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�Electrical Stimulation of the Hypoglossal Nerve for Treatment 
of Obstructive Sleep Apnea: History, Current State 
and Future Perspectives

The research and development phases of the fascinating therapy of electrical neuro-
stimulation of the hypoglossal nerve (nervus hypoglossus – twelfth cranial nerve – 
CN XII) for the treatment of sleep-disordered breathing spans a period of 30–35 years 
[1–7]. Since then the number of published scientific papers on this topic has steadily 
increased with a peak in the increase in amount of manuscripts over the last years 
(Fig. 4.1).

In their key paper, back in 1978, John Remmers et al. described the importance 
of the genioglossus (GG) muscle in maintaining upper airway patency during sleep 
in the counter balance with the loss of upper airway muscle tone during sleep [8]. 
The resulting hypothesis that artificial activation of the GG muscle might be effec-
tive in the treatment of obstructive sleep apnea (OSA) was first evaluated by Miki 
et al. as these authors could demonstrate that upper airway resistance decreased by 
electrical stimulation of the GG in anesthetized dogs [9]. The first human study was 
performed by the same research group assessing the efficacy of surface stimulation 
at the level of the submental region in six OSA patients during sleep [1]. The results 
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Number of papers on hypoglossal nerve stimulation and sleep-disordered breathing
over the years
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Fig. 4.1  Estimated number of scientific manuscripts published in PubMed about electrical stimu-
lation of the hypoglossal nerve for treatment of sleep-disordered breathing over the years

of this experiment suggested a decrease in the frequency of apneic episodes and 
longest apnea duration, and an increase in arterial oxygen saturation [1]. The percu-
taneous electrical stimulation that was employed in this study was not causing 
arousal neither was it significantly affecting blood pressure or heart rate [10]. The 
findings suggested that submental electrical stimulation using the technology of 
apnea demand-type stimulator based on tracheal breath sounds could be a non-
invasive and effective treatment for OSA [1, 10]. Subsequently, the observation was 
made that placement of electrodes for stimulation in the proximal half of the sub-
mental region could decrease supraglottic resistance during mouth breathing both in 
OSA patients and a control group, and that ideally the surface electrodes were 1 cm 
apart [11]. Apart from the influence of stimulation site, the effectiveness of submen-
tal stimulation turned out to be dependent on stimulation intensity with a frequency- 
and voltage dependency of the effect of stimulation [11]. After these first studies, 
results of other trials evaluation submental stimulation were published with mixed 
results [12]. A limited cure rate was reported in an abstract published by Verse et al. 
[13]: transcutaneous electrical stimulation was reported to reduce the apnea/
hypopnea-index (AHI), snoring and daytime sleepiness significantly [13]. Both 
intraoral and subcutaneous submental stimulation are associated with time-linked 
arousals [12, 14]. In spite of these discouraging findings a recent flare of clinical 
trials on these concepts has been noted. After the publication of feasibility studies 
the protocol of a larger study that evaluates transcutaneous electrical stimulation for 
OSA was published in 2019 by He et al. [15]. Additionally a notable improvement 
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in both snoring and mild OSA was reported by Kotecha et al. with a novel intraoral 
neuromuscular stimulation device using daytime awake neuromuscular electrical 
stimulation to induce toning of the tongue muscles [7]. This daytime neuromuscular 
electrical training appears to be well tolerated and effective at reducing snoring 
while improving sleep quality of both patient and his/her partner [16].

The clinical history of the more invasive direct method of hypoglossal nerve 
stimulation (HNS) therapy dates back to the four-centre trial evaluating unilateral 
HNS in eight patients with OSA [2]. This study converges with the first ever surgi-
cal procedure for implantable HNS therapy in a human OSA patient at the Antwerp 
University Hospital in Edegem, Belgium, in June 1996. The hypoglossal nerve 
stimulation system evaluated in this study (Inspire I stimulating system, Medtronic 
Inc., Minneapolis, MN, USA; Fig. 4.2) was designed to synchronize the delivery of 
the CN XII stimulation with the patient’s inspiration using an implantable intratho-
racic pressure sensor, a programmable pulse-generating system, and a stimulating 
half-cuff silicone-insulated, guarded, bipolar platinum electrode placed around the 
main trunk of the nerve at the left side. Using an external programming unit the 
stimulation parameters and inspiratory sensing algorithms could be adjusted. 
Impulses were delivered to the hypoglossal nerve via a lead. A self-controlled pro-
gramming unit was provided for patients to initiate and terminate electrical stimula-
tion. The findings of this particular study could confirm the safety, feasibility and 
therapeutic potential of implanted HNS with a significant reduction of AHI [2].

The learnings from that early experience in eight OSA patients included that 
implanted HNS synchronized with ventilatory effort during sleep may indeed pro-
vide a potential treatment for OSA and that improvements in OSA were related to 
CN XII dependent muscle recruitment and not to arousal. During the study, how-
ever, there were some technical issues related with stimulation hardware and soft-
ware [2, 18].

The re-engineered Inspire II system (Inspire Upper Airway Stimulation (UAS) 
device, Inspire Medical Systems, Inc., Maple Grove, MN, USA; Fig. 4.3) got sub-
sequently launched and evaluated in a clinical multi-centre trial enrolling patients 
from European and US centres [3]. The second generation implant included 
improved cuff electrode of the stimulation lead and demonstrated pressure sensing 
technology. During the surgical implantation the cuff section of the stimulation lead 
was placed on the medial division of the distal hypoglossal nerve aiming at selective 
stimulation of the protruding tongue muscles [4, 19].

The findings of the study by Van de Heyning et al. evaluating the Inspire II sys-
tem have become the evidence base for the current inclusion criteria in routine clini-
cal practice for the application of HNS [3]. After all, the results have clearly 
demonstrated that this type of HNS therapy is safe and efficacious in selected OSA 
patients with moderate to severe disease who cannot or will not use CPAP as their 
primary treatment. In addition, patients turned out more eligible to respond when 
body mass index (BMI) is not greater than 35 kg/m2 and when no complete concen-
tric palatal collapse (CCCp) is observed during drug-induced sleep endoscopy 
(DISE) [20]. The latter being subsequently confirmed in a larger set of OSA patients 
receiving HNS therapy with the Inspire II device [21].
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Fig. 4.2  Schematic overview of the different component of the Inspire I stimulating system 
(Medtronic Inc., Minneapolis, Minn, USA) and surgical access. Implantable pulse generator (IPG) 
placement in an infraclavicular pocket superficial to the pectoralis major muscle fascia. The nerve-
electrode lead and pressure-transducer lead are tunnelled to the IPG pocket and connected to the 
IPG. (From Eisele [17]; with permission)

A next phase in the clinical evaluation of the second generation Inspire devices 
for upper airway stimulation therapy using unilateral HNS was the Stimulation 
Therapy for Apnea Reduction (STAR) Trial. This international multicenter, pro-
spective, single-group trial with participants serving as their own controls evalu-
ated the effectiveness of the therapy in a group of 126 patients with moderate to 
severe OSA with a history of nonadherence to CPAP. The analysis of the end-
points 12 months after implantation could illustrate that this unilateral stimulation 
of the hypoglossal nerve, synchronous with ventilation, resulted in significant and 
clinically relevant reductions in the severity of OSA and self-reported sleepiness, 
and, meaningful improvements in quality-of-life measures at 1 year [4]. Serious 
adverse events were uncommon and the side effects were not bothersome to most 
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Fig. 4.3  Schematic overview of the different components of the Inspire II-IV therapy concept. 
The respiration-sensing lead located at the level of the fourth or fifth intercostal space detects in- 
and expiration of the patient during sleep thereby measuring the respiratory cycle. After conversion 
of the respiratory signal by the neurostimulator or IPG, placed in an infraclavicular pocket super-
ficial to the pectoralis major muscle fascia at the right site, intermittent stimulating pulses are 
delivered to the hypoglossal nerve through the stimulation lead onto the cuff electrode around the 
protruding branches of the hypoglossal nerve. This means that a unilateral respiration-synchronized 
stimulation of the hypoglossal nerve generates a protrusion of the tongue. (With permission)

patients [4]. In addition, the results of a randomized, therapy-withdrawal part of 
the trial indicated that the reduction in the severity of OSA was maintained among 
those who continued the therapy illustrating that the therapy effect is due to stimu-
lation [4].

The one-year follow-up findings of this STAR study published in the New 
England Journal of Medicine, are, up to this date, largely reassuring with regard to 
the clinical prescription of this innovative and emerging therapy to selected OSA 
patients.

DISE studies in a subset of patients that were under HNS therapy with the Inspire 
device, illustrated that HNS responders had larger retropalatal enlargement with 
electrical neurostimulation of the hypoglossal nerve as compared to non-responders 
and that the neurostimulation thus was able to increase both the retropalatal and 
retrolingual areas [22]. This observation of multilevel enlargement induced by 
upper airway neurostimulation therapy may provide an additional strength to the 
sustained reductions of OSA severity in selected patients receiving HNS therapy 
[4, 22].
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Subsequently, the results of 5 year follow-up data on STAR trial were published 
in Otolaryngology–Head and Neck Surgery and confirm sustained improvements in 
sleepiness, quality of life, and respiratory outcomes during 5 years via a unilateral 
hypoglossal nerve implant in these patients with moderate to severe OSA who have 
failed nasal CPAP while serious adverse events were uncommon [5]. These results 
confirmed HNS therapy with the Inspire device as a nonanatomic surgical treatment 
with long-term benefit for these patients [5].

Meanwhile other systems for HNS therapy were evaluated for the treatment of 
OSA. Results of most of these trials have been published and confirm the safety and 
feasibility of implantable systems for HNS therapy for OSA [3, 23–25].

The HGNS system (Apnex Medical, Inc., St. Paul, MN, USA; Fig.  4.4) was 
evaluated at 12 months following implantation in up to 31 OSA patients [26]. The 
results revealed a significant decrease in the AHI when applying HGNS together 
with favorable safety and feasibility of this therapy [26]. The company Apnex 
Medical ceased operation in 2013.

A next HNS system that has been under investigation is the Aura6000 system 
(Fig. 4.5) originally developed by ImThera Medical, Inc. (San Diego, CA, USA) 
and now owned by Liva Nova PLC (London, UK) [19]. The Aura6000 consists of 
six electrodes within a multi-electrode lead that are placed surgically around the 
trunk of the hypoglossal nerve [27, 28]. This so-called targeted hypoglossal neuro-
stimulation (THN) uses cyclical neurostimulation to ensure no single nerve fiber is 

Cuff electrode

Respiratory
sensing leads

Neurostimulator

Stimulating lead

Hypoglossal nerve

Fig. 4.4  Schematic 
overview of the implanted 
components of the HGNS 
system (Apnex) including 
a neurostimulator that 
delivers electrical 
stimulation to one 
hypoglossal nerve via a 
stimulation lead having a 
distal cuff electrode. 
Respiration sensing leads 
detect inspiration using 
bioimpedance, enabling 
the system to deliver 
stimulation synchronous 
with inspiration. (From 
Kezirian et al. [26]; with 
permission)
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Fig. 4.5  ImThera 
Aura6000 Medical’s 
targeted hypoglossal 
neurostimulation system 
(Liva Nova). A pulse 
generator is implanted 
subcutaneously below the 
clavicle. A submandibular 
incision is used to expose 
the hypoglossal nerve 
trunk, and a lead cuff is 
placed around the nerve. 
The wire is passed 
subcutaneously using a 
canula and connected to 
the pulse generator. (From 
Friedman et al. [27]; with 
permission)

stimulated continuously to avoid muscle fatigue [19, 23]. The Aura6000 system 
provides a continuous neurostimulation onto the body of the proximal hypoglossal 
nerve via the multi-electrode lead, thereby obviating the need for respiration-sensing 
leads; whereas with the Inspire devices, the hypoglossal nerve stimulation is inter-
mittent and synchronized with the respiration-sensing leads that measure the respi-
ratory cycle. Therefore, this system, in contrast to Inspire and Apnex, does not 
utilize a sensing lead necessitating only two surgical incisions when implanting the 
Aura6000 system [27].

In a first study published by Mwenge et al. unilateral THN was implanted suc-
cessfully in 13 out of 14 patients with moderate to severe OSA [23]. The study 
protocol included follow-up polysomnography 12 months after surgical implanta-
tion and a significant reduction in AHI as demonstrated together with improvements 
in oxygen desaturation index (ODI), arousal index and daytime sleepiness [23]. In 
a provisional last publication, the authors report the results of an open-label multi-
centre study suggesting that THN therapy being likely to be safe and effective in 
selected OSA patients with a baseline AHI lower than 65 per hour sleep and a base-
line BMI not higher than 35 kg per square meter [27].

The concept of the Genio™ system for HNS therapy (Fig. 4.6 – Nyxoah SA, 
Mont-Saint-Guibert, Belgium) is quite different from the three other systems as it 
provides bilateral stimulation of the nerve and does not consist of an implantable 
pulse generator or IPG. The Genio™ system is implanted submentally and stimu-
lates the terminal branches of the hypoglossal nerve bilaterally via an implanted 
neurostimulator that will be activated externally [25]. The external activation is pro-
vided by a disposable patch submentally on which the activation chip with its own 
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a b

Fig. 4.6  Overview of the components of the Genio™ system for HNS therapy (Nyxoah SA, 
Mont-Saint-Guibert, Belgium). (a) the implanted stimulator straddling the genioglossus muscles 
and protruding branches of the hypoglossal nerve bilaterally and (b) the disposable patch and 
activation unit. (From Eastwood et al. [25]; with permission)

rechargeable battery will be connected every night. A patented duty cycle algorithm 
will use the patient’s breathing frequency as a reference to make adjustments to the 
stimulation cycle.

The results published in 2020 by Eastwood et al. report on 27 implanted patients 
with moderate to severe OSA. The data suggest that the relative non-invasiveness of 
Genio HNS therapy does not compromise its effectiveness relative to the other 
methods [25]. During the six-months post-implantation period no serious adverse 
events occurred and significant improvements in AHI, ODI, quality of life and snor-
ing were noted [25].

Currently, several clinical trials that evaluate Genio therapy are enrolling. The 
Dual sided hypoglossal neRvE stimulAtion for the treatMent of obstructive sleep 
apnea (DREAM) study is an international multicentre FDA supervised pivotal trial 
with the target to implant 134 CPAP intolerant patients with moderate to severe 
OSA without CCCp on baseline DISE.

At this stage, the data in the literature on the use of Inspire HNS therapy is quite 
impressive with a proven track record of good adherence to the therapy and evi-
dence on a remarkable clinical efficacy. Up to 30,000 patients did already undergo 
implantation with Inspire therapy with treatment reimbursement in an increasing 
amounts of countries worldwide.
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The ADHERE Registry is an international multicentre prospective observational 
cohort study following outcomes of HNS Inspire therapy in patients who have failed 
CPAP therapy for OSA. The aim of this registry is to assess the outcomes of patients 
receiving this treatment of OSA in the “real world” setting outside of clinical trials. 
Up to February 2019 the registry had enrolled more than 1000 patients while an 
interim analysis on patients that completed their 12-month follow-up demonstrated 
that also in routine settings the HNS Inspire therapy effect is durable with signifi-
cant improvements in both subjective and objective OSA outcomes and high adher-
ence to the therapy [29].

Within and outside ADHERE the quest for the additional predictors for more 
successful HNS therapy is ongoing [29] with further analysis of, among others, the 
role of cross motor innervation of the hypoglossal nerve and other neuromuscular 
stimulation aspects of HNS, DISE phenotyping and polysomnographic pathophysi-
ological endotypes [21, 30–32].

Currently, apart from an animal study reporting on electrical stimulation of the 
superior laryngeal nerve for apnea recovery [33], no evidence on electrical neuro-
stimulation therapy for central sleep apnea can be demonstrated from a review of 
the existing literature.

In conclusion, many clinical trials and systematic reviews indicate that HNS 
therapy for selected OSA patients seems to be safe with high rates of compliance 
and therapy adherence, and, stable outcome results over several years of follow-up 
[5, 12, 18, 19, 24, 26, 29, 34–37]. A fascinating story of research and development 
for over 35 years has led to the clinical implementation of this innovative therapy 
while evaluation and further improvement of HNS therapy for OSA continues.
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