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Abstract

Rationale: Few studies have examined associations between long-
term exposure to fine particulate matter (PM2.5) and lung function
decline in adults.

Objectives: To determine if exposure to traffic and PM2.5 is
associated with longitudinal changes in lung function in a
population-based cohort in the Northeastern United States, where
pollution levels are relatively low.

Methods: FEV1 and FVC were measured up to two times between
1995 and 2011 among 6,339 participants of the Framingham
Offspring or Third Generation studies. We tested associations
between residential proximity to a major roadway and PM2.5

exposure in 2001 (estimated by a land-use model using
satellite measurements of aerosol optical thickness) and lung
function. We examined differences in average lung function
using mixed-effects models and differences in lung function
decline using linear regression models. Current smokers were

excluded. Models were adjusted for age, sex, height, weight,
pack-years, socioeconomic status indicators, cohort, time, season,
and weather.

Measurements and Main Results: Living less than 100 m from
a major roadway was associated with a 23.2 ml (95% confidence
interval [CI],244.4 to21.9) lower FEV1 and a 5.0 ml/yr (95% CI,
29.0 to20.9) faster decline in FEV1 compared with more than 400
m. Each 2 mg/m3 increase in average of PM2.5 was associated with
a 13.5 ml (95% CI,226.6 to20.3) lower FEV1 and a 2.1 ml/yr
(95% CI,24.1 to20.2) faster decline in FEV1. There were similar
associations with FVC. Associations with FEV1/FVC ratio were weak
or absent.

Conclusions: Long-term exposure to traffic and PM2.5, at relatively
low levels, was associated with lower FEV1 and FVC and an
accelerated rate of lung function decline.

Keywords: air pollution; respiratory function tests; particulate
matter; chronic obstructive pulmonary disease; asthma

Short-term (up to a few days) increases in
outdoor air pollution exposure have been
found to increase risk of adverse pulmonary

outcomes, including chronic obstructive
pulmonary disease (COPD) exacerbations
and respiratory mortality (1, 2). Multiple

studies have also associated short-term
exposure to traffic-related air pollutants
with reduced lung function (3–5). In the
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Framingham Heart Study, we recently found
that short-term increases in exposure to
fine particulate matter less than 2.5 mm in
aerodynamic diameter (PM2.5), ozone, and
nitrogen dioxide (NO2) at concentrations
below the Environmental Protection Agency
National Air Quality Standards were
associated with a lower FEV1 and FVC in
nonsmoking adults (6). It remains unclear
whether long-term exposure to traffic
emissions and fine particulate matter
(PM2.5) at relatively low levels in the United
States affects lung function in healthy adults.

There is some evidence that long-term
exposure to ambient particulate air
pollution, especially at levels seen in the
1990s before strict air quality regulations
were implemented in the United States and
Europe, may reduce lung function in adults.
Most of these studies (7–11) examined
particles with an aerodynamic diameter less
than 10 mm (PM10), which was historically
monitored by most regulatory agencies,

rather than PM2.5. The SAPALDIA study in
Switzerland associated estimates of PM10 at
home address from a dispersion model and
two repeated measures of spirometry 11
years apart and found that the declining
PM10 exposure over the study period was
associated with slower longitudinal decline
in FEV1 (9). The multicohort European
metaanalysis (ESCAPE study) found that
long-term exposure to NO2 and PM10

estimated by land-use regression models
was associated with reduced FEV1 and
FVC, but not with longitudinal change
in lung function (12). This study also
examined PM2.5 exposure in a subset of the
population but did not find associations
with lung function or lung function change.

The Normative Aging Study recently
found that long-term exposure to black
carbon (a constituent of PM2.5 that is
emitted by traffic) was associated with lung
function decline in a population of elderly
men (13). Most particles less than 2.5 mm
in diameter deposit in the lower respiratory
tract, whereas the larger particles included
in PM10, including most particles greater
than 4 mm in diameter, deposit in the upper
airways (14). It is possible that the fine
particle fraction of PM10, which includes
submicron particles emitted by traffic and
industrial processes, are more toxic to the
lung, although there are very few studies on
long-term traffic and PM2.5 exposure to
support this assumption.

Given the paucity of data on long-term
PM2.5 exposure from all sources (including
traffic) and adult pulmonary function,
we examined associations between two
measures of long-term exposure to ambient
air pollution and lung function (FEV1,
FVC, and FEV1/FVC ratio): the distance
from home address to the nearest major
roadway as a direct measurement of traffic
exposure, and the PM2.5 annual average
at home address estimated by a land-use
model using satellite measurements, in
a cohort of nonsmoking adults.

Some of the results of this study have
been previously presented at the International
Society for Environmental Epidemiology
conference in Seattle, Washington, August
24–28, 2014. The abstract can be viewed at:
http://www.jrb-pro.com/isee/.

Methods

Further methodologic details are available in
the online supplement.

Study Population
The study population consists of the
participants in the Framingham Offspring
and Third Generation cohorts. The design
of these studies has been previously
described (15, 16). Subjects included in this
analysis are offspring participants with
at least one spirometry measurement at
examination 6 (n = 2,396; 1995–1998)
and 7 (n = 2,252; 1998–2001), and third-
generation participants with at least one
measurement at examination 1 (n = 3,194;
2002–2005) or 2 (n = 2,844; 2008–2011).
Current smokers (n = 915 participants;
1,711 observations) were excluded from the
primary analysis because of known acute
effects of smoking on lung function. All
participants provided written informed
consent for the study examinations, and the
institutional review boards of Beth Israel
Deaconess Medical Center and Boston
University Medical Center approved this
work.

Exposure Assessment

Distance to roadway. Distance to major
roadway was evaluated by determining the
distance from home address at the time of
the examination to the nearest A1, A2, or A3
road (U.S. Census Features Class). Based
on previous work showing that particle levels
diminish to neighborhood background
levels 100–300 m from major roads
(17, 18), we examined associations using
categories of distance: less than 100, 100 to
less than 200, 200 to less than 400, and 400
to less than 1,000 m. These categories were
selected to reflect the decay function of
traffic pollution as distance to roadway
increases. We have also previously observed
that the natural log of residential proximity
to a major roadway and mortality are
linearly associated (19). We therefore
also tested the natural log of distance to
roadway as an exposure of interest.
Participants living 1,000 m or further from
a major road were excluded from the
roadway analyses (1,158 observations;
10.8%) because at these locations, distance
to roadway is unlikely to be a measure
of traffic-related pollution exposure and
may be an indicator of semirural or rural
exposures.

PM2.5 model. Daily estimates of PM2.5

at home address were derived from a model
using moderate resolution imaging
spectroradiometer satellite-derived aerosol

At a Glance Commentary

Scientific Knowledge on the
Subject: There is some evidence
that long-term exposure to ambient
particulate air pollution, especially at
levels seen in the 1990s before strict air-
quality regulations were implemented
in the United States and Europe, may
reduce lung function in adults. It
remains unclear whether long-term
exposure to traffic emissions and fine
particulate matter (PM2.5) at relatively
low levels in the United States affects
lung function in healthy adults.

What This Study Adds to the
Field: We found that exposure to
traffic emissions and PM2.5, estimated
by a land-use model using satellite
measurements of aerosol optical
thickness, were associated with lower
FEV1 and FVC and an accelerated
rate of lung function decline of
a magnitude comparable with the
effect of former smoking in this
cohort. These findings suggest that
long-term exposure to local traffic
and ambient PM2.5, at relatively low
levels experienced in the Northeastern
United States, may contribute to
clinically significant declines in lung
function over time in healthy adults.
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optical thickness measurements at a
103 10-km spatial resolution across the
Northeast and then resolved to a specific
location within a 503 50-m grid using
land-use terms. Aerosol optical thickness
is a quantitative measure of particle
abundance in the atmospheric column.
Details of the PM2.5 model have been
described in detail elsewhere (20). Briefly,
estimates of PM2.5 using aerosol optical
thickness measurements from the satellite
were calibrated daily using measurements
from 78 ground monitoring stations. The
calibrations resulted in high out-of-sample
10-fold cross-validated R2 (mean out-of-
sample R2 = 0.85). Local land-use terms
(distance to primary highways, distance to
point source emissions, population density,
percent open spaces, elevation, and traffic
density) and meteorologic variables
(temperature, wind speed, visibility, and
elevation) were then used to model the
difference between the 103 10-km grid cell
predictions and monitored values. The sum
of the grid cell predictions and residuals
from the land-use model represents
a measure of total PM2.5.

We estimated the annual PM2.5 in the
index year 2001, the earliest year for which
data were available for the full calendar
year, a similar approach to long-term
exposure assessment as the Women’s
Health Initiative study of PM2.5 and
mortality (21). By using the same index
year for all participants, any differences
in exposure between participants are
attributable to different locations of
residence (and their nearby PM2.5 sources)
and not attributable to differences in the
year when the participant performed the
examination, because PM2.5 levels have
declined over the past decade. Observations
from Offspring cohort examinations 6
and 7 that occurred before 2001 (all of
examination 6 and all but 60 observations
from examination 7) were excluded from
the PM2.5 analysis because our exposure
interval of interest occurred after those
examinations took place.

Statistical Analyses
We first conducted analyses associating
distance to roadway and the 2001 PM2.5

average with repeated measures of FEV1,
FVC, and FEV1/FVC using linear mixed-
effects models with a subject-specific
random intercept, to estimate associations
with average levels of lung function. We
then evaluated associations between each

exposure and the annual rate of change
in FEV1, FVC, and FEV1/FVC between
examinations using linear regression.
Finally, we performed logistic regressions
examining associations between each
exposure and the odds of FEV1/FVC
less than 0.7 (which we call “obstruction”
based on Global Initiative for Chronic
Obstructive Lung Disease criteria [22]),
asthma, wheeze in the past 12 months,
and chronic cough at the participant’s last
examination. All models were adjusted
for sex, age, height, weight, pack-years,
education (less than high school, high
school diploma, some college, college
graduate), median household income from
2000 census tract, time as a continuous linear
variable using the date of the examination,
and cohort (to account for a difference in
spirometry equipment between cohorts).
Models with spirometry outcomes were also
adjusted for weekday, season (using sine
and cosine functions of the examination date
to estimate the amplitude and phase of the
seasonal cycle), and prior day relative
humidity and temperature. The covariates
in the model were selected a priori based
on known associations with lung function
or air pollution.

We evaluated the linearity of the
relationships of distance to roadway and

PM2.5 exposure estimates with the rate
of change in FEV1 using restricted cubic
splines with knots at the five percentiles: 5,
27.5, 50, 72.5, and 95th of the distribution
(23) using Stata v.13 (StataCorp, College
Station, TX) (24) and compared the fit of
these models with the linear models using
likelihood ratio tests.

All statistical analyses were performed
using SAS 9.3 (SAS Institute Inc., Cary, NC)
and Stata v.13 software.

Results

Participant characteristics including
demographics and pulmonary outcomes are
summarized in Table 1. This is a middle- to
older-aged cohort with a slight majority
of women. Slightly more than half (55.6%)
of observations included in the analysis
were from never smokers and former
smokers had smoked 17 pack-years on
average. The cohort was well educated
overall, with nearly half achieving a college
degree and 78% completing at least some
college. Participants lived in neighborhoods
with an average census tract median
household income in 2000 of $65,118,
which is above the U.S. median household
income of $42,148 for that year (25).

Table 1. Characteristics of Study Participants

Mean (SD) or %

Demographics
Age, yr 50.4 (12.4)
Male sex, % 46.2
Body mass index, kg/m2 27.7 (5.5)
Smoking status, %

Never 55.6
Former 44.4

Pack-years
Never smokers 0 (0)
Former smokers 17.4 (18.0)

Education, %
,High school 1.8
High school 18.6
Some college 28.5
College graduate school 49.8
Missing education 1.3

Median census tract household income, $ 65,118 (21,927)
Pulmonary outcomes
FEV1, L 3.18 (0.85)
FVC, L 4.19 (1.06)
FEV1/FVC, % 75.7 (7.06)
Obstruction, FEV1/FVC , 0.7 16.4
Asthma diagnosis, ever 15.4
Wheeze in past 12 mo 16.1
Cough >3 mo in past year 5.1

Data calculated from 10,686 observations (among 6,339 participants).
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Average FEV1 and FVC were within
the normal range. The mean FEV1 was
97.3% predicted (SD, 14.4%), and mean
FVC was 100.9% predicted (SD, 13.0%)
using the Hankinson National Health and
Nutrition Examination Survey prediction
equations (26). Airflow obstruction,
asthma, and wheeze in the past 12 months
each affected 15–17% of the study
population, whereas only 5.1% suffered
from chronic cough in the past year.

The distributions of distance to roadway
and PM2.5 levels are provided in Table 2. The
median distance to roadway was 207 m,
after excluding observations with a home
address greater than or equal to 1,000 m
from a major roadway. When divided into
categories of distance, nearly one-third
(31.5%) of participants lived less than 100 m
from a major road. Median PM2.5 at home
address was 10.8 mg/m3 for the year 2001
in this cohort, which is below the current
Environmental Protection Agency National
Air Quality Standards annual standard of
12 mg/m3. The interquartile range of PM2.5

was fairly narrow at 2 mg/m3 and it ranged
from 7.3 to 21.7 mg/m3 overall.

Associations between Distance to
Roadway and Lung Function
Of 5,513 participants included in the
distance-to-roadway analysis, 3,905 (71%)
had repeated lung function measures.
Living in close proximity to a major
roadway was negatively associated with
average FEV1 and FVC and with the
annual change in FEV1 and FVC, as shown
in Figures 1 and 2. There was a log-linear
association between distance to roadway

and both FEV1 and FVC (Table 3). As
distance to roadway increased, lung
function also increased: there was a 9.0 ml
(95% confidence interval [CI], 20.6 to
18.5) higher FEV1 and a 2.0 ml/yr (95%
CI, 0.1–3.9) slower decline in FEV1 per
interquartile range (from the 25th to
the 75th percentile) increase in the log-
transformed distance to major roadway.
The ratio of FEV1 to FVC was not
associated with distance to roadway.
In our analysis examining nonlinear
relationships of distance to roadway with
the rate of change in FEV1, we constructed
cubic splines but did not observe any
statistically significant evidence of
departures from linearity (P = 0.58 for
likelihood ratio test).

Proximity to roadway was associated
with higher odds of an asthma diagnosis
(Table 4). Participants living 100 to less
than 200 m from a major road had 1.35
(95% CI, 1.06–1.72) times the odds of
asthma than those greater than or equal
to 400 m from a major road. Participants
in the less than 100 m and 200 to less
than 400 m categories also had elevated risk
of asthma, but the CIs spanned the null for
the less than 100 m category. Associations
between distance to roadway and the other
clinical outcomes of obstruction, wheeze,
and chronic cough were weak or null.

Associations between PM2.5 and
Lung Function
Of 2,885 participants included in the PM2.5

analysis, 2,222 (77%) had repeated lung
function measures. The 2001 average of
PM2.5 exposure at home address was

associated with lower average FEV1 and
FVC and an accelerated decline in FEV1

and FVC (Table 3). A 2 mg/m3 increase in
PM2.5 was associated with a 13.5 ml (95%
CI, 226.6 to 20.3) lower FEV1 and a 2.1
ml/yr (24.1 to 20.2) additional decline
in FEV1 per year. Results were similar for
FVC. In our analysis examining nonlinear
relationships of PM2.5 with change in
FEV1, we did not observe any statistically
significant evidence of departures from
linearity (P = 0.14 for likelihood ratio test).
PM2.5 exposure was not associated with
a difference in the FEV1/FVC ratio, or
with odds of airflow obstruction, asthma,
wheeze, or chronic cough (Table 4).

After additionally adjusting for
previous-day PM2.5 levels, associations
increased somewhat and CIs narrowed
for associations between PM2.5 and lung
function. Each 2 mg/m3 of PM2.5 exposure
was associated with a 17.6 ml (95%
CI, 231.0 to 24.1) lower FEV1, a 2.9 ml/yr
(95% CI,24.9 to20.9) more rapid decline in
FEV1, a 22.1 ml (95% CI, 237.3 to 26.9)
lower FVC, and a 2.9 ml/yr (95% CI, 25.1
to 20.7) more rapid decline in FVC.

Tests for Susceptible Subgroups and
Sensitivity Analyses
We performed several tests of effect
modification and sensitivity analyses on our
data as described in the online supplement.
Adjustment for asthma and inhaler use and
for a history of secondhand smoke exposure in
the home did not substantially change the
associations observed. We did not observe
differences by smoking status in relation
to distance to roadway. Adding current
smokers to the analysis did not affect
associations between distance to roadway
and FEV1. We found borderline statistical
evidence that former smokers had a lower
FEV1 (Pinteraction = 0.07) and a more rapid
decline in FEV1 (Pinteraction = 0.09) in
association with PM2.5 exposure compared
with never smokers, whereas current
smokers did not have reduced lung
function in association with PM2.5

exposure. When current smokers were
added to the PM2.5 analyses, the magnitude
of associations between PM2.5 and lung
function diminished somewhat and CIs
were wider. When participants living
greater than or equal to 1,000 m from
a major roadway were added to the
distance-to-roadway analyses, results were
unchanged and CIs were slightly narrower.

Table 2. Distributions of Distance to Roadway and the Annual Average of PM2.5

in 2001

Exposure Median (IQR) or % Range

Distance to major roadway, m* 207 (349) 0.01–999.7
Distance to roadway in categories*
,100 m 31.5
100 to ,200 m 17.4
200 to ,400 m 24.6
400 to ,1,000 m 26.6

PM2.5, mg/m
3† 10.8 (2.0) 7.3–21.7

Definition of abbreviations: IQR = interquartile range; PM2.5 = fine particulate matter less than 2.5 mm
in aerodynamic diameter.
*A total of 1,158 observations (10.8%) among 596 participants (9.4%) living >1,000 m from a major
roadway were excluded from the distance-to-roadway analyses.
†A total of 4,588 observations (2,396 observations from Offspring cohort examination 6 and 2,192
observations from Offspring cohort examination 7) that occurred before 2001 were excluded from the
analysis of PM2.5 exposure.
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We did not find statistical evidence of effect
modification of the associations between
distance to roadway or exposure to PM2.5

with FEV1 by asthma or COPD, cohort,
age, sex, obesity, or measures of
socioeconomic status (educational

attainment and census tract median
household income).

Discussion

Overall, we observed a consistent pattern
that living close to a major roadway and
long-term exposure to PM2.5 were both
associated with lower FEV1 and FVC
and a more rapid rate of lung function
decline between examinations in this cohort
of adults residing primarily in the
Northeastern United States. There was
no evidence that long-term air pollution
exposure was associated with airflow
obstruction, because there was no
association with the FEV1/FVC ratio or
with odds of a ratio less than 0.7. We did
find that living close to a major roadway in
adulthood was associated with an increased
risk of an asthma diagnosis during the
participant’s lifetime, but not with wheeze
in the past 12 months.

Both near-roadway exposures and
long-term exposure to PM2.5 (at relatively
low concentrations) were associated with
an accelerated annual decline in lung
function of a magnitude that may be
clinically relevant over time. To place the
longitudinal effect sizes in context, in
our study population of former and never
smokers, former smoking status was
associated with an additional annual
decline in FEV1 of 4.9 ml/yr (95% CI, 28.0
to 21.9). The magnitude of the additional
decline in FEV1 each year in association
with living less than 100 m from a major
roadway was equivalent to the effect of
formerly smoking in our study population.
The additional annual decline in FEV1 for
each 2 mg/m3 increase in the 2001 average
of PM2.5 exposure was equivalent to 43% of
the effect of formerly smoking. It should be
noted that these associations with PM2.5

exposure were scaled according to the
relatively narrow interquartile range of
exposure of 2 mg/m3 of our study. Recent
studies on long-term PM2.5 exposure and
mortality have scaled results per 10 mg/m3

(27, 28). If reported in this way, we found
a 68-ml lower FEV1 and a 10.5 ml/yr
additional decline in FEV1 per 10 mg/m3 of
PM2.5 exposure.

In other parts of the world, particularly
highly populated cities in Asia, average
PM2.5 levels and the range of exposure are
much higher than in our study region.
In those regions, large lung function
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Figure 2. Differences in the rate of change in lung function (and 95% confidence intervals) by
distance-to-roadway category compared with the 400- to 1,000-m reference group. Adjusted for sex,
age, height, weight, pack-years, education (no high school diploma, completed high school, some
college, college degree or higher), median household income from 2000 census tract, cohort, date
of examination, weekday, season (as a sine and cosine function of date), and relative humidity
and temperature the day before the examination.
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decrements as a result of ambient
particulate pollution are likely. Decreases in
FEV1 have been associated with all-cause
mortality increases in a monotonic fashion
in population studies (29, 30), suggesting
that even small decreases in FEV1 may
result in small increases in all-cause
mortality.

Several studies have suggested that
long-term outdoor air pollution exposure
may accelerate lung function decline in
adults. The most convincing evidence for
this is the SAPALDIA study, which found
that each 10 mg/m3 meter decline in PM10

over the study period was associated with
a 9% decrease in the FEV1 decline rate (9).
The UCLA Population Studies of Chronic
Obstructive Respiratory Disease measured
lung function twice in subjects in three

regions of Southern California with
different mixtures of ambient pollutants
and found a 23.6 ml/yr decline in FEV1

associated with living in the most polluted
region. This represents 71% of the decline
rate in FEV1 attributable to smoking more
than one pack of cigarettes per day in this
study (31). The effects on FEV1 were mostly
attributed to particulate matter, sulfates,
and nitrogen oxides exposures. Similarly,
a study in Japan examining lung function in
women from three different regions of
Tokyo found that women in the highest
pollution exposure group had more than
twice the rate of decline in FEV1 (20 vs.
9 ml/yr) from 1987 to 1994 compared
with the lowest exposure group (32). Air
pollution gradients were primarily
attributable to differences in traffic density.

Interestingly, the ESCAPE metaanalysis
in Europe found only cross-sectional
associations between long-term particle
exposures and lung function, but no
association with lung function decline (12).

We did not find an association between
long-term air pollution exposure and airflow
obstruction (in terms of a reduction in
the ratio of FEV1 to FVC or increased odds
of FEV1/FVC, 0.7), but rather we found
similar effect sizes for FEV1 and FVC. Our
findings may indicate a restrictive effect of
long-term air pollution exposure on lung
function or perhaps a slight obstructive
effect, because associations with the ratio of
FEV1 to FVC, although not statistically
significant, were small in magnitude and
negative in direction. The findings from the
limited investigations on long-term air

Table 3. Long-Term Exposures to Ambient Air Pollution and Spirometry Measures

Association with Average Lung Function Association with Change in Lung Function

Outcome
Exposure

N
Examinations

Difference in
Outcome (95% CI)

N
Examinations

Difference in Outcome
Rate of Change (95% CI)

FEV1, ml and ml/yr
Log of distance to road* 9,101 9.0 (20.6 to 18.5) 7,810 2.0 (0.1 to 3.9)
PM2.5* 4,872 213.5 (226.6 to 20.3) 4,444 22.1 (24.1 to 20.2)

FVC, ml and ml/yr
Log of distance to road* 9,101 8.0 (23.1 to 19.3) 7,810 1.8 (20.6 to 4.2)
PM2.5* 4,872 218.7 (233.6 to 23.8) 4,444 22.0 (24.1 to 0.1)

FEV1/FVC, % points and % points/yr
Log of distance to road* 9,101 0.06 (20.09 to 0.2) 7,810 0.01 (20.03 to 0.04)
PM2.5* 4,872 0.0 (20.2 to 0.2) 4,444 20.01 (20.04 to 0.02)

Definition of abbreviations: CI = confidence interval; IQR = interquartile range; PM2.5 = fine particulate matter less than 2.5 mm in aerodynamic diameter.
All models adjusted for sex, age, height, weight, pack-years, education (no high school diploma, completed high school, some college, college degree or
higher), median household income from 2000 census tract, cohort, date of examination, weekday, season (as a sine and cosine function of date), and
relative humidity and temperature the day before the examination.
*Scaled per IQR in the logarithmic scale for distance to roadway and per IQR of 2 mg/m3 for PM2.5.

Table 4. Long-Term Exposures to Ambient Air Pollution and Odds of Pulmonary Clinical Outcomes

Exposure
Obstruction

(FEV1:FVC < 0.7)
Asthma Diagnosis

(Ever)
Wheeze in Past

12 mo
Chronic Cough

(>3 mo/yr)

Distance to roadway in categories
,100 m 1.06 (0.87–1.29) 1.18 (0.95–1.46) 1.02 (0.84–1.25) 1.22 (0.89–1.66)
100 to ,200 m 1.10 (0.88–1.38) 1.35 (1.06–1.72) 0.89 (0.70–1.13) 0.89 (0.61–1.30)
200 to ,400 m 0.97 (0.79–1.20) 1.26 (1.01–1.58) 0.94 (0.76–1.16) 1.17 (0.84–1.63)
400 to ,1,000 m — — — —

Log of distance to road* 0.96 (0.88–1.05) 0.93 (0.84–1.02) 0.96 (0.87–1.05) 0.95 (0.83–1.10)
PM2.5* 1.00 (0.86–1.16) 0.97 (0.85–1.10) 0.98 (0.86–1.11) 1.08 (0.84–1.38)

Definition of abbreviations: IQR = interquartile range; PM2.5 = fine particulate matter less than 2.5 mm in aerodynamic diameter.
These analyses included 5,494 observations for the distance-to-roadway analyses and 2,783 observations for the PM2.5 analyses. All models adjusted for
sex, age, height, weight, pack-years, education (no high school diploma, completed high school, some college, college degree or higher), median
household income from 2000 census tract, date of examination, and cohort. Model for obstruction additionally adjusted for weekday, season (as a sine
and cosine function of date), and relative humidity and temperature the day before the examination.
*Scaled per IQR in the logarithmic scale for distance to roadway and per IQR of 2 mg/m3 for PM2.5.
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pollution and lung function in adults have
been mixed, with some studies observing
restrictive patterns and others finding
obstructive patterns of lung function
decline.

Using a land use regression model for
the greater Boston area, the Normative
Aging Study of elderly men recently found
that long-term estimates of exposure to
black carbon, a traffic-related constituent of
particulate matter weighted toward diesel,
were associated with accelerated decline
in both FEV1 and FVC (13). This study
found that the cross-sectional effect of black
carbon exposure on baseline lung function
was slightly stronger for FEV1 than FVC,
suggesting an obstructive effect, but the
longitudinal effect of black carbon on lung
function decline was stronger on FVC
compared with FEV1, a restrictive pattern.
The Normative Aging Study also examined
medium-term (28-d) exposure to PM2.5,
NO2, and black carbon and found stronger
negative associations with FVC than FEV1

(33). The longitudinal SAPALDIA study
found that reductions in PM10 over an
11-year period were associated with
a slower decline in FEV1 and FEV1 as
a percentage of FVC, but not FVC (9),
suggesting an obstructive pattern of the
effect of particulate pollution on lung
function decline. But the initial cross-
sectional analysis of the SAPALDIA study
found a restrictive pattern, with the most
consistent associations between PM10 and
FVC (8).

The ESCAPE metaanalysis involving
four European cohorts found
nonsignificant, but positive, associations
between long-term estimates of NO2,
nitrogen oxides, and PM10 and odds of
COPD (defined as FEV1/FVC, 0.7),
suggesting a possible obstructive effect (34).
But a second metaanalysis by the ESCAPE
group including repeated measures from
five cohorts found significant and similar-
magnitude cross-sectional associations of
NO2 and PM10 with both FEV1 and FVC,
in a restrictive pattern (12). All of these
studies examined slightly different long-
term air pollution exposures (black carbon
and PM10 compared with distance to
roadway and modeled PM2.5 using satellite
data in the present study). Because the
literature on long-term effects of traffic and
particulate air pollution on adult lung
function is still emerging, additional
research is needed to examine whether
these chronic effects are more obstructive

or restrictive and whether the pollutant-
specific effects are different.

We observed an association between
distance to roadway and odds of an asthma
diagnosis. However, we did not observe
a similar association between PM2.5

exposure and asthma, nor did we observe
any associations with odds of wheeze in
the past 12 months. This suggests that
proximity to roadway was associated with
receiving an asthma diagnosis at some
point in time, but perhaps not with current,
symptomatic asthma. Because we were
unable to ascertain the timing of asthma
diagnosis, there is a possibility of selection
bias—that those who were previously
diagnosed with asthma were more likely
to live closer to major roads in adulthood.
Alternatively, the association could be
causal and indicative of an association of
near-roadway exposures, but not PM2.5,
with nonwheezy asthma phenotypes. It is
also possible that many of the participants
reporting wheeze had COPD and not
asthma, potentially explaining the lack of
an association with wheeze.

In a cross-sectional analysis of the
SAPALDIA study, measures of long-term
exposure to NO2 (an indicator of traffic-
related pollution) and PM10 were associated
with cough, phlegm production, and
dyspnea on exertion, but not with wheeze
or current asthma (35). The Sister Study
in the United States was the first study of
long-term exposure to PM2.5 and incident
asthma in adults and found that each 3.6
mg/m3 in estimated PM2.5 was associated
with a 1.20 (95% CI, 0.99–1.46) higher odds
of incident asthma. The authors also found
positive associations of PM2.5 and NO2 with
wheeze but not cough (36). The question
of whether long-term particulate pollution
exposure contributes to asthma risk in
adults deserves further study.

We found borderline statistical
evidence of greater susceptibility to PM2.5

exposure among former smokers compared
with never smokers (Pinteraction = 0.07 for
average FEV1 and Pinteraction = 0.09 for
decline in FEV1). Also, we observed
negative associations between PM2.5

exposure and lung function among never
and former smokers, but not current
smokers. Although these findings did not
meet criteria for statistical significance, they
suggest that former smokers may be at
higher risk for long-term pulmonary effects
of air pollution exposure than never
smokers, perhaps because their airways

were damaged by the former smoking,
whereas current smokers may be less
susceptible because the daily injury by
active smoking may overwhelm any
incremental damage by long-term
pollution exposure.

There is some prior literature to
suggest that former smokers may be more
susceptible to air pollution exposure than
never smokers. For example, Tashkin and
colleagues (31) found that female former
smokers had faster declines in FEV1 than
never or current smokers in association
with living in the most polluted areas in
Southern California, but there was no
interaction between smoking status and
area of residence among males. Other
studies have found that never smokers
may be the most susceptible (13, 35). The
Normative Aging Study found that ever
smokers (92% of whom were former
smokers) had a slower decline in FEV1

in association with black carbon exposure
compared with never smokers (20.5%
vs. 21.5% annual FEV1 decline per 0.5
mg/m3 in 5-yr average of black carbon)
(13). These findings may be consistent
with our study results if the smaller effect
size among ever smokers was a result of
the current smokers, but it is more likely
that former smokers had a smaller effect
than never smokers in that study. The
ESCAPE metaanalysis of five European
cohort studies found no evidence of
different associations between long-term
air pollution exposure and lung function
among never versus ever smokers (12).
Overall, it remains unclear whether
former smoking is a risk factor for larger
lung function decrements from air
pollution exposure and we found only
borderline evidence of greater
susceptibility.

We examined two different measures of
long-term air pollution exposure: distance
to roadway, which measures microscale
exposure to pollution from nearby traffic
on the scale of a few hundred meters; and
PM2.5, which is a measure of both regional
and urban background pollution from
traffic and other local sources, such as
home heating, airport, and seaport. The
fact that we observed associations of both
distance to roadway and PM2.5 with
lung function may suggest that traffic is
a primary driver behind the associations
between PM2.5 exposure and lung function
in our study. This would be consistent
with the distribution of pollution sources
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in our study region, because traffic is the
major source of urban background PM2.5

in the Northeastern United States.
However, the Spearman correlation
coefficient between proximity to roadway
and PM2.5 exposure in the year 2001
was only 0.20 and it is likely that other
sources of PM2.5 also contributed to
the associations with lung function.
Additionally, near-roadway exposures
other than PM2.5, such as gases (ozone,
carbon monoxide, and NO2) and noise,
and social factors, such as housing
stock and stress, may play a role in the
association between distance to roadway
and lung function.

The biologic mechanisms of air
pollution toxicity on the adult lung are
not well-studied in humans, because
controlled human exposure studies do not

lend themselves well to the study of long-
term air pollution exposure. Animal
studies suggest that long-term exposures
result in pulmonary inflammation,
oxidative stress, and pulmonary
remodeling (37, 38). A chamber study
exposing mice prenatally and postnatally
to filtered air versus concentrated ambient
PM2.5 at a level of 16.86 8.3 mg/m3

found that the chronically exposed
mice had reduced inspiratory and
expiratory volumes at higher levels of
transpulmonary pressure compared with
unexposed mice (39). If our finding is true
that the pulmonary effects of chronic
air pollution exposure are restrictive
rather than obstructive, the underlying
mechanisms are likely different from that
of cigarette smoke, which is well known to
cause obstructive disease.

In conclusion, we found that proximity
of the home to a major roadway and
long-term exposure to PM2.5 were both
associated with reduced lung function and
accelerated lung function decline in this
cohort of generally healthy adult men and
women in the Northeastern United States.
We observed these associations at relatively
low ambient pollution levels with an effect
magnitude comparable with former
smoking. n
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