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ABSTRACT OF THE THESIS 
 
 

Morphometric Analysis of Mandibular Shape Phenotypes in Orthodontic Patients  

 
by  
 
 

Henna Kim 
 
 

Master of Science in Oral Biology 
 

University of California, Los Angeles, 2016 
 

Professor Won Moon, Co-Chair 
 

Professor Sotirios Tetradis, Co-Chair 
 
 

Objectives: The human craniofacial skeleton demonstrates considerable phenotypic variation. 

Half of all birth defects involve the skull and face, with the mandible being very commonly 

affected in a variety of syndromes. Heritability and genes responsible for craniofacial phenotypes 

are poorly understood and studied due to the complexity of the region and confounding 

environmental effects. The objective of this project is to assess and identify regions of significant 

variation in shape of the human mandible by utilizing reliable methods of morphometric 

analysis, particularly in 3D. The long-term goal of this project is to characterize genetic 

determinants of craniofacial phenotype. Three specific aims are proposed:  

1) Define the parameters for each of the three skeletal growth patterns. 

2) Analyze mandibular shapes of the skeletal patterns using morphometric methods to identify 

differences among the three groups. 

3) Verify and establish methodology of salivary DNA collection and extraction for future down-

stream applications.  
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Methods: Pre-treatment CBCTs of forty-five adult patients from the Orthodontic Clinic at the 

UCLA School of Dentistry were analyzed for measurement of craniofacial traits, 15 cases for 

each of the three skeletal growth patterns – brachyfacial, mesofacial, and dolichofacial. Inclusion 

criteria encompassed healthy adult non-growing patients at least 18 years old, male or female. 

Exclusion criteria comprised syndromic patients, alveolar/palatal cleft patients, individuals with 

hemimandibular or hemifacial asymmetry, history of orthodontic treatment involving orthopedic 

movement, and systemic disease that affects bone metabolism. All subjects had a high-resolution 

head CBCT scan obtained prior to orthodontic treatment as part of their diagnosis and treatment 

planning. The axial image slices were reconstructed and converted into DICOM format then 

exported into modified orthodontic analysis software for craniofacial analysis. Each 

hemimandible was segmented from the whole craniofacial structure, and three-dimensional 

anatomical landmarks were chosen to best describe its shape. Procrustes alignment of the 

landmark points was performed for both principal component analysis (PCA) and elliptical 

Fourier function analysis (EFFA) to identify where the variation in shape occurs between the 

averages of each of the three groups. Statistical significance was examined with ANOVA and 

Tukey’s HSD test. Extraction of high-quality genomic DNA of subjects was begun for future 

genome-wide association studies (GWAS) utilizing a non-invasive method of saliva collection 

and a DNA isolation kit. The purified DNA has been stored in -80°C for future experiments.  

Results: Statistically significant area of variation between the three skeletal growth patterns was 

found with Procrustes and principal component analysis, and the results were further 

substantiated with elliptical Fourier function analysis. Additional trends were evident from the 

elliptical Fourier analysis. Target human gene was amplified and visualized on gels upon 

collection of saliva and DNA extraction following a troubleshot protocol. 
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Conclusions: Landmark-based analytical methods as the industry standard in morphometrics are 

useful in identifying shape differences. However, coupling with outline-based morphometrics is 

an even more powerful and informative tool in elucidating significant areas of variation in shape.  

Whole saliva can be effectively utilized for human DNA collection and isolation for future gene 

studies. 
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INTRODUCTION 
 
 

 The normal human craniofacial skeleton demonstrates considerable phenotypic variation 

that is greatly extended by pathologic conditions. While genes and the environment control 

craniofacial phenotypes, their contribution and interaction are not readily elucidated due to the 

structural and developmental complexity of the region. The lower third of the face is a significant 

component of the craniofacial complex and comprises a wide spectrum of phenotypes (Figure 1).  

 

 

Figure 1. Variation in human craniofacial phenotypes. Note mandibular retrognathia (left) and 
prognathia (right) compared to normal profile (middle). 

 
 
The mandible is commonly affected by developmental and pathologic conditions that alter 

craniofacial morphology1-4. Trainer and Andrews5 report that approximately 1% of all live births 

exhibit a minor or major congenital anomaly, and of these cases approximately one-third display 

craniofacial abnormalities that result in infant mortality along with considerable impact on the 

national health care budget. Development of the craniofacial skeleton and soft tissues is a highly 

complex and tightly orchestrated process. Therefore, genetic and environmental effects 

frequently result in craniofacial anomalies6 seen in congenital syndromes such as Treacher-
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Collins, Crouzon, and Apert, which are just a few of the known conditions that are characterized 

by mandibular deformity.  

As much as valuable knowledge has been gained from research efforts into these 

conditions thus far, little is still known regarding the etiology and pathogenesis of craniofacial 

syndromes7-8. Heritability and genes responsible for craniofacial phenotypes are poorly 

understood and studied due to the complexity of the region and confounding environmental 

factors that affect such morphology. Elucidating specific genes and gene networks that 

contribute to and are responsible for craniofacial phenotypes would critically benefit researchers 

and clinicians in creating new and improved protocols for treatment and, ideally, prevention of 

syndromes that have a significant impact on patients and their families. 

Also of significance in otherwise normal individuals is severely abnormal mandibular 

growth, from asymmetry to over- and under-development of the mandible, which can yield not 

only functional problems but profound psychological issues as well. Uncertain growth potential 

of the mandible further makes it a challenge to proper diagnosis and treatment planning9-11. For 

instance, treatment of Class III malocclusion presents a considerable challenge to orthodontists 

due to the unpredictable relapse potential in these patients, irrespective of the treatment 

modality12 and at different ages13. The incidence of relapse of Class III patients has been reported 

to be almost 50%14. Clearly, identifying variables that most effectively predict the growth of 

such patients would be a valuable discovery.  

A literature review revealed various studies that focused on embryonic development of 

the lower jaw, while far less attention has been directed at the post-natal period of growth when 

treatment may be more practical15-18. Furthermore, numerous investigations have been conducted 

on morphometric analyses of mouse mandibular morphogenesis, shape, and the genes associated 
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with them19-25. However, significant genetic variability and the confounding effects of 

environment on phenotype make human studies challenging. We will be pioneering efforts in 

advancing systems genetics analyses of mandibular shape phenotypes by utilizing a mouse 

model, which will then inform future human experiments with a more targeted investigation of 

candidate genes directly associated with craniofacial phenotypes. From a clinical perspective, 

such information would be valuable in predicting craniofacial growth patterns, identifying 

polymorphisms or mutations in patients with craniofacial anomalies, modifying interventions, 

creating ideal treatment protocols and orthodontic treatment plans and better predicting treatment 

outcomes. 

 

Morphometrics 

 

The analysis of shape to compare the anatomical features of organisms has been a 

primary focus in biology for centuries. According to Adams et al.26, understanding the diversity 

of biological life was historically based on descriptions of morphological forms. During the early 

twentieth century, biology began to transition from a descriptive field to a quantitative science, 

and the field of morphometrics began to flourish under a ‘quantification revolution’27.  At the 

same time, development in statistical methods were made that allowed for more sophisticated 

multivariate morphometrics with measurements being analyzed with Pearson’s correlation 

coefficient, principal component analysis, canonical variates analysis, analysis of variance and 

other related methods. This combination of quantification of morphological shape and advanced 

statistics lead to the birth of modern morphometrics. 

Traditional morphometrics, also known as multivariate morphometrics, utilizes lengths, 
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widths and heights of structures and distances between certain landmarks measured with rulers 

and calipers. Sometimes counts, ratios and angles are utilized as well26. The results are typically 

expressed numerically and graphically in linear combinations of the measured variables28.  For 

quantitative purposes, form is described as a simple linear formula29:  

 

Form = Size + Shape 

 

Size is a quantity that depends on dimensional space, whereas shape can be considered what is 

residual after controlling for size30. Hence, shape is defined to be that characteristic which 

remains invariant upon scaling, translation, rotation and reflection31. Because linear distance 

measurements are usually highly correlated with size, methods were developed to standardize the 

size information in order to elucidate patterns of shape variation.  

While traditional morphometrics combine multivariate statistics and quantitative 

morphology to assess patterns of variation among and between samples, several limitations to 

these approaches render them less powerful than they could be (Figure 2), which are as follows: 

1) It is not possible to reconstruct graphical representations of the original form from the 

linear distances as geometric relationships among the variables are not preserved, so even if an 

investigator knew that several measurements share a common landmark, this measurement is not 

used in the multivariate analysis26,28, 32. 

2) It is difficult to assess the homology of linear distances as many, such as maximum 

width, are not defined by homologous points. 

3) Measurements taken from two different shapes could produce the same results because 

the location of the distances relative to each other are not included in the data, so if maximum 
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length and width were measured on a teardrop and an oval, both would record the same values 

for height and width, which provides no information about the shape differences between them 

even though they are clearly not the same shape26.  

 

 

Figure 2. (Taken from Gelsvartas) Traditional linear measurements recorded from fish. Linear 
measurements a = a' and b = b' would lead to incorrect conclusion that (a) and (b) are the same 
shape. If a ≠ a’, and length ratios were compared, b/a ≠ b’/a’, c/a ≠ c’/a’, d/a ≠ d’/a’, e/a ≠ e’/a’, 
which leads to conclusion that shapes of (c) and (d) are completely different. 

 
Furthermore, the inherent bias of having to choose which measurements to include in an analysis 

is unavoidable, and when the goal is to accurately measure the shape of complex forms, the 

conventional metrical approach is an inefficient procedure. The use of ratios obscures the 

presence of actual differences between forms of interest because conventional metrics are 

designed to measure regular simple objects, not complex irregular forms as exist in biology33.  

 Due to such limitations in traditional morphometric methods, efforts were made to 

explore new approaches to quantify shape differences and to also visualize the shape changes, 
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which lead to the rise of geometric morphometrics. In landmark-based methods (Figure 3), data 

are recorded in the form of 2D or 3D coordinates of morphological landmark points to capture 

the geometry of the structure being studied34, and shape variables can then be used to statistically 

compare samples (Figure 4)35. Recording homologous landmarks for each shape of interest 

allows for more biologically meaningful comparisons and conclusions. However, the 

disadvantage of landmark-based methods is that the information between the landmark points are 

not captured and become lost.  

 

 

Figure 3. (From Ventura and Lopez-Fuster, 2008) Fifteen landmarks selected to represent the 
shape of the internal side of the Iberian desman mandible. 
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Figure 4. (Taken from Rosas and Bastir, 2004) Relative warps (RW) are principal components of 
shape variables that reflect the major patterns in shape variation in the sample. 

 

In outline-based methods, the geometrical relationships are captured by fitting a function 

to the raw coordinates, which describes the curve of the structure (Figure 5) that is lost in 

landmark-based methods26,28. The fitted function, such as a Fourier function, can then be used as 

variables in standard multivariate statistics36.  
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Figure 5. (Taken from Friess et al., 2008) Landmarks selected along a 3D curve defining the 
human torso shape to be fitted with an elliptical Fourier function. 

 
 

In both landmark- and outline-based morphometrics, non-shape information must be 

removed in order to analyze the variables as solely shape variables. A popular and widely 

accepted method of superimposition is Procrustes analysis, which basically overlays the images 

of the shapes to be compared so that their homologous landmarks match as closely as possible 

according to an optimal criterion28. In this way, shape variation become apparent in terms of 

residuals and can be described by the differences in coordinates of corresponding landmarks 

between objects. The key advantage of geometric morphometrics is that the geometry of the 

original shape is preserved and the results can be represented graphically, allowing investigators 

to visualize and interpret shape differences between forms in their anatomical context more 

readily26.  

 Geometric morphometrics have been used in investigative studies in a variety of fields 

including anthropology, forensics and evolutionary-developmental biology. Nicholson and 

Harvati analyzed three-dimensional human mandibular morphology in recent human populations 

and in Middle and Late Pleistocene fossil human specimens from Western Eurasia. Their aim 



 9 

was to document geographic and functional patterning in the mandibular shape of Neanderthals 

compared to that of recent humans. Twenty-eight landmarks were chosen for a total of 84 3D 

coordinates to represent the shape of the symphyseal region, ramus and body of the mandible 

(Figure 6). The coordinates were run through Procrustes superimposition and the results were 

analyzed with principal component analysis-based ANOVA. They found geographic patterning 

in recent human mandibular shape, with distinct shape trends differentiating between several 

groups of modern human populations. They further confirmed that human mandibular 

morphology would show climatic patterning with temperate and cold-climate groups separating 

from warm climate populations. Mandibular shape was also successful in distinguishing modern 

humans from Neanderthals37.  

 

 

Figure 6. (Taken from Nicholson and Harvati, 2006) 28 landmarks chosen (84 3D coordinates) to 
describe the shape of the human mandible. 

 
 
 Similarly, Franklin et al. digitized 38 bilateral 3D landmarks on subadult mandibles to 

see if the mandible could be used to discriminate subadult individuals by sex (Figure 7). After 
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Procrustes superimposition and PCA, the multivariate regression analysis indicated no 

significant sexual dimorphism in the subadult mandible and that sex determination from subadult 

mandible is not viable until the onset of puberty38. Interestingly, Schmittbuhl et al. analyzed 117 

dentulous mandibles with an elliptical Fourier method for sexual dimorphism, and significant 

differences between males and females were demonstrated by discriminant analysis of the 

elliptical Fourier descriptors39. They found that elliptical Fourier analysis was superior in taking 

into account all the shape information as compared to conventional metrical measurements40-41, 

and this capturing of more information allowed for demonstration of significant sexual 

dimorphism of the human mandible in higher proportions.  

 

 

Figure 7. (Taken from Franklin et al., 2007) Thirty-eight bilateral 3D landmarks, lateral view of 
subadult mandible. 
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Previous Pilot Studies 

 

 This human study is being conducted in parallel with an animal study previously piloted 

by Dr. Chuck Carlson42. Because of the striking similarity of the mouse genome to that of 

humans, utilizing a mouse model for genetic research is particularly useful in its application to 

human disease. Mice from the Hybrid Mouse Diversity Panel (HMDP), under the direction of 

Dr. Jake Lusis, were employed to study mandibular morphometric variation43 via surface 

morphometric methods such as medial axis and tensor-based morphometry (TBM). Medial axis 

computes the thickness of the bone from each mesh point of the surface axis, while TBM 

analyzes the Jacobian tensor of the deformation between a pair of images44 or surfaces45 and 

takes into account dilation and stretching at every corresponding point. TBM and medial axis 

analyses agreed on several areas of significant interstrain shape variation (Figure 8), and these 

areas were subsequently dissected for RNA extraction and future genetic experiments, the results 

of which will inform our human study. 
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Figure 8. (Taken from Carlson, 2014) P-maps showing areas of significant shape variation 
visualized by both TBM and medial axis analyses – condyle, alveolar process, inferior border 
and angle of mandible are circled. 

 
 

In an effort to explore novel approaches to quantifying mandibular shape in 3D, Dr. 

Reena Khullar utilized elliptical Fourier descriptors to fit a mathematical function that would 

describe the outline of the mandible46. Elliptical Fourier analysis addresses many of the 

limitations of conventional morphometrics by allowing shape analysis of more complex irregular 

forms and reconstruction of the original form from the measurements47. By establishing methods 

of 3D cephalometric analysis, traditional 2D cephalometric approaches that rely upon arbitrary 

reference points and planes become obsolete, and a more accurate description of the mandible 

(Figure 9) and other craniofacial structures can be obtained, enabling more appropriate diagnosis 

and treatment planning in all three planes of space. Dr. Khullar’s study proved the principle of 

utilizing elliptical Fourier analysis to quantitate the shape of the mandible, and this particular 
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study is taking the next step to apply the methodology in order to further elucidate shape 

differences between defined groups of mandibles in orthodontic patients.  

 

 

Figure 9. (Taken from Khullar, 2011) Boundary outline of mandible based upon the mean data in 
XZ, XY, YZ and XYZ views. 
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Specific Aims of Study 

 

This project is one component of a much larger project with a long-term goal of 

characterizing the genetic determinants of craniofacial phenotype. This human study is being 

conducted in parallel to mouse mandibular studies, which will have statistical power to inform 

future human experiments with targeted exploration of candidate genes responsible for 

craniofacial phenotypes. 

The primary objective of this project is to assess and identify regions of significant 

variation in the shape of the human mandible by utilizing reliable methods of morphometric 

analysis, and the secondary objective is to begin DNA collection and establishment of the DNA 

isolation protocol for future gene experiments. Specific aims are as follows: 

 

1. Define the parameters for each of the three skeletal growth patterns – categorize subjects 

as brachyfacial, mesofacial, dolichofacial utilizing cephalometric measurements 

2. Recruit orthodontic patients with specific skeletal morphology 

a) Identify CBCT scans obtained for initial assessment 

b) Obtain genomic DNA from subjects via non-invasive collection of whole saliva 

3. Analyze mandibular shapes of the skeletal patterns using morphometric methods to 

identify differences among the three groups 

4. Verify and establish methodology of salivary DNA collection and extraction for future 

downstream applications 
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MATERIALS AND METHODS 

 

 In order to accomplish the aims set above, we utilized high-resolution NewTom 5G cone-

beam computed tomography images of orthodontic patients taken for their initial records for 

orthodontic diagnosis and treatment planning (Figure 10). We did not recruit patients and have 

them take CBCT radiographs solely for the purpose of the study, thereby eliminating 

unnecessary and unethical irradiation of individuals. IRB approval was obtained from UCLA for 

the study (IRB#14-000371). 

 

 

Figure 10. Flowchart of methods from taking initial CBCT image to morphometric analyses of 
the segmented mandibles. 
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Eligibility criteria 

 

In order to obtain the cleanest sample possible, we followed strict inclusion/exclusion 

criteria to determine eligibility (Figure 11). To eliminate confounding effects of growth, only 

non-growing patients at least 18 years of age were included. Additionally, subjects with any 

medical conditions and history of treatments affecting regular development of the craniofacial 

structure, such as syndromes, gross asymmetry of the mandible, and previous orthodontic 

treatment involving orthopedic treatment, were screened out of the study.  

 

 

Figure 11. Inclusion/exclusion criteria for the human study. 
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Categorization into Skeletal Pattern Group 

 

In orthodontics, the facial skeletal patterns of brachyfacial, mesofacial and dolichofacial 

are widely accepted and utilized to describe an individual’s craniofacial phenotype and growth 

tendency. Studies often categorize patients into these separate groups based on overall facial 

appearance and radiographic variables when determining diagnosis and treatment planning48-51. 

According to Naghavi and Alcazar49, the proportional relationship between facial height and 

width is the first step in facial evaluation with the three characteristic categories of facial type 

being dolichofacial (facial height > facial width, long faces), mesofacial (facial height 

proportional to width) and brachyfacial (facial width > facial height, square faces). The facial 

morphology is early defined and maintained during growth, setting the genetic control on 

determining the skeletal framework,50 as there is a strong tendency to maintain facial type with 

age52.  

For this study, we decided to evaluate commonly used cephalometric measurements from 

three different cephalometric analyses from Dolphin imaging software to describe the skeletal 

vertical growth patterns (Figure 12):  

 

1) SN-MP from Steiner’s analysis 

2) FH-MP from Rickett’s analysis 

3) Margolis line (MP-Occ) 

 

For the first two measurements, any angles greater than the norm by a standard deviation or more 

were taken to be dolichofacial, whereas angles measured to be less than the norm by a standard 
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deviation or more were determined to be brachyfacial. For the third variable, the mandibular 

plane from menton to gonion was drawn and extended posteriorly to the base of the occiput. 

When the Margolis line fell tangent to the occiput, the individual was categorized as mesofacial; 

when the line fell below the occiput, the individual was categorized as brachyfacial; and when 

the line fell above the occiput and entered the cranial vault, the individual was categorized as 

dolichofacial. Once all three analyses agreed on a skeletal growth pattern, the subject was placed 

into that group. If all three cephalometric analyses did not agree on a particular pattern, the 

patient was excluded. For this study, we were able to include fifteen subjects per group based on 

these requirements for a total of 45 samples. 

 

Figure 12. Skeletal growth patterns as determined by SN-MP, FH-MP and the Margolis line on a 
lateral cephalogram. According to our methods, this subject would be categorized as 
brachyfacial. 
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Segmentation and Landmarking for Morphometric Analysis 

 

 The initial CBCT images of the craniofacial skeleton of subjects were then uploaded onto 

Dolphin imaging software, and the mandible was successively segmented from the whole skull 

utilizing a sculpting tool (Figure 13). Only the right hemimandible was analyzed to parallel that 

of the animal study previously discussed for the sake of simplicity and reliability of computing 

data.  

  

 

Figure 13. Segmentation of mandible from complete skull using Dolphin imaging software. 

 
Once the hemimandible was completely and cleanly segmented out, the chosen points to best 

represent the mandibular shape were digitized, 17 for the Procrustes and principal component 
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analyses (Figure 14 to 18), and 44 for the elliptical Fourier analysis (Figure 19 to 23). The 

specific landmarks chosen to be digitized for each analysis can be found in the Appendix. More 

points were digitized for the elliptical Fourier analysis to ensure accurate representation of the 

entire curvature of the shape’s boundary and to enable identification of more localized shape 

differences. 

 

 

Figure 14. Digitization of landmarks for Procrustes and PCA, anterior view. 
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Figure 15. Digization of landmarks for Procrustes and PCA, right buccal view. 
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Figure 16. Digitization of landmarks for Procrustes and PCA, lingual view. 

 

 

Figure 17. Digitization of landmarks for Procrustes and PCA, superior view. 
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Figure 18. Digitization of landmarks for Procrustes and PCA, inferior view. 

 

 

Figure 19. Digitization of landmarks for EFFA, anterior view. 
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Figure 20. Digitization of landmarks for EFFA, right buccal view. 

 

 

Figure 21. Digitization of landmarks for EFFA, lingual view. 
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Figure 22. Digitization of landmarks for EFFA, superior view. 

 

 

Figure 23. Digitization of landmarks for EFFA, inferior view. 
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Morphometric Analysis for Shape Comparison 

 

A. Procrustes Superimposition and Principal Component Analysis 

 

 Upon completion of digitization, the 3D coordinates for each subject were exported out 

of Dolphin in column format and reformatted into a horizontal table on Microsoft Excel for input 

into Morpho J, a geometric morphometric software program53. Procrustes superimposition was 

performed on the data to remove all variation due to size, orientation and position. In this 

procedure, size standardization occurs by quantifying size as centroid size, which is computed as 

the square root of the sum of squared distances of the landmarks from the center of gravity (the 

centroid) of a configuration. To remove variation in position, the centroid of each configuration 

is translated to the origin of the coordinate system. Finally, all configurations are optimally 

rotated about the centroid to minimize the sum of squared deviations between corresponding 

landmarks. After the configurations are superimposed, the variation in the landmark coordinates 

describes the shape differences between objects26, 54 (Figure 24).  
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Figure 24. (Taken from Klingenberg, 2010) Procrustes superimposition. Original configurations 
are scaled to the same size, translated to the same location, and rotated to optimal fit. 

 
 

 Principal component analysis (PCA) was then performed on the Procrustes-aligned 

configurations to statistically assess patterns of variation. This procedure transforms the data in 

such a way that the underlying structure of the sample being measured is described in terms of its 

principal components, and not on a traditional XY axis (Figure 25). The principal components 

are the directions where there is the most variance in the data. The transformation is defined 
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mathematically in a covariance matrix for 3D data so that the first PC accounts for the greatest 

variation in the data, and each succeeding PC accounts for the next highest variance under the 

constraint that it is uncorrelated (orthogonal) with the preceding PCs55-56. PCA essentially 

reduces the dimensionality of the data to make it easier to visualize and identify meaningful 

patterns of information57-58.  Further statistical analysis of the PC scores was performed with 

ANOVA and post-hoc Tukey’s test.  

 

 

Figure 25. (Taken from Dallas, 2013) Principal component analysis takes the raw coordinates 
and transforms the data on a new coordinate system that demonstrates the greatest variance in the 
data along principal component 1. Principal component 2 then describes the next greatest 
variation in the data. 
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B. Elliptical Fourier Function Analysis 

 

 In order to perform the elliptical Fourier function analysis (EFFA), the exported 3D 

coordinates were converted into a format that the routine recognizes to subsequently compute the 

functions. The initially digitized 44 points were increased to 88 to achieve a smoother outline 

when plotting (Figure 26 and 27). The 3D coordinates were then run through an EFFA routine as 

programmed by Dr. Peter Lestrel, a specialist in biological anthropology, and Charles Wolfe, a 

software engineer.  

 

 

Figure 26. 44 points initially digitized on Dolphin Imaging for EFFA. 
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Figure 27. All 88 points digitized on hemimandible for EFFA, XY view. 
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 Elliptical Fourier analysis is a curve-fitting procedure where the digitized points describe 

the outline of the object of interest. The 3D coordinates are mathematically transformed from the 

spatial domain, which describes the biological form, to the frequency domain, which consists of 

new variables such as amplitudes and phase angles, in a procedure called the Fourier transform 

(Figure 28).  

 

 

Figure 28. (Taken from Khullar, 2011) The Fourier transform converts the spatial domain of the 
biological form to the frequency domain. The inverse Fourier transform then recreates the 
original form from the mathematical function fit to the original outline. 

 
 
EFFs represent a specialized Fourier analysis in that the functions are generated from a 

parametric formulation, which allows for faster and simpler computations in the Cartesian 

coordinates47. The functions are based on the following complex trigonometric equations:  
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x(t) = A0 + an cosnt
n=1

N

∑ + bn sinnt,
n=1

N

∑
      [1] 

 

y(t) =C0 + cn cosnt
n=1

N

∑ + dn sinnt,
n=1

N

∑
       [2] 

 

z(t) = E0 + en cosnt
n=1

N

∑ + fn sinnt,
n=1

N

∑
      [3] 

 

where n equals the harmonic number, and N equals the maximum harmonic number, which is 

half the number of digitized points (Nyquist frequency constraint). The constants A0, C0 and E0 

define the coordinates of the outline’s centroid, and the coefficients an, cn, en are the output of the 

analysis and can be used as variables in multivariate statistics59. The first harmonic generates an 

ellipse, and with each increment of n, the predicted curve of the shape’s outline improves while 

the residual value decreases (Figure 29).  
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Figure 29. (Taken from Lestrel, 1989) First harmonic in an EFFA generates an ellipse, and with 
each additional harmonic, the fit eventually converges onto the original shape while the residual 
decreases. 

 
 
The predicted outlines for each group were averaged for group comparisons. The program 

carried out size-standardization by increasing or decreasing the bounded area of each form to a 

standard area of 1000 area units (mm) in 3D and 100 area units (mm) in 2D. Upon size-

standardization, the forms were standardized for orientation and position via Procrustes 

superimposition. Only the 2D EFFA data were run through Procrustes as the program cannot as 

of yet run 3D EFFA data. Distances from the centroid to each of the 88 points were computed to 

identify localized areas of statistically significant shape differences between the groups.  
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Saliva DNA Collection and Extraction 

 

In order to test the utilization of whole saliva for human DNA isolation, we took 2mL 

samples in plastic lab tubes from ten test subjects. Subjects were instructed to follow a specific 

protocol to increase successful collection:  

 

1) Do not eat or drink for at least 1 hour prior to collection. 

2) Rinse with water only for 10 seconds. 

3) Wait 10 minutes. 

4) Collect saliva into plastic tube while sucking on inner cheeks. 

 

Upon collection, we immediately extracted genomic DNA from the saliva samples using 

a saliva DNA isolation kit (Norgen Biotek Corp, Ontario, Canada). The quality and quantity of 

the extracted DNA were measured on a Nanodrop spectrophotometer. The DNA samples were 

then run through PCR with custom primers for human GAPDH (Sigma Genosys), a 

housekeeping gene, to confirm our samples contained human DNA and not only bacterial. 

Human GAPDH primer sequences were as follows: 

 

F: TGGTCTGAGGTCTGAGGTTAAATA 

R: TAGTCCCAGGGCTTTGATTTGC 

Product length=177bp 

 

We used New England Biolabs’ Q5 High-Fidelity PCR kit and followed their protocol 

recommendations. The PCR reaction set in the thermocycler was as follows: 
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STEP TEMPERATURE TIME 

Initial Denaturation 98°C 30 secs 

Annealing (32 cycles) 98°C 10 secs 

66°C 30 secs 

72°C 5 secs (30 secs/kb) 

Final Extension 72°C 2 mins 

Hold 4°C Indefinitely 

 

PCR results were initially visualized on 2% agarose gel, and subsequent PCR reactions 

were visualized on 5% polyacrylamide gel. All gels post-PCR were run with NEB’s 50bp DNA 

ladder. 

 

RESULTS 

 

Procrustes Superimposition and Principal Component Analysis 

 

The principal component analysis from Morpho J computed 44 eigenvalues, with the first 

four principal components accounting for approximately 59% of the variance. A scatterplot of 

principal component 1 (PC1) against principal component 2 (PC2) demonstrated that PC1 is 

discriminatory between the three groups, whereas PC2 is less discriminatory (Figure 30). 
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Figure 30. Scatterplot of principal component 1 against principal component 2. PC1 is 
discriminatory between the three groups (B, D, M) while PC2 is less discriminatory.  

 
 
Plotting PC1 against itself further demonstrated the nice clustering of the three groups with the 

brachyfacial cases on the lower end of the coordinate system, the dolichofacial cases on the 

higher end, and the mesofacial cases distributed in the middle (Figure 31). A scatterplot of PC2 

versus PC3 demonstrated the poor clustering of the groups along these principal components 

(Figure 32).  Principal component 1 accounted for over 23% of the variance of the data, whereas 

PC2 described 17% of the variance.  
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Figure 31. Linear plot of PC1 demonstrating the cluster distribution of the three groups. 
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Figure 32. Scatterplot of PC2 vs. PC3 demonstrating poor discrimination between the groups 
along these PCs. 

 
Graphical representations allow for easier visualization of the data results. With Morpho 

J, we can create lollipop graphs and wireframe graphs to see where on the hemimandible the 

shape changes are occurring. Lollipop graphs display the shape changes in the positive (red) and 

negative (blue) directions. Wireframe graphs allow for superimposition of the positive (0.1 = 

red) and negative (-0.1 = blue) scaled shapes to provide anatomical context for the areas of shape 

differences.  

From the graphical representations of PC1 (Figure 33), we can see that the greatest 

variation along this principal component lies mainly at the gonial angle (Points 2, 1, 17). The 

lollipop and wireframe graphs of PC2 appear to describe the greatest variation at Point 7, the 

coronoid process region (Figure 34).  
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Figure 33. Lollipop and wireframe graphs of PC1 depict greatest area of variation along PC1 is 
at the gonial angle. 
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Figure 34. Graphical representations of PC2 show that the greatest area of variation along this 
PC is at the coronoid process region. 

 
 

Figures 35 and 36 depict the data for PC1 and PC2 in chart form. PC2 shows less variation 

between the groups and greater variation within the groups, indicating a weaker discrimination of 

shape differences. PC1, on the other hand, visualizes a clearer differentiation of the three groups.  
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Figure 35. Scores for PC1 for each skeletal pattern group. 1 (blue) = brachyfacial, 2 (green) = 
mesofacial, 3 (red) = dolichofacial. 

 

Figure 36. PC2 scores for each skeletal pattern group. 1 (blue) = brachyfacial, 2 (green) = 
mesofacial, 3 (red) = dolichofacial. PC2 has less variation between the groups and greater 
variation within the groups than PC1. 
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1-way ANOVA was run on the PC1 scores between the three groups, and their differences were 

highly statistically significant with p<0.0001 (Table 1).  

 

One-way ANOVA - Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio P-value 

Between 2 0.02608481 0.013042 17.2037 <.0001* 

Within 42 0.03184089 0.000758   

Total 44 0.05792570    

Table 1. ANOVA results of PC1 showing high statistical significance for the shape differences 
between groups. 
 

 

Post-hoc analysis was then performed in order to determine where the differences 

actually lie between the three groups. Tukey’s HSD test indicated that the differences are the 

most significant between dolichofacial and brachyfacial groups with p<0.0001 and between 

dolichofacial and mesofacial groups with p<0.0024 (Figure 37, Table 2 and 3).  
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Figure 37. Tukey's HSD test for PC1 between the means of the three groups. Non-overlapping 
circles are highly significant for differences. 

 
PC1 Connecting Letters Report 

Level   Mean 

Doli    A    0.0315197 

Meso   B -0.0046074 

Brachy   B -0.0269123 

Table 2. Levels not connected by same letter are significantly different. 

 

PC1 Ordered Differences Report 

Level - Level Difference Std Err Dif Lower CL Upper CL p-Value 

Doli Brachy 0.0584319 0.0100540 0.034006 0.0828580 <.0001* 

Doli Meso 0.0361271 0.0100540 0.011701 0.0605531 0.0024* 

Meso Brachy 0.0223049 0.0100540 -0.002121 0.0467309 0.0796 

Table 3. Mean differences between the groups are very significant between dolichofacial and 
brachyfacial groups (p<0.0001) and between dolichofacial and mesofacial groups (p<0.0024), 
with the difference between mesofacial and brachyfacial groups having borderline significance 
(p<0.0796). 

Doli 
 

Meso 
 

  Brachy 
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ANOVA and post-hoc analysis for PC2 resulted in non-significant findings that were deemed 

inconclusive due to low sample size (Table 4-6, Figure 38). 

 

One-way ANOVA - Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio P-value 

  Between 2 0.00491284 0.002456 2.7024 0.0787 

  Within 42 0.03817769 0.000909   

  Total 44 0.04309052    

Table 4. ANOVA results of PC2 showing low statistical significance for the shape differences 
between groups. 
 

 

 

Figure 38. Tukey's HSD test for PC2 between the means of the three groups demonstrates 
overlap of dolichofacial with the other two groups, with brachyfacial and mesofacial groups 
having near identical means. 

 
 

Doli 
 

 Meso & 
Brachy 
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PC2 Connecting Letters Report 

Level  Mean 

Doli A 0.0147692 

Meso A  -0.0069792 

Brachy A  -0.0077899 

Table 5. All three groups are connected by the same letter indicating non-significant differences. 

 

PC2 Ordered Differences Report 

Level - Level Difference Std Err Dif Lower CL Upper CL p-Value 

Doli Brachy 0.0225591 0.0110090 -0.004187 0.0493056 0.1131 

Doli Meso 0.0217484 0.0110090 -0.004998 0.0484949 0.1308 

Meso Brachy 0.0008107 0.0110090 -0.025936 0.0275571 0.9970 

Table 6. Low statistical significance in mean group differences for PC2 due to insufficient 
power. 
 
 
 
Elliptical Fourier Function Analysis 

 

Figure 39 provides an example of a 3D plot of two of the mesofacial cases after being put 

through an EFFA routine and superimposed on the centroid, which is marked by a circle with a 

plus sign in the center. Plot P on the left displays the reconstructed hemimandibles without size-

standardization, and plot PA on the right presents the effect of scaling for size. The same 

approach was taken for the mean of all three groups to be able to compare mean size and shape 

differences to shape-only differences (Figure 40). However, these cases were not standardized 

for orientation. 
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Figure 39. Example of a 3D EFFA plot utilizing two of the mesofacial cases. Plot on the left is 
not size-standardized, and the plot on the right displays shape-only differences after size-
standardization. 

 

 

Figure 40. 3D plots of the group means superimposed on the centroid, comparing size and shape 
differences (left) to shape-only differences (right). 
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Once all the shapes were analyzed through EFFA and standardized for size, the predicted 

files were run through Procrustes superimposition to standardize for orientation as well, thereby 

allowing identification of shape-only variation in the data. We can obtain useful information by 

breaking down the 3D shapes into each of the 2D views of the hemimandibles between the 

groups (Figure 41-43). To identify specific areas of significant shape variation, we calculated 

distances from the centroid to each of the boundary landmarks (Figure 44-46). 
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Figure 41. XY view of the mean shapes upon Procrustes superimposition. 
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Figure 42. YZ view of the mean shapes upon Procrustes superimposition. 
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Figure 43. XZ view of the mean shapes after Procrustes superimposition. 
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Figure 44. Distances from the centroid to the boundary of the 3 groups, XY view. Statistically 
significant distances were found from points 63-78. 
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Figure 45. Distances from the centroid to the boundary of the 3 groups, YZ view. Statistically 
significant distances were found from points 63-75. 
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Figure 46. Distances from the centroid to the boundary of the 3 groups, XZ view. No statistically 
significant differences were found for any of the distances calculated in this view as MANOVA 
calculated p<0.07. 

 
 

Brachyfacial vs. Dolichofacial: 

 

In the XY (lateral) view, statistically significant differences in distances between 

brachyfacial and dolichofacial means are concentrated at approximately points 63-78 (Figure 

47). These points correspond to the region of the inferior border of the posterior mandible and 

the gonial angle (Figure 48). We can appreciate that the gonial angle for the average brachyfacial 

mandible is more acute than that of the average dolichofacial mandible. Additionally, a trend to 
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note is that the brachyfacial condylar neck and coronoid processes have a tendency to tilt more 

anteriorly relative to those of the dolichofacial.  

 

 

Figure 47. Comparison of the brachyfacial and dolichofacial mean centroid to boundary 
distances in the XY plane. Statistically significant distances are concentrated at points 63-78. 
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Figure 48. Area of statistically significant difference between brachyfacial and dolichofacial 
means in the XY view is at the gonial angle. Note the trend for the condylar neck and coronoid 
process of brachyfacial mean to tilt more anteriorly relative to those of the dolichofacial mean. 

 
 

In the YZ (frontal) view, the statistically significant distances between brachyfacial and 

dolichofacial means are from points 64-74 (Figure 49), indicating again that the greatest 

variation is at the gonial angle. The average brachfacial gonial angle is wider laterally, with each 

corresponding point along the corpus of the mandible being displaced more inferiorly and 



 56 

laterally compared to those of the dolichofacial mean (Figure 50). We can appreciate that the 

overall shape of the body of the brachyfacial mandible is thicker relative to that of the 

dolichofacial mean. Trends to note in this view are that the condylar neck and coronoid process 

of the brachyfacial mandible tilt more medially while those of the dolichofacial mandible tilt 

more laterally. 

 

 

Figure 49. Comparison of the brachyfacial and dolichofacial mean centroid to boundary 
distances in the YZ plane. Statistically significant distances are concentrated at points 64-74. 
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Figure 50. Area of statistically significant difference between brachyfacial and dolichofacial 
means in the YZ view is at the gonial angle. Note the trend for the condylar neck and coronoid 
process of brachyfacial mean to tilt more medially relative to those of the dolichofacial mean. 

 
 
 In the XZ (superior) view, no statistically significant distances were found (Figure 51).  

However, an interesting trend to note is that the dolichofacial mandible has more dentoalveolar 

constriction from the bony base than the brachyfacial mandible (Figure 52). This indicates that 

the dolichofacial mean has a relatively narrower dental arch width, with more sloping of the 

mandible from the inferior to the superior.  
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Figure 51. No statistically significant distances between brachyfacial and dolichofacial means in 
the XZ plane. 
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Figure 52. An interesting trend to note here is that the dentoalveolus is more constricted for the 
dolichofacial mandible relative to the brachyfacial mandible, indicating a narrower dental arch 
width for the dolichofacial mean. 

 
 
Dolichofacial vs. Mesofacial: 

 

 In the XY (lateral) view, the most significant area of variation is again at points 63-77 

(Figure 53), which corresponds to the gonial angle, but with slightly less magnitude than there 

was for the brachyfacial vs. dolichofacial comparison (Figure 54). The gonial angle of the 
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mesofacial average is more posteriorly displaced in the ramus and more inferiorly displaced in 

the body as compared to the dolichofacial average. The trend here is also seen at the condylar 

neck and coronoid process of the mesofacial mean being slightly tilted anteriorly relative to those 

of the dolichofacial mean.  

 

 

Figure 53. Comparison of the dolichofacial and mesofacial mean centroid to boundary distances 
in the XY plane. Statistically significant distances are concentrated at points 63-77. 
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Figure 54. Area of statistically significant difference between dolichofacial and mesofacial 
means in the XY view is at the gonial angle. Note the trend for the condylar neck and coronoid 
process of the mesofacial mean to tilt more anteriorly relative to those of the dolichofacial mean. 

 

 In the YZ (frontal) view, we see similar findings as previously found for the brachyfacial 

vs. dolichofacial comparisons but with smaller magnitude. Statistically significant distances are 

found at points 63-75 (Figure 55), which again pertains to the gonial angle region (Figure 56). 

The shape of the dolichofacial mean is overall thinner than that of the mesofacial mean, with the 
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dolichofacial gonial angle being narrower laterally and the inferior border being more superiorly 

displaced. The trend for the mesofacial condylar and coronoid processes to tilt more medially 

than the processes of the dolichofacial is also noticeable here. 

 

 

Figure 55. Comparison of the dolichofacial and mesofacial mean centroid to boundary distances 
in the YZ plane. Statistically significant distances are concentrated at points 63-75. 
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Figure 56. Area of statistically significant difference between dolichofacial and mesofacial 
means in the YZ view is at the gonial angle. Note the trend for the condylar neck and coronoid 
process of the mesofacial mean to tilt more medially relative to those of the dolichofacial mean. 

 
 

In the XZ (superior) view, all distance comparisons were non-significant with MANOVA 

yielding p<0.07 (Figure 57). However, the trend for the dolichofacial mean to have more 

dentoalveolar constriction from the bony frame relative to the mesofacial mean is notable (Figure 

58).  
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Figure 57. Comparison of the dolichofacial and mesofacial mean centroid to boundary distances 
in the XZ plane. All distance comparisons are nonsignificant. 
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Figure 58. Similar trend is noted here at the anterior alveolus with the dolichofacial mandible 
having more dentoalveolar constriction than the mesofacial mandible. 

 
 
Brachyfacial vs. Mesofacial: 

 

 Comparisons of the mean brachyfacial and mesofacial hemimandible shapes yielded no 

statistically significant differences in any of the views (Figure 59-64). However, the trends at the 

gonial angle were present as seen for the other group comparisons.  
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Figure 59. No statistically significant distances between brachyfacial and mesofacial means in 
the XY plane. 
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Figure 60. Note the trend for the gonial angle of the brachyfacial mean to be displaced more 
laterally and inferiorly than that of the mesofacial mean. 
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Figure 61. No statistically significant distances between brachyfacial and mesofacial means in 
the YZ plane. 
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Figure 62. The trend for the gonial angle of the brachyfacial mean to be displaced laterally and 
inferiorly relative to the mesofacial mean continues here.  
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Figure 63. No statistically significant distances between brachyfacial and mesofacial means in 
the XZ plane. 
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Figure 64. Comparison of the brachyfacial and mesofacial means in the XZ plane. The shapes 
are fairly similar to each other.  

 

Saliva DNA Collection and Extraction 

 

 Initially, three saliva samples were taken and their DNA extracted following the protocol 

of the saliva DNA isolation kit. The quality and quantity of the extracted DNA was measured on 
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a Nanodrop spectrophotometer (Figure 65) and then visualized on 2% agarose gel (Figure 66). 

One sample had especially high nucleic acid content.  

 

 

Figure 65. Initial extraction of 3 DNA samples with one (green) having high nucleic acid 
content. 
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Figure 66. Gel visualization of the 3 DNA sample extractions corresponding to Figure 65. Only 
one sample (Sample 3) had high nucleic acid content with an intense band at ~24K. NEB 1kb 
ladder used. 

 
 

To obtain more consistent results, the saliva collection method was troubleshot to a 

stricter protocol as set above in Materials and Methods. Ten more test samples were collected 

and DNA extracted with fairly good readings on the spectrophotometer (Figure 67). All 260/280 

ratios were between the range 1.8-2.0 (Figure 68), which is generally accepted as “pure” DNA. 

 

1
1 

2 3 
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Figure 67. Nanodrop spectrophotometer readings for ten extracted DNA samples.  



 75 

 
 

 

Figure 68. All samples had 260/280 ratios that were in the range of 1.8-2.0, indicative of good 
quality DNA. 

 
In order to confirm the presence of human DNA and not just an abundance of bacterial 

DNA in the sample, the extracted DNA samples were run through PCR with human GAPDH 

primers and visualized on 2% agarose gel (Figure 69). The band for the target gene at 177bp was 

present in each lane, but this PCR reaction clearly resulted in non-specific binding of primers and 

amplification of junk DNA. We found that we had used a primer concentration that was much 

higher than necessary and that the annealing temperature used was not optimal.  
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Figure 69. 2% agarose gel visualizing amplicons of extracted DNA samples. Arrow points to 
reference band 200bp, with the target gene visualized right below it as expected (yellow box). 
However, non-ideal conditions of the PCR reaction lead to nonspecific binding and amplification 
of junk DNA.  

 
 
Once the PCR protocol was adjusted for proper conditions, PCR was run on three more samples 

along with a negative control with all new materials and primers to reduce the risk of 

contamination. The results were visualized on 5% polyacrylamide gel (Figure 70) with intense 

bands present at the expected location, indicating successful extraction and amplification of our 

target gene of interest.  
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Figure 70. PAGE run to visualize the results of optimized PCR after troubleshooting conditions. 
Strong bands indicating effective amplification of the target gene of interest are visible as 
expected. Our negative control (primers only) is also clean. 

 
 

DISCUSSION 

 

The current gold standard in morphometrics with Procrustes and landmark-based 

methods as was done in the first analysis for this study provided some valuable information of 

the gonial angle being the main variation between the three skeletal growth patterns. This finding 

correlates to what is seen clinically, with brachyfacial individuals having strong large gonions 

with more acute gonial angles and dolichofacial individuals having clockwise growth of the 

mandible leading to obtuse gonial angles (Figure 71). The EFFA results further substantiated this 

finding in more detail.  
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Figure 71. Comparison of the gonial angles of a typical brachyfacial vs. dolichofacial mandible. 
Brachyfacial gonions are larger with acute gonial angles, while dolichiofacial gonions are 
smaller with obtuse gonial angles.  

 
 

The differences seen in brachyfacial and dolichofacial individuals can partially be 

explained in terms of the relationship between craniofacial morphology and function. Studies 

have concluded that bite force is positively correlated with anterior jaw rotation and smaller 

gonial angles as seen in brachyfacial patients60. Ingervall and Helkimo found that higher forces 

are related to certain craniofacial characteristics including a smaller anterior and larger posterior 

face height and a less divergent broad face61, all of which comprise brachyfacial individuals. 

Muscle thickness also plays a large role in the shape of the mandible, with the thickness of the 

masseter muscle contributing the most to bite force magnitude62. Positive correlations were 

found between intergonial width and masseter muscle thickness, with long-faced individuals 

being associated with a thinner masseter and a lower bite force63. Garcia et al. determined that 
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greater hyperdivergence is related to poorer mechanical advantage and lower maximum bite 

force in children64, and a similar negative relationship was found between hyperdivergence and 

mechanical advantage of both the masseter and medial pterygoid muscles in adults65. 

Due to the radial nature of the measurement system, we recognize that comparison of 

certain distances measured from the centroid to the boundary may actually be more significant 

than is visualized on the distance plots. For instance, the condylar process is outlined by points 

85-5, and the trend for the brachyfacial mean tilting more anteriorly than that of the dolichofacial 

mean in the XY view is noticeable on the 2D plot (Figure 48). However, the distances between 

the groups’ corresponding points are of minimal difference on the distance plot (Figure 47) due 

to the points being on the same arc. The same issue is most likely the reason why the variation in 

the anterior alveolus (described by approximately points 40-45) between the brachyfacial and 

dolichofacial means in the YZ view (Figure 50) is statistically insignificant as well (Figure 49). 

If the measurements were made point-to-point between the groups, then the distances would be 

more effectively compared and significant differences would most likely be detected. 

Unfortunately, we currently do not have an algorithm that can calculate point-to-point distances 

between groups, but this is a future direction that would be of value. 

The fact that the initial EFF analysis did not demonstrate any statistically significant 

differences between the brachyfacial and mesofacial mean is most likely due to larger variation 

in the samples of the brachyfacial group. There appears to be some borderline mesofacial or 

“weak” brachyfacial individuals that made the two groups too similar in shape to be 

differentiated statistically. With an increased sample size to improve power, we would very 

likely find morphometic variation of statistical significance to distinguish between mesofacial 

and brachyfacial cases on par with clinical observation. This challenge also illustrates the 
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limitations of utilizing traditional 2D cephalometric analyses for orthodontic diagnosis, as 

current methods depend on reference points and reference planes that differ from analysis to 

analysis, making it difficult to reliably determine proper skeletal diagnosis on a consistent basis. 

Furthermore, the linear measurements used in current cephalometric analyses often ignore spatial 

relationships, as illustrated in Figures 72 and 73, which further confounds interpretation of the 

data in a single analysis due to variation of the landmarks from one patient to another. Hence, 

this study aimed to apply innovative 3D methodology to avoid current limitations in orthodontic 

diagnosis and treatment planning.  

 

 

Figure 72. (Taken from Khullar, 2011) A relatively high Nasion position makes maxilla and 
mandible more retrusive (SNA and SNB decrease). 
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Figure 73. (Taken from Khullar, 2011) A relatively high Sella position makes maxilla and 
mandible more protrusive (SNA and SNB increase). 

 

We recognize that there are limitations even with the current 3D analyses, such as the 

severe burden of initial landmark placement and data entry on the investigator and the lack of 

surface volume information. With automation of the steps involved on digital software, 

landmarking and data entry will become less cumbersome and more practical. Future direction 

would also include elucidating shape differences with further advanced 3D morphometrics such 

as tensor-based morphometry, which is a truly local method that provides surface contour 

information as convexity/concavity42. TBM considers local area dilation, while landmark-based 

procedures tend to spread variation from landmarks with greater variation to those with less 

variation, which is widely known as the Pinocchio effect54. Combining landmark-based methods, 

outline curve methods and surface mapping methods together would provide a truly 

comprehensive 3D analysis of any object of interest, which would be a wholly valuable tool to 

the diligent clinician. 

With 3D morphometrics, we can obtain a true anatomic representation of the human 

mandible. A mean can be computed for any group to be studied, defining the “norm” for that 
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category, such as gender, ethnicity or age. These norms can then be used to assess individual 

patients and determine any deviations from the norm and also precisely where the deviation lies 

in each plane of space. In this vein, once specific genes are elucidated to link with particular 

mandibular phenotypes, these defined groups can be analyzed with the 3D methods to 

demonstrate the differences between them along with the lack of differences between the groups 

in cases of similarly-shaped mandibles that are associated with different genes. In orthodontic 

treatment, the effects of orthopedic therapy such as headgear or functional appliance can also be 

more thoroughly examined and reveal actual shape changes that occur with these treatment 

modalities. For instance, Lestrel and Kerr utilized EFFs to describe the shape alterations that 

arose in response to Frankel III appliance therapy. They found that appliance effects are limited 

to the incisor teeth and the associated alveolar bone with anterior repositioning of maxillary 

incisors and posterior displacement of lower incisors, and once anterior crossbite is corrected the 

relapse potential is small presumably due to presence of overbite66. In this way, pre- and post-

treatment changes can be numerically described and visually displayed, and the results can be 

applied to diagnose and treatment plan future patients. 

 

CONCLUSIONS 

 

1) Current industry standard in landmark-based morphometrics utilizing Procrustes and 

principal component analysis is useful for elucidating significant shape variation between 

three distinct groups.  

2) In this study, the main area of shape difference between the three skeletal growth pattern 

groups was at the gonial angle, with the average brachyfacial mandible having a more 
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acute gonial angle and the average dolichofacial mandible having a more obtuse gonial 

angle. 

3) Combining landmark-based morphometrics with the outline-based method of elliptical 

Fourier function analysis is a more powerful tool for identifying shape variation between 

samples as EFFA is not dependent on landmarks once the function is computed and 

provides more detailed information about the shape of interest. 

4) EFFA results further substantiated the findings of the initial PCA results by 

demonstrating statistically significant differences in the shape of the gonial angle 

between the groups studied.  

5) EFFA also demonstrated a trend in the region of the anterior alveolus with the 

dolichofacial mean being characterized by a more lingually sloping alveolar outline, 

indicating more dentoalveolar constriction and narrow arch width compared with the 

other groups. 

6) Trends were also noted in the EFFA results in the tilt of the condylar and coronoid 

processes, with the brachyfacial processes being more anteriorly and medially tilted as 

compared to those of the mesofacial and dolichofacial means, with the dolichofacial 

mean having the most posteriorly and laterally tilted processes. 

7) Due to large variation in the brachyfacial samples, statistically significant variation 

between the brachyfacial mean and the mesofacial mean was not able to be found in the 

EFFA analysis computing boundary distances from the centroid. 

8) Utilizing EFFA, point-to-point distance comparisons between groups might prove a 

fruitful approach to identifying other significant areas of variation. 
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9) Future research direction would include utilizing surface mapping functions to describe 

the surface of the object of interest in order to obtain a true 3D comprehensive analysis 

that captures all the information that is lost between the lines in both landmark-based and 

outline-based morphometric methods. 

10) Whole saliva is a viable, effective and the least invasive method of human DNA 

collection and extraction, allowing for targeted gene isolation and future downstream 

applications that will characterize genetic determinants of mandibular shape. 
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APPENDIX 

 

List of Digitized Landmarks for PCA 

1. Gonion 
2. Most convex point up posterior border of ramus 
3. Most concave point up posterior border of ramus 
4. Most posterior point on condylar head 
5. Most superior point on condyle 
6. Sigmoid notch 
7. Most superior point on coronoid process 
8. Most concave point on inner border of ramus 
9. Interproximal mid-alveolus LR6&7 
10. Interproximal mid-alveolus LR5&6 
11. Interproximal mid-alveolus distal to LR2 
12. Interproximal mid-alveolus mesial to LR2 
13. B point 
14. Pogonion 
15. Gnathion 
16. Menton 
17. Most superior point on inferior border of mandible 

 

List of Digitized Landmarks for EFFA 

1. Top of condyle 
2. Condyle-SN 1 (bisected b/w Pt. 1&2) 
3. Condyle-SN 2 (bisected b/w Pt. 1&5) 
4. Condyle-SN 3 (bisected b/w Pt. 3&5) 
5. Sigmoid notch (SN) 
6. SN-Coronoid 1 
7. SN-Coronoid 2 
8. SN-Coronoid 3 
9. Tip of coronoid 
10. ⅓ b/w Pt. 9&12 
11. ⅔ b/w Pt. 9&12 
12. Coronoid-RAB (bisected b/w Pt. 9&15) 
13. ⅓ b/w Pt. 12&15 
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14. ⅔ b/w Pt. 12&15 
15. RtAlvBorder (point on line bisecting angle made from alveolar line and anterior 

border of ramus line) 
16. Distal to LR7 (on alveolus) 
17. Between LR6&7 (on alveolus) 
18. Between LR5&6 (on alveolus) 
19. Between LR4&5 (on alveolus) 
20. Between LR3&4 (on alveolus) 
21. Between LR2&3 (on alveolus) 
22. Between LR1&2 (on alveolus) 
23. Mesial to LR1 (on alveolus) 
24. LR1-B (bisected b/w Pt. 23&25) 
25. B point 
26. B-Pog (bisected b/w Pt. 25&27) 
27. Pogonion 
28. Gnathion 
29. Menton 
30. Trisecting ⅓ Pt. 29&32 
31. Trisecting ⅔ Pt. 29&32 
32. Bisecting Pt. 29&35 
33. Trisecting ⅓ Pt. 32&35 
34. Trisecting ⅔ Pt. 32&35 
35. Most superior point on inferior border of mandible 
36. Most inferior point of gonial angle 
37. Gonion (bisecting lines tangent to posterior border of ramus & inferior border of 

ramus) 
38. Most convex (posterior) point on posterior ramus 
39. Trisecting ⅓ Pt. 38&41 
40. Trisecting ⅔ Pt. 38&41 
41. Most concave point at condylar neck (where the neck curves in) 
42. Bisecting b/w Pt. 41&43 
43. Most superior-posterior point on condylar head curve 
44. Top of condyle (same as Pt. 1) 
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