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Background: Asthma is a disease with tremendous phenotypic heterogeneity, and the patients who are most severely impacted by the
disease are high utilizers of the United States healthcare system. In the past decade, there has been many advances in asthma therapy
for those with severe disease, including the use of a procedure called bronchial thermoplasty (BT) and the use of biologic therapy for
certain phenotypes, but questions remain regarding the long-term durability and cost effectiveness of these therapies. The purpose of
this analysis was (1) to assess the cost utility of BT relative to usual care (base case) and (2) to assess the cost utility of BT relative to
usual care plus biologic therapy (omalizumab) (scenario analysis) based on updated 10-year clinical trial outcomes.
Methods: A Markov cohort model was developed and used to estimate the cost utility of BT to estimate the costs and quality-of-life
impact of BT versus the comparisons over a 10-year time frame using a limited societal perspective, which included both direct health
utilization costs and indirect costs associated with missed days of work, among those with severe persistent asthma.
Results: In the base case and the scenario analysis, BT was the dominant treatment strategy compared to usual care alone and usual
care plus biologic therapy. The net monetary benefit for BT was $483,555.49 over a 10-year time horizon.
Conclusion: Cost-utility models are central to policy decisions dictating coverage, and can be extended to inform the patient and
provider, during clinical decision-making, of the relative trade-offs of therapy, assessing long-term clinical and cost outcomes.
Phenotypic classification of severe asthma is central to patient management and should also be integrated into economic analysis
frameworks, particularly as new biologic agents are developed that are specific to a phenotype. Despite a larger upfront cost of BT
therapy, there is a durable clinical and economic benefit over time for those with severe asthma.
Keywords: asthma, bronchial thermoplasty, cost-effectiveness analysis, economic evaluation, heterogeneity, cost-utility analysis,
phenotype

Introduction
Asthma is a chronic inflammatory disease that impacts more than 34 million people in the USA, contributes to nearly
2 million unexpected visits to the emergency department (ED), and is the cause of more than 3000 deaths annually.1

Asthma is a heterogeneous disease and an estimated 5–10% of asthma patients have severe asthma.2 Asthma is
characterized by the difficulty in achieving adequate symptom control even when patients are on long-term inhaled
corticosteroids and long-acting beta agonists (which represents standard of care).2 Patients with severe asthma are high
utilizers of healthcare services.3 This small group consumes roughly 50–60% of healthcare costs attributed to asthma
care, which is estimated to be five times more than patients with mild disease.3 Beyond the direct healthcare costs
attributed to medication management, outpatient and ED visits, and hospital utilization, there are also significant spillover
impacts in terms of reduced health-related quality of life, missed days of work and school, limitation in activities of daily
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living, and impacts on other productivity costs, as well as the cumulative lifetime emotional impact of self-management
for a chronic condition.4–8

As recently as two decades ago, there were very few options for patients with severe asthma exacerbations beyond
systemic corticosteroids, which were associated with significant treatment toxicity and morbidity.7,9 Within the past 10
years, there have been substantial efforts made to understand the phenotypic heterogeneity of the disease, particularly
among those patients with severe asthma and who are refractory to front-line therapies.7,10 As more focus has been
placed on defining phenotypic biomarkers, there has also been a rapid influx of targeted biologic therapies approved for
severe asthma, including monoclonal antibodies that target immunoglobulin E (IgE) (omalizumab), interleukin-5 (IL-5)
(mepolizumab/reslizumab), the receptor IL-5Ra (benralizumab), and anti-IL-4Ra (dupilumab).10–12 Omalizumab, the first
biologic treatment approved for asthma, has been available the longest and has demonstrated efficacy, but not all patients
are responsive to treatment and patients may have to change biologic therapy if they are refractory to the initial treatment
regimen.11 There is also a high economic cost associated with lifetime continuous use of biologic therapy.7,9

Bronchial thermoplasty (BT) is an intervention delivered through a bronchoscope that targets the airway smooth
muscle. During BT, radiofrequency ablation is sequentially applied to the airways via a small catheter.13 The therapeutic
intent of BT is to target hypertrophic airways by decreasing airflow obstruction, leading to long-lasting atrophy of the
airway smooth muscle layer while simultaneously not damaging the mucosal layer.14,15 Typically, BT requires an
outpatient procedure with three separate bronchoscopic procedure visits.16 Two large randomized controlled trials have
demonstrated the safety and efficacy of BT compared to standard treatment (inhaled corticosteroid and long-acting beta
agonist) for moderate to severe asthma, and have published long-term follow-up data.1,16–18 A Cochrane Review
evaluating BT for those with moderate to severe asthma concluded that the intervention provided a modest clinical
benefit for those at risk of asthma exacerbation but did not significantly impact patient-reported asthma control scores or
health-related quality of life between exacerbations.19 Unlike the persistent and lifelong costs associated with biologic
therapy, BT is associated with a high up-front cost and no costs associated with the therapy after the patient recovers from
treatment.20 Further, while more data are needed, it is thought by some that those who undergo BT can successfully be
weaned off other asthma medications over time.18

Head-to-head comparisons of BT and biologics have not yet been made through randomized controlled trials, and
there are limited data comparing the effectiveness using observational or real-world data.21 The initial randomized
controlled trials demonstrating the safety and efficacy of BT (the RISA and AIR2 trials) have published 10-year follow-
up data,1,18 but long-term utilization data beyond the 10-year mark are lacking. Further, the RISA17 and AIR216 trials
included patients with baseline forced expiratory volume in 1 second (FEV1) greater than 50–60% of predicted, and there
have been recent efforts to study the safety and efficacy of severely obstructed asthma patients with FEV1 less than 50%
of predicted.15 In an observational cohort study, Langton et al15 found that severely obstructed asthmatics who underwent
BT had a similar safety and efficacy profile, and lower medication use over time, compared to less obstructed patients. It
is unclear whether those who initiate a biologic therapy and then undergo BT could eventually be taken off their biologic
therapy over time. In addition, the average age of the those enrolled in AIR2 was 41 years old, and although we know
that asthma exacerbations and unplanned hospitalizations can impact days off from work and indirect costs of treatment,
we know very little about the long-term impacts beyond the clinical trial period.16

Questions remain about the cost effectiveness of BT, given the phenotypic heterogeneity of the disease, durability of
treatment effect over time, direct and indirect costs of the therapy, and the various biologics that are only targeted towards
specific phenotypes.22 Previous research has investigated the cost effectiveness of BT in moderate to severe asthma, but
very few studies included severe asthma with a biologic as a comparator.1,20,23–25 When moderate asthma has been
included in the model, the incremental cost-effectiveness ratio (ICER) exceeded a $50,000 willingness-to-pay (WTP)
threshold.13,20,23,24 When the comparator was the early biologic therapy omalizumab, BT was cost effective relative to
biologic therapy using a WTP of $100,000/quality-adjusted life-year (QALY).20 In addition, previous cost-effectiveness
analyses have failed to include indirect costs associated with lost work days. The purpose of this analysis was to extend
the previous work by (1) assessing the cost utility of BT relative to usual care and (2) assessing the cost utility of BT
relative to usual care plus biologic therapy (omalizumab), while also accounting for a limited societal perspective (costs
associated with missed days of work).
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Methods
Overview
Two Markov cohort models were developed to estimate the cost utility of (1) a base case of BT plus usual care versus
usual care alone and (2) a scenario analysis of BT plus usual care versus usual care plus biologic therapy (omalizumab).
The modeling approach was used to account for state transitions associated with severe asthma exacerbation and
subsequent healthcare utilization. Usual care is defined as the use of inhaled corticosteroids and long-acting beta agonists,
with the use of additional controller medications as needed (for example, leukotriene modifiers). Each of the cycle
lengths was 1 year and the overall length of the analysis was for a period of 10 years. Model inputs were based
predominantly on published clinical trial findings and supplemented with additional data from the literature and publicly
accessible websites. A limited societal perspective was utilized because the model accounts for costs associated with days
missed from work along with costs associated with treatment itself and asthma exacerbations. We utilized and adhered to
the Consolidated Health Evaluation Reporting Standards (CHEERS) for economic evaluations related to health
interventions.26 No institutional board review approval was needed because model parameters were based on aggregate
publicly available data. Analytic decisions were maintained in an audit trail to increase rigor and reproducibility in the
modeling process.

Model Structure and Overall Analysis Schema
Figure 1 represents the health states associated with the Markov cohort model. Combined consensus guidelines from the
International Society of Pharmacoeconomics and Outcomes Research and the Society for Medical Decision Making on
state-transition modeling were consulted for guidance in best practice recommendations.27 The same health states were
used for both the base case and the scenario analysis. The cycle length was 1 year, so annual estimates of exacerbation
and utilization were used to construct this model.28 For every time epoch, patients could be considered healthy,
experiencing a severe exacerbation requiring a physician visit (assuming additional controller medications required),
experiencing a severe exacerbation requiring an emergency department (ED) visit (assuming discharged home from ED),
or experiencing a severe exacerbation requiring hospitalization. The exacerbation requiring hospitalization could result in
a well state/discharge home, or death due to exacerbation. Underlying population-level risk of death was incorporated
into the analysis and the model assumes that in order to die from asthma, a patient must be admitted to the hospital first.
Every other health state assumes that the patient either remains well or successfully recovers from their asthma
exacerbation.

The model structure (Figure 2) and analysis was completed using TreeAge Pro Health (Williamston, MA). Models
were built for both the base case and scenario analysis, where the comparator for usual care included biologic therapy.

Figure 1 Markov state diagram.
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The cost-utility analysis was conducted using a Markov model that evaluated a hypothetical cohort of severe asthma
patients for a period of 10 years. The characteristics of the base case of the cohort were developed based on the
characteristics of patients enrolled in the AIR2 trial (NCT01350414), where the safety and efficacy of BT plus usual care
was evaluated versus a sham bronchoscopy procedure plus usual care, and there are associated 10-year follow-up
outcomes.1,16 The AIR2 trial was a randomized controlled trial where all subjects had to: (1) have severe persistent
asthma; (2) have a baseline Asthma Quality of Life Questionnaire score of 6.25 or lower; (3) have an FEV1 greater than
60% of predicted; (4) have at least 2 days of asthma symptoms during a 4-week baseline period despite the use of asthma
controller medications; and (5) be a non-smoker for at least a year, with less than a 10-year pack-year smoking history, to
enroll.16 The RISA trial also evaluated the safety and efficacy of BT plus usual care versus usual care in a similar
population with FEV1 greater than 50% of predicted and eligible patients currently taking up to 30 mg of corticosteroids
with associated long-term outcomes. The RISA trial did not evaluate utilization secondary to asthma exacerbation in
a way that characterizes ED use or hospitalization.17,18 Despite this, the RISA trial characteristics and outcomes were
ascertained to confirm the modeling strategy and inputs with very similar patient characteristics and impact on
exacerbations. For the scenario analysis, omalizumab was chosen as the biologic therapy comparator, in part because
it has been used in the severe asthma population for the longest amount of time. There are no direct comparisons of BT
versus biologics in the clinical trial setting, so inputs of omalizumab versus standard therapy were informed by the
literature.4,20,29 Therapy constituting usual care was defined by Steps 3–4 of the Global Initiative for Asthma (GINA)
treatment strategy.6,30 Both the base case and the scenario analysis assume that patients in the BT arm remain on all
usual-care medications for their underlying severe asthma, which is a conservative approach given that the AIR2 trial
demonstrated a reduction in underlying usual-care medication over time.1,16

Model Inputs
Model inputs for the BT plus usual care arm and the usual-care arm were based on rates of exacerbations as published by
the AIR2 trial, and can be found in Table 1.1,16 Rates of exacerbation were modeled as constant for the usual-care

Figure 2 Model structure for the bronchial thermoplasty arm (the usual-care arm has the same Markov structure).
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patients. Rates for patients in the BT arms included a higher rate of hospitalization/complications directly following the
procedure, followed by a constant rate of exacerbation for the remainder of the 10 years. Rates of exacerbation were
converted into transition probabilities using the equation 1−e−rt. QALYs and disutility adjustments were assessed using
utility weights ranging from 0 to 1, and were abstracted from the extant literature. Even though the interventions are
aimed at reducing severe asthma exacerbation, none of them is expected to be curative, and thus the highest utility
weight/QALY a patient will experience in the well state is 0.77. Disutilities were associated with events (exacerbation,
emergency department use, hospitalization) and were subtracted from the baseline well state (0.77) during the cycle in
which the event occurred. All annual utility weights and disutility adjustments were derived from the literature and are
presented in Table 1.

Table 1 Model Parameters

Variable Bronchial
Thermoplasty +
Usual Care

Usual Care Distribution
in PSA

Source

Age of base case (years) 41 41 N/A Castro et al16

Exacerbation events (events/person/year) Log-normal Castro et al16

Rate of severe exacerbation 0.48 (0.34–0.61) 0.70 (0.46–0.94)

Rate of ED visits 0.07 (0.03–0.11) 0.43 (0.22–0.62)

Rate of hospitalization 0.05 (0.04–0.06) 0.12 (0.10–0.14)

Probability of death related to exacerbation 0.003 (0.002–0.004) 0.003 (0.002–0.004) Krishnan et al41

Procedure (BT)-related adverse events Beta Castro et al16

Probability of procedure-related hospitalization 0.084 (0.07–0.13) –

Transition probabilities (per person/1 year) Beta Castro et al16

Well to severe exacerbation 0.38 (0.28–0.46) 0.50 (0.39–0.61)

Well to ED visit 0.067 (0.03–0.1) 0.35 (0.19–0.49)

Well to hospitalization 0.049 (0.03–0.05) 0.11 (0.09–0.13)

Hospitalization to death 0.003 (0.002 −0.004) 0.003 (0.002 −0.004) Krishnan et al41

Background mortality rate US life tables US life tables N/A CDC WONDER

database42

Utilities Beta Zein et al23

Well state (usual care; medication) 0.77 (0.75–0.84) 0.77 (0.75–0.84) Cangelosi et al25

BT procedure week (week 1 of BT) 0.58 – Zafari et al20

Severe exacerbation 0.66 (0.45–0.67) 0.66 (0.45–0.67) Nguyen et al24

Exacerbation + ED 0.45 (0.43–0.45) 0.45 (0.43–0.45)

Exacerbation + hospitalization 0.33 (0.25–0.41) 0.33 (0.25–0.41)

Scenario analysis, utility difference for biologic (omalizumab) – 0.04 (disutility

applied)

Costs (2020 US$) Gamma Zafari et al20

Well state (usual care; medication – total divided per cycle) $2907 $2907 Wang and Tantisira9

Bronchial thermoplasty $16,594 –

Severe exacerbation $145 $145

Exacerbation + ED $1673 $1673

Hospitalization survived $5985 $5985

Hospitalization died $69,274 $69,274

Scenario analysis, annual cost of biologic (omalizumab), total divided per cycle – $25,281

Discount rate, costs 3% 3%

Indirect costs $1.315 $3.915 Gamma Castro et al16

Days off work due to exacerbations (12 months) $187 $187

Median daily earning cost of lost work day $246 $729
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Cost inputs were chosen in accordance with the limited societal perspective to include direct costs associated
with intervention, usual-care medication, and exacerbations requiring a physician visit, ED visit, or hospitalization;
and indirect costs associated with days missed from work. There is a dramatic difference in costs associated with
a hospitalization where the patient survives and is discharged home versus a patient who dies in the hospital, which
mirrors other end-of-life utilization studies.31–33 Cost data utilized the perspective of those with private insurance,
given that the age of the hypothetical base-case patient was 41 years, and therefore not yet eligible for Medicare
benefits.25 BT was entered as a one-time upfront cost within the Markov model, and annual medication costs were
used. The cost estimates used were based on 2013 US dollars, so they were converted to 2020 US dollars by
multiplying by the rate of inflation using the medical services component of the consumer price index. Days missed
from work were also determined from the AIR2 trial and this figure was multiplied by the average daily US salary
in 2020 US dollars. There has been no substantial decrease in intervention or medication costs during the time
period from 2013 to 2020. Costs and utilities were discounted at 3%, in accordance with best practice
recommendations.34

Sensitivity Analyses
One-way and two-way sensitivity analyses were conducted to estimate the parameter uncertainty on the model base case
and the scenario analysis. In the one-way sensitivity analysis, variables were varied either on known ranges of outcomes
or as greater/less than 10% of the model parameter when a range was not known (Table 1).

Results
Baseline Results
Overall cost-utility model results for the base case and the scenario analysis are shown in Table 2. BT was considered the
dominant strategy in both the base case and scenario analysis. For the base case over the 10-year model period, BT
increased QALYs by 0.53 over time. Costs in the usual-care arm were lower and totaled $43,643 compared to $54,113 in
the BT arm over the 10-year period. Ten-year costs for the biologic arm were estimated at $300,483 and costs for BT at
$54,113. The cumulative percentage of each cohort who experienced the health states at 10 years was similar, which
likely drives the relatively similar effectiveness/QALY rankings seen between strategies. The net monetary benefit for BT
was $483,555 (Figure 3).

Sensitivity Analyses
As seen in the one-way sensitivity analysis and tornado diagram (shown for the scenario analysis related to biologic
therapy in Figure 4), parameters related to the transition probabilities contributed the most to model uncertainty.

Discussion
This study compared the cost utility of (1) BT versus usual care and (2) BT versus biologic therapy (omalizumab)/usual
care over a 10-year time horizon among patients with severe asthma. Among those with severe asthma requiring biologic

Table 2 Cost-Utility Rankings for Each Comparison and Strategy

Comparison and Strategy Cost ($) Effectiveness (QALY) Cost Effectiveness Net Monetary Benefit ($)

Bronchial thermoplasty versus usual care (biologic)

Bronchial thermoplasty 54,122.88 10.75 5032.18 *Dominant strategy 483,555.49

Usual care (biologic) 300,493.63 10.22 29,390.17 210,711.47

Bronchial thermoplasty versus usual care (no biologic)

Bronchial thermoplasty 54,112.88 10.75 5032.18 *Dominant strategy 483,555.49

Usual care (biologic) 43,643.61 10.22 4269.70 467,561.48
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therapy (omalizumab) and among those in the base case/standard of care asthma therapies, BT was the dominant and
favored strategy for treatment.

There have been several cost-effectiveness studies related to the use of BT in severe asthma, with varied results. For
example, Cangelosi et al25 found BT to be cost effective compared to usual care, but their model assumed that someone
in the BT arm would return to a better than severe asthma utility state following treatment. Our study assumed a more
conservative modeling approach, given that the utilities were based on exacerbation and not underlying improvement in
health-related quality of life associated with improved symptomatology (owing to limitations in the comparison of
health-related quality of life data in the AIR2 and RISA clinical trials). When modeled from a Singapore perspective,
Nguyen et al24 did not find BT to be either cost effective or the favored strategy compared to usual care. Nguyen et al did
account for both a health system and a societal perspective, and included costs associated with days missed from work,
but did not account for the updated long-term outcomes. Zein et al23 modeled the cost effectiveness of BT versus usual
care from both a 5- and 10-year time horizon and found BT to be cost effective, but did not include the biologic therapy
comparison. Zafari et al20 published the only previous cost-effectiveness analysis that included a comparator of biologic
therapy in the usual-care arm (specifically omalizumab). Similar to our analysis, they found that when the comparator
included biologic therapy, BT became the dominant and favored strategy. Our analysis further extends the work by Zafari
et al by including days missed from work and a first step of a societal perspective in the model, and extends the model
horizon, given the long-term clinical outcomes published by Chaudhuri et al in 2021.35

There are several limitations of our model design owing to scant inclusion of the limited societal perspective, and
uncertainty associated with parameter inputs due to the gaps in available evidence, that must be addressed. First, long-

Figure 3 Net monetary benefit (NMB) vs willingness to pay.
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term exacerbation and event rates were collected only in the BT arm and not in the usual-care arm at the 5- and 10-year
assessment following the AIR2 trial, and could not be included in meaningful way because of the lack of a usual-care
comparator. Therefore, it is very likely that the model inputs underestimate the relative rate of exacerbations
experienced in the usual-care arm, with a chance to further favor BT over time.1 Further, the costs associated with
removing asthma medication in the BT arm were not included owing to a lack of a comparator assessment. Importantly,
a recent 10-year outcome update assessed the durability of response among participants in both the AIR2 and RISA
clinical trials (n=136) compared to 56 participants who were in the sham/control arms of the trials, on an intention-to-
treat basis (n=18 or 32% of the sham/control arm patients received BT after the previous clinical trial concluded).35

This follow-up analysis demonstrated that in the year prior to the 10-year assessment, there was a higher rate of severe
exacerbation in the BT arms than during the 5-year assessment, but similar in rate to the 1-year post-BT assessment,
indicating a potential small loss of durability of effectiveness of the intervention over time, but an overall stable
trajectory.35 Also, the 1-year follow-up assessments are unclear about the proportion of those who received BT and
sham/control patients who ultimately required biologic therapy, so it is very difficult to extrapolate these results.35 In
addition, there were no head-to-head clinical trials assessing BT versus biologic therapy. As such, there is uncertainty in
interpreting our cost-utility analysis results as definitive, given the potential baseline clinical characteristics and
differences in populations who require biologic therapy, along with the use of purely observational data for the
parameter estimates.

The QALY/utility estimates for this analysis were based on exacerbations severe enough to seek care through an
outpatient visit, ED visit, or hospitalization for severe asthma. Intrusive asthma symptoms have a marked impact on
health-related quality of life, and impact productivity and the ability to work as well as leisure activities.6,8 While our

Figure 4 Tornado diagram (BT vs usual care/biologic).
Notes: Expected value rankings: (1) severe exacerbation transition probability in usual-care group; (2) severe exacerbation transition probability in BT group; (3) ED use
transition probability in usual-care group; (4) hospitalization transition probability in usual-care group; (5) ED use transition probability in BT group; (6) hospitalization
transition probability in BT group; (7) death related to hospitalization transition probability.
Abbreviations: BT, bronchial thermoplasty; ED, emergency department; EV, expected value; ICER, incremental cost-effectiveness ratio.
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analysis did attempt to include a societal perspective with the indirect costs associated with missed working days, there is
a major gap in the lack of inclusion of utilities associated with variations in health-related quality of life and symptoms
that are intrusive to activities of daily living. Other societal perspective inputs should include caregiving burden, impacts
on recreational activity, and impacts on child outcomes, given that most of these patients are young adults (and have
young children) at the time of initial treatment. Future work should also include longer time horizons and estimates of
life-years gained, particularly given the age at diagnosis and severity onset.36

The AIR2 and RISA trials included patients with a baseline FEV1 greater than 60% and 50% of predicted,
respectively, and there is emerging evidence to suggest that BT can be safely offered in patients with FEV1 less than
50% of predicted.15 When these severely obstructed patients were assessed in a cohort study, it was found that following
BT they had significant improvements in health-related quality of life, reduction in exacerbation frequency, decreased use
of medication, and decreased requirement for oral steroids.15 Patients who are more severely obstructed at baseline are
likely the patients with the highest utilization and those who are more likely to be on biologic therapy. Further, patients
with more severe asthma may be more likely to be refractory to biologic therapy; in other words, to fail to achieve
symptom control. Our model did not include estimates of those who would not achieve any symptom control through the
biologic comparator within this present analysis. For these reasons, it is imperative that future cost-effectiveness analyses
are able to take heterogeneous phenotypes, symptomatology, and disease severity into account when conducting analyses.
Because clinical trials cannot possibly compare all combinations of interventions or follow-up on patients beyond the
clinical trial period, it is important that we use real-world data to discern head-to-head comparisons and long-term
follow-up data when the relevant clinical trials do not exist.37,38

Beyond relevance to policy, coverage, and reimbursement, cost-utility models offer relevance to the patient and
provider during clinical decision-making to initiate conversations relative to the trade-offs of therapy and long-term
clinical and cost outcomes.39 These models can also be used to educate patients about the importance of adherence to
asthma medication, given that model outcomes are often based on clinical trial data and that higher levels of
adherence are noted in trials than in the general population.40 Further, while cost-utility or cost-effectiveness models
are often conducted through the lens of the payor or healthcare system, more work can be done to build them from
the perspective of the patient, which is currently difficult owing to the lack of transparency regarding private
insurance costs in the US payer context. These models can offer a visual approach to direct cost impacts from the
perspective of the patient. If a patient and family knew what their direct costs were estimated to be prior to clinical
decision-making, these models could help inform their shared decisions. Here, we chose to conduct two separate
analyses (usual care only and usual care plus biologic) as proof of concept that in the future these models can be
tailored to an individual’s phenotype (and associated biologic therapy, if applicable) to help influence patient-centered
decisions in the setting of phenotypic heterogeneity. Given the vast phenotypic heterogeneity in moderate-to-severe
asthma and the tremendous implications for shared clinical decision-making in the realm of BT and biologic therapy,
economic models will continue to be central in this clinical area, particularly as novel therapies continue to enter the
market.
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