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75(3): 1053-1061, 1993.—During obstructive sleep apnea
(OSA), respiratory activation of upper airway muscles, particu-
larly genioglossus, is ineffective during sleep. Functional elec-
trical stimulation (FES) of muscles reportedly reduces the num-
ber and length of OSAs. Our goals were to examine the effect of
FES on sensation during wakefulness and on OSA events. Stud-
ies were performed in 11 subjects: 4 healthy asymptomatic sub-
jects and 7 patients with OSA. Surface electrodes placed on the
submental region produced discomfort; however, during sleep,
the stimulus intensity producing arousal was significantly
greater than that producing barely tolerable discomfort during
wakefulness. Additionally, we developed a protocol for place-
ment of fine-wire electrodes into the neurovascular bundle of
the hypoglossal nerve, using recognizable radiographic features
and computerized axial tomography as guides. In these pa-
tients, while awake, optimal wire placement was associated
with visible tongue protrusion without discomfort. With both
surface stimulation and fine-wire FES, during sleep the stimu-
lus intensity required to produce obvious electroencephalo-
graphic arousal was significantly greater than that producing a
barely tolerable sensation while awake. During apneic events,
the application of surface stimulation had an inconsistent ef-
fect, terminating 22% of the apneas, and fine-wire FES also
had a limited impact, terminating 23% of the apneic events. We
conclude from our studies that subjects tolerate surface and
fine-wire FES to higher stimulus parameters during sleep than
during wakefulness but that both approaches have an inconsis-
tent effect on apneas during sleep.

sleep apnea; upper airway muscles

DISORDERS OF RESPIRATORY ACTIVATION of muscles in-
clude not only those involving chest wall muscles, such as
the intercostals or diaphragm, but also those involving
upper airway muscles, such as the genioglossus. A reduc-
tion in upper airway activation often precedes obstruc-
tive sleep apnea (OSA). In this relatively common condi-
tion, respiratory activation of pharyngeal muscles, in par-
ticular the genioglossus, is ineffective during sleep for the
purpose of maintaining upper airway patency. Conceiv-
ably, electrical stimulation of the these muscles could
restore their tone and reestablish upper airway patency.

The concept of electrically stimulating upper airway
muscles is not new. Indeed, we and others (4, 6, 8) have
demonstrated that electrical stimulation of the genio-
glossus and/or other pharyngeal muscles will reduce up-
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per airway resistance, increase pharyngeal stability, and
improve tidal volume in anesthetized animals. In 1989,
Miki et al. (5) reported that electrical stimulation applied
to the skin in the submental region reduced the number
and length of OSAs in humans; however, the mechanism
and potential clinical problems of this approach were not
reported in any detail. For instance, arousal responses
from sleep could have contributed to the observed bene-
ficial effect. Nevertheless, this demonstration suggested
a possible role for functional electrical stimulation (FES)
in the management of OSA.

The goals of this study were to compare the effect of
FES on sensation during wakefulness with its effect on
producing arousal or reversal of obstructive apneic
events during sleep. To this end, FES was studied in nor-
mal subjects and in patients with moderately severe
OSA. Studies were performed during wakefulness and
sleep.

METHODS

Studies were performed in 11 subjects: 4 healthy sub-
jects and 7 patients with moderately severe to severe
OSA based on a desaturation index (>4% fall in oxygen
saturations from baseline values per hour of sleep) of
=35, as measured during prior studies. The characteris-
tics of those who participated in the surface stimulation
protocol are presented in Table 1 and those who partici-
pated in the fine-wire stimulation protocol in Table 2. At
the time of recruitment, five patients were using nasal
continuous positive airway pressure (CPAP), one was
using a dental prosthesis, and one was participating in a
weight-loss protocol. Studies were approved by the Insti-
tutional Review Board at University Hospitals of Cleve-
land, and all subjects gave written consent.

Submental surface stimulation discomfort thresholds. A
protocol of submental surface stimulation was per-
formed on seven subjects. Of the seven, four were control
subjects (3 males and 1 female), who reported that they
were in a good state of health at the time of study and
were not taking any prescribed or over-the-counter medi-
cations. The other three were patients previously diag-
nosed with OSA. Of these three, two were using nasal
CPAP and were asked to refrain from using their ma-
chines during the night before the trials.

The stimulation device was a Medtronic DYNEX III
neurostimulator unit (TENS device). The DYNEX de-
livers a square-wave stimulus with an adjustable current
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TABLE 1. Surface stimulation subject data

FUNCTIONAL ELECTRICAL STIMULATION FOR APNEA

Subj No. Sex Height, in. Weight, Ib. Age, yr Subject Status Desaturations/Hour of Sleep
1 M 76 182 22 Healthy volunteer
2 M 68 280 24 Healthy volunteer
3 M 72 267 27 Healthy volunteer
4 F 64 130 28 Healthy volunteer
5 M 64 285 35 Sleep apneic, uses CPAP 100
6 M 74 312 52 Sleep apneic, uses CPAP 75
M 72 220 46 Sleep apneic, uses CPAP 66

CPAP, continuous positive airway pressure.

amplitude. The pulse frequency was maintained at 50 Hz
and the pulse width at 50 us. Connected to the DYNEX
were two standard electroencephalographic (EEG) sur-
face electrodes with a 1 cm diameter (Nicolet, Madison,
WI). On the basis of the work of Miki et al. (5), we chose
to place one electrode over the stylohyoideus and one
electrode over the mylohyoideus. Both of these were the
working electrodes. The indifferent electrode for each
working electrode was another EEG surface electrode
placed 50 mm laterally to the working electrode, just be-
low the angle of the mandible. The electrodes were held
in place with collodion solution, and each electrode was
filled with transduction cream.

Once the electrodes were in place, stimulation sensitiv-
ity thresholds of “first felt,” “uncomfortable but tolera-
ble,” and “barely tolerable” were established while the
subject was awake. Before any stimulation was done, the
subjects were told that they would feel a “tingling” sen-
sation. The subjects were instructed to verbally respond
as soon as they felt any sensation. The neurostimulator
was turned on, and the pulse rate and pulse width were
maintained at the previously described levels. The
current was increased incrementally until the subjects
stated that they felt the tingling sensation. As soon as the
tingle sensation was noticed, the stimulator was switched
off and the current required to generate the tingle, hereaf-
ter called the first felt response, was recorded.

After the first felt response was elicited, the subjects
consented to establish an uncomfortable but tolerable
threshold. To do this, the neurostimulator was turned on
(the previous pulse width and frequency settings were
maintained) and the current was increased to the point
at which the subject felt that the stimulus was very un-
comfortable but not painful. Once again the stimulator
was switched off, and the current required to initiate the
verbal response of uncomfortable but tolerable was re-
corded.

Finally, the subjects consented to establish a barely
tolerable threshold. While following the previously de-
scribed steps, the subject was instructed to verbally re-
spond when they felt that the discomfort related to the

TABLE 2. Fine-wire stimulation subject data

stimulation had reached a barely tolerable level. Then
the stimulator was turned on and the current increased
until the subject indicated that it had reached a barely
tolerable discomfort level. The stimulator was switched
off, and the current level was recorded. In three of the
subjects, this protocol was performed on the day before
the surface stimulation protocol and during the day of
the protocol.

Protocols during sleep. After thresholds for skin surface
stimulation were established, the subject was prepared
for polysomnography and allowed to fall asleep. Poly-
somnographic variables monitored were EEG (C;-A,),
electrooculogram (EOG; FP,-FP,), and electromyogram
(P;-P,). Airflow was measured by a Fleisch 1.10 pneumo-
tachograph attached to a Validyne pressure transducer
(=2 cmH,0). The pneumotach was attached to a face
mask (Life Design Systems) that covered nose and
mouth. Mask pressure was measured by connecting a
tube from the pressure port in a nasal face mask to a
Validyne pressure transducer (£50 cmH,0). Thoracic
and abdominal respiratory movements were meas-
ured by inductance plethysmography bands positioned
around the thorax and abdomen. Oxygen saturation was
measured by a Criticare 501+ pulse oximeter. All mea-
surements were recorded on a Grass polygraph at a paper
speed of 10 mm/s.

Once the subject was instrumented and in stage II or
stage III sleep, submental surface stimulation was initi-
ated. In all seven subjects on whom surface submental
stimulation was performed, the initial stimulating param-
eters were set below those established as first felt. Then,
while asleep, the subject was given periodic bursts of sub-
mental stimulation while the EEG channel was moni-
tored for any changes indicative of arousal. If low-level
stimulating intensities did not alter the airflow or the
EEG signal, the current was raised incrementally and the
subject was again stimulated.

In the healthy subjects (n = 4), to determine the effects
of submental stimulation on airflow, pacing bursts were
applied during either the inspiration or expiration and
current was continually applied for one full respiratory

Subj No. Sex Height, in. Weight, lb. Age, yr Subject Status Desaturations/Hour of Sleep
5 M 64 285 35 Sleep apneic, uses CPAP 100
8 M 75 188 40 Sleep apneic, uses CPAP 52
9 M 74 250 55 Sleep apneic, dental prosthesis 35
7 M 72 220 46 Sleep apneic, uses CPAP 66
10 M 68 192 64 Sleep apneic, weight loss 55
11 M 71 240 52 Sleep apneic, uses CPAP 77
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cycle. In the sleep apneic patients (n = 3), submental
stimulation was applied during apneic events. During
some apneas, stimulation was applied immediately on
cessation of airflow. At other times, stimulation was not
applied until several seconds after the apneic event had
begun. In both the healthy and apneic subjects, during
the course of the protocol, the stimulating current was
increased until it produced polysomnographic evidence
of arousal, as defined by observed alpha waves (8-13 cy-
cles/s).

Fine-wire FES. Six patients previously documented
with OSA consented to have fine-wire electrodes im-
planted submentally for the purpose of direct hypoglos-
sal nerve stimulation. Of these six, two had previously
completed the submental surface stimulation protocol.
All patients were asked to refrain from using their nasal
CPAP (n = 4) or dental prosthesis (n = 1) therapy during
the night before the trials. One patient (patient 10) had
been prescribed nasal CPAP but was unable to tolerate
therapy; he was undergoing supervised weight loss.

Stimulation was produced by a Grass single-channel
stimulator that outputs a monophasic square wave with a
variable voltage, pulse width, and frequency. Attached to
the stimulator were fine-wire electrodes that were made
from stainless steel wire (Medwire, New York, NY). Each
wire electrode had its insulation removed from each end.
The wire was inserted into a 25-gauge spinal needle so
that the deinsulated end of the wire protruded through
the beveled end of the spinal needle. The wire that pro-
truded from the needle was bent back to provide a
“barb.” The needles were then capped and gas sterilized.

A Somatom-Plus computerized axial tomography
(CAT) scanner was used for localization of anatomic
structures and bilateral placement of the stimulating
electrodes. Scans were permitted in a total of six patients
to a total of no more than 10 rads of radiation per patient.
After radiographic localization of the neurovascular bun-
dle was performed, the skin surface over the mandibular
notch two-thirds of the way from the angle of the mandi-
ble to the chin was anesthetized with lidocaine (2% solu-
tion), and the needle was advanced in 2- to 3-mm incre-
ments for anesthetic infiltration. The anesthetizing nee-
dle was withdrawn, and a 25-gauge spinal needle with the
electrode positioned in its lumen was advanced along the
same tract. An image was taken and recorded to localize
the tip of the needle and its position relative to the neuro-
vascular bundle at 3-mm increments (Fig. 1, A and B).
Once satisfactory placement was observed, the needle
was withdrawn, leaving the electrode in place. An addi-
tional image was taken and recorded to verify that the
tips of the electrodes were in the desired area (Fig. 1C).

Once the fine-wire electrodes were securely positioned
and the effects of the lidocaine anesthetic had subsided, a
range of stimulating parameters required to elicit subjec-
tive responses of first felt and barely tolerable, as well as
the objective response of muscle recruitment with tongue
protrusion, was obtained. This was done during wakeful-
ness by following the same protocol as that for submental
surface stimulation.

Availability of the scanning facility and allowable radi-
ation exposure permitted us to return two patients ~2 h
after fine wire insertion to radiographically assess the
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FIG. 1. A:computerized axial tomography (CAT) scan of hypophar-
ynx during electrode placement shows entrance site of needle (arrow)
on left side of patient’s neck. Needle lies within subcutaneous tissue
and is being directed cephalad (see B). B: CAT scan taken at higher
level shows tip of needle lying within area of neurovascular bundle
behind genioglossus muscle (arrow). Note neurovascular bundle on
right side. Margins of artery and vein can be seen, but nerve is not
visible. C: final CAT scan of hypopharynx after electrode placement.
Note that electrode (curved arrow} on right side of patient is properly
positioned through area of neurovascular bundle, with tip slightly in
genioglossus muscle. Electrode on left side of patient (arrow) is posi-
tioned within mylohyoid muscle and may be too superficial to appro-
priate structures.
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functional response of FES applied to the hypoglossal
nerve. Once in the scanner the patients were placed su-
pine and breathed through the nasal route, and at end
expiration we electrically stimulated the hypoglossal
nerve. A limited number of images were obtained under
conditions of no stimulation and during stimulation.
These are shown in Figs. 2 and 3. The images were digi-
tized to provide values of upper airway area.

After the stimulation sensitivity thresholds had been
established during wakefulness, subjects were prepared
for polysomnography and allowed to fall asleep. Once
asleep, patients usually began having apneic events
within 10-30 min. At this point, the stimulation was initi-
ated, using the same protocol described for the submen-
tal surface stimulation. The initial settings were a pulse
frequency of 50 Hz with a 0.2-ms pulse width. The 0.2-ms

FUNCTIONAL ELECTRICAL STIMULATION FOR APNEA

FIG. 2. CAT scan on different patient shows
change in configuration of hypopharynx before stim-
ulation (A) and during stimulation (B). Note 24%
decrease in upper airway area in B compared with A.

pulse width was used to minimize stimulation of unmy-
elinated pain and smaller myelinated sensory fibers. The
initial stimulating voltage was set below that required to
elicit the first felt response during wakefulness. FES was
applied during apneic events. After two to three apneas
in which there was no response to FES, the stimulating
voltage was increased by 1 V. Throughout the study, the
voltage was incrementally adjusted upward until FES
caused EEG arousal.

Data analysis. T'o determine whether a significant in-
crease in submental surface stimulating current was re-
quired to move from the thresholds of first felt to uncom-
fortable but tolerable to barely tolerable, we statistically
compared the difference in stimulating currents at each
threshold. We then compared the difference between the
current that caused arousal from sleep and that causing
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the barely tolerable sensation while awake. For fine-wire
stimulation we compared the voltages required to move
from the first felt threshold to that causing tongue pro-
trusion to that of barely tolerable. We also compared the
difference in voltage between that causing arousal from
sleep and that causing the barely tolerable sensation
while awake.

To evaluate the effect of submental surface stimula-
tion on airflow rates in healthy subjects during sleep, in
each subject we measured 25 peak inspiratory airflow
rates for the breath before, as well as during, submental
surface stimulation. The peak airflow rates from the
prestimulated breaths were compared with the peak in-
spiratory airflow rates measured during submental sur-
face stimulation. We evaluated only those breaths in
which the stimulating current was equal to or greater

1057

FIG. 3. A: CAT scan taken during prestimulation
period shows normally shaped but small hypophar-
ynx (arrow) before stimulation. B: repeat CAT scan
taken during stimulation shows significant enlarge-
ment of hypopharynx. Note 116% increase in upper
airway area in B compared with A.

than that causing an uncomfortable but tolerable sensa-
tion during wakefulness.

To evaluate the effect of submental surface stimula-
tion on upper airway patency in sleep apneic patients, we
evaluated the effects of submental surface stimulation
applied during an apneic event. We evaluated only those
apneic events in which the stimulating current was equal
to or greater than that causing an uncomfortable but tol-
erable sensation during wakefulness. Comparisons were
made between the number of apneas in which surface
stimulation was applied and the number of breaths that
occurred during FES.

To determine whether fine-wire FES could restore
muscle tone and reestablish upper airway patency during
apneic events, we evaluated the effects of FES applied
during an apnea. We evaluated only those bursts of FES
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FIG. 4. Difference between stimulating parameters required to elicit
first felt sensation during wakefulness to that producing EEG arousals
during sleep. Mean + SE is displayed at each level. A, surface stimula-
tion data (in amps); B, fine-wire stimulation data (in volts). * Statisti-
cally significant difference between barely tolerable threshold and
threshold causing EEG arousal from sleep.

in which the stimulating voltage was equal to or greater
than that causing tongue protrusion during wakefulness.
Comparisons were made between the number of apneas
in which FES was applied and the number of breaths that
occurred during FES.

A one-way analysis of variance was used to compare
stimulus intensities required to produce the responses of
first felt through arousal in both the surface stimulation
and fine-wire stimulation groups. For the healthy control
group, a paired ¢t test determined whether statistically
significant changes occurred in peak inspiratory airflow
rates between the baseline breath and the following
breath in which surface stimulation was applied. For
both submental and fine-wire FES we used a paired ¢ test
to determine significance between the number of times
FES was applied during apneas and the number of
breaths that occurred during FES. The level for statisti-
cal significance was P < 0.05.

RESULTS

Figure 4A graphically displays the submental surface
stimulation currents required to elicit responses of first

FUNCTIONAL ELECTRICAL STIMULATION FOR APNEA

felt, uncomfortable but tolerable, barely tolerable, and
EEG arousal from sleep. The data are displayed as
means + SE. We found a statistically significant differ-
ence in the stimulating current needed to move from one
threshold to the next. Also, the current required to cause
EEG arousal from sleep was significantly greater than
that producing the barely tolerable sensation during
wakefulness. In Fig. 44, only the arousal stimulus for five
of the seven subjects is displayed. One control subject
never fell asleep, and one sleep apneic patient spontane-
ously awoke before the stimulating current exceeded the
uncomfortable but tolerable threshold.

Figure 4B graphically displays the fine-wire voltage re-
quired to produce a first felt response, muscle recruit-
ment with tongue protrusion, a barely tolerable response,
and EEG arousal from sleep. We found a statistically
significant difference in the stimulating voltage needed
to move from one threshold to the next. The voltage re-
quired to cause EEG arousal from sleep was significantly
greater than that causing the barely tolerable sensation
during wakefulness. In Fig. 4B, data from only four of the
six subjects are displayed for EEG arousal from sleep.
The other two subjects had spontaneously awakened
during the protocol.

While performing the submental surface stimulation
protocol we were able to measure stimulating currents on
two separate occasions in three of the subjects. We found
no significant variation between stimulating parameters
used during the first and second occasions to elicit the
subjective responses during wakefulness. We found that
in sleep apneic patients it was not possible to systemati-
cally assess arousal responses to FES in each stage of
sleep. This was due to their frequent apneas and arousal
responses that caused a fragmentation of their sleep
state.

Submental surface stimulation: control subjects, sleep.
In three of the four healthy subjects we were able to com-
pare peak airflow rates measured during sleep before and
during submental surface stimulation. As mentioned
above, the fourth subject was not able to fall asleep.
Group comparisons (n = 75 unstimulated to stimulated
breaths) indicated that there was a small but statistically
significant increase of 0.56 + 2.31 (SD) 1/min (P < 0.05)
in inspiratory peak airflow rates between the preceding
breath and the stimulated breath and a small but statis-
tically significant decrease of 1.3 + 4.3 1/min in expira-
tory peak airflow rates between the preceding breath and
the stimulated breath (P < 0.05).

Submental surface stimulation: sleep apneic patients,
sleep. We applied submental surface stimulation to three
sleep apneic patients during apneic events. In two of the
three patients we were able to apply current equal to or
greater than that causing an uncomfortable but tolerable
sensation during wakefulness. The third patient had a
spontaneous arousal while the stimulating currents were
still below this level. Once awake this patient did not fall
back to sleep.

In two sleep apneic patients, we evaluated the effect of
submental surface stimulation applied during 44 + 24
apneic events per patient. We found that ventilation re-
sumed during or immediately after cessation of submen-
tal surface stimulation 22% of the time.
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FIG. 5. Polysomnograph recording illustrating effect of fine-wire functional electrical stimulation of hypoglossal
nerve. Stimulation parameters were 14 V, 50 Hz, and 0.2-ms pulse width. When stimulation was applied during apneic
event, airflow resumed. Airflow then ceased with termination of stimulation. EEG and EOG channels do not show any

sign of arousal associated with stimulation. EMG, electromyogram.

Fine-wire stimulation: awake CAT scan images. In all
patients in whom fine-wire electrodes were inserted,
once the lidocaine anesthetic subsided (~2 h) we were
able to apply voltage to the electrodes and observe genio-
glossus muscle recruitment with subsequent tongue pro-
trusion. The images presented in Figs. 2 and 3 illustrate
that in the two patients who were returned to the CAT
scanner for FES, upper airway configuration changed
when stimulation was applied. In patient 11 (Fig. 2), dur-
ing fine-wire FES, the area of the airway decreased by
24% from its baseline value. In patient 10 (Fig. 3), during
fine-wire stimulation, the area of the airway increased by
116% from its baseline value.

Fine-wire stimulation: sleep. In six sleep apneic pa-
tients we applied FES during apneic events. In five of the
six patients we were able to apply voltages equal to or
greater than that causing tongue protrusion during wake-
fulness. The sixth patient had a spontaneous arousal
while the stimulating voltages were below that voltage
causing tongue protrusion. Once awake this patient
could not fall back to sleep.

In the five patients in whom the voltage was equal to or
greater than that causing tongue protrusion during wake-
fulness, we evaluated the effect of FES applied during 41
+ 26 apneic events per patient. With respect to the num-
ber of times that FES was applied, we found that ventila-
tion resumed during or immediately after cessation of
FES in 23% of the cases.

Figure 5 is one example from the polysomnographic
recording from one subject (subj 8) whose weight was

proportional to his height. In this tracing, channel I indi-
cates a complete cessation of airflow. Channels 5 and 6
reveal abdominal and thoracic motion, respectively, indi-
cating this to be an obstructive apneic event. The elec-
tromyogram is displayed on channel 4; however, its reso-
lution has been diminished by the photocopy reduction.
The rapid pen deflections seen on channel 4 are the stim-
ulating bursts with electric stimulation parameters of 14
V, 50 Hz, and a 0.2-ms pulse duration.

In this example, there was an immediate resumption of
airflow (as illustrated by channel 1) with initiation of
fine-wire stimulation. As soon as the stimulation ceased,
the airflow signal also ceased. Therefore, in this one ex-
ample, fine-wire stimulation appeared to restore airway
patency. Also, the EEG and EOG channels (channels 2
and 3, respectively) do not show any obvious changes or
signs of arousal after FES that could have accounted for
the changes in the airflow signal. Signal artifact obscures
the EEG and EOG channels during FES so the presence
of a microarousal cannot be determined. Although fine-
wire stimulation of the hypoglossal neurovascular bun-
dle appeared to elicit changes in the airflow signal 23% of
the time, these changes were not reproducible in a sys-
tematic fashion.

Figure 6 is another example of fine-wire stimulation
from the same subject. Once again fine-wire stimulation
was initiated shortly after the airflow ceased. In this ex-
ample, as in the previous, the airflow was abruptly re-
stored in association with stimulation. However, when
FES was terminated and its accompanying electrical in-
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FIG. 6. Polysomnograph recording from same subject as in Fig. 5. Same stimulation parameters were used. How-
ever, EEG and EOG channels exhibit small spike that may indicate that arousal may have occurred to terminate

apnea.

terference subsided, an alteration in the EEG and EOG
channels was evident. This indicates that the restoration
of airflow may have been the result of an arousal.

DISCUSSION

Our results indicate that 1) FES produces arousal from
sleep but at higher stimulation levels than those produc-
ing barely tolerable discomfort during wakefulness; 2)
percutaneously inserted stimulating wires, appropriately
placed, afford the opportunity for tongue protrusion at
minimal discomfort with FES; and 3) in our hands, nei-
ther surface stimulation nor fine-wire stimulation has a
consistent effect in terminating obstructive apneas dur-
ing sleep.

Submental surface stimulation. During wakefulness, we
suspect that sensation and discomfort associated with
submental surface stimulation resulted from activation
of skin afferents rather than from muscle contraction
(7). When the subject was asleep, submental surface stim-
ulation produced arousal at a significantly higher inten-
sity than that producing barely tolerable discomfort dur-
ing wakefulness. This phenomenon may result from the
general property of diminished responses to stimuli dur-
ing sleep and may explain, in part, the tolerance of pa-
tients for submental FES, as reported by Miki et al. (5).
Submental surface stimulation, as it was done in our
study, had an inconsistent effect on upper airway pa-
tency. There are substantial differences in the tech-
niques and devices employed by Miki et al. and our study;

these or other factors, such as patient selection, in-
creased pharyngeal stability, or training, could explain
the previously observed clinical utility of submental sur-
face stimulation. However, although we could not detect
any consistent effect of submental stimulation in apnea
termination, our small sample size limits our speculation
of its role in treating OSA.

Fine-wire stimulation. Because of frustration with sub-
mental surface stimulation, we developed the protocol
for percutaneous placement of fine-wire electrodes near
the neurovascular bundle of the hypoglossal nerve.
There are recognizable radiographic features to identify
the course of the hypoglossal nerve, and the technique of
CAT scan-guided needle placement was employed to im-
plant fine-wire electrodes at those specific anatomic
sites. The wires are radiographically visible once the nee-
dle is withdrawn.

In two patients circumstances allowed us to observe
changes in pharyngeal size with fine-wire FES during
wakefulness. Even though both patients displayed
tongue protrusion with stimulation, by CAT imaging
there were differences in the size and shape of the oro-
pharynx with FES. We believe that these changes re-
sulted from placement of fine wires in relation to the
arborization of hypoglossal bundles to different extrinsic
muscles or to asymmetric excitation of the main trunk of
the hypoglossal nerve that shows geographic localization
of fibers to specific distal muscle groups. With regard to
the latter, studies in animals have demonstrated that dif-
ferent nerve segments of the hypoglossal nerve cause ei-
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ther tongue protrusion or retraction when stimulated (1,
2). Furthermore, unlike spontaneous nerve activation
where large fibers are recruited last, with FES large
fibers are recruited first (7) and are an additional source
of variability with regard to wire placement. Conse-
quently, FES could produce tongue protrusion with or
without increases in size of the oropharynx; we presume
this depends on the specificity and coordination of the
muscles stimulated.

The effects of fine-wire FES on sleep apnea and/or
obstructive apneas were not dramatic. Surface stimula-
tion and fine-wire stimulation terminated apneic events
22 and 23% of the time, respectively. This occurred with-
out gross evidence of arousal as defined by body move-
ment or change in EEG state; however, an effect on
arousal cannot be excluded definitively by these mea-
sures. We feel that the alleviation of approximately only
one in five apneic events indicates a generally poor pa-
tient response to FES.

Our experience indicates that surface stimulation for
tongue protrusion is associated with an unfavorable bal-
ance between discomfort and/or arousal from sleep and
tongue protrusion and/or mechanical effect during wake-
fulness or sleep. These observations support those of Ed-
monds et al. (3), who found that submental surface stimu-
lation had no effect on apneic events other than to termi-
nate them by causing arousal. On the other hand, the
balance is more favorable for fine-wire FES applied to
the hypoglossal neurovascular bundle, since visible
tongue protrusion occurs during wakefulness without
discomfort. This latter approach is feasible and should be
explored further. Neurophysiological localization of stim-
ulating wires should be explored as an alternative or ad-
junct to radiographic placement.

We believe that our study is not definitive for the fol-
lowing reasons. It may be that the muscles innervated by
the hypoglossal nerve may not be the key muscles in-
volved or that FES of the hypoglossal nerve results in
mechanical action with opposing effects on pharyngeal
size. Also, we did not mechanically quantitate the degree
of tongue protrusion or changes in oropharyngeal size
during fine-wire FES; consequently, we cannot predict
whether the force of muscle contraction resulting from
FES would open or reopen the airway. Indeed, FES could
make apneas worse if tongue retrusion occurs.
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Our criteria for successful fine-wire stimulation was
resumption of airflow during an apneic event and that

the EEG signal maintained the same observed amplitude
and frequency before and after bursts of FES. However,
we cannot definitively exclude the effect of microarou-
sals, since the gross electrical interference and signal ar-
tifact caused by FES would obscure the EEG signals dur-
ing application of FES. Therefore, we cannot be confi-
dent that microarousals did not occur even during the
pacing bursts when apneas were broken.

We thank the staff of the Clinical Research Center and of the Radiol-
ogy Department for their cooperation and support.

This work was funded in part by National Heart, Lung, and Blood
Institute Specialized Center of Research Grant HL-42215 and by Med-
tronic Nortech, Inc. This work was conducted in the Clinical Research
Center of University Hospitals of Cleveland and supported by the Na-
tional Institutes of Health Division of Research Resources Grant
HLMO01-RR-00080.

Address for reprint requests: K. P. Strohl, Div. of Pulmonary and
Critical Care Medicine, Univ. Hospitals of Cleveland, 2074 Abington
Rd., Cleveland, OH 44106.

Received 10 April 1992; accepted in final form 13 April 1993.

REFERENCES

1. BENNETT, G. A,, AND R. C. HUTCHINSON. Experimental studies of
the movements of the mammalian tongue. Anat. Rec. 94: 57-83,
1946.

2. BENNETT, G. A., AND A. J. RAMSAY. Experimental studies of the
movements of the mammalian tongue. Anat. Rec. 79: 39-51, 1941.

3. EDMONDS, L. C., B. K. DANIELS, AND J. W. SHEPARD. Submental
electrical stimulation in patients with non-positional obstructive
sleep apnea. Assoc. Prof. Sleep Soc. 5th Toronto 1991, p. 290.

4. FOUKE, J. M., A. D. WOLIN, E. VAN LUNTEREN, AND K. P. STROHL.
Demonstration that pharyngeal muscle activation can result in an
airway dilating force. Acta Biol. Med. Exp. 11: 291-299, 1986.

5. MIK1, H., W. HIDA, T. CHONAN, Y. KIKUCHI, AND T. TAKASHIMA.
Effects of submental electrical stimulation during sleep on upper
airway patency in patients with obstructive sleep apnea. Am. Rev.
Respir. Dis. 140: 1285-1289, 1989.

6. Mix1, H., W. Hipa, C. SHINDOH, Y. KIKucHI, T. CHONAN, O. TAGU-
cHI, H. INOUE, AND T. TAKASHIMA. Effects of electrical stimulation
of the genioglossus on upper airway resistance in anesthetized dogs.
Am. Rev. Respir. Dis. 140: 1279-1284, 1989.

7. RANCK, J. B., JR. Which elements are excited in electrical stimula-
tion of mammalian central nervous system: a review. Brain Res. 98:
417-440, 1975.

8. VAN LUNTEREN, E., R. J. SALOMONE, P. MANUBAY, G. S. SUPINSKI,
AND T. E. Dick. Contractile and endurance properties of geniohyoid
and diaphragm muscles. J. Appl. Physiol. 69: 1992-1997, 1990.

Exhibit 1021
NYXOAH, INC,, et al. v. INSPIRE MEDICAL SYSTEMS, INC.
009





