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Abstract
Neurostimulation of the upper airway muscles (acces ­

sory muscles ofrespiration) was accomplished in anesthe­
tized dogs and sleeping human s by electrical stimulation of
the hypoglossal nerves. Such stimulations relieved partial
airway obstructions in dogs. They also aborted (short­
ened) obstructive sleep apnea events in humans who suffer
with obstruct ive sleep apnea syndrome . In one subject,
stimulations delivered in advance of apneic events (by
automa tic cycling) prevented apneas. Neurostimulation
f or obstructive sleep apnea may be an important concept
fo rfuture research and development.

Introduction
The causes of obstructive sleep apnea are multifactori al:

some are more easi ly corrected than others. The nasal
factor is amenable to surg ical or medical treatment ; the
long soft palate can be surgically shortened; redundant
pharyngeal tissues can be excise d or tightened; space
occ upying masses in the airway can be removed; and
recedin g jaws can be adva nced. But the unsolved problem
is inadequate neuromuscular tone in the tongue and pha­
ryngeal muscles.

Upper airway airflow depends on the balanc e between
two counteracting forces. The diaphragm and chest wall
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muscles generate negat ive intraluminal pressure during
insp iration , whereas the upper airway muscle s open or
stabilize the airway by pulling the tongue and hyoid
forw ard . This occurs during normal inspiration , and it has
been measured in the laboratory anim al.

For exampl e, in a study in dogs by Miki and others,
stimulation of the gen ioglossus muscle, with needl e elec­
trod es in the body of the tongue, produc ed a significant
lowering of upper airway resistance as measured throu gh
the transected trachea. ' It is the hypoglossal nerve that is
the motor nerve to the upper airway mu scles, the
genioglossus probabl y bein g most important since it pull s
the tongue forward,out of the airway. Other hyo id sus­
pensory muscle s are also innervated by the hypoglossal
nerv e.

It is hypothesized that inadequate tone in upper airw ay
muscul ature contributes to the airway collapse in obstruc­
tive sleep apnea and that such a pathophysiological state
co uld be reversed with elect rical stimulation of the hypo­
glossal nerves.?"

Animal Studies
A pilot study was performed in mongrel dogs, wherein

(undergeneral anesthesia) electrodes were wrapped around
the hypoglossal nerves. Electrical stimulations produ ced
visible mass contractions of the tongue, reducing its
bulk y size. Obstruct ive breathing was then create d with
placem ent of an inflatable balloo n into the hypoph arynx.
It was then infla ted unti l partial airway obstruction- ­
snoring sounds--appeared. When the hypoglo ssal nerves
were stimulated, the airway expanded from tongue con­
tracti on , and snoring disapp eared .

In the next study, an automa tic stimulator was devised ,
one that was triggered by obstructive breathing event s
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(Fig ure I). A strain gauge was sutured to the anterior
trachea l wall so that it would detect elongation of the
trachea (separation of tracheal rings) reflecting intratracheal
negative pressure from inspira tory effort.' Inspiration
against a partially obs truc ted airway yielded measurable
increases in tracheal elongations . The exaggerated nega­
tive pressure even ts, as measured , were processed so that
they could activate the hypoglossal nerve stimulators.

Figure 2 illustrates how the armed (activa ted) electrodes
responded to negative pressure and prompt ed neuromu s­
cular stimulation with relief of airway obstruc tion (de­
crease d height of respiratory osc illations and disappear­
ance of audible snor ing).

In three laboratory animals this design was succe ssfully
construc ted such that airway obstruction would trigger the
hypoglossal nerve stimulator which in tum would relieve
the obstruction." These were acute experimen ts with
external apparatuses, however , and no attempt was made to
convert this study into chronic experiments.

Human StUdies on Apnea Patients
Next pilot study was done to determine the effects of

hypoglossal nerve stimulation dur ing sleep in hum an sub­
jects with known obs tructive sleep apnea . All patient s
were middl e aged and otherwise healthy.

Needle electrodes were inserted percutaneously into
what was regarded as close proxim ity to the hypoglossal
nerves. On eac h side two electrodes were placed , about a
centimeter apart. While the patient was still awake, elec­
trical stimulations were delivered , producing visible con­
tractions of the tongue with some degree of prot rusion, but
mostly redu ction in its size or bulk.

Pat ient s were then connected to the polysomn ographic
recorders , and were allowed to fall asleep. The results from
four patient s are summarized.

Patient #1 suffe rs mild obstructive sleep apnea and
successfully uses continuous nasal positive air pressure
(CPAP) almos t every night. Off her machine she averages
20 apneas or hypopneas per hour lasting 20 to 30 seco nds
each, which usually end in a microarousal.

With stimulation (delivered when an apneic eve nt was
observed) we could interrupt or abort the apnea event,
shortening its duration. Nota ble was a consis tent interval
between the stimulation and the abortion of the apnea.
Some stimulations, when del ivered late in the apnea events,
were assoc iated with microarousals, but when delivered
earlie r, aro usals were absent. Th is sugges ted that hypoglo­
ssa l nerve stimulations produced a local--not a central-­
effect.

Patient #2 underwent a uvul opalatopharyngoplasty
(UPPP) about a year earlier, which had conver ted him from
a severe sleep apnea sufferer into a mild one, with apneas
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FIGURE 1. Apnea-activated tongue stimulator: Sche ­
matic of dev ice to detect negative inspiratory airway
pressure (from trachial elongation) which triggered hypo­
glossal nerve stimulation to relieve airway obstruction by
tongue contraction.

FIGURE 2. Tracheal inter-ring distance during inspiration
and expiration represent oscullations of intra-tracheal air­
way pressure. Partial airway obstruction exaggerated the
oscillations and produced snoring.Hypoglossal nervestimu­
lation triggered by exaggerated negative pressure relieved
that pressure and the snoring sounds .
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FIGURE 3. Polysomnographic recording from obstructive
sleep apnea patient #4. Pat ient's typica l obstuctive sleep
apnea ep isodic pa ttern .

FIGURE 5. Polysomnog raph ic recording from obstructive
sleep apnea patie nt #4 . Aborted (shorte ned) apneic epi­
sode from early st imulation. Note absence of arousal.

ofabou t 18 to 2 1seconds duration. Early stimulation could
reproducibly abort and shorten the apne ic per iods , with no
aro usal effect.

Patien t #3 underwent a UPPP several years earlier which
brought some improvement, but he persists with obstruc­
tive sleep apnea, measuring 15 to 33 seconds. St imu lation
aborted apnea eve nts so that their duration cou ld be short­
ene d to any dur ation that we chose. Hypopneic eve nts were
simi larly aborted by stimu lation. Late st imulations were
associated with microarousals; others were not.

Patien t #4 also had a UPPP but it made little differe nce
in his severe obstruc tive sleep apnea . He uses CPAP , but
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FIGURE 4. Polysomnographic recording from obstructive
s leep apnea patient #4 . Aborted (s horte ned) apneic epi­
sode from late st imulation of the hypoglossa l nerves.

FIGURE 6. Polysomnograph ic record ing from obstructive
s leep apnea patient #4. Absence of apneic ep isodes when
st imulation is delivered every 15 seconds.

begrudgingly. He suffers repetitively with long apneas
followed by arousals and five breath s or so; then he
relapse s into his apneas .

With stimulation we could abort his apnea at almost any
time duri ng the event and microarousals were not associ­
ated, whether in early stimulation or later (Fig ures 3-5) .

Most interesting of all, we then tried apnea proph ylaxis,
by de livering stimu lations reg ularly at IS second intervals
during a stage of his sleep when he was otherwise obstruct­
ing after every fifth breath. As long as the automa tic (every
IS second) stimulations were being delivered , apneas were
prevented altoge ther (Fig ure 6) . Then if stimulations
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FIGURE 7. Polysomnographic recording from obstructive
sleep apnea patient #4. Reappearance of patient's typical
apnea patterns when stimuli are stopped.

sto pped , he relapsed into long apneas (Figure 7); but when
stimulations were reinstated , apneas were agai n preve nted
com plete ly (Figure 8). Furthermore , as evident in the
recordings, he maintained deep stage sleep without arousals.

In general, there were no ill effects of the procedu res.
None of the patients found the stimulations to be part icu­
larly painful. If we delivered them when the patien ts were
awake, they did say that it was annoy ing, since they coul d
fee l the tongue contractions as well as co ntrac tion under
the chin (mye loho id). Only on one patient did we perform
"control " stimulations: electrodes were placed in the back
of the neck and in one of the toes . The neck contro l
produced no effects whatsoever. The toe contro l triggered
leg motion and arousa l.

Conclusions and Commentary
Electr ical stimulation of the accessory muscles of respi­

ration in the upper airway via the hypoglossal nerve was
show n to relieve partial airway obstruction in anes thetized
dogs and to interrupt obstructive sleep apneicevents in humans.

Th is raises the possibility that a device could be con­
structed to deliver such st imu lations , either on-dema nd or
on-automatic-cycle, to produ ce a more physiologic rever­
sal of the disease process than does any of the currently
avai lab le treatments fo r obs tructive sleep apnea. How­
ever, clinical application of the concept will req uire in­
vestigations into the long-term effectsof nerve stimulations, and
into the optimal timing of nerve stimulations.' Miniaturization
and implantation of the devices might also berequired.

The diaphragmatic pacem aker might serve as the tech­
nological prototype for future inves tigations. The authors
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FIGURE 8. Polysomnographic recording from obstructive
sleep apnea patient #4. Absence of apneic episodes when
cyclical stimulation is reinstated. Note presence of deep
stage sleep .

encourage other investigators to considerneurostimulation
as a potentia lly important new front ier in management of
this distressing disorder of obstructive sleep apnea .
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