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Abstract
Background  Hypoglossal nerve stimulation (HNS) with Inspire is a novel treatment indicated for moderate or severe obstruc-
tive sleep apnoea/hypopnoea syndrome (OSAHS), intolerant to or unable to be treated with continuous positive airway 
pressure (CPAP).
Objective  The aim of this study was to assess the cost effectiveness of treating moderate or severe OSAHS, in patients 
intolerant to CPAP, with HNS, compared with standard care, from a National Health Service (NHS) perspective.
Methods  A cohort state transition model was developed to compare HNS with Inspire with no treatment in UK adult patients 
with moderate or severe OSAHS who have previously tried and have not responded to CPAP therapy. Published literature 
was applied in the model to estimate incremental cost-effectiveness ratios (ICERs; 2019 Great British pounds per quality-
adjusted life-year [QALY] gained), from an NHS and personal social services (PSS) perspective, over a cohort’s lifetime.
Results  The model base-case predicts that patients undergoing HNS will incur lifetime costs of £65,026 compared with 
£36,727 among untreated patients. The HNS cohort would gain 12.72 QALYs compared with 11.15 QALYs in the no-
treatment arm. The ICER of treating severe OSAHS with HNS is therefore estimated to be £17,989 per QALYs gained. 
Probabilistic sensitivity analysis found that at a threshold of £30,000/QALY, HNS has a 69% probability of being cost effec-
tive. Limitations of the model include uncertainty around the utility data that were not sourced directly from HNS clinical 
trials. There is further uncertainty in the relationship between change in the Apnoea-Hypopnoea Index (AHI) and reduction 
in ischaemic heart disease and stroke because of difficulty capturing the reduction in risk over a long time horizon in studies.
Conclusions  Over a patient’s lifetime, HNS with Inspire is expected to be cost effective when compared with no treatment 
in patients with severe OSAHS who have tried and have not responded to CPAP, from an NHS perspective.
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Key Points for Decision Makers 

The model predicts that patients undergoing hypoglos-
sal nerve stimulation (HNS) will incur lifetime costs 
of £65,026 and gain 12.72 quality-adjusted life-years 
(QALYs) compared with a cost of £36,727 and gains of 
11.15 QALYs among untreated patients.

Over a patient’s lifetime, HNS with Inspire is therefore 
expected to result in an incremental cost-effectiveness 
ratio of £17,989 per QALY gained when compared with 
no treatment in patients with severe obstructive sleep 
apnoea/hypopnoea syndrome who have tried and failed 
continuous positive airway pressure.

http://orcid.org/0000-0003-3607-2084
http://crossmark.crossref.org/dialog/?doi=10.1007/s41669-021-00266-7&domain=pdf
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1  Introduction

Obstructive sleep apnoea/hypopnoea syndrome (OSAHS) 
is a common and serious condition. Symptomatic OSAHS 
is estimated to be prevalent in 10% of 30- to 49-year-old 
males and 3% of 30- to 49-year-old females, rising to 17% 
of 50- to 70-year-old males and 9% of 50- to 70-year-old 
females [1]. OSAHS is characterised by repeated episodes 
of apnoea during sleep, caused by the narrowing or closure 
of the pharyngeal airway, the result of which causes the 
body to wake in response as the brain and body become 
oxygen deprived [2, 3]. Untreated OSAHS has a signifi-
cant impact on patients’ quality of life (QoL) [4, 5]. Night 
symptoms include loud snoring, laboured breathing and 
gasping, frequent awakenings, dry mouth and frequent 
nocturia, while daytime symptoms include excessive day-
time sleepiness (EDS), irritability, decreased concentra-
tion, memory impairment, decreased energy and depres-
sion [3].

Untreated OSAHS is associated with high morbidity due 
to increased risk of hypertension, coronary artery disease, 
congestive heart failure, arrhythmias and stroke. Patients 
with untreated moderate and severe symptoms of OSAHS 
have higher blood pressure, with systolic and diastolic blood 
pressure reducing with successful treatment [6]. Success-
ful treatment is estimated to improve overall survival by 
14% after 14 years [7, 8]. Furthermore, untreated OSAHS 
is associated with a threefold higher risk of road traffic acci-
dents (RTAs) compared with treated patients experiencing 
severe EDS [9]. In addition to higher healthcare costs from 
increased risk of ischaemic heart disease (IHD), stroke and 
RTAs, healthcare resource utilisation costs are reported to 
be 19% higher in untreated OSAHS prior to the diagnosis 
and initiation of treatment [10].

Continuous positive airway pressure (CPAP), a medical 
device that delivers a continuous supply of pressurised air 
through a mask, is the standard care treatment for moderate 
and severe OSAHS in the UK [11]. Mask discomfort, dry 
mouth and nasal congestion are common adverse effects of 
CPAP use. Non-adherence or intolerance to CPAP are com-
mon and are estimated to range between 34% [12] and 60% 
[13]. Oral devices may be considered for mild or moderate 
OSAHS but are not recommended for severe OSAHS due to 
the lack of efficacy. Bilevel positive airway pressure (BiPAP) 
is sometimes used to treat OSAHS where patients have comor-
bidities or are morbidly obese [14]. Surgery may be considered 
in some cases of severe OSAHS with nasal blockage, however 
no treatments other than CPAP are currently recommended by 
National Institute for Health and Care Excellence (NICE) for 
the treatment of moderate or severe OSAHS in the National 
Health Service (NHS).

Hypoglossal nerve stimulation (HNS) with Inspire uses 
a novel implantable device developed by Inspire Medical 
Systems to offer a new treatment option for OSAHS, where 
CPAP has failed. Treatment is delivered via an implantable 
device (Inspire HNS implants) that gently stimulates key air-
way muscles during sleep via the hypoglossal nerve, allowing 
the patient’s airway to remain open [15]. HNS is indicated in 
patients with moderate to severe OSAHS (Apnoea-Hypopnoea 
Index [AHI] range from 15–65 with < 25% central apnoeas) 
who are unable to use or get consistent benefit from CPAP, are 
not significantly obese (body mass index ≤ 32) and are free of 
complete concentric collapse of the upper airway at the soft 
palate level [16].

The benefits of HNS with Inspire have been demonstrated 
in the STAR trial, a multicentre prospective, randomised study 
in the US and Europe that demonstrated significant improve-
ment in objective and subjective measurements of the sever-
ity of OSAHS; 5-year follow-up data show that the effect is 
maintained over this period [15, 17]. Similar conclusions are 
reported in a large observational study across three tertiary 
hospitals in Germany [18], an observational study with parallel 
control arm design in the US [19] and two retrospective studies 
on case series [20, 21]. High satisfaction rates and improve-
ments in QoL with HNS have also been demonstrated in obser-
vational studies [18, 19, 22].

No cost-effectiveness studies of HNS with Inspire have 
been published from a UK healthcare system perspective. 
This study therefore assesses the cost effectiveness of treating 
moderate or severe OSAHS in patients intolerant of CPAP 
with HNS compared with no treatment (standard care) from 
an NHS perspective.

2 � Methods

A cohort state transition Markov model was constructed 
in Microsoft Excel (Microsoft Corporation, Redmond, 
WA, USA) to estimate the cost effectiveness of a cohort 
treated with HNS with Inspire compared with standard 
care, for which we assumed that in cases where CPAP 
has been tried and failed, there is effectively no further 
treatment other than lifestyle advice. Costs are reported 
in 2019 Great British Pounds (GBP) and are considered 
from the perspective of NHS England. We adopted a 
lifetime time horizon, projecting outcomes in quality-
adjusted life-years gained (QALYs) over 50 years, and 
all future costs and outcomes are discounted annually 
at 3.5%, as is standard practice in health technology 
appraisals (HTAs) in England [NICE reference case] 
[23]. We used annual model cycles with half-cycle cor-
rection applied.
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2.1 � Patient Population

A cohort of 10,000 OSAHS patients with severe disease 
(AHI > 30) was simulated; 84% were male and the mean 
age was 55 years as per those enrolled in the STAR clinical 
trial [15]. This age and sex distribution was expected to 
reflect those seeking treatment for severe OSAHS, where 
the prevalence is higher in males and in older age groups 
[1]. A similar demographic was enrolled in the first real-
world study of HNS with Inspire [24].

2.2 � Model Structure

The model diagram, illustrated in Fig. 1, comprises a simi-
lar structure to prior health economic models in OSAHS 
[25–27], also using a state transition structure to track costs 
and outcomes after obstructive sleep apnoea (OSA)-related 
events. The model structure was selected because OSASH 
is a chronic condition where healthcare costs are incurred 
over time, and to track differences in costs and QALYs after 
OSA-related events. There are three alive health states—
OSAHS, post-IHD and post-stroke—as well as an absorbing 
death state. Patients enter the model in an OSAHS health 
state and may move to any of the three alive states during the 
model cycle. The transition probabilities are derived from 
the individual risks of possible events that make up the pos-
sible pathway from one state to another. For stroke, IHD, and 
all-cause mortality events, the risk depends on a patient’s 
age. Within each alive health state, there is also a risk of 
a non-fatal RTA event that does not trigger a transition to 

another health state but does capture the cost and disutility 
of the event. The post-stroke health state incorporates all 
functional status outcomes defined by a patient’s modified 
Rankin score (mRS), a measure of stroke severity; an aver-
age of the costs and utilities, weighted by mRS distribution, 
are applied in this state.

2.3 � Assumptions

Patients in the HNS arm are assumed to have improved to 
mild disease because both clinical trial [17] and real-world 
evidence [24, 35] demonstrate a reduction of obstructions, 
resulting in an AHI of < 15 events/h, with stimulation. Fur-
thermore, it is assumed that by reducing the AHI with HNS, 
the same benefits in reduced cardiovascular disease (CVD) 
risk would be experienced as observational studies have sug-
gested [28]. The age-specific stroke and IHD fatality rates 
in the untreated arm are adjusted using the hazard ratios 
(HRs) for severe and mild OSAHS. This implies a struc-
tural assumption that effective treatment of severe OSAHS, 
defined as reducing OSAHS severity from severe to mild, as 
measured by AHI, reduces the higher risk of CVD associated 
with severe OSAHS. No transition between IHD and stroke 
is allowed to occur. Although this is unlikely to be clinically 
true, it will have little impact on the incremental results as 
the same is the case for both arms. A 50-year time horizon 
was selected to capture lifetime costs and utility because 
the treatment effect is expected to be maintained while the 
implant is in place, assuming that the lifetime of the battery 
is 11 years, after which it will need to be replaced.

Fig. 1   Schematic representa-
tion of the model structure. 
Four health states are defined, 
with the events IHD, stroke 
and death triggering transitions 
between them. Transition prob-
abilities are calculated as the 
sum of the individual risks that 
make up the potential pathway 
from one event to another. 
Non-fatal road traffic accident 
events may occur in the alive 
health states but do not trigger 
transitions. IHD ischaemic 
heart disease, OSAHS obstruc-
tive sleep apnoea/hypopnoea 
syndrome, P probability, RTA​ 
road traffic accident
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2.4 � Parameter Inputs

Model inputs are presented in Tables 1, 2 and 3 and are 
briefly described below.

2.4.1 � Treatment‑Related Inputs

HRs for the increased risk of IHD and stroke events (Table 1) 
for mild and severe OSAHS were taken from a published 
meta-analysis of all-cause and cardiovascular mortality in 
obstructive sleep apnoea that included 27 observational 
cohort studies that had enrolled a total of 3,162,083 par-
ticipants [28].

The ratio (Table 1) for increased risk of RTAs was esti-
mated by taking the midpoint of studies identified in a sys-
tematic literature review of the burden of daytime sleepiness 
in OSAHS patients [29]. The risk ratios (RRs) ranged from 
1 (no increase in risk) through to 5.1. The patient popula-
tions studied were very heterogeneous, therefore no attempt 
to pool the data was made and the ranges from these studies 
were used as proxy confidence intervals (CIs) in the proba-
bilistic sensitivity analysis (PSA).

2.4.2 � Epidemiological Inputs

The baseline incidence of stroke and IHD rates for the UK 
population were derived from publicly available datasets and 
published literature (Table 1).

Stroke event rates were calculated by weighting the age-
specific rates in a population-based study of nearly 800,000 
patients admitted to hospital with acute stroke or who died 
from stroke in the UK by the proportion of each sex in our 
target population [30]. Similarly, the age-specific case fatal-
ity percentages were weighted by sex to derive the propor-
tion of patients of each stroke event who died.

IHD death rates were derived from the publicly available 
dataset of IHD deaths compiled by the British Heart Founda-
tion [31]. The age-specific counts of IHD deaths (Interna-
tional Classification of Diseases, Tenth Revision [ICD-10] 
I20–25) from 2018 were divided by the mid-year population 
of each age category to estimate age-specific death rates for 
IHD in the UK. IHD event rates were calculated by estimat-
ing the proportion of cases resulting in fatality using age-
specific overall incidence rates from the same dataset. For 
the oldest two age categories, this approach failed to match 
the two data sources. For the two age bands with missing 
data, proportions were selected using approximate midpoints 
between the proportion in the prior age band and 100%; 
these were tested in sensitivity analysis.

Baseline RTA events were sourced from the Department 
of Transport (DoT) [32, 34]. Serious, slight, and fatal RTA 
events were considered in the model and were based on both 

accidents reported to the police and those estimated to have 
occurred by the DoT.

Age- and gender-specific baseline mortality rates were 
sourced from UK life tables and were adjusted to exclude 
IHD and stroke mortality to avoid double counting, using 
the methods outlined by Chiang [36].

2.4.3 � Costs

The model considered health state costs for treated and 
untreated OSAHS, costs associated with RTAs, IHD and 
stroke events, and subsequent health states costs and treat-
ment-related costs (Table 2). Where costs were outdated, 
they were inflated to reflect costs in 2019 using the Con-
sumer Price Index (CPI) for health available from the Office 
for National Statistics (ONS).

Resource use for treatment with HNS was estimated 
based on current practice in Germany and the US because, 
at the time of publication, a limited number of HNS pro-
cedures have been performed in UK hospitals. The cost 
assumptions applied are based on the established care 
pathway for HNS and are adjusted with NHS reference 
costs in consultation two UK clinicians. Where available, 
costs were taken from the NHS National Schedule for 
NHS Costs 2018/2019 or the prior NHS reference cost 
schedule. Treatment-related costs included clinical time 
for two consultant appointments, two sleep studies, a sur-
gical procedure to implant the device, a hospital stay for 
an outpatient procedure, and the cost of the implant. The 
procedure time was sourced from an observational study 
[17] and the hospital stay was assumed to be equivalent 
to one excess bed day. Training costs were also included, 
calculated assuming 4 h of consultant time is required and 
that each trained consultant would perform 12 surgeries 
per year. Complications with placing the implant are very 
rare but occasionally occur, therefore a surgical revision 
rate was applied that was sourced from an observational 
study [24]. The cost of surgical revision was assumed to be 
the equivalent of the initial surgery. The battery for HNS 
implant with Inspire is expected to be replaced every 11 
years. In the absence of any resource use data, the proce-
dure cost of battery replacement is assumed to be 70% of 
the original procedure cost for HNS because this would 
be a faster procedure incurring lower consumable costs.

Health state costs for treated and untreated OSAHS 
were sourced from an economic evaluation of CPAP for 
OSAHS in older people (cohort > 60) [37] that reported 
annual healthcare costs, excluding treatment in a British 
cohort aged ≥ 65 years. This source may overestimate 
costs because this is an older population, or underestimate 
costs because adherence to CPAP is expected to be lower 
than HNS. On balance, this source was deemed to be a 
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close approximation for the difference in healthcare costs 
with HNS compared with no treatment. No intervention 
cost was assigned to the standard care arm. In practice, this 
may include further general practitioner or sleep specialist 
visits for lifestyle advice. This was not included to avoid 
any risk of double-counting healthcare costs applied here.

Costs for stroke events and health states were obtained 
from the Sentinel Stroke National Audit Programme 
(SSNAP) [38], a UK audit of stroke patients admitted to 
NHS hospitals. The mean cost of all strokes in men and 

women in the first and subsequent years were extracted. 
IHD costs were sourced from a prior health economic 
evaluation [39], which was selected on the basis that it 
reported direct medical costs for treating cardiovascular 
events in a UK population, obtained from a retrospective 
cohort study using Clinical Practice Research Datalink 
records from 2006 to 2012. The cost of slight, serious, 
and fatal RTA events was sourced from the DoT, including 
only the direct medical costs.

Table 1   Baseline events and clinical effectiveness measures

Input Distribution Source

Increased risk of cardiovascular disease in OSAHS patients
Hazard ratio for mild sleep apnoea 1.24 Uniform distribution

Range: lower bound = 1; upper bound 
is tied to hazard ratio severe sleep 
apnoea

[28]

Hazard ratio for severe sleep apnoea 2.74 Log normal
95% CI 1.94–3.85

Increased mortality risk in cardiovascular disease patients
Post-IHD mortality hazard ratio 3.2 Log normal

95% CI 2.67–3.83
[25]

Post-stroke mortality hazard ratio 2.3 Log normal
95% CI 2.00–2.70

[25]

Increased risk of road traffic events in OSAHS patients
Hazard ratio for mild sleep apnoea 1.0 Not varied Assumption
Hazard ratio for severe sleep apnoea 3.0 Log normal

Range 1.00–6.00
Estimate, selecting midpoint in literature review 

[29]
Baseline risk of stroke events in UK patients (rate per 100,000 person-years)
Event rate in 55- to 64-year-old males 188.3 Log normal

95% CI 183.4–193.2
[30]

Event rate in 65- to 74-year-old males 462.0 Log normal
95% CI 453.0–471.2

Event rate in 75- to 84-year-old males 1149.5 Log normal
95% CI 1130.9–1168.4

Event rate in ≥ 85-year-old males 2416.0 Log normal
95% CI 2367.7–2465.1

Event rate in 55- to 64-year-old females 97.8 Log normal
95% CI 94.3–101.3

Event rate in 65- to 74-year-old females 306.5 Log normal
95% CI 299.4–313.6

Event rate in 75- to 84-year-old females 1010.3 Log normal
95% CI 995.0–1025.7

Event rate in ≥ 85-year-old females 2602.4 Log normal
95% CI 2567.3–2637.9

Baseline risk of IHD deaths in UK patients (rate per 100,000 person-years)
Event rate in 55- to 64-year-old males 130.9 Log normal

SE = ± 5% of the mean
IHD deaths in 2018 [31] divided by mid-year 

population in 2018 in each age category 
(ONS)

Event rate in 65- to 74-year-old males 294.1
Event rate in 75- to 84-year-old males 695.1
Event rate in ≥ 85-year-old males 1828.3
Event rate in 55- to 64-year-old females 36.4
Event rate in 65- to 74-year-old females 98.5
Event rate in 75- to 84-year-old females 325.2
Event rate in ≥ 85-year-old females 1045.7
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2.4.4 � Utilities and Quality‑Adjusted Life‑Years

Outcomes are reported in QALYs to capture improved mor-
bidity and mortality associated with effective treatment of 
OSAHS; we calculated these using published utility esti-
mates (Table 3). Utility values for mild and severe OSAHS 
were sourced from a US study [44] examining QoL in a clin-
ical sleep disordered breathing (SDB) population assessed 
using the European Quality of Life-5D (EQ-5D) scale before 
and after CPAP treatment retrospectively; an assumption is 
made that treatment with CPAP delivers a utility benefit 
similar to that expected in a patient who experiences disease 
improvement from severe to mild. A difference in utility of 
0.05 (pre-treatment score 0.765, post-treatment score 0.815) 
was reported among adherent patients, when patients who 
reported a QoL measure of 1 before starting CPAP were 
removed. Utility post stroke was sourced from a QoL study 

that retrospectively analysed data from the Virtual Inter-
national Stroke Trials Archive (VISTA) to calculate heath 
utility, stratified by modified Rankin Scale (mRS) scores 
at 3 months [47]. A weighted average was derived using 
the mRS distribution of stroke survivors collected by the 
SSNAP [48]. For IHD, a utility decrement was applied to 
the OSAHS states, accounting for the reduced utility in heart 
disease patients [46]. Reduced QoL for RTA survivors was 
estimated by applying a lifetime disutility for RTA, which 
was sourced from a QoL study [45]

2.5 � Cost‑Effectiveness Analyses

2.5.1 � Base‑Case Analysis

The lifetime cost effectiveness of HNS with Inspire was 
compared with standard care in the UK by estimating the 

CI confidence interval, IHD ischaemic heart disease, ONS Office for National Statistics, OSAHS obstructive sleep apnoea/hypopnoea syndrome, 
SE standard error
a Assumptions were required because the overall incidence and death rate age categories did not align

Table 1   (continued)

Input Distribution Source

Case fatality in UK stroke patients (%)
55- to 64-year-old males 12.5 Beta

95% CI 11.6–13.5
[30]

65- to 74-year-old males 17.1 Beta
95% CI 16.3–18.0

75- to 84-year-old males 23.4 Beta
95% CI 22.6–24.2

≥ 85-year-old males 34.3 Beta
95% CI 33.1–35.5

55- to 64-year-old females 15.0 Beta
95% CI 13.7–16.4

65- to 74-year-old females 18.0 Beta
95% CI 17.0–19.0

75- to 84-year-old females 25.9 Beta
95% CI 25.1–26.6

≥ 85-year-old females 38.3 Beta
95% CI 37.4–39.1

Proportion of IHD cases resulting in fatality (%)
55- to 64-year-old patients (all) 21.2 Not varied Case fatality is calibrated to match observed 

overall incidence data [31]65- to 74-year-old patients (all) 38.0 Not varied
75- to 84-year-old patients (all) 50.0 Not varied Assumptiona

≥ 85-year-old patients (all) 75.0 Not varied
Road traffic accident event rates in UK drivers
Fatal accidents per year 1784 Not varied [32]
Active drivers in UK 33,600,000 Not varied [33]
Non-fatal accidents per year 718,813 Log normal

SE = ± 25% of the mean
Includes slight and serious reported accidents 

[32] and estimated non-fatal slight and serious 
accidents [34]
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Table 2   Cost inputs and sources

Unit cost Distribution Sources Use (%) Distribution Source Quantity Distribution Source

Health state costs (2019 £)
OSAHS—

severe
1620.50 Gamma/

Cholesky
95% CI 

1397.3–
1843.7

[37]

OSAHS—mild 1472.04 Gamma/
Cholesky

95% CI 
1260.2–
1638.8

[37]

Post-stroke 6346.44 Gamma/
Cholesky

95% CI 
5967.2–
6725.7)

[38]

Post-IHD 512.17 Gamma/
Cholesky

95% CI 
388.7–635.7

[39]

Event costs (2019 £)
Acute IHD 

costs
4088.00 Gamma/

Cholesky
95% CI 

4007.0–
4169.0)

[39]

Acute stroke 
costs

24,414.68 Gamma/
Cholesky

95% CI 
22,891.2–
25,938.2

[38]

Slight/serious 
RTA​

3241.76 Gamma
SE = ± 25% of 

the mean

[40]

Fatal RTA​ 15,718.71 Gamma
SE = ± 25% of 

the mean
Treatment costs (2019 £ unless otherwise specified)
HNS implant 17,567.72 Gamma

SE = ± 25% of 
the mean

Manufacturer 100% Not varied Assumption 1 Not varied Assumption

Consultant first 
appointment

121 Gamma
SE = ± 25% of 

the mean

[41]
Currency 

WF01B/Ser-
vice 134

100% Not varied Assumption 1 Not varied Assumption

Consultant 
follow-up

99 Gamma
SE = ± 25% of 

the mean

[41]
Currency 

WF01A/Ser-
vice 134

100% Not varied Assumption 1 Not varied Assumption

Sleep study 309 Gamma
SE = ± 25% of 

the mean

[41]
Currency 

DZ50Z, elec-
tive procedure

100% Not varied Assumption 2 Not varied Assumption
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expected lifetime costs and QALYs of 10,000 patients using 
PSA. All model inputs were varied simultaneously, ran-
domly sampling from the distributions reported in Tables 1, 
2 and 3. To account for the relationship between the HRs 
for severe OSASH and mild OSASH, we sampled from a 
uniform distribution for the HR for mild OSASH, with a 
lower bound of 1 and an upper bound tied to sampled HR 
for severe OSASH. We conducted 10,000 Monte Carlo 
simulations; point estimates were randomly sampled from 
probability distributions using a custom visual basic for 
applications (VBA) script following an approach outlined 
by Briggs et al. [23]. Uncertainty in the optimal treatment 
strategy was explored by reporting the probability that HNS 
with Inspire was the most cost-effective strategy in a cost-
effectiveness acceptability curve (CEAC) plotted across a 
range of different willingness-to-pay (WTP) thresholds. We 
also report the number of fatal and non-fatal strokes and 
IHD and RTA events for each treatment and the number of 
events that would be avoided by the most effective treatment.

2.5.2 � Sensitivity Analysis

One-way sensitivity analysis (OWSA) was performed on 
all model parameters to investigate the sensitivity of the 
model result to variations in each of the parameter values. 
Where CIs were not available, we varied the parameters by 

± 25%. Four additional scenario analyses were conducted 
to explore uncertainty in major model assumptions. There 
is mixed evidence on the effect of CPAP in improving 
long-term CVD outcomes in OSAHS. A meta-analysis 
of seven randomised controlled trials [49] analysing the 
results from 4268 moderate or severe OSAHS patients 
demonstrated a non-significant, 26% relative risk reduction 
in major adverse cardiovascular events with CPAP (RR 
0.74, 95% CI 0.47–1.17; p = 0.19, I2 = 48%]. Similarly, 
a meta-analysis of clinical trials of CPAP management 
of OSAHS [50] found no evidence of a benefit in long-
term CVD outcomes despite significant improvement in 
a patient’s AHI. It is not clear therefore that the improve-
ments in disease severity offered by treatment of OSAHS 
will translate to benefits in CVD outcomes. However, sub-
group analysis in the meta-analysis by Khan et al. [49] 
revealed that people with a CPAP adherence time >_4 h/
night reduced the risk of major cardiovascular events by 
57% (RR 0.43, 95% CI 0.23–0.80; p = 0.01, I2 = 0%), 
leading the authors to conclude CPAP may have a pre-
ventative effective where adherence is > 4 h/night. To test 
the impact of a lower effect on cardiovascular events, we 
conducted three scenario analyses, reducing the differ-
ence in the HRs of OSAHS between severe and mild dis-
ease by half (HR for severe = 2.74, HR for mild = 1.99). 
Additionally, because the evidence base underpinning the 

CI confidence interval, HNS hypoglossal nerve stimulation, IHD ischaemic heart disease, OSAHS obstructive sleep apnoea/hypopnoea syn-
drome, RTA​ road traffic accident, SE standard error

Table 2   (continued)

Unit cost Distribution Sources Use (%) Distribution Source Quantity Distribution Source

Hospital costs 
(bed-days)

374 Gamma
SE = ± 25% of 

the mean

[41]
Currency 

DZ18E elec-
tive in patient 
excess bed 
days

100% Not varied Assumption 1 Not varied Assumption

Theatre costs 
(min)

12.92 Gamma
SE = ± 25% of 

the mean

[42]
Costs by speci-

ality in 2019, 
respiratory 
medicine

100% Not varied Assumption 146 Not varied Assumption

Time in theatre 
(mins)

146 Log normal
SE = ± 25% of 

the mean

[17]

Training (con-
sultant time 
per hour)

109 Gamma
SE = ± 25% of 

the mean

[43]
Surgical 

consultant per 
hour

100% Not varied Assumption 4 Not varied Assumption

Surgical revi-
sion rate

0.33% Beta
SE = ± 25% of 

the mean

[24]

Battery replace-
ment

70% cost of 
the initial 
surgery

Beta
SE = ± 25% of 

the mean

Assumption
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increased risk of RTA with uncontrolled OSAHS patients 
is uncertain, we explored the impact of RTA on the overall 
cost effectiveness by setting the HR to 1 in combination 
with the reduced effect on cardiovascular events. A third 
scenario assumed no reduction in CVD risk with treatment 
(HR for severe = 2.74, HR for mild = 2.74).

Additionally, the choice of utility difference between 
HNS patients (mild disease) and standard care (severe 
disease) is arguably conservative; the values are based on 
CPAP-adherent patients who were not as symptomatic, as 
defined by their Epworth Sleepiness Scale (ESS) scores, as 
those in the STAR trial; we therefore tested a 0.1 difference 
in utilities between the two treatment arms’ OSAHS states 
that is reflective of the utility gain observed with CPAP use 
in very severe OSAHS patients in Brazil [51].

Finally, two further areas of uncertainty were explored. In 
a scenario analysis, the training cost was excluded to reflect 
costs in a steady state, after the initial adoption phase. An 
OWSA was also conducted to test the impact of the assump-
tions applied for the proportion of IHD cases resulting in 
fatality in the two age bands with missing data. The lower 
bound applied the rate in the prior age category (37.8%) 
and the upper bound matched the case fatality rate to 100%.

Expected value of perfect information (EVPI) and 
expected value of partial perfect information (EVPPI) anal-
yses were conducted to quantify the value in conducting 
future research to address uncertainty in the model and spe-
cifically to quantify the value of reducing uncertainty regard-
ing the risk of CVD in patients with severe OSASH treated 
with Inspire. The methods were as described by Oostenbrink 

Table 3   Health state utilities

CI confidence interval, IHD ischaemic heart disease, mRS modified Rankin score, OSAHS obstructive sleep 
apnoea/hypopnoea syndrome, RTA​ road traffic accident

Input Distribution Sources

OSAHS health states
OSAHS—severe 0.765 Beta/Cholesky

95% CI 0.756–0.774
[44]

OSAHS—mild 0.815 Beta/Cholesky
95% CI 0.803–0.827

Post-event health states
Non-fatal RTA (lifetime dis-

counted decrement)
0.036 Beta

Range 0.031–0.417
[45]

Post-IHD decrement 0.0650 Beta
95% CI 0.648–0.0652

[46]

Post-stroke health state utility
mRS 0 0.90 Beta/Cholesky

95% CI 0.886–0.914
[47]

mRS 1 0.82 Beta/Cholesky
95% CI 0.807–0.833

mRS 2 0.70 Beta/Cholesky
95% CI 0.684–0.716

mRS 3 0.53 Beta/Cholesky
95% CI 0.510–0.550

mRS 4 0.20 Beta/Cholesky
95% CI 0.179–0.221

mRS 5 -0.15 Beta/Cholesky
95% CI −0.175 to −0.125)

Post-stroke mRS distribution (%)
mRS 0 18.2 Dirichlet

95% CI 17.7–18.7
[48] (outcomes 

at 6 months, 
n = 20,213)mRS 1 28.6 Dirichlet

95% CI 28.0–29.2
mRS 2 20.0 Dirichlet

95% CI 19.4–20.6
mRS 3 19.2 Dirichlet

95% CI 18.7–19.7
mRS 4 10.3 Dirichlet

95% CI 9.9–10.7
mRS 5 3.7 Dirichlet

95% CI 3.4–4.0
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et al. [52] and Brennan et al. [53] to conduct the EVPI and 
EVPPI, with further details provided in electronic supple-
mentary material (ESM) 1.

3 � Results

3.1 � Base‑Case Findings

Cost-effectiveness results are presented in Table 4. Com-
pared with standard care, HNS with Inspire generated higher 
expected lifetime QALYs (12.72 vs. 11.15) and higher 
expected treatment-related costs that were partially offset 
by lower expected lifetime health care costs, resulting in 
higher overall lifetime costs (£65,026 vs. £36,727). This 
resulted in an incremental cost-effectiveness ratio (ICER) 
for HNS versus standard care of £17,989 per QALY. The 
number of stroke, IHD and RTA events was substantially 
lower in the HNS arm, with 1498, 798, and 9069 events 
avoided, respectively.

The results of the base-case PSA shown in the cost-effec-
tiveness plane (CEP) (Fig. 2) illustrate that in most simu-
lations, the ICERs were in the top-right quadrant, where 
HNS is more expensive and improves outcomes. There were 
also some simulations where HNS dominated standard care 
because it was cost-saving and improved outcome. The 
CEAC (Fig. 2) plots the probability of cost effectiveness 
against WTP thresholds and shows that HNS has a 45.5% 
and 68.7% probability of being cost effective at a WTP of 
£20,000 and £30,000/QALY gained, respectively.

3.2 � Sensitivity and Scenario Analysis Findings

The results of the OWSA are illustrated in the tornado plot 
shown in Fig. 3); the top 15 most influential parameters are 
shown. Only one parameter caused the model to breach a 
WTP of £30,000/QALY, which was the HR for CVD for 
mild OSAHS. The key model drivers were the CVD HRs 
for mild and severe OSAHS that influenced both the effi-
cacy and lifetime costs.

Findings from the scenario analyses are presented in 
Table 4. In the first scenario analysis, the effect of the 
improvement in the risk of developing CVD with HNS 
treatment has been reduced by half. This reduces the 
benefit in life expectancy observed in the HNS arm com-
pared with standard care, which is why the incremental 
life-years and QALYs are lower compared with the base-
case analysis. Overall, in this scenario, the ICER of HNS 
versus standard care is £25,910 per QALY. In the second 
scenario, the difference in HR between severe and mild 
disease for risk of CVD is reduced by half and the effect on 
RTA has been removed (setting the HR to 1 in both model 
arms). As expected, this reduces the life-expectancy gain, 

and reduces the QALY gain to 1.07, which is achieved 
due to the difference in the utility of the severe OSAHS 
and mild treatment states and a small utility gain from 
reduced cardiovascular events. The ICER for scenario 2 
increases further compared with the base-case analysis, to 
£28,908 per QALY. Removing all benefit of reduced risk 
of CVD increases the ICER to £39,425 and this scenario 
can conceivably be considered as an upper bound for the 
ICER. Finally, in the fourth scenario, a less conservative 
value for the utility difference between severe and mild 
OSAHS has been used. In this scenario, the QALY gain 
is increased compared with the base-case analysis and the 
ICER is lower at £12,452 per QALY.

Removing the training costs had minimal impact on the 
cost-effectiveness result, reducing the ICER slightly to 
£17,981. Varying the proportion of IHD cases resulting in 
fatality for the two missing age brackets also had minimal 
impact on the cost-effectiveness result, varying the ICER 
between £18,100 and £17,947.

At WTP thresholds of £20,000 and £30,000 QALY 
gained, the EVPI was £18,205 and £9641 per patient, respec-
tively. At the same thresholds, the EVPPI for the HRs for 
CVD in severe (untreated) and mild (treated) OSA were 
£11,593 and £2745 per patient, respectively. In both analy-
ses, the value of removing uncertainty decreases at a higher 
WTP threshold because there is higher probability that HNS 
with Inspire is cost effective. Further details are reported in 
ESM 1.

A conservative estimate of the population that may ben-
efit from HNS with Inspire is 22,275 adults. This was cal-
culated assuming at least 330,000 adults are diagnosed with 
OSASH in the UK, of which 50% have mild or severe dis-
ease [7], and that of these, approximately 13.5% are likely 
to be suitable candidates for HNS with Inspire, as was the 
experience on clinical trial enrolment [54]. At a WTP thresh-
old of £20,000 per QALY gained, the population EVPI is 
£405 million and the population EVPPI for the HRs for CVD 
is £258 million.

4 � Discussion

Our analysis is the first to assess the cost effectiveness of 
HNS with Inspire compared with standard care to treat 
severe OSAHS from an NHS perspective in the UK. The 
results presented show that HNS has a 45.5% probability 
of being cost effective at a WTP set at £20,000 per QALY, 
and there is a high likelihood (68.7%) of cost effectiveness 
if the WTP is set at £30,000 per QALY. This has important 
implications for NHS decision makers and patients with 
severe OSASH who have tried and have not responded to 
CPAP and where there are currently no other recommended 
treatments [11].
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Table 4   Cost-effectiveness 
results

CVD cardiovascular disease, HNS hypoglossal nerve stimulation, ICER incremental cost-effectiveness 
ratio, IHD ischaemic heart disease, OSA obstructive sleep apnoea, QALYs quality-adjusted life-years, RTA​ 
road traffic accident, SC standard care

HNS SC Difference

Base-case analysis
Treatment outcomes after 50 years (per cohort, n = 10,000)
 IHD events 2513 4010 − 1498
 Stroke events 1799 2589 − 789
 RTA events 5503 14,572 − 9069
 IHD fatalities 1115 1590 − 475
 Stroke fatalities 438 575 − 137
 RTA fatalities 14 37 − 23

Costs after 50 years (per patient)
Health care costs
 OSA £22,046 £20,774 £1,272
 IHD £2112 £4260 − £2148
 Stroke £4950 £8615 − £3665
 RTA​ £1120 £3078 − £1959

Intervention costs
 HNS procedure costs £34,798 £0 £34,798

Total costs £65,026 £36,727 £28,299
Health outcomes after 50 years (per patient)
Life-years (discounted) 16.30 15.33 0.97
QALYs (discounted) 12.72 11.15 1.57
ICER after 50 years £17,989
Scenario analysis
1. Reduced impact of HNS on CVD outcomes
 Total costs £65,683 £36,727 £28,956
 Life-years (discounted) 15.77 15.33 0.44
 QALYs (discounted) 12.27 11.15 1.12

ICER after 50 years £25,910
2. Reduced impact of HNS on CVD outcomes and no impact on RTAs
 Total costs £65,683 £34,742 £30,941
 Life-years (discounted) 15.77 15.35 0.42
 QALYs (discounted) 12.27 11.20 1.07

ICER after 50 years £28,908
3. No impact of HNS on CVD outcomes
 Total costs £64,774 £34,257 £30,517
 Life-years (discounted) 16.49 16.47 0.02
 QALYs (discounted) 12.89 12.06 0.83

Total costs £36,683
4. Increased utility difference between severe and mild disease
 Total costs £65,026 £36,727 £28,299
 Life-years (discounted) 16.30 15.33 0.97
 QALYs (discounted) 12.72 10.45 2.27

ICER after 50 years £12,452
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We used a similar modelling framework to other mod-
elling efforts within the therapeutic area [11] reviewed by 
NICE. However, unlike the York model in TA139, we were 
able to avoid using Framingham risk equations to estimate 
the underlying risk of stroke and IHD by utilising large pop-
ulation studies and/or datasets. This is important in a UK 
context because it has been shown that the Framingham risk 
equation significantly overpredicts the risk of CVD events in 
British patients [55]. Our findings are consistent with other 
economic models conducted from a German [56] and US 

[27] payer perspective; incremental ICERs of €44,446 per 
QALY gained and $39,471 per QALY, respectively, were 
reported. When converted on a purchasing power parity 
basis, our analysis has lower ICERs than these two prior 
evaluations, which employed very similar model structures 
to each other. The difference appears to be largely driven by 
reduced survival in these models, which might be explained 
by the inclusion of a hypertensive health state prior to IHD 
and stroke.

Fig. 2   Probabilistic sensitivity 
analysis for base-case analysis 
of hypoglossal nerve stimula-
tion with Inspire vs. standard 
care: (top) cost-effectiveness 
plane; (bottom) cost-effective-
ness acceptability curve
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There are several limitations to our analysis. We used 
the reduction in AHI observed in the HNS clinical trials 
and real-world evidence [17, 24, 35] as a surrogate marker 
for a reduction in the risk of CVD and RTAs. In terms 
of CVD, this assumption is open to criticism based on 
the results of a meta-analysis that failed to show an effect 
on CVD of CPAP use in OSAHS patients despite a mean 
reduction in AHI [50]. This finding remains a contentious 
issue and there are a number of reasons to suggest that it 
may not be generalisable to HNS therapy: (1) the adher-
ence rates of CPAP in the included studies ranged between 
1.4 and 6.6 h/day, compared with an average adherence to 
HNS of 5.6 h/day reported in a large real-world study [19]. 
It is therefore possible that the benefit of treatment is only 
preserved when adherence rates are higher. This theory is 
supported by a meta-analysis [49] that concluded CPAP 
therapy may reduce major adverse cardiovascular events 
among subjects with CPAP time exceeding 4 h/night; 
(2) the inclusion criteria of many of the studies meant 
only patients with prior CVD were involved, therefore 
the studies are strictly only representative of secondary 
CVD prevention and not primary CVD prevention, which 
could lead to different effects, as demonstrated in observa-
tional studies [57]; and (3) there is an ethical problem with 
assigning severely symptomatic patients to sham therapy; 
therefore, these trials often exclude the more severely 
affected patients and hence it may be that the effects of 
CPAP on vascular outcomes are restricted to patients with 
more severe symptomatology. Our analysis examined the 
effect of reducing the benefit of AHI reduction by 50%, 
and although the deterministic ICER increased to £25,910 
per QALY, this would be considered cost effective when 
using a WTP threshold of £30,000 per QALY. When this 
benefit is completely removed, assuming no reduction in 
CVD risk with treatment, the ICER increases to £39,425, 
which is considered an upper bound for cost effectiveness. 
The EVPI and EVPPI analysis suggest there is high value 

in conducting further research to remove these areas of 
uncertainty; however, this value is reduced at the higher 
WTP threshold of £30,000, where there is a higher prob-
ability that the intervention is cost effective.

Finally, the expected lifetime QALYs are largely depend-
ent on the choice of utility value used for the OSAHS health 
states. In our base-case, due to a lack of directly elicited 
utility values from HNS clinical trials, we have used a util-
ity score based on the pre-CPAP and post-CPAP EQ-5D 
score of US OSAHS patients adherent to CPAP therapy [44]; 
however, it is not certain that this population is fully repre-
sentative of the potential utility improvements that might be 
made with HNS therapy. The study population had relatively 
low (< 10) ESS scores at baseline, therefore it is conceivable 
that more symptomatic patients would experience greater 
improvement. Indeed, a greater improvement was shown in 
an observational CPAP study that showed utility improve-
ment of 0.092 QALY, and although the study included fewer 
patients and was based in Brazil, the baseline ESS score was 
closer to that seen in the HNS trials [51]. In addition, clini-
cal trials [17] and real-world evidence [19, 22, 24] on HNS 
demonstrated larger magnitudes of QoL improvements than 
usually observed with CPAP. Our scenario analysis testing 
this finding showed that there was a high likelihood of cost 
effectiveness.

The generalisability of our findings to other geographies 
is limited. We have taken an NHS and social care perspec-
tive and as per HTA guidance in the UK, we have restricted 
our analysis to exclude a societal perspective. Therefore, 
the indirect costs incurred by the patient and/or society as a 
result of lost productivity are not captured. Taking such costs 
into account would likely increase the cost effectiveness of 
HNS compared with standard care, because increased work 
productivity in the HNS arm would reduce incremental costs 
compared with standard care. Priorities for future research 
should include verifying the impact of untreated OSA on 
the risk of CVD and RTA events in populations with severe 

Fig. 3   One-way sensitivity analysis of hypoglossal nerve stimulation with Inspire versus standard care. CVD cardiovascular disease, OSASH 
obstructive sleep apnoea/hypopnoea syndrome, RTA​ road traffic accident, pppy per person per year
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OSAHS. Additionally, further areas for research should 
prioritise the capture of high-quality utility values (e.g. 
EQ-5D) for people with untreated OSA who have previ-
ously not responded to CPAP and are subsequently treated 
with HNS. The collection of absenteeism and presenteeism 
data in this population would allow for the analysis to be 
conducted from a societal perspective. Disutility associated 
with adherence to CPAP where it is common for patients to 
experience persistent discomfort is also warranted.

5 � Conclusion

Over a patient’s lifetime, HNS with Inspire may be expected 
to be cost effective when compared with no treatment in 
patients with severe OSAHS who have tried and have not 
responded to CPAP from an NHS perspective, assuming bat-
tery replacement every 11 years.
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