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ABSTRACT OF THE THESIS 

An Exploratory Approach for Mapping the Surface  

of the Human Skull in Three Dimensions: Technical Methods and Clinical Application 

by 
 

Ryan Walsh McComb 

Master of Science in Oral Biology 

University of California, Los Angeles, 2013 

Professor Won Moon, Co-Chair 

Professor Sotirios Tetradis, Co-Chair 

Objectives: Current analyses of 3D cone beam computed tomography (CBCT) images 

used in orthodontic diagnosis and treatment planning still rely upon 2D linear and angular 

measures, along with subjective visual evaluation, to assess complex facial disharmony 

and other dentofacial characteristics. The overall objective of this investigation is to 

overcome these limitations by developing and testing protocol for mapping the surface of 

the human skull in three dimensions using CBCT images. In collaboration with the 

Laboratory of Neuroimaging (LONI) at UCLA, the specific goals of this project are: 

- To apply and modify advanced technology used in brain mapping research to 

accurately and efficiently map the skull surface in 3D 

- To apply and modify existing mathematical functions to find the average of 

multiple skull surfaces 
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- And to develop protocol for superimposing a sample skull on the average skull 

model, yielding a color-coded map of surface deviation and dysmorphology 

Methods: Active patient files in the UCLA Section of Orthodontics were reviewed for the 

presence of a NewTom ® 3G CBCT scan.  The search resulted in 67 patient scans that 

met the inclusion criteria for the study.  CBCT files in DICOM format were first 

uploaded into a Beta version of Dolphin Imaging ® 11.5 Software.  The surface was then 

segmented using a triangular mesh approach, after which the file was exported to 

MeshLab ® for viewing and to remove undesired nodes.  Topology of each skull was 

corrected using a principal axis star map and smoothing of the extrapolated regions.  

Shapes were mapped to a sphere using conformal and area preserving maps, and were 

then registered using a spherical patch mapping approach.  Finally an average was 

created using 7-parameter procrustes alignment.  

Results: Size-standardized and non-size standardized average skull models were 

successfully created for the 67 patient sample.  Color-coded displacement maps were 

generated for a sample patient to demonstrate the potential clinical applicability of this 

protocol.   

Conclusions: The results of this investigation suggest that it is possible to average 

multiple shapes of highly variable topology such as the human skull. The most immediate 

application of this research will be rapid and detailed diagnostic imaging analysis for 

orthodontic and surgical treatment planning, particularly in complex cases involving 

congenital facial anomalies, facial asymmetry, and trauma.  There is also great potential 

for application to areas outside orthodontics such as anthropometrics and genomics. 
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Introduction: 

 Radiographic imaging has played a pivotal role throughout the history of 

orthodontics. In order to comprehend the value of a true 3-dimensional analysis to 

clinical diagnosis and treatment planning, the necessary first step is an overview of the 

history and limitations of current imaging practices in the field. 

A. Cephalometric Imaging 

Traditional orthodontic diagnosis and treatment planning involves several key 

components: the clinical exam, intra- and extra-oral photographs, dental study models, a 

variety of radiographic projections, and the multitude of cephalometric analyses that have 

been developed to complement these images.  Each piece of the overall exam offers clues 

to the dental and skeletal features of a given patient.  Photographs, for example, provide 

clinicians with a visual record of the intra- and inter-arch dental relationships, as well as 

the patient’s extra-oral soft tissue contour.  In planning optimal treatment, orthodontists 

must also take into account the underlying skeletal features that can have a large impact 

on the overall soft tissue profile and dental relationship. Clinicians commonly refer to a 

variety of cephalometric analyses to better understand these fundamental characteristics 

of a patient. 

Frontal and lateral cephalometric films have been a mainstay in orthodontic care since 

their advent by Broadbent in the early 20th century.  From that date forward, 

orthodontists, surgeons, and researchers have developed an endless number of analyses 

that seek to dissect cephalometric films, particularly the lateral cephalogram, in order to 
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establish the skeletal, dental, and dentofacial relationships. (Figure 1). Although they 

have become a mainstay in clinical diagnosis and treatment planning, cephalometric films 

have several inherent flaws:1  

- They offer a 2-dimensional representation of a 3-dimensional object 

- Superimposition of right- and left-sided structures results in anatomic occlusion 

- Radiographic projection error restricts true size comparison (Figure 2) 

- Operator error, such as improper patient positioning, yields image variability 

- Landmark identification error during cephalometric analysis is frequent 

In fact, as early as 1971, Vig and other orthodontists began to acknowledge the 

limitations of cephalometric imaging in clinical literature.2–4 

 

Figure 1: Traditional lateral cephalometric film, demonstrating several of the flaws inherent to 2-
dimensional radiographic imaging, most notably superimposition of right- and left-sided structures and 
hard to locate landmarks. 
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FIGURE 2: (Adapted from W. Harrell) Due to the fact that traditional 2-dimensional images have been 
used to evaluate 3-dimensional anatomy, there is a risk that objects of varying size and shape will be 
misconstrued on the final film.  In this image, objects of varying sizes appear identical on film due to 
altered size, orientation and distance to the film relative to the source object. 

 

In spite of these flaws, clinicians and researchers in many fields continue to develop 

highly intricate cephalometric analyses to better describe and diagnose skeletal features.  

However, these attempts fail to acknowledge the inadequacy of using two-dimensional 

measures to describe the 3-dimensional human skull.3,4   

B. Cone Beam Computed Tomography 

Although craniofacial imaging has been around for nearly a century, most 

advances in the field have emerged within the last several decades. Hounsfield introduced 

the original concept of X-ray computed tomography (CT) in 1967 and the prototype 

CBCT machine later emerged in 1982. Previously, and in only limited scenarios, medical 
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CT imaging was used to evaluate skeletal features in more complex cases involving 

significant asymmetries and other malformations.  However, this method was expensive 

and conferred a significant dose of radiation, rendering it impractical in most orthodontic 

cases.5–7  CBCT was a pivotal breakthrough, as it offered high isotropic spatial resolution 

and relatively low patient dose with its confined exposure area.8 The first commercially 

available CBCT machine emerged in 2001 and presented the opportunity to revolutionize 

the way we image and analyze craniofacial form. The rising commercial availability of 

CBCT scanners offers new potential to craniofacial imagining and analysis as 3D CBCT 

images allow for novel approaches to orthodontic diagnosis and treatment planning.  

There has been much controversy in recent years concerning the use of CBCT 

imaging in orthodontics.  While it is widely accepted that CBCT plays a pivotal role in 

more difficult cases, some clinicians routinely use CBCT for all patients.6  This debate 

about the clinical utility of CBCT most commonly centers on radiation exposure.  

Individually, conventional radiographs yield lower radiation doses, such as the lateral 

cephalogram (10.4 uSv), panoramic radiograph (14.2-24.3 uSv) and FMX (13-100 uSv).  

However, when combined in a typical orthodontic diagnostic series, these values 

approach that of some recent CBCT scans (87-206 uSv).6   The effective dose for the 

NewTom ® 3G has been shown to be between 43.1 and 56.5 uSv, although another 

source cites that the VGi, with even lower resolution, results in a 184 uSv dose.9  As 

CBCT continues to become more popular in the field of orthodontics and craniofacial 

surgery, clinicians are still advised to use these images only when needed.  Case 
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characteristics in which CBCT is considered optimal include: impacted, unerupted or 

supernumerary teeth, root resorption, and craniofacial or orthognathic surgery.6   

In spite of the increasing popularity of 3-dimensional CBCT, most current 

orthodontic/surgical analysis techniques continue to use simple linear and angular 

measurements to describe 3-dimensional morphology, and deconstruct 3-dimensional 

images into 2-dimensional images for conventional analysis.10,11 Although these 

techniques avoid some of the problems encountered with traditional cephalometrics, they 

still fail to appreciate true 3-dimensional craniofacial form.   

C. Normative Models in Science and Medicine 

Over the past decade, there has been a gradual trend toward transitioning from 

traditional 2-dimensional cephalometry to measurements obtained utilizing three planes 

of space.  Adams et al10 attempted to minimize measurement error of traditional 2-

dimensional cephalometrics by identifying landmarks on multiple cephalograms 

assembled in three planes of space  (sagittal, frontal, and oblique). They hypothesized 

that landmark identification and linear measurements using three planes of space would 

more accurately reflect true craniofacial form than the traditional method.  They 

concluded that most traditional 2-dimensional measurements were not accurate and failed 

to precisely capture contours and other variations notable in 3-dimensional structures 

(Figure 3).  Although the study utilized complex methods for establishing a 3-

dimensional reference system and relied upon linear measurements for its analysis, it 

highlights a fundamental flaw in traditional cephalometric analyses: by ignoring the third 
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dimension, many traditional cephalometric measures fail to accurately represent anatomic 

form and variation. 

                      

FIGURE 3: (From Adams et al) Scatterplot with actual measure on a dry skull set to zero, variation of 2D 
cephalometric measures from actual measures in red, and variation in 3D measures from actual measures 
in blue.  This study demonstrated the increased measurement accuracy attainable through use of three 
planes of space. 
 

Later, researchers began to propose new protocol for measurement of CBCT 

scans.  For example, Wong et al12 applied McNamara’s traditional analysis to 3-

dimensional CBCT images to look at gender differences in an adult Chinese population.  

The proposed methods allow clinicians and researchers to avoid some of the problems 

inherent in traditional analyses such as superimposition of structures and magnification 

error.  However, they continue to rely upon 2-dimensional linear and angular 

measurements to represent the complex, 3-dimensional craniofacial complex (Figure 4). 
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Figure 4: (From Wong et al) This image illustrates the McNamara landmarks utilized in Wong’s study to 
derive 2D linear and angular measures to describe a 3D image. 

 
While there is no doubt these and other studies greatly contributed to our 

knowledge regarding the utility of 3-dimensional imaging in diagnosis and treatment 

planning, other researchers were beginning to investigate the possibility of utilizing 3-

dimensional images for more comprehensive analysis of craniofacial form. These efforts 

involved working to establish demographic-specific normative models by averaging 

multiple patient samples into one.  

Dean and colleagues13 published an article in the Journal of Craniofacial Surgery 

that made the first big step in working toward 3-dimensional normative images. Their 

overall goal was to assess whether or not human craniofacial variation justifies image 

databases that can be used to produce patient-specific 3-dimensional averages. To 

accomplish this, they utilized 40 dry skulls and identified 52 anatomical landmarks. The 
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authors computed a Procrustes average landmark shape for each of their 52 landmarks 

and then compared the range of variation between ethnicities and gender (Figure 5).  

 

FIGURE 5: (From Dean et al) Scatterplot in the frontal, top down, and lateral view of all 40 specimens fit 
to mean Procrustes landmark shape. Human form is vaguely approximated. 
 

Although their method relied upon a set number of predetermined landmarks to 

establish shape, this appears to be the first study that attempted to analyze craniofacial 

form in all three dimensions. The authors also indicated the need for establishing models 

that were specific to ethnicity and gender. This progressive approach to 3-dimensional 

form analysis paved the way for future research in the area of craniofacial imaging.   

Meanwhile, Brief and colleagues14 introduced the concept of virtual healing, in 

which a pathological state could be compared with the ideal state through the creation of 

3-dimensional age and gender specific norms.  Although they used only a few hundred 

surface points to represent the entire skull, their paper offered the first look at an attempt 

to establish surface-based normative models.  Their analytical method involved 

transforming the function of a surface to a 1-dimensional set of parameters, which 

represents a quantity of shapes, from which an average was then calculated (Figure 6). 
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FIGURE 6: (From Brief et al) Although limited to only a few hundred surface nodes, this paper 
represented one of the foremost attempts to create normative models of a portion of the human skull. 

 

Most recently, a group from Duke University15 published papers relating to the 

establishment of 3-dimensional cranial norms.  They applied 3D vector analysis to 

craniofacial CT data to generate surface point clouds emanating from a fixed point. For 

each vector, the pixel furthest from the origin at the bone threshold was recorded as the 

cranial surface.  Vectors were generated sequentially for 360 degrees at two-degree 

increments, resulting in an average of 425 points per skull.  This data was then averaged 

and a norm was computed, allowing them to compare a single patient’s dataset to the 

averaged norm (Figure 7).  
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FIGURE 7: (From Marcus et al) A graphic representation of the average cranium along with 
superimposition of a sample skull, resulting in a color-coded map of surface variation at each node.  The 
scale on the right represents the magnitude of variation. 

 

A follow-up study by the same group16 further aimed to establish a database and 

objective standard for 3-dimensional head shape and analysis.  They analyzed 148 CT 

scans of patients aged 1 to 78 months using vector analysis, described above. Again, they 

created point clouds and averaged these clouds.  They went one step further and 

established validity by comparison of their derived normative measurements to accepted 

norms of the skull (Figure 8). They conclude that , “lack of normative data has been the 

obstacle to the application of three-dimensional image-based anthropometry” and “…one 

must understand that derivation of two-dimensional measurement indices from three-

dimensional data still only provides two-dimensional measurement indices: more 

accurate than caliper measurements, but not any more useful.”  



  11 

 

Figure 8: (From Marcus et al) This image illustrates a patient’s skull (various colors) overlapping the 
established norm (in blue) to create a visual representation of cranial variation. 

 

Finally, Subramanyan et al17 presented an intricate method for mapping both hard 

and soft-tissue craniofacial surfaces.  Their results provide anatomically plausible 

averages of human form but the methods still require some manual landmark 

identification in order to arrive at an average shape (Figure 9). 

 

Figure 9: (From Subramanyan et al) Type II landmarks used by Subramanyan and colleagues as one step 
in their surface averaging protocol. 
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Overall, a review of applicable literature revealed three notable trends in imaging 

related to orthodontic diagnosis and treatment planning: 

1. There has been a steady push toward the use of 3-dimensional CBCT images in 

complex orthodontic and surgical cases following a recognition of the limitations 

of traditional cephalometric imaging; 

2. The majority of studies utilizing CBCT still rely upon 2‐dimensional 

measurement techniques to describe 3‐dimensional form, and; 

3. A few researchers have started to explore the possibility of creating 

3‐dimensional normative skull models for evaluation of true anatomic form. 

This progression toward more thorough shape analysis is critical to optimizing diagnosis 

and treatment of patients with complex craniofacial anatomy. 

D. Aims of Study 

This study is one component of an ongoing project aimed at establishing gender, 

age-, and race-specific three-dimensional normative models of the skull that will allow 

for more accurate and comprehensive analysis of human craniofacial form. The overall 

project involves three unique components: formulating a set of reliably located 

craniofacial landmarks in three dimensions; developing a method for outlining the 

borders of important craniofacial structures and averaging them; and establishing 

protocol for reliably representing the intricate surface of the craniofacial skeleton in three 

dimensions and averaging multiple unique surfaces. The immediate goal of the current 
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study relates to the final component – to establish a novel approach for 3-dimensional 

craniofacial surface mapping and creation of average craniofacial models. When 

complete, methods developed in this study will promote future research aimed at 

combining the components of the overall project to develop comprehensive normative 

models of the human skull.  Overall, this portion of the project seeks to advance 3D 

imaging analysis by aiming to: 

1. Apply and modify advanced technology used in brain mapping research to 

accurately and efficiently map the skull surface in 3D 

2. Apply and modify existing mathematical functions to find the average of multiple 

skull surfaces.  

3. Develop protocol for superimposing a sample skull on the average skull model, 

yielding a color-coded map of surface deviation and dysmorphology. 

The most immediate application of this technology will be rapid and detailed diagnostic 

imaging for orthodontic and surgical treatment planning, particularly in complex cases 

involving congenital facial anomalies, facial asymmetry, and trauma.   

Materials and Methods:  

On a broad level, the technical protocol for this project can be divided into four parts, 

summarized below, and described in more detail in this section (Figure 10): 

A. Collection and surface segmentation of sample skull CBCT images 

B. Surface topology correction  

C. Shape registration 
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D. Average and distance map creation 

 

Figure 10: Diagram illustrating the workflow involved in progressing from a single skull to 3D averages 
and distance maps. 
 
 
A. Data Collection 

The UCLA Section of Orthodontics previously utilized NewTom ® 3G scans for 

patients with craniofacial anomalies, surgical cases, canine impaction cases, and those 

cases that require advanced imaging for other diagnostic purposes.   A comprehensive 

chart audit of all active cases in the Section of Orthodontics was completed.  Patients 

demonstrating the presence of a craniofacial anomaly or any other gross facial asymmetry 

were excluded.  NewTom scans from patients who passed the exclusion criteria were 

imported into Dolphin Imaging ® for further analysis. 
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B. Surface Segmentation 

67 images were included in the study and were imported into a beta version of 

Dolphin Imaging ® software for initial surface analysis. Following image import, the 

image was formatted for optimum hard tissue resolution and the surface of the skull was 

extracted using a triangular mesh approach that identified a variable number of surface 

nodes to describe skull shape. The average mesh contained approximately 500,000 

triangles but the number of vertices was then standardized to 16,384 for a working 

resolution and 65,536 in order to allow for vertex-to-vertex correspondence between 

skulls during rigid alignment (Figure 11).  

 

Figure 11: This image illustrates the intricate triangular mesh surface framework generated in Dolphin 
Imaging ®. 
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Files were exported in .PLY format (Polygon File Format), a format for storing 3-

dimensional data of graphical objects described by a series of polygons.  These files were 

then uploaded into MeshLab ® Software for initial viewing (Figure 12). 

 

 

Figure 12:   This image illustrates a sample skull of a class II male that was initially segmented in Dolphin 
Imaging ® and then exported into MeshLab ® for initial viewing of the surface. 
 

C. Surface Topology Correction (in collaboration with B. Gutman, LONI) 

In order to accomplish the specific goals of this project, point‐to‐point 

correspondences across a large, highly variable population of human skull models had to 

be found. While various methods for morphometric surface mapping have been proposed, 

particularly for cortical surface and subcortical structure mapping in brain imaging, 
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developing similar methods for skull data presented unique challenges.18–21  In particular, 

the lower signal‐to‐noise ratio (SNR) of CBCT images compared to MR images typical 

in neuroimaging amplifies the variability of surface topology.18 Also, since no 

well‐defined correspondence between surfaces of different topologies is theoretically 

possible, one must perform a topological correction of each skull model before 

computing a dense correspondence. The simplest and most common approach is to make 

each surface topologically equivalent to a sphere (Figure 13). 

 

        

Figure 13: Spherical representation of a skull surface mesh in original and warped form. 

 

Topological variability of neuroimaging data is typically manifested in subtle 

alterations of spherical topology such as small handles and islands, and fixing it does not 

generally lead to serious changes in the geometry of the shape. On the other hand, skull 

models produced from CBCT exhibit highly variable topology and require a more drastic 

correction. Further, it is not enough to simply make the topology "spherical," but the 
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geometry of each shape must remain sufficiently similar for the subsequent surface 

mapping, or registration, to remain robust.  

One approach that has been used in skull mapping is to approximate a shape with 

spherical harmonic extrapolation.22,23 Spherical harmonics (SPH) form a basis for 

spherical functions, much like Fourier series on the real line.24 Because spherical 

harmonics decompose a spherical function into its frequency components, they provide a 

compact representation of the signal. Further, because it is possible to approximate the 

SPH coefficients from only a partially defined spherical function, they provide a natural 

means to topology correction. However, it is necessary to estimate this initial partially 

defined map, and for a skull surface the star map has been proposed as an acceptable 

method. 

SPH coefficients are often approximated in a least squares fashion to match the 

star map of the original shape surface at the original points, and the surface is then 

reconstructed from the limited number of spherical harmonics. While this approach is 

simple and straight‐forward, it can lead to a significant decrease in accuracy, i.e. the 

reconstructed shape will differ significantly from the original in the some of the spherical 

regions where the original is defined.  

a. Initial Spherical Map 

The methods utilized for spherical correction in this study do not alter the original 

shape in defined regions while performing more refined smoothing in extrapolated 

regions. Further, the star‐shaped assumption is relaxed so that each point on the shape has 

a direct line of sight to the principal axis of the skull, rather than its center of mass.25 The 
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basic star map will lead to significant occlusion and geometry distortion around the jaw, 

while a principal axis‐based star map will have very little occlusion in the outward‐facing 

portion of the skull.25 Thus, this representation will be more accurate. 

b. Shape Smoothing 

The shape smoothing technique used allows for continuous adjustment of the 

smoothing kernel and does not alter regions that are sampled from the original non-

spherical surface.  Because the spherical mapping approach proposed here is to sample 

the surface at regular coordinates, exact quadrature techniques developed by Healy et al26 

can be used and the SPH coefficients can be computed exactly up to interpolation error. 

Note that the typical skull model extracted with the Dolphin ® software is severely 

oversampled (500,000 triangles), so the interpolation error is essentially negligible 

(Figure 14). 

 

Figure 14: The transition from a skull surface model as viewed in MeshLab ® to a filled skull, to a 
spherical map.   
 
D. Shape Registration (in collaboration with B. Gutman, LONI) 
 

Several shape registration techniques exist for genus zero shapes (shapes of 

spherical topology), including those based on spherical parameterization. Among these 
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are the rigid spherical cross‐correlation,27 spherical demons,28 and Laplace‐ Beltrami 

eigenfunction registration.19 The method devised in this investigation is specifically for 

skull mapping and is independent of the existence of an orientation, sufficiently flexible, 

and allows for continuous regularization. Spherical Patch Mapping is the selected 

approach, in which multiple corresponding landmarks are automatically identified on 

each skull using mean curvature maps on the sphere around each landmark (Figure 15).  

The approach requires a few manually marked landmarks on a sample template skull.  

Once these same landmarks are automatically identified on new skulls, the skull models 

are registered by matching corresponding points with spherical splines (Figure 15).  

 

Figure 15: Top Row: Spherical curve-based skull models with patches marked in black and yellow. Middle 
Row: Spherical curvature maps with corresponding landmarks shown. Bottom Row: ‘Patches’ around 
selected landmarks.25 
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E. Average and Distance Map Creation (in collaboration with B. Gutman, LONI) 

a. Procrustes Alignment 

To compute the average skull, the shape models must first be aligned in their 

original (non-parametric) space based on the computed dense correspondence. The 

7‐parameter Procrustes method was used to accomplish this.29 Since the selected shape 

models are not absolute true representations of the original, only the points that are 

sufficiently close to a non‐extrapolated region are considered. Once the final dense 

mapping has been computed, each source mesh is re‐sampled to reflect the connectivity 

of the target mesh. 

b. Distance and Statistical Maps 

After computing the average shape (skull), the distance from the average to each 

individual shape at each point can be found. Distance‐to‐average maps are displayed as 

colorized surface maps. This is the key feature that will allow for comparison of a 

patient’s CBCT skull data to age, gender and race specific normative models of the skull. 

Looking to the future, given a discrete, or continuous biological variable, such as whether 

the subject carries a certain gene, or some clinical measure of severity of a particular 

deformity, it is possible to create statistical parametric maps based on distance to the 

average. These typically involve parametric or non‐parametric (e.g. permutation) 

statistical tests done at each point, which localize the effect of the biological variable on 

the skull surface.30  
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Results: 

A. 3D Skull Average:  

           Comprehensive chart review resulted in 67 CBCT scans that met the inclusion 

criteria.  The sample population consisted of individuals with widely varying 

demographics, including ethnicity, gender, age, and skeletal/dental type.  The purpose of 

using such a highly diverse sample was to demonstrate the power of these methods in 

generating an average model even with a  population showing high topological 

variability.  The 67 CBCT scans were entered into the developed ‘Pipeline’ and subjected 

to the methods proposed above, including surface segmentation, topology correction, and 

shape registration (Figure 16).  The pipeline required 160 minutes to average 67 skulls on 

a local machine.  However, utilizing a cluster of machines would reduce this time six to 

eight fold, resulting in a timeframe of approximately 23 minutes to create a 67 skull 

average. 
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Figure 16: Snapshot of the pipeline used to create the 67 skull average.  Each surface shape was input into 
the pipeline and run through various steps to reach the final output, or average.  
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The output result was an average skull surface model seen in various views below 

(Figures 17-24).   

 

Figure 17: 67 skull average.  Clockwise from top left: Right lateral view; Frontal view; Left lateral view; 
Bottom up view; Posterior view; top down view.  Note that the resulting average shows a relatively smooth 
and harmonious skull model.  All areas but the actual surface have been extracted through the protocol 
described in this report.     
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Figure 18: 67 skull average, Right Lateral View 

 

Figure 19: 67 skull average, Frontal View 
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Figure 20: 67 skull average, Left Lateral View 

 

Figure 21: 67 skull average, Bottom-Up View 
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Figure 22: 67 skull average, Posterior View 

 

 

Figure 23: 67 skull average, Top-Down View 
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Figure 24: 67 skull average, Right Lateral, Frontal, and Left Lateral Views.  Manual sculpting of surface 
regions with threshold values not removed using the specified true surface/interpolated surface value.  
More accurate anatomy becomes apparent. 
 

B. 3D Superimposition: 

            Following the creation of an average skull model from the 67 patient sample, the 

above registration technique was used to demonstrate the ability to superimpose a sample 

patient skull on the average model (Figure 25).    This technique works because even 

within the average skull, a mesh framework is maintained which retains point-to-point 

correspondence of vertices between shapes. (Figure 26)   
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Figure 25: 67 skull average is represented in white while a sample patient skull (selected from among the 
67 patient sample) is represented in green.  Anatomical variation from the norm is easily detectable.       
 
 

 

Figure 26: Zoomed in view of right orbital region of 67 patient sample average.  Triangular mesh 
framework remains with point-to-point correspondence with individual skulls possible.       



  30 

 

In monochromatic form, variations in skeletal pattern are readily detectable.  In the image 

seen in Figure 25, for example, the sample skull shows a notable vertical growth pattern 

of the mandible.  The next step in producing clinically applicable superimpositions is to 

develop color-coded maps of surface deviation and dysmorphology (Figures 27-34). 

Colorized displacement maps offer the ability to set threshold values for each color.  In 

the images represented below, blue represents no deviation from the original shape while 

red represents much greater deviation of 10mm.  In the software designed for this 

technique, users have the ability to zoom in and out of relevant areas of the skull to more 

closely evaluate variation at a given point or region.  Furthermore, opacity of the average 

skull can be adjusted to permit visualization of the inner regions, or areas where the 

sample skull lays within the average. 

 

 

Figure 27: 67 skull average is represented in white while a sample patient skull (selected from among the 
67 patient sample) is represented in multiple colors.  Anatomical variation from the norm is detectable.  
This image also represents extent of variation at each point (point-to-point correspondence described in 
‘Methods’).  Points of minimal surface variation are illustrated in blue while points of greater variation 
(10mm) are seen in red. 
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Figure 28: Sample skull used to superimpose on the 67 skull average found in subsequent images.  
Although difficult to appreciate in small, static images, subtle asymmetries can be appreciated in the 
mandibular and zygomatic regions. 
 

 

Figure 29: 67 skull average represented in white with a sample patient skull (different from the one seen 
above) is represented in multiple colors.  Various views illustrate the ability to detect surface deviation and 
dysmorphology on the whole skull.  When viewed in the shape viewing software, areas on the sample skull 
that are smaller than the average (located ‘inside’ the average) can also be visualized and evaluated.   
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Figure 30: 67 skull average with sample skull superimposed, Right Lateral View 

 

Figure 31: 67 skull average with sample skull superimposed, Right ¾ View 
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Figure 32: 67 skull average with sample skull superimposed, Frontal View 

 

 

Figure 33: 67 skull average with sample skull superimposed, Left ¾ View 
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Figure 34: 67 skull average with sample skull superimposed, Left Lateral View 

 

C. Size Standardization 

          The default of the established protocol pipeline is to generate an average model 

that is size-standardized.  In other words, the average allows for evaluation of shape 

alone, irrespective of the size of each sample skull in the population.   This results from 

the fact that 7-parameter procrustes alignment is used as the final stage of registration. 

During procrustes alignment, two objects are optimally superimposed by rotation, 

translation, and uniform scaling in order to maximize correspondence.  The final step, 

scaling of the objects, results in a size-standardized average.  However, the protocol 

pipeline permits the creation of non-size-standardized averages as well.  This is done by 

taking the average determinant of each Procrustes matrix for all shapes and multiplying 
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the size-standardized shape by this average.  The result will represent the true shape and 

size of the average skull (Figure 35).   

 

Figure 35: Relative comparison of the size-standardized (left) and non-size-standardized (right) average 
skull.  When size is taken into account, the average skull is multiplied by the average determinant of each 
Procrustes matrix used in the averaging process, resulting in a model that represents both true size and 
shape.   
 

Discussion:  

A. Clinical Applications 

          This study sought to create an average skull shape and demonstrate clinical utility 

by developing colorized displacement maps of a sample shape compared to the overall 

average.  As mentioned in the introduction, the specific aims of this study were: 

          1. To accurately and efficiently map the surface of the human skull in 3D, 

          2. To find the average of multiple skull surfaces, and 

          3. To develop protocol for superimposing a single skull onto the average 
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The Materials/Methods section of this report details the steps necessary to arrive at these 

goals.  Utilizing a beta version of Dolphin Imaging ® 11.5 Software the surface of the 

skull was first transformed into a triangular mesh dataset.  This mesh was exported in 

.PLY format into a pipeline developed specifically for this project at the Laboratory of 

Neuroimaging (LONI) at UCLA.  An intricate series of steps within the pipeline allows 

users to input any combination of patient skulls and will output an average skull shape.  

Furthermore, a single skull can be superimposed on that average using registration 

methods detailed above in order to evaluate morphological variation.  The pipeline 

protocol also allows for the creation of size- and non-size standardized images, 

permitting comparison of shape alone (when size-standardized) or size and shape (when 

non-size-standardized).   

          In orthodontics and orthognathic surgery, one of the primary goals is to arrive at a 

proper diagnosis of the case and thus an appropriate treatment plan.   For decades, 

clinicians have relied upon 2-dimensional cephalometric films and the normative data 

that accompany them to better understand a patient’s skeletal and dental relationship.  

Recent years have seen a steady increase in the use of CBCT images, particularly in 

complex cases involving severe skeletal and dental anomalies.  In spite of this rise in the 

popularity of 3-dimensional technology, little focus has been placed on the need to 

establish new analyses that take full advantage of the additional information provided by 

CBCT images.  Instead, with the exception of a few instances, most studies have applied 

2-dimensional linear and angular measures to 3-dimensional objects in an attempt to 

better define structures in 3D space.  While these efforts provided new insight into 
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orthodontic and surgical imaging, they failed to fully appreciate true anatomical form.  

Through the establishment of surface based 3-dimensional averages of the human skull, 

this study has demonstrated the potential for creating average skulls specific to a patient’s 

age, gender, ethnicity, and other unique characteristics.  Combined with the ability to 

superimpose a patient’s surface map on the normative model and produce colorized 

displacement maps, this averaging protocol will allow clinicians to evaluate 3-

dimensional morphological variation of a given patient in great detail.   This will prove 

particularly useful in cases with notable asymmetries, craniofacial anomalies, or extreme 

growth patterns in which visual inspection and 2-dimensional analyses alone are 

inadequate.  Not only does this technology permit point-to-point correspondence 

mapping to evaluate variability at specific vertices, but it also allows for volumetric 

evaluation of regional variation, evaluation of mean difference between two samples, and 

tensor-based morphometric evaluation. 31 

          Equally important is the potential application of this research to fields outside the 

clinical sciences.  Anthropologists for example, conduct complex and time-consuming 

morphometric analyses of human populations in order to better understand anatomical 

variations within and among different groups.  The ability to produce population-based 

atlases of the human skull may offer one more tool in their quest to better understand 

human evolution and development.  Furthermore, this research has potentially far-

reaching applications to the biological sciences.  Most notably, the pipeline protocol used 

to average human CBCT images can be readily applied to animal models to better 
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understand growth and development, and perhaps even investigate the role of internal and 

external stimuli on the development of specific anatomical structures.   

B. Limitations 

          This study offers an innovative protocol for mapping the surface of a single skull, 

averaging multiple skulls, and superimposing a single skull on the average.  Although 

each step in the protocol is independently validated in available literature, there are 

several factors that limit the scope of the current study.   

          Most notably, the UCLA Section of Orthodontics previously relied upon the 

NewTom ® 3G for CBCT data capture.  Although this machine offers images of great 

benefit to clinical diagnosis in orthodontics and surgery, it proved somewhat limiting 

when defining and segmenting the skull surface.  Anatomical regions such as the anterior 

nasal spine (ANS), tip of the nasal bone, coronoid process, and condyle were 

inadequately defined in the surface segmentation and subsequently deficient in the 

average surface (Figure 36). 
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Figure 36: Sample NewTom ® 3G image post-surface segmentation illustrating the deficiencies in surface 
definition affecting particular anatomical regions, in this case the ANS and mandibular condyle region.  
Each image among the 67 patient sample was characterized by at least one surface deficiency, which led to 
a compromise in the overall quality of the final average.     
 

With the recent acquisition of the NewTom ® 5G CBCT machine at UCLA, future 

research building upon this surface mapping protocol will benefit from images with much 

more clearly defined anatomical structures.  Notably, the mandibular condyle, coronoid, 

ANS and nasal bone are much better defined (Figure 37).   
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Figure 37: Sample NewTom ® 5G image illustrating the much better surface definition in regions 
previously lost in many 3G images.  The most obvious improvements in this image when compared to the 
3G image of another patient are in the condylar region, nasal bone, and ANS.      
                

Furthermore, collaboration with a medical institution and acquisition of medical CT scans 

with even higher resolution may ensure better surface definition in deficient areas.  

Overall, the technical protocol in this study were applied to surfaces extracted from 

NewTom ® 3G images but can be applied to any surface-based file, thus allowing for 

improvement of the overall quality of an average surface simply through acquisition of 

higher resolution images.  It is also important to note that surface registration relies upon 

accurate and corresponding regions between two samples.  Moving forward, improved 

surface definition will likely lead to improved registration and a better defined average 

model.   
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          The next limitation in this protocol relates to the final sculpting stage, in which 

interpolated surface regions are extracted from the average shape.  During topology 

correction, anatomical regions representing vacant areas of the skull (such as the orbits 

and nasal cavity) are filled in to allow for spherical registration of multiple skulls (Figure 

38).  Following the averaging stage, these filled-in areas are still present and must be 

removed in order to present a more accurate final image.  A scale from 1-10 is used to 

extract interpolated regions of the skull, with 1 representing interpolated regions and 10 

representing true surface anatomy.  Because the final image is an average of multiple 

surfaces, true surface and interpolated regions are not as clearly defined in some areas.  

Setting the threshold too high (>6) may result in extraction of regions representing true 

anatomy while setting the threshold too low (<6) may result in some interpolated regions 

still present in the average model.  Ultimately, a value of 6 was chosen to maximize the 

extraction of interpolated regions while minimizing the inclusion of filled-in areas.  This 

method is not perfect, however, and the resulting average displays some surface areas 

that do not accurately reflect normal craniofacial morphology (Figure 39).  This 

limitation will be overcome by an improvement in the initial CBCT or CT image quality 

and subsequent surface model, as well as incorporation of the border mapping portion of 

the overall project, which will define clear boundaries of specific craniofacial structures 

(Figure 40).   
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Figure 38: Sample image from a single patient’s surface model illustrating the ‘filling in’ of vacant areas 
prior to registration.  In this image, the right orbit and areas distal to the zygomaticomaxillary region are 
filled in to create a continuous surface including true anatomical surface along with interpolated regions. 
 

 

Figure 39: Side-by-side comparison of a single patient’s CBCT image (on left) and the 67 patient average 
(on right) in the AP/frontal view.  The naso-orbital region circled in red appears more occluded in the 
average shape.  This results from the fact that the sculpting threshold was set at 6 to display an optimal 
amount of surface structure.  However, as evident in this image, some interpolated regions remain around 
the superior and medial orbit and nasal cavity. 
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 Figure 40: (Copy of Figure 24) 67 skull average, Right Lateral, Frontal, and Left Lateral Views.  Manual 
sculpting of surface regions with threshold values not removed using the specified true surface/interpolated 
surface value.  More accurate anatomy becomes apparent. 
 

The final notable limitation of this study relates to the scope of the overall project.  

Analysis of 3-dimensional craniofacial morphology requires an understanding of both 

internal and external anatomy, as well as surface structure and well-defined borders of 

these structures.  The protocol presented in this report captures only surface information, 

leaving the definition of surface boundaries and internal landmarks to collaborative 

studies by Dr. Reena Khullar and colleagues (Figure 41).32 Ultimately, this surface 

mapping research will be combined with anatomical boundary mapping and internal 

landmark information to establish the final, comprehensive 3-dimensional analysis of the 

human skull (Figure 42).   
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Figure 41: (From Khullar et al) Graphic representation of the mean mandibular border outline developed 
by Khullar as the preliminary step in establishing protocol for defining the border of the mandible. 
 

 

Figure 42: Preliminary image showing sample skull surface with accompanying mandibular border 
outline.  White mandible represents the initial outline in free space, while red represents the registration of 
the outline onto the skull surface.  Ultimately, these two approaches will be combined to create a well-
defined, average 3D shape. 
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          Overall, the limitations affecting this study can be overcome through the use of 

greater resolution imaging technology and integration of this protocol with other aspects 

of the overall project.  The result will be a comprehensive and well-defined image that 

allows for thorough analysis of craniofacial form in three dimensions. 

Conclusions:  

1. This study developed the protocol necessary to segment the surface of the 

human skull, correct the topology, and register skulls of highly variable topology 

utilizing a spherical patch mapping approach. 

2. 67 skulls from patients with varying demographic and skeletal characteristics 

were then successfully averaged using 7-parameter Procrustes alignment. 

3. A sample patient skull was superimposed on this average, creating a color-

coded displacement map and illustrating the potential clinical utility of this 

protocol in diagnosis and treatment planning of patients with complex skeletal 

conditions.   

4. Further research efforts will focus on integrating the protocol described here 

with other advanced 3-dimensional imaging techniques in an attempt to develop a 

comprehensive analysis of craniofacial form. 
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