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Although there is increasing interest in the use of oral appliances to
treat obstructive sleep apnea (OSA), the evidence base for this is
weak. Furthermore, the precise mechanisms of action are uncertain.
We aimed to systematically investigate the efficacy of a novel man-
dibular advancement splint (MAS) in patients with OSA. The sample
consisted of 28 patients with proven OSA. A randomized, controlled
three-period (ABB/BAA) crossover study design was used. After an
acclimatization period, patients underwent three polysomnographs
with either a control oral plate, which did not advance the mandi-
ble (A), or MAS (B), 1 wk apart, in either the ABB or BAA sequence.
Complete response (CR) was defined as a resolution of symptoms
and a reduction in Apnea/Hypopnea Index (AHI) to 

 

,

 

 5/h, and par-
tial response (PR) as a 

 

> 

 

50% reduction in AHI, but remaining 

 

>

 

 5/h.
Twenty-four patients (19 men, 5 women) completed the protocol.
Subjective improvements with the MAS were reported by the ma-
jority of patients (96%). There were significant improvements in
AHI (30 

 

6

 

 2/h versus 14 

 

6

 

 2/h, p 

 

,

 

 0.0001), MinSa

 

O

 

2

 

 (87 

 

6

 

 1% ver-
sus 91 

 

6

 

 1%, p 

 

,

 

 0.0001), and arousal index (41 

 

6

 

 2/h versus 27 

 

6

 

2/h, p 

 

,

 

 0.0001) with MAS, compared with the control. The control
plate had no significant effect on AHI and MinSa

 

O

 

2

 

. CR (n 

 

5 

 

9) or PR
(n 

 

5 

 

6) was achieved in 62.5% of patients. The MAS is an effective
treatment in some patients with OSA, including those patients with
moderate or severe OSA.

 

Obstructive sleep apnea (OSA) is a very common disorder, af-
fecting approximately 4% of men and 2% of women in the
middle-aged workforce (1). It is characterized by repetitive,
complete or partial closure of the upper airway during sleep,
resulting in sleep fragmentation and oxygen desaturation (2).
Continuous positive airway pressure (CPAP) applied to the up-
per airway via a nose mask during sleep, first reported in 1981
(3), remains the accepted treatment of choice. Although it is an
extremely effective treatment, its cumbersome nature makes
tolerance and compliance less than optimal (4–6).

During the last decade, a number of studies have reported
successful treatment of OSA by various oral appliances. Al-
though they are thought to primarily act by advancing the
mandible during sleep (7), other potential mechanisms such as
stimulation of neuromuscular reflex pathways in the oral cav-
ity and alteration of the bite relationship have not been ex-
plored to any great extent. They have potential advantages
over nasal CPAP, in that they are far less obtrusive, more por-
table, make no noise, and are generally less costly. However, a
number of methodologic deficiencies in previous studies of

these appliances, including small sample sizes, weak study de-
signs, and liberal definitions of treatment success, leave con-
siderable doubt as to the role of these appliances in the rou-
tine management of OSA (7, 8). Furthermore, questions
relating to appliance design and prediction of treatment out-
come remain unresolved. Hence, the primary aim of this study
was to assess the efficacy of a newly designed oral appliance
for OSA in a controlled fashion. In addition, we aimed to ex-
amine the potential of anthropomorphic, polysomnographic,
and radiographic parameters to predict treatment outcome.

 

METHODS

 

Study Population

 

Twenty-eight adult patients (22 men and six women) were recruited
from a multidisciplinary Sleep Disorders Clinic in a university teach-
ing hospital. Inclusion criteria were the presence of at least two symp-
toms of OSA (snoring, fragmented sleep, witnessed apneas, daytime
sleepiness), 

 

and

 

 evidence of OSA on polysomnography, with an ap-
nea/hypopnea Index (AHI) 

 

>

 

 10/h. Patients were excluded if there
was evidence of periodontal disease, edentulism, an exaggerated gag
reflex, or regular use of sedatives. The study was approved by the in-
stitutional ethics committee, and written informed consent was ob-
tained from all patients.

 

Oral Appliance

 

Each mandibular advancement splint (MAS) was custom-made from
dental impressions. A wax interocclusal record was taken with the
mandible in the most protrusive position that the patient could com-
fortably maintain. The design features of the MAS (Figures 1 and 2)
included the following: (

 

1

 

) Upper and lower removable clear acrylic
plates with full occlusal coverage that fitted onto both dental arches.
The average thickness of each upper and lower appliance was be-
tween 1.5 and 2.0 mm. (

 

2

 

) Two acrylic flanges, one on either side of
the palatal aspect of the molars of the upper plate. These flanges fit-
ted into slots cut into the acrylic on the lingual sides of the lower plate
in the molar region. This unique coupling mechanism prevents poste-
rior movement of the mandible, while permitting free opening of the
mouth. (

 

3

 

) Two 10-mm screws to enable incremental anterior ad-
vancement of the lower plate.

In an attempt to control for some other potential effects of the
MAS on upper airway function and, hence, apneic activity, such as
stimulation of neuromuscular reflex pathways in the oral cavity and
alteration of the bite relationship, we used the lower dental plate
alone as a control. This had no protrusive effect on the mandible.

 

Study Design

 

A randomized crossover study design, with an extra period (ABB/
BAA), was used (Figure 3). The ABB/BAA design has more statisti-
cal power than the conventional AB/BA design and allows the treat-
ment effects to be estimated, even in the presence of carryover (9).
After an acclimatization period, during which the mandible was incre-
mentally advanced until resolution of symptoms or attainment of the
maximal comfortable limit of advancement, each patient was random-
ized into either Group I (sequence ABB) or Group II (sequence
BAA). After a 1-wk washout, patients underwent three nocturnal
polysomnographs at 1-wk intervals, each being performed after 1 wk
of treatment with control (A) or MAS (B), according to the randomly
allocated sequence.
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Outcome Measures

 

Questionnaires

 

. A detailed questionnaire to assess subjective snoring
frequency and intensity, quality of sleep, and daytime sleepiness (Ep-
worth Sleepiness Scale: ESS) (10) was completed by patients at the be-
ginning and the end of the acclimatization period. At the end of the
study each patient was asked to rate their satisfaction with the MAS and
whether they would choose to use the MAS as a long-term treatment.

 

Polysomnography

 

. Standard nocturnal polysomnography was per-
formed, with electroencephalogram (EEG), electrooculogram, and
submental electromyogram (EMG) electrodes applied in the standard
fashion for sleep stage determination (11). Respiratory variables in-
cluded chest wall and abdominal movement, diaphragm EMG, nasal
airflow and pressure, and oxygen saturation by pulse oximetry. Calcu-
lated respiratory variables were AHI (number of apneas and hypo-
pneas per hour of sleep), and minimum oxyhemoglobin saturation
(MinSa

 

O

 

2

 

). 

 

Apnea

 

 was defined as cessation of airflow for at least 10 s
with oxygen desaturation of more than 3% and/or associated with
arousal. 

 

Hypopnea

 

 was defined as a reduction in amplitude of airflow
or thoracoabdominal wall movement of greater than 50% of the base-
line measurement for more than 10 s with an accompanying oxygen

desaturation of at least 3% (no time limit), and/or associated with
arousal. These events were considered obstructive if they occurred in
association with continued diaphragm EMG activity and thoracoab-
dominal wall movement. EEG arousals were scored according to the
ASDA 3-s rule (12), and arousal index was calculated as the number
of arousals per hour of sleep. In addition, sound intensity was mea-
sured using a calibrated sound level meter positioned 1 m above the
patient’s head, and snoring frequency was calculated as the number of
snores per hour. All variables were recorded continuously on a 20-
channel computerized sleep monitoring system (Compumedics, Vic,
Australia). Sleep recordings were scored in 30-s epochs by an experi-
enced polysomnographer, who was blinded to the patients’ treatment.

 

Treatment Outcome

 

Complete response was defined as a resolution of symptoms plus re-
duction in AHI to 

 

,

 

 5/h. Partial response was defined as improved
symptoms plus 

 

>

 

 50% reduction in AHI, but AHI remaining 

 

>

 

 5/h.
Treatment failure was defined as ongoing clinical symptoms and/or a

 

,

 

 50% reduction in AHI. Compliance failure was defined as an in-
ability of the patient to continue to use the treatment.

 

Cephalometric Radiographs

 

A lateral cephalometric radiograph was taken for each subject before
treatment, according to previously described methodology (13, 14).
Radiographs were taken at end-expiration with the head in the natu-
ral position, achieved by asking the subjects to look into their own pu-
pils reflected in a mirror located at eye level. All lateral head radio-
graphs were hand-traced (by AM). The landmarks and measurements
used for the cephalometric analysis are detailed in Figure 4. To quan-
tify the level of random errors, 12 cephalograms were randomly cho-
sen from the main series, and the tracings were replicated and mea-
sured under the same conditions a month later.

 

Statistical Analyses

 

Data were analyzed using a statistical package (SPSS Version 8.0;
SPSS Inc, Chicago IL). Unpaired 

 

t

 

 tests were used to compare physi-
cal characteristics and baseline data between Groups I and II. Paired 

 

t

 

tests were used to compare ESS before and with the use of the MAS
at the end of the acclimatization period, and to determine whether
there was a significant treatment effect of the control plate when com-
pared with baseline polysomnographic variables. A General Linear
Model (GLM) was used to analyze polysomnographic data from the
crossover design. Type III sums of squares were used for tests, and ad-
justed treatment means were obtained (9). A multivariable regression
model was constructed to examine the relationship between several
variables and AHI (with MAS). All descriptive statistics are pre-
sented as mean 

 

6

 

 SD. Estimated means are presented as mean 

 

6

 

SEM. Using data from a previous study (15), we estimated that a sam-
ple size of 30 was required to achieve a power of 0.80 and 2

 

a

 

 

 

5

 

 0.05.

 

RESULTS

 

Study Population

 

From the sample of 28 patients recruited into the study, 24
completed the protocol. Two patients withdrew as they were
unable to acclimatize to the MAS because of excessive saliva-

Figure 1. Photograph of upper and lower plates of the mandibular ad-
vancement splint mounted on a study model, with mandible in pro-
trusion.

Figure 2. Oblique posterior view of the mandibular advancement
splint, showing the coupling mechanism and titrating screw on one
side.

Figure 3. Schematic diagram summarizing the study design. 
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tion and temporomandibular joint pain, and were classified as
compliance failures. One patient developed unstable angina
and was therefore excluded from the study. The other dropout
did not wish to continue because of inability to comply with the
time demands of the protocol. Patient characteristics at base-
line for the entire group, and subgroups, are presented in Table
E1 in the online data supplement to this article. Patients who
completed the protocol (19M, 5F) had a mean (

 

6

 

 SD) age of
48 

 

6

 

 9 yr (range, 35 to 73 yr), body mass index of 29.4 

 

6

 

 3.1 kg/
m

 

2

 

 (range, 24.8 to 36.3 kg/m

 

2

 

), baseline AHI of 27 

 

6

 

 17/h
(range, 10 to 68/h), and MinSa

 

O2

 

 of 85 

 

6

 

 8% (range, 61 to
96%). There was no significant difference in baseline charac-
teristics between the two groups. The mean acclimatization pe-
riod was 19.7 

 

6

 

 8.8 weeks (range, 5 to 40 wk). The mean man-
dibular advancement with the MAS was 7.5 

 

6

 

 1.8 mm (range,
5.0 to 11.5 mm), representing a mean of 78% (63 to 89%) of
maximal protrusion at the end of the acclimatization period.

 

Subjective Outcomes

 

The MAS was well tolerated by 21 of the 24 patients who com-
pleted the protocol (87.5%). Side effects included excessive

salivation (50%), gum irritation (20%), mouth dryness (46%),
jaw discomfort (12.5%), and tooth grinding (12.5%). These were
described as mild to moderate, lasting less than 3 wk, and they
did not preclude continued use of the MAS. The majority of
patients reported substantial improvements in snoring (70%),
sleep quality (91%), and daytime sleepiness (ESS, 10.1 

 

6

 

 1.1
versus 3.9 

 

6

 

 0.6, p 

 

,

 

 0.01). Twenty-one patients (87.5%) re-
ported nightly use of the appliance. Twenty-three patients
(96%) stated they would like to continue to use the MAS be-
cause of a perceived improvement in their symptoms.

 

Objective Outcomes

 

Polysomnographic outcomes are summarized in Table 1. The
control plate had no significant effect on AHI (30 

 

6

 

 2 versus
27 

 

6

 

 3, p 

 

5 

 

ns) or MinSa

 

O2

 

 (87 

 

6

 

 1 versus 85 

 

6

 

 2%, p 

 

5

 

 ns)
compared to baseline. Total sleep time did not change with
the MAS, but there was a significant redistribution to more
REM sleep and less NREM sleep. Sleep efficiency was not sig-
nificantly different. The MAS resulted in a significant reduc-
tion in AHI (by 53%), arousal index (by 34%), mean snoring
frequency (by 47%), and mean intensity (by 3dB), compared
with the control plate. There was a significant improvement in
MinSa

 

O2

 

. No significant carryover, sequence, or period effects
were identified for these polysomnographic variables.

 

Treatment Outcome

 

The MAS resulted in either partial or complete response in 15
patients (62.5%). Complete response was achieved in nine
(37.5%) patients, and partial response in six (25%). Treatment
failure occurred in nine (37.5%) patients. Baseline OSA sever-
ity category did not influence treatment outcome (Figure 5).
For comparison with other published studies, treatment outcome
was also examined at two other AHI cutoffs. At a cutoff of
10/h, complete response was achieved in 54%, partial response
in 17%, and failure occurred in 29%. At a cutoff of 15/h, com-
plete response was achieved in 75%, partial response in 4%,
and failure occurred in 21%.

 

Model for Outcome Prediction

 

Multiple regression analysis identified four independent pre-
dictors of outcome: neck circumference (NC), baseline AHI,
and two cephalometric measurements—retropalatal airway
space (RPAS) and the angle between anterior cranial base

Figure 4. Definitions of cephalometric landmarks and measurements.
Anatomical landmarks: ANS 5 Anterior Nasal Spine, the tip of the me-
dian sharp bony process of the palatine bone in the hard palate. A
Point 5 deepest midline point on the maxillary alveolus between ANS
and the maxillary alveolar crest. B Point 5 deepest midline point be-
tween the mandibular alveolar crest and the gnathion. Ba 5 Basion,
the most inferior point on the anterior margin of the foramen mag-
num in the median plane. Go 5 Gonion, the most lateral external
point at the junction of the horizontal and ascending rami of the man-
dible. Gn 5 Gnathion, the most anteroinferior point on the bony man-
dibular symphysis. H 5 Hyoidale, the most superior-anterior point on
the body of the hyoid bone. Me 5 Menton, the lowest point on the
bony outline of the mandibular symphysis. MP 5 Mandibular plane,
line joining Me and Go. N 5 Nasion, the most anterior point of the fr-
ontonasal suture. PNS 5 Posterior nasal spine, the tip of the posterior
spine of the palatine bone in the hard palate. spt 5 tangent point on a
line parallel to the long axis of the soft palate at the maximum width.
Phw 5 Posterior pharyngeal wall, the point on the posterior pharyn-
geal wall at the same horizontal level as spt. S 5 Sella, the center of
the sella turcica. Measurements: BaSN (degrees) 5 Cranial base angula-
tion in midsagittal plane, SN (mm) 5 anterior cranial base length. Go-
Gn (mm) 5 mandibular length. SNA (degrees) 5 angle from S to N to
A Point. SNB (degrees) 5 angle from S to N to B Point. ANB (degrees) 5
angle from A Point to N to B Point. SN-MP (degrees) 5 angulation of
the mandibular plane with the SN line. H-MP (mm) 5 perpendicular
distance from the MP to H. RPAS (mm) 5 width of nasopharynx from
Phw to spt. PAS (mm) 5 distance between the posterior pharyngeal
wall and the dorsal surface of the base of the tongue, measured on the
line that intersects Go and B point.

 

TABLE 1. EFFECT OF MAS ON POLYSOMNOGRAPHIC VARIABLES*

 

Variable Control MAS p Value

Sleep variables
TST, min 372 

 

6

 

 5 363 

 

6

 

 5 NS
REM sleep, min 61 

 

6

 

 4 75 

 

6

 

 4

 

,

 

 0.05
REM, % 16 

 

6

 

 1 21 

 

6

 

 1

 

,

 

 0.005
NREM sleep, min 311 

 

6

 

 4 287 

 

6

 

 4

 

,

 

 0.0001
NREM, % 84 

 

6

 

 1 80 

 

6

 

 1

 

,

 

 0.005
TST spent supine, % 46 

 

6

 

 4 55 

 

6

 

 4 NS
Arousal Index/h 41 

 

6

 

 2 27 

 

6

 

 2

 

,

 

 0.0001
Sleep efficiency, % 87 

 

6

 

 1 85 

 

6

 

 1 NS
Respiratory variables

AHI/h 30 

 

6

 

 2 14 

 

6

 

 2

 

,

 

 0.0001
MinSa

 

O2

 

, % 87 

 

6

 

 1 91 

 

6

 

 1

 

,

 

 0.0001
Snoring frequency/h 402 

 

6

 

 29 242 

 

6

 

 28

 

, 0.005
Mean snoring intensity, dB 52 6 1 49 6 1 , 0.0001
Maximum snoring intensity, dB 70 6 1 68 6 1 NS

Definition of abbreviations: MAS 5 mandibular advancement splint; NREM% 5 time
in NREM sleep as a % of TST; REM% 5 time in REM sleep as a % of TST; TST 5 total
sleep time.

* All values represent mean 6 SEM.
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and mandibular plane (SN-MP). The derived equation to pre-
dict AHI with the MAS was:

The reliability index of the repeated cephalometric mea-
surements ranged from 0.98 to 0.99, indicating a high degree
of reproducibility.

A power calculation indicated that the achieved power for
the study was 0.96.

DISCUSSION

Although there has been increasing interest in the use of oral
appliances to treat snoring and sleep apnea, numerous meth-
odologic weaknesses in previous studies leave uncertainty
about the role of this therapy in the routine management of
OSA. In this randomized, controlled crossover study, we
found the MAS was effective in completely controlling OSA
in more than one third of patients. Hence, it is suggested that
this MAS may be a viable alternative to nasal CPAP in a sig-
nificant proportion of patients with OSA, including some with
moderate or severe OSA.

As in other studies (7), the majority of our patients derived
a significant subjective benefit from the MAS, with 83% re-
porting combined improvements in snoring, sleep quality, and
daytime sleepiness. Similarly, the MAS was well tolerated by
most patients (87.5%), although two were compliance failures,
withdrawing from the study during the acclimatization period
because they were unable to tolerate the appliance. The side
effects that were reported in this short-term study were of mild
to moderate intensity, and most symptoms resolved within 3
wk with continued use of the MAS. These included jaw dis-
comfort, salivation, dryness of the mouth, and grinding of the
teeth, as reported in other studies (7). However, the potential
long-term side effects of the MAS warrant serious consider-
ation, and close follow-up of patients who embark on long-
term therapy is recommended (16). The short-term compliance
rate with the MAS was high, at least by self-report. This com-
pares favorably with the rates reported by other studies using
oral appliances (7). It would be preferable to measure compli-
ance objectively, but the technology to enable this is still under
development (17). All but one patient stated they wanted to
continue to use the MAS because they perceived it conferred a
health benefit. This high acceptance rate contrasts with CPAP
which, although more effective, is associated with poor accep-
tance and compliance because of its obtrusive nature (4).

The impressive subjective responses contrasted consider-
ably with the objective responses, with 37.5% of patients be-
ing classified as treatment failures despite subjective improve-

AHI MAS( ) 19.4 1.3 NC 2.7 RPAS 0.4 BaseAHI
1.0 SN-MP R2( 0.82, = s 8.06 ).=–

+–+=

ment. This suggests that the MAS had a placebo effect on
symptoms. Despite the symptomatic benefit in these patients,
long-term therapy with the MAS would be inappropriate,
highlighting the need for follow-up polysomnography. It re-
mains uncertain whether treatment failure resulted from tech-
nical factors, i.e., the mandible was simply not advanced
enough to achieve objective success, or whether failure was
truly due to ineffectiveness of the treatment. Hence, we be-
lieve the observed success rate is conservative, and that more
aggressive advancement may improve outcomes, albeit with
the potential for more side effects. This study found a signifi-
cant reduction in mean AHI of 53% with the MAS, compared
with control. This result is similar to that reported in other
studies (7, 18–23). However, our finding of a significant im-
provement in minimum oxygen saturation and arousal index
has not been a consistent finding in other studies (15, 20, 21,
24). It is interesting to note that the mean arousal index did
not return to the normal range. Although this raises the possi-
bility of persistent upper airway resistance, the majority of pa-
tients reported resolution of daytime sleepiness. Furthermore,
MAS treatment resulted in improved sleep architecture, with
a redistribution to more REM sleep and less NREM sleep.

A particular strength of our study was the robust definition
of complete response, a weakness of almost all previous stud-
ies (7, 18–23). This allows comparison of outcome with nasal
CPAP treatment, where the goals of therapy are to return the
AHI to the normal range (, 5/h), improve sleep architecture,
and symptoms. This outcome was achieved in 37.5% of our
patients. Using more liberal definitions of success, for the pur-
pose of comparing to previously published studies, complete
response was achieved in 54 and 75% of patients at AHI cut-
offs of , 10/h and , 15/h, respectively. These results are
among the highest response rates reported. Moreover, in our
study treatment outcome was similar across all categories of
OSA severity, with complete response being achieved in some
subjects with moderate and severe OSA. This finding is simi-
lar to that reported by Henke and colleagues (23), but con-
trasts with other studies, which have generally reported im-
provement at the mild end of the severity spectrum (7).
Practice parameters on the use of oral appliances in the treat-
ment of OSA, produced by the American Sleep Disorders As-
sociation (8), recommend oral appliances only in snorers or
those with mild OSA, and in patients with moderate or severe
OSA only if CPAP treatment is intolerable or refused. Al-
though a number of studies comparing CPAP with oral appli-
ances have shown that CPAP is more effective in lowering
AHI (15, 24, 25), our data suggest that treatment with MAS
merits consideration as first-line therapy, even in patients with
moderate or severe OSA. However, we caution the need for
close monitoring and polysomnographic evaluation of out-
come in these patients. Notably, there has been no systematic
comparison of different oral appliances to determine the po-
tential influence of appliance design on treatment outcome.
Hence at this stage it would seem prudent not to extrapolate
the outcomes of this study to all other oral appliances.

Another strength of our study was that snoring was mea-
sured objectively, as well as subjectively. O’Sullivan and col-
leagues (21) found an 18% reduction in snoring frequency and
a 15.8% reduction in snoring intensity, reflected by the propor-
tion of snores > 50 dB. The MAS used in our study resulted in
a greater reduction (40%) in mean snoring frequency. Simi-
larly, we observed a significant reduction in snoring intensity,
with a mean 3 dB reduction. Notably, the maximum snoring
intensity did not change, despite the major subjective im-
provements. These results indicate that the MAS is a very ef-
fective treatment for the symptomatic control of snoring.

Figure 5. Graph showing treatment outcome in all patients and ac-
cording to baseline OSA severity, defined as mild (AHI , 20/h), mod-
erate (AHI, 20 to 40/h), and severe (AHI . 40/h).
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The choice of control in this study was an oral plate that did
not induce mandibular advancement. This choice was based
on the possibility that part of the effect of the MAS could be
related to factors other than mechanical advancement of the
mandible such as the potential for stimulation of neuromuscu-
lar reflex pathways within the oral cavity and changes in the
bite relationship. Although patients generally found the con-
trol plate easier to tolerate as it did not advance the mandible,
none reported significant changes in symptoms. However, this
was not systematically assessed in this study. Comparison of
polysomnographic respiratory variables at baseline and with
the control plate revealed no significant difference, confirming
that the dominant mechanism of action of the MAS is me-
chanical advancement of the mandible, and that the other po-
tential mechanisms we considered have little or no role.

Given that treatment success with oral appliances is not
achievable in all patients, it would be advantageous to be able
to predict which patients will derive benefit so as to avoid in-
appropriate delays in therapy and wastage of resources. From
our data, we were able to derive an equation to predict AHI
with the MAS. This highly predictive model indicates that
AHI with the MAS is positively correlated with neck circum-
ference and baseline AHI and, negatively correlated with the
width of the retropalatal airway and angulation of the mandib-
ular plane to the anterior cranial base. Notably, baseline AHI
is only a minor, albeit significant, contributor to the model.
Others have also attempted to predict the outcome of treat-
ment with oral appliances (20, 26), but the utility of these
models in the clinical setting is yet to be confirmed.

Our study has a number of potential limitations. Patients
were selected from a specialized multidisciplinary sleep disor-
ders clinic with a research interest in dental therapies for OSA.
Hence, there may have been referral bias. In addition, patients
elected to use the MAS as a treatment option rather than the
conventionally advocated CPAP, leading to a further potential
for sample bias. Nevertheless, we believe that our sample is rea-
sonably representative of patients with OSA, and that our re-
sults can be extrapolated to a general OSA population. Al-
though the sample size would appear to be modest, the power of
the study was very high because of the robust study design.
Symptoms were assessed before and after the acclimatization
period, during which active treatment with the MAS was insti-
tuted and subsequently titrated. Hence, subjective outcomes
were not assessed in a randomized, controlled fashion. There
may have been an element of responding to the questionnaire in
a socially desirable way (response bias). This may have contrib-
uted to the observed discrepancy between subjective and objec-
tive outcomes. Hence, this leaves some uncertainty as to the au-
thenticity of the reported improvements in daytime sleepiness,
even in those who were complete responders. Objective mea-
sures of daytime vigilance and performance are required in fu-
ture studies to verify these subjective improvements.

In conclusion, we have demonstrated that the MAS used in
this study is well tolerated, at least in the short term, and is as-
sociated with substantial subjective and objective improve-
ments in a significant proportion of patients. Hence, we be-
lieve that this form of therapy is a viable alternative to nasal
CPAP, even in some patients with more severe forms of OSA.
However, follow-up polysomnography should be mandatory
in these patients, as reliance on subjective response may be
highly misleading. Our study also suggests that treatment out-
come can be predicted by a combination of anthropomorphic,
polysomnographic, and radiographic measurements, but this
requires verification from a prospective study.
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The aim of this study was to assess the effect of bite opening induced to derive a placebo effect from the treatment (6); hence,
by a mandibular advancement splint (MAS) on efficacy and side it is important to follow patients carefully using objective
effects in the treatment of obstructive sleep apnea. In a randomized techniques.
crossover fashion, 23 adult patients received either MAS-1 (4 mm The influence of appliance design on treatment outcome
of interincisal opening) or MAS-2 (14 mm of interincisal opening) has received very little attention. The variable success rate
for 2 weeks, followed by the alternate treatment for 2 weeks, with of the numerous types of oral appliances available to treat
an intervening 1-week washout. Complete response was defined OSA may, at least in part, be related to design differences.
as a resolution of symptoms and a reduction in apnea/hypopnea There are conflicting data regarding the effect of the degree
index (AHI) to less than 5 per hour. Partial response was defined of bite opening (vertical dimension of opening [VDO]) in-as improved symptoms and a reduction in AHI of 50% or more,

duced by oral appliances on treatment outcome. Althoughwith the AHI remaining at a value of 5 or more per hour. Both
some studies have shown that appliances that promote anMAS-1 and MAS-2 produced similar reductions in mean (� SEM)
increased VDO are effective (5, 7, 9), physiologic evidenceAHI from baseline: 21 � 2 versus 8 � 1/hour and 21 � 2 versus 10 �
suggests that the VDO should be kept to a minimum to2/hour, respectively (p � 0.001). Either complete response or partial
optimize treatment outcome (10). Hence, the aim of thisresponse occurred in 74 and 61% of patients with MAS-1 and
study was to systematically assess the effect of the verticalMAS-2, respectively. Subjective improvements were reported with
dimension of an oral appliance on efficacy and side effectsboth appliances by the majority of patients. Patients preferred

MAS-1 (78 versus 22%, p � 0.007). This study suggests that the in the treatment of OSA.
amount of bite opening induced by MAS does not have a significant
impact on treatment efficacy but does have an impact on patient METHODS
acceptance.

Study Population
Keywords: obstructive sleep apnea; oral appliance; vertical dimension

Patients were recruited from a Sleep Disorders Clinic in a University
Teaching Hospital. Criteria for inclusion were the presence of at leastOver the last decade, numerous studies have reported the
two symptoms of OSA (snoring, fragmented sleep, witnessed apneas,use of oral appliances in the treatment of obstructive sleep daytime sleepiness) and evidence of OSA on polysomnography (apnea/

apnea (OSA) (1–6). These removable oral appliances are hypopnea index [AHI] � 5/hour). Patients were excluded if there was
thought to act primarily by advancing the mandible during evidence of central sleep apnea, periodontal disease, or edentulism.
sleep (7). Although published reports indicate variable effi- The institutional ethics committee approved the study, and written
cacy, oral appliances do appear to be a viable alternative informed consent was obtained from all patients.
to continuous positive airway pressure treatment in some

Mandibular Advancement Splintspatients with OSA, including those with moderate to severe
disease (6). Reliable evidence supporting the role of these Dental impressions and an interocclusal record with the mandible in
oral appliances in clinical practice is only just emerging (8). the most comfortable protrusive position were used to fabricate two

configurations of the MAS (Figure 1). MAS-1 was a modified versionMost of the published studies have several shortcomings,
of an appliance previously reported (6) and induced an interincisalincluding small sample sizes, with no control or comparison
opening of 4 mm. Once the final level of advancement was determinedgroup, and are usually retrospective in design, and treatment
for each patient, a removable acrylic overlay was constructed and fittedoutcome criteria are usually poorly defined, weak, and subjec-
between the upper and lower appliances to achieve an interincisaltive (6, 8). A consistent observation is that patients prefer
distance of 14 mm (MAS-2). The extent of mandibular advancementmandibular advancement splint (MAS) therapy over continu- with each MAS remained constant along the advanced arc of opening

ous positive airway pressure treatment because MAS are less and closing, which was designed to parallel the normal arc of opening
costly, easy to transport, silent, less obtrusive, and do not and closing for each patient. This was achieved through the design of
require a power supply (2–4). However, some patients appear the coupling mechanism between the two plates (Figure 1).

Study Design

A randomized, crossover design (AB/BA) was used. At baseline, pa-
tients completed two questionnaires assessing OSA symptoms and un-(Received in original form April 17, 2002; accepted in final form June 25, 2002)
derwent overnight polysomnography. They were advised that the aimSupported by grants from the National Health and Medical Research Council of
of the study was to compare MAS-1 and MAS-2 during the crossoverAustralia and the Australian Society of Orthodontists Foundation of Research and
phases. Patients underwent an acclimatization period with MAS-1 forEducation Inc.
4 to 6 weeks, during which incremental advancement of the mandible

Correspondence and requests for reprints should be addressed to Dr. Peter A.
occurred until the maximum comfortable limit was reached. The abso-Cistulli, Department of Respiratory Medicine, Centre for Sleep Disorders and
lute amount of protrusion was measured with a stainless steel ruler asRespiratory Failure, St. George Hospital, University of New South Wales, Kogarah
the horizontal distance from the lower central incisors in maximum2217, NSW, Australia. E-mail: p.cistulli@unsw.edu.au
intercuspation to the maximum comfortable protrusion position. Symp-Am J Respir Crit Care Med Vol 166. pp 860–864, 2002
tomatic responses were not assessed during this period to avoid pre-DOI: 10.1164/rccm.200204-342OC

Internet address: www.atsjournals.org conditioning patients to MAS-1. After acclimatization, patients were
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criterion of a reduction in AHI of more than 50% compared with the
baseline value. Partial response was defined as improved symptoms
and a reduction in AHI of 50% or more, with the AHI remaining at
a value of 5 or more per hour. Treatment failure was defined as presence
of ongoing clinical symptoms and/or less than 50% reduction in AHI.

Statistical Analysis

Data were analyzed using SPSS software (Version 10.0; SPSS Inc.,
Chicago, IL). Unpaired t tests were used to compare baseline character-
istics between Groups I and II. A general linear model with univariate
analysis of variance and Type-I sums of squares was used to analyze
Epworth sleepiness scale scores and polysomnographic data and to
assess carryover and sequence effects. Questionnaire data were ana-
lyzed using Z tests and chi-square tests. On the basis of the results of
a previous study (6), a sample size calculation suggested that 24 patients
were required to achieve a power of 0.8 and an � value of 0.05. Descrip-
tive statistics are presented as mean � SD, whereas estimated mean
values are presented as mean � SEM. The level of significance used
was 0.05.

RESULTS

Study Population

Of the 24 patients (21 men, 3 women) recruited in this study,
23 completed the protocol, with 1 male patient withdrawing
after initial dental examination due to time constraints. Patient
characteristics at baseline are outlined in Table 1. Body mass
index did not change significantly during the study period. The
mean mandibular advancement with MAS-1 was 7.3 � 0.5 mm,
representing 87 � 4% of the maximal protrusion.

Subjective Outcomes

The MAS was well-tolerated by all patients. Although there
was no significant difference in the proportion of patients whoFigure 1. Photograph of the MAS with (A ) 4 mm of interincisal opening
reported excessive salivation (48 versus 57%, p � 0.55), dry(MAS-1) and (B ) with an additional 10 mm of interincisal opening
mouth (26 versus 22%, p � 0.73), tooth grinding (22 versus 13%,(MAS-2). The design features of MAS-1 (A ) included: (1 ) upper and
p � 0.43), and gum irritation (22 versus 13%, p � 0.43) betweenlower removable acrylic appliances using tooth undercuts for retention;

(2 ) buccal flanges angled at 80� on the lower appliance, which fitted MAS-1 and MAS-2, there was a trend toward a greater propor-
against buccal blocks on the upper appliance to prevent posterior move- tion of patients reporting jaw discomfort with MAS-2 (48 versus
ment of the mandible; (3 ) ball clasps embedded in the anterior aspect 70%, p � 0.13). There was no significant difference in reported
of the appliances to ensure that they were kept together during sleep, severity, frequency, or duration of side effects between appli-
by use of an orthodontic elastic band; and (4 ) the average thickness ances. Generally, side effects were reported to be mild in nature,
of each upper and lower appliance at the incisor region was 2.0 mm, to occur “sometimes” to “often,” and to last for at least 1 week.
producing an interincisal distance of 4 mm. MAS-2 (B ) featured an There was a highly significant and equal reduction in the
added removable acrylic overlay 10-mm thick at its most anterior aspect, Epworth sleepiness scale score from baseline values with each
which fitted between the upper and lower appliances. It was retained MAS (18 � 1 versus 12 � 1, p � 0.0001). The improvement in
by acrylic protrusions fitting against two retentive grooves in the lower

sleep quality in 87% of patients with MAS-1 and in 78% ofappliance.
patients with MAS-2 did not differ between appliances (p �
0.43). Similarly, there was no significant difference in the propor-
tion of patients who reported an improvement in snoring with
each MAS (100 versus 95%, p � 0.31).randomized into either Group I (AB) or Group II (BA), and after a

Nightly use of MAS-1 and MAS-2 was reported by 91 and1-week washout period during which no appliance was worn to avoid
78% of patients, respectively (p � 0.21). Ninety-six percent ofcarryover (6), patients were treated with either MAS-1 (A) or MAS-2
patients stated that they would like to continue to use either(B) for 2 weeks and with the alternate treatment for another 2 weeks,

with an intervening washout period of 1 week. Outcomes were assessed MAS due to a perceived improvement in OSA symptoms. How-
at the end of each treatment period. ever, a significantly higher proportion of patients preferred to

use MAS-1 in comparison with MAS-2 (78 versus 22%, p �
Outcome Measures 0.007).
Questionnaires. A detailed, self-administered questionnaire was com-

Objective Outcomespleted by patients, assessing the frequency, severity, and duration of
side effects as well as treatment compliance and satisfaction with each Polysomnographic outcomes are outlined in Table 2. Initial AHI
MAS. Daytime sleepiness was determined using the Epworth sleepiness improved significantly with both MAS-1 (by 62%) and MAS-2scale (11).

(by 52%). Similarly, arousal index decreased significantly withPolysomnography. Polysomnography was performed in a standard-
MAS-1 (by 28%) and MAS-2 (by 33%). Of the remaining poly-ized fashion, as previously described by our group (6). Complete re-
somnographic variables examined, none was found to differ withsponse to treatment was defined as a resolution of OSA symptoms and
either treatment in comparison with baseline. The time spenta reduction in AHI to less than 5 per hour. Patients with a baseline

AHI of 6 to 10 per hour (n � 5) were required to fulfill the additional supine with MAS-1 and MAS-2 was not significantly different.



862 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 166 2002

TABLE 1. PATIENT CHARACTERISTICS AT BASELINE

All Subjects Group I Group II
Variables (n � 23; 19M:3F; 87%:13%) (n � 12; 9M:3F; 75%:25%) (n � 11; 11M:0F; 100%:0%) p Value*

Age, yr 50 � 10 (29–64) 50 � 10 (29–64) 50 � 10 (39–64) 0.75
Height, cm 172 � 7 (162–184) 172 � 8 (162–184) 172 � 5 (163–182) 1.00
Weight, kg 93 � 17 (63–130) 96 � 17 (63–127) 90 � 18 (72–130) 0.45
BMI, kg/m2 31 � 5 (22–43) 32 � 4 (24–43) 31 � 6 (22–43) 0.48
AHI, /hour 21 � 12 (6–47) 24 � 14 (6–47) 18 � 7 (6–30) 0.20
MinSaO2, % 87 � 4 (80–94) 86 � 3 (80–94) 88 � 4 (82–94) 0.12

Definition of abbreviations: AHI � apnea/hypopnea index; BMI � body mass index; F � females; M � males; MinSaO2
� minimum

arterial oxygen saturation level.
* p Value refers to comparison of Group I and Group II.
Values presented are mean � SD (range).

No significant differences in estimated mean values, carryover, or not statistically significantly different for the two appliances.
sequence effects were found for any polysomnographic variables Furthermore, no significant differences were found in any other
between appliances. polysomnographic variables between each appliance and base-

line or between appliances.
Treatment Outcome Our study is the first to systematically evaluate two predeter-
Treatment outcomes for individual patients with each MAS are mined specific levels of mouth opening. In a small group of
illustrated in Figure 2. Complete response was achieved in 52% patients, Lamont and colleagues (9) compared an MAS that
of patients with MAS-1 and in 35% of patients with MAS-2 repositioned the mandible by 3–5 mm and produced 3–4 mm of
(p � 0.23). Complete response was achieved in 57% of patients interincisal opening with an MAS that produced up to 70%
with either MAS. Partial response occurred in 22% of patients maximal advancement and 6–9 mm of interincisal opening. Only
with MAS-1 and in 26% of patients with MAS-2 (p � 0.73). the latter MAS produced a significant reduction in AHI and
Treatment resulted in either complete response or partial re- minimum arterial oxygen saturation level (MinSaO2

). However,
sponse in 74% of patients with MAS-1, in 61% of patients with possible contributors to this result may have been differences
MAS-2 (p � 0.34), and in 83% of patients with either MAS in protrusion levels between splints and/or variability in the
(taking the best result of either MAS-1 or MAS-2). amount of bite opening with each appliance, or between-subject

variability due to the parallel group study design. In a random-
DISCUSSION ized, crossover trial performed in 24 patients, Bloch and col-

leagues (5) compared a Herbst appliance that produced 4–6 mmThe optimum vertical dimension of an oral appliance required
of interincisal opening with a Monobloc device fixed at 5–10 mmto achieve a successful treatment outcome in patients with OSA
of interincisal opening, both of which produced identical levelshas been an issue of debate. Our randomized, controlled, cross-
of protrusion. The two devices were found to be equally effectiveover study examined this important aspect of appliance design
in decreasing AHI; however, significant reductions in arousalby comparing the efficacy of two identical oral appliances, each
index and percent of sleep time spent with an oxygen saturationproducing equal mandibular advancement, but with one inducing
less than 90% were achieved only with the Monobloc. Theseminimal interincisal opening (4 mm) and the other producing
findings must be considered in the context that the potentialan additional 10 mm of interincisal opening. Significant reduc-
range of oral opening with the Herbst device was greater thantions in the AHI and arousal index were achieved with both
15 mm. In a case series by Henke and colleagues (13), the changeoral appliances in comparison with no treatment, as reported in

previous studies (1, 5, 6, 12), but these treatment effects were in polysomnographic outcomes with and without a repositioning

TABLE 2. EFFECT OF EACH MANDIBULAR ADVANCEMENT SPLINT ON POLYSOMNOGRAPHIC
VARIABLES

Variable Baseline MAS-1 p Value* MAS-2 p Value†

Sleep variables
TST, min 334 � 12 363 � 13 NS 361 � 12 NS
REM sleep, min 58 � 6 69 � 6 NS 70 � 6 NS
REM, % 17 � 2 19 � 2 NS 19 � 2 NS
NREM sleep, min 273 � 9 294 � 10 NS 291 � 10 NS
NREM, % 82 � 1 81 � 1 NS 81 � 1 NS
Arousal index, /hr 36 � 4 26 � 4 � 0.001 24 � 4 � 0.001
Sleep efficiency, % 79 � 1 84 � 2 NS 84 � 3 NS

Respiratory variables
AHI, /hr 21 � 2 8 � 1 � 0.001 10 � 2 � 0.001
MinSaO2, % 87 � 1 89 � 1 NS 88 � 1 NS

Definition of abbreviations: AHI � apnea/hypopnea index; MAS � mandibular advancement splint; MinSaO2
� minimum arterial

oxygen saturation level; NREM � nonrapid eye movement; NREM% � time in NREM sleep as a percentage of TST; NS � not
significant; REM � rapid eye movement; REM% � time in REM sleep as a percentage of TST; TST � total sleep time.

* Baseline versus MAS-1.
† Baseline versus MAS-2.
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choosing an appropriate VDO for an oral appliance requires theFigure 2. Comparison of AHI
additional consideration of individual facial structure of patients.for each patient with MAS-1
The author proposes that the downward stretch of the upperand MAS-2. For the majority
airway is at least as effective as anterior expansion in maintainingof patients, the effect on AHI
its patency. A recommendation of 5 mm of vertical opening iswas similar for both oral ap-
made on the basis of the premise that this would provide anpliances, indicated by the
individual with a short lower facial height sufficient downwardproximity of data to the line
stretch, whereas an opening of more than 5 mm would result inof equality.
excessive backward compression in someone with a long lower
facial height. Although craniofacial structure may be a significant
determinant of treatment response (6, 14), the recommendation
of a specific fixed level of vertical bite opening is not supported
by our study. It is also postulated that oral appliances improve

appliance causing bite opening to increase on average by 11.5 � OSA by affecting upper airway muscle function (20). Altering
1.8 mm (range 8.8–16.5) was not related to the amount of bite the VDO with oral appliances may increase tongue activity,
opening, which is consistent with our findings. The treatment thereby improving sleep-disordered breathing (21). However,
outcome with each oral device in the current study was similar Ono and colleagues (22) found a reduction in tongue activity
to that of previous studies, many of which used more liberal with the use of a tongue-retaining device in patients with OSA.
definitions of treatment success (3–6, 12, 14). Although genioglossus activity may be influenced by the VDO,

Both our MAS configurations were equally effective in sig- the comparable treatment effects between appliances demon-
nificantly reducing the Epworth sleepiness scale score by an strated in our study suggests that if this is so, its impact may be
average of six points compared with the baseline. An equal minimal.
improvement in Epworth sleepiness scale scores was also Our study has a number of potential limitations. Patients
achieved by the two appliances used by Bloch and colleagues were recruited from a sleep disorders clinic known for its interest
(5). The substantial improvements in reported quality of sleep in dental therapy research; hence, referral bias may have re-
and snoring with each appliance in the present study concur sulted. However, sample characteristics at baseline were compa-
with previous findings (1, 3–6). Subjective tolerance to both rable to those of the general OSA clinic population and hence
devices was positive and also comparable to that found in other may be extrapolated to it. An advantage of the crossover nature
studies (1–4, 6). Interestingly, although there was no significant of the study design was the interpretation of MAS comparisons
difference in the proportion of patients who reported side effects without the added potential influence of between-subject vari-
between appliances, a significantly higher proportion preferred ability. Any subjective improvements in daytime sleepiness may
to use the MAS inducing minimal bite opening. This is supported have been influenced by response bias; hence, objective mea-
by a trend toward a higher compliance rate with MAS-1. A sures are required to confirm such findings. Importantly, al-
likely explanation for this finding was the greater comfort level though the observed 17% difference in complete response rate,
in wearing MAS-1, indicated by a trend toward a smaller propor- favoring MAS-1, was not statistically significant, this could well
tion of patients reporting jaw discomfort with this splint. Hence, represent a Type-II error. Hence, it is possible that a clinically
it appears that the VDO with the MAS may play an important important, albeit small, difference between the two appliances
role in the acceptance and possibly adherence to such therapy, does exist.
with the suggestion that minimal bite opening may be more In conclusion, this systematic study has confirmed the efficacy
conducive to better compliance. Moreover, the potential long- of MAS in the treatment of OSA, including patients with moder-
term impact of bite opening on temporomandibular joint func- ate and severe OSA. Our study suggests that the amount of
tion, which was not addressed by our study, warrants careful vertical opening induced by the appliance does not have an
consideration. Bloch and colleagues (5) also reported side effects impact on treatment efficacy to any great extent. However, the
to be of equal prevalence with both their appliances; however, patients’ preference for the MAS minimizing bite opening sug-
in contrast to our study, these investigators showed a greater gests that it is the better treatment option in the long term,
preference among patients for the Monobloc device, which pro- particularly with the as yet unresolved concern about long-term
moted a greater oral opening of the two splints. side effects associated with greater amounts of bite opening.

The findings of our study do not support the hypothesis that
Acknowledgment : The authors thank M. Lazaris, J. Qian, M. Troth, and W. Eagle-minimal bite opening with oral appliances for OSA results in
sham for their technical support with polysomnography.superior treatment effects (10, 15–17). Kuna and Remmers (18)
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Oral Appliance Therapy Improves Symptoms
in Obstructive Sleep Apnea
A Randomized, Controlled Trial
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The aim of this study was to evaluate the effect of a mandibular are preferred by patients due to their user-friendliness and
advancement splint (MAS) on daytime sleepiness and a range of fewer side effects (8–10, 13). To date, however, reports on
other symptoms in obstructive sleep apnea (OSA). Using a random- the effect of MAS therapy on symptoms associated with OSA
ized crossover design, patients received 4 weeks of treatment with have been predominantly based on findings from uncon-
MAS and a control device (inactive oral appliance), with an interven- trolled case series with small study populations and often a
ing 1-week washout. At the end of each treatment period, patients sparse description of study procedures (7, 12). Moreover, the
were reassessed by questionnaire, polysomnography, and multiple impact of this treatment on EDS has been confined to either
sleep latency test. Fifty-nine men and 14 women with a mean (� SD) subjective evidence alone (7–11, 13, 14) or limited objective
age of 48 � 11 years and proven OSA experienced a significantly evidence from uncontrolled trials (16, 17). Hence, the aim
improved mean (� SEM) sleep latency on the multiple sleep latency of this study was to further elucidate the clinical role of MAS
test (10.3 � 0.5 versus 9.1 � 0.5 minutes, p � 0.01) and Epworth therapy by systematically assessing its effect on objectivesleepiness scale score (7 � 1 versus 9 � 1, p � 0.0001) with the MAS

and subjective daytime sleepiness and on a range of othercompared with the control device after 4 weeks. The proportion of
symptoms commonly linked with OSA.patients with normal subjective sleepiness was significantly higher

with the MAS than with the control device (82 versus 62%, p �
METHODS0.01), but this was not so for objective sleepiness (48 versus 34%,

p � 0.08). Other OSA symptoms were controlled in significantly
Study Participantsmore patients with the MAS than with the control device. MAS
The present study formed part of a larger trial investigating the effecttherapy improves a range of symptoms associated with OSA.
of MAS therapy on a range of health outcomes in OSA, including
blood pressure and neurocognitive function. Consecutive patients whoKeywords: sleep apnea; obstructive; orthodontic appliances
were referred for assessment and treatment of OSA to a multidiscipli-

Obstructive sleep apnea (OSA) is a prevalent disorder, par- nary clinic for sleep disorders in a teaching hospital were recruited.
Inclusion criteria were (1 ) evidence of OSA on polysomnography (re-ticularly among the middle-aged (1). It is marked by recurring
spiratory disturbance index [RDI] � 10/hour) and at least two of thepartial or complete occlusion of the upper airway during
following symptoms: daytime sleepiness, snoring, witnessed apneas, orsleep, resulting in oxyhemoglobin desaturation and arousal.
fragmented sleep; (2 ) age more than 20 years; and (3 ) the ability toThe associated excessive daytime sleepiness (EDS) and noc-
protrude the mandible by at least 3 mm. Exclusion criteria were (1 )turnal symptoms such as snoring, witnessed apneas, and sleep
predominant central sleep apnea on sleep study; (2 ) psychiatric disease,disruption can lead to emotional, marital, social, occupa-
use of narcotics, sedatives, or psychoactive medications; (3 ) insufficient

tional, and road safety impairment (2, 3). The management teeth to permit adequate splint retention; (4 ) periodontal disease or
of OSA is primarily targeted toward the relief of such debili- dental decay; or (5 ) an exaggerated gag reflex. Approval was obtained
tating symptoms (4). Although the gold standard of treatment from the institutional Ethics Committee, and all subjects gave their
for the disorder is nasally applied continuous positive airway written informed consent.
pressure (nCPAP) (5), suboptimal patient compliance rates

Study Treatmentattributed mainly to its side effects and obtrusive nature have
driven the search for a suitable alternative (6). The MAS was custom-made for individual patients, as illustrated in

Mandibular advancement splint (MAS) therapy is gaining Figure 1. The control device consisted of the upper appliance alone,
which had no protrusive effect on the mandible. Patients were informedincreasing recognition as a treatment option for a substantial
that the aim of the study was to examine the efficacy of oral appliancenumber of patients with OSA (4, 7–14). These removable
therapy for OSA by comparing two appliances. With ethics approval,oral devices are believed to act by maintaining the mandible
patient blinding to active and control treatments was achieved by con-in a protruded position during sleep, thereby preventing pha-
cealing the likely inactive nature of the control device.ryngeal collapse (15). Despite being less effective in control-

ling sleep-disordered breathing compared with nCPAP, they Study Design

A randomized, controlled, two-period crossover trial (AB/BA) was
performed. At baseline, patients completed the Epworth sleepiness
scale (ESS) questionnaire and a symptom questionnaire and underwent

(Received in original form March 14, 2002; accepted in final form May 21, 2002) overnight polysomnography. This was followed by a period of acclimati-
zation to the MAS, during which the mandible was incrementally ad-Supported by project grant 990898 from the National Health and Medical Re-
vanced until the maximum comfortable limit was reached. The purposesearch Council of Australia.
of acclimatization was solely to permit adaptation to the MAS, to ensureCorrespondence and requests for reprints should be addressed to Dr. Peter A.
an adequate therapeutic trial during the subsequent crossover phasesCistulli, Department of Respiratory Medicine, Centre for Sleep Disorders and
of the study. Symptomatic response was specifically not assessed duringRespiratory Failure, St. George Hospital, University of New South Wales, Kogarah
this period so as to avoid potentially unblinding patients. Patients then2217, NSW, Australia. E-mail: p.cistulli@unsw.edu.au
underwent a washout period of 1 week, after which they were random-Am J Respir Crit Care Med Vol 166. pp 743–748, 2002
ized to receive either active or control treatment for a period of 4DOI: 10.1164/rccm.200203-208OC

Internet address: www.atsjournals.org weeks, followed by the alternate treatment for 4 weeks with an interven-
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TABLE 1. STUDY SAMPLE CHARACTERISTICS AT BASELINE*

Group I (AB) Group II (BA) Total
Variable (n � 36) (n � 37) (n � 73)

Sex 30 M, 6 F 29 M, 8 F 59 M, 14 F
Age, yr 48 � 11 48 � 11 48 � 11
BMI, kg/m2 28.4 � 5.2 29.6 � 4.1 29.0 � 4.7
Neck circumference, cm 39.9 � 3.2 40.7 � 3.1 40.3 � 3.2
Waist:hip 0.9 � 0.1 0.9 � 0.1 0.9 � 0.1
RDI, per h 28.3 � 17.3 25.9 � 13.2 27.1 � 15.3
MinSaO2, % 85 � 6 86 � 5 86 � 6
Arousal index, per h 35.0 � 14.7 34.9 � 12.3 35.0 � 13.5
ESS score 11 � 5 11 � 5 11 � 5

Definition of abbreviations: BMI � body mass index; ESS � Epworth Sleepiness
Scale; F � female; M � male; MinSaO2 � minimum arterial oxygen saturation;
RDI � respiratory disturbance index.

* Groups compared using Student’s two-sample t test. Data are presented as
mean � SD.

i.e., more than 10 minutes (23). Pathologic sleepiness was defined as
an MSL of less than 5 minutes (23).

Statistical considerations. Data were stored and analyzed on SPSS
Figure 1. Photograph of the MAS mounted on study models. Design fea- (version 10.0; SPSS Inc., Chicago, IL). The response to treatment,
tures of the MAS were (1 ) separate upper and lower acrylic appliances period effects, and interactions between treatment and period were
anchored onto the dental arches and covering the occlusal surfaces of determined using two-way analysis of variance (ANOVA), with treat-
all teeth. (2 ) Two acrylic flanges situated bilaterally on the buccal surface ment order as a between-subject factor and treatment as a within-
of the lower appliance in the molar region. These fit against a slot on subject factor (24). A two-sided significance level of 0.1 was considered
the upper appliance in the same region, thus allowing engagement of significant for carryover (25). Univariate ANOVA was used to assess
the two appliances. The length and angle of the flanges were used to the relationship between daytime sleepiness treatment response (within-
guide the mandible forward and maintain advancement. (3 ) Two 10- subject differences between the MAS and the control) and potential

prognostic variables, after adjustment for regression to the mean. Cate-mm “Lewa” screw devices (Rocky Mountain Orthodontics, Denver, CO)
gorical data were analyzed by the chi-squared test. Descriptive statisticsto enable advancement of the slots; this permits incremental protrusion
are presented as mean � SD and estimated means as mean � SEM.of the mandible. The vertical height of the MAS was kept to a minimum
Differences in estimated means are presented with 95% confidence(the average thickness of each upper and lower appliance was between
intervals (CI). All probability values were calculated from two-tailed1.5 and 2.0 mm).
tests of statistical significance. A 0.05 significance level was maintained
throughout these analyses.

ing washout period of 1 week. At the end of each 4-week period,
RESULTSsubjects completed the ESS questionnaire and a symptom questionnaire

and underwent overnight polysomnography with the appliance, fol- Study Population
lowed by a multiple sleep latency test (MSLT) the next day.

A total of 85 patients were eligible for study participation.
Twelve patients withdrew from the study due to the followingOutcome Measures
reasons: refusal to participate after initial recruitment (chose andQuestionnaires. Subjective assessment of sleepiness was performed us-
received nCPAP) (n � 1); work interference (n � 3); permanenting the ESS, a reliable and validated, self-administered questionnaire
relocation interstate (n � 2); extended overseas trip (n � 1);(18). Patients were deemed to be sleepy when they had an ESS score
self-perception during acclimatization that any treatment wasgreater than 10 (18). A self-administered, detailed, in-house question-

naire was used to document the frequency and intensity of a range of not required (n � 1); unrelated health problems (n � 3); and
nocturnal and daytime symptoms and treatment-related side effects and refusal to continue with alternate treatment due to a self-per-
satisfaction. Treatment compliance was monitored by diary completion. ceived improvement in OSA symptoms with the MAS during

Polysomnography. Nocturnal sleep studies were performed by a Phase 1 (n � 1). Comparison of those who withdrew with those
trained sleep technician in a standard fashion (19). Respiration and who completed the study revealed that the two groups did not
snoring sound measurement techniques and the definition of arousal

differ in sex distribution, age, or ESS scores. However, therehave been reported previously (14, 20). Sleep recordings were scored by
was a significant difference in body mass index (BMI) and RDI,an experienced polysomnographer who was blinded to patient clinical
with study patients having both a lower mean BMI (29.0 � 0.5status.
versus 34.0 � 1.9 kg/m2, p � 0.01) and mean RDI (27.1 � 1.8Treatment outcome. A complete response (CR) to treatment was
versus 39.5 � 6.7/hour, p � 0.05).defined as a reduction in RDI to less than five per hour (21). A partial

response (PR) was defined as a reduction of 50% or more in RDI The 73 patients who were randomized and followed for the
compared with baseline, but with the RDI remaining at five or more duration of the study period consisted of 59 men and 14 women
per hour. Treatment failure was defined as less than 50% reduction in and, as a group, were middle-aged and overweight. OSA severity
RDI compared with baseline. OSA severity was defined according to subgroups revealed a predominance of moderate and severe
the RDI: mild, 5 to less than 15 per hour; moderate, 15 to 30 per hour; OSA, with 41 patients (56%) and 21 patients (29%) in each
and severe, greater than 30 per hour (21).

subgroup, respectively. Thirty-eight patients (52%) were consid-Multiple sleep latency test. Objective daytime sleepiness was assessed
ered to be subjectively sleepy according to the ESS. The baselineby the MSLT, according to the standard research protocol (22). A
characteristics were comparable for the two sequence groupspolysomnographer blinded to patient clinical status and treatment allo-
(Table 1). Considering the small proportion of women includedcation performed and manually scored the MSLT. Resolution of EDS

was defined as a return of the mean sleep latency (MSL) to normal; in the trial cohort and the lack of significant difference between
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TABLE 2. NOCTURNAL POLYSOMNOGRAPHY AT BASELINE, a PR. Twenty-seven patients (37%) were treatment failures. The
WITH MANDIBULAR ADVANCEMENT SPLINT AND WITH control device had no statistically significant effect on baseline
CONTROL DEVICE RDI, MinSao2, or other sleep variables (Table 2). Whereas the

MAS resulted in a highly significant reduction in the meanBaseline MAS Control
Variable (n � 73) (n � 73) (n � 73) arousal index compared with the control device, there was no

significant difference in mean total sleep time (TST), mean sleepRespiratory
efficiency, or sleep stage distribution between appliances. ActiveRDI, per h* 27 � 2 12 � 2 25 � 2
treatment resulted in a highly significant reduction in objectiveMinSaO2

, %* 86 � 1 89 � 1 86 � 1
Sleep architecture snoring frequency and in both average and maximum snoring

TST, min† 349 � 8 370 � 7 366 � 7 intensity in comparison with the control treatment.
TST in REM, min 66 � 3 68 � 3 63 � 3 There was no statistically significant treatment-by-period in-
TST in NREM, min‡ 283 � 6 299 � 6 303 � 6 teraction or period effect for MSL on the MSLT, ESS score, orTST in REM, % 18 � 1 18 � 1 17 � 1

polysomnographic variables.TST in NREM, % 82 � 1 81 � 1 83 � 1
Other subjective outcomes. There was a highly significant re-Sleep efficiency, % 81 � 1 84 � 1 82 � 2

Arousal index, per h* 35 � 2 25 � 2 33 � 2 duction in both the reported frequency and intensity of snoring
Snoring with the MAS compared with the control device (p � 0.0001)

Snoring frequency, per h* NA 207 � 20 366 � 21 (Figure 2). Whereas significantly more patients reported im-
Mean snoring intensity, dB* NA 48 � 1 51 � 1 proved sleep quality with active treatment (p � 0.0001) (Fig-Maximum snoring intensity, dB§ NA 67 � 1 70 � 1

ure 3), sleep fragmentation did not differ between appliances in
terms of the reported average number of nights woken per weekDefinition of abbreviations: MAS � mandibular advancement splint; MinSaO2

�

minimum arterial oxygen saturation; NA � not available; NREM � nonrapid eye or the average number of times woken per night (p � 0.05).
movement; RDI � respiratory disturbance index; REM � rapid eye movement; The main reason specified for waking up with each appliance
TST � total sleep time. was nocturia. However, at baseline, patients reported waking

MAS and control treatments compared using two-way analysis of variance.
up mainly due to nocturia, the bed partner who was disturbedBaseline and control treatment compared using paired t test. Data are presented
by the patient’s snoring, or a dry mouth. Six patients (8%)as mean � SEM.

* p � 0.0001, MAS versus control. reported witnessed apneas with the MAS compared with 20
† p � 0.05, baseline versus control. patients (27%) using the control device (p � 0.05). The propor-
‡ p � 0.01, baseline versus control. tion of patients reporting nocturnal choking episodes did not
§ p � 0.01, MAS versus control. differ between active and control treatments. A significantly

higher proportion of patients experienced side effects with the
MAS than with the control device; namely, jaw discomfort (p �

sex groups in baseline and outcome measures, results were 0.0001), tooth tenderness (p � 0.0001), and excessive salivation
pooled for men and women. (p � 0.05). The majority of patients who complained of side

effects reported them to be generally mild in nature and to last
Acclimatization Phase for the duration of the relevant treatment phase.
The mean period of acclimatization to the MAS was 8 � 4 weeks Significantly greater treatment satisfaction was achieved with
(range, 2–22 weeks). The mean advancement of the mandible the MAS (p � 0.0001). Active and control treatments were found
with the MAS was 7 � 2 mm (range, 3–13 mm), representing to be very satisfactory in controlling subjective OSA symptoms
80 � 9% (range, 50–95%) of maximum jaw protrusion. in 30 patients (41%) versus 5 patients (7%), satisfactory in 40

patients (55%) versus 25 patients (34%), and not satisfactory in
Study Outcomes 3 patients (4%) versus 43 patients (59%), respectively. At the
Objective daytime sleepiness. The MAS resulted in a significantly end of the relevant treatment phase, 72 patients (99%) expressed
longer MSL of 10.3 � 0.5 minutes on the MSLT, compared with a desire to continue with active treatment, compared with 36
9.1 � 0.5 minutes for the control device (p � 0.01). The mean patients (49%) who wished to continue with the control (p �
difference was estimated as 1.2 minutes (95% CI; 0.3, 2.1). Thirty- 0.0001).
five patients (48%) showed a normal MSL with active treatment, Self-reported compliance. Self-reported treatment compli-
compared with 25 patients (34%) with the control treatment ance during each 4-week treatment period was high and did not
(p � 0.08). Of those who remained objectively sleepy with the differ between appliances. Patients reported wearing both the
MAS, five (7%) were pathologically sleepy. Eleven (29%) of MAS and the control device for an average duration of 6.7 �
the patients whose MSLT was not in the normal range with 0.1 hours per night. There was no difference in reported mean
active treatment achieved a CR and 10 (26%) achieved a PR. percentage of nights the MAS and control device were used

Subjective daytime sleepiness. The MAS resulted in a small during the 4 weeks (97 � 1 versus 96 � 1%).
but highly significant reduction in the mean ESS score compared Prognostic variables. The BMI, neck circumference, and the
with the control device (7 � 1 versus 9 � 1, p � 0.0001). The average number of hours patients reported sleeping per night
difference in estimated means was two points (95% CI; 1, 3). during each treatment phase did not differ significantly between
Subjective sleepiness with the control treatment was significantly the MAS and the control device (Table 3). However, the mean
less than at baseline (9 � 1 versus 11 � 1, p � 0.01). Active percentage of TST spent supine during overnight polysomnogra-
treatment produced a normal ESS score in 60 patients (82%), phy with the MAS was significantly higher compared with that
compared with 45 patients (62%) on the control treatment (p � when using the control device (Table 3). Drugs known to produce
0.01). sleepiness were not detected on urine drug screening at the end

Polysomnographic markers of OSA. Findings for treatment of each MSLT. Univariate ANOVA revealed that the within-
effects on polysomnography are detailed in Table 2. The MAS subject change in objective daytime sleepiness between the MAS
produced a 52% reduction in mean RDI and a significantly and control was unrelated to age, sex, BMI, RDI, OSA severity
higher mean minimum arterial oxygen saturation (MinSao2) subgroup, MinSao2, arousal index, ESS score, or subjective sleep-
compared with the control device. Twenty-six patients (36%) iness status at baseline. Similarly, no significant associations were

found with measures of protrusion or concurrent changes inshowed a CR to the MAS, whereas 20 patients (27%) showed
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Figure 2. Relative frequency
distribution of (A ) snoring fre-
quency (nights per week) and
(B ) snoring intensity with the
MAS and the control device.
n � 73. Percentages may not
add up to 100 due to rounding.
p Values are less than 0.0001
for both (A ) snoring frequency
and (B ) snoring intensity (MAS
versus control device). Don’t
know � snoring status un-
known; N/A � nonsnorers or
snoring status unknown.

RDI, MinSao2, arousal index, time spent in rapid eye movement with patient entry criteria similar to those used in our study also
showed an improvement in mean MSL on MSLT of approxi-sleep and nonrapid eye movement sleep, sleep efficiency, or ESS

score. The change in within-subject subjective daytime sleepiness mately 1 minute with active therapy, compared with a tablet
placebo after 4 weeks of treatment, but the improved sleepbetween treatments was not associated with any of the aforemen-

tioned variables. However, a trend was evident for an association latencies remained within the abnormal range (28). A similar
study performed in patients with moderate to severe OSA repor-with respiratory treatment outcome, although this was not statis-

tically significant (p � 0.06). ted an increase of 2.4 minutes with nCPAP, with scores reaching
normal limits (29). A parallel group study in patients with an
ESS score greater than 10 at baseline showed a 7-minute im-DISCUSSION
provement in median maintenance of wakefulness test time with

The key symptoms of OSA have an adverse impact on both therapeutic nCPAP versus subtherapeutic nCPAP after 4 weeks
the individual and the wider community. The results of this of treatment (30). The mean test time after therapeutic treatment
randomized, controlled, crossover trial in patients with mild to was similar to the mean in healthy people. A randomized, con-
severe OSA demonstrate significant objective and subjective trolled trial of MAS therapy against nCPAP in patients with
evidence of improvement in such symptoms with MAS therapy. OSA would be required to make a valid comparison of the
To our knowledge, this is the first systematic study to show a efficacy of the two treatments in resolving objective sleepiness.
significant objective reduction in daytime sleepiness with a MAS. Whereas the magnitude of improvement in subjective sleepi-
The mean MSL with the active appliance after 4 weeks of treat- ness with the MAS in our study sample was highly significant,
ment was in the range of MSL scores achieved by normal adult the two-point decrease in the ESS score may not be clinically
volunteers (26). In the only other study assessing the effect of important. Case review studies of oral appliances for OSA (7)
oral appliance therapy on objective daytime sleepiness in OSA, and a study by Menn and coworkers (17) found that a self-
Menn and colleagues (17) showed a marked improvement in reported improvement in sleepiness occurred in the majority of
MSL on the maintenance of wakefulness test of 7 minutes in 13 patients after treatment. However, unlike the present study,
patients with MAS treatment, 10 of whom achieved a normal these investigators did not use a validated and reliable instrument
sleep latency. Although these improvements were substantially to assess subjective sleepiness. Nevertheless, our findings must
greater than in the present study, they were based on a patient be considered with the knowledge that the main limitation of
subgroup favoring responders with moderate to severe OSA the ESS, as with any subjective report, is that it is open to
from a case series agreeable to testing after treatment with the response bias. Two randomized, crossover trials by Ferguson
MAS for 3 months. Furthermore, results from the two different and coworkers (10) and Bloch and coworkers (11) reported study
tests may not be comparable as they may measure different samples with a mean ESS score at baseline similar to ours and
abilities (27). showed significant reductions in the mean ESS score of 5.6 points

The efficacy of the MAS in resolving objective sleepiness and in the median ESS score of 4.5 points, respectively. However,
in comparison with nCPAP remains uncertain. Interestingly, a these improvements were in comparison with no treatment. In-
randomized, controlled, crossover study of nCPAP for OSA terestingly, subjective sleepiness with the control was found to

be significantly less than at baseline in the current study, sug-

TABLE 3. POTENTIAL CONFOUNDERS AND EFFECT
MODIFIERS WITH MANDIBULAR ADVANCEMENT SPLINT
AND CONTROL DEVICE

Variable MAS Control

BMI, kg/m2 30.0 � 0.6 30.0 � 0.6
Neck circumference, cm 39.8 � 0.4 39.7 � 0.4
TST spent supine, %* 50 � 3 42 � 3
Time slept per night during

treatment phase, h 7.0 � 0.1 7.1 � 0.1

Definition of abbreviations: BMI � body mass index; MAS � mandibular ad-
Figure 3. Relative frequency distribution of sleep quality with the MAS vancement splint; TST � total sleep time.
and the control device. n � 73. Percentages may not add up to 100 Comparison made using paired t test. Data are presented as mean � SEM.

* p � 0.05.due to rounding. p � 0.0001 (MAS versus control device).
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gesting the possibility of regression to the mean or a placebo that both oral appliance therapy and nCPAP improve a range
of OSA symptoms.effect and hence highlighting the importance of using a “sham”

Patient acceptance of the MAS was very high, with almostcontrol to establish the true treatment effect of such a physical
all (99%) expressing a desire to continue with such treatment.therapy. Randomization assured the validity of our study by
Short-term treatment-related side effects were generally mildensuring that treatment groups were similar on average and by
and transient, similar to those reported previously (7–10). Inter-controlling for regression to the mean, period effects, learning
estingly, 30 patients (41%) believed that the control treatmenteffects, treatment order effects, and placebo effects. It is interest-
was either very satisfactory or satisfactory in controlling theiring to note that similar reductions in ESS scores have been
symptoms, and 36 patients (49%) wished to continue with theshown with sham (subtherapeutic) nCPAP in some randomized,
control. This further highlights the need for objective evidencecontrolled trials (30, 31, 32) but not in others (33).
of clinical improvement with the MAS. Although dropouts hadThe absence of a relationship between the ESS score and
a significantly lower mean BMI and RDI, all but one was unre-MSL on the MSLT in the present trial is consistent with findings
lated to treatment, and hence it is unlikely that the interventionfrom previous studies in patients with OSA (34, 35). A poor
itself would have acted as a major source of bias. High acceptancecorrelation has also been demonstrated between the complaint
rates of the MAS have also been reported by others (9–11, 14).of sleepiness and the MSLT score (36, 37). Furthermore, im-

The objective and subjective treatment effect in daytimeprovements in reported sleepiness after treatment for OSA have
sleepiness with the MAS was not significantly associated withnot always been reflected in MSLT results (37).
any potential prognostic factors; however, there was a trend forAlthough a significant improvement was found in both objec-
subjective sleepiness improvement to be associated with bettertive and subjective sleepiness with the MAS, a significant propor-
respiratory treatment outcomes. Similar observations have beention of patients did not respond to treatment and some patients
made with respect to nCPAP treatment (28, 29).experienced only a partial recovery. There are several possible

A particular strength of this study stems from the use ofexplanations for this. OSA was either not improved or was not
an inactive control oral appliance. Although use of a matchedoptimally controlled with the MAS in 55% of the patients with
placebo control in any randomized trial would be ideal to elimi-a persistently abnormal MSL, and this is a likely explanation
nate the placebo effect and to ensure double blinding, this isfor any lack of improvement in EDS. Although the mean arousal
not achievable with a physical therapy such as MAS. A viableindex was significantly reduced for the 73 patients, it did not
solution to this important issue is the use of a control devicereach normal levels (38). This raises the possibility that although
that is physically comparable to the device being evaluated butthe MAS improves sleep-disordered breathing, upper airway
does not produce any changes in OSA. Such an approach hasresistance may persist (39) and could account for sleepiness
been adopted by a number of investigators by using nCPAP atamong complete responders. Furthermore, the prescribed treat-
subtherapeutic pressures (sham nCPAP) as the control devicement period of 4 weeks may not have been sufficient to correct
(30–33). We believe that we have achieved a similar effect inchronic EDS in all patients. The allocated treatment period was
our study. Despite a difference in the anteroposterior positionchosen on the basis of previously reported improvement in EDS
of the mandible between the MAS and the control device, pa-

with nCPAP after an equivalent treatment interval (29). An tients were kept blind to active and control treatments as a result
additional explanation may be the presence of residual sleepi- of the physical similarity between the two oral appliances and
ness, as has been suggested for persistent sleepiness in patients by concealment of the inactive nature of the control. The compa-
treated with nCPAP (40). rable compliance with the two appliances during each treatment

The present study found significant improvements with active phase suggests that patients were equally interested in the two
treatment in respiratory and sleep variables as previously re- treatments. Similarly, the improved subjective daytime sleepi-
ported (7, 9–11, 14, 17). The mean percentage of TST spent ness with the control treatment and the reported desire to con-
supine during nocturnal polysomnography was significantly tinue treatment with the control device by a significant propor-
higher with the MAS than with the control device and hence tion of patients indicate an effective blinding process. The a
may have led to an underestimate of the benefit of active therapy. priori assumption of the inactive nature of the upper appliance
The mean snoring frequency was significantly reduced by 43%, alone was confirmed on finding that OSA severity, determined
and both the mean snoring intensity and maximum snoring inten- by the RDI and MinSaO2, did not differ significantly between
sity by 3 dB, similar to the study by Mehta and coworkers (14). the control treatment and baseline. This is in accordance with
O’Sullivan and colleagues (41) found an 18% reduction in snor- our previous study in which the control device consisted of a
ing frequency and a 15.8% reduction in snoring intensity re- single lower plate (14), and confirms the importance of advance-
flected by the proportion of snores of 50 dB or more. Bloch and ment in achieving a positive therapeutic effect.
coworkers (11) found that time spent snoring during polysom- The final MAS setting ranged from 50 to 95% of maximal jaw
nography did not change; however, the snoring index with their protrusion, indicating the wide variability in tolerance between
Herbst and Monobloc devices was reduced by 36 and 58%, patients. The lack of significant association between measures
respectively, compared with no treatment. Significantly more of sleepiness with the MAS and measures of protrusion do not
patients reported a reduction in snoring frequency and intensity make it possible to draw conclusions as to the optimal advance-
with the MAS as in previous studies of such oral appliances that ment for resolution of EDS with such appliances. Whereas most
assessed subjective snoring outcomes (7, 9–11, 14). However, randomized, controlled trials of MAS therapy for OSA have
only a small proportion of patients (23%) reported an absence of reported advancing the mandible with the MAS by a set amount
snoring with the MAS, which is also in agreement with previous for all patients (9, 10, 41), the present study chose the maximum
results (10, 11, 14, 41). comfortable limit of advancement as the stopping point to ac-

Although the proportion of patients who reported improved count for between-subject tolerance to mandibular protrusion
sleep quality was significantly greater with the MAS than with and to maintain patient blinding.
the control device, our study found no statistically significant In conclusion, this study has shown that 4 weeks of MAS
difference in the number of patients who reported sleep fragmen- therapy improves daytime sleepiness and a range of other symp-
tation and choking episodes or witnessed apneas between treat- toms associated with OSA. This study extends our previous

findings, confirming the efficacy of MAS therapy in controllingments. Three randomized, controlled trials (8–10) have shown
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Case control study in the treatment of obstructive sleep-
disordered breathing with a mandibular protrusive 

appliance. 
ROSE EC, GERMANN M, SORICHTER S, JONAS IE.  

Department of Orthodontics, University of Freiburg i. Br., Germany, 
edmund.rose@uniklinik-freiburg.de  

BACKGROUND:. Mandibular protrusive appliances have long been used to treat 
obstructive sleep apnea/hypopnea syndrome (OSAHS). Their efficacy regarding 
respiration during sleep varies greatly and remains difficult to predict. In this study the 
efficacy of a two-splint appliance on nocturnal breathing disorders, sleep profile, and 
daytime sleepiness were evaluated according to a specially-designed treatment process. 
PATIENTS AND METHODS:. In this study 42 consecutive OSAHS patients who had 
been fitted with a mandibular protrusive appliance according to a preset treatment 
regimen were included in a follow-up analysis. The diagnosis and the degree of severity 
of OSHAS were determined by polysomnography in the sleep laboratory. The treatment 
regimen was established with the sleep laboratory physician. Treatment regimen included 
the diagnostic procedure in the sleep laboratory, each patient's dental requirements, the 
fabrication of the appliance used, and the titration of the mandibular protrusion. After 
having grown accustomed to the appliance for 24.5 +/- 7.8 days, 34 patients underwent 
overnight polysomnography. RESULTS:. The mean apnea/hypopnea index decreased 
significantly from 19.6 +/- 12.8 to 3.3 +/- 7.8 events per hour to 83%; the apnea index 
also improved significantly, as did minimal oxygen saturation and the desaturation index. 
Changes in sleep profile did not reach statistical significance; the arousal index (p < 0.02) 
and the subjectively-assessed daytime sleepiness (p < 0.02) decreased significantly. A 
therapeutically-required AHI of below 5 events per hour was achieved in 88.2% of the 
patients. CONCLUSION:. A significant improvement in the respiratory situation of the 
vast majority of OSAHS patients, particularly in their AHI, can be achieved when one 
applies the procedural steps and employs the mandibular protrusive appliance we 
describe herein.  
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decreased clearance is associated with higher mortality, which
is important new information. Hopefully, the findings from
this and previous studies will promote more prospective stud-
ies of therapeutic strategies aimed at increasing alveolar
edema clearance in ALI/ARDS patients. For example, pro-
spective studies could be designed to determine whether cate-
cholamine treatment improves indirect measures of clearance
(gas exchange and compliance), shortens ventilator days, and
improves survival. The development of simpler and more ac-
curate methods to assess changes in edema clearance will cer-
tainly facilitate such investigations.
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Oral Appliance Therapy for Obstructive Sleep Apnea

 

Finally Evidence You Can Sink Your Teeth Into

 

In the last decade there has been an explosion of interest in us-
ing oral appliances to treat obstructive sleep apnea (OSA).
Based upon available evidence they generally have been recom-
mended for the treatment of mild OSA or simple snoring (1, 2).
Oral appliances are appealing because they are simple to use, re-
versible, portable, and appear to be quite safe (although long-
term safety data are lacking). Anterior mandibular positioners
are the most commonly used appliances and the best studied.

In 1997 a much debated paper was published in the 

 

British
Medical Journal

 

 that reviewed the research evidence for the
health consequences of OSA and the effectiveness of continu-
ous positive airway pressure (CPAP) therapy (3). The authors
concluded that the health effects of OSA were exaggerated and
that the effectiveness of CPAP in improving health outcomes
had been poorly evaluated. The state of the literature on oral
appliance therapy was even more deficient with few controlled
trials. Many clinicians and scientists did not agree with the over-
all conclusions of the article (4) but most agreed that further re-
search was needed (5). The state of the CPAP literature has im-
proved considerably since 1997 but the debate continues (6, 7).

The majority of published trials of oral appliance therapy
are small, short term, and usually retrospective in design, with-
out any control or comparison group. Many studies have
poorly defined outcome criteria, usually subjective, and have a
failure of all patients to have polysomnography at baseline
and outcome. Most studies exclude patients with severe OSA
and include patients who failed other treatment modalities,
which introduces a significant source of bias. Many studies
provide little detail of the actual appliance used, the method
to select the optimal amount of mandibular protrusion, or
even the timing of the outcome study. The nature and severity
of side effects and complications are generally not reported.
To date, important outcomes of therapy such as the impact on
sleepiness and performance have not been systematically eval-
uated and predictors of treatment success are not known. Fi-

nally, no studies have reported objective compliance and only
a few have reported subjective compliance.

An article in this issue of the 

 

Journal

 

 (pp. 1457–1461) is a
major step forward in correcting many of the deficiencies of
the published literature (8). Mehta and colleagues have con-
ducted the first prospective randomized placebo-controlled
crossover trial of an anterior mandibular positioner for the
treatment of patients with symptomatic OSA. Previous cross-
over studies of oral appliances have compared them with
CPAP (either in a randomized [9, 10] or nonrandomized [11]
design) or to another oral appliance (12). The primary aim of
this randomized study was to assess efficacy of an adjustable
mandibular advancement splint (MAS) and secondarily to ex-
amine whether any anthropomorphic, polysomnographic, or
radiologic characteristics could predict treatment outcome.

Twenty-eight patients received an adjustable oral appli-
ance with full occlusal coverage. The placebo was the lower
plate of the device that did not specifically alter mandibular
position. All patients had an acclimatization period during
which the mandible was incrementally advanced until symp-
toms resolved or maximum tolerated protrusion was obtained.
Patients were then randomly assigned to treatment with the
placebo followed by the MAS or treatment with the MAS fol-
lowed by the placebo. The authors used a conservative defini-
tion of treatment success. They defined a complete response
to be a reduction in apnea/hypopnea index (AHI) to 

 

, 

 

5/h. A
partial response was defined as an improvement in symptoms
combined with a 

 

> 

 

50% reduction in AHI but the AHI re-
mained 

 

. 

 

5/h. Treatment failures were defined as having on-
going symptoms and/or a 

 

, 

 

50% reduction in AHI. Compli-
ance failure was defined as an inability of the patient to use
the treatment. Other outcomes included the effects on sleep
structure, oxygenation, and snoring and questionnaires evalu-
ating snoring, quality of sleep, and daytime sleepiness.

The patients were typical of a population of OSA pa-
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tients—middle aged, overweight, and mostly male. One im-
portant strength of this study is that it included patients who
had a range of severity of OSA with AHI between 10 and 68/h.
The placebo device had no impact on the AHI or on oxygen
saturation. The MAS resulted in a partial or complete re-
sponse in 15 patients or 62.5% (complete response in 9—
37.5%). Other studies have used a cutoff of an AHI of 10/h to
define treatment success and 71% of patients had a complete
or partial response by this criteria. The MAS had beneficial ef-
fects on the amount of rapid eye movement (REM) sleep,
snoring intensity and frequency, the number of arousals, and
oxygenation. Patients tolerated the treatment well and re-
ported improvements in sleep quality and daytime sleepiness.
Side effects were few and there were no complications. They
found four independent predictors of the treated AHI—neck
circumference, baseline AHI, and two cephalometric vari-
ables. The predictive equation requires validation to see if it is
generalizable to other patient populations.

This study provides confirmation of the efficacy of adjust-
able mandibular positioner therapy in some patients with
OSA. They had good results in patients with more significant
OSA (AHI 

 

>

 

 40) and many patients elected to continue on
with MAS therapy as they had a good symptomatic response.
Subjective response to the MAS was clearly superior to the
objective response (reduction in AHI). The study suggests
that the mechanism of action of oral appliances is mandibular
advancement because the presence of an intraoral device
without advancement showed no clinical benefit.

Long-term studies are still required that objectively evalu-
ate performance and sleepiness and that monitor for compli-
cations that may not emerge for several years. Perhaps these
authors will continue to follow these patients and report later
on their long-term outcome. On the horizon for the field of
oral appliance therapy is the introduction of a compliance
monitor that will allow an objective determination of appli-
ance usage. In addition, several investigators are developing
systems that would allow overnight titration of oral appliances
in the sleep laboratory. Results from this study support the use
of this treatment in patients with symptomatic OSA as long as
a follow-up sleep evaluation occurs.
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Autoadjusting Continuous Positive Airway Pressure

 

What Can We Expect?

 

Since 1996, there have been technologies that allow automatic
adjustment of continuous positive airway pressure (CPAP) for
treatment of obstructive sleep apnea (OSA) (1–4). There are
many factors that influence overnight pressure needs in a
given individual, including sleep structure, sleeping position,
physiological changes in nasal resistance, and fluctuations in
body weight. Moreover, it has been assumed that a significant
reduction in CPAP pressure may improve compliance with
treatment due to a reduction in side effects or improvement in
comfort, although there are nearly no data to support such an
hypothesis until now (1–3).

Several parameters have been used to drive autoadjust
CPAP, using either pressure or flow signals available inside
the machine that allow the detection of apneas, hypopneas,
snoring, and flow limitation. The forced oscillation technique
(FOT) is a very promising concept allowing a continuous mea-
sure of upper airway (UA) impedance. A single threshold of
impedance may be used to drive the device without any need
to identify specific respiratory events (5).

In the first March issue of the Journal (pp. 652–657), Rand-
erath and coworkers evaluated an original autoadjusting CPAP
system based on FOT (6). In a randomized crossover study,
they compared the effects of autoadjusting positive airway
pressure (APAP) and constant CPAP on sleep-disordered
breathing, sleep structure, and treatment compliance in more
than 50 patients over a 6-wk period.

Identification of sleep-disordered breathing was based on
thermistors placed under the CPAP mask, as a pneumotachom-
eter inserted in the CPAP line might have altered the applica-
tion of FOT. This method of measurement and a desaturation
criterion of 4% make the scoring of hypopneas very insensitive
(7)—specifically when looking at residual events while using
CPAP. Scoring of respiratory events, however, was equally in-
sensitive under both constant CPAP and APAP conditions.

Overall, APAP, driven by FOT, was effective in correcting
respiratory disturbances and improving sleep structure (6), and
it was comparable with published data on other intelligent
CPAP systems (1–5, 8). The reduction in microarousals while
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THERE IS NOW FIRM EPIDEMIOLOGICAL EVIDENCE
THAT THE OBSTRUCTIVE SLEEP APNEA/HYPOPNEA
SYNDROME (OSAHS) IS ASSOCIATED WITH HYPERTEN-
SION INDEPENDENT OF CONFOUNDERS SUCH AS OBE-
SITY, CENTRAL OBESITY, GENDER, MIDDLE AGE,

ALCOHOL, SMOKING AND CAFFEINE IN NORMAL,1-3

SLEEP APNOEA4,5 AND HYPERTENSIVE6 POPULATIONS.

This is supported by a case-control study7 demonstrating that 24
hour blood pressure was 4 to 5 mmHg higher in OSAHS patients
compared to carefully matched controls, with the greatest differ-
ences occurring during the night. Data from animal studies show

that intermittent apneas8 or hypoxemia8,9 during sleep increase 24
hour blood pressure. In animal models, this is at least partly due

to increased sympathetic tone9 which is also found in patients

with SAHS10 and is reduced by CPAP therapy.11,12 Randomized
controlled studies have shown that CPAP can reduce blood pres-

sure in patients with OSAHS13-15 and this issue of the journal
contains the first randomized controlled trial indicating that oral

appliances may also reduce blood pressure in OSAHS.16 There
is a need thus to try to clarify which therapy should be used in
which patients in terms of efficacy in treating blood pressure. 

The reduction in blood pressure produced by CPAP therapy
varies markedly between studies. In the first randomized placebo
controlled study by Faccenda and colleagues, there was a small
but significant mean reduction in 24 hour diastolic blood pressure
of 1.4 mmHg across all patients with the greatest falls between 2

am and 10 am, and no significant change in systolic pressure.13

However, the falls in blood pressure were greater in two groups
selected “a priori”, those using CPAP more than 3.5 hrs/night
having diastolic decreases of 1.9 mmHg and those with more
than twenty 4% desaturations/hr having decreases of 5 mmHg in

diastolic and 4 mmHg systolic pressure.13 A parallel group study
by Pepperell and colleagues showed  a decrease in mean arterial
pressure of 3 mmHg, with a larger drop of 5 mmHg in those with

more than thirty three 4% desaturations/hr.15 A third study by
Becker and colleagues found a greater fall in  mean blood pres-

sure of 9.9 mmHg.14 The different magnitudes of drop in blood
pressure need explanation. Possible reasons include differences
in the extent of transient hypoxemia during sleep. Firstly, the

patient groups were different with less severe OSAHS and par-
ticularly less severe nocturnal hypoxemia in Faccenda’s study

which showed least change in blood pressure.13 In that study,
there was no requirement for hypoxemia either as a direct entry
criterion or in the definition of hypopneas and the median num-
ber of 4% desaturations was 7/hr. In contrast, the entry criterion

for Pepperell’s study15 was more than ten 4% desaturations/hr

and in Becker’s study,14 the mean minimum saturation was 63sd
15% indicating very severe desaturation.  Other potential differ-
ences include differences in patient supervision throughout the

study period in Becker’s trial14 and  the fact that only 53% of
Becker’s patients completed the trial opening the possibility of
selection  bias towards responders and users. 

Gotsopoulos’ well designed study in this issue reports that oral
appliances result in a decrease in mean 24 hour diastolic blood

pressure of 1.8 mmHg16 in patients with OSAHS. These results
add significantly to the randomized controlled studies carried out
by the same group showing improved sleep and breathing during

sleep17 and improved symptoms18 with oral devices. Two unex-
pected results in the current study were the failure to show any
drop in blood pressure during sleep, a consistent finding in the
CPAP studies, and the lack of relationship between oxygenation
and blood pressure change across the patients. Both may reflect
sample size,  but in comparison to the CPAP studies this study

was better,14 or as well powered.13,15 How would this compare

with the effect of CPAP on similar patients?  The entry criteria16

included an AHI of more than 10 with hypopneas requiring
accompanying 3% desaturation or arousal, and overall the
patients had a mean AHI of 27sd15 and a lowest oxygen satura-
tion of 85sd6%. Gotsopoulos’ patients were probably similar to
those in Faccenda’s study (Faccenda’s patients median AHI 35
with no desaturation or arousal requirement and median lowest
oxygen saturation of 88%), and were probably milder than those
in the Pepperell study. Thus, the reported reduction in blood pres-
sure with the oral appliance may be similar to that expected with
CPAP in similar patients, although direct comparative studies are
needed. Also required are studies to determine whether either
therapy results in significant decreases in blood pressure com-
pared to placebo in the very large number of individuals who
have many apneas and hypopneas during sleep but are not sleepy.

All 4 studies13-16 showing significant falls in blood pressure with
treatment have been in sleepy patients with OSAHS, the only
investigation in asymptomatic individuals with OSAH showed

no significant fall in blood pressure with CPAP.19

Both CPAP and oral appliances are obtrusive and sometimes
uncomfortable treatments and ensuring continued patient use can
be difficult. The extent of this problem is well documented with
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CPAP20 but unclear with oral appliances. All existing data on oral
appliance use are based on self reports with only partial follow
up, and self reports of use are known to be over optimistic at least

for CPAP,21 and there is a real need for objective data on appli-
ance use. Some studies have indicated that no more than 50% of

those prescribed oral appliances used them long-term22 but used
fairly basic oral appliances and data are urgently required on
usage of more sophisticated oral appliances. Direct comparisons
of oral devices and CPAP in terms of symptoms and vigilance are

few and conflicting,23,24 although the largest indicated  that bene-

fits were greater with CPAP,24 although again basic oral appli-

ances were used. Cistulli’s group’s work16-18 challenges the field
to do well designed and well powered studies comparing the
effects of state of the art CPAP against state of the art oral appli-
ances on long term outcomes including blood pressure in
OSAHS patients. Until these are done, the conservative position
is to regard CPAP as the treatment of choice for OSAHS, but the
fact that oral appliances have now been shown to improve blood
pressure further strengthens their position to be the second line
therapy of choice.
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Effect of Oral Appliance Therapy on Upper Airway
Collapsibility in Obstructive Sleep Apnea
Andrew T Ng, Helen Gotsopoulos, Jin Qian, and Peter A Cistulli

Department of Respiratory and Sleep Medicine, St. George Hospital, University of New South Wales, Sydney, Australia

Oral appliance therapy is emerging as an alternative to continuous
positive airway pressure for the treatment of obstructive sleep apnea
(OSA). However, its precise mechanisms of action are yet to be de-
fined. We examined the effect of a mandibular advancement splint
(MAS) on upper airway collapsibility during sleep in OSA. Ten patients
with proven OSA had a custom-made MAS incrementally adjusted
during an acclimatization period until the maximum comfortable
limit of mandibular advancement was reached. Polysomnography
with the splint was then performed. After a 1-week washout period,
upper airway closing pressures during sleep (with and without MAS)
were determined. Significant improvements with MAS therapy
were seen in the apnea/hypopnea index (25.0 � 3.1 vs. 13.2 � 4.5/
hour, p � 0.03) and upper airway closing pressure in Stage 2 sleep
(–1.6 � 0.4 vs. –3.9 � 0.6 cm H2O, p � 0.01) and in slow wave sleep
(–2.5 � 0.7 vs. –4.7 � 0.6 cm H2O, p � 0.02) compared with no
therapy. These preliminary data indicate that MAS therapy is associ-
ated with improved upper airway collapsibility during sleep. The
mediators of this effect remain to be determined.

Keywords: mandibular advancement splint; obstructive sleep apnea;
upper airway collapsibility

Obstructive sleep apnea (OSA) is a common disorder occurring
in around 4% of men and 2% of women in the middle-aged
workforce (1). It is characterized by recurrent obstruction of
the upper airway during sleep (2). The current treatment of
choice is continuous positive airway pressure delivered via
a nasal mask to the upper airway during sleep (3). This is
an extremely effective treatment, but its cumbersome nature
often leads to reduced tolerance and compliance (4–6). An
emerging treatment alternative is oral appliance therapy (7),
which has potential advantages over continuous positive air-
way pressure because it is less obtrusive, does not make noise,
and is more portable. Of the five randomized crossover trials
comparing continuous positive airway pressure with oral appli-
ances (8–12), all but one (12) demonstrated a patient pref-
erence in favor of oral appliances. However, although oral
appliance therapy has been shown to be effective across all
grades of OSA severity (13, 14), a key limitation is reduced
effectiveness compared with continuous positive airway pres-
sure (8–12).

Current understanding of the precise mechanisms of ac-
tion of oral appliances in OSA is incomplete. A better un-
derstanding of these mechanisms could improve our ability
to predict treatment outcome, a key unresolved issue. Intu-
itively, one would believe that mandibular advancement
should improve the anteroposterior dimension of the oro-
pharynx. However, recent studies suggest that increases in
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upper airway caliber occur in the lateral dimension at the
level of the velopharynx (15, 16). Hence, the anatomic changes
induced by mandibular advancement appear to be quite com-
plex, presumably due to the intricate linkages between upper
airway structures. Regardless of these anatomic changes, the
ultimate determinant of upper airway closure is the degree
of upper airway collapsibility during sleep. Abnormal upper
airway collapsibility during sleep has been clearly documented
in both snorers and patients with OSA compared with normals
(17, 18). Furthermore, treatment of OSA by weight loss or
surgery has been shown to improve upper airway collapsibility
in responders (19, 20). We postulate that oral appliance ther-
apy reduces upper airway collapsibility during sleep. Hence,
our aim was to examine the effect of oral appliance therapy
on upper airway collapsibility during sleep.

METHODS

Study Population

Adult patients were recruited from a multidisciplinary Sleep Disorders
Clinic in a University Teaching Hospital. Inclusion criteria were the
presence of at least two symptoms of OSA (snoring, fragmented sleep,
witnessed apneas, daytime sleepiness) and evidence of OSA on polys-
omnography, with an apnea/hypopnea index (AHI) of 10/hour or more.
Patients were excluded if there was evidence of periodontal disease, dental
caries, edentulism, an exaggerated gag reflex, or predominant central sleep
apnea on polysomnography. The study was approved by the institutional
Ethics Committee, and written informed consent was obtained from all
patients before commencement. We used a mandibular advancement splint
(MAS) as described previously by our group (13, 14).

Study Design

A prospective study design was used. Each patient underwent three
sleep studies. The first diagnostic polysomnogram confirmed an AHI
of more than 10/hour and was performed before study commencement.
After an acclimatization period during which incremental anterior ad-
justments of the mandible were made until the maximum comfortable
limit was reached, an additional polysomnogram was performed with
the MAS to determine treatment efficacy. Patients then underwent no
treatment during a 1-week washout period. A final sleep study was then
performed, solely for the purpose of making upper airway closing pressure
(UACP) measurements, with and without the MAS (treatment order
was randomly assigned within this study night).

Outcome Measures

Polysomnography. Standard nocturnal polysomnography was performed
as described previously (13, 14). Sleep recordings were scored in a standard
fashion (21, 22) by an experienced polysomnographer who was blinded
to the patients’ treatment.

UACP. The technique used to measure UACP was first reported
by Issa and Sullivan (17, 18). Patients slept in the supine position with
the head and neck kept in the neutral position. A specially designed
nose mask system was used, allowing for the provision of continuous
positive airway pressure as well as complete external occlusion at the
nose. Complete external nasal occlusion applied at end-expiration causes
each inspiratory effort to produce a progressive increase in suction
pressure to a maximum value, followed by a rapid return to baseline.
Each subsequent occluded inspiratory effort produces a larger (more
subatmospheric) increase in nasal pressure until a critical pressure is
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reached, at which point the nasal pressure ceases to increase despite
increasing inspiratory efforts as evidenced by the increasing respitrace
and diaphragm EMG activity. This critical pressure has been defined as
the UACP. A typical recording from one of the study patients is shown
in Figure 1. The more negative the UACP, the less collapsible the air-
way. Two qualitatively different patterns of response to nasal occlusion
have been identified (17). In the most commonly seen type 1 response,
the airway closure occurs only during the inspiratory phase. In the type
2 response, the critical pressure reached during inspiration is also main-
tained during expiration, indicating complete obstruction during both
phases of the respiratory cycle. Multiple measurements were taken in
each of the conditions and were highly reproducible. The validity of this
technique has been verified by concurrent measurement of esophageal
and tracheal pressures (17).

Treatment Outcome

Complete response was defined as a resolution of symptoms and reduc-
tion in AHI to less than 5/hour. Partial response was defined as im-
proved symptoms plus a 50% reduction or more in AHI but remaining
5/hour or more. Failure was defined as less than 50% reduction in AHI.

Statistical Analysis

Data were analyzed using a statistical package (SPSS Version 8.0; SPSS
Inc, Chicago, IL). Paired t tests were used to compare clinical and physio-
logic variables before and after MAS treatment. Correlation analysis was
performed using Spearman’s rank correlation coefficient for nonparamet-
ric data. The Mann–Whitney U test was used to compare UACP measure-
ments between treatment outcome groups. All descriptive statistics are
presented as mean � SD. Estimated means are presented as mean �
SEM.

RESULTS

Study Population

The study sample consisted of 10 patients (nine males and one
female), all of whom completed the protocol. Patient characteris-
tics at baseline are presented in Table 1. There was no significant
difference between baseline and treatment regarding weight.
The mean mandibular advancement with the MAS was 4.6 �
1.4 mm (range, 3.0–8.0) from centric occlusion.

Outcomes

The MAS was well tolerated. Only mild side effects were experi-
enced, which included excessive salivation, gum irritation, mouth
dryness, and jaw discomfort. These did not preclude use of the
MAS.

Polysomnographic outcomes are summarized in Table 2. MAS
treatment resulted in a significant reduction in AHI and a significant
increase in minimum SaO2. The MAS resulted in complete response
in five patients (50%), partial response in two patients (20%),
and treatment failure in three patients (30%). Six patients (60%)
achieved an AHI of less than 10/hour.

Figure 1. Polygraph record showing a typical type 1 nasal
occlusion test during Stage 2 non–rapid eye movement
sleep in a patient with obstructive sleep apnea (OSA).
Complete external nasal airway occlusion was applied at
end-expiration (first arrow). Note that at a critical nasal
pressure (Pn � �6.1 cm H2O) the fifth and sixth occluded
breaths have a prominent inspiratory plateau despite a
progressive increase in diaphragm EMG (EMG d) activity
and respitrace (chest and abdomen) deflection through-
out the occluded period. The inflection point in the nasal
pressure trace indicates the closing pressure of the upper
airway. Occlusion was released at the second arrow, fol-
lowed by an arousal. Inspiration is downward.

TABLE 1. BASELINE CHARACTERISTICS OF PATIENTS

Variable Mean � SD (n � 10 ) Range

Sex, male/female 9/1
Age, yr 44 � 12 28–58
BMI, kg/m2 30.8 � 6.2 24.6–46.8
Neck circumference, cm 40.3 � 0.5 38.0–42.5
AHI, h�1 25.0 � 9.8 14.6–44.6
MinSaO2

, % 86 � 4 79–93

Definition of abbreviations: AHI � apnea/hypopnea index; BMI � body mass
index; MinSaO2

� minimum SaO2
.

MAS treatment resulted in significant improvements in UACP
during Stage 2 non-REM sleep and slow wave sleep (Table 2).
Improvement was noted in all subjects, albeit to different degrees.
Nine patients had the type 1 response with and without MAS.
One patient had the type 2 response without MAS, converting
to a type 1 response with MAS.

A significant positive correlation was found between the
change in AHI and change in UACP in Stage 2 non-REM sleep
(r � 0.64, p � 0.05). A median improvement in UACP (Stage 2
non-REM sleep) of 2.8 cm H2O (25th, 75th percentiles 1.9, 5.7)
was observed in the complete responders, and this was significantly
greater than the median of 1.1 cm H2O (25th, 75th percentiles:
0.6, 1.2) seen in the combined group of partial responders and
treatment failures (Mann–Whitney U: z � �2.41, p � 0.01).

No significant correlation was found between baseline UACP
and AHI or between the degree of mandibular advancement and
change in UACP.

DISCUSSION

Despite the increasing use of oral appliances in the treatment of
OSA, considerable uncertainty about their precise mechanisms
of action exists. This is the first study to examine the influence of
an oral appliance on UACP during sleep. We found that the MAS
improved upper airway collapsibility and suggest that this is one
mechanism through which OSA is improved.

Upper airway patency is complex and involves a number of
interrelated factors. A balance exists between its tendency to
collapse, induced by the subatmospheric intraluminal pressure
during inspiration, and upper airway dilator muscle activity, which
is influenced by upper airway dimensions and complex neuromus-
cular reflex interactions (2). Upper airway collapsibility measured
by the UACP is likely to reflect the net effect of all these factors.
Our patients had a baseline average UACP of –1.6 � 0.4 cm H2O
in Stage 2 sleep and –2.5 � 0.7 cm H2O in slow wave sleep during
supine sleep. These results are consistent with previous findings
in patients with OSA by Issa and Sullivan (17).
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TABLE 2. OUTCOME MEASUREMENTS

Variable No MAS MAS p Value

BMI, kg/m2 30.8 � 6.2* 30.9 � 6.1† 0.4
Neck circumference, cm 40.3 � 0.5* 40.4 � 0.5† 0.6
AHI, h�1 25.0 � 3.1* 13.2 � 4.5† 0.03
MinSaO2

, % 86 � 6* 90 � 3† 0.01
UACP Stage 2 NREM, cm H2O �1.6 � 1.4‡ �3.9 � 1.9‡ � 0.01
UACP SWS, cm H2O �2.5 � 1.9‡ �4.7 � 1.7‡ � 0.02

Definition of abbreviations: AHI � apnea/hypopnea index; BMI � body mass
index; MAS � mandibular advancement splint; MinSaO2

� minimum SaO2
; UACP

Stage 2 NREM � upper airway closing pressure during Stage 2 non–rapid eye
movement sleep; UACP SWS � upper airway closing pressure during slow wave
sleep.

Comparison made using paired t test.
Data are presented as mean � SEM.
* Data obtained from baseline polysomnogram (without MAS).
† Data obtained from polysomnogram with MAS.
‡ Data obtained from closing pressure determination sleep study.

This study demonstrated a relationship between the magni-
tude of improvement in UACP during Stage 2 sleep and the
improvement in AHI. In addition, the improvement in UACP
during Stage 2 sleep in the group of complete responders was
significantly greater than that found in the other two groups com-
bined. However, an interesting finding in our study was that UACP
improved after MAS treatment even in the failures, albeit to a
lesser extent. This suggests that it is the magnitude of improvement
in UACP that determines treatment outcome. How mandibular
advancement improves upper airway collapsibility, however, re-
mains unclear. Anatomic improvements in the anteroposterior
dimension of the oropharynx have been postulated, although re-
cent studies (15, 16) suggest that it is the lateral dimensions of
the velopharynx that improve. Another mechanism proposed by
Isono and coworkers (23) is that mandibular advancement
stretches the soft palate, thus stiffening the velopharynx because
of the connection of the lateral wall of the soft palate to the base
of the tongue through the palatoglossal arch.

Improved upper airway collapsibility has been seen when other
treatment alternatives have been successful. Schwartz and cowork-
ers (19, 20) have demonstrated improvements in upper airway
collapsibility after treatment success with weight loss and also
with uvulopalatopharyngoplasty using a technique called the pha-
ryngeal critical pressure. This technique, which is different from
the closing pressure technique used in our study, examines pres-
sure–flow relationships during sleep using the Starling resistor
model (flow through a collapsible conduit) of the upper airway.
Pharyngeal critical pressure is the pressure below which occlusion
and cessation of airflow occurs. This pressure is found by measur-
ing maximal airflow at different nasal mask pressures and then
extrapolating to the pressure at which no airflow occurs (24).
Therefore, pharyngeal critical pressure is a derived value and
is believed to represent the pressure surrounding the locus of
pharyngeal collapse. This model predicts that when pharyngeal
critical pressure is positive relative to atmospheric nasal pressure,
the upper airway should close. The closing pressure technique
that we used measures the airway suction pressure at which
pharyngeal closure occurs in response to complete external nasal
occlusion, which is fundamentally different from the pharyngeal
critical pressure technique. We chose the closing pressure tech-
nique because it provides a direct measure of the pressure at
which airway collapse occurs.

In our study, the average mandibular protrusion of 4.6 mm is
less than that seen in other studies (13, 14). This was the maximum
comfortable limit tolerated by our study patients and was 65%
of the maximum possible protrusion on average.

One potential limitation of our study was treatment order
bias because UACP measurements were made with and without
MAS during a single night. This was reduced by randomizing
the treatment order during the closing pressure determination
study. As a result of the unpredictability of achieving REM sleep
during the overnight protocol, only two patients had reliable
UACP determinations in this sleep stage. Another limitation was
the inability of the technique to localize the site(s) of obstruction
within in the upper airway. This could be overcome in future
studies by using a catheter measuring pressure at different levels
in the upper airway during a closing pressure determination
study. Although the sample studied was small, there was unifor-
mity of the direction of effect in all patients.

In conclusion, we have demonstrated that oral appliance ther-
apy improves upper airway collapsibility during sleep in patients
with OSA. The magnitude of improvement in UACP was greater
in patients who achieved a complete response to treatment. Given
that treatment success with MAS is not achievable in every patient,
further research is needed to determine whether UACP can be
used as a predictor of treatment outcome.
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