erfurt. Erfurt is a small
city with one air mass confined by a mountain ridge on three
sides and high rises on the fourth side. Because most of the
participants of our panel were already retired, we assume that
they spent the greater part of their day within the vicinity of
their residence within the city of Erfurt.

Many studies have demonstrated that individual exposures to
PM are poorly correlated spatially with ambient concentrations
(52). Some longitudinal exposure assessment studies of PM and
specific PM components with repeated measures have found
higher correlations between personal exposures and ambient
concentrations. Janssen and coworkers (53) showed, for exam-
ple, that ambient, indoor, and personal concentrations of PM,
were highly correlated in two European cities.

However, the correlation many epidemiologists are interested
in is not that between total personal exposure and outdoor con-
centrations but the correlation between that component of per-
sonal exposure that can be attributed to outdoor particles and the
outdoor concentrations. Ebelt and colleagues (54) demonstrated
that ambient concentrations and the contribution of ambient
particles to personal PM exposure were highly correlated, with
a Pearson correlation coefficient of 0.81 for PM, s, of 0.71 for PM,,
and of 0.73 for the coarse fraction (PM,, — PM,5). Moreover, they
show that ambient concentrations and exposure to nonambient
PM,; are independent, which is an important assumption in
epidemiologic studies that use ambient concentration as a surro-
gate for personal exposure. They conclude that their results give
support to the use of ambient monitoring data in time series
analyses. Cyrys and coworkers (55), who compared the relation-
ship of indoor and outdoor levels of fine-particulate mass, parti-
cle number concentrations, and black smoke, concluded that
ambient concentrations of PM,s and black smoke can be used
as good approximations of indoor concentrations.

A limitation to the study is that the examined panel consisted
of male patients only, with a history of CHD, who were all taking
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cardiac medication. Therefore, they represent a highly selected
group and the study results might not be generalizable to other
population groups, such as females with CHD or healthy
subjects.

A differentiation between chronic and acute effects of higher
levels of blood markers in the patients is not possible with this
study design. Because of the short observation time, it is not
clear whether these changes can lead to an onset or exacerbation
of the disease. We observed short-term changes in various blood
parameters; however, the implications for patients remain specu-
lative. On the other hand, changes in blood markers due to air
pollution have recently been observed not only in patients with
CHD but also in young and healthy persons (56).

Conclusions

The study adds to the evidence that elevated levels of ambient
air pollution may cause systemic inflammatory and coagulation
responses. These changes in blood markers could represent addi-
tional risk factors, which, in susceptible individuals, such as pa-
tients with CHD, could increase the likelihood of serious arterial
vascular thrombotic events on exposure to high levels of air
pollutants.
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