
OR I G I N A L A R T I C L E

Modelling ASthma TrEatment Responses (MASTER): Effect of
individual patient characteristics on the risk of exacerbation in
moderate or severe asthma: A time-to-event analysis of
randomized clinical trials

Sean Oosterholt1 | Ian D. Pavord2 | Guy Brusselle3 | Arzu Yorgancıo�glu4 |

Paulo M. Pitrez5 | Abhijith PG6 | Chirag Teli7 | Oscar Della Pasqua1,8

1Clinical Pharmacology Modelling and

Simulation, GSK, London, UK

2Respiratory Medicine Unit and NIHR

Respiratory BRC, Nuffield Department of

Medicine, University of Oxford, Oxford, UK

3Department of Respiratory Medicine, Ghent

University Hospital, Ghent, Belgium

4Celal Bayar University, Manisa, Turkey

5Hospital Moinhos de Vento, Porto Alegre,

Brazil

6Global Classic and Established Medicines,

GSK, Singapore, Singapore

7Global Classic and Established Medicines,

GSK, Mumbai, India

8Clinical Pharmacology & Therapeutics Group,

University College London, London, UK

Correspondence

Oscar Della Pasqua, Clinical Pharmacology

Modelling and Simulation, GSK, GSK House,

980 Great West Rd, London TW8 9GS, UK.

Email: odp72514@gsk.com

Funding information

GlaxoSmithKline.

Aims: There is limited understanding of how clinical and demographic characteristics

are associated with exacerbation risk in patients with moderate-to-severe asthma,

and how these factors correlate with symptom control and treatment response. Here

we assess the relationship between baseline characteristics and exacerbation risk

during regular dosing with inhaled corticosteroids (ICS) monotherapy or in combina-

tion with long-acting beta2-agonists (ICS/LABA) in clinical trial patients with varying

levels of symptom control, as assessed by the asthma control questionnaire (ACQ-5).

Methods: A time-to-event model was developed using pooled patient data

(N = 16 282) from nine clinical studies [Correction added on 26 July 2023, after first

online publication: The N value in the preceding sentence has been corrected in this

version.]. A parametric hazard function was used to describe the time-to-first exacer-

bation. Covariate analysis included the assessment of the effect of seasonal variation,

clinical and demographic baseline characteristics on baseline hazard. Predictive per-

formance was evaluated by standard graphical and statistical methods.

Results: An exponential hazard model best described the time-to-first exacerbation in

moderate-to-severe asthma patients. Body mass index, smoking status, sex, ACQ-5, %

predicted forced expiratory volume over 1 s (FEV1p) and season were identified as sta-

tistically significant covariates affecting baseline hazard irrespective of ICS or ICS/LABA

use. Fluticasone propionate/salmeterol (FP/SAL) combination therapy resulted in

a significant reduction in the baseline hazard (30.8%) relative to FP monotherapy.

Conclusions: Interindividual differences at baseline and seasonal variation affect the

exacerbation risk independently from drug treatment. Moreover, it appears that even

when a comparable level of symptom control is achieved in a group of patients, each

individual may have a different exacerbation risk, depending on their baseline charac-

teristics and time of the year. These findings highlight the importance of personalized

interventions in moderate-to-severe asthma patients.
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1 | INTRODUCTION

Asthma is a chronic inflammatory disorder of the airways that affects

over 350 million people worldwide.1,2 Even though evolving under-

standing of the pathophysiology of asthma and airway inflammation

has provided insight into the role of contributing factors to the clinical

presentation of the disease, most asthma patients experience ongoing

symptoms, which in turn can lead to interruption of daily activities

and poor quality of life.3–6 Of note is the risk of exacerbation, which

may lead to hospitalization.

From a clinical perspective, the goal of asthma treatment is, there-

fore, to achieve and maintain asthma control and to reduce the future

risk of exacerbations. Inhaled corticosteroids (ICS) are considered the

most effective anti-inflammatory treatments for all severities of persis-

tent asthma. Treatment with ICS controls asthma symptoms, improves

quality of life (QoL) and lung function, decreases airway hyperrespon-

siveness, controls airway inflammation, and reduces the frequency and

severity of asthma exacerbations, thereby reducing asthma morbidity

and the need for reliever medication (e.g., short-acting beta agonists

[SABA]). In patients who are symptomatic on ICS alone, add-on therapy

with another controller, in particular a long-acting beta2-agonist (LABA)

is preferred to increasing the dose of ICS to achieve asthma control.7–9

Control of asthma is monitored by the level of current control

(or impairment) and long-term effects on exacerbations, progressive

impairment of lung function, and medication side effects. Conse-

quently, achieving adequate asthma control should be a proxy for

future risk of exacerbations, improvement or deterioration in QoL as

well as SABA use. However, despite the availability of treatments and

published guidelines, patients may have asthma that is not well con-

trolled. This may be partly explained by interindividual differences

(i.e., patient characteristics) in response to triggers and varying airway

hyperresponsiveness, as evidence exists of different clinical pheno-

types.10–13 On the other hand, different approaches have been pro-

posed for the treatment of asthma, which do not fully take into

account the nature of the underlying inflammatory response or the

differences in the pharmacokinetic-pharmacodynamic properties of

the currently available inhaled corticosteroids.14–16

Whilst there have been efforts to identify opportunities for per-

sonalization of treatment across the adult population with moderate

and severe asthma symptoms,17–19 very few investigations have

assessed the effect of interindividual differences in baseline character-

istics on the maintenance of asthma control and future risk of exacer-

bation. Moreover, these studies are based on small sample sizes,

which may not be easily generalized. In fact, to date there are no

reports describing in a strictly quantitative manner how baseline char-

acteristics associate with future risk.

Large cohorts and individual patient-level data are required to

ensure accurate assessment of the putative correlations and their

predictive performance. In addition, there is limited understanding of

how interindividual differences in baseline characteristics affect the

overall response to treatment.

The current investigation is part of MASTER (Modelling ASthma

TrEatment Responses), a broader initiative aimed at the identification

of opportunities for personalizing interventions in adults with moder-

ate or severe asthma. The approach relies on the availability of high-

quality data from numerous randomized controlled trials, in which

patients were assigned to different interventions. The ultimate goal is

to optimize the clinical management of patients, improving asthma

control, reducing exacerbation risk and the use of reliever

What is already known about this subject

• Symptom control is a critical step in the management of

patients with moderate-to-severe asthma receiving

inhaled corticosteroids as monotherapy or in combination

with long-acting beta agonists.

• Whilst clinical guidelines focus on the role of different

treatment choices for achieving symptom control, limited

attention has been given to individual differences in

patient characteristics at the start of treatment.

• Parametric time-to-event models have been used in dif-

ferent therapeutic areas to evaluate drug-specific proper-

ties, discriminating treatment effect from that of disease-

or patient-related characteristics.

What this study adds

• Model-based analysis of pooled clinical trial data allowed

the characterization of the relationship between baseline

characteristics and the risk of exacerbation in patients

with moderate or severe asthma.

• In addition to the effect of interindividual differences in

baseline BMI, smoking status, sex, ACQ-5 and FEV1p, to

instantaneous risk, our analysis showed that seasonal var-

iation also affects the risk of asthma exacerbation, inde-

pendently from treatment.

• These results suggest that the clinical management of

asthma based on symptom control only is not optimal.

Individual baseline characteristics should be considered

to ensure adequate, personalized interventions.

2 OOSTERHOLT ET AL.
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medication.20 Here we focus on the methodology for the develop-

ment of a hazard model and its application as a tool for predicting the

effect of individual patient characteristics and treatment choice on

the risk of exacerbation. More specifically, we aim to develop and

evaluate the performance of a time-to-event (TTE) model describing

the risk of exacerbation following administration of fluticasone propi-

onate as monotherapy (FP) and in combination with salmeterol

(FP/SAL), and budesonide-formoterol combination therapy (BUD/

FOR) to patients with moderate or severe asthma. This approach pro-

vides a parametric representation of the event rate (incidence) along

with the underlying hazard.21,22 In addition, the availability of such a

TTE model will allow systematic evaluation of the effect of multiple

contributing factors to the risk of exacerbation, disentangling drug-

specific from patient-related effects.23

2 | METHODS

2.1 | Data source

The data used for this analysis were obtained from nine clinical trials

(ADA109055, ADA109057, HZA113091, HZA115150, SAM40027,

SAM40056, SAM40065, SAM40086, SAS115359). The selection of

these data was based on the requirement to have accurate individual

patient exacerbation event records, clinical and demographic baseline

details (Table A1). It should be noted that given the importance of

generalizing the results from this analysis to clinical practice, both

double–blind and open label protocols were considered in

scope. Moreover, in order to account for seasonal variation in

asthma symptoms and exacerbations, studies were included in which

treatment lasted for at least 24 weeks. Additional study selection

criteria for the time-to-exacerbation analysis included: studies in

which asthma symptom scores as assessed by ACQ-5 were

prioritized and integrated with individual patient data where ACQ-5

was assessed only at baseline. Finally, the analysis population was

only to include patients aged 18 years or older with accurate

treatment records. It includes 1816 observed exacerbation events

(first only) from 16 282 subjects who were randomized to receive FP

(n = 7490), FP/SAL (n = 8049) or BUD/FOR (n = 743) over a period

of up to 1 year. An overview of the clinical study protocols, along

with treatment details and eventual deviations is shown in Table A1.

A list of the full inclusion and exclusion criteria along with the proto-

col definition of an exacerbation are presented in Tables S1 and S2.

In a subsequent step, data from patients assigned to the usual care

arm in study HZA115150, which were treated with either beclo-

methasone monotherapy or beclomethasone and formoterol combi-

nation therapy were used to assess model consistency and

generalizability. This was complemented by inclusion of additional

data on combination therapy with FP/SAL (n = 693) and BUD/FOR

(n = 697) from the Excel study (SAM40040).24 All patients enrolled

into the selected clinical trials have given informed consent for par-

ticipation. The terms of consent include the scope of the investiga-

tion presented here.

2.2 | Analysis population

From a total pool of 16 282 subjects, all had accurate treatment

records, baseline asthma symptom control score (ACQ-5, when avail-

able) and demographic data. The majority were of White/Caucasian

heritage (n = 8991, 54.9%), while the next highest represented group

was African American/African heritage (n = 1581, 9.7%). The mean

age was 45.4 years old with a range of 18–91 years old. A total of

1712 patients were ≥65 years of age (10.5%). An overview of the

baseline demographic and clinical characteristics of the pooled patient

population included in the analysis is summarized in Table S3. Histo-

grams describing the distribution of relevant baseline clinical and

demographic characteristics were used to assess the homogeneity of

the patient population across the different studies. A summary of the

distributions stratified by study and treatment arm is shown in

Figures S1 and S2, respectively.

Given that the individual studies did not record the same baseline

variables, for the purposes of this analysis individual covariate values

were imputed where missing (88.8% baseline ACQ-5, 6.8% baseline

BMI, 4.6% smoking status, 63.6% FEV1p, 67.0% PEF, 13.9% asthma

duration and 84.6% previous use of inhaled corticosteroids), where

appropriate. For continuous covariates, missing values for an individ-

ual patient were imputed as the median value for the study population

while for categorical covariates the most frequent value was used.

In view of the large sample size in this aggregated population, the use

of this imputation approach should provide unbiased estimates of the

covariate effect, even in cases where missing data may correspond to

a significant proportion of the total population (e.g., baseline ACQ–5,

FEV1p). For completeness, the potential influence of missing baseline

covariate data was further evaluated using a range of scenarios,

including resampling, bootstrapping and sensitivity analysis.

In contrast, missing information on the treatment initiation and

ending were imputed based on protocol treatment initiation and end-

ing (i.e., relative to reported study visit dates and times). Patients were

excluded if details on the treatment received were not available or the

date and time of treatment initiation and ending could not be

imputed. Similarly, individual records were excluded if missing visit

dates and times could not be imputed based on protocol visit dates

and times. Values were also to be excluded from the analysis based

on inconsistency or a documented error. The absence of the clinical

event of interest (i.e., exacerbation) was not treated as missing data. If

exacerbations did not occur within the observation window defined in

the original study protocol, the information from these patients was

right censored to the maximum time or duration of the study.

2.3 | Time-to-event model development

Given the scope of the analysis, initially data was pooled together,

irrespective of pharmacological treatment or dose level. Prior to

model development, an exploratory evaluation was performed using a

Kaplan–Meier estimator, in combination with a range of parametric

and semiparametric models.20 This exploratory step also served as

OOSTERHOLT ET AL. 3
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basis for further assessment of the assumptions underpinning this

individual-level model-based meta-analysis (e.g., proportional hazard,

constant relative hazard, comparable adherence to treatment). It also

provided insight into potential limitations (e.g., fewer studies in the

southern hemisphere) and the need for additional assumptions

(e.g., non-informative dropout). Further details on the assumptions

supporting this investigation and implications for model development

are presented in Table S4.

Subsequently, a parametric hazard model including only data from

FP-treated patients (i.e., reference treatment) was found to best

describe the time-to-first exacerbation. As per standard practice in

nonlinear mixed effects modelling, the available data were randomly

split into two subsets to ensure evaluation of the predictive perfor-

mance of the model. An overview of the data sets is shown Figure 1.

Data sets for internal validation were based on a random selection of

30% of subjects from the total population pool.

The probability density function that best described the observed

time-to-first event was selected based on statistical and graphical cri-

teria (i.e., difference in log-likelihood and goodness-of-fit plots). The

probability density function (Equation 1) is calculated as follows:

f tð Þ¼ h tð Þ �S tð Þ ð1Þ

where h(t) represents the hazard function and S(t) the survivor func-

tion. The following probability density functions were considered:

• Exponential, λ �e�λ�t;

• Proportional Weibull, λ �α � λ � tð Þα�1 �e�λ�tα ;

• Gompertz, λ �eθ�tþλ
θ 1�eθ�tð Þ.

As a TTE model is used to calculate the probability distribution of

events, no variance component (interindividual, inter-occasion or

residual variability) is obtained for model parameters. Following the

structural model selection, clinical and demographic baseline covari-

ates were tested using a stepwise forward addition-backward elimina-

tion procedure:

• Subject baseline demographics: age, race, body mass index,

smoking status, sex.

• Baseline clinical characteristics: baseline spirometry (FEV1,

FEV1p, PEF), asthma duration, previous ICS use, ACQ question

6 (SABA use).

Seasonal effects were investigated by noting the location

(i.e., northern or southern hemisphere) and calendar date corre-

sponding to start of treatment for each patient. Concomitant medi-

cation and co-morbidities or concurrent medical conditions were

not accounted for as covariates. The rationale for the exclusion of

these variables from the covariate analysis is based on the fact that

concomitant drugs and concurrent conditions allowed in the proto-

cols were not expected to have a direct effect on the risk of

exacerbation.

For standardization purposes, baseline measurements were

defined as those collected prior to the initiation of treatment irrespec-

tive of the time span between the screening date and the first dose.

Treatment was then evaluated as a discrete (covariate) effect on the

underlying hazard parameters.

To ensure appropriate interpretation of the results, the final

model estimates were presented as hazard ratios. For continuous

F IGURE 1 Diagram describing the different data sets used for model building (data set 1), internal validation (data set 2) and final data

analysis (data set 3, N = 16 282). Data set 3 comprises the total patient population from studies ADA109055, ADA109057, HZA113091,
HZA115150, SAM40027, SAM40056, SAM40065, SAM40086, SAS115359 used for this analysis. Initially, external validation aimed at the
assessment of model consistency and estimation of drug-specific differences. Therefore, data set 4 included data from asthma patients enrolled
into study HZA115150, who were treated with either beclomethasone monotherapy or beclomethasone and formoterol combination therapy.
Data from these patients were not used for model development or internal validation. This step was complemented by further evaluation of the
predictive performance of the final model following inclusion of additional data on combination therapy with FP/SAL (n = 693) and BUD/FOR (n
= 697) from the Excel study (SAM40040).24 Further details on the validation procedures are summarized in the Supporting Information.

4 OOSTERHOLT ET AL.
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covariates, the hazard ratio (Equation 2) was calculated as the expo-

nent of the coefficient of each parameter in the model. The hazard

ratio for exacerbation was defined as follows:

eβ xþ1ð Þ

eβx
¼ eβ ð2Þ

where β in the fitted proportional hazard model is the estimated

change in the logarithm of the hazard ratio when the value of x is

increased by one unit.

For categorical variables the hazard ratio (Equation 3) for an indi-

vidual in any group or category is relative to an individual in the first

group or category. It is defined by the exponential of αj , where the

parameter α is the logarithm of the relative hazard. The hazard func-

tion was calculated as follows:

hj tð Þ¼ eαj �h0 tð Þ ð3Þ

As the use of a placebo-controlled arm is unethical in this type

of trial, data from patients randomized to FP monotherapy were used

as reference group for the purposes of estimating the effect of treat-

ment on the hazard ratio. Furthermore, as interindividual differences

in the therapeutic dose levels achieved during titration and mainte-

nance phases of the trials are expected to have minor effect on

exacerbation risk, dose levels were not considered as a separate

covariate factor.

Further details on the assumptions for the parameterization of

the hazard function along with the control stream file describing the

final model are included in the Supporting Information.

2.4 | Model evaluation and predictive performance

Comparison of hierarchical models was based on the likelihood ratio

test and standard error of the parameter estimates. Covariate model

building was conducted in a stepwise manner and the likelihood

ratio was used to test the effect of each covariate on model param-

eters with a significance level of 0.01. In the stepwise forward addi-

tion procedure, each covariate was individually included in the base

model and if the reduction in the objective function value (OFV)

between the base and more complex model was ≥3.84 (χ2 < 0.05

for 1 degree of freedom, df) then the covariate was considered sta-

tistically significant. All significant covariates were then added simul-

taneously into a full model. Subsequently, each covariate was

independently removed from the full model. If the increase in the

OFV was ≥6.64 (χ2 < 0.01 for 1 df), the covariate was considered to

be significantly correlated with the model parameter and retained in

the final model. It is worth mentioning that this analysis was imple-

mented under the assumption that there is no statistically significant

interaction between baseline covariates and treatment effect. In

fact, there is no reason to believe that pharmacological effects

would depend on or correlate with any of the baseline covariates

included in the model.

Internal validation procedures were implemented by splitting the

full data set into an index data set (comprising �70% of the data) and

a reference data set (comprising the remaining portion of the data).

Individual empirical Bayes estimates obtained from the index data set

were then used to predict the reference data. The average relative

error and average relative variance (mean square error) were used to

assess the precision of parameter estimates and robustness of the

model obtained with the model building data set. The internal valida-

tion steps were considered as failed if an average relative error and

average relative variance (mean square error) of ≥30% was observed

for at least one of the model parameters (Figure S3).

Visual predictive checks (VPC) were used to assess the adequacy

of the parameter estimates of the final model, including the effects of

statistically significant covariates. In the VPC, 1000 replicates of the

original data set were simulated, based on the final model obtained

with each data set along with the 95% prediction intervals. The

observed events (i.e., first exacerbation) were plotted over time along

with the prediction intervals to visually assess the concordance

between simulated and observed data (i.e., Kaplan–Meier survival

curves). The final TTE model was assessed for its predictive perfor-

mance to describe the incidence and timetofirst exacerbation based

on stratification by baseline symptom control level and treatment.

Model development and evaluation were implemented in NON-

MEM v.7.3 using the Laplacian estimation method. The analysis was

run on the Model-based Analyses Platform (MAP), a validated analysis

platform entirely hosted on Amazon Web Services (AWS). The

platform runs NONMEM 7.3 through gFortran compiler and

Perl-speaks-NONMEM (PsN) 4.6.0. All required data manipulation,

including graphical and statistical summaries were performed in R

(version 3.2.5).25

3 | RESULTS

3.1 | Demographics and baseline characteristics

The age of the subjects across all studies included in the current anal-

ysis ranged from 18 to 91 years. In the subset of patients who have

had symptom control level and airway function measured at baseline,

the median ACQ-5 score and FEV1p were 1.8 and 75.9%, respectively.

Immediately prior to treatment initiation, 35.9% of the patients had

been diagnosed with asthma between >1 and ≤20 years, whilst 21.6%

had a history of asthma for more than 25 years. A small proportion

(7.0%) of patients who met the inclusion criteria at the screening visit

showed well-controlled symptom scores (i.e., ACQ-5 <0.75) at base-

line. A summary of demographic and clinical baseline characteristics

stratified by treatment is presented in Table 1.

3.2 | Exploratory data analysis

Prior to model parameterization, data integrity checks were per-

formed with the objective of establishing the accuracy of the pooled

OOSTERHOLT ET AL. 5
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data sets. The initial exploratory analysis showed no unexpected

values or deviations regarding the demographic characteristics, medi-

cal history, ACQ-5, spirometric parameters, treatment duration, dose

or dosing regimen.

No correlations or interactions were found between demographic

and baseline clinical characteristics, other than those due to the

known collinearity between variables, for instance height and FEV1

(see Figure S4).

3.3 | Time-to-event model building and validation

An exponential hazard model was found to best describe the time-

to-first exacerbation in the overall patient population and across sub-

groups following stratification by treatment and baseline covariates.

The final model consisted of a baseline hazard term and the associ-

ated covariate coefficients. All parameters were well estimated with

good precision (RSE ≤33%) and without statistically significant correla-

tions between parameters.

To ensure biological plausibility and prevent over-parameterization,

the evaluation of demographic characteristics (e.g., BMI, body-surface

area or weight) was performed taking into account collinearity. If a given

covariate was identified as statistically significant, other descriptors dis-

playing high collinearity were excluded in the subsequent steps.

At completion of the stepwise forward inclusion and backward

exclusion procedures, the following baseline covariates showed statis-

tical significance (χ2 < 0.01) and were included into the final model,

namely: baseline BMI, baseline FEV1p, baseline ACQ-5, sex and smok-

ing status. These covariates reflect known factors associated with risk

of disease progression and symptom severity and were all found to

contribute significantly to the underlying base hazard, independently

of pharmacological treatment. In addition, seasonal variation was also

identified as a significant factor altering the base hazard.

Baseline covariates were parameterized as proportional terms to

the base hazard parameter, that is, that estimated for patients receiv-

ing FP monotherapy. This approach was necessary due to the ethical

limitations associated with the use of a placebo arm for at least

6 months. Therefore, it was assumed that model structure and

TABLE 1 Demographic and clinical baseline characteristics of the patients included during model development stratified by treatment.
Summary statistics include medians (5th–95th percentiles) along with the number of patients available in each category. Percentage values
reported for smoking status and sex refer to the proportion of patients in each treatment arm.

Baseline characteristic FP FP/SAL BUD/FOR

BMI

Not available NA [n = 561] NA [n = 543] NA [n = 8]

Underweight (<18.5) 17.7 (16.2–18.4) [n = 121] 17.6 (15.2–18.4) [n = 133] 18 (16.6–18.4) [n = 11]

Normal weight (18.5–<25) 22.7 (19.4–24.8) [n = 2122] 22.7 (19.3–24.8) [n = 2327] 22.8 (19.6–24.9) [n = 226]

Overweight (25–<30) 27.4 (25.3–29.7) [n = 2231] 27.4 (25.2–29.6) [n = 2404] 27.5 (25.3–29.7) [n = 256]

Obese (30–<35) 32 (30.1–34.7) [n = 1363] 32 (30.1–34.7) [n = 1428] 32.1 (30.1–34.6) [n = 142]

Severely obese (≥35) 39 (35.3–52.1) [n = 1092] 38.9 (35.4–51) [n = 1214] 39.5 (35.2–52.7) [n = 100]

Smoking status

Not available 6.6% [n = 491] 3.1% [n = 250] 0.3% [n = 2]

Never smoked 71.4% [n = 5349] 74.2% [n = 5970] 58% [n = 431]

Former smoker 16.8% [n = 1259] 17.4% [n = 1397] 28.9% [n = 215]

Current smoker 5.2% [n = 391] 5.4% [n = 432] 12.8% [n = 95]

Sex

Male 33% [n = 2471] 34.4% [n = 2765] 38.8% [n = 288]

Female 67% [n = 5019] 65.6% [n = 5284] 61.2% [n = 455]

ACQ-5

Not available NA [n = 6828] NA [n = 7137] NA [n = 492]

Well controlled (≤0.75) 0.4 (0–0.6) [n = 45] 0.4 (0–0.6) [n = 61] 0.6 (0–0.6) [n = 22]

Not well controlled (>0.75–≤1.5) 1.2 (0.8–1.4) [n = 169] 1.2 (0.8–1.4) [n = 246] 1.2 (0.8–1.4) [n = 90]

Poorly controlled (>1.5) 2.4 (1.6–3.8) [n = 448] 2.4 (1.6–3.8) [n = 605] 2.2 (1.6–3.2) [n = 139]

FEV1p

Not available NA [n = 4921] NA [n = 5033] NA [n = 400]

<50% 44.5 (32.7–49.7) [n = 147] 45.3 (34.4–49.6) [n = 199] 44.8 (41.4–48.2) [n = 2]

50%–<80% 68.6 (53.4–78.8) [n = 1428] 68.2 (53–78.9) [n = 1665] 72.3 (55.1–79.3) [n = 159]

≥80% 89.3 (80.8–111.2) [n = 994] 88.3 (80.7–109.8) [n = 1152] 87 (80.6–105.7) [n = 182]

Abbreviations: BUD/FOR, budesonide-formoterol combination therapy; FP, fluticasone propionate as monotherapy; FP/SAL, fluticasone propionate in

combination with salmeterol.
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TABLE 2 Parameter estimates of the final model describing the time to first exacerbation in moderate or severe asthma patients.

Parameter Value SE RSE (%) Bootstrap median (5th–95th percentiles)

Base hazard (θBASE) 0.188 0.0045 2.4% 0.188 (0.170–0.206)

Current smoker effect relative to Never Smoked

(fractional increase in hazard)

0.51 0.121 23.7% 0.510 (0.297–0.732)

Former smoker effect relative to Never Smoked

(fractional increase in hazard)

0.268 0.0715 26.7% 0.264 (0.146–0.419)

BMI effect

(fractional increase in hazard per kg/m2)

0.0279 0.007 25.2% 0.029 (0.020–0.036)

Season effect amplitude

(fractional change in hazard relative to between seasons)

0.304 0.0006 0.2% 0.302 (0.252–0.358)

Season effect Phase shift (years) 0.27 0.0006 0.2% 0.262 (0.234–0.306)

ACQ-5 at baseline effect

(fractional increase in hazard per point)

0.207 0.0629 30.4% 0.199 (0.112–0.319)

FEV1p at baseline effect

(fractional increase in hazard per % change in FEV1p)

�0.00834 0.002 24.0% �0.0083 (�0.0118 to �0.0045)

Female effect relative to male

(fractional increase in hazard)

0.327 0.0831 25.4% 0.325 (0.218–0.440)

BUD/FOR effect relative to FP

(fractional increase in hazard)

0.321 0.106 33.0% 0.334 (0.112–0.536)

FP/SAL effect relative to FP

(fractional increase in hazard)

�0.308 0.0348 11.3% �0.311 (�0.362 to �0.251)

Note: Base hazard is described using FP monotherapy as reference treatment. Hazard¼ θBASE � 1þθprevious smoker

� �� 1þθcurrent smokerð Þ � 1þ BMI�27:6ð Þ�ð
θBMIÞ � 1þ FEV1P�73ð Þ�θFEV1Pð Þ � 1þ ACQ5baseline�2ð Þ �θACQ5ð Þ � 1þθFEMALEð Þ � 1þθBUD=FOR

� �� 1þθFP=SAL
� ��eθamp �sin calendar timeþθphaseð Þ:

Abbreviations: BMI, body mass index; BUD/FOR, budesonide-formoterol combination therapy; FP, fluticasone propionate as monotherapy; FP/SAL,

fluticasone propionate in combination with salmeterol.

F IGURE 2 Visual predictive check showing Kaplan–Meier survival estimate over time stratified by treatment. Survival (y-axis) indicates the
proportion of patients who have not had an event; at time zero the survival rate is 100% (i.e., no patient has experienced an exacerbation). The
solid line describes the observed time to first exacerbation over the period of 12 months. Shaded areas show the model-predicted 95%
confidence intervals of the survival. The slope of survival curve for patients treated with FP is used as reference for comparing the effect of
combination therapy. The slightly wobbling lines describing the observed exacerbations is partly due to the varying numbers of patients over 12
months. Also, 34.7% and 39.5% of the patients on monotherapy and combination therapy, respectively, come from studies that are longer than
24 weeks. “At risk” refers to the number of patients in each stratum, “No. of events” is the number of observed exacerbations.
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identified covariate effects associated with the base hazard are suffi-

ciently precise to disentangle the contribution of patient- and disease-

related factors from the effect of the intervention across the different

treatment arms. Treatment-specific terms were added to the model to

characterize the changes associated with combination therapy. They

were all parameterized as proportional to the base hazard rate. Final

parameter estimates are summarized in Table 2.

The final estimates for base hazard rates correspond to an inci-

dence of 18.8% events per year. The effect of parameter estimates for

baseline covariate factors and treatments shown in Table 2 can be

interpreted as follows: starting from the median value of the covariate

factor, an increase or decrease of 1 unit in the covariate results, respec-

tively, in a percentage increase or reduction in the baseline hazard of

the magnitude of the parameter point estimate. For instance, for every

unit increase (i.e., kg/m2) in baseline BMI relative to the median BMI of

27.6 kg/m2, the instantaneous risk of an exacerbation increases by

2.79%. Hence, a patient with baseline BMI value of 32.6 (i.e., 5 units

higher than the median value) will have an instantaneous risk of

exacerbation that is 14% higher than a patient with median BMI of

27.6 kg/m2. Similarly, for every unit increase in ACQ-5, the instanta-

neous risk of an exacerbation increases by 20.7% whereas a unit reduc-

tion in FEV1p increases the instantaneous risk by approximately 0.83%

relative to a median FEV1p of 76% [Corrections made on 18 September

2023, after first online publication: In the previous sentence, ‘73%’ has
been changed to ‘76%’ in this version.]. Interestingly, smoking is associ-

ated with an increase of 51% in the instantaneous risk, as compared to

a patient who never smoked, and females were found to have a 32.7%

higher risk of exacerbation relative to male patients. It is also worth

mentioning that age and geographical ancestry were not associated

with statistically significant differences in the risk of exacerbation.

Given the wide age range and geographical ancestry of the patients

included in this analysis, this may be explained by the correlation

between age and FEV1p and other baseline covariates, such as BMI.

In a comparable manner, the use of combination therapy FP/SAL

was found to significantly reduce the base hazard rate. These results

mean that at any point in time, the risk of exacerbation is 30.8% lower

for patients receiving FP/SAL, as compared to patients receiving FP

alone. This effect was independent of the actual base hazard rate, that

is, irrespective of the contribution of baseline patient characteristics

to the instantaneous risk of exacerbation.

The VPCs (Figure 2) showed that the observed event rate fell

within the 95% confidence intervals of the simulated values, as

depicted by the shaded area. Based on the VPCs, the final model was

deemed to have acceptable predictive performance to describe the

F IGURE 3 Visual predictive check showing Kaplan–Meier survival estimate over time stratified by treatment and symptom control at
baseline. Survival (y-axis) indicates the proportion of patients who have not had an event; at time zero the survival rate is 100% (i.e., no patient

has experienced an exacerbation). The solid line describes the observed time to first exacerbation over the period of 12 months across the overall
population. Shaded areas show the model-predicted 95% confidence intervals of the survival. “At risk” refers to the number of patients in each
stratum. The observed exacerbations in each group are well predicted by the model, irrespective of symptom control level. It should be noted that
the larger the sample size, the narrower the model–predicted 95% confidence intervals. This highlights the effect of sample size on the precision
of parameter estimates. It also shows that the differences in sample sizes across each strata does not result in bias. “No. of events” is the number
of observed exacerbations. BUD/FOR, budesonide-formoterol combination therapy; FP, fluticasone propionate as monotherapy; FP/SAL,
fluticasone propionate in combination with salmeterol.
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incidence and time to first exacerbation in this pool of patients with

moderate or severe asthma symptoms. Overall model performance

was also evaluated by comparing predicted and observed events after

stratification by the selected baseline covariates. Of interest is how

symptom control level at baseline is associated with the risk of exac-

erbation (Figure 3). Here, an attempt was made to assess the potential

effect of imputation and missing baseline ACQ–5 on model perfor-

mance, including resampling and conversion of the available data on

asthma control test (ACT) into ACQ–5 (Figures S5, S6 and S7). An

assessment of the generalizability of the model and accuracy of the

estimates of the effect of clinical and demographic baseline character-

istics was performed initially using an external validation data set, in

which moderate and severe asthma patients were treated with beclo-

methasone monotherapy (BEC) or beclomethasone-formoterol combi-

nation therapy (BEC/FOR). As the external validation data set

consisted of patients on a different treatment, treatment effects were

re-estimated while all other parameters were fixed to the final param-

eter estimates. The data was adequately described by the model,

yielding estimates of the treatment effect, which are in line with the

known differences in pharmacological properties of beclomethasone

(Figure S8). Estimates of the final model parameters and VPCs

describing model performance following the inclusion of additional

study data on FP/SAL and BUD/FOR are summarized in the Support-

ing Information file (Figure S9, Table S7).

3.4 | Relationship between symptom control level
and other clinical and demographic baseline covariates
and the risk and incidence of exacerbations

The effect of variable symptom control on overall risk of exacerbation

was further characterized in terms of relative risk (RR). Using well-

controlled patients on FP monotherapy as reference, the relative risk

was calculated using the available data and model-predicted exacerba-

tions (Figure 4). The shift in relative risk highlights the impact of vari-

able symptom control on the risk of exacerbation. These results also

show that risk reduction is also drug/treatment-specific: adding SAL

to FP as combination therapy counteracts the increase in relative risk

that is observed with symptom control deterioration (i.e., RR ranges

between 1 and 1.06 for FP monotherapy vs. 0.89 and 1.02 for FP/SAL

combination therapy). These findings were corroborated during the

external validation step with additional data from a separate study

including combination therapy with FP/SAL (ntotal = 8742) and BUD/

FOR (ntotal = 1440) (see Table S7 in Supporting Information).

In addition to baseline ACQ-5, it is important to assess the overall

impact of other contributing factors on the changes in base hazard.

Even though no interaction has been identified between baseline cov-

ariates and treatment effect during model development, the magni-

tude of the effect of baseline characteristics (i.e., treatable traits) will

differ per patient across the population. Such an overview can be

obtained using simulations and subsequently stratifying the results by

treatment arm and symptom control level at baseline, as assessed by

ICQ-5. These simulations are summarized as heat maps in Figures 5

and 6, where the yearly incidence of events for patients with varying

baseline ICQ-5, BMI, FEV1p, smoking status and sex. To understand

the impact and magnitude of the effect of concurrent factors on the

risk of exacerbation, Figure 7 summarizes the relative change in the

probability of an exacerbation within the first year of treatment with

combination therapy for both male and female patients who have

never smoked, previously smoked or are current smokers and have a

BMI of 25 kg/m2.

It is essential to highlight that even though LABA have

primarily been associated with symptomatic relief, our results suggest

F IGURE 4 Model predicted relative risk (RR) (upper panel). The
dashed line depicts the reference value (i.e., RR = 1) associated with
patients receiving FP monotherapy who show well-controlled
symptoms at baseline. Bars are the 95% prediction intervals
(N = 1000 per arm and level of control, 500 iterations). RR and
corresponding 95% confidence intervals calculated from the Kaplan–
Meier estimates from the observed data are also summarized in
tabular format, along with the number of patients in each symptom
control level (lower panel). The changes in RR show that baseline
symptom control level has a significant effect on the risk of
exacerbation, and that this effect is independent of treatment choice.
Most importantly it also shows that risk reduction is drug-specific:
adding SAL to FP as combination therapy counteracts the effect of
symptom control deterioration. FP, fluticasone propionate as
monotherapy; FP/SAL, fluticasone propionate in combination with
salmeterol.
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that the use of FP/SAL combination therapy appears to modify the

base hazard relative to FP alone, irrespective of the magnitude of the

effect of other demographic and clinical baseline covariates. In fact,

based on the heat maps, it becomes evident that FP/SAL combination

therapy effectively reduced the risks associated with known risk fac-

tors such as higher BMI or lower FEV1p.

4 | DISCUSSION

There is still no consensus on which traits should form the basis of a

multidimensional assessment of the disease status and which traits

should be targeted for treatment. Consequently, guidelines for the

clinical management of asthma patients with moderate or severe

symptoms continue to overlook the effect of individual patient char-

acteristics as potential contributors or determinants of future risk. In

fact, previous investigations have shown that inflammatory mediators,

including eosinophilia and increased airflow limitation, are associated

with a higher risk of exacerbation in severe and refractory asthma.26–28

However, none of these studies attempted to assess, in a parametric

manner, how inflammatory markers and phenotypical characteristics

correlate with symptom control (ACQ-5) and other clinical and

demographic characteristics.

Our investigation assumes that personalized interventions and

improved clinical management of patients require an integrated

approach, by which individual differences (i.e., clinical phenotype

F IGURE 5 Heat map showing the probability of at least one exacerbation within the first year of treatment for patients receiving
monotherapy or combination therapy. Colour gradient from green to red reflects the change in the incidence of exacerbations in patients with
varying BMI or FEV1p at baseline. Predicted risk is stratified by symptom control level for male and female patients who have never smoked. The
midpoint for the colour gradient was set to 0.25, which corresponds to the point estimate of the base hazard rate after FP treatment.
Exacerbation incidence estimates were calculated not only taking into account the observed covariate distributions (dotted black lines) in
Figure S2 but also included covariate values across a clinically relevant range. BMI, body mass index; BUD/FOR, budesonide-formoterol
combination therapy; FP, fluticasone propionate as monotherapy; FP/SAL, fluticasone propionate in combination with salmeterol.

F IGURE 6 Heat map showing the probability of at least one exacerbation within the first year of treatment for patients receiving
monotherapy or combination therapy. Colour gradient from green to red reflects the change in the incidence of exacerbations in patients with
varying level of symptom control or FEV1p at baseline. Predicted risk is stratified for male and female patients who have never smoked,
previously smoked or are current smokers and have a BMI of 20 kg/m2. The midpoint for the colour gradient was set to 0.25, which corresponds
to the point estimate of the base hazard rate after FP treatment. Exacerbation incidence estimates were calculated not only taking into account
the observed covariate distributions (dotted black lines) in Figure S2 but also included covariate values across a clinically relevant range. BMI,
body mass index; BUD/FOR, budesonide-formoterol combination therapy; FP, fluticasone propionate as monotherapy; FP/SAL, fluticasone
propionate in combination with salmeterol.
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[s] or treatable traits) are used not only to unravel features of the

underlying pathophysiology of asthma in specific subgroups of

patients, but also to inform treatment choices and predict treatment

performance. Hence, the importance of data mining a large cohort

of patients with moderate or severe asthma symptoms using a

model-based approach.

Whilst the identification of different inflammatory profiles has

been possible in patients with severe, persistent or refractory asthma

(e.g., eosinophilic and neutrophilic asthma),29–31 a large proportion of

asthma patients with moderate to severe symptoms may not present

such unique features. Rather, it is conceivable that a range of concur-

rent factors ultimately determine or contribute to individual variation

in response, symptom control and future risk. Similar to the concepts

underpinning epigenetic patterns in epigenetic research,32,33 the

MASTER study aimed to explore clinical characteristics and lifestyle

factors that might modify future risk and treatment performance,

such as baseline symptom control level, obesity and tobacco

smoking.

Even though clinical guidelines highlight the benefits of a step-

wise approach for the treatment of patients with moderate or severe

asthma, these recommendations seem to underestimate the magni-

tude of the effect of both intrinsic and extrinsic factors, including

environmental and lifestyle differences on the burden of disease.34

These co-exist in clinical practice and may alter treatment response to

ICS or ICS/LABA. Our results clearly show that baseline symptom

control, BMI and FEV1p are significantly associated with the risk of

exacerbation. Such an effect is further modified by sex, smoking sta-

tus and seasonal variation. Of note is the sex effect, which may reflect

known differences in gene expression for type 2 and 3 (M2, M3) mus-

carinic acetylcholine receptors, which appear to be involved in small

airway dysfunction and poor asthma control.35 However, as shown in

Figures 5, 6 and 7 the concurrent effect of different baseline covari-

ates leads to differences in the risk of exacerbation, even for individ-

uals with comparable symptom control level. In fact, our findings

show that symptom control and reduction or elimination of the risk of

an exacerbation are independent from each other. These findings do

not contradict prior evidence of a relationship or correlation between

asthma control and risk of exacerbations.36–38 It simply shows that

these are complex, nonlinear functions or matrices. Symptom control

alone is not the only explanatory variable. Most importantly, our anal-

ysis shows that the effect of an ICS/LABA on symptom control scores

does not imply an effect of similar magnitude on exacerbation risk

(Figure S6).

It should be noted that our analysis excluded some factors that

were identified as predictors or risk factors for exacerbation in pre-

vious reports, such as race (ethnicity), longer duration of symptoms,

or geographic region, as these factors may be confounded by corre-

lations (e.g., collinearity) or described by a different hierarchical rela-

tionship (e.g., seasonal variation and geographic region).39,40 In

addition, we had very limited information on type-2 biomarkers,

now known to be associated with the risk of exacerbations and the

likelihood of a positive response to corticosteroids or biologics in

severe asthma.41 Interestingly, previous investigations have also

indicated maintenance corticosteroid use as a predictor of asthma

exacerbation, but have not disentangled it from the effect of indi-

vidual baseline characteristics. The use of a TTE model has allowed

us to quantify the magnitude of treatment effect, providing esti-

mates of the differences in risk reduction due to treatment

choices.39

From a methodological point of view, it is important to emphasize

that some baseline variables, such as age, are strongly correlated with

airway function (e.g., spirometry) and symptom severity and have

F IGURE 7 Heat map showing the relative change in the probability of an exacerbation within the first year of treatment for patients
receiving monotherapy or combination therapy. Colour gradient from green to red reflects the change in the relative probability of an
exacerbation in patients with varying levels of symptom control or FEV1p at baseline. Relative changes in probability are shown for male and
female patients who have never smoked, previously smoked or are current smokers and have a BMI of 20 kg/m2. The midpoint for the colour
gradient was set to 100%, which corresponds to the point estimate of the base hazard rate after FP treatment. Exacerbation incidence estimates
were calculated not only taking into account the observed covariate distributions (dotted black lines) in Figure S2 but also included covariate
values across a clinically relevant range. BMI, body mass index; BUD/FOR, budesonide-formoterol combination therapy; FP, fluticasone
propionate as monotherapy; FP/SAL, fluticasone propionate in combination with salmeterol.
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therefore not been selected as an independent factor during covariate

model building. On the other hand, as information on inflammatory

markers in blood, lung and sputum were not available for the majority

of patients, these measurements could not be included into the analy-

sis. The absence of type-2 inflammatory biomarkers in our analysis

does not necessarily imply that critical covariates may have been

missed. Our working hypothesis assumes that interindividual differ-

ences in response to treatment are not associated with a single agent,

but result from the interaction of various concurrent factors.42 Analo-

gously to the use of body weight as a surrogate for metabolic rate

and/or hormonal homeostasis when describing interindividual differ-

ences in systemic exposure to a drug,43–45 variation in the underlying

inflammatory tonus or airway hyperresponsiveness could be associ-

ated with clinical and phenotypical traits. In fact, the multifactorial

nature of so-called asthma phenotypes is reflected by the findings in

numerous reports where principal component analysis has been

used.46,47

4.1 | Clinical implications of a drug–disease model

Notwithstanding the relevance of data generation in clinical trials,

the use of drug–disease models has been considered one of the

most efficient approaches for knowledge integration. The implemen-

tation of a proportional hazard model to describe the time to first

exacerbation can be compared to previous attempts in other thera-

peutic areas, such as acute urinary retention or the time to acute

kidney injury in patients undergoing allogeneic stem cell transplanta-

tion.23,48,49 Of note is the approach developed by D'Agate and col-

leagues, which shows how an integrated analysis has enabled the

discrimination of the effect of symptomatic interventions from those

with disease-modifying properties. Another important feature of our

analysis was the possibility to quantify the magnitude of the effect

of patient characteristics on baseline hazard, independently of treat-

ment type. Availability of estimates of the effect of treatment and

baseline characteristics on baseline hazard enable risk stratification

along with prediction of long-term consequences of exacerbation

risk reduction.

We anticipate, therefore, that the availability of a parametric

model describing the incidence and time to first exacerbation will pro-

vide the basis for the evaluation of a range of clinical questions

regarding the effect of interindividual differences on symptom control

and exacerbation risk. Moreover, the proposed model offers the

opportunity to identify groups of patients whose clinical characteris-

tics at baseline could benefit from personalized interventions, ulti-

mately reducing their future risk.

We also need to emphasize that our analysis was aimed at char-

acterizing the mid- to long-term risk of exacerbations. The contribu-

tion of covariate factors and different ICS/LABA combination therapy

to instantaneous risk may not be clinically detectable when consider-

ing shorter intervals. This is particularly relevant when considering

patients showing baseline characteristics which correlate with a lower

risk of exacerbation than those included in the available clinical trials.

Therefore, claims regarding risk reduction based on studies that are

shorter than 6 months may be inaccurate.

We acknowledge that, as with any pharmacometrics approach,

model predictive performance and generalizability depend highly upon

the data available and the clinical questions one aims to address.

Therefore, an overview of the limitations of the clinical trial data and

model parameterization used for the characterization of exacerbation

risk is provided in Table S9, including the potential confounding of

exacerbation history, reliever medication use, adjustable maintenance

dose, and ICS dose level.

5 | CONCLUSIONS

In short, our investigation shows the relevance of a parametric

approach for the assessment of the time to first exacerbation in

patients with moderate or severe asthma symptoms, as it allows dis-

entangling of the effect of baseline covariates from the underlying

base hazard rate. Known risk factors for exacerbations found to have

a statistically significant effect on the base hazard rate, which alter

the instantaneous risk of an event, were baseline ACQ-5, BMI, FEV1p,

smoking status and sex. Our analysis also reveals that seasonal varia-

tion affects the overall risk of exacerbation. Taken together with the

concurrent effect of treatment, it becomes evident why interindivi-

dual differences cannot be ignored when defining an asthma

management plan.

Whilst it may not yet be possible to define specific clinical pheno-

types, these results show that physicians and prescribers should con-

sider opportunities for interventions that maximize exacerbation risk

reduction. Baseline characteristics (sex, uncontrolled asthma, over-

weight, active smoking, airflow obstruction [FEV1p]) need to be

weighed when making clinical decisions about treatment for individual

patients with moderate–severe asthma.
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