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Background: Hypoglossal nerve stimulation has been
demonstrated to relieve upper airway obstruction acutely,
but its effect on obstructive sleep apnea is not known.

Objective: To determine the response in obstructive
sleep apnea to electrical stimulation of the hypoglossal
nerve.

Methods: Eight patients with obstructive sleep apnea
were implanted with a device that stimulated the hypo-
glossal nerve unilaterally during inspiration. Sleep and
breathing patterns were examined at baseline before im-
plantation and after implantation at 1, 3, and 6 months
and last follow-up.

Results: Unilateral hypoglossal nerve stimulation de-
creased the severity of obstructive sleep apnea through-
out the entire study period. Specifically, stimulation sig-
nificantly reduced the mean apnea-hypopnea indices in

non–rapid eye movement (mean±SD episodes per hour,
52.0±20.4 for baseline nights and 22.6±12.1 for stimu-
lation nights; P�.001) and rapid eye movement
(48.2±30.5 and 16.6±17.1, respectively; P�.001) sleep
and reduced the severity of oxyhemoglobin desatura-
tions. With improvement in sleep apnea, a trend toward
deeper stages of non–rapid eye movement sleep was ob-
served. Moreover, all patients tolerated long-term stimu-
lation at night and did not experience any adverse ef-
fects from stimulation. Even after completing the study
protocol, the 3 patients who remained free from stimu-
lator malfunction continued to use this device as pri-
mary treatment.

Conclusion: The findings demonstrate the feasibility and
therapeutic potential for hypoglossal nerve stimulation
in obstructive sleep apnea.
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O BSTRUCTIVE sleep apnea
affects 2% to 4% of the
adult population1 and is
most commonly seen
in middle-aged, over-

weight men.2 It is caused by recurrent epi-
sodes of upper airway obstruction during
sleep that lead to periodic oxyhemoglo-
bin desaturations and arousals from
sleep.3,4 Disturbances in sleep and oxy-
genation are believed to be responsible for
the major clinical manifestations of this
disorder, which include daytime hyper-
somnolence, arterial and pulmonary hy-
pertension, and cardiopulmonary fail-
ure. The primary goal of therapy is to avert
or alleviate the clinical sequelae of this dis-
order by relieving upper airway obstruc-
tion during sleep.5 Various methods have
been used to relieve upper airway obstruc-
tion in apneic patients, including nasal
continuous positive airway pressure,6-9

weight reduction,10,11 positional maneu-
vers,12 pharmacologic interventions,13-15

dental appliances,16,17 and upper airway re-
constructive or bypass surgery,18-22 all with
varying degrees of success. Thus, no single
treatment is certain to provide complete
relief of upper airway obstruction in all pa-
tients during sleep.

The cause of upper airway obstruc-
tion is related to a decline in genioglossus
muscle activity during sleep and is not ad-
dressed by current therapy.3,23 In previous
studies, investigators have demonstrated
that short-term stimulation of the genio-
glossus can prevent the tongue from pro-
lapsing into the pharynx24-26 and relieve up-
per airway obstruction during sleep.26-28

Recently, a novel implantable hypoglossal
nerve-stimulating device has been devel-
oped to provide more prolonged genio-
glossal stimulation during sleep. In the pres-
ent clinical trial, we report responses in sleep
and breathing patterns to nightly stimula-
tion for at least 6 months after implanta-
tion of a hypoglossal nerve–stimulating de-
vice in 8 apneic patients.
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RESULTS

BASELINE CHARACTERISTICS

Patients were middle-aged, moderately overweight men
with moderate to severe obstructive sleep apnea during
NREM and rapid eye movement (REM) sleep (Table 1).
Two patients (patients 2 and 5) had previously under-
gone uvulopalatopharyngoplasties. All patients had been
using nasal continuous positive airway pressure but dis-
continued its use at the start of the trial.

STIMULUS PARAMETERS
DURING INTERVENTION

Stimulus parameters are shown for the group over the
trial period in Table 2. A significant increase in stimu-
lus voltage (P=.047) and frequency (P=.02) was re-
quired, particularly within the first 3 months of stimu-
lation, without any significant change in pulse width.

Interval assessments of stimulation were performed at 1
month (mean±SE, 38±15 days; n=8), 3 months (103±16
days; n=7), 6 months (219±31 days; n=8), and last fol-
low up (345±97 days; n=6).

SLEEP RECORDINGS DURING
HYPOGLOSSAL NERVE STIMULATION

In Figure 1, breathing patterns are illustrated at the
onset of hypoglossal nerve stimulation during a period
of continuous NREM sleep. Prior to the initiation of
electrical stimulation (Figure 1, left), 3 obstructive
hypopneas were evident (airflow and esophageal pres-
sure tracings). These events were associated with
oxyhemoglobin desaturations (oxyhemoglobin satura-
tion waveform) and with arousals from sleep during
which the submental electromyogram amplitude and
tidal airflow increased. After stimulation was started
(intermittent stimulus bursts in electromyogram
recording, Figure 1, right), tidal airflow stabilized at

PATIENTS AND METHODS

PATIENT SELECTION

Patients with sleep apnea were eligible if they had more than
10 apneas per hour during non–rapid eye movement
(NREM) sleep with predominantly obstructive apneas on
a screening overnight sleep study. Patients with concomi-
tant medical illness or neuromuscular or otolaryngologic
disease were excluded. A total of 8 men were enrolled; base-
line anthropometric characteristics are presented in Table1.
Three patients (patients 1-3) were also selected from 1 cen-
ter on the basis of nocturnal pharyngeal manometric stud-
ies29 indicating that they had predominantly retroglossal
obstruction during sleep. The trial was approved by the re-
search ethics committees in all participating centers and
by competent authorities in the 4 centers’ countries. In-
formed consent was obtained for each patient.

INITIAL AND FOLLOW-UP EVALUATION

Each patient also underwent a screening history, a physi-
cal examination, and an otolaryngologic examination. A
standard overnight sleep study was performed to charac-
terize each patient’s sleep and breathing patterns. In brief,
standard polysomnographic methods were used, which in-
cluded monitoring of surface C3-A2 and C3-O1 electro-
encephalograms, submental electromyograms, and bilat-
eral electro-oculograms for staging of sleep and assessment
of sleep-wake state. Respiratory patterns were assessed by
monitoring oxyhemoglobin saturation with pulse oxim-
etry, oronasal airflow by thermistor or pneumotacho-
gram, and thoracic and abdominal efforts by either piezo-
electrodes or esophageal manometry. The patient’s
electrocardiogram rhythm was also monitored continu-
ously throughout the night. Sleep studies were scored for
sleep-wake state,30 presence and type of apneas or hypop-
neas (obstructive, mixed, or central), changes in oxygen
saturation, and arousals.31 Apnea and hypopnea were de-
fined using previously published criteria.15

HYPOGLOSSAL NERVE–STIMULATING DEVICE

A stimulating device was designed to synchronize the deliv-
ery of stimulus bursts with the patient’s inspiration using the
Inspire I stimulating system (Medtronic Inc, Minneapolis,
Minn).Unilateral stimulationwaschoseninthisstudyforrea-
sons of safety. The hypoglossal nerve–stimulation system
consisted of an implantable intrathoracic pressure sensor, a
programmablepulse-generatingsystem,andastimulatingelec-
trode. The pulse-generating unit provided an excitation cur-
rent for the sensor and monitored the sensor signal to pre-
dict theonsetof inspiration. Independent thresholdandslope
parameterswereused todetect the inspiratoryandexpiratory
onset fromthe intrathoracicpressuresensorwaveform.These
timing parameters were then used to begin stimulation just
prior to inspiratory onset and to continue stimulation for the
duration of the inspiration, provided that a previously pro-
grammed expiratory refractory period had elapsed.

The pulse-generating unit delivered bursts of electri-
cal impulses at a set voltage amplitude, pulse width, and
frequency. Stimulus parameters and inspiratory sensing al-
gorithms could be addressed using an external program-
ming unit. Impulses were delivered to the hypoglossal nerve
via a lead and half-cuff silicone-insulated, guarded, bipo-
lar platinum electrode. A self-controlled programming unit
was provided for patients to initiate and terminate electri-
cal stimulation at will. Stimulation was set to begin after a
preset delay of 0 to 30 minutes to allow patients to initiate
sleep before the start of electrical stimulation.

DEVICE IMPLANTATION PROCEDURE

The patients received general anesthesia, and no long-
acting muscle relaxants were used intraoperatively. Cefa-
zolin was given perioperatively and every 6 hours for the
first 24 hours postoperatively. An upper neck incision was
made, and the main trunk of the hypoglossal nerve was iden-
tified by dissection between the submandibular gland and
the digastric tendon. The nerve was dissected peripheral
to a large inferior distal branch to the genioglossus muscle.

Continued on next page
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higherlevels, and arousals and oxyhemoglobin desatu-
rations abated.

SLEEP-DISORDERED BREATHING

Apnea-hypopnea indices in NREM and REM sleep are il-
lustrated for baseline; 1, 3, and 6 months; and last fol-
low-up night of stimulation (Figure 2). Hypoglossal
nerve stimulation was associated with a significant de-
crease in apnea-hypopnea indices from baseline across
all treatment nights (P�.001). In Table 3, sleep-
disordered breathing indices are reported for baseline,
for entire-night studies, and for continuous-stimulation
recording periods. During entire-night recordings, the
mean±SD apnea-hypopnea index decreased from a base-
line value of 52.0±20.4 to 22.6±12.1 episodes per hour
in NREM sleep (P�.001) and from 48.2 ± 30.5 to
16.6±17.1 episodes per hour in REM sleep (P�.001). Dur-
ing periods of continuous stimulation, further, nonsig-
nificant (P�.99) decreases in apnea-hypopnea indices to

15.5±15.2 and 12.0±17.6 episodes per hour were ob-
served for NREM and REM sleep, respectively. In addi-
tion, there were increases from control night in the NREM
baseline oxyhemoglobin saturation level (P=.03) and in
the mean low oxygen saturation (P=.001) during disor-
dered-breathing episodes for both the entire-night and
continuous-stimulation periods. In REM sleep, the base-
line oxyhemoglobin saturation level was unchanged from
the control night (P=.71), whereas the mean low oxy-
gen saturation level was increased (P=.047) during both
stimulation conditions compared with baseline.

In Figure 3, NREM apnea-hypopnea indices are il-
lustrated for baseline, entire-night, and continuous-
stimulation recording periods for each patient. Al-
though no significant differences in apnea-hypopnea
indices were observed between the entire-night and con-
tinuous-stimulation conditions, responses to the 2 stimu-
lation conditions differed in selected patients. For the en-
tire-night recording, the apnea-hypopnea index decreased
markedly in 7 of 8 patients during NREM sleep and in

A peripheral branch was chosen for stimulation for rea-
sons of safety and because stimulating the peripheral or
proximal hypoglossal nerve produced comparable in-
creases in airflow during sleep.26 A half-cuff electrode was
placed unilaterally around this branch and secured. The elec-
trode was connected to a pulse generator to confirm proper
nerve branch placement by observing tongue protrusion
and contralateral deviation.28 A midline lower-neck Kocher
incision was made to expose the manubrium, and a pres-
sure transducer was placed via a drill hole through the su-
perior manubrium. The implantable pulse generator was
placed in an infraclavicular subcutaneous pocket. The elec-
trode lead and intrathoracic sensing lead were tunneled sub-
cutaneously and connected to the pulse-generating unit.
Before the patient left the operating room, the function of
the entire implanted system was confirmed by observing
appropriate tongue movement with stimulation.

STIMULATION PROTOCOL AND FOLLOW-UP
SLEEP STUDIES

After implantation, stimulation was not initiated for 4 weeks
to avoid disrupting hypoglossal nerve contact with the cuff
electrode. Patients then returned for sleep studies at 1, 3,
and 6 months postoperatively. When possible, for ex-
tended follow-up an additional sleep study night beyond
the 6-month time point was added for selected patients.

On the first stimulation night at 1 month postopera-
tively, tongue function was assessed clinically. The motor
recruitment and pain thresholds were then determined dur-
ing wakefulness with intermittent stimulation (91 micro-
seconds; pulse width, 33 Hz) at 0.1-V increments. After the
onset of sleep, stimulation was started at the motor recruit-
ment threshold, and stimulus parameters were increased
to maximize tidal inspiratory airflow and to alleviate sleep-
disordered breathing episodes without electroencephalo-
graphic arousal.

On the second study night at 1 month postoperatively,
optimal parameters were used to stimulate the hypoglossal
nerve for the entire night. Stimulation was discontinued

during awakenings of longer than 3 minutes and resumed
once patients reinitiated NREM sleep. During follow-up sleep
studies at 3 and 6 months postoperatively, stimulus param-
eters were incremented as needed in the initial 30 to 60
minutes of sleep to normalize breathing patterns and main-
tained for the remainder of the night. During all sleep stud-
ies, patients were allowed to sleep on their side or back in an
unrestrained fashion.

DATA ANALYSIS

Sleep studies were scored for sleep and breathing patterns at
baseline; 1, 3, and 6 months after implantation; and on the
last available study night with electrical stimulation. Two sepa-
rate analyses were performed to account for physiologic and
device-related variability in response to stimulation. In an in-
tention-to-treat analysis, the entire night was evaluated with
the exception of the initial 30- to 60-minute period required
for adjustment of stimulus parameters. A further analysis of
the polysomnographic recording was performed to account
for periods of stimulator malfunction and “off” time. In this
analysis, only prolonged periods of repeated, synchronous
stimulation were assessed for the purpose of characterizing
sleep and breathing responses. The longest uninterrupted
NREM period in which no device malfunction was apparent
constituted a period of continuous stimulation.

Outcome variables included stimulus parameters and
nocturnal sleep and respiratory indices. Mixed-model gen-
eralized linear regression was used to analyze responses
(Minitab Inc, State College, Pa). A nested study design was
used to determine the response to electrical stimulation dur-
ing treatment vs baseline nights and to determine the re-
sponse to electrical stimulation across treatment nights. In
this model, treatment and treatment night were consid-
ered to be fixed factors, and the patient was considered to
be a random factor. When significant differences in the re-
sponse were detected over time, Bonferroni post hoc com-
parisons were performed to test for significant differences
between stimulation and baseline study nights. P�.05 was
considered significant.
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each of the 6 patients with significant apnea during REM
sleep. During the continuous-stimulation recording pe-
riod, a further decrease in NREM apnea-hypopnea in-
dex was observed in selected individuals (patients 1, 5,
and 6) compared with the entire night. These decreases
could be attributed to periods of intermittent device
malfunction or asynchronous stimulation that were
excluded from the analysis of continuous-stimulation
recordings in these patients.

SLEEP ARCHITECTURE

Sleep stage distribution is represented in Table 4 for the
entire study period. Trends toward a reduced percent-
age of stage I (transitional) NREM sleep (P=.16) and an
increased percentage of slow wave (deep) NREM sleep
(P=.14) were observed during the stimulated nights com-
pared with baseline, but were not statistically signifi-
cant. There were no significant differences in sleep stage
distribution among the treatment nights over the course
of the study.

CLINICAL FOLLOW-UP

The implantable stimulating device operated well in all
patients, was well tolerated, relieved symptoms of sleep-
disordered breathing, and replaced nasal continuous posi-
tive airway pressure as the sole treatment modality in these
patients for at least 6 months. All patients reported con-
tinuous use of the stimulator on a nightly basis. Pa-
tients’ body mass index values (calculated as weight in
kilograms divided by the square of height in meters) re-
mained stable throughout the study period (mean±SD,
29.3 ± 4.6 and 29.5 ± 4.4 at baseline and 6 months,
respectively). At each follow-up time point, the tongue
was thoroughly examined, and no abnormalities in lin-
gual appearance or function (abnormal tongue devia-
tion, atrophy, hypertrophy, fasciculations, pain, numb-
ness, inflammation, alterations in speech and swallowing)
were detected in any patient.

Subsequent device malfunction included pulse gen-
erator failure (patients 5 and 7), intermittent sensor shut-

down (patient 6), transient asynchronous stimulation due
to sensor signal artifact (patients 4 and 8), and electrode
breakage (patients 3 and 8). At the time this article was
written, 3 patients were still using the stimulating sys-
tem (patients 1, 2, and 4) as their sole treatment.

COMMENT

The major finding of the present study was that nightly
stimulation in patients with moderate to severe obstruc-
tive sleep apnea markedly diminished apnea severity with-
out arousing patients from sleep. Specifically, the fre-
quency of obstructive apneic and hypopneic episodes
decreased, and the severity of oxyhemoglobin desatura-
tions improved significantly. With improvement in sleep
apnea, a trend toward deeper stages of NREM sleep was
observed. Moreover, all patients tolerated long-term stimu-
lation at night, and none experienced any adverse ef-
fects from stimulation throughout the entire observa-
tion period. The 3 patients remaining free from any
stimulator malfunction continued to use this device as a
primary treatment for their apnea even after completing
the study protocol. Thus, these findings demonstrated
that nightly unilateral hypoglossal nerve stimulation is
both feasible and of potential therapeutic benefit for pa-
tients with obstructive sleep apnea.

Because of the temporary nature of the stimulator used,
previous studies on hypoglossal nerve stimulation have
shown only short-term relief of upper airway obstruction

Table 1. Baseline Anthropometric and Sleep-Disordered Breathing Indices*

Patient No./Sex/Age, y Neck, cm BMI, kg/m2

NREM REM

AHI,
Episodes/h

SaO2, %
AHI,

Episodes/h

SaO2, %

Baseline Low Baseline Low

1/M/57 43.5 31.4 65.6 91.9 90.1 45.7 94.6 88.4
2/M/54 46.5 34.4 17.1 92.4 91.7 8.0 95.0 92.4
3/M/55 41.0 25.8 57.8 91.4 88.7 66.7 88.9 85.9
4/M/52 45.7 34.9 58.0 97.3 86.6 60.0 96.8 75.7
5/M/36 41.3 24.5 60.7 93.0 87.6 69.7 93.3 89.9
6/M/38 39.4 27.2 80.8 97.4 93.6 88.4 97.0 93.7
7/M/54 39.5 23.1 46.5 98.1 93.1 47.1 98.0 94.7
8/M/53 40.0 26.0 29.7 91.2 85.9 0.0 NA NA

Mean ± SD
(range)†

42.1 ± 2.8
(39.4-46.5)

28.4 ± 4.5
(23.1-34.9)

52.0 ± 20.4
(17.1-80.8)

94.1 ± 3.0
(91.2-98.1)

89.7 ± 2.9
(85.9-91.7)

48.2 ± 30.5
(8.0-88.4)

94.4 ± 3.1
(98.0-88.9)

88.7 ± 6.5
(94.7-75.7)

*BMI indicates body mass index; NREM, non–rapid eye movement; AHI, apnea-hypopnea index; SaO2, oxyhemoglobin saturation; REM, rapid eye movement; and NA,
not applicable.

†For age, 49.9 ± 8.1 (36-57) years.

Table 2. Stimulation Parameters*

Time After
Implantation, mo

Stimulus
Amplitude, V†

Frequency,
Hz‡

Pulse
Width, µs

1 2.2 ± 0.5 33.9 ± 2.5 94.3 ± 9.2
3 2.6 ± 0.4 35.0 ± 3.4 107.7 ± 24.6
6 2.7 ± 0.7 35.6 ± 3.6 105.6 ± 23.5

Last follow-up 3.0 ± 1.0 37.7 ± 3.6 110.5 ± 25.7

*Values are mean ± SD.
†P = .047.
‡P = .02.
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during sleep.26 With the development of a fully implant-
able stimulating system, we were able to examine the effect
of nightly stimulation in the present study, and marked im-
provements in the severity of obstructive sleep apnea were
observed. We believe that such improvements were pri-
marily the result of activating the genioglossus muscle, since
the tongue protruded and deviated contralaterally during
unilateral stimulation.24,25 Indeed, selective activation of the
genioglossus was confirmed by noting such movement both
intraoperatively and postoperatively throughout the trial.
Moreover, recruitment of the genioglossus muscle during
sleep led to prompt increases in inspiratory airflow (Fig-
ure 1), a finding previously attributed to a decrease in up-
per airway collapsibility27 or critical closing pressure.
However, apnea was not eliminated entirely in our
patients, and intermittent inspiratory flow limitation (snor-
ing) remained.

Although airway collapsibility was not measured,
comparable levels of stimulation have been associated pre-
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Figure 1. Representative recording example in 1 patient showing response in breathing pattern at the onset of hypoglossal stimulation during a continuous period
of non–rapid eye movement sleep. Left, Before stimulation was started, 3 obstructive hypopneas were evident, with periodic reductions in airflow terminated by
microarousals from sleep (rise in submental electromyogram [EMG] amplitude with resumption of tidal airflow) and oxyhemoglobin desaturations. Right,
Approximately 20 seconds after the onset of the stimulus, tidal airflow stabilized, esophageal pressure swings were reduced, and arousals and oxyhemoglobin
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Figure 2. Apnea-hypopnea indices during non–rapid eye movement (NREM)
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at last follow-up after implantation of the hypoglossal nerve–stimulating
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viously with a decrease in critical pressure of approxi-
mately 5 cm of water32 and persistent airway obstruc-
tion.26,28 On the basis of these findings, it is likely that
the greatest improvement in apnea occurred in patients
with the least collapsible airways (lowest critical pres-
sure at baseline).5,33,34 Alternatively, greater reductions
in both the critical pressure and apnea severity might have
been achieved with an increase in stimulus intensity or
with bilateral stimulation in those patients with subop-
timal responses. Given the apparent safety of unilateral
stimulation in our patients, it might now be possible to
stabilize the airway mechanically with more uniform bi-
lateral hypoglossal nerve stimulation.

Broad selection criteria were adopted for this ini-
tial series and probably contributed to the variability in
the response to stimulation. No single factor could be dis-
cerned that predicted an optimal outcome. Neverthe-
less, retroglossal obstruction appeared advantageous, since
the most marked improvements in apnea occurred in pa-
tients 1, 2, and 3, in whom retroglossal obstruction had
been demonstrated previously in a nocturnal pharyn-
geal manometric study.29 Another patient (patient 5), who
also had an excellent response to stimulation, was sus-
pected of having retroglossal obstruction because he had
not responded to uvulopalatopharyngoplasty.35 Addi-
tional variability in the response to hypoglossal nerve
stimulation may also have been caused by differences in
anatomy or different patterns in pharyngeal and cervi-
cal muscle activity during sleep.36 Additional studies of
airway anatomy or physiology, however, have not been
performed; thus, the factors required for optimal re-
sponses are unknown.

One general concern is that microarousals could have
accounted for improvements in airway patency during
stimulation.3,4,28,37-39 We do not believe this to have been
the case for the following reasons: First, cortical arousal
was not apparent in electroencephalographic record-
ings spanning many nights.31 Second, we and others have
observed that cortical arousal is usually associated with
sustained improvements in tidal airflow beyond the stimu-
lus burst28,37,38 (Figure 1). Third, if frequent arousals had
occurred, disturbances in sleep architecture (consisting
of an increase in stage I sleep and decreases in deeper
stages of NREM [stages II-IV] and REM sleep) would have
been expected. Rather, we found trends toward deeper
stages of NREM sleep during stimulation nights (Table

4), and thus we believe that improvements in apnea were
related to selective genioglossus muscle recruitment in-
stead of arousal.

Several technical issues with the current device lim-
ited its immediate application. First, poor synchroniza-
tion in selected patients (patients 1 and 6) and device
malfunction (patient 5) diminished the sustained im-
provement in apnea. Nevertheless, when the stimula-
tion was well synchronized with inspiration, improve-
ment in apnea was consistently observed. In one patient
(patient 7), despite good synchronization, the apnea-
hypopnea index did not fall, although stimulation par-
tially restored this patient’s airway patency as mani-
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Figure 3. Non–rapid eye movement (NREM) apnea-hypopnea indices for
a night without stimulation (baseline) and for entire-night and continuous
periods with hypoglossal nerve stimulation. Patients’ values for the entire
night are the mean of values at 1, 3, and 6 months and last follow-up.
A significant decrease in NREM sleep was observed between the entire night
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(P�.001).

Table 3. Sleep-Disordered Breathing Indices*

NREM REM

AHI,
Episodes/h Apnea, %†

SaO2, %
AHI,

Episodes/h Apnea, %†

SaO2, %

Baseline Low Baseline Low

Baseline 52.0 ± 20.4 38.8 ± 36.5 94.1 ± 3.0 89.7 ± 2.9 48.2 ± 30.5 26.2 ± 32.6 94.4 ± 3.1 88.7 ± 6.5
Entire night 22.6 ± 12.1‡ 28.2 ± 23.4 95.2 ± 2.2§ 91.7 ± 2.0� 16.6 ± 17.1‡ 17.9 ± 19.3 94.8 ± 2.4 91.6 ± 2.2�
Continuous stimulation 15.5 ± 15.2‡ 34.7 ± 33.4 95.4 ± 1.9§ 92.4 ± 2.9� 12.0 ± 17.6‡ 3.7 ± 6.3 94.3 ± 3.0 92.6 ± 3.0�

*Values are mean ± SD. Means are averaged over the 1-, 3-, and 6-month nights and the last follow-up night. NREM indicates non–rapid eye movement;
AHI, apnea-hypopnea index; SaO2, oxyhemoglobin saturation; and REM, rapid eye movement.

†No. of apneas/(No. of apneas + No. of hypopneas).
‡P�.001 vs baseline.
§P = .03 vs baseline.
�P�.05 vs baseline.
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fested by increased hypopneas (partial airflow obstruction)
instead of apneas (complete airflow obstruction). Sec-
ond, small but consistent increases in stimulus param-
eters were also required early in the protocol to main-
tain responses in apnea-hypopnea indices.40 However, it
should be noted that little further increase in stimulus
intensity was required beyond 3 months, suggesting that
the electrode-nerve interface stabilized thereafter. Fi-
nally, electrode breakage and sensor malfunction (5 of
8 patients) compromised long-term stimulation beyond
6 months. Nevertheless, responses in the apnea-
hypopnea index during entire nights and for continu-
ous periods of stimulation suggest that the therapeutic
potential for hypoglossal nerve stimulation will be fully
realized once these technical issues are solved and stimu-
lus parameters are optimized.

In summary, the present findings demonstrate the
potential for hypoglossal nerve stimulation as a novel form
of therapy for obstructive sleep apnea. Further studies
will be required to optimize patient selection criteria based
on baseline differences in upper airway function or the
site of pharyngeal obstruction. It should also be noted
that improvements in sleep-disordered breathing might
be further augmented with bilateral hypoglossal nerve
stimulation and/or stimulation of other upper airway and
cervical muscles. Finally, the effect of nightly stimula-
tion on measures of daytime performance, sleepiness, and
cardiovascular function will have to be assessed before
the role of hypoglossal nerve stimulation as a therapeu-
tic option for treating obstructive sleep apnea can be es-
tablished.
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