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Effect of Particulate Air Pollution on
Lung Function in Adult and Pediatric
Subjects in a Seattle Panel Study*

Carol A. Trenga, PhD; Jeffrey H. Sullivan, MD, MHS;
Jonathan S. Schildcrout, PhD; Kristen P. Shepherd, MS; Gail G. Shapiro, MD;
L.-J. Sally Liu, ScD; Joel D. Kaufman, MD, MPH; and Jane Q. Koenig, PhD

Study objective: To determine whether increased exposure to particulate matter air pollution
(PM), measured with personal, residential, or central site monitoring, was associated with
pulmonary function decrements in either adults with COPD or children with asthma.
Participants: We studied 57 adults with or without COPD and 17 children aged 6 to 13 years with
physician-diagnosed asthma in Seattle during a 3-year panel study.
Study design and measurements: Indoor and outdoor PM measurements were made at subjects’
homes. The subjects wore personal exposure monitors for 10 consecutive 24-h periods, and PM
was also measured at a central outdoor location. We assessed the within-subject effect of
particulate exposure on FEV1 and peak expiratory flow (PEF) in adults, and maximal midexpi-
ratory flow (MMEF), PEF, FEV1, and symptoms in children.
Results: FEV1 decrements were associated with 1-day lagged central site PM < 2.5 �m in
diameter (PM2.5) in adult subjects with COPD. In children not receiving antiinflammatory
medication, same day indoor, outdoor, and central site exposures to PM2.5 were associated with
decrements in MMEF, PEF, and FEV1. Associations with PM2.5 and lung function decrements
were also observed for 1-day lagged indoor (MMEF, PEF, FEV1) and personal (PEF only)
exposures. Antiinflammatory medication use in children significantly attenuated the PM effect on
airflow rates and volumes.
Conclusions: This study found consistent decrements in MMEF in children with asthma who were
not receiving medications. It is notable that effects were observed even though PM exposures
were low for an urban area. These findings suggest the need for future larger studies of PM
effects in this susceptible population that repeatedly measure spirometry to include MMEF and
potentially more sensitive markers of airway inflammation such as exhaled breath condensate and
exhaled nitric oxide. (CHEST 2006; 129:1614–1622)

Key words: adults; asthma; children; COPD; lung function; particulate air pollution

Abbreviations: BMI � body mass index; CI � confidence interval; eNO � exhaled nitric oxide; EPA � Environmental
Protection Agency; MMEF � maximal midexpiratory flow; PEF � peak expiratory flow; PM � particulate matter air
pollution; PM2.5 � particulate matter air pollution � 2.5 �m in diameter; PM10 � particulate matter air pollution � 10
�m in diameter

L ung function has been one of the most important
assessment tools available to investigators of the

health effects of air pollution. Although some mea-
surements of lung function require sophisticated
equipment, basic lung function parameters can be
measured with spirometers. Whereas there is no
question that lung function in children is decreased
on exposure to particulate matter air pollution
(PM),1–5 the situation in adults in not quite as clear.

Nevertheless, there are some studies that document
such a relationship. Both FEV1 and peak expiratory
flow (PEF) have been used to assess the effects on
lung mechanics from exposure to PM. For instance,
Grievink and associates6 studied a panel of adults in
Europe with chronic respiratory disease and re-
ported decrements in PEF. Van der Zee and co-
workers7 studied a large cohort of adult subjects aged
50 to 70 years both with and without chronic respi-
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ratory disease over a period of three winters. Fairly
large decrements were reported per 100 �g/m3 PM
� 10 �m in diameter (PM10) in morning PEF
measured on the same day lag as outdoor air pollut-
ants. Brauer and colleagues8 reported an association
between lung function and personal exposure to PM
in a panel study of subjects with COPD in Vancou-
ver, BC. Although not significant, decrements of 3%
and 1% in FEV1 were associated with PM10 or PM
� 2.5 �m in diameter (PM2.5), respectively. In a
study from Finland, Penttinen et al9 reported that
both the number concentration and the size of
particles (0.1 to 1 �m) were determinants of associ-
ations between PM and decreased lung function.
However these associations were mainly nonsignifi-
cant. The number of accumulation mode particles
was consistently inversely associated with PEF in a
group of 78 adult subjects with asthma. We have
reported associations between PM2.5 and decre-
ments in lung function (1.8-mL decrement in FEV1
per 1 �g/m3 PM2.5)10 and symptom exacerbation11 in
children with asthma in Seattle.

Current research is focused on understanding
better the identification of susceptible populations
and differentiating personal, indoor, and outdoor
exposure from central site exposures. There is some
concern that pollutants measured at central sites do
not represent individual or residential community
exposures. In this article, we present data on rela-
tionships between lung function changes in both
adults and children over 5- to 10-day monitoring
periods during which daily PM was measured out-
side, inside, and on the person in Seattle.

Materials and Methods

We performed a 3-year panel study (from 1999 to 2002) in
Seattle that evaluated cardiac and respiratory effects of personal,

indoor, and outdoor measures of air pollution in 57 elderly
subjects who were either healthy or had respiratory or cardiac
disease. We also studied 17 children with asthma. The experi-
mental design and exposure monitoring methods are described
below. A detailed discussion of the exposure assessment methods
and results has been published previously.12

Subjects were recruited through distribution of advertisements
at clinics, senior centers, and retirement homes. All but one of
the adult subjects was � 65 years of age; 85% were between 71
years and 90 years of age. The children were 6 to 13 years of age.
Many of the subjects (55%) enrolled for more than one monitor-
ing period (session). The inclusion criteria for the adult subjects
with respiratory disease were physician-diagnosed COPD and
FEV1 between 30% and 70% of predicted. Because of the high
incidence of hypertension in normal elderly subjects, those with
hypertension were not excluded from the adult group, which also
included subjects with a history of myocardial infarction or
angina. All subjects were nonsmokers and lived with nonsmokers.
The children all had physician-diagnosed asthma and were
recruited from a large asthma and allergy clinic. Since children
with asthma experience small airway inflammation in response to
extrinsic triggers,13,14 maximal midexpiratory flow (MMEF) was
added as a potentially more sensitive (than FEV1 or PEF)
indicator of small airway function.

Personal, indoor, and outdoor monitoring was conducted for all
subjects. PM2.5 and PM10 gravimetric 24-h measurements were
obtained inside and outside subjects’ residences with single-stage
inertial Harvard impactors operated at a flow rate of 4 L/min (Air
Diagnostics and Engineering; Naples, ME).15 Each subject also
carried a personal monitor (Harvard Personal Environmental
Monitor for PM2.5; Harvard School of Public Health; Boston,
MA) for 24 h each day, which was worn or placed close to the
person. These integrated fixed-site and personal measurements
were collected over 24 h for 5 to10 consecutive session days.
Exposure monitoring began 1 day prior to health measurements
to provide 24-h exposure data to help compensate for lag
structure. Subjects were monitored during 26 exposure sessions:
13 in year 1 (October 1999 through August 2000) and 13 in year
2 (October 2000 through May 2001). Twelve of the subjects
completed one monitoring session each in year 3 (October 2001
through February 2002).

Lung function measurements in adults were collected using
portable spirometers (VM Plus; Clement Clarke; Columbus, OH)
that record both FEV1 and PEF, consisting of a modified
Mini-Wright peak flowmeter and standard mouthpiece. The
spirometers were calibrated with a 3-L syringe at the beginning
of each 10-day session. Lung function measurements in the
children (FEV1, PEF, MMEF) were also collected using spirom-
eters (MicroDL; Micro Direct; Lewiston, ME). Lung function
maneuvers were collected according to American Thoracic Soci-
ety guidelines.16 Lung function data not conforming to American
Thoracic Society within-test reproducibility criteria were ex-
cluded. Subjects were instructed to withhold use of bronchodi-
lator medications within 4 h of the scheduled technician visit.
Technicians coached the subjects in spirometric maneuvers once
a day during the daily visit to subjects’ residences. All subjects
completed daily symptom and medication-use diaries.

Mixed-effects random intercept longitudinal regression models
were applied to test for decreases in lung function associated with
a 10 �g/m3 increase in exposure. Nested random intercepts were
included to accommodate variation in susceptibility among sub-
jects (a subject-specific random intercept) as well among sessions
within subjects (a subject-session specific random intercept).
Pulmonary function and exposure measurements were analyzed
using SAS software (Proc Mixed; SAS Institute; Cary, NC).
Seasonal confounding is a major concern when subjects are
observed during different times of the year. In addition to
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controlling for climatologic covariates, we controlled for seasonal
confounding by decomposing daily PM2.5 concentrations into
three components: let Xisd be a PM2.5 exposure measure for
subject i on day d of session s. Then Xisd � Xi � (Xis –
Xi) � (Xisd – Xis). Xi is subject i’s average exposure during the
time he or she was observed, Xis – Xi is the difference between
his or her average during session s and his or her overall average
exposure, and Xisd – Xis is the difference between his or her daily
exposure on day d of session s and his or her average exposure
during session s. When modeling, we included all three compo-
nents as separate covariates; however, we believe that the first
two are confounded by season, and we do not interpret param-
eters associated with them. We believe Xisd � Xis is less con-
founded by season, and the parameter associated with it is our
estimation target. We interpret the parameter estimate as the
expected response change (in lung function) for short-term
changes in PM2.5 concentrations. Additional control was made for
temperature, relative humidity, age, gender, and body mass index
(BMI) for children. COPD status and its interaction term were
included for the adults, and antiinflammatory medication status
and its interaction term were included for children. A sensitivity
analysis including daily co-pollutants (carbon monoxide and
nitrogen dioxide) was evaluated. The central site CO and NO2
concentrations were decomposed in the same way to adequately
control for their potentially confounding effects. We used SAS
software (Proc MI; SAS Institute) to construct five imputation
samples. Multiple imputation samples were constructed for the
four central site covariates with missing data (CO [1 day], NO2
[42 days], temperature [2 days], relative humidity [2 days]) plus
central site PM2.5, which was measured on all study days.

Parameter estimates corresponding to PM covariates were com-
bined using standard procedures.17,18

Results
Adult Subjects

A total of 57 subjects (24 with COPD and 33
without COPD) were included in this analysis. The
COPD subjects ranged in age from 65 to 89 years;
non-COPD subjects were 56 to 88 years old. The
median age for both groups was 76 years. Many of
the subjects (33%) enrolled for more than one
session (10-day monitoring period). The median
percentage of predicted FEV1 at screening for the
subjects was 56% for COPD subjects and 100% for
non-COPD subjects. The percentage of predicted
FEV1 value for two subjects with COPD at screening
was � 75% and for one COPD subject was � 30%.
Subjects were stratified into those with and without
COPD. Subject characteristics and outcome vari-
ables are shown in Table 1.

Median 24-h PM2.5 values from three central sites
in Seattle representative of the residential area in
this study were 10.3 �g/m3 (207 days). Median 24-h
PM2.5 values outside subjects’ residences were 8.6

Table 1—Demographics and Outcome Summary of Study Participants

Variables

Adults Children

COPD No COPD Overall Medication
No Antiinflammatory

Medication* Overall

Subjects, No. 24 33 57 11 6 17
Subject sessions, No.† 36 49 85 20 11 29
Subject days, No. 287 405 692 194 97 268
Female subjects, No. (%) 15 (63) 16 (48) 31 (54) 1 (9) 4 (50) 4 (24)
Median age (range), yr 75.5 (65–89) 76 (56–88) 76 (56–89) 9 (6–11) 8.5 (6–12) 9 (6–12)
Median height (range), m 1.7 (1.5–1.9) 1.7 (1.5–1.9) 1.7 (1.5–1.9) 1.5 (1.3–1.6) 1.5 (1.2–1.7) 1.5 (1.2–1.7)
Median weight (range), kg 77 (43–105) 71 (50–120) 75 (43–120) 39 (28–63) 47 (30–61) 42 (28–63)
BMI (range), kg/m2 26 (19–36) 25 (19–42) 25 (19–42) 19 (14–27) 22 (17–25) 20 (14–27)
Median daily �-agonist use

(range), No.
0 (0–4) 0 (0–0) 0 (0–4)

Median baseline FEV1 %
predicted (range), %

55.7 (24.1–83.8) 100.5 (75.4–146.8) 84.6 (24.1–146.8) 96 (67–112) 105 (81–119) 98 (67–119)

Median baseline PEF %
predicted (range), %

39 (15–119) 99 (37–211) 84 (15–211) 79 (69–113) 80 (79–94) 80 (69–113)

Median baseline FEV1/
FVC (range), %

61 (37–86) 79 (66–87) 74 (37–87) 83 (66–93) 86 (73–96) 84 (66–96)

FEV1 during sessions
(range), L

1.1 (0.3–2.3) 1.9 (1–3.8) 1.6 (0.3–3.8) 1.9 (0.7–2.5) 1.8 (0.5–3.4) 1.9 (0.5, 3.4)

PEF during sessions
(range), L/min

238 (51–467) 471 (200–758) 383 (51–758) 260 (56–392) 233 (39–506) 254 (39–506)

MMEF during sessions
(range), L/min

110 (24–203) 92 (21–320) 107 (21–320)

Mean daily as-needed
rescue inhaler puffs
(SD), No.

0.13 (0.51) 0.16 (0.53) 0.15 (0.52)

*This group was not prescribed antiinflammatory medications; bronchodilator medications were prescribed.
†One male subject, classified in the antiinflammatory medication group, was not prescribed a leukotriene inhibitor medication during one study
session, so was analyzed in the No-Antiinflammatory Medication category for that session.
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�g/m3 (646 subject days). Median indoor 24-h PM2.5
values were 7.6 �g/m3 (649 subject days). Median
personal 24-h PM2.5 values were 8.5 �g/m3 (596
subject days). In this study, we observed strong
correlations (r � 0.70) between home outdoor and
central site PM2.5 measurements, similar to those
previously reported for the larger panel study.12,19

Exposure distributions of outdoor PM2.5 by subject
session (10-day monitoring period) are given in
Table 2.

Our primary analyses assessed associations be-
tween change in lung function (FEV1 or PEF) and
personal, indoor, outdoor, and central site PM2.5 and
outdoor coarse fraction of PM. In the initial analysis,
there were not any associations among these vari-
ables, with the one exception of a positive association
with coarse fraction in subjects without COPD (data
not shown). We also performed a sensitivity analysis
that added two outdoor gaseous air pollutants to the
model, CO and NO2. In this analysis, associations
between decreases in FEV1 and central site PM2.5
were observed overall for same-day and 1-day lagged
(� 35.5 mL; 95% confidence interval [CI], � 70.0 to
� 1.0; and � 40.4 mL; 95% CI, � 71.1 to � 9.6,
respectively) and in the COPD group (� 70.8 mL;
95% CI, � 118.4 to � 23.1) for 1-day lagged expo-
sure. The 1-day lagged outdoor PM2.5 associations
with FEV1, although not statistically significant,
showed the strongest COPD interaction effect. No
associations between PEF and PM exposure were
observed for adult subjects (Table 3).

Pediatric Subjects With Asthma

Demographic and descriptive data for the 17 study
subjects are listed in Table 1. Median age of subjects

was 9 years (range, 6 to 12 years), with 13 male and
4 female subjects participating. Ages were compara-
ble in medication groups, although a larger percent-
age of male subjects were in the antiinflammatory
medication-use group. Eleven subjects were pre-
scribed antiinflammatory medication that included
inhaled corticosteroids (n � 7), leukotriene inhibi-
tors (n � 3), and a combination of inhaled cortico-
steroids and leukotriene inhibitors (n � 1). Of the six
subjects not prescribed antiinflammatory medica-
tions, one reported use of extended bronchodilators
and the remainder used bronchodilators regularly or
as needed. Most study subjects had mild persistent
asthma as indicated by the use of daily antiinflam-
matory control medication and normal baseline
FEV1.

Daily air pollution and meteorologic measure-
ments are presented in Table 2. Median 24-h PM2.5
values from three central sites in the Seattle area
were 11.2 �g/m3 (98 days). Median 24-h PM2.5
values outside subjects’ residences were 9.6 �g/m3

(291 subject days). Median indoor 24-h PM2.5 values
were 7.5 �g/m3 (296 subject days). Median personal
24-h PM2.5 values were 11.3 �g/m3 (263 subject
days). Session-specific outdoor PM levels are pre-
sented in Figure 1. In this study, we observed strong
correlations (r � 0.77) between home outdoor and
central site PM2.5 measurements.12,19

Results of tests for associations between pediatric
spirometric measures (MMEF, PEF, FEV1) and PM
metrics are presented in Table 4. These analyses
included adjustment for CO and NO2. Same-day
PM2.5 measured at indoor, outdoor, and central sites
was significantly associated with declines in MMEF
among pediatric subjects with asthma who were not

Table 2—Daily Air Pollution and Meteorologic Measurements*

Variables No. Minimum 25th Percentile 50th Percentile 75th Percentile Maximum

Subject-specific exposure, �g/m3 (319 subject-
days for children, 692 for adults)

Personal PM2.5 263/596 1.0/1.3 8.1/5.9 11.3/8.5 16.3/12.4 49.4/66.6
Indoor PM2.5 296/649 2.2/1.6 5.7/5.1 7.5/7.6 10.2/10.8 36.3/65.3
Local outdoor PM2.5 291/646 2.8/0.0 6.4/6 9.6/8.6 14.8/13.1 40.4/41.5
Coarse outdoor (PM10 � PM2.5) 280/617 0.0/0.0 3.3/3.3 4.7/5.0 6.9/7.1 25.3/25.7

Central site exposure† (98 study days for
children, 207 for adults)

PM2.5, �g/m3 (average of Kent, Lake Forest
Park, Lynwood)

98/207 4.3/3.1 8.2/7.6 11.2/10.3 16.9/15.7 40.3/40.3

NO2, parts per billion 98/207 8.0/8 18.9/17.2 22.6/20.9 26.4/25.4 36.2/36.2
CO, parts per 10,000,000 98/207 7.6/6.3 10.0/9.6 12.5/11.6 15.8/14.6 25.0/25.0
Temperature, °F 98/207 33.0/33.5 40.3/41.3 44.3/47.7 49.5/53.6 68.7/69.3
Relative humidity, % 98/207 55.3/45.1 71.0/71.1 78.5/80 84.7/85.3 98.1/98.1

*Data are presented as values for children/adults.
†For central site exposures, we used multiple imputations with five samples to construct a complete central site exposure dataset. There were
missing data on 1 day for CO, 22 days for NO2 (42 for adults), 2 days for temperature, and 2 days for relative humidity. The values reported are
based on the mean daily value from the five imputation samples.
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prescribed antiinflammatory medications (97 obser-
vations from 11 subject sessions, n � 6). Same-day
indoor PM2.5 was associated with a 45.9-mL de-
crease in FEV1 overall, with a stronger association in
the no-antiinflammatory medications group (� 75.9
mL). PEF decrements were significantly associated
with indoor PM2.5 (same day and lagged) both
overall and in the no-antiinflammatory medications
group. Personal 1-day lagged PM2.5 was associated
with a 10.5 L/min decrement in PEF, which contrib-
uted to a significant interaction between personal
PM2.5 and medication group (p � 0.02). Indoor re-
sults for MMEF in the no-antiinflammatory medica-
tions group are consistent with those for PEF, while
same-day outdoor and central site PM2.5 decrements
for MMEF are stronger than those for PEF. The
medication group and PM2.5 interactions are greater
for MMEF than PEF.

In the analysis that did not control for CO and
NO2 (data not shown), same-day indoor PM2.5 was
associated with a 69.3-mL decrease in FEV1 (95%
CI, � 137.0 to � 1.82) among subjects in the no-
antiinflammatory medications group; there were
comparable decrements in FEV1 associated with
1-day lagged indoor PM2.5 for all groups. Decre-
ments in PEF were observed in the non-antiinflam-
matory medication group for same day and 1-day
lagged indoor (� 12.3 L/min; 95% CI, � 24.6 to
� 0.1; and � 15.6 L/min; 95% CI, � 28.2 to � 3.1,
respectively), and 1-day lagged personal (� 9.9
L/min; 95% CI, � 18.0 to � 1.8) PM2.5 exposure.
These associations were not observed for subjects
prescribed antiinflammatory medications. Significant
declines in MMEF were observed overall (� 10.5
L/min; 95% CI, � 15.4 to �5.7) and in both medi-
cation categories for 1-day lagged indoor PM2.5
measurements. The largest decrement (� 13.7
L/min; 95% CI, � 21.4 to � 5.9) was in the group
not prescribed antiinflammatory medications.

For both MMEF (indoor, outdoor, central site)
and PEF (personal), there was a significant interac-
tion by antiinflammatory medication category, which
was not significant for FEV1. That is, the estimated
negative effects of PM on MMEF and PEF were
significantly stronger in the group without antiin-
flammatory medication than in the group with such
medication. There were no significant associations
for derived outdoor coarse fraction and lung function
changes (with or without controlling for CO and
NO2). Some stronger associations were observed in
the analysis controlling for centrally measured CO
and NO2. These included a significant overall effect
between PEF, FEV1, and same-day indoor PM2.5
measurements, as well as between PEF and 1-day
lagged indoor PM2.5. However, controlling for gases
weakened the overall association for MMEF and the
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medication group associations for 1-day lagged in-
door PM2.5, although the overall association re-
mained significant for FEV1.

Discussion

This study found decrements in lung function
associated with PM exposure in both elderly adults
with COPD and children with asthma. Associations
were strongest for central site PM2.5 and FEV1 in
adults with COPD. PEF results in this group are
consistent with those for FEV1, but the association is
weaker. Unfortunately, the association between PM
and MMEF could not be tested in the adults since
the lung function instrument used by those subjects
measured only FEV1 and PEF. The absence of a
significant association between PM and PEF in
COPD subjects may be a function of disease process,
ie, subjects with moderate COPD may have difficulty
with this effort-dependent maneuver. In these sub-
jects, FEV1 appears to be a more robust measure of
effect than PEF. Antiinflammatory medications
were prescribed for COPD subjects, which may also
weaken the association between PM and lung func-
tion decrements in this group. And, in contrast to the
pediatric study subjects, the adults not receiving
antiinflammatory medications did not have pulmo-
nary disease, so they are less likely to experience lung
function changes as a result of PM exposure.

Decrements in MMEF were associated with in-
creased PM2.5 in the children with asthma. We noted
consistent decrements in all spirometric measures
(FEV1, MMEF, and PEF) only in children not
prescribed antiinflammatory medications. Some chil-
dren with asthma have small airway inflammation in
response to extrinsic triggers.13,14 Therefore, we
selected MMEF as a potentially more sensitive
indicator of small airway function. Although our
study found a statistically significant change in
MMEF for outdoor and central site PM2.5 that was
not present for FEV1, our result may not be clinically
meaningful due to the low ambient PM2.5 levels
experienced in this study.

MMEF and FEV1 results supported our a priori
hypothesis that asthmatic children who were receiv-
ing daily antiinflammatory medication would be less
sensitive to pm2.5 effects than asthmatic children who
were not receiving such medication. The strongest
interaction effect of antiinflammatory medication
was observed for indoor, central site, and outdoor
PM2.5 associations with MMEF and 1-day lagged
personal PM2.5 and PEF. This finding is consistent
with prior epidemiologic and controlled exposure
studies of air pollution20–22 and a proinflammatory
mechanism of air pollutant health effects.23 Our
earlier report24 of an association between increase in
exhaled nitric oxide (eNO) and outdoor, indoor,
personal, and central site PM2.5 in these same chil-

Figure 1. Outdoor fine (white) and coarse (shaded) particulate measurements by session for adult and
pediatric subjects.
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dren supports a direct effect on pulmonary inflam-
mation as a potential source of asthma exacerbation.
Bronchodilator use was comparable between the two
medication groups (Table 1) and was not associated
with PM2.5 exposure in either group (data not
shown). It was beyond the scope of this study to
evaluate whether antiinflammatory medication was
clinically indicated for some of the subjects in the no-
antiinflammatory medication group. Thus, the pos-
sibility that the prescribed medications were not
always adequate to control asthma exacerbations
cannot be ruled out.

It is important to note that these effects were seen
in an air shed, where PM2.5 values are considerably
below the Environmental Protection Agency (EPA)
24-h standard of 65 �g/m3 and slightly below the
annual standard of 15 �g/m3 (Fig 1). The finding of
associations despite low PM mass concentrations
suggests that particle number, specifically the con-
tribution of ultrafine particles, is of consequence.
This question is of considerable interest and is
currently the subject of numerous studies. For ex-
ample, a Helsinki, Finland study9 reported high
correlations between particle mass concentrations
for PM2.5 and particle number concentrations in the
accumulation mode range (0.01 to 1 �m; r � 0.85)
but weaker correlations between PM2.5 and particle
number concentrations in the ultrafine range (0.01
to 0.1 �m; r � 0.26). This study9 reported consistent
associations between accumulation mode particles
and decrements in PEF among adult asthmatic
subjects; while inverse associations with ultrafine
particles and PEF were observed, they were not
significant. The correlation between PM2.5 and ul-
trafine particles is dependent in part on the proxim-
ity to the source of ultrafine particles. Measurements
of ultrafine particles were not available for our study.

Concentrations of gaseous pollutants are highly
correlated with PM.4 In this study, for example, the
correlation coefficients with local outdoor PM2.5
were r � 0.51 for NO2 and r � 0.70 for CO and with
central site PM2.5 were r � 0.56 for NO2 and
r � 0.77 for CO. These gases may be better surro-
gates than PM for exposure to certain air pollution
sources such as traffic.25 However, PM, NO2, and
CO all come from mobile sources and wood smoke.
Both CO and NO2 were significantly (p � 0.05) but
inconsistently associated with decrements in lung
function in our study populations (data not shown).
For example, gases were significantly associated at
1-day lags with decreased FEV1 in non-COPD
adults, and also associated with decrements in FEV1
(NO2, CO) and MMEF (NO2) in pediatric subjects.
So, we cannot rule out that associations between the
gases and lung function may be part of the PM
effect.26

Moreover, the within-subject variation of PM
(daily PM exposure relative to that subject’s session
mean) was � 5 �g/m3, which limits our ability to
determine whether larger changes in PM may lead to
more consistent or clinically meaningful decrements
in lung function. Another exposure factor is temporal
variation of PM among the years of study. The adult
subjects with COPD were studied mainly from
March to October 2000, and their average outdoor
exposure was 9.2 � 5.1 �g/m3. Whereas the children
with asthma were all studied from November 2000 to
May 2001, their average outdoor exposure was
11.3 � 6.4. Wintertime PM concentrations in year 1
in Seattle were below average due to relatively warm,
wet, and windy weather. The daily average hours of
stagnation were 8.8 in year 1 and 11.6 in year 2.12

The absence of consistent associations between
spirometric measures or lower respiratory symptoms
(data not shown) and particulate exposure in this
study, especially in adults, may be partially explained
by the use of 24-h average PM2.5 exposures rather
than short-term or peak exposures. In a published
study22 in which an association with symptoms was
observed for peak exposures (PM10), increased odds
ratios for both 8-h maximum and 24-h mean partic-
ulate exposures were also noted for subjects not
receiving antiinflammatory medications. Our results
contrast with earlier findings in Seattle that reported
a robust association between both lung function10

and symptoms and PM2.5
11,27 in children with

asthma in Seattle. Symptoms reported frequently do
not correlate with FEV1

28 or other markers of
pulmonary effects such as eNO.29 A study30 that
describes reporting of asthma symptoms by young
(7- to 10-year-old) children indicates they may not
have accurate perceptions of their asthma status.

In this study, the most consistent effects across all
lung function end points were observed for indoor
exposures. The composition of indoor PM may in-
clude allergens from both indoor and outdoor
sources, endotoxin, and fine particles of outdoor
origin that penetrate indoors, as well as particles that
are generated indoors from cooking, vacuuming, and
personal activities. Outdoor-generated particles ac-
counted for an average of 81% (range, 54 to 100%) of
indoor particles measured in the homes of eight
children in this study.31 In a recent article,32 we
described the lack of associations of eNO in these
children with particles of indoor origin.

Our study has a number of strengths that add to the
validity of our findings. These include residential level
PM exposures, repeated measures on the same individ-
ual, and inclusion of medication and asthma history of
the participants. Despite these strengths, our study had
limitations. These include the small range and absolute
level of PM exposure, the small number of participants
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in the study, the 24-h averaging time of PM, and the
absence of aeroallergen measurements.

This study found consistent decrements in MMEF
in children with asthma who were not receiving
antiinflammatory medications. These findings sug-
gest the need for future larger studies of PM effects
in this susceptible population that repeatedly mea-
sure spirometry to include MMEF and potentially
more sensitive markers of airway inflammation (eg,
biomarkers of effect in exhaled breath condensate,
and eNO). These future studies should also better
assess the interaction of allergens on these PM-
induced airway effects.

ACKNOWLEDGMENT: The authors thank the research study
volunteers and the parents of the pediatric group for participat-
ing. We are grateful to Tim Gould and Liz Tuttle for study
coordination and related exposure monitoring activities, and
numerous field technicians. We wish to acknowledge Therese
Hinton for her efforts recruiting pediatric subjects, Matthew
Budge for subject screening and enrollment activities, the staff at
Northwest Asthma and Allergy Clinic in Seattle for accommo-
dating our researchers during subject screening visits, and Collen
Marquist for manuscript editorial assistance.

References
1 Pope CA III, Dockery DW. Acute health effects of PM10

pollution on symptomatic and asymptomatic children. Am
Rev Respir Dis 2002; 145:1123–1128

2 Romieu I, Meneses F, Ruiz S, et al. Effects of air pollution on
the respiratory health of asthmatic children living in Mexico
City. Am J Respir Crit Care Med 1996; 154:300–307

3 Schwartz J, Neas LM. Fine particles are more strongly
associated than coarse particles with acute respiratory health
effects in schoolchildren. Epidemiology 2000; 11:6–10

4 US EPA. Air quality criteria for particulate matter. Research
Triangle Park, NC: Office of Research and Development
October 2004; EPA/600/P-99/002a,bF

5 Delfino RJ, Quintana PJE, Floro J, et al. Association of FEV1
in asthmatic children with personal and microenvironmental
exposure to airborne particulate matter. Environ Health
Perspect 2004; 112:932–941

6 Grievink L, Van der Zee SC, Hoek G, et al. Modulation of the
acute respiratory effects of winter air pollution by serum and
dietary antioxidants: a panel study. Eur Respir J 1999;
13:1439–1446

7 Van der Zee SC, Hoek G, Boezen MH, et al. Acute effects of
air pollution on respiratory health of 50–70 yr old adults. Eur
Respir J 2000; 15:700–709

8 Brauer M, Ebelt ST, Fisher TV, et al. Exposure of chronic
obstructive pulmonary disease patients to particles and respi-
ratory and cardiovascular health effects. J Expo Anal Environ
Epidemiol 2001; 11:490–500

9 Penttinen P, Timonen KL, Tittanen P, et al. Number con-
centration and size of particles in urban air: effects on
spirometric lung function in adult asthmatic subjects. Environ
Health Perspect 2001; 109:319–323

10 Koenig JQ, Larson TV, Hanley QS, et al. Pulmonary function
changes in children associated with fine particulate matter.
Environ Res 1993; 63:26–38

11 Yu O, Sheppard L, Lumley T, et al. Effects of ambient air
pollution on symptoms of asthma in Seattle-area children
enrolled in the CAMP study. Environ Health Perspect 2000;
108:1209–1214

12 Liu LJ, Box M, Kalman D, et al. Exposure assessment of
particulate matter for susceptible populations in Seattle.
Environ Health Perspect 2003; 111:909–918

13 Hamid Q, Song Y, Kotsimbos TC, et al. Inflammation of small
airways in asthma. J Allergy Clin Immunol 1997; 100:44–51

14 Macklem PT. The physiology of small airways. Am J Respir
Crit Care Med 1998; 157:S181–S183

15 Liu LJ, Slaughter JC, Larson TV. Comparison of light
scattering devices and impactors for particulate measure-
ments in indoor, outdoor, and personal environments. Envi-
ron Sci Technol 2002; 36:2977–2986

16 Standardization of spirometry, 1994 update. American Tho-
racic Society. Am J Respir Crit Care Med 1995; 152:1107–
1136

17 Littell RC, Milliken GA, Stroup WW, et al. SAS System for
mixed models. Cary, NC: SAS Institute, 1996

18 Little RJA, Rubin DB. Statistical analysis with missing data.
New York, NY: John Wiley and Sons, 2002

19 Goswami E, Larson T, Lumley T, et al. Spatial characteristics
of fine particulate matter: identifying representative monitor-
ing locations in Seattle, Washington. J Air Waste Manag Assoc
2002; 52:324–333

20 Peters A, Dockery DW, Heinrich J, et al. Medication use
modifies the health effects of particulate sulfate air pollution
in children with asthma. Environ Health Perspect 1997;
105:430–435

21 Delfino RJ, Zeiger RS, Seltzer JM, et al. Symptoms in
pediatric asthmatics and air pollution: differences in effects
by symptom severity, anti-inflammatory medication use and
particulate averaging time. Environ Health Perspect 1998;
106:751–761

22 Delfino RJ, Zeiger RS, Seltzer JM, et al. Association of
asthma symptoms with peak particulate air pollution and
effect modification by anti-inflammatory medication use.
Environ Health Perspect 2002; 110:A607–A617

23 Blomberg A. Airway inflammatory and antioxidant responses
to oxidative and particulate air pollutants: experimental expo-
sure studies in humans. Clin Exp Allergy 2000; 30:310–317

24 Koenig JQ, Jansen K, Mar TF, et al. Measurement of offline
exhaled nitric oxide in a study of community exposure to air
pollution. Environ Health Perspect 2003; 111:1625–1629

25 Sarnat JA, Schwartz J, Catalano PJ, et al. Gaseous pollutants
in particulate matter epidemiology: confounders or surro-
gates? Environ Health Perspect 2001; 109:1053–1061

26 Schwartz J. Is the association of airborne particles with daily deaths
confounded by gaseous air pollutants? An approach to control by
matching. Environ Health Perspect 2004; 112:557–561

27 Slaughter CJ, Lumley T, Sheppard L, et al. Effects of ambient
air pollution on symptom severity and medication use in
children with asthma. Ann Allergy Asthma Immunol 2003;
91:346–353

28 Fuhlbrigge AL, Kitch BT, Paltiel AD, et al. FEV1 is associ-
ated with risk of asthma attacks in a pediatric population. J
Allergy Clin Immunol 2001; 107:61–67

29 Jones SL, Kittelson J, Cowan JO, et al. The predictive values
of exhaled nitric oxide measurements in assessing changes in
asthma control. Am J Respir Crit Care Med 2001; 164:738–
743

30 Guyatt GH, Juniper EF, Griffith LE, et al. Children and adult
perceptions of childhood asthma. Pediatrics 1997; 99:165–168

31 Allen R, Larson T, Sheppard L, et al. Use of real-time light
scattering data to estimate the contribution of infiltrated and
indoor-generated particles to indoor air. Environ Sci Technol
2003; 16:3484–3492

32 Koenig JQ, Mar TF, Allen RW, et al. Pulmonary effects of
indoor- and outdoor-generated particles in children with
asthma. Environ Health Perspect 2005; 113:499–503

1622 Original Research

Copyright © 2006 by American College of Chest Physicians 
 on May 7, 2008 chestjournal.orgDownloaded from 

http://www.chestjournal.org


DOI 10.1378/chest.129.6.1614 
 2006;129;1614-1622 Chest

Koenig 
Shepherd, Gail G. Shapiro, L.-J. Sally Liu, Joel D. Kaufman and Jane Q. 
Carol A. Trenga, Jeffrey H. Sullivan, Jonathan S. Schildcrout, Kristen P.

 Pediatric Subjects in a Seattle Panel Study
Effect of Particulate Air Pollution on Lung Function in Adult and

This information is current as of May 7, 2008 

 & Services
Updated Information

 http://chestjournal.org/cgi/content/full/129/6/1614
high-resolution figures, can be found at: 
Updated information and services, including

 References

 http://chestjournal.org/cgi/content/full/129/6/1614#BIBL
for free at: 
This article cites 28 articles, 5 of which you can access

 Permissions & Licensing

 http://chestjournal.org/misc/reprints.shtml
(figures, tables) or in its entirety can be found online at: 
Information about reproducing this article in parts

 Reprints
 http://chestjournal.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 Email alerting service

online article. 
article sign up in the box at the top right corner of the 
Receive free email alerts when new articles cite this

 Images in PowerPoint format

format. See any online article figure for directions. 
downloaded for teaching purposes in PowerPoint slide 
Figures that appear in CHEST articles can be

Copyright © 2006 by American College of Chest Physicians 
 on May 7, 2008 chestjournal.orgDownloaded from 

http://chestjournal.org/cgi/content/full/129/6/1614
http://chestjournal.org/cgi/content/full/129/6/1614#BIBL
http://chestjournal.org/misc/reprints.shtml
http://chestjournal.org/misc/reprints.shtml
http://www.chestjournal.org

