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Rationale: Although short-term exposure to air pollution has been
associated with acute, reversible lung function decrements, the
impact of long-term exposure has not been well established.
Objectives: To evaluate the association between long-term exposure
to ozone (O3), particulate matter less than 10 �m in diameter (PM10),
and nitrogen dioxide (NO2) and lung function growth in Mexico
City schoolchildren.
Methods: A dynamic cohort of 3,170 children aged 8 years at baseline
was followed from April 23, 1996, through May 19, 1999. The chil-
dren attended 39 randomly selected elementary schools located
near 10 air quality monitoring stations and were visited every 6
months. Statistical analyses were performed using general linear
mixed models.
Measurements and Main Results: After adjusting for acute exposure
and other potential confounding factors, deficits in FVC and FEV1

growth over the 3-year follow-up period were significantly associ-
ated with exposure to O3, PM10, and NO2. In multipollutant models,
an interquartile range (IQR) increase in mean O3 concentration
(IQR, 11.3 ppb) was associated with an annual deficit in FEV1 of 12
ml in girls and 4 ml in boys, an IQR range (IQR, 36.4 �g/m3) increase
in PM10 with an annual deficit in FEV1 of 11 ml in girls and 15 ml
in boys, and an IQR range (IQR, 12.0 ppb) increase in NO2 with an
annual deficit in FEV1 of 30 ml in girls and 25 ml in boys.
Conclusions: We conclude that long-term exposure to O3, PM10, and
NO2 is associated with a deficit in FVC and FEV1 growth among
schoolchildren living in Mexico City.
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Epidemiologic studies have shown that acute exposure to ambi-
ent air pollution is associated with a range of respiratory events
in children (1–3). Although there is growing evidence that air
pollution exposure is likely to affect lung growth (4–10), there
is controversy on which pollutant is most harmful to health.
Long-term exposure to ozone (O3) has been associated with
significantly decreased lung function in retrospective and pro-
spective cohorts of children (6, 11) and young adults (4, 5),
and the Children’s Health Study (CHS) (7–9) has reported that
nitrogen dioxide (NO2), acid vapor, and elemental carbon had
the strongest effect.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Epidemiologic studies addressing the effects of long-term
exposure to air pollutants on lung function growth in chil-
dren are not conclusive.

What This Study Adds to the Field

Long-term exposure to air pollutants is associated with a
significant deficit in lung function growth in children.

The metropolitan area of Mexico City experiences significant
air pollution problems. O3 levels are high, and the average
1-hour daily maximum frequently exceeds 110 ppb (the Mexican
standard) (12). Studies conducted among children with asthma
who live in Mexico City have shown a decrement in lung func-
tions and an increase in respiratory symptoms (13–16), sug-
gesting that children with lifelong exposure to a heavily polluted
environment, mainly to ozone pollution, have detectable abnor-
malities that could be indicative of small airway disease or de-
creased total lung capacity.

We conducted a prospective dynamic cohort study to evaluate
the long-term effect of ambient air pollution on the lung function
growth of Mexico City schoolchildren. Some of the results of
this study have been previously reported in the form of abstracts
(17, 18).

METHODS

Study Design

We selected 10 fixed-site air monitoring stations in Mexico City and
randomly selected 39 elementary schools from among those located
within 2 km of the stations. The study cohort consisted of students of
the selected schools who were 8 years of age at the beginning of the
study, who had not been diagnosed as having asthma, and whose parents
had signed a consent letter. A substantial number of children entered
or left the cohort during the course of the study. At baseline, a question-
naire was completed by the parents of 1,819 children, and a spirometric
test was administered to each child (phase 1). An additional 1,351
participants of the same age (�1 mo) as the previously enrolled children
were added to the cohort in subsequent phases. The cohort was followed
every 6 months (spring and fall) for 3 years with spirometric tests and
two questionnaires, one completed by the parents and the other by the
children and their teachers. Lung function testing was conducted by
trained technicians following American Thoracic Society standards
(19), using computerized dry rolling-seal spirometers (model 922; Sen-
sorMedics, Yorba Linda, CA). The spirometry quality control program
has been previously reported (20).
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TABLE 1. STUDY POPULATION CHARACTERISTICS BY STUDY
PHASE AND SEX, MEXICO CITY, 1996–1999

Study Phase

1 2 3 4 5 6 7
Spring Fall Spring Fall Spring Fall Spring

Variable 1996 1996 1997 1997 1998 1998 1999

Total, n 1,819 1,906 2,321 2,204 1,859 2,218 2,218
Girls, n 929 944 1,161 1,117 942 1,113 1,115

Age, yr 8.7 9.1 9.6 10.2 10.6 11.1 11.6
Weight, kg 29.7 31.3 34.6 37.4 39.8 42.8 45.0
Height, cm 130.6 133.3 137.3 140.5 143.4 146.3 149.1
BMI 17.2 17.5 18.2 18.7 19.2 19.9 20.1
FVC, L 2.0 2.1 2.2 2.4 2.5 2.8 2.9
FEV1, L 1.7 1.8 2.0 2.1 2.2 2.5 2.6
FEF25–75%, L/s 2.2 2.4 2.7 2.9 3.1 3.4 3.5

Boys, n 890 962 1,160 1,087 917 1,105 1,103
Age, yr 8.7 9.2 9.7 10.2 10.7 11.2 11.7
Weight, kg 30.0 32.1 34.6 37.5 39.6 41.8 44.3
Height, cm 131.0 133.7 136.8 139.8 142.8 145.5 148.7
BMI 17.4 17.8 18.3 19.0 19.2 19.6 19.8
FVC, L 2.2 2.3 2.4 2.5 2.6 2.9 3.1
FEV1, L 1.9 2.0 2.1 2.2 2.3 2.5 2.7
FEF25–75%, L/s 2.2 2.5 2.6 2.7 2.8 3.1 3.2

Definitions of abbreviations: BMI � body mass index; FEF25–75 � forced expiratory
flow, midexpiratory phase.

Air Pollution Monitoring

We obtained measurements of NO2, SO2, particulate matter with a mass
median diameter of less than 10 �m (PM10), ambient O3 and weather
variables (relative humidity and minimum, maximum, and daily average

Figure 1. Air monitoring stations in Mexico City. CE �

central; CES � Cerro de la Estrella; HAN � Hangares;
LAG � Lagunilla; MER � Merced; NE � northeast; NW �

northwest; PED � Pedregal; PLA � Plateros; SAG � San
Agustı́n; SE � southeast; SW � southwest; TAX �

Taxqueña; TLA, Tlalnepantla; XAL � Xalostoc.

TABLE 2. MEAN AIR POLLUTANT CONCENTRATIONS OVER
THE STUDY PERIOD BY FIXED-SITE MONITORING
STATION. MEXICO CITY, 1996–1999

O3* (ppb) PM10 (�g/m3) NO2 (ppb)
Area Station Mean (SD) Mean (SD) Mean (SD)

NW Tlalnepantla 68.0 (26.7) 66.7 (35.6) 33.7 (15.3)
NE San Agustı́n 60.7 (25.8) † 27.2 (10.9)
NE Xalostoc 59.7 (25.0) 96.7 (49.4) 28.3 (11.6)
CE Lagunilla 75.1 (30.1) † 36.9 (14.0)
CE Merced 65.7 (28.6) 79.3 (40.8) 34.3 (16.3)
CE Hangares 69.1 (25.0) † 35.9 (16.4)
SW Pedregal 90.0 (33.6) 53.4 (31.9) 31.0 (12.4)
SW Plateros 79.2 (33.1) † 29.7 (16.3)
SE Cerro de la Estrella 66.7 (25.0) 69.6 (35.3) 33.9 (12.5)
SE Taxqueña 66.8 (24.7) † 42.6 (13.2)

Definitions of abbreviations: CE � central; NE � northeast; NW � northwest;
PM10 � particulate matter less than 10 �m in diameter; SE � southeast; SW �

southwest.
* 8-hour mean (10 A.M. to 6 P.M.).
† No PM10 monitor.

temperature) from 10 government air monitoring stations. We calcu-
lated 8-hour means (between 10 a.m. and 6 p.m.) for O3 and 24-hour
means for PM10 and NO2 for each day for which hourly data were
available for more than 75% of the time. The selected schools were
located within 2 km of 10 fixed-site monitoring stations. Children’s
exposure assessment was based on data from the station closest to
their school. Five monitoring stations (Plateros, Hangares, Taxqueña,
Lagunilla, and San Agustı́n) were not equipped with a TEOM and
therefore could not be used to assign PM10 exposure. The PM10 exposure
of children attending the schools concerned was based on data from
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TABLE 3. MEAN AND 10TH, 25TH, 50TH, 75TH, AND 90TH

PERCENTILES AND INTERQUARTILE RANGE AIR
POLLUTANT 6-MONTH MEAN CONCENTRATIONS OVER
THE STUDY PERIOD, MEXICO CITY, 1996–1999

Percentiles

Mean 10th 25th 50th 75th 90th IQR

O3, ppb 69.8 54.5 64.3 69.3 75.6 85.4 11.3
PM10, �g/m3 75.6 46.5 55.8 67.5 92.2 112.7 36.4
NO2, ppb 33.8 22.0 28.9 34.4 40.8 44.5 12.0

Definitions of abbreviations: IQR � interquartile range; NO2 � nitrogen dioxide;
O3 �ozone; PM10 � particulate matter less than 10 �m in diameter.

the nearest station measuring PM10 (Pedregal, Merced, Cerro de la
Estrella, Merced, and Tlalnepantla). The maximum distance between
these schools and the PM10 monitoring stations was 6 km.

Long-term exposure for each day of the study period was estimated
as the averages over the previous 6 months of the daily O3 8-hour
mean, PM10 24-hour means, and NO2 24-hour means averaged over
the previous 6 months. These averages vary depending on the station

TABLE 4. EFFECT OF AMBIENT AIR POLLUTANTS PER YEAR ON LUNG FUNCTION GROWTH IN
BOYS AND GIRLS, MEXICO CITY, 1996–1999

FVC (ml ) FEV1 (ml ) FEF25–75 (ml/s ) FEV1/FVC (% )
Models* Coefficient (95% CI ) Coefficient (95% CI ) Coefficient (95% CI ) Coefficient (95% CI )

Girls
One-pollutant model

O3
† �35 (�41 to �29)‡ �24 (�30 to �19)‡ �20 (�32 to �8)§ 0.29 (0.17–0.40)‡

PM10
|| �39 (�47 to �31)‡ �29 (�36 to �21)‡ �17 (�36 to 1) 0.12 (0.07–0.17)‡

NO2
¶ �48 (�55 to �41)‡ �32 (�39 to �26)‡ 8 (�9 to 21) 0.43 (0.29– 0.57)‡

Two-pollutant models
O3

† �25 (�32 to �19)‡ �17 (�23 to �12)‡ �18 (�30 to �6)§ 0.21 (0.11–0.32)‡

PM10
|| �30 (�39 to �22)‡ �24 (�31 to �16)‡ �9 (�26 to 9) 0.10 (0.06–0.15)‡

O3
† �22 (�29 to �16)‡ �16 (�22 to �10)‡ �19 (�31 to �8)§ 0.22 (0.09–0.34)§

NO2
¶ �45 (�53 to �37)‡ �33 (�40 to �26)‡ �7 (�23 to 10) 0.29 (0.14–0.43)‡

PM10
|| �21 (�30 to �13)‡ �17 (�25 to �8)‡ �23 (�43 to �4)** 0.07 (0.02–0.13)**

NO2
¶ �41 (�49 to �33)‡ �27 (�34 to �20)‡ 14 (�3 to 31) 0.36 (0.22–0.50)‡

Multipollutant model
O3

† �19 (�25 to �12)‡ �12 (�18 to �6)‡ �18 (�30 to �5)** 0.18 (0.07 to 0.29)§

PM10
|| �14 (�23 to �5)§ �11 (�20 to �3)§ �7 (�27 to 12) 0.08 (0.03–0.13)§

NO2
¶ �40 (�48 to �32)‡ �30 (�37 to �22)‡ �3 (�21 to 15) 0.21 (0.06–0.35)**

Boys
One-pollutant model

O3
† �25 (�31 to �19)‡ �16 (�21 to �11)‡ �8 (�19 to 4) 0.26 (0.16–0.37)‡

PM10
|| �33 (�41 to �25)‡ �27 (�34 to �19)‡ �18 (�34 to �2)** 0.04 (�0.01 to 0.09)

NO2
¶ �45 (�53 to �37)‡ �26 (�33 to �19)‡ 3 (�12 to 19) 0.41 (0.27–0.54)‡

Two-pollutant models
O3

† �18 (–24 to –11)‡ �11 (�16 to �5)‡ �6 (�18 to 5) 0.24 (0.13–0.34)‡

PM10
|| �28 (�36 to �19)‡ �22 (�30 to �15)‡ �10 (�27 to 7) 0.04 (�0.01 to 0.09)

O3
† �13 (�20 to �7)‡ �8 (�14 to �2)‡ �6 (�18 to 5) 0.22 (0.09–0.34)§

NO2
¶ �44 (�53 to �36)‡ �30 (�37 to �23)‡ �13 (�30 to 3) 0.29 (0.14–0.43)‡

PM10
|| �16 (�26 to �7)§ �19 (�27 to �10)‡ �26 (�44 to �9)§ 0.005 (�0.06 to 0.05)

NO2
¶ �41 (�49 to �32)‡ �21 (�28 to �13)‡ 13 (�3 to 29) 0.43 (0.28–0.57)‡

Multipollutant model
O3

† �9 (�16 to �2)‡ �4 (�10 to 2) �4 (�16 to 8) 0.21 (0.08–0.33)§

PM10
|| �12 (�22 to �3)** �15 (�23 to �6)§ �12 (�30 to 6) �0.002 (�0.06 to 0.05)

NO2
¶ �41 (�50 to �32)‡ �25 (�33 to �18)‡ �8 (�25 to 9) 0.26 (0.10–0.41)§

Definition of abbreviations: CI � confidence interval; FEF25–75%, forced expiratory flow, midexpiratory phase; NO2 � nitrogen
dioxide; O3 � ozone; PM10 � particulate matter less than 10 �m in diameter.

* Mixed models adjusted for age, body mass index, height, height by age, weekday time spent in outdoor activities, environmental
tobacco smoke exposure, previous-day mean air pollutant concentration, and time since first test (study phase).

† Change in lung function growth in milliliters per interquartile range (IQR) (11.3 ppb) increase in 6-month mean pollutant
concentration.

‡ p � 0.0001.
§ p � 0.005.
|| Change in lung function growth in ml/IQR (36.4 �g/m3) increase in 6-month mean pollutant concentration.
¶ Change in lung function growth in ml/ IQR (12.0 ppb) increase in 6-month mean pollutant concentration.
** p � 0.05.

assigned to each school. Only low concentrations of So2 and CO were
registered, so their effects were not analyzed.

Statistical Analysis

General linear mixed models were used to evaluate the association be-
tween air pollutant concentrations and deficits in lung function growth
over time. The outcome variables were the spirometric parameters FVC;
FEV1; forced expiratory flow, midexpiratory phase (FEF25–75%); and FEV1/
FVC from a total of 14,545 test results for 3,170 children. A three-level
model was used to distinguish the sources of variation in the response:
a first level to identify the variation between phases within children
nested within monitoring stations, a second level to identify the varia-
tion between subjects within monitoring stations, and a third level to
identify the variation between monitoring station variables. We fitted
sex-specific models because of the presence of a statistically significant
interaction term between time (study phase) and sex (p � 0.001).
Annual lung function growth was defined as the slope obtained from
mixed models given by the coefficient of the interaction term of time with
air pollutant concentrations, specifying the variance-covariance matrix as
unstructured with random intercept and slope. Our final model included
the following variables (based on Akaike’s information criteria from the
model): time since first test; O3 averaged over 6 months (O3-6); previous-
day O3; PM10 averaged over 6 months (PM10-6); previous-day PM10; NO2
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Figure 2. Estimated annual growth in (A ) FVC; (B ) FEV1; (C ) forced expiratory flow, midexpiratory phase (FEF25–75%) of long-term ozone; particulate
matter less than 10 �m in diameter (PM10), and nitrogen dioxide (NO2) in girls and boys. Mexico City, 1996–1999 (multipollutant models).
Adjusted for age, body mass index, height, height by age, weekday time spent in outdoor activities, environmental tobacco smoke exposure,
previous-day mean air pollutant concentration, and study phase. Percentiles 25, 50, 75 of ozone (O3), PM10, and NO2 correspond to 6-month
mean concentrations of 64.3, 69.3, and 75.7 ppb; 56.42, 67.63, and 92.22 �g/m3; and 28.92, 34.57, and 40.85 ppb, respectively.

averaged over 6 months (NO2-6); previous-day NO2; interaction terms
of study phase with O3-6, PM10-6, and NO2-6; age; body mass index;
height; height by age; weekday time spent in outdoor activities; and
environmental tobacco smoke. Longitudinal analysis was performed
using the PROC MIXED procedure of SAS 8.2 (SAS Institute, Inc.,
Cary, NC) (for further details of methods used, see the online
supplement).

RESULTS

Table 1 and Table E1 in the online supplement present the
characteristics of the study population (n � 3,170) by study
phase and sex. Anthropometric measurements and lung function
variables increased over time for both sexes. Figure 1 presents

the location of the monitoring stations used in the study. Air
pollutant concentrations over the 3-year study period were
higher in spring than in fall (Table E2). Over the study period,
8-hour mean O3 concentrations ranged from 60 ppb (SD, 25) in
the northeast area to 90 ppb (SD, 34) in the southwest, and
24-hour mean PM10 concentrations ranged from 53 �g/m3 (SD, 32)
in the southwest to 97 �g/m3 (SD, 49) in the northeast (Table 2).
O3 was negatively associated with PM10 (r � �0.23; p � 0.001)
and positively associated with NO2 (r � 0.166; p � 0.001).

Table 3 presents O3, PM10, and NO2 means and percentiles
of 6-month mean concentrations and interquartile range (IQR)
during the study period. The widest IQR was observed in
6-month mean PM10 concentrations.
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Figure 2. (Continued ).

Table 4 presents the results by sex of our final mixed models
for FVC, FEV1, and FEF25–75% adjusted for age, body mass index,
height, height by age, weekday time spent in outdoor activities,
environmental tobacco smoke exposure, previous-day mean air
pollutant concentration, and time since first test. One-pollutant
models showed an association between ambient air pollutants
and deficits in lung growth. In girls, a 11.3-ppb increase (IQR)
in O3 was associated with an annual deficit of –35 ml (95%
confidence interval [CI], –41 to –29) in FVC, �24 ml (95% CI,
�30 to �19) in FEV1, and �20 ml/s (95% CI, �32 to �8) in
FEF25–75%. The annual deficits for boys were �25 ml (95% CI,
�31 to �19) in FVC, �16 ml (95% CI, �21 to �11) in FEV1,
and �8 ml/s (95% CI, �19 to 4) in FEF25–75%. Ambient PM10 and
NO2 concentrations were similarly negatively associated with
lung growth. In girls, a 36.4 �g/m3 increase (IQR) in PM10 was
associated with an annual deficit of �39 ml (95% CI, �47 to
�31) in FVC and �29 ml (95% CI, �36 to �21) in FEV1. The
corresponding deficits for boys were �33 ml (95% CI, �41 to
�25) in FVC and �27 ml (95% CI, �34 to �19) in FEV1. Slightly
larger coefficients were observed for the effect of NO2. For a

12.0-ppb increase (IQR) in NO2, the annual deficits were �48
ml (95% CI, �55 to �41) for FVC and �32 ml (95% CI, �39
to �26) for FEV1 in girls and �45 ml (95% CI, �53 to �37)
for FVC and �26 ml (95% CI �33 to �19) for FEV1 in boys.
No significant effect of PM10 and NO2 was observed on FEF25–75%.
Estimates from two-pollutant models were not substantially dif-
ferent. In multipollutant models, the negative association of O3,
PM10, and NO2 with lung function growth persisted, but the
effect was slightly stronger for O3 in girls than boys. Because
the observed impact was greater on FVC than on FEV1, the
FEV1/FVC ratio for both sexes tended to increase with higher
pollutant concentrations in all models (Table 4). When the per-
centage annual changes in predicted values were calculated on
the basis of the reference equations for Mexican children (21),
the results were similar (Table E4).

Figure 2 presents the estimated growth in FVC (Figure 2A),
FEV1 (Figure 2B), and FEF25–75% (Figure 2C) for the 25, 50,
and 75 percentiles of O3, PM10, and NO2 concentrations by sex,
obtained from multipollutant models. At the beginning of the
study and at each phase of follow-up, children exposed to lower
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Figure 2. (Continued ).

O3 and PM10 concentrations had better lung function values than
children exposed to higher concentrations.

Because FEF25–75%/FVC is a marker of low volume in small
airways and because this might modify the effect of O3 on FEF25–75%,
we stratified by tertiles of FEF25–75%/FVC. O3 was significantly re-
lated to a deficit in lung growth (�5.1% per 10 ppb; 95% CI �8.7
to �1.5) among girls with the lowest FEF25–75%/FVC (lower two
tertiles). No effect was observed among girls in the highest tertile
or among boys.

DISCUSSION

Our study revealed significant deficits in lung function growth
in children with long-term exposure to air pollutants. In one-

pollutant models, O3, PM10, and NO2 were associated with a
significant deficit in FVC and FEV1 growth in girls and boys. The
FEV1/FVC ratio increased because exposure had a greater impact
on FVC than on FEV1. An association between O3 and a deficit
in FEF25–75% growth was observed only among girls with a low
FEF25–75%/FVC ratio. The effect on FEV1 during the 3 years of
follow-up was slightly greater than that reported for exposure
to maternal smoking among children in the United States (22, 23).

A deficit in FVC and FEV1 growth was observed for O3, PM10,
and NO2 after adjusting for the acute effect of these pollutants
(previous-day concentrations) and for confounding factors. In
multipollutant models, O3 and NO2 had the strongest effect
among girls. These results are in part consistent with previous
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results from the CHS, which revealed a deficit in growth mostly
with exposure to PM2.5, NO2, and inorganic acid vapor (7, 9, 15).
In the CHS, O3 exposure was associated with a growth deficit
in peak expiratory flow rate in fourth graders followed for only
4 of the 8 years of follow-up (8, 22). Lower lung functions in
children exposed to higher O3 concentrations have been reported
in cross-sectional studies (24), including one based on CHS data
that observed lower peak expiratory flow rate and maximal mide-
xpiratory flow particularly in girls spending more time outdoors
(25) and in retrospective (11) and prospective (6) cohort studies.
Deficit in lung growth was associated with a set of pollutants
including O3, PM10, and NO2. Their main source, particularly
that of NO2 and O3, is traffic related: The former is directly
emitted from tailpipes, and the latter is a photochemical reaction
to exhaust gases (26). Because the pollutants are correlated,
independent effects could not be accurately estimated.

The mechanism of action by which long-term exposure to air
pollution produces changes in lung development has not been
established. Human and animal studies have demonstrated sev-
eral changes in lung morphology related to O3 exposure (27–29),
particularly with a predominantly restrictive pattern (30). Calde-
ron and colleagues (16) have suggested that chronic and sus-
tained inhalation of a complex mixture of air pollutants, includ-
ing O3 and PM, might be associated with small airway disease.
Recently, oxidative stress resulting from increased exposure to
oxidant compounds (O3, NO2, and particulate components) has
been identified as a major feature underlying the toxic effects
of air pollutants (31–33). The resulting increased expression of
proinflammatory cytokines leads to an enhanced inflammatory
response (32) and potential chronic lung damage. It is not clear
whether this might result in permanent loss or whether the pat-
tern of exposure (repeated peak exposure versus average expo-
sure) is relevant. Because of the shortness of the 3-year follow-
up period and the nonlinear pattern of childhood lung function
growth (34), we were unable to estimate the impact on lung
function attained in early adulthood.

In our study, exposure to pollutants was associated with a
higher FEV1/FVC ratio, suggesting a restrictive pattern similar
to that already described in animals (30) and humans (35).
However, the effect of air pollution on the resulting functional
pattern has been inconsistent (36, 37), and inflammatory changes
in small airways have been observed (11).

Several factors need to be considered when interpreting our
results. The exposure values used in studies on the long-term
effects of air pollution on lung function growth are usually fixed-
site monitoring station data that have been averaged over com-
munities. To reduce exposure misclassification, our study was
based on schools located within 2 km of the monitoring stations.
In addition, we conducted microenvironmental and personal
exposure assessments in a randomly selected subsample of 60
children, using passive O3 samplers and personal PM10 monitors.
PM10 and O3 concentrations from personal, indoor, and outdoor
monitors were significantly correlated with the measurements
obtained from the fixed-site air monitoring stations (38). Our
results were not substantially modified when we adjusted our
models for potential confounding factors. However, we did not
have information on variables such as smoking during pregnancy,
birth weight, and atopy, which have been associated with reduced
lung function growth (39, 40). Because socioeconomic status
might have a differential distribution across monitoring stations
and pollution concentrations and might be a determinant of lung
function in our population, we tested for interactions between
maternal and paternal education levels and air pollutant effects.
None of these interactions was significant, suggesting that socio-
economic status could not explain our results.

Lung function testing was conducted by trained technicians,
and all spirometry test results were reviewed by a pulmonologist
blinded to the location of the school attended by the child. The
reproducibility of the tests was good and has been previously
reported (20). In the event of missing lung function data, if the
data were missing in one phase but not in the next the rate of
change could be imputed from the mixed model because the
coefficients obtained from the mixed model analysis estimated
mean effects.

Conclusions

The results of this 3-year study support the hypothesis that long-
term exposure to ambient air pollutants is associated with deficits
in lung growth in children. Although we could not identify spe-
cific sources, the effect is likely to be due to vehicular exhaust,
as observed in the CHS (9). Although it is unclear whether the
deficits are permanent, previous studies have reported long-term
deficits in lung function associated with air pollutants (9, 11). In
addition to the important impact on lung health, early lung
function deficits may increase the risk of developing chronic
obstructive lung disease later in life as well as increased cardio-
vascular morbidity and general mortality (41, 42). There is a
clear need for stricter air pollution control measures in Mexico
City to protect lung growth in children living there.

Conflict of Interest Statement : R.R.-M. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript. R.P.-P.
does not have a financial relationship with a commercial entity that has an interest
in the subject of this manuscript. G.O.-F. does not have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript.
L.M.-A. does not have a financial relationship with a commercial entity that has
an interest in the subject of this manuscript. H.M-M. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript. T.F. does not have a financial relationship with a commercial entity
that has an interest in the subject of this manuscript. W.M. received $21,000
from API in 2006 as a contract to develop and publish ozone exposure-response
models. D.L. does not have a financial relationship with a commercial entity that
has an interest in the subject of this manuscript. I.R. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript.

Acknowledgment : The authors thank Steve Marshall, Kiros Berhane, James
Gauderman, Nino Kuenzli, and Rob McConnell for their important input on this
study; the Mexico City monitoring network (RAMA) and the field team for provid-
ing high-qualitydata; and the school principals, teachers, students and parents for their
participation. They also thank Garth Evans for reviewing the English manuscript.

References

1. Committee of the Environmental and Occupational Health Assembly of
the American Thoracic Society. Health effects of outdoor air pollution.
Am J Respir Crit Care Med 1996;153:3–50.

2. Schwartz J. Air pollution and children’s health. Pediatrics 2004;113:1037–
1043.

3. Brunekreef B, Holgate ST. Air pollution and health. Lancet 2002;360:
1233–1242.

4. Künzli N, Lurmann F, Segal M, Ngo L, Balmes J, Tager I. Association
between lifetime ambient ozone exposure and pulmonary function in
college freshment: Results of a pilot study. Environ Res 1997;72:8–23.

5. Galizia A, Kinney P. Long-term residence in areas of high ozone: associa-
tions with respiratory health in a nationwide sample of nonsmoking
young adults. Environ Health Perspect 1999;107:675–679.

6. Frischer T, Studnicka M, Gartner C, Tauber E, Horak F, Veiter A,
Spengler J, Kuhr J, Urbanek R. Lung function growth and ambient
ozone: a three-year population study in school children. Am J Respir
Crit Care Med 1999;160:390–396.

7. Gauderman WJ, McConnell R, Gilliland F, London S, Thomas D, Avol
E, Vora H, Berhane K, Rappaport EB, Lurmann F, et al. Association
between air pollution and lung function growth in southern California
children. Am J Respir Crit Care Med 2000;162:1383–1390.

8. Gauderman WJ, Gilliland F, Vora H, Avol E, Stram D, McConnell R,
Thomas D, Lurmann F, Margolis HG, Rappaport EB, et al. Associa-
tion between air pollution and lung function growth in southern
California children: results from a second cohort. Am J Respir Crit
Care Med 2002;166:76–84.



384 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 176 2007

9. Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K,
McConnell R, Kuenzli N, Lurmann F, Rappaport EB, et al. The effect
of air pollution on lung development from 10 to 18 years of age.
N Engl J Med 2004;351:1057–1067.

10. Kopp M, Bohnet W, Frischer T, Ulmer C, Studnicka M, Ihorst G, Gardner
C, Forster J, Urbanek R, Kuehr J. Effects of ambient ozone on lung
function in children over a two-summer period. Eur Respir J 2000;16:
893–900.

11. Tager IB, Balmes J, Lurmann F, Ngo L, Alcorn S, Kunzli N.
Chronic exposure to ambient ozone and lung function in young adults.
Epidemiology 2005;16:751–759.

12. Offical Mexican Norm. Environmental health: criteria for the evaluation
of ambient air quality, with respect to ozone (O3) in ambient air, as
a protective measure for the health of the population. Mexico City:
Mexican Health Ministry: 1993.

13. Romieu I, Meneses F, Ruiz S, Huerta J, Sienra JJ, White M, Etzel R,
Hernandez-Avila M. Effects of intermittent ozone exposure on peak
expiratory flow and respiratory symptoms among asthmatic children
in Mexico City. Arch Environ Health 1997;52:368–376.

14. Romieu I, Meneses F, Ruiz S, Sienra-Monge JJ, Huerta J, White MC,
Etzel RA. Effects of air pollution on the respiratory health of asthmatic
children living in Mexico City. Am J Respir Crit Care Med 1996;154:
300–307.

15. Castillejos M, Gold DR, Dockery D, Tosteson T, Baum T, Speizer FE.
Effects of ambient ozone on respiratory function and symptoms in
Mexico City schoolchildren. Am Rev Respir Dis 1992;145:276–282.
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exposición a PM10 y Ozono en una cohorte de niños escolares de la
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