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ABSTRACT: In a curved tube, the amount of airflow appears to be influenced by the
amount of curvature. The purpose of this study was to investigate changes in obstructive
sleep apnoea (OSA) severity and awake velopharyngeal curvature in response to an
anteriorly titrated mandibular position in 20 male OSA patients.

Baseline supine cephalometry was obtained before the initial insertion of a titratable
oral appliance and follow-up supine cephalometry was undertaken after titration of the
mandibular position with the appliance in place.

The mean apnoea/hypopnea index (AHI) before treatment (31.6¡13.0 events?h-1) was
significantly reduced (9.8¡7.4 events?h-1) after titration of the mandibular position in
all 20 patients. There was a significant increase in the anteroposterior calibre and the
radius of the curvature of the anterior wall of the velopharynx in 14 good responders
who exhibited an AHI reduction to f15. Similar observations were not found in six
poor responders.

To conclude, an anteriorly titrated mandibular position reduced obstructive sleep
apnoea severity, enlarged the velopharynx and diminished the curvature of the anterior
velopharyngeal wall in good responders. It is proposed that this change in the upper
airway curvature associated with mandibular advancement may effect obstructive sleep
apnoea severity through its effect on airflow dynamics.
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The fluid flow through curved tubes in human organs such
as the aortic arch and the coronal arteries are of interest
physiologically in the study of cardiovascular systems, since
an increase in the curvature induces pressure losses as well as
higher resistance in the same region [1, 2]. The upper airway
(UA) has characteristics similar to those of the curved vessels
in the cardiovascular system in that the airstream is curved
from the nasal cavity to the hypopharynx at the level of the
velopharynx. Nevertheless, an interaction between the curva-
ture of the velopharynx and the pathogenesis of obstructive
sleep apnoea (OSA) remains unknown.

Recent developments in mandibular advancement oral
appliances (OAs) have provided a better quality of life not
only for patients with snoring and mild-to-moderate OSA,
but also for severe OSA patients who could not tolerate nasal
continuous positive airway pressure (nCPAP) [3, 4]. An
anterior titration of the mandibular position using OAs has
been reported to increase the anteroposterior diameter [5] and
cross-sectional area [6] of the velopharynx, resulting in a
reduction of OSA severity. In addition to such anatomical
changes, it was reported that advancement of the mandible
decreased nasal resistance and facilitated nasal breathing [7,
8]. These reports indicate a close relationship between

morphological alteration and improvement of airflow dynamics
in response to mandibular protrusion. If the anterior titration
of the mandibular position decreased the curvature of the
velopharynx, it may assist in improving airflow dynamics.

It was hypothesised that an anteriorly titrated mandibular
position would diminish the curvature of the UA and lead to
a reduction in OSA severity. Accordingly, the objectives of
this study were to evaluate changes in the velopharyngeal
curvature and OSA severity following a forward titration of
the mandibular position using an OA, and to speculate as to
the clinical significance of these changes in OSA treatment.

Methods

Subjects

A total of 20 male OSA patients (apnoea/hypopnoea index
(AHI) w15 events?h-1, range 16.8–57.8) were recruited for
this study. Ten patients exhibited moderate OSA (15vAHI
f30 events?h-1, range 16.8–28.6) whereas the remaining 10
severe OSA patients (AHI w30 events?h-1, range 32.2–57.3)
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were nCPAP failures. Patients who had undergone uvulopa-
latopharyngoplasty were not included. The mean¡SD age of
the patients was 44.7¡10.2 yrs and the mean¡SD body mass
index (BMI) was 27.8¡4.9 kg?m-2. Each patient provided
written informed consent. The study protocol was approved
by the Clinical Screening Committee for Research and Other
Studies Involving Human Subjects at the University of British
Columbia.

Diagnostic polysomnography

All patients were diagnosed with OSA based on poly-
somnographic sleep studies obtained at the Sleep Disorders
Clinic of the Vancouver Hospital and Health Sciences Centre
[6]. A second overnight polysomnographic study was under-
taken with the titratable OA in place [4, 6].

Titratable oral appliance

A two-piece titratable mandibular advancement OA
(KlearwayTM; Space Maintainers Laboratories Canada Ltd,
Vancouver, BC, Canada) was used to titrate the mandibular
position forward [4–6] (fig. 1). Details of the KlearwayTM

appliance including fabrication and adjustment have been
described elsewhere [4, 6].

Supine cephalometry

Baseline supine cephalometry was obtained before initial
insertion of the OA and follow-up supine cephalometry was
undertaken after titration with the OA in place by an
established method [5, 9, 10]. Two reference lines (fig. 2)
were constructed to perform the velopharyngeal measure-
ments: 1) S0 line (reference line that goes through the anterior
nasal spine and the posterior nasal spine); 2) N^S0 line
(reference line that is perpendicular to the S0 line and passes
through the nasion). The superior level of the velopharynx
was defined as the backward extended S0 line, and the inferior
margin of the velopharynx was a line drawn through the tip of

the soft palate parallel to the S0 line. The velopharynx was
divided into five slices (S0–S4) of equal distance by lines
parallel to the S0 line. Three landmark points (P1, P2 and P3)
on the anterior velopharyngeal wall were defined to assume
the superior part of the anterior velopharyngeal wall as a part
of a circle (fig. 2). A circle determined by the three points was
constructed and its radius of curvature was calculated using
custom-made software. All of the cephalometric analyses were
performed by the same orthodontist before the follow-up
polysomnographic study. The value of method errors for the
cephalometric analyses (range 0.25–0.63 mm) was consistent
with those in previous studies [10, 11].

Titration protocol

A schematic representation of this study is provided in
figure 3. The OA was inserted at 67% of the maximum
protruded position after completing baseline polysomnogra-
phy and supine cephalometry without the OA in place. Once
patients were accustomed to wearing the OA without any
discomfort, they were instructed to start advancing the
mandible with gradual increments of 0.25 or 0.50 mm per
week. The amount of mandibular advancement was checked
at every visit. The patients were also advised to stop advanc-
ing the mandible until the next visit if temporomandibular
joint or jaw muscle discomfort occurred. When the patient or
bed partner reported a cessation of snoring and a resolution
of symptoms, further advancement was not performed and it
was considered titrated. The screw of the OA was tied off
after confirming that the patient felt the titrated mandibular
position was comfortable [4, 6]. Follow-up polysomnography
and supine cephalometry were completed with the OA in place.

Statistical analysis

The normality of the distribution of the data was checked
before statistical analysis [12]. Data are presented as
mean¡SD and paired t-tests were obtained to compare the
differences in each variable between baseline and after
titration values unless otherwise stated. On the basis of after
titration AHI values, the 20 patients were divided into good
responders where the AHI was reduced to f15 events?h-1 and
poor responders where the AHI was w15 events?h-1. An
unpaired t-test was used to compare the polysomnographic
and cephalometric variables between the two groups unless
otherwise stated. A p-value of v0.05 was considered to be
statistically significant.

Results

Sixteen of the 20 patients reported a cessation of snoring
and reduction in daytime sleepiness whereas residual snor-
ing was observed in four patients, although these patients
reported a reduction in OSA symptoms. The mean per cent
amount of additional advancement beyond 67% of maximum
mandibular protrusion during the titration period (140¡87
days) was 16.2¡8.6%.

In all 20 patients, both the mean apnoea index (AI) and
AHI before treatment were significantly reduced after titration
of the mandibular position (AI 7.3¡9.1 to 1.5¡2.5 events?h-1,
pv0.01; AHI 31.6¡13.0 to 9.8¡7.4 events?h-1, pv0.001). The
minimum arterial oxygen saturation (Sa,O2) also improved
significantly (77.2¡11.3% to 83.6¡7.2 events?h-1, pv0.01). No
statistically significant change was observed in BMI during
the study (27.8¡4.9 to 27.6¡4.5 kg?m-2, pw0.05). On the basis
of after titration AHI values, the 20 patients were divided into

Fig. 1. – KlearwayTM titratable oral appliance. The adjustable screw
mechanism, which is located in the palatal arch, permits 11 mm of
mandibular protrusion in 44 increments of 0.25 mm and also allows
vertical and horizontal jaw movement.
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good responders (n=14) where the AHI was reduced to
f15 events?h-1 and poor responders (n=6) where the AHI
was reduced to w15 events?h-1 (fig. 4). There was no signifi-
cant difference in the total amount of mandibular advance-
ment between the good responders (10.5¡1.5 mm) and the
poor responderes (10.5¡1.4 mm, p=0.88).

The effects of the anterior titration of the mandibular
position on respiratory and sleep variables in the two groups
are summarised in table 1. In good responders, both the mean
AI and AHI before treatment were significantly reduced after
titration of the mandibular position (pv0.001). The minimum
Sa,O2 also significantly improved (pv0.05). In addition, Stage
1 sleep and the arousal index significantly decreased (Stage 1
sleep pv0.05; arousal index pv0.001). Similar significant
observations were not seen in the poor responders.

Table 2 shows the effects of anterior titration of the man-
dibular position on cephalometric variables in both good

responders and poor responders. Following the titration of
the OA, a significant increase in the anteroposterior distance
was observed at S0 (pv0.05), S1 (pv0.01) and S2 (pv0.01) in
good responders. These observations were seen in response to
a forward repositioning of the anterior velopharyngeal wall
(fig. 5). Moreover, there was a significant increase in the
radius of curvature of the anterior wall of the velopharynx
(pv0.05; table 2). Although there was a slight enlargement
tendency at S2 (p=0.052), no significant difference was found
in either the anteroposterior dimension or the radius of
curvature in poor responders.

Discussion

The results of this study demonstrated a significant
reduction in OSA severity, enlargement of the velopharynx
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Fig. 2. – Soft tissue movements a) with and b) without the titratable oral appliance and c) diagramatic representation of airway measurements. S0

line: reference line that goes through the anterior nasal spine and the posterior nasal spine; N^S0 line: reference line that is perpendicular to the
S0 line and passes through nasion; P1: intersection between S0 and the anterior velopharyngeal wall; P3: intersection between the anterior
velopharyngeal wall and a line parallel to the S0 line that goes through the narrowest part of the velopharynx; P2: intersection between the
anterior velopharyngeal wall and a line perpendicular to P1–P3 line that divides P1–P3 into two equal segments; r: radius of the circle that is
determined from P1, P2 and P3; S1–S4: anteroposterior distance of velopharynx at each slice level.
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and changes in the radius of curvature of the anterior
velopharyngeal wall following insertion of the titratable OA
in good responders. Although the functional properties of the
UA including the relationship between mandibular advance-
ment and UA muscle activity [13] in OSA patients are still to
be tested, it is no longer in question that mandibular
advancement improves the AHI and the minimum Sa,O2

and increases the calibre, cross-sectional area, and possibly,
the volume of the UA [4, 6, 14–17]. The results of this study
are consistent with previous reports obtained from titration
protocols of OAs [4, 6, 17].

Interestingly, the anteriorly titrated mandibular position
lengthened the radius of curvature of the anterior velophar-
yngeal wall in good responders (fig. 6). Since the anterior
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Fig. 3. – Schematic illustration of the study protocol. After an initial
baseline evaluation (#) and an adaptation period with the titratable
oral appliance, the mandible was gradually advanced in 0.25-mm
increments. Polysomnography and supine cephalometry were taken at
the baseline visit and again after titration. The adjustment screw was
tied off when symptoms of obstructive sleep apnoea (OSA) dis-
appeared, and a follow-up evaluation was performed ($). PSG:
polysomnography; SCM: supine cephalometry; CE: clinical evaluation.
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Fig. 4. – Apnoea/hypopnoea index (AHI) before titration and after
titration of the titratable oral appliance. $: 14 good responders (AHI
was reduced to f15 events?h-1); #: six poor responders (AHI was
reduced to w15 events?h-1).

Table 1. – Effects of anterior titration of mandibular position on respiratory and sleep variables

Characteristics Good responders# Poor responders}

Before insertion After titration Before insertion After titration

Age yrs 43.3¡10.8 43.8¡10.1*** 48.4¡7.7 48.8¡7.7***
BMI kg?m-2 26.7¡4.0 26.3¡3.4 31.1¡6.0 30.8¡5.8
AI events?h-1 9.6¡10.6 0.7¡1.3**,z 3.1¡2.0 3.1¡3.5
AHI events?h-1 33.8¡13.0 5.2¡3.0***,§ 28.5¡15.1 18.2¡5.0
Minimum Sa,O2 % 78.3¡8.9 85.0¡6.9* 75.0¡15.4 79.4¡6.4
Total sleep time min 350 (308–398) 336 (256–399) 331 (303–394) 362 (353–420)
Stage 1 sleep % 19.7 (8.6–28.5) 11.8 (6.6–17.9)*,ƒ 15.2 (6.0–15.3) 9.4 (8.7–10.8)
Stage 2 sleep % 54.5 (41.2–66.2) 57.3 (53.6–69.2) 65.0 (62.5–68.3) 65.9 (64.8–69.5)
SWS % 8.7 (0.4–14.7) 2.5 (1.7–9.3) 0.1 (0.0–3.0) 3.0 (2.6–7.7)
REM sleep % 16.5 (14.7–18.5) 18.9 (15.0–21.6) 16.6 (14.0–20.5) 21.2 (13.9–22.4)
Arousal index events?h-1 25.9 (12.0–30.7) 13.3 (4.5–17.2)**, ƒ 21.3 (13.3–26.0) 14.0 (11.1–21.6)

Data are presented as mean¡SD or median (interquartile range) unless otherwise stated; BMI: body mass index; AI: apnoea index; AHI: apnoea/
hypopnoea index; Sa,O2: arterial oxygen saturation; SWS: slow-wave sleep; REM: rapid eye movement. #: n=14; }: n=6; *: pv0.05 versus before
insertion; **: pv0.01 versus before insertion; ***: pv0.001 versus before insertion; z: pv0.05 versus poor responder; §: pv0.001 versus poor responder;
ƒ: Wilcoxon signed-rank test.

Table 2. – Effects of anterior titration of mandibular position on cephalometric variables

Good responders# Poor responders}

Before insertion After titration Before insertion After titration

r mm 68.6¡28.2 80.7¡33.3* 62.8¡14.0 70.8¡14.8
S0 mm 19.3¡4.5 20.9¡4.9* 23.4¡3.9 23.4¡3.5
S1 mm 11.2¡3.4 12.9¡4.1** 9.3¡4.5 12.0¡2.7
S2 mm 7.2¡3.2 8.4¡2.8** 6.0¡3.5 7.7¡2.1
S3 mm 5.4¡2.3 6.1¡3.4 6.8¡3.4 7.9¡5.8
S4 mm 6.3¡1.8 7.0¡3.5 7.1¡2.8 8.8¡2.8

Values are presented as mean¡SD unless otherwise stated. r: radius of curvature of anterior velopharyngeal wall; S0–S4: anteroposterior distance of
velopharynx at each slice level. #: n=14; }: n=6; *: pv0.05 versus before insertion; **: pv0.01 versus before insertion.

266 S. TSUIKI ET AL.



velopharyngeal wall corresponds to the posterior border of
the soft palate, lengthening of this structure could contribute
to the increase of the radius.

RYAN et al. [6] speculated that traction on the palatoglossus
and palatopharyngeus muscles may increase anteroposterior
and lateral dimensions of the velopharynx. The radius of
curvature of the tube is a key element in determining the
resistance and pressure distribution [1, 2]. The flow in a
curved pipe is considerably more complex than that in a
straight conduit since secondary flows, which are induced by
transverse velocities, appear whenever fluid flows in a curved
pipe [1]. The secondary flow gives rise to asymmetrical forces
with a low pressure region [2]. Since the basic principle is the
same between gases and fluids, the present authors speculated
that a reduction in UA curvature acts to diminish the
resistance and the pressure drop in the UA. The anterior

velopharyngeal wall was evaluated and regarded as a part of
a circle to make the analysis simple, since the posterior
velopharyngeal wall is more rigid and less influenced by
changes in regional structure induced by external perturba-
tions [18]. The present study also demonstrated that the
posterior wall of the velopharynx remains unchanged in
response to mandibular protrusion (fig. 3).

A robust defitition in terms of AHI cut-off criteria was used
[19]. A complete response (follow-up AHI of v5) was
observed in six patients and a partial response (follow-up
AHI of o5 but w50% reduction in AHI) was seen in eight
patients of the 14 good responders. Good responders to the
titratable OA in the present study still demonstrated either a
complete response or partial response in 14 of 20 patients,
whereas six patients were regarded as poor responders. These
results should be reconfirmed in a future study with a larger
sample size.

Previous studies have confirmed that the velopharynx is the
most common site of narrowing in the UA of OSA patients
[20–22]. Therefore, the fact that mandibular advancement
mechanically enlarges and improves velopharyngeal patency
seems to be a reasonable concept [4, 21]. As long as the same
volume of tidal air passes through a tube during one inspira-
tory phase, acceleration of airflow at the narrowed site implies
a gain in kinetic energy (i.e. velocity) and corresponding loss
of potential energy (i.e. pressure). The loss of the potential
energy indicates a decrease in pressure at the site of UA
narrowing, which will tend to collapse it further [9, 23]. It has
been demonstrated in vitro that an 8-mm protrusion of the
mandible results in an enlargement of the cross-sectional area
of the narrowed site, a reduction of the velocity of airflow,
and a decrease in the pressure drop in the UA [24]. The
enlargement of the velopharynx caused by a repositioning of
the soft palate in this study may bring about the same results
obtained from the in vitro study [24]. Collectively, the authors
speculate that a combination of some or all of the factors
described above, including the radius of curvature of the
velopharynx, may provide decreased UA vulnerability in OA
therapy. It was reported that both nCPAP and OAs enlarge
the transverse as well as the anteroposterior dimension of the
UA [25]; however, changes in the velopharyngeal curvature
caused by mandibular advancement may be a unique mode of
action for OA therapy.

There are some significant limitations to this study and to
OA therapy overall. The cephalometric data in the awake
state significantly limits extrapolation of the findings to the
sleeping state. However, a recent study in control subjects
revealed that mandibular advancement during sleep still
enlarged the midlevel of the velopharynx, as well as during
wakefulness [5], due to a repositioning of the anterior
velopharyngeal wall [26]. Thus, it is speculated that mandib-
ular advancement would provide the same effects on asleep
velopharyngeal curvature although the amount of changes
in the radius seems to be different between the awake and
asleep status. The authors accept that this study with two-
dimensional cephalometry has known limitations to measure
the transverse dimension [25], cross-sectional shape [27] and
volume [28] of the UA. However, as long as data are collected
following a standardised method [5, 10], the superimposition
of cephalometric tracings appears to be useful enough for the
analysis of UA curvature in the sagittal dimension. Since the
titration period (140¡87 days) of the OA in order to avoid
known side-effects [4] is obviously longer than with nCPAP,
where titration of nasal pressure is typically achieved in one
night, it is acknowledged that this longer time period is a
limitation of OA therapy especially when a rapid therapeutic
response is required.

The reason(s) why six of 20 patients did not show a good
response in terms of respiratory and cephalometric variables
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Fig. 5. – Slice level changes in the anteroposterior dimension of the
velopharynx in response to mandibular advancement in 14 good
responders. $: anterior wall before insertion; #: anterior wall after
titration; +: posterior wall before insertion; ': posterior wall after
titration. *: pv0.05 anteroposterior position before insertion versus
after titration at the point; #: pv0.05 anteroposterior distance before
insertion versus after titration at the slice level; **: pv0.01 anteropos-
terior distance before insertion versus after titration at the slice level.
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Fig. 6. – Schematic illustration to show the possible effects of mandib-
ular advancement on the anterior velopharyngeal wall in good
responders. Open and filled arrows denote the radius of curvature of
the anterior velopharyngeal wall before (–––) initial insertion (r
68.6¡28.2 mm) and after titration (..........) (r9 80.7¡33.3 mm) of the
oral appliance, respectively. Dashed arrows indicate the direction of
airflow. Note that the anteriorly titrated mandibular position
decreases the curvature of the anterior velopharyngeal wall. *: pv0.05
versus before insertion.
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is unknown. A relatively small sample size limits the answers
to such questions. Better methods to predict the efficacy of
OA and the correlation between change in AHI and the
radius of curvature are needed. However, the effectiveness of
OA therapy is supported by other aspects in that patients
strongly prefer OAs to nCPAP [29], and they are relatively
easy to use [4]. Finally, the interaction between airflow
dynamics and velopharyngeal curvature should be investi-
gated further in a larger sample size.

To conclude, anterior titration of the mandibular position
improved obstructive sleep apnoea severity and resulted in an
enlarged upper airway. Moreover, it changed the curvature of
the anterior velopharyngeal wall, which may change airflow
dynamics during inspiration. The authors believe that the
results of this study could be a starting point to provide new
insight into the relationship between curvature of the upper
airway and airflow dynamics. Two and three-dimensional
in vitro modelling of airflow in humans [24, 30] may be one
possible method to further evaluate the effectiveness of oral
appliances in the treatment of obstructive sleep apnoea.
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