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ABSTRACT

Introduction:  The relationship between imme-
diate symptom control, reliever medication use 
and exacerbation risk on treatment response and 
factors that modify it have not been assessed in 
an integrated manner. Here we apply simulation 
scenarios to evaluate the effect of individual 

baseline characteristics on treatment response in 
patients with moderate–severe asthma on regu-
lar maintenance dosing monotherapy with fluti-
casone propionate (FP) or combination therapy 
with fluticasone propionate/salmeterol (FP/SAL) 
or budesonide/formoterol (BUD/FOR).
Methods:  Reduction in reliever medication 
use (puffs/24 h), change in symptom control 
scores (ACQ-5), and annualised exacerbation 
rate over 12 months were simulated in a cohort 
of patients with different baseline characteristics 
(e.g. time since diagnosis, asthma control ques-
tionnaire (ACQ-5) symptom score, smoking sta-
tus, body mass index (BMI) and sex) using drug–
disease models derived from large phase III/IV 
clinical studies.
Results:  Simulation scenarios show that being 
a smoker, having higher baseline ACQ-5 and 
BMI, and long asthma history is associated with 
increased reliever medication use (p < 0.01). This 
increase correlates with a higher exacerbation 
risk and higher ACQ-5 scores over the course of 
treatment, irrespective of the underlying main-
tenance therapy. Switching non-responders to 
ICS monotherapy to combination therapy after 
3 months resulted in immediate reduction in 
reliever medication use (i.e. 1.3 vs. 1.0 puffs/24 h 
for FP/SAL and BUD/FOR, respectively). In addi-
tion, switching patients with ACQ-5 > 1.5 at 
baseline to FP/SAL resulted in 34% less exacerba-
tions than those receiving regular dosing BUD/
FOR (p < 0.01).
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Conclusions:  We have identified baseline 
characteristics of patients with moderate to 
severe asthma that are associated with greater 
reliever medication use, poor symptom control 
and higher exacerbation risk. Moreover, the 
effects of different inhaled corticosteroid (ICS)/
long-acting beta agonist (LABA) combinations 
vary significantly when considering long-term 
treatment performance. These factors should be 
considered in clinical practice as a basis for per-
sonalised management of patients with moder-
ate–severe asthma symptoms.

PLAIN LANGUAGE SUMMARY

In this study we looked at how different fac-
tors affect the response to asthma treatment 
in people with moderate to severe asthma who 
are taking regular medication. Specifically, we 
wanted to quantify how much asthma duration, 
differences in the degree of symptom control 
and lung function, as well as smoking habit, 
body weight, and sex influence how well some-
one responds to regular maintenance therapy. 
Using computer simulations based on models 
obtained from data in a large patient popula-
tion with moderate–severe asthma, we explored 
scenarios that reflect real-life management of 
patients undergoing treatment with inhaled cor-
ticosteroids alone or in combination with long-
acting beta agonists over a 12-month period. We 
looked at how much reliever inhaler they use, 
how well they rate their asthma control, and 
how often they have asthma attacks. By consid-
ering these results together, we evaluated how 
well the treatments work on ongoing symptoms 
and/or reduce the risk of future asthma attacks. 
Our simulations showed that 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. This 
was linked to a higher risk of having asthma 
attacks and worse symptom control. Switching 
those patients who do not respond well to their 

initial treatment with corticosteroid to combina-
tion therapy reduced how much reliever inhaler 
they need. Also, the effects of fluticasone pro-
pionate/salmeterol combination therapy were 
greater than budesonide/formoterol. In con-
clusion, our study found that certain patient 
characteristics can predict how well someone 
responds to asthma treatment.

Keywords:  Reliever use; Short-acting beta 
agonist; Exacerbation; Symptom control; 
Treatable traits; ICS/LABA combination therapy; 
Fluticasone propionate; Salmeterol; Clinical 
trial simulations

Key Summary Points 

Why carry out this study?

Patients with asthma, especially those with 
moderate–severe disease, tend to use reliever 
medication for rapid symptom improvement. 
However, it remains unclear which factors 
determine reliance on reliever therapy.

To date, physicians have looked primarily at 
reliever use data arising from cross-sectional, 
generally retrospective studies, thereby 
ignoring the effect of the complex interplay 
between maintenance therapy and reliever 
medication use.

Moreover, the effect of interindividual differ-
ences in baseline characteristics and asthma 
treatment choices on reliever medication use 
and its implications for symptom control 
and future risk have not been evaluated in an 
integrated manner.

Simulation scenarios allow us to disentangle 
the effect of concurrent factors on immediate 
and long-term treatment response in patients 
with moderate–severe asthma.
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What was learned from this study?

Despite evidence of increased reliever use 
in patients who exacerbate, this association 
appears to be a consequence of insufficient 
bronchoprotection in patients who do not 
achieve adequate levels of control on inhaled 
corticosteroid (ICS) or ICS/long-acting beta 
agonist maintenance therapy, and conse-
quently remain exposed to a high exacerba-
tion risk.

These results support the views that in addi-
tion to tolerance and desensitisation of the 
beta-adrenergic system to beta-agonists in 
patients with a significantly longer history 
of asthma, treatable traits also contribute to 
higher reliever medication use.

Reliever medication use depends on the 
underlying degree of bronchoprotection. 
Yet, it is significantly higher in patients with 
asthma who are current smokers, obese, have 
a longer history of asthma or have inad-
equate symptom control, as assessed by the 
asthma control questionnaire (ACQ-5 > 1.5) at 
baseline.

Irrespective of symptom control level at 
baseline or extent of reliever medication use, 
combination therapy with fluticasone propi-
onate/salmeterol yields significantly greater 
reduction in exacerbation risk than budeson-
ide/formoterol. Further studies including lon-
gitudinal data on markers of type 2 inflam-
mation may help explain these differences 
and elucidate the interplay between baseline 
patient characteristics (i.e. treatable traits), 
anti-inflammatory and bronchodilatory drug 
effects.

INTRODUCTION

Asthma is a chronic condition with substan-
tial symptom fluctuation due to multiple con-
comitant factors affecting individual response 
to therapy, such as progressive airway hyperre-
sponsiveness, inadequate treatment-associated 
bronchoprotection, and exposure to triggers 

[1–4]. Given its heterogeneity, patients with 
moderate–severe asthma are inevitably exposed 
to multiple intercurrent events related to treat-
ment, such as supplementary reliever medica-
tion, step-up from inhaled corticosteroid (ICS) 
monotherapy to ICS/long-acting beta agonist 
(LABA) combination therapy, as well as dose 
adjustments [5, 6]. However, clinical studies 
focused on clinical management and treatment 
outcomes in moderate–severe asthma tend 
to overlook the implications of intercurrent 
events and interplay between disease status, 
triggers and symptoms on treatment response. 
Consequently, it can be difficult to establish 
the net effectiveness of the underlying mainte-
nance therapy, defined as achieving symptom 
control, maintaining normal levels of activity, 
and minimizing future exacerbations to avoid 
long-term morbidity and mortality [7, 8].

Despite the ongoing efforts to further 
account for disease heterogeneity in the 
clinical management of patients with moder-
ate–severe symptoms, interindividual differ-
ences in treatment response are assumed to 
result from variable drug effects, which aim 
at bronchoprotection and bronchodilation by 
reducing airway inflammation and hyperre-
activity, as well as by stabilising smooth mus-
cle and airway geometry [9]. In consequence, 
patients with moderate–severe asthma who 
do not achieve adequate symptom control are 
managed according to a step-up approach with 
incremental steps, namely from dose increase 
to dual and triple combination therapy. Even 
though both symptom control and future risk 
reduction constitute important pillars for the 
clinical management of asthma, the use of a 
step-up approach does not fully consider the 
effect of individual baseline characteristics on 
symptom control, reliever medication use, and 
future risk reduction [10, 11]. Thus, it becomes 
complicated to disentangle the effects of main-
tenance therapy (which is aimed at sustained 
symptom control and future risk reduction) 
from those associated with reliever medica-
tion (which targets acute symptom worsen-
ing) [12–15]. In fact, it may be challenging to 
know and evaluate which patient groups are 
likely to require more reliever medication to 
achieve adequate bronchodilation, or how 



3199Adv Ther (2024) 41:3196–3216	

deterioration of symptoms correlates with 
reliever medication use [16].

An additional confounding factor is the indi-
vidual patterns of adherence to treatment [17]. 
Unfortunately, real-life observations suggest 
that a significant proportion of patients fail to 
accept the chronic nature of asthma and the 
importance of regular maintenance therapy as 
the basis for ensuring lasting bronchoprotec-
tion, exacerbation risk reduction and improved 
quality of life. Needless to say, this hampers the 
evaluation of clinically important questions 
through conventional randomised controlled 
trials, or prospective/retrospective observational 
studies, since it is not possible to control for all 
relevant baseline factors. Evidence generation by 
modelling and simulation is warranted [18], as 
recently illustrated by the development of para-
metric drug–disease models describing the effect 
of clinical and demographic baseline characteris-
tics on the time course of symptom scores [19], 
individual patterns of reliever medication use 
[16], and exacerbation risk reduction [11].

Hence, there remains an opportunity to estab-
lish how patient characteristics (i.e. potential 
treatable traits) and treatment choices determine 
immediate and long-term clinical response, and 
how interindividual differences in bronchoprotec-
tion correlate with the observed heterogeneity of 
symptoms and exacerbation risk [19, 20]. Here, we 
aimed to assess the effect of baseline differences on 
the pattern of reliever medication use, symptom 
scores and exacerbation risk in patients on main-
tenance therapy, taking into account intrinsic and 
extrinsic factors that act concurrently on imme-
diate symptoms and long-term risk. We expand 
the drug–disease modelling approach developed 
previously to describe the overall treatment per-
formance in an integrated manner, by simulating 
all three endpoints in each virtual patient, namely 
reliever use (puffs/24 h) along with the time course 
of asthma symptom scores (ACQ-5) and incidence 
of exacerbations (annualised exacerbation rate) 
following maintenance therapy with ICS or ICS/
LABA.

METHODS

For clarity, an outline of the data source support-
ing the development of the drug–disease models 
and clinical and demographic patient baseline 
characteristics used in the different simulation 
scenarios is provided below.

Study Subjects

The current study describes the results from 
computer simulations and as such does not 
involve human participants. Patient baseline 
characteristics used for the prediction of reliever 
medication use, exacerbations and time course 
of symptom control scores during the simula-
tions were obtained from the pooled popula-
tion enrolled in the randomised clinical trials 
listed in the Supplementary Materials (Table S1), 
all of which have been performed according to 
relevant ethical and clinical guidelines. All par-
ticipants enrolled into the original clinical trials 
have given informed consent. The terms of con-
sent include the scope of the research presented 
here.

Our approach relies on the availability of (1) 
individual-level baseline patient data, which 
provides an accurate description of the heteroge-
neity of demographic and clinical characteristics 
of the adult population with moderate-severe 
asthma, and (2) parametric models describing 
the reliever medication use (puffs/24 h) during 
maintenance therapy, the time course of symp-
toms (ACQ-5) and the time to first moderate or 
severe exacerbation. The models were based on 
data from the maintenance phase of 10 out of 17 
randomised controlled phase III/IV studies with 
a duration of at least 24 weeks in patients receiv-
ing ICS monotherapy or ICS/LABA combination 
therapy. Initially, a total of 24,402 patients with 
moderate–severe asthma, for which accurate 
individual clinical and demographic baseline 
details, treatment, dose and dosing regimens 
were identified. Additional selection criteria 
included the measurement of asthma symptom 
scores during the course of treatment. Stud-
ies which had ACQ-5 or ACT were prioritised. 
Finally, patients should have accurate mainte-
nance therapy records and self-reported reliever 
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medication use (frequency, timing of administra-
tion). These data were integrated with details on 
the occurrence of the first exacerbation event. 
Further details on model development, internal 
and external validation procedures, along with 
evidence of their predictive performance can be 
found elsewhere [11, 16, 19].

Data Source

The data used for the development and evalu-
ation of the drug–disease models selected for 
the current analysis were obtained from 10 dif-
ferent clinical trials (ADA109055, ADA109057, 
SAM40027, SAM40040, SAM40056, HZA113091, 
HZA115150, SAM40065, SAM40086, SAS115359) 
in adults with moderate–severe asthma, treated 
with regular fixed ICS dosing (i.e. not mainte-
nance and reliever therapy) with fluticasone pro-
pionate (FP) monotherapy, combination therapy 
with salmeterol (FP/SAL), or budesonide/formo-
terol (BUD/FOR) over a period of at least 24 weeks 
up to 1 year. Reliever consisted of the short-acting 
beta agonist (SABA) albuterol/salbutamol 100 µg 
PRN (as needed).

Clinical Trial Simulations

Modelling and simulation has been widely 
applied as a tool for evidence synthesis and 
optimisation of the therapeutic use of medi-
cines across different therapeutic areas [21–23]. 
In contrast to randomised clinical studies or pro-
spective observational protocols, where control 
of the multiple factors may not be feasible or 
ethical during the course of treatment, simula-
tion scenarios using in silico protocols allow an 
insight into the specific features of an interven-
tion in a controlled or uncontrolled setting. In 
this simulation study, we use the models previ-
ously developed by Oosterholt et al. [11], van 
Dijkman et al. [16], and Singh et al. [19] (see 
Table S2, Supplementary Material) for the imple-
mentation of the simulation scenarios, which 
assess the implications of treatable traits and 
treatment choices on the time course of symp-
toms (ACQ-5), reliever medication use, and risk 
of exacerbation. The longitudinal model charac-
terises the individual ACQ-5 trajectories over a 

12-month period. Similarly, individual patterns 
of reliever medication use are described as puffs 
over the last 24 h by a Poisson function, whereas 
the time to first exacerbation is based on a fully 
parametric hazard (survival) model, taking into 
account the effect of baseline covariates. These 
models allow for an integrated evaluation of the 
effect of clinical and demographic baseline char-
acteristics, along with the effect of treatment 
with ICS monotherapy and ICS/LABA combina-
tion therapy.

Treatment arms were defined in a way that the 
selected interventions reflect typical randomised 
protocols with fixed regimens and the stepwise 
approach to the management of patients with 
moderate–severe asthma symptoms, i.e. starting 
with regular dosing ICS monotherapy and pro-
gressing to regular ICS/LABA combination ther-
apy. In the scenario describing treatment step-
up in a real-life setting, only non-responders to 
ICS monotherapy were assigned to ICS/LABA. 
For scenarios in which treatment changes were 
envisaged, response was defined as an improve-
ment in symptom control scores, as predicted by 
a longitudinal model describing the individual 
ACQ-5 trajectories over time. An outline of the 
clinical trial simulation workflow is shown in 
Fig. 1. Full details of the protocol design charac-
teristics, including statistical considerations and 
key assumptions used for the assessment of the 
effect of baseline characteristics and treatment 
choices on reliever medication use, symptom 
control level and exacerbation risk are summa-
rised in Table S3.

For the sake of clarity, in the simulations, 
an asthma exacerbation was defined as either 
(a) deterioration of symptoms requiring treat-
ment with oral corticosteroids (> 2 consecutive 
days), or a clinical deterioration assessed by the 
investigating physician as requiring oral steroid 
treatment; or (b) 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.
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Simulation Scenarios

For each simulation scenario baseline charac-
teristics were sampled from 1500 patients from 
a pooled population of adults (N = 16,282) using 
random resampling. 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. Moreover, treatment 
was assumed to be independent of baseline char-
acteristics and was assigned randomly to each 
patient. All scenarios included treatment for the 
period of 1 year. To ensure sufficient precision 
of simulated endpoints, each scenario was rep-
licated 500 times, and for each replicate patient 

baseline characteristics were resampled from the 
pooled population. The number of puffs over the 
last 24 h, along with ACQ-5 symptom cores and 
Kaplan–Meier estimates of the simulated exacer-
bation events were summarised per simulation 
scenario. Reduction in reliever use and symptom 
improvement at the end of the treatment period 
were reported along with the change in annual-
ised exacerbation rate.

To ensure alignment with clinical criteria, 
results were stratified by baseline covariates 
according to the following groups or categories. 
ACQ-5: well controlled (≤ 0.75), not well con-
trolled (> 0.75 to ≤ 1.5) and poorly controlled 
(> 1.5); BMI: normal weight (18.5 to < 25 kg/
m2), overweight (25 to < 30 kg/m2), obese (30 to 
< 35 kg/m2) and extremely obese (≥ 35 kg/m2); 

Fig. 1   a Schematic diagram of the clinical trial simulations 
describing reliever medication use, ACQ-5 and time to 
first exacerbation in patients with moderate–severe asthma 
symptoms. The scenarios implemented to disentangle the 
effect of baseline characteristics from that of treatment 
included intrinsic factors (Scenario  1 different symptom 
control levels ACQ-5, Scenario 2 varying body mass index 
(BMI), Scenario 3 disease history (i.e. time since diagnosis), 
extrinsic factors (Scenario  4 smoking habit) and real-life 
settings (Scenario  5 smoking cessation, Scenario  6 treat-
ment step-up). Treatment doses and regimens were limited 
to those used during the maintenance phases of the clini-
cal trials (FP: 100, 250 and 500  μg twice daily; FP/SAL: 
100/50, 250/50 and 500/50  μg twice daily; BUD/FOR: 

100/6, 200/6, 400/12, 160/4.5 and 320/9 μg twice daily). 
b Outline of the scenario describing the clinical manage-
ment of patients with moderate–severe asthma symptoms 
in a real-life setting (not-in-trial simulations). R responder, 
i.e. a patient achieving symptom control (ACQ-5 ≤ 0.75) 
at 3  months after treatment initiation with ICS mono-
therapy (FP). NR non-responder, i.e. a patient who does 
not achieve symptom control (ACQ-5 > 0.75) at 3 months 
after treatment initiation with ICS monotherapy (FP). 
ACQ-5 asthma control questionnaire, BUD/FOR bude-
sonide/formoterol, FP fluticasone propionate, ICS inhaled 
corticosteroid, LABA long-acting beta agonist, SAL salme-
terol
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asthma duration was split into three categories: 
< 5 years, ≥ 5 to < 10 years, and ≥ 10 years.

Not‑in‑Trial Simulations (NITS)

This scenario aimed to describe the clinical 
management of adults with moderate–severe 
asthma in a real-life setting. In total, 8000 
patients were randomly assigned to an inter-
vention, and each scenario was repeated 500 
times. Patient baseline characteristics were 
resampled from the pooled population dur-
ing each iteration. Treatment was assumed 
to be independent of baseline characteristics 
and was randomly assigned at the start of the 
intervention (Fig. 1). All patients started on the 
same treatment (i.e. FP). In this real-life set-
ting, patients who did not achieve control after 
3 months on monotherapy had their ICS dose 
increased or were switched to regular main-
tenance dose with SAL/FP or BUD/FOR for a 
period of up to 12 months. A responder was 
defined as a patient achieving symptom control 
(ACQ-5 < 0.75) at 3 months after treatment ini-
tiation, whilst a non-responder was any patient 
whose ACQ-5 score was > 0.75 at 3 months 
after treatment initiation. Estimates of the sim-
ulated patterns of reliever use, symptom scores, 
and exacerbation events were summarised both 
numerically and graphically per simulation sce-
nario. The principles applied to the endpoints 
of interest are similar to those required for a 
sensitivity analysis [24, 25]. Given the robust-
ness of the approach, we anticipate that these 
results may allow the identification of further 
opportunities for personalised management of 
patients with moderate–severe asthma. Of note 
is the possibility of identifying at-risk patients 
who rely on reliever medication for immedi-
ate symptom improvement, and whose clinical 
management could be adjusted to ensure both 
sustained symptom control and reduced long-
term morbidity, and in some cases, progressive 
loss of lung function.

All simulation scenarios were implemented 
in NONMEM version 7.3 (Icon Development 
Solutions, MD, USA). Graphical summaries and 
statistical analysis were performed in R version 
3.1.1. The statistical significance of the effect of 

baseline characteristics and treatment choices 
on changes in symptom scores, reliever medi-
cation use, and annualised exacerbation rates 
over the period of12 months was evaluated 
in each scenario (see Supplementary Material 
for further details on the statistical methods) 
[26–28].

RESULTS

The result from the interaction of the different 
factors can be visualised in a heat map (Fig. 2), 
which highlights how baseline characteristics, 
and in particular ACQ-5, affect reliever medi-
cation, symptom scores and exacerbation risk 
in an independent manner. An overview of the 
baseline characteristics of the virtual patient 
cohorts included in each simulation scenario 
is presented in Tables S4 to S9 (Supplementary 
Material).

A summary of the effect of baseline symp-
tom scores (ACQ-5) on treatment response is 
presented in Fig. 3. Patients who are well-con-
trolled (i.e. ACQ-5 ≤ 0.75) showed a significant 
reduction in reliever use whilst maintaining sta-
ble symptom control scores over the course of 
treatment. This pattern contrasts with patients 
whose ACQ-5 is greater than 0.75 at baseline. 
Most noticeable are the differences in exacer-
bations across the three groups. Significantly 
fewer exacerbations were observed in patients 
with well-controlled/not well-controlled symp-
toms relative to those poorly controlled at base-
line (p < 0.01). Moreover, our results show that 
differences between treatment arms are inde-
pendent from the effect of baseline covariates 
on symptom control level. The proportion of 
patients treated with FP/SAL who experience 
an exacerbation over the period of 12 months 
is significantly lower (8–13%, p < 0.01) than in 
those on regular dosing BUD/FOR, irrespective 
of baseline ACQ-5.

A similar pattern was observed for the effect 
of BMI on symptom score, reliever medication 
use and exacerbation risk (Fig. 4). A statisti-
cally significant increase in reliever medication 
use is observed along with an increase in the 
incidence of exacerbations (i.e. in patients who 
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are obese (30 to  < 35 kg/m2) and extremely 
obese (≥ 35 kg/m2) relative to those with nor-
mal BMI (18.5 to  < 25 kg/m2) irrespective of 
treatment (i.e. mean puffs/24 h up by 43% and 
78%, respectively; median annualised exacer-
bation rate up by 35% and 64%, respectively 
(p < 0.01)). In contrast, no significant differ-
ences in symptom control scores were observed 
between patients with normal BMI, who are 
overweight and those with obesity following 
combination therapy with FP/SAL or BUD/FOR. 
This finding suggests that for patients with 
obesity or morbid obesity (i.e. BMI > 30 kg/m2), 
a significantly high use of reliever is needed to 
achieve sustained asthma control.

The effect of asthma history and treat-
ment on symptom scores, reliever medica-
tion use and exacerbation risk is shown in 
Fig. 5. Whilst there are marked differences in 

reliever medication use in patients who have 
been diagnosed with asthma for longer than 
20  years (i.e. mean puffs/24  h up by up to 
107%, p < 0.01), mean symptom control levels 
seem to be comparable.

Strikingly, smoking habit altered all three 
endpoints, i.e. it affected both immediate 
symptoms, reliever medication use and long-
term risk. As shown in Fig. 6, smoking results 
in higher symptoms scores, significantly more 
frequent use of reliever and a higher risk of 
exacerbations. On the other hand, our analysis 
also show that whilst smoking cessation can 
lead to rather fast changes in immediate symp-
toms, and reduce risk, important, statistically 
significant differences in treatment response 
remain between current smokers, former 
smokers and non-smokers (Fig.  S1). Despite 
comparable reduction in reliever medication 

Fig. 2   Heatmap of predicted reliever use (puffs/24  h), 
symptom scores and exacerbation risk at 12  months after 
start of treatment for varying baseline ACQ-5 and smok-
ing status following ICS monotherapy (FP). Note that 
subjects with comparable BMI but different ACQ-5 scores 
will show different risk of exacerbation, patterns of reliever 
use and symptom control over time, depending on smok-
ing habit at the start of treatment. This overview highlights 
the relevance of assessing both immediate and long-term 
effects of a treatment when considering further increases 

in the dose or step-up to combination therapy with ICS/
LABA. Dotted areas encompass the baseline characteristics 
of the patient population enrolled into the available clini-
cal studies, to which inclusion and exclusion criteria apply. 
The overall scale (x and y axis) includes a range of values 
likely to occur in a real-life setting. ACQ-5 asthma control 
questionnaire, BMI body mass index, FP fluticasone propi-
onate, ICS inhaled corticosteroid, LABA long-acting beta 
agonist
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Fig. 3   Scenario  1 – The upper panel shows the effect of 
baseline ACQ-5 on symptom control score, reliever medica-
tion use (puffs/24  h) and exacerbation risk. Curves in each 
panel depict the median (symptom scores, exacerbation 
events) or mean (reliever use) profiles in each treatment arm. 
The lower panel summarises the response to treatment after 
12  months. Treatment arms (n = 1500 each, 500 iterations) 
include FP (250 μg b.i.d.), FP/SAL (250/50 μg b.i.d.), BUD/
FOR (200/6 μg b.i.d.). Parameter estimates describing treat-
ment effect correspond to that of the mean dose during the 
maintenance phase. It should be highlighted that changes 
in symptom scores and reliever medication use do not occur 
at the same timescale, with reliever medication use chang-

ing initially much faster than symptom scores in patients 
who are poorly controlled or not well controlled at baseline. 
Moreover, despite comparable reduction in reliever medica-
tion use after combination therapy with ICS/LABA, FP/
SAL results in a significantly lower exacerbation rate than 
BUD/FOR (p < 0.01). Further details on the clinical and 
demographic baseline characteristics of the simulated popula-
tion and an overview of the statistical significance level of the 
comparisons between different groups and treatment arms at 
12 months are summarised in Table S4. ACQ-5 asthma con-
trol questionnaire, BUD/FOR budesonide/formoterol, FP 
fluticasone propionate, ICS inhaled corticosteroid, LABA 
long-acting beta agonist, SAL salmeterol
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Fig. 4   Scenario  2 – The upper panel shows the effect of 
baseline BMI on symptom control score, reliever medica-
tion use (puffs/24  h) and exacerbation risk. Curves in each 
panel depict the median (symptom scores, exacerbation 
events) or mean (reliever use) profiles in each treatment arm. 
The lower panel summarises the response to treatment after 
12  months. Treatment arms (n = 1500 each, 500 iterations) 
include FP (250 μg b.i.d.), FP/SAL (250/50 μg b.i.d.), BUD/
FOR (200/6 μg b.i.d.). Parameter estimates describing treat-
ment effect correspond to that of the mean dose during the 
maintenance phase. It should be highlighted that changes in 
symptom scores and reliever medication use do not occur at 
the same timescale, with symptom score changing faster than 
reliever medication use in patients who are overweight (25 to 

< 30 kg/m2), obese (30 to < 35 kg/m2) and extremely obese 
(≥ 35 kg/m2) relative to those with normal BMI at baseline. 
Moreover, despite comparable reduction in reliever medica-
tion use after 12 months on combination therapy with ICS/
LABA, FP/SAL results in a significantly lower exacerbation 
rate than BUD/FOR irrespective of BMI (p < 0.01). Further 
details on the clinical and demographic baseline characteris-
tics of the simulated population and an overview of the sta-
tistical significance level of the comparisons between different 
groups and treatment arms at 12 months are summarised in 
Table  S5. ACQ-5 asthma control questionnaire, BMI body 
mass index, BUD/FOR budesonide/formoterol, FP flutica-
sone propionate, ICS inhaled corticosteroid, LABA long-act-
ing beta agonist, SAL salmeterol
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use in patients receiving ICS/LABA combina-
tion therapy, treatment with FP/SAL resulted 
in statistically significant lower ACQ-5 scores 
and significantly lower exacerbation events 
than BUD/FOR (p < 0.01).

The evaluation of the effect of baseline char-
acteristics and treatment choice on symptom 
control levels, reliever medication use and exac-
erbation risk in a real-world setting reveals that 
comparable, immediate symptom improvement 
does not imply the same degree of bronchopro-
tection or exacerbation risk reduction (Fig. 7). 
First, it is worth mentioning that patients who 
respond to ICS monotherapy appear to have less 
pronounced symptoms, and possibly suboptimal 
bronchoprotection, as the sustained, relatively 
low ACQ-5 scores are accompanied by a more 
frequent use of reliever medication. In fact, ICS 
dose increase in patients who do not achieve 
adequate control on ICS monotherapy does not 
result in further decrease in reliever medica-
tion use or reduction in exacerbation risk. By 
contrast, non-responders to ICS monotherapy 
appear to have a more marked airway inflam-
mation and hyperresponsiveness. In this group 
of patients, one observes the differences in the 
pharmacological properties of ICS, LABA and 
SABA molecules, and the interplay between air-
way hyperresponsiveness (bronchoconstriction), 
airway inflammation (bronchoprotection), and 
vulnerability to triggers (exacerbation). Despite 
comparable reduction in reliever medication 
use, the step-up of patients who do not respond 
to FP monotherapy to FP/SAL combination ther-
apy resulted in significantly lower ACQ-5 scores 
as well as lower exacerbation risk, as compared 
to BUD/FOR (p < 0.01).

DISCUSSION

Our analysis reveals that both immediate 
symptoms and long-term response to ICS/LABA 
are greatly affected by individual patient char-
acteristics and treatment choices. The current 
investigation expands on the initial findings 
from our initiative to personalise interventions 
in moderate–severe asthma, i.e. Modelling 
ASthma TrEatment Responses (MASTER) [11, 

16, 19]. We do so by integrating and evaluating 
the effect of interindividual differences on the 
burden of disease, i.e. symptom control, airway 
hyperresponsiveness to triggers, and exacerba-
tion risk. Of note is the evidence that ACQ-5 
scores and BMI (intrinsic factors), as well as 
smoking habit (extrinsic factor) alter all three 
measures included in this study. Symptom 
scores are further affected by lung capacity and 
function, as assessed by age and airway cali-
bre (FEV1p%), whilst disease history appears 
to influence reliever medication use indepen-
dently from other factors. Lastly, sex (female), 
seasonal variation and limited lung function 
(FEV1p%) also contribute to increased exac-
erbation risk. Moreover, the different simu-
lation scenarios showed that despite the use 
of drugs with well-defined pharmacological 
mechanisms (i.e. short- and long-acting β2-
agonists and corticosteroids), drug molecules 
with different pharmacokinetic-pharmacody-
namic properties show significant differences 
in treatment performance [29, 30]. Depending 
on treatment choice, patients showing com-
parable symptom improvement do not neces-
sarily experience the same exacerbation risk 
reduction.

Moreover, the proposed scenarios make clear 
that the assessment of symptom control requires 
careful evaluation of both the individual pat-
terns of reliever use and response to the underly-
ing maintenance therapy. In brief, achievement 
of treatment goals should be based on evidence 
of sustained bronchoprotection and exacerba-
tion risk reduction, rather than merely symp-
tom control. This is likely to be realised by the 
frequency of reliever medication use, relative to 
the maintenance therapy. This situation can be 
compared to that faced in the clinical manage-
ment of patients in other therapeutic areas, such 
as the requirement for supplementary (rescue) 
doses of short- and rapid-acting insulin versus 
basal long-acting insulin in type I diabetes [31], 
or benzodiazepine use when (breakthrough) sei-
zures occur more often or show a more severe 
pattern than what is aimed for with mainte-
nance therapy and a seizure action plan in epi-
lepsy [32]. Ultimately, emphasis is given to the 
importance of adjustments to a patient’s lifestyle 
and underlying therapy that are necessary to 
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Fig. 5   Scenario  3 – The upper panel shows the effect of 
asthma history on symptom control score, reliever medica-
tion use (puffs/24 h) and exacerbation risk. Curves in each 
panel depict the median (symptom scores, exacerbation 
events) or mean (reliever use) profiles in each treatment 
arm. The lower panel summarises the response to treat-
ment after 12 months. Treatment arms (n = 1500 each, 500 
iterations) include FP (250 μg b.i.d.), FP/SAL (250/50 μg 
b.i.d.), BUD/FOR (200/6  μg b.i.d.). Parameter estimates 
describing treatment effect correspond to that of the mean 
dose during the maintenance phase. Note that changes in 
symptom scores and reliever medication use do not occur 
at the same timescale, with symptom score changing faster 
than reliever medication use. Patients who have been diag-
nosed for less or more than 5  years show significant dif-
ferences in reliever medication use. Such a pattern may be 
associated with the potentially higher dose levels of ICS to 
which patients with a longer history of disease are exposed. 
Similarly, the disease history does not seem to have fur-

ther implications on exacerbation risk. This contrasts with 
the effect of treatment, which shows significant differ-
ences. It is worth mentioning that higher reliever medica-
tion use in patients with longer disease history may reflect 
known changes to the sensitivity to adrenergic effects fol-
lowing prolonged exposure to adrenergic drugs (i.e. toler-
ance). Moreover, despite comparable reduction in reliever 
medication use after 12  months on combination therapy 
with ICS/LABA, FP/SAL results in a significantly lower 
exacerbation rate than BUD/FOR irrespective of asthma 
history (p < 0.01). Further details on the clinical and demo-
graphic baseline characteristics of the simulated population 
and an overview of the statistical significance level of the 
comparisons between different groups and treatment arms 
at 12 months are summarised in Table S6. ACQ-5 asthma 
control questionnaire, BMI body mass index, BUD/FOR 
budesonide/formoterol, FP fluticasone propionate, ICS 
inhaled corticosteroid, LABA long-acting beta agonist, 
SAL salmeterol
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ensure therapeutic goals are met. Strikingly, sim-
ilar emphasis does not seem to apply to asthma. 
Supplemental reliever medication use appears to 
be endorsed by some investigators, as a means 
to overcome inadequate bronchoprotection [33].

Our investigation also provides insight into 
further recommendations for personalised 
management of patients with moderate–severe 
asthma, away from symptom severity being 
assessed and managed primarily by varying 
the amount and type of medication a patient 
needs to maintain control [34–36]. It advocates 
for a potential shift towards a patient-centric 
approach, taking into account interindividual 
differences (i.e. treatable traits, risk factors), and 
for the assessment of treatment performance in 
an integrated manner [37–39]. Once considered 
a major challenge, ongoing efforts have now 
enabled the identification of treatable traits that 
affect or contribute to respiratory symptoms in 
individual patients with asthma, allowing for a 
more pragmatic way to personalise therapeutic 
goals [11, 16, 19, 40]. Essentially, the concept 
relies on robust evidence showing that treatment 
for obstructive lung diseases can achieve better 
outcomes if guided by specific clinical charac-
teristics. In addition, in patients with moder-
ate–severe asthma, poor respiratory health may 
also be associated with concurrent conditions or 
comorbidities whose symptoms may be identical 
to asthma. Addressing lifestyle or environmental 
factors could result in better control rather than 
simply increasing airway-directed treatment. To 
this purpose, further insights may arise from the 
evaluation of longitudinal patterns of markers of 
type 2 inflammation.

Undoubtedly, there are many factors associ-
ated with the risk and severity of asthma [41]. 
However, on the basis of the current results, it 
becomes obvious that in addition to the symp-
tom control levels, obesity and smoking habit 
(cigarettes, e-cigarettes, vaping devices) are criti-
cal treatable traits, which deserve further atten-
tion in the clinical management of patients 
with moderate–severe asthma [42–45]. Moreo-
ver, the concurrent evaluation of symptoms, 
reliever medication use and exacerbation risk 
in simulated scenarios also sheds light on the 
role of the underlying disease processes, namely 

bronchoconstriction, airway inflammation and 
hyperresponsiveness.

In this regard, it is worth highlighting that 
the lack of distinction between the mechanisms 
underpinning immediate and sustained symp-
tom improvement (i.e. bronchodilation vs. 
bronchoprotection) in moderate–severe asthma 
leads to potential misinterpretation of clinical 
evidence, especially if one considers that a sig-
nificant proportion of patients with asthma are 
diagnosed and treated without any spirometry 
data. Here we have shown that reliever medi-
cation use is strongly correlated with worsen-
ing of symptoms, as assessed by ACQ-5 scores, 
and that reliever use is higher in exacerbating 
patients. However, dyspnoea and breathlessness 
are assessed as a symptom, rather than one of 
the mechanisms associated with airway remod-
elling. This conception of bronchoconstriction 
disregards changes in airway calibre due to 
abnormal smooth muscle excitation–contraction 
in asthma. Consequently, reliance on reliever 
medication represents a reaction to abnormal 
smooth muscle contractility and airway hyper-
responsiveness, instead of proactively minimis-
ing the vulnerability to bronchoconstrictive 
stimuli [46, 47]. In fact, previous data suggest 
that there is a potential vicious positive cycle 
of bronchoconstriction that drives the worsen-
ing of asthma independently of inflammation. 
Thus, bronchoconstriction is not simply a con-
sequence or symptom of asthma and should be 
considered an important contributor to airway 
remodelling. As such, findings focusing on the 
association between exacerbation events and 
short-acting beta agonist use are unlikely to be 
causal. The different simulation scenarios indi-
cate that exacerbation risk is higher in patients 
who are female, show inadequate symptom 
control, are obese, smokers and have limited 
airway function. As reliever medication use is 
also significantly higher in patients with obesity 
and in those who smoke, it is easy to presume a 
causal link [48]. Moreover, the interplay between 
changes to the sensitivity of airway smooth 
muscle to the bronchodilatory effect of beta-
adrenergic drugs and decline in airway function 
over time in patients with a long disease history 
further contributes to the poor assessment and 
interpretation of data on reliever medication use 
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and incidence of exacerbations [49, 50]. This is 
compounded by the differences in long-term 
effect on different ICS/LABA combinations on 
exacerbation risk reduction.

Besides the effect of individual baseline char-
acteristics, the simulation scenarios reveal that 
treatment choices also play an important role 
in achieving and maximising treatment ben-
efits. First, it is evident that increasing doses 
of ICS in patients on monotherapy has limited 
effect on long-term risk, even though immedi-
ate symptoms and reliever medication use are 
significantly reduced. Such effects are, however, 
limited when compared to the overall response 
to ICS/LABA combination therapy. Second, step-
up to ICS/LABA combination therapy may pro-
vide comparable reduction in reliever medica-
tion use, but a stable pattern is achieved only 
after approximately 12 months on maintenance 
doses, irrespective of individual differences in 
baseline characteristics. It is worth mention-
ing that while a difference of 1–2 puffs/24 h 
observed in some of the scenarios may seem 
clinically small on a daily basis, the cumula-
tive effect over time can be substantial. Over a 
year, a reduction of 1–2 puffs/24 h in SABA use 
is equivalent to using 1.8–3.6 fewer canisters, 
respectively. Third, statistically significant and 
clinically important differences in treatment 
response are observed with combination therapy 
with BUD/FOR vs FP/SAL. This is of particular 
interest for some patients, who are exposed to 
a higher risk of exacerbation. For instance, cur-
rent smokers receiving FP/SAL have significantly 
lower ACQ-5 scores (p < 0.01) and lower exacer-
bation rates (p < 0.01) after 12 months on treat-
ment than those on regular dosing BUD/FOR. 
Similarly, FP/SAL was found to produce greater 
reduction in exacerbation risk in obese sub-
jects. In fact, the differences in exacerbation risk 
expand across the overall obese population, irre-
spective of the level of symptom control at the 
start of treatment, with FP/SAL resulting in up to 
15% greater reduction in exacerbations relative 
to BUD/FOR in female patients who are obese 
or extremely obese. In addition, results from a 
real-world setting indicate that non-responders 
to ICS monotherapy who are switched to FP/SAL 
achieve significantly lower ACQ-5 scores and 
show fewer exacerbations (p < 0.01) than those 

on regular dosing BUD/FOR (p < 0.01). In addi-
tion, treatment with FP/SAL resulted in a larger 
proportion of patients (42%) achieving symp-
tom improvement (i.e. ACQ-5 > 0.5) compared 
to BUD/FOR (30%). Such a distinction between 
treatment arms may not be evident in small 
clinical trials where the sample size affects the 
precision of the estimated treatment effect and 
patient are not stratified on the basis of symp-
tom control level.

Our endeavour to identify treatable traits and 
optimise interventions in asthma is not unique. 
From a methodological perspective, there have 
been multiple efforts to explain heterogene-
ity and characterise risk factors in asthma, but 
most initiatives rely on mean (meta-analytical) 
or cross-sectional data, which disregard time-
varying, patient-specific characteristics which 
can be critical for the implementation of per-
sonalised interventions [12, 51, 52]. By contrast, 
drug–disease modelling and simulation has 
evolved along with computational technologies 
to support evidence generation and evidence 
synthesis using aggregated, individual patient-
level data [22, 53–56]. Differently from prospec-
tive clinical protocols or retrospective cohort 
studies, the use of simulation scenarios enables 
the assessment of the magnitude of the effect of 
multiple, concurrent factors on treatment out-
come, whilst maintaining constant all other rel-
evant variables of interest, including adherence 
to maintenance therapy. This attribute of simu-
lations allows for the evaluation of the effect of 
interindividual differences in baseline character-
istics on the overall response to treatment, both 
in controlled and real-world settings. Its applica-
tions continue to increase across drug develop-
ment, regulatory approval and clinical practice 
[57–62]. Yet, we acknowledge that our work has 
some limitations. Consequently, assumptions 
had to be made regarding the generalisability of 
the findings from the different simulation sce-
narios, as similar protocols may not be easily 
implemented or controlled in a real-life setting. 
Among other things, we understand that in a 
real-life setting, other factors may play a role in 
symptom fluctuation and/or act as risk modifi-
ers. For instance, many patients may have other 
comorbidities which often affect symptoms 
and potentially trigger exacerbations, such as 
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Fig. 6   Scenario 4 – The upper panel shows the effect of smok-
ing habit on symptom control score, reliever medication use 
(puffs/24 h) and exacerbation risk. Curves in each panel depict 
the median (symptom scores, exacerbation events) or mean 
(reliever use) profiles in each treatment arm. The lower panel 
summarises the response to treatment after 12 months. Treat-
ment arms (n = 1500 each, 500 iterations) include FP (250 μg 
b.i.d.), FP/SAL (250/50  μg b.i.d.), BUD/FOR (200/6  μg 
b.i.d.). Parameter estimates describing the treatment effect 
correspond to that of the mean dose during the maintenance 
phase. It should be highlighted that despite comparable reduc-

tion in reliever medication use after 12  months on combina-
tion therapy with ICS/LABA, FP/SAL results in significantly 
lower ACQ-5 scores (p < 0.01) and lower exacerbation rates 
(p < 0.01) than BUD/FOR. Further details on the clinical and 
demographic baseline characteristics of the simulated popula-
tion and an overview of the statistical significance level of the 
comparisons between different groups and treatment arms at 
12 months are summarised in Table S7. ACQ-5 asthma control 
questionnaire, BMI body mass index, BUD/FOR budesonide/
formoterol, FP fluticasone propionate, ICS inhaled corticoster-
oid, LABA long-acting beta agonist, SAL salmeterol
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Fig. 7   Scenario  6 – The upper panel shows ICS dose 
increase and treatment step-up in a real-world setting. 
The effect of increased ICS dose and transition to ICS/
LABA combination therapy is assessed in patients who 
do not achieve adequate symptom control on ICS mono-
therapy. Curves in each panel depict the median (symptom 
scores, exacerbation events) or mean (reliever use) profiles 
in each treatment arm. The lower panel summarises the 
response to treatment after 12  months. Treatment arms 
(n = 8000 each, 500 iterations) include FP (250  μg b.i.d.), 
FP (500 μg b.i.d.), FP/SAL (250/50 μg b.i.d.), BUD/FOR 
(200/6 μg b.i.d.). Parameter estimates describing the treat-
ment effect correspond to that of the mean dose during 
the maintenance phase. Despite comparable reduction in 
reliever medication use after 12  months on combination 

therapy with ICS/LABA, FP/SAL results in significantly 
lower ACQ-5 scores and exacerbation rate than BUD/
FOR (p < 0.01). Further details on the clinical and demo-
graphic baseline characteristics of the simulated popula-
tion and an overview of the statistical significance level of 
the comparisons between different groups and treatment 
arms at 12  months are summarised in Table  S9. Differ-
ences between treatments in patients with ACQ-5 > 1.5 at 
baseline are summarised in Fig.  S2. ACQ-5 asthma control 
questionnaire, BMI body mass index, BUD/FOR bude-
sonide/formoterol, FP fluticasone propionate, FP(NR)  
non-responder to FP monotherapy, FP(R) responder to 
FP monotherapy, ICS inhaled corticosteroid, LABA long-
acting beta agonist, SAL salmeterol
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allergies, small airway disease, and chronic rhi-
nitis with nasal polyps. As this group of patients 
were excluded from the available clinical trials, 
the impact of such comorbidities has not been 
assessed. We do not anticipate, however, that 
these factors alter our conclusions regarding the 
effect of clinical and demographic baseline char-
acteristics on treatment performance. It is also 
important to emphasise that for ethical reasons, 
data on the reliever medication use and inci-
dence of exacerbation over a 12-month period 
cannot be obtained using placebo as a reference. 
Therefore, the models used for the purpose of 
the current simulations were based on ICS mon-
otherapy, namely, fluticasone propionate. This 
means that estimates of treatment effect may 
differ from previously published studies, where 
treatment was evaluated over a shorter period 
of time or where placebo or other treatment 
options have been used. Further details on the 
main assumptions and limitations are summa-
rised in Table S3.

CONCLUSIONS

Our investigation shows that interindividual dif-
ferences in baseline ACQ-5, BMI, and smoking 
habit (treatable traits) alter treatment outcome 
and modify treatment performance, affecting 
symptom control levels, reliever medication use 
and exacerbation risk following maintenance 
therapy with ICS or ICS/LABA combination. 
This is compounded by the effect of additional 
clinical and demographic characteristics, which 
can independently alter immediate symptoms 
and/or long-term exacerbation risk, including 
age, sex, disease history and baseline FEV1p%, 
irrespective of treatment choice. The simula-
tions also indicate that regular dosing with FP/
SAL yields significantly lower symptom scores 
and exacerbation risk relative to BUD/FOR in 
patients who do not respond to ICS monother-
apy. Of note is the benefit of FP/SAL in patients 
who are current smokers and/or obese. Such a 
difference may be explained by corticosteroid-
specific properties, which vary between inhaled 
corticosteroids [41]. Consequently, these fac-
tors should be considered in clinical practice as 

a basis for personalised management of patients 
with moderate–severe asthma symptoms.
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