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Abstract 

 

Background:  In prosthodontics, controversy exists about maxillo-mandibular (mx/md) 

relationship changes that may be needed to improve esthetics and function.  Alterations in 

mandibular position may have an impact on airway size and head position.  The primary 

aim was to compare the immediate effect of three different methods of altering the 

mx/md relationship in an adult population; on pharyngeal measurements of mean and 

minimum cross-sectional area (CSA) in the upright position, at functional residual 

capacity (FRC) using acoustic reflectometry (AR).  The secondary aim was to assess 

head position changes for these three mx/md relationship positions using a cervical range 

of motion (CROM) device.  

Methods:  Fifty adult subjects range 18-84 years (average 46 years) using a crossover 

double-blind trial had three mx/md relationship positions recorded; centric relation (CR), 

phonetic bite (PB) and maximum intercuspal position (MIP).  

The subjects were assessed for pharyngeal CSA, at FRC and head position after a 15-

minute habituation period.   The outcomes were measured using repeated-measures 

ANOVA for airway and Friedman’s non-parametric test for head position. 

Results: The average mean (SD) cross-sectional areas were CR 2.62 (0.48) cm
2
; MIP 

2.62 (0.56) cm
2
 and PB 2.68 (0.53) cm

2
 (p value=0.663).  The average minimum cross-

sectional areas were CR 1.60 (0.52) cm
2
; MIP 1.70 (0.49) cm

2
 and PB 1.62 (0.53) cm

2
 (p. 
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=0.271). There was no statistically significant difference for the mean and minimum 

cross-sectional area between the three-mx/md relationships. The median head position 

were CR 0° horizontal, 4° sagittal and 0° coronal; MIP 0° horizontal, 4° sagittal and 0° 

coronal; PB 0° horizontal, 2° sagittal and 0° lateral. There was no statistically significant 

difference for the change in head position (horizontal p.=0.956, sagittal p.=0.155 and 

coronal p.=0.451) between the three mx/md relationships.  

Conclusion: The findings suggest that the mx/md relationship change from MIP to CR 

and PB did not affect pharyngeal CSA at FRC or head position in the awake subject.  

These findings provide clinicians with the ability to feel relatively confident to restore 

prosthodontic reconstructions, to any of these positions without concern for airway or 

head position changes in the awake patient.  
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Introduction 

Background  

The dentist’s role is to maintain the health of the masticatory system.  In order to provide 

optimum care various dental disciplines change the maxillo-mandibular (mx/md) 

relationship by altering either the size or shape of the maxilla, mandible, and teeth, or by 

positional changes of the mandible.  As alterations to the mx/md position also affect the 

head position and airway size, these two characteristics need to be considered when 

treatment planning.  

In prosthodontics, Niswonger was first to describe the need to change the mx/md 

relationship by altering the anterior-posterior (A-P) and vertical dimensions.
 1

  The 

mandible is often repositioned to improve esthetics and function, as in the case of the 

worn dentition when there is insufficient room to restore the anterior and posterior teeth.  

Although the situations when changes need to be made to the mx/md relationships have 

often been agreed on, the way in which these changes should be made has been more 

controversial.
 2

  

With the recent interest in the dental impact on the fields of sleep and craniofacial pain, 

research has highlighted the dentist’s role in the treatment of obstructive sleep apnea 

(OSA),
 3, 4

 headaches and neck pain,
 5-7

 which are often related to these same mx/md 

relationships and the impact they have on airway and head position. 

 

Acoustic Reflection  

Jackson et al. first reported on acoustic reflection (AR) in the literature in 1997.
 8 

 AR 

quantifies the cross-sectional area of the oral cavity to the hypopharynx, and was first 

proposed by Fredberg et al. to measure the area of the pharynx.
 9

  An audible sound 

signal is sent down through a wave tube sealed at the subject’s mouth and into the 

respiratory system.  The acoustic impulses are transmitted into the oral cavity and are 

partially reflected when there is a change in cross-sectional area.  A microphone records 

the changes in the reflected pulse wave in comparison to the audible sound signal.  The 

analysis of these sound waves by a computer using a mathematical algorithm provides a 

two-dimensional graph measuring cross-sectional area as a function of distance to the 

mouth.  The x-axis measures distance and the y-axis the cross-sectional area.  Using this 

graph it is then possible to measure the cross-sectional area (y) at any point along the x-

axis, and by using two distance points one can measure area and/or volume.  The 

development of a commercial instrument by Benson Hood Laboratories, Pembroke, MA, 
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USA distributed by Sleep Group Solutions, North Miami Beach, FL 33162, USA, named 

the Eccovision Pharyngometer
TM

 (Appendix C) provided a simple way for clinicians to 

assess pharyngeal airway.
 10

   

Protocols for the use of AR (Appendix I ) and normative values for adult and child 

populations have been produced using comparative studies.
 10-16

  Kamal in his landmark 

study of 350 subjects provided normative values for adults.  Males had a mean CSA of 

the pharynx of 3.194cm
2
 and females 2.814cm

2
.
11

  In a further study on 50 asymptomatic 

subjects he confirmed that the results for CSA were repeatable 7-10 days after the initial 

recordings for mean pharyngeal area.
 13

   

Marshall et al. proved AR accuracy against MRI with10 subjects using air rather than 

helium to send acoustic signals. The mean oro-pharynx CSA were AR 1.0±SD 0.3 cm
2 

and MRI 0.9±SD 0.5cm
2 

(p value=0.77).
 17

  D’Urzo et al. confirmed its accuracy against 

CT scans with 11 subjects.
 18

  Their mean glottis CSA was 1.8 ± 0.8 cm
2   

using AR and 

1.7 ± 0.9 cm
2 

using CT (r=0.95%, p-value < 0.0001).
27 

 Further studies have been 

performed using AR to assess its value for accuracy and reliability.
 11, 18-22

  Vivano has 

the most recent comprehensive review of acoustic reflexion.
 23

  

AR has many advantages over other methods of airway assessment.  It is cost effective, 

quick and simple to use, providing a dynamic two-dimensional picture in time, and is 

non-invasive compared to other imaging techniques.
17

.  Its disadvantages are that it 

requires a degree of co-operation, and can only be used while the patient is awake.  As 

pharyngeal dimensions are subject to posture changes, following a set protocol is vital 

(Appendix I ).
 11,  22, 24, 25

 

 The size of the airway is an important factor in both health and pathology.
 3, 4, 26-34

  The 

narrowing of the pharyngeal airway is a common cause of OSA and permanent or 

transient positional changes to the mx/md relationship can impact the airway size 

favourably or unfavourably.
 28, 35-38

  Airway size has been measured in many different 

ways.  MRI and CT techniques have been used to investigate, in three-dimensions, the 

changes in airway size before and after OSA therapy with mandibular advancement 

devices (MAD).
 36, 39

  AR has also been used in the assessment and understanding of 

OSA to assess both the position of the obstruction, and whether the narrowing is due to 

the caliber or collapsibility of the pharynx in adults and children.
 15, 40-44 

 The therapeutic 

benefit occurs by altering the mx/md relationship.
 27

  Our study will investigate the 

immediate effects on cross-sectional airway (CSA) of maxillo-mandibular (mx/md) 

relationship changes in prosthodontics using AR where previously airway has not been 

assessed. 
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Lung volumes are traditionally used to describe the dimensions of the airway 

components.
 45

  Lung volumes refer to the volume of gas in the lung, and are broken up 

into several components.  Total lung capacity (TLC) is the volume of gas in the lung on 

maximum voluntary inspiration.  The residual volume (RV) is defined as the lowest lung 

volume at maximum expiration and the functional residual capacity (FRC) is the volume 

of gas in the lungs at end expiration, implicitly during tidal breathing, and normally at 

rest (Appendix V).
 45

  Both RV and FRC are static lung volumes, and can be measured by 

acoustic reflection(AR).  The Eccovison Pharyngometer
TM

 Benson Hood Laboratories, 

Pembroke, MA, USA distributed by Sleep Group Solutions, North Miami Beach, 

FL 33162, USA (Appendix C), an acoustic reflection device, records the cross sectional 

airway (CSA) at RV and FRC.
 10, 21-28   

Our study will use FRC during tidal breathing at 

rest to determine the smallest CSA of the airway between the levels of the oro-pharyngeal 

junction and the glottis at different mx/md positions. 

 

Obstructive Sleep Apnea 

Obstructive sleep apnea (OSA) is a multifactorial condition, and its etiology involves 

many factors, including changes in the size of the airway (caliber), airway collapsibility, 

dilator muscle mechanics, lung volume physics, and craniofacial growth and 

development.
 45-47

 

Studies have shown that patients with OSA have a smaller pharyngeal minimum and 

mean cross sectional airway (CSA) than control subjects, and that these CSAs decrease 

from the seated to the supine position.
 20, 42, 48-50

  Further studies have shown that the 

upright-seated position provides information predictive of OSA.
 51, 52   

Martin et al. 

showed that there was a decrease in CSA size at the oro-pharyngeal junction (OPJ) in the 

seated position in controls with no sleep disordered breathing (SDB) (p<0.02), to snorers 

(p< 0.01) to subjects with sleep apnea/hypopnea syndrome with matched body weight 

index using AR at FRC.
  51   

However when AR was performed in the supine position on 

these same subjects there was no statistical difference in airway between the groups, 

suggesting that OSA patients defend their airway from collapse more than snorers or 

control patients.  Similarly Bradley et al. showed that apneic non- obese subjects have 

more compliant airways than controls using AR at residual volume (RV) in the seated 

position and also have a smaller airway assessed in the seated position compared to 

controls using AR at FRC.
 48  

 Brown et al. similarly observed apneic subjects had a 

reduced collapsibility compared to controls, and suggested that there may be a critical 

narrowing that causes critical pressure problems and collapse.
 53

  Thus OSA patients 
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differentiate themselves more than normal subjects in the seated position whilst awake at 

FRC for caliber and at RV for compliance.  

There are other considerations when dealing with subjects with OSA.  In a study of 568 

subjects Patel et al. concluded that minimum CSA is a highly heritable trait,
 54

 but that 

environmental factors such as weight, fluid retention, age and gender all play a part in the 

caliber of the airway.
 43, 55-60

  Often the airway is narrowest at the OPJ, but structural 

narrowing can occur from the velopharynx all the way to the hypopharynx.
 51, 61

  It is 

critical to maintain a 4cm water pressure differential between atmospheric and critical 

pressure for airway patency otherwise collapse of the airway will occur.
 62

  Changing this 

differential can occur by either increasing the airway caliber or decreasing the airway 

wall compliance.  Continuous positive airway pressure machines (CPAP) and sleep apnea 

mandibular advancement devices (MAD) affect both of these mechanisms.
 27, 28

  

Although it is not possible to determine whether any increase in airway caliber will be 

protective against OSA for a particular patient it is reasonable to assume that a larger 

caliber would be more advantageous than a smaller one.  This study will use AR to 

investigate whether a particular method of recording the mx/md position routinely 

provides a larger CSA of the airway.   

Head Position and Airway 

Head position and cervical mechanics are affected by airway adequacy and breathing 

mechanics.  Many studies have confirmed that both children and adults with airway 

problems, abnormal craniofacial growth and development, or OSA have counter-

clockwise rotations of the head with increased extension of the head in relation to the 

cervical vertebral column defined as an increase in cranio-cervical angle.
 4, 33, 63-68

 

Suggestions proposed for the mechanisms involved in this change include alterations to 

the mode of breathing, physiological adaptation aimed at maintaining airway adequacy, 

and impingement on the oro-pharyngeal airway by the mandible and tongue. 

Mode of Breathing 

Vig et al. demonstrated that changing the mx/md relationship by occluding the noses of 

30 dental students and forced obligatory oral breathing resulted in in an increase in 

cranio-cervical angles.
 69

   The mean difference in cranio-cervical angle from baseline 

after 15-minutes of induced oral respiration was statistically significant at 2.5 degrees 

(p≤0.001) in extension.  This increased to 4.3 degrees at the end of the first hour, and 4.8 

degrees at 2 hours was statistically significant (p≤0.001).  After removal of the nose clip 

and the re-establishment of nasal breathing, head posture returned to baseline. As our 

study is concerned with the immediate effect of changing mx/md relationship position, at 
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a 15-minutes delay before assessing head position, a statistically significant change from 

the above study is long enough to see potential changes.  

Physiological Adaption 

Behlfelt  showed that children with enlarged tonsillar tissue had greater cranio-cervical 

angles by 4-8 degrees when compared with children with normal tonsillar tissue.
 64

  Both 

Linder-Aronson and Zettergren-Welk et al. confirmed that children with large adenoids 

had faces that were developing vertically with a short posterior face height and a larger 

anterior face height and with increased cranio-cervical angles in comparison to a control 

group.  After adenoidectomy craniofacial growth of the subjects approached the 

morphology of the control group.
 70, 71

   Harvold produced malocclusions and changes in 

craniofacial morphology with longer lower face heights by sealing the nasal passages of 

monkeys.
 72

 This lead to theories about how airway function affects craniofacial 

development.  Solow and Kreiberg proposed that changes in cranio-cervical angles could 

lead to changes in cranio-facial development which they termed the “soft tissue stretch” 

hypothesis.
 73

  Previously Moss proposed the “functional matrix hypothesis” where 

functional complexes mutually interact with each other under genetic and environmental 

influences. The narrowing of either the nasal or oral functional matrix, would affect other 

functional matrices and the surrounding tissues.
 74, 75

  

Impingement on Oro-pharyngeal Airway   

Solow et al. in their study of 50 participants found that OSA subjects had cranio-cervical 

angles 10 degrees greater than those without OSA.
 4

  Although head position varies for 

each individual subject, counter-clockwise rotations are adaptions connected to 

increasing the airway size.
 76

  In our study we aim to observe change in head posture after 

a 15-minute interval to assess different mx/md positions common in prosthodontics. 

Head, Body and Mandibular Position 

The literature on the effect of altering mandibular position on head posture is conflicting.  

Some studies have found insignificant changes in head posture after alteration of the 

mandibular position,
 77-79

 while others have found significant changes after altering 

mandibular position.
 6, 80, 81

  An increase in either the height dimension of the mandibular 

teeth occluding with the mandibular teeth described as the occlusal vertical dimension 

(OVD) or an anterior-posterior (A-P) change in the mx/md relationship of occlusion has 

been shown to change head posture.
12,  78

  Moya et al. found that a significant counter-

clockwise rotation (4 to 5.5mm) in head position occurred after one hour in 15 subjects 

with painful neck supporting muscles after increasing the OVD by placing full-arch 

maxillary occlusal splints.
 80

  Miralles et al.
 81

 used cephalometric radiographs to study 

changes in head position caused by placing an orthodontic appliance to correct posterior 
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cross bite and increase the OVD and found forward head posture in fifteen patients.
 71   

Sakaguchi et al. used an orthotic to increase and stabilize a new OVD in also in a small 

sample of 15 TMD subjects and noted no change in head posture immediately in contrast 

to the above studies, but did find a downward clockwise rotation of the head and an 

improved cervical range of motion after two weeks wear.
  82  

 There are limited head 

posture studies on changes to the mx/md relationship, most on small sample sizes that 

have used different research populations and designs and therefore could result in 

conflicting results. It is possible that early head posture changes could be due to 

excessive changes in OVD or head posture changes are needed to maintain a viable 

airway.
11

  

Different mx/md relationship positions have different effects on posture.  Some 

mandibular positions may have more beneficial effects than others in improving gait 

stability, increasing deltoid strength, improving range of cervical motion and reducing 

facial muscle EMG activity.
 7, 83-88

  Alterations in mandibular position have been shown 

to alter body posture in both humans and rat studies.
 5, 89, 90

  Abduljabbar et al. showed 

that increasing the OVD using orthotics in 20 female subjects with temporo-mandibular 

disorders and loss of OVD statistically significantly increased deltoid strength in an 

isometric test from the original OVD mx/md relationship position.  These same subjects 

also had placebo orthotics made that did not increase the OVD  and these had no deltoid 

strength improvement.
 87

  Chakfa et al. showed that by increasing the OVD in increments 

of 2mm in subjects with an initially reduced OVD at some increased OVD they reached 

an OVD of maximum deltoid strength, and that further increases in OVD reduced 

strength.
 88

  Thus there may be a small range of mx/md relationship positions that provide 

the ideal head and body position that could be used in prosthodontics.  

Browne et al. reviewed the literature on craniofacial and cranio-cervical pain, and 

concluded that the published data clearly demonstrates both neurophysiologic and 

neuroanatomic connections between the neck and head due to the strong connectivity 

between the trigeminal and cervical motor systems and sensory responses.
 91  

It is clear 

from research that the mx/md relationship has a relationship to head position.
 33, 66, 80, 81, 92

  

It is not known how the alterations in mx/md relationship interact with changes in head 

position to alter the airway size and shape.   

From research it is clear that it will be important to allow subjects to adapt to a changed 

mx/md relationship before assessing their airway.
 4, 33, 63-67

  As there have been no studies 

assessing the relationship of airway size to the mx/md relationships used in 

prosthodontics, our study needs to define an exact time to re-establish a new head 

position after changing the mx/md relationship.  Vig et al. found the greatest change in 

head posture occurred at 15-minutes after altering the mx/md position and due to limited 
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research about time for head position to stabilize, our study will use this time frame to 

allow interaction between head position and the mx/md relationship.
 69 

Cervical Range of Motion  

The cervical range of motion is used as an indication of cervical function.  The cervical 

range of motion (CROM) goniometer  is a device that was developed by Performance 

Attainment Associates 12805 Lake Blvd Lindstrom, MN 55045 CA., USA as a tool to 

measure cervical range of motion (Appendix D).
 93

  It was developed for use in cervical 

mobility clinical and scientific studies to provide a measurable way of confirming head 

movement changes.  Health professionals use this device to produce baseline information 

and also assess treatment outcomes especially measuring cervical rotation and forward 

head posture.
 94, 95

  The CROM
 
 (Performance Attainment Associates 12805 Lake Blvd 

Lindstrom, MN 55045 CA., USA) measures range of motion (ROM) in the sagittal, 

coronal and horizontal planes by the use of inclinometers.  As it is able to measure all 

three planes at the same time, it is ideal for measuring postural changes, and has been 

used in head posture research.
 79   

Many studies to date have confirmed that the CROM 

(Performance Attainment Associates 12805 Lake Blvd Lindstrom, MN 55045 CA., USA) 

is accurate and reliable.
 96-103

 
  
Tousignant et al. validated cervical range of motion using 

this device against radiographs as a gold standard in a population of 31 healthy subjects 

without neck pain and found a strong correlation in both extension (p<0.001) and flexion 

(p<.001) .
105  

Two recent systematic reviews have compared the CROM (Performance 

Attainment Associates 12805 Lake Blvd Lindstrom, MN 55045 CA., USA) to other 

methods such as visual assessment, tape measurements, and single inclinometers.  The 

reviews confirmed accuracy and reliability.
 104, 105

  It has advantages over other methods, 

as it is accurate, light\weight and easy to use and we will use it to determine changes 

from one mx/md relationship to another and to assess if there is a particular method for 

establishing the mx/md relationship that confers an advantage in head position. 

Maxillo-Mandibular Relationships 

In all dental disciplines there are specific procedural techniques used to change the 

maxillo/mandibular (mx/md) relationships.
 106, 107

  Various reasons for both increasing 

and holding the status quo of occlusal vertical dimension (OVD) have been proposed 

including lack of tooth structure, space to develop a stable occlusion and aesthetics.
 106, 108

  

Techniques designed to alter the mx/md relationship in prosthodontics have continued to 

evolve from concepts laid down by earlier researchers such as Posselt, who proposed an 

envelope of function for border mandibular movements and thus developed repeatable 

posterior border positions for reconstruction on articulators.
111 

  Controversy exists about 

the ideal condylar relationship to rehabilitate to and in turn the ideal mx/md relationship. 
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2, 109-113
   In more recent times engineering models based on the use of articulators have 

competed with biological models of occlusion based on the body’s ability to adapt under 

the control of many feedback mechanisms.
 114, 115

   This has altered our understanding of 

concepts of mx/md positioning, suggesting occlusion needs to be assessed both statically 

and dynamically, providing and a range of possibilities for a successful mx/md 

relationships.
 112, 113, 116, 117

   It will thus be important in our study to compare the common 

posterior and anterior condylar positions, as this will include the spectrum of possible 

mx/md relationships.  CR is the most common posterior position defined as the mx/md 

relationship in which the condyles articulate with the thinnest avascular portion of their 

respective disks with the condyle/disc complex in an antero-superior position against the 

slopes of the articular eminence.
105

  Phonetic bite position (PB) the most anterior position 

is the mx/md position found using the smallest speaking space defined as the space that 

occurs between the incisal or/and occlusal surfaces of the maxillary and mandibular teeth 

during speech.
 118

  They will be used in this research project to further our understanding 

of the effect even minor changes have on airway and head position. 

Occlusal Vertical Dimension and Postural Vertical Dimension 

The occlusal vertical dimension (OVD) is defined in the Glossary of Prosthodontic terms 

as “the distance measured between two points when the occluding members are in 

contact”.
 118

  Postural vertical dimension (PVD) is any mandibular relationship occurring 

during minimal muscle contraction.
 118

  This position varies depending on influencing 

factors, mainly the muscles’ visco-elasticity and postural muscle tone.
 119

  The difference 

between PVD and OVD is the inter-occlusal distance (IOD) or freeway space.  

Controversy has existed about whether one could change the OVD as the IOD was once 

thought to be immutable and any changes to OVD would invade this space.  Today this 

has been discredited and a range of possibilities for the OVD exist.
 120-122

  Dawson 

maintains that as eruption keeps pace with wear, no loss of vertical dimension occurs, and 

there is constancy of the mx/md dimension due to elevator muscle contraction against the 

loaded temporo-mandibular joints (tmjs).
 123, 124

  He argued that although Atwood showed 

variations in PVD there is a constancy of OVD, and that only in exceptional 

circumstances of severe wear should the OVD be increased.
 124,  125 

 Recent studies have 

shown that IOD is not immutable, and many have confirmed OVD can be changed and a 

new IOD created.
 126-131

  
 
Bloom shows a case using a changed mx/md relationship using 

centric relation to create a new occlusal scheme and explains that it is rarely necessary to 

increase vertical dimension more than 2mm when following Dawson’s technique.
126  

Abduo in his recent review of OVD literature concluded that the smallest increase in 

OVD is best with up to a 5mm increase justified.
 108   

An increase in the OVD may be 

linked to the success of removable orthoses in the treatment of patients with temporo-
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mandibular disorders (tmd).
 79, 132

  Fu demonstrated that opening the vertical on TMD 

patients with a flat plane splint balanced the mandible, removed the obstruction to 

closure, reduced TMD signs and symptoms, and centered the mandible.
 133

  It would 

appear therefore that there still exists controversy as to the best method of taking mx/md 

relationships and as yet there is no consensus on OVD in mx/md relationship recording, 

nor any studies comparing cross-sectional airway with changes in restorative OVD.  

Maximal Intercuspal Position 

MIP is defined as the complete intercuspation of the opposing teeth independent of 

condylar position, sometimes referred to as the best fit of the teeth.
 118

 
 
It is easily 

reproduced, is accurate and is the position chosen in fixed prosthodontics due to the 

simplicity of reproduction.  Changing this position in a restorative case can mean the 

need to provide many more crowns at a significant cost to the patient. The bite 

registration technique involves simple closure of the patient into a wax or silicon bite in 

their most comfortable closed position with maximum intercuspation of teeth. Unless 

there is a significant esthetic or functional reason to alter the mx/md position, MIP is 

chosen as the relationship of choice in prosthodontic reconstruction.
 108

 

The most common reason to change the mx/md relationship from MIP is excessive wear 

or loss of teeth.
 108   

Two of the common methods used to alter the mx/md relationship are 

centric relation (CR) and phonetic bite (PB).  MIP and CR are both accurate and 

reproducible, even in patients suffering from temporo-mandibular disorders (TMD)
 134, 135 

 

CR and MIP are not normally coincident in the human dentition, and coincidence may 

occur in as few as 26% of cases
  
when a mx/ md registration is taken at CR the occlusal 

vertical dimension (OVD) will be changed in the 74% of subjects.
 139   

Unlike CR and 

MIP, PB is not reproducible accurately but is an anterior position that was first used in 

removable prosthodontics. 

Centric Relation  

Centric relation (CR) most recent Glossary of Prosthodontic terms definition is the 

mx/md relationship in which the condyles articulate with the thinnest avascular portion of 

their respective disks with the condyle/disc complex in an antero-superior position 

against the slopes of the articular eminence.  This position is independent of tooth 

contact.  The position is clinically discernible when the mandible is directed superiorly 

and anteriorly. It describes purely rotary movement about the transverse horizontal axis. 
 

118   
Over time the CR mandibular position definition has shifted the mandible forward 

and now more closely approaches the postural vertical dimension (PVD).
 119

  Okeson said 

it is no longer important that all discs must be properly positioned to maintain a healthy 
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joint.
  136

  Dawson has called this an adapted centric position,
 137

 and in the absence of 

pain on bi-manual manipulation, the adapted centric, although not CR by the definition 

above, is an accepted bite registration of CR.  This will be the definition we will use as it 

is impossible to be sure the discs are in place as we will not be using imaging techniques.
  

126, 135,  138    
McKee showed using the bi-manipulation method a .11mm inter-reliability 

between bite registrations using Denar Centric-check.
135

     

      

Dawson describes his technique that will be adapted for use in this study. (Appendix H) 
 

123
  He writes that CR requires both condyles to be moved to their antero-superior 

positions after deprogramming the subject’s muscles then load testing with the bi-manual 

manipulation technique to confirm seating of the condyles in the fossa with no pain.
 139

  A 

change in mx/ md relationship from MIP to CR generally causes the mandible to 

distalise, the overjet to increase and the overbite to decrease.
 140  

Deprogramming can be 

accomplished with anterior deprogrammers and to provide anterior support to control the 

overjet and overbite in recording the CR registration.
 141

 Many techniques require the use 

of anterior deprogrammers such as a Lucia jig (made from various materials), tongue 

blade, leaf gauge or OSU Woelfel gauge.
 141, 142 

  Dawson has recommended the use of an 

anterior jig such as a Lucia jig for simplicity along with the bi-manual technique.
 123

   

Others have changed the anterior jig to a different material for ease of use.
 143-147

 
  

Phonetic Bite  

The phonetic bite (PB) technique is the mx/md position found using the smallest 

speaking space produced by the sibilant phoneme.  It is usually a more vertical and 

forward position from MIP as the mandible shifts forward to pronounce the “s” sound.  

The PB was first described as a technique used in complete reconstruction for full 

removable dentures, a situation in which MIP cannot be used, and there are few 

landmarks available to the clinician to judge the correct mx/md relationship.
 148, 149

  There 

has been a large amount of debate in the literature over whether the PB is a reproducible 

mx/md position.
 134, 135, 149-151  

 Miralles et al. found that the use of the PB increased the 

inter-occlusal distance (IOD), an average of 3.39±1.13mm, and that this was a 

statistically significant change produced in the IOD by either the swallow bite 1.53± 

.52mm or relaxed position 1.82±.73mm bite technique.
 150

  Studies have shown that IOD 

is not a static vertical measurement, but is found within a range of 0-5.8mm.
 148, 149, 152

  

This is within the range found for the PB by Silverman.
 148, 153

 

Conclusion 
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There is little research comparing the effect on airway of the different ways of 

establishing mx/md relationships. This study will measure the effect of altering 

mandibular position on the mean and minimum CSA and head position.  We will 

investigate three mandibular positions, MIP, CR and PB.  AR will be used to investigate 

the alterations in CSA associated with each mandibular position, and the CROM device 

will be used to determine changes in head position.  It is hoped that the information 

gathered will help to increase our knowledge on the interactions between changes in 

mandibular position, head position and airway size.  This may lead to a better 

understanding of the effects that altering mandibular position has on the cervical 

structures and airway, and provide information that dental clinicians can use to determine 

the best method for choosing a mx/md relationship and for increasing the OVD when it is 

indicated for comprehensive restorative cases. 

Specific Aims and Hypothesis 

Aim 

The primary aim was to compare the immediate effect of altering the maxillo-mandibular 

(mx/md) relationship in an adult population on pharyngeal measurements of mean and 

minimal cross-sectional area in the upright position, at functional residual capacity (FRC) 

using acoustic reflection (AR).  The mx/md positions to be evaluated were the maximum 

intercuspal position (MIP), the phonetic bite (PB) and centric relation (CR).  The 

secondary aim was to compare the immediate effect of altering the mx/md relationship on 

head position assessed using a cervical range of motion (CROM) goniometer, 

Performance Attainment Associates 12805 Lake Blvd Lindstrom, MN 55045 CA., USA. 

(Appendix D)  

Hypothesis 

The hypothesis was that the immediate effect of altering the mandibular position from 

MIP to CR and PB would increase the size of both mean and minimum cross-sectional 

area and would affect head position. 

Research Design and Methods 

Participants 

This study was a double blinded crossover clinical trial on 50 adult subjects.  All subjects 

were chosen from patients attending “Advanced Dental” dental practice in Nelson, New 

Zealand. The Exclusion Criteria were age under 18 years; adults who could not have a 
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bite registration taken, (including those who had less than one molar per quadrant and 

one opposing upper and lower incisor and those who were unable to open their mouth 

wide enough without pain for bite registration).  Those who could have a bite registration 

but failed load testing in CR were excluded, as were adults with more than 1.93 mm 

inter-occlusal space between the posterior teeth in the CR bite position.  Adults who were 

unable to perform the acoustic reflection (AR) test due to either a history of pulmonary 

disease, intellectual incapacity or motor control diseases were excluded along with those 

who were unable to understand the meaning of the consent form. 

Recruitment Plan 

Patients 18+ years of age, who were registered at “Advanced Dental” dental practice and 

either, arrived at reception or had an appointment were asked whether they wished to 

participate in the research project.  The patients who agreed to participate in the study 

were told that the study procedures would require one hour and fifteen minutes of their 

time and were given information about the study and a consent form to take home to 

read.  A Research Assistant (RA) booked a screening appointment and concurrent 

appointment with the investigating dentist.  The RA explained the study procedures and 

reviewed the consent form with participants on the day of their participation. 

Appointment 

Participants signed a consent form when they presented for the study appointment 

(Appendix F).  A $30 voucher was given to all participants as remuneration for their time 

and travel expenses. 

Ethical Considerations 

The coordinating researcher and RAs completed international on-line CITI research 

exams (Appendix M). Ethics approval “Health and Disability Ethics Committees” 

12/STH/52 received 21 December 2012.  

Confidentiality 

Individual study results were confidential but all participants who indicated on the 

consent form that they wished to be notified of the study results received a summary of 

the study conclusions. 

Blinding and Randomization Procedures 

The coordinating researcher/ investigating dentist performed the CR and PB mx/md 

registrations on all participants.  One of two research assistants (RA1, RA2) collected the 
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registrations and allocated the order for the participant, having previously randomized 

them by picking at random from a box one of three colors to indicate the trial order 

(Appendix Q).  The investigating dentist confirmed the oro-pharyngeal junction and the 

glottis and set these parameters on the “x” axis at MIP, CR and PB using the Ecovision
TM 

acoustic reflection machine Benson Hood Laboratories, Pembroke, MA, USA distributed 

by Sleep Group Solutions, North Miami Beach, FL 33162, USA (AR).  The two trained 

research assistants (RA) performed all AR and head position measurements. The RA who 

performed all the AR had over ten years experience and recorded over one thousand AR 

recordings with the machine.  Each subject was allocated a study identification number 

using a random number generator (Microsoft Excel 2007).  A record of the subjects’ 

names, identification numbers, and bite registration identifications are kept in a book in a 

locked draw/cabinet that one RA had access to.   

One RA entered the study identification number into the AR machine followed by the 

letters MIP, CR or PB to indicate three separate trials.   RA1 stored the photograph of the 

de-identified AR data and the CROM
  
(Performance Attainment Associates 12805 Lake 

Blvd Lindstrom, MN 55045 CA., USA)  inclinometer readings using a Sony Cybershot 

Camera. The photographic data was downloaded on to a USB drive for the co-

coordinating investigator to use. The digital photos on the camera were deleted.  

The numerical data were manually recorded for each subject from the CROM and AR 

screen by the research assistant onto the Excel spreadsheet.   

The Excel spreadsheet was protected by password.  Although the co-coordinating 

investigator interpreted the results he was previously blinded from recordings and still 

had de-identified participant names. 

Maxillo/ Mandibular Registration 

The coordinating investigator performed all bite registrations.  The anterior stop for CR 

using a jig (Appendix G) was made from Triad
TM 

Trubyte
TM

  VLC material, DENTSPLY 

International Inc., York, PA, USA (Appendix R) and PB using micro brushes (Appendix 

O).  The posterior registration was recorded using vinyl polysiloxane (VPS) material 

(3420 Fostoria Way STE. A-200. San Ramon, California 94583 USA.) (Appendix N).  

Centric Relation 

CR bite registration was taken in the supine position following the Dawson protocol 

(Appendix H).  This modification was made for ease of use and biocompatibility.  
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The posterior minimal clearance between the closest upper and lower posterior teeth was 

checked using a leaf gauge (Appendix S) to verify that the posterior freeway space was 

within 1.93mm.  The triad jig was adjusted until this criterion was met.  The patient was 

supported but not guided into a mandibular closing arc with the thumb of the right hand 

on the chin in the hollow above the mandibular symphysis and the rest of the fingers 

supporting the mandible as the patient closed their mouth. The mandible was manipulated 

into an anterior-superior position and absence of pain on loading was confirmed 

(Appendix H).  The CR bite registration posterior section was recorded with Star
TM

VPS 

“Heavy Stiff Bite” Danville Engineering, San Ramon Ca. (Appendix N) by a RA while 

the co-coordinating investigator supported the chin. 

Phonetic Bite 

The technique was adapted from Singh et al. (Appendix L).
 154

  Subjects were asked to 

count from 60-70 as per the Singh protocol.  The PB mx/md registration was taken on the 

last sibilant phenome as the subjects said “Mississippi Miss” to increase repeatability. 

Maximum Intercuspal Position  

A bite registration was not necessary.  Subjects were asked to lightly hold their teeth 

together when the MIP registration was needed. 

Trimming of Bite Registrations 

The coordinating investigator inspected all VPS bite registrations extra-orally to confirm 

accuracy. The mx/md bite registration was trimmed with a number 11 scalpel blade, one 

quarter of the occlusal width from the palatal aspect. 

Measurement of Head Position and Airway Volume 

RA1 and RA2 performed head position measurements with a cervical range of motion 

device (CROM) Performance Attainment Associates 12805 Lake Blvd Lindstrom, MN 

55045 CA., USA (Appendix D) and airway volume with an “Eccovision” pharyngometer 

(AR) Benson Hood Laboratories, Pembroke, MA, USA distributed by Sleep Group 

Solutions of North Miami Beach, FL 33162, USA (Appendix C).  Both the coordinating 

researcher and the experienced research assistant having assessed over two hundred AR 

recordings on patients, practiced to confirm consistency and to identify the oro-

pharyngeal and glottis using Kamal’s protocol.
 155

  Once convinced they had consistency 

and reproducibility, a three participant pilot study was then performed using the study 

protocols to confirm inter-operator reliability.  Participants sat in the same chair for both 

CROM and AR.  The CROM was fitted (Appendix D), and 15-minutes of habituation 
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with each mx/md position was allowed before each measurement of head position.  This 

same head position was used when measuring airway volume. The subjects were asked to 

look straight ahead for one minute prior to recording the inclinometer measurements and 

the FRC volume.  Measurements were taken in coronal, horizontal and sagittal positions 

and recorded in degrees. 

Measurement of Airway Volume 

Participants were seated in same chair for all measurements of AR.  This was performed 

directly after the head posture measurements.  Two RAs performed the AR procedure on 

the participants.  AR was performed following Kamal’s protocol for each of the three-

mx/md relationships MIP, CR and PB (Appendix I).  This protocol was adapted having 

three graphs for each mx/md bite registration. An RA confirmed head posture had not 

changed by monitoring the inclinometers.  A spirit level was fitted to the AR tube to 

confirm horizontal alignment of the tube prior to measuring the functional residual 

capacity (FRC) recording (Appendix V).  The FRC was recorded for 3 positions MIP, PB 

and CR following the protocol by Kamal
 156

. 

Outcomes 

The primary outcome was the size of the cross-sectional area of the airway. 

The secondary outcome was head position.  

Variables 

The independent variable was change in mx/md relationship. 

The dependent variables were cross-sectional airway area measured in millimeters and 

head position measured in degrees. 

Statistical Analysis 

A power calculation was conducted using nQuery Advisor (Version 7.0).  Assuming the 

effect size of Δ
2
=1.12 a sample size of n=50 is adequate to obtain a Type 1 error rate of 

5% and a power over 99%.   

Demographic information was collected including age, sex and molar and incisal 

relationships.(Table 1)  Means and standard deviations (SD) were reported for continuous 

airway variables. The primary outcome was cross-sectional area and was analyzed using 

repeated-measures analysis of variance. The secondary outcome was head position and 
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was analyzed using Friedman’s test for non-parametric variables.(Table 2)  Statistical 

analysis was conducted using SAS (Version 9.2). 

After each set of 3 AR tests not observed by the researcher the graphs were assessed and 

the coefficient of variation was calculated on IBM
®
SSPS

®
 2010 Statistics Premium 

Gradpack Shrinkwrap version 19 
©

1989 (Appendix E).   If it was greater than 10% the 

trial was repeated. 

Results 

 
In this study there were 50 subjects (28 male and 22 female) subjects of Caucasian race 

with a mean age 46(SD=14.67) years.  There were 25 Class I, 18 Class II and 7 Class III 

subjects.  There were changes in all three mx/md relationship positions. (Table 1) 

 Looking at anterior-posterior (A-P) positioning based on the incisal relationship of the 

50 subjects as a comparison, CR was the most posterior position by 0.71mm (mean 

3.51mm, SD=2.30) followed by MIP (mean 2.80mm, SD±2.07).  The most anterior 

position was PB by 0.78mm (mean 2.02mm, SD±2.25).  The total overall A-P difference 

was 1.49mm. (Table 1, Graph 1) 

 Occlusal vertical dimension (OVD) was greatest for the PB mx/md relationship.  It was 

1.33mm (mean -.32mm, SD=1.30) more vertical than CR (mean 1.01mm, SD 1.70) and 

2.58mm more vertical than MIP (mean 2.26mm, SD=1.79). (Graph 1)  

The average mean and minimal cross-sectional area of the pharynx as seen in Table 2, 

Graph 2 show that the average mean CSAs were CR 2.62
 
(SD= 0.48) cm

2
; MIP 2.62 

(SD= 0.56)cm
2 

 and PB 2.68 (SD= 0.53)cm
2 

(p value= 0.663).  The average minimum 

CSAs were CR 1.60(SD = 0.52)cm
2
; MIP 1.70(SD= 0.49)cm

2
 and PB 1.62(SD= 

0.53)cm
2 

(p value= 0.271). There was no statistically significant difference using 

repeated-measures ANOVA for the mean and minimum cross-sectional area between the 

three-mx/md relationships.  

The average minimum oro-pharyngeal junction and glottis of the pharynx also seen in 

Table 1 show that the average minimum oro-pharyngeal junction CSAs were CR 1.70 

(SD= 0.56) cm
2
; MIP 1.87(SD= 0.68) cm

2
 and PB 1.80(SD= 0.57) cm

2 
(p value= 0.075).  

The average minimum glottises CSAs were CR 2.63(SD=0.61) cm
2
; MIP 2.65(SD= 0.79) 

cm
2
 and PB 2.65(SD=0.64) cm

2 
(p value= 0.978). There was no statistically significant 

difference for the minimum oro-pharyngeal and glottis CSA between the three mx/md 

relationships.   



 

 

17 

The median head positions were as follows: CR (0° horizontal, 4° sagittal and 0° coronal) 

planes; MIP (0° horizontal, 4° sagittal and 0° coronal) planes; PB (0° horizontal, 2° 

sagittal and 0° lateral) planes. There was no statistically significant difference for the 

change in head position (horizontal p .956, sagittal p .155 and coronal) planes (p=0.451) 

between the three mx/md relationships.  

Discussion 

For all average subjects’ cross sectional areas in Table 2, both minimal and mean 

measurements were not statistically significant.   

Various reasons could be suggested as possible causes for this result.  As the mx/md 

relationship change was only 1.49mm from the most posterior to anterior position and the 

change was only 2.58mm in vertical from the least OVD to the greatest OVD,  this 

change may have had limited effect on the pharyngeal space.  Mean CR was 0.71mm 

posterior to and 1.25mm more vertical than MIP whereas PB was 0.54mm anterior and 

1.7mm more vertical than MIP. 

 Another reason could be that the A-P and vertical changes were not large enough 

differences to pick up changes using acoustic reflection as the measuring tool. There are 

possible errors in using AR with CSA through partial reflection of sound waves being 

less accurate at predicting CSA than CT or MRI.
 18, 157

   AR has technique sensitivity 

issues so in our study we controlled by repeating the tests for consistency, by education 

and recording accuracy following Kamal’s protocol.
 156

.  It is possible that the 15-minute 

time frame for head postural habituation may not have been long enough to achieve head 

posture changes, as previous research has shown that changes in head posture do affect 

pharyngeal airway space. 
 158

 

In our study the average mean pharyngeal CSA was 2.62(SD =0.56) cm
2
, the mean age 

was 46 years(SD=14.68) with 28 male and 22 female subjects. The average minimum 

pharyngeal CSA was 1.7(SD=0.49) cm
2
 and minimum oro-pharyngeal junction (OPJ) of 

1.87 (SD=0.49) cm
2
.  In Kamal’s normative study of 350 subjects he suggested both the 

mean and minimum cross-sectional are important measurements for OSA and it is noted 

that his study values are larger than our values.
 156

 He observed an average of mean 

pharyngeal CSA of 3.194(SD=0.31) cm
2 

in males and 2.814(SD= 0.331) cm
2 

in females. 

He also observed the minimum pharyngeal CSA for males 2.7cm
2
 and for females 

2.1cm
2
.  Their study had 271 males and 79 females. Their ages varied from 21 years to 39 

years (average, 27.6 years). Combining these measurements provides an average of 

3.004cm
2
.  His study had different exclusion criteria with a  different population as our 

sample were all of Caucasian origin, were on average older, were not screened for 
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disorders such as OSA and had 36% class 2 subjects.   Singh et al. in their research on a 

population of TMD patients explained that using PB at functional residual capacity 

(FRC) was 12% greater than the FRC at baseline although there were no statistical data 

on the cross sectional area(CSA).  This is a larger increase than our study sample of only 

2.16%.   Although the subjects’ ages were similar at average age 42.7 years(SD±15) with 

17 male and 29 female subjects, their exclusion criteria were different being all TMD 

patients. TMD patients often have a reduced OVD or a larger overjet, and as they were 

being fitted with orthotics the OVD would have been increased more than our study.  

Although there was a 12% increase from baseline it was statistically insignificant.
 154

  

Our subjects compared very closely to both the Cleveland cohort of white subjects 

studied by Patel and colleagues where the mean pharyngeal CSA was 2.65(SD±0.67) cm
2
 

and minimum pharyngeal CSA being 1.9(SD=0.57) cm
2
 with an average age 42.1 

years(SD=19.2), 
 54

 and Jung and colleagues where their subjects average age was 

47(SD=21) without OSA and 54 years of age(SD=13) with OSA.  Their study had an 

average pharyngeal mean CSA of 2.52 (SD=0.42) cm
2
 and minimum pharyngeal oro-

pharyngeal OPJ of 1.61(SD=0.27) cm
2
 without OSA and 2.36(SD=0.42) cm

2
 and 

minimum pharyngeal OPJ CSA of 1.44(SD=0.35) cm
2
 with OSA.

 159
   

 In our study as the subjects were their own controls we are not concerned about the size 

of the respective mean and minimum cross-sectional areas but the relative CSA 

difference between the mx/md relationship sizes. 

Studies using mandibular advancement appliances (MAD) on OSA subjects show the 

main affect on the pharyngeal airway is through the protrusive effect of the appliance.
 27, 

160
  In fact using placebo appliances with just vertical and no protrusion did not improve 

and in some had a detrimental effect on AHI in OSA subjects.
 161, 162

   The oro-pharyngeal 

junction and the velopharynx have been shown to predict treatment response with MAD 

devices.
 3, 27, 163, 164

   The most effective change in opening the pharyngeal airway is 50%-

75% protrusion, and since maximum protrusion is in the range of 8-11mm then 

significant airway changes are more likely to be seen at greater A-P of 5-8mm than our 

study result that was closer to 1.5mm.
 3

  Thus this amount of change in protrusion would 

not be in the therapeutic range required for successful OSA improvement. However Zhao 

et al. using MRI to study changes at 2mm protrusive increments using MAD appliances 

on 11 subjects found the mean and minimum increase in CSA at the velopharynx 

significantly increased from 3.27(SD=9.36) mm to 8.45(SD=7.59) mm and 4.00 

(SD=7.25mm) to 6.64(SD=6.87) mm at 2mm protrusion from MIP. 
 35

  This change 

disagrees with our study and may be due to better accuracy with MRI or the population 

being OSA subjects.  This also could be due to a larger OVD increase and protrusion 
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combination similar to Singh et al due to the MAD appliance needing plastic on the 

occlusal surfaces.
 165

 

Minimum mean and OPJ CSA are important measurements in OSA, as discussed above. 

In our study both mx/md relationships changed positions, CR and PB, had increased 

OVD from MIP, with CR being more posterior and PB being more anterior position from 

MIP.  This resulted in MIP having the largest minimal mean and OPJ CSA. This may be 

due to the clockwise rotation of the mandible by more vertical change than protrusion 

that is known to reduce the airway as seen in Class II vertical growing subjects but the 

result was not statistically significant.
 64

  

 Ferreira et al. using CT on ten asymptomatic subjects could not identify condylar 

changes from MIP to CR and our change was also insignificant from a linear perspective.
 

166
   However the closest p-value=0.075 to be significant from an airway perspective in 

our study was minimal OPJ CSA at 1.87(SD=0.68) cm
2
 at MIP, compared to 

1.80(SD=0.57) cm
2
at PB, and 1.70(SD=0.56) cm

2
at CR.  Although not significant 

statistically, CR is the most posterior position and is trending smaller than both MIP and 

PB.  In our study there were 18 Class II subjects.  Studies have shown that Class II 

subjects have smaller pharyngeal airways than Class I and III subjects with larger 

overjets or overbites and that protrusion improves the airway as seen in bi-maxillary 

surgical reconstruction, orthotropics and MAD therapies.
 31, 38, 167-170

   Further research 

could identify whether groups of subjects that had a larger change from MIP to PB had a 

greater change in pharyngeal CSA as well. It may also be relevant that as CR is trending 

to be smaller from a minimal CSA that these patients would be better served by using a 

mx/md relationship position placed further anteriorly.  

In the literature review prior to the study design we discussed whether to use functional 

residual capacity (FRC) and/or residual volume (RV).  To reiterate two factors common 

to OSA that MAD appliances and CPAP try to address are airway caliber and 

collapsibility.
 27, 28

   FRC identifies the caliber using acoustic reflection(AR) and RV aims 

to confirm the collapsibility of the airway using AR.  It would be useful also to know the 

effect small changes make to the collapsibility of the airway using AR in prosthodontics, 

and further studies could also add to the studies that have shown that OSA patients have a 

smaller pharyngeal minimum and mean cross sectional area than control subjects and 

these reduce from seated to supine position.
 42, 48, 49, 53, 61

    

Our study was performed in the seated position and although a supine technique could 

have been used we felt this initial research was better in the seated position at FRC.  It is 

known that in the awake subject that head position will change to provide an adequate 

airway.
 164

   Vos et al. showed in their research using CT, airflow resistance modelling 

and polysomnography that although there is a variation in pharyngeal size, it is the shape 
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of the awake pharyngeal airway that is more important. They also showed there is a 

relationship between the awake pharyngeal minimal cross-sectional area and AHI on 

OSA subjects. Thus the geometry is more important than whether one is awake or asleep. 
 

39
  

In prosthodontics, controversy still exists about the ideal position to re-establish a 

mutilated dentition.  Different groups of the dental community choose condylar positions 

such as CR, neuro-muscular or phonetic bite, to establish the mx/md relationship 

position. These positions are chosen for various reasons such as: reproducibility, lack of 

landmarks, incisal wear, too large an increase for posterior crowns, or concerns with 

immutability of the freeway space (postural vertical dimension-OVD).  Most 

prosthodontic reconstructions are increased within a range of 2-5mm.
 108

  This research 

chose CR as the posterior border position and PB as the anterior border position, and thus 

all mx/md relationship positions within this range by inference would also be within this 

range for airway and head position.
 109, 111, 171, 172

   We chose to increase the OVD for both 

CR and PB by the smallest amount possible.  Some prosthodontic rehabilitaion clinicians 

choose to restore back to the unworn height from incisal cemento-enamel junction to 

cemento-enamel junction (CEJ/CEJ) which ranges from 18-21mm. Both temporo-

mandibular disorder and sleep dental medicine usually increase a larger amount than this 

range as they need to fit at least 2mm of plastic between the posterior teeth.  Our study 

mean MIP CEJ/CEJ was 16.51(SD=2.42) mm and this increased to CR 17.88 (SD=2.12) 

mm and PB 19.15(SD=2.12) mm. Our OVD change therefore could possibly be increased 

further and this may have had an effect on airway and head position.  

Head position change was also not statistically significant. The likely cause was due to 

the lack of change in pharyngeal space as the changes in incisal relationship were 

minimal. A second reason could be that 15 minutes was too short a timeframe to stabilize 

a long term head position.  Studies on head position have been on specific populations 

such as orthodontic subjects or TMD subjects, so it is difficult to compare with our study.
 

69, 80, 81
   There is an association between head position and mandibular position.  

Miyaoka and colleagues showed that opening the mouth wide causes head movement and 

these movements are functionally coupled.
 173

  Daly et al. showed that opening the 

mandible 8mm altered head posture. Head posture could be linked to gravity, functional 

activities such as breathing and swallowing.
 173, 174

   In our study head position only 

changed in the sagittal plane and although not statistically significant there was a 2° 

clockwise rotation of the head from MIP to the PB position.  

The strength of our research was that the sample size does include a cross-section of age 

in a  population that was their own controls with one researcher providing all the mx/md 

relationships blinded from the airway and head position recordings in a double blind 

study.  As expected CR was a more retrusive position compared to MIP, and PB was 
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anterior to MIP. Two limitations were that it was only Caucasian subjects and 

radiographs were not taken to confirm CR.  It could be argued that it would have been 

more relevant to hold the head position constant for all three mx/md relationship 

positions.  This would be relevant in the supine position but as head position can affect 

airway in the vertical position allowing the subject to accommodate the new mx/md 

relationship in the upright-seated position provided an accurate depiction of what occurs 

naturally providing a more realistic AR reading.  

 Further studies could provide information in the supine position, or RV in the seated 

position to identify the collapsed effect on the pharynx.  As Class II subjects and subjects 

with larger overjets were expected to have the largest change in airway these sub-group 

subjects could be assessed separately. 

Conclusion 

This research has found that the immediate effect of changing the maxillo/mandibular 

(mx/md) relationship for prosthetics have minimal effect on the awake general population 

of subject’s mean and minimal CSA of the pharyngeal airway or head position using 

acoustic reflection.  The reason for this is unknown but likely due to the small A-P 

change and vertical change from MIP to CR and PB.  

If further research identifies that the immediate effect and the long term effect of one 

position provides a larger pharyngeal airway then it would be appropriate to look at the 

benefit of that mx/md relationship position over other mx/md relationships.  

These findings provide clinicians with the ability to feel relatively confident to restore 

dentitions whether with fixed or removable techniques, to any mx/md relationship 

positions between CR and PB without concern for airway or head position changes in the 

awake patient.  

     

 

 

 

 

 



 

 

22 

References 

1. Niswonger ME. Rest position of the mandible and centric relation. JADA. 

1934;21:1572. 

2. Turp JC, Greene CS, Strub JR. Dental occlusion: A critical reflection on past, present 

and future concepts. J Oral Rehabil. 2008;35(6):446-453. 

3. Aarab G, Lobbezoo F, Hamburger HL, Naeije M. Effects of an oral appliance with 

different mandibular protrusion positions at a constant vertical dimension on obstructive 

sleep apnea. Clin Oral Investig. 2010;14(3):339-345. 

4. Solow B, Ovesen J, Nielsen PW, Wildschiodtz G, Tallgren A. Head posture in 

obstructive sleep apnoea. Eur J Orthod. 1993;15(2):107-114. 

5. Sakaguchi K, Mehta NR, Abdallah EF, et al. Examination of the relationship between 

mandibular position and body posture. Cranio. 2007;25(4):237-249. 

6. Strini PJ, Machado NA, Gorreri MC, Ferreira Ade F, Sousa Gda C, Fernandes Neto 

AJ. Postural evaluation of patients with temporomandibular disorders under use of 

occlusal splints. Journal of Applied Oral Science. 2009;17(5):539-543. 

7. Ceneviz C, Mehta NR, Forgione A, et al. The immediate effect of changing 

mandibular position on the EMG activity of the masseter, temporalis, 

sternocleidomastoid, and trapezius muscles. Cranio. 2006;24(4):237-244. 



 

 

23 

8. Jackson AC, Butler JP, Millet EJ, Hoppin FG,Jr, Dawson SV. Airway geometry by 

analysis of acoustic pulse response measurements. Journal of Applied Physiology: 

Respiratory, Environmental & Exercise Physiology. 1977;43(3):523-536. 

9. Fredberg JJ, Wohl ME, Glass GM, Dorkin HL. Airway area by acoustic reflections 

measured at the mouth. Journal of Applied Physiology: Respiratory, Environmental & 

Exercise Physiology. 1980;48(5):749-758. 

10. Eccovision Operator's Manuals. Eccovision operator's manuals: Acoustic rhinometry, 

acoustic pharyngometry. pembroke, MA: E.benson hood laboratories: 2000. 2000. 

11. Kamal I. Normal standard curve for acoustic pharyngometry. Otolaryngol Head Neck 

Surg. 2001;124(3):323-330. 

12. Kamal I. Lung volume dependence of pharyngeal cross-sectional area by acoustic 

pharyngometry. Otolaryngology - Head & Neck Surgery. 2002;126(2):164-171. 

13. Kamal I. Test-retest validity of acoustic pharyngometry measurements. Otolaryngol 

Head Neck Surg. 2004;130(2):223-228. 

14. Hoffstein V, Fredberg JJ. The acoustic reflection technique for non-invasive 

assessment of upper airway area. European Respiratory Journal. 1991;4(5):602-611. 

15. Leboulanger N, Louis B, Fodil R, et al. Analysis of the pharynx and the trachea by 

the acoustic reflection method in children: A pilot study. Respiratory Physiology & 

Neurobiology. 2011;175(2):228-233. 



 

 

24 

16. Poort KL, Fredberg JJ. Airway area by acoustic reflection: A corrected derivation for 

the two-microphone method. J Biomech Eng. 1999;121(6):663-665. 

17. Marshall I, Maran NJ, Martin S, et al. Acoustic reflectometry for airway 

measurements in man: Implementation and validation. Physiol Meas. 1993;14(2):157-

169. 

18. D'Urzo AD, Lawson VG, Vassal KP, Rebuck AS, Slutsky AS, Hoffstein V. Airway 

area by acoustic response measurements and computerized tomography. Am Rev Respir 

Dis. 1987;135(2):392-395. 

19. D'Urzo AD, Rubinstein I, Lawson VG, et al. Comparison of glottic areas measured by 

acoustic reflections vs. computerized tomography. J Appl Physiol. 1988;64(1):367-370. 

20. Haponik EF, Smith PL, Bohlman ME, Allen RP, Goldman SM, Bleecker ER. 

Computerized tomography in obstructive sleep apnea. correlation of airway size with 

physiology during sleep and wakefulness. Am Rev Respir Dis. 1983;127(2):221-226. 

21. Yu C, Liu Y, Sun X, Wang G. [Acoustic rhinometry and acoustic pharyngometry in 

the modeling of human upper respiratory tract]. Shengwu Yixue Gongchengxue 

Zazhi/Journal of Biomedical Engineering. 2009;26(6):1255-1259. 

22. Brooks LJ, Castile RG, Glass GM, Griscom NT, Wohl ME, Fredberg JJ. 

Reproducibility and accuracy of airway area by acoustic reflection. Journal of Applied 

Physiology: Respiratory, Environmental & Exercise Physiology. 1984;57(3):777-787. 



 

 

25 

23. Viviano JS. Acoustic reflection: Review and clinical applications for sleep-disordered 

breathing. Sleep & Breathing. 2002;6(3):129-149. 

24. Brooks LJ, Byard PJ, Fouke JM, Strohl KP. Reproducibility of measurements of 

upper airway area by acoustic reflection. J Appl Physiol. 1989;66(6):2901-2905. 

25. Rubinstein I, McClean PA, Boucher R, Zamel N, Fredberg JJ, Hoffstein V. Effect of 

mouthpiece, noseclips, and head position on airway area measured by acoustic 

reflections. J Appl Physiol. 1987;63(4):1469-1474. 

26. Chan AS, Phillips CL, Cistulli PA. Obstructive sleep apnoea--an update. Intern Med 

J. 2010;40(2):102-106. 

27. Chan AS, Sutherland K, Schwab RJ, et al. The effect of mandibular advancement on 

upper airway structure in obstructive sleep apnoea. Thorax. 2010;65(8):726-732. 

28. Choi JK, Hur YK, Lee JM, Clark GT. Effects of mandibular advancement on upper 

airway dimension and collapsibility in patients with obstructive sleep apnea using 

dynamic upper airway imaging during sleep. Oral Surgery Oral Medicine Oral 

Pathology Oral Radiology & Endodontics. 2010;109(5):712-719. 

29. Barkdull GC, Kohl CA, Patel M, Davidson TM. Computed tomography imaging of 

patients with obstructive sleep apnea. Laryngoscope. 2008;118(8):1486-1492. 

30. Hiyama S, Ono T, Ishiwata Y, Kuroda T. Supine cephalometric study on sleep-related 

changes in upper-airway structures in normal subjects. Sleep. 2000;23(6):783-790. 



 

 

26 

31. Hiyama S, Tsuiki S, Ono T, Kuroda T, Ohyama K. Effects of mandibular 

advancement on supine airway size in normal subjects during sleep. Sleep. 

2003;26(4):440-445. 

32. Tsuiki S, Hiyama S, Ono T, et al. Effects of a titratable oral appliance on supine 

airway size in awake non-apneic individuals. Sleep. 2001;24(5):554-560. 

33. Valera FC, Travitzki LV, Mattar SE, Matsumoto MA, Elias AM, Anselmo-Lima WT. 

Muscular, functional and orthodontic changes in pre school children with enlarged 

adenoids and tonsils. Int J Pediatr Otorhinolaryngol. 2003;67(7):761-770. 

34. Grauer D, Cevidanes LS, Styner MA, Ackerman JL, Proffit WR. Pharyngeal airway 

volume and shape from cone-beam computed tomography: Relationship to facial 

morphology. American Journal of Orthodontics & Dentofacial Orthopedics. 

2009;136(6):805-814. 

35. Zhao X, Liu Y, Gao Y. Three-dimensional upper-airway changes associated with 

various amounts of mandibular advancement in awake apnea patients. American Journal 

of Orthodontics & Dentofacial Orthopedics. 2008;133(5):661-668. 

36. Chan AS, Sutherland K, Schwab RJ, et al. The effect of mandibular advancement on 

upper airway structure in obstructive sleep apnoea. Thorax. 2010;65(8):726-732. 

37. Singh GD, Garcia-Motta AV, Hang WM. Evaluation of the posterior airway space 

following biobloc therapy: Geometric morphometrics. Cranio. 2007;25(2):84-89. 



 

 

27 

38. Coleta KE, Wolford LM, Goncalves JR, Pinto Ados S, Cassano DS, Goncalves DA. 

Maxillo-mandibular counter-clockwise rotation and mandibular advancement with TMJ 

concepts total joint prostheses: Part II--airway changes and stability. International 

Journal of Oral & Maxillofacial Surgery. 2009;38(3):228-235. 

39. Vos W, De Backer J, Devolder A, et al. Correlation between severity of sleep apnea 

and upper airway morphology based on advanced anatomical and functional imaging. J 

Biomech. 2007;40(10):2207-2213. 

40. Viviano JS. Assessing orthotic normalization of pharyngeal dynamics. Cranio. 

2004;22(3):192-208. 

41. Gucev G, Raphael DT, Elspas S, Glass G. Pediatric airway and esophageal profiles 

with acoustic reflectometry. Anesthesia & Analgesia. 2006;103(5):1126-1130. 

42. Gold AR, Marcus CL, Dipalo F, Gold MS. Upper airway collapsibility during sleep 

in upper airway resistance syndrome. Chest. 2002;121(5):1531-1540. 

43. Busetto L, Calo' E, Mazza M, et al. Upper airway size is related to obesity and body 

fat distribution in women. Eur Arch Otorhinolaryngol. 2009;266(4):559-563. 

44. Gozal D, Burnside MM. Increased upper airway collapsibility in children with 

obstructive sleep apnea during wakefulness. Am J Respir Crit Care Med. 

2004;169(2):163-167. 



 

 

28 

45. Leith DE, Brown R. Human lung volumes and the mechanisms that set them. 

European Respiratory Journal. 1999;13(2):468-472. 

46. Eckert DJ, Lo YL, Saboisky JP, Jordan AS, White DP, Malhotra A. Sensorimotor 

function of the upper-airway muscles and respiratory sensory processing in untreated 

obstructive sleep apnea. J Appl Physiol. 2011;111(6):1644-1653. 

47. Oh KM, Hong JS, Kim YJ, Cevidanes LS, Park YH. Three-dimensional analysis of 

pharyngeal airway form in children with anteroposterior facial patterns. Angle Orthod. 

2011;81(6):1075-1082. 

48. Bradley TD, Brown IG, Grossman RF, et al. Pharyngeal size in snorers, nonsnorers, 

and patients with obstructive sleep apnea. N Engl J Med. 1986;315(21):1327-1331. 

49. Isono S, Remmers JE, Tanaka A, Sho Y, Sato J, Nishino T. Anatomy of pharynx in 

patients with obstructive sleep apnea and in normal subjects. J Appl Physiol. 

1997;82(4):1319-1326. 

50. Monahan K, Kirchner HL, Redline S. Oropharyngeal dimensions in adults: Effect of 

ethnicity, gender, and sleep apnea. J Clin Sleep Med. 2005;1(3):257-263. 

51. Martin SE, Marshall I, Douglas NJ. The effect of posture on airway caliber with the 

sleep-apnea/hypopnea syndrome. American Journal of Respiratory & Critical Care 

Medicine. 1995;152(2):721-724. 



 

 

29 

52. Martin SE, Mathur R, Marshall I, Douglas NJ. The effect of age, sex, obesity and 

posture on upper airway size. European Respiratory Journal. 1997;10(9):2087-2090. 

53. Brown IG, Bradley TD, Phillipson EA, Zamel N, Hoffstein V. Pharyngeal 

compliance in snoring subjects with and without obstructive sleep apnea. Am Rev Respir 

Dis. 1985;132(2):211-215. 

54. Patel SR, Frame JM, Larkin EK, Redline S. Heritability of upper airway dimensions 

derived using acoustic pharyngometry. Eur Respir J. 2008;32(5):1304-1308. 

55. Bucca CB, Brussino L, Battisti A, et al. Diuretics in obstructive sleep apnea with 

diastolic heart failure. Chest. 2007;132(2):440-446. 

56. Shiota S, Ryan CM, Chiu KL, et al. Alterations in upper airway cross-sectional area 

in response to lower body positive pressure in healthy subjects. Thorax. 2007;62(10):868-

872. 

57. Busetto L, Enzi G, Inelmen EM, et al. Obstructive sleep apnea syndrome in morbid 

obesity: Effects of intragastric balloon. Chest. 2005;128(2):618-623. 

58. Rubinstein I, Colapinto N, Rotstein LE, Brown IG, Hoffstein V. Improvement in 

upper airway function after weight loss in patients with obstructive sleep apnea. Am Rev 

Respir Dis. 1988;138(5):1192-1195. 

59. Brown IG, Zamel N, Hoffstein V. Pharyngeal cross-sectional area in normal men and 

women. J Appl Physiol. 1986;61(3):890-895. 



 

 

30 

60. Hu J, Lang J, Liao J, et al. [OSAHS patient gas up-take cross-sectional area 

nasopharynx sound reflection examination and significance]. Lin Chuang Er Bi Yan Hou 

Tou Jing Wai Ke Za Zhi = Journal Of Clinical Otorhinolaryngology, Head, & Neck 

Surgery. 2011;25(20):936-938. 

61. Hu J, Lang J, Liao J, et al. [OSAHS patient gas up-take cross-sectional area 

nasopharynx sound reflection examination and significance]. Lin Chuang Er Bi Yan Hou 

Tou Jing Wai Ke Za Zhi = Journal Of Clinical Otorhinolaryngology, Head, & Neck 

Surgery. 2011;25(20):936-938. 

62. Gold AR, Schwartz AR. The pharyngeal critical pressure. the whys and hows of using 

nasal continuous positive airway pressure diagnostically. Chest. 1996;110(4):1077-1088. 

63. Behlfelt K. Enlarged tonsils and the effect of tonsillectomy. characteristics of the 

dentition and facial skeleton. posture of the head, hyoid bone and tongue. mode of 

breathing. Swedish Dental Journal - Supplement. 1990;72:1-35. 

64. Behlfelt K, Linder-Aronson S, McWilliam J, Neander P, Laage-Hellman J. Cranio-

facial morphology in children with and without enlarged tonsils. Eur J Orthod. 

1990;12(3):233-243. 

65. Behlfelt K, Linder-Aronson S, Neander P. Posture of the head, the hyoid bone, and 

the tongue in children with and without enlarged tonsils. Eur J Orthod. 1990;12(4):458-

467. 



 

 

31 

66. Arntsen T, Sonnesen L. Cervical vertebral column morphology related to craniofacial 

morphology and head posture in preorthodontic children with class II malocclusion and 

horizontal maxillary overjet. Am J Orthod Dentofacial Orthop. 2011;140(1):e1-7. 

67. Solow B, Siersbaek-Nielsen S. Growth changes in head posture related to craniofacial 

development. Am J Orthod. 1986;89(2):132-140. 

68. Solow B, Sandham A. Cranio-cervical posture: A factor in the development and 

function of the dentofacial structures. Eur J Orthod. 2002;24(5):447-456. 

69. Vig PS, Showfety KJ, Phillips C. Experimental manipulation of head posture. Am J 

Orthod. 1980;77(3):258-268. 

70. Linder-Aronson S. Effects of adenoidectomy on mode of breathing, size of adenoids 

and nasal airflow. Orl; Journal of Oto-Rhino-Laryngology & its Related Specialties. 

1973;35(5):283-302. 

71. Zettergren-Wijk L, Forsberg CM, Linder-Aronson S. Changes in dentofacial 

morphology after adeno-/tonsillectomy in young children with obstructive sleep apnoea--

a 5-year follow-up study. Eur J Orthod. 2006;28(4):319-326. 

72. Harvold EP, Tomer BS, Vargervik K, Chierici G. Primate experiments on oral 

respiration. Am J Orthod. 1981;79(4):359-372. 

73. Solow B, Kreiborg S. Soft-tissue stretching: A possible control factor in craniofacial 

morphogenesis. Scandinavian Journal of Dental Research. 1977;85(6):505-507. 



 

 

32 

74. Moss ML. The functional matrix hypothesis revisited. 4. the epigenetic antithesis and 

the resolving synthesis. American Journal of Orthodontics and Dentofacial Orthopedics. 

1997;112(4):410-417. doi: http://dx.doi.org.ezproxy.library.tufts.edu/10.1016/S0889-

5406(97)70049-0. 

75. O'Higgins P, Bastir M, Kupczik K. Shaping the human face. Int Congr Ser. 

2006;1296(0):55-73. doi: 

http://dx.doi.org.ezproxy.library.tufts.edu/10.1016/j.ics.2006.03.036. 

76. Cerruto C, Di Vece L, Doldo T, Giovannetti A, Polimeni A, Goracci C. A 

computerized photographic method to evaluate changes in head posture and scapular 

position following rapid palatal expansion: A pilot study. J Clin Pediatr Dent. 

2012;37(2):213-218. 

77. Yagci A, Uysal T, Usumez S, Orhan M. Rapid maxillary expansion effects on 

dynamic measurement of natural head position. Angle Orthod. 2011;81(5):850-855. 

78. Root GR, Kraus SL, Razook SJ, Samson GS. Effect of an intraoral splint on head and 

neck posture. J Prosthet Dent. 1987;58(1):90-95. 

79. Almuhanna M,A. The effect of occlusal splint therapy on head posture, cervical 

symptons and cervical range of motion in patients with temporomandibular disorders. 

Tufts University Thesis. 1999. 

http://dx.doi.org.ezproxy.library.tufts.edu/10.1016/S0889-5406(97)70049-0
http://dx.doi.org.ezproxy.library.tufts.edu/10.1016/S0889-5406(97)70049-0
http://dx.doi.org.ezproxy.library.tufts.edu/10.1016/j.ics.2006.03.036


 

 

33 

80. Moya H, Miralles R, Zuniga C, Carvajal R, Rocabado M, Santander H. Influence of 

stabilization occlusal splint on craniocervical relationships. part I: Cephalometric 

analysis. Cranio. 1994;12(1):47-51. 

81. Miralles R, Moya H, Ravera MJ, et al. Increase of the vertical occlusal dimension by 

means of a removable orthodontic appliance and its effect on craniocervical relationships 

and position of the cervical spine in children. Cranio. 1997;15(3):221-228. 

82. Sakaguchi K, Mehta NR, Abdallah EF, et al. Examination of the relationship between 

mandibular position and body posture. Cranio. 2007;25(4):237-249. 

83. Bracco,P.,Deregibus, Piscetta,R. Effects of different jaw positions on postural 

stability in human subjects. Neuroscience Letters. 2004;356:228-230. 

84. Hickman DM, Cramer R, Stauber WT. The effect of four jaw relations on 

electromyographic activity in human masticatory muscles. Arch Oral Biol. 

1993;38(3):261-264. 

85. Fujimoto,M.,Hayakawa,I.,Hirano,S.,Watanabe,I. Changes in gait stability induced by 

alteration of mandibular position. J Med  Dent Sci. 2001;48:131-136. 

86. Abdallah EF, Mehta NR, Forgione AG, Clark RE. Affecting upper extremity strength 

by changing maxillo-mandibular vertical dimension in deep bite subjects. Cranio. 

2004;22(4):268-275. 



 

 

34 

87. Abduljabbar T, Mehta NR, Forgione AG, et al. Effect of increased maxillo-

mandibular relationship on isometric strength in TMD patients with loss of vertical 

dimension of occlusion. Cranio. 1997;15(1):57-67. 

88. Chakfa AM, Mehta NR, Forgione AG, Al-Badawi EA, Lobo SL, Zawawi KH. The 

effect of stepwise increases in vertical dimension of occlusion on isometric strength of 

cervical flexors and deltoid muscles in nonsymptomatic females. Cranio. 

2002;20(4):264-273. 

89. D'Attilio M, Filippi MR, Femminella B, Festa F, Tecco S. The influence of an 

experimentally-induced malocclusion on vertebral alignment in rats: A controlled pilot 

study. Cranio. 2005;23(2):119-129. 

90. Maeda N, Sakaguchi K, Mehta NR, Abdallah EF, Forgione AG, Yokoyama A. 

Effects of experimental leg length discrepancies on body posture and dental occlusion. 

Cranio. 2011;29(3):194-203. 

91. Browne PA, Clark GT, Kuboki T, Adachi NY. Concurrent cervical and craniofacial 

pain. A review of empiric and basic science evidence. Oral Surgery Oral Medicine Oral 

Pathology Oral Radiology & Endodontics. 1998;86(6):633-640. 

92. Yagci A, Uysal T, Usumez S, Orhan M. Effects of modified and conventional 

facemask therapies with expansion on dynamic measurement of natural head position in 

class III patients. American Journal of Orthodontics & Dentofacial Orthopedics. 

2011;140(5):e223-31. 



 

 

35 

93. Performance Attainment Associates. Procedure for measuring neck motion with the 

CROM [www.spineproducts.com]. 1998. 

94. Kushner BJ. The usefulness of the cervical range of motion device in the ocular 

motility examination. Arch Ophthalmol. 2000;118(7):946-950. 

95. Augustine C, Makofsky HW, Britt C, et al. Use of the occivator for the correction of 

forward head posture, and the implications for temporomandibular disorders: A pilot 

study. Cranio. 2008;26(2):136-143. 

96. Audette I, Dumas JP, Cote JN, De Serres SJ. Validity and between-day reliability of 

the cervical range of motion (CROM) device. Journal of Orthopaedic & Sports Physical 

Therapy. 2010;40(5):318-323. 

97. Capuano-Pucci D, Rheault W, Aukai J, Bracke M, Day R, Pastrick M. Intratester and 

intertester reliability of the cervical range of motion device. Archives of Physical 

Medicine & Rehabilitation. 1991;72(5):338-340. 

98. Florencio LL, Pereira PA, Silva ER, Pegoretti KS, Goncalves MC, Bevilaqua-Grossi 

D. Agreement and reliability of two non-invasive methods for assessing cervical range of 

motion among young adults. Revista Brasileira de Fisioterapia. 2010;14(2):175-181. 

99. Garrett TR, Youdas JW, Madson TJ. Reliability of measuring forward head posture in 

a clinical setting. Journal of Orthopaedic & Sports Physical Therapy. 1993;17(3):155-

160. 

http://www.spineproducts.com/


 

 

36 

100. Reynolds J, Marsh D, Koller H, Zenenr J, Bannister G. Cervical range of movement 

in relation to neck dimension. European Spine Journal. 2009;18(6):863-868. 

101. Tousignant M, de Bellefeuille L, O'Donoughue S, Grahovac S. Criterion validity of 

the cervical range of motion (CROM) goniometer for cervical flexion and extension. 

Spine. 2000;25(3):324-330. 

102. Tousignant M, Duclos E, Lafleche S, et al. Validity study for the cervical range of 

motion device used for lateral flexion in patients with neck pain. Spine. 2002;27(8):812-

817. 

103. Tousignant M, Smeesters C, Breton AM, Breton E, Corriveau H. Criterion validity 

study of the cervical range of motion (CROM) device for rotational range of motion on 

healthy adults. Journal of Orthopaedic & Sports Physical Therapy. 2006;36(4):242-248. 

104. de Koning CH, van den Heuvel SP, Staal JB, Smits-Engelsman BC, Hendriks EJ. 

Clinimetric evaluation of active range of motion measures in patients with non-specific 

neck pain: A systematic review. European Spine Journal. 2008;17(7):905-921. 

105. Williams MA, McCarthy CJ, Chorti A, Cooke MW, Gates S. A systematic review of 

reliability and validity studies of methods for measuring active and passive cervical range 

of motion. Journal of Manipulative & Physiological Therapeutics. 2010;33(2):138-155. 

106. Rosenstiel SF, Land MF, Fujimoto J. Contemporary Fixed Prosthodontics. 4th ed. 

St. Louis, Mo.: Mosby Elsevier; 2006. 



 

 

37 

107. Johansson A, Johansson A-, Omar R, Carlsson GE. Rehabilitation of the worn 

dentition*. J Oral Rehabil. 2008;35(7):548-566. doi: 10.1111/j.1365-2842.2008.01897.x. 

108. Abduo J, Lyons K. Clinical considerations for increasing occlusal vertical 

dimension: A review. Aust Dent J. 2012;57(1):2-10. 

109. Cordray FE. Three-dimensional analysis of models articulated in the seated condylar 

position from a deprogrammed asymptomatic population: A prospective study. part 1. Am 

J Orthod Dentofacial Orthop. 2006;129(5):619-630. 

110. Baker PS, Parker MH, Ivanhoe JR, Gardner FM. Maxillomandibular relationship 

philosophies for prosthodontic treatment: A survey of dental educators. J Prosthet Dent. 

2005;93(1):86-90. 

111. Tripodakis AP. [Centric relation - A point of controversy. historical background and 

present status]. Stomatologia. 1987;44(4):189-202. 

112. Keshvad A, Winstanley RB. An appraisal of the literature on centric relation. part I. 

J Oral Rehabil. 2000;27(10):823-833. 

113. Keshvad A, Winstanley RB. An appraisal of the literature on centric relation. part II. 

J Oral Rehabil. 2000;27(12):1013-1023. 

114. Wessberg GA, Epker BN, Elliott AC. Comparison of mandibular rest positions 

induced by phonetics, transcutaneous electrical stimulation, and masticatory 



 

 

38 

electromyography. J Prosthet Dent. 1983;49(1):100-105. doi: 10.1016/0022-

3913(83)90248-2. 

115. Pokorny PH, Wiens JP, Litvak H. Occlusion for fixed prosthodontics: A historical 

perspective of the gnathological influence. J Prosthet Dent. 2008;99(4):299-313. 

116. Rinchuse DJ, Kandasamy S. Centric relation: A historical and contemporary 

orthodontic perspective. J Am Dent Assoc. 2006;137(4):494-501. 

117. Wang M, Mehta N. A possible biomechanical role of occlusal cusp-fossa contact 

relationships. J Oral Rehabil. 2013;40(1):69-79. 

118. The academy of prosthodontics. the glossary of prosthodontic terms,8th edition. 

Journal of Prosthetic Dentistry. 2005;94(10). 

119. Woda A, Pionchon P, Palla S. Regulation of mandibular postures: Mechanisms and 

clinical implications. Critical Reviews in Oral Biology & Medicine. 2001;12(2):166-178. 

120. 'Swerdlow H. Vertical dimension literature review. J  Pros Dent. 1965;March-

April:241-247. 

121. Ormianer Z, Gross M. A 2-year follow-up of mandibular posture following an 

increase in occlusal vertical dimension beyond the clinical rest position with fixed 

restorations. J Oral Rehabil. 1998;25(11):877-883. 



 

 

39 

122. Ormianer Z, Palty A. Altered vertical dimension of occlusion: A comparative 

retrospective pilot study of tooth- and implant-supported restorations. Int J Oral 

Maxillofac Implants. 2009;24(3):497-501. 

123. Dawson PE. Chapter 11:Recording centric relation. In: Functional Occlusion: From 

TMJ to Smile Design. St. Louis, Mo.: Mosby; 2007. 

124. Dawson PE. Chapter 13: Vertical dimension. In: Functional Occlusion: From TMJ 

to Smile Design. St. Louis, Mo.: Mosby; 2007. 

125. Atwood DA. A critique of research of the rest position of the mandible. J Prosthet 

Dent. 1966;16(5):848-854. 

126. Carlsson GE, Ingervall B, Kocak G. Effect of increasing vertical dimension on the 

masticatory system in subjects with natural teeth. J Prosthet Dent. 1979;41(3):284-289. 

doi: 10.1016/0022-3913(79)90008-8. 

127. Kois JC. Occlusal vertical dimension: What is the controversy?. Compend Contin 

Educ Dent. 1997;18(12):1164. 

128. Rivera-Morales WC, Mohl ND. Relationship of occlusal vertical dimension to the 

health of the masticatory system. J Prosthet Dent. 1991;65(4):547-553. 

129. Dahl BL. The face height in adult dentate humans. A discussion of physiological 

and prosthodontic principles illustrated through a case report. J Oral Rehabil. 

1995;22(8):565-569. 



 

 

40 

130. Dahl BL, Krogstad O. Long-term observations of an increased occlusal face height 

obtained by a combined orthodontic/prosthetic approach. J Oral Rehabil. 

1985;12(2):173-176. 

131. Ormianer Z, Gross M. A 2-year follow-up of mandibular posture following an 

increase in occlusal vertical dimension beyond the clinical rest position with fixed 

restorations. J Oral Rehabil. 1998;25(11):877-883. doi: 10.1046/j.1365-

2842.1998.00326.x. 

132. Hamata MM, Zuim PR, Garcia AR. Comparative evaluation of the efficacy of 

occlusal splints fabricated in centric relation or maximum intercuspation in 

temporomandibular disorders patients. Journal of Applied Oral Science. 2009;17(1):32-

38. 

133. Fu AS, Mehta NR, Forgione AG, Al-Badawi EA, Zawawi KH. Maxillomandibular 

relationship in TMD patients before and after short-term flat plane bite plate therapy. 

Cranio. 2003;21(3):172-179. 

134. Helkimo M, Ingervall B, Carlsson GE. Comparison of different methods in active 

and passive recording of the retruded position of the mandible. Scandinavian Journal of 

Dental Research. 1973;81(4):265-271. 

135. McKee JR. Comparing condylar position repeatability for standardized versus 

nonstandardized methods of achieving centric relation. J Prosthet Dent. 1997;77(3):280-

284. 



 

 

41 

136. Okeson JP. Joint intracapsular disorders: Diagnostic and nonsurgical management 

considerations. Dent Clin North Am. 2007;51(1):85-103. doi: 

10.1016/j.cden.2006.09.009. 

137. Dawson PE. Chapter 8:Adapted centric posture. In: Functional Occlusion: From 

TMJ to Smile Design. St. Louis, Mo.: Mosby; 2007. 

138. Kantor ME, Silverman SI, Garfinkel L. Centric relation recording techniques: A 

comparative investigation. J Prosthet Dent. 1973;30(4):604-606. 

139. Dawson PE. Chapter 7: Centric relation. In: Functional Occlusion: From TMJ to 

Smile Design. St. Louis, Mo.: Mosby; 2007. 

140. Karl PJ, Foley TF. The use of a deprogramming appliance to obtain centric relation 

records. Angle Orthod. 1999;69(2):117-124. 

141. Lucia VO. A technique for recording centric relation. J Prosthet Dent. 

1964;14(3):492-505. doi: 10.1016/S0022-3913(64)80017-2. 

142. Wilson PH, Banerjee A. Recording the retruded contact position: A review of 

clinical techniques. Br Dent J. 2004;196(7):395-402. 

143. Roth RH. Functional occlusion for the orthodontist. Journal of Clinical 

Orthodontics. 1981;15(1):32-40. 



 

 

42 

144. Roth RH, Rolfs DA. Functional occlusion for the orthodontist. part II. Journal of 

Clinical Orthodontics. 1981;15(2):100-123. 

145. Wood DP, Elliott RW. Reproducibility of the centric relation bite registration 

technique. Angle Orthod. 1994;64(3):211-220. 

146. Land MF, Peregrina A. Anterior deprogramming device fabrication using a 

thermoplastic material. J Prosthet Dent. 2003;90(6):608-610. 

147. Hunter BD, Toth RW. Centric relation registration using an anterior deprogrammer 

in dentate patients. Journal of Prosthodontics. 1999;8(1):59-61. doi: 10.1111/j.1532-

849X.1999.tb00011.x. 

148. Silverman MM. The speaking method in measuring vertical dimension. 1952. J 

Prosthet Dent. 2001;85(5):427-431. 

149. Pound E. Let /S/ be your guide. J Prosthet Dent. 1977;38(5):482-489. 

150. Miralles R, Dodds C, Palazzi C, et al. Vertical dimension. part 1: Comparison of 

clinical freeway space. Cranio. 2001;19(4):230-236. 

151. Zonnenberg AJ, Mulder J, Sulkers HR, Cabri R. Reliability of a measuring-

procedure to locate a muscle-determined centric relation position. European Journal of 

Prosthodontics & Restorative Dentistry. 2004;12(3):125-128. 



 

 

43 

152. Atwood DA. A cephalometric study of the clinical rest position of the mandible: 

Part I. the variability of the clinical rest position following the removal of occlusal 

contacts. J Prosthet Dent. 1956;6(4):504-519. doi: 10.1016/0022-3913(56)90094-4. 

153. Silverman MM. The comparative accuracy of the closet-speaking-space and the 

freeway space in measuring vertical dimension. J Acad Gen Dent. 1974;22(5):34-36. 

154. Singh GD, Olmos S. Use of a sibilant phoneme registration protocol to prevent 

upper airway collapse in patients with TMD. Sleep & Breathing. 2007;11(4):209-216. 

155. Kamal I. Test-retest validity of acoustic pharyngometry measurements. 

Otolaryngology - Head & Neck Surgery. 2004;130(2):223-228. 

156. Kamal I. Normal standard curve for acoustic pharyngometry. Otolaryngol Head 

Neck Surg. 2001;124(3):323-330. 

157. I Marshall and N J Maran and S Martin and M A Jan and J E Rimmington and J J K 

Best and G B Drummond and,N.J.Douglas. Acoustic reflectometry for airway 

measurements in man: Implementation and validation. Physiol Meas. 1993;14(2):157. 

158. Muto T, Yamazaki A, Takeda S. A cephalometric evaluation of the pharyngeal 

airway space in patients with mandibular retrognathia and prognathia, and normal 

subjects. Int J Oral Maxillofac Surg. 2008;37(3):228-231. 



 

 

44 

159. Jung DG, Cho HY, Grunstein RR, Yee B. Predictive value of kushida index and 

acoustic pharyngometry for the evaluation of upper airway in subjects with or without 

obstructive sleep apnea. J Korean Med Sci. 2004;19(5):662-667. 

160. Ferguson KA, Love LL, Ryan CF. Effect of mandibular and tongue protrusion on 

upper airway size during wakefulness. American Journal of Respiratory & Critical Care 

Medicine. 1997;155(5):1748-1754. 

161. Mehta A, Qian J, Petocz P, Darendeliler MA, Cistulli PA. A randomized, controlled 

study of a mandibular advancement splint for obstructive sleep apnea. American Journal 

of Respiratory & Critical Care Medicine. 2001;163(6):1457-1461. 

162. Gagnon Y, Mayer P, Morisson F, Rompre PH, Lavigne GJ. Aggravation of 

respiratory disturbances by the use of an occlusal splint in apneic patients: A pilot study. 

Int J Prosthodont. 2004;17(4):447-453. 

163. Ferguson KA, Cartwright R, Rogers R, Schmidt-Nowara W. Oral appliances for 

snoring and obstructive sleep apnea: A review. Sleep. 2006;29(2):244-262. 

164. Ng AT, Qian J, Cistulli PA. Oropharyngeal collapse predicts treatment response 

with oral appliance therapy in obstructive sleep apnea. Sleep. 2006;29(5):666-671. 

165. Singh GD, Olmos S. Use of a sibilant phoneme registration protocol to prevent 

upper airway collapse in patients with TMD. Sleep and Breathing. 2007;11(4):209-216. 

doi: 10.1007/s11325-007-0104-3. 



 

 

45 

166. Ferreira Ade F, Henriques JC, Almeida GA, Machado AR, Machado NA, Fernandes 

Neto AJ. Comparative analysis between mandibular positions in centric relation and 

maximum intercuspation by cone beam computed tomography (CONE-BEAM). Journal 

of Applied Oral Science. 2009;17(Suppl):27-34. 

167. Alves M,Jr, Franzotti ES, Baratieri C, Nunes LK, Nojima LI, Ruellas AC. 

Evaluation of pharyngeal airway space amongst different skeletal patterns. International 

Journal of Oral & Maxillofacial Surgery. 2012;41(7):814-819. 

168. El H, Palomo JM. Airway volume for different dentofacial skeletal patterns. 

American Journal of Orthodontics & Dentofacial Orthopedics. 2011;139(6):e511-21. 

169. Oh KM, Hong JS, Kim YJ, Cevidanes LS, Park YH. Three-dimensional analysis of 

pharyngeal airway form in children with anteroposterior facial patterns. Angle Orthod. 

2011;81(6):1075-1082. 

170. Singh GD, Garcia-Motta AV, Hang WM. Evaluation of the posterior airway space 

following biobloc therapy: Geometric morphometrics. Cranio. 2007;25(2):84-89. 

171. Silverman MM. The comparative accuracy of the closet-speaking-space and the 

freeway space in measuring vertical dimension. J Acad Gen Dent. 1974;22(5):34-36. 

172. Silverman MM. The speaking method in measuring vertical dimension. 1952. J 

Prosthet Dent. 2001;85(5):427-431. 



 

 

46 

173. Daly P, Preston CB, Evans WG. Postural response of the head to bite opening in 

adult males. Am J Orthod. 1982;82(2):157-160. 

174. Miyaoka S, Hirano H, Miyaoka Y, Yamada Y. Head movement associated with 

performance of mandibular tasks. J Oral Rehabil. 2004;31(9):843-850. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


