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Upper and lower respiratory infections are common in early childhood and may be exacerbated by air pollution.

We investigated short-term changes in ambient air pollutant concentrations, including speciated particulate matter

less than 2.5 μm in diameter (PM2.5), in relation to emergency department (ED) visits for respiratory infections in

young children. Daily counts of ED visits for bronchitis and bronchiolitis (n = 80,399), pneumonia (n = 63,359), and

upper respiratory infection (URI) (n = 359,246) among children 0–4 years of agewere collected from hospitals in the

Atlanta, Georgia, area for the period 1993–2010. Daily pollutant measurements were combined across monitoring

stations using population weighting. In Poisson generalized linear models, 3-day moving average concentrations of

ozone, nitrogen dioxide, and the organic carbon fraction of particulate matter less than 2.5 μm in diameter (PM2.5)

were associated with ED visits for pneumonia and URI. Ozone associations were strongest and were observed at

low (cold-season) concentrations; a 1–interquartile range increase predicted a 4% increase (95% confidence inter-

val: 2%, 6%) in visits for URI and an 8% increase (95% confidence interval: 4%, 13%) in visits for pneumonia. Rate

ratios tended to be higher in the 1- to 4-year age group compared with infants. Results suggest that primary traffic

pollutants, ozone, and the organic carbon fraction of PM2.5 exacerbate upper and lower respiratory infections in

early life, and that the carbon fraction of PM2.5 is a particularly harmful component of the ambient particulate matter

mixture.

air pollution; bronchiolitis; children; lower respiratory infection; pneumonia; upper respiratory infection

Abbreviations: ED, emergency department; ICD-9, International Classification of Diseases, Ninth Revision; IQR, interquartile

range; PM10, particulate matter less than 10 μm in diameter; PM2.5, particulate matter less than 2.5 μm in diameter; RSV, respiratory

syncytial virus; URI, upper respiratory infection.

Children may be more vulnerable to the health effects of
ambient air pollution because of their higher rates of breath-
ing, narrower airways, developing lungs and immune systems,
and frequent exposure to outdoor air. The disease burden of
respiratory infections such as bronchiolitis, bronchitis, pneu-
monia, and upper respiratory infection in early life is high,
and globally, pneumonia is the largest cause of death among
young children (1). Despite this, relatively few large-scale
analyses of air pollution and respiratory infection have fo-
cused on infancy and the first few years of life. In particular,
investigations assessing specific chemical components of
ambient particulate matter in relation to these outcomes in
young children are lacking.

Experimental studies have demonstrated that the severity
of viral respiratory infection in animal and in vitro models
can be enhanced by exposure to air pollutants (2–4). The re-
sults of several epidemiologic studies are consistent with
these findings, including a natural experiment in the 1980s,
when a steel mill closing in the Utah Valley, Utah, temporar-
ily reduced pollution levels; during the period of reduced air
pollution, hospital admissions for bronchitis and pneumonia
decreased, most dramatically among preschool children (5).
Subsequent epidemiologic studies have provided additional
evidence of associations between short-term changes in air
pollution and upper and lower respiratory infection symptoms
and emergency health care among young children (6–10).
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However, the pollutants implicated are not consistent; associ-
ations for ozone have been particularly inconsistent, with re-
ports of positive, null, and inverse associations with these
outcomes (6–10).

We further examined these questions using a large data-
base of emergency department (ED) visits in the Atlanta,
Georgia, metropolitan area over an 18-year period between
1993 and 2010, including 80,399 visits for bronchiolitis
and bronchitis, 63,359 visits for pneumonia, and 359,246
visits for upper respiratory infection (URI) among children
under the age of 5 years. The study period includes 12 years
(1998–2010) when chemical components of particulate mat-
ter less than 2.5 μm in diameter (PM2.5) were monitored daily
at several monitoring sites in the study area, allowing assess-
ment of the constituents of particulate matter that may exac-
erbate respiratory disease in young children. We conducted
analyses to describe the shape of the concentration-response,
assess season-specific effects, and explore confounding be-
tween pollutants, including among chemical components of
PM2.5.

METHODS

We obtained ED visit data directly from 41metropolitan At-
lanta hospitals for the period January 1, 1993, to December 31,
2004 (not all hospitals contributed the full period), and from
the Georgia Hospital Association for the period January 1,
2005, to June 30, 2010. We identified ED visits among chil-
dren who were 0–4 years of age with billing zip codes within
the 20-county Atlanta metropolitan area and the following pri-
mary diagnoses of respiratory infection based on International
Classification of Diseases, Ninth Revision (ICD-9), diagnosis
codes: acute bronchitis or bronchiolitis (code 466); pneumonia
(codes 480–486), including viral, pneumococcal, other bacte-
rial, unspecified organism, and bronchopneumonia; and upper
respiratory infection (codes 460–465), including nasopharyngi
tis, sinusitis, pharyngitis, tonsillitis, laryngitis, tracheitis, and
multiple or unspecified sites.

We obtained data on daily concentrations of ambient 1-hour
maximum carbon monoxide and nitrogen dioxide; 8-hour
maximum ozone; and 24-hour average particulate matter less
than 10 µm in diameter (PM10), PM2.5, and the major chemical
constituentsofPM2.5 (sulfate,nitrate,ammonium,elementalcar-
bon, and organic carbon) from ambient monitoring networks
in the study area (11–14). Dailymeasurement of PM10 began in
January 1996, and daily measurement of PM2.5 and its chemi-
cal components began inAugust 1998. Pollutantmeasurements
were averaged across monitors for each day by population
weighting based on the 2000 US Census, in an approach de-
scribed elsewhere (15) and summarized in Web Appendix 1,
available at http://aje.oxfordjournals.org/. The study popula-
tion was concentrated in the center of the 20-county area
(covering 6,208 miles2; 1 mile = 1.61 km). Data on daily am-
bient airborne pollen concentrations were obtained from the
Atlanta Allergy and Asthma Clinic (Atlanta, Georgia).

In a time-series analysis using Poisson generalized linear
models allowing for overdispersion, we estimated associa-
tions between the 3-day moving average pollutant concentra-
tion (the average of concentrations today (lag 0), yesterday
(lag 1), and 2 days ago (lag 2)) and the daily counts of ED

visits for 1) bronchiolitis and bronchitis, 2) pneumonia, and
3) URI. We chose the 3-day moving average as our a priori
lag exposure on the basis of our previous work (16), but we
assessed alternative lags in sensitivity analyses. For each out-
come group, we first estimated associations separately for
infants less than 1 year of age and children 1–4 years of
age. Primary models included pollutant concentrations as
linear terms, but we also flexibly modeled the shape of the
concentration-response using loess smoothers in generalized
additive models. All models included cubic polynomials for
the 3-day moving average of average dew point (average of
lags 0, 1, and 2) and the 3-day moving average of maximum
temperature; cubic splines with 1 knot per month (12 df per
year) to control for seasonality and longer-term trends (e.g.,
changes in ED usage over time); indicator terms for day of
week, season, holiday, and lag holiday (i.e., holidays occur-
ring in the previous 2 days); indicator terms for whether a
hospital, or group of hospitals, was contributing visits on
that day (not all hospitals contributed during the entire pe-
riod); and interactions between season and day of week.
We also assessed confounding by pollen concentrations
(for ragweed, pine, oak, juniper, grass, and birch) and by in-
fluenza epidemics by including the log of the count of ED
visits for influenza (using ICD-9 code 487).

To assess model misspecification and detect possible
residual confounding, we conducted analyses in which
we added a term for the pollutant concentration on the day
after the ED visit (lag negative 1 pollution). Because tomor-
row’s pollution level cannot cause today’s ED visit, observed
associations with future pollution concentrations after con-
trolling for the average of lag 0, 1, and 2 pollution (i.e., the
hypothesized causal window) must be due to bias (or type 1
error) (17). In subanalyses, we estimated pollutant effects
separately forNovember–Februaryand for thewarmermonths
in Atlanta of March–October using interaction terms, also al-
lowing control of meteorological variables to vary seasonally.
In multipollutant models, we estimated associations for PM2.5

components adjusted for other PM2.5 components. We also
estimated the joint effect of a combined increase in multiple
pollutants by calculating the exponentiated sum (of the pol-
lutants in the combination) of the product of each pollutant’s
model coefficient and that pollutant’s interquartile range
(IQR); standard errors were calculated using the variance-
covariance matrices for the pollutant coefficients. We con-
ducted a variety of sensitivity analyses, described in more
detail with the modeling approach in Web Appendix 1, in-
cluding consideration of alternative approaches to controlling
for meteorological factors (including precipitation), season-
ality, and longer-term trends. Analyses were performed
using SAS, version 9.3, software (SAS Institute, Inc., Cary,
North Carolina) and R, version 2.15.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria).

RESULTS

Descriptive statistics of the daily pollutant concentrations
are presented in Table 1. Correlations were strong between
many of the pollutants even after accounting for season and
meteorological factors (Table 2). ED visit counts for each
outcome, age group, andmonitoring period for each pollutant
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are presented in Table 3; in the earliest years of the study, few
hospitals were participating, so ED counts were low. The
strong seasonal patterns for these outcomes are shown in
Web Figure 1. For the bronchiolitis/bronchitis outcome group,
90% of ED visits in infants less than 1 year of age were coded
as bronchiolitis, whereas in children 1–4 years of age, only
52% were coded as bronchiolitis (ICD-9 code 466.1).
Table 4 presents results of the primary analysis of 3-day

moving average pollutant concentrations as linear terms in
single-pollutant models scaled to a 1–IQR increase (Table 1)
to facilitate comparisons between pollutants for the same rel-
ative degree of variability. Rate ratios for all outcomes were
generally higher among children aged 1–4 years compared
with infants less than 1 year of age. All rate ratios for ozone
and the carbon fractions of PM2.5 were above the null value
(P < 0.05 for pneumonia and URI). ED visits for URI among
children aged 0–4 years were positively associated with all
pollutants except the nitrate fraction of PM2.5. The number
of ED visits for pneumonia was positively associated with
ozone, nitrogen dioxide, PM10 (for children aged 1–4 years
only), and the organic carbon fraction of PM2.5. The nitrate
fraction of PM2.5 was negatively associated with bronchiolitis
and bronchitis; no pollutants were positively associated with
this outcome, although some of the point estimates in the
children aged 1–4 years were similar to those observed for
URI and pneumonia (e.g., PM10 and the organic carbon frac-
tion of PM2.5). Results of analyses adding future pollution
(lag negative 1) to the primary models to assess model mis-

specification are shown in Web Figure 2. For bronchiolitis/
bronchitis in infants less than 1 year of age, the point esti-
mates for future pollution are systematically below the null
and often statistically significant, suggesting model misspeci-
fication. For the other outcomes, the estimates from the lag
negative 1 analysis did not indicate problemswith the analysis.
Results showed some sensitivity to the choice of degrees

of freedom included in the cubic time splines. For the positive
associations observed, rate ratios tended to be slightly higher
when fewer knots were included and slightly lower when
more knots were included (Web Figure 3). Results were not
sensitive to the choice of meteorological control, including
control for mean temperature instead of maximum tempera-
ture, additional degrees of freedom, controlling separately for
lag 0 and lag 1–2 moving average temperature, or controlling
for precipitation. Control for pollen concentrations or influ-
enza visit counts had virtually no impact on the pollutant
estimates and was not performed in the final models. Assess-
ment of individual lag days 0–7 (Web Figure 4) generally
showed stronger associations for lag days 0–3, but there
was some indication of elevated risk at longer lags for some
pollutant-outcome combinations (e.g., pneumonia and PM10).
Because the indicated model misspecification for bronchioli-
tis was not resolved after extensive analyses considering
other model specifications, subsequent analyses focused on
pneumonia and URI. Figure 1 shows season-specific results
for the November–February and March–October seasons
scaled to the same IQR increase (see Table 1). For both

Table 1. Daily Population-Weighted Ambient Air Pollutant Concentrations and Maximum Temperature, Atlanta, Georgia, 1993–2010

Pollutant Mean (SD)

Seasonal Mean

Range

Percentile

IQR
Missing
Days, %

No. of
MonitorsaMarch–

October
November–
February

5th 25th 50th 75th 95th

8-hour ozone, ppbb 45.9 (19.8) 53.4 29.0 3.0–127.1 17.6 30.9 43.8 58.7 80.6 27.8 3 5

1-hour nitrogen
dioxide, ppbb

21.4 (8.7) 20.9 22.4 2.1–95.2 8.8 15.3 20.5 26.4 36.7 11.1 <1 6

1-hour carbon
monoxide, ppmb

0.70 (0.46) 0.66 0.79 0.09–5.50 0.21 0.37 0.58 0.90 1.63 0.54 <1 5

24-hour PM10, µg/m
3c 22.2 (10.4) 24.6 17.6 3.6–93.8 8.5 14.6 20.7 28.1 40.9 13.5 4 9

24-hour PM2.5, µg/m
3d

All PM2.5 14.1 (6.9) 15.1 12.1 2.1–75.2 5.6 9.1 12.8 17.8 27.4 8.8 0 11

Sulfate 4.2 (2.9) 4.9 2.7 0.1–52.0 1.3 2.2 3.4 5.2 9.7 3.0 <1 6

Nitrate 0.8 (0.6) 0.6 1.2 0.0–5.7 0.2 0.4 0.6 1.0 2.0 0.6 <1 6

Ammonium 1.5 (1.0) 1.7 1.2 0.1–11.8 0.5 0.9 1.3 1.8 3.3 1.0 <1 6

Elemental carbon 0.9 (0.5) 0.9 0.9 0.1–7.9 0.3 0.5 0.8 1.1 1.9 0.6 <1 6

Organic carbon 3.2 (1.4) 3.2 3.3 0.6–14.6 1.5 2.2 3.0 4.0 5.8 1.7 1 6

Maximum
temperature, °C

22.3 (8.4) 26 14 −8–40 7 16 23 29 34 13 0 1

Abbreviations: IQR, interquartile range; PM2.5, particulate matter less than 2.5 μm in diameter; PM10, particulate matter less than 10 μm in

diameter; SD, standard deviation.
a All gaseous monitors operated daily, 9 PM2.5 monitors operated daily, 2 PM10 monitors operated daily, and 4 PM2.5 component monitors

operated daily; where not monitored daily, particulate matter was monitored every 3 or 6 days.
b Measurements available from January 1, 1993, to June 30, 2010 (n = 6,390). Ozonewas not measured from December 1994 to February 1995

or from December 1995 to February 1996.
c Measurements available from January 1, 1996, to June 30, 2010 (n = 5,295).
d Measurements available from August 1, 1998, to June 30, 2010 (n = 4,352).
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pneumonia and URI, the rate ratio for a 1–IQR increase in
ozone was highest in the November–February period, when
ozone levels are lowest.

Estimation of nonlinear associations between 3-day av-
erage pollutant concentrations and ED visits using loess
smoothers indicated that linearity of the pollutant associa-
tions was a reasonable approximation for most pollutant-

outcome combinations (Web Figure 5). Relative to the fifth
percentile of ozone concentrations (20 ppb), ED visits for
pneumonia and URI were significantly elevated at concentra-
tions as low as 30 ppb. In contrast to ozone, some of the plots
for nitrogen dioxide, PM10, and the organic carbon fraction of
PM2.5 showed higher rates of ED visits only at the middle or
top of the concentration distribution.

Table 3. Number of Emergency Department Visits by Outcome, Patient Age, and Monitoring Period, Atlanta,

Georgia 1993–2010

Outcome by Patient Age

Emergency Department Visits

January 1993–June 2010a January 1996–June 2010b August 1998–June 2010c

No. Daily Mean No. Daily Mean No. Daily Mean

Bronchiolitis or bronchitis

<1 year 50,222 47,227 42,705

1–4 years 30,177 27,513 24,355

Total 80,399 12.6 74,740 14.1 67,060 15.4

Pneumonia

<1 year 14,686 13,696 12,056

1–4 years 48,673 44,687 39,773

Total 63,359 9.9 58,383 11.0 51,829 11.9

Upper respiratory infection

<1 year 124,746 116,867 107,454

1–4 years 234,500 214,342 195,886

Total 359,246 56.2 331,209 62.6 303,340 69.7

a Monitoring period for ozone, nitrogen dioxide, and carbon monoxide.
b Monitoring period for particulate matter less than 10 μm in diameter.
c Monitoring period for particulate matter less than 2.5 μm in diameter and components.

Table 2. Partial Spearman Correlation Coefficientsa for Daily Air Pollutant Concentrations, Atlanta, Georgia,

1993–2010

Pollutant Ozone
Nitrogen
Dioxide

Carbon
Monoxide

PM10

PM2.5

All
PM2.5

Sulfate Nitrate Ammonium
Elemental
Carbon

Organic
Carbon

Ozone 1

Nitrogen dioxide 0.37 1

Carbon monoxide 0.21 0.57 1

PM10 0.32 0.46 0.48 1

PM2.5

All PM2.5 0.30 0.41 0.45 0.82 1

Sulfate 0.30 0.20 0.18 0.61 0.74 1

Nitrate −0.02 0.16 0.19 0.37 0.45 0.38 1

Ammonium 0.28 0.20 0.16 0.62 0.76 0.89 0.46 1

Elemental carbon 0.20 0.60 0.68 0.59 0.57 0.32 0.30 0.31 1

Organic carbon 0.29 0.50 0.57 0.69 0.72 0.44 0.36 0.45 0.77 1

Abbreviations: PM10, particulate matter less than 10 μm in diameter; PM2.5, particulate matter less than 2.5 μm in

diameter.
a Adjusted for seasonality and long-term trends (cubic splines with 1 knot/month), maximum temperature (cubic

terms), average dew point (cubic terms), weekday, weekday × season (winter, spring, summer, fall), and holidays.
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Joint-effect estimates from multipollutant models are pre-
sented in Figure 2 for the following pollutant combinations:
1) nitrogen dioxide, carbon monoxide, and the elemental

carbon fraction of PM2.5, which are 3 markers of primary traf-
fic exhaust; 2) ozone and carbon monoxide; 3) ozone and the
elemental carbon fraction of PM2.5; 4) ozone and nitrogen

Table 4. Adjusted Rate Ratios for Interquartile Range Increases in 3-Day Moving Average Ambient Air Pollutant

Concentrationsa and Emergency Department Visits Among Children, Atlanta, Georgia, 1993–2010

Outcome by Pollutant
0–4 Years of Age <1 Year of Age 1–4 Years of Age

RR 95% CI RR 95% CI RR 95% CI

Bronchiolitis/bronchitisb

Ozone 1.029 0.985, 1.075 1.040 0.986, 1.098 1.014 0.949, 1.083

Nitrogen dioxide 1.000 0.980, 1.021 0.990 0.966, 1.015 1.014 0.982, 1.047

Carbon monoxide 1.012 0.992, 1.031 1.017 0.993, 1.041 1.000 0.970, 1.032

PM10 1.013 0.991, 1.037 1.007 0.981, 1.035 1.020 0.985, 1.058

PM2.5

All PM2.5 1.005 0.983, 1.027 0.998 0.972, 1.024 1.016 0.982, 1.051

Sulfate 1.007 0.984, 1.030 0.996 0.969, 1.025 1.022 0.988, 1.057

Nitrate 0.980c 0.965, 0.996 0.977d 0.960, 0.994 0.987 0.962, 1.013

Ammonium 0.997 0.977, 1.017 0.991 0.966, 1.015 1.007 0.977, 1.039

Elemental carbon 1.011 0.993, 1.029 1.010 0.989, 1.031 1.013 0.984, 1.043

Organic carbon 1.013 0.995, 1.031 1.008 0.987, 1.029 1.020 0.990, 1.051

Pneumoniae

Ozone 1.083f 1.038, 1.131 1.033 0.949, 1.124 1.100f 1.047, 1.155

Nitrogen dioxide 1.025c 1.003, 1.047 1.021 0.979, 1.066 1.026c 1.001, 1.051

Carbon monoxide 1.015 0.994, 1.037 1.011 0.969, 1.054 1.016 0.992, 1.041

PM10 1.020 0.997, 1.045 0.997 0.951, 1.044 1.027c 1.001, 1.056

PM2.5

All PM2.5 1.010 0.988, 1.033 0.994 0.952, 1.039 1.015 0.990, 1.041

Sulfate 1.005 0.983, 1.027 1.000 0.959, 1.043 1.006 0.982, 1.031

Nitrate 1.000 0.983, 1.017 0.991 0.959, 1.025 1.002 0.983, 1.022

Ammonium 1.000 0.980, 1.020 1.003 0.965, 1.042 0.999 0.977, 1.022

Elemental carbon 1.014 0.994, 1.034 1.005 0.967, 1.045 1.016 0.994, 1.039

Organic carbon 1.020c 1.000, 1.040 1.015 0.977, 1.056 1.021 0.998, 1.044

Upper respiratory infectiong

Ozone 1.041f 1.019, 1.064 1.059f 1.026, 1.092 1.032c 1.006, 1.058

Nitrogen dioxide 1.027f 1.016, 1.039 1.017c 1.001, 1.034 1.033f 1.019, 1.047

Carbon monoxide 1.023f 1.011, 1.035 1.006 0.989, 1.023 1.031f 1.017, 1.046

PM10 1.023f 1.012, 1.036 1.008 0.992, 1.026 1.031f 1.018, 1.047

PM2.5

All PM2.5 1.015d 1.004, 1.027 1.002 0.986, 1.018 1.023f 1.010, 1.037

Sulfate 1.013c 1.003, 1.024 1.010 0.995, 1.024 1.015c 1.003, 1.028

Nitrate 1.000 0.990, 1.009 0.986 0.973, 0.999 1.008 0.997, 1.019

Ammonium 1.011c 1.001, 1.021 1.009 0.995, 1.022 1.013c 1.001, 1.025

Elemental carbon 1.015d 1.005, 1.026 1.002 0.988, 1.017 1.023f 1.010, 1.036

Organic carbon 1.019f 1.008, 1.030 1.010 0.996, 1.025 1.024f 1.011, 1.037

Abbreviations: CI, confidence interval; IQR, interquartile range; PM10, particulate matter less than 10 μm in diameter;
PM2.5, particulate matter less than 2.5 μm in diameter; RR, rate ratio.

a IQR units presented in Table 1.
b For age 0–1 years, n = 50,222; for age 1–4 years, n = 30,177.
c P < 0.05 from Wald χ2 test.
d P < 0.01 Wald χ2 test.
e For age 0–1 years, n = 14,686; for age 1–4 years, n = 48,673.
f P < 0.001 Wald χ2 test.
g For age 0–1 years, n = 124,746; for age 1–4 years, n = 234,500.
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dioxide; and 5) ozone and PM2.5. For both URI and pneumo-
nia, the rate ratio for a combined 1–IQR increase in nitrogen
dioxide, carbon monoxide, and the elemental carbon fraction
of PM2.5 is similar to the highest rate ratio observed among
these primary traffic pollutants in their respective single-
pollutant models (confidence intervals for pneumonia are
wider because of fewer visits). In contrast, when ozone and
any of the primary traffic pollutants were included in a model
together, the joint effect was higher than either single-
pollutant rate ratio. When ozone and PM2.5 were included to-
gether in a multipollutant model, the joint effect was similar
to the estimate for ozone from a single-pollutant model.

Figure 3 shows results from the models including multi-
ple PM2.5 components. The ammonium fraction of PM2.5 was

excluded from this model because of model instability due to
its high correlation with the sulfate fraction of PM2.5 (r = 0.9).
To a lesser extent, this instability also affected organic carbon
and elemental carbon, which were included despite a high
correlation (r = 0.8). Among the PM2.5 components included,
the organic carbon fraction of PM2.5 was most strongly asso-
ciated with URI and pneumonia.

DISCUSSION

In our large population-based study we observed evidence
that ED visits for respiratory infection among children less
than 5 years of age were associated with short-term increases
in pollutant concentrations. ED visits for pneumonia and URI
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Figure 1. Season-specific (circles = March–October; triangles = November–February) rate ratios per 1–interquartile range increase in 3-day
moving average population-weighted ambient air pollutant concentrations for A) pneumonia and B) upper respiratory infections, Atlanta, Georgia,
1993–2010. Bars, 95%confidence intervals. CO, carbonmonoxide; EC, elemental carbon fraction of PM2.5; NH4, ammonium fraction of PM2.5; NO2,
nitrogen dioxide; NO3, nitrate fraction of PM2.5; O3, ozone; PM10, particulate matter less than 10 μm in diameter; OC, organic carbon fraction of
PM2.5; PM2.5, particulate matter less than 2.5 μm in diameter; SO4, sulfate fraction of PM2.5.
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were associated with both ozone and markers of primary
traffic pollution (e.g., nitrogen dioxide, carbon monoxide,
and the elemental carbon fraction of PM2.5) over the previ-
ous 3 days. Of the chemical constituents of PM2.5 we as-
sessed, the strongest associations were observed with the
carbon fraction of PM2.5, particularly organic carbon. For
all outcomes, rate ratios tended to be higher in children
aged 1–4 years compared with infants less than 1 year of
age. Although ED visits for bronchiolitis/bronchitis were
not positively associated with any pollutants, rate ratio esti-
mates in children aged 1–4 years were similar to those ob-
served for URI and pneumonia for several of the particulate
matter measures. For infant bronchiolitis, there was evidence

of model misspecification indicated by the lag negative 1 anal-
yses (future pollution).
The major limitation of our study, as in similar studies of

this kind, is misclassification of exposures and outcomes. We
defined outcome groups on the basis of the primary ICD-9
codes listed for ED visits, and misclassification of the type of
respiratory infection is likely, particularly in this age group.
Nonetheless, temporal patterns of the outcomes did show
some anticipated differences, with visits for bronchiolitis
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Figure 2. Rate ratios per 1–interquartile range increase in ozone
(O3), nitrogen dioxide (NO2), carbon monoxide (CO), particulate mat-
ter less than 2.5 µm in diameter (PM2.5), and the elemental carbon
fraction of PM2.5 (EC) from single-pollutant models and joint-effects
models (for a combined increase in the interquartile range of all pollu-
tants listed) for A) pneumonia and B) upper respiratory infection,
Atlanta, Georgia, 1998–2010. All estimates are based on 4,186 obser-
vation days with measurements for all 5 pollutants. Bars, 95% confi-
dence intervals.

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

R
at

e 
R

at
io

 

Single Pollutant Multiple Pollutant

PM2.5 SO4

Model

A)

B)

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

R
at

e 
R

at
io

 

Single Pollutant Multiple Pollutant

Model

NO3 EC OC SO4 NO3 EC OC

PM2.5 SO4 NO3 EC OC SO4 NO3 EC OC

Figure 3. Rate ratios per 1–interquartile range increase in compo-
nents of particulate matter less than 2.5 μm in diameter (PM2.5) from
single-pollutant models and from a multipollutant model including the
sulfate fraction of PM2.5 (SO4), nitrate (NO3), elemental carbon (EC),
and organic carbon (OC) for A) pneumonia and B) upper respiratory
infection, Atlanta, Georgia, 1998–2010. Bars, 95% confidence
intervals.
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showing steep peaks during the respiratory syncytial virus
(RSV) season and more variable, sustained increases in visits
for URI starting in the fall. Despite differences in the tempo-
ral patterns of the outcomes, associations with air pollutants
were generally similar among the outcomes, with the possible
exception of infant bronchiolitis, discussed below. We did
not present results for a combined respiratory outcome group
because these results would be driven by visits for URI,
which constituted the vastmajority of respiratory visits. Finally,
we note that our outcomemeasure of ED visits likely includes
children with more severe disease or less access to primary
health care; associations with air pollution may be weaker
or stronger for other population subgroups.

To calculate daily pollutant concentrations for the study
area, we used a spatially averaged approach with population
weights that used all available monitoring data on a given day
(15). However, the spatial variability of the pollutants exam-
ined varies considerably, with secondary pollutants (e.g.,
ozone and the sulfate and nitrate fractions of PM2.5) being
more spatially homogeneous and spatially correlated than
primary pollutants (e.g., carbon monoxide, nitrogen dioxide,
and the elemental carbon fraction of PM2.5) and pollutants
with both primary and secondary sources in between (i.e.,
the organic carbon fraction of PM2.5). We decided a priori
not to assess sulfur dioxide in this study because of the lim-
ited number of available monitors and extreme spatial hetero-
geneity in our study area. Our previous work exploring the
effects of measurement error in Atlanta suggests that the
net bias caused by measurement error in our study is likely
toward the null, especially for the more spatially heteroge-
neous pollutants (e.g., nitrogen dioxide, carbon monoxide,
and the elemental carbon fraction of PM2.5) (16, 18).

The strong positive correlations between the pollutants and
differences in spatial heterogeneity among the pollutants fur-
ther complicate interpretation, because any pollutant may be
serving as a surrogate of a less well-measured or unmeasured
copollutant (19). Although it is difficult to attribute effects to
specific pollutants in this study setting, our joint-effects mod-
els suggested that individual associations with primary traffic
pollutants (i.e., nitrogen dioxide, carbon monoxide, and the
elemental carbon fraction of PM2.5) could all be reflecting
the same underlying association, possibly with other unmea-
sured traffic-related pollutants such as ultrafine particles. In
contrast, multipollutant models combining ozone with nitro-
gen dioxide, carbon monoxide, or the elemental carbon frac-
tion of PM2.5 suggested independent effects of primary traffic
pollution and ozone.

Examination of the concentration-response for ozone
showed elevated rates of pneumonia and ED visits for URI
as low as 30 ppb (relative to 20 ppb), well below the National
Ambient Air Quality Standard of an 8-hour maximum of
75 ppb and lower than some estimates of policy-relevant
background concentrations (i.e., concentrations that would
exist in the absence of anthropogenic emissions) (20). Con-
trolled human exposure studies on healthy volunteers show
reduced lung function at ozone levels as low as 60 ppb,
although few experimental studies have assessed lower con-
centrations (20). Young children with underlying respiratory
infections may be more sensitive to low concentrations of
ozone than healthy volunteers. We also observed higher

rate ratios for ozone (for the same 27.8-ppb increase) in No-
vember to February, when concentrations are the lowest.
With few indoor sources of ozone, higher associations may
be observed for ozone in the coldest months because of
greater differences between personal exposure and ambient
concentrations in the warmer season. Children may be likely
to be outside on unusually warm, sunny days in the winter
and, thus, high ambient ozone is correlated with high personal
ozone exposure in the winter, whereas in the warmer months,
high-ozone days are also the most unpleasantly hot days in At-
lanta, when children stay inside and actually experience low
personal ozone exposure. Alternatively, our results could re-
flect unmeasured confounding involving behavior changes on
high-ozone days, such as increased vigorous activity on sunny
winter days leading to the exacerbation of respiratory disease.

The toxicity of airborne particles is likely to vary by chem-
ical composition, and a major strength of our study was the
availability of daily measurements of the major PM2.5 com-
ponents from multiple monitors in the study area over a
12-year period. We observed significant associations be-
tween the organic carbon fraction of PM2.5 and pneumonia
and URI and a suggestive association with bronchiolitis/
bronchitis among children aged 1–4 years, both of which
were robust to control for other PM2.5 components. Model re-
sults for the particulate matter components should be inter-
preted in light of differences in measurement error across
pollutants in our study area, with increasing spatial heteroge-
neity of pollutant concentrations observed from sulfate to ni-
trate to organic carbon to elemental carbon (15). Elemental
carbon is most spatially heterogeneous because it is a primary
pollutant from traffic sources; organic carbon in Atlanta is
from both primary combustion sources and secondary forma-
tion, derived from both biogenic and anthropogenic precur-
sors (21). Given the high correlation between organic carbon
and elemental carbon (r = 0.8) and the greater expected bias
toward the null for elemental carbon due to measurement
error (17, 18), it is possible that associations with organic car-
bon capture some of the true effect of elemental carbon. We
also observed an association between the sulfate fraction of
PM2.5, a secondary pollutant formed from coal-fired power
plant emissions, and URI and a suggestive association with
bronchitis/bronchiolitis among children aged 1–4 years, but
little evidence of an associationwith pneumonia.We note that
the power to detect associations was far greater for URI than
the other outcomes because of the larger number of visits.

Our extensive sensitivity analyses showed that results were
robust to alternative approaches for meteorological control
but were somewhat sensitive to the degrees of freedom in-
cluded in the cubic splines. Relative to the literature, our pri-
mary models included a large number of degrees of freedom
to control for time (12 knots/year) (22, 23). As shown inWeb
Figure 3, fewer degrees of freedom (less control for time)
generally led to slightly higher rate ratios, and more degrees
of freedom led to slightly lower rate ratios. Visual inspection
of the time splines (Web Figure 1) showed that our primary
models captured the systematic seasonal trends in the out-
comes of greatest concern for confounding but also ac-
counted for some of the finer-scale temporal variability in
the outcome. If our approach erred on the side of overcontrol
for time, our sensitivity analyses indicate that the true rate
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ratios for pollution would be slightly higher than those re-
ported for our primary analysis.
Our analysis of future pollution as an indicator of model

misspecification suggested that estimated associations for
the bronchiolitis outcome, particularly among infants, were
biased. Associations with the future pollution indicator
were not reduced by the inclusion of additional degrees of
freedom in the smooth functions of time, suggesting that re-
sidual confounding by seasonality or longer-term trends was
not the problem. Notably, at least 2 previous investigations
reported inverse associations between daily pollutant concen-
trations and bronchiolitis hospitalizations, findings that also
suggest the presence of an unmeasured confounder, because
it is unlikely that air pollution has a protective effect on bron-
chiolitis. In southern California, inverse associations between
traffic-related pollutants (nitrogen dioxide, carbon monoxide,
and PM2.5) over the previous 1–8 days and bronchiolitis
hospitalization among infants in winter were observed (24).
Similarly, in Vietnam, inverse associations between PM10,
nitrogen dioxide, and ozone averaged over the previous 6
days and hospitalization for acute lower respiratory infection
in children less than 5 years of age were observed only in the
rainy (i.e., the RSV) season (8). There is evidence that RSV
epidemics are influenced by meteorological factors, either
directly or through indirect effects on behavior (25), although
these relationships are poorly understood. Similar to the Viet-
nam study, our control for rainfall over the previous 3 days
did not change the pollutant estimates. Although we did
not observe a protective association, our future pollution
analyses similarly suggest a bias in our bronchiolitis results.
It is possible that there is a complex interaction between
meteorological factors and circulating RSV that is not cap-
tured adequately by our models or those used in previous
studies. A better understanding of the relationship between
meteorological factors and RSV may help improve estima-
tion of potential acute associations between air pollution
and bronchiolitis.
In summary, we observed independent effects of ozone

and primary traffic pollutants on ED visits for pneumonia
and URI and evidence that the carbon fraction of PM2.5

may be a particularly harmful component of the PM2.5 mix-
ture for respiratory infections in children. The modest in-
creases in risk that we observed translate into large public
health impacts when considering the prevalence of the expo-
sure and pediatric diseases assessed.
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