Original Article

Seung Hyun Kyung, DDS, PhDa; Young-Chel Park, DDS, PhDb;
Eung-Kwon Pae, DDS, MSc, PhDc
Abstract: Pharyngeal size and shape differences between pre- and posttrials of a mandible-protruding
oral appliance were investigated using cine computerized tomography (CT). Fourteen patients diagnosed
with obstructive sleep apnea whose apnea-hypopnea index was higher than 5 and arousal index higher
than 20 underwent a second overnight sleep study to evaluate the effectiveness of the oral appliance.
Three-dimensional changes in pharyngeal shape measured on cross-sectional CT images during two respiratory cycles after oral appliance delivery were estimated by three variables: (1) lateral dimension, (2)
anterior-posterior dimension, and (3) cross-sectional area at five vertical levels. Apnea indices improved
significantly when the appliance was used. During apnea, measurements at retropalatal and retroglossal
levels decreased most. However, the cross-sectional area of these levels appeared to increase significantly
(P , .05) with the appliance in place during wakefulness. The oral appliance appears to enlarge the
pharynx to a greater degree in the lateral than in the sagittal plane at the retropalatal and retroglossal levels
of the pharynx, suggesting a mechanism for the effectiveness of oral appliances that protrude the mandible.
(Angle Orthod 2004;75:15–22.)
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INTRODUCTION

with nasal CPAP treatment,18 advancing the mandible forward to enlarge the pharynx could be considered an alternative to CPAP therapy. Orthognathic surgical intervention
advances the mandible and the tongue base forward19–23 as
do some oral appliances.
Clinical trials demonstrated a comparable effectiveness
of oral appliances and nasal CPAP12 or uvulopalatopharyngoplasty.13,22,24 However, the mechanisms by which the
appliance works remain unknown.25 In 1934, Robin26 first
introduced an intraoral appliance to treat upper airway obstruction due to a severe retrognathic mandible, but how
mandibular advancement maintains the airway is still speculative. Some studies claimed appliances increase genioglossus muscle activity27 and others28,29 observed mechanical property changes in the pharyngeal conduit with the
appliance in the mouth. However, three-dimensional studies
on structural changes of the pharyngeal tube before and
after placement of the appliance have not been conclusive.30
Cine computerized tomography (CT) offers several advantages.31–34 First, it provides a three-dimensional image.
Second, the image can be obtained in the supine body position. This may be important because body-posture change
influences size of the upper airway.35,36 Third, the technique
can capture images during the entire breathing cycle.37 Size
of the pharyngeal lumen fluctuates continuously with the

Repetitive occlusion of the upper airway during sleep is
correlated with increased morbidity and mortality from cardiovascular and other complications in adults.1–4 Obstructive sleep apnea (OSA), a common medical disorder in
adults,5 is characterized by recurrent pharyngeal airway obstruction during sleep. This repetitive occlusion of airflow
results in recurrent episodes of hypoxia and frequent arousals, which leads to sleep fragmentation.6,7
Although nasal continuous positive air pressure (CPAP)
arguably8 remains a noninvasive treatment of choice,9 various oral appliances inundate the clinical field of treating
mild to moderate OSA.10–17 Given compliance problems
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phases of respiration. Thus, static images of this dynamic
structure may not be ideal for evaluation of the pharynx.
The current prospective study seeks to investigate the
mechanisms of how the appliance may alleviate OSA and
uses the cine-CT technique to monitor pharyngeal changes
in size and shape after the placement of an appliance in the
mouths of apneic patients.

Participants and procedures
The current investigation was a pre- and posttrial comparison study of OSA patients recruited for the study, who
were unwilling to wear the nasal CPAP but who agreed to
wear the oral appliance. The purpose of the study and details involved in the procedure were first explained to the
patients. Fourteen patients who volunteered and provided
written informed consent were included in the study. The
study was approved through an institutional reviewing process. The average age of 12 males and two females was 50
years 6 16 (mean 6 standard deviation), and the average
body mass index (BMI 5 kg/m2) was 25.1 6 3.0.
All participating patients whose apnea-hypopnea index
(AHI) was higher than 5 and arousal index higher than 20
were invited to a second overnight sleep study for titration
of nasal CPAP and oral appliance. Nasal CPAP was first
used for the initial five hours, followed by oral appliance
for the next three hours. Approximately one hour of washout and adjustment period was included according to the
attending sleep physician’s discretion. Compared with the
first baseline polysomnogram, no drastic changes in sleep
time and body posture were noted in any participant. When
CPAP and oral appliance were compared, no significant differences in sleep stages and body posture were observed.
Lateral cephalograms and cine CTs were obtained in accordance with the protocol. The appliance, constructed of
orthodontic acrylic resin, positioned the mandibular incisors 1–2 mm further forward from the edge-to-edge bite of
the upper and lower anterior incisors. This amount approximates 75% of maximum mandibular advancement that is
expected to yield the best treatment outcome with the least
adverse effects.38 Patients showing an excessive vertical
opening due to deep overbite were precluded from the
study. To avoid any adverse effects in the jaw joint, the
amount of protrusion was determined by an orthodontist.24
Cephalometry
A pair of lateral cephalometric radiograms was taken
with and without the oral appliance. The incisal edge of the
lower central incisors was used as a marker to monitor the
position of the mandible. The lateral cephalometric films
were superimposed on the Frankfort Horizontal (FH) plane,
and the horizontal and vertical differences between anatomical structures with and without the appliance in place were
measured, as shown in Figure 1.
Angle Orthodontist, Vol 75, No 1, 2005

FIGURE 1. Lateral cephalograms without (A) and with (B) the oral
appliance in place. FH (Frankfort Horizontal) plane denoted by solid
lines in the panels A and B connects the cephalometric landmarks
porion (upper most part of the external meatus) and orbitale (bottom
most part of the orbit). Panel C shows a normal bite. Panel D displays acrylic pieces for the maxillary and mandibular teeth. Panel E
shows an assembled oral appliance in the mouth.

Cine-CT evaluation
The patients adjusted their pillows to find the most comfortable neutral head position close to their habitual sleep
position without having their heads excessively flexed or
extended. They were instructed to breathe normally through
the nose. At the initiation of scanning, they were instructed
not to move the head until completion of two respiratory
cycles. Seven-millimeter-thick slices were obtained at five
different levels between the retropalatal high (level 1) and
the hypopharynx (level 5) regions. Levels between level 1
and 5 include retropalatal low (level 2), retroglossal (level
3), and epiglottic (level 4) levels, as shown in Figure 2.
CT imaging was performed using the single-detector-row
CT scanner (HiSpeed Advantage; General Electric Medical
Systems, Milwaukee, Wisc) both with and without the appliance. Ten CT images were taken for 10 seconds in each
session. Each image includes five levels; therefore, a total
of 100 images (50 with and 50 without the appliance) during approximately two respiratory cycles per patient were
obtained.
The computer-stored images were displayed on a monitor, and a mouse was used to digitize the lumen of the
pharynx. A clear outline was observed first. If irregularities
found on the margin were difficult to define, areas 0.5 mm2
or less in size were ignored. The cross-sectional area of the
lumen (Cs, unit: mm2) and diameters in the lateral (Cx, unit:
mm) and sagittal (Cy, unit: mm) planes were measured using imaging-process software (PACS; PathSpeed Workstation, General Electric Medical Systems). The same investigator performed the measurements to avoid interexaminer
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errors (Figure 3). In addition, we obtained a full set of CTs
during an apneic period from eight of the subjects. The
Student’s t-tests (paired-samples) and simple correlation
tests were used for statistical comparison on mean values
and association inferences.
RESULTS
Cephalograms showed that the mandible moved 7.1 mm
forward (7.11 6 1.93 mm) and 7.7 mm downward (7.70
6 2.47) from the maximum habitual bite with the oral appliance in place (Figure 1). Sleep data are shown in Table

1 and Figure 4. The appliance reduced the AHI of patients
from an average of 44.9 to 10.9. Associations between the
amounts of mandible protrusion by the appliance, the average area changes of each level, and improvement in AHI
were also studied, but none of the correlations reached statistical significance.
To investigate the pharyngeal region most involved in
apnea, an area-graph (Figure 5) was plotted on the basis of
the CT measurements obtained from eight subjects during
apnea, ie, complete airway occlusion as illustrated in Table
2. This data set during apnea was collected separately, thus,
Angle Orthodontist, Vol 75, No 1, 2005
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FIGURE 2. Computerized-tomography images obtained at five different anatomic levels designated in panel A. The five images on the right
side (B) were obtained during apnea. Note that level 3 (retroglossal) demonstrates a complete closure of the airway during sleep as indicated
in the box.
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TABLE 1. Comparisons of Measurements of Polysomnographic
Data with and without Oral Appliancesa
Without
Appliance
Mean 6 SD
Apnea index
Hypopnea index
AHI
Arousal index
SaO2

25.3
19.5
44.9
56.3
82.9

6
6
6
6
6

With Appliance Significance
Mean 6 SD
Level

24.1
13.5
27.2
22.6
8.3

6.3
4.5
10.9
23.5
90.6

6
6
6
6
6

19.5
8.3
23.2
19.7
9.2

*
**
***
***
*

a
AHI indicates Apnea Hypopnea Index; SD, standard deviation;
SaO2 Oxygen saturation level in artery.
* P , .05; ** P , .01; *** P , .001.

it was not included in the main data set that was obtained
during wakefulness. Figure 5 shows that occlusion occurs
at levels 2 and 3 more than in other regions. The Cx of the
pharyngeal measurements increased significantly with the
appliance at levels 1, 2, and 3 (Table 3) during wakefulness
(P , .05). The Cy increased slightly but significantly at
level 3 from 16.1 to 17.5 mm. The Cs increased significantly at level 1 (P , .05), 2 (P , .05), and 3 (P , .01).
When changes in two dimensions were compared, the
change in lateral (Cx) direction was significantly greater
than that in sagittal direction (Cy) (P , .05) at levels 1 and
3.
DISCUSSION
Previous studies reported that OSA patients have a laterally narrowed pharyngeal airway, whereas non-OSA subAngle Orthodontist, Vol 75, No 1, 2005

FIGURE 4. Changes in apnea-hypopnea index and arousal index
with the oral appliance in place. Patient number 27 and 15 with appliance in the plot indicate outliers, which were not calculated into
the means. Note that mean values differ from those shown in Table 1.

jects display a laterally wide pharyngeal lumen.34 Our OSA
patients appear to have a laterally wide Cx similar to the
normal group of other previous studies. This lateral narrowing could explain the size difference between OSA patients
and non-OSA subjects. However, a recent study by Ciscar
et al39 reported that the long-axis diameter of the laterally
widened velopharynx measured in awake subjects is greater
than that measured in sleeping subjects, which agrees with
our observations.
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FIGURE 3. Three measurements on a computerized tomogram. S indicates areas of the upper airway. X indicates the greatest lateral dimension
of the upper airway. Y indicates the greatest anteroposterior (sagittal) dimension of the upper airway.
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When we evaluated changes of the lumen by measuring
the Cx and the Cy, Cx increased at the retropalatal high,
retropalatal low, and retroglossal levels, the Cy (sagittal
change) was statistically significant at level 3 (retroglossal
level) only, suggesting that the appliance widens a pharyngeal lumen laterally but not sagittally in OSA patients. This
observation was underpinned by the results of the comparison study between the change in lateral direction and sagittal direction. The findings also suggest that cephalometric
two-dimensional images of the oropharynx in the sagittal
direction require careful interpretation.
At the retroglossal level, Cx showed a significant increase from 23.2 to 26.5 mm (P 5 .03), and Cy increased
from 16.1 to 17.5 mm (P 5 .02). At this level, both Cx
and Cy diameters increased. The clinical significance of the
1.4-mm increase in Cy may require further investigation.
Some reports40 show an increase in Cy in the soft palate
but not in the tongue base area. As was shown in Table 3
and Figure 5, either with or without the appliance, level 2
(retropalatal low) is the narrowest area along the pharynx.
Some studies reported that oral appliances increase the posterior airway space at the velopharyngeal level (our level
2),41 whereas others report change at the oropharyngeal level (our level 3).42 In our studies, no significant differences
below the epiglottis were found, ie, the retroglossal or more
rostral levels were most affected by the appliance.
Most participants responded favorably to the appliance
therapy except for the two patients indicated in Figure 4.
These two individuals have AHI of 102.2 and 70.1 without
the appliance and still show high AHIs of 82.4 and 41.8
with the appliance in place. When Cs changes at levels 1,
2, and 3 of these two patients (*27 and *15 in Figure 4)
were compared between with and without appliance, no difference was noted in the first patient (*27), but a marked
change (an increase of 146.5 mm2 at level 3) was noted in
the second patient (*15). This may suggest that cross-sec-

tional size changes of the pharynx with an oral appliance
would not occur in some severe patients.
Fluoroscopy studies43,44 reported that obstruction first occurs when the soft palate touches the posterior pharyngeal
wall (hooking) and the dorsal surface of the tongue during
inspiration. Subsequently, the soft palate and surrounding
structures appear to be sucked down (plugging) caudally.
At the same time, the pharyngeal airway below the soft
palate is progressively narrowed and closed. Previous studies suggest that the ‘‘hooking’’ and ‘‘plugging’’ of the soft
palate are often associated with opening of the jaw. We
observed that airway occlusion began at the retropalatal
(low) and retroglossal level, progressing into the hypopharynx. Kato et al29 suggested that closing pressure at the
velopharynx and oropharynx significantly decreased with
mandibular advancement under general anesthesia in a
dose-dependant fashion. They also demonstrated that mandibular advancement normalized the pressure cross-sectional area relation of the oropharynx in both obese and nonobese OSA patients28. Therefore, if the appliance prevents
initial obstruction by moving the tongue base forward, it
could prevent the obstruction further downstream in the
pharynx and provide a mechanism whereby the oral appliance improves OSA.
Our studies show that the amounts of jaw opening, anatomical changes of the naso- and oropharynx, and the
changes in apnea-hypopnea indices are not significantly
correlated. A recent study reported that, independent of oral
appliances, relative pharyngeal area was reduced by more
than 50% in the supine position compared with the upright
position.45 This suggests that maintaining airway size in the
supine position with the oral appliance may be related to
mechanical quality of the upper airway muscles.46 Individual anatomical heterogeneity in the patient group may also
account for these results.
Although the current study did not synchronize the timAngle Orthodontist, Vol 75, No 1, 2005
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FIGURE 5. Changes of the pharyngeal cross-sectional area during apnea, without and with the oral appliance in eight patients. Y-axis denotes
accumulated numbers for the pharyngeal cross-sectional area of each patient.
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TABLE 2. Changes in Cross Sectional Area Measurements during Apnea, without and with Appliance at Each Level in Eight Volunteersa
Level 1
(Retropalatal High)

Name
K.H.

S.J.

S.H.

O.C.

K.J.

A.H.

U.K.

a

82.4
241.7 6 14.46
359.1 6 54.30
149.4
173.5 6 6.29
257.7 6 7.33
427.1
236.5 6 6.01
332.3 6 12.35
162.2
189.2 6 17.50
230.2 6 29.60
531.4
487.782 6 13.09
581.792 6 23.22
51.5
173.4 6 16.56
178.8 6 18.81
255.2
363.8 6 29.42
518.0 6 28.97
78.9
119.5 6 8.82
95.8 6 4.86

Level 3
(Retroglossal)

146.9
237.1 6 17.27
329.5 6 33.4
39.2
91.2 6 5.67
226.5 6 10.91
46.1
61.9 6 5.99
63.5 6 4.32
7.0
51.9 6 8.78
127.5 6 9.67
9.4
145.9 6 16.52
202.8 6 32.93
50.3
125.6 6 58.53
140.6 6 49.63
101.6
445.3 6 44.67
417.3 6 16.41
20.5
137.2 6 19.4
116.2 6 20.25

284.6
439.2 6 12.18
479.7 6 8.47
31.4
168.9 6 10.2
285.3 6 26.31
3.0
112.4 6 27.06
130.8 6 8.96
381.2
223.1 6 14.78
253.8 6 9.17
45.6
190.2 6 52.83
420.1 6 53.19
2.2
243.9 6 27.22
238.8 6 12.23
5.9
579.1 6 34.20
628.3 6 30.04
242.9
300.8 6 19.04
319.0 6 12.56

Level 4
(Epiglottis)
535.5
449.7 6 24.95
566.7 6 42.68
138.2
236.4 6 14.94
296.3 6 13.85
20.0
227.5 6 10.88
233.4 6 10.03
411.7
155.2 6 27.13
125.7 6 9.32
213.8
294.8 6 14.86
429.9 6 18.60
375.0
384.993 6 48.05
338.9 6 21.97
534.3
565.9 6 15.01
657.6 6 23.74
149.1
184.5 6 16.33
236.7 6 6.73

Level 5
(Hypopharynx)
615.0
640.7 6 14.85
627.5 6 30.12
95.7
163.2 6 16.52
202.7 6 12.19
241.9
238.8 6 6.72
208.2 6 5.81
443.0
172.0 6 10.19
143.42 6 10.46
372.1
426.7 6 37.82
521.8 6 17.57
684.7
479.094 6 39.67
538.3 6 133.13
441.8
713.9 6 36.15
636.5 6 20.03
210.5
227.7 6 11.84
244.4 6 10.89

Units are in mm2.

TABLE 3. Comparisons between Measurements with and without
the Appliance at Each Level of the Airwaya
Without Appliance
Mean

With Appliance

SDb

Mean

SD

Level 1 (retropalatal high)
Cx
19.3
4.2
Cy
16.7
6.4
Cs
224
104

23.3
16.9
296

9.4*
5.6
171*

Level 2 (retropalatal low)
Cx
17.9
Cy
13.1
Cs
151

10.7
6.7
129

20.1
16.4
183.6

11.6*
8.3
130.3*

Level 3 (retroglossal)
Cx
23.2
Cy
16.1
Cs
253

8.2
4.1
136

26.5
17.5
300.4

10.3*
4.7*
154.1*

Level 4 (epiglottis)
Cx
28.2
Cy
16.2
Cs
315

6.91
4
127

29.5
16.7
335.5

8.1
3.8
157.7

Level 5 (hypopharynx)
Cx
30.4
Cy
18
Cs
362

7.9
6.7
189

31.2
18.8
378.6

8.8
6.0
179.6

a
Cx indicates lateral dimension (mm); Cy, sagittal dimension
(mm); and Cs, cross sectional area (mm2).
b
SD indicates standard deviation.
* Significant at P , .05.
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ing of CTs to the same breathing stage on every patient,
measurements obtained from 10 images at each level during
two respiratory cycles should have provided a robust averaging effect. When the mandible is guided to a protrusive
position, the amount of vertical opening of the lower jaw
is affected by the amount of vertical overlap of the upper
and lower anterior teeth. Thus, the vertical opening rather
than horizontal protrusion of the lower jaw due to an anterior bite-depth would not open the hypopharynx enough.
This could be the reason why the appliance did not induce
significant changes in level 4 (epiglottis) and level 5 (hypopharynx).
Within the limitations of the study, we demonstrate that
the oral appliance appears to change the geometry of pharyngeal conduit. The cross-sectional area increased at both
retropalatal high and retropalatal low levels because of an
increase in lateral direction. The increase in both lateral and
sagittal dimensions at the retroglossal level resulted in an
increase of cross-sectional area.
CONCLUSIONS
We conclude that airway enlargement in the lateral dimension may play a role in the mechanism of the oral appliance in reducing OSA.
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