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Background: Asthma morbidity significantly affects children of all
racial backgrounds; however, Black children experience a greater
disease burden than children from other racial groups. Despite the
known influence of air pollution on asthma outcomes, its role in
the efficacy of asthma treatments remains underexplored.
Objective: We sought to examine how exposure to particulate
matter <2.5 mm (PM2.5), nitrogen dioxide (NO2), and ozone (O3)
influenced treatment outcomes in the National Institutes of Health
AsthmaNetBestAfricanAmericanResponse toAsthmaDrugs trial.
Methods: The trial randomized 224 Black children to 4 asthma
treatments consisting of an inhaled corticosteroid (ICS) and long-
acting b-agonist (LABA) administered in a randomized crossover
fashion. Treatment efficacy was assessed by the frequency of
asthma exacerbations, percent predicted FEV1, and annualized
asthma control days. Residential exposures to PM2.5, NO2, and O3
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were estimated using a validated spatiotemporal model. Mixed-
effects models were used to evaluate the interaction between
pollution exposure and treatment efficacy, adjusting for age,
household triggers, and trial site.
Results: PM2.5, NO2, and O3 exposures ranged substantially across
participants from 2.28 to 15.3 mg/m3, 2.34 to 63.7 ppm, and 2.57 to
23.7 ppb, respectively. NO2 and PM2.5 exposures were not
associated with increased exacerbations post-treatment (P for
interaction 5 .15 and .08, respectively). However, NO2 exposure
significantly modified the effect of high-dose ICS1LABA therapy
on lung function. Children with below median NO2 exposures
while receiving ICS1LABA therapy had a reduction of 5.86 (95%
CI 1.16, 10.56) in percent predicted FEV1 compared with children
with above median NO2 exposures.
Conclusion: Residential high NO2 exposure may significantly
attenuate the efficacy of ICS1LABA therapy on lung function in
Black children. These findings suggest the need to consider
environmental factors in clinical trials and asthma management
strategies. (J Allergy Clin Immunol 2025;156:330-8.)

Key words: Asthma, ICS, LABA, environmental health, air pollu-
tion, randomized clinical trial

Asthma is one of the most prevalent chronic illnesses among
children worldwide,1 and it is a major public health burden in the
United States.2-7 Asthma morbidity and mortality disproportion-
ately impact minoritized communities,8 with the most pronounced
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disparities observed in underrepresented communities and commu-
nities with higher exposure to air pollution. For instance, Black
children experience more severe symptoms, poorer asthma control,
and higher hospitalization rates than any other racial or ethnic
group,9-11 despite adequate treatment adherence.

For asthma, inhaled corticosteroids (ICSs) are recognized as
effective first-line therapy, but persistent poorly controlled asthma
often requires adding a long-acting b2-agonist (LABA). LABAs
are pharmacological agents that play a pivotal role in the manage-
ment of patients with moderate to severe persistent asthmawho are
not adequately controlled by ICSs alone.12 Whereas ICSs address
underlying inflammation, combination therapy with LABA en-
hances overall asthma control, reduces exacerbations, and im-
proves the quality of life for patients. However, despite
adherence to these combination therapies, Black patients continue
to exhibit higher exacerbation rates than their White counterparts.9

One potential explanation for this can relate to asthma treatment
guidelines derived from randomized clinical trials that have external
validity issues or that lack diversity in studypopulations.13However,
the Best African American Response to Asthma Drugs (BARD)
trial, part of the National Institutes of Health (NIH) National Heart
Lung and Blood Institute (NHLBI) AsthmaNet research initiative,
was designed to address these issues by enrolling only Black partic-
ipants.14 In this randomized, double-blind, crossover trial, the
efficacy of various doses of an ICS, with and without an LABA,
was compared among children ages 5 to 11 years.

BARD trial analyses, as in many randomized clinical trials, do
not account for environmental factors that are known to influence
treatment response. This is despite extensive evidence linking
ambient air pollution—particularly particulate matter <2.5 mm
(PM2.5), nitrogen dioxide (NO2), and ozone (O3)—to asthma
morbidity.15-17 Children exposed to higher levels of PM2.5 and
NO2 are more likely to develop asthma compared with children
with lower exposure.18 However, very few studies have explored
how outdoor air pollution may impact the effectiveness of asthma
treatments. Current asthma treatment protocols fail to consider
the critical role of environmental triggers, even though their
connection to asthma etiology and exacerbation is well docu-
mented. This oversight is particularly troubling given the signifi-
cant disparities in asthma prevalence and severity among children
exposed to higher levels of pollution.9,15,19-21

In the present study, we examined the potential for ambient air
pollution exposure to modify the effect of ICS1LABA combina-
tion treatment on asthma outcomes among Black children. To do
so,we leveraged data from theAsthmaNetBARDclinical trial and
incorporated individual-level estimates for air pollution exposure
during the trial follow-up. Our objective was to determine varia-
tions in asthma control metrics—specifically, overall control,
lung function, and exacerbation frequency—in relation to expo-
sure levels of PM2.5, NO2, and O3 to test the potential alteration
of individual responses to ICS1LABA treatment as a function
of concurrent exposure to air pollutants during the trial duration.
METHODS

Study design and subjects
BARD was a randomized, 4-treatment, 4-period crossover

clinical trial undertaken as part of the NHLBI AsthmaNet
nationwide research network, previously described in detail.14

Briefly, 280 children ages 5 to 11 years with inadequately
controlled asthma using low-dosage corticosteroids were
assigned to a random sequence of commonly prescribed treat-
ments. These treatments consisted of baseline low ICS dose
(23ICS or 100 mg fluticasone propionate), double ICS with
LABA (23ICS1LABA or 100 mg fluticasone propionate and
50 mg salmeterol), quintuple ICS (53ICS or 250 mg fluticasone
propionate), and quintuple ICS with LABA (53ICS1LABA or
250 mg fluticasone propionate and 50 mg salmeterol). All regi-
mens were taken twice daily, and escalating ICS dosages were
based on National Asthma Education and Prevention Program
guidelines. Participants who met the inclusion criteria were
randomly assigned to the above-described treatments, in random
order, for a total of 14 weeks per treatment regimen. The first 2
weeks of each period were a washout of the prior treatment and
thus were not included in these analyses (see Fig E1 in this arti-
cle’s Online Repository available at www.jacionline.org).

The current ancillary analysis of the BARD trial results
includes 224 children (80% retention of total sample size) who
were randomized in the trial and for whom we obtained
caregiver’s consent to use their address for analysis. Enrolled
participants self-reported Black ancestry (having at least 1 Black
grandparent) and exhibited a baseline FEV1 after bronchodilator
use (after 4 puffs of albuterol [90 mg per puff]) of at least 40% of
the predicted value. Additionally, participants had a diagnosis of
asthma confirmed by b-agonist reversibility (an increase in the
percent predicted FEV1 [%PFEV1] of at least 12%), a methacho-
line provocation concentration causing a 20% decrease in the %
PFEV1 of 16 mg/mL or less, or an absolute difference in the per-
centage of the predicted %PFEV1 of at least 12 percentage points
over 2 measurements documented within the previous year.14
Outcomes
Annualized asthma control days. Asthma control days

are defined as a diary entry of a day without (1) the use of an
albuterol rescue inhaler; (2) the use of oral steroids; (3)
daytime or nighttime asthma symptoms, such as wheeze,
cough, phlegm, chest tightness, or shortness of breath; (4)
unscheduled visits to an asthma-related health care provider
or missed school due to asthma; or (5) morning or night peak
flow below 90% of predicted. The number of control days was
then divided by the number of days each individual was
enrolled in the study to obtain an annualized rate (annualized
asthma control days [AACD]). Additionally, asthma control
was assessed at baseline via the Childhood Asthma Control
Test, in which scores range from 0 (uncontrolled) to 27 (well
controlled).22

Lung function. Lung function was assessed by clinical
research staff via spirometry at the end of each of the 4 treatment
periods of 14 weeks following the AsthmaNet Spirometry
Manual of Procedures. Assessment of reversibility to 4 puffs
of albuterol according to ATS criteria was used to determine
each participant’s %PFEV1 (Fig E2 in the Online Repository at
www.jacionline.org).We performed a sensitivity test to remove
from current analyses all participants who would not have met
the inclusion criteria of %PFEV1 >80 at baseline if we had
used Global Lung Function Initiative (GLI) formulas. We then
reran all modules with lung function outcome after removing
children who would not have qualified (Fig E9 in the Online Re-
pository at www.jacionline.org).

Asthma exacerbations. Asthma exacerbations were
defined as events characterized by a significant worsening of
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TABLE I. Baseline characteristics of study participants (n 5

224)

Characteristic Value

Demographic features

Age (y), mean 6 SD 8.47 6 1.82

Male sex, no. (%) 133 (59)

Hispanic or Latino ethnic background, no. (%)* 20 (8.9)

Percent below poverty line, mean 6 SD 23.29 6 13.10

Asthma history in previous 12 mo, no. (%)

One or more asthma episodes resulting in

emergency care or unscheduled office visit

86 (35.2)

Overnight hospitalizations 35 (14.3)

One or more courses of systemic glucocorticoids 141 (57.8)

Medication use in previous 12 mo, no. (%)

Leukotriene receptor antagonist or 5-lipoxygenase

inhibitor

83 (37)

Oral glucocorticoids 140 (63)

Inhaled or nebulized glucocorticoid monotherapy 187 (83)

Inhaled glucocorticoid1LABA combination

therapy

51 (23)

Clinical features

Median blood eosinophil absolute count

(cells/mm3), median (IQR)�
387.82 (180-502.5)

%PFEV1 (% of predicted value), mean 6 SD 96.6 6 16.83

Childhood Asthma Control Test score,

mean 6 SD�
21.39 6 3.77

Household features, no. (%)

Pregnancy smoking§ 33 (13.9)

Pregnancy vapingk 2 (1.3)

Household baseline tobacco use 82 (33.6)

Household baseline vaping{ 10 (6.3)

IQR, Interquartile range.

*Race and ethnic group were reported by the patients or their parents or guardians.

�Data were missing for 4 children.

�The score on the Childhood Asthma Control Test ranges from 0 to 27, with higher

values representing better asthma control.

§Data were missing for 8 children.

kData were missing for 85 children.

{Data were missing for 81 children.
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asthma symptoms, leading to the initiation of systemic glucocor-
ticoids. Including the onset of systemic glucocorticoids during en-
counters with health care providers, asthma-specific visits to
emergency departments requiring treatment with systemic gluco-
corticoids, hospitalizations due to asthma in which systemic glu-
cocorticoids are administered, admissions to intensive care units,
or instances of intubation for asthma. When 2 systemic glucocor-
ticoid treatments occurred at least 1 week apart from each other,
each was considered a separate exacerbation.

Modifiers: PM2.5, NO2, and O3. Air pollutants exposures
were estimated for each participant using a national spatiotem-
poral regionalized universal kriging model.23 The models
combine hundreds of fine-scale spatial covariates, including
roadway information, with PM2.5, NO2, and O3 measurements
from US Environmental Protection Agency Air Quality System
and Interagency Monitoring of Protected Visual Environments
monitoring sites and researcher-led monitoring campaigns. We
calculated outdoor residential average air pollutant concentra-
tions (PM2.5, NO2, and O3 concentrations in mg/m3, ppm, and
ppb, respectively) of participants during each of the 4 treatment
periods based on the centroid of their home census block.

Home environment. Information about pediatric asthma
and allergy history was collected at baseline and captured
secondhand smoke exposure of participants at home and in utero.
We also included household socioeconomic information and
home environment details, which were recorded at least once dur-
ing follow-up by research coordinators.

Geocoding. Each participant’s residential address
throughout the 56-week trial, including any residential moves,
was collected by clinical coordinators and geocoded to x,y
coordinates in ArcGIS (Esri, Redlands, Calif). Based on these
geocoded locations, 2-week average concentrations of PM2.5 (mg/
m3), NO2 (ppm), and O3 (ppb) were assigned to each participant
by mapping exposures to the centroid of their residential census
block. A custom-generated composite address locator using off-
line reference data was used to ensure patient protection and
maximize the positional accuracy of address locations. The geo-
coding process achieved a 100% match rate for participants who
consented to provide their addresses (n 5 224). To adhere to hu-
man subject protection standards, all patient addresses were
removed from the analytic dataset after the geocoding process
was completed.
Statistical methods
To examine whether PM2.5, NO2, and O3 modify the number

of asthma exacerbations, we fitted generalized linear mixed
models with a Poisson link function using the glmer function
of the lme4 package in R (R Foundation for Statistical
Computing, Vienna, Austria). We fitted mixed models to test ef-
fect modification by PM2.5, NO2, and O3 on the %PFEV1 and
AACD using the lmer function of the lme4 package version
1.1-30 in R.24 All models included a random intercept for
each participant to account for clustered data by person (ie,
repeated measures within person, across 4 treatment periods),
an intercept for each trial site, and an interaction between treat-
ments and air pollutant (ie, median dichotomized, quartiles).
Model coefficients and SEs were estimated under restricted
maximum likelihood estimation.

We used the glht function from the multcomp package version
1.4-25 in R to perform multiple hypothesis tests and adjust for
multiple comparisons, using single-step adjustment method. All
models were adjusted for age and household tobacco and vape
use. The outcomes of interest, ie, AACD and %PFEV1, are pre-
sented in terms of the change associated with increased residen-
tial exposure to outdoor air pollutants and exacerbation events
as incidence rate ratios. Specifically, these changes are quanti-
fied as dichotomized (above or below median) PM2.5, NO2,
and O3.

In sensitivity analyses, we categorized exposures by quartiles.
This approach allowed for the evaluation of treatment effect
modification across increasing levels of pollutant exposure, rather
than relying solely on median dichotomized values. Lastly, we
fitted models with adjusted pulmonary function test results based
on GLI formulas. We used SAS version 9.4 (SAS Institute Inc,
Cary, NC) for database management and R version 4.2. for
statistical analysis. We show descriptive statistics in frequencies
and percentages for binary variables and means 6 SDs for
continuous variables.
RESULTS

Demographic results
From January 2014 through March 2016, 280 participants

were randomized in the BARD crossover clinical trial. Of those,
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FIG 1. Interaction plots showing predictedmodel results. Predicted number of asthma exacerbations events

among children in the BARD ancillary study. (A) Predicted model with an interaction term between treat-
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224 participants were included in this ancillary study (80%
retention rate). The baseline characteristics of BARD trial par-
ticipants are reported in Table I. Most participants were male
(59%), non-Hispanic/Latino (91%), and lived in census blocks
with median incomes above the federal poverty rate. At base-
line, 13.9% of parents reported smoking while pregnant,
33.6% of households reported at least 1 smoker, and 1 child
had a wood-burning stove as a primary source of heat. Partici-
pants excluded from the current analysis did not have differ-
ences in sociodemographic or asthma-related clinical
characteristics compared with included children (Table E1 in
the Online Repository at www.jacionline.org). Average treat-
ment period–specific air pollutant exposures are summarized
in Table E2 (in the Online Repository at www.jacionline.org)
and did not differ substantially across treatments.
Asthma exacerbations
Results of the generalized linear mixed model analyses for the

number of asthma exacerbations are reported in Fig 1 and sum-
marized in Table E3 (in the Online Repository at www.
jacionline.org). We found that PM2.5, NO2, and O3 did not signif-
icantly modify the effect of any of the treatments on the number
of exacerbation events. There were no statistically significant
differences in the response to treatment between exposures to
levels of air pollution. Though not statistically significant, the
predicted number of exacerbations after adding LABA
(23ICS1LABA), was higher for participants exposed to high
NO2 compared with participants in low NO2 areas (0.65 [95%
CI 0.30, 1.43] vs 0.34 [0.09, 1.25]) (Fig 1, A). The expected num-
ber of exacerbations after treatment with 53ICS was higher for
children living in areas of high PM2.5 exposure compared with
the effect of treatment with 53ICS in low PM2.5 areas (0.96
[95% CI 0.46, 2.03]) (Fig 1, B). The number of exacerbations af-
ter adding LABA (23 ICS1LABA) did not yield any significant
differences when compared to treatment with 23 ICS alone and
did not vary by levels of Ozone exposures (Fig 1, C).
Annualized asthma control days
PM2.5 moderately modifies the effect of treatment on annual-

ized asthma control days (ie, days of well-controlled asthma
symptoms). On average, treatment with 53ICS1LABA signifi-
cantly decreased the number of control days, but only among par-
ticipants with belowmedian PM2.5 exposures (214.97 days [95%
CI 252.11, 22.16]) (Table E4 in the Online Repository at www.
jacionline.org). In contrast, among participants with above me-
dian PM2.5 exposures, the higher ICS dose with LABA conferred
more control days (43.44 days [95% CI 1.26, 85.63]) (Fig 2, B).
The interactions between the effect of treatment and NO2
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FIG 2. Interaction plots showing predicted model results. Predicted number of asthma control days among

children in the BARD ancillary study. (A) Predicted model with an interaction term between treatment and

NO2. (B) Predicted model with an interaction term between treatment and PM2.5. (C) Predicted model with

an interaction term between treatment and O3. Models are adjusted for age, household vaping, and smok-

ing status. Random intercepts for trial site and participant were included.
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(Fig 2, A) did not yield differences in effects (P for interaction5
.59) However, among participants with above median
PM2.5 exposures, the higher ICS dose with LABA conferred
more control days (43.44 days [95% CI 1.26, 85.63]) (Fig 2, B).
The interaction with O3 not reach statistical significance (P for
interaction 5 .76) (Fig 2, C).

Percent predicted FEV1

Results from models that evaluated lung function via %
PFEV1 are reported in Table E5 (in the Online Repository at
www.jacionline.org) and Fig 3. We found a statistically signifi-
cant interaction effect between treatment and NO2 (P for
interaction 5 .05), and we found that, on average, treatment
with 53ICS1LABA significantly increased %PFEV1 among
participants in the low NO2 exposure areas (5.86 [95% CI
1.16, 10.56]) compared with participants in the high NO2 expo-
sure areas (0.57 [95% CI 24.66, 5.8]) (Fig 3, A). Models that
evaluated the interaction between treatment and PM2.5 and O3

did not reach statistical significance (P for interaction 5 .12
and .13, respectively) (Fig 3, B and C).

In sensitivity analyses, we found that categorizing the expo-
sures of interest using quartiles did not result in any differences
from the above-reported results (Figs E3-E5 in the Online Repos-
itory at www.jacionline.org). We saw no difference in the
therapeutic response when excluding participants who would
not have met the inclusion criteria based on adjusted GLI formula
baseline FEV1.
DISCUSSION
In this secondary analysis, we investigated whether ambient air

pollution exposure alters treatment efficacy—an area that has
been insufficiently explored—within a pediatric clinical trial. We
sought to investigate the roles of exposure to PM2.5, NO2, and O3

in the association between crossover treatments with combination
therapy and markers of treatment efficacy for asthma pharmaceu-
tical interventions.We found therewere no significant differences
in the effect of treatment on exacerbation events among children
across levels of PM2.5, NO2, and O3 residential exposures. None-
theless, there was an apparent effect modification by PM2.5 and
NO2 on measures of asthma control and lung function, though
these should be interepreted with caution because within-group
results are imprecise. We found no significant difference in the
AACD between high versus low PM2.5 exposure areas when par-
ticipants were treated with 23ICS1LABA and 53ICS1LABA.

Likewise, participants with low NO2 exposures had modestly
better asthma control than participants with high NO2 exposure
for all treatments. This finding supports our hypothesis that
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increased exposure to NO2 has the potential to reduce asthma con-
trol and contributes to the burgeoning understanding of how the
environment may impact responses to asthma treatment. Further,
our results lend support to our hypothesis that ambient air pollu-
tion interacts with asthma treatment. To that end, we also report
findings on a significant increase in %PFEV1 among participants
in low NO2 areas when treated with 53ICS1LABA compared
with high NO2 areas. Consistent with existing studies, our results
suggest that pharmaceutical treatments alone may not suffice to
manage and improve asthma outcomes effectively in children.
Observational studies reveal that compared with children not
exposed to short-term PM2.5, particulate matter <10 mm, and
O3, children exposed to higher levels of volatile organic com-
pounds are more likely to experience severe asthma symptoms.25

This underscores the importance of addressing the influence of
ambient air pollution on treatment effectiveness in both clinical
trials and clinical practice.21,26 Additionally, these findings may
have implications for the health disparities observed amongBlack
children with asthma. Systemic racism has led to greater exposure
to these pollutants in marginalized communities, potentially
impacting treatment responsiveness evenwhenmedication adher-
ence is maintained.27,28

The precise mechanisms by which increased exposure to air
pollution interacts with ICSs or LABAs and acts on asthma
symptoms remain to be fully understood. However, evidence of
the impact of nitric oxide (NO) and NO2 reveals that cigarette
smoking significantly reduces endogenous NO production in
the airways, affects endothelial function through negative feed-
back regulation, and alters NO levels in both asthmatic patients
and smokers, which may influence respiratory health.29-31 Like-
wise, studies show that biological responses targeted by both
ICSs and LABAs are impacted by air pollution. That is, exposure
to air pollution can either upregulate or downregulate the expres-
sion of glucocorticoid receptors in various tissues, thereby im-
pacting their binding affinity to glucocorticoids. This could
modify the stress response and other physiological processes
mediated by glucocorticoids.32 Similarly, pollutant-induced
oxidative stress can also impair the downstream signaling of
b2-adrenergic receptors. For example, reactive oxygen species
can lead to the phosphorylation of proteins involved in the
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receptor signaling pathway, such as G protein–coupled receptor
kinases, which in turn can lead to receptor desensitization and
internalization.33
Strengths and limitations
One limitation of this study is that 20%of the trial populationwas

not included in our analyses. We did not have information on 56
participant addresses, and therefore these individuals were excluded
from the current analysis. We acknowledge there is a limitation in
the power of our analyses. Given that this is a secondary analysis of
a completed trial, tests reported in this article were not included in
the original power calculations. However, our findings are still
hypothesis generating and underscore the importance of consid-
ering the potential for air pollution to modify pharmaceutical
efficacy for asthma, particularly after adjustments for multiple
testing. Another limitation relates to the school environment, as
children spend a considerable amount of time in school, and we did
not have data on environmental triggers within school settings.
Whereas we cannot draw conclusions on the effect of the school
environment, we accounted for key home-based asthma triggers
that are highly relevant for children ages 5 to 11. Lastly, predicted
lung function calculations presented do not include race corrections
that reflect current guidelines, as the nature of the crossover design
removes confounding by individual-level characteristics, including
race. Thus, the racial component of the prediction equation would
simply cancel out. Nonetheless, a key consideration in the
interpretation of our findings is the potential impact of baseline %
PFEV1 classification on treatment response estimates. Recent liter-
ature, including an official statement from the American Thoracic
Society,34 highlights concern about historical underestimation of
disease severity due to racial classification in pulmonary function
test values. However, whenwe recalculated baseline%PFEV1 using
GLI formulas, there was no difference in observed treatment effects
on lung function (Fig E9).

The strengths of this secondary analysis relate to robust
screening protocols, inclusion of multiple cities across the United
States, and incorporation of geographic information system–
based methods to represent each geographic setting. We used a
robust method to assess air pollutant exposure by assigning mean
PM2.5, NO2, and O3 exposures over follow-up using a validated
national spatiotemporal model. Further, these estimates were as-
signed to each participant from the date of enrollment until the
date of trial conclusion at the residential location, thus adjusting
for seasonality and accounting for spatiotemporal variability in
pollution. Given that we did not have information on residential
addresses for participants who did not consent, we were unable
to evaluate how selection into the ancillary study, if any, was influ-
enced by spatial and logistical access to each trial site.

The findings from this secondary analysis contribute valuable
insights into the ongoing discourse and advocate for enhanced
patient–provider communications regarding the potential impacts
of environmental exposures on the efficacy of asthma medications.
Furthermore, our study calls for the inclusion of data on partici-
pants’ lived experiences and home environments in clinical trial
analyses—information that, though often collected, is seldom used.
Conclusions
Our study shows a relationship between NO2 exposure and

response to treatment in children with asthma. While increasing
ICSs demonstrated efficacy in reducing exacerbation events,
this protective effect was observed primarily among children
residing in areas with below-average NO2 levels. These outcomes
not only reinforce the existing evidence concerning the detri-
mental effects of ambient air pollution on pediatric asthma, but
also highlight its potential to diminish the therapeutic benefits
of pharmaceutical interventions. In pursuit of equitable clinical
care, it would enhance clinical trials to more broadly consider
the various factors affecting treatment efficacy. Our findings un-
derscore the importance of accounting for environmental coexpo-
sures, such as ambient air pollution, which can significantly alter
treatment outcomes. Moving forward, adopting an integrated
approach that combines pharmacological and environmental stra-
tegies will be crucial in optimizing asthma management for pedi-
atric patients.
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