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ABSTRACT

Objective: We investigated associations of short-term changes in ambient ozone (0s3), fine particulate
matter (PM5) and nitrogen dioxide (NO,) concentrations and the timing of new-onset asthma, using a
large, high-risk population in an area with historically high ozone levels.
Methods: The study population included 18,289 incident asthma cases identified among Medicaid-
enrolled children in Harris County Texas between 2005-2007, using Medicaid Analytic Extract enroll-
ment and claims files. We used a time-stratified case-crossover design and conditional logistic regression
to assess the effect of increased short-term pollutant concentrations on the timing of asthma onset.
Results: Each 10 ppb increase in ozone was significantly associated with new-onset asthma during
the warm season (May-October), with the strongest association seen when a 6-day cumulative average
period was used as the exposure metric (odds ratio [OR]=1.05, 95% confidence interval [CI], 1.02-1.08).
Similar results were seen for NO, and PM, 5 (OR=1.07, 95% (I, 1.03-1.11 and OR=1.12, 95% CI, 1.03-1.22,
respectively), and PM, 5 also had significant effects in the cold season (November-April), 5-day cumulative
lag (OR=1.11. 95% CI, 1.00-1.22). Significantly increased ORs for O3 and NO, during the warm season
persisted in co-pollutant models including PM;s. Race and age at diagnosis modified associations between
ozone and onset of asthma.
Conclusion: Our results indicate that among children in this low-income urban population who developed
asthma, their initial date of diagnosis was more likely to occur following periods of higher short-term
ambient pollutant levels.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

with genetically based enhanced susceptibility develop allergen sensi-
tization following exposures which begin in utero (Holt et al., 1999;

Asthma is a disease of multi-factorial origin with a prevalence
of nearly 10% among American children (Akinbami et al, 2012;
Papadopoulos et al,, 2012). It is considered a classic demonstration
of gene-environment interaction leading to disease onset, although
the development of asthma cannot be attributed to a single gene
or environmental exposure (Holgate, 2008; Maddox and Schwartz,
2002). The etiology of asthma is a complex process whereby children
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Maddox and Schwartz, 2002). Continued allergen exposure leads to
immune-inflammatory reactions, and a series of injury/repair cycles
which further damage airway tissue and eventually result in structural
changes in the lung with permanent effects on pulmonary function
(Holt et al., 1999; Papadopoulos et al., 2012). However, despite wide-
spread exposure to common indoor and outdoor allergens, only
a minority of atopic children reach a ‘tipping point’ after which
symptoms of asthma become apparent (Holt et al., 1999).

Recent literature has focused on the defective airway epithe-
lium seen in asthmatic children, and the genetic origin of these
abnormalities, which lead to inadequate injury and repair responses
(Holgate et al., 2010; Papadopoulos et al., 2012). The airway epithe-
lium is more permeable in asthmatics, and less able to prevent access
of inhaled irritants to the underlying airways. This decreased barrier
function leaves pre-disposed children less able to defend against
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environmental exposures such as respiratory infections, indoor
allergens or ambient pollutants, and may explain in part why some
atopic children develop asthma while others with good barrier
function do not (Holgate et al., 2010; Papadopoulos et al, 2012).
Both respiratory viruses and air pollution target the epithelium as an
entry point to airway tissue, and this, combined with inadequate
anti-oxidant defense seen in the asthmatic epithelium can explain
the sensitivity of asthmatic children to short-term increases in
ambient ozone (Os3) and particulate matter (Holgate et al, 2010;
Papadopoulos et al., 2012).

Elevated levels of ambient air pollutants including Os, fine parti-
culate matter (PM,s) and nitrogen dioxide (NO,) have been associated
with worsening lung function and asthma symptoms in children
(Akinbami et al., 2010; Babin et al., 2008; Lewis et al., 2005; O'Connor
et al, 2008). In this study, we investigated whether short-term
increases in ambient O3, NO, and PM, 5 levels were related to the
timing of initial diagnosis in children with asthma. Our study popula-
tion was comprised of Medicaid-enrolled children residing in Harris
County, Texas between 2005 and 2007, a large population at high risk
for asthma, and living in an area with historically high O levels.

2. Material and methods
2.1. Identification of incident asthma cases

We have previously described methods to identify incident asthma cases among
Texas Medicaid-enrolled children using Centers for Medicare and Medicaid Services
Medicaid Analytic Extract files (Wendt et al., 2012). We restricted the present analysis
to cases residing upon enrollment in Harris County, Texas. Harris County encompasses
the greater Houston area, with over 1700 square miles and 4 million residents,
including 28% who are under the age of 18 years (United States Census Bureau, 2013).
It is the largest county in Texas, and the third largest county in the United States.

Briefly, Medicaid Analytic Extract files are created by the Centers for Medicare and
Medicaid Services specifically for research, and contain annual data on Medicaid
eligibility and healthcare utilization reported by the states. Eligibility files contain
person-level data including age, gender, race, zip code of residence, enrollment dates
and scope of Medicaid coverage. Due to privacy concerns, street address is not
provided in the files. Claims files contain final adjudicated claims by date of service
and have undergone quality checks and corrections (Hennessy et al., 2007). We
obtained enrollment, inpatient and outpatient medical claims, and pharmacy claims
files from the Centers for Medicare and Medicaid Services for Texas beneficiaries under
the age of 18 who were enrolled in Medicaid between 2004 and 2007.

Monthly enrollment and eligibility indictors were used to identify children enrolled
for at least 13 continuous months (with allowance for a single 1-month gap) during
the 4-year period (Fig. 1). Children were considered ineligible during any year that
the annual eligibility file indicated private insurance coverage or only premium (i.e.,
capitated) payment claims during the year, as this would result in incomplete claims
history in the Medicaid files. The 13+ month continuous enrollment span provided a
‘wash-out’ period to distinguish incident from prevalent asthma cases.

All medical and pharmacy claims for the 4-year period were combined, and
asthma cases were defined as children with a primary diagnosis of asthma
(International Classification of Diseases, 9th revision code=493.xx) on at least
one outpatient or inpatient record, or 4 or more asthma medication (National
Committee for Quality Assurance, 2011) dispensing events (30-day supply) during a
365-day period. For each case, the diagnosis date was either the date of service for
the child's earliest asthma medical claim, or the date when the first of 4+ asthma
medication prescriptions was written.

We then merged records from the enrollment and asthma case files, excluding
cases without an enrollment record (i.e., no 13+ month span of continuous
enrollment between 2004 and 2007). Cases in the enrollment file but not enrolled
continuously during the 12 months prior to diagnosis were also excluded, as we
could not distinguish incident from prevalent cases. Enrollment and claims files
from 2004 were only used to provide a wash-out period for children in the 2005
files. Using these methods, we identified 18,289 incident asthma cases among
Harris County Medicaid-enrolled children ages 1-17 during 2005-2007, with an
age-adjusted incidence rate of 3.12/100 person-years.

2.2. Ambient air pollutant data

Air monitoring data for O; (daily maximum 8-h moving average), NO, (daily 1-h
maximum) and PM, 5 (daily 24-h mean) were obtained from the U.S. Environmental
Protection Agency Air Quality System (United States Environmental Protection Agency,
2010). O5 is monitored continuously 24-h a day, 365 days per year at 22 monitoring

Combined Enrollment File,
Texas children aged 0-17
enrolled in Medicaid any
length of time, 2004-2007

n=4,152,664

|

Children with at least one >13
month span of continuous
enrollment, 2004-2007

n=2,296,037

Asthma cases identified from
medical and pharmacy claims,
2004-2007

n=551,788

Remove 121,483 cases without
an enrollment file record

Combined enrollment and asthma case
files, excluding cases without a record in
the enrollment file

n=2,296,037

Remove 336,124 cases without >12 months
continuous enrollment immediately prior to
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Remaining study population
n=1,959,913

|

Select cases with residence listed as Harris
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n=18264

Fig. 1. Description of process used to identify study population and cases from the
original Medicaid Analytic Extract files containing enrollment and claims records for
Texas Medicaid-enrolled children aged 0-17, 2004-2007. The numbers of children with
at least 1 > 13 month enrollment span, in the combined enrollment and case file, and in
the remaining study population represent the number of > 13 month enrollment spans;
a child could have more than 1 enrollment span during the 4-year study period.

stations in the Houston-Galveston-Brazoria metropolitan area. Monitors are concen-
trated in Harris County (n=17), with two monitors in Galveston County, two in
Brazoria County, and one in Montgomery County. NO, is also monitored continuously
24-h a day, 365 days per year at 17 monitoring sites across this metropolitan area:
12 in Harris County, two in Brazoria County, two in Galveston County and one in
Montgomery County. For PM, 5, seven monitoring sites in Harris County and two sites
in neighboring counties performed hourly measurements of PM, 5 (local conditions)
between 2005 and 2007. Beginning in September 2005, measurements were discon-
tinued at the two sites in adjacent counties, and the number of PM, 5 monitoring sites
in Harris County decreased from seven to four. Also, two of the four monitors were co-
located at a single site, one recording daily samples, and a second monitor collecting
samples every six days. For this site, we used only the 24-h mean values from the
monitor with daily sampling in our analysis. Daily 24-h mean PM, s measurements
were available for the other area monitors every sixth day. Therefore, we used
measurements from 8 PM, s monitors through September 2005, and from 3 monitors
between October 2005 and December 2007. A map of the study area, as well as
placement of the O3, NO,, and PM, s monitors is displayed in Fig. 2.

Since there is no consensus on pertinent exposure metrics for these pollutants
and asthma, we constructed several lagged and average cumulative exposure
variables (i.e., values averaged over 2-, 3-, 4-, 5- and 6-day periods) for each
pollutant on all case and control dates, considering both their irritant nature and
the number of symptomatic days before a physician's visit might be scheduled. For
each date, we determined same-day pollutant values, single-day values lagged
1 through 5 days, and cumulative values averaged over 2 day (i.e., same day and lag 1)
through 6 day (i.e., same day through lag 5) periods. We tested for non-linearity of
effect for all three pollutants using restricted cubic splines, with three knots at the 5th,
50th and 95th percentiles (Desquilbet and Mariotti, 2010).

Our primary analyses considered temporal changes in ambient pollutant
concentrations, that is, by averaging pollutant levels from monitoring sites across
Harris County for each calendar day. Specifically, the average maximum 8-h O3
concentration was estimated for each calendar day, and was the same regardless of
where in Harris County the child resided. Likewise, we calculated daily PM, 5 and NO,
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Fig. 2. Map of the Harris-Galveston-Brazoria metropolitan area, and placement of O3, NO, and PM, s monitors from which air sampling data were collected, 2005-2007.

values for Harris County, averaging 24-h mean PM,5 and daily 1-h maximum NO,
measurements across all monitoring sites in Harris County for each calendar day.

2.3. Meteorological and aeroallergen data

Daily maximum outdoor temperature and daily average percent relative
humidity were measured at 24 and 6 monitoring sites, respectively, across Harris
County and also obtained from the Air Quality System. These two variables were
included in all logistic regression models. Mold spore and tree, grass and weed
pollen counts were available for the Houston area from the City of Houston archives
(City of Houston, 2010), and measured as counts per cubic meter of air. These
measurements were generally recorded each weekday during the study period,
weather permitting, except holidays.

We assessed potential confounding by meteorological variables by modeling linear
and non-linear forms of temperature and humidity. Both variables were modeled with
the same lagged and cumulative averages as the pollutants, as well as same-day linear
and quadratic (i.e., squared) terms for each metric. We evaluated the change in odds
ratios when compared to models using linear same-day values, and assessed relative
fit of the models using the Akaike Information Criterion (AIC).

Same-day mold spore, and tree, grass and weed pollen counts were included in
all models. Although aeroallergen values that lagged one or two days may have
greater relevance, the lack of weekend data would have resulted in the exclusion of
case and control dates occurring on Mondays (21% of the total) due to missing
covariate values. In contrast, fewer case/control dates occurred on Saturdays and
Sundays, 6% and < 2%, respectively.

2.4. Study design

We used a time-stratified, case-crossover design which allowed us to control
for person-level factors (i.e., genetic, lifestyle, indoor environment) and time-
dependent exposures (i.e., pollutant level patterns by day of the week, seasonal
respiratory infection trends) (Carracedo-Martinez et al., 2010). We specified forty
28-day strata beginning with January 1, 2005, matching each asthma case-day with
the three referent dates in the pre-defined strata which were the same weekday as
the case-day. For example, a case occurring on Tuesday, January 11, 2005 was
matched to control dates on the remaining Tuesdays in the stratum (i.e., January 4,
18 and 25). Since the last of the 40 strata ended on December 28, 2007, cases
occurring on the final three days of the study period were excluded (n=25).

2.5. Statistical analysis

Conditional logistic regression was used to estimate ORs for each exposure metric
and pollutant, per increase equal to the inter-quartile range (IQR), or an increase of
10 ppb for 03 and NO,, and 10 pig/m? for PM, 5. This method reduced bias that would
have arisen from an unconditional analysis of matched data (Breslow and Day, 2000).

We calculated season-specific 3 coefficients and p-values for all pollutants from
conditional logistic regression models using the 6-day cumulative mean metric,
and adjusted for maximum temperature, mean relative humidity, and all aeroallergen
variables. p-Values were based on Wald test statistics from maximum likelihood
estimation. Single and co-pollutant models were also evaluated, using the same
exposure metric for co-pollutants (e.g., 6-day cumulative means for both pollutants).

We performed stratified analysis by age group (1-4, 5-9, 10-14, 15-17 years),
gender, race (white, black, Hispanic) and season (warm [May-October], cold
[November-April]). We used non-parametric Spearman rank-correlation coefficients
to assess relationships between all pollutant, meteorological and aeroallergen
variables without an assumption of normality. Results reflect pollutant exposures
averaged across Harris County unless otherwise stated.

Because cases residing farther away from a monitoring station may have less
accurate exposure estimates than those living nearby, we performed two additional
sensitivity analyses. We first considered spatial variability in O3 and NO, exposure.
Daily pollutant levels were estimated by averaging measurements from the three
closest O3 and NO, monitoring sites, respectively, to the centroid of the zip code of
residence for each case. Monitored pollutant values were potentially drawn from all
sites in the Houston-Galveston-Brazoria metropolitan area, as the three monitors
nearest a particular zip code may fall outside of Harris County. PM, 5 values were
averaged across Harris County in all analyses because of the small number of
monitoring sites. Secondly, we restricted our analysis to asthma cases whose zip code
centroid was within 6 miles of at least one O3 or NO, monitor. We estimated O3 levels
by averaging daily maximum 8-h values across all O3 monitors within the 6-mile
radius. Likewise, we estimated NO, exposure by averaging daily 1-h maximum values
across all NO, monitors within the 6-mile radius. Analysis on these sub-sets of cases
allowed us to evaluate whether odds ratios (ORs) from temporal exposure estimation
methods were robust, irrespective of whether the case lived near a monitor.

We used SAS (Version 9.3, SAS Institute, Inc., Cary, North Carolina, USA) for all
analyses. Conditional logistic regression was performed using PROC LOGISTIC. The
SAS RCS (restricted cubic splines) macro was used to evaluate the linearity of
pollutants (Heinzl and Kaider, 1997). ArcGIS (Version 10, ESRI, Redlands, California,
USA) was used to identify monitoring sites nearest each zip code, and the distance
between each site and zip code centroid. The study was approved by the Centers
for Medicare and Medicaid Services Privacy Board and the University of Texas
Health Science Center at Houston Committee for the Protection of Human Subjects.

3. Results
3.1. Description of study population
A description of the 18,264 incident asthma cases identified

between 1/1/2005 and 12/28/2007 is shown in Table 1. Most cases
(66%) were identified from an outpatient record. Five percent were
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identified through both outpatient and pharmacy records occur-
ring on the same day. Fewer than 1% were identified through
inpatient records. The remaining 28% received their diagnosis on
the date they filled the first of 4 prescriptions, and of these, 48%
had a subsequent outpatient record. Nearly three-fourths were
under the age of 5 and 61% were Hispanic. A greater proportion
of cases were male. Day of diagnosis varied widely by day of the
week (Supplemental material, Table 1).

3.2. Ambient air measurements

County-wide O3, NO, and PM, s averages for the 3-year period
were 37.87 ppb, 39.26 ppb and 14.97 pg/m?, respectively (Table 2). 05
and PM, s levels were higher in the warm season (Supplemental

Table 1
Description of incident asthma cases identified among Harris County Texas Medicaid-
enrolled children, 2005-2007.

Number Percent (%)

Total 18,264 100
Age group (years)

1-4 13,232 72.5

5-9 3192 17.5

10-14 1644 9.0

15-17 196 11
Gender

Female 8046 441

Male 10,218 56.0
Race

White 1450 79

Black 4760 26.1

American Indian 84 0.5

Asian 522 29

Hispanic 11,191 61.3

Unknown 257 14

Table 2

material, Table 2), while NO, was higher in colder months
(Supplemental material, Table 3). Aeroallergen levels differed by
season, with higher tree pollen counts in the cold season and higher
weed pollen counts in the warm season. O; had a moderately strong
correlation with NO, (Spearman rank correlation coefficient, r=0.49)
and a weaker correlation with PM, 5 (r=0.32), while NO, and PM, 5
were more weakly correlated (r=0.21) (Supplemental material,
Table 4). Daily maximum temperature was positively correlated
with O3 (r=0.33) and PM, 5 (r=0.36) but negatively correlated with
NO; (r= —0.23). Relative humidity was negatively correlated with O3
(r=-0.49) and NO, (r=—0.39).

3.3. Temporal air pollution changes and asthma incidence

Short-term increases in O3, NO, and PM, 5 were all significantly
associated with the timing of asthma diagnosis (Table 3), although
ORs and statistical significance differed by exposure metric and
season (Fig. 3). For all pollutants, ORs were highest when longer
cumulative averaging periods (i.e., 4, 5, and 6 day cumulative
averages) were used as the exposure variables in the models, as
opposed to shorter cumulative periods or lagged values. During
the warm season, each 10 ppb increase in short-term O3 level
significantly raised the odds of an initial asthma diagnosis by
between 3.3% and 5.2%, depending on the exposure variable used.
Likewise, a 10 ppb increase in NO, was associated with significant
increases ranging from 2.7% to 7.0%. No association was seen
during colder months for either O3 or NO,, but significant associa-
tions of PM, s were seen in both seasons. For each 10 pg/m? increase,
ORs were between 5.8% and 12.5% higher during the warm season,
and 7.6% to 11.3% higher during colder months.

3.4. Single pollutant vs. co-pollutant models
In single pollutant models, significant ORs were seen for O and

NO, during the warm season (OR=1.16, 95% CI, 1.07-1.25 and
OR=1.14, 95% (I, 1.06-1.24 per IQR increase in 6-day cumulative

Description of pollutants, meteorological conditions and aeroallergens averaged across monitoring sites in Harris County Texas, 2005-2007.

Pollutant Number Mean Standard Minimum 25th 50th 75th Maximum Interquartile
of days deviation percentile percentile percentile Range
03 (8-h max, ppb) 1094 37.87 15.99 3.75 25.88 34.25 4753 96.88 21.65
NO, (1-h max, ppb) 1091 39.26 14.07 12.00 29.00 38.00 48.00 108.00 19.00
PM, 5 (24-h mean, pg/m?) 1035 14.97 6.02 2.70 10.70 14.00 18.30 44.20 7.60
Temperature (daily max, °C) 1095 25.86 6.77 2.75 21.90 27.04 31.64 37.57 9.74
Relative humidity (daily mean, 1093 69.63 11.63 27.26 62.94 71.28 77.65 93.21 14.71
%)
Mold (spores/m?) 675 2680.13 3153.22 36.00 707.00 1301.00 3665.00 22,596.00 2958.00
Tree pollen (grains/m?) 657 285.15 776.55 0.00 0.00 12.00 150.00 6776.00 150.00
Grass pollen (grains/m?) 657 13.44 3712 0.00 2.00 4.00 10.00 441.00 8.00
Weed pollen (grains/m?) 650 51.91 208.38 0.00 0.00 0.00 8.00 1782.00 8.00

Table 3

Adjusted® associations between 6-day cumulative mean pollutant concentration and timing of initial asthma diagnosis among Harris County Texas children enrolled in

Medicaid, 2005-2007.

Pollutant May-October November-April
" (Standard error) p-Value 0Odds ratio® " (Standard error) p-Value 0Odds ratio®
(95% confidence interval) (95% confidence interval)
03 (8-h max, ppb) 0.0051 (0.0015) 0.0005 1.05 (1.02, 1.08) 0.0017 (0.0023) 0.4780 1.02 (0.97, 1.06)
NO, (1-h max, ppb) 0.0067 (0.0020) 0.0006 1.07 (1.03, 1.11) 0.0009 (0.0018) 0.5950 1.01 (0.98, 1.05)
PM, 5 (24-h mean, pg/m?) 0.0114 (0.0043) 0.0060 112 (1.03, 1.22) 0.0096 (0.0053) 0.0683 1.10 (0.99, 1.22)

2 Adjusted for same-day maximum temperature, mean relative humidity and mold spore, tree pollen, grass pollen and weed pollen counts.
b Per 1-unit change in pollutant.
¢ Per 10-unit change in pollutant.
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Fig. 3. Adjusted odds ratios and 95% confidence intervals for each pollutant at various lags and cumulative averages, by season. Odds ratios indicate the likelihood of initial
asthma diagnosis associated with 10 ppb increases in short-term O3 and NO,, and 10 pg/m? increase in short-term PM, . Study population includes Harris County, Texas
children enrolled in Medicaid between 2005 and 2007. All models are adjusted for same-day maximum temperature, mean relative humidity and mold spore, tree pollen,
grass pollen and weed pollen counts. LO through L5 indicate single same-day through lag 5-day pollutant values, and LO1 through LO5 indicate 2-day through 6-day
cumulative mean pollutant values.

Table 4
Adjusted” associations in single and co-pollutant models per IQR change in 6-day cumulative mean concentration and initial asthma diagnosis, Harris County Texas
Medicaid-enrolled children, 2005 and 2007.

Pollutant May-October November-April

Interquartile range 0Odds Ratio (95% confidence Interval) Interquartile range 0Odds Ratio (95% confidence interval)

Single pollutant models

03 (8-h max, ppb) 28.50 116 (1.07, 1.25) 14.46 1.02 (0.96, 1.09)

PM, 5 (24-h mean, pg/m>) 8.10 1.10 (1.03, 1.17) 6.40 1.06 (1.00, 1.14)

NO, (1-h max, ppb) 20.00 1.14 (1.06, 1.24) 18.00 1.02 (0.96, 1.08)
O3 and PM5 5

03 (8-h max, ppb) 28.50 114 (1.03, 1.26) 14.46 1.02 (0.95, 1.09)

PM, 5 (24-h mean, pg/m?) 8.10 1.03 (0.94, 1.12) 6.40 1.06 (0.99, 1.13)
05 and NO,

03 (8-h max, ppb) 28.50 1.09 (0.94, 1.26) 14.46 1.02 (0.94, 1.11)

NO; (1-h max, ppb) 20.00 1.07 (0.93, 1.23) 18.00 1.00 (0.93, 1.09)
PM, 5 and NO,

PM, 5 (24-h mean, pg/m?) 8.10 1.04 (0.97, 1.12) 6.40 1.06 (0.99, 1.14)

NO, (1-h max, ppb) 20.00 113 (1.04, 1.24) 18.00 1.00 (0.93, 1.07)

2 Adjusted for same-day maximum temperature, mean relative humidity and mold spore, tree pollen, grass pollen and weed pollen counts.

mean pollutant level) whereas we detected significant associations unchanged in co-pollutant models with PM,s, but in models
in both seasons for PM,s (warm: OR=1.10, 95% CI, 1.03-1.17 with NO,, ORs for both pollutants decreased and were no longer
and cold: OR=1.06, 95% CI, 1.00-1.14, Table 4). ORs for O3 were statistically significant. In co-pollutant models with O3 and with
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Table 5

Stratified analysis of adjusted” associations between 10 ppb increases in 6-day cumulative mean Os, and initial asthma diagnosis by season, Harris County Texas Medicaid-

enrolled children, 2005-2007.

Variable All months May-October November-April
Cases Odds ratio Cases 0Odds ratio Cases Odds ratio
(95% confidence interval) (95% confidence interval) (95% confidence interval)
Age group (years)
1-4 10,165 1.03 (1.00, 1.06) 4445 1.03 (1.00, 1.07) 5720 0.99 (0.93, 1.04)
5-9 2420 1.09 (1.03, 1.15) 993 1.07 (1.00, 1.15) 1427 114 (1.02, 1.27)
10-14 1227 1.10 (1.02, 1.19) 563 1.15 (1.05, 1.26) 664 1.02 (0.88, 1.20)
15-17 143 1.22 (0.99, 1.51) 60 1.35 (1.04, 1.75) 83 1.02 (0.65, 1.61)
Gender
Male 7779 1.05 (1.01, 1.08) 3401 1.06 (1.02, 1.10) 4378 1.00 (0.94, 1.06)
Female 6176 1.05 (1.01, 1.09) 2660 1.05 (1.00, 1.09) 3516 1.04 (0.97, 1.11)
Race
White 1115 1.01 (0.93, 1.10) 507 0.98 (0.88, 1.08) 608 1.07 (0.91, 1.26)
Black 3688 1.08 (1.03, 1.13) 1706 1.09 (1.04, 1.15) 1982 1.05 (0.96, 1.15)
Hispanic 8502 1.03 (1.00, 1.07) 3559 1.04 (1.01, 1.08) 4943 0.99 (0.93, 1.05)

@ Adjusted for same-day maximum temperature, mean relative humidity and mold spore, tree pollen, grass pollen and weed pollen counts.

NO,, the association between PM, s and first diagnosis of asthma
during the warm season was diminished, and no longer statisti-
cally significant, but estimated odds ratios during cold months
were unchanged.

3.5. Stratified analysis

The association between acute O3 exposure and asthma diag-
nosis was considerably higher in the oldest age group (15-17),
with increases of 22% overall and 35% in the warm season for each
10 ppb increase in O3 (Table 5). For the other age groups, associa-
tions generally lessened with decreasing age. ORs were similar
between males and females, but appeared to differ when stratified
by race, with the highest estimated odds ratio observed in blacks
(OR=1.08, 95% CI, 1.03-1.13) and the lowest odds ratio observed in
whites (OR=1.01, 95% CI, 0.93-1.10). During the warm season, the
odds of asthma diagnosis increased 9% for each 10 ppb increase
in mean Os level among black children, while among Hispanic
children the increase was 4%.

3.6. Sensitivity analysis

Two sensitivity analyses were performed. ORs based on exposure
estimates using the three closest O3 and NO, monitors were similar
to those based on Harris County averages (Supplemental material,
Fig. 1, comparison of methods [a] and [b]). On average, the 3 closest
O3 monitors were 12.8 miles from the zip code centroid (med-
ian=28.9 miles, range: 0.3-56 miles) and the 3 closest NO, monitors
were 13.7 miles from the zip code centroid (median=10.3 miles,
range=0.4-56.1 miles). When restricted to children living within
6 miles of a monitor at the time of diagnosis, ORs for O3 and NO,
differed only slightly compared to estimates using county averages
(Supplemental material, Fig. 1, comparison of methods [a] and [c]).
Mean Os concentrations from the three estimation methods
(i.e., county average, average of three closest monitors, average of
monitors within 6 miles) were very similar (37.87, 36.52, 37.82 ppb,
respectively), while mean NO, levels were more variable (39.26,
36.40, 27.65 ppb, respectively, data not shown).

3.7. Assessment of linearity for meteorological and
pollutant variables

Although there were indications of a non-linear association
between temperature and asthma, there was little improvement
in models including the pollutants, and only slight changes in the

estimated odds ratios for the associations between the air pollu-
tant variables and asthma. Therefore we report on results from
all analyses that included same-day maximum temperature and
mean percent relative humidity, averaged across Harris County.

Restricted cubic spline regression analysis using the SAS RCS
macro (Heinzl and Kaider, 1997) failed to detect non-linear relation-
ships between the three pollutants and asthma. Linear hypothesis
testing was done for each pollutant for both seasons, and in all
cases, the Wald chi-square statistic was not significant at the 0.05
error rate.

4. Discussion
4.1. Risk of asthma due to air pollution

Our results provide evidence that for some children, acute air
pollution exposure over a period of several days may be a proximal
trigger for their first occurrence of asthma symptoms. The sig-
nificance of our findings may be that in a proportion of children
who develop asthma, avoidance of acute exposure to higher air
pollution concentrations may prevent or at least postpone the
manifestation of disease. On the other hand, the appearance of
asthma symptoms in predisposed children may inevitably result
from exposure to subsequent environmental stimuli such as their
next respiratory infection or indoor allergen exposure, regardless
of ambient pollutant levels.

4.1.1. Risk of asthma by age group

The strength of association between the timing of asthma
diagnosis and ambient Os levels differed by age group. Older
children seemed more sensitive to the effects of O3 than younger
children, particularly during warmer months. This may be due to
comparatively higher personal exposure from more time spent
outdoors working or playing sports, combined with higher venti-
lation rates (Silverman and Ito, 2010; Spier et al., 1992). A recent
study of New York City-area children lends support this finding,
reporting higher asthma hospitalization rates in 6-18 year-olds
compared to younger children, with relative risks peaking around
ages 15-16 (Silverman and Ito, 2010). Alternatively, it is possible
that adolescents identified as incident cases in our study were
in fact previously diagnosed cases that had been in prolonged
remission. Subclinical airway inflammation may remain in ado-
lescents during clinical remission, putting them at risk for relapse
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even if asthma symptoms have ceased for a period of time (Guerra
et al,, 2004; van Den Toorn et al., 2000). Risk factors such as obesity
or the initiation of smoking may have acted alone or synergistically
with acute air pollution exposure to produce symptoms of asthma in
this age group (Strachan et al., 1996).

4.1.2. Risk of asthma by race

Similarly, our results differed by race, with statistically signifi-
cant ORs in blacks, and to a lesser extent among Hispanics, but not
in whites. Some have reported an independent effect of black race
on asthma prevalence and morbidity when controlling for income
(Miller, 2000) while others have not (Gwynn and Thurston, 2001).
Our finding may be due to chance, or could reflect differential
susceptibility to the effects of air pollution by race, even within
this population of low-income children (Islam et al., 2008).

4.2. Interpretation of results

For children with an asthma genotype, the manifestation of disease
requires repeated interaction of susceptibility genes with multiple
environmental stimuli beginning early in life. Children with these
genetic influences have both defects in the structure and function of
their airway epithelium and abnormal responses to inhaled allergens.
Respiratory viruses and air pollutants including ozone and particulate
matter target the airway epithelium specifically as a means of entry to
the underlying airways, and when combined with an impaired ability
to mount an anti-oxidant response, results in an already susceptible
airway epithelium that is more easily damaged (Papadopoulos et al.,
2012). In this way, exposure to ozone and other oxidant pollutants
may also make the lungs more susceptible to the effects of other
inhaled allergens, including respiratory viruses and other air pollutants
(Morrison et al., 2006).

In an earlier paper, we described a new methodology for
calculating asthma incidence rates in Texas using Medicaid data
(Wendt et al, 2012). The US. Centers for Disease Control and
Prevention has recognized the value of incidence patterns in shed-
ding light on causation, and also the limited number of asthma
incidence data sources in the U.S. (Akinbami et al, 2009; Redd,
2002). The burden of asthma is higher among Medicaid-enrolled
children, and while our results may not be generalizable to children
with higher family incomes, they suggest increased risk for a
susceptible sub-population in an area with historically poor air
quality. Low-income children consistently fare worse on asthma
measures including prevalence, morbidity, hospitalizations and mor-
tality, than children from higher income families (Akinbami et al.,
2002; Burra et al., 2009). In addition to a higher disease burden, low-
income children also appear to be more vulnerable to the effects of
air pollution, although it is not clear whether this is attributable
to greater susceptibility, higher exposure or other factors. Genetic
variation, underlying health status and access to healthcare all
impact personal susceptibility, and closer residential proximity to
stationary and mobile pollution sources could lead to higher personal
exposure (Cakmak et al,, 2006; Gilliland, 2009; Lipfert, 2004). The
degree of correlation between ambient pollutant levels and actual
personal exposure is clearly a function of many environmental and
personal variables such as amount of time and time of day spent
outdoors, activity patterns and outdoor air ventilation rates in the
home (Lee et al., 2004).

4.3. Strengths and limitations

The case-crossover design allowed us to assess an association
between acute air pollutant exposure and onset of asthma, while
controlling for the effects of person-level (i.e., genetic pre-disposition,
parental smoking, indoor air environment) and time-dependent

factors (i.e., daily and/or seasonal trends in respiratory viruses and
air pollution levels) which may also be important asthma triggers.
This design tests the hypothesis of whether some asthma diagnoses
would not have occurred in the absence of higher ambient pollutant
exposures, compared to control periods which represent more
typical levels of exposure (Carracedo-Martinez et al., 2010). Other
strengths of our study included a large sample size, sufficient
variability in ambient pollutant levels, and the ability to adjust for
aeroallergen levels and co-pollutants.

There was potential for misclassification of asthma cases due to
inaccurate diagnostic coding on the medical claims records. For
example, a case may have been identified based on a physician's
visit which actually ruled out asthma later. Although most cases of
asthma are diagnosed by age 5 (Kemp and Kemp, 2001), distin-
guishing asthma from other respiratory illness such as wheezing
or bronchitis is particularly difficult in young children (Martinez
et al., 1995; Papadopoulos et al., 2012). Claims records also reflect
healthcare utilization patterns, and to the extent that these differ
by age, race or income level (Lozano et al., 1995; Shields et al.,
2004), this may have introduced selection bias in our study.
However, our use of pharmacy claims to identify cases (meaning
that the child had been prescribed 4 or more asthma medications
in a 12-month period) in addition to medical claims, lessened the
potential for misclassification due to erroneous diagnosis coding
or differences in utilization.

Cases were more likely to be diagnosed on a weekday than on a
weekend day, with the proportion of cases diagnosed ranging
from < 2% on a Sunday to 21% on a Monday. This likely delayed
the timely capture of an asthma event, which could have affected
the association between pollutant concentrations and timing
of diagnosis, as the diagnosis date reflects both the timing of
symptoms and the availability of medical care on a given day. In
this way, the diagnosis date in our study may not reflect the true
day of symptom onset, and may explain in part why the longer
cumulative average concentrations were the metrics most strongly
related to asthma onset.

There was also potential for bias in our pollutant exposure
estimates. Most analyses used Os; and NO, data averaged across
Harris County, and using county-wide ambient pollutant concentra-
tions as an estimate of personal exposure may have introduced
ecological bias. O3 and NO, risk estimates were similar when using
the county average or an average of the three closest monitors.
Exposure estimates which used results only from monitors within six
miles led to slightly lower O3 ORs and slightly higher NO, ORs at the
longer cumulative lag periods which were the focus of this study. O3
concentrations are typically more homogenous across a geographic
area than NO, levels (Darrow et al., 2011), and this pattern was seen
in our study as well. We relied on the zip code of residence to
identify nearby monitors, and given the lack of a complete street
address, more refined spatial interpolation methods such as inverse
distance weighting or a population-weighted average may have had
limited benefit. A variety of methods have been used to estimate
pollutant concentrations in previous asthma studies including aver-
aging across monitors (Lewis et al, 2005), population-weighted
averaging across monitors (Strickland, et al., 2010), maximum con-
centration across monitors (Babin et al., 2008), measurements from a
single centrally-located monitor (McConnell et al., 2010), and inverse
distance weighting (Moore et al., 2008). A recent study from Atlanta
demonstrated high correlations between estimated Os, PM,s and
NO, concentrations when comparing unweighted averages across
monitors and population-weighted estimates (r=0.988, 0.995 and
0.919, respectively (Strickland et al.,, 2011)).

Other potential weaknesses should be noted. The City of Houston
included counts of additional mold spore and pollen types beginning
in the fall of 2006, and while seasonal patterns for the aeroallergens
were generally consistent from year to year, the absolute counts
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were much higher in 2007. It is not clear to what extent this
reflected a particularly high allergen period versus changes due to
sampling methodology, but if the latter, would potentially introduce
error in our effect estimates. We also made a large number of
comparisons by pollutant, exposure metric, and stratification vari-
ables, and therefore would expect some statistically significant
associations by chance alone. We did not attempt to correct for
errors that may have arisen due to multiple comparisons.

5. Conclusions

Ambient air pollution is one of many environmental stimuli
which can trigger asthma symptoms. We found small but sig-
nificant increases in the risk of incident asthma with increasing
short-term ambient O3, NO, and PM,s concentrations among
Medicaid-enrolled children in the greater-Houston area, specifi-
cally that an asthma diagnosis was more likely to occur on days
following higher acute exposure periods than on days following
lower exposure periods. When stratified by season, effects of O3
and NO, were limited to warm months, but associations with
PM, 5 were seen in both warm and cold seasons. The association
between short-term exposure to Os; and NO, and asthma onset
remained even after adjusting for PM; s levels, which may reflect
the enhanced susceptibility of pre-disposed children to short-term
oxidant exposure. This study suggests that acute exposure to
ambient air pollutants may precipitate the onset of clinical asthma
symptoms in some children.
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