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ABSTRACT

Background Chronic obstructive pulmonary disease
(COPD) is a chronic disease associated with recurring
exacerbations, which influence morbidity and mortality
for the patient, while placing significant resource burdens
on healthcare systems. Non-invasive ventilation (NIV) in
a domiciliary setting can help prevent admissions, but the
economic evidence to support NIV use is limited.
Methods A Markov model-based cost-utility analysis
from the UK National Health Service perspective
compared the cost-effectiveness of domiciliary NIV

with usual care for two end-stage COPD populations; a
stable COPD population commencing treatment with no
recent hospital admission; and a posthospital population
starting treatment following admission to hospital

for an exacerbation. Hospitalisation rates in patients
receiving domiciliary NIV compared with usual care
were derived from randomised controlled studies in a
recent systematic review. Other model parameters were
updated with recent evidence.

Results At the threshold of £20000 per quality-
adjusted life-year (QALY) domiciliary NIV is 99.9%

likely cost-effective in a posthospital population, but
unlikely (4%) to be cost-effective in stable populations.
The incremental cost-effective ratio (ICER) was £11
318/QALY gained in the posthospital population and
£27 380/QALY gained in the stable population. Cost-
effectiveness estimates were sensitive to longer-term
readmission and mortality risks, and duration of benefit
from NIV. Indeed, for stable Global Initiative for Chronic
Obstructive Lung Disease (GOLD) for stage 4 patients, or
with higher mortality and exacerbation risks, ICERs were
close to the £20 000/QALY threshold.

Conclusion Domiciliary NIV is likely cost-effective for
posthospitalised patients, with uncertainty around the
cost-effectiveness of domiciliary NIV in stable patients
with COPD on which further research should focus.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
a progressive lung disease often accompanied by
recurring exacerbations, that lead to clinical deteri-
oration, and when severe, require hospitalisation.’
When comparing non-invasive ventilation (NIV)
with either no ventilation or invasive mechan-
ical ventilation in hospital settings, in the context
of type two respiratory failure/acute hypercapnic
respiratory failure (AHRF), but not the absence
of type 2 respiratory failure (T2RF), various study

2 Janine Dretzke, David Moore,

What is the key question?

= Taking into account recently published evidence
on effectiveness, what is the longer-term
cost-effectiveness of domiciliary non-invasive
ventilation (NIV) in posthospitalised and stable
patients.

What is the bottom line?

= Health economic decision modelling found
that domiciliary NIV is highly, likely to be
cost-effective in posthospitalised patients, but
unlikely to be cost-effective in stable patients,
compared with usual care.

Why read on?

= Currently, there is uncertainty surrounding
the effectiveness and cost-effectiveness of
domiciliary NIV, and commissioning of this
intervention varies across and within countries
(including the UK). This paper reports an
updated model-based analysis of the cost-
effectiveness of domiciliary NIV for end
stage COPD, incorporating new effectiveness
evidence.

designs have consistently shown better outcomes
for NIV in the form of reduced inpatient mortality
and length of stay.**

NIV may also be administered at home with
or without oxygen therapy. Based on randomised
controlled trials (RCTs), a previous systematic
review” found no evidence for a survival benefit
and limited evidence for fewer hospitalisations in
stable populations. A survival benefit was also not
demonstrated for posthospitalised patients (those
recently discharged from admission to hospital
for an exacerbation) with inconsistent findings on
hospital readmissions.

We have previously demonstrated in a model-
based cost-effectiveness analysis considerable
uncertainty regarding cost-effectiveness of domicil-
iary NIV for both stable and posthospital patients.”
The analysis was sensitive to assumptions regarding
the strength and duration of treatment effect. As
a consequence of the uncertainty over evidence,
commissioning of domiciliary NIV varies across and
within countries (including the UK), and a robust
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Chronic obstructive pulmonary disease

model could aid formation of national guidance and streamline
processes surrounding this treatment in the UK.

There is growing evidence relating to the effectiveness of
domiciliary NIV in COPD." This paper reports an analysis of
the cost-effectiveness of domiciliary NIV for end-stage COPD
updating our previously published model” with estimates of
clinical effectiveness including recent and previously missed
evidence.® Other model parameters are updated using real-life
COPD data from the UK, including the National COPD audit’
and Clinical Practice Research datalink,'® which provide robust
UK baselines of COPD outcomes for an untreated population.

METHODS

Two cost-utility analyses were undertaken comparing domicil-

iary NIV with usual care for two COPD populations:

» Patients starting domiciliary NIV in a stable state, where they
had no recent exacerbations, hospital admissions or other
major change in clinical parameters over a defined period (4
or more weeks).”

» Patients starting domiciliary NIV immediately following
admission to hospital for an exacerbation.

A Markov cohort model was constructed in TreeAge Pro
(TreeAge Software, 2019) to estimate quality-adjusted life years
(QALYs) and costs from the UK National Health Service (NHS)
perspective. A 10-year time horizon was selected owing to high
mortality in this patient population, with monthly time cycles.
QALYs and costs were discounted at 3.5% as per UK guidance'!
with half-cycle correction performed. Model results are predi-
cated on the benefit of NIV being accrued via a reduced risk of
hospitalisation and associated cost-savings, life years gained and
utility improvements.

Model population

The stable model population was reflective of stable patients
included in RCTs from the clinical effectiveness systematic
review.® The mean age was 67, 54% were female, and 52%

between 2011 GOLD stages was not commonly reported, there-
fore an assumption was made that 50% were in Global Initiative
for Chronic Obstructive Lung Disease (GOLD) severity stage
3% and 50% in stage 4, and domiciliary NIV would not be
required in earlier disease stages, or where significant comorbid
disease contributed to the underlying respiratory failure. COPD
stage was defined according to 2011 GOLD classifications;
GOLD stage 3 had a predicted forced expiratory volume in one
second (FEV)) 230%, <50%and GOLD stage 4 a predicted
FEV, =30%. As real-world information was available for post-
hospital patients, the model population was reflective of patients
in the 2017 National UK COPD audit,” mean age 73, 47%
female, 31% smokers, with an assumed 50% in GOLD stage 3
and 4 (online supplemental appendix 1). Online supplemental
appendix 2 details all model assumptions.

Model structure

Figure 1, adapted from Dretzke et al,” shows the model compo-
sition. The same structure was used for both populations,
although posthospitalised patients started in ‘postdischarge
month 1°, while stable patients began in stable states. The model
used tunnel states to represent increased risk of mortality and
readmission, lower quality of life, and higher costs, in those
discharged after admission for an exacerbation. Accordingly,
patients could not remain in postdischarge states by definition.
Posthospitalised patients moved to stable health states after the
postdischarge period, and stable patients moved to a posthospital
state if they experienced an exacerbation requiring hospitalisa-
tion. There was a differing mortality risk in each state, according
to population and health state. Patients could transition from
GOLD stage 3—4, although not 4-3 as the disease is progressive.
Online supplemental appendix 3 provides further detail.

Model parameter estimates
Table 1 presents the model parameters for hospitalisation,

smokers (online supplemental appendix 1). Distribution mortality and discontinuation.
Post- Stable
hospital COPD
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Figure 1 State-transition schematic. GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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Table 1 Hospitalisation, mortality and discontinuation parameters

Mortality and hospitalisation in postadmission states

Definition Probability Beta distribution, a, B Source

COPD-related death during admission 2017 National UK COPD audit®
Men 0.046 654, 13552
Women 0.035 570,15514

COPD-related 90-day death post admission 2017 National UK COPD audit®
Men 0.073 1043,13163
Women 0.066 1058, 15027

90-day COPD-related readmission 2017 National UK COPD audit®
Men 0171 2423,11784
Women 0.162 2609, 13476

All-cause COPD mortality post admission 2017 National UK COPD audit®
90-day men 0.046 650, 13556
90-day women 0.041 660, 15425

Hospitalisation rate and risk of non-COPD-related mortality in the stable health state for the post hospital population

Definition Rate Sample size Source
Base case Garcia-Aymerich et a/"?
COPD admissions per year 1.6 340
Non-COPD-related mortality 0.071 340
Lowest rates Bucknall et a/™*
COPD admissions per year 0.47 464
Non-COPD-related mortality 0.194 464

Highest rates
Base case risks multiplied by 2

Budweiser et a/" and Heinemann et a/'®

Treatment and exacerbation rates for stable population

Proportion of exacerbations hospitalised

_ Source
Severity stage Annual exacerbation rate % Beta distribution, a, p
GOLD 3 2.356 102 2267,22062 Rothnie et a/'
GOLD 4 2.914 13.4 862, 6429 Rothnie et al'®

Base case rate ratios for admission to domiciliary NIV relative to usual care

Rate Ratio (95% Cl)*

Source

All studies estimates
Posthospital population
Pooled mean
Best-case NIV
Worst-case NIV
Stable population
Pooled mean
Best-case NIV
Worst-case NIV
Western setting estimatest
Posthospital population
Pooled mean
Best-case NIV
Worst-case NIV
Stable population
Pooled mean
Best-case NIV
Worst-case NIV

0.494 (0.382 to 0.638)
0.333 (0.187 to 0.596)
1.372 (1.067 to 1.763)

0.606 (0.482 to 0.760)
0.346 (0.276 to 0.433)
1.166 (0.601 to 2.264)

0.728 (0.212 to 2.504)
0.389 (0.321 to 0.470)
1.372 (1.067 to 1.763)

0.718 (0.617 to 0.836)
0.643 (0.432 to 0.956)
1.166 (0.601 to 2.264)

Pooled result of 11 RCTs®
Lietal®

Struik et a'

Pooled result of 10 RCTs®
Luyang et al*?

Kamiriski et a*®

Pooled result of 2 RCTs®
Murphy et al'
Struik et aP'

Pooled result of 4 RCTs®
Clini et a®*

Kaminski et a*®

Continued
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Table 1 Continued

Discontinuation

Health state Discontinuation Rate Normal distribution, 95% ClI Source

All patients 15% 10% to 20% Assumption and Dretzke et a/®

*Western settings included studies from Italy, Poland, the Netherlands, Germany and the UK. Non-Western studies contributing to meta-analyses are set in China.
tNaturallog rate ratios and standard errors used in the probabilistic sensitivity analysis are shown in online supplemental appendix 6.
GOLD, Global Iniative for Chronic Obstructive Lung Disease; NIV, non-invasive ventilation; RCT, randomised controlled trial.

Hospitalisation and mortality in postadmission health states
Transition probabilities for mortality and readmission for post-
discharge states in both populations were obtained from the most
recent UK audit of patients with COPD admitted to hospital.’
Risk of readmission and mortality were assumed (1) to be evenly
distributed over the 3-month period, and (2) to not to differ by
GOLD stage as there is no evidence on a differentiated risk.”

Hospitalisation and mortality risks for the posthospital population
Beyond the postdischarge period for the posthospitalised popu-
lation, there was greater uncertainty regarding admission rates
and mortality. Four studies'”"® were identified which reported
long-term admission rates and mortality. Highest and lowest
rates were used in sensitivity analyses, with mid-range rates used
for the base case.

COPD-related mortality was captured via the risk of a COPD-
related death either during admission or in the 3-month post-
discharge period.” These risks in combination with the all-cause
mortality risk reported in Garcia-Aymerich et al'* were assumed
to stay constant over the cohort lifetime.

Exacerbation and hospitalisation risk in stable health states

For the stable population, data on exacerbation and hospital
admissions in the stable health states were drawn from a large
UK study (n=12830) with long-term follow-up of a COPD
general practice population.’

Mortality risks for the stable population

For health states for the stable population, Office for National
Statistics life tables were used to populate age and gender-
specific all-cause mortality probabilities, adjusted to avoid
double counting of COPD-related mortality (online supple-
mental appendix 4).

Discontinuation rate

After an initial period, it was assumed a proportion of patients
starting domiciliary NIV would discontinue treatment. Non-
adherence and discontinuation rates vary across both popula-
tions,® therefore it was assumed that 15% of patients would
discontinue after 3 months. Patients who discontinued NIV were
assumed to incur costs but not benefits of NIV in the initial 3
months, and neither costs nor benefits of NIV beyond 3 months.

Disease progression in stable and posthospital population

Baseline risks of hospital admission and mortality need to be
extrapolated beyond the follow-up duration in source studies.
Accordingly, to capture long-term prognosis, patients were
allowed to move between GOLD stages. Probabilities associated
with moving to GOLD stage 4 were sourced from a previously
published model'® and applied to GOLD stage 3 states for both
populations (online supplemental appendix 5).

Effectiveness of domiciliary NIV

Hospital admission data were taken from our meta-analysis of
absolute differences® and converted to rate ratios by estimating
the number of events and total time at risk (assuming complete
follow-up) from relevant RCTs. The rate ratio and SE were
calculated using Poisson regression, rate ratios with 95% ClIs
(table 1).

The base case analysis considered all studies in the review;
however, to account for differences between healthcare systems,
a sensitivity analysis was also performed on studies in Western/
high-income settings. Further sensitivity analyses used individual
studies with the best-case and worst-case rate ratios for the effect
of NIV on hospital admissions.

Given that hospital admission is associated with increased
mortality risk, the model produces an improvement in mortality
for NIV indirectly by preventing admissions. To assess external
validity, the extent to which the model reflects the real-world,
model survival rates were contrasted with those found in the
RCTs in the clinical effectiveness systematic review.®

Following consultation with clinicians involved with treating
patients with NIV, it was assumed that the effect of NIV in
reducing admissions would last § years in both patient groups,
with alternative periods of efficacy tested in sensitivity analysis.

Utility values

Utility values were obtained for each stable GOLD stage 3 and
4 from EQ-5D-5L (the five level EuroQol five dimensions)
values for 336 participants with a confirmed diagnosis of
COPD from a UK cohort study,'” table 2. No effect on quality
of life is assumed above that of the impact NIV has on exac-
erbations and mortality, this assumption is tested in sensitivity
analyses.

In line with previous COPD models,"®2° disutility values asso-
ciated with moderate or severe exacerbation were taken from
Rutten-van Molken et al.*' A disutility of 15% for a moderate
exacerbation was assigned for a period of 1month, with a 50%
loss in the first month of a severe exacerbation and a 25% loss in
second and third months.

Costs

Costs were presented in 2019/2020 pounds sterling and inflated
to current value using hospital and community health services
index and NHS cost inflation index.** Costs were subdivided
into three components, (1) routine COPD care, (2) treatment of
exacerbations, and (3) provision of domiciliary NIV.

All detailed cost calculations for each component can be found
in online supplemental appendix 7, with table 2 providing head-
line costs, as well as the methodology for estimating the cost of
providing domiciliary NIV, estimated at £1698.18 in the first
year and £1086 in subsequent years (further details in online
supplemental appendix 7).
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Table 2 Utility scores and costs for stable GOLD states, and costs of providing a domiciliary NIV service

Utility GOLD stage 3

Utility GOLD stage 4

Sample size 299

Mean utility score (SE) 0.678 (0.015)

Type of healthcare Cost GOLD stage 3
Routine healthcare £39.91/month
Routine pharmacotherapy £50.42/month
Moderate exacerbation £140.40 per episode

Severe exacerbation £2283.18 per episode

37

0.601 (0.042)

Cost GOLD stage 4
£77.33/month
£54.71/month

Estimation of the cost of providing a domiciliary NIV service

Cost type Cost Unit cost source Resource use source
Equipment costs
NIV equipment for domiciliary use £2939.69 Supplier estimates Clinician estimates of use of machines
and cost estimate from firms
NIV equipment for domiciliary use £48.99 Depreciated over 5 years
monthly cost
Set-up costs
NIV set-up and assessment month 1 £482.82 National Tariff Payment System Expert opinion
2019/20%
NIV Follow-up in m3: 1 x Consultantled £157.16 + £194 NHS reference costs 2018/2019% Expert opinion
outpatient app+1 x Blood gas test
Annual costs therefore
2 x blood gas test conducted at routine 2 x £194 NHS reference costs 2018/2019% Expert opinion
follow-up
1x annual NIV assessment and £650 Estimate Expert opinion
consumable provision
Monthly costs
First 3 months £294.32 Includes equipment and set-up costs
>3 months £90.58 Includes equipment and annual monitor and service costs

GOLD, Global Iniative for Chronic Obstructive Lung Disease; NHS, National Health Service; NIV, Non-Invasive ventilation.

Analyses

A cost-utility analysis was undertaken to estimate incremental
cost-effectiveness ratios (ICERs), the difference in costs divided
by the difference in QALYs of two strategies, with results
presented as cost-per-QALY gained. Cost-effectiveness was
considered in relation to the lower NICE threshold of £20000
per-QALY gained.? Each result reflects mean costs and QALY as
an average of 10 000 model iterations generated by probabilistic
sensitivity analysis, used to account for parameter uncertainty.
Where possible, distributions were attached to probabilities, util-
ities and costs in the model. Beta distributions were attached
to transition probabilities and utilities, with natural logs of
rate ratios sampled normally and exponentiated.** The model
results were expressed as a cost-effectiveness acceptability curve
(CEAC) showing graphically the probability of cost-effectiveness
of domiciliary NIV across a range of cost-per-QALY thresholds.**
Deterministic sensitivity analyses were used to assess the indi-
vidual impact of varying model parameters on cost-effectiveness
results.

Expected value of perfect information (EVPI)

EVPI is a quantitative method of assessing the marginal value of
further studies, and in essence helps consider whether it is worth
conducting more research.” In order to calculate the population
EVPI the size of population expected to benefit must be calcu-
lated. We estimated this to be 661199 for stable patients and

190049 for posthospital patients over a 10-year time horizon
(calculations in online supplemental appendix 8).

RESULTS

Posthospital population

Base case for the posthospital population

In the base case analysis for the posthospital population domicil-
iary NIV was £4799 more costly, delivering 0.424 more QALYs,
making the ICER £11 318/QALY gained. This was 99.9% likely
to be cost-effective at the £20 000/QALY threshold (table 3).

Using hospitalisation rates from Western studies, QALY gains
reduced to 0.168 for £4765 additional cost, increasing the ICER
to £28 430/QALY with domiciliary NIV only 46.9% likely to be
cost-effective.

The base case cost-effectiveness plane in figure 2 shows NIV
is more effective and costly in all model iterations (hence all
iterations in the north-east quadrant). The corresponding CEAC
(figure 3) demonstrates domiciliary NIV is very likely to be cost-
effective over thresholds of about £12 500/QALY and is always
cost-effective between £20 000/QALY and £30 000/QALY.

Sensitivity analysis

Table 4 shows the impact of alternate parameter values on
cost-effectiveness in posthospital patients. Applying the rate
ratio for hospital admissions from the worst-case study results
in NIV being dominated, that is both more costly with worse
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Table 3 Base case analyses posthospital population

Mean cost Mean ICER (£/
Strategy (£) QALY QALY)

Base case posthospital population, all studies, pooled mean rate ratio

Probability cost-
effective*

Domiciliary NIV~ £19876 2.391 £11318 99.9%
Usual care £15081 1.967

Incremental £4799 0.424

difference

Posthospital population, ‘Western’ settingst, pooled mean rate ratio

Domiciliary NIV £19840 2.136 £28430 46.9%
Usual care £15075 1.969

Incremental £4765 0.168

difference

*Cost-effective at £20 000/QALY.

tWestern studies included studies reporting hospitalisations from Italy, Poland, the
Netherlands, Germany and the UK.

ICER, incremental cost-effectiveness ratio; NIV, non-invasive ventilation; QALY,
quality-adjusted life year.

health outcomes in all study settings. Assuming the duration of
effect of domiciliary NIV in reducing hospital admissions is only
2years, gives a higher ICER of £22 078/QALY, with likely cost-
effectiveness reduced to 26%. However, it would take a 0.10
reduction in utility on NIV to significantly impact the likely

7000
6500

6000
5500
5000
4500

4000

3500

3000

Incremental costs

2500
2000
1500
1000

500

0.050.100.150.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Incremental effects

Figure 2 Base case cost-effectiveness plane for domiciliary NIV for
posthospitalised patients. Incremental costs and effectiveness reflect the
sum of mean costs and quality-adjusted life years (QALYs) of domiciliary
non-invasive ventilation (NIV) minus those of usual care. Results are
generated from probabilistic sensitivity analysis, where 10 000 unique
Monte Carlo simulations sample from the known distributions of model
parameters. Accordingly, each dot reflects the incremental costs and
QALYs for each one of the 10000 model iterations. Notice, all dots lie
above 0 for incremental effectiveness indicating NIV is more effective,
and all points above 0 for incremental costs indicating NIV is more
expensive. The size of the cloud of dots reflect the range of incremental
costs and QALYs that the model results could take, given the uncertainty
in the model parameters.

——Doniciliary NIV

P (Costeflective)

0
0 2500 S000 7500 10000 12500 15000 17500 20000 22500 25000 27500 30000 32500 35000 37500 4000) 42500 45000 47500 S0000 52500 S0 7SO0 600G
‘Threshold ICER (£QALY)

Figure 3 Base case cost-effectiveness acceptability curve. The graph
plots the probability that domiciliary NIV is cost-effective at various
UK thresholds for willingness to pay for 1 QALY (£/QALY). Between the
commonly used UK thresholds of £20000 to £30000 per QALY, it can
be seen NIV is consistently 99%—100% likely to be cost-effective. ICER,
incremental cost-effectiveness ratio; NIV, non-invasive ventilation; P,
probability; QALY, quality-adjusted life year.

cost-effectiveness, resulting in an ICER of £35 526/QALY and
only 5% likely to be cost-effective.

Changing baseline hospitalisation and mortality data to lower
estimates'* increased the ICER to £21 473/QALY and reduced
the probability of NIV being cost-effective to 39%. However,
increasing all mortality risks by a factor of two decreased costs
and outcomes owing to shorter survival, reducing the ICER to
£9883/QALY.

Varying the time horizon did not impact cost-effectiveness
significantly, neither did analyses on various machine costs, lifes-
pans, maintenance cost of NIV (online supplemental appendix
9) or different population subgroups (online supplemental
appendix 10).

In terms of model validity, base case estimated mortality at
2 years was 43.5% on usual care and 36% on NIV, this is similar
to an RCT which reported 2-year mortality at 40% in posthos-
pitalised patients receiving NIV.** Moreover, the relative risk of
mortality on NIV compared with usual care of 0.83 is statisti-
cally similar to the relative risk of mortality for the posthospi-
talised population found in RCTs in the systematic review 0.78
(0.60-1.03).%

EVPI for the posthospital population

The EVPI for the posthospital population was estimated to be
£3.25 per patient, reflecting low uncertainty in the base case
analysis at a threshold of £20 000/QALY. The estimated popu-
lation EVPI over the next 10 years was estimated at £617 659.

Stable population
Base case
In the base case analysis for the stable population, domiciliary
NIV was £8488 more costly but gave 0.310 additional QALYs,
for an ICER of £27 380/QALY, only 4% likely to be cost-
effective at the £20 000/QALY threshold (table 5). Using a rate
ratio estimate from “Western’ settings, saw a smaller QALY gain
of 0.14 for £8400 additional cost, increasing the ICER to £60
000/QALY. The likely cost-effectiveness was 25% due to uncer-
tainty in the effectiveness estimate.

The base case cost-effectiveness plane (figure 4) shows NIV
was more effective and costly in most model iterations. The
corresponding CEAC (figure 5) demonstrates QALY increases
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Table 4 One-way sensitivity analysis in the posthospital population

Cost difference (£) QALY difference ICER (£/QALY) Probability cost-effective*
Varying the rate ratio
Best-case NIV +£4855 +0.596 £8146 100%
Worst-case NIV +£4715 -0.220 Dominated 1.1%
Base case +£4799 +0.424 £11318 99.9%
Best case ‘Western' settings NIVt +£4765 +0.539 £8979 100%
Worst-case ‘Western' settings NIVt +£4687 -0.215 Dominated 0%
Change in utility on NIV
+0.20 utility +£4799 +1.005 £4763 100%
+0.10 utility +£4799 +0.714 £6707 100%
+0.05 utility +£4799 +0.571 £8385 100%
—0.05 utility +£4799 +0.280 £17104 71.1%
—0.10 utility +£4799 +0.135 £35526 5.4%
—0.20 utility +£4799 —0.158 Dominated 0%
Varying duration of effect
2years +£4813 +0.218 £22078 26.0%
5years (base case) +£4799 +0.424 £11318 99.9%
10years (model horizon) +£4172 +0.535 £7798 99.9%
Alternate model time horizon
2years +£919 +0.073 £12589 78.9%
5years +£2187 +0.260 £8408 99.5%
10years (base case) +£4799 +0.424 £11318 99.9%
20years +£5763 +0.484 £11914 99.4%
Alternate Mortality and readmission risk
Lower risks from Bucknall et /™ +£3715 +0.173 £21473 39.34%
Doubling all mortality risks' ' +£3953 +0.400 £9883 99.9%

*Cost-effective at £20 000/QALY.

tWestern studies included studies from Italy, Poland, the Netherlands, Germany, and the UK.
ICER, incremental cost-effectiveness ratio; NIV, non-invasive ventilation; QALY, quality-adjusted life year.

come at a high cost, with domiciliary NIV only likely to be cost-
effective over thresholds of £40 000/QALY.

Sensitivity analyses
Table 6 shows sensitivity analyses for stable patients. When
using alternate rate ratios, NIV is almost certain to be

Table 5 Base case analyses stable population

Mean Mean ICER (£/  Probability cost-
Strategy cost (£) QALY QALY) effective*
Base case stable population, all studies, pooled mean rate ratio
Domiciliary NIV £25461 4.177 £27380 4%
Usual care £16973  3.867

Incremental difference £8488 0.310

Stable population, ‘Western settingst, pooled mean rate ratio
Domiciliary NIV £25373  4.007 £60000  25%
Usual care £16973  3.867

Incremental difference  £8400 0.14

*Cost-effective at £20 000/QALY.

tWestern studies included studies reporting hospitalisations from Italy, Poland, the
Netherlands, Germany and the UK.

ICER, incremental cost-effectiveness ratio; NIV, non-invasive ventilation; QALY,
quality-adjusted life year.

cost-effective at £20 000/QALY in the best case all studies esti-
mate, whereas the best-case Western study only gives an ICER
of £31 196/QALY. Cost-effectiveness was very sensitive to
changes in utility, with a +0.05 gain in utility on NIV reducing
the ICER to below £20 000/QALY. While assuming the effect
of NIV lasted for a 10-year time horizon also reduced the
ICER to £19 119/QALY.

Domiciliary NIV is more cost-effective in patients with higher
baseline hospitalisation and mortality risks. Higher baseline
hospitalisation and mortality risks'* reduced the ICER to £20
797/QALY, increasing the probability of NIV being cost-effective
to 44%.

Sensitivity analyses on alternative machine cost, lifespan and
annual NIV maintenance cost did not influence cost-effectiveness
(online supplemental appendix 9).

Choice of GOLD stage starting cohort also influenced the
likely cost-effectiveness, the ICER fell to £21 132/QALY with a
43% probability of being cost-effective when only GOLD stage
4 patients were considered. Results for other subgroups were
similar to the base case (online supplemental appendix 10).

EVPI analysis for the stable population

The EVPI per patient for the posthospital population was esti-
mated to be £18.01 per patient and over the next 10 years gener-
ated population EVPI of £11908 194.
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Figure 4 Base case cost-effectiveness plane for domiciliary NIV for
stable patients. Incremental costs and effectiveness reflect mean the
sum of mean costs and quality-adjusted life years (QALYs) of domiciliary
non-invasive ventilation (NIV) minus those of usual care. Results are
generated from probabilistic sensitivity analysis, where 10 000 unique
Monte Carlo simulations sample from the known distributions of model
parameters. Accordingly, each dot reflects the incremental costs and
QALYs for each one of the 10000 model iterations. Notice, all dots lie
above 0 for incremental effectiveness indicating NIV is more effective,
and all points above 0 for incremental costs indicating NIV is more
expensive. The size of the cloud of dots reflect the range of incremental
costs and QALYs that the model results could take, given the uncertainty
in the model parameters.

DISCUSSION

This updated and enhanced economic model for domiciliary
NIV in severe patients with COPD provides evidence on the
likely cost-effectiveness of domiciliary NIV in a posthospital
population. The high likelihood of cost-effectiveness in the post-
hospitalised population is driven by favourable new evidence on
hospital admissions from recently published RCTs, and those
conducted in China not included in previous systematic reviews.®
However, caution is required for generalisation to the UK, as the
likely cost-effectiveness is below 50% when applying estimates
of NIV effect from “Western’ studies. While NIV for those with
more stable disease is unlikely to be cost-effective, the ICER for
stable patients in GOLD stage 4 and with higher exacerbation
risks was only just over the £20 000/QALY threshold.

Are there settings in which domiciliary NIV is more cost-
effective?
Cost-effectiveness and clinical effectiveness are related, in that
groups with the most clinical benefit will usually incur lower
costs, and this is the case with domiciliary NIV. Analyses on
admissions and mortality risks demonstrated that posthospi-
talised patients, who have inherently higher admission and
mortality risks, are more likely to benefit from domiciliary NIV.
The rate ratio in posthospitalised populations in “Western’
settings, derived from fewer studies, was also higher than the
all-studies estimate and lowered the likely cost-effectiveness

Domiciliary NIV
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Figure 5 Base case cost-effectiveness acceptability curve. The graph
plots the probability that domiciliary NIV is cost-effective at various UK
thresholds for willingness to pay for 1 QALY (£/QALY). Above thresholds
of £40000 per QALY, it can be seen NIV emerges as likely to be cost-
effective. ICER, incremental cost-effectiveness ratio; NIV, non-invasive
ventilation; P, probability; QALY, quality-adjusted life years.

somewhat, suggesting other factors might be influencing
outcomes independently of NIV in “Western’ settings. Assuming
that NIV only impacts hospital admissions for a duration of
2years also raises the ICER over the £20 000/QALY threshold.
Long-term registry-based studies of domiciliary NIV might assist
in generating the data to estimate how long the true effect lasts.

Domiciliary NIV for stable populations is not likely to be
cost-effective at the £20 000/QALY threshold. However, there
is evidence that patients with a higher risk of mortality and
admission are more likely to benefit from domiciliary NIV, and
it remains possible that stable populations such as those with a
high blood CO, level”” would benefit more. However, sensitivity
analyses based on severe hypercapnia, or change in hypercapnia
with treatment, were not possible because of poor reporting, and
a lack of studies targeting appropriate patients.
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Table 6 One-way sensitivity analysis for stable population

Cost difference (£) QALY difference ICER (£/QALY) Probability cost-effective*

Varying the rate ratio

Best-case NIV +£8804 +0.562 £15665 99.2%

Worst-case NIV +£8112 -0.111 Dominated 0%

Base case +£8488 +0.310 £27380 4%

Best-case ‘Western' setting NIVt +£8812 +0.271 £31196 8%

Worst-case ‘Western’, setting NIVt +£8112 -0.111 Dominated 0%
Change in utility on NIV

+0.20 utility +£8488 +1.147 £7401 100%

+0.10 utility +£8488 +0.72 £11597 100%

+0.05 utility +£8488 +0.514 £16514 82.4%

Base case +£8488 +0.310 £27380 4%

—-0.05 +£8488 +0.097 £87505 0%
Varying duration of effect

2years +£8488 +0.150 £56153 0%

10years (model horizon) +£7896 +0.413 £19119 58%
Alternate model time horizon

2years +£2057 +0.033 £62333 0%

15years +£10696 +0.392 £27286 3%

20years +£11750 +0.429 £27389 3%
Alternate mortality and readmission risk

Higher risks from Garcia-Aymerich et a/"? +£5137 +0.247 £20797 44%

*Cost-effective at £20 000/QALY.

tWestern studies included studies reporting hospitalisations from Italy, Poland, The Netherlands, Germany and the UK
ICER, incremental cost-effectiveness ratio; NIV, non-invasive ventilation; QALY, quality-adjusted life year.

How certain are the results?

The probability of cost-effectiveness in posthospital populations
is close to 1009% at the £20000 per QALY threshold; however,
there is more uncertainty in stable patients. Cost-effectiveness of
NIV in the posthospital population is higher (99.9%) than in our
original model (72%) reflecting reduced uncertainty. However,
the ICER is actually higher (£11 318/QALY vs £10 107/QALY)
as the time horizon and NIV effect duration were lowered to
10years and Syears, respectively, reflecting greater knowledge
of long-term outcomes. The result in the stable population is
sensitive to assumptions, for example, applying an increase in
utility of 0.05 on NIV lowers the ICER below the £20 000/QALY
threshold, and using the best-case rate ratio estimate results in
the intervention being close to 100% cost-effective at the £20
000/QALY threshold.

What studies should be done next?

One of the limitations of our study concerns the pooling of data
from potentially heterogenous patients with COPD, and clearly
given the sensitivity to variation in clinical risk there could be
real value in exploring the effect of NIV in these subgroups. In
particular, the estimate for the value of further research in the
stable population is substantial, reflecting the sizeable population
expected to benefit. However, uncertainty regarding mortality
and readmission rates, which are shown to influence cost-
effectiveness in both populations, is not parameterised in this
model (and therefore excluded from the EVPI) owing to the lack
of consistency, and ought to be a target for further research. More
nuanced studies enrolling subgroups of patients with COPD in
the stable state, for example, studies targeting specific subgroups

within a stable population, for example, severely hypercapnic
patients (eg, pCO,>7.5kPa), and studies using higher pressure
settings®® and longer-term follow-up could reduce uncertainty in
future cost-effectiveness evaluations. Moreover, research will be
required to understand the long-term impact of the COVID-19
pandemic on patient with COPD outcomes and treatment
patterns, and may require updated modelling to reflect the new
normal.

Strengths and limitations

Key strengths of this analysis derive from the original model
design, which considers stable and posthospital patients with
COPD separately, allowing for appropriate risk estimates for
each population. Moreover, the utilisation of postadmission
health states allows higher risks of readmission and mortality
in patients with COPD immediately after discharge. Results are
strengthened by the updating of model parameters using recently
published data.

Moreover, the use of more robust assessment of clinical
effectiveness evidence has decreased the uncertainty regarding
the treatment effect of NIV (hospital admissions) in posthos-
pital patients. This has arisen from the incorporation of a large
number of additional studies and the decision to use a pooled
effect estimate, despite some evidence of heterogeneity. This
was felt to be a reasonable decision in this case as the direc-
tion of effect was consistent (bar one study), unlike the orig-
inal analysis which was limited to three studies with substantial
uncertainty around direction of effect. The degree of uncertainty
regarding the pooled estimate in the stable population has also
been reduced, driven by the inclusion of previously unidentified
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studies conducted in China. The inclusion of evidence from
studies conducted world-wide strengthens the overall cost-
effectiveness findings, although the generalisability of these find-
ings to different healthcare settings needs further evaluation.

However, the analyses cannot overcome uncertainties in
parameters, in particular for the longer-term risks where there
is only limited evidence. Nonetheless, this analysis provided
extensive sensitivity analyses to illuminate the implications of
this uncertainty wherever possible.

It is possible our dichotomisation of stable and posthospital
patients reflects more the pathway by which hypercapnia is iden-
tified than different populations, further research is required.
Importantly, patients with COPD are mainly monitored for
respiratory failure using oxygen saturations, and rarely blood
gases, when stable. This may lead to late identification of stable
hypercapnia, whereby it is only deterioration with resultant
acidosis and hospital admission that leads to blood gas being
taken during admission and at follow-up. Research to date to
identify factors predicting hypercapnia has been unable to iden-
tify accurately all those who might require blood gas testing, but
those with severe disease and with a prior admission (even if
not requiring NIV) may be an important group.”’ Alternatively,
they may be truly different due to medical optimisation while
admitted, or other as yet unknown factors.

CONCLUSION

Domiciliary NIV appears to be cost-effective when started
immediately after or within 4—6 weeks of a hospital admission
in which NIV was required. Cost-effectiveness is greater in more
severely ill patients, and in those with a higher risk of mortality
or subsequent admission. Uncertainty remains around the cost-
effectiveness of domiciliary NIV in stable patients with COPD,
as well as patients within a stable population that might benefit
most, and further research should focus on this area.
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