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ABSTRACT

Introduction: Although some factors associ-
ated with asthma symptom deterioration and
risk of exacerbation have been identified, these
are not yet fully characterised. We conducted
a clinical modelling and simulation study to
understand baseline factors affecting symptom
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control, reliever use and exacerbation risk in
patients with moderate-severe asthma during
follow-up on regularly dosed inhaled corticos-
teroid (ICS) monotherapy, or ICS/long-acting
beta,-agonist (LABA) combination therapy.

Methods: Individual patient data from ran-
domised clinical trials (undertaken between
2001 and 2019) were used to model the time
course of symptoms (n = 7593), patterns of
reliever medication use (n = 3768) and time-
to-first exacerbation (n = 6763), considering
patient-specific and extrinsic factors, includ-
ing treatment. Model validation used stand-
ard graphical and statistical criteria. Change
in symptom control scores (Asthma Control
Questionnaire 5 [ACQ-5]), reduction in reliever
use and annualised exacerbation rate were then
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simulated in patient cohorts with different base-
line characteristics and treatment settings.
Results: Being a smoker, having higher base-
line ACQ-5 and body mass index affected symp-
tom control scores, reliever use and exacerbation
risk (p < 0.01). In addition, low forced expira-
tory volume in 1 s percent predicted, female sex,
season and previous exacerbations were found
to contribute to a further increase in exacerba-
tion risk (p < 0.01), whereas long asthma history
was associated with more frequent reliever use
(p < 0.01). These effects were independent from
the underlying maintenance therapy. In differ-
ent scenarios, fluticasone furoate (FF)/vilanterol
was associated with greater reductions in reliever
use and exacerbation rates compared with FF or
fluticasone propionate (FP) alone or budesonide/
formoterol, independently from other factors
(p <0.01).

Conclusions: This study provided further
insight into the effects of individual baseline
characteristics on treatment response and high-
lighted significant differences in the perfor-
mance of ICS/LABA combination therapy on
symptom control, reliever use and exacerbation
risk. These factors should be incorporated into
clinical practice as the basis for tailored manage-
ment of patients with moderate—severe asthma.

PLAIN LANGUAGE SUMMARY

In this study we quantified how individual
baseline patient characteristics at the start of
treatment influence the response to regular
maintenance medication. Specifically, using
computer modelling and simulations based
on data from individual patients enrolled into
clinical trials in moderate-severe asthma, we
predicted how much reliever inhaler they need,

how well they rate their asthma control, and
how likely an asthma attack (exacerbation) is to
occur within the next 12 months. Simulation
scenarios were then implemented to evaluate
opportunities to improve and personalise
real-life management of patients in clinical
practice. Considering symptom control
level, reliever use and other patient-specific
factors at the start of treatment, we assessed
how well maintenance therapy with inhaled
corticosteroids/bronchodilators contributes
to symptom improvement and/or reduction
in the risk of asthma attacks. These scenarios
show that current smokers, people with higher
asthma symptom scores, who are obese, and
have a longer history of asthma tend to use
their reliever inhalers more often. Moreover,
this was linked to a higher risk of having an
asthma attack and worse symptom control. This
pattern appears to compensate in most cases
for the effect of the same baseline factors on
symptom control. Switching patients who are
not responding well to initial treatment with the
inhaled corticosteroid, fluticasone propionate,
to fluticasone furoate/vilanterol resulted in a
significantly greater reduction in reliever inhaler
use and risk of asthma attack, compared with
those switched to budesonide/formoterol. These
findings highlight the importance of tailored
choices for optimal management of patients
with moderate-severe asthma.

Keywords: Treatable traits; Asthma
exacerbation; Asthma control questionnaire
5; Reliever medication use; Short-acting
beta,-agonist; Fluticasone furoate/vilanterol;
Budesonide/formoterol; Fluticasone propionate;
Drug-disease = modelling; Clinical  trial
simulations
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Key Summary Points

Our study shows that patient characteristics
contribute to interindividual differences in
symptom control, reliever medication use
and risk of exacerbation in moderate-severe
asthma, independently from treatment
choices.

In line with previous findings, baseline
Asthma Control Questionnaire-5, body mass
index and smoking habit were found to
affect symptom control scores, reliever use
and exacerbation risk; low forced expiratory
volume in 1 s percent predicted, female

sex, winter/spring season and previous
exacerbation events were associated with
an increased risk of future exacerbations,
whereas asthma duration (disease history)
contributed to more frequent reliever use.

Simulation scenarios describing clinical
management decisions in a real-life setting,
i.e. dose increase, and step-up, indicate
that fluticasone furoate/vilanterol (FF/VI
100/25 pg o.d.) results in a significantly
lower exacerbation risk, compared to FF
(100 pg o.d.), fluticasone propionate (FP,
250 pg b.i.d.) or regular dosing budesonide/
formoterol (BUD/FOR 320/9 pug b.i.d.),
regardless of differences in baseline
characteristics; the effect of FF/VI on
exacerbation is accompanied by greater
symptom improvement (p < 0.01) compared
to BUD/FOR.

Achieving symptom control status while
on treatment with ICS or ICS/LABA does
not imply comparable exacerbation

risk reduction, as shown by the lower
exacerbation rates in FF/VI versus BUD/
FOR-treated patients; these factors should
be considered as a basis for personalised
management of patients with moderate—
severe asthma.

INTRODUCTION

The level of treatment required to control a
patient’s symptoms and prevent exacerbations

is fundamental to successful asthma control,
according to Global Initiative for Asthma
(GINA) recommendations [1]. Assessing
asthma severity requires consideration of
(1) the burden of symptoms, lung function
and exacerbations and (2) the concomitant
level (i.e. GINA step) of treatment [1]. Thus,
disease severity is distinct from symptom
severity, which can exist as a range within a
classification of the underlying disease (e.g.
moderate-severe) that in turn is also affected
by treatment and time.

On the other hand, asthma severity is also
influenced by individual patient characteris-
tics. Patient characteristics, including clinical
and demographic factors, have been associated
with exacerbation risk and partly reflect inter-
individual differences in the underlying disease
processes, e.g. type 2 inflammation and airway
hyperresponsiveness [2—4]. For instance, persis-
tent poor symptom control, which can be meas-
ured using validated instruments such as the
Asthma Control Questionnaire-5 (ACQ-5) [5],
is a key factor associated with increased asthma
exacerbation risk [6]; however, other features
are independently associated with exacerba-
tions even in the presence of apparently good
asthma control [7]. Asthma duration and medi-
cal history, including comorbidities and reduced
lung function, as assessed by forced expiratory
volume in 1 s (FEV,) are associated with increas-
ing asthma severity [8-12]. In fact, recurrent
exacerbations contribute to faster lung function
decline, in particular in young adults [13-16].

Another important point to consider when
assessing symptom control is the degree of bron-
choprotection achieved during treatment. Last-
ing bronchoprotection implies reduced airway
hyperresponsiveness, and, therefore, less reli-
ance on reliever medication [3]. Consequently,
accurate management of individual patients and
prediction of treatment response, i.e. achieve-
ment of symptom control and exacerbation-
risk reduction should account for the role of the
concurrent factors that have been identified to
affect symptom severity and exacerbation risk.
Nonetheless, limited quantitative research has
been undertaken to characterise the magnitude
of the effect of patient-specific factors driv-
ing symptom worsening and/or risk increase
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in moderate-severe asthma (e.g. occurrence of
exacerbations, need for additional therapy to
control symptoms or accelerated lung function
decline) at an individual patient level [13-15].

In addition to patient-specific factors, differ-
ences exist in the potency, selectivity, bioavail-
ability, systemic clearance and formulation of
inhaled corticosteroids (ICS), which influence
their therapeutic dose range and frequency. Flu-
ticasone furoate (FF) has the longest duration of
action within the available ICS molecules, as a
consequence of high lung retention, glucocor-
ticoid receptor binding affinity and potency,
which enables once daily (o.d.) dosing [17, 18].
Other commonly used ICS molecules for asthma
treatment require twice-daily (b.i.d.) dosing due
to, for example, differences in affinity or lower
lung glucocorticoid receptor occupancy after
dosing than FF (100 pg o.d., 98.6%) or mometa-
sone furoate [18]. How these differences trans-
late in terms of asthma outcomes and treatment
response in various subpopulations is largely
unknown: some may be equally effective in
achieving immediate symptom control in cer-
tain patient groups but more or less effective
than others in maintaining bronchoprotection
or reducing future risk. Moreover, broad-ranging
comparisons have not been systematic in the
context of clinical trials, making it difficult to
disentangle the effect of patient- or disease-spe-
cific factors from drug-specific properties on the
treatment response.

Recently, we have developed a series of drug-
disease models using individual-level patient
data from large clinical trials to explore the
influence of clinical and demographic baseline
characteristics on treatment response in moder-
ate-severe asthma [2-4]. The primary goal was
to quantify which factors alter individual ACQ-5
score trajectories, how much they affect indi-
vidual patterns of reliever medication use and
alter exacerbation risk, independently from the
underlying maintenance therapy. During this
initial evaluation, we assessed the effect of sex,
smoking, body mass index (BMI), ACQ-5 symp-
tom score, FEV, percent predicted (FEV,% pred)
at baseline on exacerbation risk in patients on
regular dosing with fluticasone propionate (FP),
FP/salmeterol (SAL) or budesonide/formoterol
(BUD/FOR) treatment [2-4].

Here, we have modelled the effect of clinical
and demographic baseline characteristics
and treatment not only on long-term (1 year)
exacerbation risk but also on asthma symptom
control and reliever use in a population of
patients with moderate—severe asthma receiving
regular dosing of FF o.d., FF/vilanterol (VI) o.d.
or BUD/FOR b.i.d. Using simulations, our aim
was to evaluate the contribution of maintenance
treatment choice in the management of
moderate-severe asthma in addition to the
other risk factors identified from the previous
drug-disease models [2-4].

METHODS

The use of drug-disease modelling and
simulation as a tool for evidence synthesis
and optimisation of the therapeutic use of
medicines continues to expand in clinical
research and across therapeutic areas [19-22].
The approach is of particular interest when
confounding cannot be controlled in a
clinical setting due to practical or ethical
reasons. It has also been very useful in
understanding the implications of treatment
(e.g. dose, dosing regimen) as well as disease
progression and severity in groups who are
under-represented in clinical protocols [23,
24]. Moreover, simulation scenarios using in
silico protocols shed light on specific features
of an intervention in a controlled or in a real-
life setting. Here, we describe the clinical trial
population data available for this study, and
summarise the main steps required for model
development and subsequent evaluation
of treatment performance across different
simulation scenarios.

Study Patients

Our study was possible thanks to the availability
of (1) individual level baseline patient data that
reflect the heterogeneity of clinical and demo-
graphic baseline characteristics of the adult pop-
ulation with moderate-severe asthma and (2)
drug-disease models describing the time course
of symptoms (ACQ-5), reliever medication use

A\ Adis



Adyv Ther (2024) 41:4065-4088

4069

Table 1 Patient demographic and clinical baseline characteristics in the pooled population used for simulations; full details

in Supplement 4, Table $4_1

Overall
(n=24,292)

Age (years) Mean (SD) 47.8 (14.9)
BMI (kg/m?) Mean (SD) 29.2 (6.73)
Bascline ACQ-5 Mean (SD) 2,02 (0.861)
Baseline gACQ-5* Mean (SD) 1.77 (0.916)
Bascline ACT Mean (SD) 16.1 (4.36)
Baseline AQLQ Mean (SD) 4.88 (1.13)
Baseline FEV, Mean (SD) 2.26 (0.760)
Baseline FEV, % pred Mean (SD) 73.6(162)
Bascline PEF Mean (SD) 361 (117)
Baseline FeNO Mean (SD) 24.9 (20.5)
Sex Male, 7 (%) 15,780 (65.0)

Female, 7 (%) 8512 (35.0)
Bascline smoking Never smoked, 7 (%) 16,174 (66.6)

Former smoker, 7 (%) 4853 (20.0)

Current smoker, 7 (%) 1499 (6.2)
Previous inhaled corticosteroids < 6 months, 7 (%) 100 (0.4)

> 6 months to < 1 year, 7 (%) 112 (0.5)

> 1 year to < 5 years, 7 (%) 477 (2.0)

> 5 years to < 10 years, 7 (%) 362 (1.5)

> 10 years to < 15 years, 7 (%) 192 (0.8)

> 15 years to < 20 years, 7 (%) 84 (0.3)

> 20 years to < 25 years, 7 (%) 34 (0.1)

> 25 years, 7 (%) 29 (0.1)
Asthma duration < 6 months, 7 (%) 34(0.1)

> 6 months to < 1 year, 7 (%) 798 (3.3)

> 1yearto < S years, 7 (%) 2777 (11.4)

> S years to < 10 years, 7 (%) 2755 (11.3)

> 10 years to < 15 years, # (%) 2023 (8.3)

> 15 years to < 20 years, 7 (%) 1724 (7.1)

> 20 years to < 25 years, v%) 1381 (5.7)

> 25 years, 7 (%) 3883 (16.0)
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Table 1 continued

Overall
(2 =24,292)
Exacerbation history No previous exacerbations, 7 (%) 5459 (22.5)
One previous exacerbation, 7 (%) 11,823 (48.7)
More than one previous exacerbation, 7 (%) 653 (2.7)

*qACQ-5 derived from baseline ACT was calculated by: QACQ-5 = 6 — 1.42442 o (ACT,,,, — 5)°482%5 as previously described

2]

ACQ-5 Asthma Control Questionnaire-5, ACT Asthma Control Test, BMI body mass index, /QLQ Asthma Ql}lity of
Life Questionnaire, FeNO fractional exhaled nitric oxide, FEV, forced expiratory volume in 1's, FEV,;% pred FEV | percent
predicted, PEF peak expiratory flow, gQACQ-5 includes observed ACQ-5 and ACQ-5 derived from baseline ACT, SD

standard deviation

(puffs/24 h) and the time to first moderate or
severe exacerbation. The models implemented
here were based on data from the maintenance
phase of 10 randomised controlled Phase IIIIV
studies (1 = 10456; HZA106829 [25], 106837 [26],
106839 [27], 113091 [28], 116492 [29], 115150
[30], SAM40040 [31], SAM40056 [32], 201378
[33], and 205715 [34]), with a duration of at
least 24 weeks in patients receiving ICS mono-
therapy or ICS/long-acting beta,-agonist (LABA)
combination therapy. This pool of patients, who
had individual clinical and demographic base-
line details, treatment, dose and dosing regi-
mens, was identified within GSK’s clinical data
repository. Further selection criteria included
the measurement of asthma symptom scores
during the course of treatment. Studies which
had ACQ-5 or Asthma Control Test (ACT) were
prioritised, and, if necessary, ACT scores were
converted to ACQ-5, as previously reported [2].
Finally, patients should have detailed informa-
tion on maintenance therapy and self-reported
reliever medication use (frequency, timing of
administration). These data were integrated
with records on the occurrence of exacerbation
events. The definition of moderate or severe
exacerbation was the one included in the indi-
vidual study protocols (Table S3_5). The patient
population used for model development and
evaluation was part of a wider group of patients
with moderate-severe asthma (n = 24,292) for
whom baseline characteristics were available.
This wide pool of patients was used for the

implementation of the different simulation
scenarios (Table 1). For completeness, an over-
view of the clinical trial data sources used for
the development and validation of each drug-
disease model is included in the Supplementary
Material (Supplement 1: Table S1_1; Supplement
2: Table S2_1; Supplement 3: Table S3_1).

All clinical data used for the development
and validation of the different models, as well
as those required for re-sampling of the baseline
characteristics of the virtual patient cohorts
which were generated for the evaluation of the
different simulation scenarios described in this
study, were derived from clinical trials that have
been performed according to the Declaration
of Helsinki and were approved by the required
ethics committee(s) and/or ethics review
board(s). Re-use of the data for the purpose of
the current investigation is in alignment with
the terms of informed consent.

Modelling Approach, Data Source and
Analysis Population

As indicated above, the studies included in the
current analyses were multicentre trials under-
taken between 2001 and 2019, which recruited
patients with moderate or severe asthma, who
had accurately measured symptom control
scores, daily reliever medication use (albuterol/
salbutamol 100 pg, as needed) and occurrence
and time of exacerbations [25-34]. The studies
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lasted > 24 weeks and included treatment with
FF only, FF/VI or BUD/FOR. Per current GINA
track 2 criteria [1], asthma severity in these
patients at the time of enrolment corresponded
to maintenance therapy ranging between steps
3—-4 and 3-5. Given the duration of the studies,
placebo interventions were not available. There-
fore, FF monotherapy was selected as reference
treatment, taking into account its potency rela-
tive fluticasone propionate.

Parametric drug-disease models were used
to describe the influence of interindividual dif-
ferences in clinical and demographic baseline
characteristics and treatment choices on asthma
outcomes. The analysis took into account the
availability of previously developed models
using data from a similar population of patients
receiving regular dosing ICS or ICS/LABA com-
bination therapy, and comprised: (1) a longi-
tudinal model of the individual time course
of asthma symptom scores (ACQ-5) [4, 5], (2)
a Poisson model of reliever medication use [3],
and (3) a time-to-event model of the time and
risk of a first exacerbation [2]. Patient-specific/
disease-related parameter estimates from the pre-
vious analyses were used as prior distributions
in the current study. An outline of the work-
flow, including data source, model development,
evaluation and subsequent assessment of their
predictive performance, including internal and
external validation steps, is depicted in Fig. 1A.
Further details on the implementation steps
for each model are summarised in the Methods
section of the Supplementary Material (Supple-
ments 1-3).

Finally, heat maps were created to visualise
the overall impact of the different baseline
characteristics on treatment performance.
While heat maps do not allow more than four
factors to be depicted at a time, they are a useful
tool to quantify the magnitude and potential
clinical implications of the effect interindividual
differences in baseline characteristics (i.e.
treatable traits) on asthma outcome. Separate
heat maps were created for each endpoint,
including data over a clinically relevant range
to allow the identification of patient groups
who are less likely to achieve symptom control

or those who are exposed to a higher risk of
exacerbation.

Clinical Trial Simulations

To further understand the clinical implications
of interindividual differences in baseline
characteristics, including potential treatable
traits in patients with moderate-severe
asthma, as well as assess the impact of step-up
procedures and treatment choices on the
overall response to interventions in clinical
practice, clinical trial simulation scenarios were
implemented, including randomised controlled
conditions and real-life settings (i.e. not-in-trial
simulation) [35] (full details, Supplement 4).
Fixed, regular dosing was used throughout all
scenarios, and treatment arms included both
ICS monotherapy and ICS/LABA combination
therapy, administered o.d. or b.i.d., as per the
summary of product characteristics of each
medicinal product. In the scenario describing
step-up procedures in a real-life setting (e.g.
dose increase, treatment switch), only non-
responders to ICS monotherapy had their
treatment changed. An outline of the clinical
trial simulation workflow is shown in Fig. 1B, C.
Full details of the protocol design characteristics,
including statistical considerations and key
assumptions used for the evaluation of the effect
of baseline characteristics and treatment choices
on reliever medication use, symptom control
level and exacerbation risk, are summarised in
Supplement 4, Table S4_2.

In each scenario, an asthma exacerbation was
defined as either (1) deterioration of symptoms
requiring treatment with oral corticosteroids
(> 2 consecutive days), or a clinical deterioration
assessed by the investigating physician as requir-
ing oral steroid treatment, or (2) deterioration
in asthma which required hospital admission.
These criteria reflect the definitions mostly used
to determine moderate or severe exacerbations
in the selected clinical studies and correspond to
the data used for the development of the model
describing the time to first exacerbation.

A\ Adis



4072

Adyv Ther (2024) 41:4065-4088

Available patient population (n= 24292)
‘with moderate-severe asthma from
Phase IV clinical trials.

Model deveiopmer

Source data
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Virtual patient cohorts

Effect of baseline characteristics

[

Current smoker
Former smoker
Non-smoker

BMI < 25 kg/m?

Baseline characteristics resampled from real patients
with moderate-severe asthma

ACQ-Sassessim Endof study ]

at12 months

Daily recording of reliever medication use

Fig. 1 Drug-disease-modelling and simulation. a Work-
flow describing the main steps from data source to model
development and evaluation to final model; b schematic
of the simulation scenarios describing the individual tra-
jectories of ACQ-5, patterns of reliever medication use
and time to first exacerbation in patients with moder-
ate—severe asthma®; ¢ outline of the scenarios describing
randomised clinical trial protocols stratified by baseline
characteristics (clinical trial simulations) and clinical
management of asthma patients in a real-life setting (not-

In Silico Protocol (Controlled Setting)

For the simulations, baseline characteristics
were randomly sampled from 24,292 patients
in the pooled population of adults with
moderate-severe asthma. The use of baseline
data from real patients with moderate-severe
asthma ensured accurate representation of
the range of values and correlations between
demographic and clinical characteristics.

The key simulation scenarios are outlined
below:

Parametric models describing i

asthma

diate symptoms, reliever use and risk

Assessmento the predictve performance

P \
Wik i,

Wit

Baseline characteristics resampled from real patients
‘with moderate-severeasthma

Simulation Scenarios

Longitudinal
model

Predicted effect of individual baseline
characteristics on treatment performance

Real-life clinical management setting
(Dose and treatment step-up)
50 b1d)

Notwell- or poorly-controlled

3
(2s0bid)

Notwell- or poorly-controlled

BUD/FOR

3
(2sougbid)

aQa

Notwell- or poorly-controlled

3
[2souebid)
(n~10521)

Well-controlled

( Endof study ]
t tudy at12 month

Daily recording of reliever medication use

in-trial simulations). 4CQ-S Asthma Control Question-
naire-5, BMI body mass index, BUD/FOR budesonide/
formoterol, FF/VI fluticasone furoate/vilanterol, FP flu-
ticasone propionate, /CS inhaled corticosteroid, LABA
long-acting beta,-agonist. *For clarity, moderate asthma is
defined as disease/symptom severity that requires regular
ICS + LABA therapy, whereas severe asthma is defined as
uncontrolled asthma or deterioration of asthma control
despite regular use of high-dose ICS therapy, and treating
aggravating factors

e Scenario 1: effect of symptom control at
baseline (ACQ-35); three strata correspond-
ing to patients with well-controlled asthma
(ACQ-5 £ 0.75), not well-controlled asthma
(ACQ-5 > 0.75 to £ 1.5) and poorly con-
trolled asthma (ACQ-5 > 1.5).

e Scenario 2: effect of BMI at baseline; four
strata corresponding to patients with nor-
mal weight (BMI 18.5 to < 25 kg/m?), over-
weight (BMI 25 to < 30 kg/m?), obese (BMI
30 to < 35 kg/m?) and extremely obese
(BMI > 35 kg/m>).

e Scenario 3: effect of exacerbation history (in
the previous 12 months); three strata cor-
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responding to patients with a history of 0, 1
or > 1 asthma exacerbations.

e Scenario 4: effect of sex differences; male or
female.

e Scenario 5: effect of smoking habit at
baseline; three strata corresponding to
patients who have never smoked, stopped
smoking (former smokers) and currently
smoke.

e Scenario 6: effect of asthma history at
baseline; three strata corresponding to
patients with a disease history of < 5 years,
5-10 years and > 10 years.

For each simulation scenario, changes in the
number of reliever medication actuations (puffs)
during the prior 24 h, together with ACQ-5
symptom scores at the end of the treatment
period, and Kaplan-Meier estimated annualised
exacerbation rates, were assessed. Statistical
significance was evaluated, considering the
effect of baseline characteristics and treatment
choices on changes in ACQ-5 symptom scores,
reliever medication use and annualised
exacerbation rates over 12 months (further
details, Supplement 4).

Treatment was assumed to be independent
of baseline characteristics and was assigned
randomly to each patient (Fig. 1C, left panel).
All scenarios included treatment for the period
of 1 year. Treatment doses and regimens were
limited to those used during the maintenance
phases of the clinical trials, (FF: 100 and
200 pg o.d.; FF/VI: 100/25 and 200/25 pg o.d.;
BUD/FOR: 100/6, 200/6, 400/12, 160/4.5 and
320/9 pg b.i.d.). Parameter estimates describing
treatment effect correspond to that of the mean
dose during the maintenance phase used in the
original study protocols.

Each simulation scenario included 1500 vir-
tual patients per treatment arm or stratum inves-
tigated and were replicated with 500 iterations,
as previously described [2-4]. The number of
puffs over the last 24 h, along with ACQ-5 symp-
tom scores and Kaplan-Meier estimates of the
simulated exacerbation events, were summarised
per scenario. Reduction in reliever use (canisters/
year) and symptom improvement at the end of
the treatment period were reported along with
the change in annualised exacerbation rate.

Not-in-Trial Simulations (Real-Life Setting)

As in a sensitivity analysis [36, 37], not-in-
trial simulations were carried out to illustrate
potential real-world occurrences during
the clinical management of adult patients
with moderate-severe asthma, considering
commonplace issues faced by healthcare
professionals. In particular, this approach aimed
to identify at-risk patients who are at a higher
risk of exacerbation, as well as those reliant on
reliever medication for short-term symptom
management, who may benefit from treatment
changes to facilitate long-term symptom control,
reductions in morbidity and preservation of
lung function. These scenarios comprised
random treatment allocation and virtual cohorts
of patients whose baseline characteristics were
re-sampled from the available pooled population
described above:

e Scenario 7: effect of smoking cessation at
3 months after start of treatment.

e Scenario 8: effect of ICS/LABA treatment
switch at 3 and 6 months after start of
therapy, irrespective of symptom control
level.

e Scenario 9: effect of treatment switch from
ICS monotherapy to ICS/LABA combination
therapy. Only patients not achieving
adequate symptom control switched to ICS/
LABA combination therapy at 3 months after
treatment initiation.

For scenario 9, all patients were assumed to
initiate treatment at a stage of asthma severity
corresponding to GINA step 3, track 2 [1], i.e.
ICS monotherapy with FP (Fig. 1C, right panel).
In this real-life setting, patients who did not
achieve control after 3 months on monotherapy
were switched to regular fixed-dose maintenance
therapy with FF/VI or BUD/FOR for up to
12 months (i.e. GINA step 3-5) [1]. At 3 months
after treatment initiation, responders were
considered to be patients achieving symptom
control (ACQ-5 < 0.75); non-responders were
those with ACQ-5 scores remaining at > 0.75.
The starting dose was: FP 250 pg b.i.d., with
non-responders switching to treatment. Median
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doses simulated during the maintenance phase
were: 100/25 pg o.d. for FF/VI, 500 pg b.i.d. for
FP, or 320/9 pg b.i.d. for BUD/FOR.

For each simulation scenario, the predicted
individual trajectories of ACQ-5 symptom
scores, individual patterns of reliever use
and asthma exacerbations were summarised
numerically and graphically.

These scenarios aimed to describe the clinical
management of adult patients with moderate-
severe asthma in a real life setting. Scenarios
7 and 8 included 1500 virtual patients per
treatment arm or stratum investigated. Scenario
9 comprised virtual cohorts of 8000 patients per
treatment arm, and each scenario was repeated
500 times. Patients baseline characteristics
were re-sampled from the pooled population
during each iteration. Treatment was assumed
to be independent of baseline characteristics
and was randomly assigned at the start of the
intervention (Fig. 1C, right panel).

All modelling and subsequent simulation sce-
narios were performed using a nonlinear mixed
effects approach, as implemented in NONMEM
7.5 (ICON Development Solutions, MD, USA)
using PsN 5.3.0 in an in-house Modelling Appli-
cation Platform (MAP). Data formatting, graphi-
cal and statistical summaries were conducted in
R version 4.1.3. The matching methods compari-
son was undertaken using R package, Matchlt,
using “Optimal” pair matching in a 1:1 ratio
(i.e. each BUD/FOR patient was matched with
one FF or FF/VI patient). Distances, measured
by propensity scores, were estimated with logis-
tic regression. The statistical significance of the
effect of baseline characteristics and treatment
choices on changes in symptom scores, reliever
medication use, and annualised exacerbation
rates over the period of 12 months was evaluated
in each scenario (further details on the statistical
methods, Supplement 4).

RESULTS

Analysis Population and Modelling Results

Data sources, model development and validation
details for the three models are described in

the Supplementary Materials (Supplement 1;
Supplement 2; Supplement 3). Clinical and
demographic baseline characteristics of the
population included in each of the three models
are shown in Tables S1_2 (n = 7593), S2_3
(n=3768) and S3_2 (n=6765).

The parameter estimates of the final models
describing the time course of symptoms, reliever
medication use and time to first exacerbation
model are described in Tables S1_3, S2_5 and
S3_3, respectively. Briefly, individual ACQ-5
trajectories were highly variable during the
course of treatment and stabilisation of
symptom scores required time, indicating that
maximum treatment responses may not be
reached within a period of 12 weeks. For the
second model, the percentage change in reliever
use for a 1 unit increase in ACQ-5 (relative to
the mean ACQ-5 score of 1.8) was 62.5%.
Notably, smokers on average used 75.4% more
reliever, compared to patients who had never
smoked, while reliever use in former smokers
was 42.3% higher than in patients who had
never smoked. For the time-to-first exacerbation
model, relative to no exacerbation history, every
previous exacerbation added a predicted 53.5%
change in hazard; > 30% increased hazards were
predicted for both current and former smokers
(vs. patients who had never smoked), female
patients (vs. males) and in winter (vs. summer).

Treatment effects relative to FF observed in
the models included differences in time to reach
half of the maximum shift in ACQ-5 scores (T5,)
as well as the final ACQ-5 score; treatment with
BUD/FOR led to a significant, strong reduction
in T5, but had a minor effect on the final AQC-5
score, while FF/VI reduced Ts, and produced a
large shift in the final ACQ-5 scores.

Significant reductions in reliever use follow-
ing ICS/LABA combination were also found
relative to FF monotherapy. In addition, com-
pared to FF alone, patients receiving FF/VI had a
22.9% lower risk of exacerbation while patients
receiving BUD/FOR had a 61.7% higher risk of
exacerbation.

To visualise the contributions of BMI, smok-
ing, baseline ACQ-5 score and treatment (FF,
FF/VI or BUD/FOR) to asthma symptoms,
reliever use and exacerbation probability within
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Asthma control (ACQ-5)

Fig.2 Heat maps showing the effect of treatment choices
and three key baseline characteristics which were identified as
covariates on immediate symptoms and long-term exacerbation
risk, as assessed by drug—disease models describing individual
patterns of reliever medication use, time course of asthma
symptom (ACQ-5) score and probability of at least one exac-
erbation. Heat map depicting how clinical and demographic
characteristics at bascline contribute to differences in ACQ-5
symptom score (top panel, symptom score after 12 months),
reliever use (middle panel, canisters per year) and exacerbation
risk (bottom panel, probability of at least one event/year) fol-
lowing treatment with FF 100 pug o.d., FF/VI 100/25 pg o.d. or
regular dosing BUD/FOR. 320/9 ug b.id. Figures within each
cel] represent the estimates within 12 months from the start of
treatment. Covariates on the time course of ACQ-5 scores:

BMI, FEV,% pred, smoking status, sex, baseline ACQ-5 and
treatment. The dotted lines represent actual data used in model
development while surrounding areas depict the wider, clini-
cally relevant range of patients with moderate-severe asthma in
a real-world practice. The colour gradient (green to red) reflects
increase in reliever use, symptom scores or probability of an
exacerbation. All estimates are relative to ICS monotherapy
(FF). ACQ-S Asthma Control Questionnaire-5, BMI body
mass index, BUD/FOR budesonide/formoterol, FEV,%pred
forced expiratory volume in 1 s percent predicted, FF flutica-
sone furoate, FF/VT fluticasone furoate/vilanterol, SABA short-
acting beta,-agonist
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12 months, these are illustrated as heat maps in
Fig. 2. In all three endpoints, the colour gradi-
ents indicate that current smokers are mostly
affected, with poorer outcomes. Increases in
BMI were associated with probabilities of worse
ACQ-5 symptom scores and increased asthma
exacerbation rates across treatments. After
12 months, patients treated with FF/VI had a
lower risk of exacerbation or lower probability of
poor symptom control than those treated with
FF alone or BUD/FOR [Fig. 2; across all variables
the plotted risk estimates for ACQ-5 scores > 1.5
(poorly controlled asthma) or > 1 exacerbation
were lower for FF/VI than FF or BUD/FOR]. The
simulation scenarios described below aim to
unravel the effect of these factors from the effect
of FE, FF/VI and BUD/FOR treatment by account-
ing for each at a time.

Simulation Scenarios

The pooled population of 24,292 patients used
for simulation scenarios is described in Table 1.
Overall, the mean age was 48 years old and the
mean BMI was 29.2 kg/m?, 35% of patients were
female and 67% had never smoked. Patients
with available data had a mean ACQ-5 score and
FEV,% pred. of 2.02 and 73.6%, respectively.
The most common duration of previous
ICS treatment and history of asthma ranged
between > 1- < 10 years (n = 839) and > 25 years
(n = 3883), respectively. Approximately half of
patients had a history of asthma exacerbation
in the prior year.

For each scenario presented below, population
characteristics are described in Supplement
4, with simulation outputs reported and
corresponding significance of differences
between conditions and treatment, taking into
account multiplicity for statistical evaluations.

The effect of baseline ACQ-5 was explored as
shown in Fig. 3 (and Supplement 4, scenario 1).
Asthma control and corresponding reliever use
remained relatively stable for patients with well-
controlled (ACQ-S5 score < 0.75) and not well-
controlled symptoms (ACQ-5 > 0.75 to < 1.5),
but worsened for patients with poorly controlled
symptoms (ACQ-5 > 1.5) at baseline. Despite

similarities in initial ACQ-5 symptom control
scores between treatments for patients with well-
controlled asthma, long-term exacerbation rates
were different between treatments. Cumulative
exacerbation frequency was 6-12.6% lower in
patients with well-controlled and not well-con-
trolled versus poorly controlled symptoms at
baseline.

The effect of BMI was explored as shown in
Fig. 4 (and Supplement 4, scenario 2). Exacer-
bation rates and reliever use increased across
higher BMI categories. All patients had improve-
ments in symptom control regardless of treat-
ment, but FF/VI was associated with greater
reductions in reliever canister use and exacer-
bation rates versus FF and BUD/FOR in obese
patients than those of normal weight.

The effect of asthma exacerbation history was
explored as shown in Fig. 5 (and Supplement 4,
scenario 3). A history of > 1 asthma exacerbation
in the prior year was generally associated with
reduced asthma control, increased reliever use
and markedly higher annualised exacerbation
rates versus no asthma exacerbation history.

The effect of sex differences is shown in
Supplement 4 (scenario 4). Males had lower
reliever use and exacerbation rates than females.

The effect of smoking status is shown in Fig. 6
(and Supplement 4, scenario 5). There were dif-
ferences in all three endpoints depending on
smoking status; patients who never smoked had
lower reliever use and exacerbation rates than
former and current smokers. Current smokers
on average used almost twice as many reliever
canisters compared to patients who had never
smoked; former smokers used approximately 1.4
times more reliever canisters than never smokers.

The effect of asthma history is shown in Sup-
plement 4 (scenario 6). There were no clear dif-
ferences in symptom control or exacerbation
rates according to asthma history, however
reliever use followed a trend of increasing with
length of asthma duration.

The effect of smoking cessation at 6 months
after the start of treatment is shown in Sup-
plement 4 (scenario 7). Former smokers had
improvements in asthma control and reduced
reliever usage versus current smokers, however
exacerbation rates were similar regardless of
smoking cessation.
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ACQ-5 categories: well controlled (<0.75), not well controlled (>0.75 to <1.5) and poorly controlled (>1.5)

Fig.3 Scenario 1: The effect of baseline ACQ-5 on
ACQ-5 score, reliever use (canisters/year) and exacerba-
tion risk. Graphs show the predicted change in asthma
control (ACQ-5 change from bascline, leff panels), reliever
use (cumulative number of canisters, middle panels) and
percentage of patients having > 1 exacerbation within
12 months (right panels) in a cohort of 1500 patients ran-
domly sampled from the pooled population (replicated
500 times) representing the effect of treatment (FF 100 pg
o.d. monotherapy, FF/VI 100/25 ug o.d. or BUD/FOR
320/9 pg b.id.). Plots are shown stratified by asthma con-
trol status: well-controlled (ACQ-5 scores < 0.75, green),

not well controlled (ACQ-5 scores > 0.75 to < 1.5, yellow)
and poorly controlled (ACQ-5 scores > 1.5, red) asthma.
Solid lines represent the median simulated curve, shaded
areas depict the 95% confidence intervals of all simulated
curves. The table shows the median and 95% Cls for the
effect sizes of ACQ-5 change from baseline and annual-
ised exacerbation rates for each treatment, and the mean
and 95% CI for total reliever use. 4CQ-5 Asthma Control
Questionnaire-5, BUD/FOR budesonide/formoterol, CI
confidence interval, FF fluticasone furoate, FF/VT flutica-
sone furoate/vilanterol
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. Ly -1.28 -1.06 6.10 5.50 6.70 345 312 38.1

BMI categories: normal weight (18.5 to <25 kg/m?), overweight (25 to <30 kg/m?), obese (30 to <35 kg/m?) and extremely obese (>35 kg/m?)

Fig. 4 Scenario 2: The effect of BMI on ACQ-5 score,
reliever use (canisters/year) and exacerbation risk. Graphs
show the predicted change in asthma control (ACQ-5
change from baseline, left panels), reliever use (cumula-
tive number of canisters, middle panels) and percentage of
patients having > 1 exacerbation within 12 months (right
panels) in a cohort of 1500 patients randomly sampled
from the pooled population (replicated 500 times) rep-
resenting the effect of treatment (FF 100 pg o.d. mono-
therapy yellow, FF/VI 100/25 pg o.d. green or BUD/
FOR 320/9 pg b.id. red). Plots are shown stratified by
BMI category: normal weight (BMI 18.5 to < 25 kg/

m2), overweight (BMI 25 to < 30 kg/m2), obese (BMI 30
to < 35 kg/m2) and extremely obese (BMI = 35 kg/m2).
Solid lines represent the median simulated curve, shaded
areas depict the 95% confidence intervals of all simulated
curves. The table shows the median and 95% Cls for the
effect sizes of ACQ-5 change from baseline and annual-
ised exacerbation rates for each treatment, and the mean
and 95% CI for total reliever use. 4CQ-5 Asthma Control
Questionnaire-5, BUD/FOR budesonide/formoterol, CI
confidence interval, FF fluticasone furoate, FF/VT flutica-
sone furoate/vilanterol
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Fig.5 Scenario 3: Effect of exacerbation history on
ACQ-5 score, reliever use (canisters/year) and exacerba-
tion risk. Graphs show the predicted change in asthma
control(ACQ-5 change from bascline, left panels), reliever
use (cumulative number of canisters, middle panels) and
percentage of patients having > 1 exacerbation within
12 months (right panels) in a cohort of 1500 patients ran-
domly sampled from the pooled population (replicated
500 times) representing the effect of treatment (FF 100 pg
o.d. monotherapy yellow, FF/VI 100/25 ug o.d. green or
BUD/FOR 320/9 pg b.id. red). Plots are shown strati-

fied by asthma exacerbation history: zero, one and more
than one previous exacerbations. Solid lines represent the
median simulated curve, shaded areas depict the 95% con-
fidence intervals of all simulated curves. The tzble shows
the median and 95% ClIs for the effect sizes of ACQ-5
change from baseline and annualised exacerbation rates for
each treatment, and the mean and 95% CI for total reliever
use. ACQ-S Asthma Control Questionnaire-5, BUD/FOR
budesonide/formoterol, CI confidence interval, FF flutica-
sone furoate, FF/VT fluticasone furoate/vilanterol.
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The effect of ICS/LABA treatment switch
at 3 and 6 months after start of therapy,
irrespective of symptom control level is shown
in Supplement 4 (scenario 8). Switching from
BUD/FOR to FF/VI treatment was accompanied
by a marked decrease in reliever usage and an
increase in the proportion of non-exacerbating
patients. The converse was associated with
switching from FF/VI to BUD/FOR treatment.

The effect of treatment step-up in non-
responders to FP monotherapy was investi-
gated, as shown in Fig. 7 (and Supplement 4,
scenario 9). Regardless of asthma control status,
the lowest proportion of exacerbating patients
and the lowest reliever use were in patients who
switched to FF/VI treatment, versus switching
to BUD/FOR or higher FP dosage. Overall, the
reduction in exacerbation risk with FF/VI was
significantly greater compared with FP 500 pg
(+4.9%, p <0.01) or BUD/FOR (+ 8.9%, p < 0.01).
Relative to BUD/FOR 320/9 pg b.i.d., switching
to FF/VI 100/25 pg o.d. resulted in a reduction
of 35.3% in the number of moderate-severe
exacerbations over the period of 12 months. For
patients with poor asthma control, switching
therapy reduced reliever reliance and improved
the risk of exacerbation over time.

DISCUSSION

The current study comprised two distinct
steps. First, parametric drug-disease models
were developed using pooled patient data from
clinical trials. This step provided estimates of
patient-/disease-related factors and drug-specific
properties. Subsequently, these estimates were
used to explore and evaluate the effect of inter-
individual differences in baseline characteristics
on treatment performance, disentangling it from
the pharmacological effect itself (i.e. treatment
response). Here, we discuss both steps and the
implications of our findings for personalised
management of patients with moderate—severe
asthma.

Individual Patient Level Model-Based
Analysis of Baseline Characteristics and
Treatment Choices

Our analysis of the immediate symptom status,
as assessed by ACQ-5 scores and reliever use
over time along with long-term (1 year)
exacerbation risk in moderate-severe asthma,
showed that various individual clinical and
demographic baseline characteristics were
associated with different outcomes, partly
explaining some of the heterogeneity in
patient response on maintenance therapy.
In line with previous findings, patients with
higher ACQ-5 scores at baseline (i.e. with not
well-controlled and poorly controlled asthma
symptoms) showed less asthma symptom
control, higher reliever use and higher risk of
experiencing > 1 asthma exacerbation within
the first year [38]. Male patients, who were
non-smokers, with a BMI < 25 kg/m?, and
no exacerbation history (i.e. no exacerbation
events over the last 12 months) had a lower
risk of exacerbation (p < 0.01) compared with
female smokers, with a BMI > 25 kg/m? and
prior exacerbation history. Notably, smokers on
average used 75.4% more reliever compared
to a never-smoker patient. Likewise, reliever
use in former smokers was 42.3% higher
than in patients who never smoked. Age
and geographical ancestry were not found to
significantly affect reliever use.

From the evaluation of all three endpoints,
ACQ-5, BMI, and smoking status at baseline
were found to influence both immediate
symptoms and exacerbation risk irrespective
of treatment choice, whilst other baseline
characteristics were associated with only one
or two endpoints. Most importantly, the use
of a model-based approach allowed us to
distinguish patient-/disease-specific features
from drug-specific properties. The separation
of the effects associated with patient and drug
factors provided insight into the intricate
interplay between reliever use and varying
symptom control status, which is apparently
compensated by additional reliever use.

It is worth mentioning that we have also
explored biomarkers (e.g. eosinophil count,
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FeNO) and other clinical variables that were
available in the different studies. Eosinophil
counts in blood and FeNO did not show a
significant effect on the response measures
of interest and therefore were not considered
as covariates in the models. With regard to
FEV1%pred, it was identified as a covariate on
exacerbation risk. However, interindividual
differences in lung function at baseline
did not show a significant effect on ACQ-5
trajectories or in individual patterns of reliever
medication use. Similarly, season was identified
as a covariate only for the risk of exacerbation.
Therefore, we have not evaluated specific
scenarios with these variables.

Treatment differences were also apparent;
patients treated with FF/VI had a lower risk
of exacerbation than those treated with FF
or BUD/FOR. This effect was also evident
after evaluating propensity score-matched
patients with moderate to severe asthma
symptoms (p < 0.001). It also became evident
that stabilisation of symptom scores requires
time and that maximum treatment response
may not be reached within 12 weeks, which
represents the duration of many studies in
moderate-severe asthma [39, 40]. Here, we
have shown that, while treatment with BUD/
FOR shows a faster decrease in ACQ-5 at the
start of treatment, it does not reach the same
final (maximum) effect on AQC-5 score. By
contrast, FF/VI, produces a large shift (- 0.251)
in the final ACQ-5 scores, which is detectable
only after 12 months. Moreover, combination
therapy (i.e. FF/VI and BUD/FOR) was found
to produce a significantly higher reduction in
reliever use than ICS monotherapy.

Simulation Scenarios and Implications of
Baseline Characteristics and Treatment
Choices for the Clinical Management of
Patients with Moderate-Severe Asthma

The availability of model parameter estimates,
including covariates describing the effect of
clinical and demographic baseline characteris-
tics along with the effect of different pharma-
cological interventions, provided an opportu-
nity to evaluate the impact of interindividual

differences, i.e. patient- and disease-related
factors on symptom control, reliever use and
exacerbation risk, independently from that of
the underlying maintenance therapy with ICS/
LABA. In addition, the use of virtual cohorts
allowed us to look in parallel at the different
features, controlling one at a time, which is not
possible in a prospective or retrospective obser-
vational study, or in randomised controlled tri-
als. Hence, simulation scenarios shed light into
the implications of treatable traits in a way that
no other approach allows, without confound-
ing or interference from multiple concurrent
factors, which cannot be fixed or controlled in
a real-life setting. Yet, these are the exact factors
which will determine heterogeneity in response
to treatment in real patients.

The different simulation scenarios indicate
that stepping-up patients uncontrolled on
FP 250 pg to combination therapy with FF/
VI may offer a significantly greater reduction
in exacerbation risk than FP 500 pg (+ 4.9%,
p <0.01) or BUD/FOR (+ 8.9%, p < 0.01). Reasons
for the long-term benefits observed with FF/
VI may include higher adherence to once-
daily dosing, compared with the twice-daily
dosing for the BUD/FOR regimen, reducing
the risk of periods of no bronchoprotection
with suboptimal adherence [41-43]. This effect
appears to be accompanied by a greater (mean)
effect of FF/VI on reliever use compared with
BUD/FOR, as shown by the lower number
of canisters over the period of 12 months in
patients with ACQ-5 > 0.75 (p < 0.01). It may
also be explained by differences between the
molecules within these formulations [17, 18],
and correlates with findings from a short-term
(3-month) comparison of switching from FP/
SAL or BUD/FOR to FF/VI in a real-world setting
that found improvements in lung function and
asthma control with FF/VI [44].

There are various statistical methods and tech-
niques to perform treatment or group compari-
sons [45-48]. Among these techniques, network
meta-analysis [49] has been widely used, but it
relies on mean estimates of treatment response. In
contrast, the use of parametric models describing
the time course of individual response, as imple-
mented here, allows identification and separation
of the effect of individual differences in baseline
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Asthma control
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Total reliever use
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Arm Treatment Median 95% CI

.o FF -0.84 -0.91 -0.77
[

3 S FF/VI -1.13 -1.21 -1.05
<&  BUD/FOR -1.02 -1.11 -0.94
-~ FF -0.75 -0.84 -0.65
(TR

ES  FRVI -1.03 -1.13 -0.94
se X . X
- % BUD/FOR -0.92 -1.01 -0.82
25 FF -0.79 -0.99 -0.62
£? FF/VI -1.12 -1.31 -0.94
O & BUD/FOR -0.99 -1.17 -0.79

Mean

4.00
3.10
3.80
5.70
4.50
5.50
7.50
6.00
7.20

95% Cl Median 95% Cl
3.70 4.30 16.4 14.6 18.4
2.90 3.40 131 114 14.9
3.50 4.20 24.0 216 26.5
5.20 6.30 221 19.5 24.7
4.00 4.90 17.9 15.9 20.2
4.90 6.10 32,0 29.1 34.8
6.40 8.80 27.2 23.7 30.4
5.10 7.00 22.0 189 24.9
6.10 8.50 38.9 35.3 42.8

Fig. 6 Scenario 5: The effect of smoking status on ACQ-5
score, reliever use (canisters/year) and exacerbation
risk. Graphs show the predicted change in asthma con-
trol (ACQ-5 change from baseline, left panels), reliever
use (cumulative number of canisters, middle panels) and
percentage of patients having > 1 exacerbation within
12 months (right panels) in a cohort of 1500 patients ran-
domly sampled from the pooled population (replicated
500 times) representing the effect of treatment (FF 100 pg
o.d. monotherapy yellow, FF/VI 100/25 ug o.d. green or
BUD/FOR 320/9 pg b.i.d. red). Plots are shown stratified

by patients’ smoking status: never smoked, former smoker
and current smoker. So/id lines represent the median simu-
lated curve, shaded areas depict the 95% confidence inter-
vals of all simulated curves. The t2ble shows the median
and 95% Cls for the effect sizes of ACQ-5 change from
baseline and annualised exacerbation rates for each treat-
ment, and the mean and 95% CI for total reliever use.
ACQ-5 Asthma Control Questionnaire-5, BUD/FOR
budesonide/formoterol, CI confidence interval, FF flutica-
sone furoate, FF/VT fluticasone furoate/vilanterol
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Treatment Arm Median 95% CI Mean 95% CI Median 95% CI
. Well Controlled 0.13 0.10 0.16 1.90 1.80 2.10 13.4 11.4 15.4
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g § Not Well Controlled  0.25 0.18 0.31 2.90 2.60 3.20 16.4 13.7 19.1
fe Poor Control -0.90 -0.95 -0.86 6.60 6.20 7.00 223 20.5 23.8

ACQ:5 categories: well controlled (<0.75), not well controlled (>0.75 to <1.5) and poorly controlled (>1.5)

Fig.7 Scenario 9: Effect of treatment switch (FP non-
responders) on ACQ-5 score, reliever use (canisters/year)
and exacerbation risk predictions. Graphs show the pre-
dicted change in asthma control (ACQ-5 change from
baseline, left panels), reliever use (cumulative number of
canisters, middle panels) and percentage of patients hav-
ing > 1 exacerbation within 12 months (right panels) in a
cohort of virtual patients who initiate treatment with ICS
monotherapy (FP 250 pg b.id.) and subsequent step-up
of treatment in FP non-responders [FP (NR) switched to
higher dose FP 500 g yellow; FP (NR) switched to FF/
VI 100/25 pg o.d. green; FP (NR) switched to BUD/
FOR 320/9 pg b.i.d. red], compared with FP-responsive
patients [FP (R) blue, continued on FP 250 pg]. Plots are
shown stratified by asthma control status: well-controlled

(ACQ-5 < 0.75), not well-controlled (ACQ-5 > 0.75

from that of the treatment. Unfortunately, there
are no other reports on indirect comparisons
between treatments in moderate-severe asthma
that could be used as benchmark for our findings.

to < 1.5) and poorly controlled (ACQ-5S > 1.5) asthma.
Solid lines represent the median simulated curve, shaded
areas depict the 95% confidence intervals of all simulated
curves. The table shows the median and 95% Cls for the
effect sizes of ACQ-5 change from bascline and annual-
ised exacerbation rates for each treatment, and the mean
and 95% CI for total reliever use. 4CQ-5 Asthma Con-
trol Questionnaire-5, BUD/FOR budesonide/formoterol,
CI confidence interval, FF fluticasone furoate, FF/VI
fluticasone furoate/vilanterol, NR non-responder [ie. a
patient not achieving symptom control (ACQ-5 > 0.75) at
3 months after treatment initiation with ICS monotherapy
(FP)], R responder [i.c. a patient achieving symptom con-
trol (ACQ-5 < 0.75) at 3 months after treatment initiation
with ICS monotherapy (FP)]

Our results suggest that the effects of ICS-
containing treatments on long-term (1 year)
outcomes are influenced by patients’ individ-
ual characteristics, highlighting the potential
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role for personalised interventions to choose
the optimal therapy for patients and to iden-
tify those who would benefit from escalation to
0.d. dual therapy earlier in their disease course.
These results are in line with previous model-
based analyses of pooled clinical trial data [2-4].
An important implication of our findings is that
other intrinsic and extrinsic factors at baseline
may allow the identification of patient groups
most likely to benefit from early dual ICS/LABA
therapy, in order to prevent further airway dam-
age and remodelling [50]. Personalised manage-
ment of patients with asthma should consider
those factors, particularly high BMI, low FEV,,
exacerbation history and female sex, which have
been identified as independent predictors of
future asthma exacerbation [51].

From a clinical perspective, it may thus be
helpful to consider the heterogeneity of disease
status and treatment effects longitudinally.
For example, in a patient at increased risk
of exacerbation, opting to continue with
ICS monotherapy in the disease course may
expose the patient to more exacerbations
(potentially inducing further airway damage
and remodelling) than with earlier treatment
step-up to o.d. ICS/LABA therapy. However, if
the patient was a smoker, the potential benefit of
step-up would be less impactful if they chose to
continue smoking. It is likely that smoking has a
dual deleterious effect on asthma, changing the
inflammatory subtype (and thereby reducing ICS
sensitivity, requiring higher doses), while also
increasing damage to airways with subsequent
remodelling. The novelty of our modelling
findings lies in the quantification of these traits
and their impact numerically.

Strengths of this study include the individual
patient level data from a large pool of patients
following different interventions. While most
trials monitor immediate effects of treatment
or longer-term exacerbation risk, these effects
are usually not assessed in the same patient
over time at an individual level. Our model-
ling strategy enables the analysis of how both
interact longitudinally at an individual patient
level. We specifically selected studies for inclu-
sion that were > 24 weeks’ duration to utilise
the most accurate extrapolated annualised
exacerbation rates. Moreover, the availability of

model parameter estimates, including covariates
describing the effect of clinical and demographic
baseline characteristics along with the effect of
different pharmacological interventions allowed
the evaluation of the effect of interindividual
differences, i.e. patient- and disease-related
factors, on symptom control, reliever use and
exacerbation risk, independently from that of
the underlying maintenance therapy with ICS/
LABA.

Limitations of this study include potential
selection bias: clinical trials often exclude
comorbidities, and are more frequently
monitored, which may not reflect clinical
practice. However, our use of high-quality
randomised clinical trial data is likely to
counteract some bias that might be seen in
observational studies, allowing for extrapolation
of the effect of covariates across a clinically
relevant range with sufficient precision to
describe their implication for patients with
moderate-severe asthma in real-life settings
[52]. Limitations of the individual models
are described in the Supplementary Materials
(Supplements 1-3).

CONCLUSIONS

Differences between individuals’ clinical and
demographic characteristics are associated with
heterogeneity in terms of asthma symptoms,
reliever use, long-term exacerbation rates
and treatment responses. Our modelling and
simulation approach in moderate-severe
asthma identified the relative contributions of
baseline ACQ-5 score, BMI, asthma exacerbation
history and smoking to clinical outcomes with
different ICS and ICS/LABA therapies o.d. or
b.i.d. These findings may provide clinicians with
a more structured way to identify patients with
treatable traits who warrant personalised asthma
management.
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