Adv Ther (2024) 41:1201-1225
https://doi.org/10.1007/s12325-023-02774-w

®

Check for
updates

ORIGINAL RESEARCH

Effect of Individual Patient Characteristics

and Treatment Choices on Reliever Medication Use
in Moderate-Severe Asthma: A Poisson Analysis

of Randomised Clinical Trials

Sven C. van Dijkman - Arzu Yorgancioglu - Ian Pavord -

Guy Brusselle - Paulo M. Pitrez - Sean Oosterholt - Sourabh Fumali -

Anurita Majumdar - Oscar Della Pasqua

Received: November 9, 2023 / Accepted: December 15, 2023 /Published online: February 1, 2024

© The Author(s) 2024

ABSTRACT

Introduction: Even though increased use of
reliever medication, including short-acting beta
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agonists (SABA), provides an indirect measure of
symptom worsening, there have been limited
efforts to assess how different patterns of relie-
ver use correlate with symptom control and
future risk of exacerbations. Here, we evaluate
the effect of individual baseline characteristics
on reliever use in patients with moderate-severe
asthma on regular maintenance therapy with
fluticasone propionate (FP) or combination
therapy with fluticasone propionate/salmeterol
(FP/SAL) or budesonide/formoterol (BUD/FOR).
Methods: A drug-disease model describing the
number of 24-h puffs and overnight occasions
was developed with data from five clinical
studies (N =6212). The model was imple-
mented using a nonlinear mixed effects
approach and a Poisson function, considering
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clinical and demographic baseline characteris-
tics. Goodness of fit and model predictive per-
formance were assessed. Heatmaps were created
to summarise the effect of concurrent baseline
factors on reliever utilisation.

Results: The final model accurately described
individual patterns of reliever use, which is
significantly increased with time since diagno-
sis, smoking, higher Asthma Control Question-
naire (ACQ-5) score and higher body mass
index (BMI) at baseline. Whilst the number of
puffs decreases slowly after an initial drop rela-
tive to the start of treatment, exacerbating
patients utilise significantly more reliever than
those who do not exacerbate. The mean effect
of FP/SAL (median dose: 250/50 pg BID) on
reliever use was slightly higher than that of
BUD/FOR (median dose: 160/4.5 pg BID), i.e. a
75.3% vs 69.3% reduction in reliever use,
respectively.

Conclusions: The availability of individual-
level patient data in conjunction with a para-
metric approach enabled the characterisation of
interindividual differences in the patterns of
reliever use in patients with moderate-severe
asthma. Taken together, individual demo-
graphic and clinical characteristics, as well as
exacerbation history, can be considered an
indicator of the degree of asthma control. High
SABA reliever use suggests suboptimal clinical
management of patients on maintenance
therapy.

PLAIN LANGUAGE SUMMARY

In this study, we tried to understand how
patients with moderate to severe asthma use
their quick-relief inhalers (like albuterol), how it
relates to their symptoms and the risk of having
asthma attacks. To evaluate whether differences
in reliever inhaler use between patients are
associated with factors like smoking or their
asthma symptoms at the beginning of treat-
ment, we gathered data from five clinical stud-
ies (n = 6212 patients). These data allowed us to
create a model that predicts how often patients

use their reliever inhalers (expressed as number
of puffs in 24 h) during maintenance therapy
with inhaled corticosteroids alone or in combi-
nation with long-acting beta agonists. The final
model showed that reliever inhaler use is higher
in patients who have been diagnosed with
asthma for > 10 years, are smokers, have higher
asthma symptom scores, and are obese or
extremely obese. Patients who had asthma
attacks also used their reliever inhalers more
often. In addition, to understand how relief
inhalers are used in real-life situations, we also
created heatmaps that include a wide range of
patient characteristics. By wusing individual
patient data together with this model, we have
learned that smoking, asthma control, BMI,
long history of asthma and previous asthma
attacks significantly influence reliever use. This
information can help physicians and healthcare
professionals understand know how well
someone’s asthma is managed. A patient who
uses their reliever inhaler often is likely not to
have their asthma well controlled by their reg-
ular medications.

Keywords: Asthma symptom control; Reliever
medication; Rescue medication; Short-acting
beta agonists; SABA; Inhaled corticosteroids;
Drug-disease modelling; Exacerbation; ICS/
LABA combination therapy

Key Summary Points

Why carry out this study

Historically, reliever medication has
aimed at bronchodilation and relief of
acute symptoms. It is indicated to
mitigate symptom worsening and reduce
airway limitation during an asthma attack
or prevent it

Reliever use is therefore in contrast with
controller medications, which are aimed
at reducing airway inflammation,
preventing asthma symptoms and
reducing future risk (i.e. exacerbations)
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Previous investigations have shown that
many patients misperceive achieving
symptom control whilst being reliant on
frequent use of reliever medication

What was learned from this study

A drug-disease model, based on a Poisson
function, can be used to describe and
predict interindividual differences in
reliever use in patients with moderate-
severe asthma

High heterogeneity in reliever use is
associated with different patient/disease
baseline characteristics

Patients with asthma who are current
smokers, obese, have a longer history of
asthma and show inadequate symptom
control (i.e. asthma control questionnaire
[ACQ-5] > 1.5) at baseline require more
reliever (e.g. short-acting beta agonists
[SABA] or short-acting muscarinic
antagonists [SAMA]) than those who are
non-smokers, have a short history of
disease, have BMI < 25 kg/m? and
adequate symptom control (ACQ-5 < 1.5)
at baseline

These factors should be carefully
considered during the clinical
management of patients with moderate-
severe asthma

INTRODUCTION

Asthma affects around 300 million individuals
worldwide. It has a heterogenous clinical pre-
sentation, including cough, wheeze, dyspnoea,
chest tightness or pressure as well as signs of
expiratory airflow obstruction [1]. Achievement
of asthma control over time, reduced depen-
dency on reliever therapy and a reduction in
exacerbation are clear goals of the clinical
management of patients with moderate-severe
asthma [2, 3]. Previous research has shown that
in adults with moderate-severe asthma,

exacerbation risk is significantly higher in
women, obese subjects, smokers and those who
have poor lung function, as assessed by spiro-
metric measures; these factors have also been
associated with variable or decreased symptom
control [4, 5]. However, despite evidence
showing that patients achieving control require
less reliever medication and have a lower risk of
exacerbation [6], the correlation among symp-
tom control, reliever use and reduction in
future risk has not been fully characterised.

To date, it has been shown that improve-
ments in lung function testing are accompanied
by symptom reduction and need for reliever
use, but less information is available on the
correlation with exacerbation risk [7]. In fact, a
complex relation appears to exist between
controller and reliever medication use and
exacerbations [8-11]. This complexity arises
partly because of over-reliance on acute symp-
tom improvement through reliever at the
expense of inadequate controller therapy. Real-
world data reveal that patients who exhibit low
ICS adherence (50% or less) and rely more on
reliever use are at higher risk of experiencing
exacerbations [12]. Moreover, increased reliever
use has been associated with higher incidence
of exacerbation, independent of maintenance
therapy with inhaled corticosteroids (ICS) or
ICS/long-acting beta agonist (LABA) combina-
tion therapy. Whilst variable adherence to daily
ICS or ICS/LABA regimens may stem from the
episodic nature of asthma symptoms [13], such
findings highlight the importance of ensuring
bronchoprotection, irrespective of current
symptoms, i.e. adherence to controller medica-
tion and maintenance therapy.

From a pharmacological perspective, the
complexity in establishing a link among reliever
use, symptom control and exacerbation risk
may arise from the different time scales, path-
ways associated with the inflammatory response
and airway function. Defining correlations
between effects that occur over a different time
scale therefore requires longitudinal data,
which capture the contribution of patient-re-
lated factors and long-term effects of mainte-
nance therapy.

Unfortunately, longitudinal data describing
reliever use at individual patient level are scarce,
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and cross-sectional studies do not overcome
this shortcoming. Consequently, there is lim-
ited insight into how the interplay among
patient-, disease- and treatment-related factors
affects the natural history of asthma control
[14]. Instead, most reports focus primarily on
the history of prior exacerbations, as asthma
exacerbations are known to affect airway func-
tion and the clinical course of asthma symp-
toms [15]. However, data collection on reliever
use is primarily qualitative or cross sectional
[16]. There has been no strictly quantitative
approach describing how reliever use influences
long-term treatment response in patients on
maintenance therapy and which factors deter-
mine interindividual variation in reliever use
patterns. This represents an important gap in
the clinical management of patients, as asthma
symptom control and exacerbation risk reduc-
tion are directly and indirectly associated with
reliever use.

To address this gap, one needs to distinguish
short-term fluctuation in airway function,
which may be due to a range of triggers result-
ing in bronchoconstriction, from asthma exac-
erbations and long-term symptom variation (i.e.
individual trajectories), which are likely to
reflect the underlying airway inflammation
status [17, 18] as well as interindividual differ-
ences in demographic and clinical baseline
characteristics [3, 19]. The aims of this study
were three-fold: (1) to improve individualised
patient care by identifying treatable traits and
their effects on disease status and reliever use,
(2) to quantify the effect of maintenance ther-
apy on reliever use and (3) to understand the
interplay between symptom severity and
maintenance therapy selection. To this purpose,
we analyse daily record data on reliever use in
conjunction with a parametric Poisson model to
establish the correlation between reliever use
and individual patients characteristics, symp-
tom control level and exacerbation in patients
with moderate-severe asthma on regular main-
tenance therapy.

METHODS

Data Source

The data used for this analysis were retrieved
from the internal GSK clinical data repository,
which contains individual patient-level infor-
mation collected in randomised controlled tri-
als. A flow diagram describing the screening,
retrieval and selection process is shown in
Fig. S1. Initially, there was a total pool of 17
randomized clinical trials, comprising 24,402
enrolled patients with moderate-severe asthma,
with a duration of at least 24 weeks, for which
accurate individual patient clinical and demo-
graphic baseline details, treatment, dose and
dosing regimens were available. Additional
selection criteria included studies in which
asthma symptom scores were assessed during
the course of treatment. These studies were
eventually integrated with individual patient
data where symptom scores were available only
at baseline. Studies in which asthma symptom
scores were assessed as ACQ-5 or ACT were pri-
oritised. Finally, the analysis population was
only to include patients aged > 18 years with
accurate self-reported reliever medication use
(frequency, timing of administration) and
maintenance therapy records. Studies needed to
have accurate details on maintenance therapy
and on the occurrence of the first exacerbation
event.

Of the initial pool of 17 trials, 5 clinical trials
(ADA1090S55, ADA109057, SAM40027,
SAM40040, SAM40056) met all the inclusion
criteria. Only these studies had accurate indi-
vidual patient reliever use records (either over-
night occasions or 24-h puffs, measured as
whole integers per day) over the course of
treatment, along with clinical and demographic
baseline details. Reliever consisted of the SABA
albuterol/salbutamol 100 pg PRN (as needed).
Maintenance therapy consisted in ICS
monotherapy or ICS/LABA combination ther-
apy: fluticasone propionate (FP), fluticasone
propionate/salmeterol  (FP/SAL) or budes-
onide/formoterol (BUD/FOR). The full data set
included 1,753,283 observed days from 6212
subjects who were randomised to receive FP
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(n=2077), FP/SAL (n=3100) or BUD/FOR
(n = 1035) over a period of at least 24 weeks up
to 1 year. An overview of the clinical study
protocols along with treatment details and
eventual deviations is shown in Table 1. All
studies have been performed according to rele-
vant ethical and clinical guidelines (including
the Helsinki Declaration of 1964 and its later
amendments) following protocol approval by
the designated Ethics Committee/Ethics Review
Board. All participants enrolled into the studies
have given informed consent, whose terms
include the scope of the research presented
here.

Analysis Population

From a total pool of 6744 adult subjects, 6212
had accurate treatment records, baseline asthma
symptom control score (ACQ-5 or ACT) and
demographic data. The majority were of white
ethnicity (n = 4197, 67.6%), while the next
highest represented heritage group was “other”
(n=1274, 20.5%). The mean age was 43.9
(range 18.0-91.0) years; 535 patients
were > 65 years of age (8.6%). An overview of
the baseline demographic and clinical charac-
teristics of the pooled patient population
included in the analysis is summarised per study
protocol in Table S1 (Supplementary Material).
Histograms describing the distribution of rele-
vant clinical and demographic baseline charac-
teristics were used to assess the heterogeneity
and consistency of the patient population
across the different studies, which were pooled
together for the purpose of the current analysis.
A summary of the distributions is shown in
Fig. S2 (Supplementary Material).

Given that the individual studies did not
record the same baseline variables, individual
covariate values were imputed where missing.
For continuous covariates, imputed values for
an individual patient were based on the median
value for the study population while for cate-
gorical covariates the most frequent value was
used if required. Subsequently, the potential
effect of imputation assumptions was evaluated
during model building by comparing parameter
estimates in the group of patients for whom no

Data set 1 Data set 2

Internal validation data
N =688
n=199,383

Model building data

N =5,524
n = 1,553,900

Fig. 1 Diagram describing the number of patients (N) and
total number of observations (n) for different data sets
used for model building and internal validation. External
validation was implemented subsequently with data from a
separate study (SAS115359—AUSTRI, NCT01475721)
[27], which was not included in the pooled data for this
analysis

covariates were imputed with those obtained
for the total population. Table S2 shows the
percentage of covariate values that were impu-
ted. The same procedure was applied for missing
data in any given study where the variables of
interest were collected. Moreover, baseline
ACQ-5 was derived from ACT scores for patients
included in  studies ADA109055 and
ADA109057. This was required because only
ACT was recorded in these studies and ACQ-5
has been identified as a covariate affecting
exacerbation risk and individual symptom tra-
jectories during the course of treatment [5, 20].
Conversion was performed considering the
symptom category and percentiles of the scores
of each scale. The correlation between scales
was calibrated using data from Malinovschi,
2011 [21].

The available data were combined and sub-
sequently divided into a model building and
internal validation data set (Fig. 1). The model
building data set consisted of studies
ADA109055, ADA109057, SAM40027 and
SAM40040 (data set 1: N = 5524 patients and
n = 1,553,000 records on reliever use). Internal
and external validation was aimed at the
assessment of model predictive performance.
Data set 2 (internal validation) included data
from patients with asthma (N = 688) enrolled
into study SAM40056, who were treated with
either BUD/FOR combination therapy (regular
variable doses) or FP/SAL combination therapy
(non-variable 50/250 pg BID doses). Individual

I\ Adis



1208

Adv Ther (2024) 41:1201-1225

patient data included in data set 2 were not used
during model development.

Count Model Development

The scope of our investigation was to assess the
effect of interindividual differences in clinical
and demographic baseline characteristics on
reliever use. Therefore, study data were pooled
together irrespective of the treatment to which
patients had been randomised (ICS monother-
apy or ICS/LABA combination therapy) [22-24].
Initially, an exploratory evaluation was per-
formed to identify patterns in reliever use over
time which could be associated with differences
in outcome. This exploratory step also served as
basis for further assessment of the assumptions
underpinning this individual-level model-based
meta-analysis (e.g. overdispersion). It also pro-
vided insight into potential limitations (e.g.
tewer studies in the southern hemisphere) and/
or requirements for additional assumptions (e.g.
hysteresis) (Table S3).

Further details on the choice of parameteri-
sation are presented in the Supplementary
Material. In brief, a Poisson model (also known
as a Poisson regression) was used to analyse
count data. It describes the observed pattern
(mean and variance) of reliever use and allows
characterisation of the interindividual differ-
ences associated with baseline characteristics
and treatment, using a parameterisation of the
form:

Y = e()(r‘r()]X]+02X2+'~+0,'X,'7 (1)
where 6; reflects the extent of change in the
predicted number of events for a unit change in
covariate X;.

A different baseline was estimated for each
endpoint (0, for 24-h puffs and 6, for overnight
occasions).

As several dose levels of FP were available in
the studies, a dose-response relationship could
be estimated:

E _ Emax_rp x Dosepp 2)
FP__base EDSO_FP + Dosepp 9

where Emax is the maximum possible effect (63)

and EDSO is the FP dose at which 50% of the
maximum effect is reached (64). On the other
hand, only a single dose level of salmeterol and
BUD/FOR was available in the data; thus, this
treatment effect was estimated as a categorical
variable:

ESAvaase = HS;EBUD/FOR_base = 06~

In addition, inspection of the data revealed
that after the initial fast drop in reliever use, a
slow accrual could be observed over time. This
phenomenon was characterised by a hysteresis,
which describes the time varying effect:

Enax_+ * Time

ETs50 + Time’ (3)

Ehysteresis =

where Emax; is the maximum effect that can be
achieved (0,), with ETso being the time required
to reach 50% of the maximum effect (6g).

Based on the above definitions, the total
treatment effect becomes:

Eora = (EFP_base + ESAL_base + EBUD/FOR_base)
* Ehysteresis- (4)

The effects of ACQS, BMI and time since
asthma diagnosis (ASTHDUR) were normalised
according to the median observed value of each
covariate:

j'ACQS = 09 * (ACQSbaseline - 18)1
Amr = 010 * (BMIyaseline — 26),

Aastapur = 011 * (ASTHDURpaseiine — 8.4).

Smoking status (current or former) was
estimated by estimating a change relative to
non-smokers:

Zsmoking = 0(nO smoker), or 012 (current smoker),
or 613(former smoker).

In addition, the model included inter-
individual wvariability, which cannot be
accounted for any of demographic or clinical
explanatory variable, through a normally
distributed random variable n with mean 0
and variance Q.
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As overnight occasions and last 24-h puffs
were not measured concurrently in any given
study, a scaling parameter (8;4) was used to
adjust the variance between the two endpoints.
In addition, a Box-Cox transform of # was used
to account for skewness in the distributions
associated with each endpoint:

my0is _ q
Npe = %(24}1 puffs), or
15
(6’71*014)915 —
Npe = e (overnight occasions),

(5)

where 0,5 describes the skewness of the distri-
bution (negative for left-leaning, positive for
right-leaning).

The combination of all these covariates
resulted in the following final model:

Y = e(ibase +2.4cqs+AsMr+2asTHDUR +ZSmoking +Erotal 1) . (6)

Whilst  distributions of count data
commonly exhibit overdispersion (i.e. where
the wvariance is considerably greater than
expected under an assumed distribution) or
are zero-inflated (i.e. where excessive zeros
beyond what would be expected under a given
probability distribution are observed) [25], the
Poisson (log-linear) regression proposed here
relies on a hierarchical model structure, which
allows for the assessment of interindividual
variation in the baseline probability [26],
disentangling the effect of concurrent
covariate factors, such as baseline
characteristics from symptom severity and
treatment. Inspection of the data revealed no
overdispersion or zero inflation; thus, such
adjustments were not made to the model.

The predictive performance of the final
model was evaluated using standard goodness-
of-fit plots and visual predictive checks (VPC),
whereas the average relative error and average
relative variance (mean square error) were used
to assess the precision of parameter estimates
and robustness of the model. The analysis was
complemented by an external validation step
based on a large population of patients with
moderate-severe asthma (N = 9715) who were
randomised to maintenance therapy with FP or

FP/SAL over a period of 26 weeks and for whom
reliever medication use was recorded (study
SAS115359) [27]. Further details of the evalua-
tion steps are provided in the Supplementary
Material. In addition, it should be emphasised
that similar methodologies, aimed at charac-
terising interindividual differences in disease
processes, disease progression, and treatment
response, have been applied elsewhere [5, 28].

RESULTS

Demographics and Baseline
Characteristics

Data were pooled from subjects aged 18 to
91 years. Baseline symptom control level (ACQ-
5) and airway function (FEV;p) were 1.8 and
75.9%, respectively. Just before the treatment
start, 35.9% of patients had an asthma diagno-
sis > 1 — < 20 years before, and 21.6% had been
diagnosed 25 years ago or more. A minor subset
(0.8%) of included patients had well-controlled
symptom scores (i.e. ACQ-5 < 0.75) at baseline.
A more detailed overview of demographic and
clinical baseline characteristics per treatment
arm can be found in Table 2.

Exploratory Data Analysis

As an initial step, the integrity, accuracy and
consistency of the pooled study data were
established through exploratory analysis. It
should also be noted that reliever use was doc-
umented based on self-reported. However,
inhalers were provided to the participants and
had to be returned at the end of the study.
While self-reporting may lead to some inaccu-
racy, this appeared to be limited in these trials,
without further repercussion on model param-
eter estimates. In fact, data integrity checks did
not reveal any unexpected values or deviations
for baseline characteristics, treatment allocation
or treatment characteristics (Figs.2, 3). No
demographic or clinical baseline characteristics
were found to be correlated other than those
where this has been previously established, e.g.
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Fig. 2 Exploratory graphs depicting the effect demo-
graphic and clinical baseline characteristics on the patterns
of overnight reliever use (occasions) in patients with
moderate-severe asthma. Variation in the patterns of
reliever use at approximately 24 weeks are caused by

height and FEV; (see Figure S3 for details, Sup-
plementary Material).

Count Model Building and Validation

The Poisson model adequately described the
individual patterns of reliever use (as overnight
occasions as well as 24-h puffs) across the
pooled patient population, as well as after
stratification by treatment and symptom con-
trol level at baseline. Final model components
were a basal lambda parameter, covariate coef-
ficients affecting the basal lambda parameter
and treatment effects. As estimation of the base
lambda describing 24-h puffs showed high
variability between subjects and between stud-
ies, this parameter was derived separately for
studies SAM40027 and SAM40040. Subse-
quently, it was possible to estimate all parame-
ters with acceptable precision (RSE < 40%,
except for the base lambda describing overnight
occasions) and without statistically significant
correlations between parameters (Table 3). The

04 06
Time since start of treatment (y)

08 10 00 02 08 10

04 06
Time since start of treatment (y)

differences in treatment duration across studies. 4QLQ
Asthma Quality of Life Questionnaire, BMI body mass
index, FEV'I forced expiratory volume in the first second,
ICS inhaled corticosteroid, PEF peak expiratory flow

final model included the following baseline
covariates (xz < 0.01): BMI, ACQ-5, time since
asthma diagnosis (ASTHDUR) and smoking
status. These covariates were all found to have a
significant effect on the base lambda parameter,
independently from the effect of the underlying
maintenance therapy.

Notably, smokers on average used 73.5%
more reliever compared to a patient that had
never smoked. Likewise, reliever use in former
smokers was 43.0% higher than in patients who
had never smoked. Age and geographical
ancestry were not found to significantly affect
reliever use. As the pooled data included a wide
age range and geographical ancestry, this could
be due to the correlation among age, time since
asthma diagnosis and other baseline covariates,
such as BMI. By contrast, both combination
therapies FP/SAL and BUD/FOR were found to
produce a significantly higher reduction in
reliever use than FP monotherapy. The effect of
FP/SAL on reliever use at the dose of 250/50 pg
BID was slightly higher than that of BUD/FOR
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00 04
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ver Use

24-hr Relie

Exacerbation
— Had atleast 1 Exacerbation (n = 198)
\ — No Exacerbation (n = 897)
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Time since start of treatment (y)

Fig. 3 Obsecrved reliever use (24-h puffs and overnight
occasions) over time in the overall population, stratified by
symptom control level at baseline (ACQ-5) (top) and by
occurrence of exacerbations (bottom). Mean patterns
describe both exacerbating and non-exacerbating patients,
with exacerbation defined as in the original study protocols:
use of systemic corticosteroids for > 3 days, OR in-patient
hospitalization, OR emergency department visit due to
asthma requiring systemic corticosteroids. These patterns of

reliever use are associated with ICS and ICS/LABA doses

following a dose of 160/4.5 pg BID, i.e. a 75.3%
vs 69.3% reduction in reliever use, respectively.

The visual predictive checks in Fig. 4 show
that observed reliever use fell within the 95%
prediction intervals of those predicted for the
same individuals (shaded area) for all studies
regardless of endpoint. These results indicate
that the final model’s ability to predict reliever
use in patients with moderate-severe asthma
was acceptable. In addition, model performance
was also assessed through a comparison of pre-
dicted and observed reliever use after stratifica-
tion by symptom control at baseline (ACQ S5).
However, in two studies (SAM40027 and
SAM40040) the average population 24-h puffs
was well predicted only for patients who were
well controlled and not-well controlled
(Fig. S4). On the other hand, individual 24-h
puffs were also well predicted for patients who
were pootly controlled at baseline. Such a pat-
tern was not observed for overnight occasions,
but this deviation was addressed by incorpo-
rating individual baseline puffs into the model.

4 086
Time since start of treatment (y)

according to individual response and/or protocol asthma
control plan (FP: 100, 250 and 500 pg twice daily; FP/
SAL: 100/50, 250/50 and 500/50 pg twice daily; BUD/
FOR: 160/4.5 and 320/9.0 pg twice daily). Legend in each
panel indicates the number of patients in each category or
group. ACQ-5 Asthma Control Questionnaire, BUD/FOR
budesonide- formoterol, FP fluticasone propionate, FP/
SAL fluticasone propionate-salmeterol, /CS inhaled corti-
costeroid, LABA long-acting beta agonist

Model performance was further demonstrated
by internal and external validation procedures
using data from studies SAM40056 (Fig. S5) and
SAS115359 (Fig. S6, Table S4), respectively.

Implications of Covariate Effects

A more easily interpretable overview of the
effect of baseline covariate factors and treat-
ment on reliever use is presented in Table 4,
where starting from the median value of the
covariate factor an increase or decrease of 1 unit
in the covariate results, respectively, in a per-
centage increase or reduction in reliever use of
the magnitude of the parameter point estimate.
As baseline covariates in each single patient
consist of a different set of values, heatmaps
were created to illustrate the implications of the
effect of concurrent covariates on individual
patterns of reliever use. For the sake of com-
pleteness, heatmaps were created for both end-
points (24-h puffs and overnight occasions), as
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Table 3 Parameter estimates of the final model describing reliever use in patients with moderate-severe asthma

0 Parameter’ Value SE RSE (%)>  95% CI from covariance step

1 Base lambda (log overnight occasions)>  — 0.55 0314  57.1 — 1.165 to 0.065

2 Base lambda (log 24-h puffs) 1.28 0.304 23.8 0.684 to 1.876

3 Emax FP — 112 0.304 27.1% — 1.716 to — 0.524

4 EDs, FP (ug BID) 54.8 19.7 359 16.188 to 93.412

5 Effect SAL — 048 0.055 11.5 — 0.588 to — 0.372

6 Effect BUD/FOR — 1.18 0.388 329 — 194 to — 042

7 Emaxr 0.826 0.265 32.1 0.307 to 1.345

8 ETsq 0.308 0.075 24.4 0.161 to 0.455

9 Effect of ACQ-5 0.565 0.0316 5.6 0.503 to 0.627

10 Effect of BMI 0.0252 0.0045 17.7 0.016 to 0.034

11 Effect of asthma duration 0.0275 0.0046 16.7 0.019 to 0.036

12 Effect of current smoking 0.585 0.0754 129 0.437 to 0.733

13 Effect of former smoker 0.358 0.0478 13.4 0.264 to 0.452
Value SE RSE (%)  Shrinkage (%)

Qpse 371 0.025 0.67 4.2

Box-Cox transform — 0.192 0.0081 4.20 — 0.208 to — 0.176

Scaling factor (overnight occs to 24-h puffs)* 0.666 00182 270 0.63 to0 0.702

Basal reliever use count is described using FP monotherapy as reference treatment

ACQ-5 Asthma Control Questionnaire, BMI body mass index, BUD/FOR budesonide-formoterol, ET50 time at which
50% of the maximum reliever use reduction is achieved, ED50 dose at which 50% of the maximum effect of FP is observed,
FP fluticasone propionate, FP/SAL fluticasone propionate-salmeterol

"All values on log scale except ETso and EDs,
2Calculated based on normal-scale values

Npase for overnight occasions can be taken as a generic value (parameter 1) or specified per study. Ay, SAM40027 was
higher than that for SAM40040. This difference is explained by the fact that in SAM40040 patients were pre-treated
(beclomethasone dipropionate doses 1000-2000 pig/day); patients from SAM40027 should not have used ICS for 6 months
‘A single, scaled omega was used to characterise the variability for both base lambdas (overnight occasions and 24-h puffs)

it is known that asthma symptoms tend to be
worse overnight (Figs. 5 and 6). These heatmaps
allow us to assess how baseline characteristics
can be used as an indicator of individual dif-
ferences in reliever use in a clinical setting. Of
particular interest is the effect of baseline ACQ-
5 score, smoking status and BMI, which repre-
sent potential treatable traits. In addition, the
heatmaps provide insight into how total

reliever use varies when considering the differ-
ences due to the effect of the underlying
maintenance therapy, i.e. the differences
between ICS monotherapy and ICS/LABA com-
bination therapy.

From the colour patterns it becomes evident
that there is a strong correlation between base-
line ACQ-5 and reliever use. In contrast, the
contribution of covariates such as BMI and time
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Fig. 4 Visual-predictive check showing predicted overnight
occasions (left panel) and 24-h puffs (right panel) over time
stratified by treatment and symptom control at baseline.
The solid line describes the average observed reliever use
over the period of up to 12 months across the overall
population. Shaded areas show the 95% prediction interval.
“N” is the number of patients contributing to the profiles in

since asthma diagnosis are relatively limited.
Similarly, it is possible to assess the benefit of
combination therapy over monotherapy. Such
an effect is clearly visible in subjects with a
higher baseline ACQ-5. In addition, small but
clinically relevant differences can be detected
between FP/SAL (250/50 ng BID) and regular
dosing BUD/FOR (160/4.5 pg BID) in terms of
reliever use reduction.

DISCUSSION

Despite the importance of maintenance ther-
apy, a significant proportion of patients seems
to rely on reliever to manage worsening of
asthma symptoms. Indeed, a debate has been
ongoing on the effect of variable adherence to
maintenance therapy and implications of over-
reliance on the effects of reliever medication in
moderate-severe asthma, in particular short-
acting beta-adrenergic agonists (SABA) [29, 30].
Whilst multiple factors may contribute to such
a behaviour, there have been limited efforts to
assess the interplay among reliever use, symp-
tom control and future risk using longitudinal
data. To date, very few studies have evaluated

T
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Time (months)

each panel. Profiles correspond to the model building
population. See figures S5 and S6 for details on the studies
used for internal and external validation. ACQ-5 Asthma
Control Questionnaire, BUD/FOR budesonide-formoterol,
FP fluticasone propionate, FP/SAL fluticasone propionate-
salmeterol

individual patient-level, longitudinal data on
reliever use in asthma [31].

Given the known interindividual differences
in bronchial reactivity to triggers, the contri-
bution of airway remodelling to airflow limita-
tion and symptoms, and drug and dose-
dependent desensitisation of f-2 adrenergic
receptors [32], the assessment of individual
patterns of reliever use, along with its correla-
tion with the achievement of short/long-term
symptom control, and subsequent reduction in
exacerbation risk may not be possible without
longitudinal data and a model-based approach
[33-37]. Here we have attempted to characterise
individual patterns of reliever use, mostly short-
acting beta adrenergic drugs, in moderate-sev-
ere asthma over the course of run-in, titration
and maintenance phases of treatment with ICS
or ICS/LABA combination therapy.

Mean and individual patterns in reliever use
revealed a profile that includes an initial steep
drop followed by a slow, gradual decrease in
reliever use, which stabilises well after 6 months
after initiation of ICS monotherapy or ICS/
LABA combination therapy (Figs. 2 and 3). This
pattern indicates that inferences about the effi-
cacy of the maintenance dosing regimen based
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Table 4 Clinical interpretation of the parameter estimates of the final model describing reliever use in patients with

moderate-severe asthma

Parameter Value Note
Baseline Base overnight occasions 0.58 Estimated population average base overnight occasions, i.c.,
covariates in the absence of the effect of the underlying ICS
maintenance therapy
Base 24h puffs 3.60 Estimated population average base 24h puffs, i.c., in the
absence of the effect of the underlying ICS maintenance
therapy

ACQ-5 effect (% increase/unit in 75.9% Percentage change in reliever use for a 1 unit increase in
reliever use) ACQ-5 relative to the mean ACQ-5 score of 1.8

Current smoker effect relative to 73.5% Patients who are smokers at baseline have a 73.5% higher
never smoked (% increase in reliever use compared to patients who have never smoked
reliever use)

Former smoker effect relative to 43.0% Patients who are former smokers have 2.43.0 % higher
never smoked (% increase in reliever use compared to patients who have never smoked
reliever use)

BMI effect (% increase in reliever — 2.6% Percentage change in lambda for every 1 unit of change in
use per kg/m?) BMI relative to the mean BMI of 26 kg/m”

Asthma duration effect

>5-<10 14.7% Patients who were diagnosed with asthma 5 or 10 years ago,

> 10 years 31.7% have a higher reliever use compared to those patients

recently diagnosed (i.e. < 5 years)
Treatment  FP effect Magnitude of the dose-dependent effect of treatment with

100 pg BID _5159%  FP monotherapy on reliever use relative to base lambda.

250 pg BID — 60.1%

500 pg BID — 63.5%

SAL effect (250 pg BID) (% —38.1% Magnitude of the effect of treatment with SAL
decrease in reliever use) monotherapy on reliever use relative to base lambda. The

effect of FP/SAL combination therapy is the sum of the
two components on the base parameter.

BUD/FOR effect (% decrease in — 69.3% Magnitude of the effect of treatment with BUD/FOR

reliever use)

combination therapy on reliever use relative to base

lambda.
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Table 4 continued

Parameter Value Note

Time delay Hysteresis effect Fractional increase in treatment effect relative to the onset
At 3 months 1.45 of therapy with FP, FP/SAL or BUD/FOR.
At 12 months 1.88

Hysteresis 50% effect time point 37
(months)

At 3.7 months, one reaches 50% of the maximum effect
that will be achieved on reliever use reduction. In fact,
this parameter indicates that a 1.2 year study is required

to assess near maximum (80%) reliever use reduction

Basal reliever count is described using FP monotherapy as reference treatment
ACQ-5 Asthma control questionnaire, BMI body mass index, BUD/FOR budesonide- formoterol, FP fluticasone propi-

onate, FP/SAL fluticasone propionate-salmeterol

on short term studies may not be accurate. In
addition, patients who show poor asthma
symptom control at baseline (i.e. ACQ-5 > 1.5)
or experience an exacerbation during the course
of treatment use significantly more reliever
than those who achieve adequate level of con-
trol or do not exacerbate. Nevertheless, some
reliever medication is still required even by
those who achieve symptom control or do not
exacerbate (Fig. 7). Such a requirement suggests
that airway hyperresponsiveness may not be
completely suppressed in the presence of trig-
gers. This may be due to variable adherence to
treatment or underuse of ICS, and consequently
suboptimal anti-inflammatory response (i.e.
bronchoprotection).

Our findings can also indicate that distinct
mechanisms or pathways contribute to bron-
choconstriction and airway smooth muscle
(ASM) homeostasis, as observed in viral exacer-
bations, during which the ability to respond to
bronchodilators is partially or almost com-
pletely lost [38, 39]. Loss of homeostasis results
in excessive ASM contraction which, in those
with poor control, is manifest by variations in
airflow resistance over short periods of time
[40]. Hence, overlooking the implication of
impairment in ASM homeostasis, as well as the
time-, drug- and dose-dependent desensitisa-
tion of B-2 adrenergic receptors, may lead to
confounding and misinterpretation of data on
reliever use. In addition, the reversibility of

airflow resistance through smooth muscle
relaxation and bronchodilation may vary
according to the selectivity, potency and actual
exposure to B-2 agonists reaching the airways.

Undoubtedly, the identification of asthma
duration as a significant baseline covariate sug-
gests progressive desensitisation of beta-adren-
ergic receptors to beta-adrenergic agonists in
patients who have been diagnosed with asthma
for > 5 years, leading to higher reliever use. An
additional factor might be the progressive
development of fixed airflow limitation as a
result of airway remodelling. These effects may
be further amplified by current smokers, higher
BMI and other comorbidities impacting on
symptom control. These factors will also vary
depending on the maintenance (controller)
therapy choice [41, 42].

The final model highlighted the effect of
disease  history (asthma duration) and
interindividual differences in clinical and
demographic baseline characteristics on reliever
use (i.e. baseline ACQ-5, BMI, smoking status),
which directly and indirectly affect airway
hyperresponsiveness to environmental and
other external triggers. In practice, the effect of
baseline covariate factors and maintenance
therapy summarised in Table 4 can be inter-
preted as follows: assuming the average patient
requires 3.6 puffs per day at the start of treat-
ment, each increase or decrease of 1 unit in the
covariate results, respectively, in a percentage
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Fig. 5 Heatmap of predicted 24-h puffs for a varying
baseline ACQ-5, smoking status and body mass index
(BMI) vs FP dose following monotherapy or combination
with SAL; b varying baseline ACQ-5, BMI, smoking status
and asthma duration following combination therapy with
BUD/FOR or FP/SAL. Changes in the average number of
puffs are shown for male and female patients who have
never smoked, previously smoked or are current smokers,
have a BMI of 20, 25 or 30 kg/m’ and have been
diagnosed with asthma recently (< 1 year), 5 or 10 years
before the start of treatment. The midpoint for the colour
gradient was set to 3.6, which corresponds to the point

estimate of the base lambda after FP treatment. The
number of 24h puffs was calculated not only taking into
account the observed covariate distributions (dotted black
lines) in the studies included in the analysis (Figure S2), but
also covariate values across a clinically relevant range for the
patient population with moderate-severe asthma. This
shows the implications of protocol inclusion and exclusion
criteria and highlights potential differences in the overall
real-life patient population. 4CQ-5 Asthma Control
Questionnaire, BMI body mass index, BUD/FOR budes-
onide-formoterol, FP fluticasone propionate, FP/SAL flu-
ticasone propionate-salmeterol
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Fig. 6 Heatmap of predicted overnight occasions for
a varying baseline ACQ-5, smoking status and body mass
index (BMI) vs FP dose following monotherapy or
combination with SAL; b varying baseline ACQ-5, BMI,
smoking status and asthma duration following combination
therapy with BUD/FOR or FP/SAL. Changes in the
average number of occasions of reliever use overnight are
shown for male and female patients who have never
smoked, previously smoked or are current smokers, have a
BMI of 20, 25 or 30 kg/ m?, and have been diagnosed with
asthma recently (< 1 year), 5 or 10 years before the start of
treatment. The midpoint for the colour gradient was set to
0.58, which corresponds to the point estimate of the base

lambda after FP treatment. The number of overnight
occasions was calculated not only taking into account the
observed covariate distributions (dotted black lines) in the
studies included in the analysis (Figure S2), but also
covariate values across a clinically relevant range for the
patient population with moderate-severe asthma. This
shows the implications of protocol inclusion and exclusion
criteria and highlights potential differences in the patterns
of reliever medication use in the overall real-life patient
population. ACQ-5 Asthma Control Questionnaire, BMI
body mass index, BUD/FOR budesonide- formoterol, FP
fluticasone propionate, FP/SAL fluticasone propionate-
salmeterol
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Fig. 7 (Upper panel) Diagram describing the effect of
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index and smoking status), disease history (i.e. asthma
duration) and maintenance therapy (i.e. FP, FP/SAL or
BUD/FOR) on reliever use and implications for long-term
symptom control, risk reduction and potential changes to
quality of life. (Lower panel) Mean reliever use over time
in the overall study population for whom overnight events
were recorded (left) and in patients who show poor
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symptom control at baseline (ACQ-5 > 1.5) (right),
stratified by treatment group and occurrence of exacerba-
tions. Solid and dashed lines represent the observed and
model-predicted profiles, respectively. Shaded area depicts
the 90% prediction interval. IV indicates the number of
subjects in each group. ACQ-5 Asthma control question-
naire, BUD/FOR budesonide-formoterol, FP fluticasone
propionate, FP/SAL fluticasone propionate-salmeterol
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increase or reduction in the number of puffs of
overnight occasions of the magnitude of the
parameter point estimate (relative to its median
value). For instance, for every unit increase in
baseline BMI relative to the median (i.e. 26 kg/
m?), the number of puffs increases by approxi-
mately 2.6% per unit BMI. Hence, a patient with
baseline BMI value of 34 kg/m? (i.e. 8 units
higher than the median value) will require 4.3
puffs. That means 0.7 puffs more per 24 h and
approximately 22.3% more puffs than a patient
with a BMI of 26 kg/m?. Similarly, for every unit
increase in ACQ-5, reliever use increases by
75.9%, whereas smoking is associated with
73.5% more reliever use compared to a patient
who never smoked.

In contrast to the effect of baseline covari-
ates, the extent of the effect of maintenance
therapy is time-, drug- and dose-dependent,
with maximum reduction in reliever use being
achieved after 12 months from the start of
treatment. In fact, the predicted maximum
reduction in reliever use is 1.9-fold higher at
12 months than what is observed at the start of
treatment. This partly explains the diverging
results obtained on reliever use in observa-
tional, cross-sectional studies, where time since
the onset of maintenance therapy may not be
factored into the analysis [8]. Clearly, this time-
dependent effect leads to important shortcom-
ings in cross-sectional studies. Hence, whenever
exploring overuse of reliever, estimates based
on a single figure for the whole population are
not adequate and could be misleading.

Reliever use depends not only upon a
patient’s baseline characteristics and disease
history but also on the duration and choice of
drugs used as maintenance therapy. The avail-
ability of different FP doses allowed us to
quantify the effect of salmeterol (SAL) in the
ICS/LABA combination therapy. Whilst the
maximum effect of FP was lower than BUD/FOR
combination (i.e. a reduction of approximately
69.3%), salmeterol alone appears to contribute
significantly to the effect of the combination on
reliever use, with an estimated reduction of
38.1%. Furthermore, it was possible to estimate
the theoretical median reliever use in the
absence of the effect of maintenance controller
therapy, which corresponds to 3.6 puffs per

24 h, with an average of 0.6 overnight events.
This represents a theoretical consumption of 6.6
canisters per year. Consequently, this estimate
provides insight into the magnitude of the
effect of ICS/LABA combination therapy on
reliever use reduction, which reaches 75.3%
following regular dosing with FP/SAL (i.e. from
6.6 to approximately 0.9 canisters per year after
the first year of treatment).

Our findings also raise further questions on
the conclusions drawn by Bateman and col-
leagues on the association between higher pre-
scription of short-acting f2-agonists and rates of
severe asthma exacerbations [43, 44]. Even
though patients exacerbating during the study
period appear to use approximately twice as
much reliever relative to those who do not
exacerbate, such a difference is observed irre-
spective of treatment type (i.e. monotherapy or
combination therapy) and is consistent with
previous reports [12]. Hence, it is unlikely that
the higher exacerbation rate observed following
monotherapy is caused by variable adherence to
ICS. Rather, the risk of exacerbation in this
group of patients appears to be associated with
clinical and demographic covariates [5], sug-
gesting that reliever use is triggered most likely
by the inadequate level of bronchoprotection in
this population. We hypothesise that this pat-
tern can be explained by distinct mechanisms
underpinning the immediate and long-term
symptom control in patients who exacerbate
and those who do not [39, 45]. Such a distinc-
tion is critical, as it becomes evident that
inflammation, currently elevated as the under-
lying cause of the clinical symptoms of asthma,
may need to be assessed as another relatively
independent component [31, 40, 46].

As schematically summarised in Fig. 7, the
increased use of reliever medication in exacer-
bating patients or in those with a history of
moderate and severe asthma exacerbations is
not associated with reliever medication itself
but with additional treatable traits and external
factors [5]. Moreover, the evidence of a dose-
dependent effect of ICS and a significantly
higher decrease, rather than total suppression in
reliever use following ICS/LABA combination
therapy with different drugs, suggests that
increased bronchial reactivity may involve
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other pathways than the underlying anti-in-
flammatory mechanisms by which inhaled
corticosteroids act, highlighting that loss of
normal homeostatic control of airways smooth
muscle (ASM) may play an important role in
long-term use of reliever. As to the direct clini-
cal implications of this work, we foresee that
evidence of the magnitude of the effect of
baseline characteristics, i.e. treatable traits, on
reliever use will help clinicians implement per-
sonalised interventions and identify opportu-
nities to better manage patients. Obvious
recommendations include weight loss, smoking
cessation and appropriate selection and earlier
initiation of maintenance therapy, considering
not only the current disease status (ACQ-5) but
also the patient’s disease history (time since
asthma diagnosis). The quantification of these
effects at individual level will allow the clinician
to have a frank conversation as to the expected
improvement that lifestyle and treatment
choices may have on the patient’s symptoms,
exacerbation risk and reliever medication use. It
can be anticipated that such choices may also
have repercussions on a larger scale, informing
education programmes and healthcare services
for patients with moderate-severe asthma.

In summary, the implementation of a Pois-
son model to describe individual patterns of
reliever use can be compared to similar research
in other therapeutic areas, such as migraine,
major depression or epilepsy [32-34], where the
endpoints of interest are count or frequency
data. Hence, we anticipate that our analysis will
provide the basis for the evaluation of a range of
clinical questions regarding reliever use in
asthma and eventually support the implemen-
tation of personalised interventions.

We acknowledge that, as with any pharma-
cometric approach, model predictive perfor-
mance and generalisability depend highly upon
the data available and the clinical questions one
aims to address. A few areas have been identi-
fied, which could represent a limitation to this
investigation, namely, the potential for selec-
tion bias due to the limited access to a wider
pool of individual patient level data, imputa-
tion of missing baseline covariates in some
patients for whom information was not recor-
ded, difficulties in discriminating the effect of

patient baseline characteristics from mainte-
nance therapy, potential impact of variable
adherence and apparent estimates of reliever
use rate at the start of maintenance therapy. An
overview of the limitations of the clinical trial
data and model parameterisation is provided in
Table S5 (Supplementary Material).

Conclusions

The availability of individual-level patient data
in conjunction with the use of a Poisson model
enabled us to distinguish the effect of baseline
covariates from that of maintenance therapy
and unexplained, random variation. These
results also reveal that reliever use is signifi-
cantly higher in patients with asthma who are
current smokers, obese, have a longer history of
asthma and show inadequate symptom control
(ACQ-5 > 1.5) at baseline than in those who are
non-smokers, have a short history of disease,
have normal BMI and adequate symptom con-
trol (ACQ-5 < 1.5) at baseline. By contrast,
reliever use is significantly reduced in patients
receiving a regular dosing regimen with
ICS/LABA combination therapy than in those
receiving ICS monotherapy. Striking differences
in reliever use remain over the whole treatment
period between patients who exacerbate and
those who do not. Whilst it has not been pos-
sible to assess whether these differences bear a
causal association, the significantly greater
reduction in reliever use following ICS/LABA
combination therapy reflects the treatment
effect on the underlying inflammatory response
and airway hyperresponsiveness, relative to ICS
monotherapy.
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