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Abstract

Background: Many studies have evaluated associations between asthma emergency department (ED) visits, hospital
admissions (HAs), and ambient ozone (O3) across the US, but not in Texas. We investigated the relationship between
O3 and asthma HAs, and the potential impacts of outdoor pollen, respiratory infection HAs, and the start of the school
year in Texas.

Methods: We obtained daily time-series data on asthma HAs and ambient O3 concentrations for Dallas, Houston, and
Austin, Texas for the years 2003–2011. Relative risks (RRs) and 95% confidence intervals (CIs) of asthma HAs per 10-ppb
increase in 8-h maximum O3 concentrations were estimated from Poisson generalized additive models and adjusted
for temporal trends, meteorological factors, pollen, respiratory infection HAs, day of the week, and public holidays. We
conducted a number of sensitivity analyses to assess model specification.

Results: We observed weak associations between total asthma HAs and O3 at lags of 1 day (RR10 ppb = 1.012, 95% CI:
1.004–1.021), 2 days (RR10 ppb = 1.011, 95% CI: 1.002–1.019), and 0–3 days (RR10 ppb = 1.017, 95% CI: 1.005–1.030). The
associations were primarily observed in children aged 5–14 years (e.g., for O3 at lag 0–3 days, RR10 ppb = 1.037, 95% CI:
1.011–1.064), and null in individuals 15 years or older. The effect estimates did not change significantly with adjustment
for pollen and respiratory infections, but they attenuated considerably and lost statistical significance when August and
September data were excluded. A significant interaction between time around the start of the school year and O3 at lag
2 day was observed, with the associations with pediatric asthma HAs stronger in August and September (RR10 ppb = 1.040,
95% CI: 1.012–1.069) than in the rest of the year (October–July) (RR10 ppb = 1.006, 95% CI: 0.986–1.026).

Conclusions: We observed small but statistically significant positive associations between total and pediatric asthma HAs
and short-term O3 exposure in Texas, especially in August and September. Further research is needed to determine how
the start of school could modify the observed association between O3 and pediatric asthma HAs.
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Background
Asthma is a chronic lung disease characterized by in-
flammation and narrowing of the conducting airways.
Acute exacerbations can be triggered by a variety of
factors, including stress, physical exertion, airborne
allergens, respiratory infections, and both indoor and
outdoor air pollutants [1, 2]. Asthma exacerbations can
be life-threatening if not treated and are one of the most
common causes of emergency department (ED) visits
and hospital admissions (HAs) in the US.

Numerous time-series and case-crossover epidemi-
ology studies have been conducted to evaluate whether
incidence rates of asthma ED visits and HAs increase
following short-term increases in regional ozone (O3)
concentrations. These studies have been conducted in a
variety of locations across North America, and include
analyses of ED visits for asthma in New York City [3],
Atlanta [4], Seattle [5], and Canada [6, 7], and analyses
of asthma HAs in New York City [8] and Seattle [9].
Most of these studies reported small, statistically signifi-
cant elevations of population-average ED visits and HAs
for asthma in the days following elevated O3 levels, and
some evidence indicates that certain groups are more

* Correspondence: jgoodman@gradientcorp.com
1Gradient, 20 University Road, Cambridge, MA 02138, UK
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Goodman et al. Asthma Research and Practice  (2017) 3:6 
DOI 10.1186/s40733-017-0034-1

http://crossmark.crossref.org/dialog/?doi=10.1186/s40733-017-0034-1&domain=pdf
mailto:jgoodman@gradientcorp.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


susceptible to O3 exposure, including children [8] and
the elderly [10].
In Texas, where O3 is monitored on a year-round

basis, O3 levels have sometimes exceeded the National
Ambient Air Quality Standard (NAAQS) in Dallas-Fort
Worth, Houston-Galveston-Brazoria, and Austin areas
from 2003 to 2011 [11]. For example, in 2009–2011, the
annual fourth highest daily maximum 8-h average O3

concentrations at the majority of monitoring sites in the
Dallas-Fort Worth and Houston-Galveston areas
exceeded the then-current O3 NAAQS of 75 parts per
billion (ppb). Between 2007 and 2010, Dallas County
and Harris County also reported the highest number of
HAs for asthma in Texas [12].
Despite elevated O3 concentrations and the relatively

high burden of asthma in Dallas and Houston, to our
knowledge, no studies have measured associations
between daily O3 exposure and either HAs or ED visits
for asthma in any regions of Texas. Thus, we conducted
a time-series study of ambient O3 and HAs for asthma
in Dallas, Houston, and Austin, the three metropolitan
areas for which pollen data are available, with stratifica-
tion by patient age, to determine whether associations
vary with age. Because time-series analyses of short-term
effects of air pollution can be confounded by time-
varying factors associated with both exposure and
outcome, we aimed to thoroughly investigate several
potential factors known to affect the risk of asthma exacer-
bations, including outdoor pollen and other aeroallergens,
respiratory infection HAs, and – for children – the return
to school in August and September. Finally, our analytic
approach included a rigorous assessment of model specifi-
cation, as previous research has demonstrated that results
of time-series studies are sensitive to statistical modeling
approaches [13, 14].

Methods
Hospital admission data
We obtained daily hospital discharge data from 2003 to
2011 from the Texas Department of State Health
Services (TDSHS), for patients who were hospitalized in
emergency or urgent care departments in Houston,
Dallas, or Austin with a primary diagnosis of asthma
(International Classification of Disease, 9th Revision
[ICD-9] code 493). Because asthma diagnoses in younger
children are not reliable [15], we excluded patients who
were younger than 5 years old.
Our study was reviewed and approved by the TDSHS

Institutional Review Board (IRB).

Ambient ozone data
The Texas Commission on Environmental Quality (TCEQ)
maintains ambient air monitoring stations, where ambient
O3 concentrations are monitored year round. We obtained

ambient O3 monitoring data from 2003 to 2011 for three
metropolitan areas – Dallas (8 monitoring sites), Houston
(44 monitoring sites), and Austin (6 monitoring sites) –
from TCEQ. We calculated site-specific daily maximum
8-h moving average O3 concentrations and averaged over
all sites within each area to obtain area-specific daily
average 8-h maximum O3 concentrations over the entire
time period.

Meteorological data
We obtained daily mean temperatures and daily dew
point temperatures, which were also measured at air
monitoring stations, for the same time period and areas
from TCEQ. We calculated area-level daily averages of
these meteorological variables.

Pollen data
The National Allergen Bureau (NAB), a section of the
American Academy of Allergy, Asthma and Immunology
(AAAAI), provides aeroallergen levels from a network of
counting stations throughout the US. We obtained the
data on daily total pollen and aeroallergen counts from
the Allergy and Asthma Center in Georgetown (Austin)
from NAB, and we obtained the data for Dallas
(ENTDocs Ear, Nose, Throat & Allergy Testing & Treat-
ment in Plano; Family Allergy and Asthma Care in
Flower Mound) and Houston (Station 2) directly from
the individual stations. Because there are no data
available for weekends and holidays, we imputed the
missing values as described by Gleason et al. [16].
Briefly, a day with missing pollen counts was assigned
the pollen counts from the previous day for up to three
consecutive days with missing values. If there were more
than three consecutive days with missing pollen values,
the remainder of the days were given the pollen value
from the succeeding day.

Statistical analysis
Based on patient residential zip code, we aggregated
individual-level data to metropolitan area-level daily
counts of total asthma HAs, as well as asthma HAs for
three specific age groups (5–14 years, 15–64 years, and
65 years and older) in Houston, Dallas, and Austin.
We used a Poisson Generalized Additive model to

estimate the relative risks (RRs) and 95% confidence in-
tervals (CIs) for asthma HAs associated with a 10-ppb
increase in ambient O3 concentrations at various lags,
including single-day lags from current day to six days
prior (lag 0, 1, 2, 3, 4, 5, and 6), and multiple-day lags of
day 0 to 3 days prior (lag 0–3) and day 0 through six
days prior (lag 0–6). For each area, we included the
natural logarithm of population size as an offset term
and the counts of asthma HAs in the previous four days
as covariates to account for autocorrelations in the
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dependent variable. We adjusted for temporal trend, im-
mediate and delayed effects of meteorological factors,
day of the week, and public holidays. We combined the
area-specific effect estimates using a random effects
model. No significant overdispersion was observed in
the time-series data.
The main model is:

log E Y tð Þ½ � ¼ log Popj
� �

þ αþ β� Ozonet þ γ � DOWt

þξ �Holidayt þ Areaj þ ns timet ;
8

year

� �

þns Templag0t ; 3
� �

þ ns Templag13t ; 3
� �

þns Dewlag0t ; 3
� �þ ns Dewlag13t; 3

� �

þυ1 � Y t−1 þ υ2 � Y t−2 þ υ3 � Y t−3

þυ4 � Y t−4;

where.
E(Yt) = the expected count of asthma HAs on day t.
Popj = the total population of the jth area
Ozonet = the O3 concentrations on day t
DOWt = the categorical variable with seven levels spe-

cifying the day of the week on day t
Holidayt = the indicator variable specifying whether

day t is a federal holiday
Areaj = a random intercept for area j
ns(timet, 8 df/year) = a cubic spline function of time

with eight knots per year to control for temporal trends
ns(Templag0t, 3) = a cubic spline function of the

current-day average temperature with 3 degrees of
freedom
ns(Templag13t, 3) = a cubic spline function of the aver-

age of lag 1 through 3 day temperature with 3 degrees of
freedom
ns(Dewlag0t, 3) = a cubic spline function of the current-

day dew point with 3 degrees of freedom
ns(Dewlag13t, 3) = a cubic spline function of the average

of lag 1 through 3 day dew point with 3 degrees of
freedom
Yt − 1, Yt − 2, Yt − 3, and Yt − 4 = lag 1, lag 2, lag 3, and lag

4 day of asthma HA counts on day t.
We evaluated pollen levels as a potential confounder

for the O3-asthma association. Daily pollen counts were
added into the main model in different forms. First, we
created a categorical variable (0, <25th percentile, ≥25th
percentile and <50th percentile, ≥50th percentile and
<75th percentile, ≥75th percentile). Second, we log-
transformed daily pollen counts to improve normality
(Additional file 1 Fig. S1) and included log(pollen
counts) in the model as a linear term. Third, we used
the cubic spline of daily pollen counts with 3 degrees of
freedom. Similar approaches were used for aeroallergen

counts (Additional file 1 Fig. S2). We evaluated various
lags of pollen and aeroallergen counts, including same
day (lag 0), previous day (lag 1), two days prior (lag 2),
and the average of 0 to 2 days prior (lag 0–2). Because
there are two counting stations for Dallas, we used the
data from the Plano station in the main analysis and the
data from the Flower Mound station for sensitivity
analyses.
In addition to pollen, we also evaluated whether re-

spiratory infection HAs would confound the association
between ambient O3 and asthma HAs. We identified
patients with primary diagnoses of respiratory infections
(pneumonia, ICD-9 codes 480–486; upper respiratory
infection, ICD-9 codes 460–465; influenza, ICD-9 code
487) and generated area-level daily counts of total re-
spiratory infections. We evaluated the short-term effect
of respiratory infection HAs by adding the same-day
total respiratory infection HAs (lag 0) and the average of
lag 0 through 2 day total respiratory infection HAs (lag
0–2) into the model as either a linear covariate or cubic
splines with 3 degrees of freedom.
We also examined whether the start of the school year

would impact the association between ambient O3 and
asthma HAs. We first excluded days from August and
September and estimated risks of total asthma HAs and
pediatric asthma HAs for children aged 5 to 14 years.
We also created an indicator variable for the two
months of August and September and included the indi-
cator variable and/or the product terms of this indicator
variable and the O3 variables in regression models to
evaluate confounding and effect modification.
We conducted a series of sensitivity analyses to examine

whether specifications of models and covariates impact
the results. First, pollen data from the Flower Mound sta-
tion, instead of Plano, were used for Dallas. Second, we
used different degrees of freedom per year for the tem-
poral splines. Third, we used different degrees of freedom
splines of temperature and dew point. To evaluate
whether the model would give rise to spurious associa-
tions, we conducted two sensitivity analyses: 1) including
O3 concentrations at lag −1 day in the model, and 2) using
a health endpoint that is unrelated to ambient air
pollution (acute appendicitis, ICD-9 code 540) as the
dependent variable. Last, we repeated all analyses with
total aeroallergen (pollen and mold) counts instead of
pollen counts. Only two metropolitan areas, Dallas and
Houston, were included in this sensitivity analysis because
data on mold were not available for Austin.
All statistical analyses were conducted using SAS 9.4

(SAS Institute Inc., Cary, NC).

Results
There were a total of 74,824 asthma HAs in Dallas,
Houston, and Austin, Texas from 2003 to 2011, which
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included 16,879 patients 5 to 14 years of age
(mean ± standard deviation [SD]: 1.7 ± 2.0 daily visits),
40,991 who were 15 to 64 years of age (4.2 ± 3.0 daily
visits), and 16,954 who were 65 years of age or older
(1.7 ± 1.6 daily visits). The mean area-level 8-h
maximum ambient O3 concentration for all three metro-
politan areas was 41.8 ppb. Daily pollen counts were on
average about 300, with a wide range from 0 to over
30,000. The average temperature was 68.1 °F (range:
16.6–97.7), and the average dew point temperature was
55.1 °F (range: 6–76.8). Correlations between these fac-
tors were generally weak but highly statistically signifi-
cant. O3 appeared to be positively correlated with
temperature (r = 0.3) and pollen counts (r = 0.2), and
negatively correlated with asthma HAs (r = −0.1). De-
scriptive statistics and pairwise correlations for asthma
HAs, ambient O3, pollen, and meteorological factors are
presented in Tables 1 and 2. Among the three metropol-
itan areas, ambient O3 concentrations and meteoro-
logical factors were comparable, but Dallas had lower
average daily pollen counts than Austin and Houston
(Additional file 1 Table S1).
Adjusted RRs for total and age-specific asthma HAs

per 10-ppb increase in ambient O3 concentrations at
various lags are presented in Table 3. For total asthma
HAs, the association with same-day 8-h maximum O3
concentrations was null (RR = 1.007; 95% CI: 0.998–
1.015). Total asthma HAs were positively associated with
O3 concentrations the previous day (lag 1) (RR = 1.012;
95% CI: 1.004–1.021) and two days prior (lag 2)
(RR = 1.011; 95% CI: 1.002–1.019), and with the average
of O3 concentrations 0 to 3 days prior (lag 0–3)
(RR = 1.017; 95% CI: 1.005–1.030). The effect of O3 on
pediatric asthma HAs was stronger, with statistically sig-
nificant associations observed for all three single-day
lags (O3 at lag 0 day: RR = 1.027, 95% CI: 1.008–1.047;
lag 1 days: RR = 1.025, 95% CI: 1.007–1.043; lag 2 day:
RR = 1.019, 95% CI: 1.001–1.038) and the multiple-day

lag (O3 at lag 0–3 days: RR = 1.037, 95% CI: 1.011–
1.064). In contrast, O3 was not statistically significantly
associated with asthma HAs in patients aged 15 years or
older for most lag periods. Total and age-specific asthma
HAs were generally not statistically significantly associ-
ated with O3 concentrations at more than two days prior
to the outcome, i.e., lag 3, 4, 5, 6 day and lag 0–6 day-
s(Additional file 1 Table S2).
We evaluated daily pollen levels and total respiratory

infection HAs as potential confounders for the associa-
tions between ambient O3 concentrations and total and
pediatric asthma HAs (Table 4). Adjustment for daily
pollen counts alone (Model 2), or in combination with
total respiratory infection HAs (Model 3), did not im-
pact the effect estimates for O3 in any meaningful way.
The generally null associations between ambient O3 con-
centrations and asthma HAs for patients aged 15 years
or older were not changed with the adjustment for
pollen counts and total respiratory infection HAs (data
not shown). Using a linear term, categorical variables, or
cubic splines to specify pollen counts had little impact
on the risk estimates of O3 (Additional file 1 Table S3).
Using pollen data from a different counting station for
Dallas also did not change the results significantly (Add-
itional file 1 Table S4). Pollen counts and total respira-
tory infection HAs expressed with a linear term, as a
categorical variable, or cubic splines at various lags were
evaluated, but the observed confounding effects by these
two factors were minimal at all lags (Additional file 1
Table S5). Using total aeroallergen counts instead of
pollen counts did not result in any greater changes in
the risk estimates for O3 (Additional file 1 Table S6).
We also considered the impact of the start of the

school year on the observed associations between ambi-
ent O3 and total and pediatric asthma HAs (Table 4).
Excluding data from August and September, the RRs for
O3 and total asthma HAs were attenuated and generally
did not remain statistically significant. Similarly,

Table 1 Daily asthma HAs, ambient O3 concentrations, pollen counts, and meteorological variables in Dallas, Houston, and Austin,
Texas, from 2003 to 2011

Variable name N of days
with data

Mean SD Minimum 10th

Percentile
25th

Percentile
Median 75th

Percentile
90th

Percentile
Maximum

Daily asthma HAs, all ages (N) 9861 7.6 5.1 0 2 3 7 11 15 32

Daily asthma HAs, 5–14 years (N) 9861 1.7 2.0 0 0 0 1 3 4 17

Daily asthma HAs, 15–64 years (N) 9861 4.2 3.0 0 1 2 4 6 8 19

Daily asthma HAs, 65+ years (N) 9861 1.7 1.6 0 0 0 1 3 4 12

Daily 8-h maximum O3 (ppb) 9839 41.8 14.5 2.0 24.9 31.3 39.7 51.3 62.3 107.0

Daily total pollen counts (N) 9861 283.5 1007.6 0 0 3 26 163 664 30,961

Temperature (°F) 9840 68.1 14.3 16.6 47.2 57.9 70.3 80.1 84.6 97.7

Dew point temperature (°F) 9845 55.1 15.4 6 31.6 43.5 59.5 68.2 72 76.8

HA hospital admission, ppb parts per billion, SD standard deviation, O3 ozone
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associations between O3 and pediatric asthma HAs be-
came null when data around the start of school year
were excluded from the analyses.
We further evaluated whether the time period

around the start of school year confounded and/or
modified the associations between pediatric asthma
HAs and ambient O3 concentrations (Table 5).
Inclusion of an indicator variable for the two months
of August and September resulted in only minimal
changes in the risk estimates for ambient O3 concen-
trations, suggesting that this time period did not
confound the observed association between pediatric
asthma HAs and ambient O3. Results from Model 3
show that the effect estimates of ambient O3 concen-
trations at lag 2 day were considerably stronger in
August and September (RR = 1.040, 95% CI: 1.012–
1.069) than those in the rest of the year (October–
July) (RR = 1.006, 95% CI: 0.986–1.026). The interac-
tions, however, were not significant for same-day
concentrations (pinteraction = 0.24), previous-day
concentrations (pinteraction = 0.75), and concentrations

at lag 0–3 days (pinteraction = 0.12). This finding sug-
gests that the association between pediatric asthma
HAs and ambient O3 at lag 2 day was modified by
the time period around the start of the school year.
Finally, we conducted a series of sensitivity analyses

regarding model and covariate specifications. We found
that the results were not sensitive to increased degrees
of freedom in cubic splines of temperature and dew
point (Additional file 1 Table S7). We also evaluated
whether assuming 4, 8, or 12 degrees of freedom in the
temporal splines impacted results for all ages combined
or specific age categories, and for lags of 0, 1, 2, and 0–-
3 days. We found that effect estimates for O3 were
higher when assuming 4 degrees of freedom vs. 8, but
the results were similar for 8 and 12 degrees of freedom
(Additional file 1 Table S8). O3 concentrations at lag −1 day
were not associated with asthma HAs (Additional file 1
Table S9), nor were acute appendicitis HAs associated with
ambient O3 levels (Additional file 1 Table S10), indicating
that the main model did not give rise to spurious
associations.

Table 2 Spearman correlation coefficients for total daily asthma HAs, ambient O3 concentrations, pollen counts, and meteorological
variables in Dallas, Houston, and Austin, Texas, from 2003 to 2011

Correlation coefficients
(p-value)

Asthma HAs Average temperature Dew point Daily 8-h maximum O3 Daily total pollen counts

Asthma HAs 1 −0.3 −0.2 −0.1 0.1

(<0.0001) (<0.0001) (<0.0001) (<0.0001)

Average temperature −0.3 1 0.9 0.3 −0.2

(<0.0001) (<0.0001) (<0.0001) (<0.0001)

Dew point −0.2 0.9 1 0.1 −0.2

(<0.0001) (<0.0001) (<0.0001) (<0.0001)

Daily 8-h maximum O3 −0.1 0.3 0.1 1 0.2

(<0.0001) (<0.0001) (<0.0001) (<0.0001)

Daily total pollen counts 0.1 −0.2 −0.2 0.2 1

(<0.0001) (<0.0001) (<0.0001) (<0.0001)

HA hospital admission, O3 ozone

Table 3 Relative risksa of asthma HAs per 10 ppb increase in daily 8-h maximum O3 concentrations in Dallas, Houston, and Austin,
Texas, from 2003 to 2011

Asthma HAs Same day (lag 0) 1-day lag (lag 1) 2-day lag (lag 2) 4-day average (lag 0–3)

RRa (95% CI) p-value RRa (95% CI) p-value RRa (95% CI) p-value RRa (95% CI) p-value

All ages 1.007
(0.998–1.015)

0.15 1.012
(1.004–1.021)

0.004 1.011
(1.002–1.019)

0.01 1.017
(1.005–1.030)

0.005

5–14 years 1.027
(1.008–1.047)

0.01 1.025
(1.007–1.043)

0.01 1.019
(1.001–1.038)

0.03 1.037
(1.011–1.064)

0.01

15–64 years 1.005
(0.993–1.017)

0.41 1.011
(1.000–1.023)

0.05 1.005
(0.994–1.016)

0.39 1.015
(0.999–1.032)

0.07

65+ years 0.996
(0.977–1.014)

0.64 1.004
(0.986–1.022)

0.67 1.016
(0.998–1.034)

0.07 1.005
(0.980–1.031)

0.69

HA hospital admission, ppb parts per billion, RR relative risk, O3 ozone, CI confidence interval
aRRs were estimated from Poisson generalized additive models and adjusted for cubic splines of calendar time (8 d.f. per year), cubic splines of same-day
temperature (3 d.f.), cubic splines of the average of lag 1 through 3 day temperature (3 d.f.), cubic splines of same-day dew point (3 d.f.), cubic splines of the
average of lag 1 through 3 day dew point (3 d.f.), day of the week, and public holidays
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Table 4 Relative risks of asthma HAs per 10-ppb increase in daily 8-h maximum O3 concentrations, with adjustments for pollen and
respiratory infections, in Dallas, Houston, and Austin, Texas from 2003 to 2011

O3 concentrations Model 1a Model 2b Model 3c

Full year October–July Full year October–July Full year October–July

Asthma HAs, all ages

Same day 1.007
(0.998–1.015)

0.999
(0.988–1.009)

1.005
(0.997–1.014)

0.998
(0.987–1.008)

1.005
(0.996–1.014)

0.997
(0.986–1.008)

Lag 1 day 1.012
(1.004–1.021)

1.011
(1.001–1.021)

1.011
(1.003–1.020)

1.010
(1.000–1.021)

1.010
(1.001–1.018)

1.008
(0.998–1.018)

Lag 2 day 1.011
(1.002–1.019)

1.008
(0.998–1.018)

1.010
(1.002–1.019)

1.008
(0.998–1.018)

1.008
(1.000–1.016)

1.005
(0.995–1.015)

Lag 0–3 days 1.017
(1.005–1.030)

1.011
(0.996–1.026)

1.016
(1.004–1.028)

1.010
(0.995–1.025)

1.013
(1.001–1.025)

1.006
(0.991–1.021)

Asthma HAs, 5–14 years

Same day 1.027
(1.008–1.047)

1.014
(0.991–1.039)

1.024
(1.005–1.044)

1.013
(0.989–1.037)

1.023
(1.004–1.043)

1.012
(0.988–1.037)

Lag 1 day 1.025
(1.007–1.043)

1.018
(0.996–1.041)

1.023
(1.005–1.041)

1.018
(0.996–1.041)

1.022
(1.004–1.040)

1.016
(0.994–1.039)

Lag 2 day 1.019
(1.001–1.038)

0.999
(0.977–1.021)

1.018
(1.0002–1.036)

0.999
(0.977–1.021)

1.016
(0.998–1.034)

0.997
(0.975–1.019)

Lag 0–3 days 1.037
(1.011–1.064)

1.011
(0.978–1.045)

1.034
(1.008–1.060)

1.010
(0.977–1.044)

1.031
(1.005–1.058)

1.007
(0.974–1.041)

HA hospital admission, O3 ozone
aModel 1 adjusted for cubic splines of calendar time (8 d.f. per year), cubic splines of same-day temperature (3 d.f.), cubic splines of the average of lag 1 through
3 day temperature (3 d.f.), cubic splines of same-day dew point (3 d.f.), cubic splines of the average of lag 1 through 3 day dew point (3 d.f.), day of the week, and
public holidays
bModel 2 was Model 1 with additional adjustment for total pollen counts (lag 0–2 days, categorical)
cModel 3 was Model 1 with additional adjustment for total pollen counts (lag 0–2 days, categorical) and total respiratory infection HAs (lag 0–2 days, cubic splines
with 3 d.f.)

Table 5 Relative risks of pediatric asthma HAs (5–14 years) per 10-ppb increase in daily 8-h maximum O3 concentrations, stratified
by time period, with adjustments for pollen and respiratory infections, in Dallas, Houston, and Austin, Texas from 2003 to 2011

O3 concentrations Model 1a Model 2b Model 3c

Full year Full year August–September October–July

Same day 1.023
(1.004–1.043)

1.023
(1.004–1.043)

1.036
(1.007–1.066)

1.017
(0.995–1.039)

Pinteraction = 0.24

Lag 1 day 1.022
(1.004–1.040)

1.021
(1.003–1.040)

1.025
(0.997–1.054)

1.020
(0.999–1.041)

Pinteraction = 0.75

Lag 2 day 1.016
(0.998–1.034)

1.016
(0.998–1.034)

1.040
(1.012–1.069)

1.006
(0.986–1.026)

Pinteraction = 0.03

Lag 0–3 days 1.031
(1.005–1.058)

1.031
(1.005–1.057)

1.053
(1.015–1.093)

1.020
(0.991–1.050)

Pinteraction = 0.12

HA hospital admission, ppb parts per billion, SD standard deviation, O3 ozone
aModel 1 adjusted for cubic splines of calendar time (8 d.f. per year), cubic splines of same-day temperature (3 d.f.), cubic splines of the average of lag 1 through
3 day temperature (3 d.f.), cubic splines of same-day dew point (3 d.f.), cubic splines of the average of lag 1 through 3 day dew point (3 d.f.), day of the week, pub-
lic holidays, total pollen counts (lag 0–2 days, categorical), and total respiratory infection HAs (lag 0–2 days, cubic splines with 3 d.f.)
bModel 2 was Model 1 with additional adjustment for the start of school year (indicator variable for August/September)
cModel 3 was Model 1 with additional adjustment for the start of school year (indicator variable for August/September) and the interaction between the start of
school year and ambient O3 concentrations
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Discussion
In an all-year time-series analysis of ambient O3 and
asthma HAs in three major metropolitan regions of
Texas, we found small, statistically significant increases
in daily rates of total asthma HAs one to 3 days follow-
ing elevated O3 levels. Associations were strongest for
the 5- to 14-year-old age group, but null for people over
the age of 14. The observed effects of ambient O3 on
asthma HAs in school-age children appeared to be
stronger in the time period around the start of school
year (August and September) but were null in the rest of
the year (October–July). In sensitivity analyses, we evalu-
ated whether the strength and precision of estimates
varied with differences in model specification, and we
found that our results were robust to most variations. It
is unknown whether any such model misspecification
would affect the validity of associations at shorter lags.
Only a few studies have evaluated O3 and asthma ex-

acerbations in Texas. In a study of lifeguards in the
Galveston area, Thaller et al. [17] reported that short
term O3 exposure was associated with a reduced ratio of
forced expiratory volume in one second to forced vital
capacity (FEV1/FVC), with a greater decrease observed
for individuals with asthma (change = −0.6, p < 0.05)
than nonasthmatics (change = −0.4, p < 0.01). Zora et al.
[18], however, reported that O3 was not associated with
worsened control of asthma in El Paso, Texas (change in
asthma control questionnaire score = 0.006, p = 0.9).
Raun et al. [19] conducted a study of ambient O3 and
ambulance-treated asthma attacks in Houston and re-
ported a small elevation in asthma events associated
with a 20-ppb increase in O3 concentrations at lag 0–
2 days (RR = 1.07, 95% CI: 1.03–1.11). These studies var-
ied considerably with regard to methodology and asthma
exacerbation endpoints, and reported inconsistent re-
sults. The association between ambient O3 concentra-
tions and emergency/urgent care asthma HAs observed
in our study was similar to the findings of Raun et al.
[19], likely due to the similarity between the asthma
exacerbation endpoints evaluated.
It is notable that our results are quantitatively similar

to those of other time-series and case-crossover investi-
gations of ambient O3 and asthma ED visits and HAs
conducted in locations across the world. Recently, Zheng
et al. [20] conducted a systematic review of all published
epidemiology analyses of this topic; pooling the results
of 71 studies in a meta-analysis, Zheng et al. [20] esti-
mated a meta-RR of 1.018 (95% CI: 1.013, 1.023) per
10-ppb increase in O3 for individuals of all ages. This is
comparable to the magnitude of associations with total
asthma HAs we observed in our main analyses.
In addition to our core analysis, a primary objective of

our investigation was to determine whether observed as-
sociations between O3 and rates of asthma HAs were

affected by various time-varying factors that could con-
found ecological relationships between air pollution and
respiratory health. Because any true associations be-
tween air pollution and health are small in absolute
magnitude, residual or unmeasured confounding can
strongly impact the accuracy of study results [14]. In
contrast to observational study designs in which
individual-level health, exposure, and covariate data are
collected (i.e., panel studies or prospective cohort
studies), time-series studies are ecological in design and
information on potential confounders is not available for
specific individuals. Typically, confounding by time-
varying factors is addressed in time-series analyses using
flexible splines of calendar time, presumed to act as sur-
rogates for potential confounders that vary on long to
moderate time frames, on the order of months, seasons,
or years [21].
We assessed whether the association between O3 and

asthma was affected by accounting for the “September
effect,” a spike in rates of asthma exacerbations for
school-age children that occurs following the beginning
of each new school year [22]. Researchers have ascribed
this increase in asthma exacerbations to a variety of fac-
tors, including stress [22] or exposure to respiratory
viruses [23], and some time-series analyses of pediatric
asthma exclude the period at the beginning of the school
year to avoid confounding by this factor [3]. Excluding
August and September from our analysis substantially
affected our results (effect estimates were strongly atten-
uated and less precise). Further evaluation revealed that
the time period around the start of school year was not
a confounder, but an effect modifier for the observed
associations between ambient O3 and asthma HAs
among school-age children. Effects of O3 appeared to be
stronger in August and September compared to the rest
of the year. This interaction observed in our study
suggests that children are more susceptible to O3 during
this period (perhaps because of stress or increased viral
infections).
We also explored the possibility that observed associa-

tions between O3 and asthma hospitalizations were
confounded by exposure to airborne pollen. Previous re-
search indicates that increased regional concentrations
of outdoor aeroallergens are associated with increases in
numerous outcomes related to respiratory morbidity,
including asthma ED visits [16, 24–26] and asthma
hospitalizations [27]. If daily O3 concentrations are even
slightly correlated with ambient pollen concentrations,
measured associations between O3 and asthma exacerba-
tions could be confounded. Correlation coefficients be-
tween measured O3 and pollen for a particular study
region may not reflect the direction or magnitude of
true correlation in the case that either measurement is
affected by random measurement error.
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To address the hypothesis that asthma-O3 associations
were confounded by ambient pollen, we adjusted for
concentrations of outdoor pollen measured at regional
stations up to two days prior to the date of outcome.
We observed minimal impact on the associations be-
tween O3 and daily asthma HAs for any age group.
Based on this finding alone, however, we cannot rule out
the possibility that outdoor pollen and other aeroaller-
gens are confounders for the O3-asthma association. We
used pollen counts measured at stations in Houston,
Dallas, and Austin to estimate exposures in the study
population, but this approximation may poorly reflect
actual pollen exposures. Pollen exposures generally ex-
hibit a high degree of spatial variability across a region
and, as a result, the concentrations from local stations
may be poor surrogates for true exposure. In addition,
airborne pollen is a highly heterogeneous mixture. Only
sensitized individuals are likely to experience respiratory
effects on days of elevated pollen levels, and, further-
more, the risk of respiratory effects for each sensitized
individual varies strongly by type of pollen, because dif-
ferent individuals are sensitized to one or more types of
pollen. Therefore, the ecological design of our study, as
well as the measurement error associated with estimates
of pollen exposure, may limit our model’s ability to ac-
curately account for any true confounding by pollen that
may exist. In addition, the shape of the dose-response
relationship between pollen exposure and asthma exac-
erbations, on either the population or individual level, is
unknown; one recent analysis indicated that the associa-
tions between ambient pollen and respiratory health var-
ies strongly by the form of the pollen covariate included
in statistical models [24]. Thus, our finding of limited
confounding by pollen in our study region may have
occurred because pollen exposure is incorrectly specified
in our models.
Similarly, we pursued the hypothesis that confounding

could occur in time-series studies of O3 and asthma due
to the very strong association between respiratory infec-
tions and asthma exacerbations. For example, viral infec-
tions are the single most important trigger of pediatric
asthma exacerbations, estimated to cause over 80% of
acute exacerbations [28]. Panel studies and time-series
studies of air pollution and asthma have presented some
evidence that respiratory infections may confound ob-
served associations [4, 29]. We assessed evidence for any
such confounding in our study population by adding ad-
justment variables derived from daily counts of HAs for
respiratory infections. Specifically, we varied lag relation-
ships and functional forms for total respiratory infection
HAs for inclusion in statistical models. We observed
little evidence that respiratory HAs confounded relation-
ships between O3 and total and pediatric asthma HAs in
Texas. Previous studies have shown that specific viruses

increase risk of asthma exacerbations while others
viruses do not [30]. Because respiratory infection
HAs were only a crude proxy measure of individual
exposure to respiratory infections, our analyses
cannot rule out confounding by respiratory infec-
tions completely.
There are several strengths of our investigation that

should be considered when interpreting our results, in-
cluding the large sample size in our analysis and the use
of area-specific monitoring data to estimate daily O3 ex-
posures to populations living in different areas of the
study region. We explored confounding by pollen, re-
spiratory infection HAs, and the start of the school year,
using an alternative approach to adjusting for flexible
functions of calendar time, which is the approach typic-
ally used to approximate seasonal changes in time-
varying confounders. We also rigorously assessed the
robustness of our model specification, including an
analysis evaluating the associations between asthma
HAs occurring the day before O3 exposure [31] and a
negative control analysis, in which we evaluated
whether acute appendicitis was associated with O3

[32]. Results of these sensitivity analyses did not pro-
vide evidence for model misspecification; however,
these sensitivity analyses cannot completely rule out
all forms of model misspecification. The fact that our
analyses for extended lag periods consistently indi-
cated a statistically significant decrease in asthma
HAs six days following an increase in ambient O3

supports the potential for model misspecification,
because it is unlikely that O3 truly protects against
asthma exacerbations six days later.
In addition to the uncertainties in model specification

and in estimating true exposure to airborne pollen and
respiratory infections, additional limitations in our time-
series approach should be acknowledged. Like many
other time-series studies, we estimated daily O3 expos-
ure using measurements from central site monitors in
each metropolitan area, and these estimates may vary
substantially from true O3 exposures in the study popu-
lation. The resultant exposure measurement error could
be classical and/or Berkson in nature, biasing effect esti-
mates and standard errors in directions that are difficult
to predict [33]. Additional data collection would be
needed to characterize the precise effect of this error on
epidemiology associations; for example, a personal ex-
posure study could be conducted to quantify how well
central site monitor measurements predict personal ex-
posure. Similarly, measurement errors are also likely
present in the meteorological data. In addition, our ana-
lysis did not account for any potential confounding by
co-pollutants, such as particulate matter less than
2.5 μm in diameter, that may be correlated with O3 in
this study area.
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Conclusions
We observed weak, positive associations between ambi-
ent O3 and asthma HAs in Texas, with the strongest ef-
fects among school-age children. However, these
associations varied significantly during the year, with the
strongest associations observed at the beginning of the
school year, a period of large increases in pediatric
asthma exacerbations. Further research is needed to
determine whether this effect modification occurs in
other time-series analyses of pediatric asthma and air
pollution.
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