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TSD are used less commonly, and investigations into their 
4-8 Tongue protrusion using these 

devices has been shown to lead to improvements in OSA, 
with demonstrated reductions in AHI, arousal frequency, and 
oxygen desaturation,4,6-8 as well as improvement in daytime 
sleepiness.6,9 TSD has been proposed as a treatment option for 
patients with dental contraindications (hypodontia, edentulism, 
periodontal disease), which preclude the use of MAS.

The aim of oral appliance therapy is to improve upper airway 
patency, thereby preventing pharyngeal collapse during sleep. 
Various imaging techniques have demonstrated increased upper 
airway dimensions with mandible or tongue protrusion.2,10-12 
However, understanding of the exact mechanisms by which oral 
appliances improve OSA remains limited. Magnetic resonance 
imaging (MRI) is the modality of choice for 3-dimensional 
analyses of the upper airway and surrounding soft tissue 
structures.13,14 We have recently used MRI in the largest and 
most detailed assessment to date of the effects of MAS on upper 
airway structure.15 However, there are few studies examining 
the effects of TSD on upper airway structure and no data about 
the commercially available TSD.

The different modes of action of these appliances (mandible 

upper airway caliber and shape and surrounding soft tissues. 
There have been no direct comparisons of the anatomical 
effects of these oral appliances. Assessment of upper airway 

INTRODUCTION
Oral appliances offer an effective alternative to continuous 

positive airway pressure (CPAP) in the treatment of obstructive 
sleep apnea (OSA).1 Oral appliances can be categorized into 
two design types; the mandibular advancement splint (MAS) 
and the tongue stabilizing device (TSD). MAS devices attach 
to the dental arches and mechanically protrude the mandible, 
whereas TSDs consist of a preformed bulb, which holds and 
protrudes the tongue using suction.

MAS are the most common type of oral appliance, and 
mounting evidence supports their use for the treatment of 
OSA.2 The clinical practice parameters of the American 
Academy of Sleep Medicine currently recommend the use of 
MAS for the treatment of mild to moderate OSA, and for 
severe OSA when patients refuse or are unable to tolerate 
CPAP.3
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Study Objectives: Oral appliances are increasingly being used for treatment of obstructive sleep apnea (OSA). Mandibular advancement splint 
(MAS) mechanically protrudes the mandible, while the tongue stabilizing device (TSD) protrudes and holds the tongue using suction. Although both 

fects on upper airway structure have not been investigated.
Design: Cohort study.
Setting: Sleep Investigation Unit.
Patients: 39 patients undergoing oral appliance treatment for OSA.
Interventions: OSA patients underwent magnetic resonance imaging (MRI) of the upper airway during wakefulness at baseline and with MAS and 

Measurements and Results: Upper airway lumen and surrounding soft tissue structures were segmented using image analysis software. Upper 
airway dimensions and soft tissue centroid movements were determined. Both appliances altered upper airway geometry, associated with move-
ment of the parapharyngeal fat pads away from the airway. TSD increased velopharyngeal lateral diameter to a greater extent (+0.35 ± 0.07 vs. 
+0.18 ± 0.05 cm; P < 0.001) and also increased antero-posterior diameter with anterior displacement of the tongue (0.68 ± 0.04 cm; P < 0.001) 
and soft palate (0.12 ± 0.03 cm; P
responders (AHI reduction ≥ 50%) increased velopharyngeal volume more than non-responders (+2.65 ± 0.9 vs. –0.44 ± 0.8 cm3; P < 0.05). Airway 
structures did not differ between MAS responders and non-responders.
Conclusions: These results indicate that the patterns and magnitude of changes in upper airway structure differ between appliances. Further stud-
ies are warranted to evaluate the clinical relevance of these changes, and whether they can be used to predict treatment outcome.
Keywords: Magnetic resonance imaging, mandibular advancement splints, obstructive sleep apnoea, tongue stabilising device, upper airway
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(black).25 Airway volumetric information, as well as cross-
sectional area (CSA) and anteroposterior (A-P) and lateral (L) 
diameters were obtained. Airway shape was calculated by the 
A-P:L ratio where a ratio of 1.0 represents a circle, while values 
< or > 1.0 indicate an elliptical shape oriented with the long axis 
in the coronal or sagittal plane, respectively.26

Parapharyngeal fat pads, soft palate, tongue (genioglossus 
and base of tongue muscles) and lateral pharyngeal wall 
(retropalatal and retroglossal) were segmented on axial slices 
(Figure 1B), and reconstructions were used to obtain volumes 
and assess tissue movements. To assess movement x, y, z 
coordinates of the centroid (a point analogous to the centre 
of mass of an object) of each tissue structure were obtained, 
and the magnitude and direction of centroid movement with 
mandibular and tongue advancement determined (Figure 1C).

images. Sella-nasion-A (SNA) angle, sella-nasion-B (SNB) 
angle, A-nasion-B (ANB) angle, basion-sella-nasion (BaSN) 
angle, and anterior nasal spine to gnathion distance (ANS-Gn, 
to measure lower anterior facial height) were obtained. Hyoid 
to C3 vertebra (H-C3), hyoid to posterior nasal spine (H-PNS), 
and hyoid to gnathion (H-Gn) distances were used to evaluate 
hyoid position (Figure 1D).

Polysomnography
All patients underwent polysomnography to determine 

treatment outcome with MAS. A subset of 18 patients additionally 
underwent polysomnography with TSD as part of a randomized 

6 
Findings pertaining to TSD and MAS treatment response are 
described in this 18-patient subgroup. Polysomnography was 
scored in accordance with standard criteria.15,27-29

Treatment Outcome

described.16,18,20 In keeping with our previous imaging study,15 

responders” by < 50% AHI reduction.

Statistical Analysis
Statistical analyses were performed using statistical software 

package SPSS (version 16.0 for Windows; SPSS, Inc., Chica-
go, IL). Descriptive statistics for patient clinical characteristics 
and MRI parameters are presented as mean ± standard devia-
tion (SD) and means ± standard error of the mean (SEM), re-
spectively. Continuous variables between conditions (baseline, 
MAS, TSD) were compared using repeated-measures ANOVA. 
If the F t-tests 
comparing the 3 conditions were performed with a Bonferroni 
adjusted α level of 0.05/3 (0.017) (Holm procedure) for each 
comparison. In cases of non-normally distributed data, a non-
parametric test was used (Wilcoxon rank-sum). Differences be-
tween treatment responders and non-responders were assessed 
by Student’s t-test. Relationships between anthropometric, 
polysomnographic and airway measurements were assessed 

-
P < 0.05.

structures with MAS and TSD could provide insights into their 
respective sites and mechanisms of action. This study aimed to 
assess and compare the effects of two oral appliances on upper 
airway structure.

METHODS

Subjects
Patients with OSA were prospectively recruited from a sleep 

disorders clinic in a university teaching hospital for treatment 
with a customized MAS. The study was approved by the 
institutional ethics committee, and written informed consent 
was obtained from all patients. Inclusion criteria required a 
minimum of 2 OSA symptoms (snoring, witnessed apneas, 

of OSA by polysomnography (apnea-hypopnea index [AHI] 
≥ 10 events/h). Patients were excluded if they had periodontal 

Oral Appliances
The MAS provided to patients was a custom-made 2-piece 

appliance (SomnoDent MAS; SomnoMed Ltd, Crows 
Nest, Australia) with previously published design features 

16-21 To enable wear during MRI, the standard 
adjustable screw mechanism of this appliance was replaced 

15 The TSD was 
a preformed silicon appliance (Aveo-TSD, Innovative Health 
Technologies, New Zealand).6

are placed outside the lips while the tongue is inserted into 
the bulb. The bulb is squeezed and released to generate suction 
until the tongue is retained without excessive discomfort. There 
was no method to standardize the suction pressure of the TSD; 
however, each patient adjusted the appliance to their own 
comfort level.

Magnetic Resonance Imaging of the Upper Airway
Magnetic resonance imaging was performed with a Philips 

INTERA 1.5T MRI scanner (Philips Electronics, Netherlands) 
while patients were awake, supine, and positioned with the 
Frankfort plane perpendicular to horizontal as previously 
described.15 Scans of each patient were acquired without and 
with each of the appliances in a randomized order. Contiguous 
T1-weighted spin-echo images were acquired through the mid-
sagittal plane (1.25 mm thickness, 50 slices, 272 × 512 matrix) 
and axial plane (3 mm thickness, 50 slices, 224 × 12 matrix).

Anatomic Definitions, Measurements and Analysis
MRI data were assessed by the segmentation of upper 

cephalometric landmarks. MR images were processed with 
image analysis software (Amira 4.1; Visage Imaging Inc., 
Carlsbad, CA) using previously described and validated 
techniques.15,22-24

velopharynx (hard palate to tip of uvula), oropharynx (tip of 
uvula to tip of epiglottis), and hypopharynx (tip of epiglottis to 
vocal cords) (Figure 1A). The airway lumen was segmented on 
axial image slices using a region-growing tool of the software, 
which marks a boundary around a seed point encapsulating 
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(8.9 ± 0.2 cm) with both MAS (8.6 ± 0.2 cm; P < 0.001) and 
TSD (8.7 ± 0.2 cm; P < 0.02). The effects of MAS and TSD 
on airway CSA are shown in Figure 3. Both oral appliances 
increased mean CSA of the total upper airway, but TSD did so 

in the effects of both appliances (Figure 3). Lateral and A-P 
dimensions as well as A-P:L ratio are shown in Figure 4. Both 
appliances had the greatest effect on velopharyngeal lateral di-
ameter. However, TSD had a larger effect on lateral diameter 
and additionally increased A-P diameter. Despite this TSD and 

-
liptical with a lateral long axis. This is represented schemati-
cally in Figure 4B.

TSD changes in oropharyngeal A-P diameter (r = −0.32, 
P < 0.05), oropharyngeal minimum CSA (r = −0.36, P < 0.05), 
and hypopharyngeal volume (r = −0.33, P < 0.05) were inversely 

RESULTS

Clinical Characteristics
Thirty-nine OSA patients underwent upper airway imaging 

with both the MAS and TSD. The clinical characteristics of these 
patients are shown in Table 1. Characteristics of the subgroup 
of 18 patients who completed overnight polysomnography with 

Comparison of Effects of MAS and TSD on Upper Airway Structure

Airway variables
Airway volume changes with MAS and TSD are shown in 

Table 2. Volumetric reconstructions of the upper airway from 
a single patient are shown in Figure 2. There was a small but 

Figure 1—Image analysis. (A) Mid-sagittal MRI demonstrating upper airway regions. (B) Representative axial MRI illustrating segmentation of upper airway 
structures; airway lumen (blue), soft palate (purple), tongue (red), parapharyngeal fat pads (yellow), and lateral pharyngeal walls (green). (C) Volumetric 
reconstructions of upper airway soft tissues showing the principle of calculation of magnitude and direction (x, y, z) of centroid movement. (D) Cephalometric 
linear and angular measurements of maxilla, mandible and hyoid position and anterior facial height. S, sella; N, nasion; ANS, anterior nasal spine; PNS, 
posterior nasal spine; A, A point; B, B point; Gn, gnathion; H, hyoid; C3, C3 vertebra.
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than MAS (0.44 ± 0.05 vs. 0.12 ± 0.03 cm; P < 0.001). MAS 
resulted in slight posterior displacement of the soft palate (0.06 
± 0.03 cm), but TSD produced anterior (0.12 ± 0.03 cm) and 
superior (0.19 ± 0.04) movement.

TSD moved the tongue further forward than MAS (0.68 ± 
0.04 vs. 0.06 ± 0.04 cm; P < 0.001). The tongue also moved 
superiorly with TSD (0.11 ± 0.05 cm) but inferiorly with MAS 
(0.11 ± 0.06 cm; P < 0.01). Muscles at the base of the tongue 
shifted forward with MAS (0.35 ± 0.04 cm; P < 0.001).

Velopharyngeal lateral pharyngeal walls moved laterally 
with MAS (0.14 ± 0.02 cm) and TSD (0.17 ± 0.02 cm). Ante-
rior (0.14 ± 0.02 cm; P < 0.001) and superior (0.2 ± 0.05 cm; 
P < 0.001) movement also occurred with TSD. The oropharyn-
geal pharyngeal walls moved more superiorly with TSD (0.32 
± 0.05 vs. 0.11 ± 0.05 cm; P < 0.001). The relative movements 
of upper airway soft tissue centroids are illustrated in Figure 5.

Cephalometric analyses
Cephalometric measurements are shown in Table 3. SNB an-

gle showed an increase with MAS and decrease with TSD. TSD 
increased lower face height (ANS-Gn) to a greater extent than 
MAS. Both appliances decreased H-PNS distance, but TSD ad-
ditionally decreased H-C3 and H-Gn distances.

Upper Airway Structure and Treatment Outcome
In the subset of 18 patients with treatment outcome data, 10 

patients were TSD responders and 8 non-responders. Respond-
ers and non-responders did not differ in terms of age (46.2 ± 
11.7 vs. 49.5 ± 11.3 years), BMI (26.3 ± 4.8 vs. 30.5 ± 5.4 kg/
m2), or neck circumference (38.7 ± 4.8 vs. 41.9 ± 4.1 cm), but 
baseline AHI did differ (34.8 ± 21.1 vs. 16.9 ± 4.5 events/h; P < 
0.05). There were no differences between responders and non-
responders in baseline upper airway structure (data not shown). 
However differences were observed in changes in velopharyn-
geal measurements. Responders showed a greater increase in 
A-P diameter (+0.2 ± 0.08 vs. –0.08 ± 0.06 cm; P < 0.02), mini-
mum CSA (+0.44 ± 0.2 vs. –0.12 ± 0.1 cm2; P < 0.05), mean 
CSA (+0.75 ± 0.2 vs. +0.02 ± 0.2 cm2; P < 0.01), and volume 
(+2.65 ± 0.9 vs. –0.44 ± 0.8 cm3; P < 0.05).

Of these 18 patients, 12 were MAS responders and 6 non-
responders. There were no differences in age (47.5 ± 11.8 vs. 
48.1 ± 11.5 years), BMI (27.0 ± 4.4 vs. 30.5 ± 6.7 kg/m2), neck 
circumference (40.0 ± 3.9 vs. 41.3 ± 5.5 cm), or baseline AHI 
(30.6 ± 20.7 vs. 19.2 ± 8.2 events/h) between MAS response 

related to BMI. Similarly, changes in A-P diameter (r = −0.455, 
P < 0.01), lateral diameter (r = −0.331, P < 0.05), and minimum 
CSA (r = −0.468, P < 0.01) showed inverse relationships with 
neck circumference. There were no relationships between MAS 
airway changes and BMI or neck circumference.

Soft tissue centroid movements
Overall centroid movements were relatively small; however, 

different patterns were observed. Both appliances resulted in 
lateral movement of the parapharyngeal fat pads away from the 
airway (MAS 0.28 ± 0.03 cm, TSD 0.23 ± 0.03 cm). Superior 

Figure 2—Volumetric reconstructions of the upper airway at baseline and 
with MAS and TSD in a single OSA patient. Corresponding mid-sagittal 
magnetic resonance images are shown.

15.9 cm3 22.8 cm3 25.1 cm3

Baseline MAS TSD

Table 1—Patient characteristics

n = 39 n = 18
Gender (% male) 64 70
Age (years) 50 ± 10.7 47.7 ± 11.3
BMI (kg/m2) 29.2 ± 5.5 27.7 ± 5.1
Neck circumference (cm) 39.3 ± 4.2 39.3 ± 4.2
Baseline AHI (events/h) 26.9 ± 17.1 26.8 ± 18.1
Baseline AHI range (events/h) 10.3 – 75.7 10.3 – 75.7
AHI with MAS (events/h) 12.0 ± 12.6 12.0 ± 9.6
AHI with TSD (events/h) N/A 11.0 ± 9.1
Mandibular advancement 
(% of maximum)

75.4 ± 14.1 75.6 ± 12.6

Characteristics are shown for the patient sample as a whole (n = 39) 

appliances (n = 18). Mean values ± standard deviation. TSD, tongue 
stabilizing device; BMI, body mass index; AHI, apnea hypopnea index.

Table 2—Upper airway volume at baseline and with MAS and TSD 
(n = 39)

Baseline MAS TSD
Total airway (cm3) 13.8 ± 1.0 14.3 ± 1.1 17.14 ± 1.6*#

Velopharynx (cm3) 5.1 ± 0.4 5.4 ± 0.5 6.4 ± 0.7*#

Oropharynx (cm3) 2.9 ± 0.3 3.1 ± 0.3 3.3 ± 0.3
Hypopharynx (cm3) 5.7 ± 0.5 5.8 ± 0.5 6.4 ± 0.6

Mean values ± standard error of mean. *P < 0.05 vs. baseline; #P < 0.05 
MAS vs. TSD. MAS, mandibular advancement splint; TSD, tongue 
stabilizing device.
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groups. Baseline or chang-
es in upper airway struc-
ture did not differ between 
MAS responders and non-
responders. There was 
no linear relationship be-
tween changes in AHI and 
airway volume with ei-
ther appliance (Figure 6). 
Cephalometric measure-
ments or changes and soft 
tissue centroid movements 
did not differ between 
treatment responders and 
non-responders for either 
appliance. In particular, 
it did not appear that dif-
ferences in the degree of 
mouth opening, as as-
sessed by the cephalo-
metric measure ANS-Gn, 
induced by the 2 applianc-
es had an impact on treat-
ment outcome.

A cross-tabulation 
of these 18 patients by 
MAS and TSD response 
are shown in Table 4. Of 
these patients, 77.7% had 
the same category of re-
sponse (responder or non-
responder) with either 
appliance. There was no 
correlation between total 
airway or velopharyn-
geal volume changes be-
tween the two appliances 
(r = 0.01, P = 0.96). How-
ever, changes in oropha-
ryngeal volume appear to 
show some consistency be-
tween the two appliances 
(r = 0.71, P = 0.001).

DISCUSSION

to compare the effects 
of two oral appliances, 
MAS and TSD, on upper 
airway structure using 
MRI. Clinically MAS 
are more widely used 
and investigated, while 
TSD have received less 
attention, and their role 
in OSA treatment remains 
uncertain. Our results 
indicate that both MAS 
and TSD increase upper 

Figure 3—Upper airway cross-sectional area at baseline and with MAS and TSD. (A) Total upper airway. (B) Velopharynx. 
(C) Oropharynx. (D) Hypopharynx. *P < 0.05 vs. baseline, #P < 0.05 MAS vs. TSD.
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to mandible protrusion, which is in accordance with the 

effects of TSD on upper airway structure may be a result of this 
appliance mechanically producing more anterior movement of 
the tongue. This action of protruding the tongue outside the oral 
cavity may cause greater displacement of other tissues. The 
level of mandibular advancement achieved with MAS averaged 
6 millimeters, and therefore effects on upper airway structures 
may be more subtle.

This comparative imaging study suggests both appliances 
primarily improve upper airway caliber in the velopharynx. The 
velopharynx is the most common site of primary pharyngeal 
collapse in OSA.31,32 Increased velopharyngeal lateral diameter 
appears to be the main effect of MAS on the upper airway.12,15 
This is likely a consequence of stretching soft tissue connections 
between the tongue, soft palate, and lateral pharyngeal walls 

airway dimensions but that there are differences in their effects 
on upper airway structure. Overall TSD have a greater effect on 
upper airway size than MAS.

Previous imaging studies of tongue protrusion are limited. 
A nasopharyngoscopic investigation of voluntary tongue 
and mandible protrusion30 reported a greater increase in 
velopharyngeal and oropharyngeal CSA with tongue compared 

Figure 5
movements with each appliance.
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right anterior
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Table 4—Cross-tabulation showing treatment response with MAS and 
TSD (n = 18)

MAS outcome TSD Total
TSD outcome Responder Non-responder

Responder 9 1 10
Non-responder 3 5 8

MAS Total 12 6 18

Table 3—Cephalometric measurements at baseline and with MAS and 
TSD (n = 39) 

Baseline MAS TSD
SNA (°) 82.9 ± 0.8 83.4 ± 0.7 83.3 ± 0.8
SNB (°) 79.8 ± 0.8 82.0 ± 0.8* 76.2 ± 0.8*#

ANB (°) 3.0 ± 0.8 1.4 ± 0.7* 7.1 ± 0.7*#

ANS-Gn (cm) 6.9 ± 0.1 7.6 ± 0.1* 8.7 ± 0.1*#

H-C3 (cm) 3.8 ± 0.1 3.8 ± 0.1 3.7 ± 0.1*#

H-PNS (cm) 7.4 ± 0.1 7.1 ± 0.1* 7.2 ± 0.1*
H-Gn (cm) 4.6 ± 0.1 4.7 ± 0.1 4.2 ± 0.1*#

Mean values ± standard error of mean. *P < 0.01 vs. baseline; #P < 0.01 
MAS vs. TSD. SNA, sella-nasion-A point; SNB, sella-nasion-B point; 
ANB, A point-nasion-B point; ANS-Gn, anterior nasal spine to gnathion 
distance; H-C3, hyoid to C3 vertebra distance; H-PNS, hyoid to posterior 
nasal spine distance; H-Gn, hyoid to gnathion distance.
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no baseline characteristics related to TSD treatment response. 
However, there appears to be some relationship between 
BMI and neck circumference and the effect of TSD on upper 
airway size, with smaller body measures indicative of a greater 
improvement in measures of airway caliber. Larger body 
measures may be indicative of excess soft tissue surrounding 
the upper airway, which cannot be easily displaced to effectively 
increase upper airway size with TSD.

We have previously demonstrated that MAS and TSD 
similarly improve AHI.6 However MAS is effective in a greater 
proportion of patients and is additionally associated with 
greater symptomatic improvement, compliance, and patient 
preference. This may relate to issues with wearing the TSD, 
such as discomfort and involuntary removal during sleep, which 
result in reduced usage time. Therefore although TSD appears to 
have more favorable effects on upper airway caliber than MAS, 
practical issues may circumvent these positive effects. However, 
for patients who are able to tolerate TSD or are not suitable for 
MAS treatment, this study demonstrates highly favorable effects 
of this device on upper airway structure. Although TSD are 
not commonly used in clinical practice, a role for this type of 
appliance has previously been proposed for patients in whom 

retain the appliance or those with periodontal disease. Patients 
in this study had to be suitable candidates for MAS therapy, and 
therefore all patients had enough teeth to use MAS. How airway 

such as edentulism would need to be addressed by future studies.

through the palatopharyngeal and palatoglossal arches.10,33 
Although TSD increases airway A-P diameter via forward 
displacement of the tongue, traction on these intra-pharyngeal 
connections via the tongue base may additionally increase the 
lateral dimension. The primarily lateral airway increase with 
both appliances and subsequent shape change to an ellipse in 
this orientation may favor reduced collapsibility. These data 
are consistent with respiratory-related changes in the airway 
that occur primarily in the lateral rather than A-P direction, 
suggesting more compliant lateral walls.25,34

with both appliances. However, as mean length change was less 
than image slice thickness, this airway length change requires 
further investigation. Nonetheless, pharyngeal length has been 
shown to increase in OSA patients when supine,35 and reduction 
in pharyngeal length with oral appliances may represent a 
potential mechanism of action. Superior movement of the hyoid 
bone towards the posterior nasal spine was also associated 
with both appliances. An inferiorly positioned hyoid bone is a 
cephalometric variable commonly associated with OSA.36,37 It 
is unclear whether the inferiorly positioned hyoid is a cause or 
result of OSA; however, it appears that oral appliances have a 
corrective effect on hyoid position.

We have previously shown differences in the effects of MAS 
related to treatment outcome with improved airway caliber only 
evident in responders (although in the patient subset analyzed 

15,29 In 

in velopharyngeal airway dimensions with TSD in treatment 

airway caliber. However, there is no direct linear relationship 
between changes in airway structure and improvement in total 
AHI with either appliance. This is not completely surprising 
and may relate to issues with night-to-night variability in AHI 
and sleep positions, and the relationship between upper airway 
size and OSA severity itself is unlikely to be linear.

In this sample, ~77% of patients showed an equivalent 
treatment response with both appliances suggesting that some 
patients may characteristically respond to either form of oral 
appliance. We did identify a moderate correlation between 
the changes in oropharyngeal volume produced with both 
appliances. Previous studies have found that site of pharyngeal 

patients who have primary oropharyngeal collapse more likely 
to respond to treatment.38,39 In the current study, oropharyngeal 
improvements were similar with both appliances and may 
explain why TSD (which improved velopharyngeal dimensions 

Nevertheless, although structural characteristics are likely to be 
relevant, neuromuscular factors may additionally be important. 
Indeed a normalizing effect of TSD on the time lag between 
peak inspiratory genioglossus muscle activity and maximum 
inspiratory effort during apneic events has been demonstrated40 
and is dependent on active retention of the tongue in the bulb.

The “holy grail” in terms of oral appliance treatment is the 
ability to predict which patients will respond to treatment. In 
our previous MRI study with MAS there were no baseline 
upper airway structures that allowed discrimination between 
responders and non-responders. Similarly, this study revealed 

Figure 6—Changes in total airway volume and AHI with oral appliance 
treatment. (A) MAS. (B)
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company. His department has received research support from 
ResMed and SomnoMed. He is a board member of the ResMed 

participated in speaking engagements for Nuvigil. The other au-
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OBSTRUCTIVE SLEEP APNEA (OSA) IS A COMPLEX MUL-
TIFACTORIAL CONDITION PRODUCED BY A COMBINA-
TION OF ANATOMIC AND PHYSIOLOGICAL FACTORS.1 
It is characterized by repetitive complete or partial closure of the 
upper airway during sleep resulting in sleep fragmentation and 
oxygen desaturation.2,3 Numerous risk factors including male gen-
der and obesity,4 ethnicity,5 and craniofacial structure6 have been 
identified as increasing susceptibility to this disease. OSA has a 
significant associated morbidity and mortality and has been linked 
to cardiovascular7,8 and cerebrovascular disease,9,10 excessive day-
time sleepiness,11 and increased risk for motor vehicle accidents.12-14 
The prevalence of OSA varies depending on diagnostic criteria and 
population studied, and has been reported as affecting 4% of men 
and 2% of women in the middle-aged workforce.15 It was also 
found that among adults aged 30-69 years, 17% of adults had mild 
or worse sleep disordered breathing (AHI ≥ 5), and 5.7% of adults 
had moderate or worse sleep disordered breathing.16 As such, OSA 
is recognized as a significant public health issue.

While the gold standard of care combines conservative mo-
dalities such as weight loss and nasal continuous positive airway 
pressure (CPAP),17 interest in oral devices has been increasing 
possibly because of compliance difficulties with CPAP. Man-

dibular advancement splints (MAS) are the most common type 
of oral device; they protrude the mandible during sleep, thereby 
having a favorable impact on upper airway structure and function. 
Several designs have been extensively investigated and shown 
to be efficacious in a substantial number of patients, particularly 
those with mild to moderate OSA.18-21 The American Academy 
of Sleep Medicine practice parameters recommend the use of 
MAS as an alternative to CPAP for patients who prefer oral ap-
pliances or refuse or are unable to tolerate CPAP, particularly in 
mild to moderate OSA.22 A tongue stabilizing device (TSD) is a 
preformed appliance and uses suction to protrude the tongue and 
improve upper airway structure and function. The earlier designs 
were similar to a mouthguard, covering the upper and lower teeth 
to assist retention, with a flexible bulb into which the tongue was 
protruded.23 The current design has no dental coverage, reduced 
bulk, and has the bulb being retained in place only by suction. 
There are currently only limited data on the efficacy of the cur-
rent device, which is commercially available.24 As they are not 
reliant on the teeth for retention, TSD have been proposed as an 
option for patients with a reduced number or absence of teeth 
(hypodontia, edentulism), or compromised dental health (peri-
odontal disease). The aim of this study was to compare the ef-
ficacy of these 2 types of oral devices in typical OSA patients.

METHODS

Subjects

Twenty-seven patients were recruited from a sleep clinic in 
a university teaching hospital. The study was approved by the 
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institutional ethics committee, and all patients were provided 
with written informed consent. Inclusion criteria were age > 
20 years, ≥ 2 symptoms of OSA (snoring, fragmented sleep, 
witnessed apneas, daytime sleepiness) and evidence of OSA on 
polysomnography with an apnea hypopnea index (AHI) > 10 
per hour. Exclusion criteria were regular use of sedative medi-
cations, previous failure of an oral appliance for treatment of 
OSA, exaggerated gag reflex, edentulous patients, and < 10 
teeth per jaw or evidence of periodontal disease.

Experimental Design

A randomized crossover design was used (Figure 1). The 
patients had an 8-week acclimatization period (4 weeks with 
each device), during which they were provided with the de-
vices in random order and asked to complete questionnaires. 
Patients subsequently underwent 1-week intervention with 
each treatment in random order. One-week washout periods 
were applied prior to and between the treatment phases. Over-
night polysomnography was performed with the designated 
device at the end of each 1-week treatment phase as per previ-
ous studies.18,19

Two types of oral appliances were provided to the subjects. 
The MAS was a custom-made 2-piece device (Somnomed 
Ltd, Australia) with vertical extensions on the lower com-
ponent and ramps on the upper component which induced a 
forward mandibular posture as previously described (Figure 
2).18,20 For the current study, a non-titratable version of the de-
vice was used by not incorporating the usual adjustable screw 
mechanism. This was to permit patient participation in a 
separate magnetic resonance imaging research study with the 
device. A protrusive bite was taken with a 4-mm vertical inter-
incisal opening at 75% of the maximal comfortable protrusive 
range.18 Patients were instructed on insertion and removal of 
the MAS and advised to wear it during the sleeping period 
as much as possible. The tongue stabilizing device used in 
this trial was a preformed, non-adjustable silicon appliance 
constructed by injection molding (Aveo-TSD, Innovative 
Health Technologies, New Zealand) (Figure 3). Patients were 
instructed to rinse the device with water, place the flanges of 
the TSD on the outside of the upper and lower lips, insert the 
tongue into the bulb as far as was comfortable, then squeeze 
and release the bulb to generate suction. Patients were advised 
to increase the suction by protruding the tongue further and/
or squeezing the bulb more should the device loosen or be 
insufficiently retentive, or decrease the suction should there 
be excessive discomfort.

Treatment Outcome

The primary outcome for treatment efficacy was the apnea-hy-
popnea index (AHI) derived from standard nocturnal polysom-
nography (Compumedics Limited, Australia). Also measured 
were total sleep time, sleep time in REM, sleep time in NREM, 
arousal index (AI), sleep efficiency, minimum oxygen saturation 
(MinSO2), longest apnea, longest hypopnea, and mean duration 
of apneas and hypopneas. Apnea was defined as a cessation of 
airflow ≥ 10 s with oxygen desaturation > 3% and/or associated 
with arousal. Hypopnea was defined as a reduction in amplitude 
of airflow > 50% of the baseline tidal volume for > 10 s with an 
accompanying oxygen desaturation of ≥ 3% and/or associated 
arousal. Nasal airflow was measured using nasal prongs attached 
to a pressure transducer. Studies were scored by an experienced 
technician who was blinded to the treatment device.

OSA severity was classified according to the baseline AHI. 
Mild was defined as an AHI 5 to 15/h, moderate as AHI 15-30/h, 
and severe as AHI > 30/h. Treatment outcome was classified as 
follows: complete response (CR) was defined as a resolution 
of symptoms and a reduction in AHI to ≤ 5/h; partial response 
(PR) as an improvement in symptoms and ≥ 50% reduction in 
AHI, but where AHI remained > 5/h: and treatment failure (F) 
was defined as ongoing clinical symptoms and/or reduction in 
AHI < 50%. Compliance failure was defined as a patient who 
discontinued treatment.

Secondary outcomes were assessed using a standardized 
questionnaire used in our previous published studies.18,19 These 
included subjective snoring frequency and intensity, quality of 
sleep, daytime sleepiness,25 side effects, patient satisfaction, and 
appliance preference. Each questionnaire was completed by the 
patient at the end of the acclimatization phase after wearing 
each device for 1 month. Compliance, assessed by the number 
of weeks the patient wore the device in the 1 month available to 
acclimatize to each device, was also investigated.

Statistical Analysis

Data were analyzed using SPSS (Version 14 and 16). The 
polysomnographic results were subjected to paired Student’s t-
Tests to demonstrate any difference between MAS and TSD. 
Cross tabulation and Pearson χ2 tests (using linear-by-linear P 
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Figure 1—Schematic diagram summarizing the study design. 
PSG = polysomnography.

Figure 2—Photograph of upper and lower plates of the mandibu-
lar advancement splint.
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value) compared the percentage of patients within treatment 
outcome categories by appliance and OSA severity, as only 2 
devices were involved. Analysis of variance (ANOVA) was 
used to test for period and order effects. All descriptive statis-
tics are presented as mean ± standard deviation. The results of 
the questionnaires were assessed graphically. Due to the large 
number of tests carried out with unknown dependence, and al-
lowing for multiple tests, we replaced the standard significance 
level of 0.05 with a P value of < 0.01. A priori power calculation 
indicated that a sample size of 21 subjects was required to give 
a 90% power to detect a 50% reduction in AHI (P = 0.05), based 
on the data from our group’s previous study.18

RESULTS

Out of 27 patients initially recruited, 22 patients (16 male, 6 
female) completed the protocol. Two patients failed to complete 
the study for medical and work-related reasons, and 3 patients 
attended the first consultation, then subsequently withdrew for 
personal and time concerns unrelated to the nature of the de-
vices. The demographics and baseline data for the patients who 
completed the protocol (16 male, 6 female) are demonstrated 
in Table 1. Five patients had mild OSA, 11 had moderate OSA, 
and 6 had severe OSA. As 50% (3) of the female patients and 
19% (3) of the male patients were classified as severe OSA, 
males and females were grouped together for analysis. The 
mean anteroposterior mandibular advancement with MAS was 
77% of maximum protrusion (mean 4 mm, range 2-10 mm). 
There was no significant difference in body mass index (BMI) 
between severity groups.

Results of the polysomnography are detailed in Table 2. A de-
crease in AHI was recorded for 91% of the patients when using 
MAS and 77% of the patients when using TSD. Analysis of the 
effect of the appliances on AHI in supine and other body positions 
during sleep demonstrated that AHI between baseline and TSD, 
and baseline and MAS were significantly different (P < 0.001 in 
each case). There was a marginally significant reduction in REM 
sleep between baseline and TSD (P = 0.056), and between base-
line and MAS (P = 0.051), but not between TSD and MAS (P = 
0.72). Subgroup analyses comparing males and females demon-
strated little difference between MAS and TSD (data not shown). 
Of note, in 2 patients the TSD was only tolerated for less than 2 
hours during the polysomnographic study.

The treatment outcome with MAS demonstrated that 27.3% 
had a complete response, 40.9% had a partial response, and 

31.8% failed. With TSD 22.7% had a complete response, 22.7% 
had a partial response, and 54.5% failed. Linear-by-linear χ2 
tests demonstrated a trend towards a significant difference be-
tween TSD and MAS (P = 0.06). When assessing treatment 
outcome with both appliances compared with the patients OSA 
severity, no significant difference (exact linear-by-linear) was 
detected between the mild, moderate and severe OSA groups 
(MAS, P = 0.71; TSD, P = 0.23). Table 3 compares the num-
ber of patients in each category of treatment outcome for MAS 
and TSD. There were no significant period or order effects. Al-
though the analysis showed that there was significant interper-
sonal variability, there was not enough difference between the 2 
appliances to reach significance.

Snoring frequency improved from 81.8% of patients snoring 
5-7 nights per week at baseline to 11.1% with MAS and 13.6% 
with TSD. MAS eliminated snoring in 40.9% of patients com-
pared with 27.3% for TSD according to patient’s perception. 
With MAS all patients reported improvement in snoring sever-
ity, with 27.3% being very much improved and 59.1% being 
much improved. With TSD, fewer patients indicated a favor-
able change in snoring severity, with 13.6% being very much 
improved, 13.6% being much improved, and 22.7% reporting 
no improvement. As an indicator of daytime sleepiness, the 
Epworth Sleepiness Scale (ESS) score decreased significantly 
with MAS (3.50 ± 2.41, P = 0.000) and TSD (5.86 ± 4.63, P = 
0.002) compared with baseline (8.55 ± 5.12). Subjective com-
pliance was better for MAS, with regular use (every night of 
the week for ≥ 6 h per night) reported by 81.8% of patients, 
compared with 27.3% for TSD (Figure 4). The incidence of 
patients involuntarily removing MAS during the night was 
9% compared with 86.4% with TSD. At the 4-week follow-up 
appointment, MAS use was reported by 86.4% of the patients 
after 3 weeks, whereas 63.6% of patients discontinued use of 
TSD by 3 weeks. Side effects caused by MAS were jaw dis-
comfort (59.1%) and dryness of mouth (50%), compared with 
TSD, with which excess salivation (86.4%), dryness of mouth 
(59.1%), and soft tissue irritation (50%) were problematic. All 
patients were satisfied with MAS, and 90.9% of patients pre-
ferred this device. Satisfaction with the TSD was indicated by 
59.1% of the patients, with 3 patients being very dissatisfied.

DISCUSSION

Oral appliances are increasingly being used in the manage-
ment of OSA. The MAS is the more widely investigated oral 
appliance with an abundance of literature supporting its use in 
the management of OSA patients, particularly those with mild 
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Figure 3—Photograph of the tongue stabilizing device.

Table 1—Patient Characteristics at Baseline

 Mean ± SD Range
Age (years) 49.4 ± 11.0 24.8-65.3
Body mass index (kg/m2) 29.3 ± 5.6 20.6-38.3
Baseline AHI (/h) 27.0 ± 17.2 10.3-75.7
Baseline MinSaO2 (%) 84.3 ± 6.5 71-95

AHI = apnea-hypopnea index; MinSaO2 = minimum oxygen satu-
ration.
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to moderate OSA.18-20,26 Across a number of studies, complete 
and partial response to MAS have been demonstrated in an av-
erage of 65% of OSA patients.27 There is good understanding 
of the indications for the prescription of MAS and supervising 
this treatment modality. In contrast, the role of TSD remains 
uncertain due to a paucity of evidence, with a limited number 
of studies with small sample sizes and using several appliance 
designs.24,28-30 In our short-term randomized controlled study, 
we demonstrated that MAS and TSD had similar effects on 
AHI, but that MAS was associated with greater symptomatic 
improvement, compliance, and patient preference.

The primary outcome in this study was AHI; we found that 
it decreased in 91% of patients when using MAS and 77% of 
patients when using TSD.

The present study is the first comparative study for TSD and 
demonstrates that TSD can yield an improvement in AHI, al-
though in a lesser percentage of patients than MAS. Treatment 
outcome in this study was based on rigorous definitions, as pre-
viously reported by our group, which is a strength of our study. 
The percentage of patients with complete and partial response 
for TSD was lower than MAS, although this did not quite reach 
statistical significance. In addition the arousal index decreased 
significantly with MAS and TSD which is consistent with pre-
vious studies on MAS18,19,31 and TSD.24

The MAS used in this study has been rigorously evaluated in 
previous studies. In contrast to previous studies of this device, 
we used a titration strategy aimed at achieving mandibular ad-
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Figure 4—Comparison of compliance frequency reported by pa-
tients using MAS and TSD.

vancement at approximately 75% of maximal jaw protrusion, 
rather than the maximal comfortable limit of advancement. 
This was because the MAS design was modified to remove the 
titration screws for the purpose of undertaking MRI scans in 
a separate study. An actual advancement of 77% ± 8% (range 
2-10 mm) was achieved in this study. An important limitation 
of this study was that patients did not have further mandibular 
advancement as they acclimatized to MAS, which may have 
limited improvement in OSA in some patients. In support of 
this possibility is the lower complete response rate than previ-
ously reported by studies using this MAS design. Despite this 
limiting factor, the MAS provided significant clinical benefit.

The TSD appliance was non-adjustable, with the patient con-
trolling the amount of tongue protrusion and suction generated 
by the device. It was noted that patients protruded the tongue 
into the appliance by differing amounts and squeezed the bulb 
with differing force. There was no method to standardize the ap-
plication of TSD, with each individual having to establish his or 
her own comfort level. The forward tongue posture and stretch-
ing of the related soft tissues (especially the lingual frenum) 
may have caused discomfort, which in turn may have limited 
the amount of tongue protrusion and their potential response 
to TSD. The use of TSD in this manner reflects the real-life 
use of the device, which is intended by the manufacturer to be 
available over the counter for use in an unsupervised manner. 
We believe that clinical supervision is required to ensure patient 
safety and optimal outcome.

When the sequence of appliance provided first in the accli-
matization and trial phases was considered, no significant dif-
ference was detected in the treatment outcome, although there 
was variation between individuals. It was observed that patients 
who were provided with the TSD as their first device were more 
willing to persist with the appliance than those who received 
MAS first, and subsequently appeared less enthusiastic about 
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Table 2—Comparison of Polysomnographic Variables Between Baseline, MAS, and TSD

Variable Baseline MAS P Value TSD P Value
 Mean ± SD Mean ± SD  Mean ± SD
TST, min 400 ±51 347 ± 77 ns 320 ± 97 ns
REM sleep, min 53 ± 22 63 ± 28 ns 53 ± 31 ns
NREM sleep, min 286 ± 41 283 ± 64 ns 269 ± 76 ns
Arousal index/h 33 ± 16 21 ± 9 0.004 21 ± 11 0.001
Sleep efficiency % 80 ± 11 78 ± 17 ns 79 ± 11 ns
AHI/h 27 ± 17 12 ± 9 0.000 13 ± 11 0.002
MinSaO2 % 84 ± 7 87 ± 5 ns 88 ± 6 ns

TST = total sleep time; AHI = apnea hypopnea index; MinSaO2 = minimum oxygen saturation.

Table 3—Cross-Tabulation Showing Treatment Response with 
MAS and TSD

   MAS Response  Total
  Complete Partial Failure
TSD Response
 Complete 3 1 1 12
 Partial 1 4 0 5
 Failure 2 4 6 5
Total 6 9 7 22
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largely mild in nature, resolved within about 30 minutes of re-
moving the device, did not persist beyond 1 to 2 weeks and did 
not prevent the patients from using the MAS. The main side ef-
fects caused by TSD were reported as excess salivation (86.4%), 
dryness of mouth (59.1%), and soft tissue irritation (50%). The 
problems generated with TSD varied from mild to severe in na-
ture, and appeared to persist for up to or longer than 3 weeks. 
Several patients described a temporary tingling sensation to the 
tongue lasting approximately 30 minutes to 1 hour. Minor ulcer-
ation of the lingual frenum also occurred, and was addressed by 
enlargement of the “notch” to accommodate the frenum. If the 
patient’s lingual frenum inhibited their ability to protrude their 
tongue into the TSD, their response may have been suboptimal 
and in turn affected compliance. Patients also indicated swallow-
ing was more difficult with TSD due to the vertical mouth open-
ing. The reduction of AHI in supine sleep and slight reduction 
in REM sleep may have been influenced by the side effects, in 
particular excess salivation, however there was no statistically 
significant difference between MAS and TSD. The side effects 
were severe enough to prevent nearly half of the sample continu-
ing with the TSD, compared with MAS where the side effects did 
not prevent any of the subjects from using the device.

Our study had a number of potential limitations. The sample 
population was recruited from a sleep disorders clinic known 
for its research interest in dental treatments for OSA, and this 
could have resulted in a referral bias. As the characteristics of 
the sample population were consistent with other sleep apnea 
populations reported in the literature, it would appear that bias 
was minimal. Our sample size was small, raising the possibil-
ity of a type 2 error, although our priori sample size calcula-
tion suggested the sample size was adequate. Despite this, the 
results from the study usefully inform clinical practice in this 
area. Reduced titration of the MAS may have resulted in a 
lower response rate, thereby reducing the apparent difference 
in treatment effects. Similarly, the inability to standardize the 
TSD suction levels and degree of tongue protrusion, which are 
unable to be measured, may have affected treatment outcome. 
The randomized crossover design, while an important strength 
of this study in eliminating between-patient variability, had a 
relatively short duration. Questionnaires were useful in pro-
viding feedback on the patients experience with the devices, 
but they relied on the accuracy of patient reporting, which may 
have resulted in responses that minimized or exaggerated the 
experience of patients. More information may have been ob-
tained if the patients had been able to use each appliance for a 
longer period prior to the testing phase of the study. The impor-
tant question of clinical effectiveness was not resolved by our 
short-term study.

In conclusion, this study showed that 4 weeks of MAS and 4 
weeks of TSD can improve the parameters of OSA, including 
daytime and nocturnal symptoms. Although the findings sug-
gest similar treatment effects of the two appliances in terms of 
reducing AHI, the higher complete response rate, overall ac-
ceptance, and compliance with MAS suggest it is a superior 
treatment for OSA in the clinical setting. However for subjects 
who are able to tolerate TSD, or are inappropriate for MAS 
(e.g., insufficient teeth), this may be a viable treatment option, 
and further work is required to evaluate the role of TSD in the 
management of OSA.

TSD. Patients appeared to find the MAS more comfortable and 
easier to manipulate than the TSD. In addition, 13 of 22 patients 
achieved the same category of response to treatment with both 
MAS and TSD. This suggests that some patients may consis-
tently respond to either form of oral appliance. and raises the 
issue of predictive parameters that could be used to identify 
such “responders.”

Subjective evaluation of snoring frequency and severity 
showed both MAS and TSD were regarded by the patients (and 
their partners) as providing an improvement, however TSD was 
reported to produce less improvement than MAS. O’Sullivan 
and colleagues32 found a reduction of 18% in snoring frequency 
and 15.8% in snoring intensity using MAS. Kingshott and col-
leagues24 found the TSD significantly reduced snoring frequen-
cy in the 61-70 decibel range, but did not alter snoring in other 
decibel ranges.

Quality of sleep was improved with oral appliance therapy 
as has been demonstrated in other studies.18,27,33 Mehta et al.18 
demonstrated a combined improvement in snoring, sleep qual-
ity and daytime sleepiness in 83% of the patients with MAS. 
In an evidence-based review of 87 articles by Ferguson et al,27 
it was concluded that effects on sleepiness and quality of life 
were apparent yet improvements in other neuro-cognitive out-
comes were less consistent when using oral appliances. In this 
study all patients reported improvement in quality of sleep with 
MAS, compared with 45% with TSD.

Objective compliance with oral appliances in the manage-
ment of OSA is difficult to ascertain. While there has been a 
report of an objective compliance measuring device, this is not 
routinely available.34 Hence we relied on self-report for this 
study. Compliance, as indicated by the number of nights per 
week worn (minimum 6 hours per night), was assessed over a 
4 week period and divided into 4 groups: regularly (worn every 
night of the week), occasionally (worn 3-4 nights of the week), 
rarely (worn 1-2 nights of the week), and not at all (device 
never worn). Compliance was better for MAS and was compa-
rable to other MAS studies. Mehta and colleagues18 reported a 
compliance rate of 87.5% with MAS at one month. There is no 
literature to assess compliance with TSD but it can be assumed 
that like MAS, compliance rates are likely to decrease relative 
to the length of follow-up. To further appreciate the compliance 
issues patients were asked if they unknowingly removed the ap-
pliances during the night. Patients involuntarily removed MAS 
during the night in 9% of cases compared with 86.4% of cases 
for TSD, with the device often ending up on the bedside table. 
This was further evidenced by the fact that 2 patients were only 
able to tolerate the TSD for less than 2 hours during the efficacy 
polysomnograph. This appears to be a major limitation of TSD. 
In addition, MAS use was reported by 86.4% of the patients 
after 3 weeks, however 63.6% of patients discontinued use of 
TSD by 3 weeks. Patient satisfaction is likely to be a key influ-
encer of compliance. In our short-term study all patients were 
satisfied with MAS and 91% of patients preferred this device. 
Satisfaction with TSD was indicated by only 60% of the pa-
tients, with 3 patients being very dissatisfied.

Both MAS and TSD resulted in patients reporting side ef-
fects, with each appliance producing a different type and severity 
of problems. For MAS the main concerns were jaw discomfort 
(59%) and dryness of mouth (50%). These side effects were 
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Abstract

Obstructive sleep apnea is an anatomic illness caused by evolutionary changes in the human upper respiratory tract. These changes include

shortening of the maxillary, ethmoid, palatal and mandibular bones, acute oral cavity-skull base angulation, pharyngeal collapse with anterior

migration of the foramen magnum, posterior migration of the tongue into the pharynx, descent of the larynx and shortening of the soft palate

with loss of the epiglottic–soft palate lock-up. While it is commonly believed that some of these changes had positive selection pressures for

bipedalism, binocular vision and locomotion, development of voice, speech and language ultimately became a substantial contributing

factor. Here it is shown that these changes are the anatomic basis of obstructive sleep apnea.

q 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the possible exception of brachycephalic dogs, such

as the English Bulldog, man is the only mammal that

experiences obstructive sleep apnea (OSA) [1,2]. The adult

Homo sapiens supralaryngeal vocal tract (SVT) differs from

that of close ancestors and other mammals by: the presence

of a short face or splanchnocranium made up of the

mandible, palate, ethmoid, maxilla and sphenoid; a narrow

elongated supralaryngeal vocal tract (SVT); an anterior

foramen magnum and oropharyngeal tongue; a descended

larynx and shortened soft palate with loss of the epiglottic–

soft palate lock-up; and an acute oral cavity–skull base

angle (Table 1). These anatomic features facilitated man’s

ability to speak and to develop language (Table 2). This very

same anatomy, a product of man’s evolution, predisposed

man to the development of OSA.

The natural selection pressure for speech and language

was so strong that the undesired consequence of OSA was

carried forward to modern man. Based on this reasoning,

obstructive sleep apnea is an anatomic illness.

As the terminology for this region can be confusing,

Table 3 defines the overlapping nomenclature.

2. Acquisition of speech

Speech and the ability to communicate separated man

from the remainder of the animal kingdom and permitted

humans to evolve into advanced civilization. Jared Dia-

mond, a physiologist at UCLA, has labeled this evolutionary

change ‘The Great Leap Forward’ [3]. Diamond postulates

that The Great Leap Forward occurred approximately

40 000 years ago (40 ka). Prior to that, man possessed

tools and a sizeable brain, but little progress had occurred

for hundreds of thousands of years. Forty ka ago, the SVT

anatomy and the necessary neural connections were

completed so that man could speak and create language.

Diamond sites strong selection pressure for voice, speech

and language. This pressure was a substantial contributing

factor for evolutionary change in the anatomy of the SVT

[3].

One can easily imagine the survival advantage of those

groups that could speak over those that could only grunt.

Speaking humans could communicate messages pertaining

to defense and food acquisition and could learn from the

generations that came before them. Prior to the presence of
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speech, information was acquired slowly and knowledge

was not easily passed on. With speech came language and

then the written word. When language was developed and

then recorded, massive bodies of knowledge were accumu-

lated. Man could now learn from more that his own

experiences. The following excerpts summarize Diamond’s

reasoning [3].

The identity of the ingredient that produced the Great

Leap Forward poses an archaeological puzzle without an

accepted answer. It doesn’t show up in fossil skeletons. It

may have been a change in only 0.1 percent of our DNA.

What tiny change in genes could have had such

enormous consequence?Like some other scientists who

have speculated about this question, I can think of only

one plausible answer: the anatomical basis for spoken

complex language.The answer seems to involve the

structure of the larynx, tongue, and associated muscles

that give us fine control over spoken sounds. Like a Swiss

watch, all of whose many parts have to be well designed

for the watch to keep time at all, our vocal tract depends

on the precise function of many structures and

muscles.That’s why it’s plausible that the missing

ingredients may have been some modifications of the

protohuman vocal tract to give us finer control and permit

formation of a much greater variety of sounds.It’s easy to

appreciate how a tiny change in anatomy resulting in

capacity for speech would produce a huge change in

behavior. With language, it takes only a few seconds to

communicate the message, “Turn sharp right at the fourth

tree and drive the male antelope toward the reddish

boulder, where I’ll hide to spear it.“ Without language,

two protohumans could not brainstorm together about

how to devise a better tool or about what a cave painting

might mean. Without language, even one protohuman

would have had difficulty thinking out for himself or

herself how to devise a better tool.

3. Hypothesis

The anatomic piece of the Great Leap Forward is a 1:1

ratio of the vertical (SVTV) to horizontal (SVTH) portions of

the SVT. SVTH includes the vocal tube from the lips to the

pharynx. SVTV includes the vocal tube from the pharynx to

the vocal cords [4], Additional required changes include

buccal speech and a narrow, distensible, angulated SVT.

The hypothesis is that the anatomic changes that created this

SVT contributed to Homo sapiens’ recent upper respiratory

tract evolution and resulted in the development of

obstructive sleep apnea (OSA).

4. Methods

Comparative anatomy and the principle of ontogeny

recapitulates phylogeny were used to examine the evol-

utionary changes from pre-hominid primates to anatomi-

cally modern (a.m.) Homo sapiens. Pan troglodytes is a.m.

Homo sapiens’ closest living primate relative [3], and is

used for much of this comparison.

5. Klinorynchy

Laurence Barsh describes klinorynchy as the posterior

migration of the splanchnocranium (facial skeleton) under

the neurocranium (brain case) [1]. This has resulted in

several changes in the maxilla, palate, ethmoid and

mandible. According to study of the phylogenetic evolution

of the splanchnocranium, the maxilla and other facial bones

moved posteriorly [5,6]. The mandible followed, moved

posteriorly, and rotated downward, as reflected in an obtuse

gonial angle. Absent other change, this posterior migration

would cause the pharynx to be compressed. In order to

preserve the pharynx for both respiration and deglutition,

the mandible, maxilla, ethmoid and palate were shortened.

Fig. 1 morphs the common chimpanzee to modern man,

showing these changes.

Further evidence of this change is seen in the teeth. The

dentition in man is crowded, as proven by the fact that man

is the only primate with impacted third molars. David

Roberts writes, “It is well known that dentitions are more

Table 1

Anatomic changes facilitating speecha

Short maxilla/mandible

Short ethmoid and palate

Anterior foramen magnum

Acute cranial base angulation

Oropharyngeal tongue

Descended larynx

Shortened soft palate

Loss of epiglottic–soft palate lock-up

Narrow, distensible supralaryngeal vocal tract (SVT)

1:1 ratio of the SVTV to SVTH

a The SVT includes the larynx, pharynx, nasal cavity and oral cavity.

SVTV is the vertical segment and SVTH is the horizontal segment.

Table 2

Anatomic requirements and SVT changes for modern speech

Requirements Changes

1:1 ratio SVTV to SVTH Klinorynchy

Laryngeal descent

Buccal speech Laryngeal descent

Shortened soft palate

Loss of epiglottic–soft palate lock-up

Narrow, distensible,

angulated SVT

Klinorynchy

Anterior migration of foramen magnum

Oropharyngeal tongue

Acute craniobase angulation
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conservative in terms of genetic change than are other parts

of the skeleton” [5]. A.E.W. Miles writes, “In summary,

over the past 20 million years or so man’s dentition has been

slower to change than other parts of him” [7]. This is shown

schematically in Fig. 2.

A noteworthy part of this change is that as the dental

arches shorten, they expand laterally. This has obvious

implication for expansive orthodonture to prevent OSA.

These effects, namely foreshortening of the maxilla, palate,

ethmoid and mandible, resulted in the shortening of the oral

cavity (SVTH) and contributed to the narrowing of the

pharynx [4].

6. Laryngeal descent

V.E. Negus describes descent of the larynx in the classic

text, The Comparative Anatomy and Physiology of the

Larynx. Negus reviews comparative anatomy of the larynx

beginning with the earliest creature that ventured from

water onto land for food or burrowed in the mud and was

forced to breathe air during the dry season. He then follows

the progression of the organ. The larynx evolved very early

as a protective sphincter for the air-containing sac that

ultimately became the lungs. Negus views the larynx as an

organ developed primarily to separate the alimentary and

respiratory tracts [8].

Negus describes the evolution of the larynx in relation to

the development of speech, “From the observation of all

species in respect to their anatomical structure and their

physiological necessities, it is concluded that the primary

function of the epiglottis is to subserve the sense of smell”

[8]. As many animals are dependent on their sense of smell

to detect prey and to avoid noxious foods and dangerous

predators, it was mandatory for the olfactory tract to be open

at all times, especially during inspiration, expiration and

deglutition.

The larynx and the epiglottis in all animals reside

superior to the oropharynx. In many mammals, including

dolphins, bears and dogs, the larynx sits at the skull base.

The monkey’s larynx is between the skull base and the first

cervical vertebrae. The cat and the squirrel have the lowest

Fig. 1. Klinorynchy as demonstrated by the evolution from Pan troglodytes

to Homo sapiens. The lower right figure is a midsagittal view of Pan

troglodytes. The upper left figure is a midsagittal view of Homo sapiens,

with the tongue drawn in the awake position, i.e. with the tongue base

pulled forward. The upper right figure shows the splanchnocranium of Pan

troglodytes combined with the neurocranium of Homo sapiens. The lower

left figure shows the neurocranium of Pan troglodytes combined with the

splanchnocranium of Homo sapiens. The key changes have not been driven

by the expansion of the neurocranium over the mid-face, but rather the

retrusion and inferior rotation of modern man’s mid and lower face. Visible

Productions, 2001.

Table 3

Termsa

Upper respiratory tract The air passage above the vocal cords, including nose, nasopharynx, oropharynx and larynx

Upper aerodigestive tract Upper respiratory tract plus the hypopharynx and oral cavity. Includes the nose, oral cavity, nasopharynx,

oropharynx, hypopharynx, and larynx. If one opens the mouth, the oral cavity becomes part of the upper

respiratory tract. With this inclusion, the only difference between the upper respiratory tract and the upper

aerodigestive tract is the hypopharynx

Supralaryngeal vocal cord tract (SVT) The voice passage from vocal cords to oral lips; therefore the supraglottis, oropharynx and oral cavity. The

vertical segment, SVTV, extends from the vocal cords to the top of the oropharynx. The horizontal segment,

SVTH, extends from the lips to the posterior wall of the pharynx

Obstructive sleep apnea (OSA) Disruption in sleep caused by anatomic obstruction in the upper respiratory tract.

Sleep disordered breathing (SDB) A broader category of breathing disorders during sleep, including OSA, snoring, Cheyne Stokes breathing,

hypoventilation syndrome, upper airway resistance syndrome (UARS). SDB and OSA are often used

interchangeably. SDB is increasingly the preferred term among sleep medicine experts

Klinorynchy The migration of the splanchnocranium (face) under the neurocranium [1,5]

Homo sapiens Genus and species of man, anatomically characterized by “a high round cranium, a chin, a small orthognathic

face, as well as reduced masticatory apparatus and brow ridges.” [13]. Anatomically modern Homo sapiens first

appeared 250–300 ka and is designated as a.m. Homo sapiens or as subspecies Homo sapiens sensu stricto

a As different definitions describing the upper respiratory tract have been developed for different purposes, the nomenclature is overlapping and potentially

confusing. These are terms used in this paper.
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lying larynx, which resides at the top of the first cervical

vertebrae.

Only man has a descended larynx. The larynx is located

between the third and fourth cervical vertebrae in the human

newborn and is located at the bottom of the fourth cervical

vertebrae in the human adult, as depicted in Fig. 3. Fig. 4

shows these relationships in the dog, the chimpanzee, the

infant human and the adult human. In terms of the

relationship between soft palate and epiglottis, it is found

that the majority of animals do not have a uvula. Instead, the

soft palate extends posteriorly and inferiorly, further

separating the airway from the alimentary tract. The

uvula, in fact, is the remnant of the long soft palate [8].

Negus’ view of the evolution of speech is summarized as

follows. As primates assumed an upright position, they

began to rely more on vision than olfaction. This permitted

the degeneration of the sense of smell and liberated the soft

palate [8].

The degeneracy of the sense of smell liberated the soft

palate from the necessity of contact with the epiglottis

and allowed a gap to be interposed between the two.

After separation had occurred it became easy for

laryngeal sounds to escape from the mouth and for the

oral cavity and lips to enter into the formation of vowel

sounds and consonants.

The lock-up between the soft palate and epiglottis is seen

throughout the animal kingdom. Fig. 5 shows the epiglot-

tic–soft palate lock-up in the goat, Capra hircus. It is only

in man that this lock-up is lost, due to laryngeal descent and

shortening of the soft palate. These changes allowed man to

acquire buccal speech.

7. Oropharyngeal tongue

Crelin notes that man is the only animal whose tongue

resides partially in the pharynx. In all other animals,

including non-human primates, the tongue resides exclu-

sively in the oral cavity. Crelin does not clarify whether the

Fig. 2. Maxillae of Pan troglodytes, Homo erectus and Homo sapiens. Homo sapiens’ maxilla is short and wide. The teeth are crowded. The shortening of the

maxilla is depicted in the lateral views. The arrows on the figure’s right depict the anterior rim of the foramen magnum and serve as a reference point for the

posterior pharynx. Note the narrowing of the pharynx as depicted by the distance from the posterior maxilla to the anterior foramen magnum. From Miles [7].

Reprinted by permission from The Royal Society of Medicine.
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human oropharyngeal tongue is a result of the shortened oral

cavity, descent of the larynx or some other reason [9].

Negus also describes the retro positioning of the tongue.

Negus opines that the tongue is primarily designed for

mastication and that a shorter tongue would do for bolus

formation. As klinorynchy progressed and the jaws receded,

the tongue was pushed posteriorly. The human oral cavity is

far smaller than that of a similar sized non-hominid primate,

yet the tongue remains approximately the same volume. The

tongue is therefore oversized, and according to Negus, has

thus pushed the larynx inferiorly. The tongue now protrudes

into the oropharynx and whereas in most animals the tongue

is relatively flat, the tongue in man is curvilinear, bulky, and

folds both posteriorly and inferiorly [8].

It seems more likely that the larynx descended to enable

speech. The tongue followed the laryngeal descent and filled

the pharynx. The undulating dorsal lingua of an open

mouthed gospel singer is a persuasive example of the

tongue’s role in speech. Perhaps it is not by accident that

humans have an oropharyngeal tongue, but rather by design,

for this organ facilitates both speech and deglutition.

8. Pharyngeal collapse and anterior migration of the

foramen magnum

Crelin also examines the base view of the skull. He notes

that in adult a.m. Homo sapiens the space from the palate to

the foramen magnum is shorter than the same space

belonging to other adult primates. In addition, Crelin writes

that the base of the newborn and young Homo sapiens skull

was similar in proportion to the adult chimpanzee and other

non-hominid primates. The distance and space between the

posterior palate and anterior foramen magnum indicates that

this space was available for the pharynx. For purposes of

olfaction, bigger is better. For purposes of speech, smaller is

better and this is exactly what evolved in humans.

Examination of primate skulls shows that the foramen

magnum is located more anteriorly, the closer one gets to

modern man [9]. While it is opined that this is a favorable

change for man’s upright stance, it can also be argued that

man requires a narrow, distensible pharynx to facilitate

speech.

The anterior migration of the foramen magnum is also

part of the evolutionary change to facilitate speech. This is

seen in Fig. 2.

9. Craniobase angulation

Craniobase angulation is the relationship between the

maxilla, ethmoid, sphenoid and basioccipital bones. This is

the bend in the two-tube SVT, the angulation between SVTV

and SVTH. Lieberman and McCarthy examine the ontogeny

of cranial base angulation in humans and chimpanzees.

They report that craniobase angulation occurred early in

Homo sapiens, and that flexion is seen in humans whereas

extension is found in non-human primates. In a.m. Homo

sapiens, the cranial base flexes 8–168 postnatally, but in

Pan troglodytes (common chimpanzee) 15–288 extensions
are seen. Accepting the premise that ontogeny recapitulates

phylogeny, these changes contribute to the rotation aspects

of klinorynchy. Lieberman postulates that this created an

advantage for the development of speech, for the acute

angle between SVTV and SVTH facilitates speech [10].

10. Speech

Lieberman describes human language from an evol-

utionary perspective in his book Eve Spoke. The production

of speech begins in the larynx. As the vocal cords adduct

and air is expelled, a sound is produced. This is called the

pitch [11].

The major factor that differentiates words in all human

languages, however, is not the pitch of a person’s voice.

The tube above the larynx, called the supralaryngeal

vocal tract (SVT) like the clarinet’s tube, filters the sound

Fig. 3. Epiglottic–soft palate lock-up as viewed from the posterior pharynx.

(a) In the human infant, the epiglottis overlaps the soft palate and food is

diverted laterally around the epiglottis. Alimentation and respiration can

occur concurrently. In animals, there is no uvula and the soft palate hangs

like a curtain, further separating the alimentary and respiratory tracts. (b) In

the human adult, the larynx is descended, the soft palate is shortened and

the epiglottic–soft palate lock-up is lost. While food theoretically channels

around the larynx, there is constant risk of aspiration. As Charles Darwin

wrote, “…every particle of food and drink which we swallow has to pass

over the orifice of the trachea, with some risk of falling into the lungs,

notwithstanding the beautiful contrivance by which the glottis is closed”

[12]. Visible Productions, 2001.
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produced by the larynx.Changing the position of the

pharynx, tongue and lips produces speech. The nasal

cavity plays a minor role in speech production.

The structure of the SVT provides man with the ability to

vocalize the vowels and consonants that constitute human

speech. Lieberman and others point out that the major

disadvantage of the SVT is that food can be accidentally

inhaled. He points out that in 1859 Darwin noted, “…the

strange fact that every particle of food and drink we swallow

has to pass over the orifice of the trachea with some risk of

falling into the lungs” [11,12]. Lieberman writes [11],

The human vocal tract has other liabilities. Our

mouths and jaws are shorter than those of non-

human primates are. If you compare a human jawbone

and upper jaw with a Neanderthal’s it becomes

obvious that there is lots of space for Neanderthal

Fig. 4. The epiglottic–soft palate relationship and the descent of the larynx. (a) In the dog, Canis familiaris, the tongue resides exclusively in the oral cavity, the

epiglottis and soft palate are locked up and the larynx resides high in the neck. (b) In the common chimpanzee, Pan troglodytes, the tongue resides exclusively

in the oral cavity, the epiglottic–soft palate relationship persists and the larynx is high. (c) In the infant Homo sapiens, the epiglottic–soft palate lock-up

persists (ontogeny recapitulates phylogeny), the larynx is high and the tongue is primarily in the oral cavity. As the juvenile matures, the larynx descends and

the tongue falls into the pharynx. (d) In the adult Homo sapiens, the epiglottic–soft palate lock-up is lost. The larynx is descended. The tongue protrudes into

the pharynx. Visible Productions, 2001.
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teeth. Neanderthals never had impacted wisdom teeth.

Though our teeth are smaller than those of Homo

erectus or Neanderthals, there is less room for them.

Negus also recognizes the problems of the modern SVT.

According to Lieberman, Negus makes it clear that, [8,11]

The right angle bend in the human vocal tract also

reduces the respiratory efficiency of our upper airways.

So we can conclude that having a human vocal tract with

a low larynx increases our chances for immediate death

by asphyxiation, increases the chances for a slower death

by infection from impacted wisdom teeth, reduces the

chances of survival when food supplies are limited (the

‘normal’ condition for most people past and present) and

restricts breathing to a degree. In fact, the only function

that is better served is speech production.

There is a cognitive piece to this story. Simply having a

modern SVT is not the only necessary component for speech

and language. Though the neural connections and develop-

ment are not described here, the brain clearly had to evolve

as well.

11. 1:1 Ratio of the SVT

A great deal of attention has been directed toward

modeling the SVT. This allows the linguist to study speech

production. Vowel formation is the most important element

of speech, and it is generally accepted, primarily from

computer models, that the maximum vocal clarity occurs

when the length of the oral cavity (SVTH) and the length of

the pharynx (SVTV) are approximately equal, i.e. the ratio of

oral cavity to pharyngeal length is approximately 1:1 [4,11].

This is shown in Fig. 6. Lieberman argues that Neanderthals

would not have been able to articulate as well as modern

man, because, given the length of the Neanderthal’s oral

cavity, the larynx would have been descended into the chest.

Homo sapiens is not a descendant of Homo neanderthalis.

Lieberman presumably uses this example to show the

importance of klinorynchy with laryngeal descent.

Fig. 5. Midsagittal view of Capra hircus (goat). Note the high position of the larynx relative to the descended position in man, the relationship of epiglottis to

soft palate (epiglottic–soft palate lockup), the facial projection, the long maxilla and mandible, the length of the sphenoid bone, the obtuse craniobase angle,

the long palate to foramen magnum distance, and the small, flat tongue, which resides exclusively in the oral cavity. From McCracken TO, Kainer RA,

Spurgeon TL. Spurgeon’s color atlas of large animal anatomy. Philadelphia: Lippincott Williams & Wilkins, 1999; p. 83. Reprinted by permission from

Lippincott Williams & Wilkins, q1999.
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Neanderthals have been used as the generic robust stone age

man. This is depicted in a drawing from Lieberman’s text,

and reproduced in Fig. 7. This is an important point, because

the evolution of the SVT to optimize speech required an oral

cavity and a pharynx equal in length. The descent of the

larynx and the shortening of the oral cavity accomplished

this.

The angulation between the pharynx and oral cavity

enhances the ability to produce vowel sounds [9]. While one

could argue that this angulation was part of man’s adoption

of an upright posture, it may have evolved to enhance

speech [10].

12. Evolution vs. revolution

Was there an adverse selection for sleep apnea? Other

than an occasional snorer who was killed by his cavemates,

most likely there was not negative selection for sleep apnea.

The adverse health consequences of OSA do not manifest

until the age of 40–60 years, an age well past most

reproductive activity and until recently, past the life

expectancy of Homo sapiens.

The issue of when these anatomic and behavioral

changes occurred is still an issue of great discussion

among modern anthropologists [13]. There is controversy

over whether the changes occurred rapidly, i.e. a revolution

in 40–50 ka, or more slowly, first appearing 250–300 ka

ago. The vast body of literature on this subject has other

explanation for the anatomic changes discussed herein.

Most focus on bipedalism, binocular vision and locomotion.

This paper does not side with any one theory. The

described changes may have had selective advantage for

reasons other than speech. The important point is that

speech contributed to upper respiratory tract evolution and

the changes that occurred in the SVT anatomy. These

changes, perhaps the final changes in the upper respiratory

tract, had the adverse outcome of obstructive sleep apnea.

13. Discussion

To recapitulate, modern Homo sapiens’ upper respiratory

tract anatomy evolved for several reasons. One reason was

to facilitate speech. The pharynx was narrowed to form a

narrow, distensible tube for better sound modulation by

rotation of the foramen magnum anteriorly, migration of the

palate posteriorly and shifting of the tongue into the

oropharynx. Oral/buccal speech was generated as the larynx

descended and the soft palate shortened, causing loss of the

epiglottic–soft palate lock-up. A 1:1 ratio of the SVTV to

SVTH, vocal cords to pharynx and pharynx to incisors/lips

was created by laryngeal descent and klinorynchy, the

foreshortening of the face by contraction of the ethmoid,

maxilla, palate and mandible. Craniobase angulation further

improved vocal quality.

The obstructing anatomy is clearly a soft tissue

phenomenon, as it is absent during the day and is present

at night. The soft tissue is suspended and supported by the

underlying skeleton. Soft tissue obstruction sites during

sleep include the nose, upper and lower pharynx and

occasionally the larynx. The premise of this paper is that the

changes in skeletal anatomy have positioned the soft tissues

so that they now obstruct respiration during sleep. Obesity

and old age compound sleep disordered breathing (SDB),

obstructive sleep apnea (OSA) included.

SDB is a prevalent, morbid and mortal illness [14,15]

affecting 24% of adult males and 9% of adult females [16].

SDB is a risk factor for hypertension [12–19]. It causes

early death by stroke and heart attack. It complicates all

cardiovascular disease, especially for those with angina,

heart failure, TIAs, and for CVA survivors. SDB

Fig. 6. Ratios of distances from incisor to pharynx and pharynx to larynx in Homo sapiens and Pan troglodytes. The 1:1 SVTV to SVTH ratio is shown on the

left. For comparison, the same ratio for the common chimpanzee is shown on the right. Visible Productions, 2001.
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predisposes to accidents on the road, at home and at work.

SDB causes daytime sleepiness with loss of creative

productivity, diminished personal energy and failing

personal relationships, since snoring is associated with

bedroom disharmony. SDB is also associated with heart

failure, hypercapneic COPD, nocturia, retinal hemorrhage,

epilepsy and pacemaker dependant arrhythmia [14,15].

14. Conclusion

OSA is an adverse consequence of man’s upper

respiratory tract evolution. Speech was a substantial

contributing factor. This has important implications for

further study. Anthropologists must add this to their study of

evolutionary change. Investigation of the genetics of

craniofacial growth and development as well as the genetics

of growth and development of the SVT is essential to

current and future knowledge. Perhaps we can genetically

modify or orthodontically create a larger or wider mandible

and maxilla. Given that we do not want to impair speech, is

it possible to genetically or surgically modify the mandible,

maxilla, palate, pharynx and tongue to maintain vocal

quality, to reduce the propensity for OSA? It may be that the

oropharyngeal tongue must be studied by neurobiologists

with the goal of making this a muscle of respiration, which

contracts during sleep [20]. Perhaps there are other

contributing soft tissue changes such as a floppy epiglottis

or lax pharyngeal musculature.

Most of the anthropologic study has focused on the

lateral view, i.e. the sagittal section, and to a lesser degree,

on the base view (axial examination). Study is needed for

the axial and coronal perspectives.

Is the SVT still evolving? Can the situation worsen? Are

we raising a society condemned to nightly positive airway

pressure (CPAP) for the second half of their lives? It should

be obvious that these evolutionary changes are also the

anatomic basis for difficult laryngoscopy and intubation.

The descended larynx, the oropharyngeal tongue and the

acute craniobase angulation are the primary contributors.

Mandibular and maxillary shortening are contributing

factors for infection and dysfunction associated with

unerupted third molars. This may contribute to tempor-

omandibular joint dysfunction syndrome and orthodontic

issues as well. Foreshortening of the maxillary and ethmoid

bones may have squeezed the osteomeatal complex, folding

the uncinate over the ethmoidal infundibulum and compres-

sing the drainage space for the paranasal sinuses, thereby

predisposing a.m. Homo sapiens to chronic sinusitis.

Aspiration and acute airway obstruction are also a

consequence of the laryngeal descent.

It is interesting to speculate on the relative fitness

evolutionary pressures of bipedalism, binocular vision,

locomotion and speech. Bipedalism must have come first.

Locomotion contributed throughout. Even today, speed is

an asset. Binocular vision is a nice theory, but in reality,

does not require a shorter snout. Oral speech occurred late in

the evolutionary process, but once it appeared, exhibited

high fitness advantage and substantially influenced the final

and recent changes in the upper respiratory tract.

The views presented in this paper represent an anatomic

perspective. A separate and concurrent series of events must

have occurred in the central nervous system and contributed

to speech, sleep and obstructive sleep apnea.
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Fig. 7. Why a Neanderthal could not have a human vocal tract. “If we place

a modern human tongue that corresponds to a mouth and pharynx that have

equal lengths on the ‘classic’ La Chapelle-aux-Saints fossil, the larynx ends

up positioned below the neck. That’s most unlikely. The tongue contour for

this sketch was derived from cineradiographic studies of living humans

talking by Peter Ladefoged and his colleagues at UCLA; it is the tongue of a

normal adult woman. A smaller tongue would not be able to push food

backward and downward to allow the Neanderthal to swallow. The spinal

column of the Neanderthal is modern and has the lordosis, or curvature, of a

normal human adult. The skull is also positioned on the standard ‘Frankfurt’

plane used to compare the skulls of various primates. The problem arises

because the length of the Neanderthal mouth is outside the range of modern

human beings. William Howells at Harvard University established this fact

by studying different human population groups.” From Lieberman [11], p.

93. Reprinted by permission from W.W. Norton & Co. Inc, q1998.
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