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Purpose: Chronic obstructive pulmonary disease (COPD) is the third leading cause of mortality, and is associated with significant
respiratory impairment, decreased quality of life, and high health care costs. Recent evidence indicates significant clinical benefit
results from adding humidified high-flow therapy (HHFT) to standard long-term oxygen therapy (LTOT) as a home-based therapy in
persons with severe COPD. The objective was to evaluate the cost-effectiveness of adding HHFT to standard treatment of COPD
patients using LTOT with US healthcare cost estimates.

Patients and Methods: A Markov state-transition model was developed using data from a prospective clinical trial of adding HHFT to
standard therapy for persons with severe COPD using LTOT. The analysis was conducted from the US health care system perspective
using a 5-year time horizon and 3% discount rate. QALY's and downstream healthcare costs were modeled. One-way and probabilistic
sensitivity analyses were used to examine the impact of input parameters on the incremental net monetary benefit (NMB).

Results: Incremental QALYs accrued were 0.058 (2.047 vs 1.989 QALYs for HHFT and standard therapy groups respectively).
Incremental total costs were -$3939 ($47,516 vs $51,455 for HHFT and standard therapy groups respectively). Thus, HHFT was the
dominant treatment in the analysis, resulting on both better health and lower total costs. Varying utility and cost inputs individually
never resulted in NMB approaching 0. Probabilistic analyses indicate that HHFT is cost-effective in 84% of simulations.
Conclusion: Our results indicate that the reductions in acute exacerbations of COPD (AECOPDs) that result from adding HHFT for
persons with COPD on LTOT will produce both health benefit (QALYs) and cost savings. Cost savings occur because the HHFT
device costs are more than offset by reductions in costly COPD exacerbations. Health care systems and payors can benefit from wider
implementation of HHFT with existing treatments.
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Introduction

Chronic obstructive pulmonary disease (COPD) is now the third leading cause of death worldwide, estimated to account
for 6% of all deaths according to the World Health Organization.' Patients with COPD experience persistent respiratory
symptoms such as dyspnea, cough, and/or sputum production due to abnormalities within the airway or alveoli.? At the
population level, COPD is associated with a decreased quality of life, decreased life expectancy, and higher healthcare
costs.” In the US, healthcare costs for COPD were second only to asthma among respiratory conditions, with spending
estimated at over $34 billion.® Furthermore, despite the large known impact on morbidity and mortality, it is estimated
that COPD is underdiagnosed, as many cases are only identified during or after a severe episode.*

COPD is a complex disease, influenced by a multitude of factors such as genetics, environment, comorbidities, and
lifestyle risk factors.” Because of this heterogeneity, COPD can be difficult to treat, particularly in advanced stages of the
disease. COPD identification and progression is often more easily characterized by symptoms and exacerbations.’
Exacerbations are defined by The Global Initiative for Chronic Obstructive Lung Disease (GOLD) as episodes of
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“acute worsening of respiratory symptoms that result in additional therapy”.® These episodes are categorized as either

mild, moderate, or severe, depending on the requisite treatment to stabilize the patient.° Severe COPD exacerbations
occur less frequently as compared with mild or moderate, but can be debilitating and life-threatening, thus requiring
hospitalization.

Well-established treatments for COPD include pharmacologic therapy such as inhaled steroids or long-acting
bronchodilators and pulmonary rehabilitation. Patients with chronic and/or severe symptoms may require long-term
oxygen therapy (LTOT) to address severe resting chronic hypoxemia. LTOT is an established therapy to prevent
hypoxemia as recommended in numerous medical guidelines.”® Patients started on LTOT are usually at an advanced
stage of disease and thus more susceptible to acute exacerbation of COPD (AECOPD). In turn those who experience
AECOPD are at greater risk of future exacerbations, hospitalization, and death.”'° LTOT has been shown to help
improve survival rates and improve quality of life for these high risk individuals.?

Several studies have shown that respiration in COPD with LTOT may be improved as part of home-based self-care
with the addition of humidified high-flow therapy (HHFT) device due in part to increased mucus clearing and reduced
resistance in respiration.'''* HHFT devices produce warm, humidified respiratory gases with or without supplemental
oxygen to the patient at a desired flow rate.'> Currently, HHFT is an established therapy in acute and critical care
healthcare settings and is used mostly for treating acute hypoxemic respiratory failure. However, recent evidence
indicates there may be additional long-term benefits of home-based HHFT for reducing the frequency of adverse
symptoms and exacerbations in patients with advanced COPD.'®!” A recent prospective randomized controlled trial in
people with COPD on LTOT compared standard treatment following GOLD guidelines to standard care plus HHFT.'” In
this trial, 200 patients with COPD with chronic hypoxemic respiratory failure from four healthcare centers were
randomized to one of the two groups and followed for one year. Data analyzed included total exacerbations and hospital
admissions before and during the study as well as modified Medical Research Council (mMRC) scores, the St George’s
Respiratory Questionnaire (SGRQ), forced expiratory volume in 1 second (FEV,), 6-minute walk test (6 MWT) and
arterial carbon dioxide (PaCO,). The study found that participants who used myAirvo™ Humidified High Flow Therapy
(Fisher & Paykel Healthcare, Auckland, New Zealand) in addition to standard therapy had reduced episodes of
AECOPD, reduced hospital admissions, and improvement in COPD symptoms. Given the solid results of this clinical
trial and prior data supporting the benefits of HHFT, an important next step is further evaluation of the cost-effectiveness
of this therapy.

1'8 evaluated the cost-

The cost-effectiveness of HHFT has been evaluated in two prior studies. In 2014, Milne et a
effectiveness of HHFT for persons with moderate or severe COPD, or bronchiectasis based on data from an initial trial
published in 2010.'® The analysis examined health care costs from the New Zealand health care system perspective, and
found that HHFT was a cost-effective treatment. A second cost-effectiveness analysis (CEA) of HHFT was based on
a larger, more recent trial of HHFT for people with severe COPD using LTOT.!” That CEA used Danish health care costs
and found an even more favorable incremental cost-effectiveness ratio (ICER) of about £3605 per QALY gained.

Although both of the prior analyses noted above appear scientifically rigorous, there are major differences between
the US healthcare system and the Danish or New Zealand systems that make it important to examine the cost-
effectiveness of HHFT devices from the US healthcare perspective.'® In the US healthcare system, high volumes and
cost of care lead to high total health care costs, making system-specific cost-effectiveness information especially
salient.?’ Thus, the present study evaluated the incremental cost-effectiveness of adding HHFT for the treatment of
COPD patients using LTOT with US healthcare cost estimates.

Methods

Study Design

A Markov model was developed to estimate the ICER associated with adding HHFT to standard therapy for advanced
COPD in persons already using LTOT. Clinical effectiveness data were derived from a randomized clinical trial by
Storgaard et al, 2018'" which evaluated the effects of adding myAirvo™ Humidified High Flow Therapy (Fisher &
Paykel Healthcare, Auckland, New Zealand) to LTOT. US healthcare cost estimates were applied to exacerbation events.
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Utilities were estimated using methods applied in previously published CEAs for COPD. The analysis was conducted
from the US health care system perspective with costs adjusted for inflation to year 2021 US dollars. Research methods
and analyses were aligned with recommendations of both the Second Panel on Cost-Effectiveness in Health and
2122 and the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) statement.”® The
study used only de-identified published data or publicly available estimates.

Medicine,

Model Structure

Although detailed disease-state models have been proposed for COPD,**?

not all of the variables and parameters
required for disease-state transition models are publicly available from some studies. In lieu of this data, some recent
models have focused on rates of acute exacerbations as discrete events®®?’ for which costs and health utilities can be
more readily estimated. As noted above, AECOPDs are linked to lower quality of life, higher rates of hospitalization, and
increased mortality.”'° Thus, using available date on as COPD exacerbations, we modeled four health event/state options
(no exacerbations, moderate exacerbation, severe exacerbations, or death) as discrete events for each cycle for hypothe-
tical COPD patients on LTOT (or cohort of patients) as shown in Figure 1. A similar model structure has been used
previously.”” When modeling discrete events, transition rates are assumed to be zero and monthly probabilities total to
the count of annual events found in the clinical trial of interest.'” A 5-year time horizon was selected for the model with
monthly Markov cycles. Monthly event rates, costs, and utilities were entered for each outcome option and QALY's and
costs were summed over the 60 monthly cycles. The 5-year time horizon was chosen to align with the manufacturer’s
5-year estimated lifespan of the HHFT device and is consistent with recommended modeling practices.”® Longer time
horizons appear of limited added value because of the high mortality rate in persons with COPD using LTOT. Costs and
QALYs accumulated in months 13 to 60 were discounted at an annual rate of 3% following recommendations by
Neumann et al.*® Device usage rates from the Storgaard trial were used to adjust device costs beginning in month 2.
Because the trial exacerbation outcomes were obtained despite a device discontinuation rate of 14% in month 1, and 22%
after 12 months, the model assumed a decelerating but ongoing decline in device usage. This is consistent with evidence
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Figure | Markov model of event outcomes for HHFT + LTOT vs standard LTOT therapy.
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of low burden of usage, improved quality of life'” and data from the use of similar devices.*® A traditional half-cycle
correction was used. TreeAge Pro Healthcare 2021 software (https://www.treecage.com/) was used to conduct the

analysis.

Exacerbation and Mortality Rates

Rates of moderate and severe exacerbations were obtained from a published clinical trial (n=200)."” The study
was conducted at four outpatient clinics in Denmark and data presented in Table 1. Patients had all been
diagnosed with COPD with chronic hypoxemic respiratory failure and prescribed LTOT at least three months
prior to study initiation. All participants were receiving care following GOLD recommendations.® Patients were
randomized to receive either standard care according to GOLD recommendations (including LTOT) or the same
recommended care plus HHFT. The primary study endpoints were AECOPD rates measured over the 12-month
study period. In the LTOT + HHFT group, 86% of participants used HHFT throughout the 12 months for at least
78% of days (286 out of 365) and a mean of 7 hours per day. The study also reported that 14% of HHFT patient
discontinued the device after 1 month and another 8% discontinued by the end of 12 months. These data were
used to estimate a declining rate of device discontinuation in future years with adjustments to device costs and
exacerbation rate differences. Total AECOPD rates for the HHFT group were significantly lower compared to the

Table | Model Inputs

Parameters Distribution Annual Monthly Low High Reference/Source
Test inputs
Moderate COPD Exacerbation rate - HHFT + LTOT Triangular 2.04 0.170 0.140 0.210 [17]
Moderate COPD Exacerbation rate - LTOT Triangular 3.73 0.311 0.226 0.340 [17]
Severe COPD Exacerbation rate - myAirvo + LTOT Triangular 1.08 0.090 0.053 0.079 [17]
Severe COPD Exacerbation rate- LTOT Triangular 1.22 0.102 0.097 0.139 [17]

Clinical inputs

Age of patient at baseline Fixed 71 - - - [17]

Mortality rates (no difference between conditions) Fixed 0.12 0.01 [17]

Cost inputs, $

Initial healthcare cost (one time cost) Triangular Per patient $400 $320 $480 [39,40]

HHFT Device costs and consumables Triangular $1872 $156 $125 $187 [38]

Incremental health care cost — Moderate AECOPD Gamma Per event $770 $385 $1155 [41]

Incremental health care cost — Severe AECOPD Gamma Per event $11,229 $5614 | $16,844 [41]
Utility inputs

COPD needing LTOT — no exacerbation Triangular 0.630 0.0525 0.0420 | 0.0630 [31-33]

COPD needing LTOT — moderate exacerbation Triangular 0.536 0.0446 0.0358 | 0.0536 [34-36]

COPD needing LTOT — severe exacerbation Triangular 0.315 0.0263 0.0210 | 0.0315 [34-36]
Policy inputs

Time horizon 60 months

Discount rate 3%

Abbreviations: COPD, chronic obstructive pulmonary disorder; LTOT, long term oxygen therapy; AECOPD, acute exacerbation of chronic obstructive pulmonary
disorder.
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control group (3.12 vs 4.95 respectively; p < 0.001). When modeling usage of HHFT as a continuous measure,
HHFT use was also associated with a significantly lower rate of hospital admissions (p < 0.001). For the model,
hospital admissions were considered severe exacerbations, and all other exacerbations were considered moderate.
Our analysis used rates of hospital admissions for all randomized participants following intent to treat principles.
Baseline rates of exacerbations from the prior year were not considered in order to take a more conservative
approach given higher baseline exacerbation rates in the HHFT arm.

Mortality rates observed in the Storgaard study were not significantly different between the study groups, and
given the strong evidence showing that higher rates of exacerbations are associated with higher mortality, the
model assumed a 12% annual mortality rate in both groups.'” This rate is very similar to the 11% used in
a previous study.”’

Health Utilities

Utility values for persons with COPD who experience exacerbations were derived from previous scientific studies. With
our analysis based on a US healthcare system perspective, we estimated the utility of our sample to be 0.630 when no
exacerbations were present using estimates from the National Health and Wellness Survey (NHWS),*' which are similar
to recent Canadian estimates.’”** Following conventions based on previous disease and cost-effectiveness modeling for
COPD,** and those used in other studies,”> utility decrements of 15% for moderate exacerbations and 50% for severe
exacerbations resulted in monthly utility values of 0.045 and 0.026 as shown in Table 1. This translates to a monthly
decrement of 0.008 and 0.027 for moderate and severe exacerbations, respectively. When compared to a similar analysis
by Thanh et al*’ that also used methods proposed by Samyshkin,?” the monthly decrements we use are smaller because
the base value is considerably lower. Thus, these values appear conservative and appropriate for the population of
interest.

Cost Inputs

A total estimated US cost of $7800 for the HHFT device and consumable accessories was provided by the device
manufacturer.*® The total cost was amortized over an estimated device lifespan of 5 years or 60 months. Given the
relatively high mortality rates in this population, we estimated the device to be in use for 50 of the 60 months, allowing 2
months per year or 10 months total for cleaning and reallocation, resulting in a $156 monthly cost (see Table 1). The
initial physician specialist visit and consultation with a respiratory therapist were estimated to be $300°° and $100*
respectively, for a total initial visit cost of $400. The value for the respiratory therapist included salary, benefits, and
overhead.

Increased health care costs associated with moderate and severe exacerbations were derived from a US study
of costs associated with COPD exacerbations in emergency department (ED) and inpatient settings.*' The study
reported mean ED and hospital admission costs from a large hospital administrative database. As shown in
Table 1, mean ED costs were used as the input for moderate exacerbation costs and the mean across multiple
types of inpatient admissions was used as the input for severe exacerbations. All costs have been adjusted and
expressed in terms of 2020 US dollars. After inflationary adjustments, these estimates were found to be compar-
able to the estimates used in a recent study by Thanh et al when adjusting for different currency.”’

Sensitivity Analyses
Univariate, one-way sensitivity analyses were performed using TreeAge software. Following methods used

627 exacerbation rates, device and initial visit costs, and utility estimates were varied 20% in either direction

previously,”
to examine the sensitivity of results to estimated model inputs. Given higher variability in health care costs, we varied
healthcare costs for moderate and severe exacerbations 50% in each direction. Sensitivity analyses display model output
in units of incremental net monetary benefit (NMB), which integrates QALY's and the willingness-to-pay (WTP) function
(expressed in terms of Cost/QALY's).2""** The incremental NMB represents the amount of additional monetary benefit per

person provided by the dominant strategy given a WTP of $50,000. A WTP threshold of $50,000 is the most commonly
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4243 and is considered conservative since it has not been adjusted for

used threshold in cost-effectiveness analysis
inflation for many years.

Probabilistic sensitivity analysis was used to vary multiple input variables across their estimated distributions to
examine their simultaneous impact on costs, QALY's, and NMB Consistent with similar analyses,”’ gamma distributions
were used for health care costs. Following methods used in recent health economic analyses,** triangular distributions

were used to vary utility values and exacerbation rates 20% in each direction.

Results

The main results of the Markov decision tree model are presented in Table 2. Over the course of the 5-year time
horizon, the model estimated that 2.058 QALYs accumulated in the HHFT group while 1.996 QALYs accumulated
in the standard LTOT group. The incremental difference of 0.062 QALYs is substantial given the 12% annual
mortality rate in this cohort, and about half the cohort would be assumed to be deceased after 4 years. In addition
to experiencing better health over time, the HHFT group also accrued lower total costs. Total costs from our
5-year model were $50,409 for the group receiving HHFT and $53,304 for those on standard LTOT therapy. This
indicates that the costs associated with fewer moderate and severe exacerbations of COPD more than offset the
device cost. A meaningful ICER cannot be calculated because the HHFT group was dominant, accruing better
health at a lower cost.

One-way sensitivity analyses that examined the impact of individual model parameters on the incremental
NMB suggest that estimates of utility values and the health care costs for different levels of exacerbation were
associated with the most variability in results (See Figure 2). However, when varied in the analysis, none of the
variables approached an NMB=0 at which conclusions would begin to change. To better understand the robustness
and variability of our model results using probabilistic sensitivity analysis, multiple inputs including device-
related costs, exacerbation rates, health care costs associated with exacerbations, and utility values for exacerba-
tion were varied simultancously along relevant distributions. In Figure 3, we show 5000 simulations drawn from
parameter distributions. Per convention, incremental costs are displayed on the vertical axis and incremental
effectiveness is displayed on the horizontal axis. Results indicate that 72.3% of simulated outcomes were
positioned in the lower right quadrant, indicating lower cost and greater health benefit. Another 11.5% of
simulations were in the upper right quadrant but were below the WTP threshold of $50,000/QALY. Thus, the
probability that LTOT + HHFT is a cost-effective strategy compared with LTOT alone is 84% as reflected in
Figure 4, the cost-effectiveness acceptability curve in which WTP is varied.

Table 2 Incremental Costs and QALYs of LTOT + HHFT to LTOT Alone

HHFT + LTOT | LTOT | Difference
Effectiveness
QALYs 2.047 1.989 0.058
Costs
Initial Physician and RT visit $400 $0 $400
HHFT device costs (adjusted) $6109 $0 $6109
Consequent health care costs $41,007 $51,455 -$10,448
Total Costs $47,516 $51,455 -$3939
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Figure 2 One-way sensitivity analysis — tornado chart.
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Figure 3 Scatterplot of probabilistic sensitivity analysis.
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Figure 4 Cost-effectiveness acceptability curve.

Discussion

Growing research evidence supports the clinical effectiveness of HHFT use in persons with COPD,'®!7#4547 especially in
those with chronic hypoxemic respiratory failure using LTOT.!” HHFT provides warm humidified airflow to persons with
COPD, which reduces irritation to the airway and has been shown to reduce acute exacerbations. Clinical trials indicate
that persons with COPD on LTOT using HHFT had fewer AECOPD, better lung function, and improved quality of life
than those not using HHFT. Rates of adherence to HHFT were high and qualitative data show that patients found HHFT
useful and easy to use.'* Given the strong emerging evidence for HHFT use in COPD, we sought to examine the cost-
effectiveness of HHFT for persons with severe COPD who were on LTOT.

Our results indicate that LTOT + HHFT was both more effective and ultimately less costly than standard LTOT
therapy. Using data from a recent clinical trial of 200 people with COPD on LTOT, HHFT had a greater health benefit
because significantly fewer acute exacerbations occurred. Acute exacerbations are established as a major driver of
reduced quality of life, higher mortality, and high healthcare costs in this population.>> In addition to the added health
benefit, participants assigned to HHFT had lower total costs because costs related to device use were more than offset by
reductions in healthcare costs linked to fewer acute exacerbations.

Our findings are similar to those of two recently published health economic studies of HHFT for persons with severe
COPD conducted from the Danish*® and New Zealand*’ healthcare perspectives using the same trial data. The Danish
analysis found that the incremental cost-effectiveness ratio for LTOT + HHFT compared to LTOT alone was £3605/
QALY.*® The sensitivity analysis for that study found a high probability (84-92%) of HHFT being cost-effective in the
Danish healthcare system. The budget impact analysis from a New Zealand healthcare perspective did not include
effectiveness data but found a sizable healthcare cost savings in New Zealand currency.*’

In comparison to the Danish analysis, our current study found a similar gain in QALY's using different estimation
methods and a different source of data from the same clinical trial. Sorensen et al*® used a published algorithm®® to
convert scores on the SGRQ to EQ-5D scores and then QALYSs. Our study estimated QALY's using health utility values
associated with acute exacerbations following methods used by previous cost-effectiveness analyses of COPD
treatments.”*?’ Costs were also calculated differently between the two studies because of major differences in the
Danish and US healthcare systems, and different time horizons were used. Thus, the much higher healthcare costs in the
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US associated with COPD exacerbations resulted in a larger cost savings than the Danish analysis and 84% probability of
cost-effectiveness.

The analysis from the New Zealand health care perspective did not include effectiveness, only capital expenses and
hospital costs. However, like the analysis presented here, they used a 5-year time horizon and reported a discounted cost
savings of NZ$16,934, or about US$9900. Our results reflect a more modest cost savings of $3939. Despite higher
per day costs for hospital days, the different results can likely be explained by two factors. First, two different methods
were used to estimate costs in the New Zealand and US perspectives. A second important difference is that our current
analysis used a much more conservative estimate of ongoing device usage. Our model assumed continued mortality of
12% per year. In addition, the trial data and exacerbation outcomes were achieved with a device discontinuation rate of
14% in month 1, and 22% after 12 months. Given this decelerating but ongoing decline in device usage, we assumed
a small amount of further discontinuation each month beyond 22%, which limited the effects and costs savings in future
years. This more conservative approach may better estimate what would happen in a clinical setting.

One other previous CEA of HHFT for COPD used a broader disease population (moderate and severe COPD or
bronchiectasis) and found HHFT to be cost-effective from a New Zealand healthcare perspective.?® Our current results
are similar but stronger, supporting HHFT as a therapy that can reduce costs and improve health. These improved results
are not surprising because we focused on data from a more impaired population with higher rates of acute exacerbations.
In addition, our data come from the larger more recent trial. In summary, all four economic analyses of HHFT for COPD
provide converging evidence of cost-effectiveness or cost-savings. Thus, when multiple analyses using different
methodologies produce similar results, confidence in the estimated values and conclusions further increases. Cost-
savings and cost-effectiveness was found using different methods to estimate QALYs and cost, across different time
horizons, across different healthcare perspectives, and in both broad and more specific disease populations.

Given the increasing incidence of COPD worldwide, the added recent burden on pulmonary function resulting from
the COVID-19 pandemic, and the enormous costs associated with treating moderate and severe AECOPD, HHFT appears
to offer a promising treatment that benefits a variety of COPD patients and is easily adopted for use.'*"* Our current
study provides important additional data that demonstrates that health care systems and third party payers may also
benefit from wider implementation and use of HHFT devices in home care settings, especially among persons with
COPD who are using LTOT.

Limitations
One possible limitation of the study is that results are primarily based on exacerbation rate data from a single clinical
trial. Ideally, more trials (preferably multi-site) of HHFT for persons with COPD using LTOT will be conducted,
strengthening overall effectiveness data and providing more robust estimates of the clinical effects for cost-
effectiveness analysis. However, other trials of HHFT or similar therapies have been conducted in either broader, or
slightly different populations, all of which demonstrate clinical benefit.*>47->!52

Another possible limitation is that our current study uses outcomes data from a study conducted in Denmark to
estimate cost-effectiveness of the device from the US healthcare system perspective. Our cost estimates are tied to the
cost of US healthcare, but it is also possible that persons from another country would have different health care utilization
or experience and react to COPD exacerbations in a systematically different way. Although cost per unit of care is
expected to be higher in the US, there is also evidence that the volume of care delivered is typically higher in the US.>?
Higher utilization at outset could potentially lead to greater savings in the US based on our analysis, but that remains
unknown until more outcomes data are obtained within the US healthcare system. However, there is no reason to suspect
a different disease course between the two countries and both countries have modern healthcare systems.

Conclusion

With growing scientific evidence suggesting that HHFT devices are easy to use, provide significant clinical health
benefit, and have minimal side effects, it is important to evaluate the economic cost of providing these incremental
benefits over existing treatments. The results of our cost-effectiveness analysis indicate that substantial reductions in
AECOPD in persons with COPD on LTOT will lead to accumulating health benefit (QALYs) and cost savings. The cost
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savings occur because the HHFT device costs are more than offset by reductions in moderate and severe exacerbations

that are very costly. Health care systems and payors can benefit from wider implementation of adding HHFT to existing

treatment.
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