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Rationale: Anesthesia-induced uncoupling of upper airway dilating
and inspiratory pump muscles activation may cause inspiratory flow
limitation, thereby mimicking obstructive sleep apnea/hypopnea.
Objectives: Determine whether inspiratory flow limitation occurs in
spontaneously breathing anesthetized rabbits and whether this can
be reversed by direct hypoglossal nerve stimulation and by the
application of continuous positive airway pressure. Methods: Ten
New Zealand White rabbits were anesthetized, instrumented, and
studied supine while breathing spontaneously at ambient pressure
or during the application of positive or negative airway pressure.
Under each of these conditions, the effect of unilateral or bilateral
hypoglossal nerve stimulation was investigated. Measurements: In-
spiratory flow and tidal volume were measured together with
esophageal pressure and the electromyographic activity of dia-
phragm, alae nasi, and genioglossus muscles. Main results: Anesthe-
sia caused a marked increase in inspiratory resistance, snoring, and
in eight rabbits, inspiratory flow limitation. Hypoglossus nerve stim-
ulation was as effective as continuous positive airway pressure in
reversing inspiratory flow limitation and snoring. Its effectiveness
increased progressively as airway opening pressure was lowered,
reached a maximum at �5 cm H2O, but declined markedly at lower
pressures. With negative airway opening pressure, airway collapse
eventually occurred during inspiration that could be prevented by
hypoglossus nerve stimulation. The recruitment characteristics of
hypoglossus nerve fibers was steep, and significant upper airway
dilating effects already obtained with stimulus intensities 36 to 60%
of maximum. Conclusion: This study supports hypoglossus nerve
stimulation as a treatment option for obstructive sleep apnea.
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Obstructive sleep apneas and hypopneas (OSAH) are character-
ized by recurrent episodes of complete or partial obstruction of
extrathoracic airways, with reduced ventilation and progressive
arterial hypoxemia and hypercapnia, that are usually terminated
by brief arousals (1). Although this condition can be effectively
treated by means of continuous positive airway pressure (CPAP)
applied via a nasal mask (2), this form of treatment is not without
side effects and is often poorly tolerated. Strong evidence exists
that in most patients with OSAH the obstruction occurs at the
level of the oropharynx due to a reduction of tonic and phasic
activity of dilating muscles (3, 4). Indeed, it has been shown that
during sleep, the contraction of the lingual muscles produced
by direct hypoglossus nerve stimulation reverses upper airway
obstruction in patients with OSAH (5). However, a subsequent
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clinical trial (6) revealed a number of problems in a majority
of patients, such as electrode breakage, poor synchronization
between the stimulator and patients’ breathing patterns, and
device malfunction, thus showing the need for substantial techni-
cal improvements in the therapeutic use of hypoglossus nerve
stimulation.

An animal model that mimics the essential features of OSAH
could be useful in developing a suitable device for hypoglossus
nerve stimulation. The presence of inspiratory flow limitation
during tidal breathing would realize a condition very close to
OSAH. Studies in rabbits (4) and cats (7–9) have shown that
anesthesia depresses the activity of hypoglossus motoneurones
markedly more than phrenic nerve activity. Although such an
imbalance between the activity of the upper airway dilating
muscles and the inspiratory pump muscles could eventually cause
tidal inspiratory flow limitation, its occurrence during normal
breathing in anesthetized animals has not been investigated. In
the present study we show that tidal inspiratory flow limitation
can occur in spontaneously breathing, anesthetized rabbits, and
that it can be reversed by hypoglossus nerve stimulation. We
then addressed the following questions: What is the relation
between the strength of hypoglossus nerve stimulation and the
relief of inspiratory flow limitation? Is bilateral hypoglossus
nerve stimulation more efficient than unilateral stimulation in
alleviating upper airway obstruction? How efficient is hypo-
glossus nerve stimulation both relative to the level of airway
obstruction and conventional CPAP?

METHODS

All surgical and experimental procedures were carried in accordance
with the principles and guidelines of the European Community for the
use and care of experimental animals. Ten New Zealand White rabbits
(body weight: 2.4–3 kg) were anesthetized with propofol (5 mg · kg�1)
and urethane (1 g · kg�1), and studied supine. A mouth-occluding nasal
mask was held in place with rubber bands and sealed with silicone
grease. We measured airflow through the mask with a pneumotacho-
graph (Fleish no. 00; HS Electronics, March-Hugstetten, Germany) and
differential pressure transducer (Statham 270; Hewlett Packard, Palo
Alto, CA), and airway opening and esophageal pressures with pressure
transducers (Model 1290A; Hewlett Packard) connected to a side port
of the mask and a balloon-tipped catheter, respectively. The bared 2
to 3 mm of four pairs of fine, Teflon-coated wires were inserted into
the diaphragm, right alae nasi, right and left genioglossus muscles, and
connected to a custom-built apparatus that amplified, rectified, and
integrated (time constant � 0.1 s) the electromyographic (EMG) activ-
ity. All signals were sampled at 200 Hz by a 12-bit A/D converter
(AT MIO16E-10; National Instruments, Austin, TX) and stored on
computer. Following a ventral approach, the hypoglossus nerves were
isolated, placed on small, half-cuff platinum bipolar electrodes (10) con-
nected to a stimulator (S44F; Grass Instrument, Quincy, MA), and cov-
ered with warm mineral oil. Square wave stimuli, 0.1ms in duration and
0.3 to 13 V̇ in amplitude, were delivered as single pulses or at 70 Hz.

Protocol

For each nerve, the relationship between stimulus strength and ampli-
tude of the compound motor action potential of the genioglossus muscle
was determined first. Thereafter, records were taken during periods of
spontaneous breathing at ambient pressure (10 rabbits) and at various
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levels of CPAP and continuous negative airway pressure (CNAP) ad-
justed by means of a flow-through system connected to the pneumota-
chograph (eight rabbits). At each level of airway pressure, maximal
stimulation at 70 Hz was applied three times for three consecutive
breaths, while unilateral stimulation of various strengths up to maxi-
mum were performed only during ambient pressure breathing. Before
each test, the airways were thoroughly suctioned. Additional details
can be found in online supplement.

Data Analysis

For each condition, nine control breaths and nine stimulated breaths
were analyzed: mean inspiratory flow, tidal volume by numerical inte-
gration of the flow signal, tidal esophageal pressure swing, peak dia-
phragm, alae nasi and genioglossal EMG activity, and inspiratory dura-
tion from onset to peak diaphragm EMG activity. Dynamic pressure
during inspiration, that is, the transpulmonary pressure related to inspi-
ratory pulmonary resistance, was computed from the inspiratory limb
of the ensemble-averaged esophageal pressure–lung volume loops ac-
cording to the subtraction method (11).

Values are presented as mean � SE. Comparisons between condi-
tions were made using repeated-measures ANOVA and post hoc Bon-
ferroni test with the hypoglossus nerve stimulation factor nested within
the applied pressure factor when appropriate (12). A univariate t test
was employed to evaluate the effects of different levels of stimulation
on outcome variables. Linear regression was computed with the least-
square method. The level of significance was taken at p � 0.05.

RESULTS

Under all conditions, the onset of EMG activity was essentially
simultaneous in all muscles, whereas peak alae nasi and geniog-
lossus EMG activity preceded that of the diaphragm (Figure 1).
Under control condition at ambient pressure, peak alae nasi and
genioglossus EMG activity occurred 90 � 25 and 97 � 19 ms
before peak diaphragm EMG activity, respectively (p � 0.002).
Although diaphragm and alae nasi EMG activity was present
in all animals and conditions, in one rabbit genioglossus EMG
activity was always absent and in an other animal it appeared
only during CNAP breathing.

Figure 1. Ensemble-aver-
aged records of airflow (V̇),
lung volume changes
(�V), esophageal pressure
(Pes), and diaphragm (di),
alae nasi (an), and genio-
glossus (gg) integrated
electromyographic activ-
ity (EMG) in an anesthe-
tized rabbit breathing at
ambient pressure with
(dotted line) and without
(continuous line) maximal,
bilateral hypoglossus nerve
stimulation. All traces were
aligned at the onset of in-
spiratory flow.

During control breathing at ambient pressure, the relation-
ships between inspiratory flow and dynamic transpulmonary
pressure were markedly curvilinear in all rabbits, thus showing
a progressive increase in pulmonary resistance throughout inspi-
ration (Figure 2). In eight rabbits, the slope of this relationship
became eventually nil or even negative, indicating the occurrence
of inspiratory flow limitation. The values of dynamic transpulmo-
nary pressure at which inspiratory flow became limited ranged
from �3.0 to �10.3 cm H2O, with a mean value of �6.1 � 0.9 cm
H2O. All rabbits were snoring, as shown by the presence of high-
frequency oscillations in the mask pressure trace during inspira-
tion (Figure 3).

Stimulations during Ambient Pressure Breathing

Maximal stimulations. In all rabbits, the relationship between
inspiratory flow and dynamic transpulmonary pressure became
essentially linear or moderately curved with maximal, bilateral
hypoglossus nerve stimulation, indicating a marked reduction in
pulmonary inspiratory resistance (Figure 2). Inspiratory flow
limitation was abolished (Figure 2) and snoring also disappeared
(Figure 3). Inspiratory flow and tidal volume increased, whereas
esophageal pressure swings, diaphragm and alae nasi peak EMG
activity, and inspiratory duration decreased (Figure 1), all these
changes being significant (Table 1). Hypoglossus nerve stimula-
tion had no effect on the rate of rise of integrated diaphragm
and alae nasi EMG activity, the fall in peak EMG activity being
therefore due to shortening of inspiratory duration caused by
the increase in tidal volume (Figure 1 and Table 1).

Maximal stimulation of the left or right hypoglossus nerve
caused similar changes of all variables (Table 1). These changes
were not significantly different from those obtained with maxi-
mal, bilateral hypoglossus nerve stimulation. Whereas no differ-
ence in genioglossus EMG activity occurred on the stimulated
side between unilateral and bilateral stimulation, that of the
contralateral side increased systematically with unilateral stimu-
lation, averaging 20% of maximum.

Submaximal unilateral stimulations. The recruitment thresh-
old of the 20 hypoglossus nerves was 3.2 � 0.4 V (range, 0.3–8 V).
Maximum recruitment occurred at 6.4 � 0.8 V (range, 1.8–13 V).
All recruitment curves showed a steep slope above threshold,

Figure 2. The relationship
between inspiratory air-
flow and dynamic trans-
pulmonary pressure (Pdyn)
in anesthetized rabbits
breathing at ambient pres-
sure with (dotted line) and
without (continuous line)
maximal, bilateral hypo-
glossus nerve stimulation.
Circles indicate onset of in-
spiratory flow limitation.
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Figure 3. Records of lung volume changes (�V), mask (Pao) and
esophageal pressure (Pes), and diaphragm integrated electromyo-
graphic activity (EMGdi) in an anesthetized rabbit breathing at
ambient pressure with (marked by horizontal bar under Pao trac-
ing) and without maximal, bilateral hypoglossus nerve stimulation
(left) or with and without continuous positive applied pressure
(right). Snoring is indicated by the high frequency oscillations of
mask pressure.

and for 19 nerves, complete recruitment occurred at a voltage
less than twice the threshold (Figure 4).

Although for 13 hypoglossus nerves, unilateral stimulation
produced the same qualitative effects as bilateral stimulation at
all levels of stimulus strength, for 7 nerves constricting effects
occurred at some levels of submaximal stimulation. In spite of
this, a clear gradation in the response to unilateral stimulation
was observed when all data were grouped into four ranges of
genioglossus EMG activity, namely 0 to 35%, 36 to 60%, 61 to
85%, and 86 to 100% of maximal activity. As shown in Figure 5,
the changes in inspiratory flow, esophageal pressure, and tidal
volume became significant when genioglossus EMG activity was
between 36 and 60% maximum, those in diaphragm and alae
nasi peak EMG activity when genioglossus EMG activity was
between 61 and 85% of maximum (p � 0.05).

CPAP and CNAP Breathing

With increasing CPAP (Figure 6), inspiratory flow and tidal
volume increased, whereas esophageal pressure swings, dia-
phragm, alae nasi, and genioglossal peak EMG activity decreased
(p � 0.01), the fall of peak EMG activity being due to shortening
of inspiratory duration. The mechanical variables and diaphragm
EMG activity tended to plateau at CPAP greater than or equal
to 3 cm H2O when inspiratory flow limitation (Figure 7) and
snoring (Figure 3) were absent in all animals, and became similar

TABLE 1. EFFECTS OF MAXIMAL BILATERAL AND UNILATERAL HYPOGLOSSUS NERVE
STIMULATION IN TEN ANESTHETIZED RABBITS BREATHING AT AMBIENT PRESSURE

Control Bilateral Right Left

V̇I, ml · s�1 28.1 � 2.8 50.0 � 3.6* 45.7 � 3.5* 45.8 � 3.7*
�Pes, cm H2O �14.7 � 1.4 �9.6 � 0.7* �9.6 � 1.1* �10.7 � 1.0*
VT, ml 13.1 � 0.8 18.3 � 0.7* 18.5 � 0.9* 17.6 � 1.0*
peak EMGdi, % 100 80.3 � 7.7* 88.3 � 2.2* 86.7 � 1.5*
peak EMGan, % 100 68.7 � 6.8* 78.8 � 1.9* 88.2 � 3.8*
TI, s 0.43 � 0.03 0.37 � 0.03* 0.36 � 0.2* 0.37 � 0.03*

Definition of abbreviations: �Pes � tidal esophageal pressure swing; EMGdi and EMGan � diaphragm and alae nasi peak integrated
electromyographic activity, expressed as percent of control; TI � inspiratory duration; V̇I � mean inspiratory flow; VT � tidal volume.

Values are mean � SE.
* p � 0.05 vs. control.

to the corresponding values with hypoglossus nerve stimulation
at ambient pressure. Alae nasi and genioglossus peak EMG
activity showed, however, a small, further decrease with CPAP
greater than 3 cm H2O.

With increasing CNAP (Figure 6), inspiratory flow and tidal
volume decreased, whereas esophageal pressure swings, dia-
phragm, alae nasi, and genioglossus peak EMG activity increased
(p � 0.001), the latter being due both to an increased rate of
rise of EMG activity and to the lengthening of inspiratory dura-
tion. The increased rate of rise of diaphragm EMG activity
reflected the hypoventilation, and hence the increased chemical
drive, caused by CNAP. However, because CNAP was applied
for short periods, the mean rate of rise of diaphragm EMG
activity with the lowest CNAP was, on average, only 1.15 times
that during ambient pressure breathing. The increase in alae
nasi and genioglossus peak EMG activity did not prevent inspira-
tory flow limitation, which with CNAP of less than or equal to
�2 cm H2O occurred also in the two rabbits that were non–flow
limited during breathing at ambient pressure (Figure 2). In spite
of increasing alae nasi and genioglossus EMG activity with in-
creasing CNAP (Figure 6), inspiratory flow limitation occurred
at progressively lower flows, and with CNAP less than or equal
to 5 cm H2O, closure of extrathoracic airways occurred in all
rabbits during at least part of inspiration (Figure 7).
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Figure 4. The relationship between stimulus intensity, expressed as a
fraction of recruitment threshold, and amplitude of the compound
motor action potential (CMAP), expressed as percent of maximum,
during unilateral hypoglossus nerve stimulation. Different symbols indi-
cate different rabbits.

Stimulations during CPAP and CNAP Breathing

The effects of hypoglossus nerve stimulation during CPAP
breathing, though qualitatively similar to those at ambient pres-
sure, became trivial at CPAP greater than or equal to 3 cm H2O
(Figure 6). At these levels of CPAP, no significant differences
were observed in the inspiratory flow–dynamic transpulmonary
pressure relationship of breaths with and without hypoglossus
nerve stimulation (Figure 7). For all variables, no significant
difference occurred during hypoglossus nerve stimulation among
all levels of CPAP, or between CPAP and ambient pressure
breathing. By contrast, at all levels of CNAP hypoglossus nerve
stimulation increased inspiratory flow and tidal volume, and
decreased esophageal pressure swings, and diaphragm and alae
nasi peak EMG activity (Figure 6), all these changes being sig-
nificant (p � 0.006). Hypoglossus nerve stimulation abolished
inspiratory flow limitation in all animals except at the lowest
CNAP, when it was, however, capable to prevent extra-thoracic
airway closure (Figure 7).

Effectiveness of Hypoglossus Nerve Stimulation

The effectiveness of maximal, bilateral hypoglossus nerve stimu-
lation evaluated from mean inspiratory flow and tidal volume

Figure 5. The changes in mean
inspiratory flow (V̇I), tidal vol-
ume (VT), esophageal pressure
swings (Pes), and diaphragm
(filled bars) and alae nasi (open
bars) peak integrated electro-
myographic activity (EMG) due
to unilateral hypoglossus nerve
stimulation of different intensit-
ies delivered during ambient
pressure breathing in 10 rabbits.
Data obtained with left and right
hypoglossus nerve stimulation
were pooled. Symbols indicate
significant changes (�p � 0.05;
*p � 0.01; **p � 0.001). For
definition of the levels of stimu-
lus intensity see text.

Figure 6. Mean inspiratory flow (V̇I), tidal volume (VT), esophageal pres-
sure swings (Pes), and peak diaphragm (di), alae nasi (an) and genioglos-
sus (gg) electromyographic activity (EMG) in eight rabbits breathing
at various airway opening pressures (Pao) with (open circles) and with-
out maximal, bilateral hypoglossus nerve stimulation (filled circles). Bars
are SE.

changes, depended on airway opening pressure. As shown by
the vertical distance between open and closed symbols in Figure
6, these changes decreased with increasing CPAP, becoming
small and not significant at CPAP � 3 cm H2O, whereas they
progressively increased with decreasing airway opening pressure
to –5 cm H2O, and then markedly declined, being still significant
at CNAP of �8 cm H2O (p � 0.05).

Figure 7. The relationship be-
tween inspiratory airflow and dy-
namic transpulmonary pressure
(Pdyn) in a representative, anes-
thetized rabbit breathing at vari-
ous airway opening pressures
(Pao) with (dotted line) and with-
out maximal, bilateral hypo-
glossus nerve stimulation (con-
tinuous line). The dashed lines
indicate the relationship with
Pao � 0 cm H2O that occurred
just before continuous positive
or negative pressure breathing.
Circles indicate onset of inspira-
tory flow limitation.
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Vagal mechanisms controlling inspiratory duration were also
affecting the effectiveness of hypoglossus nerve stimulation. In-
deed, the fall of effective pulmonary resistance caused by hypo-
glossus nerve stimulation, allowed a more rapid attainment of
the volume-dependent vagal threshold for termination of inspi-
ration, thus shortening the inspiratory duration. Because the
rate of rise of diaphragm EMG activity, as well as of alae nasi
and genioglossus EMG activity, were unchanged (Figure 1), the
shortening of inspiratory duration decreased both the peak EMG
activity of these muscles and tidal volume. As a consequence,
the relationship between peak EMG activity of diaphragm, alae
nasi, and genioglossus muscles was described by a linear function
with a slope not significantly different from unity, independent
of hypoglossus nerve stimulation and airway opening pressure
(Figure 8).

DISCUSSION

The major findings are (1) anesthetized, spontaneously breath-
ing supine rabbits exhibit very high inspiratory flow resistance
and snoring, inspiratory flow limitation occurring in most of
them; (2) hypoglossus nerve stimulation and conventional CPAP
are equally effective in eliminating inspiratory flow limitation
and snoring; (3) unilateral hypoglossus nerve stimulation is as
effective as bilateral stimulation; (4) significant upper airway dilat-
ing effects can be obtained at stimulus intensities 36 to 60%
of maximum; and (5) the effectiveness of hypoglossus nerve
stimulation, as evaluated from the induced mean inspiratory flow
and tidal volume changes, depends on airway pressure, maximal
response occurring at �5 cm H2O.

Critique of the Model

The present animal model differs from human OSAH as there
are no sleep stage transitions, no apneic episodes, and no arousals
are possible. Nevertheless, the pattern of inspiratory flow limita-
tion occurring in most rabbits resembles that seen in patients
with OSAH and in snorers (13). Furthermore, obstructive apneas
were produced by lowering airway pressure, allowing the effec-
tiveness of hypoglossus nerve stimulation to be assessed under
conditions of complete airway collapse. The mechanisms of inspi-
ratory flow limitation in the present model should be the same
as in many patients with OSAH, namely an uncoupling between
activation of upper airway dilating and inspiratory pump mus-
cles, with the tongue relapsing against the walls of the pharynx as
the intraluminal pressure drops during inspiration (3, 4). Indeed,
inspiratory flow limitation and snoring were abolished by hypo-
glossus nerve stimulation in all rabbits. Inspiratory flow limita-
tion was not due to abnormally increased upper airway collapsi-
bility, as the dynamic transpulmonary pressure at which
inspiratory flow limitation occurred (�6.1 � 0.9 cm H2O) is close
to the average critical closing pressure (�5.3 � 1 cm H2O) found

Figure 8. The relationship
between diaphragm (di)
peak integrated electromyo-
graphic activity (EMG) and
alae nasi (an) and genioglos-
sus (gg) peak integrated
EMG activity during breath-
ing at ambient pressure (con-
trol) and at various levels of
positive (CPAP) and negative
airway opening pressure

(CNAP) with or without maximal bilateral hypoglossal nerve stimulation
(see key to symbols). Slope (�SE) and correlation coefficient are indicated.

in the isolated upper airway preparation of decerebrate cats
(14). Because the present model mimics the most important
features of human OSAH, it should prove useful in the devel-
opment and testing of permanent hypoglossus nerve implants,
besides allowing the study of the effects of hypoglossus nerve
stimulation on upper airway mechanics and motor control during
sleep.

Experiments were performed in the supine position because
of easier access to the hypoglossus nerves. The mechanical prop-
erties and neural control of upper airways could differ in other
body positions, because of the effect of gravity. However, rabbits
that exhibited tidal flow limitation and snoring in the supine
posture did so also in the lateral decubitus, and in the rabbits in
which this was tested, hypoglossus nerve stimulation prevented
inspiratory flow limitation in both postures.

Anesthesia was induced with propofol and maintained with
urethane, a combination chosen because of its stable and long-
lasting effects. However, the present findings are unlikely to
depend on the type of anesthesia, because a depressant effect
on hypoglossus nerve activity has been observed with several
other anesthetics (4, 7–9). The EMG activity of genioglossus
muscle was absent in two rabbits under control condition,
whereas substantial activity of alae nasi was always present in
all animals; this could suggest that among the motoneurones
innervating the upper airway dilating muscles, those of the hypo-
glossus nucleus are more prone to the depressant effects of
anesthesia.

Maximal whole nerve stimulation produced dilating effects
in all rabbits. On the other hand, hypoglossus nerve stimulation
also activates the retractor muscles of the tongue, which cause
upper airway obstruction when selectively stimulated (15, 16),
and hence antagonize the action of the protruder muscles. In-
deed, a constricting effect was occasionally observed in the pres-
ent animals at some levels of submaximal unilateral stimulation,
probably because in those cases the nerve fibers supplying the
retractor muscles were closer to the stimulating electrodes, and
hence more easily recruited than those supplying the protruder
muscles. Thus, with submaximal unilateral hypoglossus nerve
stimulation, appropriate electrode positioning becomes an im-
portant issue. Interestingly, in previous studies in cats (17, 18)
and humans (5), no constricting response has been found with
whole nerve stimulation at stimulus strengths just above thresh-
old. It should be noted, however, that in those studies the thresh-
old was assessed by visual appreciation of tongue motion rather
than genioglossus EMG activity. Given the steepness of the
recruitment curves (Figure 4) and the co-activation of antagonist
muscles, the mechanical threshold is likely to exceed the EMG
threshold, thus explaining why a constricting response was not
observed previously with low intensity stimulation. Although the
occurrence of constricting effects with submaximal stimulation
should not be overlooked, a significant dilating response is usu-
ally obtained when genioglossus activation is greater than 35%
maximum (Figure 5).

The Effects of Hypoglossus Nerve Stimulation

The effects of hypoglossus nerve stimulation in the present rab-
bits are qualitatively similar to those observed in patients with
severe OSAH during sleep. In the five patients studied by Eisele
and coworkers (5), inspiratory flow increased by 185 ml · s�1 or
about 50% during unilateral stimulation, whereas in rabbits it
increased by 22 ml · s�1 or 78% during bilateral stimulation and
by 18 ml · s�1 or 64% during unilateral stimulation. The small
difference between inspiratory flow changes caused by unilateral
and bilateral stimulation indicates that the effects of unilateral
stimulation are not additive, possibly because relatively little
force is required to displace the tongue and normalize upper
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airway resistance. Moreover, in all animals, a significant EMG
activity (� 20% of maximum) was recorded on the contralateral
side during unilateral maximal stimulation. It is unlikely that
this activity could reflect a contamination form the active side,
as it remained essentially unchanged in spite of electrodes reposi-
tioning. It more likely reflects the presence of cross-innervation,
as demonstrated in the dog (19). This further explains why the
responses to unilateral stimulation are not additive.

With increasing CPAP, flow limitation occurred at higher
levels of inspiratory flow and was eventually abolished at CPAP
greater than or equal to 3 cm H2O (Figure 7), whereby both
mean inspiratory flow and tidal volume increased relative to
ambient pressure breathing (Figure 6). In contrast, with CNAP
flow limitation occurred at progressively lower levels of inspira-
tory flow and airway collapse eventually took place during inspi-
ration (Figure 7), whereby both mean inspiratory flow and tidal
volume decreased, in spite of the concomitant, substantial in-
crease in upper airway muscle activation (Figure 6). On the other
hand, the changes in mean inspiratory flow and tidal volume due
to hypoglossus nerve stimulation increased in a roughly linear
fashion as airway opening pressure was lowered below 3 cm
H2O (Figure 6), in line with the observation that in cats the
changes in the cross-section area of the rostral oropharynx
caused by hypoglossus nerve stimulation increase as the intra-
luminal pressure is lowered from 6 to �6 cm H2O (18), probably
reflecting the force–length relationship of the genioglossus mus-
cle (20). With airway opening pressure greater than or equal to
�5 cm H2O and maximal hypoglossus nerve stimulation, inspira-
tory flow limitation was absent (Figure 7), the inspiratory flow
being, therefore, set by the available dynamic transpulmonary
pressure and pulmonary resistance. Both the dynamic transpul-
monary pressure, due to enhanced chemical drive and inspiratory
pump muscle activation, and pulmonary resistance, due to low-
ered transmural pressure, increased with decreasing airway
opening pressure (Figure 7). Because the latter increased rela-
tively more than the former, mean inspiratory flow and tidal
volume decreased with decreasing airway opening pressure dur-
ing hypoglossus nerve stimulation, but much less than during
nonstimulated, flow-limited inspirations. This explains the in-
creasing effectiveness of hypoglossus nerve stimulation as airway
opening pressure was lowered from 3 to �5 cm H2O (Figure 6).
With the lowest CNAP, however, maximal hypoglossus nerve
stimulation could not prevent inspiratory flow limitation, and its
effectiveness in increasing mean inspiratory flow and tidal vol-
ume was therefore substantially reduced.

Nasal CPAP is the conventional treatment of OSAH to which
hypoglossus nerve stimulation should be compared. This com-
parison has never been performed in clinical trials (5, 6). In the
rabbits used in the present study, hypoglossus nerve stimulation
at ambient airway pressure was as effective as CPAP in decreas-
ing inspiratory pulmonary resistance and eliminating snoring
and inspiratory flow limitation. Indeed, the same mean inspira-
tory flow and tidal volume were achieved with hypoglossus nerve
stimulation at ambient airway pressure and CPAP of 2 to 3 cm
H2O, when these parameters attained their largest values (Figure
6). Actually, the increase in tidal volume produced by hypo-
glossus nerve stimulation and CPAP could have been even larger
if it had not caused a concomitant decrease of inspiratory dura-
tion, and hence of peak diaphragm EMG activity (Figure 1).
These effects were expected on the basis of the lung volume
related, phasic and tonic vagal activity controlling inspiratory
duration (21) and the observed changes in end-inspiratory lung
volume produced by hypoglossus nerve stimulation or CPAP at
constant chemical drive. Apparently, the same mechanisms are
operating in snorers during sleep, in whom resistive unloading
by means of CPAP (22) or administration of a low density gas

mixture (23) has been shown to increase tidal volume and de-
crease peak diaphragm EMG activity and inspiratory duration.

Maximal hypoglossus nerve stimulation as employed in the
present study may cause arousal in sleeping animals and humans,
and may not be tolerated. In human studies (5, 6), stimulus
strength was adjusted to maximize inspiratory flow without caus-
ing arousal, but the recruitment characteristics of hypoglossus
nerve fibers were not investigated. In one study in which the
response to varying stimulus intensity was evaluated on the basis
of mechanical effects (5), the arousal threshold (1.9 V) was 1.7
times the recruitment threshold (1.1 V). In rabbits, an essentially
maximal mechanical response was obtained with stimulus strengths
that caused an average genioglossus peak EMG activity 73% of
maximal (Figure 5). According to the stimulus–response curves
of Figure 4, such stimulus strengths correspond to 2 · 0.73 � 1.5
times the recruitment threshold voltage, maximal activation of
genioglossus muscle being always reached with stimulus intensity
twice the recruitment threshold voltage. Hence, if the recruit-
ment characteristics of hypoglossus nerve fibers in man were
similar to those depicted in Figure 4, maximal mechanical effects
of hypoglossus nerve stimulation should be obtainable in man
without causing arousal. In the patients of Schwartz and col-
leagues (6) obstructive events persisted with hypoglossus nerve
stimulation, suggesting that stimulation was less efficient in their
patients than in the present rabbits, possibly because of differ-
ences in stimulus intensity, electrode placement, or severity of
airflow obstruction.

The present findings may have important implications for the
use of hypoglossus nerve stimulation as a treatment of OSAH,
as well as for the design of nerve implants. Indeed, because an
essentially full dilating effect was already obtained with unilat-
eral hypoglossus nerve stimulation, little additional benefits
should be expected with bilateral stimulation. Moreover, no
laterality was found in the present study, the effects of left and
right hypoglossus nerve stimulation being essentially the same
(Table 1). Finally, recruitment of other upper airway muscles
should also cause no additional benefits, because no dilating
effects beyond those with maximal bilateral hypoglossus nerve
stimulation were produced by CPAP (Figures 6 and 7). A unilat-
eral implant is certainly a simpler device than a bilateral implant,
and requires less extensive surgery with lower risks. On the
other hand, a bilateral implant has the advantage of allowing
alternation between left and right hypoglossus nerve stimulation,
thus reducing the risks of nerve or muscle damage or fatigue.
Furthermore, although no additive effects occurred with maxi-
mal stimulation, it is possible that such effects could take place
with submaximal stimulation or at lower intraluminal pressures,
when a greater force is required to displace the tongue. Clearly,
all these issues need to be investigated before a recommendation
can be made as to the most suitable approach for hypoglossus
nerve stimulation.

In conclusion, this study has shown that tidal inspiratory flow
limitation and snoring occur in anesthetized rabbits breathing
spontaneously at ambient pressure, thus resembling the condi-
tion encountered in patients with OSAH. Both inspiratory flow
limitation and snoring were abolished by hypoglossus nerve stim-
ulation, the effectiveness of which is essentially the same during
unilateral and bilateral maximal stimulation and similar to or
even greater than that of CPAP. With CNAP, hypoglossus nerve
stimulation was still capable to substantially increase inspiratory
flow and tidal volume, abolishing inspiratory flow limitation in
most circumstances, and preventing the collapse of extrathoracic
airways. The recruitment characteristics of hypoglossus nerve
fibers was very steep, thus favoring the implementation of hypo-
glossus nerve stimulation as a therapeutic option for OSAH.
The present animal model should, therefore, prove useful in the
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development of suitable nerve implants and in the investigation
of still open questions.
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