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Abstract
Rationale: Few studies have examined associations

between exposure to air pollution and childhood lung function
after implementation of strict air quality regulations in the
1990s.
Objectives: To assess trafﬁc-related pollution exposure and
childhood lung function.
Methods: We geocoded addresses for 614 mother–child pairs

enrolled during pregnancy in the Boston area 1999–2002 and
followed them until a mid-childhood visit (median age, 7.7). We
calculated the proximity of the home to the nearest major roadway.
We estimated ﬁrst year of life, lifetime, and prior-year exposure to
particulate matter with a diameter smaller than 2.5 mm (PM2.5) by a
hybrid model using satellite-derived aerosol optical depth, and to
black carbon (BC) by a land-use regression model.

Measurements and Main Results: Residential proximity to
roadway and prior-year and lifetime PM2.5 and BC exposure were all
associated with lower FVC. Associations with FEV1 were also negative
and proportionally similar. Pollution exposures were not associated
with the FEV1/FVC ratio or bronchodilator response. Compared with
distances greater than or equal to 400 m, living less than 100 m from a
major roadway was associated with lower FVC (298.6 ml; 2176.3 to
221.0). Each 2 mg/m3 increment in prior-year PM2.5 was associated
with lower FVC (221.8 ml; 243.9 to 0.2) and higher odds of FEV1 less
than 80% predicted (1.41; 1.03–1.93). Each 0.2 mg/m3 increment in
prior-year BC was associated with a 38.9 ml (270.4 to 27.3) lower FVC.
Conclusions: Estimates of long-term exposure to ambient

pollution, including proximity to major roadway, PM2.5, and BC
(a trafﬁc-related PM2.5 constituent), were associated with lower lung
function in this Boston-area cohort of children with relatively low
pollution exposures.
Keywords: trafﬁc; outdoor air pollution; spirometry

( Received in original form June 1, 2015; accepted in final form November 17, 2015 )
Support by the National Institutes of Health (NIEHS F32ES023352, P30ES000002, P01-ES009825; NICHD K24 HD069408, R37 HD034568; NIAID
R01AI102960) and the U.S. Environmental Protection Agency (EPA; R832416, RD834798). This publication’s contents are solely the responsibility of the
grantee and do not necessarily represent the official views of the EPA. Furthermore, EPA does not endorse the purchase of any commercial products or
services mentioned in the publication.
Author Contributions: M.B.R. developed the data analysis plan under the supervision of D.R.G. and M.A.M. and wrote the first version of the manuscript.
S.L.R.-S. conducted all data analyses. A.A.L., E.O., and M.W.G. supervised the collection and quality control of data in the Viva cohort study and reviewed the
analysis plan. E.O., M.W.G., and D.R.G. obtained funding. I.K. and J.S. developed the PM2.5 model, and J.S. and B.A.C. developed the black carbon model.
H.L.-G., A.Z., B.A.C., J.S., D.R.G., and M.A.M. advised on the data analysis. D.R.G., M.A.M., J.S., and P.K. planned the overall study design as part of the
Harvard Clean Air Research Center. All authors contributed to the interpretation of the data, revised the manuscript, and approved the final manuscript.
Correspondence and requests for reprints should be addressed to Mary B. Rice, M.D., M.P.H., Beth Israel Deaconess Medical Center, 330 Brookline Avenue,
Boston, MA 02215. E-mail: mrice1@bidmc.harvard.edu
This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org
Am J Respir Crit Care Med Vol 193, Iss 8, pp 881–888, Apr 15, 2016
Copyright © 2016 by the American Thoracic Society
Originally Published in Press as DOI: 10.1164/rccm.201506-1058OC on November 17, 2015
Internet address: www.atsjournals.org

Rice, Rifas-Shiman, Litonjua, et al.: Lifetime Pollution and Lung Function in Children

881

ORIGINAL ARTICLE

At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Studies have associated

long-term exposure to ambient
pollution, measured at the community
level in the 1990s before dramatic
improvements in air quality in the
United States and Europe, with
reduced lung growth in children. Few
studies have examined individual
exposure to ambient pollution at levels
in compliance with current standards
and measures of lung function and
reversible airﬂow obstruction in
children.
What This Study Adds to the
Field: In this birth cohort study

recruited in 1999–2002 in the Boston
metropolitan area, we found that longterm exposure to ambient pollution,
including proximity to major roadway,
ﬁne particulate matter, and black
carbon, was associated with lower lung
function in a restrictive pattern but
not with measures of chronic or
reversible airﬂow obstruction. Our
ﬁndings suggest that childhood
exposure to local trafﬁc and ambient
pollution, at relatively low levels
within current standards, may reduce
lung function and increase risk of
clinically relevant lung function
deﬁcits in mid-childhood.
Studies dating back to the 1980s have
demonstrated that exposure to ambient air
pollution is associated with acute respiratory
symptoms and reduced lung function in
healthy children and those with asthma
(1–7). Recent longitudinal studies have
found that long-term exposure to ambient
pollution is associated with reduced lung
growth in children (8–10). These ﬁndings
are supported by animal models, which
have found that chronic exposure to
particulate pollution impairs lung
development (11, 12).
Air quality has steadily improved over
the past several decades across the United
States, and evidence is emerging that
children’s lung function is improving
accordingly. A recent study combining
the results of three prospective pediatric
cohorts in Southern California found that
declining levels in the 1990s and 2000s of
882

particulate matter with a diameter smaller
than 2.5 mm (PM2.5), measured at the
community-level by central monitors, were
associated with improved lung function
growth over a 4-year period in children aged
10–15 years (13). PM2.5 levels in the ﬁve
Southern California communities ranged from
approximately 18–28 mg/m3 in 1996 to
15–23 mg/m3 in 2006 (13). Pollution levels in
many parts of the United States, including
the Boston area, are lower than Southern
California. For example, average daily PM2.5
measured by our central monitor in Boston
declined from 13.3 mg/m3 in 1996 to 9.0
mg/m3 in 2006, a 32% decline over 10 years.
Few studies have examined individual
estimates of lifetime exposure to ambient
pollutants at these lower pollutant
concentrations typical of many U.S. settings in
relation to measures of lung function and
reversible airﬂow obstruction in children.
We examined estimates of roadway and
ambient air pollution exposures at different
time points in childhood and their
associations with mid-childhood lung
function, including spirometry and
bronchodilator response, in a wellcharacterized birth cohort in the Boston
metropolitan area, born after the dramatic
improvements in air quality of the 1990s.
We hypothesized that long-term exposure
to trafﬁc-related air pollution at these lower
levels would be associated with reduced lung
function and airﬂow obstruction in children.
Some of the results of this study have been
previously presented at the American
Thoracic Society 2015 International
Conference (14).

Methods
Study Population

Study subjects were participants in Project
Viva, a prospective prebirth cohort study
that recruited women during early
pregnancy from Atrius Health, a
multispecialty group practice in eastern
Massachusetts. Mothers were enrolled
between April 1999 and July 2002. Detailed
enrollment criteria have been described
previously (15). Children were followed
from birth. Annual questionnaires were
administered to the mothers and the
mother–child pairs were invited to a
mid-childhood visit (median child age,
7.7 yr) during which spirometry and
bronchodilator responsiveness were
measured. Of 1,279 mother–child pairs

eligible for the mid-childhood visit, a total
of 614 mother–child pairs completed
questionnaires, provided complete
residential address histories, and attended
the mid-childhood visit where an
acceptable child spirometry measurement
was obtained. All mothers provided written
informed consent for themselves and their
child. This study was approved by the
institutional review boards of Brigham and
Women’s Hospital and Harvard Pilgrim
Health Care.
Exposure Assessment

We geocoded each subject’s address at birth
and at study visit using ArcGIS (ESRI,
Redlands, CA). Distance from the home
address to the nearest major roadway
(deﬁned as an A1 or A2 U.S. Census
Feature Class road) was calculated. A1
roads are primary, multilane highways with
limited access and A2 roads are primary
highways without limited access, consisting
of U.S. highways and certain state and
county highways. Based on published
ﬁndings that trafﬁc-related pollutants decay
to background levels exponentially with
distance from a freeway (16, 17), we
examined associations with lung function
using categories of distance (,100 m,
100–,200 m, 200–,400 m, and >400 m)
and the natural logarithm of proximity to a
major roadway.
Daily estimates of PM2.5 at home
address were predicted from a hybrid
model using moderate resolution imaging
spectroradiometer satellite-derived aerosol
optical depth (AOD) measurements at a
spatial resolution of 10 3 10 km across the
Northeast and then resolved to a speciﬁc
location within a 50 3 50 m grid using land
use terms. AOD is a quantitative measure
of particle abundance in the atmospheric
column. Spatial smoothing was used to
estimate exposure on days when AOD
measures were not available (e.g., because
of cloud coverage or snow) by taking
advantage of associations between grid cell
AOD values and PM2.5 data from monitors
located elsewhere, and associations with
available AOD values in neighboring grid
cells. The satellite model data are available
starting in the year 2000. Details of
the PM2.5 prediction model have been
described elsewhere (18). We calculated the
average of PM2.5 exposure at home address
for the ﬁrst year of life, the 365 days before
the date of lung function testing, and the
lifetime average of PM2.5 from birth
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through the date of testing, taking into
account the complete residential history of
each child.
We estimated ﬁrst year of life, previous
365-day, and lifetime black carbon (BC)
exposure for each child at the home address
using daily predictions from a validated
spatiotemporal land-use regression model
for trafﬁc particles developed for the Boston
metropolitan area (R2 = 0.83) (19, 20). This
model has been updated and revised from
its original version to include data from 148
monitoring stations recording BC between
1995 and 2011 (21, 22).
Data Collected from Study
Participants

We obtained questionnaire and interview
data, including maternal and household
demographics and tobacco exposure, from
the mother at study enrollment during the
ﬁrst prenatal visit and at the mid-childhood
visit. Trained research assistants measured
child height, weight, and lung function
(15, 23). Lung function measurements,
including the FEV1, the FVC, and the
forced expiratory ﬂow at 25–75% of
FVC were obtained using the EasyOne
Spirometer (NDD Medical Technologies,
Andover, MA). Post-bronchodilator
spirometric measures were obtained at
least 15 minutes after the administration
of two puffs (90 mg per puff) of albuterol.
Bronchodilator response was calculated
as the percent change in absolute FEV1
after albuterol administration: (Postbronchodilator FEV1 – Prebronchodilator
FEV1)/Prebronchodilator FEV1 3 100.
Spirometry measurement met American
Thoracic Society criteria for acceptability
and reproducibility: For inclusion, each
child had to produce at least three
acceptable spirograms, two of which must
have been reproducible (24). Mothers
were instructed to hold any child inhaler
medications the day of spirometry testing;
only 4 out of 614 reported use of a shortacting bronchodilator within 4 hours of
testing.
Statistical Analysis

We analyzed the associations of exposures
(proximity to major roadway at birth and at
visit date; and estimates of PM2.5 and BC for
ﬁrst year of life, lifetime, and prior 365 d)
with lung function by linear regression. We
selected potential confounders based on
expected associations with air pollution
exposure and lung function, including child

race/ethnicity, household income,
household smoking, season (as sine and
cosine functions of the visit date to estimate
the phase and amplitude of the seasonal
cycle), and date of examination (as a
continuous linear variable to account for
long-term time trends in exposure). We
adjusted for spatially varying measures of
socioeconomic status at the home census
tract level: median household income and
the percent of people with at least a college
education. To improve the precision of our
estimates, we additionally adjusted for the
following predictors of lung function: child
age, sex, height, and the temperature and
humidity the day before the visit.
In secondary analyses, we examined
associations between these same exposures
and the odds of a clinically relevant
impairment in lung function. We built
separate logistic regression models
examining the odds of an FEV1, FVC, or
FEV1/FVC ratio less than 80% predicted
based on age, sex, height, and race using the
2012 global lung function equations (25).
We adjusted for the same confounders as in
the primary analyses.
We performed several sensitivity
analyses on our data. To test for residual bias
caused by secular trends, we performed
stratiﬁed analyses of associations between
each exposure and FEV1 and FVC by
calendar year of lung function testing, then
pooled results by meta-analysis and
compared these results with primary
models. As a sensitivity analysis to test if
changes in pollution exposure after the ﬁrst
year of life were associated with differences
in mid-childhood lung function, we
calculated the difference in annual exposure
to PM2.5 and BC in the ﬁrst year of life
compared with the prior 365-day average,
and examined associations between the
change in exposure during the period
of follow-up, and mid-childhood lung
function in models that were also adjusted
for average exposure in the ﬁrst year of life.
Because PM2.5 exposure averages in
this cohort were generally lower than the
current Environmental Protection Agency
National Ambient Air Quality Standard
annual standard of 12 mg/m3, we
performed sensitivity analyses excluding
any participants with an estimated 365-day
PM2.5 average greater than 12 mg/m3 in the
previous year. We also examined previous
365-day PM2.5 exposure as a binary variable
(dichotomized as <12 vs. .12 mg/m3) in
the full cohort.
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We investigated whether associations
between exposure to trafﬁc-related pollution
and lung function varied according to child sex,
household income (< vs. .$70,000), child
race/ethnicity (white vs. nonwhite), household
smoking, and child asthma diagnosis. Asthma
diagnosis required maternal report on the
mid-childhood questionnaire that her child
had ever been diagnosed with asthma by a
healthcare professional, and maternal report
of child wheezing symptoms or asthma
medications in the past 12 months. All
analyses were performed using SAS version
9.3 (SAS Institute, Cary, NC).

Results
Participant characteristics are summarized in
Table 1. The children were predominantly of
white race (65.5%), and from well-educated
Table 1. Participant Characteristics at
the Mid-Childhood Visit
Mean (SD)
or n (%)
Child
Race/ethnicity
White
Black
Hispanic
Asian
Other
Female
Age, yr
Height, cm
Current asthma
Season of
examination
Winter
Spring
Summer
Fall
Mother
College graduate
HH at mid-childhood
Smokers in HH
HH income, $
<$40,000
$40,001–$70,000
.$70,000
Neighborhood at
mid-childhood
Median HH income
(census), $
>College grad
(census), %

402
101
28
15
68
328
7.9
128.2
118

(65.5%)
(16.4%)
(4.6%)
(2.4%)
(11.1%)
(53.4%)
(0.8)
(7.4)
(21.6%)

141
163
172
138

(23.0%)
(26.5%)
(28.0%)
(22.5%)

434 (70.7%)
71
102.7
71
85
458

(11.6%)
(43.6)
(11.6%)
(13.8%)
(74.6%)

64,983 (23,902)
42.1 (20.2)

Definition of abbreviation: HH = household.
Data from 614 mother–child pairs participating in
Project Viva.
Neighborhood data are presented at census
tract level.
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Table 2. Distributions of Exposure Estimates
Exposure
Distance to major roadway, m
At birth
At mid-childhood visit
PM2.5, mg/m3
First year of life
Lifetime
Past 365 d
BC, mg/m3
First year of life
Lifetime
Past 365 d

n

Median

IQR

Range

612
614

1,106
1,299

1,924
2,330

580
599
611

12.09
10.71
9.40

2.63
1.99
2.57

8.26–17.62
6.74–16.35
4.08–16.23

586
556
571

0.68
0.53
0.46

0.25
0.21
0.20

0.20–1.38
0.17–1.19
0.13–1.06

3–12,724
8–12,938

Definition of abbreviations: BC = black carbon; IQR = interquartile range; PM2.5 = particulate matter
with a diameter smaller than 2.5 mm.
Data from 614 children participating in Project Viva.

to 400 m is shown. Participants living less
than 100 m from a major road had an FEV1
that was 82.9 ml lower (95% conﬁdence
interval [CI], 2156 to 210.0), and an FVC
that was 98.6 ml lower (95% CI, 2176.3
to 221.0) than those living greater than
or equal to 400 m from a major road.
Expressed as a percentage of the mean
FEV1 and FVC, children living less than
100 m from a major road had a 5.7% lower
FEV1 and a 5.6% lower FVC compared
with those living greater than 400 m from a
major road. There were no convincing

associations between any exposure and
measures of airﬂow obstruction (see Table
E1 in the online supplement), nor with the
post-bronchodilator change in FVC.
There were 78 children (12.7%) with an
FEV1 less than 80% predicted. Only 25
(4.1%) had an FVC less than 80% predicted
and 40 (6.5%) had an FEV1/FVC less than
80% predicted. A 2 mg/m3 difference in past
365-day PM2.5 was associated with 1.41
(95% CI, 1.03–1.93) times the odds of an
FEV1 less than 80% predicted (Table 4).
Associations between other exposures and
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families (71% of mothers completed a
college degree). Household smoking was
rare (12%), and 25.4% of households had an
income of less than $70,000 at the time of
the visit. Median census tract household
income was $65,000, with a fair amount of
variability across the cohort. The children
were evenly divided by sex and had a
median age of 7.7 (range, 6.6–10.9 yr). At
the mid-childhood visit, 21.6% of children
had an asthma diagnosis.
The mean FEV1 was 1.5 L (SD, 0.3)
and the mean FVC was 1.8 L (SD, 0.3). The
mean percent predicted FEV1 was 95.9%
(SD, 13.8) and the mean percent predicted
FVC was 103.1% (SD, 13.0).
The median, interquartile range, and
range of distance to roadway, PM2.5, and BC
measures for different exposure periods are
provided in Table 2. For 60% of children,
the birth and mid-childhood addresses
were different. The median distance from
home to a major roadway at birth and midchildhood was just over 1 km, but there
was a wide range of distances with some
families living only a few meters from a
major roadway and others living several
kilometers away. Median lifetime estimates
of PM2.5 and BC were slightly higher than
the past 365-day estimates and lower than
estimates for the ﬁrst year of life, consistent
with the downward trend in particulate
pollution exposure for the area. The past
365-day average of PM2.5 estimated by the
satellite model of 9.4 mg/m3 was well below
the current annual standard of 12 mg/m3.
The median 365-day average of BC of
0.46 mg/m3 was substantially lower than
the estimated mean annual BC of
0.62 mg/m3 in a study of BC exposure in
East Boston that was conducted from 1986
to 1992 (26).
Associations of each of the measures of
long-term exposure to pollution with midchildhood lung function are shown in
Figure 1 and Table 3. Residential proximity
to nearest major roadway at birth and the
time of the mid-childhood visit, and prior
365-day and lifetime estimates of PM2.5 and
BC exposure, were all associated with lower
FVC. Associations with FEV1 were also
negative and proportionally similar, but less
precise as reﬂected by wider conﬁdence
intervals. The averages of PM2.5 and BC for
the ﬁrst year of life were weakly associated
with lower lung function.
In Figure 2, the difference in FVC in
each distance category compared with the
reference category of greater than or equal

BC

Figure 1. Associations of pollution exposure estimates and FVC in mid-childhood. Results scaled
from the 75th to the 25th percentile of the log-transformed distance to major roadway, per 2 mg/m3
for particulate matter with a diameter smaller than 2.5 mm (PM2.5), and per 0.2 mg/m3 for black
carbon (BC). All models adjusted for child age, sex, race/ethnicity, and height; household income and
household smoking; census tract median household income and census tract % of population with at
least a college degree; and time (as a continuous variable), season (as sine and cosine terms), and the
temperature and humidity of the day before the spirometry examination.

American Journal of Respiratory and Critical Care Medicine Volume 193 Number 8 | April 15 2016

ORIGINAL ARTICLE

Figure 2. Distance to major roadway and FVC in mid-childhood. All models adjusted for child age,
sex, race/ethnicity, and height; household income and household smoking; census tract median
household income and census tract % of population with at least a college degree; and time (as a
continuous variable), season (as sine and cosine terms), and the temperature and humidity of the day
before the spirometry examination.

predisposition for chronic or reversible
airﬂow obstruction. Alternatively, trafﬁcrelated pollution exposure could cause
obstruction and closure of some of the
smallest, most peripheral airways in a
nonuniform pattern, resulting in a
proportional decline in FEV1 and FVC
(27–29). The absence of any association
between pollution exposure and
bronchodilator response is consistent with
either mechanism and suggests that the
airway smooth muscle is relatively spared.
Exposures occurring closer to the time
of the lung function examination had
stronger associations with lung function
than exposures that included earlier and
more distant time intervals. This suggests
that exposure to trafﬁc-related pollution in
more recent years may inﬂuence childhood
lung function more strongly than distant
early life exposures. Supporting the
conclusion that exposures during childhood
may have proximate effects on lung
function, a study by Gauderman and
colleagues (13) of three cohorts in Southern
California found that improvements in
PM2.5 and PM10 concentrations in ﬁve
communities during a 4-year period of
follow-up in the 1990s to 2000s were
associated with improvements in lung
function growth from age 11 to 15 years.
Children living in communities whose
air quality improved during the period of
observation had steeper trajectories of lung
function growth than those living in
communities whose air quality did not
improve. Our study compliments the
Gauderman study by examining multiple
estimates of trafﬁc-related pollution at
each child’s home address (rather
than community-level measurements),
at pollution levels within current
Environmental Protection Agency
standards, and we found a similar
pattern of associations with lung
function.
However, studies by Schultz and
colleagues (30, 31) of PM10 exposure in the
Stockholm area found that PM10 exposure
in the ﬁrst year of life was more strongly
associated with lung function at age 8 and
adolescence than later exposure averages.
These studies examined larger particles of
PM10, which includes PM2.5 and coarse
particles, such as road dust. The authors
concluded that early life particulate air
pollution exposure may be a stronger
determinant of mid-childhood lung
function than later life exposure (30).
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Table 3. Association between Estimates of Pollution Exposure at Different Periods of
Life and Measures of Lung Function
b (95% CI)
Exposure

FEV1 (ml)

Proximity to major roadway,
m, log transformed
Birth
Mid-childhood visit
PM2.5, mg/m3
First year of life
Lifetime
Past 365 d
BC, mg/m3
First year of life
Lifetime
Past 365 d

FVC (ml)

212.1 (234.0 to 9.8)
219.4 (241.8 to 3.1)

224.1 (247.4 to 20.8)
231.2 (255.1 to 27.3)

27.1 (226.8 to 12.6)
214.3 (236.5 to 7.9)
224.1 (244.8 to 23.4)

212.5 (233.6 to 8.5)
221.8 (245.2 to 1.7)
221.8 (243.9 to 0.2)

211.4 (231.3 to 8.5)
213.8 (241.7 to 14.0)
219.9 (249.8 to 10.0)

216.3 (237.4 to 4.8)
231.2 (260.5 to 21.8)
238.9 (270.4 to 27.3)

Definition of abbreviations: BC = black carbon; CI = confidence interval; PM2.5 = particulate matter
with a diameter smaller than 2.5 mm.
Data from 614 children participating in Project Viva.
Results scaled from the 75th to the 25th percentile of the log-transformed distance to major roadway,
per 2 mg/m3 for PM2.5, and per 0.2 mg/m3 for BC. All models adjusted for child age, sex, race/
ethnicity, and height; household income and household smoking; census tract median household
income and census tract % of population with at least a college degree; and time (as a continuous
variable), season (as sine and cosine terms), and the temperature and humidity of the day before the
spirometry examination.

odds of low spirometry measurements were
weak, with wide CIs.
Results of the sensitivity analyses are
discussed in the online supplement.

Discussion
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In this birth cohort study in the Boston area,
we found that living near a major roadway
and past-year and lifetime estimates of

exposure to PM2.5 and BC were all
associated with reduced lung function
in mid-childhood. We found that the
associations were similar for FEV1 and FVC
(i.e., a restrictive pattern). Although we did
not assess lung function over time or
measure total lung capacity, the similar
associations of air pollution exposure with
FEV1 and FVC may suggest that long-term
pollution exposure predominantly affects
lung growth rather than children’s
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Table 4. Association between Estimates of Pollution Exposure and Odds of Low Lung
Function
OR (95% CI)
Exposure
Proximity to major roadway,
m, log transformed
Birth
Mid-childhood visit
PM2.5, mg/m3
First year of life
Lifetime
Past 365 d
BC, mg/m3
First year of life
Lifetime
Past 365 d

FEV1
<80% Pred

FVC <80% Pred

FEV1/FVC
<80% Pred

0.95 (0.68–1.33)
1.07 (0.77–1.50)

1.26 (0.71–2.23)
1.22 (0.69–2.15)

0.93 (0.61–1.42)
1.16 (0.76–1.78)

1.11 (0.84–1.46)
1.26 (0.91–1.73)
1.41 (1.03–1.93)

0.82 (0.49–1.36)
1.02 (0.57–1.81)
1.24 (0.72–2.14)

1.00 (0.69–1.45)
1.10 (0.71–1.69)
1.09 (0.72–1.65)

1.21 (0.90–1.64)
1.07 (0.71–1.61)
0.98 (0.63–1.52)

1.03 (0.62–1.72)
1.22 (0.62–2.40)
1.26 (0.62–2.57)

0.95 (0.62–1.46)
0.80 (0.44–1.47)
0.75 (0.39–1.43)

Definition of abbreviations: BC = black carbon; CI = confidence interval; OR = odds ratio; PM2.5 =
particulate matter with a diameter smaller than 2.5 mm; pred = predicted.
Data from 614 children participating in Project Viva.
Results scaled from the 75th to the 25th percentile of the log transformed distance to major roadway,
per 2 mg/m3 for PM2.5, and per 0.2 mg/m3 for BC. All models adjusted for child age, sex, race/
ethnicity, and height; household income and household smoking; census tract median household
income and census tract % of population with at least a college degree; and time (as a continuous
variable), season (as sine and cosine terms), and the temperature and humidity of the day before the
spirometry examination.

However, the Schultz studies may not have
been as well-poised as our study to compare
effects of different exposure windows on
lung function. In the Schultz studies,
PM10 concentration calculations using a
dispersion model were only made for a
single year and then applied to the other
years of follow-up, such that differences in
annual exposure for any child would only
result from an address change. Any local
or regional changes in PM10 levels over
time were not included. By contrast, we
estimated daily PM2.5 exposures for each
child’s lifetime using a satellite-based model
with daily calibration of the estimates to
stationary monitors. The precision of our
air pollution exposure estimates should be
consistent for every exposure window
examined.
Our study adds a unique contribution
to the emerging and somewhat conﬂicting
literature on long-term pollution at
relatively low exposure levels and the
presence of airﬂow obstruction in children.
Although some studies have also found
proportional associations of air pollution
with FEV1 and FVC in a restrictive pattern
(8, 13), other studies have found a largermagnitude association with FEV1 than
FVC, suggesting an obstructive effect
involving the larger airways (9, 30, 31). Two
recent studies that examined long-term
886

PM2.5 and BC exposure in the Boston area
using the same models as the present study
found restrictive patterns of effects on adult
lung function and lung function decline
(21, 32). One possible explanation for the
restrictive pattern of associations we found
is that air pollution may slow lung growth
in children (and accelerate lung function
decline in adults). Another possible
explanation is that exposure to trafﬁcrelated particles may contribute to small
airway inﬂammation and closure in both
children and adults. Nonuniform small
airway closure accompanied by a restrictive
pattern on spirometry has been observed
in subjects with asthma during
bronchoprovocation and in adults exposed
to World Trade Center dust (27, 29). This
idea could be tested in future studies.
To put our estimates in context, the
average growth velocity in FVC among
white boys and girls between the ages of 7
and 10 years is 200 ml per year (33). We
found that children living within 100 m of a
major roadway had an FVC in midchildhood that was, on average, 99 ml lower
than those living more than 400 m from a
major road. This difference is equivalent to
6 months of lung growth. We found
evidence that every 2 mg/m3 difference in
prior-year exposure to PM2.5 was associated
with 1.41 times the odds of an FEV1 less

than 80% predicted, suggesting that for
some children, PM2.5 exposure may result
in clinically signiﬁcant lung function
impairment in childhood. Secondary
analyses also suggested that children who
experienced greater improvements in air
quality after the ﬁrst year of life had better
lung function, on average, compared with
those whose air quality did not improve
as much (see Table E4). Our ﬁnding that
recent exposures have the strongest
associations with lung function, in
conjunction with the Gauderman and
colleagues (13) ﬁnding that reductions in
pollution levels over a 4-year period may
accelerate lung function growth, suggests
that interventions to lower ambient
pollution may have immediate beneﬁts.
There are several limitations to our
study. This investigation included a
population of predominantly white, welleducated women and their children residing
in the Boston area. Generalizability to other
groups may be limited. We measured lung
function only once, and were therefore
unable to examine the effects of air pollution
exposure on the growth of lung function
over time. We used distance to roadway as
a correlate of long-term trafﬁc-related
ambient air pollution exposure, which may
not reﬂect actual pollution exposures and
could be a measure of other exposures, such
as noise or social stress that was not
captured by the socioeconomic measures
of household income, race/ethnicity, or
household smoking, and census tract
income and education. Similarly, it is
conceivable that other spatially varying
exposures may be correlated with PM2.5 or
BC exposure and affect the relationships we
identiﬁed with lung function. However,
given the consistent associations we
identiﬁed in models that were adjusted
for potential confounders and used very
different approaches for measuring
pollution exposure, we deem this to be
unlikely.
Our study included very few, if any,
families living in poverty. All study
participants were enrolled in a health
insurance plan at the time of enrollment.
It is therefore difﬁcult to draw any major
conclusions from our ﬁnding that
associations of proximity to roadway and
PM2.5 with lung function were strongest
among children with a household income
above $70,000. It is possible that children
from lower income families had other
exposures, not captured by adjustment for
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measures of socioeconomic status, that
overwhelmed the long-term effects of air
pollution on lung function. The respective
contributions from nonwhite racial/ethnic
groups were relatively small and therefore it
is difﬁcult to interpret the meaning of the
differential associations with proximity
to roadway in these very small subgroups.
Our study includes a large number of
comparisons. For this reason, we focus our
conclusions on the overall patterns and
consistency of associations, and not on tests
of statistical signiﬁcance. Because this was
an observational study, we cannot infer
causality from any of the associations
observed.
This study also has several strengths.
Although most studies have assessed air
pollution exposure during mid-childhood
using central site monitors, we were able to
examine each child’s lifetime average
exposure at home address using validated
spatially and temporally resolved models of
PM2.5 and BC exposure, and to compare

associations of early childhood, lifetime,
and later-childhood exposure averages
with lung function. This allowed us to
consider the relative contribution of
different exposure windows during lung
development on lung function by
mid-childhood. Our study protocol
included prebronchodilator and postbronchodilator spirometry measurement,
allowing us to examine associations
between long-term air pollution exposure
and both chronic and reversible airﬂow
obstruction. In addition, our results were
adjusted for a robust list of potential
individual, family, and community-level
confounders and predictors of lung
function.
In conclusion, we found that
proximity to a major roadway, and prioryear and lifetime exposure to PM2.5 and
BC, were associated with reduced lung
function but not airﬂow obstruction in
mid-childhood. We found that more
recent exposures had stronger associations
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