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Purpose of review

Obstructive sleep apnea (OSA) is a common disorder characterized by recurrent

pharyngeal collapse secondary to sleep-induced hypotonia of peri-pharyngeal

structures. Therapy for OSA is sometimes poorly tolerated and not always effective. The

current study reviews a new treatment modality, hypoglossus stimulation, recently

evaluated by multiple physiological studies and currently assessed by several clinical

studies.

Recent findings

A phase-I, implantable hypoglossus nerve stimulation multicenter study was published

in 2001. Significant reduction in apnea–hypopnea index (AHI) was reported in seven of

the eight implanted OSA patients, but technical faults precluded prolonged follow-up.

Over the past 2 years, three new hypoglossus nerve stimulation systems have been

evaluated in more than 60 OSA patients. In adequately selected patients, a more than

50% reduction in AHI was observed. Usually, a decrease in OSA severity from

moderate–severe to mild–minimal can be achieved.

Summary

Ongoing research, including recent initiation of a large multicenter phase-III study,

suggests that hypoglossus nerve stimulators are likely to be available as a new treatment

modality within a few years. Additional data are needed to define which OSA patients

are most likely to benefit from hypoglossus nerve stimulation. Continuous refinement of

electrodes design is likely to improve stimulation efficacy in coming years.
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Introduction

Obstructive sleep apnea (OSA) is a common disorde

characterized by recurrent episodes of upper airwa

obstruction during sleep [1,2]. In addition, OSA has bee

shown to increase the risk of hypertension and metaboli

disorders, and consequently cardiovascular morbidity an

mortality [3–7]. Although numerous methods have bee

used to restore upper airway patency during sleep, n

single treatment modality has been shown to provid

relief to all patients with this disorder, as all are onl

partially effective and/or may be poorly tolerated: con

tinuous positive airway pressure (CPAP) has been th

mainstay of treatment since the early 1980s, but incom

plete compliance persists despite continuous technica

improvements. A large number of oral appliances an

operative solutions have been designed, but at times onl

partial improvement can be achieved [8–11]. Therefore

a new approach to the treatment of OSA is most desirable

preferentially an approach that will address the primar

1070-5287 � 2011 Wolters Kluwer Health | Lippincott Williams & W
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cause of pharyngeal obstruction in OSA, namely, the

sleep-related decrease in pharyngeal dilating forces.
Electrical stimulation of upper airway dilator
muscles: rationale
In addition to the many anatomical abnormalities impli-

cated in the pathogenesis of OSA, the role of neuromus-

cular mechanisms is clear, as apneas occur only during

sleep, when muscular activity wanes [12,13�]. Con-

sequently, the importance of upper airway dilator

muscles in maintaining pharyngeal stability has been

long recognized. A progressive diminution in the level

of electrical activity of upper airway dilator muscles with

the transition from wakefulness to sleep has been well

documented. This decrease in activity is associated with

pharyngeal narrowing and increased upper airway resist-

ance, and frank collapse in OSA patients [13�]. Accord-

ingly, an approach directed to increase dilator muscle

tone to a level sufficient to maintain pharyngeal patency
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during wakefulness is expected to restore airflow
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Key points

� Obstructive sleep apnea is largely due to sleep-

related decrease in pharyngeal dilator muscle tone.

� Therefore, electrical stimulation of dilator muscles

to restore their tone addresses directly the patho-

physiological cause of obstruction.

� Hypoglossus nerve and direct genioglossus muscle

stimulation have been shown in multiple animal

and human studies to improve pharyngeal patency.

� Ongoing phase II and III studies with fully implan-

table hypoglossus nerve stimulation systems have

proven safe, convenient, and successful in selected

patients, suggesting that this new treatment

modality may be available for clinical use in a

few years.
during sleep.

Experimental animal models
Functional electrical stimulation of striated muscles pro

vides an important tool to assess their mechanical effec

and has been largely employed since the early 1980s t

assess the effects of pharyngeal dilator muscles on th

upper airway. Virtually all animal studies have confirmed

that stimulation of dilator muscles enlarges and stabilize

the pharynx. Results obtained in anesthetized animal

need to be interpreted cautiously when applied t

humans, as upper airway anatomy differs among mam

mals in several important aspects, and none of the anima

models studied are prone to developing sleep apnea

Keeping these reservations in mind, the following ar

some of the animal studies that provided finding

relevant to therapeutic dilator muscle stimulation: stimu

lation of hypoglossus nerve fibers that innervate th

tongue appears to produce equal or larger mechanica

effects compared to other cranial nerves that innervat

pharyngeal and palatal muscles [14]; stimulation of th

whole hypoglossus nerve, which co-activates both pro

trusor and retractor muscles of the tongue, enlarges th

pharynx to a similar degree as selective stimulation o

the medial branch of the hypoglossus nerve, which pre

ferentially contracts tongue protrusors [15]; unilatera

stimulation of the hypoglossus nerve produces response

comparable to bilateral stimulation in rabbits, even with

sub-maximal stimulation intensities [16]; direct stimu

lation of the genioglossus muscle produces similar result

to those obtained by stimulation of the hypoglossu

nerve, suggesting that stimulation of the genioglossu

muscle can predict responses to hypoglossus nerve stimu

lation [17]; comparison of the effects of several dilato

muscles indicates that the mechanical response to gen

ioglossus muscle stimulation is significantly larger than

that of stimulation of other muscles, and is independen

of head position [18]; genioglossus muscle contraction

can also ameliorate partial or complete pharyngea

obstruction [19]; in dogs implanted with hypoglossu

nerve stimulators (HGNSs), mechanical efficacy is main

tained despite chronic excitation over months withou

any sign of damage to the hypoglossus nerve [20]; and

finally, specially designed electrodes may enable selec

tive stimulation of specific fiber bundles within the hypo

glossus nerve [21].
Initial dilator muscle stimulation attempts in

-

e

humans
Attempts to stimulate upper airway dilating muscles in

OSA patients for therapeutic purpose have been under

taken ever since the physiological importance of thes

muscles’ action began to be appreciated. Although
Copyright © Lippincott Williams & Wilkins. Unaut
anecdotal reports describing dilator muscle stimulation

with intramuscular electrodes date back to the late 1970s

[22], the first published trial reported a significant

reduction in apneas with sub-mental electrical stimu-

lation [23]. However, sub-mental stimulation causes con-

traction of the plathysma, but does not move the tongue

even with strong, painful stimulation [24], and the

original findings could not be duplicated in other centers

[22,25,26]. Even in patients with OSA, this technique

produced only small and inconsistent improvement in

pharyngeal patency. Similarly, fine-wire electrodes

placed under computed tomography (CT) guidance near

an internal branch of the hypoglossus nerve [26] and

stimulation of the genioglossus muscle with surface or

intramuscular electrodes [27–29] were not found useful

for clinical purposes: although improvements in flow

mechanics could be demonstrated, adequate flow at

ambient pressure was observed in only a few OSA

patients, and the stimulation was found to result in

arousal after only a few breaths.
Physiological studies in humans
Genioglossus muscle stimulation during sleep that results

in genioglossus muscle contraction reduces the critical

occlusion pressure of the pharynx (Pcrit) [29]. Recent

studies conducted under propofol anesthesia (’pharma-

cological sleep’) provided additional physiological find-

ings relevant to OSA: genioglossus muscle stimulation

was shown to lower Pcrit when the primary site of

collapse was at the level of the velopharynx as well

[30]. Genioglossus muscle contraction appears to improve

pharyngeal stability by reducing extrapharyngeal pres-

sure, rather than by lowering pharyngeal compliance

[31�]. Interestingly, advancement of the tongue is not

mandatory, as genioglossus muscle stimulation often also

enlarges the velopharynx in the lateral direction [32].

However, it is important to recruit the appropriate tongue

fibers: the fan-like orientation of the genioglossus muscle
horized reproduction of this article is prohibited.
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fibers produces both tongue depressant and protrusiv

effects, and only the latter improves flow-mechanic

[33�]. Therefore, more targeted stimulation would b

expected to optimize the mechanical response. Indepen

dently of the site of stimulation, large differences in th

response to stimulation were observed between OSA

patients [29,30,33�]. These differences did not correlat

with the anthropometric, polysomnographic, or cephalo

metric characteristics of these OSA patients. However

patients with a relatively larger tongue tended to hav

a larger response [33�]. Changes in length–tensio

relationships may affect the mechanical response t

genioglossus muscle contraction, but under physiologica

conditions this effect appears to be minimal [34]. Also

co-activation of tongue retractors produced a simila

response to that of isolated genioglossus muscle stimu

lation [35]. All of these physiological human studies

while confirming the feasibility and mechanical efficac

of tongue muscle stimulation, also suggested that onl

neurostimulation of the pure motor hypoglossus nerve

which avoids the sensation of the stimulation by sensor

lingual nerve fibers, has a potential to become clinicall

relevant as a new treatment modality for OSA.
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Hypoglossus nerve stimulation in obstructive
sleep apnea patients
The major breakthrough for this new OSA treatmen

modality occurred when investigators from John

Hopkins University initiated a series of well designe

studies leading ultimately to an implantable hypoglossu

nerve stimulation system. In a preliminary acute study

five OSA patients were implanted with hypoglossu

nerve cuff electrodes and were transferred, after arousa

from anesthesia, to the sleep laboratory. Electrodes wer

activated by an external stimulator, and measurement

performed during sleep showed an improvement i

inspiratory airflow ranging between 50 and 200 ml/s

without arousal [36]. The success of this preliminar

study led to approval and initiation of a phase I, hypo

glossus nerve stimulation, multicenter feasibility stud

undertaken to investigate the efficacy of a fully implan

table hypoglossus nerve stimulation system. The system

(Inspire I; Medtronic, Minneapolis, Minnesota, USA

consisted of three components: an implantable pace

maker-like pulse generator, a tri-polar, half-cuff peri

pheral nerve-stimulation electrode, and a pressure senso

designed to recognize intrathoracic pressure deflectio

and initiate hypoglossus nerve stimulation during inspi

ration. Limiting stimulation to inspiration was physio

logically logical and considered necessary to preven

neuromuscular fatigue. The system was implanted unde

general anesthesia through three surgical incisions: th

stimulation electrode was placed on the peripheral mai

branch of the hypoglossus nerve close to its entrance int

the tongue muscle. The pulse generator was place
Copyright © Lippincott Williams & Wilkins. Una
subcutaneously into an infraclavicular pocket. The pres-

sure transducer was inserted into a hole drilled through

the manubrium sterni, thereby allowing the measure-

ment of intrathoracic pressure. The system contained a

microprocessor that could be reprogrammed via transcu-

taneous instructions, enabling the physician to adjust

stimulus frequency, duration, and amplitude. A remote

control unit allowed the patient to turn the stimulator on

at bedtime, and a preset delay enabled patients to fall

asleep before the start of electrical stimulation.

The results of the study were published in 2001 [36] and

in several later reviews, including a recent comprehen-

sive description of the same study [37�]. A substantial

reduction in the apnea–hypopnea index (AHI) was

observed in all but one of the eight patients implanted.

The improvement was already appreciable in the first

postimplantation sleep study performed after 1 month,

and the same response was maintained over a follow-up

period of 6 months. On average, the AHI in the seven

successfully implanted OSA patients decreased from

53.4� 22.2 to 21.4�9.8 events/h (mean�SD) and fell

as low as 13.3� 6.6 events/h if nonsynchronized stimu-

lations were excluded. Unfortunately, technical faults

that included lead rupture and sensor malfunctioning

due to cardiac artifacts precluded prolonged assessment

[37�]. Nevertheless, all patients tolerated the long-term

stimulation and did not experience any adverse effects,

and the three patients who remained free from stimulator

malfunction continued to use the device as primary

treatment until the lifetime of the internal power supply

was reached [37�].

oglossus nerve stimulation for obstructive sleep apnea Oliven 421
Recent ongoing phase II hypoglossus nerve
stimulation studies
Despite the positive results of the phase I feasibility

study, it took more than 10 years before improved stimu-

lation systems were developed and new studies were

initiated. In 2009, two investigator groups started multi-

site studies, and a third group joined a year later. The new

systems remained basically similar, with the exception of

the respiratory sensor, which no longer depends on

intrathoracic pressure (Fig. 1). At the time of this writing,

interim results of these ongoing studies have been pre-

sented at the 2011 American Thoracic Society Inter-

national Conference in Denver, Colorado. More than

60 patients had received the new devices in the USA,

Europe, Israel, and Australia. Eastwood et al. [38��]

reported their findings in 21 individuals (14 men)

implanted with a novel HGNS (Apnex Medical Inc.,

St Paul, Minnesota, USA) and followed for 6 months.

These investigators selected patients with predomi-

nantly obstructive hypopneas and used sensors that

identified inspiration by changes in thoracic impedance.

Seventy five per cent of their patients experienced
uthorized reproduction of this article is prohibited.
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from 47.4� 16.9 to 19.4� 12.6 events/h, associated with
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Figure 1 Schematic presentation of the implantable hypoglos-

sus nerve stimulation system, designed to contract the tongue

muscles during inspiration

Hypoglossus
nerve

Hypoglossal
electrode

Pulse
generator

Respiratory
sensor

Tetanic stimulations to the hypoglossus nerve lasting 1–2 s are applied
by a pacemaker-like device, triggered by a respiratory sensor so as to be
synchronized to inspiration.
greater than 50% decrease in AHI; the mean�SD AH

decreased from 43.1� 17.5 to 16.3� 9.1 events/h, associ

ated with significant reduction in desaturation event

and improvement in Epworth Sleepiness Scale and

Functional Outcomes of Sleep Questionnaire scores

Two adverse events (stimulator pocket infection and

electrode dislodgement) required surgical intervention

but resolved without sequelae. Well synchronized stimu

lations increased inspiratory flow by 15.2� 2.4 l/min [39]

Badr et al. [40��] reported their results with the Inspir

system (Inspire Medical Systems, Minneapolis, Minne

sota, USA), a modified and improved version of th

original phase I system, now using a sensor that monitor

respiratory movements. The first 22 patients enrolled had

a wide range of BMI and AHI, and only eight of them

were considered responders. Based on findings obtained

in this first group, new selection criteria and electrod

placement site were introduced. In a second group o

nine individuals, all but one showed substantial improve

ment, with a reduction in AHI for this group from 39�
to 12� 13 events/h. The new Inspire device provided

long-term safety, stability, and functional reliability ove

a follow-up period of more than 2 years. These result

prompted a phase III study: the Stimulation Therap

for Apnea Reduction, or STAR trial. Rodenstein et al
[41��] reported their results on 11 OSA patient

implanted with an original system (aura6000; ImTher
Copyright © Lippincott Williams & Wilkins. Unaut
Medical, San Diego, California, USA). This device uses a

silicone cuff electrode housing six independent contacts

surrounding the hypoglossus nerve. This approach,

although requiring elaborate titration of stimulation

during wakefulness and sleep, enables a continuous

(‘tonic’) hypoglossus nerve stimulation without the need

to synchronize stimulation with the respiratory cycle.

Partial unilateral tongue paresis lasting 2–3 months

occurred in two participants. AHI decreased significantly
a corresponding decrease in desaturations.

Prospective developments and future
research
Although the results of phase I and II studies are encoura-

ging, they also suggest that hypoglossus nerve stimulation

usually produces only a partial response. Consequently,

this modality may be applicable to only certain OSA

patients and appropriate selection criteria must be devel-

oped. Furthermore, modification of the electrodes to

allow more complex stimulation algorithms is being

pursued [21,41��], and it remains to be seen whether this

extension of the technique will improve targeted stimu-

lation and mechanical efficacy. Although the effect of

hypoglossus nerve stimulation during sleep appears to be

primarily mediated through a mechanical process [39],

chronic stimulation may affect both control of genioglos-

sus respiratory activity and histochemical and functional

changes in the activated muscle fibers. The magnitude

and clinical implications of these changes remain to be

evaluated.
Conclusion
To the present time, approximately 70 OSA patients have

been treated with unilateral hypoglossus nerve stimu-

lators. Overall, the results can be considered promising:

substantial reductions in AHI, associated with improved

oxygenation, and of subjective parameters have been

demonstrated in adequately selected patients. Although

general anesthesia is required, the operative procedures

are performed subcutaneously, and all patients are

mobile within a few hours after implantation. Few major

adverse events requiring removal of the implants

occurred, and none resulted in permanent morbidity.

The implanted devices were well tolerated by the

patients, resulting in good adherence to regular use of

the stimulator on a nightly basis by responders, sug-

gesting the possibility of a clear advantage compared

to CPAP in some patients. The convenience of use

may compensate for the cost and invasiveness of the

procedure, thus providing an effective treatment

modality for the population of OSA patients who cannot

tolerate CPAP. However, in contrast to CPAP, hypo-

glossus nerve stimulation in its current unilateral version
horized reproduction of this article is prohibited.
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provides only a partial reduction in AHI in most patients

Also, an acceptable trade-off may exist for those patient

able to use CPAP for only part of the night: partia

reduction in AHI for an entire night using hypoglossu

nerve stimulation vs. normalization of AHI for only par

of the night on CPAP. Nevertheless, many of the mos

severe OSA patients (i.e. those with AHI> 50) are pro

bably inadequate candidates as hypoglossus nerve stimu

lation will most likely not produce a fall in AHI to below

20/h. Additional parameters that may predict respons

and could then improve patient selection need to b

determined in future studies. In addition, once long-term

safety of unilateral hypoglossus nerve stimulation i

confirmed, further development of bilateral HGNS tech

nology will likely improve the mechanical efficiency o

this technique and allow extension of this treatmen
modality to a greater range of patients.
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