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Abstract
Purpose of Review Neurostimulation is an electrical therapy for obstructive sleep apnea and is now an approved therapy 
option for patients whom positive airway pressure (PAP) therapy is not tolerated. This review describes its implementation, 
efficacy and safety, the available multi-year clinical outcomes for stimulation devices, and future prospects.
Recent Findings The clinical literature on upper airway neurostimulation was surveyed from July 2014 to December 2021, 
with a focus on the origins of new therapies, the components of devices, evidences for clinical utility, and adverse events. 
The basic science literature began as demonstrations of muscle actions leading to neurostimulator prototypes that brought 
industry interest to clinical therapy. Currently, Inspire® and Nyxoah Genio® are the only two neurostimulators available 
in the USA. Inspire®, FDA-approved in 2014 as first-in-class therapy, is a hypoglossal nerve (cranial nerve XII) stimulator 
that is time-coordinated with breathing to prevent upper airway collapse, and its use has the longest experience in the clinic. 
Given the general narrow inclusion criteria (BMI < 35, ideally < 32), AHI 15–65/h, and a favorable anterior–posterior velo-
pharyngeal collapse pattern on drug-induced sleep endoscopy (DISE), ~ 65% of patients intolerant to PAP therapy achieve 
clinical success (AHI < 20/h with a reduction of < 50% in AHI) with Inspire® across many centers. In addition to symptomatic 
relief, adverse events are mild and self-limited after the initial implant surgery, with rarely needed adjustment or replacement 
of the implantable generator and electrode. The Nyxoah Genio® (2021 FDA approval as a breakthrough device) is strategi-
cally different, placing the electrode near the insertion of CNXII bilaterally into the genioglossus muscle and utilizing an 
external power generator with proprietary programming and activation patterns, Nyxoah Genio® was approved to address 
concentric collapse, and it is in phase III trials.
Summary Hypoglossal nerve stimulation is a reasonable second-in-line alternative for selected patients when first-in-line 
therapeutic options fail. Considering the recent technological advances in micro implantation for smart remote programming 
and surveillance, the next generation of neurostimulation devices will be more compact, especially when efferent co-activation 
and/or afferent-efferent patterning seems feasible.

Keywords Obstructive sleep apnea · Nerve stimulation · Devices · Upper airway function · OSA treatment · Emerging 
therapy

Introduction

Neurostimulation therapy represents an innovative clinical 
approach and therapy for obstructive sleep apnea (OSA). 
Unlike the traditional OSA therapy, implantable neurostim-
ulation devices involve hardware and software interfaces 
between the human nervous system and programmable con-
trollers that can address multi-leveled upper airway struc-
tures and functional support. Hardware for OSA therapy uses 
electrical stimulation through electrodes to address instabil-
ity caused by the neuroanatomic pathogenesis of upper air-
way apnea, i.e., obstructive sleep apnea and hypopnea. Some 
devices include feedback capability from input signals (i.e., 
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the pressure generated by inspiratory efforts or inspiratory 
movement of the chest wall). Three neural interface devices 
were or are entered into phase I clinical trials for patients 
suffering from OSA.

OSA is a chronic disease, with a world-wide prevalence 
across clinical and population estimates of ~ 1 billion people 
[1]. When correctly diagnosed and optimally managed, there 
is an individual health benefit with improved sleep continu-
ity, refreshing sleep, decreased waketime drowsiness and 
fatigue, and reduced blood pressure, with behavioral effects 
that reduce workplace absenteeism and presenteeism, and 
inattention related errors or driving crashes. The obstructive 
sleep apnea hypopnea syndrome—snoring, restless sleep, 
daytime impairments, and cardiopulmonary morbidity—was 
first treated with tracheostomy which bypassed the problem-
atic upper airway, and proved the disorder as upper airway 
obstruction by reversing the illness, but did not address the 
root cause.

As a neurostimulation target, OSA is attractive because 
there is a critical role in reduced efferent muscle activation 
at the onset of sleep-related intermittent closure which can 
occur in the nasopharynx, oropharynx, and the hypopharynx. 
Given an upper airway vulnerable to collapse, the reductions 
in respiratory drive with sleep along with inadequate muscle 
recruitment during an event and high instability gain in the 
respiratory control system lead to repetitive bouts of air-
way compromise. Arousals or reflex activation reopens the 

airway (Fig. 1). So the onset is a reduction in neuromuscular 
tone with sleep and a vulnerable airway; if the airway is not 
vulnerable, a non-obstructive or central apnea or hypopnea 
will occur due to gain instability during sleep.

Today, the most common first and well-documented 
approach to reverse the symptoms, signs, and metabolic 
consequences of OSA is continuous positive airway pres-
sure (CPAP) [2], which creates a positive intraluminal pres-
sure. This technology improves quality of life through reduc-
tions in wake time sleepiness, disturbed sleep, and lower 
blood pressure, effects which increase with hours of use [3]. 
Effects on mortality and stroke are less clearly shown, as 
the timeline to assess this requires years of successful use 
[4]. However, at 2 years, ~ 60% are unable to use or tolerate 
CPAP therapy [5, 6]. Surgical management of the anatomy 
proposes to address anatomic features of airway narrow-
ing. While effective in some and with improving surgical 
approaches, many procedures directed at soft tissue are not 
predictably efficacious nor as durable as one would like 
[7]. For instance, uvulopalatopharyngoplasty (UPPP) will 
reduce severe AHI by an average of 30–50%, but residual 
AHI remains in the mild-to-moderate range (< 20/h) after 
2 years [8]. Using oral appliances to protrude the mandible is 
effective in selected patients and, in the short term, improves 
snoring, sleepiness, and blood pressure, but durability is lim-
ited by dental and TMJ side effects and tolerance over time 
[9, 10].

Fig. 1  Pathways that appear to interact in the production of recurrent 
obstructive apneas and hypopneas over time. First is sleep onset and 
the closure of a vulnerable upper airway segment as respiratory drive 
falls. To terminate the even, there is the “arousal” response to an 
apnea/hypopnea that can result in an overshoot and then undershoot 
of optimal drive. The muscle activation is inadequate to keep the air-
way open or reopen a closed airway. Neurostimulation addresses the 
muscle recruitment. The Insert is from a PUBMED search (www. 

pubmed. gov- Search terms: neurostimulation, OSA, March 2022) and 
provides an accounting by year of the number of references over time 
from 1953 to the present in physiology and human therapy. Prior to 
2014 when the STAR trial was published, there were applied physi-
ological and preclinical uses of stimulation to upper airway muscles. 
The uptick in clinical publications since 2014 HNS approval is a 
result of clinical cohorts and studies
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Neurostimulation now has an established role when 
CPAP is not “tolerated,” with or without attempts at oral 
appliance therapy or after anatomic surgery. The concept 
is not new [11]. From 1953 to the mid-1990s, citations list 
experimental designs and outcomes mostly (> 90%) in ani-
mal models (Fig. 1). One 1993 study demonstrated percu-
taneous hypoglossal nerve stimulation (HNS) success in 
humans and keeping the airway open; however, once the 
airway had closed, HNS did not easily break an apnea [12]. 
In 2021 there were 85 citations, all except one in humans 
(Fig. 1). In 2014, one commercial device, Inspire®, met with 
FDA approval and is now deployed across the USA and in 
Europe, with over 20,000 units implanted (number courtesy 
of Inspire Medical LLC). A second technology, Genio®, 
developed by Nyxoah, followed the successful completion of 
the BLAST OSA study and received its European CE Mark 
in 2019. Preliminary data from Nyxoah’s BETTER SLEEP 
trial resulted in FDA approved in 2021 for emergency use 
and is in phase III trials. Both produce electrical stimulation 
to the cranial nerve (CN) XII nerve (which innervates the 
genioglossus) to activate its motor units to move structures 
that open the oropharynx and nasopharynx. Nerve stimula-
tion does not produce a positive intraluminal pressure (like 
CPAP), alter the upper airway (like anatomic surgery), nor 
protrude the mandible (like an oral appliance) [13]. The 
pathway for its acute effects is to address deficient muscle 
activation pathway in recurrent apneas.

The success of neurostimulation includes preventing 
collapse of the oropharynx and maintaining an open oro- 
and velo-pharynx and thus keeping the upper airway open 
enough to permit uninterrupted sleep. Further details are 
discussed below. The past 7 years after US and European 
approvals for clinical use have provided a body of literature 
of published work with the Inspire®, substantive 1-year out-
comes with Genio®, and many commentaries on current 
use, cost-effectiveness, and surgical refinement. This review 
is not intended to be exhaustive but will provide guidance 
to its implementation in clinical practice now and the path 
forward towards improving this line of therapy.

Eligibility

Neurostimulation is considered a choice for those with mod-
erate to severe OSA in whom CPAP is unsuccessful. One 
might imagine that it could be considered primary therapy 
when CPAP is impractical (e.g., facial disfigurement) or 
contraindicated (bullous disease, chronic pneumothorax, 
or arachnoid leak). Before incorporating it into a practice, 
there needs to be core knowledge, skill, and experience in 
the successful deployment of primary treatment options and 
an ability to compare and contrast the potential success of 
neurostimulation compared to these other options for the 

individual patient and articulate this to other physicians and 
third-party payers [14]. Like any OSA therapy, however, suc-
cess will depend upon an ability to keep the nasopharynx, 
oro-pharynx, and/or hypopharynx patent, permitting uninter-
rupted sleep [15, 16••].

Ideally, neurostimulation is offered at centers with coop-
eration among both surgical and medical sleep specialists. 
Patient selection is critical. In some places, a skilled surgeon 
also has credentials in sleep medicine, which is useful as 
OSA does not often present as an isolated sleep disorder. In 
some centers, 20% of patients present with other sleep disor-
ders (poor hygiene, insomnia, restless legs, narcolepsy, etc.) 
which will enter into a decision as to predict HNS symptom 
reduction, surgical success, and adherence. HNS therapy at 
present is offered to those who are CPAP intolerant before 
or after anatomic surgery [17]. Assessments before implant 
include recognition of medical, psychiatric, neurologic, and 
sleep co-morbidities, and critical assessments of patient 
expectations. The technology for CPAP and oral appliance 
therapies has steadily improved as well as the approaches to 
address adherence through motivational training. An “ade-
quate” attempt, in good faith, preferably with documented 
adherence monitoring, is ideal to document the first crite-
ria—an inability to use CPAP. Some centers will include 
in the insurance pre-authorization a personal statement by 
the patient as to the personal reasons that led to consider-
ing HNS and their expectation of outcome. OSA patients 
referred back to sleep medicine for assessments of HNS will 
need to restart the process, and often a fresh start with CPAP 
or oral appliance is successful. Teamwork is as important 
after the implant, since perhaps as many as 25% are still 
not adequately treated. In these, combinatorial therapy can 
achieve therapeutic success not only for residual OSA [18, 
19], but also co-morbid sleep disorders (insomnia with low 
arousal thresholds, poor sleep hygiene, REM behavior disor-
der, etc.) after implantation. In a few patients, the experience 
with the HNS is disappointing and in others systemic infec-
tion may lead to a consideration of explanting the device.

Drug‑Induced Sedation Endoscopy

A procedure called drug-induced sedation (or sleep) 
endoscopy (DISE) is indicated for assessments of non-
PAP therapies like oral appliance and anatomic surgery 
[20], and almost always is deployed for HNS [21]. There 
are a number of collections in which comparisons of 
DISE to awake endoscopy with Mueller maneuvers or 
imaging attest to the increased information gained by this 
procedure. In approximately a third of the time, features 
seen by the internal examination of the airway inform the 
surgeon about other issues to consider or address [22]. In 
the development of the Inspire® technology, it was the 
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observation that the manner of closure of the velophar-
ynx under moderate sedation had an impact on outcome. 
HNS treatment was successful in 81% of patients with 
an anterior–posterior pattern of velopharyngeal collapse 
on DISE, while treatment success was achieved in none 
of the 5 patients with complete concentric collapse [23]. 
This pattern of anterior–posterior collapse (similar to a 
garage door closing) being favorable, while a more con-
centric appearing collapse (similar to a camera shutter), 
is in the FDA indications for Inspire® [24]. It is a pattern 
also favorable for an oral appliance [25]. The Nyxoah 
device has FDA emergency approval to address OSA with 
concentric collapse. Higher BMIs and higher AHIs have 
been identified as parameters associated with a concentric 
collapse of the velum on DISE, but the correlation is mod-
est at best [26]. The most recent analysis finds virtually 
no difference in outcomes if the BMI upper limit is 35 
vs. 32 [27].

Patients undergoing DISE may have reductions in air-
way area at multiple regions under deep sedation; more 
often the collapse in the retropalatal region is most com-
mon and the hypopharyngeal region is least common [28]. 
The pattern of anterior–posterior obstruction at the level 
of the velum cannot be predicted on the basis of other tests 
[29]. A scoring system was developed to evaluate each of 
the vulnerable regions, the velum, oropharynx, tongue, 
and epiglottis of the upper airway—the VOTE classifica-
tion. A number of intrinsic (airway mucosal folding, pala-
tal orientation, tissue pressure, etc.) and extrinsic (airway 
stiffness, wall fat, lung volume, etc.) factors can determine 
internal shape and collapsibility.

A DISE is performed in medically stable patients, under 
moderate sedation, and with post-procedure monitoring. 
On the other hand, the DISE procedure in those who are 
CPAP intolerant can be used to identify other anatomic 
problems such as lingual tonsil, prolapsing epiglottis, or 
lack of evidence to uncover evidence for (in)effectiveness 
of an oral appliance. The risk benefit in this population for 
a DISE appears favorable.

Technology Interfaces with the Anatomy

The stimulators that have been deployed are listed in 
Table 1. All are intended to stimulate a muscle which is 
declining in activation before an apnea [30]. The cranial 
nerve 12 (CNXII) is the hypoglossal nerve and has a role in 
the motor control of swallowing, talking, exercise, vomiting, 
hiccups, and facial expressions among other things. These 
are all coordinated through voluntary and involuntary net-
works. This brainstem CNXII nucleus has predominantly 
efferent, but some afferent inputs are integrated into brain-
stem respiratory networks that coordinate these different 
actions [31, 32]. The nerve exits from the ventrolateral side 
of the medulla oblongata with motor and sensory roots, as 
well as contributing to the ansa cervicalis. Lateral to the 
hypoglossal muscle, there is a division into the lateral and 
medial main branches [33, 34] where phenotypic complexity 
exists. The optimal outcome for a proximal nerve placement 
depends on the positioning on the proximal nerve for func-
tional inclusion of protractors and exclusion of fibers that 
could retract the tongue mass. Relevant to Inspire®, there 
is crossover of the cranial nerve XII across the midline to 
the back of the tongue, explaining an appreciable symmetri-
cal protrusion at lower stimulation amplitudes [35]. In the 
Genio® bilateral hypoglossal nerve approach, the position-
ing of the electrodes is close to its insertion into the geni-
oglossus bilaterally of the distal portion of the nerve [36] 
with both intrinsic and retrusor fiber activations observed. 
In the Inspire® approach, there is a forward movement of 
the anterior wall of the pharynx as a byproduct of the pulling 
action by a vector of force on the hyoid apparatus [37]. At 
the time of an electrode implant, recording electrodes are 
placed intraorally into the genioglossus and other muscles to 
monitor intraoperative stimulation, but the major intraopera-
tive outcome is observation of tongue movement.

The intention is to either stabilize or prevent backward 
movement to keep the tongue away from the back of the 
airway. Titration of the intensity (mAmp) is an empiric 
process, guided by experience. Infrequently an “advanced” 

Table 1  Nerve stimulators

Device Placement Power source Feedback Approval status 2019

Inspire® Medial branch one side CN XII IPG Pleural pressure CE 2013 and FDA 2014
Apnex Medial branch, one side CN XII IPG Impedance CE but withdrawn during 

Phase III from FDA 
approval

Genio® Distal at CNXII branches that enter 
the muscle, bilaterally

External sub-mental device wire-
lessly powering the stimulator

None CE and FDA 2021

Aura6000 
(Imthera, 
LivaNova)

Main trunk, one side CN XII IPG None CE but not FDA
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setting is used to alter the anode and cathode configurations 
of the cuff electrodes. This is performed after implantation 
when the initial preset configuration fails in the initiation 
of therapy. Prior devices with stimulation electrodes on or 
within the muscle cause discomfort because of intramus-
cular pain receptors, in contrast to nerve stimulation which 
does not cause pain unless resultant muscle contraction is 
intense. When measured, the intensity of contraction that is 
therapeutic for the Inspire technology is considerable, > 50% 
of maximal voluntary force, enough to produce, or suggest 
muscle fatigue might occur. Infrequently, a patient will com-
plain that snoring reappears at the end of a long sleep period.

HNS is now extensively clinically deployed since 2014 as 
upper airway stimulation Inspire® (Inspire Medical Systems, 
Golden Valley, MN, USA). Inspire® works through place-
ment of three stimulating electrodes in a cuff placed around 
the CNXII along its way to the tongue. In the Inspire® sys-
tem, the electrodes are activated by an implanted program-
mable generator (IPG). The IPG is programmed by an exter-
nal tablet. A sensing lead for pressure changes placed within 
the chest informs the IPG when there might be a breath. This 
feature provides some degree of “feedback” to the IPG as 
to the phase of respiration (inspiration or expiration) and is 
used in the programing of the IPG to optimize the stimu-
lation time across the timing of a breath, inspiration, and 
expiration, also called “duty cycle.” The system intended 
to stimulate upper airway opening at or near the point of 
a fall in intrathoracic pressure, i.e., the start of inspiration. 
Theoretically, one could save IPG power by synchronizing 
the pulse train with inspiration, although a comparison of 
intermittent vs. continuous stimulation showed equivalent 
outcomes at 1 week [38].

Surgery for the implant requires two or three incisions. 
One below the angle of the jaw in a natural crease permits a 
direct approach to the hypoglossal nerve for decisive place-
ment of the cuff [39••, 40]. The three-electrode spiral cuff is 
placed directly around the distal, medial branch, and tongue 
protrusion optimized intraoperatively for tongue protrusion 
and/or stabilization, as empirically determined during phase 
II and phase III FDA trials and in post-approval studies [18, 
35, 39••, 41]. The Inspire® IPG is inserted into a subcutane-
ous pocket ∼ 4 cm below the clavicle, much like a cardiac 
pacemaker. The leads from the cuff electrode and the pres-
sure sensor are tunneled subcutaneously and connected to 
the IPG. The placement of the IPG for the HNS is usually 
within the soft tissues of the right upper chest; however, 
left-sided placement is preferred for those who shoot fire-
arms right-handed. Some are reluctant to place an IPG in 
a person who might anticipate blows to the chest as in fire 
rescue personnel or those in contact sports. There is a theo-
retical concern about HNS implants in those with cardiac 
or other neural stimulation devices. A case report found a 
successful co-use of HNS with an implantable defibrillator 

[42]. However, post-implant cardioversion is reported to 
disrupt functioning of the IPG. A retrospective case series 
concluded that there is a need to counsel patients with 
HGNS undergoing external electrical cardioversion about 
the possibility of device damage and either reprogramming 
or operative IPG replacement. Anteroposterior placement of 
defibrillator pads may help prevent such mishaps.

Another component in the Inspire® system can be a sens-
ing lead placed between the intercostal muscles in the third 
to fifth intercostal space [18]. The pressure sensor lead is 
snapped in place into the IPG. If there is good exposure, 
there is a modification that may result in the insertion of the 
sensor through the same incision for the IPG. The function 
of the sensor lead and the triggering of stimulation can be 
monitored wirelessly, and a time trace is displayed on the 
programmer.

Clinical Data for the Inspire® HNS Device

The stimulation therapy for apnea reduction (STAR trial: 
ClinicalTrials.gov Identifier: NCT01161420) became a first-
in-class device in 2014. The inclusion and exclusion criteria 
came out of the conduct of phase II safety and efficacy study 
[23]. The STAR trial exclusion criteria included body mass 
index (BMI) > 32, AHI < 20 or > 60, or central and/or mixed 
apnea index present in > 20% of the AHI on polysomnogram 
(PSG), and a pattern of complete concentric collapse at the 
level of the velopharynx observed with DISE. Unless other-
wise stated, the current definition here of surgical “success” 
or of a “responder” is the Sher’s criteria, a reduction in AHI 
by 50% and an AHI < 20/h, a somewhat difficult bar for those 
with severe disease (AHI > 30). Early on, polysomnogra-
phy was required to define success, but more recently, home 
sleep testing is used at 6 and 12 months.

The predetermined STAR endpoints were objective (AHI 
and the 4% oxygen-desaturation index (ODI)) and subjective 
(patient-based sleepiness and sleep related quality of life). 
As a quasi-control, at 12 months, 46 patients who responded 
well were randomly assigned to either continue therapy or 
to a 1-week cessation of stimulation. The latter resulted a 
change in AHI and symptoms towards pre-treatment levels 
[43]. At 12 months, 66% of participants were responders by 
AHI Sher criteria, and 75% were responders by ODI criteria.

The subjects in the 12-month FDA phase III STAR trial 
signed up for an 18-month follow-up; a benefit of a ~ 60% 
AHI and ~ 90% subjective response was found for individu-
als with moderate to severe OSA who had failed nasal con-
tinuous positive airway pressure [43]. Studies after re-con-
sent were performed at 24, 36, 48, and 60 months [43–46]. 
At 5 years, Epworth Sleepiness Scale and quality of life 
were improved, with normalization of scores increasing 
from 33 to 78% and 15 to 67%, respectively. Objectively, 
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a polysomnography-determined AHI surgical response 
(AHI < 20 events per hour and > 50% reduction) occurred 
in 75% (n = 71). The responder rate was estimated at ~ 65% 
at 5 years, with all points at all follow-ups included; subjec-
tive use was > 80% of nights (there is now implant monitor-
ing of use). Serious device-related events all related to lead/
device adjustments were reported in 6% of patients. Func-
tional amplitudes for stimulation and thresholds for sensa-
tion were unchanged at 5 years, suggesting no deterioration 
of function at the electrode-nerve interface.

Post‑Approval Studies

The European Union approved Inspire® in 2013 and the 
FDA in 2014. The FDA approval includes slightly modified 
criteria: BMI of 32 with a warning for those > 32 to 35, an 
AHI > 15 and < 65, a predominance of obstructive apneas 
and hypopneas, and a predominant antero-posterior pattern 
of collapse on a drug-induced endoscopy.

The first reports outside of a clinical trial were from 
three German centers with training during the phase III 
trial. In a prospective single-arm study, 6- and 12-month 
visits included Epworth Sleepiness Scale and home sleep 
testing AHI as objective measures. In the 60 participants, 
the median AHI reduced from 28 to 10/h from baseline to 
12 months. Subjective outcomes improved significantly 
from baseline to 12 months. The average usage time was 
39 h per week based on recordings by the implanted device. 
One patient requested a removal of the device for cosmetic 
reasons, and this occurred without sequelae. This study was 
the first to utilize a follow-up plan using home sleep testing 
and reported an independent cohort to indicate a safe and 
effective treatment option for patients with OSA in routine 
clinical practice [47].

A registry (ADHERE) for the Inspire® was requested by 
the FDA, and there are now several interim reports which 
suggest that implants when criteria are generally met con-
tinue to show efficacy either equivalent or better to the STAR 
trial [39••]. Between October 2016 and January 2018, 508 
participants were enrolled from 14 centers. Median AHI by 
either polysomnography or home sleep testing was reduced 
from 34 to 7 events/h, and median ESS reduced from 12 
to 7 from baseline to final visit at 12-month post-implant. 
For each 1-year increase in age, there was a 4% increase in 
odds of treatment success. For each 1-unit increase in body 
mass index (BMI), there was 9% reduced odds of success. 
Age persisted in a multivariate model as a significant pre-
dictor of treatment success, and age was directly assessed 
in another analytic approach [48]. The more subjective and 
objective use, the better the patient-centered outcome [47]. 
At the 1000-patient milestone, therapy effect is durable, and 
adherence remains similar [41].

The ADHERE trial will proceed to enroll patients who 
volunteer for follow-up registry for subjective and when 
indicated objective outcomes. Furthermore, patient expe-
rience is positive compared to prior PAP therapy and the 
manner of therapy with the controller and office visits and 
adjustments [49]. In a nested case control trial, those who 
do not meet the formal objective AHI metrics for success 
nor a robust symptomatic response, but continue to use the 
device as a reasonable level (< 4 h per night), still show 
improvement in percent time of sleep with a saturation of > 
90%, reductions in daytime sleepiness, and improved quality 
of life [50].

For those patients with suboptimal adherence, there is a 
need to develop an individualized plan for improving use 
and effectiveness. This should be captured early on in the 
initiation of therapy, and personal plans for sleep education, 
therapy discomfort, and comorbid insomnia or circadian 
conditions can be instituted.

Multi-center studies occur within the registry mechanism. 
A double-blinded, randomized, sham-controlled, crossover 
trial examined the effect of Inspire® stimulation versus sham 
stimulation, each therapy given for 2 weeks controlling for 
treatment order [51]. The study randomized almost 90 par-
ticipants. After 1 week, the AHI response rate was 77% 
with active therapy and 30% with sham therapy, a differ-
ence of 47%. Similarly, ESS had a significant difference of 
4.6 × between the two groups. The crossover phase showed 
no carryover effect. Upper airway stimulation effectively 
treated both REM and NREM sleep disordered breathing. 
In this design which is unique in terms of technology, stud-
ies show this therapy with Inspire® reduced OSA severity, 
sleepiness symptoms, and improved quality of life among 
participants with moderate-to-severe OSA.

There is a study of potential effects of Inspire® on car-
diovascular risk. Blood pressure was examined in a retro-
spective study in regard to the consequences of therapy 
[52]. Mixed-effect models were used to compare outcomes 
at 2 to 6 months in 201 patients matched using propensity 
matching. Results were adjusted for therapy adherence. PAP 
showed greater improvement in blood pressure, but HNS 
was associated with greater improvement in sleepiness 
symptoms. Results need to be confirmed in studies of better 
experimental designs.

Since the FDA trial, Inspire Medical Systems has devel-
oped a second-generation IPG for the Inspire® that has 
advanced features for programming. This device is compat-
ible with MRI imaging of the brain and limbs and is being 
assessed for safety in MRI imaging of the chest, abdo-
men, and pelvis. The second-generation patient remote has 
improved functionality—a capacity to follow therapy use 
and timing and remote (cloud) reporting of data. Smaller 
IPG units and elimination of the sensing lead altogether are 
in development.
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Other HNS Devices in Trials

Three other devices reported clinical trials at one level or 
another. None have been compared to each other in formal 
trials, and none have long-term safety and efficacy reports. 
Direct comparison of the stimulation strategies has not 
been done.

Almost at the same time as the Inspire® device, a 
device from Apnex Medical (St Paul, MN, USA) began 
a sequence of clinical studies towards a goal of FDA 
approval. The technology was based on HNS delivered 
to a cuff placed on the main trunk of CNXII, more proxi-
mal to that described for Inspire®, and had an IPG neuro-
stimulator and two respiratory sensing leads (impedance 
technology) used to synchronize stimulation to inspiration. 
Selection was based on patient-derived information and 
the polysomnogram with predominantly obstructive hypo-
pneas rather than apneas, and a DISE examination was not 
part of the inclusion profile. The stimulation profiles for 
the cuff electrodes are not detailed, and IPG programming 
is for pulse width, frequency, and current amplitude. Imag-
ing studies suggested that the effect was to increase the 
oropharyngeal and retropalatal dimensions. This device 
looked promising in phase II safety and efficacy trials [53]. 
There were patients who did extremely well, and the mean 
fall in AHI in 31 moderate to severe patients was 45%. 
However, the FDA pivotal phase III trial (ClinicalTrials.
gov Identifier: NCT0144660) was terminated early by the 
company given a likelihood that efficacy outcomes might 
not be met to support FDA approval.

The Genio® (NCT03868618) received FDA authoriza-
tion in 2021 through the Breakthrough Device Designation 
for treatment of OSA in those with concentric collapse 
of the velopharynx. It uses bilateral implantation of elec-
trodes at the point of insertion of the CN XII into the base 
of the tongue. It is externally charged and controlled by 
a disposable patch, worn on the patient’s chin. Genio® 
received a European CE mark in 2019. There are reports of 
safety and efficacy [54], similar to the other HNS devices.

The aura6000 by LivaNova (formerly ImThera, San 
Diego CA) is currently in the midst of a phase III clinical 
trial (THN3: ClinicalTrials.gov Identifier: NCT02263859). 
This device places a 6-electrode cuff on the trunk of CN 
XII [55, 56] and does not have a synchronizing trigger, 
but rather the device cycles stimulation across the differ-
ent electrodes in order to activate muscles of the tongue 
to open the upper airway during sleep. A DISE is not 
required for eligibility. The device is programmed through 
a physician’s computer. The reported phase II trial found a 
reduction in AHI of 53%, selection based solely on patient 
information and the polysomnogram, i.e., without a DISE 
[57]. A case series suggested that turning off the device 

did not rapidly result in a return to baseline AHI levels, 
implying either a training effect or improvements in upper 
airway function [58]. These results were not replicated in 
the 1-week withdrawal study of the Inspire® device [44]. 
It is unknown whether this is a unique feature to aura6000 
device.

There are two meta-analyses of all clinical data from 
the available HNS studies from the four devices investi-
gating objective and subjective outcomes and side effects 
[59, 60••]. Each report examined data from 16 studies and 
381 patients, and the methodology was common one—a 
comprehensive literature search of PubMed and Scopus 
and examination of papers meeting criteria (objective and 
subjective outcomes and adverse events) by two inde-
pendent reviewers. In this review of the currently avail-
able data, there was shown efficacy with the mean AHI 
reduced by 21/h (95%CI, 16.9–25.3), mean ODI reduced 
by 15/h (95%CI, 12.7–17.4), mean ESS reduced by 5 
(95%CI, 4.2–5.8), and mean FOSQ improved by 3 (95%CI, 
2.6–3.4); all showed meaningful changes in objective and 
subjective domains of clinical efficacy.

Cost Considerations

For the US patient covered by insurance there may be out-
of-pocket costs for deductibles and co-pays; the impact of 
this can be considerable. Surgical assessments and up-to-
date sleep assessments (HST or PSG) prior to implantation 
may be needed. For the Inspire procedure, a DISE proce-
dure is needed, yet may not result in the identification of 
the patient as an ideal candidate.

For the Inspire® device, the estimated lifetime incre-
mental cost effectiveness ratio (ICER) is $39,471 per 
quality-adjusted life year (QALY) for patients meeting 
the STAR inclusion criteria [61]. This cost is less than 
the currently accepted cost-effectiveness threshold in the 
USA of $40–50 K/QALY, but more than CPAP, which has 
an ICER of $15,915/QALY. Relative to other implants, 
Nyxoah has an external power source, and the argument 
is that over an expected device lifetime, cost might be 
reduced by a third.

As for insurance coverage, neurostimulation devices are 
expensive compared to PAP or oral appliance. Approvals are 
more likely now than in 2015–2020 if the narrow selection cri-
teria are followed; moreover, there is a patient cost to denial in 
terms of continued moderate to severe OSA, if left untreated. 
Additional costs to insurance and to the patient occur if other 
forms of less predictable or less durable therapy like surgical 
anatomic procedures are required. There are reports of gender 
bias in approvals and delays despite evidence that an implant 
will equally produce equal objective and subjective benefit [62].
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Selected Clinical Populations

Prior Anatomic Surgeries

One of the first reports involved a case of a patient with 
persistent symptoms and findings of OSA, including an 
AHI > 30/h, who responded to HNS to an AHI of < 10 
despite a history of several multi-level procedures, includ-
ing an uvulopalatopharyngoplasty (UPPP) with revision, 
a genioglossus advancement, and a maxillomandibular 
advancement [17]. The post-award registry (ADHERE) 
was queried as to whether previous palate or hypopharyn-
geal surgery was associated with efficacy of treatment 
of obstructive sleep apnea [19]. Previous palate and 
hypopharyngeal (tongue, epiglottis, or maxillofacial) pro-
cedures were documented. Any previous surgery, previous 
palate surgery, and previous hypopharyngeal surgery were 
not clearly associated with a better treatment response. A 
single-center case series in Germany confirmed this lack 
of effect of prior surgery and post-implant efficacy of sur-
gery in non-responders after HNS implant. The implica-
tions are that upper airway surgery should be considered in 
patients with persistent OSA after UAS implantation if the 
obstruction is identified at the level of velum and orophar-
ynx. However, upper airway surgery during an assessment 
for implantation may not improve HNS outcomes [63].

Inspire® has a research-exception approval protocol for 
those with Downs Syndrome (DS). This group of patients 
and their families often do not accept positive pressure 
airway support devices or tracheotomy. In a series of 6 
adolescents, HNS placement reduced AHI below 2 in 2 
patients and > 56% in the others, accompanied by improve-
ments in the quality of life of the child and the parent [64]. 
A report of 20 patients was similar and documented ~ 9.2 h 
of nightly use [65]. There are no reports of HNS in other 
OSA pediatric patients in general practice with residual 
AHI after adenotonsillectomy.

In the ADHERE registry, an international prospective 
sub-study (NCT02907398) examined the natural history of 
an implant compared to similar patients in whom the initial 
insurance coverage was denied [62]. There was an ~ 50% 
reduction in apnea–hypopnea index in repeat sleep studies 
in those who underwent implant upper airway stimulation; 
greater improvements were noted in subjective tendency 
to doze using the Epworth score in the implanted patients. 
The implication is that moderate to severe OSA will not 
improve over time if implant coverage is denied.

Another is a single-center comparison of anatomic 
and non-anatomic surgical procedures—transoral robotic 
surgery vs. Inspire®. A retrospective chart review identi-
fied and compared patients with BMI and AHI criteria for 
HNS who either had HNS or anatomic surgery. Defined 

as AHI < 5, the outcomes with HNS was ~ 70% and with 
robotic surgery ~ 10%. Studies like this are needed to 
develop and evaluate treatment algorithms such as a staged 
approach to CPAP-intolerant patients seeking surgical 
management of OSA [66].

There are 2 reports of comparison to anatomic proce-
dures. In one [67], AHI outcomes were compared between 
implant patients with moderate to severe OSA who under-
went Inspire® (Inspire Medical Systems) and an historical 
cohort those who had underwent traditional airway recon-
structive surgery, specifically uvulopalatopharyngoplasty 
(UPPP). Both traditional surgery and HNS were effective 
in patients with moderate to severe OSA with CPAP intol-
erance, but HNS to an AHI of < 5 occurred more often in 
Inspire®. A second study compared patients with expansion 
sphincter pharyngoplasty to stimulator implant. Differences 
in gender, age, and preoperative AHI might have contributed 
to surgical successes by AHI (86% with anatomic surgery 
and 65% with the implant), patients reaching an AHI less 
than 10 and 5" is incomplete. In general, the consensus is 
that upper airway stimulation in the selected patients with 
OSA shows comparable or improved outcomes to a cohort of 
patients undergoing expansion pharyngoplasty [68].

Age effectiveness was addressed in a matching protocol 
using the ADHERE database [69]. Sixty-two patients older 
than 64 years and who received an implant for UAS were 
identified, and a younger group matched for AHI, BMI, and 
Epworth Sleepiness Scale. While co-morbidities were sig-
nificantly higher in those > 65 years, patients met the other 
implant criteria, and other chronic medical conditions were 
under stable management. In these analyses, no significant 
difference is found between the outcomes of study and con-
trol group for AHI and the oxygen desaturation index and 
subjective outcomes. Serious adverse events did not occur 
in both groups, and surgical implantation time did not differ. 
Thus, this treatment seems safe and effective in eligible older 
people with stable cardiopulmonary disorders.

For all devices, the most common risks are those associ-
ated with the immediate implantation [59, 60••]. If underly-
ing health and medical conditions exist, such as those which 
put one at higher risk for any surgery, then, this technology 
might not be a good option. As with any surgery, there is a 
short-term risk of pain, bleeding, and healing, but usually 
managed without narcotics. Patients with chronic condi-
tions like platelet disorders or immunodeficiency should be 
considered ineligible or proceed carefully in a case-by-case 
basis.

Up to this time, there have been no deaths at implant. 
This is attributed to the selection of medically stable patients 
who have not had serious illness or hospitalization for at 
least 6 months, and to physician training, preparation, and 
post-operative team management. Procedures in the USA are 
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same-day procedures, unless surgical complications occur. 
There are a handful of patients who might require overnight 
monitoring, for instance, to observe after evacuation of a 
post-operative hematoma or a slow recovery from general 
anesthesia. Pain at the incision site is mild to moderate, 
mitigate in days, and when compared to UPPP is minor in 
nature [67].

Reported adverse events are generally minimal and not 
life threatening. A complication specific to the mechanism 
of the device is a post-operative, temporary tongue weak-
ness reported in ~ 20%, and most resolved spontaneously 
within a week, the longest being 1 year. Uncommonly, acti-
vation of the device at 1 month is delayed by this phenom-
enon, despite no functional impairment of tongue function. 
Bleeding and infection in the post-operative period can be 
managed by those with experience with implanted devices 
in general. Three Inspire® devices were explanted: two 
due to discomfort and one due to septic arthritis. Between 
12 and 48 months, two Inspire® patients required proce-
dures to address sensing lead displacement. Longer-term 
risks in ADHERE related to repetitive tongue stimula-
tion included discomfort with the electrical stimulation 
while awake and dry mouth upon arising [43, 44]. Pain 
(6.2%:0.7–16.6), tongue abrasion (11.0%:1.2–28.7), and 
internal (3.0%:0.3–8.4) or external device (5.8%:0.3–17.4) 
malfunction were adverse events found in ~ 1000 studies [59, 
60••].

There are reported cases of Inspire IPG dysfunction after 
electrical cardioversion. At least two patients with HGNS 
device dysfunction had received cardioversion via antero-
lateral electrode pad placement. Three patients had received 
multiple shocks. All four patients experienced a change in 
device functionality or complete cessation of functionality 
after electrocardioversion. These patients came to attention 
because the device did not work after one or more shocks. 
Operative replacement of the Inspire IPG system in this 
series was the solution [70], and the system needs to tested 
after any such encounter.

The implant “system” can spontaneously fail or dysfunc-
tion. The handheld patient controller battery depletes and 
will deplete quickly especially if it is carried about during 
the day as activation is caused by movement. This problem is 
common, and a workaround is to remove or reverse an AAA 
battery when travelling. In < 1% of implants there is a prob-
lem with a lead. The nerve electrode would dislodge from 
the IPG 12 to 18 months after implant in first-generation 
models; however, the current device has an improved con-
nector required close attention to tightly sit in the IPG. The 
sensing lead can dislodge from the extrapleural space with 
or without known trauma to the chest. The pacer may also 
fire or activate inappropriately, leading to discomfort during 
wakefulness, but this is usually because the device is left on 
or is activated by the remote if it is carried in a pocket. In 

one case, a patient’s device was activated by a malfunction-
ing automobile radio. An activation delay upon starting and 
the “Pause” function make it appear that the activation is 
spontaneous when it is not. The Inspire IPG battery will 
eventually fail, requiring another surgery to replace the unit. 
This entails a smaller incision and was done without com-
plication in patient populations who were in phase II and III 
trials of Inspire®.

Other Neuroceutical Approaches for OSA

Alternative approaches in the neurostimulation space for 
OSA are beginning to gain traction based on the physiol-
ogy of breathing as an active brain-driven process; however, 
the hints came from applied basic studies in animals and 
increasing understandings of upper airway neuromechanical 
function. For instance, studies of the effects of lung vol-
ume on upper airway compliance led to the recent studies of 
how caudal pharyngeal traction with sternothyroid muscle 
contraction via ansa cervicalis stimulation can stabilize the 
pharynx. Stimulation of the medial branch of the right hypo-
glossal nerve with and without transient ultrasound-guided 
fine-wire stimulation of the branch of the ansa cervicalis 
nerve plexus innervating the right sternothyroid muscle was 
tested during drug-induced sleep endoscopy [71]. Observed 
airway cross-sectional area, and expiratory airflow, signifi-
cantly increased with each stimulation alone. Combining 
ansa cervicalis stimulation with HNS increased retropalatal 
cross-sectional area and increased expiratory airflow, sug-
gesting decreases in pharyngeal collapsibility. This line of 
work of stimulation of the ansa cervicalis directed towards 
the sternothyroid muscle shows improved upper airway size 
and/or stiffness, or it may augment hypoglossal stimulation 
efficacy [72].

Conclusions

HNS can significantly reduce AHI in moderate-to-severe 
OSA patients, and produce symptom relief, given certain 
inclusion and exclusion criteria. Reports from trials of three 
devices appear to provide support that this line of therapy 
works in selected patients. In the largest (Inspire®) cohorts, 
those intolerant of CPAP with a lower BMI (~ 32 or less), 
an AHI < 65, and a favorable anterior–posterior pattern of 
velopharyngeal collapse on DISE do better, but a more dis-
tal, and bilateral, implantation may address this phenotype 
of closure. Despite strict inclusion criteria, up to one-third 
of CPAP-intolerant patients do not meet the “success” cri-
teria for HNS therapy by Sher AHI criteria, yet the remain-
der use the therapy > 90% of the time compared to the 20% 
or less adherence to PAP therapy. Adverse events are not 
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serious, often limited to post-operative healing, and post-
implant profiles suggest a reasonable risk benefit for patients 
in whom CPAP therapy is not used.

Individual centers have published protocols in which 
there is a multi-disciplinary and multi-step approach to the 
management of obstructive sleep apnea [73••]. The surgical 
consensus is that the knowledge and skills for neurostimula-
tion are embedded in the field now and for the future [27].

Limitations to widespread adoption of HNS include the 
invasiveness, cost, and the pre-implantation evaluations. In 
comparison, CPAP and oral appliances when used are rela-
tively cost-effective and non-invasive and initially intuitive 
in application. For these reasons, HNS is not currently con-
sidered a first-line treatment option.
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