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Abstract
Background—Asthma is an inflammatory condition often punctuated by episodic symptomatic
worsening, and accordingly, individuals with asthma may have waxing and waning adherence to
controller therapy.

Objective—To measure changes in inhaled corticosteroid (ICS) adherence over time, and to
estimate the effect of this changing pattern of use on asthma exacerbations.

Methods—ICS adherence was estimated from electronic prescription and fill information for 298
participants in the Study of Asthma Phenotypes and Pharmacogenomic Interactions by Race-
ethnicity (SAPPHIRE). For each individual we calculated a moving average of ICS adherence for
each day of follow-up. Asthma exacerbations were defined as the need for oral corticosteroids, an
asthma-related emergency department visit, or an asthma-related hospitalization. Proportional
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hazard models were used to assess the relationship between ICS medication adherence and asthma
exacerbations.

Results—Adherence to ICS medications began to increase prior to the first asthma exacerbation
and continued afterward. Adherence was associated with a reduction in exacerbations, but was
only statistically significant among individuals whose adherence was >75% of the prescribed dose
(hazard ratio [HR] 0.61; 95% confidence interval [CI] 0.41–0.90) when compared with individuals
whose adherence was ≤25%. This pattern was largely confined to individuals whose asthma was
not well controlled initially. An estimated 24% of asthma exacerbations were attributable to ICS
medication non-adherence.

Conclusions—Inhaled corticosteroid adherence varies in the time period leading up to and
following an asthma exacerbation, and non-adherence likely contributes to a large number of these
exacerbations. High levels of adherence are likely required to prevent these events.
[ClinicalTrials.gov number NCT01142947]
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INTRODUCTION
Although inhaled corticosteroid (ICS) treatment is widely considered to be the cornerstone
therapy for the control of asthma symptoms,(1) we and others have consistently documented
poor adherence to this class of medications.(2–5) Despite the well documented benefit of
inhaled steroid use in mitigating asthma complications and exacerbations,(6–8) the
methodology of quantifying the relationship between ICS adherence and these asthma-
related outcomes poses particular challenges. First, asthma exacerbations resulting in oral
steroid use, an emergency room visit, or hospitalization can be infrequent; for example, in an
earlier study we found that 45%, 25%, and 9% of adults experienced these events over a two
year period.(9) Therefore, ICS adherence needs to be estimated for a relatively large number
of patients in order to detect an association with exacerbation. Next, as asthma can be an
episodic condition, so too can asthma medication use, especially with recent studies
suggesting a potential benefit from as needed ICS treatment.(10) Therefore, assessing the
relationship between ICS use and outcomes related to poor control may demonstrate a
reverse causation bias, such that controller use may appear to be associated with
exacerbations. At the other extreme, we have also shown that people who never fill their
asthma controller medications (i.e., primary non-adherent patients), and thus have a
measured adherence of 0%, may have less severe disease and hence less inclination to ever
use their medication.(11)

In an earlier study, we looked at the cross-sectional relationship between adherence and
asthma outcomes.(9) However, given the episodic nature of asthma, we hypothesized that
ICS adherence changes with time. Therefore, the purpose of this study was to measure
changes in adherence over time and to estimate the effect of ICS adherence on asthma
exacerbations (i.e., burst therapy with oral corticosteroids, an asthma-related emergency
room visit, or an asthma-related hospitalization), accounting for changing patterns of ICS
use. Also novel to this analysis, we adjusted for contemporaneous measures of underlying
asthma severity, such as changes in short-acting beta-agonist use,(12) so as to better estimate
the relationship between ICS adherence and severe asthma exacerbations.
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METHODS
Patient population

This study was approved by the institutional review board of Henry Ford Health System and
was consistent with its Health Insurance Portability and Accountability Act policy. All adult
study participants signed written consent, and study participants less than age 18 years
signed a written assent with written consent signed by a legal guardian. Participants were
part of the Study of Asthma Phenotypes and Pharmacogenomic Interactions by Race-
Ethnicity (SAPPHIRE), a prospective asthma cohort study, which has been described in
detail elsewhere.(13;14) Potentially eligible participants were first identified though health
system electronic records and met the following criteria: age 12–56 years, a recorded
clinical diagnosis of asthma, and no recorded diagnosis of chronic obstructive pulmonary
disease or congestive heart failure. Individuals meeting these criteria were invited to
undergo a screening examination as part of the intake evaluation for the parent
pharmacogenomics study, SAPPHIRE (ClinicalTrials.gov number NCT01142947). The
current analysis includes individuals who confirmed that they had a physician diagnosis of
asthma at this initial visit for the SAPPHIRE study (henceforward referred to as the ‘initial
visit’) and who had both medical and pharmacy coverage through an affiliated health
maintenance organization (the latter criterion allowed us to identify medication use and
clinical outcomes retrospectively and prospectively). In addition, as we were estimating the
contribution of non-adherence to asthma exacerbation, we included only persons who had at
least one ICS prescription fill (i.e., SAPPHIRE participants with at least one non-zero
measurement of inhaled corticosteroid adherence during the study period).

The initial visit as part of the SAPPHIRE study also included pulmonary function testing
which followed 2005 ATS/ERS recommendations.(15;16) Forced expiratory volume at one
second (FEV1) was measured in liters, and the percent of predicted FEV1 was estimated
using the reference equations of Hankinson et al.(17) Bronchodilator response was assessed
after administering albuterol sulfate hydrofluoroalkane. A 360μg dose of albuterol was
delivered from a standard metered dose inhaler (MDI) using an AeroChamber Plus® Z
STAT spacer (Monahan Medical Corp., Plattsburgh, NY). Bronchodilator reversibility was
calculated as the percent change in FEV1 pre- and post-albuterol administration.(15)

Calculation of ICS adherence
We defined ICS adherence as the percent of the prescribed dose taken by an individual.
Inhaled corticosteroid adherence was estimated by linking electronic prescription data with
pharmacy claims data. We have previously shown that these data are nearly complete for our
covered population with very few prescriptions being filled through other providers.(11;15) In
order to estimate the length of time each filled ICS canister would last, we linked dosage
information from electronic prescription data to information on canister size as gleaned from
National Drug Code information recorded at the time of the prescription fill. Together these
data were used to calculate a days’ supply for each ICS fill. As we and others have done
previously,(2;18;19) adherence was estimated as the cumulative days’ supply divided by the
number of days of observation (i.e., a moving 6-month observation period for the current
study). These calculations also accounted for (i.e., prorated) prescription fills that partially
overlapped with the beginning and end of each observation period and incorporated when a
medication was discontinued by a physician. As patient medication use could change over
time, we calculated a moving 6-month average of medication use for each day of study
follow-up. That is, for each day of follow-up past the initial SAPPHIRE visit we calculated
the proportion of ICS medication taken as prescribed for the preceding 6-month period. We
chose the 6-month window of exposure based on our prior experience showing that this time
interval provides stable estimates of use when derived from electronic data sources (i.e.,
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electronic prescriptions and pharmacy claims); we have also shown that estimates using this
time window are not only associated with asthma but also with outcomes for another disease
condition.(20)

Statistical analysis
The primary outcome was the composite of the following events: an asthma-related
hospitalization, an asthma-related emergency department (ED) visit, or the use of oral
corticosteroids. As we performed a time-to-event analysis, the primary analysis included
follow-up to the occurrence any of the aforementioned events. The events included in our
composite measure of serious asthma exacerbations are also consistent with recent efforts to
standardized the definition of asthma exacerbations for research studies and clinical
practice.(21) Secondary outcomes analysis included follow-up to each of these event types in
isolation (i.e., only asthma-related hospitalizations, only asthma-related emergency
department (ED) visit, or only burst oral corticosteroid use).

Cox proportional hazard models were used to assess the relationship between ICS
medication adherence and the time to asthma-related outcomes. These time-to-event models
estimate a hazard ratio [HR] for each covariate, which is similar to a relative risk but
specific to regression models using survival analysis. As events could happen multiple times
for a given individual, we accounted for the intensity of repeated measures (i.e., clustering
of events per individual) using the methods described by Andersen and Gill.(22) Moreover,
events occurring simultaneously were handled via the method described by Breslow.(23)

Individuals were censored if and when they disenrolled from the health plan or at the end of
observation on November 1, 2010. As mentioned above, adherence measures were updated
for each day of follow-up (i.e., entered into the regression models as time-updated
covariates) and each day’s measure approximated the proportion of the prescribed ICS dose
taken over the preceding 6-month period per individual. Therefore, adherence was a
continuous measure for which we estimated the risk reduction (for an asthma exacerbation)
per 0.25 increase in this proportion (i.e., a 25% increase in adherence). Regression models
adjusted for patients’ age, sex, and race-ethnicity. To account for underlying disease severity
and control, we included FEV1 (in liters) and the degree of bronchodilator reversibility (as a
percent change in FEV1) taken at the time of the initial visit, and a history of asthma
exacerbations (i.e., oral steroid use, asthma related emergency department visits, and asthma
related hospitalizations) in the baseline period. The baseline period was defined as the 6–12
months prior to the initial visit and was chosen so as not to overlap with ICS adherence
measured at the time of the initial visit (i.e., the 6-month window of ICS use measured from
6 months prior to the initial visit to the time of the initial visit). The regression models also
included separate indicator variables for whether patients were using a long-acting beta-
agonist or ‘other’ asthma controller medications (i.e., anti-leukotrienes, mast cell stabilizers,
immunomodulatory medications, or theophylline derivatives) at the time of their initial visit.
Since we previously showed that prospective measures of short-acting beta-agonist (SABA)
use predict future asthma exacerbations,(12) we also included time-updated measures of
SABA use in our regression models as a proxy for changing disease severity. Similar to the
measure of ICS adherence, SABA use was calculated as the total number of doses dispensed
over the preceding 6 months (i.e., contemporaneous with the measurement of ICS
adherence). Separate variables were created for SABA nebulizer and SABA MDI use based
on our earlier published findings regarding their predictive import.(12) Therefore, we had
estimates of SABA use for each day of follow-up, and these measures were included in the
regression models as time-updated covariates.

To assess for a potential threshold effect in the relationship between ICS adherence and
outcomes, we categorized adherence (i.e., the proportion of dose taken) as follows: 0–25%
[referent], 26–50%, 51–75%, and 75%–100. These categorical variables were included as
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time-updated dummy variables in the regression equations. We stratified the analysis for
asthma control status based on participant responses to the Asthma Control Test (ACT).
Baseline ACT scores ≤19 were considered uncontrolled asthma and scores >19 were
considered controlled asthma.(24) These regression models adjusted for all other covariates
previously discussed.

Lastly, we estimated the proportion of serious asthma exacerbations (i.e., the combined
primary outcome) attributable to ICS medication non-adherence. We estimated the rate of
events with perfect adherence by generating a hazard for each person in analysis with ICS
adherence set to 100%. This estimation included all other individual risk factors weighted by
the model parameter estimates for that risk factor and for that individual. The number of
avoidable events due to non-adherence was the difference between the observed number of
events and the sum of the calculated hazards for the analytic population. We divided this
value by the sum of the observed events in the analytic population and the number of events
in individuals without ICS use (i.e., conservatively assuming that these events are
immutable) to estimated the proportion of exacerbations attributable to ICS non-adherence.
Restated, we estimated the total proportion of asthma exacerbations which could have been
avoided through improved ICS adherence in the entire study population by first estimating
the number of events which could have prevented in those taking an ICS and second by
incorporating the number of events in those not taking ICS medication in the denominator
(this latter number was conservatively assumed to be fixed).

We accepted a type-I error rate threshold of 5% (i.e., P-value<0.05) for determining
statistical significance. Analyses were performed using SAS v9.2 (SAS Institute Inc., Cary,
NC).(25)

RESULTS
The characteristics of the 298 study participants with asthma from the SAPPHIRE cohort are
shown in Table 1. Mean age was 34.5 years (± 15.7 years, standard deviation [SD]) and
68.5% were female. Almost all patients (98.3%) were of African American race-ethnicity by
self-report. At the initial screening visit, approximately half of the participants (48.7%)
reported asthma that was not controlled based on their ACT score. Mean adherence to ICS
medication was 26.3% at the time of the initial visit.

The total duration of patient follow-up was 581.6 patient-years, or an average duration of
follow-up per study participant of 1.95 years (± 0.93 SD). During follow-up, 40.6% had one
or more treatments with an oral corticosteroid, 23.2% had an asthma-related emergency
room visit, and 4.0% had an asthma-related hospitalization; 46.3% of participants had at
least one of these events for a total of 435 asthma exacerbations. Among the 138 individuals
with ≥1 asthma exacerbation the median time between events was 84 days (minimum time,
0 days; maximum time, 1,028 days).

Figure 1 demonstrates the variation in adherence with respect to the first asthma-
exacerbation (i.e., burst therapy with oral corticosteroids, an asthma-related ED visit, or an
asthma-related hospitalization). The first events among study participants were aligned to
demonstrate the changes in adherence preceding and following the exacerbation. As can be
seen, ICS use began to increase prior to the exacerbation and continued following the event.

The increased ICS use around the time of an exacerbation may result in a counterfactual
relationship between ICS adherence and the risk of an exacerbation. This is demonstrated in
Table 2 where the unadjusted relationship between ICS adherence and asthma exacerbations
shows an increased risk (HR 1.12; 95% confidence interval [CI] 1.04–1.20). However,
adjusting for other markers of concomitant asthma severity (e.g., concurrent short-acting

Williams et al. Page 5

J Allergy Clin Immunol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



beta-agonist use) and historic asthma severity (i.e., prior history of oral steroid use, asthma-
related ED visit, or asthma related hospitalization) resulted in a consistent protective
relationship between ICS adherence and asthma exacerbation (see Table E1 in on the online
supplement for the parameter estimates for the other covariates). Every 25% increase in ICS
adherence was associated with an 11% decreased risk in the composite measure of asthma
exacerbation (HR 0.89, 95% CI 0.81–0.97, P-value 0.009).

We also examined whether the relationship between the level of adherence and asthma
exacerbations was linear. As can be seen, the largest and only statistically significant
reduction in the risk of exacerbation was seen among individuals whose ICS adherence
exceeded 75% of prescribed (Figure 2A). However, after stratifying our sample by asthma
control status at baseline (i.e., an ACT score ≤19 for uncontrolled and >19 for controlled),
we found that the benefit of adherence was largely confined to individuals whose asthma
was not controlled at baseline. In this latter group, the protected effect of ICS controller
therapy was again largely confined to those with an adherence >75% (HR 0.59, 95% CI
0.37–0.95, P-value 0.03) (Figure 2B). Although, increasing ICS adherence also appeared
protective among individuals whose reported asthma was controlled at baseline, these
findings did not reach statistical significance and there was no obvious threshold effect
(Figure 2C). These data may also be found in the online supplement Table E2.

Using the model parameter estimates (Table E1), we estimated that there would have been
124 asthma exacerbations (i.e., the combined outcome) in our analytic population per year
were patients to have used their ICS medication as prescribed (i.e., perfect adherence). One
hundred ninety-six events were observed in this time period for this group, and an additional
99 events were noted for individuals without ICS exposure. Therefore, we estimate that
24.4% (i.e., [196−124]/[196+99]) of all asthma exacerbations in our study population could
have been avoided through improved ICS adherence. Of these 295 events, 176 (59.7%) were
oral steroid fills, 107 (36.3%) were emergency department visits, and 12 (4.1%) were
hospitalizations.

DISCUSSION
The effectiveness of inhaled corticosteroids to reduce asthma exacerbations has been well
described,(26;27) as has the relationship between ICS non-adherence and increased
exacerbations.(9;28–30) and the lack of persistence in ICS use over time.(31;32) However, to
our knowledge this is the first study to quantify the likely effect of this varying use on severe
asthma events. Moreover, our composite measure of severe asthma exacerbations was
consistent with recent recommendations to standardize the measurement of these events,(21)

and hence our findings may be more easily generalized when compared with earlier studies.

Not surprisingly, we found that medication use as assessed through pharmacy claims
increased in the time surrounding an asthma exacerbation. This observation has relevance
when assessing the relationship between medication use and outcomes, such that one may
observe a positive relationship between ICS adherence and asthma exacerbations if
underlying severity is not adequately accounted for in the analysis. We have previously
shown short-acting beta-agonist rescue medication use to be a predictor of an impending
asthma event,(12) and again have observed that accounting for this use at least in part
corrects underlying variation in disease severity,(9) as does accounting for a past history of
asthma exacerbations.

We also report the somewhat surprising suggestion of a non-linear reduction in asthma
exacerbations with increasing ICS use. In particular, ICS adherences rates >75% of the
prescribed dose appeared be a threshold above which asthma exacerbations were
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significantly reduced. This finding suggests that the seemingly arbitrary thresholds between
70–80% often used to describe the level above which a patient is considered adherent may
actually have clinical relevance,(33–35) and is consistent with at least one other study finding
increased asthma control among individuals with >80% ICS adherence.(36) However, this
cut point may differ by condition, disease severity, and medication class, implying that its
predictive validity also needs to be established for other clinical scenarios.(37)

Our findings do appear to conflict with a recent clinical trial suggesting that intermittent
dosing of inhaled corticosteroids results in similar exacerbation rates when compared with
ICS continuous dosing.(10) However, this study was restricted to individuals with mild
persistent asthma, whereas our study was not. Although we did not categorize individuals
according to severity as outlined in National Asthma Education and Prevention Program
guidelines,(1) we do show that the largest benefit of ICS use was seen in individuals deemed
to be uncontrolled based on Asthma Control Test score, and in these individuals only
adherence levels >75% were associated with a lower rate of exacerbations. In the trial,
adherence was assessed by counting unused inhaler doses. As study participants may dump
medication in an attempt to appear compliant,(38) this method of assessing adherence may
overestimate actual use and diminish the observed effect of continuous ICS therapy. It is
possible that we were underpowered to detect the association between ICS adherence and
exacerbations among those who were well controlled at baseline. However, as this group
was actually larger than those with an ACT score ≤19, the relationship if present is likely
smaller than that reported here.

While we have again shown pharmacy claims-based estimates of medication adherence to
be predictors of asthma-related outcomes, we must note that these metrics do not measure
the erratic patterns of daily use, nor are they capable of assessing improper inhaler
technique, both of which may be highly prevalent.(39;40) Moreover, we could not determine
whether some filled medication was dumped or went unused. Nevertheless, we anticipate
that this unmeasured deviation would result in underestimating the true effect of adherence
to ICS medication on asthma exacerbations, and in this regard our estimates may be
conservative. Similarly, as this is an observational study, it is possible that we did not
account for other important confounders in our analysis. It is also uncertain whether our
finding can be generalized to others, as the patients analyzed were all members of a single
health system and were predominantly African American. Excluding and including the few
individuals who did not report African American race-ethnicity had no significant effect on
our results (data not shown). Moreover, we have recently shown that ICS treatment response
is not likely to vary according to the proportion of one’s African and European ancestry,(14)

suggesting that the effect of ICS adherence observed here may be generalized to multiple
population groups.

The low baseline level of ICS adherence that we measured here (26.3%) is consistent with
other large population-based studies by us and others.(2;41) We estimate that approximately
24% of our combined exacerbation outcomes could have been avoided through improved
ICS use. At first glance this is lower than our previous estimate of 60% of asthma
hospitalizations attributable to ICS non-adherence,(9) yet it is important to note that
hospitalizations are a rare event and therefore our current estimates represent a much larger
number of events avoided. Our estimates are also conservative in that they assume that
events in individuals without ICS exposure are fixed; however, we know from the work of
others that even individuals with severe asthma can be under-prescribed ICS medication and
therefore may benefit from treatment.(42)

In summary, we now are able to demonstrate the relationship between ICS adherence and
asthma exacerbations in a manner that accounts for the changing patterns of inhaler use over
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time. Not surprisingly, ICS adherence appears to be protective for these events. While these
findings are consistent with the results of clinical trials involving the use of ICS medication
for asthma,(27) even these trials do not account for varying degrees of ICS use by
participants. In this manner we were able to ascertain that the primary treatment benefit was
experienced by those with relatively high degrees of use (>75% of the prescribed dose) over
a 6-month period. While these population-level estimates accounted for multiple proxies of
disease severity, the exact strength and duration of ICS treatment needed for an individual
patient will vary. Nevertheless, developing and refining these measures of medication use
from automated data sources (i.e., electronic prescription information, claims data, and the
electronic medical record) has a number of exciting potentials. These include improvement
in patient care through the identification of individuals at high risk for poor outcomes and
even application in the areas of pharmacoepidemiology and pharmacogenomics where
accurate assessments of drug exposure are needed.(13;43)
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ICS Inhaled corticosteroids

FEV1 Forced expiratory volume at one second
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Figure 1.
Change in corticosteroid adherence over time with respect to the first asthma exacerbation in
SAPPHIRE study participants. The first asthma exacerbation (i.e., burst oral steroid use,
asthma-related emergency room visit, or asthma-related hospitalization) is aligned at time
zero. Average adherence for the 180 days preceding and following the exacerbation are
shown.
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Figure 2.
Relationship between level of inhaled corticosteroid (ICS) adherence (i.e., the percent of
prescribed ICS medication taken) and the likelihood of an asthma exacerbation (i.e., burst
oral steroid use, asthma-related emergency room visit, or asthma-related hospitalization).
The relationship between adherence and outcomes is shown for all study participants (A),
for those whose asthma was uncontrolled at the initial visit (B), and for those whose asthma
was controlled at the initial visit (C). Participants with an ICS adherence of 0–25% are the
referent group against which the other adherence categories are compared. Effect estimates
are adjusted for all covariates included in Table 2 and in Model 5 from Table E1.
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Table 1

Characteristics of SAPPHIRE study participants (N = 298)*

Variable

Age (in years) – mean ± SD 35.4 ± 15.7

Female sex – no. (%) 204 (68.5)

Race-ethnicity – no. (%)

 African American 293 (98.3)

 White 3 (1.0)

 Other 2 (0.7)

Asthma Control Test score†

 Score ≤19 – no. (%) 145 (48.7)

 Score >19 – no. (%) 153 (51.3)

Pulmonary function‡

 FEV1 (in liters) – mean ± SD 2.44 ± 0.76

 Percent of predicted FEV1 (%) – mean ± SD 87.1 ± 19.9

 FEV1 bronchodilator reversibility (% change in FEV1) – mean ± SD§ 1.08 ± 1.38

Oral steroid use in baseline period – no. (%)§ 79 (26.5)

Asthma-related emergency department visit in baseline period – no. (%)|| 20 (6.7)

Asthma-related hospitalization in baseline period – no. (%)§ 3 (1.0)

Use of an additional controller medication at the time of the initial visit – no (%)¶

 Long-acting beta-agonist** 151 (50.7)

 Other controller medication†† 50 (16.8)

Inhaled corticosteroid adherence at the time of the initial visit (%) – mean ± SD‡‡ 26.3 ± 25.4

SAPPHIRE denotes the Study of Asthma Phenotypes and Pharmacogenomic Interactions by Race-ethnicity; SD, standard deviation; and FEV1, the
forced expiratory volume at one second.

*
Includes all participants from SAPPHIRE with at least one non-zero measurement of inhaled corticosteroid adherence during the study period.

†
Asthma control was assessed at the initial screening visit. An Asthma Control Test score ≤19 implies uncontrolled asthma and a score >19 implies

controlled asthma.

‡
Pulmonary function was measured during the initial screening visit at the time of enrollment.

§
Bronchodilator reversibility was measured as the percent change in FEV1 between the initial measurement and following administration of a

360μg dose of albuterol sulfate hydrofluoroalkane.

||
Baseline oral steroid use, asthma-related emergency department visits, and asthma-related hospitalizations were measured prior to inhaled

corticosteroid adherence measurements (i.e., 6–12 months prior to the initial screening visit).

¶
Initial visit denotes the time of the first examination for the SAPPHIRE study

**
Number of individuals using an inhaled corticosteroid who were concomitantly using an inhaled long-acting beta-agonist medication.

††
Number of individuals using an inhaled corticosteroid who were concomitantly using one of the following additional asthma controller

medications: an anti-leukotriene, a mast cell stabilizer, an immunomodulatory agent (i.e., omalizumab), or a theophylline derivative medication.
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‡‡
Inhaled corticosteroid adherence at the time of the initial evaluation represents the average proportion of prescribed ICS medication taken per

individual for time period starting 6 months prior to the initial visit to the time of the initial visit. The value presented represents the average across
all study individuals.
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Table 2

Unadjusted and adjusted relationship between inhaled corticosteroid medication adherence and asthma
exacerbations*

Outcome Adherence to inhaled corticosteroids†

HR (95% CI) P-value aHR (95% CI)‡ P-value

Primary outcome

 Combined asthma exacerbations* 1.12 (1.04–1.20) 0.002 0.89 (0.81–0.97) 0.009

Secondary outcomes

 Oral corticosteroid use 1.12 (1.03–1.22) 0.006 0.90 (0.80–1.00) 0.043

 Asthma-related emergency department visit 1.06 (0.92–1.22) 0.428 0.87 (0.73–1.03) 0.114

 Asthma-related hospitalization 1.37 (1.03–1.81) 0.029 0.99 (0.65–1.51) 0.971

HR denotes hazard ratio; CI, confidence interval; and aHR, adjusted hazard ratio.

*
An asthma exacerbation was considered to be an event requiring the initiation of oral corticosteroids, an asthma-related emergency department

visit, or an asthma-related hospitalization. These events combined comprised the primary study outcome.

†
Hazard ratios for adherence represent the estimated effect for a 25% improvement in inhaled corticosteroid adherence.

‡
Adjusted for patient age, sex, race-ethnicity, concomitant short acting beta-agonist use (i.e., separately adjusting for metered dose inhaler and

nebulizer use), percent of predicted forced expiratory volume at one second (FEV1) at the time of the initial visit, the degree of bronchodilator
reversibility in the FEV1 at the time of the initial visit, historic exacerbations during the baseline period (i.e., separate variables for oral steroid use,
asthma-related emergency department visits, and asthma-related hospitalizations), use of a long-acting beta-agonist as an ICS combination inhaler
at the time of the initial visit, and the use of other asthma controller medication at the time of the initial visit (i.e., anti-leukotrienes, mast cell
stabilizers, immunomodulatory medication, or theophylline derivatives).
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