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BACKGROUND
Air-pollution levels have been trending downward progressively over the past sev-
eral decades in southern California, as a result of the implementation of air qual-
ity–control policies. We assessed whether long-term reductions in pollution were 
associated with improvements in respiratory health among children.

METHODS
As part of the Children’s Health Study, we measured lung function annually in 2120 
children from three separate cohorts corresponding to three separate calendar peri-
ods: 1994–1998, 1997–2001, and 2007–2011. Mean ages of the children within each 
cohort were 11 years at the beginning of the period and 15 years at the end. Linear-
regression models were used to examine the relationship between declining pol-
lution levels over time and lung-function development from 11 to 15 years of age, 
measured as the increases in forced expiratory volume in 1 second (FEV1) and 
forced vital capacity (FVC) during that period (referred to as 4-year growth in FEV1 
and FVC).

RESULTS
Over the 13 years spanned by the three cohorts, improvements in 4-year growth 
of both FEV1 and FVC were associated with declining levels of nitrogen dioxide 
(P<0.001 for FEV1 and FVC) and of particulate matter with an aerodynamic diameter 
of less than 2.5 μm (P = 0.008 for FEV1 and P<0.001 for FVC) and less than 10 μm 
(P<0.001 for FEV1 and FVC). These associations persisted after adjustment for sev-
eral potential confounders. Significant improvements in lung-function development 
were observed in both boys and girls and in children with asthma and children 
without asthma. The proportions of children with clinically low FEV1 (defined as 
<80% of the predicted value) at 15 years of age declined significantly, from 7.9% to 
6.3% to 3.6% across the three periods, as the air quality improved (P = 0.001).

CONCLUSIONS
We found that long-term improvements in air quality were associated with statisti-
cally and clinically significant positive effects on lung-function growth in children. 
(Funded by the Health Effects Institute and others.)
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In previous investigations, we and oth-
ers have linked exposure to ambient air pollu-
tion with lung-function impairment in chil-

dren.1-8 Reduced lung function in children has 
been associated with an increased risk of asth-
ma.9 In addition, the adverse effects of air pollu-
tion on the lungs in childhood can potentially 
have long-term effects: lung function lower than 
the predicted value for a healthy adult has been 
found to be associated with an increased risk of 
cardiovascular disease and increased mortality 
rate.10-12 Although progress has been made through-
out the United States to reduce outdoor levels of 
several air pollutants, it is not known whether 
these reductions have been associated with im-
provements in children’s respiratory health.

Southern California has historically been 
plagued by high levels of air pollution owing to 
the presence of a large motor-vehicle fleet, nu-
merous industries, the largest seaport complex in 
the United States, and a natural landscape that 
traps polluted air over the Los Angeles basin. 
With mounting scientific evidence of the adverse 
health effects of air pollution, aggressive pollu-
tion-reduction policies have been enacted. These 
have included strategies to control pollution from 
mobile and stationary sources, as well as fuel and 
consumer-product reformulations. As a result, air-
pollution levels have been trending downward over 
the past several decades in southern California.

Improvements in air quality over time provide 
the backdrop for a “natural experiment” to exam-
ine the potential beneficial health effects. As part 
of the 20-year Children’s Health Study, three sepa-
rate cohorts of children have had longitudinal 
lung-function measurements recorded over the 
same 4-year age range (11 to 15 years) and in the 
same five study communities but during differ-
ent calendar periods. In this study, we examined 
whether changes that have occurred across these 
time spans in levels of nitrogen dioxide, ozone, 
and particulate matter with an aerodynamic di-
ameter of less than 2.5 μm (PM2.5), less than 10 μm 
(PM10), and between 2.5 and 10 μm (coarse par-
ticulate matter [PM10–PM2.5]) are associated with 
the development of lung function in children.

Me thods

Participants

The study sample included children recruited from 
three separate Children’s Health Study cohorts 

(Fig. S1 in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.
org). The two earlier cohorts (cohorts C and D) 
enrolled fourth-grade students in 1992–1993 and 
1995–1996, respectively, from elementary schools 
in 12 southern California communities.13 The 
third cohort (cohort E) enrolled kindergarten and 
first-grade students in 2002–2003 from 13 com-
munities,14 9 of which overlapped with the 12 co-
hort C and D communities. Because of budgetary 
limitations, pulmonary-function testing was con-
ducted in only 5 of the 9 overlapping communi-
ties. To facilitate direct comparisons across calen-
dar periods, analyses were restricted to the 5 study 
communities (Long Beach, Mira Loma, Riverside, 
San Dimas, and Upland) in which pulmonary-
function testing was performed in all three cohorts 
(Fig. S2 in the Supplementary Appendix). This 
sample included a total of 2120 children, includ-
ing 669 in cohort C, 588 in cohort D, and 863 in 
cohort E.

The study protocol was approved by the insti-
tutional review board for human studies at the 
University of Southern California, and written in-
formed consent was provided by a parent or legal 
guardian for all study participants.

Pulmonary-Function Testing

Trained technicians assisted the students in per-
forming pulmonary-function maneuvers that met 
the standards of the American Thoracic Society, 
as described elsewhere.8 For each child, maxi-
mal forced expiratory volume in 1 second (FEV1) 
and forced vital capacity (FVC) were measured. 
For cohorts C and D, pulmonary-function testing 
was performed annually from 4th through 12th 
grade (mean ages, 10 to 18 years), with the use 
of rolling-seal spirometers. In cohort E, pulmo-
nary-function testing was performed every other 
year, when the children were approximately 11, 
13, and 15 years of age, with the use of pressure 
transducer–based spirometers. Of the 2120 chil-
dren, 1585 (74.8%) were tested at the beginning 
(age 11 years) and end (age 15 years) of the fol-
low-up period, whereas the remaining 535 chil-
dren (25.2%) were tested at 11 but not at 15 years 
of age.

Questionnaires

Written questionnaires regarding each child’s gen-
eral health and personal exposures were completed 
by the parent or guardian at baseline and by the 

A Quick Take 
summary is  
available at 

NEJM.org
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child participants annually throughout the study 
thereafter. The questionnaires obtained basic in-
formation about the child, including age, sex, self-
identified race and ethnic background, insurance 
coverage, and parental education, as well as the 
child’s health conditions (asthma or acute respira-
tory illness), tobacco-smoke exposures (personal 
smoking, secondhand exposure, or in utero ex-
posure), and other exposures.

Air Pollutants

Outdoor air-pollution monitoring stations in each 
of the study communities have been continuously 
measuring regional air pollutants since 1994. Data 
on hourly or daily concentrations of nitrogen diox-
ide, PM2.5, PM10, and ozone were routinely col-
lected with Federal Reference Method or Federal 
Equivalent Method instrumentation. A system-
atic quality-assurance program was in place to 
review all data. Mean air-pollutant concentra-
tions were calculated for each community over 
the relevant periods of exposure for each cohort 
(1994–1997 for cohort C, 1997–2000 for cohort 
D, and 2007–2010 for cohort E).

Statistical Analysis

The goal of the analyses was to examine the as-
sociation between long-term improvements in am-
bient air quality and lung-function development in 
children from 11 to 15 years of age, measured as 
the increases in FEV1 and FVC during that period 
(hereafter referred to as 4-year growth in FEV1 
and FVC). All available pulmonary-function mea-
surements were used to estimate lung-function 
growth curves, including measurements at ages 
ranging from approximately 9 to 19 years in 
cohorts C and D and 10 to 16 years in cohort E. 
A previously developed linear-spline model,5 with 
knots placed at ages 12, 14, and 16 years, was 
used to capture the nonlinear pattern of growth 
during adolescence (see the Supplementary Ap-
pendix for details). The model included adjust-
ments for sex, race, Hispanic ethnic background, 
height, height squared, body-mass index (BMI, 
the weight in kilograms divided by the square of 
the height in meters), BMI squared, and presence 
or absence of respiratory-tract illness on the day 
of the pulmonary-function test. The model was 
constructed to yield estimates of the effects of 
pollutants on 4-year lung-function development 
(from 11 to 15 years of age) and on mean at-
tained lung function at either 11 or 15 years of 

age. The range from 11 to 15 years of age was 
targeted because it covers the overlapping age 
period of pulmonary-function testing across co-
horts. Follow-up over this age range was con-
ducted from 1994 through 1998 in cohort C, 
from 1997 through 2001 in cohort D, and from 
2007 through 2011 in cohort E. The estimated 
health effect of each pollutant is reported as the 
expected difference in lung-function growth as-
sociated with a difference in exposure equal to 
the median of the changes in pollution in the 
five communities over the course of the study 
period (Table 1).

In addition to examining 4-year growth from 
11 to 15 years of age, we analyzed the cross-
sectional pulmonary-function measurements ob-
tained for 1585 children at the end of this period 
(mean age, 15 years) to determine whether 
changes in air quality over time were associated 
with clinically important deficits in attained FEV1 
and FVC. Using data from all three cohorts, we 
developed a linear prediction model for FEV1 
that included adjustments for age, sex, race and 
ethnic background, height, height squared, BMI, 
BMI squared, and the presence or absence of re-
spiratory illness. This model explained 61% of the 
variance in FEV1 and 69% of the variance in FVC 
measurements at 15 years of age (i.e., R2 = 0.61 
and 0.69, respectively). For each child, we deter-
mined whether the ratio of observed to predicted 
FEV1 and FVC fell below each of three cutoffs for 
defining low lung function: 90%, 85%, and 80%. 
Logistic regression was used to test for temporal 
trends in the proportion of children with low lung 
function across cohorts after adjustment for com-
munity. A P value of less than 0.05 was considered 
to indicate statistical significance, under the 
assumption of a two-sided alternative hypothesis.

R esult s

Characteristics of the Study Participants

There were slightly more girls than boys (52% 
vs. 48%) in each of the three cohorts (Table S1 in 
the Supplementary Appendix). The mean age at the 
baseline pulmonary-function test was higher in 
cohort E (11.3 years) than in cohort C (10.9 years) 
and cohort D (10.9 years). The age-specific mean 
height did not differ significantly across cohorts 
at 11, 13, or 15 years of age. There was a signifi-
cantly higher proportion of Hispanic children in 
cohort E than in cohorts C and D (58% vs. 31% 
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and 33%, respectively). Cohort E also differed 
significantly from cohorts C and D with regard 
to several other factors, including exposure to 
passive smoke and pets (lower in cohort E) and 
the proportion of parents with health insurance 
(higher in cohort E) (Table S1 in the Supplemen-
tary Appendix).

Changes in Air Quality

Regional air quality has improved dramatically 
over the course of the Children’s Health Study 
with respect to some pollutants (Fig. 1). The 
colored bands in Figure 1 represent the 4-year 
exposure periods for cohorts C (1994–1997), D 
(1997–2000), and E (2007–2010). For example, the 
4-year mean PM2.5 level in the community with 
the highest levels of particulate matter (Mira 
Loma) declined from 31.5 μg per cubic meter in 
cohort C to 17.8 μg per cubic meter in cohort E, 
a 43% reduction (Table S2 in the Supplementary 
Appendix). All five communities had large de-
clines in levels of PM2.5 and nitrogen dioxide. 
Changes in levels of PM10 and ozone over time 
were more modest (Fig. 1), as were changes in 
levels of PM10–PM2.5 (Fig. S3 in the Supplementary 
Appendix).

Changes in Lung-Function Growth

Across all three study cohorts, the mean FEV1 
among girls increased from 2274 ml at 11 years 
of age to 3150 ml at 15 years of age, for a mean 
4-year increase of 876 ml (Table S3 in the Sup-
plementary Appendix). Among boys, the mean 
FEV1 was 2311 ml at 11 years of age and 3831 ml 
at 15 years of age, for a mean 4-year growth of 
1520 ml. Similar magnitudes of growth were 
observed for FVC.

Increases in 4-year growth in both FEV1 and 
FVC were associated with reduced levels of nitro-
gen dioxide, PM10, and PM2.5 within all five study 
communities (Fig. 2). When the effects were 
averaged across communities, we found that the 
mean 4-year growth in FEV1 increased by 91.4 ml 
per decrease of 14.1 ppb in nitrogen dioxide 
level (P<0.001), by 65.5 ml per decrease of 8.7 μg 
per cubic meter in PM10 level (P<0.001), and by 
65.5 ml per decrease of 12.6 μg per cubic meter 
in PM2.5 level (P = 0.008) (Table 1). At the begin-
ning of follow-up (when participants were 11 
years of age), significant increases in mean FEV1 
values were associated with decreases in levels of 
nitrogen dioxide, PM10, and PM2.5 (Table 1). How-
ever, the increases in mean FEV1 at 15 years of 

Lung-Function 
Measurement 
and Pollutant

Lung-Function Difference 
at 11 Years of Age

Lung-Function Difference 
at 15 Years of Age

Growth from 11 to 15 
Years of Age

Mean (95% CI) P Value Mean (95% CI) P Value Mean (95% CI) P Value

ml ml ml

FEV1

Nitrogen dioxide 119.2 (76.5 to 161.9) <0.001 210.6 (156.0 to 265.2) <0.001 91.4 (47.9 to 134.9) <0.001

Ozone 15.0 (−38.5 to 68.6) 0.58 8.3 (−82.9 to 99.6) 0.86 −6.7 (−51.0 to 37.5) 0.77

PM10 87.7 (50.2 to 125.2) <0.001 153.2 (97.7 to 208.6) <0.001 65.5 (27.2 to 103.7) <0.001

PM2.5 100.0 (58.9 to 141.2) <0.001 165.5 (95.4 to 235.6) <0.001 65.5 (17.1 to 113.8) 0.008

FVC

Nitrogen dioxide 131.3 (91.0 to 171.6) <0.001 300.2 (240.0 to 360.3) <0.001 168.9 (127.0 to 210.7) <0.001

Ozone 7.6 (−50.2 to 65.4) 0.80 0.3 (−126.0 to 126.5) 0.99 −7.3 (−79.3 to 64.6) 0.84

PM10 93.8 (54.0 to 133.6) <0.001 206.8 (124.6 to 289.1) <0.001 113.0 (60.0 to 166.1) <0.001

PM2.5 110.1 (69.8 to 150.4) <0.001 237.0 (147.2 to 326.7) <0.001 126.9 (65.7 to 188.1) <0.001

*  The estimated means of community-specific pollution effects on lung-function values at 11 years of age and at 15 years of age and growth 
from 11 to 15 years of age are scaled to the median of the five community-specific declines in each air pollutant — specifically, 14.1 ppb in 
nitrogen dioxide, 5.5 ppb in ozone (10 a.m. to 6 p.m.), 8.7 μg/m3 in particulate matter with an aerodynamic diameter of less than 10 μm 
(PM10), and 12.6 μg/m3 in particulate matter with an aerodynamic diameter of less than 2.5 μm (PM2.5). For example, a decline of 14.1 ppb 
in nitrogen dioxide is associated with an increase of 91.4 ml in the growth of FEV1 from 11 to 15 years of age (the mean of the five commu-
nity-specific slopes).

Table 1. Estimated Differences in 4-Year Lung-Function Growth for Median Decreases in Ambient Pollutant Levels.*
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age, after 4 years of pollution-affected growth, 
were even more pronounced. Analogous effects 
were observed for FVC. Changes in ozone (Fig. 2) 
and PM10–PM2.5 (Fig. S4 in the Supplementary 
Appendix) were not associated with differences 
in mean FEV1 or FVC values at 11 or 15 years of 
age or with 4-year growth in these values.

The estimated pollution-related effects on 
4-year FEV1 and FVC growth remained significant 
in sensitivity analyses (Table S4 in the Supple-
mentary Appendix). For example, the associations 
between improved lung-function development 
and reduced nitrogen dioxide levels in Table 1 
(shown as “base model” in Table S4 in the Sup-
plementary Appendix) remained significant and 
of similar magnitude when additional adjust-
ment was made for in utero or passive tobacco-
smoke exposure, personal smoking, health insur-
ance, parental education, asthma at baseline, or 
several indoor exposures, including cats, dogs, 

and mold or mildew. There were significant ef-
fects on lung-function growth in both boys and 
girls, although the magnitude of the air-pollu-
tion effect was significantly larger in boys than 
in girls with respect to both FEV1 (P = 0.04) and 
FVC (P = 0.001). There were also significant pol-
lution effects on lung-function growth in His-
panic white and non-Hispanic white children 
and in children with asthma and children with-
out asthma. Although the magnitude of the ni-
trogen dioxide effect on 4-year growth in FEV1 
and FVC was nearly twice as large in children 
with asthma, as compared with children without 
asthma, the difference was not significant for 
either lung-function measure. Pollution-effect es-
timates were of a magnitude similar to those in 
the base model when the sample was restricted 
to children with complete 4-year follow-up data. 
Sensitivity analyses of the other pollutants yield-
ed results similar to those for nitrogen dioxide 

Figure 1. Levels of Four Air Pollutants from 1994 to 2011 in Five Southern California Communities.

Colored bands represent the relevant 4-year averaging period for the analysis of lung-function growth in each of the 
three cohorts, C, D, and E. PM2.5 denotes particulate matter with an aerodynamic diameter of less than 2.5 μm, and 
PM10 particulate matter with an aerodynamic diameter of less than 10 μm.
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(data not shown). We found no significant as-
sociation between growth in height and change 
in pollution during the study period (Table S5 in 
the Supplementary Appendix), which indicates that 
our findings on lung-function growth are probably 
not the result of a secular trend in general devel-
opment.

The large improvements in lung function as-
sociated with reduced air pollution (Table 1) sug-

gest that the mean attained FEV1 and FVC values 
at 15 years of age were substantially larger in 
cohort E (the cohort with the lowest level of ex-
posure, as seen in Fig. 1) than in cohorts C and 
D. Further analysis of lung function at 15 years 
of age also revealed significant differences across 
cohorts in the proportion of children with low 
lung function (Fig. 3). For example, at a cutoff of 
80% for the ratio of observed to predicted val-
ues, the proportion of children with low FEV1 was 
7.9% in cohort C, 6.3% in cohort D, and only 
3.6% in cohort E (P<0.005). Similar significant 
trends were observed for FVC.

Discussion

This study shows an association between secular 
improvements in air quality in southern Califor-
nia and measurable improvements in lung-func-
tion development in children. Improved lung 
function was most strongly associated with 
lower levels of particulate pollution (PM2.5 and 
PM10) and nitrogen dioxide. These associations 
were observed in boys and girls, Hispanic white 
and non-Hispanic white children, and children 
with asthma and children without asthma, which 
suggests that all children have the potential to 
benefit from improvements in air quality.

In addition to improvements in lung-function 
development from 11 to 15 years of age, we also 
found a strong association between a reduction 
in air pollution and a reduction in the propor-
tion of children with clinically low FEV1 and FVC 
at 15 years of age. In general, the age range of 
11 to 15 years captures a period during which 
lungs are developing rapidly in both boys and girls. 
Lung-function development continues in girls until 
their late teens and in boys until their early 20s, 
but at a much-reduced rate as compared with the 
rate during the earlier adolescent period.15,16 It is 
therefore likely that the improved function we 
observed in the children who were less exposed 
to the pollutants will persist into their adulthood. 
A higher level of lung function in early adulthood 
may decrease the risk of respiratory conditions.17 
However, the greatest benefit of improvements 
in lung-function development may occur later in 
life, because it has been shown that greater lung 
function in adulthood can contribute to lower 
risks of premature death and other adverse health 
outcomes.18-24 Consistent with the growth effects 
we have observed in children, there is evidence 

Figure 2. Mean 4-Year Lung-Function Growth versus the Mean Levels of 
Four Pollutants.

The mean growth in forced expiratory volume in 1 second (FEV1) (Panel A) 
and the mean growth in forced vital capacity (FVC) (Panel B) from 11 to 15 
years of age are plotted against the corresponding levels of nitrogen diox-
ide, ozone, PM2.5, and PM10 for each community and cohort.

B

A

FE
V

1 
G

ro
w

th
 (m

l)

Nitrogen Dioxide (ppb)

1400

1350

1300

1250

40 35 30 25 20

FE
V

1 
G

ro
w

th
 (m

l)

PM2.5 (µg/m3)

1400

1350

1300

1250

30 25 20 15

FV
C

 G
ro

w
th

 (m
l)

Nitrogen Dioxide (ppb)

1700

1650

1600

1550

1500

1450

40 35 30 25 20

FV
C

 G
ro

w
th

 (m
l)

PM2.5 (µg/m3)

1700

1650

1600

1550

1500

1450

30 25 20 15

FV
C

 G
ro

w
th

 (m
l)

PM10 (µg/m3)

1700

1650

1600

1550

1500

1450

60 50 40 30

FE
V

1 
G

ro
w

th
 (m

l)
Ozone (ppb)

1400

1350

1300

60 50 40 30

FV
C

 G
ro

w
th

 (m
l)

Ozone (ppb)

1700

1650

1600

1550

1500

60 50 40 30

FE
V

1 
G

ro
w

th
 (m

l)

PM10 (µg/m3)

1400

1350

1300

1250

60 50 40 30

Long Beach Mira Loma Riverside San Dimas Upland

The New England Journal of Medicine 
Downloaded from nejm.org at THE OHIO STATE UNIV on June 23, 2015. For personal use only. No other uses without permission. 

 Copyright © 2015 Massachusetts Medical Society. All rights reserved. 



n engl j med 372;10 nejm.org March 5, 2015 911

Air Quality and Lung Development in Children

that reduced exposure to pollution in adulthood 
can slow the decline in lung function25 and in-
crease life expectancy.26,27

In southern California, motor vehicles are a 
primary source of PM2.5, PM10, and nitrogen di-
oxide, through direct tailpipe emissions as well 
as downwind physical and photochemical reac-
tions of vehicular emissions.28,29 Gasoline-pow-
ered and diesel-powered engines contribute to high 
levels of these pollutants, and improved emission 
standards for both types of vehicles have con-
tributed to the observed declines in air pollut-
ants. Control strategies implemented in the 1970s 
and 1980s focused primarily on reducing the 
levels of ozone, a pollutant with a long history of 
demonstrated acute health effects.30 Although 
levels of ozone continued to decline in the 1990s 
and 2000s, the changes were smaller than for 
nitrogen dioxide and particulate matter, and we 
did not observe ozone-related effects on lung-
function growth. This finding is consistent with 
our previous report that decreased lung-function 
growth was related to increased exposure to ni-
trogen dioxide and particulate matter but not to 
ozone.6 Only a few other studies have addressed 
the long-term effects of ozone on lung function 
in children, and the results have been inconsis-
tent.31 Because of high correlations among reduc-
tions of PM2.5, PM10, and nitrogen dioxide (Table 
S6 in the Supplementary Appendix), we could not 
assess the independent associations between lung 
function and each of these pollutants. Many other 
studies have also been unable to identify the 
health effects of specific pollutants that are con-
stituents of a multipollutant mixture.3,32 However, 
the results of our investigation make it clear that 
broad-based efforts to improve general air quality 
are associated with substantial and measurable 
public health benefits.

A main directive of the 1970 U.S. Clean Air Act 
was to establish “…ambient air quality standards 
. . . allowing an adequate margin of safety . . . 
requisite to protect the public health . . . .” A 
basic tenet of the act is that changes in airborne 
pollutant levels can lead to improved public health 
and that the scientific evidence needed to deter-
mine the appropriate levels for those standards 
can be identified. Our observation of improve-
ments in air quality and subsequent improve-
ments in longitudinal respiratory health out-
comes may provide objective evidence in support 
of that basic tenet.

The data necessary to conduct this study were 
collected over a period of nearly two decades. 
Strengths of the study include the use of consis-
tent protocols for collecting health, covariate, and 
air-quality data over the entire study period. Al-
though the extended follow-up period can be 
viewed as a strength, it also presented several 
challenges. A change in spirometers during the 
course of the study was necessary to replace ag-
ing equipment and raises the issue of instrumen-
tal comparability. To address this, we conducted 
an additional analysis to show that our findings 
are robust to the use of different spirometers 
(Table S7 in the Supplementary Appendix).

Figure 3. Proportions of Children with Low Lung Function in Each Cohort.

The proportions of children with lung function below 90%, 85%, or 80% of 
the predicted value at 15 years of age in cohorts C, D, and E are shown for 
FEV1 (Panel A) and FVC (Panel B).
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

The change from annual testing in cohorts C 
and D to testing every other year in cohort E, as 
a result of budgetary constraints, may raise con-
cern about dropout of participants in cohort E. 
In general, bias can occur in a cohort study if 
dropout depends simultaneously on both outcome 
and exposure. In our study, however, participant 
attrition during the follow-up period was not 
jointly associated with baseline lung function 
and several measures of exposure, including co-
hort membership and cohort-specific mean levels 
of nitrogen dioxide and particulate matter, the 
pollutants that showed significant associations 
with lung-function growth. In addition, the mag-
nitude and significance of our observed growth 
effects were similar among participants with com-
plete follow-up (Table S4 in the Supplementary 
Appendix), making it unlikely that selective drop-
out is responsible for our observed associations.

The shift in ethnic background across cohorts 
to a more Hispanic population, synchronous with 
general trends occurring more broadly in south-
ern California,33,34 raises potential concerns about 
confounding by factors specific to ethnic back-
ground. Also, because this is an observational 
study, it is possible that one or more additional 
factors associated with both lung-function growth 
and change in air quality over time could con-
found our pollution analyses. However, we con-
ducted many sensitivity analyses and found that 
none of these factors appreciably affected our 
estimates or inferences. Furthermore, because 
the mean growth in height from 11 to 15 years 
of age did not vary over the study period, one 
might conclude that the change in growth is 
specific to the lung, with improvement in air qual-
ity serving as an important contributing factor.

Another limitation of our study is the lack of 
a pure “control” community — that is, a com-
munity in which there was no change in pollu-
tion during the study period. However, we stud-
ied five different communities with differing 
magnitudes of improvement in air quality, which 
collectively serve as five replicate experiments of 
our within-community temporal-trend experiment. 

We conducted an additional analysis that showed 
that the expected gain in lung function over 
time within any one community was aligned 
with the magnitude of improvement in air qual-
ity within that community (Fig. S5 in the Supple-
mentary Appendix). The trends in these effects 
suggest that if we had had a pure control com-
munity, we would have seen little change in lung-
function growth. This analysis also suggests that 
even modest improvements in air quality can lead 
to improved health, although with only five com-
munities included in the study, we caution that we 
do not have adequate data to make definitive 
conclusions about the exposure–response rela-
tionship.

We have shown that improved air quality in 
southern California is associated with statisti-
cally and clinically significant improvements in 
childhood lung-function growth. The pollutants 
we found to be associated with lung-function 
growth — nitrogen dioxide, PM2.5, and PM10 — 
are products of primary fuel combustion and are 
likely to be at increased levels in most urban envi-
ronments. These pollutants were among those 
effectively reduced through targeted policy strate-
gies. If we make the not-unreasonable assumption 
of causality, the magnitude of the effects we ob-
served and the importance of lung function over 
the course of the human lifetime justify the efforts 
that have been made to improve air quality.
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