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Study Objectives: To examine changes in the upper-airway dimension
and its surrounding structures induced by mandibular advancement during sleep.
Design: Eleven nonapneic adult males participated in the study. A set of
supine lateral cephalograms was taken for each subject at the end of expiration during stage 1 and 2 non-rapid-eye-movement sleep with and without a Klearway™ appliance (Great Lakes Orthodontics, NY, USA), which
was adjusted to 67% of the maximum protrusion position. The Wilcoxon
signed-rank test was used to compare changes in the anteroposterior
width of the upper airway and the positions of the hyoid bone and third
cervical vertebra with and without the appliance.
Setting: N/A
Patients or Participants: N/A
Interventions: N/A
Measurements and Results: The amount of jaw opening was significantly increased by wearing the titratable oral appliance, and the
mandibular symphysis moved backward. The sagittal dimension of the

superior pharyngeal airway was significantly increased; however, no significant changes were found in the middle and inferior pharyngeal airway.
Significant posterior displacement of the hyoid bone and third cervical vertebra was seen. Moreover, significant inferior displacement of the hyoid
bone was also seen. The relationship among the mandibular symphysis,
the hyoid bone, and the third cervical vertebra remained constant.
Conclusions: Mandibular advancement significantly increases the size of
the upper airway in the velopharynx and results in posteroinferior displacement of the hyoid bone and posterior displacement of the third cervical vertebra during sleep.
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INTRODUCTION

MATERIALS AND METHODS

ORAL APPLIANCES HAVE BEEN WIDELY USED IN THE TREATMENT OF PATIENTS WITH OBSTRUCTIVE SLEEP APNEA (OSA)
to dilate the upper airway and to prevent upper-airway obstruction during sleep by holding the mandible in the forced protruded position.1
Many previous studies have evaluated the effects of various types of oral
appliances based on overnight polysomnographic recording2-16 and have
found that oral-appliance therapy can be effective, especially in the treatment of mild to moderate OSA.
To investigate the mechanism of this effect, prior studies have examined the effect of mandibular-advancement devices on upper-airway
configuration in healthy subjects or OSA patients during wakefulness.2,3,5,6,9,10,12,13,17-19 Potentially of greater relevance would be the influence of these devices upon identical measurements during sleep when
upper-airway obstruction occurs in OSA patients.
The purpose of this study was to evaluate changes in the upper-airway
dimension and its surrounding structures in response to a protruded
mandibular position in normal subjects during sleep.

Subjects
Eleven nonapneic adult males participated in this study [age: 28.5+1.6
(mean+SD) years, body mass index: 22.4+2.4 kg/m2]. All of the participants had adequate dentition (>14 teeth in each of the maxillary and
mandibular arches) with a skeletal Class I relationship and were confirmed to have no medical history of temporomandibular disorders or
sleep-disordered breathing such as snoring or apnea. Before the study,
all of the subjects gave their informed consent to participate after receiving a full explanation of the aim and design of this study.
Experimental procedures
Eleven Klearway™ oral appliances (Great Lakes Orthodontics, NY,
USA)19 were fabricated on plaster casts of the maxillary and mandibular
dental arches, and a wax bite was registered at the most-retruded
mandibular position. The maxillary and mandibular components of the
titratable oral appliance are made from thermoactive acrylic resin, which
not only firmly fits on the dentition, but also has flanges that extend to
undercut areas of the alveolar bone. The two arch components are connected with an adjustable-screw mechanism positioned close to the
palatal arch. The screw mechanism enables anteroposterior mandibular
movement over a range of 11.0 mm in a total of 44 increments of 0.25
mm. The titratable oral appliance allows significant retention and reliable titration and decreases teeth soreness and soft-tissue discomfort. An
atypical experimental vertical separation of 5 mm instead of the standard
clinical separation of 2 mm was obtained at the maxillary and mandibular incisors so as to not interfere with smooth forward displacement of
the mandible from the most-retruded position to maximum protrusion
when the titratable oral appliance was in place.
Silver/silver chloride surface electrodes (NE-155A: Nihon Kohden,
Tokyo, Japan) to record electroencephalograms (C3/A2 of the international 10-20 system) to determine the sleep stage were positioned with
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paste (Cardio cream Z-101BC: Nihon Kohden, Tokyo, Japan). The
ground electrode was attached to the right earlobe. The signals were
amplified (dual-channel bioelectric amplifier MEG-2100: Nihon
Kohden, Tokyo, Japan) and monitored on an oscilloscope (Handy monitor VC-22: Nihon Kohden, Tokyo, Japan). Low- and high-pass filters
were set at 0.5 Hz and 30 Hz, respectively. The sweep velocity of the
oscilloscope was set at 25 mm per second. A thermistor (TR-712T:
Nihon Kohden, Tokyo, Japan) to detect nasal airflow was attached to the
right nostril, and amplified signals were monitored simultaneously with
the electroencephalogram on the oscilloscope.
Each subject was asked to lie on a cushioned table in the supine position with the head supported by a pillow. The cephalostat for the table
enabled the head of the subject to be fixed without pain or discomfort by
inserting ear rods to the bilateral external auditory meatuses. The focus-

film distance and object-film distance were adjusted to 170 cm and 20
cm, respectively. The exposure factors—including the tube voltage, the
tube current, and the exposure time—were set at 95 kVp and 5 mAs.
Details of the roentgenographic equipment used to take supine lateral
cephalograms have been reported previously.20
The room light was turned off, and the subject was asked to fall asleep
without the titratable oral appliance. A supine lateral cephalogram was
then taken at the end of expiration during stage 1 and 2 non–rapid-eyemovement (NREM) sleep. The room light was then turned on, and the
subject was awakened to fit the oral appliance, which was adjusted to
67% of the maximum protrusion (MAX) position without removing the
ear rods. The subject was then asked to sleep again, and a supine lateral
cephalogram with the titratable oral appliance was taken in the same
manner. The 67% MAX position was employed in this study because the
mandibular position is widely used for the treatment of OSA patients and
was recently demonstrated to be suitable to obtain the same effect as the
MAX position in terms of anteroposterior dimension of the velopharynx.19
Data analysis
Lateral cephalograms of each subject were traced and superimposed
on the sella-nasion plane, registered at the sella by an experienced
orthodontist. A detailed description of the supine cephalometric protocol
is given in Figure 1. The Wilcoxon signed-rank test was used to compare
differences with and without the titratable oral appliance for each variable. P-values less than 0.05 were considered statistically significant.
The measurement reproducibility in the supine lateral cephalograms
evaluated, based on the method error for each cephalometric variable,
and a repeatability test to determine the reproducibility of the mandibular posture, upper-airway dimension, and related structures during sleep
have been reported previously.21

Figure 1—Diagrammatic representation of anatomic points and lines used to identify
cephalometric variables. N: the most anterior point of the frontonasal suture in the midsagittal plane, Or: the lowest point in the inferior margin of the orbit, Po: the superior point
of the external auditory meatus, PNS: the posterior nasal spine, Pog: the most anterior point
of the bony chin in the midsagittal plane, RGN: the most posterior point on the mandibular
symphysis, Me: the most inferior midline point on the mandibular symphysis, H: the most
superoanterior point on the body of the hyoid bone, P: the tip of the soft palate, C2: the most
inferoanterior point on the body of the second cervical vertebra, C3: the most inferoanterior point on the body of the third cervical vertebra, FH plane (Frankfort horizontal plane):
the line through Or and Po, N-perp. line: the line perpendicular to the FH plane through N
(1) N-perp. to Pog: the distance between the N-perp. line and Pog (when Pog is anteriorly
positioned relative to the N-perp. line, this value is considered positive), (2) N-Me: the distance between N and Me, (3) SPPS: the anteroposterior width of the pharynx measured
between the posterior pharyngeal wall and the dorsum of the soft palate on a line parallel to
the FH plane that runs through the middle of the line from PNS to P, (4) MPS: the anteroposterior width of the pharynx measured between the posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the FH plane that runs through P, (5) IPS: the anteroposterior width of the pharynx measured between the posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the FH plane that runs through C2, (6) N perp. to H:
the distance between the N perp. line and H, (7) PNS-H: the distance between PNS and H,
(8) N perp. to C3: the distance between the N perp. line and C3, (9) C3-PNS: the distance
between C3 and PNS, (10) H-RGN: the distance between H and RGN, (11) C3-H: the distance between C3 and H, (12) C3-RGN: the distance between C3 and RGN
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Figure 2—Changes in mandibular position N-perp. to Pog: the distance between the Nperp. line (the line perpendicular to the Frankfort horizontal plane through the most anterior point of the frontonasal suture in the midsagittal plane) and Pog (the most anterior point
of the bony chin in the midsagittal plane); Baseline: value measured during sleep without a
titratable oral appliance; Oral appliance: value measured during sleep with a titratable oral
appliance, **: p<0.05, N-Me: the distance between N (the most anterior point of the frontonasal suture in the midsagittal plane) and Me (the most inferior midline point on the
mandibular symphysis), *: p<0.01.
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RESULTS

The N-perp. to H distance was significantly increased by wearing the
titratable oral appliance, which was related to posterior displacement of
the hyoid bone (Figure 5). The hyoid bone moved backward by 1.7+1.7
mm. In addition, significant inferior movement of the hyoid bone was
also seen. Both the N-perp to C3 and C3-PNS distances were significantly increased by wearing the oral appliance (by 1.4+1.2 mm and
0.9+0.8 mm, respectively), which reflected posterior displacement of the
third cervical vertebra (Figure 5). The relationship among the mandibular symphysis, the hyoid bone, and the third cervical vertebra remained
constant (Figure 6). Figure 7 shows typical changes with and without the
titratable oral appliance in 1 subject. Backward rotation of the mandible,
an increase in the retropalatal airway, and posteroinferior movement of
the hyoid bone are shown.

With regard to changes in the anteroposterior position of the
mandible, the N-perp. to Pog distance (please see list of definitions) was
significantly decreased by wearing the titratable oral appliance, which
indicated that the mandibular symphysis was moved backward (by
2.6+3.0 mm) by wearing the oral appliance during sleep. With regard to
vertical mandibular positional changes, the N-Me distance was significantly increased by wearing the titratable oral appliance (Figure 2).
The sagittal dimension of the superior pharyngeal airway (SPPS) was
significantly increased (by 1.2+1.6mm) by wearing the titratable oral
appliance (Figure 3). In contrast, the sagittal dimensions of the middle
(MPS) and inferior (IPS) pharyngeal airways did not show any significant changes.
Since there was a wide range of baseline airway size, changes in the
upper-airway dimension related to wearing the titratable oral appliance
were calculated in terms of a percentage of baseline. Figure 4 shows the
relationship between the baseline airway size and the percentage change.
In the SPPS, a significant correlation coefficient was demonstrated,
which meant that the smaller airway showed more dramatic change than
did the bigger airway. On the other hand, no significant correlation coefficients were found in the MPS and IPS.

DISCUSSION
In this study, we have shown that the use of a titratable oral appliance
set at 67% MAX position results in significant increase in the superior

Figure 4—Correlation coefficients between the percentage of change and the baseline airway size **: p<0.01 Percentage of change was calculated based on the following formula:
Percentage of change = (UASwith - UASwithout) / UASwithout (UASwith: upper-airway
size with the titratable oral appliance, UASwithout: upper-airway size without the titratable
oral appliance) Baseline airway size: value measured during sleep without a titratable oral
appliance, SPPS: the anteroposterior width of the pharynx measured between the posterior
pharyngeal wall and the dorsum of the soft palate on a line parallel to the FH (Frankfort horizontal) plane that runs through the middle of the line from PNS (the posterior nasal spine)
to P (the tip of the soft palate), MPS: the anteroposterior width of the pharynx measured
between the posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the
FH plane that runs through P, IPS: the anteroposterior width of the pharynx measured
between the posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the
FH plane that runs through the most inferoanterior point on the body of the second cervical
vertebra.

Figure 3—Changes in upper-airway dimension. SPPS: the anteroposterior width of the
pharynx measured between the posterior pharyngeal wall and the dorsum of the soft palate
on a line parallel to the FH (Frankfort horizontal) plane that runs through the middle of the
line from PNS (the posterior nasal spine) to P (the tip of the soft palate) Baseline: value measured during sleep without a titratable oral appliance, Oral appliance: value measured during sleep with a titratable oral appliance, *: p<0.05, MPS: the anteroposterior width of the
pharynx measured between the posterior pharyngeal wall and the dorsum of the tongue on
a line parallel to the FH plane that runs through P; N.S.: not significant, IPS: the anteroposterior width of the pharynx measured between the posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the FH plane that runs through the most inferoanterior point on the body of the second cervical vertebra
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upper-airway dimension, inferoposterior displacement of the mandible
and hyoid bone, and posterior movement of the third cervical vertebra.

advancement was observed in all of the previous studies except for that
by Ferguson et al.18 Meanwhile, a significant increase was seen only in
the SPPS during sleep in the present study, which indicated that the
response of the upper airway to mandibular advancement during sleep is
similar to that while awake. It has been reported that the activity of pharyngeal muscles, including the upper–airway-dilating muscles, is not
attenuated during sleep compared to that during wakefulness in normal
men.22-24 Since the subjects in the present study were normal adults without sleep-disordered breathing, this property of the upper–airway-dilating muscles might be related to the similar response of the upper airway
to mandibular advancement in wakefulness and sleep.
It is unclear why a significant increase was found only in the
velopharynx, whereas no significant changes were detected in the
oropharynx or hypopharynx with mandibular advancement. If the
mandible could be advanced in a direction perpendicular to the posterior pharyngeal wall, the anterior pharyngeal wall, which consists of the
soft palate and tongue dorsum, could move in the same direction, which
would result in equally notable increases in the superior, middle, and
inferior upper-airway dimensions. However, in reality, the occlusal vertical dimension must be increased when one fabricates the titratable oral
appliance to avoid interference between the maxillary and mandibular
incisors. Therefore, the change in the mandibular position after wearing
the oral appliance becomes backward rotation rather than anterior displacement. Indeed, there was a significant decrease in the N-perp. to Pog
distance regardless of mandibular advancement in this study. As a con-

Mandibular Position
The results of this study demonstrated that the N-Me distance during
sleep with the titratable oral appliance was significantly greater than the
distance during sleep without the appliance, which indicated jaw opening with insertion of the titratable oral appliance. When we fabricated
the titratable oral appliance, we had to raise the occlusal vertical dimension. An atypical experimental vertical separation of 5 mm instead of the
standard clinical separation of 2 mm was obtained at the maxillary and
mandibular incisors so as to not interfere with smooth forward displacement of the mandible from the most-retruded position to maximum protrusion when the titratable oral appliance was in place. It would be desirable to minimize the amount of bite opening in fabricating the titratable
oral appliance; however, even a minimal increase in the occlusal vertical
dimension while fabricating the appliance would result in a significant
increase in the N-Me distance. In general, an increase in the occlusal vertical dimension (ie, backward rotation of the mandible) is well recognized to have a close geometric relationship with the anteroposterior
position of the mandibular symphysis. Therefore, the posterior displacement of Pog observed in this study could be related to such backward
rotation of the mandible.
Upper-airway Dimension
In this study, the SPPS was significantly increased by wearing the
titratable oral appliance, whereas no significant changes were seen in the
MPS or IPS upper-airway dimensions. Previous studies on changes in
the upper-airway dimension related to mandibular advancement were
conducted in healthy subjects or OSA patients during wakefulness; it
would be interesting to compare them with the results in the present
study, which was conducted while the subjects were asleep. A significant
increase in the velopharynx or retropalatal region related to mandibular

Figure 5—Changes in the positions of the hyoid bone and cervical vertebra. **: p<0.05. N
perp. to H: the distance between the N perp. line (the line perpendicular to the Frankfort horizontal plane through the most anterior point of the frontonasal suture in the midsagittal
plane) and H (the most superoanterior point on the body of the hyoid bone), Baseline: value
measured during sleep without a titratable oral appliance, Oral appliance: value measured
during sleep with a titratable oral appliance, *: p<0.01, PNS-H: the distance between PNS
(the posterior nasal spine) and H, N perp. to C3: the distance between the N perp. line and
C3 (the most inferoanterior point on the body of the third cervical vertebra); C3-PNS: the
distance between C3 and PNS
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Figure 6—Changes in the relationship among the hyoid bone, cervical vertebra and
mandible. H-RGN: the distance between H (the most superoanterior point on the body of
the hyoid bone) and RGN (the most posterior point on the mandibular symphysis), Baseline: value measured during sleep without a titratable oral appliance, Oral appliance: value
measured during sleep with a titratable oral appliance, N.S.: not significant, C3-H: the distance between C3 (the most inferoanterior point on the body of the third cervical vertebra)
and H; C3-RGN: the distance between C3 and RGN
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sequence of mandibular advancement combined with backward rotation,
no significant changes were observed in the MPS or IPS dimensions,
while the SPPS dimension was significantly increased. From this point
of view, the increase in the occlusal vertical dimension should be minimized in fabricating the titratable oral appliance. Isono et al25 demonstrated that anterior movement of the mandible widened the velopharyngeal airway and discussed 2 possible mechanisms for improving
velopharyngeal airway patency. First, anterior displacement of the
mandible may increase the transmural pressure at the velopharynx,
which can lead to a larger cross-sectional area in this region. Second,
mandibular advancement may stabilize the airway and reduce the collapsibility of the velopharynx.25
In a previous study, it was demonstrated that the onset of an apneic
episode was associated with closure of the upper airway at the velopharyngeal level.26,27 Moreover, in a magnetic resonance imaging study
using healthy subjects, Trudo et al28 showed that the upper-airway
dimension tended to decrease in both the retropalatal and retroglossal
regions during sleep; the former showed more dramatic changes than the
latter. Therefore, dilation in the velopharyngeal region during sleep
could prevent the occurrence of OSA and lead to an improvement of
symptoms.

On the other hand, the hyoid bone is considered to play an important
role in maintaining the upper airway.29,30 A posteroinferior change in the
position of the hyoid bone is generally recognized to be related to a
decrease in the upper-airway dimension. However, measurements of the
upper-airway dimension showed no significant reductions (Figure 3).
This suggests that the posteroinferior change in the position of the hyoid
bone should be interpreted so that the upper airway could be fully maintained even if the hyoid bone moved posteroinferiorly. Thus, the upper
airway was fully maintained without forced forward positioning of the
hyoid bone when the mandible was positioned anteriorly, and this finding seemed to indirectly reflect the effect of the appliance.
When the mandible was advanced, the third cervical vertebra moved
backward (Figure 5). Since the hyoid bone simultaneously moved in the
same direction, the distance between the third cervical vertebra and
hyoid bone (C3-H) remained constant (Figure 6). The C3-H distance,
which is closely related to the sagittal dimension of the upper airway, has
been shown to be stable independent of external disturbances, including
mandibular set-back surgery for the treatment of mandibular prognathism.31,32 The finding that the distance between the hyoid bone and
cervical vertebra remained constant suggests that a mechanism for protecting the upper airway may have been present in our subjects.
The clockwise rotation of the mandible observed in this study can
result in backward movement of the Pog and RGN geometrically. Since
the hyoid bone and cervical vertebrae, as well as the RGN, moved constantly backward with the titratable oral appliance, no changes were
observed in the distances among these structures (Figure 6).

Changes in the Positions of the Hyoid Bone and Cervical Vertebra and
Their Relationships with the Mandible
Posteroinferior displacement of the hyoid bone was observed when
the mandible was advanced (Figure 5). The hyoid bone is closely connected to both the cranial and mandibular bones through the suprahyoid
muscles. Thus, it is likely that the position of the hyoid bone is influenced by mandibular position and head posture. Therefore, the change in
the position of the hyoid bone observed in this study might be related to
the backward rotation of the mandible.

Methodology
A few studies have examined the upper-airway morphology using
supine lateral cephalograms.33,34 Since it has been demonstrated that
upper-airway morphology and tongue posture are dependent on body
position,35,36 the effect of body position must be taken into account in
discussing the upper-airway dimension. Thus, the supine body position,
one of the most popular sleep postures,37 was adopted in this study. It has
been shown that the tonus of jaw-closing muscles is reduced during
sleep, depending on the sleep stage.22,38 Miyamoto et al39 reported that
the mandibular position during sleep in healthy adults was significantly
affected by the sleep stage. Therefore, lateral cephalograms in this study
were taken in stage 1 and 2 NREM sleep, which was defined by the electroencephalogram. When the waking pattern of rhythmic alpha activity
was attenuated, the subject was judged to have fallen into stage 1 NREM
sleep, and a supine lateral cephalogram was taken at that time. Frequently, stage 1 NREM sleep continued for only a short period of time,
and it was often difficult to take a supine lateral cephalogram during
stage 1 NREM sleep. In these cases, we took a supine lateral cephalogram during stage 2 NREM sleep, which could be clearly determined
based on 2 specific patterns: the sleep spindle and the K complex. In
addition, it has been reported that the position and shape of the oropharyngeal soft and hard tissues change in association with the respiratory
phase.40-42 This suggests that the respiratory phase must be carefully
determined to evaluate the oropharyngeal morphology. Therefore, all
cephalometric radiographs in this study were taken at the end of expiration.
CONCLUSIONS
The results of this study suggest that mandibular advancement may
preserve upper-airway patency during sleep in normal male adults by
maintaining an enlarged upper-airway size, particularly in the velopharyngeal region. However, we can recognize some limitations in the
experimental design of the present study: the influence of the sleep stage
and gender differences. In addition, a major limitation might be that the
subjects were normal adults, not OSA patients. Although we should be
careful in predicting the possible effect of mandibular advancement on
the upper-airway dimension in OSA patients based on these results, our
results suggest that the upper airway in OSA patients may be signifi-

Figure 7—Representative changes in the upper airway and its surrounding structures in one
subject. Solid line indicates during sleep without the titratable oral appliance; dotted line
indicates during sleep with the appliance. Note backward rotation of the mandible, increase
in the retropalatal airway, and posteroinferior movement of the hyoid bone.
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DEFINITIONS
C2: the most inferoanterior point on the body of the second cervical vertebra
C3: the most inferoanterior point on the body of the third cervical vertebra
FH plane: Frankfort horizontal plane—the line through Or and Po
Me: the most inferior midline point on the mandibular symphysis
H: the most superoanterior point on the body of the hyoid bone
N: the most anterior point of the frontonasal suture in the midsagittal
plane
N-perp. line: the line perpendicular to the FH plane through N
Or: the lowest point in the inferior margin of the orbit
P: the tip of the soft palate
PNS: the posterior nasal spine
Po: the superior point of the external auditory meatus
Pog: the most anterior point of the bony chin in the midsagittal plane
RGN: the most posterior point on the mandibular symphysis
C3-PNS: the distance between C3 and PNS
C3-H: the distance between C3 and H
C3-RGN: the distance between C3 and RGN
H-RGN: the distance between H and RGN
IPS: the anteroposterior width of the pharynx measured between the
posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the FH plane that runs through C2
MPS: the anteroposterior width of the pharynx measured between the
posterior pharyngeal wall and the dorsum of the tongue on a line parallel to the FH plane that runs through P
N perp. to C3: the distance between the N perp. line and C3
N perp. to H: the distance between the N perp. line and H
N-perp. to Pog: the distance between the N-perp. line and Pog (when
Pog is anteriorly positioned relative to the N-perp. line, this value is considered positive)
N-Me: the distance between N and Me
PNS-H: the distance between PNS and H
SPPS: the anteroposterior width of the pharynx measured between the
posterior pharyngeal wall and the dorsum of the soft palate on a line parallel to the FH plane that runs through the middle of the line from PNS
to P
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