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Abstract 
 

The purpose of the present study was to contribute to the growing body of knowledge and 

technical understanding of surgical design and simulation in fibula free flap mandibular 

reconstruction (FFFMR). The current study provided three key findings. (1) There was no 

statistically significant difference amongst the three CBCT machine warming times. There was, 

however, a statistically significant difference between Computerized Tomography (CT) scanning 

with 1mm slice thickness and CBCT scanning with 0.2mm slice thickness. (2) The convergent 

interview was an effective technique in collecting information about the perception of clinicians 

on the utility of virtual surgical planning and medical models in FFFMR. (3) Superimposed 

images produced in CAD software tools were helpful and effective in comparing pre and post-

surgical outcomes, although there were a number of limitations in the programs. The exploratory 

benchtop study revealed that virtual surgical planning appeared to improve surgical performance 

and enhance consistency in accuracy. 
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Glossary of Terms 

Term Acronym Definition 

3D surface model reconstruction  The construction of slices derived from CT 
and CBCT medical imaging technology to 
create a 3-dimensional form in virtual space 
called a 3D surface model. (1) 

Advanced Digital Technology ADT A range of imaging technologies which are 
used to manipulate digital data and model 
virtual prototypes. 

Computer Aided Design CAD The process of design through the use of 
computer technology.  

Computer Tomography CT A medical imaging technique which 
measures photon linear attenuation of a 
tissue relative to water and creates a series 
of cross sectional scans along a single axis. 

Cone Beam Computer Tomography CBCT A CT system that is based on the 
measurements of cone beam projections. (1) 

Digital Imaging and 
Communications in Medicine 

DICOM A standard created by the National 
Electrical Manufactureres Association 
(NEMA) to aid the distribution and viewing 
of medical images, such a CT scans, MRIs 
and ultrasound. (2) 

Field of View FOV The region or volume reconstructed from 
the acquired data. (1) 

Hounsfield Units HU A unit of the CT number scale; the 
Hounsfield unit expresses the relative 
deviation of the measured linear attenuation 
coefficient from that of pure water, 
multiplied by 1000. (1) 

Magnetic Resonance Imaging MRI MRI scans aquire highly detailed anatomic 
information. Maagnetic pulse sequences 
highlight the different amounts of water 
(hydrogen protons) contained in anatomical 
structures and fluids. (reference rapidform) 
(2) 

Medical Model  A highly accurate physical three-
dimensional model representing the 
anatomy of a human derived from the rapid 
prototyping printing technique. 

Medical Rapid Prototyping MRP The manufacturing of dimensionally 
accurate physical models of human anatomy 
derived from medical image data using a 



 

variety of rapid prototyping (RP) 
technologies. (3) 

Multi-slice CT MSCT A CT scanner capable of measuring more 
than one slice simultaneously, based on 
multi-row detectors or two-dimensional 
detector arrays. (1) 

Point Cloud or (Point Set)  A point cloud is defined as a set of points in 
3D space. A point cloud may consist of a 
single point or several million points. 
(reference rapidform) (2)  

Segmentation  The process of separating. 

Shell  A shell is a logical set of several faces. (2) 

Surgical Design and Simulation SDS The use of computer aided design and 
medical models to preoperatively plan 
surgical procedures before implementation 
in the operating room. 

Thresholding  Thresholding is a method of image 
segmentation. The thresholding operation 
allows a region of interest, which 
corresponds to pixels within a specified 
range, to be separated from the rest of the 
image. 

Utility  The ability to use for practical applications 
and in numerous ways in mandibular 
surgery. 

Virtual Surgical Planning VSP The use of computer aided design to 
preoperatively plan surgical procedures 
before implementation in the operating 
room. 

Voxel  A voxel is an element in a 3D volume. A 
voxel is the 3D equivalent of a picture 
element, or a pixel. It is also defined as the 
smallest discrete spatial component of a 
digital volume. (2) 
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CHAPTER 1: GENERAL OVERVIEW OF THE  THESIS 
 
1.1 Introduction 

Fibular reconstruction of the mandible is a challenging surgical procedure. In the past, a 

significant discontinuity defect presented the surgeon with a difficult, if not insurmountable 

reconstruction challenge. With the advent of microvascular reconstruction it became a predictable 

procedure to reconstruct the mandible. The fibula free flap became the workhorse for mandibular 

discontinuity defect reconstruction. With a predictable mandibular reconstruction technique 

available, new options for oral rehabilitation arose with osseointegrated implants but came with a 

need for improved precision and accuracy of the reconstruction. Through this challenge, the need 

for surgical design and simulation developed.  

The mandible is both a functionally and an aesthetically important structure of the head 

and neck and is a major contributor to facial contour, speech production, mastication and 

deglutition (1). Reconstruction of the mandible may be necessary due to atrophy of the mandible, 

tumour resection, traumatic injury or congenital deformities. The goal of mandibular 

reconstruction is to restore form, function and quality of life for the patient. The surgeon aims to 

leave the patient whole and functional. The focus is on restoring the contour of the bone and 

reducing aesthetic deformity while functionally restoring mastication, deglutition, articulation, and 

oral competence (2). 

Mandibular reconstructive surgery requires the surgeon to evaluate appropriate imaging 

in order to understand the defect and pre-operatively plan the surgery with the help of a surgical 

team (3). Although mandibular resection is intended to save lives and remove life-threatening 

diseases, patients are often left with major adverse changes in their quality of life (4). Without 

proper planning and communication, patients often experience facial deformities and malocclusion 

(5) and are often left without a dentition and can experience a loss of basic functions such as 

speech, chewing and swallowing. These conditions frequently leave a patient psychologically 

vulnerable to depression, with a negative self perception and low self-confidence (6,7). 
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The general purpose of this thesis is to improve the understanding of surgical design and 

simulation (SDS) in fibula free flap mandibular reconstruction. There are three objectives to this 

study corresponding to the observations above (Figure 1.1). The first is to evaluate data 

acquisition of Cone Beam Computer Tomography (CBCT) medical imaging technology and the 

accuracy of the scanning at three different machine warming times. In recent years, the use of 

CBCT to generate three-dimensional (3D) images and medical models has become a more widely 

available and reliable addition to standard medical imaging. Several studies discuss the numerous 

applications this tool has in oral and maxillofacial surgery and in dentistry. This study is intended 

to contribute to the growing body of knowledge and technical understanding in the area of CBCT 

and medical imaging technology. 

The second objective is to evaluate the perceptions of head and neck surgeons in regard 

to medical models and virtual surgical planning (VSP) technologies in their practice of mandibular 

reconstruction using the convergent interview technique. This technique will be evaluated on its 

structure and effectiveness as an open discussion interview. It is important to understand the 

perceived value of the technology amongst practitioners; this will affect adaptation and method of 

implementation in clinical settings. In discussing the utility of medical models, many researchers 

have evaluated perceived usefulness through the development of questionnaires directed toward 

surgeons and other interest groups (8,9). Although these studies have helped develop a better 

understanding of the benefits that medical models bring to different groups that utilize them, few 

researchers have yet examined the utility of VSP technology in an interview format.  

The third objective is to determine whether there is a difference in reconstructive 

outcome between free hand surgery and preoperatively virtually planned surgery. VSP, in addition 

to medical models, is a useful tool to help surgeons evaluate the 3D nature of the defect of the 

mandible allowing for operative manoeuvres to be simulated on a computer before their 

implementation in the operating room. VSP is reported to produce an improved and predictable 

reconstructive outcome (10). Although many studies have discussed the benefits of VSP 

technologies and 3D models in maxillofacial reconstruction (8,10-14), very few have confirmed 

whether there is an actual difference between free hand surgery and preoperative virtually planned 

surgery, and if so, what the difference is between surgical strategies.  



 

3 
 

  The present study is designed to consider three areas of importance to surgical design 

and simulation (SDS). In respect to the scope of the research program, the three areas are studied 

in an exploratory manner to gain insight for later more definitive research. A more detailed 

explanation of the research questions will follow below after a closer look at relevant literature. 

 

 

 

Figure 1.1 Diagram of the three areas of interest covered in the present thesis. 

1.2 Literature Review 

1.2.1 Background of Fibular Reconstruction of the Mandible 

The evolution of the mandibular surgical reconstruction technique dates back to the 19th 

century when a variety of local flaps, regional flaps and prosthetics were used. Presently the fibula 
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free flap is the gold standard for mandibular reconstruction due to its excellent bone stock and 

reliable anatomy, in addition to several distinguishing features (4,15-19). In fibula free flap 

mandibular reconstruction, surgeons focus on the procedure of preventing unsatisfactory 

postoperative surgical outcomes that can affect the patient’s quality of life; these include facial 

deformities and loss of basic functions such as mastication and deglutition. The following sections 

will consider key aspects of the surgical procedure and the VSP technology and will discuss their 

benefits and limitations while reflecting on recent scholarly findings. 

1.2.1.1 Surgical Procedure  

The techniques of reconstruction of the mandible began development during World War 

I, where free bone grafts, vascularised ribs, alloplasts and prosthetics were used for reconstruction 

(16). In the 1970s, microvascular surgery (surgery on very small blood vessels),  began to impact 

the techniques of mandibular reconstruction. Vascularized rib was the first donor site used but was 

problematic due to its poor bone stock and weak support for the forces of mastication and to 

support a prosthetic dentition (16). In 1980, the metatarsus was reported to be a possible option as 

a donor site but the bone was found to break down from direct trauma (16). 

The reconstruction of bony defects using free vascularized osseous flaps has become a 

reliable and preferred mandibular reconstructive surgical procedure (17). Surgeons commonly 

choose to harvest the fibula, scapula or iliac crest in reconstructing mandibular or maxillary 

defects (3). A suitable flap should be selected depending on the condition of the mandibular bone 

and surrounding soft-tissue defect (20). 

In 1989, Hidalgo reported successful results in mandibular reconstruction with the fibula, 

and since then the fibula free flap has become an established choice when vascularized bone is 

desired (18). The fibula is reported to withstand multiple osteotomies, can be easily sculpted, is of 

ideal size, length and contour, and has a skin paddle that is thin, pliable and sizeable to restore 

intraoral and/or extra-oral soft-tissue defects (4). Furthermore it allows subsequent rehabilitation 

by use of osseointegrated dental implants with prosthetic reconstruction (21). The use of 

microvascular free bone flaps increases the surgical complexity and increases the amount of 

information needed to preoperatively plan the surgery. While great advances have been made in 

fibula free flap reconstruction of the mandible to improve the surgical process, it is of great 
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importance, given the added complexity of the anatomy and installation of osseointegrated dental 

implants, that preoperative examination, planning and preparation be done for a successful 

surgical outcome. The potential to advance preoperative planning now exists as imaging and 

advanced digital technologies (ADTs) are available.  

1.2.2 Imaging and Digital Technology  

Some surgeons plan their surgical design on two-dimensional (2D) images, while others 

use three-dimensional (3D) images and medical models, all generated from MRI, CT or CBCT 

scanning technologies. Traditionally, standard medical imaging such as Computer Tomography 

(CT) scanning and Magnetic Resonance Imaging (MRI) has been used as a visual means for 

diagnosis and preoperative planning. CT, and more recently cone-beam computerized tomography 

(CBCT) have become important tools for the assessment of disease and deformity in the field of 

head and neck surgery. CT, CBCT and MRI have been used in the production of both virtual 

models and medical models. The former are constructed by layering the slices from the CT scan 

and/or CBCT scan forming a surface or volume data set representing the anatomical bone or soft 

tissue of the patient. Medical models are similarly formed through the process of Rapid 

Prototyping (RP). RP constructs physical objects using additive manufacturing technology. The 

original rapid prototyping printer technology, the stereolithography apparatus (SLA), consists of a 

bath filled with liquid plastic polymer that hardens when it is exposed to ultraviolet light. A laser 

beam passes over the surface of the polymer and hardens the polymer layer by layer forming a 

geometrically representative 3D model (22). Today, a wide and increasing range of 3D printing 

technologies continue to arrive in the marketplace.  

RP, one of several ADTs, was initially applied to the automotive and aerospace industries 

but has since become more commercialized and affordable and is actively being applied to the 

medical field in areas of diagnosis, preoperative planning and intra-operative surgery. The 

technique of VSP and medical model production for medical use is said to have been first 

described by Mankowich et al. in 1990 (23) after the widespread introduction of CT scanning. The 

application of ADTs in reconstructive surgery has grown considerably due to accessibility of these 

technologies and the recognition of the benefits. ADTs have been extensively developed and 
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advances in techniques and accuracy of production have been researched, studied and published 

(10,24-30). 

1.2.2.1 Benefits  

Various surgical disciplines such as craniofacial surgery, orthognathic surgery, 

preprosthetic surgery, dental surgery, cardiac surgery and orthopaedic surgery have applied ADTs 

to their surgical methods (10, 24). The development of ADTs has great benefits for preoperative 

planning in reconstructive surgery. VSP and 3D models allow for improved visualization, 

interpretation, surgical planning, communication and surgical outcomes (10,12,13,22,31,32). 

Employing 3D computer planning in addition to traditional standard medical imaging allows the 

surgeon to produce accurate measurements and allows simulation of operative manoeuvres before 

they are implemented in the operating room (33). ADT provides surgeons more information about 

the curves, contours and shapes of the mandible, fibula, scapula, and the iliac crest than can be 

produced with standard medical imaging alone. The general benefits of this technology include 

increased accuracy, improved levels of diagnostic confidence, faster patient turnaround times, 

improved communication between the surgical team and between the surgeon and the patient, and 

recorded and reproducible data (9). Acceleration of treatment, shorter operations and reduced 

recovery times are also important benefits which may provide direct cost savings associated with 

patient accommodation, treatment and recovery and as well as potentially reducing patient waiting 

lists (34). 

1.2.2.2  Limitations  

While VSP and medical models have had a beneficial impact on the field of 

reconstructive surgery, there continues to be perceived resistance to its clinical use. The 

limitations of VSP and medical models include financial, technical and practical challenges.  

1.2.2.2.1 Financial challenges  

VSP software and medical models require a significant capital investment. The 

costs include computer software and equipment, material, and processing and 

manufacturing time (32). A financial barrier that is not typically discussed in the 

literature is the lack of health care funding associated with these technologies. Most 
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surgeons do not have funding to pay for the costs of the technology or the time needed to 

invest in learning the technology or to discover new ways of applying the technology. 

1.2.2.2.2  Technical Challenges  

Technical frustrations include unwanted artefacts and distortions on medical 

models which arise due to data import, metal, motion, surface roughness and image data 

thresholding (35). Ideally for the future development of ADT and planning processes, an 

integrated interdisciplinary team (4) including engineers, industrial designers, surgeons, 

and various dental and rehabilitation specialists would work together to advance its 

development and application. Relatively few teams such as this exist today.  

1.2.2.2.3 Practical Challenges  

The practical challenges of VSP software and medical models are time 

commitment and usability. In order to be competent and efficient with the technology, the 

user must invest time into learning and training with the software, equipment and 

processes. Technical usability, user interface complexity, and infrequent use of the 

technology may lead to technical frustration. These practical challenges cause some 

surgeons to hesitate in adopting the technology for clinical and surgical application. In 

order to counteract the hesitation of adaptation of this technology, a clear understanding 

of its use and application need to be understood.  

1.2.3 Studies of the Technology  

Current literature on VSP as well as medical modeling focus primarily on the 

development of techniques, the accuracy of the technology and the applications of the technology 

in various clinical and surgical fields. In-depth discussions of techniques are described mainly in 

case-by-case scenarios (32,36).  

In 1999, D’Urso et al. developed a study that tested the hypothesis that medical models 

combined with standardized imaging data have greater utility in craniofacial surgery than standard 

imaging alone (37). The study was intended to build on previous papers that were limited to case 

studies. The strengths of the study were data collection, the development of a utility assessment 

protocol (UAP) and the development of a questionnaire. The study pooled six attributes that were 
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evaluated by three surgeons, a statistician, a radiologist and two medical academics in order to 

break down surgical utility. This allowed the investigators to carry out a broader evaluation of the 

imaging modality in clinical practice. These attributes include the accuracy of the anatomical 

measurements, operating times assessed by the surgeon, diagnostic confidence judged by the 

surgeon, operative planning judged by the surgeon, cost effectiveness and the patient’s degree of 

informed consent. The weakness of the study was its application to various different types of 

pathologies. This created inconsistency in the surgical procedure, in the severity of the patient’s 

pathology and in the applications of medical models to the surgical planning and procedure.  

Chow et al. 2002 improved D’Urso’s study by aiming to evaluate the usefulness of 

medical models for separate maxillofacial surgical treatment categories and by evaluating four 

subject groups. These subject groups included oral and maxillofacial surgeons, postgraduate oral 

and maxillofacial surgery students, maxillofacial technicians, and patients to whom the models 

belonged. Each subject group was given their own questionnaire. Chow et al. concluded that 

medical models were found to be particularly useful for treatment planning and patient 

communication, as a teaching tool for students, and for prosthesis fabrication (8). Although this 

research added to the understanding and development of the technology, no studies could be 

identified that evaluated the perceived utility of ADTs for diagnosis and preoperative planning in 

mandibular reconstructive surgery. Once these perceptions have been identified, further research 

can follow to change the capabilities of the technology and the capabilities of the surgeon.  

1.3 Aim of Thesis 

There is a substantial volume of research that discusses and describes the applications 

and benefits of ADTs to reconstructive surgery. Attempts have also been made to assist in 

understanding the technical difficulty involved in applying the technology to the surgical 

procedure. There continues to be a lack of evaluation of the utility, that is the ability to use for 

practical and numerous applications in surgery, of VSP software and medical models specifically 

to fibula free flap mandibular reconstruction. Also, an understanding of the perceptions of the 

utility of VSP and medical models has not been clearly established. By gaining insight into the 



 

9 
 

perceptions that clinicians have about ADTs, a better understanding of the utility of medical 

models and VSP software have in mandibular reconstruction will be revealed.   

Chapter 2, 3 and 4 will present three studies designed to improve the understanding of the 

application of VSP software and medical models specifically to fibula free flap mandibular 

reconstruction. The first study evaluates CBCT, a popular medical imaging technique, at three 

different machine warming stages in order to understand the accuracy of the scans at these three 

stages. It also compares the CBCT scans to the conventional CT scanning used in current clinical 

applications. The second study evaluates the perception of head and neck surgeons in the area of 

the utility of VSP and 3D models. The convergent interviewing technique is also explored and 

used to interview the surgeons. The third study compares the outcome of free-hand surgery and 

preoperatively virtually planned surgery.  

Together, these studies explore some of the challenges in SDS and contribute to the 

increasing knowledge base of head and neck reconstruction.  In respect to the scope of the 

research program, the three areas were studied in an exploratory manner to gain insight for later 

more definitive research.  
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CHAPTER  2:  EVALUATION  OF  THE  ACCURACY  OF  CONE  BEAM  
COMPUTERIZED  TOMOGRAPHY  (CBCT)  MEDICAL  IMAGING  

TECHNOLOGY  
 

2.1 Introduction 

Three-dimensional (3D) information has become an important tool in assisting diagnosis 

and surgical planning in the oral and maxillofacial field. Many professionals in the field have been 

limited in the use of medical imaging technologies that produce 3D images and models due to 

availability, restricted access and radiation dose considerations (1). With the introduction, 

development and commercialization of CBCT technologies, dental and oral maxillofacial 

practitioners now have increased access to the technology. Given the growth of this new user 

group, there is an increasing concern regarding proper use, adequate understanding, optimal 

quality and patient safety (1). It is important for users of this technology to be well informed and 

trained in all the technical implications of creating a proper and accurate 3D surface model. There 

is a significant volume of information in the literature that describes the applications of CBCT 

technologies, but few studies examine the important technical protocols that need to be followed.  

The present study is intended to contribute to the growing field of CBCT imaging 

technologies, contribute to the area of technique and protocols and bring knowledge to clinical 

users. Its general purpose is to examine the accuracy of CBCT and CT scanning technologies 

using 3D surface model reconstructions. There are two specific objectives. The first is to assess 

whether there is a difference in accuracy between CBCT scanning at three difference machine 

warming stages. The second is to assess whether there is a difference in accuracy between CT 

scanning and CBCT scanning at the three warming stages. A more detailed explanation of the 

research question will follow. In order to demonstrate the importance of the present research 

objectives, a review of the literature was conducted. 
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2.2 Background and Literature Review 

2.2.1 Imaging Mechanics and Procedure 

Computerized tomography (CT) was one of the first medical imaging technologies used 

to generate 3D images and 3D surface models. Virtual models and medical models are constructed 

by layering the slices of the CT scan forming a surface or volume data set representing the 

anatomical bone or soft tissue of the patient. In the past two decades, a new type of CT machine, 

cone-beam computerized tomography (CBCT), has been developed and applied to the imaging of 

maxillofacial structures. The technology emerged from the Department of Radiology at Nihon 

University School of Dentistry for the use in dental practice and was based on the CBCT systems 

(2). CBCT uses a cone shaped x-ray beam to create medical images (3). After one rotation around 

the object at reasonably low levels of radiation dosage, a series of 2D images is produced (2,3,5). 

The reconstruction of the images can then be used to create a 3D volume for visualization.  

The accuracy of CBCT has been under evaluation given its increasing popularity in the 

oral and maxillofacial field. There are many important factors and parameters that need to be 

understood in order to acquire a highly accurate scan and medical image. The quality of CBCT 

scans depend on the scanner type, the scanning parameters and the reconstruction settings (3). 

2.2.1.1  Limitations of CBCT 

CBCT is associated with a few limitations as described by De Vos et al. (2009) in their 

systematic review of the literature (3). The first is that CBCT has a small detector size that causes 

limited field of view (FOV) and limited scanned volume. The second is that CBCT has a low 

contrast resolution and a limited capability of visualizing the internal soft tissues of patients. The 

third disadvantage is that CBCT has increased noise from scatter radiation. A fourth limitation, the 

lack of a thresholding scale, merits close scrutiny. 

2.2.1.1.2 Thresholding For Surface Scanning Reconstruction 

Thresholding is a method of image segmentation. The thresholding operation 

allows a region of interest, which corresponds to pixels within a specified range, to be 

separated from the rest of the image. In CT imaging technology, thresholding is based on 

the Hounsfield Unit Scale. This scale describes radiodensity and is used to represent the 
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density of tissue. At standard pressure and temperature (STP), water is defined as zero 

Hounsfield units (HU), while air is defined as -1000 HU. CBCT cannot be used for 

estimation of Hounsfield units (HU) and therefore cannot be used to estimate bone 

density (3).This is discussed in the Loubele et al. study, which found that there is a 

statistically significant difference between Multi-Slice CT (MSCT) and CBCT segmented 

bone thickness after bone was segmented from the CBCT and MSCT images using global 

thresholding, a process by which a single threshold is used to segment the whole object 

(6). The concept of thresholding is a large topic that is beyond the scope of this study. For 

the purposes of this brief discussion, it is important to understand the significance of 

thresholding in CT and CBCT imaging technologies and the outcome it can have on the 

accuracy of a 3D surface model reconstruction. In the present study, an optimal threshold 

was searched for in order to obtain an accurate representation of the scanned model, not 

only to show the difference between thresholding for CBCT and CT but also because the 

control model was made of acrylic resin and barium sulphate, and hence is a material that 

does not have a specified HU. Figure 2.1 represents the effects a thresholding level can 

have on the 3D surface model reconstruction. The thresholding process used in the 

present study will be described below. 

 

Figure 2.1 Representation of different threshold levels. The left image represents the automatic 
thresholding provided by the software program, the image in the centre and on the right represent 
two different manual threshold levels chosen by the user. 
 

2.2.1.2  Advantages of CBCT 

CT is associated with higher radiation dose levels (5,7,8) and higher cost than CBCT; it is 

also relatively larger in size and weight compared to CBCT. The literature describes several 

advantages of CBCT in clinical practice. The first is the ability to select an optimal field of view 

(FOV) for the region of interest for each patient (9).  This results in a smaller area being irradiated, 
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which minimizes the radiation dose to the patient (1,5,10). Other advantages are rapid scan time, 

real time analysis by the clinician and increased availability (11). De Vos et al. also stated that 

CBCT has a user-friendly post-processing and viewing software. The CBCT imaging technique is 

now being frequently used in the orthodontic as well as the oral and maxillofacial surgery field. In 

oral and maxillofacial surgery, CBCT is being used to aid in implant planning, preoperative 

surgical planning, surgical assessment of pathology and preoperative and postoperative assessment 

of craniofacial fractures (9,11). 

2.2.2 Studies of CBCT 

Since the 1990s, there has been a great increase in interest in CBCT technology and in 

the volume of papers published on the technology (3). In 2009, De Vos et al. completed a 

systematic review of the literature on CBCT imaging in the oral and maxillofacial region. They 

found that of 177 papers, 47% were related to clinical applications, 37% were related to technique, 

9% were related to radiation dose and 15% were synopsis papers. This review also revealed that 

there is an inconsistency in CBCT acquisition techniques and description, which is crucial for 

image quality. This is reflected in the varying results of several studies. In the first place, a number 

of studies have revealed excellent image acquisition, accuracy and reliability in many different 

areas of head and neck anatomy (2,8,13,14). Sukovic et al. have also reported that CBCT provides 

clear images of highly contrasted structures and is a useful tool for evaluating bone (15,16). By 

contrast, Liang et al. conducted an important study comparing five CBCT scanners and one Multi-

Slice CT (MSCT) system. This study compared the geometric accuracy of 3D surface model 

reconstructions between CBCT scanners and a MSCT system and found that the accuracy of the 

CBCT 3D surface model reconstructions were somewhat lower than those of MSCT (11). 

Although this study contributed important findings in CBCT accuracy, there was a limitation. The 

study neglected to acknowledge and apply proper and consistent thresholding levels before 

extracting the scanned model files as stereolithography (STL) files. This limitation is an important 

element that can affect and change the accuracy of a 3D surface model.  
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2.2.3 Summary 

There is an increasing degree of interest and research in the area of CBCT imaging 

technology. Many of the users of this technology are general dentists and dental specialists, 

instead of radiologists (3,17). This may be the reason for the inconsistencies in the acquisition 

techniques employed in the literature (3). The use of CBCT is now expanding into areas such as 

real time navigation and other medical applications. It is important that the user group of CBCT 

obtain appropriate technical knowledge needed to acquire and interpret the scanned data. The 

present study is intended to contribute to the understanding of the technical aspects of CBCT. 

2.2.4 Specific Purpose and Hypotheses 

The purpose of the present study was to examine the accuracy of CBCT and CT scanning 

technologies using 3D surface model reconstructions. There were two objectives to this study. The 

first was to assess whether there is a difference in accuracy between CBCT scanning at three 

different machine warming stages. The second was to assess if there is a difference in accuracy 

between CT scanning and CBCT scanning. 

2.2.4.1 Research Hypotheses  

(1) There is no difference in accuracy between CBCT scanning at the three difference 

warming stages (cold, 1 hour and 4 hour). 

(2) There is no difference in accuracy between CBCT at 0.2mm slices and CT at 1mm 

slices. 

2.3 Methods 

2.3.1 Procedure 

A computer aided design (CAD) model was designed in the software program 

Rhinoceros 4.0 (McNeel North America, Seattle WA, USA). The model was designed to represent 

similar dimensions and contours of a standardized mandible chosen by the researcher but with flat 

planes (Figure 2.2). The model was then milled out of an acrylic resin (ProBase Cold, Ivoclar 

Vivadent AG Technical, Schaan Liechtenstein) block mixed with barium sulfate (E-Z-HD, Anjou 

Quebec, Canada) by Southern Implants, South Africa. The barium sulfate (5% based on the total 

weight) was added to the acrylic resin to ensure visibility of the material as a digital 3D volume. A 
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platform was designed to hold the model in place and to slightly elevate the model to allow for 

proper segmentation after 3D reconstruction of the CT and CBCT scans.  

 

Figure 2.2 Model and Platform Design for CBCT and CT Scanning 

The milled model was then scanned using the FARO Arm Laser Scanner (FARO 

Technologies Inc. Lake Mary, FL)  in order to produce a representation of the model that was 

accurate as possible.  The FARO arm is a mechanical arm with a precision of 15 microns on which 

a 3D scanner is mounted that was precise to 40 microns. The combined precision of the scanner 

and the arm was 55 microns. The laser scan surface model produced by the FARO Arm was the 

control model for comparison. 

A protocol was formulated to ensure that every CBCT scan and CT scan was completed 

with precision and consistency. The CBCT scanning protocol included a calibration technique that 

included conducting a weekly Panel Calibration as outlined in the manufacturer’s recommended 

protocol for the system (i-Cat 17-19, Imaging Sciences International LLC, Hatfield, PA USA). 

Both the CBCT and the CT protocols included steps for orientation verification and technical 

parameters to ensure optimal scanning. Tables 2.1 and 2.2 outline the parameters used. 
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CBCT Parameters (i-Cat 17-19, Imaging Sciences International LLC, Hatfield, PA USA) 

Tube Voltage (kilovolt kV) 120 kVp 
Tube Current (Milli-ampere mA) 5 mA 
Tube Current x Exposure Time 
(Milli-ampere x seconds mAs) 

37.07 mAs 

Acquisition Time 26.9 seconds 
Diameter 16 cm 
Height 8 cm 
Voxel 0.2 voxel 

 
Table 2.1 CBCT Parameters used for all scanning 

  

CT Parameters (Toshiba Medical Systems, Aquilion 64) 

 
 
 
 

 
 
 

           Table 2.2 CT Parameters used for all scanning 
 

Each CBCT scan was performed by a certified clinical assistant at the Institute for 

Reconstructive Sciences in Medicine (iRSM) at the Misericordia Hospital in Edmonton, AB. A 

voxel size of 0.2mm was chosen in order to obtain the highest resolution for 3D volume 

reconstruction. The i-CAT Operation’s Manual recommends this voxel size for specialized cases 

such as 3rd molars, root canal relationships, small root fractures, supernumerary or impact teeth, 

periodontal condition and other anatomy requiring detailed visualization.  

All CT scans were completed by the lead CT technologist in the Department of 

Diagnostic Imaging (DI) at the Misericordia Community Hospital in Edmonton, Alberta, Canada. 

The CT protocol, which included 1mm slices (using 1mm overlap), was intended to mimic the 

guidelines of medical modeling used for patients of iRSM.  

In order to understand whether the length of time the CBCT scanner has been turned on 

affects the accuracy of the scan, the CBCT scans were recorded at three separate times within one 

day. The first scan was completed with the machine cold, i.e. as soon as the iCAT was turned on. 

The second scan was done one hour after the machine was turned on and the third scan was four 

hours after the machine was turned on. The warming period of the CBCT was explored in order to 

understand whether sensitivity and precision of the sensor in the CBCT is affected by thermal 

0 degree gantry tilt 
Soft Kernel setting 
High res bony window 
Reconstructed in 1mm slices 
Helical axial data required only 
Occlusal plane perpendicular to the gantry 
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distortion. This procedure was repeated for a total of six days. The CT scans where done whenever 

possible due to limited access to the scanning equipment. A total of five CT scans were completed 

at random times. 

Once the scans were completed, each scan was exported in a Digital Imaging and 

Communications in Medicine (DICOM) file format and was then brought into the software 

program InVivoDental 5.0 Anatomy Imaging Software (Anatomage Inc. San Jose, CA. USA) in 

order to construct a 3D surface model. This software was chosen due to its availability at iRSM 

and the interest of clinicians at iRSM concerning its applicability. The optimal threshold was then 

searched for by testing several different thresholding levels. The researcher randomly chose a 

number for the thresholding level, converted the DICOM file to a stereolithography (stl) CAD file, 

imported the model into Rapidform 2006 computer software (Rapidform Inc. Seoul, South Korea) 

and followed the automatic registration procedure to register the tested threshold model to the 

control model. This software was chosen due to its availability at the University of Alberta and its 

technical advantages. As described in the Rapidform 2006 tutorial manual, when models are 

imported into Rapidform 2006 they are composed of thousands of points that form a point cloud 

that is a set of points in 3D space that consist of a single point or several million points and 

together form a surface. The Rapidform 2006 tutorial manual describes registration as a means to 

identify known features common to two datasets. This application calculated an approximate 

position of one shell (that is a set of surfaces) with respect to another using common geometric 

features between the two shells. After the initial alignment, a global registration was done in order 

to match precisely the position of all the selected shells at the same time using the overlapped 

region, that was automatically found by the software.  Once the global registration was complete, 

the registration was evaluated using the shell/shell deviation menu. For each point in the point 

cloud of each model, the deviation operation found the 3D distance to the respective closest point 

in the surface list. The software calculated and completed a color map inspection and produced a 

color plot that visually and textually represented maximum/minimum and average, positive and 

negative deviations from actual to the theoretical virtual images. Every color represented a 

dimension in millimeters indicating the difference between the two virtual images (Figure 2.3). 

The optimal threshold was chosen based on the point-to-point average deviation that was closest 
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to zero. This was completed separately for the CBCT scans (Figure 2.4, Table 2.3) and CT scans 

(Figure 2.5, Table 2.4).  

 

Figure 2.3 Representation of a color-map inspection produced in Rapidform 2006 
 
 
 
 
 

Average point-to-point 
deviation from the model 
of interest to the control 
model. 
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Figure 2.4 CBCT optimal threshold testing 

Number  Represented   Threshold  Tested  
1   -‐183  
2   -‐172  
3   -‐160  
4   -‐100  
5   -‐50  
6   -‐20  
7   -‐16  
8   -‐15  
9   -‐14*  
10   -‐13  
11   -‐10  
12   0  

 

* = Optimal threshold chosen 

Table 2.3 Threshold levels represented in Figure 2.4 
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Figure 2.5 CT optimal threshold testing 

 

 

Number  Represented   Threshold  Tested  
1   -‐17  
2   -‐100  
3   -‐170  
4   -‐171  
5   -‐172*  
6   -‐173  
7   -‐180  
8   -‐190  
9   -‐200  

 

* = Optimal threshold chosen 

Table 2.4 Threshold levels represented in Figure 2.5 

 

Once the optimal threshold was found, a consistent threshold was kept for all CBCT 

scans and for all CT scans. The resulting 3D models were then exported as stl files. After 

discussion with an expert in computing science, it was decided to follow this thresholding 

procedure in order to maintain a consistency among all the models.  
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2.4 Outcome Measure 

Each CBCT and CT stl file was then imported into the software program Rapidform 2006 

where they were aligned to the target control model using the automatic digital registration tool as 

previously described. The average deviation (in mm) was used to compare CBCT scanning at the 

three machine warming stages and CT (1mm slice thickness) to CBCT at (0.2mm slice thickness). 

2.5 Statistical Design and Analyses 

The first objective of this study, as previously noted, was to assess if there were 

differences between CBCT scanning accuracy at three different machine warming periods. The 

dependent variable was point-to-point average deviation and the independent variable (IV) was 

scan type with three levels. The first level was CBCT scanning cold, the second level was CBCT 

scanning at 1 hour warming and the third level was CBCT at 4 hour warming all at 0.2 mm slice 

thickness. A one-way ANOVA was chosen for data analysis. 

The second objective of this study was to assess if there were differences between CT 1mm slices 

and CBCT 0.2mm slices. The dependent variable was point-to -point average deviation and the IV 

was scan type with four levels. The first IV was CT scanning with 1 mm slices, the second IV was 

CBCT scanning cold, the third IV was CBCT scanning at 1 hour warming and the fourth IV was 

CBCT at 4 hour warming all at 0.2 mm slices. A one-way ANOVA was chosen for data analysis. 

2.6 Results 

Scan 
Type 

Minimum Maximum Mean SD Skewness Kurtosis 

CBCT 
cold 

0.00003 0.01324 0.00593 0.00467 0.616 0.28 

CBCT 1 
hour 

0.00323 0.01466 0.00815 0.00415 0.62000 -0.31500 

CBCT 4 
hour 

0.00268 0.01839 0.00772 0.00584 1.54800 2.11700 

CT 0.05146 0.06430 0.05614 0.00513 1.15700 1.29200 

Table 2.5 Descriptive statistics for absolute average deviation (in mm) from the target control 
model 
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2.6.1 Accuracy of CBCT at Three Machine Warming Stages 

 
Figure 2.6 Error bar graph showing the absolute average deviation measurements (in mm) for 
CBCT scans cold, 1 hour and 4 hour 

 
As shown in Figure 2.6 all bars overlap, indicative that is there is no difference between 

the three machine warming stages. The mean values of CBCT cold and 4 hour appeared to be very 

similar while CBCT 1 hour appeared to be slightly higher. The one-way ANOVA revealed that 

there is no significant difference between CBCT (cold), CBCT (1 hour) and CBCT (4 hour) 

(F(2,15) = .341, p=.717). 
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2.6.2 CT and CBCT at Three Machine Warming Stages Accuracy  

 

Figure 2.7 Error bar graph showing the absolute average deviation measurements (in mm) for 
CBCT (0.2mm slice thickness) scanning cold, 1 hour and 4 hour and CT scanning (1mm slice 
thickness) 

The error bars showed that the mean values of CBCT cold, 1 hour and 4 hour were very 

similar while CT scan type was much greater. There was a statistically significant effect of scan 

type (F(3,19) = 125.979, p < .0005, partial �² = .952). Employing the Bonferroni post-hoc test, 

significant differences were found between the CT (1mm slice thickness) and the CBCT (cold 

0.2mm slice thickness) (p < .0005), between CT (1mm slice thickness) and the CBCT (1 hour 

0.2mm slice thickness) (p < .0005) and CT (1mm slices) and the CBCT (4 hour 0.2mm slice 

thickness) (p < .0005).  

2.7 Discussion 

 The present study was faced with a number of unanticipated issues that added complexity 

to the study. Thresholding became an important technical challenge in the process of data 

acquisition and conversion in the study. The researcher was left to guess the optimal threshold 
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level; this affected the shape and accuracy of the 3D surface model reconstruction. Throughout the 

process of the study, the topic of thresholding was considered within the scope of the research 

project and discussed with an expert in the field of computer science as well as technical support 

employees of the iCAT imaging technology and software. The present study revealed ambiguity, 

inconsistency and a lack of understanding among several sources on this topic. It was decided to 

maintain consistency wherever possible in the thresholding procedure. Although a consistent 

threshold level was used in the present study due to limitations in the scope of the research project, 

it is important to note that every scan completed by the CBCT will have a different optimal 

threshold. For example the researcher found that the optimal threshold for the CBCT scans 

completed on day five were all different. The optimal threshold for CBCT scan cold was -8, 1 

hour was -20 and 4 hour was -21. 

In general, the present study revealed important findings that contribute to the growing 

body of knowledge and technical understanding in the area of CBCT and medical imaging 

technology. In terms of its first objective, evaluating the accuracy of CBCT at three machine 

warming stages, the study showed no statistically significant differences among the periods; 

therefore, the null hypothesis was accepted. It is important to consider that the overall averages of 

the average deviation of all the warming periods were smaller than 0.005 of a mm (that is one 

200th of a mm). This number possibly could have been smaller with optimal thresholding levels 

for each single scan. Given that the resulting averages were of very small magnitude, the clinical 

significance of the mean differences is considered to be of no concern. It was felt that clinicians 

can be confident that the accuracy of the i-CAT CBCT scans used in the present study with a 

parameter at voxel size 0.2, will remain consistent and reliable at any warming stage of the i-CAT 

CBCT machine. The result of the first objective is a positive outcome for clinicians as they can 

remain confident in the high accuracy (within 0.007mm) of the CBCT scanning technology in 

their practice at different machine warming stages. In addition, clinicians who are considering 

using the CBCT technology have evidence to show the accuracy of CBCT. 

In terms of the second objective, the study showed that there was a statistically 

significant difference in average deviation between CT scanning with 1mm slice thickness and 

CBCT scanning with 0.2mm slice thickness; therefore, the null hypothesis was rejected. CT 
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resulted in an average deviation from the control of 0.056mm, and was shown to be less accurate 

than the CBCT at all machine warming stages where an average deviation from the control of 

0.007mm was found. Although there was a statistically significant difference between CBCT at 

0.2mm slice thickness and CT at 1mm slice thickness, it appeared that there was no clinical 

significance to the result. The researcher discussed the results of the study with a head and neck 

surgeon and with a maxillofacial prosthodontist. Both discussions revealed that the results of the 

study were not considered clinically significant in the respondents’ practice of surgical design and 

preoperative planning. The head and neck surgeon revealed that any deviation in bone position 

under 1mm would not be considered clinically significant, while the maxillofacial prosthodontist 

revealed that any deviation under 0.5mm would not be considered clinically significant. While the 

relevance of dimension to different clinical specialists needs scientific definition, the differences 

cited are both well beyond the average deviation from the control of 0.056mm for CT and 

0.007mm for CBCT. The result of the second objective is also a positive outcome for clinicians as 

CT medical imaging technology is a common means by which data are obtained from their 

patients. 

2.7.1 Strengths and Limitations  

The strengths of the present study were its acknowledgment of the thresholding technique and 

consistency in the thresholding technique applied. Liang et al. conducted a study comparing five 

CBCT scanners and one Multi-Slice CT (MSCT) system but did not acknowledge or apply 

appropriate and consistent thresholding levels before extracting the scanned model files as stl files. 

The present study found that the accuracy of the CBCT 3D surface model reconstructions were 

somewhat lower than those of MSCT (11). Although Liane’s study contributed important findings 

in CBCT accuracy, the limitation of not applying a thresholding technique may have changed the 

accuracy of a 3D surface model, specifically the CBCT models.  

One of the limitations pertaining to the second objective of the present study comparing CT to 

CBCT scanning was that the scans were completed at different resolutions. The CT was scanned 

in 1mm slice thickness, while the CBCT was scanned in 0.2mm slice thickness. This was done in 

order to see if there is a difference between a high resolution CBCT scanning (0.2mm) and the 
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clinical protocol used in CT scanning (1mm) for actual patient cases. Although this did contribute 

to understanding differences between the two medical imaging technologies at different levels and 

clinically relevant levels, the comparison between the two was not at an equivalent resolution 

level. 

A third limitation of the study was that the Rapidform 2006 software registration tool is only 

able to acquire an average point-to-point deviations in mm from the control model and does not 

allow the user to pick a series of specific single point-to-point deviations in order to evaluate a 

sample of the points to understand whether the distribution is skewed in one direction of the model 

or not. The researcher attempted to complete single point-to-point deviations but was not able to 

pick the same points repeatedly for each model. 

2.7.2 Suggestions for Further Study 

 Currently, when CBCT data are viewed by clinicians, data are often kept in the software 

of the CBCT manufacturer and often only used for visual purposes. If the scanned data are 

exported as a DICOM file and imported into a different medical CAD software program, the 

software will typically complete an automatic threshold based on HU unless the user changes the 

settings in the software program, allowing the user to specify a threshold level. A suggestion for a 

future study is to test whether the automatic thresholding done by the software, based on HU, to 

produce 3D surface model reconstructions in the CBCT software, and in other medical CAD 

software programs is optimal and accurate enough for clinical applications such as VSP, or 

whether the programs produce differences from the actual object of interest. 

Another possible direction of looking at the issue of optimal thresholding levels for CBCT 3D 

surface model reconstruction is to develop a process and procedure for optimal thresholding that is 

general enough for any material or tissue of interest. This may involve scanning a control model 

before every scan, a process similar to the idea of calibration, then using a digital registration 

procedure to find the optimal threshold for that particular scan. The optimal threshold level can 

then be used for the scan of interest. The present study looked at thresholding a solid resin object. 

When scanning patients, it will be more complicated to test for optimal threshold due to the 

complexity of the human anatomy and variability between hard and soft tissue. There is little 
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literature in this area; this inhibits the awareness of these issues and makes it difficult for users and 

clinicians to understand thresholding with CBCT scanning. Users who are aware of the effects of 

thresholding are often left to guess an optimal threshold level, and they may not understand the 

resulting changes being made to the accuracy of the model to be printed. The future study that 

considers this may fill some of the gaps of uncertainly of thresholding and data conversion.  

A third clinically relevant area to study is the understanding of the clinical significance of 

accuracy as it applies to different disciplines. Different clinical disciplines view the significance of 

accuracy in differing ways, especially when it comes to visualization and the process of surgical 

design and simulation. Differing disciplines may not need the same level of accuracy from the 

CBCT images or RP model output. A possible study in the future may be to survey or interview a 

series of user groups who use CBCT in their practice to establish what level of accuracy they 

perceive to be clinically significant. 

A fourth area of development to further the understanding of CBCT is to complete the same 

study but use different voxel levels to determine whether the results remain consistent with the 

present study or whether lowering the resolution produces changes in the accuracy of the 3D 

surface model reconstructions at different warming periods. 

A fifth area to improve the present study is to ensure that the resolution levels of the CT and 

CBCT medical imaging technologies are equivalent or as close as possible. CT scanning machines 

have been reported to produce slices 0.5mm and smaller. This improvement in the study design 

could better the understanding of the difference in accuracies between CT and CBCT medical 

imaging technologies. Along with this would be an estimation of relative risk based on radiation 

dose delivered and absorption. 

2.8 Conclusion 

The goal of the study on the accuracy of CBCT medical imaging technology was to 

assess whether there are differences between CT and CBCT in the form of 3D surface model 

reconstructions. For clinicians it is important to understand the parameters of the medical imaging 

technologies and what the differences are at different levels in order to obtain the optimal 3D 

surface model reconstruction.  
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CHAPTER 3: PILOT STUDY: EVALUATION OF THE USE OF 
THE CONVERGENT INTERVIEW TECHNIQUE IN 

UNDERSTANDING THE PERCEPTION OF SURGICAL DESIGN 
AND SIMULATION 

 

3.1 Introduction 

It is important to understand the perceived value of surgical design and simulation (SDS) 

amongst practitioners, as this will influence its implementation in clinical settings. In discussing 

the utility of medical models, many researchers have evaluated perceived usefulness through the 

development of questionnaires directed toward surgeons and other interest groups and through 

case studies (1,2). Although these studies have helped to better understand the benefits that 

medical models bring to different subject groups that utilize them, no researchers have yet 

examined the utility of virtual surgical planning (VSP) technology and medical models using the 

convergent interview technique. 

In the present study, the convergent interview technique was used to gather information 

and examine the perceptions of clinicians in head and neck reconstruction regarding the utility of 

VSP and medical models in their practice. The primary objective of the present study was to 

explore the application of the convergent interview research method in the field of SDS. The 

secondary objective of the convergent interview was to evaluate the perceptions of head and neck 

surgeons in regards to medical models and VSP technologies in their practice of mandibular 

reconstruction and to understand whether the convergent interview technique would bring out new 

perceptions not discovered by other qualitative collection techniques.  

3.1.2 The Convergent Interviewing technique 

The convergent interviewing technique was first introduced by Dick (3). The strategy 

combines some of the features of structured and unstructured interviews, and uses a systematic 

process to refine the information collected; this improves efficiency and reduces bias (3). 

Convergent interviewing has been primarily used for marketing research, (4) studies of 

organizational change, development interventions and exploratory research (5). The technique is 
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known for its appropriate methods of investigating under-researched areas, collecting data and 

converging on key issues. The technique also has an appropriate and efficient procedure for data 

analysis after all interviews. All informants are given an opportunity to contribute their 

knowledge, opinions, experiences, attitudes and beliefs unshaped by detailed questions (3,5,6).  

The series of interviews is structured in such a way that information is interpreted from 

interview to interview. The process starts in an almost completely unstructured form and as the 

process continues, the interview becomes more structured as specific questions are added. These 

specific questions, called probe questions, become more specific as the researcher is looking to 

test the pattern of agreements (convergence) and/or disagreements (divergence) about issues raised 

in previous interviews (5-7). Disagreements among interviewees should not be discounted. It is 

important for the interviewer to ask the respondents probe questions to explain disagreements (5). 

The interviews stop when agreement among all or most of the interviewees is reached and 

disagreement amongst them is explained (5). 

3.1.3 Specific Purpose  

The purpose of the present study was to examine the application of the convergent 

interview technique in the field of SDS and evaluate whether the technique would bring out new 

perceptions of VSP and medical models not discovered by other qualitative case-based techniques.  

3.1.3.1 Guiding questions 

 (1) Is the convergent interview method effective in evaluating the perceptions of head 

and neck surgeons in regards to medical models and virtual surgical planning 

technologies? 

(2) Does the convergent interview method discover new perceptions of head and neck 

surgeons regarding medical models and virtual surgical planning technologies not 

identified by other data collection procedures? 

3.2 Methods 

3.2.1 Participants 

Five head and neck surgeons were asked to participate in the study by means of 

purposive sampling. Purposive sampling was used due to the limited number of head and neck 
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surgeons in the area of Edmonton, Alberta as well as the limitations of the scope of the project. 

Head and neck surgeons were chosen based on the inclusion and exclusion criteria listed below. 

The surgeons were contacted and given an introductory letter.  

The inclusion criteria were as follows: 

1. Actively practicing head and neck surgeon 

2. Fibula free-flap reconstruction of the mandible included in their practice 

3. Has completed at least five mandibular reconstructions 

4. May or may not use medical models and/or VSP to preoperatively plan fibula free-flap 

reconstruction of the mandible. 

All participants were given an information sheet and signed an informed consent form 

(Appendix A).  

3.2.2 Sampling Size 

It is suggested that the optimal sampling size should be data-driven rather than 

predetermined, and that the sample may increase or even decrease as the interviews continue (5). 

The optimal sample size is determined when stability is reached, which occurs when agreement 

among all interviewees is achieved and disagreement between them is explained on all the issues 

raised. Naire and Riege (1995) found that stability can occur after six interviews, Woodward 

(1996) found convergence after five interviews and Rao and Perry (2003) found stability after ten 

interviews. The present study had a sample size of five and stability was reached among all 

interviews. 

3.2.3 Procedure 

3.2.3.1 Investigation of Knowledge 

It is recommended that the interviewer gain prior knowledge of the research topic of 

interest by doing some initial reading, brainstorming and mind-mapping (3,5,6). This was 

completed by the interviewer and was presented to the supervisory committee of the study before 

the interviews began. By gaining prior knowledge, the researcher was able to develop an 

appropriate opening question; the researcher gained confidence before conducting the initial 

interview and was able to establish rapport and maintain interview dynamics with the respondents. 
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3.2.2.2 Conducting the Interviews 

The following steps outline the planning and management issues of the convergent 

interviewing technique based mainly on the steps recommended by Dick (1990) and Rao and 

Perry (2003). 

Contacting the respondent: Initial contact with potential participants was established 

through e-mail. After being given an overview of the research and the purpose of the interview, 

the respondents were asked to participate in the interview. After agreement, the venue and time 

were decided. 

Time and Setting: Interviewees were informed that the length of the interview would be 

20-40 minutes. All interviews were conducted face-to-face in the Medical Modeling Research 

Laboratory (MMRL) of iRSM. The interview time was fixed at the time of initial contact and 

confirmed a few days prior to the interview. 

Establishing rapport and neutrality: The researcher introduced the project and clarified 

issues of confidentiality before the interview. The interviewee was asked for permission to record 

the interview using a digital audio editor computer software program called Audacity 1.3.12-beta. 

(Free Software Foundation Inc. Boston, USA) 

Opening question: The opening question was framed to encourage the interviewee to 

reveal their attitudes about the topic of interest without implying constraints on the nature of the 

response. The opening question was also intended to encourage the respondent to discuss their 

own experiences in a way that is meaningful to them (4). The opening question used was: “I’m 

interested in learning about the perceived utility of medical modeling and computer-assisted 

planning software. Tell me what you think of these two tools in your practice.” This opening 

question allowed the respondents to open up and talk about their opinions. 

Probe questions: Probe questions were used to help keep interviewees talking and the 

interview focused. Probe questions were developed before each interview but only after the first 

one, based on the preceding interview. A list of the probe questions were: 

1. “Can you give me an example of this?” 

2. “Can you elaborate a little?” 
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3. “What exactly did you mean by…?” 

4. “Is that all? Is there anything you missed out?” 

5. “How does that compare with what you said before?” 

6. “What are the pros and cons of this situation?” 

7. “And how did you feel about that?” 

8. “Why do you think this is the case?” 

9. “What would have to change in order for…?” 

10.” How was… different from…?” 

11. “What sort of an impact do you think…?” 

12. “What criteria did you use to…?” 

13. “How did you decide/determine/conclude…?” 

14. “What is the connection between…and…?” 

15. “How might your assumptions about…have influenced how you are thinking about…?” 

Inviting a summary: As the interview neared completion, the interviewer invited the 

respondent to review key points from what was discussed. The researcher asked questions such as, 

“of all the issues you have mentioned what are the most and least important issues?” and “Could 

you please prioritize them in order of importance?”. 

Concluding the interview: When the interviewee could no longer add further 

information, the interviewer summarized the interview to confirm the responses. The interviewer 

then reviewed what would happen to the information. 

All interviews were recorded using a computer software program as suggested by Riege 

et al. (5). Recording was done using Audacity 1.3.12-beta and was done in order to increase the 

accuracy of the data collection processs, permitting the interviewer to be more attentive to the 

interviewee. Recording the interviews allowed the interviewer to replay the recordings, which 

helped the researcher interpret the data, identify important themes and correct and expand on the 

interview notes (5). 
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3.3 Results 

A total of five interviews was needed to reach stability between the interviews.  Each 

interview lasted between 30 minutes to 60 minutes. A total of 3 hours of interview time was 

conducted. 

Participant Specialty Years of 
Experience in 

Medicine 

# of Mandible 
Reconstructions 

Completed 

Gender 

1 Fellow  8 20 M 
2 Surgeon 8 70 M 
3 Resident  4 5 M 
4 Surgeon 15 25 M 
5 Surgeon 29 20 M 

Table 3.1 Participant demographics 
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Important Issues Extracted From Interviews About the Utility of Medical Modeling 
and Computer-Assisted Planning Software 

1. Useful tool in planning and exploring other options. 

2. Helps with teaching and learning for students and patients. 

3. Accuracy, efficiency, quality are all potential advantages. 

4. Potential for improved functional outcome: planning for dental implants, dental rehabilitation, 

better occlusion, less TMJ dysfunction and improved mandibular strength and cosmetic outcome. 

5. Potential for reducing operating room time. 

6. Communication between team members can be facilitated by the technology. 

7. Increase in surgeon confidence. 

8. Initial cost of the setup of the technology is a disadvantage but can be outweighed by the 

longterm benefits. 

9. Accessibility and availability of the resource is a disadvantage. 

10. Time constraint is a disadvantage. This includes time to learn the technology, collaborate and 

plan each case and turnaround and production time between initial case planning and scheduled 

surgery. 

11. There is minimal quantitative research available to prove the accuracy, benefits and functional 

outcome of the patients when digital surgical design and simulation is used. There is also a need 

for a cost benefit analysis. 

12. Surgical design and simulation can bring more of a team approach. 

13. Surgical design and simulation is not included in medical student training. 

14. There is cultural resistance to the surgical design and simulation technology. 

15. The field of surgical design and simulation is a work in progress. 

Table 3.2 Important issues raised from the convergent interview 
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Agreements & Disagreements on Various Issues Raised by Respondents 

PARTICIPANT A B C D E 

ISSUE      

1 Y Y Y Y Y 

2 O O Y X Y 

3 Y Y Y Y Y 

4 Y Y Y Y O 

5 O Y Y Y Y 

6 Y Y Y Y Y 

7 Y Y Y Y Y 

8 O Y Y Y X 

9 Y Y Y Y Y 

10 Y Y Y Y Y 

11 O Y Y Y Y 

12 Y Y Y Y Y 

13 Y Y Y Y Y 

14 Y Y Y Y Y 

15 Y Y Y Y   Y 

Table 3.3 Agreements & disagreements on various issues raised by the respondents 

Key: 
Y = Agreements 
X = Disagreements 
0 = Not familiar with issue so neither agreement or disagreement 
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Overview of Respondent’s “Agreements”, “Disagreements”, and “not familiar issues” 
 Agreements (%) Disagreements 

(%) 
Not familiar Issues or 
Not Mentioned (%) 

Issue    

1 100 - - 

2 40 20 40 

3 100 - - 

4 80 - 20 

5 80 - 20 

6 100 - - 

7 100 - - 

8 60 20 20 

9 100 - - 

10 100 - - 

11 80 - 20 

12 100 - - 

13 100 - - 

14 100 - - 

15 100 - - 
Table 3.4 Overview of respondent’s “agreements”, “disagreements”, and “not familiar issues or 
not mentioned” 
 

 

 

Figure 3.1 Issues placed in the category of advantage, disadvantage or neutral and their frequency. 
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The group of respondents who participated varied in their experience level, in their 

experiences of their personal practice and in their training, and these factors added variety in the 

responses and opinions observed. 

Based on the interview results, issues 1, 3, 6, 7, 9, 10, 12, 13, 14 and 15 all had 100% 

agreement among the participants (Table 3.4). Disagreement was found on issues 2 and 8. 

Disagreement on Issue 2: Helps with teaching and learning for students and patients. 

The participant disagreed with the idea of using medical models and virtual surgical 

planning to teach students. The participant said that, “Students need to learn more about the art of 

surgery. If they are trained with the technology, they may not be able to perform reconstruction 

without the tools.” 

Disagreement on Issue 8: Initial cost of the setup of the technology is a disadvantage but 

can be outweighed by the longterm benefits.  

The participant said: “What is the answer? We don’t know that. In theory you would 

hope that the operative time is less so there would be less cost [and] that the potential 

complications down the road would be less so there is a savings there versus the upfront costs of 

the models and the time required for the people to create them.” 

With issues 4, 5, 8 and 11, one participant was either not famililar with the issue or did 

not mention the issue throughout the interview. Issue 2 had two such participants. Of the fifteen 

important issues extracted from interviews, eight were categorized as an advantage of the utility of 

medical modeling and computer-assisted planning software, while six were categorized as a 

disadvantage and one was categorized as neutral. 

3.4 Discussion 

3.4.1 Interpretation of the outcomes 

The purpose of the present study was to examine the application of the convergent 

interview technique in the field of SDS and evaluate whether the technique would bring out new 

perceptions of virtual surgical planning and medical models not discovered by other qualitative 

collection techniques. The interviews followed the convergent interview protocol as planned by 

the researcher. The discussions remained focused and allowed the interviewees to talk about their 
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personal opinions. The interviews also allowed the interviewees to talk about some personal 

experiences, which was an important feature of the technique, although it did not occur as much as 

anticipated. 

 The interviewer recognized that many of the initial points that were discussed by the 

interviewees were general observations on the technology that are often repeated in the literature. 

The interviewer often had to probe the interviewee with questions that pushed the interviewees to 

talk about their personal opinions and experiences rather than general issues that they had 

probably read of or heard about but had not experienced themselves. 

 One of the significant findings from each interview was that every surgeon reported that 

they had little or no experience using the surgical planning software, which is a significant part of 

the SDS process. Using the software or participating in the digital simulation of the planning gives 

the clinician an understanding of the anatomy of the patient in 3D and an opportunity to explore 

surgical options. Of the five interviewees, two had never seen or used the surgical planning 

software, two had only observed it being used and one had used it in a workshop setting. After 

close inspection of all of the interviews, after completion of the convergent interview process, the 

researcher observed that many of the statements made by the interviewees were not their personal 

opinions based on their experience, but appeared to have been based on issues reported in the 

literature. Table 3.5 outlines the issues discussed in the interviews and links them to the issues 

raised in the literature. Of the fifteen issues raised, only three issues did not appear to be outlined 

in the literature. The issues were; (1) surgical design and simulation is not included in medical 

student training; (2) there is cultural resistance to the surgical design and simulation technology 

and; (3) the field of surgical design and simulation is a work in progress. 
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 Issue Reported by the 
interviewee 

Reported in the 
literature 

1 Useful tool in planning and exploring 
other options.  

(8,9) 

2 Helps with teaching and learning for 
students and patients.  

(8,10) 

3 Accuracy, efficiency, quality are all 
potential advantages.  

(11,12,12-14) 

4 Potential for improved functional 
outcome: planning for dental implants, 
dental rehabilitation, better occlusion, 
less TMJ dysfunction and improved 
mandibular strength and cosmetic 
outcome. 

 
(14,15) 

5 Potential for reducing Operating Room 
time.  

(16,17) 

6 Communication between team 
members can be facilitated by the 
technology. 

 
(9) 

7 Increase in surgeon confidence. 
 

(17) 

8 Initial cost of the setup of the 
technology is a disadvantage but can 
be outweighed by the longterm 
benefits. 

 
(18)(19) 

9 Accessibility and availability of the 
resource is a disadvantage.  

(17) 

10 Time constraint is a disadvantage 
which includes time to learn the 
technology, collaborate and plan each 
case and turnaround and production 
time between initial case planning and 
scheduled surgery. 

 
(18) 

11 There is minimal quantitative research 
available to prove the accuracy, 
benefits and functional outcome of the 
patients when digital surgical design 
and simulation is used. There is also a 
need for a cost-benefit analysis. 

 
(20) 

12 Surgical design and simulation can 
bring more of a team approach.  

(17) 

13 Surgical design and simulation is not 
included in medical student training.  

 

14 There is cultural resistance to the 
surgical design and simulation 
technology. 

 
 

15 The field of surgical design and 
simulation is a work in progress.  

 

Table 3.5 Issues discussed in the interviews and issues raised in the literature. 
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As a consistent user of 3D software, it was difficult for the researcher to understand how 

the interviewees could have responded as they did without having physically used and experienced 

the surgical planning process using the software. Although not all issues extracted for the 

interview are related to personal experience, many are associated. This finding would have been 

very useful in guiding the interviews after the first one, but was not realized until completion of 

the process.   

A possible explanation for this trend in the interviews is related to the fact that all 

participants were from Edmonton, AB, where the technology is more accessible than other parts of 

the world and knowledge about the technology is more accessible because of the MMRL at iRSM. 

The participants are also all from the same field of work and are closely associated as clinicians. 

The surgeons attitudes and perceptions of the technology may have been influenced by each 

others’ associations; that is, through social learning. This interpretation of the researcher is based 

on the balance theory, which holds that humans organize their attitudes in a symmetrical way (21). 

This theory is associated with the idea that humans turn to others to obtain consensual validation 

of their views (21).  

3.4.2 Comparison of results with work of others 

 The results of the convergent interview were intended to reveal the perceptions of the 

participating surgeons about the utility of medical models and surgical planning software. Other 

studies in the literature specifically only explored the perceptions of surgeons and other user 

groups about medical models alone. An advantage of the other studies was that they were able to 

survey the surgeons after they had used the medical model. In the present study, the participants 

were interviewed before they completed the benchtop study (Chapter 4). This was done in order to 

ensure that their perception was not changed after completing the benchtop study (Chapter 4). The 

researcher wanted to understand the perception of the surgeons from their personal clinical 

experiences and not based on the simulated scenario in the benchtop study. The surgeons were 

asked about their general perceptions after Session B in the benchtop study in order to gauge their 

outlook on their experience; this will be discussed in Chapter 4.  
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3.4.3 Critique of the Study 

3.4.3.1 Strengths   

 One strength of the present study was the methodology used to interview the participants 

and interpret the data. Although the process was very open and general at the beginning, the 

researcher was able to follow the intended steps of the interview process with ease and comfort. 

This was mostly due to the preparation that was suggested before the interviews took place; that is, 

completing a literature review and becoming familiar with the topic of interest. The researcher was 

prepared and felt confident in conducting the interviews. The researcher was also confident in 

understanding the important aspects of the data generated in each session, which helped in 

preparing for the subsequent conversations.  

3.4.3.2 Limitations 

Dick (1990) recommended that interviews be conducted with at least a pair of 

interviewers, working independently but in parallel with each other. He also suggested using a 

steering committee for sample selection and feedback on the interpretation of data. Due to limited 

resources, these recommendations were not followed. Only one researcher conducted and 

interpreted the interviews. In order to overcome this limitation, recording software was used for all 

interviews in order to aid the interviewer in data interpretation. 

A second limitation was the design and outcome of the opening question used in the 

interview. The opening question is used to define the topic without leading the interviewee in any 

particular direction. The researcher designed the opening question to do so, but the initial 

responses were not personal to the participants, instead, the participants answered with general 

issues where they intellectualized and justified themselves. In order to improve the direction of the 

responses of the participants, an alternative opening question may be more appropriate. A possible 

opening question may be “Please tell me a story of your experience working with medical models 

and/or surgical planning software”. The direction to tell a story may force the interviewees to 

reveal their level of experience earlier on in the interview and discuss their level of experience 

more thoroughly. This alternative question may broaden the interviewee’s response and allow for 

probe questions to be used later to elicit justifications and explanations when needed (5). 
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3.4.3.3 Suggestions for further study 

A possible future study would be to expand the group of clinicians used in the interview, 

that is, obtain a more random subject group from a broader geographical area in order to minimize 

the associations amongst clinicians and explore areas where accessibility to the technology and 

resources of SDS is more limited. A further study could be to interview a larger sample size and 

use the present study and its findings to further explore surgeons who use the technology on a 

regular basis in order to understand more personal experiences and opinions of the surgeon user 

group. Application of the improvements described above would also improve future studies.  

3.5 Conclusion 

The first objective of the present study was to explore the application of the convergent 

interview research method in the field of VSP and medical models in fibula free flap mandibular 

reconstruction. In general, the convergent interview was an effective technique in collecting 

information about the perception of clinicians. There were three areas of the technique that need to 

be improved upon for future studies in this field. The first is an improved opening question to 

direct and guide the participants to discuss their personal experiences. The second is to broaden of 

the selection of the participants. The third is to have at least a pair of interviewers. Having a pair 

of interviewers, in addition to using a recording device, would decrease the bias of the interviewer 

and increase feedback on the interpretation of data. These alterations to the key elements of the 

technique will improve the discussions and the value of the responses of the interviewees. 

The second objective was to explore whether the convergent interview technique would 

bring out new perceptions not discovered by other qualitative collection techniques. The results of 

the interview revealed three new perceptions about SDS in the practice of head and neck surgery 

that do not appear to be discussed in the literature. The convergent interview revealed that: (1) 

SDS is not included in medical student training; (2) there is a cultural resistance to the SDS 

technology; and (3) the field of surgical design and simulation is a work in progress. 
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CHAPTER 4: EXPLORATORY BENCHTOP STUDY 
EVALUATING THE USE OF SURGICAL DESIGN AND 
SIMULATION IN FIBULA FREE FLAP MANDIBULAR 

RECONSTRUCTION 
 

4.1 Introduction and Background 

Reconstruction of the mandible is a complex surgical procedure undertaken to reconstruct 

the mandible to correct tumour resection, traumatic injury or congenital deformities of the lower 

jaw. The mandible is essential complex for oral functions such as speech production, mastication 

and deglutition (1). The goal of mandibular reconstruction is to restore form, function and quality 

of life for the patient. The surgeon aims to leave the patient whole and functional. The focus is on 

restoring the contour of the bone and reducing aesthetic deformity while functionally restoring 

mastication, deglutition, articulation, and oral competence (2). 

Use of the vascularized free fibula flap bone has become the preferred method for 

mandibular reconstruction because of the adequate bone graft length and acceptance of dental 

implants (3-6). Reconstruction of the mandible can often cause problems in oral functions such as 

deglutition, speech, mandibular movements, mastication and control of saliva (7). This is why it is 

essential to assess and preoperatively plan the surgery. Without proper planning and 

communication, patients can be left with major negative changes in their quality of life which can 

lead to low self-confidence and negative self perception (8-10). 

 In recent years, virtual surgical planning (VSP) and medical models have become a 

widely available and reliable tool for preoperative surgical planning. Digital imaging technology is 

a useful tool to help surgeons visualize the defect of the patient and perform operative maneuvers 

on the computer before implementation in the operating room (11). While these technologies have 

many advantages, there continues to be resistance to their clinical use. The limitations of VSP and 

medical models include financial, technical and practical challenges.  

Many studies have discussed the benefits of VSP technologies and medical models in 

maxillofacial reconstruction (11-16) but very few have confirmed whether there is actually a 
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difference between free hand surgery and preoperatively virtually planned surgery, and if so, what 

the difference is between surgical strategies.  

4.1.1 Specific Purpose, Hypothesis and Guiding Questions 

The purpose of the present study was to examine whether there was a difference, in the 

context of surgical simulation, between free hand surgery completed without VSP software and 

preoperatively planned surgery completed with the use of VSP software.  

The following main outcome measurements were evaluated: 

Note: Outcome measure 1 and 2 were evaluated based on guiding questions and not a hypothesis 

due to the exploratory nature of the measures. 

 

Outcome Measure Guiding Question  

(1) Digital registration computer software 

 
 
 

 

Is digital registration computer software 
an effective tool for evaluating surgical 
outcome? 
 

(2) Hard tissue measures 

 
  

Is there a difference in surgical outcome 
between free-hand surgery completed 
without VSP software and preoperatively 
planned surgery completed with the use of 
VSP software? 
 

 Research Hypothesis 

(3) Duration of the task (sessions A & B)  

 

There is no difference in time it takes to 
complete free-hand surgery completed 
without VSP software and preoperatively 
planned surgery completed with the use of 
VSP software. 
 

 

4.2 Methods 

The present study was a repeated measures study composed of two benchtop sessions (A and B). 

In Session A, participants were asked to do a free-hand reconstruction of a standardized rapid 

prototyped mandible with an angle-to-angle defect using a standardized rapid prototyped fibula. 

No less than four weeks later, in Session B the participants were asked to reconstruct the same 

standardized rapid prototyped mandible, but in this case using a preoperatively digitally designed 
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surgical plan including a patient-specific external fixator and a patient-specific bone cutting guide 

developed by the researcher. The scenario of an angle-to-angle mandible reconstruction was 

designed to represent a situation of an extensive lesion of the anterior mandible. This clinical 

situation would preclude the rebending of the reconstruction plate. The resulting angle-to-angle 

defect would represent a difficult and challenging patient case for the participants. Sessions A and 

B were compared in two sets of virtual comparisons using automatic digital registration and 

superimposed images and a series of hard tissue manual measurements. Details of the benchtop 

study and the measurements will follow. A process flow chart can be found in Appendix B. 

 It was decided that the study should focus on medical models instead of human patients 

due to ethical considerations and limitations in assigning patients to different and potentially 

limiting treatment plans. It was also an important feature of this study to maintain a consistent 

surgical process and anatomy among all participating surgeons. A one-month transition period 

between Session A and B was set in place to avoid potential motor memory learning and training. 

4.2.1 Model Study Preparation 

Models were prepared and measurement of their accuracy was undertaken in order to 

ensure reliable and valid research tools. The medical models were produced in the Medical 

Modeling Research Laboratory (MMRL) at the Institute for Reconstructive Sciences in Medicine 

(iRSM), Misericordia Community Hospital, Edmonton, Alberta, Canada. CT data were taken from 

an existing standardized subject who gave permission, and data were analyzed and manipulated by 

the research coordinator in the MMRL within the following software programs: Mimics 

(Materialise Inc., Leuven, Flemish Brabant, Belgium), Magics (Materialise Inc., Leuven, Flemish 

Brabant, Belgium) and Freeform (Sensable Technologies Inc., Woburn Massachusetts, USA). The 

software programs were chosen due to availability at iRSM.  

The design elements of the benchtop surgery scenario was based on a design concept by 

Industrial Designer, Ben King (Figure 4.1). The rapid-prototyped maxilla was mounted onto a 

tripod mount, which allowed for easy manipulation and rotation of the maxilla. The mandible 

condyles were digitally manipulated to mimic a ball and socket joint. This allowed the rami to 

rotate much like they would if attached to a human condyle such as in an operating room scenario. 
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The rami could also be interchanged easily, allowing the researcher to re-use each maxilla for 

Session B and to remove the reconstructions for scanning purposes (Figure 4.2). 

 

Figure 4.1 Design of the benchtop surgery scenario (mandible in place)  

 

 

Figure 4.2 Design of the benchtop surgery scenario (mandible removed) 
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Once the master virtual modeling was complete, the data were sent to print to a rapid 

prototyping machine available in the MMRL at iRSM. All methods, techniques, material and 

software remained consistent across all participants and benchtop model sessions. 

4.2.2 Digital Reconstruction Design of the Mandible 

The digital reconstruction design of the mandible (Figure 4.3) was developed in 

collaboration with a head and neck surgeon and a maxillofacial prosthodontist. The researcher met 

with the two clinicians in order to design the reconstruction with optimal implant location (Figure 

4.4), optimal placement of the fibula segments in relation to the native mandible and optimal 

height in relation to the occlusal plane. A compromise was made on the aesthetics of the lower 

border of the mandible in order to follow the 1:1.5 implant:superstructure ratio for optimal 

osseointegrated implant installation. The 1:1.5 implant:superstructure ratio was one of the primary 

objectives of the reconstruction. In order to reach the 15mm dimension between the upper surface 

of the fibula and the occlusal plane objective, the lower border was raised by 9mm at the anterior 

of the mandible (Figure 4.5). This single-barrel fibular flap technique reduced the vertical 

discrepancy but could compromise the aesthetics of the facial contour. This is one of the solutions 

used to overcome the problems of the anatomical height difference between the fibula and the 

occlusal plane, especially in dentate patients (17,18). The design of the reconstruction of the 

mandible was used to provide a visual reference for the participating surgeons in Session B and as 

a tool for them to contour the reconstruction plate (Figure 4.6). 

 

                 

Figure 4.3 Mandibular reconstruction with maxilla. From left to right; front view, side view and 
perspective view. 
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Figure 4.4 Potential optimal implant location in relation to the native mandible. 

 

 

 

Figure 4.5 Representation of the design of the reconstruction for a 15mm dimension between the 
upper surface of the fibula and the occlusal plane to accommodate implant abutment and 
superstructure components. 

 
 

15mm 
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Figure 4.6 Representation of the design of the reconstruction that was used to bend the 
reconstruction plate. 
 

4.2.3 Patient Specific External Fixator Design 

 Figure 4.7 shows the patient specific external fixator that was designed for the purpose of 

positioning the rami in the optimal orientation in relation to the native mandible in Session B. Two 

drill holes were incorporated into the design to allow the surgeon to screw and secure the external 

fixator to the rami. A handle was designed in order to connect the two rami cups and to create 

strength and stability throughout the reconstruction. The design of the external fixator was done in 

collaboration with a head and neck surgeon. 
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Figure 4.7 Representation of the patient specific external fixator screwed onto the rami. 

4.2.4 Patient Specific Fibula Cutting Guide Design 

Figure 4.8 and 4.9 represent the patient specific fibula cutting guide, which was designed 

to allow the surgeons to make accurate cuts in Session B. The guide was based on the design of 

the digital reconstruction of the mandible. All cut guides were intended to produce fibula segments 

that match the fibula segments of the digital reconstruction of the mandible design. The fibula 

cutting guide acted as a shell that fit onto the fibula. The shell wrapped around the superior surface 

of the fibula and over to the medial side of the fibula to act as a barrier to protect the vascular 

pedicle. The cut guides were clearly marked by 2mm slits in the shell with cutting planes to guide 

the saw. Four holes were incorporated into the design to allow the surgeon to screw and secure the 

cutting guide to the fibula and ensure all parts stayed in place during the cutting process and all the 

bone segments remained attached until they were removed by the surgeon. Table 4.1 outlines the 

rapid prototyping list for the materials needed for Session A and B. 
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Figure 4.8 Representation of the patient specific cutting guide elevated from the cut fibula                 
segments 
 

 

Figure 4.9 Top view of the patient specific cutting guide. 
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Rapid Prototyping List 

5 x control maxilla 

2 x control native mandible 

2 x control reconstructed mandible 

1 x full standardized fibula 

10 x standardized mandible with angle to angle defect 

10 x standardized left fibula with 9cm removed from each end 

6 x Patient specific fibula cutting guide 

6 x Patient specific external fixator 

Table 4.1 Rapid prototyping list for the materials needed for Session A and B 

4.2.5 Scanning Jig Design 

 Figure 4.10 shows the jig that was designed to hold the mandible reconstructions in place 

during CT scanning and to ensure that all scans were done in a precise and consistent orientation. 

The condyle and fossa design from the original design for the benchtop study was mimicked in the 

jig design in order to ensure that the mandibular reconstructions maintained their form and 

positioning. The jig also allowed for easy segmentation of the mandible once the CT slices were 

reconstructed into a digital 3D volume. 
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           Figure 4.10 Jig design for CT scanning (apart) 

 

 

            Figure 4.11 Jig design for CT scanning with mandible in place 
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4.2.6 Assessment of the Accuracy of the Model 

 Before the benchtop study began, all rapid prototyped models were verified for printing 

accuracy using digital calipers in the MMRL at iRSM. All measures were acceptable, that is they 

were all in tolerance of 0.5mm of the measurements of the control models. 

4.2.7 Participants 

All five participants from the convergent interview study (Chapter 3) were asked to 

participate in the benchtop study. While five is a small sample size, it was chosen as an 

appropriate number for the scope of the research project due to the limited number of available 

surgeons. The inclusion criteria for surgeons were as follows:  

1. Practices in Edmonton, Alberta; 

2. Has completed at least five mandibular reconstructions; 

3. Is actively practicing fibular free flap mandibular reconstruction.  

4.3 Procedure 

The participants were asked to complete two benchtop sessions, four weeks apart. Table 

4.2 and 4.3 outline the material list and surgical tools used in Sessions A and B. In Session A, the 

participants were asked to complete a traditional free-hand reconstruction of the prototyped 

mandible using a rapid prototyped fibula. In Session B, the participants were asked to reconstruct 

the same standardized rapid prototyped mandible using a preoperatively digitally designed 

surgical plan, a patient specific external fixator and a bone cutting guide developed by the 

researcher. Those surgeons who agreed to participate in the study were given an information sheet 

and asked to sign an informed consent form (Appendix A). The researcher also scheduled a date 

and time for the participants to complete the two benchtop sessions.  

Each participant completed Sessions A and B individually in the MMRL at the Institute 

of Reconstructive Sciences in Medicine. At the beginning of Sessions A and B, all participants 

were given a list of instructions explaining the guidelines and objectives to follow (Appendix F 

and G). The researcher reviewed the steps of the procedure, all rapid prototyped models and all the 

surgical and mechanical tools with the participants to ensure that they had a clear understanding of 

the task. In Session B all participants reviewed an on screen digital plan of the reconstruction with 
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the researcher (Figure 4.12). During the review, the researcher discussed the optimal mandibular 

reconstruction, the potential optimal implant placement in relation to the native mandible, the 

external fixator design and the cutting guide design with the participants. 

 

Figure 4.12 Representation of the on-screen digital plan of the mandible reconstruction reviewed 
with the participants at the beginning of Session B 

 
 

Rapid prototyped models provided for each session: 

Session A Session B 

1. Standardized maxilla 

2. Standardized mandible with angle to angle 
defect to be reconstructed 

3. Standardized full reference left fibula 

4. Standardized left fibula with 9cm removed 
from each end 

 

1. Standardized maxilla 

2. Standardized mandible with angle to angle 
defect to be reconstructed 

3. Standardized full reference left fibula 

4. Standardized left fibula with 9cm removed 
from each end 

5. Surgical design reference model of virtually 
planned reconstruction 

6. Patient-specific fibula cutting guide 

7. Patient-specific external fixator 
Table 4.2 Rapid prototyped models provided for Session A and B 

Session A and B Tool and Instrument List provided by Synthes Canada. (Synthes (Canada) 
Ltd.,Mississauga, Ontario, Canada): 

Quantity Tool/Instrument 
1 2.0mm 4x20x4 double angle Locking Plate 

12 2.0mm titanium Locking screw Plus drive 10mm long 
20 2.0mmm titanium cortex screw Plus drive 10mm long 
1 Set of instruments to implant above implants 
1 Saw for preparation of acrylic bones 
1 Saw blade 
1 Cordless drill 
1 Drill bit 
1 Ruler 

Table 4.3 Tool and instrument list 
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The researcher supervised both sessions and was available to answer any questions the 

participants had. Once each surgeon completed the reconstruction, the finalized reconstructed 

model was masked for identification using a coding system and placed in a locked and secure area 

at iRSM with the researcher. 

4.4 Outcome Measures 

Following Sessions A and B, the researcher scanned all models (with the help of the lead 

CT Technologist) that were reconstructed using Computer Tomography (CT) scanning technology 

at the Department of Diagnostic Imaging, Misericordia Community Hospital, Edmonton, Alberta, 

Canada. It was decided to scan the models using CT imaging technology and not Cone Beam 

Computer Tomography (CBCT) imaging technology in order to mimic current clinical protocols. 

The researcher then transferred the data from the CT scan into the software program InVivoDental 

5.0 Anatomy Imaging Software where a thresholding procedure took place. This thresholding 

procedure was the same procedure used in the CBCT and CT study in Chapter 2. This software 

program was used due to its effective thresholding tool and its ability to simply convert data. The 

converted data were then transferred into the software programs Rhinoceros 4.0 (Anatomage Inc. 

San Jose, CA. USA), Rapidform 2006 (McNeel North America, Seattle WA, USA) and 

InVivoDental 5.0 (Anatomage Inc. San Jose, CA. USA). InVivoDental 5.0 and Rapidform 2006 

software were used for their ideal digital registration tools. The researcher was interested in 

aligning the optimal mandible reconstruction to the reconstructions of Session A and B as well as 

aligning the reconstructions of Session A to the reconstructions of Session B in order to assess 

whether the software programs were an effective tool for evaluating surgical outcome (Table 4.7). 

In both programs, the researcher identified a minimum of three registration points common to both 

models of interest. The registration points were consistently selected on the jig as this was the only 

geometric form that remained consistent in the scanning procedure. The software then 

automatically aligned the two models of interest. In Rapidform 2006, a global automated 

registration was completed in order to match the models precisely, whereas in InVivoDental 5.0, 

the adjust tool (Figure 4.19) was used in order to precisely match the two models if the registration 

point procedure was not exact.  
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Rhinoceros 4.0 software was used because of the ideal manual measuring tools available 

in the software. These tools allowed for precise, reliable and efficient measuring techniques. The 

researcher explored InVivoDental 5.0 and Rapidform 2006 software`s measuring tools first but 

found that they were limited and difficult to use compared to Rhinoceros 4.0 (Table 4.4).  

 

Software Notes 

Rhinoceros 4.0 InVivoDental 5.0 Anatomy 

Imaging Software (Anatomage Inc. San Jose, 

CA. USA) 

1) ideal for manual measurements because of “snap” 

function which allows the user to snap to the point of 

interest and be confident that the point is on the object 

and not in virtual space. 

2) allows for proper rotation and orientation using a grid 

system 

InVivoDental 5.0 Anatomy Imaging Software 

(Anatomage Inc. San Jose, CA. USA) 

1) does not allow for linear rotation and orientation 

2) object is restricted to the perspective view and default 

import orientation settings 

3) ideal for superimposition and registration functions 

4) ideal for visual reference and comparison between 

two objects 

5) allows for slice scrolling in the superimpose tab 

6) Difficult to measure point to point because the 

placements of the point is difficult to control and can be 

deceiving to the user unless rotated and checked for 

proper positioning 

Rapidform 2006  

(McNeel North America, Seattle WA, USA) 

1) does not allow for linear rotation and orientation 

2) object is restricted to the perspective view and default 

import orientation settings 

3) ideal for superimposition and registration functions 

4) ideal for visual reference and comparision between 

two objects 

5) Difficult to measure point to point because the 

placements of the point is difficult to control and can be 

deceiving to the user unless rotated and checked for 

proper positioning 

Table 4.4 Description of the advantages and limitations of the three software programs explored in 
the present study. 
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Ten hard tissue measures were developed by the researchers (Table 4.5). These measures 

were based on ideal functional outcomes for the clinicians and the patient. All of the measures 

were completed with the mandible inside of the jig and done using Rhinoceros 4.0 computer 

software.  It was decided to add three measures in order to examine if there were differences 

between session A and B if the mandibles were taken out of the jig. These measurements were 

done manually using digital calipers. A total of thirteen hard tissue measurements were taken by 

the researcher on five separate days but in randomized order. This procedure was done in order to 

verify the reliability and repeatability of the measuring technique and reduce intra-rater bias. The 

following table outlines all of the hard tissue measures. 

 

Measure # Image of Measure Description 

1 

 

 

Name: Left Gonial 
Angle 
 
Description: Measures 
the shape of the 
mandible. 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 

2 

 

 

Name: Right Gonial 
Angle 
 
Description: Measures 
the shape of the 
mandible. 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
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3 

 

 
Name: Pogonion 
 
Description: The most 
anterior point of the chin 
on the mandible in the 
midline. 
 
Note: Measurment was 
taken to the interior side 
of the mandible due to 
interference of the 
reconstruction. 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 

4a 

 

 

Name: Inter-coronoid 
process length 
 
Description: Measure 
the inner surface of the 
left coronoid process to 
the inner surface of the 
right coronoid process. 
 
Session A and B trials 
were compared to: 
Native mandible 

4b 

 

 

Name: Inter-coronoid 
process length outside of 
the JIG. 
 
Description: Measure 
the inner surface of the 
left coronoid process to 
the inner surface of the 
right coronoid process. 
 
Session A and B trials 
were compared to: 
Native mandible 
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4c 

 

 

Name: Ball joint to ball 
joint distance outside of 
the jig. 
 
Description: Measure 
the outer surface of the 
left ball joint to the outer 
surface of the right ball 
joint. 
 
Session A and B trials 
were compared to: 
Native mandible 

5a 

 

 
Name: Ramus to ramus 
length inside of the jig. 
 
Description: Measure 
the outer surface of the 
left ramus to the outer 
surface of the right 
ramus. 
 
Session A and B trials 
were compared to: 
Native mandible 
 

5b 

  

  

Name: Ramus to ramus 
length outside of the 
JIG. 
 
Description: Measure 
the outer surface of the 
left ramus to the outer 
surface of the right 
ramus. 
 
Session A and B trials 
were compared to: 
Native mandible 
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6 

 

 

Name: Fibula crest 

length 

Description: Measure 
fibula crest length of 
each fibula segment and 
add distance of segments 
together. 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
 

7 

 

 

Name: Right ramus 
angle from front view 
Description: Measure 
the angel of the ramus in 
relation to the horizontal 
line representing the 
base of the mandible 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
 

8 

 

 

Name: Left ramus angle 
from front view 
 
Description: Measure 
the angel of the ramus in 
relation to the horizontal 
line representing the 
base of the mandible 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
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9 

 

 

Name: Number of fibula 
segments used to 
complete the 
reconstruction 
 
Description: Count the 
number of fibula 
segments 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
 

10 

 

 

Name: Intersegment 
distance of fibula 
 
Description: space 
between the fibula 
segments 
 
Session A and B trials 
were compared to: 
Digital reconstruction 
control model 
 

Table 4.5 List and diagram of the thirteen hard tissue measures taken on the control mandibles and 
on all the reconstructed mandibles. 

 

Five surgeons completed Session A and Session B (Table 4.6). All were male with a mean of 

12.8 years of experience in medicine (range 4-29 years).  

Participant Field of 
Medicine 

Years of 
experience in 

medicine 

Number of 
Mandible 

Reconstructions 

Gender 

A Fellow  8 20 Male 
B Surgeon 8 70 Male 
C Resident 4 5 Male 
D Surgeon 15 25 Male 
E Surgeon 29 20 Male 

Table 4.6 Demographic of the participants 

 

 

1 

2 

3 
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4.5 Results 

 The following figures represent the mandible reconstructions completed by all 

participants. 

 

Figure 4.13 Control mandibles: Left image is the digital reconstruction and right image is the 
native mandible 
 

 

Figure 4.14 Participant 1 Session A and Session B benchtop reconstruction results 

Session A Session B 
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Figure 4.15 Participant 2 Session A and Session B benchtop reconstruction results 

 

Figure 4.16 Participant 3 Session A and Session B benchtop reconstruction results 

Session A Session B Session A Session B 
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Figure 4.17 Participant 4 Session A and Session B benchtop reconstruction results 

 

Figure 4.18 Participant 5 Session A and Session B benchtop reconstruction results 

 

 

 

Session A Session B Session A Session B 
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4.5.1 Software Superimposed Images 

 4.5.1.1 InVivoDental 5.0 and Rapiform 2006 

 One of the objectives of the present study was to evaluate whether digital registration 

computer software is an effective tool for evaluating surgical outcome. The two software 

programs that were explored were InVivoDental 5.0 and Rapidform 2006. Both programs were 

able to produce very similar images after they were superimposed. The researcher observed that 

InVivoDental 5.0 was more user friendly compared to Rapidform 2006 and was more efficient in 

producing the images due to the adjust tool (Figure 4.19) which allowed the user to adjust the 

superimposed objects in any direction and any rotation in order to fit the objects exactly as the 

user wanted. Rapidform 2006 often took two or more attempts to register the two images properly 

and did not have an adjust tool. 

 

Figure 4.19 Representation of the adjust tool in InVivoDental 5.0 
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Table 4.7 represents a series of superimposed images produced in InVivoDental 5.0 

software. The first column represents the mandibles reconstructed in Session A (blue) 

superimposed onto the digital reconstruction control model (white). The second column represents 

the mandibles reconstructed in Session B (blue) superimposed onto the digital reconstruction 

control model (white). The third column represents the mandibles reconstructed in Session A 

superimposed onto the mandibles reconstructed in Session B (colors vary, see table for 

description). 

Session A with the Control 
Mandible 

Session B with the Control 
Mandible 

Session A and Session B 
Superimposed 

 

Participant #1  
White  = control, Blue = recon 

 

Participant #1 
White  = control, Blue = recon 

 
Participant #1  
White = Session A, 
Blue=Session B 

 
Participant #2 
White  = control, Blue = recon 

 
Participant #2 
White  = control, Blue = recon 

 
Participant #2 
White = Session A,  
Blue= Session B 

 
Participant #3 
White  = control, Blue = recon 

 

Participant #3 
White  = control, Blue = recon 

 

Participant #3 
White = Session A,  
Blue= Session B 
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Participant #4 
White  = control, Blue = recon 

 

Participant #4 
White  = control, Blue = recon 
Note: one fibula segment screw 
fell out during scanning process 

 

Participant #4 
White  = Session A,  
Blue = Session B 
Note: one fibula segment screw 
fell out during scanning process 

 

Participant #5 
White  = control, Blue = recon 

 

Participant #5 
White  = control, Blue = recon 

 

Participant #5 
White = Session A,  
Blue= Session B 

Table 4.7 Series of superimposed images produced in InVivoDental 5.0 software 

 The superimposed images created in Rapidform 2006 were almost identical to the images 

produced in InVivoDental 5.0 and therefore were not included. The only differences were that 

Rapidform 2006 was of lower quality and was slightly more different in the technical steps needed 

to produce the images. 

4.5.2 Statistical Design and Analysis 

 4.5.2.1 Hard Tissue Measures 

4.5.2 .1.1Manual Measures Reliability Analysis 

The first objective of the hard tissue manual measures was to assess whether the 

measuring technique in Rhinoceros 4.0 used to measure the mandible reconstructions was a 

reliable and repeatable tool. A reliability analysis was used to assess whether the measures taken 

on five separate days was reliable. Table 4.8 displays the cronbach’s alpha for each measure in 

Session A and in Session B. All measures have a strong mean correlation between each measure 

according to the rule of thumb that a scale should have a minimum cronbach’s alpha value of 0.7 
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(19). From the reliability analysis test, it may be concluded that the measuring technique used in 

Rhinoceros 4.0 to measure the mandible reconstructions was reliable and repeatable. 

Measure Reliability Analysis 
(Cronbach’s Alpha) 

1 Session A 0.994 

1 Session B 0.981 

2 Session A 0.979 

2 Session B 0.994 

3 Session A 1.000 

3 Session B 0.999 

4a Session A 0.997 

4a Session B 0.979 

4b Session A 0.994 

4b Session B 0.999 

4c Session A 0.979 

4c Session B 0.962 

5a Session A 1.000 

5a Session B 0.994 

5b Session A 0.999 

5b Session B 1.000 

6 Session A 0.994 

6 Session B 0.962 

7 Session A 0.972 

7 Session B 0.973 

8 Session A 0.886 

8 Session B 0.916 

9 Session A 1.000 

9 Session B 1.000 

10 Session A 0.994 

10 Session B 0.998 

Table 4.8 Reliability Analysis Results 
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Figure 4.20 Line graph representing the cronbach alpha levels for each hard tissue manual 
measure 
 

4.5.2.1.2 Hard Tissue Manual Measure Analysis 

The second objective was to assess whether there was a difference in surgical outcome 

between Session A and Session B based on the hard tissue manual measures taken using 

Rhinoceros 4.0 software tools. Each measure was compared to the control mandible or the digital 

reconstruction based on the optimal anticipated outcome (Table 4.9).  
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Measure Compare to… 
1 Part A Digital Reconstruction Model 
1 Part B Digital Reconstruction Model 
2 Part A Digital Reconstruction Model 
2 Part B Digital Reconstruction Model 
3 Part A Native Mandible Model 
3 Part B Native Mandible Model 

4a Part A Native Mandible Model 
4a Part B Native Mandible Model 
4b Part A Native Mandible Model 
4b Part B Native Mandible Model 
4c Part A Digital Reconstruction Model 
4c Part B Digital Reconstruction Model 
5a Part A Native Mandible Model 
5a Part B Native Mandible Model 
5b Part A Native Mandible Model 
5b Part B Native Mandible Model 
6 Part A Digital Reconstruction Model 
6 Part B Digital Reconstruction Model 
7 Part A Overall averages 
7 Part B Overall averages 
8 Part A Native Mandible Mode 
8 Part B Native Mandible Model 
9 Part A Digital Reconstruction Model 
9 Part B Digital Reconstruction Model 

10 Part A Digital Reconstruction Model 
10 Part B Digital Reconstruction Model 

Table 4.9 Table of each hard tissue manual measure and the control mandible to be compared 
 

The values obtained from all manual measures were averaged over the five days for each 

participant and for the control mandibles. All manual measure averages were then subtracted from 

the corresponding control mandible averages which gave the deviation from the control for each 

measure of each participant. These values were then used in the analysis.  

Inferential Statistics were explored by the researcher but after consulting with a 

statistician at the Centre for Research in Applied Measurement and Evaluation (CRAME) at the 

University of Alberta, Edmonton, AB, it was decided that these statistics were too conservative for 

the purpose of the study and would not allow for the results to be explored in a general manner. 

The exploratory data analysis (EDA), a non-parametric technique which stems from the work of 

John W. Tukey, was used to analyze all measure comparisons (20). The primary goal of this 

technique is to discover patterns in data (20). It allows the researcher to explore the data using 

simple graphical and arithmetic investigation (20). EDA was used to analyze the data due to the 
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small sample size of the study. EDA was also effective in exploring preliminary differences 

between the two surgical techniques before deciding whether the measures were practical or not. 

 The graphical representations used in this study were dot plots, box plots and stem and 

leaf plots. Dot plots were superimposed over the box plots in order to display each observation in 

addition to displaying the distributions from Session A and Session B which visually helps for 

comparisons. The box plots also offered information about the location of key elements in the 

distribution, including outliers (20). Although there were only 5 numbers total to include in each 

boxplot, the graphical representation was effective in exploring the data and comparing the two 

surgical techniques (Session A and B). The stem and leaf plots were used to graphically represent 

the data while retaining the exact value of each observation. The stem and leaf graphs represent 

values above and below the average of the control. This graphical representation gives more detail 

than the boxplot which only represents absolute differences from the control. 

Measure 1: Left Gonial Angle 

Question #1: Is there a difference between the average differences from the control mandible of 

Measure 1 in Session A than the average differences from the control mandible of Measure 1 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 3.52 23.34 13.15 12.94 19.81 7.42 

Session B 2.42 7.29 4.43 3.75 4.87 2.18 

n=5 
Table 4.10 Descriptive statistics for difference (in mm) of the average of measure 1 Session A and 
the average of measure 1 Session B from the average of measure 1 of the digital reconstruction 
control model 
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Session A  Session B 

3 2  

6  3  0 1  

 0 7 

4 -0 2  3  3  6 

Table 4.11 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
 

 

Figure 4.21 Superimposed dot plots over box plots showing the distribution of the differences (in 
mm) of the left gonial angle for Session A and Session B  

 
Visual inspection of Figure 4.21 revealed that the measures of the left gonial angle of 

Session A data had a larger median and range compared to Session B data. Comparison of the box 

plots showed that there was no overlapping of the boxes indicating that there is potentially an 

important difference between the median of Session A and Session B. Table 4.11 and Figure 4.21 

display a larger spread in Session A compared to Session B. 
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Measure 2: Right Gonial Angle 

Question #2: Is there a difference between the average differences from the control mandible of 

Measure 2 in Session A than the average differences from the control mandible of Measure 2 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 3.25 12.96 8.37 8.78 9.71 3.51 

Session B 0.34 8.33 4.56 5.50 8.00 3.28 

Table 4.12 Descriptive statistics for deviation (in mm) of the average of measure 2 Session A and 
the average of measure 2 Session B from the average of measure 2 of the digital reconstruction 
control model 
 

 

Session A  Session B 

3 1  

 9  9  7 0 2  8 

3 -0 0  6  7 

Table 4.13 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
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Figure 4.22 Box plots showing the distribution of the deviation measurement (in mm) for the right 
gonial angle for Session A and Session B  

 
Visual inspection of Figure 4.22 revealed that Session A had a larger median and there 

were more outliers in Session A compared to Session B. Table 4.12 showed that the measures of 

the right gonial angle of Session A data had a larger median and range compared to Session B 

data. There was no overlapping of the boxes which shows that there was potentially an important 

difference between Session A and Session B. Figure 4.22 revealed that Session A had an extreme 

outlier caused by Participant #2 and 5, whereas Session B had no outliers.  

Measure 3: Pogonion 

Question #3: Is there a difference between the average differences from the control mandible of 

Measure 3 in Session A than between the average differences from the control mandible of 

Measure 3 in Session B? 
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 Minimum Maximum Mean Median Range SD 

Session A 1.20 15.96 5.23 2.61 14.48 5.95 

Session B 2.06 12.72 6.80 7.54 10.66 4.12 

Table 4.14 Descriptive statistics for deviation (in mm) of the average of measure 3 Session A and 
the average of measure 3 Session B from the average of measure 3 of the digital reconstruction 
control model 

 

Session A  Session B 

 1 3 

3  1 0 2  4  8  8 

4  2 -0  

6 -1  

Table 4.15 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
 

 

Figure 4.23 Box plots showing the distribution of the deviation measurement (in mm) for the 
pogonion measure for Session A and Session B  
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Figure 4.23 revealed that the boxes overlapped slightly and that in Session A, participant 

#3 was an outlier. Session A had a slightly lower median than in Session B. Overall there appeared 

to be no large difference between Session A and Session B for the pogonion measure and that the 

surgical design had no impact on the outcome of this measure. 

Measure 4a: Inter-coronoid process length 
 
Question #4a: Is there a difference between the average differences from the control mandible of 

Measure 4a in Session A than between the average differences from the control mandible of 

Measure 4a in Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 1.23 21.35 9.69 10.84 20.12 8.45 

Session B 1.58 8.06 3.35 2.55 6.48 2.66 

n=5 
Table 4.16 Descriptive statistics for deviation (in mm) of the average of measure 4a Session A and 
the average of measure 4a Session B from the average of measure 4 of the native control mandible 
model 

 

 

Session A  Session B 

 1  

2 0 3 

1 -0 2  2  3  8 

  3  1 -1  

1 -2  

Table 4.17 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
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Figure 4.24 Box plots showing the distribution of the deviation measurement (in mm) for the 
inter-coronoid process length for Session A and Session B  
 

Visual inspection of Figure 4.24 revealed that Session A had a larger median and range 

than Session B. There was an extreme outlier associated with Session B from participant #4. Both 

the stem and leaf plot and the superimposed dot and box plot revealed a potentially important and 

large difference in range between the two sessions. Session A had a larger range while Session B 

had a much smaller range. The median of Session A was also much higher compared to Session B. 

There appeared to be a difference between two sessions for the inter-coronoid process measure. 

Measure 4b: Inter-coronoid process length outside of the jig 

Question #4b: Is there a difference between the average differences from the control mandible of 

Measure 4b in Session A than the average differences from the control mandible of Measure 4b in 

Session B? 
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 Minimum Maximum Mean Median Range SD 

Session A 5.37 20.51 9.82 6.83 15.14 6.18 

Session B 0.92 15.48 7.01 4.12 14.56 6.71 

n=5 
Table 4.18 Descriptive statistics for deviation (in mm) of the average of measure 4b Session A and 
the average of measure 4b Session B from the average of measure 4b of the native control 
mandible model 

 

Session A  Session B 

 1  

7  5 0 1 

7 -0 2  4 

0 -1 3  6 

1 -2  

Table 4.19 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 

 
Figure 4.25 Box plots showing the distribution of the deviation measurement (in mm) for the 
inter-coronoid process length outside of the jig for Session A and Session B  



 

86 
 

 
Figure 4.25 revealed that Session A had a slightly larger median and range than Session 

B. The boxplots from both sessions overlapped, indicative that there was potentially no difference 

between Session A and Session B. 

Measure 4c: Ball joint to ball joint distance outside of the jig 

Question #4c: Is there a difference between the average differences from the control mandible of 

Measure 4c in Session A than the average differences from the control mandible of Measure 4c in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 1.54 11.29 5.09 1.86 9.75 4.73 

Session B 0.33 25.08 8.51 3.54 24.75 10.03 

n=5 
Table 4.20 Descriptive statistics for deviation (in mm) of the average of measure 4c Session A and 
the average of measure 4c Session B from the average of measure 4c of the native control 
mandible model 

 

Session A  Session B 

8  4 1  

5  4 0 3  4  5  6 

2 -0 8 

Table 4.21 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
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Figure 4.26 Box plots showing the distribution of the deviation measurement (in mm) for the ball 
joint to ball joint distance outside of the jig for Session A and Session B  
 
 There appeared to be no difference between Session A and B. Figure 4.26 revealed 

overlap between the two boxplots, although Session B has an outlier causing the range to be high. 

 
Measure 5a: Ramus to ramus length inside of the jig 

Question #5a: Is there a difference between the average differences from the control mandible of 

Measure 5a in Session A than the average differences from the control mandible of Measure 5a in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 0.91 14.01 6.40 4.34 13.09 5.43 

Session B 0.60 7.55 4.18 3.93 6.95 2.57 

n=5 
Table 4.22 Descriptive statistics for deviation (in mm) of the average of measure 5a Session A and 
the average of measure 5a Session B from the average of measure 5a of the native control 
mandible model 
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Session A  Session B 

4  0 1  

4  3 0 3  4  5  8 

1 -0 1 

Table 4.23 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
 

 
Figure 4.27 Box plots showing the distribution of the deviation measurement (in mm) for the 
ramus to ramus length inside of the jig Session A and Session B  
 
 There appeared to be no difference between Session A and B. Figure 4.27 reveals 

overlapped between the two boxplots, although the data in Session A were more dispersed.  

Measure 5b: Ramus to ramus length outside of the jig 

Question #5b: Is there a difference between the average differences from the control mandible of 

Measure 5b in Session A than the average differences from the control mandible of Measure 5b in 

Session B? 
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 Minimum Maximum Mean Median Range SD 

Session A 1.91 18.24 8.44 4.79 16.33 7.12 

Session B 2.56 8.41 5.05 4.74 5.85 2.19 

n=5 
Table 4.24 Descriptive statistics for deviation (in mm) of the average of measure 5b Session A and 
the average of measure 5b Session B from the average of measure 5b of the native control 
mandible model 

 

Session A  Session B 

1 1  

9  2  2 0 0 

2 -0 3  4 

 -1 1 

 -2 5 

Table 4.25 Stem-and-Leaf plot of difference (in mm) from the control mandible for session A and 
session B 
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Figure 4.28 Box plots showing the distribution of the deviation measurement (in mm) for the 
ramus to ramus length outside of the jig for Session A and Session B  
 

Measure 5b, ramus to ramus length outside of the jig, revealed similar results to measure 

5a. There appeared to be no difference between Session A and B, although the data in Session A 

were dispersed.  

Measure 6: Fibula crest length 

Question 6: Is there a difference between the average differences from the control mandible of 

Measure 6 in Session A than the average differences from the control mandible of Measure 6 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 2.84 23.29 11.62 8.12 20.45 9.24 

Session B 0.03 7.09 4.18 4.85 7.06 3.10 

n=5 
Table 4.26 Descriptive statistics for deviation (in mm) of the average of measure 6 Session A and 
the average of measure 6 Session B from the average of measure 6 of the native control mandible 
model 
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Session A  Session B 

3  0 2  

 1  

8  4 0 0  2 

2 -0 5  7  7 

 -1  

Table 4.27 Stem-and-Leaf plot of difference (in mm) from the control mandible for session A and 
session 

 

 
Figure 4.29 Box plots showing the distribution of the deviation measurement (in mm) for the 
fibula crest length for Session A and Session B  

 

 The descriptive statistics in table 4.26 revealed a large difference in the median and the 

range when comparing Session A and B; Session A has a much larger data dispersion and a larger 

median compared to Session B. Overall there appeared to be a potentially important difference in 

surgical outcome in the fibula crest length measure between Session A and B. 
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Measure 7: Right ramus angle from the front view 

Question 7: Is there a difference between the average differences from the control mandible of 

Measure 7 in Session A than the average differences from the control mandible of Measure 7 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 0.90 5.52 3.09 2.23 4.62 1.94 

Session B 1.14 3.69 2.54 2.87 2.55 1.02 

n=5 

Table 4.28 Descriptive statistics for deviation (in mm) of the average of measure 7 Session A and 
the average of measure 7 Session B from the average of measure 7 of the native control mandible 
model 

 

 

Session A  Session B 

2  1 0 2  3  4 

6  5  2 -0 1  3 

Table 4.29 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 
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Figure 4.30 Box plots showing the distribution of the deviation measurement (in mm) for the right 
ramus angle from the front view for Session A and Session B  
 
 The right ramus angle for the front view measures appeared to show no major difference 

in median between Session A and Session B. There was a slight difference in the range; Session A 

had a larger spread compared to Session B. 

Measure 8: Left ramus angle from the front view 

Question 8: Is there a difference between the average differences from the control mandible of 

Measure 8 in Session A than the average differences from the control mandible e of Measure 8 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 1.39 4.98 2.91 2.95 3.59 1.39 

Session B 0.52 3.44 2.29 2.47 2.92 1.20 

n=5 
Table 4.30 Descriptive Statistics for Deviation (in mm) of the average of Measure 8 Session A and 
the Average of Measure 8 Session B from the Average of Measure 8 of the Native Control 
Mandible Model 
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Session A  Session B 

5  3  3  2  1 -0 1  2  2  3  3 

Table 4.31 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 

 
Figure 4.31 Box plots showing the distribution of the deviation measurement (in mm) for the left 
ramus angle from the front view for Session A and Session B  

 

The left ramus angle revealed similar results to the right ramus angle measure. Table 4.29 

and Figure 4.31 displayed no potential difference in median or range between Session A and 

Session B.  

Measure 9: Number of fibula segments used to complete the reconstruction 

In Session A, participants #1,3,4,5 used a total of three segments of the fibula for the 

mandible reconstruction. Participants #5 used five segments of the fibula for the reconstruction. In 

Session B all participants used 3 fibula segments for the mandible reconstruction as directed in the 

digital surgical reconstruction plan and guide. 
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Measure 10: Intersegment distance 

Question #10: Is there a difference between the average differences from the control mandible of 

Measure 10 in Session A than the average differences from the control mandible of Measure 10 in 

Session B? 

 Minimum Maximum Mean Median Range SD 

Session A 0 4.05 2.08 2.21 4.05 1.51 

Session B 0 2.17 2.17 1.77 2.17 0.95 

n=5 
Table 4.32 Descriptive Statistics for Deviation (in mm) of the average of Measure 10 Session A 
and the Average of Measure 10 Session B from the Average of Measure 10 of the Native Control 
Mandible Model 
 

Session A  Session B 

  4  3  2  1  0 0 0  0  1  2  2 

Table 4.33 Stem-and-Leaf plot of difference (in mm) from the control mandible for Session A and 
Session B 

 

Figure 4.32 Box plots showing the distribution of the deviation measurement (in mm) for the 
intersegment distance for Session A Measure 10 and Session B Measure 10 
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Table 4.31, 4.32 and Figure 4.32 revealed that the intersegment distance of the fibula 

pieces measure appeared to show no difference in reconstructive outcome. The data were more 

dispersed in Session A compared to Session B and the medians were very similar. 

 

Figure 4.33 Box plots showing the distribution of the deviation (in mm) from the control mandible 
for Session A and Session B, Measure 1-10, excluding 9. 
 

The figure above shows a common trend through the majority of the measures; that there 

was a difference in range between Session A and Session B. The majority of the measures had a 

larger range in Session A compared to Session B. The difference in range revealed that the 

participants were more consistent in surgical outcome and more consistent in obtaining results 

closer to the control in Session B than they were in Session A. This finding provides important 

information that will have important clinical implications.  

4.6.2.1.3 Reconstruction Time (in minutes) 

The third objective of the benchtop model study was to examine the time it took to 

complete free-hand surgery without VSP software versus the preoperatively planned surgery 

completed with the use of VSP software. Each participant was timed during Session A and 

Session B in order to assess whether one technique took less time than the other technique. The 
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timing began as soon as the surgeon picked up a tool and the timing ended as soon as they verbally 

said to the researcher that they were finished.  

 

Participant Session A Session B 
01 76 minutes 81 minutes 
02 79 minutes 81 minutes 
03 81 minutes 80 minutes 
04 82 minutes 175 minutes 
05 83 minutes 55 minutes 

Table 4.34 Time in minutes to complete Session A and Session B 
 

Descriptive Statistics (with participant 4 removed) 
 

 Minimum Maximum Mean SD 

Session A 76 83 79.75 2.98 

Session B 55 81 74.25 12.84 

 
 

Participant 4 was removed from the data analysis due to technical difficulties causing the 

participants Session B time to be much greater than the other participants. 

 
Figure 4.34 Box plots showing the distribution of the time it took the participants to complete 
Session A and Session B 
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Figure 4.35 Box plots showing the distribution of the time it took the participants to complete 
Session A and Session B with participant #4 removed 
 

Visual inspection of the box plot reveals that the median of Session A and Session B are 

very similar. There is overlap between the two boxes of each group indicative that there is no 

significant difference. A Wilcoxon matched-pairs signed-ranks non-parametric test revealed that 

there is no statistically significant difference between the time it took the surgeons to complete 

Session A and the time it took surgeons to complete Session B (z = 0.000, N-Ties = 4 , p = 1.000, 

two-tailed). 

4.6 Discussion 

4.6.1 Software Superimposed Images 

 The first objective of the benchtop model study was to examine whether digital 

registration and superimposition tools in computer software is an effective means of assessing 

surgical outcome. The two software programs used were InVivoDental5.0 and Rapidform 2006. 

The researcher superimposed Session A with the control mandible, Session B with the control 

mandible and Session A with Session B in order to view all the possible comparisons. Both 

software programs revealed informative images which allowed the viewer to quickly understand 

where the differences were when comparing the mandibles. The images revealed that overall 
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Session B appeared to have more accurate reconstructions that were closer to the control compared 

to Session A. Session B also appeared to be more consistent in the reconstructions compared to 

Session A which showed more variability among participants.  

The disadvantage of these software programs was that they were unable to produce any 

information other than images. The researcher attempted to use other tools in the software in order 

to evaluate the differences between Session A and B, such as volume measurements (Rapidform 

2006) and cephalometric measurements (InVivoDental 5.0). The volume measure function was 

not an ideal measure for comparison due to the fact that the volume measures of the mandibles did 

not relate to the actual form of the mandibles. The automatic cephalometric measures failed 

because the software program needed the complete anatomy of the head and neck to produce these 

measures; this was not included in the data of the present study. 

In general the software programs both had their advantages and limitations. The images 

produced using the superimposition tool were informative when making comparisions between 

two data sets. The present study was limited in its anatomy used for analyses. A future study using 

patient cases may reveal more applications of the InVivoDental 5.0 software program. 

4.6.2 Model Study Manual Measures 

4.6.2.1 Measures Showing a Potential Difference Between Session A and Session B 

Measure 1: Left Gonial Angle and Measure 2: Right Gonial Angle 

One of the objectives for the participating surgeons was to design the reconstruction for 

15mm dimension between the upper surface of the fibula and the occlusal plane to accommodate 

implant abutment and superstructure components. This objective was determined by the gonial 

angle. For the left gonial angle measure, Session A had a range of 20.04mm while Session B had a 

range of 3.65mm. This is a difference of 14.944mm. For the right gonial angle measure, the range 

did not have as large of a difference between the two sessions compared to the left gonial angle 

but Session A had a larger range than Session B. The extreme outliers found in the boxplot of the 

right gonial angle measure are very difficult to explain. Participant 2 has the most experience for 

mandibular reconstructions but has been in the field of medicine for a shorter period of time 

whereas participant 5 is the surgeon with the longest amount of experience in the field of medicine 
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but has completed fewer mandibular reconstructions.The stem and leaf graph and the boxplot for 

both the right and left gonial angle showed that the participants were more accurate and consistent 

in Session B than they were in Session A. This consistency most likely relates to the patient-

specific cutting guide and the rapid prototypes digital reconstruction reference mandible.   

In Session A, participants had to gauge the 15mm distance by eye and use a ruler to 

determine the placement of the fibula segments. In Session B, the participants had the same task to 

accomplish but they had the advantage of the patient-specific cutting guide which provided the 

participants with the proper angle and length of the cuts of the fibula. They also had the digital 

reconstruction reference model as a visual reference to compare their cuts to and to bend the 

reconstruction plate around. Both of these tools contributed to the accuracy of the left and right 

gonial angle and the consistency of the participants in session B. 

Clinically the distance between the upper surface of the fibula and the occlusal plane can 

have a large impact on the functional outcome for the patient. One of the disadvantages of the 

fibula is the limited height of the bone (rarely more than 15 mm) which is about half of the native 

mandible (21). This presents a problem for prosthetic rehabilitation and wearing ossesointegrated-

implant retained dentures (6). The recommended ratio for crown:fixture length is 1:1.5 

(17,18).When the distance between the upper surface of the fibula and the occlusal plane is too 

large, patients often need long abutments (7 to 10 mm in some cases creating a crown:fixture ratio 

of 1:1.21) to compensate for the large vertical discrepancy which can endanger implant stability 

(18). This is why it is important in preoperative planning to consider the height and angle of the 

fibula in relation to the intended occlusal plane before reconstruction. On the other hand, excessive 

thickness of the bone can lead to a poor degree of mouth opening, which can affect eating, speech, 

efficiency of lip closure and oral functions (7). Other effects of surgical intervention and improper 

vertical distance may result in alteration of the temporomandibular joint anatomy and maxilla-

mandibular relationships. 

The left and right gonial angle, conveyed an important functional outcome measure for 

fibula free flap mandibular reconstruction and showed a large difference between the free-hand 

technique and the surgical design technique. This anatomical measure is an essential measure to 
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consider for future analysis of patient outcome and possible future studies evaluating surgical 

outcome. 

Measure 4a: Inter-coronoid process length 

 Measure 4, the inter-coronoid process length, revealed a difference in the outcome of 

Session A and Session B. Session A had a much larger median compared to Session B as well as a 

larger range. This showed that the surgeons were more consistent in Session B as well as closer to 

the control mandible compared to Session A. In Session B, the participants were asked to use a 

patient specific external fixator to hold the rami in the ideal orientation. This tool is in direct 

relation to the inter-coronoid process length and is most likely the contributing factor to the overall 

better performance in Session B. 

 The proper inter-coronoid process length is an important anatomical outcome for the 

patient. This length can contribute to many problems in the future for the patient if it is either too 

long or too short. If the length is not optimal for the patient, they may face temporomandibular 

joint related problems.  

Measure 6: Fibula Crest Length 

The boxplot of Measure 6 (fibula crest length) revealed a slight overlap but visually 

overall and by looking at the descriptive statistics, there appears to be a difference between the 

outcome of Session A and Session B. Session A had a range of 19.94mm while Session B had a 

range of 7.85mm for the fibula crest length measurement. This is a difference of 12.09mm. The 

patient specific cutting guide and the external fixator most likely contributed to the consistency 

and improved outcome of Session B. The patient specific cutting guide provided the participants 

with the optimal cuts, angles and dimensions of the fibula segments. The external fixator also 

placed the rami in the proper orientation. The third tool that contributed is the rapid prototyped 

model of the digital reconstruction of the mandible. This tool allowed the participants to contour 

the reconstruction plate around the ideal form of the mandible thereby providing the optimal form 

of the mandible to be reconstructed. Overall the measure of the fibula crest length received the 

best results from the surgical design and the digital reconstruction. 

Clinically, the fibular crest length may have a significant impact on the geometric and 

functional outcome of the patient. The fibula crest length is important for osseointegration 



 

102 
 

implants and dental rehabilitation for the patient. The length and geometry of the fibula crest 

length has a direct impact on the patient’s jaw relationship, which may affect mastication and 

speech.  

4.6.2.1 Measures Potentially Showing No Difference between Session A and Session B 

The outcome of the following measures appeared to show no difference between the two 

sessions; measure 3: Pogonion, measure 4b: Inter-coronoid process length outside of the jig and 

measure 4c: Ball joint to ball join distance outside of the jig, measure 5a: Ramus to ramus length 

inside of the jig and measure 5b: Ramus to ramus length outside of the jig, measure 7: Right 

Ramus Angle from front view, measure 8: Left Ramus Anlgle from front view, measure 10: 

Intersegment Distance of the Fibula. The boxplots revealed overlap between the boxes of each 

group which is indicative that there is potentially no difference between the two sessions on all the 

measure listed above.  

Although the boxplots of measure 5a: ramus to ramus length inside of the jig and 

measure 5b: ramus to ramus length outside of the jig showed no potential difference as there was 

overlap between the boxes, the boxplots did revealed a larger range in Session A (measure 

5a:13.09mm, measure 5b 16.33mm) compared to Session B (measure 5a: 6.95mm, measure 5b: 

5.85). From these observations, the data shows that in Session B, the participants were more 

consistent in keeping the ramus in the optimal orientation for the patient.  

In Session A, the patients had no means of gauging the proper orientation of the ramus. In 

Session B, the surgeons were given an external fixator to screw into the ramus of the native 

mandible as a tool to help fix the proper orientation of the ramus while they bent the 

reconstruction plate. 

This measure outcome has a direct relationship to measure 4a, the inter-coronoid process 

length. This shows that the external fixator can improve outcome, optimal position and orientation 

of the coronoid and the ramus.  

4.6.3 Reconstruction Time (in minutes) 

 The recording of the time it took to complete the benchtop model sessions revealed that 

there is no difference in the time it takes the participants to complete one session compared to the 
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other. Using the external fixator, the cutting guide and the digital reconstruction of the mandible 

reference model did not produce any changes in the length of time to complete the reconstructions. 

This revealed that the added information, tools and guidance to the reconstruction surgeon did not 

add to the duration of the procedure. An interesting and important outcome in the study was that 

the most experienced surgeon recorded the fastest reconstruction time in Session B. 

4.6.4 Participant Perception of the Experience 

 The following section was included to highlight the general perceptions of the experience 

of the participants after they completed Session B; the preoperatively digitally planned 

reconstruction. The researcher’s intention was to understand the participants perceptions after 

viewing an on-screen digital plan and using a patient-specific guide and a fixator developed from 

the virtual plan. The following comments may be informative in guiding future studies involving 

larger subject groups for both a benchtop model study and convergent interview (Chapter 3). 

Participant Comments 

1 a) In Session B, the participant felt more comfortable and confident. 

b) In Session B, the participant commented that the on screen review gave a 
better idea of what to expect. 

c) The participant did not view the cutting guide design to be practical for use 
in the operating room.  

2 a) The participant enjoyed the overall experience because it gave the ability to 
compare and understand the difference between the two techniques. 

b) In Session B, the participant liked being able to see the placement of the 
implants in the on screen digital plan. 

3 a) The participant was very impressed by the process and the tools given from 
the digital plan. 

b) The participant thought that the patient-specific cutting guide and external 
fixator of Session B made a great difference in the outcome of the 
reconstruction. 

c) The participant appeared to be very interested in using the medical models 
for surgical practice. 

4 a) The participant enjoyed the process. 

b) The participant appeared to be very enthusiastic about applying the digital 
technology to their own practice. 

5 a) The participant thought that the overall experience of Session B was better 
than Session A. 

b) The participant thought that Session B allowed for tighter ossteotomies. 
Table 4.35 Comments of the participants recorded by the researcher after Session B 
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 In general, all participants appeared to be very positive about their experience during 

Session B. The researcher observed that the participants appeared to be most impressed by the on-

screen digital plan review. These comments relate to the suggestion for a future study as discussed 

in Chapter 3; that is using the convergent interview technique to interview surgeons with 

experience using virtual surgical planning software and medical models in order to gain better 

insight into the perceptions of users of these technologies. After experiencing the process both on-

screen and in theory, the participants appeared to have stronger and more personal perceptions of 

VSP. 

4.6.5 Limitations and Strengths  

 One of the limitations of the study was that it was a benchtop study and did not use 

human patients to incorporate all the variables of fibula free flap mandibular reconstructive 

surgery. The second limitation was the small sample size used; limiting the statistical analysis of 

the study. 

One of the strengths of the study was the consistent surgical process and anatomy kept 

among all participants. The study also incorporated a diverse group of clinicians who collaborated 

to develop an optimal surgical outcome for the model patient and integrated osseointegrated 

implant design. 

4.6.6 Suggestions for Future Studies 

 A possible future study would be to increase the sample size of the study in order to 

improve the statistical analysis and use inferential statistics to compare the surgical outcome of 

free-hand surgery to preoperatively planned surgery. The increase in sample size would provide 

strong quantitative data in analyzing the hard tissue manual measures, would contribute to a better 

understanding of whether the time to complete the reconstruction is related to surgeon experience 

and would improve the understanding of the difference between the two surgical techniques. 

 A second possibility for a future study would be to apply the current research design, 

methods and procedures to other surgical procedures such as orthopaedic and plastic surgery. By 

branching out into other fields of surgery, clinicians can explore possible applications and benefits 

of VSP and medical models in their practice. Although the technology has been applied to other 
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fields of surgery, very few have evaluated whether there is a difference between free-hand surgery 

and preoperatively planned surgery; much like fibula free flap mandibular reconstructive surgery. 

 A third possible study would be to use the virtual registration technique of the 

InVivoDental 5.0 software program to superimpose pre and post surgical data and evaluate current 

patient cases. The software tool could contribute to the evaluation of surgical technique, the 

application of surgical cutting guides and fixators and patient functional and aesthetic outcome. 

By using patient cases in the software program, other applications of the software can also be 

evaluated. 

4.7 Conclusion 

 The objective of the model study was to assess whether there is a difference in surgical 

outcome between free-hand surgery completed without VSP and preoperatively planned surgery 

completed with the use of VSP. There were three main outcome measures used to assess the 

results of the study. The first outcome measure was using digital registration tools to produce 

visual images of the differences between Session A and B. This procedure revealed that CAD 

software tools can be a helpful and an effective tool in understanding and comparing pre and post 

surgical outcomes. The second is a series of ten hard tissue manual measures completed using 

CAD software and three hard tissue manual measures using digital calipers. The measures 

revealed that, in general, the participants were more consistent, based on optimal surgical 

outcome, in the preoperatively digitally planned surgery than they were in the free hand surgery. 

The EDA technique revealed that the left and right gonial angle, the inter-coronoid process length 

and the fibula crest length all had the greatest amount of difference between the two surgical 

techniques. The measures also revealed that the use of the patient-specific guide and external 

fixator was helpful in obtaining results that were more accurate in relation to the control mandible. 

The third outcome measure was the time (in minutes) it took the participants to complete each 

session; this revealed that there is no difference in time to complete one session compared to the 

other. The present study also revealed positive feedback based on the experiences of the 

participants after Session B of the benchtop study. From the three outcome measures, it appeared 
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that SDS produces positive and effective differences in surgical outcome compared to free-hand 

surgery completed without SDS.  
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CHAPTER  5:  SUMMARY  AND  CONCLUSIONS  
 

The purpose of this thesis was to explore surgical design and simulation (SDS) in fibula 

free flap mandibular reconstruction and to gain an increased understanding in several key areas for 

future research. The present study focused on three main areas, related to three themes in SDS that 

are essential for optimal surgical outcome. These were: 1) data acquisition, conversion and 

software understanding; 2) user perception; and 3) surgical and functional outcome. These areas 

are all considered to have limitations in the knowledge of the technique and literature. It was, 

therefore, the researcher’s intention to explore these three areas and contribute to the knowledge 

and understanding of the topics in hope to better understand SDS as well as to identify future 

research questions. 

 There were three objectives to the present study that corresponded to the themes cited 

above. The next section outlines the three themes explored and summarizes how these contribute 

to the understanding of SDS.  

5.1  Study 1: Evaluation of the Accuracy of Cone Beam Computerized Tomography 
(CBCT) Medical Imaging Technology 

 
5.12 Summary 
 
The first objective of the present study was to evaluate data acquisition of CBCT imaging 

technology and the accuracy of scanning at three different machine warming times. The secondary 

objective was to compare the accuracy of CBCT to CT scanning. In recent years, the use of CBCT 

to generate three-dimensional (3D) images and medical models has become a more widely 

available and reliable addition to standard medical imaging. Several studies discuss the numerous 

applications of CBCT in oral and maxillofacial surgery and in dentistry. The present study was 

intended to contribute to the growing body of knowledge and technical understanding in the area 

of CBCT data acquisition and medical imaging technology. It also summarized thresholding in 

CBCT, an important limitation in data conversion and software application that was discovered 

through the study. 
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5.13 Conclusion 

The present study found that there was no difference in 3D surface model reconstruction 

accuracy at three different machine warming stages at 0.2mm slice thickness. The result of the 

first objective is a positive outcome for clinicians as they can remain confident in the high 

accuracy (within 0.007mm) of the CBCT scanning technology in their practice at different 

machine warming stages. In addition, clinicians who are considering using the CBCT technology 

have evidence to show the accuracy of CBCT.  

The second objective revealed that there was a difference in accuracy between CBCT 3D 

surface model reconstruction of 0.2mm slices and CT surface model reconstruction of 1mm slices. 

CBCT was more accurate than CT at these levels. Although there was a statistically significant 

difference between CBCT at 0.2mm slice thickness and CT at 1mm slice thickness, it appeared 

that there was no clinical significance to the results. 

 
5.2 Study 2: Pilot study: Evaluation of the Use of the Convergent Interview Technique 

in Understanding the Perception Of Surgical Design and Simulation 
 

5.21 Summary 

The second study was a pilot study designed to examine the application of the convergent 

interview technique in the field of SDS and evaluate whether the technique would bring out new 

perceptions of virtual surgical planning and medical models not discovered by other qualitative 

collection techniques.  

The convergent interview technique is known for its appropriate methods of investigating 

under-researched areas, collecting data and converging on key issues, it also allows the 

participants to contribute their knowledge, opinions experiences, attitudes and beliefs. Many 

researchers have evaluated perceived usefulness of medical models through the development of 

questionnaires directed toward surgeons and other interest groups (1,2). Although these studies 

have helped researchers to develop a better understanding of the benefits that medical models 

bring to different groups that utilize them, few researchers have yet examined the utility of virtual 

surgical planning technology in an open discussion interview format.  

 



 

111 
 

5.22 Conclusion 

The results of the interview revealed a number of new issues with regard to SDS in head 

and neck surgery. The convergent interview revealed that: (1) SDS is not included in medical 

student training; (2) there is a cultural resistance to the SDS technology; and (3) the field of 

surgical design and simulation is a work in progress. 

The results also allowed the researcher to understand a number of the areas that need to 

be improved upon in the interview technique for future studies. These areas include an improved 

opening question, an improvement of the selection of the participants, and the need for at least a 

pair of interviewers. In the present study, an improved opening question would have directed and 

guided the participant group to discuss their personal experiences. Also, having a pair of 

interviewers, in addition to using a recording device, would decrease the bias of the interviewer 

and increase feedback on the interpretation of data. 

In general, the convergent interview was an effective technique in collecting information 

about the perception of clinicians on the utility of VSP and medical models in fibula free flap 

mandibular reconstruction. With a few alterations to the key elements of the technique, an 

understanding of the perceived value of SDS amongst clinicians can be interpreted, and will 

possibly influence its implementation in clinical settings.  

 
5.3 Study 3: Exploratory Benchtop Study Evaluating the Use of Surgical Design and 

Simulation in Fibula Free Flap Mandibula Reconstruction 
 

5.31 Summary 

The third objective was to determine whether there was a difference in reconstructive 

outcome between free hand surgery and preoperatively virtual planned surgery.  VSP, in addition 

to physical 3D models, is a useful tool to help surgeons evaluate the 3D nature of the defect of the 

mandible allowing for operative manoeuvres to be simulated on a computer before their 

implementation in the operating room. VSP has been reported to produce an improved and 

predictable reconstructive outcome (3). Although many studies have discussed the benefits of VSP 

technologies and medical models in maxillofacial reconstruction (1,3-7), very few have confirmed 
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whether there is an actual difference between free hand surgery and preoperative virtually planned 

surgery, and if so, what the difference is between surgical strategies.  

5.31 Conclusion 

The objective of the model study was to assess whether there was a difference in surgical 

outcome between free-hand surgery completed without VSP and preoperatively planned surgery 

completed with the use of VSP. The present study revealed that superimposed images produced in 

CAD software tools were helpful and effective in comparing pre and post surgical outcomes, 

although there were a number of limitations in the programs. It also found that there were 

differences in surgical outcome based on the hard tissue manual measures taken to evaluate and 

compare free hand surgery to preoperative surgical planning surgery. Although not all of the 

measures taken showed a difference between the two techniques, most of the measures revealed 

that the participants were more consistent in the planned surgery than they were in the free hand 

surgery. The study also revealed important advantages to the surgical design tools developed for 

the mandibular reconstruction. The rapid prototyped model of the digital reconstruction was 

effective in accurate plate bending and as a reference. The external fixator was effective in the 

outcome of optimal gonial angle positioning and fibula crest length accuracy. The patient-specific 

cutting guide was effective in improving gonial angle positioning and fibula crest length accuracy. 

 The Session A and B recording revealed it that there was no difference in time to complete one 

session compared to the other, therefore, the added information, tools and guidance to the 

reconstruction surgeon did not add to the duration of the procedure. The present study also 

revealed positive feedback based on the experiences of the participants after Session B of the 

benchtop study. From the three outcome measures, it appeared that SDS produced positive and 

effective differences in surgical outcome compared to free-hand surgery completed without SDS.  

5.4 Final Conclusion 

The present study was designed to consider three areas of importance to SDS. In respect 

to the scope of the research program, the three areas were studied in an exploratory manner to gain 

insight for later more definitive research. The three studies all contributed to the growth of the 

knowledge of the researcher and allowed the researcher to collaborate with professionals from 
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various backgrounds such as medicine, computer science and design. The experience provided the 

researcher with strong translational skills and allowed the researcher to bridge the gap amongst 

these fields while expand the knowledge of ADTs in surgical design and simulation. 
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Appendix A 

Information Sheet and Consent Form for Model Study and Convergent Interview 
 

Title of Research Study: Utility of Digital Surgical Simulation Planning and Solid Free Form 
Modeling in Fibula Free Flap Mandibular Reconstruction  
 
Background:  : A Master of Science in Rehabilitation Science graduate student from the Faculty 
of Rehabilitation Medicine is conducting a study to determine if there is a difference in surgical 
outcome between reconstruction of the jaw conducted free hand and reconstruction of the jaw 
conducted with preoperative surgical planning and the fabrication of a surgical guide. 
 
Purpose: You will also be asked to participate in a study to compare the surgical outcome 
between two types of surgical processes used before and during surgery. We would like to see 
which surgical process works the best in helping the surgeon achieve the best surgical outcome. 
 
Procedures:  Participating in this study will involve: 
 

1) Two 90 minute study sessions to be done four weeks apart.  
 
In Session A, the participants will be given a set of surgical instruments and tools, a 
standardized rapid prototyped model of an angle to angle mandibular defect and a 
standardized rapid prototyped fibula. The participants will be asked to complete a 
traditional free-hand reconstruction of the prototyped mandible using the prototyped 
fibula.  
 
In Session B, the participants will be given all the same instruments and materials and 
will be asked to reconstruct the same standardized rapid prototyped mandible; in this case 
using a preoperatively digitally designed surgical plan and bone cutting guide developed 
by the researcher.  
 
At the beginning of Session A and Session B, all participants will be given a list of 
instructions explaining the guidelines to follow. Each participant will complete session A 
and B individually at the Institute for Reconstructive Sciences in Medicine (iRSM) at the 
Misericordia Community Hospital in Edmonton, Alberta. 
 

2) A 30-45 minute interview will be conducted before Session A and after Session B. The 
interview will be recorded and all participants can request that the recorder be shut off at 
anytime throughout the interview. 

 
Possible Benefits:  The possible benefits to you for participating in this study are that you will be 
a part of an innovative research study that may increase knowledge and understanding in the field 
of surgical design and simulation. 
 
Possible Risks:  No possible risks or hazards are known. 
 
Confidentiality:  Personal information relating to this study will be kept confidential.  All model 
study files and data will be securely stored on the researcher’s personal drive (H:) at iRSM for a 
minimum of 5 years. This database exists behind an Alberta health Services firewall. Any research 
data collected about you during this study will not identify you by name and will be anonymized 
by a coded number.  The coding system will be stored in a locked cabinet at the Institute for 
Reconstructive Sciences in Medicine by the principal investigator. Your name will not be 
disclosed outside the research clinic.  Any report published as a result of this study will not 
identify you by name. 
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Voluntary Participation:  You are free to withdraw from the research study at any time. If any 
knowledge gained from this or any other study becomes available which could influence your 
decision to continue in the study, you will be promptly informed.   
 
Contact Names and Telephone Numbers:   
Please contact any of the individuals identified below if you have any questions or concern: 

 
 

University of Alberta 
Research Ethics 

Office 
Phone: (780) 492-

2615 
 

Dr. Johan Wolfaardt BDS, MDent, PhD 
University of Alberta 
Director of Clinics and International 
Relations 
Institute for Reconstructive Sciences in 
Medicine 
Misericordia Community Hospital  
Phone: 780-735-2660  
Email: 
johan.wolfaardt@albertahealthservices.ca 
 

Heather Logan 
Master's Student 
Rehabilitation Sciences 
Program (MSc-RS) 
Specialization in Surgical 
Design and Simulation  
University of Alberta 
Edmonton, AB 
E-mail: 
hlogan@ualberta.ca 
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CONSENT FORM 
 

Part 1 (to be completed by the Principal Investigator): 

Title of Project: Utility of Digital Surgical Simulation Planning and Solid free form Modeling in Fibula Free Flap 

Mandibular Reconstruction  

Principal Investigator(s):  Dr. Johan Wolfaardt, Heather Logan  

Phone Number(s): 780-735-2660 

______________________________________________________________________________ 

Part 2 (to be completed by the research subject): 

  

Do you understand that you have been asked to be in a research study?    YES        NO     

Have you read and received a copy of the attached Information Sheet?    YES        NO     

Do you understand that your voice will be recorded during the interview process?    YES        NO     

Do you understand the benefits and risks involved in taking part in this research study?    YES        NO    

Have you had an opportunity to ask questions and discuss this study? YES        NO     

Do you understand that you are free to withdraw from the study at any time,  

without having to give a reason? YES        NO    

Has the issue of confidentiality been explained to you? YES        NO     

Do you understand who will have access to your study records? YES        NO     

Who explained this study to you? _____________________________________________________ 

I agree to take part in this study: YES  NO  

Signature of Research Subject ______________________________________________________ 

(Printed Name) ____________________________________________________________ 

Date:______________________________ 

Signature of Witness ______________________________________________________________ 

I believe that the person signing this form understands what is involved in the study and voluntarily 

agrees to participate. 

Signature of Investigator or Designee ________________________________ Date _________ 
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Appendix B 

Model Study Process Flow Chart 
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Appendix C 

Convergent interview Process Flow Chart 
Adapted from: Dick, B. (1998) Convergent interviewing: a technique for qualitative data 
collection [On line]. Available at http://www.scu.edu.au/schools/gcm/ar/arp/iview.html  
 
Reference Group: Head and Neck Surgeons  
 
1. Contacting the respondent: Initial contact with potential participants will be established 
through e-mail or telephone calls. After being given an overview of the research and the purpose 
of the interview, the respondents will be asked to participate in the interview. When they agree, 
the venue and time will be decided.  
 
2. Arrange Time and Setting  
 
3. Conduct Interviews  
 

1. State purpose  
 

2. Ask opening question: “I’m interested in learning about the reason about non-users of 
medical modeling and computer-assisted planning software. Tell me why you do not use 
medical modeling and computer-assisted planning software in your preoperative planning 
process.”  

 
3. Keep interviewee talking 45 mins to 1 hour  

 
4. Summary of key issues  

 
5. Follow up on doubtful or ambiguous issues  

 
6. Ask probe questions not already answered. (not always used in 1st interview)  

 
4. Interpret Interview: Recorded in writing  
 
5. Review the process: modify approach and/or interview design and probes if needed  
 

1. Interpret Agreements: seek exception  
 

2. Interpret Disagreements: seek explanations  
 

3. Formulate specific questions  
 
6. Recycle: Return to Step 3. This is the central cycle of the technique. Continue until two 
succeeding interviews have added no significant information. The move to step 7.  
 
7. Report: Compile a combined report and decide the next thing to be done.  
 
Note: Each interview starts broadly and generally. It becomes more specific over its duration. You 
keep the most specific probes until the very end. Similarly, you develop the information base and 
the interpretation of it gradually, from interview to interview. At each cycle, the only essential 
information is that required to decide the next cycle. 
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Appendix D 

Convergent Interview Recording Sheet 

Participant ID CODE  

DATE  

START TIME  

END TIME  

STEP 1 Introductions and clarification of confidentiality will be established 

before the interview. The interviewee will be asked for permission to 

tape record the interview. 

STEP 2 OPENING QUESTION: “I`m interested in learning about the 
perceived utility of medical modeling and computer-assisted planning 
software. Tell me what you think of these two tools in your practice.” 

STEP 3 The following probe questions will be used to help focus the 
interview: 

1. “Can you give me an example of this?” 

2. “Can you elaborate a little?” 

3. “What exactly did you mean by…? 

4. Is that all? Is there anything you missed out? 

5. How does that compare with what you said before? 

6. What are the pros and cons of this situation? 

7. And how did you feel about that? 

8. Why do you think this is the case? 

9. What would have to change in order for…? 

10. How was… different from…? 

11. What sort of an impact do you think…? 

12. What criteria did you use to…? 
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13. How did you decide/determine/conclude…? 

14. What is the connection between…and…? 

15. How might your assumptions about…have influenced how you 
are thinking about…? 

RECORD KEY 

POINTS 
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STEP 4 Inviting a summary:  

As the interview begins to finish, the interviewer will invite the 

respondent to review key points from what was discussed.  

Questions such as “of all the issues you have mentioned what are 

the most and least important issues?” and “Could you please 

priorities them in order of importance?” will be asked.  

STEP 5 Concluding the interview:  

When the interviewee can no longer add further information, the 

interviewer will summarize the interview to confirm the responses.  

The interviewer will review what will happen to the information and 

how the interviewee can access it. 
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Appendix E 

Benchtop Study Session A and B Recording Table 

Participant ID CODE  

DATE  

START TIME  

END TIME  

COMMENTS/ NOTES/ 

OBSERVATIONS 
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Appendix F 

Benchtop Study Session A Objectives and Instructions 
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Appendix G 
Benchtop Study Session B Objectives and Instructions 

 

 


