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ABSTRACT 

OBJECTIVE: To investigate differences in jaw mechanics and behavior in adults with different 

facial types. 

METHODS: This retrospective, non-therapeutic, observational, comparative study evaluated 

relationships between facial types based on 1) Sella-Nasion – Gonion-Gnathion (SN-GoGn) 

angle, 2) Frankfort Horizontal – Gonion-Menton (FH-GoMe) angle, and 3) Condylion-Gonion 

(Co-Go) distance (ramal height) from derived lateral cephalograms and their correlation with 1) 

temporomandibular energy densities (ED), 2) jaw muscle duty factors (DF) collected over three 

time periods (day, night, overall) at thresholds of ≤2N, and 3) mechanobehavioral scores (MBS 

= (ED)2 x DF) from ninety-two subjects. All subjects gave informed consent to participate. 

Inclusion criteria for subjects were male or female adults, age 18 years or older that met the 

following: 1) were willing to complete all aspects of the study, 2) were relatively symmetrical in 

terms of the bilateral positions of the dentition and muscles of mastication, 3) anatomy 

accommodated the research devices and materials used, 4) all first molar, canine, and incisor 

teeth were present, and 5) no aspect of the medical history contraindicated routine dental 

procedures. Exclusion criteria for subjects were: 1) known allergies to dental materials such as 

acrylic or molding material, 2) large dental restorations or cavities, 3) inability to read, 4) inability 

to follow auditory commands, 5) history of diagnosed musculoskeletal disease (e.g. 

fibromyalgia, muscular dystrophy) or trauma to the temporomandibular joint (TMJ), 6) evidence 

of degenerative osseous changes of the TMJ, and 7) pregnancy. Data were analyzed using 

Pearson coefficient correlation, R2 values, and one-way analysis of variance (ANOVA) followed 

by Tukey’s Honest Significant Difference post hoc test; statistical significance was defined by p 

< 0.05. 

RESULTS: Larger mandibular plane angles (MPA) in males were related to lower mean energy 

densities, and smaller mandibular plane angles were related to higher mean energy densities. 

In both the male and female subjects, as the ramal height increased, the mean energy densities 
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increased. Both male and female models for Co-Go versus MBS indicate that as MBS 

increased, so did ramal height; when MBS values reached approximately 125 mJ
2 
%T≤2N, the 

mm6 

ramal height decreased as the MBS increased. Ramal height for the total population was found 

to have a statistically significant relationship to DF at low thresholds, £2N, for overall (day/night) 

recordings (p = 0.029) and for day recordings (p = 0.044). Results revealed 14.9% of the 

variation of SN-GoGn was attributable to MBS within the male sub-group, which was statistically 

significant (p = 0.022). Co-Go compared to mechanobehavior scores also produced statistically 

significant results for the total population and within each gender subgroup (overall, p < 0.001, 

male, p = 0.001; female, p < 0.001). Results indicated that 25.6% and 29.8% of the variance in 

ramal height was attributable to the combined effects of EDs and DFs for males (p = 0.001) and 

females (p < 0.001), respectively. 

CONCLUSIONS: 1) There were no significant differences between dolichofacial, mesofacial, 

and brachyfacial groups for ED; overall, day and night DF; and MBS. 2A) The facial type 

measurements of Sn-GoGn and FH-GoMe showed significant relationships with ED in males 

but no significant relationships with ED amongst genders or in females. There were statistically 

significant differences in mean energy densities for brachyfacial groups between genders for 

SN-GoGn and for FH-GoMe. 2B) The facial type measurements of Sn-GoGn and FH-GoMe 

showed no significant relationships with DF amongst genders or within genders. 2C) The facial 

type measurement of Sn-GoGn showed significant relationships with MBS in males but no 

significant relationships with MBS amongst genders or in females. 2D) The facial type 

measurement of FH-GoMe showed no significant relationships with MBS amongst genders or 

within genders. 3) In addition, ramal height (Co-Go) measurements showed significant 

relationships with both ED and MBS overall and within males and females. Ramal height 

measurements also showed significant relationships with overall and day-time DF amongst 

genders and in males. 

VIII 



  

  
 

 
 

 
 

               

             

            

             

              

         

           

         

              

            

            

         

            

            

      

 

CHAPTER 1 

INTRODUCTION 

FACIAL MORPHOLOGY 

Two extreme types of vertical facial growth patterns exist, ‘long face’ and ‘short face’. Long face 

subjects are characterized by a reduction in the posterior facial height and larger lower vertical 

face heights when compared with the average. Conversely, short face subjects are 

characterized by an increase in the posterior facial height and shorter lower vertical face heights 

when compared to the average.1 Sankey et al.2 described mandibles with a vertical, or 

hyperdivergent, growth pattern to display decreased posterior-to-anterior facial height ratios, 

smaller upper-to-lower-facial height ratios, decreased ramal heights, larger upper anterior facial 

heights, larger lower anterior facial heights, increased mandibular plane angles, increased 

gonial angles, and increased palatal plane angles relative to neutral or normal growth patterns 

(Figure 1, Figure 2). Furthermore, Siriwat and Jarabak3, found hyperdivergent growth patterns 

to be most associated with Class III versus Class I or Class II malocclusions; and similarly, 

Class II versus Class I or Class III malocclusions occurred more frequently in hypodivergent 

pattern subjects. They also discovered associations between hypodivergent growth and long 

vertical ramus heights, small mandibular plane angles, and small gonial angles relative to 

normal growth patterns (Figure 1, Figure 2).3 

1 



  

 
 

             

            

             

          

 

 
 

              

              

           

       

 

 

Figure 1: Extreme facial types, lateral cephalometric. Hyperdivergent growth pattern (left) and 

hypodivergent growth pattern (right). Posterior Facial Height, measured from Sella to Gonion 

(yellow); Lower Anterior Facial Height, measured from Anterior Nasal Spine to Menton (orange); 

Total Anterior Facial Height, measured from Nasion to Menton (blue) 

Figure 2: Extreme facial types by mandibular plane angle and ramal height. Hyperdivergent 

growth pattern (left) with increased mandibular plane angles (yellow and green) and short ramal 

height (blue); hypodivergent growth pattern (right) with decreased mandibular plane angles 

(yellow and green) and long ramal height (blue).  

2 



  

             

          

         

             

              

               

              

                  

             

            

          

 

           

              

         

               

                    

               

             

         

               

       

 

 

 

As early as 1840, Retzius4 is credited as the first professor of anatomy to describe cranial 

morphology. He classified craniums in the anterior-posterior dimension with elongated skulls as 

gentes dolichocephalae and those with short skulls as gentes brachycephalae. Although 

Retzius classified the skull shape, in reference to its length, he did not assign numerical values 

to delineate the differing types, nor did he define mesocephalae, a skull length that is average.4-

6 The measurements used by Retzius are now known as the cranial index, when applied to the 

skull, and the cephalic index, when referring to a living person.6 Cephalic index is calculated by 

taking the ratio of the maximum width of the skull to the maximum length of the skull multiplied 

by 100.5 Allanson et al.7 stated that dolichocephalic skull width is less than 75 percent of the 

skull length, mesocephalic skull width is 76-80.9 percent of the skull length, and brachycephalic 

skull width is 81 percent or greater of the skull length. 

In 1960, Ricketts8 introduced the synonymous terms, dolichofacial, brachyfacial, and mesofacial 

when referring to the face, as opposed to the skull. Additionally, leptoprosopic, euryprosopic, 

and mesoprosopic; hyperdivergent, hypodivergent, neutral; long, short, medium; and skeletal 

open bite or skeletal deep bite are other terms used to describe facial morphology.5 In 1963, 

Cole9 defined the facial index to be the length of the face from the root of the nose to the bottom 

of the chin divided by the greatest breadth across the cheek bones, expressed as a percentage. 

A similar explanation of the facial index is the height of the face measured from Nasion to 

Gnathion, divided by the bizygomatic width, measured from the ZygionRight to ZygionLeft, 

multiplied by 100.10 Farkas and Munro10 described the cutoff points for the facial index as 

follows: Euryprosopic (80.0-84.9), Mesoprosopic (85.0-89.9), and Leptoprosopic (90.0-94.9). 

3 



  

      

 

           

               

            

          

          

           

          

 

            

        

              

  

 

           

          

  

    

       

                

   

           

       

       

CEPHALOMETRIC ASSESSMENT OF FACIAL VERTICAL GROWTH PATTERN 

As early as 1886 the history of radiology began when Roentgen explained he had discovered x-

rays and took the first radiograph of a human hand.11 By 1931, the technique of taking a lateral 

cephalogram was introduced and published by Broadbent.12 Only a few years later in 1948, 

Downs analyzed vertical skeletal face and jaw discrepancies using his analysis to assess the 

mandibular plane angle. The Downs’ analysis measured the Frankfort Horizontal (FH) plane 

(Porion (Po)-Orbitale (Or)), to the Mandibular Plane (MP), defined by Downs as the line tangent 

to Gonion (Go) and lowest point of the symphysis, Menton (Me).13 

In 1953, Steiner14 introduced the categorization of facial growth patterns using an angular 

measurement from Sella-Nasion (SN) to the mandibular plane defined by Gonion-Gnathion 

(GoGn). Thus, the use of the anterior cranial base as the reference plane for evaluating vertical 

growth was introduced.15 

Facial vertical growth patterns, hyperdivergent or hypodivergent as detailed above, have been 

evaluated on lateral cephalograms by various methods to include the following angular and 

linear parameters:13,15,16 

Angular parameters (Figure 1) 

• Y-axis:  Angle between S-Gn and SN planes 

• SN-MP: Angle between SN plane and Downs’ MP, line tangent to Go and lowest point 

of the symphysis, Me 

• MMA: Angle between maxillary plane, using the palatal plane, and MP 

• SN-GoGn: Angle between SN and Go-Gn planes 

• FMA: Angle between FH to mandibular planes 

4 
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• R angle: Angle between Nasion-Condylion-Menton (NCoMe) 

• Gonial angle:  Angle formed by the line tangent to the lower border of the mandible and 

a line tangent touching the posterior border of the ramus at two points, one at the 

condyle and one at the angle region 

Figure 3: Angular parameters of vertical growth, where S = Sella, Gn = Gnathion, N = Nasion, 

Go = Gonion, Me = Menton, FH = Frankfort Horizontal Plane, Co = Condylion 

Two linear parameters used to assess facial vertical growth are facial height ratio and 

Jarabak’s ratio.15 

Linear Parameters (Figure 4) 

• Total anterior facial height (TAFH): Linear distance between N and Me 

• Upper anterior facial height (UAFH): Linear distance between N and Anterior Nasal 

Spine (ANS) 

• Lower anterior facial height (LAFH): Linear distance between ANS and Me 

5 
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• Posterior facial height (PFH): Linear distance between S and Go 

• Facial height ratio: Lower anterior facial height/total anterior facial height, LAFH:TAFH 

• Jarabak’s ratio: (PFH/TAFH) x 100 

Figure 4:  Linear parameters of vertical growth where Total Anterior Facial Height (blue) is linear 

distance from Nasion to Menton, Upper Anterior Facial Height (pink) is linear distance from 

Nasion to Anterior Nasal Spine, Lower Anterior Facial Height (orange) is linear distance from 

Anterior Nasal Spine to Menton, and Posterior Facial Height (yellow) is linear distance between 

Sella and Gonion, 

Ahmed et al.15 surmised that SN-GoGn was a reliable indicator of vertical growth, due to ease of 

cephalometric landmark identification; whereas, FMA was a less reliable indicator of vertical 

growth due to Po being a challenging landmark to identify on a lateral cephalogram.17 In a 

study conducted by Ahmed et al., a strong correlation in assessing the vertical growth pattern of 

the face was not present between SN-GoGn and facial height (LAFH:TAFH), thus making facial 

6 
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height the least reliable method of assessing vertical growth pattern in the aforementioned 

study.15 Due to these limitations, new analyses are still being introduced (e.g., the R-angle15), 

where quantitative data regarding the reliability of measurements within these new analyses 

should be reviewed. 

ANGLE CUT-OFFS FOR DEFINING FACIAL TYPES 

Studies have been conducted using various definitions of mandibular plane angle and differing 

cut-offs to delineate facial types based on these mandibular plane angles. In 1989, Ricketts 

redefined facial types in terms of a facial-mandibular index (antegonial width x 100/Na-Me), 

measured from a posteroanterior cephalometric radiograph. According to Ricketts, mesofacial 

types have a facial-mandibular index of 75 to 80, with dolichofacial types having a smaller value, 

and brachyfacial types a larger value.18 Iwasaki et al.19 established cut points for FH mandibular 

plane angle (FHMPA) to define brachyfacial type as FHMPA ≤ 22o and dolichofacial type as 

FHMPA ≥ 30o, with mesofacial type being classified as anything in between. In another study 

evaluating the mechanobehavioral differences in adolescents with two facial types, SN-GoGn 

was the reference angle with cut points being ≤ 27o for brachyfacial and ≥ 37o for dolichofacial 

types.20 

GROWTH AND LOADING OF CONDYLAR CARTILAGE 

Mechanics, or work done, affect the shape and relationships of the growing, loaded 

temporomandibular joint (TMJ), and the form of the TMJ eminence is reflective of the changing 

mechanical environment.21 The mandibular condyle grows differentially where the 

anteroposterior dimension increases by a relatively small amount from birth to adulthood and 

the mediolateral dimension approximately doubles.22 This growth pattern may be due to 

7 
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differences in the distribution of shear strain across the condyle and because high shear strain 

promotes osteogenesis and inhibits chondrogenesis.23 That is, the higher shear gradients along 

the anteroposterior axis versus the mediolateral axis of the condyle inhibit chondrogenesis and 

result in relatively limited growth in the anteroposterior compared to the mediolateral 

dimension.24 

Loading of the mandibular condyle is a requirement for normal growth of the TMJ cartilage.25 It 

is hypothesized that reduced condylar loading resulting from decreased muscle activation will 

result in a decrease in the growth factor expression and result in decreased ramus height.26 

Additionally, condylar growth significantly contributes to ramal height.27 The height of the ramus 

is inversely associated with facial height, thus dolichofacial patients generally have relatively 

short ramal heights compared to brachyfacial patients who generally have relatively long ramal 

heights. Additionally, subjects with short ramal heights usually present with increased 

mandibular plane angles, and subjects with long ramal heights usually present with decreased 

mandibular plane angles.28 

VARYING FACIAL TYPES AND ORTHODONTIC IMPLICATIONS 

As the condyle grows after birth, there is a varying degree of increased ramal height among 

individuals.29 Facial type differences are important in the diagnosis and treatment planning of 

orthodontic patients,6,28 as dissimilar muscular and skeletal configurations respond differently to 

orthodontic treatment.30 Ahmed et al.15 reported variations in facial vertical growth should be 

considered when treatment planning for an orthodontic patient. Excess in the vertical dimension 

can lead to excess gingival display upon smiling, incompetent lips, mentalis strain upon closing, 

and a long facial height.  Deficient vertical facial growth may result in inadequate display of 

incisors, overclosure of lips, deep mentolabial sulcus, and a short lower anterior facial height.15 

8 
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Treatment of the varying facial types can be approached with functional appliances in growing 

patients and by orthognathic surgery in adults. As vertical growth is the last component of 

growth to complete, following transverse and anteroposterior growth,31 care must be taken to 

control the vertical effects of orthodontic treatment; failure to do so can result in compromised 

results and/or relapse following treatment.32 For example, a patient that presents with a short 

lower anterior facial height face may also have a large overbite and can afford an increase in 

the vertical dimension of occlusion. The intent of mandibular orthopedic appliances is to stop or 

enhance condylar growth; however, the mechanisms to account for differences in effectiveness 

between appliance types in varying facial patterns is unknown.24 

MUSCLES OF MASTICATION 

Loading of the temporomandibular joints by activation of the muscles of mastication is a 

complex neuromuscular activity involving various muscles.33 The main muscles of 

mastication—masseter, temporalis, medial pterygoid, and lateral pterygoid—serve to elevate, 

protrude, retract, and laterally move the mandible during mastication and other jaw functions. 

The muscles of mastication develop from the first pharyngeal arch and are innervated by the 

mandibular branch of the trigeminal nerve (V3).34 

The masseter muscle is the most superficial of the masticatory muscles and is comprised of two 

heads, superficial and deep. The masseter muscle functions to elevate the mandible, move the 

mandible laterally for efficient grinding of food, and retract the mandible (Table 1).35 

Conventional thought is that bruxism causes this muscle to undergo hypertrophy; 36,37 although 

recent literature states bruxing at high levels of muscle activations is rare.24 

9 
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Table 1: Masseter muscle origin and insertion38 

Origin Insertion 

Superficial Layer Maxillary process of the zygomatic bone 

and the anterior 2/3rds of the inferior 

border of the zygomatic arch 

Lower portion of lateral surface of 

the angle of the ramus 

Middle Layer Anterior 2/3rds of deep surface and 

posterior 1/3rd of lower border of 

zygomatic arch 

Middle portion of ramus 

Deep Layer Deep surface of zygomatic arch Upper portion of ramus and coronoid 

process 

The temporalis muscle serves to elevate the mandible, retract the mandible, crush food 

in the inter-molar region, and contributes to lateral grinding movements. It is a large, fan-

shaped muscle that covers the temporal region of the skull.36,37 The temporalis muscle 

originates at the parietal bone and inserts onto the coronoid process of the mandible (Table 2).38 

Table 2: Temporalis muscle origin and insertion38 

Origin Insertion 

Parietal bone Coronoid process of mandible 

The medial pterygoid muscle serve to elevate and protrude the mandible, bilaterally, while 

allowing for contralateral excursion, unilaterally; this muscle originates at the lateral pterygoid 

plate of the sphenoid bone and inserts onto the internal surface of the ramus (Table 3).36,37 

10 



  

         

  

          

 

               

           

 

       

   

       

   

     

    

             

     

 

 

    

 

          

                

                   

            

              

             

             

            

             

Table 3: Medial pterygoid muscle origin and insertion38 

Origin Insertion 

Lateral pterygoid plate of sphenoid bone Internal surface of ramus 

The lateral pterygoid muscle is a small muscle divided into two heads, the superior and inferior 

head. It functions to depress and protrude the mandible (Table 4).36,37 

Table 4: Lateral pterygoid muscle origin and insertion38 

Origin Insertion 

Superior Head Infratemporal surface and crest of 

greater wing of sphenoid bone 

Anterior margin of articular disc and 

capsule of temporomandibular joint 

Inferior Head Lateral surface of lateral pterygoid plate Pterygoid fovea on the anterior 

surface of neck of mandible 

MASTICATORY MUSCLES AND GENDER 

Many studies have investigated correlation between maximum bite force and gender.33,39,40 

Palinkas et al.40 conducted a study in 2010 measuring maximal molar bite force values (both left 

and right sides) between men and women in five age groups. In all five age groups, men had 

approximately 30% higher mean maximal molar bite force values than women within the same 

age group. This study also reported that men had thicker right and left masseter and right and 

left anterior temporalis muscles compared to women in all age groups with the exception of the 

right anterior temporalis in the adolescent age group. Kiliaridis and Kalebo39 measured the 

thickness of the masseter muscle in twenty adult females and twenty adult males, age range 

twenty to thirty-five years old, using ultrasound images made while subjects were in a relaxed 
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state and maximal clenching state. The masseter muscles were scanned using a 70 MHz high-

resolution linear-array transducer, oriented perpendicular to the ramus. The site of 

measurement was in the thickest part of the masseter muscle, close to the level of the occlusal 

plane, approximately in the middle of the mediolateral distance of the ramus. The masseter 

thickness in men was significantly greater in men than in women during both contraction and in 

the relaxed state. Furthermore, the thickness of the masseter during contraction, or clenching, 

was found to be significantly related to body weight divided by height in female subjects, where 

the masseter was thicker in female subjects who had larger body weight in proportion to their 

stature; no statistically significant relationships were found between these characteristics in the 

male population. Additionally, it was reported that female subjects with thin masseter muscles 

had proportionally longer faces, but thickness of the masseter muscle was not found to be 

related to facial morphology in males. Ferrario et al.41 studied electromyographic activity of the 

masseter and anterior temporalis in thirty adult men and thirty adult women and found a 

significant gender difference for masticatory frequency, with larger values in the male subjects 

than in the female subjects. No notation of masseter nor anterior temporalis thickness was 

noted within this study. 

FACIAL TYPE CORRELATIONS WITH MASTICATORY MUSCLES 

Throckmorton et al.42 explained that differences in facial morphology between long face and 

short face individuals affects the mechanical advantage of masticatory muscles, specifically the 

masseter and temporalis muscles. These authors postulated that these mechanical advantages 

may explain, in part, observed differences in maximum biting force between the varying facial 

types. Surprisingly, studies conflict regarding differing facial types and correlation with the 

anatomy and use of masticatory muscles.5 Non-validated studies have been conducted to 

demonstrate craniofacial mechanics of biting,43 bite force differences amongst craniofacial 
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groups,44 and voluntary clenching and “maximal” levels that are not indicative of normal 

activity.45 Conflicting results between dolichofacial and brachyfacial masticatory muscle 

behavior in adolescents have been reported. Proffit et al. reported dolichofacial adults exert 

significantly less occlusal force upon maximum effort and swallowing than do average facial 

type adults.44 Ingervall et al.46 reported only for adolescent females is there a correlation 

between larger bite forces and small gonial angles which contrasts a similar study by Proffit and 

Fields stating there is no difference in occlusal forces during maximum bite force effort between 

long face and average face adolescents.47 

Results from one study conducted in 1980 concluded that for a change in ramus height of 20 

mm, the mechanical advantage of the temporalis muscle decreased by 10 percent, but the 

mechanical advantage of the masseter muscle increased by 15 percent.42 These results imply 

that the greater bite force reported for brachyfacial subjects may be related to the greater 

mechanical advantage of their adductor muscles.42 A previous study on adolescents reported 

dolichofacial individuals produced larger TMJ loads during incisor and molar biting than 

brachyfacial individuals. Additionally, significantly more low-level masseter and anterior 

temporalis activities occur in brachyfacial individuals than in dolichofacial subjects. 

Approximately 40-50% of variance seen in ramal vertical height was explained by combined 

effects of TMJ mechanics and jaw muscle use (mechanobehavior).20 Further studies are 

needed to compare mechanobehavior between dolichofacial, brachyfacial, and mesofacial 

subjects. 

JAW MECHANICS AND BEHAVIOR 

Computer-assisted numerical models of the human masticatory system have been constructed 

using algorithms to study the specific muscle activation patterns during jaw loading behaviors 
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such as biting48 and validated by comparison of model predictions with measured muscle 

activities during the same behaviors in vivo.49 To date, few studies have investigated 

mechanical differences between dolichofacial and brachyfacial subjects using validated 3-

dimensional numerical models of muscle forces and TMJ loads. 

Mechanobehavior is the product of craniofacial mechanics and loading behavior of the 

mandible. TMJ energy densities and duty factors can be used to calculate mechanobehavioral 

scores, defined below, which can provide important information allowing researchers to assess 

muscle behavior. 

• Temporomandibular joint mechanical energy densities (ED, mJ/mm3):  

• Measure of jaw mechanics 

• Estimated using dynamic stereometry, assessed by use of 3-dimensional 

software reconstructions of each subjects’ anatomical structures via magnetic 

resonance imagining (MRI) and animation from motion tracking data, of the TMJs 

and predicted TMJ loads using validated numerical models 

• Calculated by50: 

" %&'()&*+,- ∆/ (2 3 %,+'4(5 )- ∆/ED = = = , where 
# # # 

W: Mechanical work done (mJ) 

Q: Volume of cartilage under the stress field (mm3) 

∆D: Change in mediolateral stress-field position (mm) 

f: Tractional Coefficient (Ftraction/Fnormal) 

Fnormal: TMJ-specific normal (perpendicular) forces 

Ftractional: Tractional forces, sum of frictional and ploughing forces 
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• Jaw muscle duty factors51 (DF, %): 

• Measure of jaw muscle use at a given muscle activity threshold (e.g., %T≤2N), 

during a given recording period (behavior) 

(# �� �������) � 128�� 
DF= x 100, where 

����� ��������� ���� 

# of windows: Number of 128-ms time windows during a recording where 

the ambulatory electromyography was at the specified threshold 

• Mechanobehavioral scores (MBS)52 (( mJ )2 %T≤2N): 
mm3 

MBS = (ED)2 X DF 

A recent study by Iwasaki et al.19 using 3-dimensional numerical models found dolichofacial 

phenotypes showed significantly larger predicted ipsilateral and contralateral TMJ loads for the 

same specific biting conditions at T2 (12 years) and T3 (18 years) than did brachyfacial subjects 

by ≥ 20%. As the subjects aged, dolichofacial subjects had significantly higher predicted TMJ 

loads that correlated with shorter ramus heights when compared to brachyfacial subjects.19 

This correlation supports a previous theoretical relationship between condylar growth and 

mechanical stress.27,39,43,46,47 A similar study conducted by Nickel et al.20 found overall that 

predicted TMJ loads were significantly greater, by ≥ 20%, in dolichofacial compared to 

brachyfacial adolescents during incisor and molar biting. This study also evaluated muscle 

activities of the masseter and anterior temporalis muscles. Generally speaking, brachyfacial 

subjects had higher masseter and anterior temporalis duty factors, measures of jaw muscle use 

over a given time period, than dolichofacial subjects.20 More studies similar to the ones 

described above would be beneficial in increasing the knowledge of the orthodontic field on this 

topic. 
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STATEMENT OF THE PROBLEM 

To date, few studies have investigated differences in jaw mechanics and behavior between 

dolichofacial, mesofacial, and brachyfacial subjects. 

STUDY OBJECTIVES 

• Analyze lateral cephalometric images to characterize craniomandibular anatomy, 

including two measurements of mandibular plane angle and one measurement of ramal 

height: 

o Mandibular plane angle (SN-GoGn), 

o Downs’ mandibular plane angle—FH-GoMe 

o Ramal height (Co-Go, direct linear measure) 

Definitions of each point are as follows: 

Sella: Center of the pituitary fossa of the sphenoid bone 

Nasion: Intersection of the internasal suture with the nasofrontal suture in the 

midsagittal plane 

Gonion: Posterior-inferior most point on gonial angle 

Gnathion: Midpoint between the most anterior and inferior point on the bony chin 

Frankfort Horizontal: Porion-Orbitale 

Po: Most superior point of external auditory meatus; 

Or: Most inferior point of the external border of the orbital cavity 

Me: Lowest point of symphysis 

Co: Superior-anterior most point on the condyle 

16 



  

        

          

 

     

        

        

             

   

 

 

 

         

             

              

       

  

       

 

 

      

            

      

         

 

 

Occlusal plane: Best fit of posterior teeth 

• Categorize the existing sample according to dolichofacial, brachyfacial and average 

groups 

• Combine cephalometric results with existing data: 

Jaw mechanics, behavior, and mechanobehavioral scores 

• Investigate correlation between craniofacial morphology characteristics in sample groups 

(combined genders, male, and female) for group differences for ED, DF (overall, day, 

and night), and MBS 

HYPOTHESES 

Groups of subjects with dolichofacial, mesofacial, and brachyfacial features identified via short 

ramal height and high mandibular plane angle, average ramal height and average mandibular 

plane angle, and long ramal height and low mandibular plane angle, respectively, did not show 

significant differences for ED, DF, or MBS 

1. Between groups. 

2. Between genders, within and between groups. 

Variables defined: 

• Temporomandibular joint mechanical energy densities (ED, mJ/mm3) 

• Jaw muscle duty factors, (DF, %; 2 muscles: masseter, anterior temporalis, 

3 time periods: day, night, overall) 

• Mechanobehavioral scores = (ED)2 X DF = ( mJ )2 %T≤2Nmm3 
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CHAPTER 2 

MATERIALS AND METHODS 

PREVIOUSLY RECRUITED SUBJECTS 

This retrospective, non-therapeutic, observational, comparative study (project ID: 

MOD00002325) was approved by the State University of New York at Buffalo Health Sciences 

Institutional Review Board committee (IRB Study Number: 388779-1).  The sample for this study 

was adult subjects who were recruited at the University at Buffalo School of Dental Medicine by 

other investigators between September 2006-June 2008 and November 2011-February 2014 for 

projects entitled: Effects of Gender and TMD on Mandibular Mechanics and Joules, Genes and 

Behavior: A multifactorial assessment of temporomandibular disorders. The purpose of this 

previous research was to study the relationships between jaw mechanics, behaviors, and genes 

in individuals with and without temporomandibular disorders (TMD). All subjects gave informed 

consent to participate. Inclusion criteria for subjects were male or female adults, age 18 years 

or older that met the following: 1) were willing to complete all aspects of the study, 2) were 

relatively symmetrical in terms of the bilateral positions of the dentition and muscles of 

mastication, 3) anatomy accommodated the research devices and materials used, 4) all first 

molar, canine, and incisor teeth were present without large restorations, and 5) no aspect of the 

medical history contraindicated routine dental procedures. Exclusion criteria for subjects were: 

1) known allergies to dental materials such as acrylic or molding material, 2) heavily restored 

first molars, canines, or incisors, 3) inability to read, 4) inability to follow auditory commands, 5) 

history of diagnosed musculoskeletal disease (e.g. fibromyalgia, muscular dystrophy) or frank 

trauma to the TMJ, 6) evidence of degenerative osseous changes of a TMJ, and 7) pregnancy. 
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Available records and data from the parent study included the following: 

• Cone-beam Computed Tomography (CBCT) Images 

• Study models to verify occlusion 

• In each subject, EDs were calculated for right TMJs during symmetric jaw closing, where 

the kinetics of the TMJ loading area and volume of cartilage were quantified using 

dynamic stereometry, and magnitude of TMJ loads were estimated through computer-

assisted numerical modeling which used an objective function of minimization of muscle 

effort.50 

o EDs were averaged over right TMJs over 10 closing phases of 10 symmetric 

open-close cycles 

o Duty factors (DFs) calculated from electromyography (EMG) recorded from the 

masseter and anterior temporalis muscles on one side over two day/night cycles 

in subjects’ natural environments while they carried on with their normal 

activities. These recordings averaging 6.8 hours during day cycle and 7.5 hours 

during night cycle. EMG recorded during calibration biting tasks performed in the 

laboratory on two occasions by each subject were used to establish average 

EMG versus bite-force relations for each subject and muscle. These relations 

were used to establish how much muscle activity was associated with a given 

bite-force (N) and thus used to calibrate the EMG recorded by subjects in the 

field, where DF = % of time a muscle was active (at a given threshold) out of the 

total recording time. 

Mechanobehavior Scores were calculated using MBS = (ED)2 X DF = ( mJ 
mm3 )

2 %T≤2N 

o Mechanobehavior scores were square of the energy density multiplied by 

averages of the day and night duty factors (except when there was an order of 

19 
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magnitude difference between day and night, in which case the higher value was 

used). 

Radiographic Inclusion/Exclusion Criteria: 

Using the previously collected CBCTs and lateral cephalometric radiographs, additional 

inclusion and exclusion criteria were applied and consisted of the following: 

Inclusion criteria for subject selection included: 

• CBCT or lateral cephalometric radiographic data of diagnostic quality where 

the following landmarks were clearly identifiable: Po, Or, S, N, Go, Gn, Me, 

and Co 

Exclusion criteria for subject selection included: 

• Images not made using same equipment for same type of image 

• Images of poor quality, where Po, Or, S, N, Go, Gn, Me, and Co were not 

clearly identifiable 

• Images where field of view did not include all landmarks analyzed. 

CBCT IMAGE ACQUISITION AND SOFTWARE 

CBCT images were acquired using an i-CAT cone beam 3-dimensional Dental Imaging System 

version 3.1.62 scanner (Hatfield, PA, USA). The i-CAT scanner operated at 120kVP, 3-7mA, 

and a focal spot of 0.5mm. The field of view (FOV) was a cylinder 16 cm in diameter and 13 cm 

high. 

The process of obtaining the CBCT images was standardized with all subjects standing in an 

upright position with his or her head oriented so that the occlusal plane was parallel to the floor. 
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Head position was stabilized with head and chin support, and scans were made either with a 

bite stick or in maximum intercuspation. 

The CBCT images were exported in DICOM format and subsequently de-identified by removing 

any information of the subject to include name, age, and gender. Each file was assigned a blind 

identifier using a numbering sequence. The DICOM files were imported into cephalometric 

image software (Dolphin 3-dimensional Image System, version 11.9.07.24 Premium, 

Chatsworth, CA, USA). A fully reconstructed 3-dimensional multiplaner image was generated 

using this software. From this 3-dimensional image, a derived lateral cephalogram was 

generated (see study procedures below). 

EXAMINER RELIABILITY 

All lateral cephalograms were derived and traced by the same investigator, initially blinded to all 

other diagnostic and mechanobehavioral data. The interclass correlation coefficient (ICC) was 

performed to assess the intra-examiner reliability when measuring the following data on the 

derived lateral cephalograms: 

• Mandibular plane angle (SN-GoGn, ⁰), 

• Downs’ mandibular plane angle (FH-GoMe, ⁰) and 

• Ramal height (Co-Go, mm) 

After a two-week interval from initial examination, ten randomly selected subjects were re-

evaluated by the investigator. 

21 
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STUDY PROCEDURES 

The study procedures consisted of eight parts: 

I) CBCT image analysis and standardization 

II) Generation of derived lateral cephalograms 

III) Identification of landmarks on lateral cephalograms 

IV) Surgical visual treatment option (VTO) used to reposition mandible according to 

occlusion supported by dental models in subjects where the machine bite stick 

was used 

V) Measurement and classification of mandibular plane angles (SN-GoGn and FH-

GoMe. ⁰) 

VI) Measurement and categorization of ramal height (Co-Go, mm) by gender 

VII) Categorization of cephalometric results with existing data of jaw mechanics, 

behavior, and mechanobehavioral scores 

VIII) Investigate correlation between craniofacial morphology characteristics in sample 

groups (combined genders, male, and female) for group differences for ED, DF 

(overall, day, and night), and mechanobehavioral scores 

Part I: CBCT Image Analysis and Standardization 

The original CBCT volumes were viewed via the cephalometric image software operated on a 

desktop personal computer. Using the software, CBCT volumes were standardized by setting 

the orientation of the axial (x), sagittal (y), and coronal (z) planes. From the frontal view, the 

axial plane (x) was set to the tangent of OribitaleRight to OribitaleLeft (Figure 1). The sagittal (y) 

plane was set to the mid-nasal septum (Figure 1). The coronal (z) plane was set to the 

functional occlusal plane (Figure 4). 
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Figure 5 Axial plane (x) and sagittal (y) plane 

Figure 6: Coronal (z) plane 
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Part II: Generation of derived lateral cephalograms from CBCT images 

CBCT derived lateral cephalograms were generated from each standardized CBCT volume via 

the software program in the perspective projection, using machine Po as the projection center, 

in order to simulate the geometry of the conventional lateral cephalogram with midsagittal plane 

of the patient corrected for 1:1 measurement. Because the original CBCT volumes were 

oriented using FH, subsequent derived lateral cephalograms were also oriented to FH. 

Of the ninety-two subjects analyzed, 77 had CBCTs that required a lateral cephalogram to be 

derived. The remaining 15 had lateral cephalograms available. 

Part III: Identification of landmarks on lateral cephalograms 

An onscreen 0.5 mm marker was used to identify each landmark in the multiplanar views and 3-

dimensional rendered image. Two planes—Frankfort Horizontal and maxillary occlusal plane 

(best fit from premolars to first molar)—and two landmarks—Condylion and Gonion (Table 5) 

were identified. Data for each angle and the direct linear measurement from Condylion to 

Gonion were input into a spreadsheet using commercial software (Microsoft Excel (Redmond, 

WA, USA). 

Table 5: Lateral Cephalogram Landmarks, where Po = Porion and Or = Orbitale 

Plane/Point Definition 

Frankfort Horizontal Po-Or 

Maxillary Occlusal Plane Line bisecting premolars and first molar 

Condylion Most superior-anterior point of condyle 

Gonion Most posterior-inferior point on gonial angle 
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Part IV: Surgical visual treatment option (VTO) 

The Surgical “visual treatment” option (VTO) in the cephalometric image software was used to 

reposition the mandible according to occlusion supported by dental models in thirty-one records 

where the machine bite stick was used. Mandibles were repositioned distally in the x-axis and 

vertically in the z-axis. Of the remaining records, 44 CBCTs were made while the subject was in 

maximum intercuspation, therefore, did not require using the VTO tool, and 15 records were 

lateral cephalograms made in maximum intercuspation. 

Part V: Measurement and classification of mandibular plane angles, SN-GoGn and FH-GoMe 

Mandibular plane angles were measured in degrees from the lateral cephalogram by calculating 

the angle between 1) SN-GoGn and 2) FH-GoMe. Once calculated, each angle was entered 

into the spreadsheet and categorized into one of three classifications: Dolichofacial, Mesofacial, 

and Brachyfacial, according to SN-GoGn: ≥37o, 28-36o and ≤27o, respectively; and FH-GoMe:  

≥30o, 23-29o and ≤22o, respectively (Table 6, Figure 1)19. 

Table 6: Classification of mandibular plane angles, where SN-GoGn = Sella-Nasion – Gonion-

Gnathion angle and FH-GoMe = Frankfort Horizontal Plane – Gonion-Menton angle 

Classification SN-GoGn (o) FH-GoMe (o) 

Dolichofacial ≥37 ≥30 

Mesofacial 28-36 23-29 

Brachyfacial ≤27 ≤22 
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Figure 7: Measurement of Mandibular Plane Angles and Ramal Height, where SN-GoGn 

(orange) = Sella-Nasion – Gonion-Gnathion angle, FH-GoMe (green) = Frankfort Horizontal 

Plane – Gonion-Menton angle, Functional Occlusal Plane (purple), and ramal height, Conion-

Gonion (red) 

Part VI: Measurement and categorization of ramal height (Co-Go, direct linear measurement) 

by gender 

Ramal height was measured in millimeters by finding the direct linear distance between 

Condylion and Gonion (Table 7, Figure 7).  Ramal height, mm, was imported into the 

spreadsheet. 
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Table 7: Lateral Cephalogram Measurements, where Co = Condylion and 

Go = Gonion 

Measurement Definition 

Co-Go Direct linear measurement, mm 

Part VII: Merging of cephalometric results with existing data of jaw mechanics, behavior, and 

mechanobehavioral scores 

Mandibular plane angle measurements were categorized with previous data collected on the 

subjects to include the following: 

1. TMJ energy densities (ED)* 

2. Duty factors (DF)* 

Data collected over 3 times periods (day, night, overall) and derived from 

electromyography (EMG) recorded for two days 

Thresholds of ≤2N were analyzed. 2N is one-tenth the load associated 

with chewing gum; therefore, likely represents light tooth contact 

3. Mechanobehavioral scores (MBS) 

*Previously collected data of masseter and anterior temporalis muscles 

Part VIII: Investigation of correlation between craniofacial morphology characteristics and TMJ 

energy densities, duty factor, and mechanobehavioral scores 

See statistical analysis section. 
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STATISITICAL ANALYSIS 

The data were analyzed using statistical software (IBM SPSS Software statistics for Windows, 

version 24.0 Armonk, NY: IBM Corp). 

Descriptive statistics (mean, standard deviation) for each of the dependent and independent 

variables were calculated. Dependent variables are as follows: facial type as determined by 

SN-GoGn, FH-GoMe, Co-Go, and independent variables are as follows: ED, DF, and MBS. 

Comparisons were made to explore relationships that may exist between facial type 

characteristics and TMJ energy densities, duty factors, and mechanobehavior scores by 

calculating the Pearson coefficient correlation and R2 values. 

One-way analysis of variance (ANOVA) compared facial groups (3 levels—dolichofacial, 

mesofacial, and brachyfacial) and sample groups (3 levels—combined genders, male, and 

female) for group differences for ED, DF (overall, day, and night), and MBS with a significance 

level, α, set at 0.05. Tukey’s Honest Significant Difference post hoc tests were then used to 

investigate group differences. 

CHAPTER 3 

RESULTS 

SUBJECTS 

Data for one hundred twenty-nine subjects were available and reviewed. Thirty-seven records 

were excluded: 22 records were missing cephalometric data due to lack of clarity or missing 
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anatomy. The remaining 15 records were excluded due to missing either ED and/or DF data 

required to calculate the MBS. 

Demographics 

Ninety-two subjects were included in the study, of which fifty-three were female, with ages 

ranging from 18.4 to 64.0 years, with a mean age and standard deviation (SD) of 35.3 (±12.9) 

years. Of the final records included, thirty-nine were male, with ages ranging from 19.8 to 65.0 

years, with a mean age and (SD) of 34.3 (±12.8) years. 

Measurements of Mandibular Plane Angles (SN-GoGn and FH-GoMe) and Ramal Height (Co-

Go) 

The sample consisted of 92 subjects, in which the range, mean, and standard deviation for two 

mandibular plane angles, SN-GoGn and FH-GoMe, and direct linear measurement of ramal 

height, Co-Go, were calculated. For the total sample, SN-GoGn ranged from 19.9-48.8°, with a 

mean (SD) of 31.2° (±5.8), FH-GoMe ranged from 14.0-42.7° with a mean (SD) of 24.9° (±5.2), 

and Co-Go ranged from 47.6-94.5 mm with a mean (SD) of 69.5 mm (±9.4) (Table 8). 
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Table 8: Range, mean, and standard deviation (SD) for lateral cephalogram measurements, 

where SN-GoGn = Sella-Nasion – Gonion-Gnathion angle, FH-GoMe = Frankfort Horizontal – 

Gonion-Menton angle, and Co-Go = Condylion-Gonion distance 

Range Mean (SD) 

SN-GoGn (°) 19.9, 48.8 31.2 (5.8) 

FH-GoMe (°) 14.0, 42.7 24.9 (5.2) 

Co-Go (mm) 47.6, 94.5 69.5 (9.4) 

Each subject’s data were categorized according to facial type, dolichofacial, mesofacial, and 

brachyfacial, by the respective mandibular plane angle cut points.  Ramal height means and 

standard deviations were then calculated for each grouping. 

Of the 92 records, 12 subjects were classified as having a dolichofacial SN-GoGn, including 

three male and nine female subjects, and a mean (SD) dolichofacial angle of 41.3° (±3.7); the 

mean (SD) ramal height measurement was 65.4 mm (±7.4).  Males in this group had a SN-

GoGN angle 3.8° higher than and a ramal height 0.9 mm longer than the females within this 

group (Table 9); however, neither observed difference was found to be statistically significant (p 

= 0.136 and p = 0.859, respectively) based on a Student's t-test. 

The dolichofacial FH-GoMe group consisted of 14 subjects, including six male and eight female, 

and a mean (SD) dolichofacial angle of 32.8° (±3.5); the mean (SD) ramal height measurement 

was 66.6 mm (±8.4). Males in this group had a FH-GoMe angle 2.6° higher than and a ramal 

height 6.1 mm longer than the females within this group (Table 9); however, neither observed 

difference was found to be statistically significant (p = 0.183 and p = 0.198, respectively) based 

on the ANOVA. 
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Table 9: Categorization of mean (standard deviation, SD) cephalometric results for dolichofacial 

subjects (SN-GoGn data from two male subjects were not available) where SN-GoGn = Sella-

Nasion – Gonion-Gnathion angle, FH-GoMe = Frankfort Horizontal – Gonion-Menton angle 

# Subjects Mean (SD) Ramal Height, mm 

Mean (SD) Dolichofacial, ≥37o 

SN-GoGn (°) Overall 12 41.3 (3.7) 65.4 (7.4) 

SN-GoGn (°) Males 3 44.1 (5.6) 66.1 (9.3) 

SN-GoGn (°) Females 9 40.3 (2.7) 65.2 (7.2) 

Dolichofacial, ≥30o 

FH-GoMe (°) Overall 14 32.8 (3.5) 66.6 (8.5) 

FH-GoMe (°) Males 6 34.3 (4.9) 70.1 (8.1) 

FH-GoMe (°) Females 8 31.7 (1.5) 64.0 (8.3) 

The SN-GoGn mesofacial group consisted of 55 total subjects, including 24 males and 31 

females, with a mean (SD) mesofacial angle of 31.9° (±2.6); the mean (SD) ramal height 

measurement was 69.3 mm (±8.4). Gender subgroups had nearly identical mean SN-GoGn 

angles (SD) of 32.0° (±2.6) and 31.9° (±2.6), male and female respectively. The male mean 

ramal height was 3.1 mm longer than the females within in this group (Table 10); however, 

neither observed difference was found to be statistically significant (p = 0.828 and p = 0.171, 

respectively) based on the ANOVA. 

The FH-GoMe mesofacial group was comprised of 44 total subjects, including 19 males and 25 

females, with a mean (SD) mesofacial angle of 26.4° (±1.9); the mean (SD) ramal height 

measurement was 70.0° (±8.7). Males had a FH-GoMe angle 0.4° degrees lower and a ramal 
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height 4.1 mm longer than the females within this group (Table 10); however, neither observed 

difference was found to be statistically significant (p = 0.516 and p = 0.123, respectively) based 

on the ANOVA. 

Table 10:  Categorization of mean (standard deviation, SD) cephalometric results for mesofacial 

subjects (SN-GoGn data from two male subjects were not available) where SN-GoGn = Sella-

Nasion – Gonion-Gnathion angle, FH-GoMe = Frankfort Horizontal – Gonion-Menton angle 

# Subjects Mean (SD) Ramal Height, mm 

Mean (SD) Mesofacial, 28-36o 

SN-GoGn (°) Overall 55 31.9 (2.6) 69.3 (8.4) 

SN-GoGn (°) Males 24 32.0 (2.6) 71.1 (10.7) 

SN-GoGn (°) Females 31 31.9 (2.6) 68.0 (5.7) 

Mesofacial, 23-29o 

FH-GoMe (°) Overall 44 26.4 (1.9) 70.0 (8.7) 

FH-GoMe (°) Males 19 26.2 (2.0) 72.3 (11.5) 

FH-GoMe (°) Females 25 26.6 (1.9) 68.2 (5.3) 

Lastly, the SN-GoGn brachyfacial group consisted of 23 total subjects, 10 males and 13 

females, with a mean (SD) angular measurement of 24.3° (±2.7); the mean (SD) ramal height 

measurement was 71.7 mm (±12.3). Males had a SN-GoGn angle 0.3° lower and a ramal 

height of 16.8 mm longer than the female subgroup (Table 11); the first observed difference was 

not found to be statistically different (p = 0.797), but the second observed difference was found 

to be statistically different (p < 0.001) based on the ANOVA. 
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The brachyfacial FH-GoMe group consisted of 34 subjects, 14 males and 20 females, with a 

mean (SD) angular measurement of 19.6° (±2.5); the mean (SD) ramal height measurement 

was 70.1 mm (±10.8). Males had a FH-GoMe angle 0.6° higher and a ramal height of 10.7 mm 

longer than the females (Table 11); the first observed difference was not found to be statistically 

different (p = 0.467), but the second observed difference was found to be statistically different (p 

= 0.003) based on the ANOVA. 

Table 11:  Categorization of mean (standard deviation, SD) cephalometric results for 

brachyfacial subjects (SN-GoGn data from two male subjects were not available) where SN-

GoGn = Sella-Nasion – Gonion-Gnathion angle, FH-GoMe = Frankfort Horizontal – Gonion-

Menton angle 

# Subjects Mean (SD) Ramal Height, mm 

Mean (SD) Brachyfacial, ≤27o 

SN-GoGn (°) Overall 23 24.3 (2.7) 71.7 (12.3) 

SN-GoGn (°) Males 10 24.2 (3.1) 81.2 (8.0) 

SN-GoGn (°) Females 13 24.5 (2.4) 64.4 (9.9) 

Brachyfacial, ≤22o 

FH-GoMe (°) Overall 34 19.6 (2.5) 70.1 (10.8) 

FH-GoMe (°) Males 14 20.0 (2.8) 76.4 (10.6) 

FH-GoMe (°) Females 20 19.4 (2.2) 65.7 (8.7) 

Measurement and categorization of ramal height (Co-Go, mm) by gender 

Male and female subjects showed differences in ramal heights which were a direct linear 

measurement of Co-Go. Males ranged from 50.3 mm to 94.5 mm in length; whereas, females 
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measured 47.6 to 80.2 mm in length. Mean (SD) lengths were 73.4mm (±10.7) and 66.6 (±7.2) 

for male and female groups, respectively (Table 12). The observed difference in Co-Go mean 

ramal length of 6.8 mm between males and females was statistically significant (p < 0.001) 

based on a Student's t-test. 

Table 12:  Gender categorization of ramal height (Co-Go) range, mean, and standard deviation 

(SD) 

Co-Go, mm 

Range Mean (SD) 

Male 50.3, 94.5 73.4 (10.7) 

Female 47.6, 80.2 66.6 (7.2) 

Categorization of Cephalometric Results with Existing Data of Jaw Mechanics, Behavior, and 

Mechanobehavioral Scores 

Larger mandibular plane angles (MPA) in males had a statistically significant correlation to lower 

mean energy densities; whereas, smaller mandibular plane angles were statistically significantly 

related to higher mean energy densities (SN-GoGn, R2 = 0.232, p = 0.003; FH-GoMe, R2 = 

0.136, p = 0.021) (Table 13 and Figure 8, Table 14 and Figure 9). In both the male and female 

subjects, as the ramal height increased, the mean energy densities increased, which showed a 

statistically significant correlation (male, R2 = 0.467, p < 0.001; female, R2 = 0.374, p < 0.001) 

(Table 13 and Figure 10, Table 14 and Figure 11). 

According to both SN-GoGn, and FH-GoMe MPA measurements, the mean overall energy 

densities were similar for mesofacial and brachyfacial groups at approximately 8.58 - 9.76 
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mJ/mm3 and smaller for the overall dolichofacial group at 6.69 and 7.19 mJ/mm3. However, the 

observed smaller numbers were not significantly smaller for Sn-GoGn (ANOVA, p=0.458) nor 

FH-GoMe (ANOVA, p=0.580) (Table 13, Table 14). 

There were statistically significant differences in mean energy densities for brachyfacial groups 

between genders for SN-GoGn (ANOVA, p = 0.008) and FH-GoMe MPA measurements 

(ANOVA, p = 0.013) (Table 13, Table 14). 

For dolichofacial groups, the differences seen in mean energy densities between males and 

females were 4.27 mJ/mm3 and 2.62 mJ/mm3 for SN-GoGn and FH-GoMe, respectively. For 

dolichofacial groups, the differences seen in mean energy densities between males and females 

were not statistically significant for SN-GoGn nor FH-GoMe (p = 0.110 and p = 0.296, 

respectively). 

Conversely, males had higher energy densities than females in the brachyfacial groups with 

differences of 6.63 mJ/mm3 and 4.61 mJ/mm3, for SN-GoGn, and FH-GoMe, respectively (Table 

13, Table 14). With respect to brachyfacial groups, the observed differences between male and 

females were statistically significant for both SN-GoGn (p = 0.008) and FH-GoMe (p = 0.013). 

Among females, there were no statistically significant differences in mean energy densities for 

any of the three facial groups, either for SN-GoGn (ANOVA, p = 0.233) or FH-GoMe (ANOVA, p 

= 0.070). However, among males, while the mean energy densities were not different for any of 

the three facial groups for FH-GoMe (ANOVA, p = 0.105) there were significant differences for 

SN-GoGn for males between mesofacial and brachyfacial groups despite differences in sample 

sizes (ANOVA, p = 0.048). The post hoc procedure using the Tukey HSD test was unable to 

discern where the differences occurred. There were no statistically significant differences 
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between dolichofacial and mesofacial (p = 0.361), mesofacial and brachyfacial (p = 0.157), nor 

dolichofacial and brachyfacial (p = 0.060). 

Table 13:  Mean energy densities (and standard deviations) by facial group, where SN-GoGn = 

Sella-Nasion – Gonion-Gnathion angle 

Energy Density (mJ/mm3) 

Overall Male Female P-value 

Dolichofacial, ≥37 7.19 (4.12) 4.40 (3.02) 8.67 (3.79) 0.110 

SN-GoGn,o n=12 n=3 n=9 

Mesofacial, 28-36 9.10 (5.12) 9.10 (5.73) 9.09 (4.68) 0.993 

n=55 n=24 n=31 

Brachyfacial, ≤27 9.30 (6.23) 13.05 (5.51) 6.42 (5.26) 0.008* 

n=23 n=10 n=13 

Table 14:  Mean energy densities (and standard deviations) by facial group, where FH-GoMe = 

Frankfort Horizontal – Gonion-Menton angle 

Energy Density (mJ/mm3) 

Overall Male Female P-value 

Dolichofacial, ≥30 6.69 (4.47) 5.19 (4.97) 7.81 (4.02) 0.296 

FH-GoMe,o n=14 n=6 n=8 

Mesofacial, 23-29 9.76 (5.23) 9.59 (6.14) 9.90 (4.54) 0.852 

n=44 n=19 n=25 

Brachyfacial, ≤22 8.58 (5.49) 11.29 (5.36) 6.68 (4.84) 0.013* 

n=34 n=14 n=20 
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Duty factor was subdivided into overall (day and night), day, and night groups for all facial types 

using SN-GoGn and FH-GoMe.  

Overall DFs were 0.47, 0.98, and 0.71 %T≤2N for dolichofacial, mesofacial, and brachyfacial 

groups measured by SN-GoGn, respectively, hence the mesofacial subjects had an increased 

mean percentage of time of light tooth contact or jaw posturing at thresholds ≤2N compared to 

the other two facial types; the observed difference was not found to be statistically significant (p 

= 0.338).  

Overall DFs were 1.52, 1.13, and 0.75 %T≤2N for dolichofacial, mesofacial, and brachyfacial 

groups measured by FH-GoMe, respectively, hence the dolichofacial subjects had an increased 

mean percentage of time of light tooth contact or jaw posturing at thresholds ≤2N compared to 

the other two facial types; the observed difference was not found to be statistically significant (p 

= 0.170). 

There were no statistically significant differences in mean duty factors for MPA measurements 

between genders for SN-GoGn nor FH-GoMe (Table 15, Table 16). 

Mean duty factors recorded for combined genders during day hours for SN-GoGn facial groups 

were 0.88, 1.42, and 0.73 %T≤2N (dolichofacial, mesofacial, and brachyfacial, respectively) 

(Table 15); mean day DFs for SN-GoGn angles revealed the mesofacial group had more time 

with light tooth contact or jaw posturing at lower thresholds than the other two subgroups (Table 

15). A difference was detected, however post hoc procedure cannot distinguish which groups 

were different (p = 0.048). 
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Mean duty factors recorded for combined genders during day hours for FH-GoMe facial groups 

were 1.68, 1.25, and 0.84 %T≤2N (dolichofacial, mesofacial, and brachyfacial, respectively); 

mean day DFs for FH-GoMe angles revealed the mesofacial group had more time with light 

tooth contact or jaw posturing at lower thresholds than the other two subgroups (Table 16). The 

observed difference was not found to be statistically significant (p = 0.178). 

Mean duty factors recorded for combined genders during night hours for SN-GoGn facial groups 

were 1.02, 0.56, and 0.68 %T≤2N (dolichofacial, mesofacial, and brachyfacial, respectively) 

(Table 15); the observed differences were not statistically different (p = 0.825). 

Mean duty factors recorded for combined genders during night hours for FH-GoMe facial groups 

were 1.37, 0.44, and 0.67 %T≤2N (dolichofacial, mesofacial, and brachyfacial, respectively) 

(Table 16); the observed differences were not statistically different (p = 0.086). 
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Table 15:  Mean duty factor (and standard deviation) categorization by facial group, where SN-

GoGn = Sella-Nasion – Gonion-Gnathion angle and DF = Duty factor 

DF Overall, %T≤2N 

Overall Male Female P-value 

SN-GoGn,o 

Dolichofacial, 

≥37 

0.47 

(0.43) 

n=12 

0.58 

(0.63) 

n=3 

0.43 

(0.36) 

n=9 

0.564 

Mesofacial, 

28-36 

0.98 

(1.60) 

n=55 

0.86 

(1.00) 

n=24 

1.07 

(1.92) 

n=31 

0.587 

Brachyfacial, 

≤27 

0.71 

(0.90) 

n=23 

0.50 

(0.75) 

n=10 

0.88 

(0.98) 

n=13 

0.255 

DF Day, %T≤2N DF Night, %T≤2N 

Overall Male Female P-value Overall Male Female P-value 

SN-GoGn,o 

Dolichofacial, 

≥37 

0.88 

(1.10) 

n=12 

0.61 

(0.78) 

n=3 

0.49 

(0.43) 

n=9 

0.745 1.02 

(1.56) 

n=12 

0.55 

(0.62) 

n=3 

0.37 

(0.28) 

n=9 

0.498 

Mesofacial, 

28-36 

1.42 

(1.71) 

n=55 

1.26 

(1.05) 

n=24 

1.53 

(2.07) 

n=31 

0.569 0.56 

(1.37) 

n=55 

0.50 

(0.47) 

n=24 

0.62 

(1.67) 

n=31 

0.684 

Brachyfacial, 

≤27 

0.73 

(0.69) 

n=23 

0.46 

(0.46) 

n=10 

0.94 

(0.80) 

n=13 

0.118 0.68 

(1.08) 

n=23 

0.52 

(0.98) 

n=10 

0.82 

(1.17) 

n=13 

0.525 
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Table 16:  Mean duty factor (and standard deviation) categorization by facial group, where FH-

GoMe = Frankfort Horizontal – Gonion-Menton angle and DF = Duty factor 

DF Overall, %T≤2N 

Overall Male Female P-value 

FH-GoMe,o 

Dolichofacial, 

≥30 

1.52 

(2.76) 

n=14 

1.38 

(1.59) 

n=6 

1.61 

(3.34) 

n=8 

0.893 

Mesofacial, 

23-29 

1.13 

(1.78) 

n=44 

1.47 

(2.40) 

n=19 

0.75 

(0.94) 

n=25 

0.364 

Brachyfacial, 

≤28 

0.75 

(1.00) 

n=34 

0.64 

(1.11) 

n=14 

0.84 

(0.92) 

n=20 

0.513 

DF Day, %T≤2N DF Night, %T≤2N 

Overall Male Female P-value Overall Male Female P-value 

FH-GoMe,o 

Dolichofacial, 

≥30 

1.68 

(2.98) 

n=14 

1.57 

(1.61) 

n=6 

1.74 

(3.70) 

n=8 

0.927 1.37 

(2.64) 

n=14 

1.19 

(1.73) 

n=6 

1.48 

(3.19) 

n=8 

0.856 

Mesofacial, 

23-29 

1.25 

(1.12) 

n=44 

1.38 

(1.08) 

n=19 

1.16 

(1.15) 

n=25 

0.526 0.44 

(0.64) 

n=44 

0.56 

(0.86) 

n=19 

0.36 

(0.41) 

n=25 

0.308 

Brachyfacial, 

≤28 

0.84 

(0.75) 

n=34 

0.54 

(0.54) 

n=14 

1.05 

(0.82) 

n=20 

0.052 0.67 

(1.21) 

n=34 

0.73 

(1.49) 

n=14 

0.62 

(0.99) 

n=20 

0.795 
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The mean MBS were lowest for dolichofacial subjects in both SN-GoGn and FH-GoMe groups 

(Table 17, Table 18); whereas, the mean MBS was highest for mesofacial groups in both MPA 

groups. 

Mean MBS for SN-GoGn were 41.3, 74.7, and 58.6 ( mJ )2 %T≤2N (dolichofacial, mesofacial, 
mm3 

and brachyfacial, respectively) (Table 17); the observed differences were not statistically 

different (p = 0.250). 

Mean MBS FH-GoMe facial groups were 44.0, 82.6, and 54.8 ( mJ )2 %T≤2N(dolichofacial, 
mm3 

mesofacial, and brachyfacial, respectively) (Table 18); the observed differences were not 

statistically different (p = 0.176). 

There were no statistically significant differences in mean MBS for MPA measurements 

between genders for SN-GoGn nor FH-GoMe (Table 15, Table 16). 
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Table 17:  Mean mechanobehavior score (and standard deviation) by facial group, where SN-

GoGn = Sella-Nasion – Gonion-Gnathion angle and MBS = Mechanobehavior score 

MBS, (( mJ )2 %T≤2N)mm3 

Overall Male Female P-value 

SN-GoGn,o 

Dolichofacial, ≥37 41.3 (3.72) 

n=12 

7.60 (6.30) 

n=3 

43.90 (42.00) 

n=9 

0.179 

Mesofacial, 28-36 74.7 (83.78) 

n=55 

69.90 (81.90) 

n=24 

78.00 (86.25) 

n=31 

0.733 

Brachyfacial, ≤27 58.6 (75.38) 

n=23 

81.00 (96.56) 

n=10 

39.80 (48.74) 

n=13 

0.209 

Table 18:  Mean energy density (and standard deviation) by facial group, where FH-GoMe = 

Frankfort Horizontal – Gonion-Menton angle and MBS = Mechanobehavior Score 

MBS, (( mJ )2 %T≤2N)mm3 

Overall Male Female P-value 

FH-GoMe,o 

Dolichofacial, ≥30 44.0 (88.72) 

n=14 

7.10 (5.37) 

n=6 

67.1 (109.05) 

n=8 

0.252 

Mesofacial, 23-29 82.6 (79.10) 

n=44 

89.3 (86.90) 

n=19 

77.7 (74.40) 

n=25 

0.641 

Brachyfacial, ≤22 54.8 (75.51) 

n=34 

71.1 (98.21) 

n=14 

42.7 (53.00) 

n=20 

0.293 
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Investigation of relationship between craniofacial morphology characteristics differences in TMJ 

energy densities, duty factors, and mechanobehavioral scores 

Levene's Test of Equality of Error Variances showed that the obtained differences in sample 

variances were unlikely to have occurred based on random sampling for the following groups: 

FH-GoMe for DF overall (combined and female), DF Day (combined, male, and female) and DF 

night (combined and female), SN-GoGn for MBS (overall and female), and FH-GoMe for MBS 

(male). 

Although there are differences in sample means, only in the following did statistically significant 

differences exist: SN-GoGn ED for males (p = 0.048) and DF day for overall genders (p = 

0.048); and FH-GoMe DF day for males (p = 0.044). In these cases, the post hoc multiple 

comparison procedure (MCP) using Tukey's honestly significant differences (HSD) cannot 

determine which of the groups are different from the others. 

A log fit trendline was the best descriptor of the relationship between ramal height and energy 

density, revealing 46.7% of the variation in the Co-Go height was explained by energy density in 

male subjects (Figure 10) and 37.4% in female subjects (Figure 11); both were statistically 

significant, <0.001 and <0.001, respectively (Table 20). 

Mandibular plane angle versus duty factor did not have a correlation of statistical significance for 

any of the timeframes (overall, day, night) or gender subgroups.  In contrast, ramal height 

versus overall (day/night) duty factor had a statistically significant correlation for the total sample 

and for the male subgroup (p = 0.029 and p = 0.035, respectively), where 5.4% of the variation 

in overall ramal height was explained by overall DF and where 12.1% of the variation in ramal 

height for males was explained by overall DF Table 20). Ramal height versus day-time duty 
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factor also had statistically significant correlations for the total sample and male subgroup (p = 

0.044 and p = 0.033, respectively), where 4.6% of the variation in overall ramal height was 

explained by day-time duty factor and where 12.3% of ramal height in males was explained by 

day-time duty factor (Table 20, Figure 12). 

SN-GoGn was found to have a statistically significant correlation with overall 

mechanobehavioral score within the male subgroup (p = 0.022) (Figure 13) with 14.9% of the 

variation in SN-GoGn explained by MBS (Table 20). No statistical significance was found 

between SN-GoGn and MBS for the female subgroup (p = 0.660). FH-GoMe was not found to 

have a statistical significant correlation with overall MBS or within either gender subgroup 

(overall, p = 0.553; male = 0.124; female, p=0.327) (Table 20). 

Co-Go versus mechanobehavior scores produced statistically significant results for the total 

population and within each gender subgroup (overall, p < 0.001, male, p = 0.001; female, p < 

0.001) (Table 20).  A log fit trendline was the best descriptor of the significant correlation 

between the two measurements (Figure 14, Figure 15) revealing 21.8% of variation in Co-Go 

was explained by MBS for the overall sample population, 25.6% of variation in Co-Go was 

explained by MBS in the males, and 29.8% of variation in Co-Go was explained by MBS in the 

females (Table 20). 
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Table 20: Comparison of Data, where ED = Energy Density, DF = Duty Factor, MBS = 

Mechanobehavior Score, SN-GoGn = Sella-Nasion – Gonion-Gnathion angle, and FH-GoMe = 

Frankfort Horizontal – Gonion-Menton angle 

R2 P-value 

SN-GoGn vs ED 0.015 0.253 

Male 0.232 0.003* 

Female 0.045 0.129 

FH-GoMe vs ED 0.006 0.450 

Male 0.136 0.021* 

Female 0.057 0.086 

Co-Go vs ED 0.380 <0.001* 

Male 0.467 <0.001* 

Female 0.374 <0.001* 

SN-GoGn vs DF Overall 0.004 0.570 

Male 0.055 0.174 

Female 0.007 0.566 

SN-GoGn vs DF Day 0.000 0.928 

Male 0.071 0.122 

Female 0.031 0.218 
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SN-GoGn vs DF Night 0.013 0.302 

Male 0.017 0.461 

Female 0.010 0.489 

FH-GoMe vs DF Overall 0.021 0.180 

Male 0.084 0.083 

Female 0.000 0.927 

FH-GoMe vs DF Day 0.014 0.275 

Male 0.093 0.067 

Female 0.000 0.951 

FH-GoMe vs DF Night 0.016 0.236 

Male 0.031 0.298 

Female 0.007 0.563 

Co-Go vs DF Overall 0.054 0.029* 

Male 0.121 0.035* 

Female 0.009 0.505 

Co-Go vs DF Day 0.046 0.044* 

Male 0.124 0.033* 

Female 0.024 0.273 
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Co-Go vs DF Night 0.023 0.154 

Male 0.067 0.123 

Female 0.008 0.526 

SN-GoGn vs MBS 0.021 0.182 

Male 0.149 0.022* 

Female 0.004 0.660 

FH-GoMe vs MBS 0.004 0.553 

Male 0.066 0.124 

Female 0.019 0.327 

Co-Go vs MBS 0.218 <0.001* 

Male 0.256 0.001* 

Female 0.298 <0.001* 

*Indicates statistical significance, p < 0.050 

47 



  

 

         

 

 

 

          

    

 

Figure 8: SN-GoGn vs Average Energy Density for males, where SN-GoGn = Sella-Nasion – 

Gonion-Gnathion angle 

Figure 9: FH-GoMe vs Average Energy Density for males, where FH-GoMe = Frankfort 

Horizontal – Gonion-Menton angle 
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Figure 10:  Co-Go vs Average Energy Density for males, where Co = Condylion and Go = 

Gonion 

Figure 11:  Co-Go vs Average Energy Density for females, where Co = Condylion and Go = 

Gonion 
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Figure 12:  Co-Go vs Average Duty Factor Awake for males, where Co = Condylion and Go = 

Gonion 

Figure 13:  SN-GoGn vs MBS for males, where SN-GoGn = Sella-Nasion – Gonion-Gnathion 

angle and MBS = Mechanobehavior Score 
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Figure 14:  Co-Go vs MBS for males, where Co = Condylion, Go = Gonion, and MBS = 

Mechanobehavior Score 

Figure 15:  Co-Go vs MBS for females, where Co = Condylion, Go = Gonion, and 

MBS = Mechanobehavior Score 
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Intra-examiner reliability showed an intraclass correlation (ICC) of 0.840 for Co-Go direct linear 

measurement (p = 0.001), 0.955 for SN-GoGn angular measurement (p < 0.001), and 0.990 for 

FH-GoMe angular measurement (p < 0.001). 

CHAPTER 4 

DISCUSSION 

The aims of this study were to investigate differences in jaw mechanics and behavior between 

three different facial types.  Due to the statistical significance found in many of the 

aforementioned models, one can draw important conclusions about the relationships between 

the given variables. 

Growth of the mandibular condyle is likely the product of both mechanics, as measured by 

magnitude of TMJ energy density, and frequency of jaw loading behaviors, as measured by jaw 

muscle duty factors.  In the male subgroup, 23.2% of the variation (p = 0.003) in mandibular 

plane angle, SN-GoGn, was attributed to energy density, and 13.6% of the variability (p = 0.021) 

in mandibular plane angle, FH-GoMe, was attributed to energy density. Significant differences 

occurred in SN-GoGn vs ED for males between mesofacial and brachyfacial groups despite the 

differences in sample sizes between groups (p = 0.048). 

In the male subgroup, 46.7% of the variation (p= <0.001) in ramal height, Co-Go, was attributed 

to energy density; and in the female subgroup, 37.4% of the variation (p < 0.001) in ramal 

height, Co-Go, was attributed to energy density, both statistically significant. A previous study in 

adolescent subjects concluded approximately 40%-50% of the variance in ramal height was 

explained by combined effects of mechanobehavior.20 
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Data were available including thresholds £20N; however, it did not make sense to include DFs 

at larger magnitude thresholds as the DFs were the largest for this £2N threshold. This 

indicates that in this group of subjects and for the self-recordings that were made, there was not 

a lot of clenching and/or bruxing occurring at high bite-forces. Frequency of loading during low 

thresholds, £2N, associated with jaw behaviors involving light contact of the teeth, measured by 

DFs, were found to have statistically significant relationships to ramal height for the total 

population and for males, where R2 was 5.4% (p = 0.029) and 12.1% (p = 0.035), respectively. 

It is plausible that the statistically significant relationship in the male population is influencing the 

overall sample and therefore causing the overall sample to also be statistically significant. For 

the overall sample, 4.6% (p = 0.044) of the variation of ramal height was attributable to the day-

time frequency of jaw loading (DF); while for males, 12.4% of the variation of ramal height was 

attributable to the day-time DF, where p = 0.033. Again, it is plausible that the statistically 

significant relationship in the male population is influencing the overall sample and therefore 

causing the overall sample to also be statistically significant. 

For the male sub-group, 14.9% (p = 0.022) of the variation of SN-GoGn was attributable to 

MBS; the female subgroup model showed no statistically significant relationship between the 

variables. Similarly, no statistically significant relationship was found between either gender 

groups analyzing FH-GoMe versus MBS with R2 coefficients of only 6.6% and 1.9%, male and 

female respectively. Overall sample, male, and female models for Co-Go versus MBS indicated 

statistically significant relationships (p = < 0.001, p = 0.001, p < 0.001, respectively). As MBS 

increased to 125 ( mJ )2 %T≤2N, so did the ramal height. Once the MBS reaches approximately 
mm3 

125-300 ( mJ )2 %T≤2N, the ramal height no longer increased but began to decrease as the MBS 
mm3 

increased.  The results indicated that 25.6-29.8% of the variation in ramal height was 
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attributable to the combined effects of masseter EDs and DFs and for both males and females, 

respectively, which was statistically significant (p < 0.001, p = 0.001, respectively). 

Intra-examiner reliability showed >0.840 intraclass correlation for all comparisons, indicating an 

excellent (0.75-1.0) intra-rater agreement. 

IMPLICATIONS FOR CLINICAL PRACTICE 

Yet to be determined is whether or not the combination of energy density and duty factor causes 

the R2 coefficients to improve, and, additionally, whether or not the relationship would be linear. 

Furthermore, this study needs to be done in growing populations to investigate if the 

relationships between ED, DF, and MBS and different facial types and ramal heights are similar 

to these results found in adults. It is possible that there are ideal combinations of magnitudes 

and frequencies of energy densities which maximize the growth of the condyle in individuals 

with growth potential, and below or above these combinations the condylar growth is not 

maximized; moreover, there may be a range of magnitude and frequencies where individuals’ 

maximum condylar growth varies. If there is, in fact, an ideal combination of energy density and 

duty factor affecting condylar growth, this could potentially explain the differences in orthopedic 

outcomes for brachyfacial versus dolichofacial adolescents. 

Conventional thought that brachyfacial patients respond better to Class II functional treatment 

modalities such as the Twin Block or Herbst has been proven incorrect.53,54 In 2003, O’Brien et 

al.53 explained that patients with reduced mandibular plane angle, or brachyfacial patients, did 

not respond better to Class II functional appliances than did patients with larger mandibular 

plane angles. Additionally, King et al.54 found that differing mandibular plane angles (steep vs 

low) did not have a statistically significant effect on treatment outcome from either phase 1 or 
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phase 2 Class II treatment using headgear (high-pull and cervical, respectively) or bionator 

treatment. It is conceivable that ideal ED and DF combinations may explain various outcomes 

for different facial types being treated with functional appliances, and it is possible that Cl II and 

Cl III malocclusion patients should be subdivided by their facial morphology for best functional 

appliance treatment outcomes. 

It is plausible that ideal ED and DF combinations exist to maximize condylar growth; and below 

this ideal mechanobehavior limits growth of the ramus, while above this ideal mechanobehavior 

stunts ramal growth or even causes degenerative changes. 

STUDY LIMITATIONS 

Possible limitations of the present study include the following: unilateral ambulatory EMG 

recording protocol, missing data for some subjects which ultimately reduced the total sample 

size, small sample size, unevenly distributed sample between genders and facial type groups, 

potential better-fit non-linear trend-line for data analyses, and no consideration that age could 

account for potential muscle atrophy in older patients. 

The study was also limited to an estimation of MBS for symmetrical closing of the mandible. 

There is the possibility of a mix of symmetric and asymmetric (laterotrusion) mandibular 

function, which is specific for each subject, and can significantly affect the energy densities. 

Current data showed that asymmetric movements of the mandible, while creating a bite force, 

increases energy densities two to three times that produced by symmetric movement.50 
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FUTURE RESEARCH 

Additional studies normalizing data for gender sub-groups would create a common scale for the 

genders and could prove to make all subjects relatable to each other. An effect size statistical 

test should be run on the current study to see if pursuing a larger sample size in the same study 

would be worthwhile. Additionally, longitudinal studies should be conducted on growing 

adolescents see if similar relationships exist between facial type, Co-Go, and 

mechanobehavioral variables. That is, to further test for an optimal MBS that is associated with 

the greatest Co-Go growth. Specifically, evaluating growing adolescents with various facial 

types using serial cephalometric radiographs to assess ramal height and MBS data could 

potentially lead to better understanding of how energy density and duty factor maximize 

condylar growth and the timing of this therapy. This would allow clinicians to maximize 

functional appliance use to produce the greatest benefit of functional appliance therapy, thereby 

reducing negative side-effects of functional appliances in patients with MBS not ‘in the zone’ for 

robust growth. 

Ideally, future studies would be refined to know when subjects were performing symmetric 

versus asymmetric closing of the mandible, as the laterotrusive movements increase ED. 

Future studies could also apply a cluster analysis to the data to identify ideal MBS for maximum 

ramal heights within genders (Figure 16). It would be interesting to explore how one could alter 

the subjects having low MBS and short ramal heights to increase their MBS, and how one could 

alter the high MBS of the short ramal height subjects to decrease their MBS into the ‘sweet 

spot’, ~50-175 ( mJ )2 %T≤2N zone of increased condylar growth. Could MBS be increased by 
mm3 

increasing how often the joint is loaded by possibly prescribing chewing gum or squeezing 
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exercises for a set time per day? The more challenging feat would likely be decreasing a 

subject’s high MBS to a lower one to get them into the ‘sweet spot’ for optimal ramal height 

growth. 

Figure 16:  Co-Go vs MBS for male and females cluster analysis, where Co = Condylion, and 

Go = Gonion, and MBS = Mechanobehavior Score. The orange circle delineates the ‘sweet 

spot’ for MBS in relation to maximum ramal height, a range of ~50-175 ( mJ )2 %T≤2N, for the 
mm3 

data evaluated in this study. Subjects with low DF and short ramal height are in green oval, and 

subjects with high MBS and low ramal height are in blue oval. 
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CHAPTER 5 

CONCLUSIONS 

1. There were no significant differences between dolichofacial, mesofacial, and brachyfacial 

groups for ED; overall, day and night DF; and MBS. 

2. A) The facial type measurements of Sn-GoGn and FH-GoMe showed significant 

relationships with ED in males but no significant relationships with ED amongst genders or in 

females. There were statistically significant differences in mean energy densities for 

brachyfacial groups between genders for SN-GoGn and for FH-GoMe. 

B) The facial type measurements of Sn-GoGn and FH-GoMe showed no significant 

relationships with DF amongst genders or within genders. 

C) The facial type measurement of Sn-GoGn showed significant relationships with MBS 

in males but no significant relationships with MBS amongst genders or in females. 

D) The facial type measurement of FH-GoMe showed no significant relationships with 

MBS amongst genders or within genders. 

3. In addition, ramal height (Co-Go) measurements showed significant relationships with both 

ED and MBS overall and within males and females. Ramal height measurements also showed 

significant relationships with overall and day-time DF amongst genders and in males. 
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Participant Informed Consent 
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