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Information concerning the impact of environmental factors on
cystic fibrosis (CF) is limited. We conducted a cohort study to assess
the impact of air pollutants in CF. The study included patients over
the age of 6 years enrolled in the Cystic Fibrosis Foundation National
Patient Registry in 1999 and 2000. Exposure was assessed by linking
air pollution values from the Aerometric Information Retrieval Sys-
tem with the patients’ home zip code. After adjusting for confound-
ers, a 10 �g/m3 rise in particulate matter (both with a median aero-
dynamic diameter of 10 �m (PM10) or less and with an aerodynamic
diameter of 2.5 �m or less (PM2.5) was associated with an 8% (95%
confidence interval [CI], 2–15%) and 21% (95% CI, 7–33%) increase
in the odds of two or more exacerbations, respectively; a 10-ppb
rise in ozone was associated with a 10% (95% CI, 3–17%) increase
in odds of two or more exacerbations. For every increase in PM2.5

of 10 �g/m3, there was an associated fall in FEV1 of 24 ml (7–40)
(95% CI) after adjusting for confounders. PM2.5’s association with
mortality did not achieve statistical significance (adjusted RR � 1.32
per 10 �g/m3 0.91–1.93; 95% CI). Annual average exposures to
particulate air pollution was associated with an increased risk of
pulmonary exacerbations and a decline in lung function, suggesting
a role of environmental exposures on prognosis in CF.
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There is increasing evidence that there are adverse cardiopulmo-
nary effects associated with levels of air pollution that fall within
the current standards, especially for populations with chronic
diseases (1–3). More recently, the potential role of particulate
pollutants (particulate matter with an aerodynamic diameter of
10 �m or less [PM10] and 2.5 �m or less [PM2.5]) has been increas-
ingly noted (4–10). Children and adults with cystic fibrosis (CF)
comprise a potentially at-risk population for which the effects
of ambient air pollution have not previously been investigated.

CF is one of the most common inherited fatal diseases in the
white population, with a reported incidence from 1 in 2,000 to
1 in 3,200 live births. (11) Known risk factors for accelerated
decline in lung function and overall poor prognosis include fe-
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male sex, poor nutrition, poor physical fitness, pancreatic insuf-
ficiency, respiratory tract colonization with Pseudomonas aerugi-
nosa and Burkholderia cepacia, and a low socioeconomic status
(12–14). The clinical course of CF pulmonary disease continues
to be dominated by chronic and recurrent pulmonary infections,
inflammation, and a loss of lung function over time, resulting in
up to 92% of deaths being caused by cardiopulmonary failure
(15, 16).

Current understanding of the risk factors for poor pulmonary
prognosis does not fully explain the heterogeneity in the pulmonary
course that is observed in this population; environmental influences
may be important. Investigating the influence of ambient air pollut-
ant on CF pulmonary disease—a sensitive population—may help
elucidate the role of exposure in other populations. For these rea-
sons, we linked data from the Cystic Fibrosis Foundation National
Patient Registry (CFFNPR) and the U.S. Environmental Protec-
tion Agency’s Aerometric Information Retrieval System.

METHODS

Participants

The first data source was the CFFNPR, containing demographic and
clinical data collected annually at accredited CF centers in the United
States (see the online supplement for more details) (17). Individuals
were eligible for inclusion in the study if they were present in the 1999
and 2000 CFFNPR, were at least 6 years old in 1999, listed a residential
zip code in 2000, and had complete data for age, sex, lung function, weight,
insurance status, and number of exacerbations. This study was approved
by the Human Subjects Division of the University of Washington.

Design and Procedures

CF pulmonary exacerbation was defined as a CF-related pulmonary
condition requiring admission to the hospital or use of home intravenous
antibiotics. Lung function variables included the average of the highest
quarterly measurements of FEV1 and the percent predicted value (18).
Weight percentiles were based on current age-specific values from the
U.S. population (http://www.cdc.gov/nccdphp/dnpa/growthcharts/). Pan-
creatic insufficiency was assessed by use of pancreatic enzymes. The
pancreatic function status of 26 patients was unknown or missing; these
patients were assumed to be pancreatic sufficient. Airway colonization
was positive if a culture was documented with P. aeruginosa or B. cepacia
and considered negative in the 714 patients with respiratory cultures
coded as unknown or missing. Genotype was categorized based on the
presence of the �F508 mutation (coded as a homozygote for �F508, a
heterozygote for �F508, genotyped without �F508, and not genotyped).
Government-financed insurance status was used in the models as a sur-
rogate for low socioeconomic status, categorized as privately financed
insurance, government financed insurance, uninsured, and unknown in-
surance status (13, 19). Additionally, the median household income based
on census tracts was also used as a surrogate for socioeconomic status.

Exposure Assignment

Yearly summaries of air pollution monitoring information were ex-
tracted from the Aerometric Information Retrieval System database.
Each subject was assigned exposure data from the closest population-
oriented monitors to the centroid of their residential zip code, if less
than 30 miles in distance. The annual mean air pollution values used in
this study were calculated from 1-hour averages for ozone (O3), nitrogen



Goss, Newsom, Schildcrout, et al.: Cystic Fibrosis and Air Pollution 817

dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide (CO), and
24-hour averages collected every 1 to 12 days for particulate matter
(PM10 and PM2.5). The 2000 annual averages were recorded from all
population-oriented monitors that collected more than 50% of their
intended observations.

Statistical Analysis

Comparisons between groups were analyzed using Student’s two-sam-
ple t test, Mann Whitney rank-sum tests, and chi-square tests as appro-
priate. A two-sided p value of less than 0.05 was considered statistically
significant. Logistic regression models were used to estimate the odds
of two or more exacerbations compared with one or zero exacerbations
and to assess the risk of mortality (20). Clinically relevant interactions
were decided a priori to their statistical assessment in the model (inter-
actions tested included lung function and pollutants, age and pollutants,
and insurance status and pollutants). Additionally, polytomous regres-
sion models were used to estimate the odds of none, one, and two or
more exacerbations. For lung function, multiple linear regression tech-
niques were used (21) (see the online supplement for complete details
of statistical modeling).

To assess the impact of using exposure monitoring results within 30
miles of the residence, we also modeled outcomes when a 10- or 50-mile
criterion was applied to exposures. In an effort to adjust for regional
differences in healthcare practices and air pollution, the United States
was divided into six areas, and this term was considered in models
(details of the six regions are provided in the online supplement).
Because the ozone-monitoring season is not uniform, a variable based
on the length and timing of the monitoring season was created and
explored in models. Statistical analysis was performed with SAS 8.2
for Windows (SAS Institute Inc., Cary, NC) and Stata 7.0 (StataCorp,
College Station, TX). Some of the results of this study have been
previously reported in the form of an abstract (22).

RESULTS

Of 22,303 CF patients in the registry, 18,491 were linked to
exposure data from appropriate air monitors within the 30-mile
radius. Of these, 6,881 were excluded because of insufficient
medical information (absence of data regarding any of the fol-
lowing variables: age, sex, lung function, weight, insurance status,
and number of exacerbations), 118 patients because of solid
organ transplantation in 2000, and 8 because of nonphysiologic
weight. These patients were excluded from all subsequent analy-
ses. Characteristics of the final study population of 11,484 pa-
tients are described in Table 1 along with the characteristics of
the two exacerbation categories; 3,322 (29%) had two or more
pulmonary exacerbations. Not all subjects had data available for
each specific air pollutant (Table 2). Subjects resembled those
previously noted in the CFFNPR (17). The study population
had the following characteristics: a mean age of 18.4 years, 92%
pancreatic insufficiency, mean weight percentile of 30.5%, and
mean FEV1 of 75% of predicted; 62% and 4% of study patients
had positive cultures for P. aeruginosa or B. cepacia, respectively.
The genotype was available in 74% of the population, and of
those genotyped, 66% carried one or more �F508 deletions.

The registry population had 13,086 unique zip codes; 12,419
of these zip codes were successfully linked to at least one pollu-
tion–monitor combination. The geographic distribution of linked
monitor sites is available in the online supplement (Figure E1).
The mean distance from the patients’ zip code to monitors for
PM10 and PM2.5 was 11.5 miles (SD 7.9) and 10.8 miles (SD 7.8),
respectively, and between 11 and 12.4 miles for the other pollut-
ants. The distribution of air pollution data with the associated
number of monitors is shown in Table 2.

Pulmonary Exacerbation and Air Pollutants

Patients with two or more exacerbations were older and had
poorer lung function and nutritional status than patients with
less than two exacerbations. They were also more likely to be

colonized with P. aeruginosa or B. cepacia and have pancreatic
insufficiency and government-financed insurance. Small signifi-
cant increases in annual averages for PM10, PM2.5, and ozone
were found in patients with two or more pulmonary exacerba-
tions when compared with subjects with less than two pulmonary
exacerbations (PM2.5 14.20 vs. 13.91, p � 0.001; PM10 25.41 vs.
25.05, p � 0.01; O3 50.9 vs. 50.5, p � 0.01). There was no differ-
ence in the annual mean NO2, SO2, or CO between the groups.

Results of single pollutant models are listed in Table 3. Ad-
justing for sex, age, weight, race, airway colonization with P. aeru-
ginosa and B. cepacia, pancreatic function, and insurance status,
a 10-�g/m3 rise in PM10 and PM2.5 was associated with an 8% (95%
confidence interval [CI], 2–15%) and 21% (95% CI, 7–33%)
increase in the odds of two or more exacerbations, respectively,
and a 10-ppb rise in ozone was associated with a 10% (95% CI,
3–17%) increase. An additional model using household median
income to adjust for socioeconomic status showed very similar
results (see Table E1 in the online supplement). A 10-�g/m3

change in PM10 and PM2.5 was used in the analysis because this
reflected the effect size commonly reported in the literature.
Associations were not noted for NO2, SO2, or CO.

Polytomous regression was also used to model the effects of
air pollution on pulmonary exacerbation rate adjusted for sex,
age, weight, race, airway colonization with P. aeruginosa and
B. cepacia, pancreatic function, and insurance status. Pulmonary
exacerbation was coded as 0, 1, or 2 or more, with the comparison
group being 0 exacerbations. Because of the smaller number of
subjects in each model, the 95% confidence intervals increased.
An increase of 10 �g/m3 in PM10 and 10 ppb in O3 were associated
with an increased odds of having one exacerbation compared
with no exacerbation, but this did not reach statistical signifi-
cance; a 10 �g/m3 in PM2.5 was associated with a decrease odds of
one exacerbation compared with no exacerbations (OR [odds
ratio], 0.70; 95% CI, 0.59–0.98). However, an increase of 10 �g/m3

in PM10 and 10 ppb in O3 was associated with 9% (95% CI, 2
to 17%) and 10% (95% CI, 3 to 17%) increased odds of having
two exacerbations compared with no exacerbation, respectively.
There was a trend to increased odds of two exacerbations com-
pared with no exacerbation for every 10 �g/m3 in PM2.5 (13%;
95% CI, �1% to 29%). The full results of the polytomous regres-
sion models are available in online supplement (Table E4).

Inclusion of the baseline percent predicted FEV1 in the single
pollutant models resulted in attenuation of the estimates and a
loss of statistical significance for particulate air pollution but not
ozone. The estimate for ozone was unaffected by adding FEV1

to the model. The ozone-monitoring season covariate was forced
in the model so that patients from identical monitoring seasons
could be compared; no significant effect was detected on the
models. Regional effects were also assessed and not found to af-
fect the models significantly. Sensitivity analysis with 10- and
50-mile radius from residence did not substantially change the
results (see Tables E2 and E3 in the online supplement). In these
analyses, the point estimates for PM2.5 and PM10 were very simi-
lar; the 95% confidence intervals increased in the analyses using
the 10-mile radius data with the fall in sample size. No significant
interactions were found.

The estimates of the individual risk factors for two or more
exacerbations were consistently significantly increased in all mod-
els for female sex, colonization with P. aeruginosa and B. cepacia,
and government-financed insurance. Pancreatic insufficiency was
also associated with increased odds of two or more exacerbations.
Odds of two or more exacerbations by the 5-year age group tended
to increase until age 35 and then decline. Inverse associations
were consistently statistically significant for weight and percent-
age-predicted FEV1.

Additional models were run to assess the impact of assessing
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TABLE 1. STUDY POPULATION CHARACTERISTICS AND CHARACTERISTICS
BY EXACERBATION CATEGORY

Less than Two Two or More
Total Exacerbations Exacerbations

Variable (n � 11,484) (n � 8,162) (n � 3,322)

Age, mean � SD 18.4 � 10 17.4 � 10 20.6 � 9.7
Percentage FEV1, mean � SD 75 � 25.9 81 � 23.7 59 � 24.2
Weight percentile, mean � SD 30.5 � 26 33.6 � 26.6 23 � 22.9
Female, n (%) 5,391 (47) 3,606 (44) 1,786 (54)
Race, n (%)

White 10,977 (96) 7,783 (95) 3,194 (96)
Black 431 (4) 329 (4) 102 (3)
Other 76 (� 1) 50 (� 1) 26 (1)

Airway colonization, n (%)
Pseudomonas aeruginosa 7,152 (62) 4,518 (55) 2,634 (79)
Burkholderia cepacia 410 (4) 182 (2) 228 (7)

Pancreatic insufficiency, n (%) 10,722 (93) 7,572 (93) 3,150 (95)
Genotype, n (%)

Homozygous F508 4,433 (39) 3,119 (38) 1,314 (40)
Heterozygous F508 3,083 (27) 2,231 (27) 852 (26)
Other mutation 885 (8) 679 (8) 206 (6)
Not genotyped 3,083 (27) 2,133 (26) 950 (29)

Insurance, n (%)
Private/HMO 6,738 (59) 5,081 (62) 1,657 (50)
Government 4,584 (40) 2,966 (36) 1,618 (49)
Uninsured 85 (� 1) 60 (� 1) 25 (� 1)
Unknown 77 (� 1) 55 (� 1) 22 (� 1)
Deaths, n (%) 213 (1.8) 58 (0.7) 155 (4.7)

Definition of abbreviation: HMO � health maintenance organization.

the impact of O3 after adjusting for PM10 and PM2.5. After ad-
justing for PM10 and additional confounders, a 10-�g/m3 increase
in O3 was still associated with an increased odds of having two
or more pulmonary exacerbations compared with less than two
exacerbations (OR, 1.08; 95% CI, 1.01–1.15). After adjusting
for PM2.5 and additional confounders, a 10-�g/m3 increase in O3

was also still associated with an increase odds of having two or
more pulmonary exacerbations compared with less than two
exacerbations with the same OR (OR, 1.08; 95% CI, 1.01–1.15).
Thus, the impact of O3 on exacerbation rate did not disappear
when adjusting for particulate air pollutants, and PM10 and PM2.5

continued to have a significant association with increased odds
of pulmonary exacerbation.

Pulmonary Function and Air Pollutants

A negative linear association was found between lung function
(FEV1) and particulate air pollution when assessed cross-section-
ally in 2000, specifically PM2.5 and PM10 after adjustment for age,
sex, and height. Every increase in PM2.5 of 10 �g/m3 was associ-
ated with decrease in mean FEV1 of 155 ml (95% CI, 115–194);

TABLE 2. NUMBER OF MONITORS AND ASSOCIATED AIR POLLUTION WITH MEAN, SD,
AND MINIMUM AND MAXIMUM VALUES

Number of
Pollutant n Monitors Mean � SD Median (IQR)

PM10, mg/m3 9,502 626 24.8 � 7.8 24.0 (20.3–28.9)
PM2.5, �g/m3 10,294 713 13.7 � 4.2 13.9 (11.8–15.9)
O3, ppb 10,239 616 51.0 � 7.3 51.2 (46.1–55.7)
SO2, ppb 8,150 287 4.91 � 2.6 4.3 (2.7–5.9)
NO2, ppb 7,351 255 17.1 � 7.7 18.0 (15.3–22.0)
CO, ppm 8,573 328 0.692 � 0.295 0.59 (0.48–0.83)

Definition of abbreviations: CO � carbon monoxide; IQR � interquartile range (25th and 75th percentile); NO2 � nitrogen
dioxide; O3 � ozone; PM2.5 � particulate matter with a median diameter of 2.5 �m or less; PM10 � particulate matter with a
median diameter of 10 �m or less; SO2 � sulfur dioxide.

every increase in PM10 of 10 �g/m3 was associated with decrease
in FEV1 of 38 ml (95% CI, 18–58).

After adjusting for age, sex, height, and mean FEV1 in 1999,
every 10 �g/m3 increase in PM2.5 was associated with a decrease
in mean FEV1 in 2000 of 24 ml (95% CI, 7–40). A change in PM10

of 10 �g/m3 was not associated with a significant change in lung
function in 2000 (1 ml; 95% CI, �7 to 10) after adjusting for age,
sex, height, and mean FEV1 in 1999. No clear associations were
found with other pollutants (O3, NO2, SO2, or CO). In these
models, age was modeled as a continuous variable; a piece-wise
regression using an age cut point of 18 did not change the esti-
mate of the coefficient and standard error for PM2.5 or the other
pollutants. When lung function was modeled using FEV1% pre-
dicted instead of age, sex, and height, every 10-�g/m3 increase
in PM2.5 was associated with a decrease in mean FEV1% predicted
in 2000 of 0.5% (95% CI, 0.3–0.9%).

Mortality and Air Pollutants

During 2000, there were 419 (1.9%) deaths in the 22,303 CF
patients in the initial cohort. A total of 213 (1.8%) deaths oc-
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TABLE 3. RESULTS OF SINGLE POLLUTANT MODELS
ASSESSING THE ODDS OF HAVING TWO OR MORE
PULMONARY EXACERBATIONS DURING 2000*†

Pollutant Odds Ratio p Value 95% CI

PM10, �g/m3 1.08 0.014 1.02–1.15
PM2.5, �g/m3 1.21 0.001 1.07–1.33
O3, ppb 1.10 0.005 1.03–1.17
NO2, ppb 0.98 0.719 0.91–1.07
SO2, ppb 0.83 0.068 0.71–1.01
CO, ppm 1.02 0.867 0.85–1.22

Definition of abbreviations: CI � confidence interval; CO � carbon monoxide;
NO2 � nitrogen dioxide; O3 � ozone; PM2.5 � particulate matter with a median
diameter of 2.5 �m or less; PM10 � particulate matter with a median diameter
of 10 �m or less; SO2 � sulfur dioxide.

* Adjusted for sex, age, weight, race, airway colonization, pancreatic function,
and insurance status. Ozone includes adjustment of monitoring season.

† Odds ratios for a 10 �g/m3 in PM10 and PM2.5; a 10-ppb rise in ozone, SO2,
NO2, and a 1-ppm rise in CO.

curred in our study population of 11,484 patients. Of these
deaths, 196 and 177 had associated air pollutant data within 30
miles of their resident zip code for PM2.5 and PM10, respectively.
After adjusting for sex, age, pancreatic insufficiency, genotype,
P. aeruginosa and B. cepacia colonization, and insurance status,
an increase of PM2.5 by 10 �g/m3 was associated with an increased
risk of death that did not achieve statistical significance (OR �
1.32; 95% CI, 0.91–1.93). The effect was attenuated with widen-
ing confidence intervals after adjusting for lung function (RR
1.12; p � 0.67; 95% CI, 0.76–1.65). No clear significant association
or trend was found with other pollutants (PM10, O3, NO2, SO2,
or CO).

Assessment of Bias

In these analyses, only a subset of patients was successfully
matched with pollution data, and only a subset of patients with
pollution data had complete clinical data. To assess the potential
for selection bias, patients with pollution data were compared
with those without pollution data. There were 4,209 patients
who fulfilled entry criteria but did not have associated pollution
monitor data compared with 11,484 who had pollution monitor
data within 30 miles of the centroid of their zip code (6,610
patients without associated pollution monitor data did not fulfill
the inclusion criteria). When comparing these two populations,
patients who had associated pollution data were more likely to
be genotyped (73.3% vs. 70.3%), have documented P. infection
(68% vs. 62%,), have more pulmonary exacerbations (mean
annual rate of 1.2 vs. 1.0), have slightly lower FEV1 percentage
predicted in 2000 (73% compared with 74%), and were more
likely to have private health insurance (40% vs. 45%). The two
groups were not significantly different with regard to sex, age,
or mortality in 2000 (1.4% vs. 1.3%).

DISCUSSION

In this study of CF patients, increased annual average exposure
to ambient air pollutants, specifically PM10, PM2.5, and ozone,
was associated with increased odds of two or more pulmonary
exacerbations after adjusting for individual risk factors for sever-
ity of the underlying disease. The association was most promi-
nent for patients who experienced two or more exacerbations
per year. No reports on this association have previously been
published. We also found a significant loss of ventilatory function
in association with increased PM2.5 and a substantial (32%) in-
creased risk of death (that did not reach statistical significance)
in association with increased PM2.5. This study was underpowered

to assess the outcome of mortality. Further study is warranted
on the impact of individual air pollutants over a longer time
period on lung health in CF.

The estimates for the associations between pulmonary exac-
erbations and death and PM10 and PM2.5 were attenuated when
the models were adjusted for lung function. It is possible that
patients with worse lung function and more frequent exacerba-
tions may migrate to urban areas (with higher air pollution)
to be closer to specialized medical care, thus confounding the
relationship between pollution exposure and lung health. How-
ever, we believe it is more likely that lung function decline may
be intimately associated with chronic exposure to air pollutants
and may be part of the causal pathway in worsening prognosis
in CF (4); in support of this explanation, we found both cross-
sectional and longitudinal strong inverse relationships between
FEV1 and PM levels.

CF patients have evidence of airway infection, inflammation,
and products from tissue destruction even when they have no
symptoms; the process leading to destruction of the integrity of
the CF airway is life long (23, 24). The CF lung contains large
amounts of free myeloperoxidase and neutrophil-derived prote-
ases and decreased levels of S-nitrosoglutathione (25–27). In
this setting of excessive oxidative stress and inflammation, air
pollutants could lead to further airway irritation and injury. This
in turn may affect the rate and extent of airway infection. In
our analyses, PM2.5 and PM10 had the most consistent associations
with important clinical outcome measures. Recent evidence in
CF patients may support this finding. Brown and colleagues
studied the deposition and retention of technetium-99m–labeled
iron oxide particles (5 micron) in CF patients compared with
healthy volunteers. They found that particulate deposition was
increased in CF and that the distribution of particle deposition
was enhanced in the tracheobronchial regions of poorly venti-
lated lung regions in CF patients (28). Such focal deposition
may partially explain the association of particulate air pollutants
and pulmonary exacerbation rate.

The association of O3 levels with pulmonary exacerbations
was more unexpected. High ozone levels have been associated
with an increase in asthma exacerbations in children with asthma
and a reduced rate of growth in peak flow rates in children living
in Southern California. A longer duration of follow-up in a CF
cohort may clarify both the short-term (29) and long-term role
of ozone in lung health of CF patients (30).

There are some important limitations to our current analysis.
Residual confounding caused by unmeasured risk factors is of
concern. Control of individual risk factors in the analysis in-
cluded adjustment for sex, age, race, nutritional status, airway
colonization, pancreatic function, and insurance status (or me-
dian household income). An important individual risk factor not
available in the CFFNPR is tobacco use or exposure to environ-
mental tobacco smoke. Cigarette smoking has been associated
with persons of low socioeconomic status who may also tend to
live in areas of higher ambient air pollution. Cigarette smoking,
through both mainstream and sidestream exposures, has also
been associated with worse prognosis in CF, notably increased
risk of hospitalization for pulmonary exacerbations. (31) Adjust-
ments made for socioeconomic status in the study may have
adjusted in part for tobacco use. Spatial effects such as climate,
weather patterns, regional variation in medical care practices,
and rural and urban differences are also potential confounders
that we were unable to address fully. The tendency for spatial
autocorrelation between nearby sites could create difficulty in
meeting the assumption for independence of observations in
the logistic regression models and lead to misstatement of the
pollution standard error estimates. Because air pollution moni-
tors are more commonly situated in urban areas, our sample may



820 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 169 2004

have had higher air pollutant exposure than the CF population as
a whole. However, this should not have affected the associations
that we found. Misclassification of exposure status could occur
in two additional settings. Patients with more severe disease may
limit their exposure to ambient air by staying inside. Also, given
our inclusion criteria for pollution data, some sites could have
had as few as 30 measurements during the year. Both of these
examples of misclassification should be random and thus bias
the results to the null.

Previous studies evaluating monitor-to-monitor correlation
have demonstrated pollution levels to correlate well for PM10,
O3, and NO2 between monitors up to a distance of 100 miles (r,
0.8–0.6) (32). However, SO2 and CO were found to have a lower
correlation (r � 0.5) that is likely due to the influences of local
sources (32). Thus, there is likely to be more measurement error
affecting the estimates of the associations for SO2 and CO. The
correlation between ambient monitors and actual subject exposure
also depends on factors other than the distance from the monitor.
The amount of time the subject spends outdoors, the degree to
which various pollutants penetrate into buildings, the distance
from point sources, and weather patterns all contribute to varia-
tions in individual exposures to ambient air pollutants (32, 33).
Therefore, there is certainly potential for exposure misclassifica-
tion in this study, which would be of concern if the misclassifica-
tion occurred in a differential manner between those with less
than two or two or more exacerbations, as this could lead to bias
in the results. It is more likely, however, that the misclassification
in this study occurred equally in both exacerbation categories,
which would tend to shift the ORs for the pollutants toward one.

The ability to generalize the results of this study to the entire
CF population may be limited by the inclusion criteria set for
study patients. CF patients who had complete medical informa-
tion in the CFFNPR and who live in proximity to air pollution
monitors did differ compared with those who had complete
medical information but did not have associated pollution data.
However, the absolute differences were small between these two
groups, and no differences were seen in age or death rate. The
differences seen may be attributable the effect of air pollution;
there is less monitoring in less polluted areas.

In conclusion, exposure to ambient PM10, PM2.5, and ozone
may increase the risk for pulmonary exacerbations and increase
the rate of change in lung function in the CF population. Ambient
air pollution may also impact survival. These findings would be
consistent with the overall literature that has examined the ef-
fects of ambient air pollution on other sensitive populations.
The findings would also continue to support the importance of
subchronic and chronic exposure of ambient air pollutants. Fu-
ture studies should focus on increasing the length of follow-
up in CF patients, improved exposure assignment, and analytic
methods to assess spatial effects, which may lead to continued
improvement in our understanding of the effects of ambient air
pollution on CF pulmonary disease.

Conflict of Interest Statement : C.H.G. has no declared conflict of interest; S.A.N.
has no declared conflict of interest; J.S.S. has no declared conflict of interest; L.S.
has no declared conflict of interest; J.D.K. has no declared conflict of interest.

Acknowledgment : The authors are indebted to Preston Campbell, III, M.D., Exec-
utive Vice President for Medical Affairs, Cystic Fibrosis Foundation, for his support
of this project and for making the Cystic Fibrosis Registry data available to us.

References

1. Dockery DW, Pope CA III, Xu X, Spengler JD, Ware JH, Fay ME,
Ferris BG, Speizer FE. An association between air pollution and
mortality in six US cities. N Engl J Med 1993;329:1753–1759.

2. Roemer W, Hoek G, Brunekreef B. Effect of ambient winter air pollution
on respiratory health of children with chronic respiratory symptoms.
Am Rev Respir Dis 1993;147:118–124.

3. Harre ES, Price PD, Ayrey RB, Toop LJ, Martin IR, Town GI. Respira-
tory effects of air pollution in chronic obstructive pulmonary disease:
a three month prospective study. Thorax 1997;52:1040–1044.

4. Abbey DE, Burchette RJ, Knutsen SF, McDonnell WF, Lebowitz MD,
Enright PL. Long-term particulate and other air pollutants and lung
function in nonsmokers. Am J Respir Crit Care Med 1998;158:289–298.

5. Abbey DE, Nishino N, McDonnell WF, Burchette RJ, Knutsen SF,
Lawrence BW, Yang JX. Long-term inhalable particles and other air
pollutants related to mortality in nonsmokers. Am J Respir Crit Care
Med 1999;159:373–382.

6. Pope CA III, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thur-
ston GD. Lung cancer, cardiopulmonary mortality, and long-term ex-
posure to fine particulate air pollution. JAMA 2002;287:1132–1141.

7. Friedman MS, Powell KE, Hutwagner L, Graham LM, Teague WG. Im-
pact of changes in transportation and commuting behaviors during the
1996 Summer Olympic Games in Atlanta on air quality and childhood
asthma. JAMA 2001;285:897–905.

8. Samet JM, Dominici F, Curriero FC, Coursac I, Zeger SL. Fine particulate
air pollution and mortality in 20 US cities, 1987–1994. N Engl J Med
2000;343:1742–1749.

9. Clancy L, Goodman P, Sinclair H, Dockery DW. Effect of air-pollution
control on death rates in Dublin, Ireland: an intervention study. Lancet
2002;360:1210–1214.

10. Hoek G, Brunekreef B, Goldbohm S, Fischer P, van den Brandt PA.
Association between mortality and indicators of traffic-related air pol-
lution in the Netherlands: a cohort study. Lancet 2002;360:1203–1209.

11. Rosenstein BJ, Cutting GR. The diagnosis of cystic fibrosis: a consensus
statement: Cystic Fibrosis Foundation Consensus Panel. J Pediatr 1998;
132:589–595.

12. Rosenfeld M, Davis R, FitzSimmons S, Pepe M, Ramsey B. Gender gap
in cystic fibrosis mortality. Am J Epidemiol 1997;145:794–803.

13. Schechter MS, Margolis PA. Relationship between socioeconomic status
and disease severity in cystic fibrosis. J Pediatr 1998;132:260–264.

14. Orenstein DM, Winnie GB, Altman H. Cystic fibrosis: a 2002 update.
J Pediatr 2002;140:156–164.

15. Cystic Fibrosis Foundation. Patient Registry 2000 Annual Data Report,
1–2. Bethesda, MD: Cystic Fibrosis Foundation; 2001.

16. Zemel BS, Jawad AF, FitzSimmons S, Stallings VA. Longitudinal rela-
tionship among growth, nutritional status, and pulmonary function in
children with cystic fibrosis: analysis of the Cystic Fibrosis Foundation
National CF Patient Registry. J Pediatr 2000;137:374–380.

17. Fitzsimmons SC. The changing epidemiology of cystic fibrosis. J Pediatr
1993;122:1–9.

18. Knudson RJ, Lebowitz MD, Holberg CJ, Burrows B. Changes in the
normal maximal expiratory flow-volume curve with growth and aging.
Am Rev Respir Dis 1983;127:725–734.

19. Curtis JR, Burke W, Kassner AW, Aitken ML. Absence of health insur-
ance is associated with decreased life expectancy in patients with cystic
fibrosis. Am J Respir Crit Care Med 1997;155:1921–1924.

20. Hosmer DW, Hosmer T, Le Cessie S, Lemeshow S. A comparison of
goodness-of-fit tests for the logistic regression model. Stat Med 1997;16:
965–980.

21. Mickey RM, Greenland S. The impact of confounder selection criteria
on effect estimation. Am J Epidemiol 1989;129:125–137. [Published
erratum appears in Am J Epidemiol 1989;130:1066.]

22. Newsom SA, Goss CH, Schildcrout JS, Sheppard L, Kaufman JD. The
effect of ambient air pollution on pulmonary health in the cystic fibrosis
population. Pediatr Pulmonol 2002;S24:324.

23. Konstan MW, Hilliard KA, Norvell TM, Berger M. Bronchoalveolar
lavage findings in cystic fibrosis patients with stable, clinically mild
lung disease suggest ongoing infection and inflammation. Am J Respir
Crit Care Med 1994;150:448–454.

24. Cantin A. Cystic fibrosis lung inflammation: early, sustained, and severe.
Am J Respir Crit Care Med 1995;151:939–941.

25. Berger M. Inflammatory mediators in cystic fibrosis lung disease. Allergy
Asthma Proc 2002;23:19–25.

26. Witko-Sarsat V, Delacourt C, Rabier D, Bardet J, Nguyen AT, Des-
camps-Latscha B. Neutrophil-derived long-lived oxidants in cystic fi-
brosis sputum. Am J Respir Crit Care Med 1995;152:1910–1916.

27. Snyder AH, McPherson ME, Hunt JF, Johnson M, Stamler JS, Gaston
B. Acute effects of aerosolized S-nitrosoglutathione in cystic fibrosis.
Am J Respir Crit Care Med 2002;165:922–926.

28. Brown JS, Zeman KL, Bennett WD. Regional deposition of coarse parti-
cles and ventilation distribution in healthy subjects and patients with
cystic fibrosis. J Aerosol Med 2001;14:443–454.

29. Just J, Segala C, Sahraoui F, Priol G, Grimfeld A, Neukirch F. Short-



Goss, Newsom, Schildcrout, et al.: Cystic Fibrosis and Air Pollution 821

term health effects of particulate and photochemical air pollution in
asthmatic children. Eur Respir J 2002;20:899–906.

30. Gauderman WJ, Gilliland GF, Vora H, Avol E, Stran D, McConnell R,
Thomas D, Lurmann F, Margolis HG, Rappaport EB, et al. Association
between air pollution and lung function growth in Southern California
children. Am J Respir Crit Care Med 2002;166:76–84.

31. Campbell PW III, Parker RA, Roberts BT, Krishnamani MR, Phillips
JA III. Association of poor clinical status and heavy exposure to

tobacco smoke in patients with cystic fibrosis who are homozygous
for the F508 deletion. J Pediatr 1992;120:261–264.

32. Ito K, Thurston GD, Nadas A, Lippmann M. Monitor-to-monitor tempo-
ral correlation of air pollution and weather variables in the North-
Central US. J Expo Anal Environ Epidemiol 2001;11:21–32.

33. Norris G, Larson T. Spatial and temporal measurements of NO2 in an
urban area using continuous mobile monitoring and passive samplers.
J Expo Anal Environ Epidemiol 1999;9:586–593.


