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AIR POLLUTION IS A RISK FAC-
tor for cardiovascular dis-
eases (CVD), but the mecha-
nisms by which air pollution

leads to CVD is not well under-
stood.1-3 Hypothesized mechanisms
with associated biomarkers include sys-
temic inflammation (fibrinogen, C-
reactive protein [CRP], white blood cell
[WBC] count) and thrombosis or en-
dothelial dysfunction (platelet activa-
tion markers P-selectin [sCD62P] and
soluble CD40 ligand [sCD40L] as well
as the adhesive endothelial glycopro-
tein von Willebrand factor). In addi-
tion, air pollution may adversely affect
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Context Air pollution is a risk factor for cardiovascular diseases (CVD), but the un-
derlying biological mechanisms are not well understood.

Objective To determine whether markers related to CVD pathophysiological path-
ways (biomarkers for systemic inflammation and thrombosis, heart rate, and blood
pressure) are sensitive to changes in air pollution.

Design, Setting, and Participants Using a quasi-experimental opportunity
offered by greatly restricted air pollution emissions during the Beijing Olympics, we
measured pollutants daily and the outcomes listed below in 125 healthy young adults
before, during, and after the 2008 Olympics (June 2-October 30). We used linear mixed-
effects models to estimate the improvement in outcome levels during the Olympics
and the anticipated reversal of outcome levels after pollution controls ended to de-
termine whether changes in outcome levels were associated with changes in pollut-
ant concentrations.

Main Outcome Measures C-reactive protein (CRP), fibrinogen, von Willebrand
factor, soluble CD40 ligand (sCD40L), soluble P-selectin (sCD62P) concentrations; white
blood cell count (WBC); heart rate; and blood pressure.

Results Concentrations of particulate and gaseous pollutants decreased substantially
(−13% to −60%) from the pre-Olympic period to the during-Olympic period. Using 2-sided
tests conducted at the .003 level, we observed statistically significant improvements in
sCD62P levels by −34.0% (95% CI, −38.4% to −29.2%; P� .001) from a pre-Olympic
mean of 6.29 ng/mL to a during-Olympic mean of 4.16 ng/mL and von Willebrand fac-
tor by −13.1% (95% CI, −18.6% to −7.5%; P� .001) from 106.4% to 92.6%. After
adjustments for multiple comparisons, changes in the other outcomes were not statisti-
cally significant. In the post-Olympic period when pollutant concentrations increased, most
outcomes approximated pre-Olympic levels, but only sCD62P and systolic blood pres-
sure were significantly worsened from the during-Olympic period. The fraction of above-
detection-limit values for CRP (percentage �0.3 mg/L) was reduced from 55% in the
pre-Olympic period to 46% in the during-Olympic period and reduced further to 36%
in the post-Olympic period. Interquartile range increases in pollutant concentrations were
consistently associated with statistically significant increases in fibrinogen, von Wille-
brand factor, heart rate, sCD62P, and sCD40L concentrations.

Conclusions Changes in air pollution levels during the Beijing Olympics were asso-
ciated with acute changes in biomarkers of inflammation and thrombosis and mea-
sures of cardiovascular physiology in healthy young persons. These findings are of un-
certain clinical significance.
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measures of cardiovascular physiol-
ogy such as heart rate and blood pres-
sure.

Pollution-associated elevations in
these biomarkers, observed in both
young persons4-6 and older individuals
with coronary artery disease or
diabetes,7-9 have not always agreed in
terms of the direction, magnitude,
and timing of response, or the specific
pollutants with which they are most
strongly associated. This inconsis-
tency may be partially due to the
inherent limitations of panel study
designs that assessed biomarker
changes in relation to natural day-to-
day variations in ambient concentra-
tions of air pollutants (eg, residual
confounding, differences in popula-
tion characteristics, differences in par-
ticulate matter [PM] composition and
pollutant mixture). In contrast, gov-
ernmental pollution control interven-
tions can result in large pollution
changes and hence provide real-world
quasi-experimental conditions, facili-
tating more controlled examination of
pollution-mediated health effects.
However, previous studies capitaliz-
ing on such opportunities have not
assessed mechanistic biomarkers, lim-
iting outcomes to morbidity, mortal-
ity, or both.10-15

As a condition for hosting the 2008
Olympic Games, the Chinese govern-
ment agreed to temporarily and sub-
stantially improve air quality in Bei-
jing for the Olympics and subsequent
Paralympics. This provided a unique
opportunity to use a quasi-experimen-
tal design in which exposures and bio-
markers were measured at baseline
(pre-Olympics), following a change in
pollution (during-Olympics), and then
repeated after an expected return to
baseline (post-Olympics). We hypoth-
esized that levels of inflammatory and
thrombotic biomarkers as well as heart
rate and blood pressure would de-
crease from the pre-Olympic to the dur-
ing-Olympic period, followed by in-
creases in these biomarkers from the
during-Olympic to the post-Olympic
period. Furthermore, across the entire
period, we hypothesized that changes

in biomarker levels would be corre-
lated with changes in concentrations of
specific pollutants.

METHODS
Pollution Control Measures

A series of aggressive pollution con-
trol measures were implemented from
July 20 to September 17, 2008, encom-
passing the entire Olympic Games (Au-
gust 8-24) through the end of the Para-
lympic Games (September 6-17),
mainly limiting operation of indus-
trial and commercial combustion fa-
cilities in Beijing and use of alternate-
day driving to remove approximately
one-half of the cars (�1.5 million cars)
from Beijing roads each day.16 After the
Paralympics, these pollution control ac-
tions were relaxed.

Study Design and Participants

At a central Beijing hospital, we used ad-
vertisements on hospital bulletin boards
and word of mouth to screen 137 po-
tential participants from a pool of medi-
cal residents, enrolling 128 into the
study. Nine individuals either refused to
participate or did not meet the inclu-
sion criteria that participants had to be
never-smokers and free of cardiores-
piratory, liver, kidney, neurologic, and
other chronic diseases. Participants all
worked at the hospital, with 92% resid-
ing in dormitories within 5 km from the
hospital. The remaining 8% lived in off-
campus apartments within 9 km of the
hospital. The dormitories had no cook-
ing facilities, eliminating a major source
of indoor air pollution. The partici-
pants spent, on average, approximately
70% of their time in environments other
than in hospital work places, mainly in
their residences that were not air con-
ditioned. The air conditioned build-
ings in the hospital were not air tight and
had windows that were often open dur-
ing hours of the day with cooler out-
door temperatures. We used a panel
study design in which each participant
was asked to complete 6 clinical visits,
separated by at least 1 week, with 2 in
each of the pre-Olympic (June 2-July
20), during-Olympic ( July 21-
September 24), and post-Olympic (Sep-

tember 25-October 31) periods. Our pe-
riod definition followed the schedule of
the pollution control measures de-
scribed elsewhere.16

Among the enrolled participants, 119
completed all 6 visits, and 6 partici-
pants completed 5 visits. Three partici-
pants who had only 1 or 2 visits were
dropped from the analysis. The remain-
ing 125 participants (744 person-
visits) were used in all data analyses.
Of the 63 male participants, the mean
(SD) age was 24.2 (2.1) years and body
mass index, calculated as weight in ki-
lograms divided by height in meters
squared, was 22.5 (2.9). Of the 62 fe-
male participants, the mean (SD) age
was 24.1 (1.5) years and BMI was 20.6
(2.4). This study was approved by the
University of Medicine and Dentistry
of New Jersey institutional review board
and the joint Ethics Committee of the
Peking University Health Sciences Cen-
ter and the Peking University First Hos-
pital. All participants provided writ-
t en in formed consent be fore
participating in the study.

Outcome Measurements

Each participant came to the clinic at
the same time of the morning on a
weekday for all clinic visits. Partici-
pants were fasting on each test day to
reduce extraneous effects on platelet ac-
tivation. They had not taken any medi-
cations and had no symptoms of respi-
ratory infection or allergies for at least
7 days prior to each visit. To avoid po-
tential effects from sleep pattern
changes and nonroutine activities, no
visits were made following a night shift
or travel event. At each visit, we per-
formed electrocardiographic measure-
ments in the supine position to assess
heart rate, measured blood pressure
(both systolic and diastolic) manually
using a sphygmomanometer follow-
ing a 5-minute rest period, and drew
blood without a tourniquet into hepa-
rinized or citrated tubes.17

Concentrations of sCD62P and
sCD40L in the plasma were measured
using a commercially available enzyme-
linked immunosorbent assay ([ELISA]
Rapidbio).18 The detection limit for both
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sCD62P and sCD40L was 1 ng/mL.
Blood cell counts were measured using
standard automated clinical methods in
the hospital. Plasma fibrinogen con-
centrations were analyzed, within 4
hours of venous blood collection, using
an automated ACL9000 analyzer. The
detection limit for fibrinogen was 0.28
g/L. Concentrations of von Wille-
brand factor protein in the plasma were
measured using a commercially avail-
able ELISA kit (Hushang Biotech) and
reported as the percentage of the von
Willebrand factor concentration in a
standard species-specific plasma pool.
C-reactive protein (CRP) concentra-
tions were measured in EDTA (antico-
agulant)–treated plasma using a clini-
cal immunonephelometric assay with
an automated nephelometer. The de-
tection limit for CRP was 0.3 mg/L (to
convert CRP from mg/L to nmol/L, mul-
tiply by 9.524).

Air Pollution and Weather
Measurements

We measured 24-hour concentrations of
fine particles (particulate matter � 2.5
µm in aerodynamic diameter [PM2·5])
and 3 constituents: elemental carbon, or-
ganic carbon, and sulfate. Teflon filters
were used to determine PM2·5 concen-
trations gravimetrically and then for sul-
fate by ion chromatography. Elemental
carbon and organic carbon were col-
lected on heat-treated quartz fiber fil-
ters and measured using the NIOSH
Method 5040 in a commercial labora-
tory. We also measured gaseous pollut-
ants (sulfur dioxide, nitrogen dioxide,
carbon monoxide, and ozone) using
monitors that were calibrated and main-
tained following the manufacturer’s pro-
tocols (Ecotech Ltd). We measured am-
bient temperature and relative humidity
at the same site. All the samplers and
monitors were collocated on the roof-
top of a 7-story building in the center of
the same hospital campus.

Statistical Analyses

We calculated descriptive statistics for
each pollutant by period. We log-
transformed concentrations of sCD62P
and sCD40L because both had right

skewed distributions. We estimated the
change in each biomarker from the be-
fore to during the Olympic period and
from the during to after the Olympic pe-
riod using the biomarkers as the depen-
dent and period as the independent vari-
able in mixed-linear models with
normally distributed errors. Using the
Akaike information criterion (AIC), we
compared alternatives for modeling the
correlation between errors within par-
ticipant. Across biomarkers, this crite-
rion consistently chose the model with
equicorrelated errors. Thus, we in-
cluded a single random intercept for
participant, inducing equicorrelation be-
tween all observations within partici-
pant. We adjusted for temperature and
relative humidity in the 24 hours be-
fore biomarker measurement (ie, if blood
pressure was measured at 10 AM on June
20, 2008, then the mean relative humid-
ity from 10 AM on June 19, 2008, to 9
AM on June 20, 2008, was included in
the model) using natural splines with de-
grees of freedom (�3) chosen to mini-
mize the AIC. We also accounted for ad-
ditional seasonal differences by including
cumulative averages of temperature and
relative humidity of up to 7 prior 24-
hour periods using natural splines if
these terms resulted in lower AICs. Re-
siduals were checked for normality. To
control the family-wise type I error rate
at a .05 level, a Bonferroni correction was
applied. With 16 between-period com-
parisons (8 biomarkers by 2 between-
period changes), each individual 2-sided
test was considered statistically signifi-
cant relative to a .003 significance level.

In exploratory analyses, we esti-
mated the change in biomarker con-
centration associated with each inter-
quartile range (IQR) increase in
pollutant concentration using the
mixed-linear models described above.
We included indicator variables for sex,
day of the week, mean temperature, and
relative humidity in the previous 24
hours, and if indicated by a reduced AIC
value, the cumulative average of up to
7 days of temperature, relative humid-
ity, or both. We then used this model
to estimate the change in biomarker
concentration associated with each IQR

increase in pollutant concentrations in
the 24 hours before the clinic visit (lag
day 0), as well as the 6 previous 24-
hour periods (lags 1-6). We report the
mean percentage change, along with its
95% confidence interval, in the bio-
marker associated with each IQR pol-
lutant increase. Statistical analyses were
performed using the R Programming
Language (Version 2.12.2; R Develop-
ment Core Team) with the gls proce-
dure (nlme package) to examine the
pollutant time series and the lme pro-
cedure (nlme package) for evaluating
changes in the biomarkers.

RESULTS
Pollutant concentrations are summa-
rized in TABLE 1. We observed reduc-
tions in the mean concentration of sul-
fur dioxide (−60%), carbon monoxide
(−48%), nitrogen dioxide (−43%), el-
emental carbon (−36%), PM2·5 (−27%),
organic carbon (−22%), and sulfate
(−13%) from the pre-Olympic to the
during-Olympic period. In contrast,
ozone concentrations increased (24%).
Pollutant concentrations generally
increased substantially from the dur-
ing- to post-Olympic period for all
the pollutants (21% to 197%) except
ozone (−61%) and sulfate (−47%).
Throughout the study period, several
pairs of pollutants were highly corre-
lated (r �0.7) (PM2.5 and sulfate; el-
emental carbon and organic carbon;
elemental carbon and nitrogen diox-
ide; organic carbon and nitrogen
dioxide; organic carbon and sulfur di-
oxide; PM2.5 and sulfur dioxide). Ozone
was negatively correlated with nitro-
gen dioxide, elemental carbon, or-
ganic carbon, and carbon dioxide but
was weakly correlated with sulfur di-
oxide, PM2.5 and sulfate (TABLE 2).

Period-specific means, 95% confi-
dence intervals, between-period
changes, and P values testing whether
these changes were statistically signifi-
cantly different from 0 are shown in
TABLE 3 for each biomarker. As hy-
pothesized, we observed statistically sig-
nificant decreases in sCD62P and von
Willebrand factor and nonstatistically
significant decreases in sCD40L, heart
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rate, and systolic and diastolic blood
pressure from the before- to the during-
Olympic period. The fraction of above-
detection-limit values for CRP (�0.3
mg/L) was also reduced from 55% dur-
ing the pre-Olympic period to 46% in
the during-Olympic period. As hypoth-
esized, we observed increases in
sCD62P, sCD40L, heart rate, fibrino-
gen, systolic blood pressure, and WBC
count from the during- to the post-
Olympic period, but only the increase
in sCD62P was statistically significant
after correcting for multiple compari-
sons. In contrast, the fraction of above-
detection-limit CRP values was the low-
est (36%) in the post-Olympic period.

Weobservedstatistically significant in-
creases in sCD62P associated with in-
terquartile range (IQR) increases in all
pollutants but ozone with the largest in-
creases per pollutant, ranging from 5.7%
or 0.055 ng/mL (95% CI, 0.030-0.081 ng/
mL) to 19.1% or 0.18 ng/mL (95% CI,
0.14-0.21 ng/mL) at 24 to 95 hours (lags,
1 to 3) prior to the clinic visit. In con-
trast, we observed a 12% decrease or
−0.13 ng/mL (95% CI, −0.18, to −0.076
ng/mL) in sCD62P associated with each
IQR increase in ozone concentration in
the previous 24 hours (FIGURE 1). In
comparison, sCD40L increases were
smaller, ranging from 2.9% or 0.029
ng/mL (95% CI, 0.0037-0.054 ng/mL)
to 7.4% or 0.071 ng/mL (95% CI, 0.035-
0.11 ng/mL), but still statistically sig-
nificantly associated with IQR in-
creases in PM2.5, sulfate, elemental
carbon, and sulfur dioxide concentra-
tions (at lags, 3-5).

We observed statistically significant
4.80% (95% CI, 2.78%-6.83%) to 7.51%
(95% CI, 5.20%-9.83%) increases in von
Willebrand factor associatedwith IQRin-
creases in most pollutants at various lag
periods, with the largest effects associ-
ated with PM2.5, sulfate, nitrogen diox-
ide, and elemental carbon in the previ-
ous 96 to 143 hours (lags 3-4) before the
clinic visit, sulfur dioxide in the previ-
ous 24 to 71 hours (lag days, 2-3), and
carbon monoxide in the previous 24
hours (lag 0; FIGURE 2). In contrast, we
observed a statistically significant de-
crease in von Willebrand factor

(−17.5%; 95% CI, −21.7% to −13.2%)
associated with each IQR increase in
ozone in the previous 24 hours.

For heart rate , we observed statis-
tically significant 1.1% or 1.01/min
(95% CI, 1.00-1.02/min) to 2.2% or

Table 1. Distributions of 24-Hour Mean Concentrations of Pollutants, Temperature, and
Relative Humidity

Pollutant and Perioda
No. of 24-h

Periods Mean (SD) [Range] Median (IQR)
PM2.5, µg/m3

Entire study 100 85.2 (51.9) [14.6-268.2] 80.6 (76.8)
Before 35 100.9 (38.8) [24.4-219.1] 95.8 (39.3)
During 33 69.4 (42.9) [14.6-171.4] 59.2 (66.5)
After 32 84.2 (67.2) [15.0-268.2] 60.4 (105.3)

Sulfate, µg/m3

Entire study 92 21.8 (17.0) [1.0-73.9] 20.7 (28.0)
Before 35 28.4 (12.8) [5.4-65.0] 29.6 (16.9)
During 28 23.2 (19.4) [2.0-73.9] 20.7 (32.0)
After 29 12.4 (15.2) [1.0-47.8] 4.8 (15.9)

Elemental carbon, µg/m3

Entire study 94 2.3 (1.3) [0.6-6.7] 2.1 (1.4)
Before 35 2.2 (0.7) [0.6-4.3] 2.2 (0.7)
During 28 1.4 (0.6) [0.6-3.1] 1.3 (0.6)
After 31 3.3 (1.6) [1.0-6.7] 3.3 (2.3)

Organic carbon, µg/m3

Entire study 94 10.2 (6.6) [1.1-43.3] 8.2 (5.1)
Before 35 8.8 (3.3) [1.1-21.9] 8.2 (2.2)
During 28 6.9 (2.7) [2.7-14.0] 6.5 (2.8)
After 31 14.8 (9.1) [3.0-43.3] 14.5 (12.5)

Sulfur dioxide, ppb
Entire study 91 6.1 (4.0) [0.9-21.0] 4.9 (5.4)
Before 35 7.6 (4.5) [2.0-21.0] 5.8 (6.9)
During 24 3.1 (1.6) [0.9-7.7] 3.0 (2.7)
After 32 6.6 (3.6) [0.9-14.9] 6.2 (5.0)

Carbon monoxide, ppm
Entire study 100 0.91 (0.50) [0.10-2.67] 0.82 (0.65)
Before 35 1.25 (0.41) [0.71-2.46] 1.17 (0.32)
During 33 0.63 (0.22) [0.31-1.29] 0.58 (0.26)
After 32 0.82 (0.59) [0.10-2.67] 0.74 (0.85)

Nitrogen dioxide, ppb
Entire study 100 27.0 (15.3) [9.5-80.7] 24.7 (18.7)
Before 35 26.0 (5.1) [15.8-41.2] 25.3 (5.4)
During 33 13.9 (4.6) [9.8-30.0] 13.0 (2.5)
After 32 41.4 (17.2) [9.5-80.7] 38.9 (23.9)

Ozone, ppb
Entire study 100 29.1 (17.0) [3.5-69.1] 25.1 (25.4)
Before 35 31.8 (16.4) [5.3-64.3] 34.1 (23.5)
During 33 39.5 (16.0) [10.0-69.1] 38.4 (17.3)
After 32 15.3 (6.5) [3.5-33.5] 14.8 (6.1)

Temperature, °C
Entire study 99 23.3 (5.5) [9.0-32.2] 24.1 (8.1)
Before 34 25.1 (3.0) [18.5-32.2] 24.4 (3.9)
During 33 27.7 (2.5) [21.8-31.4] 28.0 (3.4)
After 32 16.8 (3.5) [9.0-22.5] 17.1 (5.2)

Relative humidity, %
Entire study 99 60.1 (15.1) [16.3-86.7] 61.5 (19.9)
Before 34 66.6 (12.1) [41.5-86.7] 66.3 (19.2)
During 33 64.8 (10.0) [41.1-85.6] 65.2 (10.4)
After 32 48.6 (16.0) [16.3-74.3] 49.3 (24.6)

Abbreviations: IQR, interquartile range; PM2.5, particulate matter �2.5 µm in aerodynamic diameter.
aBefore the Olympics represents June 2, 2008, to July 6, 2008; during, July 28, 2008, to August 29, 2008; and after

September 29, 2008, to October 30, 2008.
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1.02/min (95% CI, 1.00-1.04/min) in-
creases associated with IQR increases
in PM2.5, sulfate, and sulfur dioxide con-
centrations lagged 24 to 47 hours (lag
1), and with elemental carbon lagged
72 to 95 hours (lag, 3; FIGURE 3). For
fibrinogen, we observed statistically sig-
nificant increases associated with in-
creases in PM2.5, elemental carbon, or-
ganic carbon, sulfur dioxide, and
nitrogen dioxide concentrations at mul-
tiple lag times and observed similarly
sized nonstatistically significant in-
creases associated with IQR increases
in sulfate and carbon monoxide also at
multiple lag times (Figure 2). The larg-
est fibrinogen changes, ranging from
0.8% or 0.019 g/L (95% CI, 0.006-
0.038 g/L) to 1.9% or 0.049 g/L (95%
CI, 0.010-0.088 g/L) were associated
with IQR pollutant increases lagged by

48 to 71 hours (lag 2) and 72 to 95
hours (lag 3).

Weobservedbothstatistically signifi-
cant increases and decreases, without a
consistentpattern, insystolicbloodpres-
sureassociatedwithmultiplepollutants.
Wedidnotobserve significant increases
or decreases in diastolic blood pressure
with any pollutant at any lag period
(FIGURE 4). In contrast and contrary to
thehypothesis, thepollutant-WBCcount
association (Figure 3) appeared to have
agenerallydecreasingtrendwithincreas-
ing lagperiods.Weobserved1.5%or76/
µL(95%CI,−120/µLto−30/µL) to3.4%
or−170/µL(95%CI,−310/µLto−30/µL)
decreases in WBC associated with IQR
increases in organic carbon, sulfur di-
oxide, carbon monoxide, and nitrogen
dioxide, lagged 96 to 143 hours (lags 4
to 6).

COMMENT
During the unprecedented pollution in-
tervention for the Beijing Olympics, we
observed moderate to large concentra-
tion decreases in all measured air pol-
lutants except ozone, a secondary pol-
lutant of photochemical smog. In the
post-Olympic period after the relax-
ation of the pollution control mea-
sures, all pollutants except the 2 sec-
ondary pollutants (ozone and sulfate)
increased from their during-Olympic
levels. Some reached or exceeded their
pre-Olympic levels. Similar findings on
these pollution changes during and af-
ter the Olympics have been reported
previously.16,19

Concomitantly, we observed statis-
tically significant biomarker reduc-
tions in von Willebrand factor and
sCD62P, confirming the importance of

Table 2. Spearman Correlation Coefficients for Air Pollutants, Ambient Temperature, and Relative Humidity, Measured on a 24-Hour Basis

Pollutants
PM2.5
Mass Sulfate

Elemental
Carbon

Organic
Carbon

Sulfur
Dioxide

Carbon
Monoxide

Nitrogen
Dioxide Ozone Temperature

Relative
Humidity

No. of 24-h periods 100 92 94 94 91 100 100 100 99 99

PM2.5 mass 1

Sulfate 0.90b 1

Elemental carbon 0.67b 0.40b 1

Organic carbon 0.69b 0.44b 0.92b 1

Sulfur dioxide 0.74b 0.63b 0.71b 0.72b 1

Carbon monoxide 0.69b 0.57b 0.58b 0.55b 0.58b 1

Nitrogen dioxide 0.42b 0.12 0.80b 0.75b 0.64b 0.53b 1

Ozone 0.12 0.35b −0.30a −0.22a 0.02 −0.13 −0.58b 1

Temperature 0.18 0.47b −0.27b −0.16 −0.07 0.03 −0.59b 0.72b 1

Relative humidity 0.33b 0.50b −0.14 −0.11 −0.06 0.33b −0.11 −0.12 0.19 1

Abbreviation: PM2.5, particulate matter �2.5 µm in aerodynamic diameter.
aP� .05.
bP� .01.

Table 3. Biomarker Concentrations by Period and Between-Period Change in Participant-Specific Biomarker Concentrations, Adjusted for
Temperature and Relative Humidity

Biomarker, Units

Olympic Period, Mean (95% CI) Between-Period Percentage Change

Before During After
Before to During,
Mean (95% CI), %

P
Valueb

During to After,
Mean (95% CI), %

P
Valueb

sCD62P, ng/mLa 6.29 (5.97 to 6.63)a 4.16 (3.86 to 4.48)a 5.36 (5.10 to 6.05)a −34.0 (−38.4 to −29.2) �.001 33.7 (17.7 to 51.8) �.001

sCD40L, ng/mLa 1.86 (1.79 to 1.94)a 1.76 (1.66 to 1.86)a 1.92 (1.77 to 2.07)a −5.7 (−10.5 to −0.7) .03 9.1 (−3.7 to 23.5) .17

von Willebrand factor, % 106.4 (98.5 to 114.4) 92.6 (82.6 to 102.5) 79.5 (66.9 to 92.1) −13.1 (−18.6 to −7.5) �.001 −14.2 (−29.9 to 1.6) .19

Heart rate/min 66.5 (65.0 to 68.1) 65.4 (63.8 to 67.0) 66.1 (64.2 to 68.1) −1.7 (−3.4 to −0.1) .04 1.1 (−2.5 to 4.9) .54

Fibrinogen, mg/dL 250 (242 to 258) 250 (240 to 259) 261 (249 to 273) 0.1 (−2.5 to 2.2) .90 4.3 (−1.7 to 10.2) .21

Blood pressure, mm hg
Systolic 102.5 (99.9 to 105.2) 100.9 (97.4 to 104.4) 110.5 (105.9 to 115.0) −1.8 (−3.9 to 0.4) .10 10.7 (2.8 to 18.6) .01

Diastolic 60.2 (57.9 to 62.6) 60.1 (57.0 to 63.1) 60.1 (56.2 to 64.0) −0.3 (−3.0 to 2.5) .86 0.1 (−9.7 to 9.9) .99

White blood cell count, µL 5290 (5050 to 5540) 5400 (5100 to 5700) 5210 (4890 to 5530) 2.2 (−2.3 to 6.6) .34 −3.9 (−11.5 to 3.6) .44

Abbreviations: sCD40L, soluble CD40 ligand; soluble P-selectin sCD62P
aBiomarker was log-transformed. Geometric means and its 95% confidence interval.
bSignificance is established if P value �.003, the individual significance level needed to maintain a family-wise Type I error rate of 0.05.
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the thrombosis–endothelial dysfunc-
tion mechanism, with sCD62P also
demonstrating significant increases in
the post-Olympic period. Two of these
measures (sCD62P and systolic blood
pressure) increased significantly from
the during-Olympic to the post-
Olympic period. Consistent with pre-
vious findings, diastolic blood pres-
sure was less sensitive to air pollution
changes.20 Among the inflammation
pathway biomarkers, the fraction of
CRP above the detection limit (0.3

mg/L) decreased from the pre-
Olympic to the during-Olympic pe-
riod but decreased further in the post-
Olympic period.

There have been other national or re-
gional air pollution reductions result-
ing from a governmental policy, na-
tional political realignment, industrial
facility employee strike, or large scale
sporting event.10,11,13,15,21 Each has been
associated with a beneficial public health
effect, including reductions in cardio-
respiratory mortality rates,11,15 bronchi-

tis prevalence,12 childhood hospital ad-
missions for respiratory disease,22

reduced preterm deliveries,13 and child-
hood asthma admissions.23 A few health
studies have also been conducted using
the Beijing Olympic air quality interven-
tion opportunity to assess changes in pul-
monary inflammation in children and
heart rate variability in taxi drivers.24,25

However, none of these studies has in-
vestigated the mechanistic pathways un-
derlying cardiovascular benefits brought
by the interventions.

Figure 1. Percentage Changes in sCD62P and sCD40L Associated With Each IQR Change in Pollutant Concentration
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to 143 hours; and lag 6, 144 to 167 hours before a clinic visit. sCD62P indicates soluble P-selectin; sCD40L, soluble CD40 ligand.
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The findings from our quasi-
experimental design may reflect the
effects of air pollution as a whole mix-
ture rather than as the action of one
or more specific pollutants. It has
been of great interest, both from a sci-
entific standpoint and from a regula-
tory perspective as to what specific
components of the air pollution mix-
ture (eg, gases vs particulate matter)
and what specific constituents of par-
ticulate matter are more toxic than
others.26,27 We attempted to address
this question through our pollutant-

biomarker association analysis. How-
ever, correlations among pollutants,
due in part to the simultaneous shut-
down of multiple pollutant sources
during the Olympics and subsequent
relaxation of pollution controls, made
it difficult to differentiate effects of
individual pollutants or pollutant
sources. The seemingly beneficial
effects of ozone on several biomarkers
is likely due to its negative correla-
tions with nitrogen dioxide and other
pollutants, as was similarly observed
in previous studies.28,29

Some of the lag-day patterns shown
in the Figures are intriguing. The
changes in von Willebrand factor and
sCD62P associated with pollutant con-
centration increases in the previous 24
hours are consistent with their roles in
the rapid thrombotic response, while
the slower response for fibrinogen more
than 2 to 3 days is consistent with its
role as an acute phase protein.30-33 For
most biomarkers, there was a gradual
increase in effect estimates in the early
lag periods (lags 0-2), followed by a
gradual decrease in effect estimates to

Figure 2. Percentage Changes in von Willebrand Factor and Fibrinogen Associated With Each IQR Change in Pollutant Concentration
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often negative effects (ie, increased pol-
lutant concentration associated with de-
creased biomarker levels) in later lag pe-
riods. These negative (“protective”)
effects could be due to compensatory
mechanisms responding to the in-
creases in the biomarker triggered by
pollution at early lags. Overall, the pol-
lutant-biomarker associations pro-
vide further mechanistic support that
the biomarker changes across the Olym-
pic periods were acute inflammatory
and prothrombotic responses to
changes in air pollution.

Each biomarker or outcome used in
our study has been related to cardio-
vascular morbidity or mortality in clini-
cal studies, but only blood pressure and
CRP are in clinical use for risk strati-
fication at the present time. For both
of these, risk is typically expressed in
strata or tiers based on a cutoff value
rather than in the mean comparisons
and percentage increases that we pre-
sent herein. Fibrinogen, von Wille-
brand factor, heart rate, sCD62P, WBC
count, and sCD40L all have been used
in observational epidemiology studies

in which increased biomarker levels
were associated with 1 or more acute
or chronic cardiovascular events or
mortality.34-39 Changes in cardiovascu-
lar physiology parameters (eg, blood
pressure) and inflammation contrib-
ute to the instability of preexisting ath-
erosclerotic plaques. Furthermore,
thrombosis, dependent on platelet ac-
tivation, is responsible for arterial ob-
struction on the surface of such a rup-
tured plaque. At the present time,
however, quantitative implications of
these biomarker changes for cardiovas-

Figure 3. Percentage Changes in White Blood Cell Count and Heart Rate Associated With Each IQR Change in Pollutant Concentration
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cular risk assessment cannot be esti-
mated due to the lack of data directly
linking biomarker changes with mor-
tality or morbidity rates.

Each biomarker used in our study has
also previously been associated with
acute air pollution changes in field ob-
servational or laboratory studies, al-
though there is substantial heteroge-
neity, even disagreement, between
individual studies. For example, we
found increases in fibrinogen concen-
tration associated with increased PM2.5

concentration in the previous few days,

which is in agreement with prior field
studies4,9 and laboratory studies,5,40 but
in disagreement with another field
study.41 Increases in von Willebrand
factor have been associated with expo-
sure to road traffic particles.30,42,43 Sys-
tolic blood pressure—and, to a lesser
extent, diastolic blood pressure—has
been documented to increase with pol-
lutant exposure.20 Increased heart rate
has also been previously associated with
increases in air pollution levels.44 All of
these are consistent with our findings.
Likewise, positive associations be-

tween sCD62P (our most sensitive bio-
marker) or sCD40L and particulate
matter have been reported in previous
studies.6,7,45 These platelet activation
marker associations with pollutant
changes in the previous 24 hours
provide an explanation for previously
reported triggering of myocardial
infarction by ambient particulate
matter.46-51

Epidemiological associations of air
pollution as a risk factor for acute car-
diopulmonary events (eg, stroke, myo-
cardial infarction) and chronic mor-

Figure 4. Percentage Changes in Systolic and Diastolic Blood Pressure Associated With Each IQR Change in Pollutant Concentration
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bidity (eg, deep vein thrombosis,
atherosclerotic cardiovascular dis-
ease) are largely driven by the elderly
and those with cardiorespiratory dis-
eases.2,52,53 However, we observed bio-
marker changes linking air pollution
with disease pathways in the young and
healthy. This may be particularly im-
portant because chronic effects of hy-
pertension and hyperlipidemias that be-
gin in youth convey CVD risk at older
ages.54

Although this study has several
strengths—including a relatively large
sample size with excellent participa-
tion, a large range of pollutant concen-
trations across the study period and the
prospective measurement of pollution
and end points at the same site—there
are several limitations that should be
noted when interpreting our results.
First, we did not measure pollutant con-
centrations at locations other than the
hospital grounds, thereby possibly miss-
ing important exposures. Second, we
did not measure each participant’s per-
sonal exposure to each pollutant and
instead used pollutant concentrations
measured at this hospital monitor as
proxies for his/her pollutant exposure
during the study. However, these
should both result only in nondiffer-
ential exposure error and underesti-
mates of pollutant mediated bio-
marker changes. Third, there may be
potential temporal confounding by
changes in season and in participant ac-
tivity patterns over the course of the 6
clinical visits. To address potential con-
founding by season, we performed sen-
sitivity analysis using only the pre-
Olympic and during-Olympic data
because these periods were both in the
summer; however, the post-Olympic
period was in early autumn (see tem-
perature values in Table 1). We found
little difference between the results from
the main analysis (with 3 periods in-
cluded) and those from the sensitivity
analysis (2 periods only; eFigure avail-
able at http://www.jama.com). Con-
cerning activity pattern changes, we col-
lected diary data on participant activities
for the 24 hours prior to each of the 6
clinic visits. Noticeable between-

period differences were only observed
for walking or biking duration (0.96 h/d
before, 0.69 h/d during, and 0.65 h/d
after the Olympic period) and time
spent outdoors (1.65 h/d before, 1.26
h/d during, and 1.22 h/d after the Olym-
pic period). However, the direction of
these differences is such that they would
tend to enhance the personal expo-
sure to outdoor pollution in the pre-
Olympic period, thereby enhancing the
pre-Olympic vs during-Olympic com-
parison. Neither of these 2 parameters
differed between the during- and post-
Olympic periods.

During the Beijing Olympics,
changes in air pollution were associ-
ated with acute changes in biomark-
ers of systemic inflammation and
thrombosis as well as measures of car-
diovascular physiology in healthy
young persons. Although these find-
ings are of uncertain clinical signifi-
cance, this study provides quasi-
experimental, mechanistic data to
support the argument that air pollu-
tion may be a global risk factor for
CVD.2
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