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The complex three-dimensional (3D) anatomy of the cranio-maxillofacial (CMF) region makes
surgery a challenging task. Virtual surgical planning (VSP) has the potential to increase
accuracy, reproducibility and shorten operation time. Key challenges in VSP are to accurately
separate, or segment, certain structures of interest, such as the orbit, from the rest of the image, as
well as to create an accurate 3D model of the facial bones and dentition for orthognathic surgery
planning. The time required for planning and fabrication of guides for trauma surgery is another
challenge. The overall aim of this thesis was to develop and evaluate new virtual planning
tools for CMF-surgery and to investigate their usefulness. Study I, II discuss and evaluate
image fusion of CT/CBCT and intraoral scanning for orthognathic surgery. A method for virtual
bite registration in centric relation (CR) was also proposed. The workflow has the potential
to eliminate traditional laboratory work, and may facilitate 3D computer-assisted-planning in
orthognathic surgery. Study III deals with orbit segmentation and presents a semi-automatic
method, using a deformable model tracing the inside of the orbit via haptic 3D interaction. The
method was validated in retrospective unilateral orbital fracture cases. The fractured orbits were
compared to the intact side by volume and shape analyses. The method showed high accuracy,
precision, time-efficiency and thereby potential to be a powerful tool for planning and evaluating
reconstruction of orbital fractures. Study IV evaluates an in-house haptic-assisted VSP system
for complex mandibular fractures on a series of retrospective cases and an artificial case. The
system showed high precision and time-efficiency, but relatively low accuracy. This study
proposes a novel, fast and user-friendly way of integrating VSP into planning mandible trauma
surgery and could help in reducing operating time and increase accuracy. Study V is a systematic
review and meta-analysis studying potential time benefits using VSP in CMF surgery. The study
suggests that VSP shortens the operating time and ischemia time for reconstructive surgery.
VSP also appears to shorten the preoperative planning time for orthognathic surgery.
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3D

Three-Dimensional

CBCT

Cone beam Computed Tomography

CMF

Cranio- Maxillofacial

CR

Centric Relation

CT

Computed Tomography

HASP

Haptic Assisted Surgical Planning

HU

Hounsfield Unit

ICP

Iterative Closest Point

IOS

Intraoral Scanning

MAD

Mean Absolute Distance

MMF

Maxillomandibular Fixation

ORIF

Open Reduction and Internal Fixation

PSI

Patient Specific Implant

PVE

Partial Volume Effect

RP

Rapid Prototyping

VSP

Virtual Surgical Planning

1. Introduction

1.1 Scope of the thesis
This thesis concerns the development and evaluation of virtual surgical
planning (VSP) for cranio-maxillofacial (CMF) surgery and some of the
challenges involved with this new technology. The included papers are the
result of a close collaboration between clinicians and computer scientists,
which has an important role in continuing the development of digital tools to
improve surgical outcomes.
VSP is a pre-operative planning method that involves the visualization of a
surgical procedure in a 3D imaging computer software. There are several
benefits of VSP, including improved diagnostic accuracy and the possibility
to simulate the surgery in the virtual environment.1-3 The computer-assisted
surgery (CAS) can intra-operatively facilitate the surgery with cutting/drilling guides, patient specific implants (PSI), intraoperative navigation
and intraoperative CT.4-6 Post-operatively, the procedure can be evaluated by
image fusion or superimposing of two data sets.7 This allows the surgeon to
accurately analyse the outcome with the preoperative state or the virtual
plan. It is also possible to perform mirroring of the intact side to evaluate
symmetry or volume differences.
The most important step in CAS is the development of an accurate 3D model
of the anatomical structure of interest. This can be done through different
kinds of medical imaging technologies including CT, CBCT, MRI, intraoral
scanners, ultrasound etc. It is often necessary to combine different imaging
methods by data fusion.8, 9 This is particularly relevant when planning surgery for orthognathic cases, where it is crucial to have a model that can present both the dentition and the facial bones with optimal accuracy. Another
important step in VSP is the image segmentation. This is the process of separating objects/regions of interest from the rest of the image. This can be done
by assigning a label to every voxel, in a 3D image so that voxels with the
same label share the same certain characteristics, i.e. bone, vessels and soft
tissue. A key challenge in CMF surgery is the segmentation of the orbit.10
This is due to both the anatomical location of the orbit and its thin walls,
leading to individual voxels sharing information from both hard and soft
tissue.
11

Several benefits with VSP and CAS are presented in the literature, but one
disadvantage of the current planning setup is the time required for the preoperative planning, fabrication, and shipping of the guides or PSI.11 This has
created opportunity for the establishment of an in-house VSP system, so the
surgeon can perform all the steps of the planning and the fabrication of
guides by him/herself. This could potentially lead to a broader indication
area for VSP and also facilitate in trauma surgery, where inherent time pressures normally mean that VSP is not a viable options.12 This thesis is based
on five studies, two discussing and evaluating the image fusion of CT/CBCT
and intraoral scanning for orthognathic surgery, a third that deals with orbit
segmentation, a forth that evaluates an in-house VSP system for complex
mandibular fracture, and finally, a fifth paper that is a systematic review
studying potential time benefits using VSP.

1.2 History and clinical applications for computerassisted surgery
In recent years, 3D computer-assisted planning has spread widely for clinical
applications in the field of CMF surgery.9, 13, 14 It has the potential to make
postoperative outcomes more accurate, reduce operation time and improve
the communication between the patient and the clinical team. 1, 15
The first approaches to 3D modelling, computer-aided design (CAD) and
computer-aided manufacturing (CAM), were introduced in the car and aerospace industry during the 1970s and showed benefits of increased productivity and predictable outcome in the manufacturing. During the same era,
Godfrey Hounsfield developed and introduced computed tomography (CT)
imaging for medical purpose. For the first time, it was now possible to perform a scan on a living human in 3D.16 This opened up the possibility of
translating the CAD/CAM technique from the industry into the field of medicine and dentistry. 17, 18
The application of 3D modelling in the field of CMF surgery started in the
1980s, using an anatomical model built from CT scan slices. 19 It was not
until the introduction of rapid prototyping (RP) and the use of selective laser
sintering (SLS) and stereolithography (SLA) that made it possible to print
accurate models for planning CMF procedures. In comparison to previous
techniques, RP technology uses the principle of building up the model in
layers rather than cutting it out from a single block. 20 Using this new technology, surgeons were able to get a full-size model to plan the optimal bone
graft donor site or use the model as a guide for implant manufacturing.
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VSP in the field of CMF has developed rapidly during the past several decades. It is already well established in orthognathic surgery, reconstructive
surgery, and several studies have showed increased efficiency and accuracy.
1-3, 15, 21
In orthognathic surgery planning, virtual osteotomies can be performed, simulating the new positions of the jaws. In the simulation, mathematical calculations help predict how the surrounding soft tissue will respond to skeletal movements.22 Changes in the airway space and other soft
tissue structures can also be analysed and preoperatively predicted with the
aid of 3D simulations. Currently, there is an extensive research interest in
patients with sleep apnea caused by narrow pharyngeal airway space, and the
ability of virtual surgical planning to study and predict the increase of volume after orthognathic surgery.23
Orbital deformities caused by congenital malformations, or as a result of
trauma or tumours, are a great challenge for the CMF surgeon. VSP has the
potential to simplify the preoperative assessment and postoperative evaluation by providing shape and volume analysis. VSP can also be used to create
patient-specific implants for the orbit. However, it may be difficult to translate the preoperative plan into an actual outcome, which has led to an increased interest in the possibility for navigation techniques during surgery.
Navigation relies on special instruments that are tracked by a navigation
system and shows the relation to the patient’s anatomy in real time. This can
be particularly useful in situations where the surgeon cannot see and evaluate
the position of the instrument, e.g. the posterior positioning of a reconstruction implant in the orbit.
Planning and installation of dental and craniofacial implants is another area
significantly affected by the influence of 3D visualisation and simulation.
With the help of virtual planning, drill guides or templates can be individually manufactured to assure that the implants are positioned in areas with the
best bone quality in a safe and predictable way. 24
In the field of CMF reconstruction, different types of free flaps, including
the fibula, iliac and scapula, are used in the treatment of extensive defects
caused by tumours or other lesions.25, 26 Fibular free flap is the most common
vascularised bone transplant for mandible reconstruction. The fibula has a
suitable dimension, bone quality and pedicle length. Shaping the graft to the
bony defect is a challenging task that is highly critical for the functional and
aesthetic outcome. The procedure should also be performed relatively fast in
order not to jeopardize the flap survival. The ischemia time and operative
time are known prognostic factors for free-flap survival and other postoperative complications.27 VSP and preoperative fabrication of guides and
implants are already well established in reconstructive surgery and have
showed reduced time required in the shaping of the transplanted bone, re13

duced ischemia time and improved fit of the bone in the reconstructed area. 1,

28, 29

The recent explosion of scientific and technological knowledge has led to a
revolution in imaging techniques and virtual planning across a range of disciplines. 13 CAS is likely still only in the beginning of a transformation in
surgery, but it is already in use in several surgical specialties in both highprecision surgery and in standard surgical procedures. CAS has been used in
neurosurgery since the late 1980s for treatment of tumours and vascular malformations.30 The neurosurgeons use the 3D model of the brain to safely and
precisely navigate and treat different lesions. Before the introduction of
CAS, many tumours were seen as inoperable because of their location and
the large incisions and openings of the skull that were often needed. Robotic
technology has allowed a great development in neuro-microsurgery, compensating for the surgeon’s physiological tremor with increase of accuracy.
CAS is also used in otorhinolaryngology surgery and commonly involves
navigation for locating and avoiding important anatomical structures, such as
the optical nerve and the brain in endoscopic sinus surgery.31 Furthermore,
CAS plays an important role in orthopaedic surgery, visceral surgery and
different kinds of cardiac interventions. 32

1.3 A description of the work-flow for virtual planning
in CMF
The different steps in virtual planning are dependent on the specific application, e.g., orthognathic surgery, CMF reconstruction, trauma, dental- or craniofacial implants, but a typical work flow consists of the following steps:
1.
2.
3.
4.
5.

Data acquisition (CT/CBCT, intraoral scanning, 3D photos).
Image processing including segmentation.
Preoperative planning and virtual surgery.
Guide/template/PSI design.
Guide/template/PSI manufacturing via RP.

Depending on the complexity of the case, intraoperative navigation and final
confirmation with an intraoperative CT may be an addition to the presented
algorithm. Figure 1 shows an example of a standard workflow for a commercial available VSP system.
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Figure 1. An example of a standard workflow in VSP.

The image data is imported in a Digital Imaging and Communication in
Medicine (DICOM) format into a VSP software. This can be a commercial
software, such as Materialise 33, Planmeca 34 or Brainlab. 35 The planning
may be based on the communication with a computer engineer or via an inhouse solution where the surgeon performs all the relevant processing and
analysis steps in the workflow. Before the planning and simulation can start,
it is important to perform different kinds of image processing steps, including reorientation of the CT data, segmentation of the anatomical structures of
interest (e.g., skull, mandible, teeth, soft tissue, nerves and vessels).
In planning for orthognathic surgery, the next step is to create a composite
model of the skull with all necessary information. Currently, none of the
existing CMF imaging techniques can capture a competent 3D model of all
structures (e.g., facial skeleton, dentition and soft tissue) with the quality
required. Hence, there is often a need for combining and merging different
3D imaging techniques. The virtual model of the skull can then be used to
simulate surgical situations and perform measurements. The pre-processing
steps and merging of different imaging sources are normally performed by a
computer engineer/scientist and need to be approved by the surgeon before
the relevant guide or implant can be designed and manufactured. It is a sub15

stantial challenge to have an efficient work-flow and communication in VSP.
Likewise, it is crucial to develop a fast and reliable protocol given the greater urgency often required when working with trauma and oncological cases.
The costs for using VSP are significant, both when done with an external
partner, as well as investing in and maintaining an in-house setup. This concerns investments into software, hardware for production of models, guides
and patient-specific implants (PSI). 1 However, improved surgical outcomes
will affect cost considerations, which is discussed in paper V.
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2. Pre-operative management

This chapter discusses the different pre-processing steps and techniques in
VSP, including image acquisition with CT/CBCT, intraoral scanning, segmentation, image registration and haptic technology.

2.1 Image acquisition
Image resolution is the core of an accurate model for virtual planning. No
image-processing step can compensate for insufficient resolution in the original data.36 Historically, the CMF region and the facial relationships have
been studied using different kinds of two dimensional (2D) radiograph techniques; panoramic images, lateral cephalometric and posterior-anterior (PA)
views. These radiographs provide a reliable overview of the regions of interest and are still useful in many areas of CMF-surgery and in the field of dentistry. However, the images have a limited resolution and are sometimes
difficult to interpret due to overlaying air, soft tissue and ghost images. 2D
cephalometric analysis remains the gold standard in the planning of orthognathic surgery in many CMF-clinics, allowing comparison with normative
data and prediction of the surgery.

Figure 2. Pre- and postoperative x-rays of an orthognathic case in a lateral cephalometric view. Consent for publishing obtained from patient.
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Figure 2 shows pre- and postoperative 2D lateral cephalometric radiographs
of an orthognathic surgery case. In less complex cases, 2D visualisations can
be sufficient. However, when it comes to more complex surgical planning
and the desire to use virtual planning techniques, there is a need to provide
the facial skeleton in a 3D view.
Recent improvements of image quality and resolution in CT scans can now
provide images with a slice thickness of less than 0.5 mm. Today CT is an
invaluable imaging tool in the diagnosis and planning of diseases and deformities in the head and neck region. The CT image is based on grayscale values
and built up of a high number of 3D pixels, voxels, as seen in Figure 3.

Figure 3. Pixel versus voxel. Figure provided by Lene Arensdorff Kristiansen.

Different tissue types will absorb radiation to various degrees based on the
radio-density in the tissue. Each voxel in the CT image represents a value
dependent on the radio-density. This value is given in Hounsfield units
(HU), where water corresponds to a value of 0, air to -1000, while bone
ranges from 400-3000 dependent on its density. 37 Table 1.
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Table 1. Approximate Hounsfield unit (HU) values for different types of tissue

Tissue
Air
Water
Soft tissue
Soft tissue (contrast)
Bone

HU
-1000
0
10 to 60
100 to 300
400 to 3000

The size of the voxel in the CT image can be isotropic (uniform) or anisotropic (non-uniform) Figure 4. Anisotropic voxels are normally used in CTimages in medicine where the voxel size in x and y is constant, 0.3-0.5 mm,
and z can differ depending on both slice thickness and pixel spacing.

Figure 4. Isotropic (uniform voxel; left) and anisotropic (non-uniform; right).

A voxel in the CT-image can often cover more than one tissue type, e.g.,
bone and soft tissue. A voxel in the transition line is assigned the average
HU-value of the two tissue types, resulting in a blurred boundary between
tissue regions. This phenomenon is also known as the partial volume effect
(PVE). This is particularly discussed in the field of visualisation of the orbit,
where the bony walls can be thinner than the actual voxel size, resulting in
so-called pseudo holes caused by the PVE. Other artefacts seen in CT images are intensity noise, streak artefacts from metallic objects and motion artefacts due to patient movement during the scanning. Figure 5 illustrates the
problems with metal artefacts from dental restorations.
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Figure 5. Metal artefacts caused by dental restorations.

The CT technique produces high quality images of the complete head and
neck area in a few seconds. However, the dose of radiation should not be
neglected. The introduction of Cone Beam Computed Tomography (CBCT)
has opened up for new possibilities in the field of CMF. CBCT can provide
high quality information of the entire CMF area with considerably less radiation to the patient.38 Another advantage of the CBCT in comparison to the
conventional CT is that the image is captured with the patient in an upright
position. This prevents distortion of facial soft tissue that occurs when the
patient is supine. The fairly low cost of CBCT is also contributing to its increased clinical use. However, CBCT is more challenging to visualise and
analyse since the grayscale values do not represent actual HU values and the
frequency of scatter artefacts is higher in the CBCT.39 Images from both CT
and CBCT are stored using DICOM format. The main technical difference
between the CT and CBCT is the shape of the x-ray beam(s). CT-scans rely
on fan-shaped X-ray beams with several detectors arranged in an arc around
the patient. In CBCT, the x-ray source and the detector panel rotate around
the patient. The beams diverge into a cone structure and the image is normally achieved in a single rotation.40
Currently, advanced 3D imaging techniques are available that can display
separate parts of the facial structures with high accuracy. However, none of
the present CMF imaging techniques can capture a 3D-model with adequate
quality.
Generally, there are two ways to produce an accurate digital 3D model of the
dentition. The first method is via an indirect technique, where the traditional
plaster models are imaged with a laser scanner or with high resolution
CT/CBCT. The second way is via a direct technique, using an intraoral opti-
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cal scanner, without the need for any traditional impressions and plaster cast
models.
Accurate representation of the exterior soft tissue profile is of high interest in
treatment planning and evaluation in orthognathic surgery. The facial external soft tissue can be recorded through a laser scanning technique or via
different types of optical techniques (3D photography). 41, 42 These techniques capture the surface of an object and do not provide any harmful radiation to the patient. The digital image of the facial soft tissue can then be integrated into the CT/CBCT data of the bony structures to predict the soft
tissue changes and allow for evaluation in orthognathic surgery. 43

2.2 Pre-processing and segmentation
Before the planning and simulation can start, it is important to perform different kinds of image processing steps, including reorientation of the CT
data and segmentation of the anatomical structures of interest (e.g., skull,
mandible, teeth, soft tissue, nerves, vessels). Analysis and simulation in 3D
starts with the creation of a surface model of the bony structures via segmentation. Image segmentation is the process of dividing a digital image into
multiple segments. The goal of segmentation is to simplify and change the
representation of an image into something that is more meaningful and easier
to analyse. The segmentation process is based on assigning a label to every
voxel in an image. This results in voxels with the same labels sharing visual
characteristics. The simplest method for image segmentation is based on the
selection of threshold values.44 This is done by selecting all voxels above or
below a certain intensity threshold. In CT images, the HU scale can be a
guideline to select thresholds that will separate different tissue types from
each other. The threshold difference between bone and soft tissue can, however, be very small, making it difficult for the computer to automatically
perform the separation between the two types of tissue. This is a particular
problem when performing segmentation in areas with thin bones or bones
with low radio-density.
Currently, the segmentation is often performed by computer engineers/scientists who manually trace the contours of the bone structures in
each slice in the 3D image. Manual segmentation is known to be accurate
but time-consuming and tedious. The increased interest to integrate virtual
planning in the everyday workflow has led to the development of semiautomatic and more intuitive segmentation methods. Those methods use
different algorithms so that the surgeon can perform the segmentation process in a faster, more efficient, in-house set-up. 12, 45
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2.3 Image registration
Image registration is the process of transforming different sets of image data
into one coordinate system. Registration is necessary in order to be able to
compare or merge data obtained from different image modalities or different
time points. This can be done by either manually placing corresponding
landmarks on the objects or by using an iterative closest point (ICP) algorithm. The algorithm is employed to minimise the distance between two
surface models.46 ICP registration requires both a reference surface and a
source surface. A reference surface can be a whole surface or a specific region of interest. The first step in the registration procedure is to manually
align the two surfaces. Subsequently, the software uses the ICP algorithm to
calculate the rotation and translation between two data sets and align the two
surfaces automatically. This algorithm is designed to minimize the difference between two clouds of points. In the process, one point cloud, the reference, is kept fixed, while the other one, the surface to be aligned, is transformed and rotated to best match the reference.

Figure 6. Example of registration using ICP algorithm. Orbits before and after surgery are registered to compare the difference in shape between the two models.

2.4 Haptic technology
Haptic technology regenerates the sense of touch by transmitting a force or
vibration back to the user in a virtual environment. It is used to improve the
realism in simulators and is already available in training for specific surgical
procedures.47 Haptic has the potential to simplify preoperative planning by
giving the surgeon virtual tools that are familiar from the operation theatre,
namely, that the surgeon can get a sensation of the fit of two bone fragments
or the occlusion. The sense of touch (haptics) is an essential supplement to
the visual perception. A haptic device is normally built as a stylus or a ball
attached to a robot arm. Most devices use kinaesthetic feedback, i.e. a direction force back to the user holding the stylus or the ball. Haptic devices can
22

also give a tactile feedback, which refers to a sensation felt by the skin, for
example a vibration or texture. In this thesis, we have worked with a
PHANTOM Desktop haptic device (Figure 7) from Sensable Technologies.

Figure 7. Haptic device with stylus attached to a robot arm.
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3. Aims

The overall aim of these five studies was to develop and evaluate new virtual
planning tools for CMF-surgery and to investigate their usefulness in a clinical set-up.
I, II. The aim of study I and II was to establish and evaluate a method to
create a composite 3D model of the facial skeleton and the dentition with
high accuracy. Another goal was to adopt intraoral digital scanning for virtual bite registration in centric relation (CR) without the need of traditional
plaster casts and model surgery.
III. The aims of this study were to introduce a new approach for semiautomatic segmentation and shape analysis of the orbit, and to investigate
the usefulness of the software by determining the intra- and interobserver
variability.
IV. The aims of this study were to describe a new workflow for virtual
reduction of complex mandible fractures and to investigate the usefulness,
the accuracy and reproducibility of the virtual tool, HASP.
V.
The aim of this systematic review was to determine if virtual planning
has an influence on the duration of the surgery compared to the traditional
free-hand approach. In addition, we sought to screen the literature for other
factors regarding time differences between the virtual surgical planning
(VSP) and the conventional planning strategies; e.g., preoperative planning
time, ischemia time and hospitalization.
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4. Introduction to the studies included in the
thesis.

This chapter provides background information on the different topics discussed in the five studies included in this thesis.

4.1 Introduction to paper I and II – Development of a
workflow for virtual bite registration.
4.1.1 Orthognathic surgery
Orthognathic surgery is defined as the surgical manipulation of parts of the
facial skeleton to realign and correct a dentofacial deformity into an anatomic and functional relationship. The surgery is a standard procedure in the
field of oral and maxillofacial surgery and can be used to manage a broad
spectrum of maxillofacial abnormalities, including congenital, developmental, and acquired.48, 49 The treatment is a combination of surgery and orthodontics and the goal is to a achieve a functional dental occlusion, meaning a
optimised way for the teeth in the upper and lower jaw to meet.
The study of the dental occlusion is a key-planning step in orthognathic surgery.14, 50 A traditional workflow is based on impression taking, wax bite
registration, face bow transfer, plaster cast modelling and mounting the cast
in an articulator made in parallel with radiological assessment. This is a
time-consuming procedure that requires much laboratory work.51, 52 In addition, possible inaccuracies of each step will be transferred to, and will be
amplified in the following step. 53, 54 With the new digital techniques available, there is a potential to replace the traditional plaster models, allowing
new options for occlusal analysis and treatment workflows. Based on these
digital workflows, physical guides can be produced, using rapid prototyping
technologies, to translate the digital plan into the operation theatre. 15 However, surgical planning requires a model of adequate precision to enable a
satisfactory outcome in the actual surgery. Inaccurate models may lead to
false information and incorrect treatment outcomes.
CT and CBCT are both considered being viable image modalities for the 3D
visualization and analysis of bone in the maxillofacial region. 38, 55-57 They
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offer the possibility for a 3D model to be created. However, limited image
resolution, creation of metal artefacts and difficult image segmentation and
separation of the upper from the lower teeth inhibit accurate 3D modelling
and visualization of the teeth.8 Additionally, the orthognathic patient is often
scanned with the teeth in a closed, habitual position but not in the diagnostic,
centric relation (CR) that is required for treatment planning.58
4.1.2 Intraoral scanning
Computer modelling of the dental occlusion requires a precise image technique. In recent times, there has been a growing interest in the clinical application of intraoral scanning (IOS) techniques with particular reference to
image capture of the dental occlusion. IOS makes it possible to visualize the
surface of the teeth with a resolution that approaches microns. In addition, it
creates no interaction with metal objects and causes no harmful radiation to
the patient. 59, 60 There is a constant development in the field of IOS, covering the spectrum from monochromatic image acquisition with coating to
advanced video acquisition with colour and without the need of additional
coating. The scanners are based on optical principles and allow certain
points to be identified on an object’s surface. Image processing software is
then used to create a surface mesh from these points. The quality of IOS is
progressively improving, and they are becoming easier and more reliable to
operate. The use for IOS in the field of prosthodontics is already wellestablished and excellent accuracy and precision in single-unit scan has been
demonstrated. 61-63 The development of IOS techniques has now improved to
the point where they can obtain image information of a full arch with high
accuracy. 64 However, it needs to be highlighted that these are results from in
vitro studies. The question remains of how feasible these techniques are in
the clinical application. Additional errors such as patient movement, saliva,
and space limitations in the patient’s mouth may negatively influence the
accuracy of the digital impression. Figure 8. There is still more research and
evaluation that needs to be done in the field of full arch scans with IOS, but
the rapid development is opening up for new applications in the field of dentistry and maxillofacial surgery.
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Figure 8. Example of space limitation when scanning the posterior sites of the dental
arches.

4.1.3 Bite registration
The success of orthognathic surgery relies on the surgical performance by
the surgeon, but is also highly dependent on the creation of a precise surgical
plan. The preoperative orthodontic treatment often includes greater movements of the teeth to prepare for the new, planned position of the jaws. Due
to this reason, the patient does not have a repeatable habitual occlusion.
During surgical planning, the bite registration must be captured in centric
relation (CR) since this is the only reproducible, stable position for the lower
jaw. Failure to perform a bite registration in CR will lead to an unwanted
post-operative result or an inaccurate plan. 53

4.2 Introduction to paper III – a semi-automatic
segmentation method for orbital volume and shapeanalysis.
4.2.1 The orbit
The eye-socket, or orbit, is shaped like a pyramid and built up by parts of
seven different bones, Figure 9. The function of the orbit is to support and
protect the eye and surrounding tissue. The rim of the orbit is rectangular in
shape with rounded corners and formed by thick cortical bone that provides
a stable buttress for the craniofacial skeleton. The inner walls are thin, especially in the floor and in the medial wall (lamina papyracea). The thickness
in these two areas can be down to 0.3 mm. The lateral wall and roof are
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made of thicker bone and are less commonly involved in fractures of the
orbit. 65 66 In all of the four orbital walls, openings are present for passage of
highly important vessels and nerves. There are seven muscles inside the orbit: superior, inferior, lateral and medial rectus muscle, superior and inferior
oblique muscle and levator palpebrae muscle, figure 10.

Figure 9. Anatomy of the orbit. A) Frontal bone. B) Maxilla. C) Lacrimal bone. D)
Ethmoid bone. E) Sphenoid bone. F) Zygomatic bone. G) Palatine bone. A modified
figure, originally from Sobotta's Atlas and Text-book of Human Anatomy 1909.
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Figure 10. Orbital muscles. A) Medial rectus. B) Superior rectus. C) Lateral rectus.
D) Inferior rectus. E) Inferior oblique. F) Superior oblique. G) Levator palpebrae
superioris. Modified figure, originally from Patrick J. Lynch, CC BY 2.5,
www.creativecommons.org.

4.2.2 Orbital fractures
Orbital fractures are one of the most common fractures in the midface. Reconstruction of the orbital walls is highly challenging due to its complex 3D
anatomy.67 Fractures of the orbit can be divided into pure orbital fractures,
also commonly described as blow out fractures. These types of fractures
only involve the internal orbital walls. Pure orbital fractures occur in the
inferior and/or medial wall where the bone is thinnest. The other fracture
type is the impure orbital fracture, which also include a fracture of the orbital
rim. Figure 11 shows an example of a pure orbital fracture in the inferior
wall.
Fractures involving the orbit can lead to a change in orbital volume and alter
the position of the eye. The goal of treatment of orbital fractures is to prevent
early complications, such as vision loss or oculocardiac reflex due to muscle
entrapment, but also to minimize the risk for late complications like diplopia
(double vision) and malposition of the globe.68 Fractured and unstable areas
need to be bridged by implants or bone grafts in order to support the orbital
content and to re-establish the original anatomy. The unique and complex
anatomy of the orbit requires accurate and precise contouring of the orbital
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mesh or graft to restore the proper shape and volume of the orbit. A fracture
of the orbital walls often results in a comminute fracture with displaced bone
pieces and the goal of the surgical treatment is to reconstruct the whole displaced bone areas rather than repositioning and fixating existing fragments.

Figure 11. Pure orbital fracture in the right, inferior orbital wall. (A) Coronal CT
view of the fracture. (B) 3D surface visualisation of the same case.

4.2.3 Orbital imaging and segmentation
The benefits of preoperative planning cannot be overestimated in orbital
reconstructive surgery. 69, 70 CT scans with thin slices are the gold standard to
detect and evaluate orbital fractures. The coronal view is preferred to detect
fractures of the inferior wall. Medial wall fractures are best visualised in the
axial view. A soft tissue window can help determine muscle impingement.
The development and routine application for CT processed within available
software solutions has significantly simplified diagnosis, analysis and preoperative planning of orbital fractures. Of interest in surgical planning for
orbital trauma is to measure the shape and volume, comparing pre- and postoperative results. This can be analysed in CT images, but requires precise
segmentation of the orbit. A certain amount of volume change itself is not a
sole indicator for surgery, but can be part of the overall assessment together
with clinical findings and patient symptoms. 68, 71
Orbital imaging and segmentation is challenging due to the anatomical location and the thin nature of the bony walls. As discussed in the introduction,
the partial volume effect (PVE) impacts the ability to achieve an accurate
visualisation and representation of the walls. As a result of limited resolution
in the CT data, the HU values of the thin orbital walls often overlap with the
HU values of the soft tissue, resulting in pseudo holes and lost information
in the segmented walls. Figure 12 presents an example of the PVE. Intensity
noise, metal artefacts and artefacts due to patient movement, are other factors commonly blurring the image.
30

Figure 12. Pseudo holes in the medial and inferior wall due to partial volume effect
(PVE)

After the segmentation is performed, volume and shape of the orbit can be
analysed. The intact side can be compared to the contralateral, fractured orbit
and serves as a reference to analyse the shape in the preoperative assessment,
but also as an evaluation after the surgery. This can be done by mirroring the
intact side and performing a superimposition between the two orbits to visualise the agreement.
When virtual preoperative planning is discussed in the field of trauma, there
is a need for a fast and user-friendly method to be used. Manual segmentation is considered the gold standard in terms of accuracy, but is timeconsuming and sensitive to operator errors and therefore not viable in the
everyday workflow for the surgeon.10, 72 In this project, we are describing a
semi-automatic method for orbit segmentation, where the surgeon can guide
the segmentation process in an in-house software solution. 10
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4.3 Introduction to paper IV – Haptic assisted virtual
planning for complex mandibular fractures
4.3.1 Mandible fractures
Mandible fractures are one of the most common fracture types in the facial
area, often resulting from traffic accidents, sports injuries or assault. 73, 74
Mandible fractures represent 36-70% of all facial fractures. This high percentage can be explained by its prominent position in the face and the relative lack of support. More mandible fractures can be seen in men, especially
in the age group 20-30, where assault and motor vehicle accidents are the
primary cause.73, 75, 76 The mechanism of the injury is important to take in to
account since this will give the surgeon an indication of the extent of the
trauma and if any concomitant injuries are present. High velocity trauma like
traffic accidents or gunshot wounds are more destructive to the craniofacial
skeleton resulting in a higher degree of bony fragmentation and may often
result in volume loss of the surrounding soft-tissue.
The mandible is U-shaped and is strongest in the midline (the symphysis)
and weakest at both ends (the condyles). The condylar fracture is therefor the
most common location, since the force of impact is transmitted from the
body of the mandible and breaks it at its weakest point. A trauma to the ipsilateral side of the mandibular body often results in a contralateral fracture in
the condylar region. Figure 13 shows an overview of the frequency of fractures at different locations.77
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Figure 13. Photo of the mandible showing the frequency of mandibular fractures by
location. Source: Dr Frank Gaillard, http://radiopaedia.org. (CC BY-SA 3.0.
www.creativecommons.org)

There are muscle attachments along the entire course of the mandible that
place dynamic vectors of force on the mandible. All these muscles serve an
important role in maintaining proper mandible function. However, when in
discontinuity, such as caused by a mandible fracture, a large displacement is
not uncommon and can jeopardise fracture healing. The effect of muscle
force on the fracture segments is important in evaluation of mandible fractures, especially the mandibular body or angle. They can be classified as
favourable or unfavourable depending on whether the muscles serve to stabilise or displace the fracture segments. Figure 14 shows an example of a favourable and an unfavourable fracture.
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Figure 14. The blue arrows show the force acting on the mandible. (A) Horizontally
unfavourable fracture. (B) Horizontally favourable fracture.

The indication for open versus closed reduction of mandible fractures has
changed dramatically over the last century. With the ability of treating fractures with open reduction and rigid internal fixation (ORIF), patients no
longer require long periods with immobilisation and maxillomandibular fixation (MMF) for adequate healing. The decision-making of the treatment
strategy for mandible fractures is dependent on the location, the degree of
displacement and on whether the fracture affects the occlusion. 73, 75, 78 Favourable fractures, without displacement and malocclusion are normally
treated conservatively, while displaced and/or multiple fractures with malocclusion often need ORIF with different types of osteosynthesis materials.
For most of the mandible fractures, the treatment strategy is relatively
straightforward. However, when it comes to more complex fractures with
multiple segments, re-establishing of the three-dimensional shape of the
mandible can be very challenging. This is especially the case for treatment of
severely atrophic and edentulous mandibles.79
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Figure 15. 3D visualisation of a bilateral fracture on an edentulous mandible. The
blue arrows indicate the fracture sites. Consent for publishing obtained from patient.

Resorption of the alveolar process is a natural, progressive event after loss of
teeth. In a severely atrophic mandible, even significant minor trauma can
cause a fracture. Several factors make surgery with edentulous/atrophic
mandible challenging. As mentioned, there is a lack of bone, and the existing
bone is generally cortical, resulting in a lower healing potential due to a decreased blood supply. Since the patient is edentulous, there are no teeth present to help guide the reduction. If the patient’s general medical status allows
for treatment in general anaesthesia, ORIF with long load-bearing osteosynthesis has significant advantages for these patients. The surgery also often
includes immediate bone grafting to extend the stability in the fracture area.
VSP, including pre-contouring of the plate or creating a patient-specific plate
from an exact model of the patient’s mandible, could lead to a more accurate
result and greatly decreased surgical time. Patients with atrophic and edentulous mandibles are mainly found among the geriatric population, where
comorbidities often are present and where the total time under general anaesthesia has a strong impact on the overall morbidity.49
Successful treatment of complex mandibular fractures is dependent on careful consideration regarding the degree of displacement and loss of bone to
accurately restore the occlusion and the original facial anatomy. The challenges include firstly achieving an accurate reduction of multiple fragments
and secondly fitting a stable plate to re-establish the original shape of the
mandible. The reduction and the adaption of the plate is a manoeuvre that
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can require significant time even for the more experienced surgeon. Furthermore, these robust load-bearing plates needs to be accurately adapted to
not cause malreduction and incorrect displacement of the condyle out of the
glenoid fossa. An imperfect adapted plate can also be palpable through the
skin and cause patient discomfort and result in a second surgery for plate
removal.
VSP is already well established in orthognathic surgery and reconstructive
CMF surgery.80 The advantages of VSP are presented in the literature and
show both higher accuracy, shorter time spent in surgery and reduced intraoperative bleeding.4, 15, 81 There is also potential that VSP can be essential
in diagnostics and treatment of complex fractures of the mandible, facilitating reduction and osteosynthesis.6
Current commercially available VSP solutions for CMF are based on outsourcing the segmentation, planning and printing of relevant guides and implants to a computer engineer. This set-up is often expensive, and it may take
up to two to three weeks for the guides or implants to be delivered. In both
trauma and reconstruction for oncological reasons, the time for planning is
very limited, which is often a problem in the traditional setup with existing
planning systems. Virtual planning in the field of trauma needs to be fast and
user-friendly. Another disadvantage with existing VSP systems is that they
are primarily relying on two-dimensional graphical interfaces. This requires
the user to visualize complex 3D anatomical structures from a twodimensional view.
4.3.2 In-house virtual surgical planning including haptic technology
In collaboration with the Centre for Image Analysis at Uppsala University, a
new tool for virtual reduction of mandible fractures has been developed.
Haptic Assisted Surgical Planning (HASP) is an intuitive, in-house solution
designed for the surgeon to perform all steps involved in both planning and
evaluation.
HASP uses stereo graphics, six degrees-of-freedom (DOF) input, and haptic
feedback to improve the surgical planning by allowing easier interaction
with 3D data, figure 16. As part of the procedure, the surgeon manipulates
virtual bone fragments in 3D through a haptic device, which provides 6DOF
input and 3DOF force feedback. The haptic simulation computes a collision
response when bone fragments collide, allowing the surgeon to assess the fit
between bone fragments and to test whether the occlusion is correct. The
haptic simulation also helps to avoid interpenetration of fragments that may
be impossible to detect visually. Head-tracked stereo glasses allow the surgeon to receive correct depth perception and enable him/her to look around
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in the virtual scene. Further details about the HASP system are provided in
Olsson et al.12

Figure 16. HASP hardware including haptic device and head-tracked stereo glasses
(left). A trauma case visualised in HASP (right).

4.3.3 In-house 3D printing
The goal with VSP for complex mandible fractures is to perform virtual reduction to create a model as close to the original shape of the mandible as
possible. The model can be manufactured through rapid prototyping (RP) in
a 3D printer available at the clinic. The printed model can then be used for
either pre-shaping the osteosynthesis material or for the manufacturing of a
patient-specific plate. The ultimate goal for this is of course a workflow also
including the possibility to fabricate PSI:s from metal for the individual ostheosynthesis of the trauma patient, but regulatory issues, cost-effectiveness
for caregivers and other infrastructural support are obvious problems to be
solved.82
For the individual patient with a complex mandible fracture, accurate virtual
preoperative planning has the potential to shorten the operation time and
improve the aesthetic outcome and function.

3.4 Time differences between VSP and conventional
planning – a systematic review and meta-analysis.
The purpose of VSP and CAS technologies in CMF surgery is to increase
precision and to reduce morbidity and operative time.1, 83 Computer assisted
planning is used in a broad area of CMF surgery and the advantages have
been described in a number of studies.6, 21, 84-86 Despite the large quantity of
published studies focusing on the benefits of VSP, the question if it decreas37

es time spent in surgery has still not been fully answered. A reduced time in
the operating theatre could potentially lead to a better outcome for the patient and at the same time decrease the overall cost. Hence, a decreased operative time, ischemia time and hospitalization could thereby, potentially,
justify the additional preoperative costs that come with computer assisted
surgical planning.
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5. Material and Methods

This section discusses the methodology used for the different studies, as well
as considerations around inclusion/exclusion criteria, ethical approval and
statistical analysis.
The expressions accuracy and precision are frequently used in this thesis.
While their exact definition varies between studies in this field, for the purpose of this thesis, accuracy is defined as the ability of a measurement to
match the actual value and precision is defined as the ability of a measurement to be consistently reproduced.

5.1 Paper I, II
Both papers were based on an experimental in vitro study on a plastic skull
model with detailed dental surfaces. Orthodontic metal brackets with arch
wires were applied on the buccal surface of the teeth to imitate a planning
case for orthognathic surgery. The traditional steps for planning orthognathic
surgery were performed, including the creation of alginate impressions of the
upper and lower jaw, the fabrication of plaster cast models, the development
of a standard wax bite where the mandible was positioned into a simulated
CR, and finally a face bow registration. The casts were then mounted into an
articulator and the occlusion pattern was registered. CT and CBCT scans
were obtained scanning the skull in both a maximum intercuspation position
(MIP) and also with the wax bite in place and the mandible positioned in
CR. An intraoral scanner (IOS) was used to scan the dental surfaces and to
perform a bite registration in CR using two different methods. The obtained
wax bite in CR was used for both methods, figure 17. In the first virtual bite
registration technique, the buccal surfaces of the model were scanned with
the wax bite in situ. In the second method, the wax bite itself was scanned
using the IOS. The accuracy of merging the digital impressions from the IOS
with the CT and CBCT scans was evaluated by measuring the deviation between the objects. A colour coded distance map was used to visualise the
accuracy.
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Figure 17. Virtual bite registration. The yellow model represents the buccal scan
technique. The green model represents the scanned wax bite.

The two different virtual bite registration techniques were evaluated by creating a duplicate of the lower jaw with the identical mesh structure. The
copy was then moved away from its original position and thereafter repositioned with guidance of the two different virtual bite registration methods.
This allowed an evaluation of the accuracy of the virtual bite registration by
calculating the deviation between the “unmoved” original surface model of
the lower jaw and the repositioned mandible, figure 18. A rotational axis was
placed through the centre of the condylar head and the mandible was rotated
into dental contact. The virtual contact pattern was compared with the conventional articulator model. The different imaging processing steps, segmentation and analysis were performed in Amira, (Amira Version 5.5.0, FEI
Visualisation Sciences Group, Bordeaux, France), a commercial software
package for image visualisation and data analysis.

Figure 18. The method used to evaluate the virtual bite registration technique.
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Statistical Analysis
In this study, only descriptive statistics were reported (tabulated data, mean,
median, max values and standard deviation).
Ethical approval
The ethics committee of Uppsala approved of the study design. (Dnr
2014/088)

5.2 Paper III
This study was intended to investigate the accuracy and precision of a semiautomatic segmentation method using a series of retrospective orbital trauma
cases. Patients were enrolled through a search in the medical records of the
Department of oral and maxillofacial surgery at Västerås hospital, Sweden,
between 2012 and 2014. Patients were included if they had undergone a
surgical reconstruction for a unilateral orbital fracture and if pre- and postoperative CT scans with sufficient quality were present. The maximum slice
thickness of the CT scans was 1.5 mm for a patient to be included. 23 patients met the inclusion criteria and 21 patients gave their informed consent
to participate in the study.
The same surgeon treated all included patients and the surgeries were performed within 1-21 (mean 6.5) days after the injury.
5.2.1 The surgical procedure
The surgical approach was dependent on whether a laceration was present,
and existing patient conditions, such as age. The most common approach
was the subciliary, yet the subtarsal and infraorbital were also used. An
overview of the surgical approaches is presented in figure 19. The fractured
area was exposed and a combined mesh made of porous polyethylene and
titanium (DePuy, Synthes, Johnsson & Johnsson, West Chester, PA, USA)
was used. The implant was trimmed and adjusted to the fracture area to accurately cover the missing bone and to stabilize the orbital soft tissue.
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Figure 19. Approaches through the external skin to the orbit. (A) Subciliary. (B)
Subtarsal. (C) Infraorbital.

5.2.2 Segmentation and shape analysis
DICOM data from the retrospective cases was imported into the semiautomatic segmentation software, developed at the Centre for Image Analysis,
Uppsala University, Sweden.87 The segmentation method is semi-automatic
and uses a deformable surface model and 3D interaction with haptics. It consists of the following steps:
1. Segmentation of the orbital bones by Hounsfield unit (HU) thresholding.
2. Closing the anterior opening with a plane fitted to four user-selected
landmarks.
3. Fitting of the deformable model into the orbit cavity enclosed by
thresholded bones and the anterior plane.
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Figure 20. Overview of the semi-automatic segmentation process. (A) Marking of
the anterior opening of the orbit. (B) Initialization of a deformable model inside the
orbit. (C) The model is fitted to the orbit using CT image information and haptic 3D
user interaction.

Two observers performed the segmentation procedure twice each for all the
cases. The inter- and intraobserver variability was evaluated. Quantitative
and visual shape analyses of the segmented orbits were performed by mirroring the intact side on to the fractured side and calculating the deviation, surface distance and volume overlap, between the two models.
Statistical Analysis
Pre- and postoperative volume differences were compared using a Wilcoxon
signed rank test. 88 The precision of the segmentation method was analysed
with Bland Altman plots.89
Ethical approval
The ethics committee of Uppsala approved to the study design. (Dnr
2013/301)
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5.3 Paper IV
This study was created to demonstrate a new workflow for an in-house VSP
system for complex mandible fractures and to investigate the accuracy, precision and the time used for planning.
To evaluate the accuracy, we used a plastic skull model with detailed dental
surfaces. The plastic skull was scanned with CT before a bilateral fracture
was created on the model. A new CT scan was obtained and both scans were
exported in DICOM format into BoneSplit for segmentation. BoneSplit is an
interactive segmentation tool that uses a 3D texture-painting interface for
bone separation.45 The semi-automatic segmentation in BoneSplit enables
quick separation of individual bone fragments after an initial threshold value
for bone tissue has been selected. A graph-based segmentation method is
used to automatically compute a label image from seeds that the user paints
on the surface of the bone.
The segmented data was imported into HASP and three different users performed the virtual reduction. All three users performed the planning twice.
Accuracy was evaluated by comparing the virtual reduction with the intact
skull model. Intra- and interobserver variability was evaluated.
The tool was also evaluated on a series of retrospective trauma cases with
complex mandible fractures. The patients were identified trough a search in
the patient database at the department of Oral and Maxillofacial surgery at
Uppsala University hospital between 2015 and 2017. Inclusion criteria were
a mandible fracture with at least two displaced fractures with existing preand post-operative CT/CBCT scans with a slice thickness of less then 1 mm.
The data was segmented in BoneSplit, and the virtual reduction was done in
HASP by the same observers as for the plastic skull. The planning was performed twice to enable evaluation of both intra- and interobserver variability, described in mean absolute distance (MAD), maximum distance, volume
overlap (DICE), and angular difference.
Statistical Analysis
Descriptive statistics were reported (tabulated data, mean absolute distance,
max values and range).
The intra- and interobserver variability of the method was analysed with
Bland Altman plots.89
Ethical approval
The regional ethics committee of Uppsala approved of the study design (Dnr
2016/444).
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5.4 Paper V
This systematic review followed the PRISMA Statement guidelines.90 For a
study to be included, it was required to compare the time difference between
surgery performed with aid of VSP and surgery with conventional planning/free hand approach. The review included data on all types of craniomaxillofacial surgeries. Time data from both planning phase, operative time,
ischemia time and hospitalization were recorded. Case reports, case series of
less than 5 patients, animal studies, in vitro studies and review papers were
excluded. Data regarding navigation was also excluded. The literature search
was conducted using the medical subject heading (MeSH) terms and is described in full text in Appendix 1.
Statistical Analysis
Descriptive statistics were used to report the data. A meta-analysis was performed, evaluating the differences in operative time, ischemia time and hospitalization between the VSP group and the control group. The I2 statistic
was used to express the percentage of the total variation across studies based
on heterogeneity, with 25% corresponding to low heterogeneity, 50% to
moderate, and 75% to high. The inverse variance method was used for the
random-effect model. A meta-analysis was attempted only if there were
studies with similar comparisons reporting the same outcome measures, e.g.,
operative time, ischemia time and hospitalization. A funnel plot was drawn
describing the effect size versus standard error. This could indicate potential
publication bias and other biases related to sample size. The data was analysed in Review Manager (version 5.3.3, The Nordic Cochrane Centre, The
Cochrane Collaboration, Copenhagen, Denmark, 2014).
Ethical approval
No ethical approval was needed
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6. Results and Discussion

6.1 Paper I, II
Results
This study presented and evaluated a technical workflow for merging different 3D-data of the cranio-maxillofacial skeleton, dentition and how to virtually position the mandible in CR. The workflow involved image acquisition,
CT/CBCT and intraoral scanning, and image processing, including image
segmentation and registration. The study also demonstrated a method of
creating an axis though the condylar heads to enable rotation of the mandible
and the possibility to obtain a virtual occlusal contact pattern. The difference
between the intraoral scanned imaged and the underlying CT and CBCT
image is visualised in a color-coded distance map, figure 21. The mean absolute distance of the two surface models was below 0.2 mm for both CT and
CBCT. Table 2 shows the differences in the distance between the overlapping surface models of CT/CBCT and intraoral optical scanning. The maximum deviation was seen in the posterior region and around the orthodontic
brackets.
Virtual bite registration into CR was evaluated by two different approaches
and the buccal scanning technique showed superior results compared to the
virtualised wax bite technique. Table 3 presents the differences in distance
between the lower jaw positioned with guidance of the two different virtual
bite registration approaches.
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Figure 21. The accuracy of merging the digital impression of the dentition from an
intraoral scanner and the underlying CT/CBCT model is represented with a colour
coded distance map.

Table 2. Differences in distance (mm) between the mesh overlap following the registration of CT/CBCT data and surface data from intraoral scanning.
Mean

SD

Median

Max

0.15
0.14

0.12
0.12

0.13
0.11

0.99
0.98

CBCT maxillary arch
0.18
CBCT mandibular arch 0.17

0.13
0.13

0.15
0.14

0.93
0.87

CT maxillary arch
CT mandibular arch
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Table 3. Difference in distance (mm) between the lower jaw, positioned with guidance of the two different virtual bite registration approaches using the unmoved
lower jaw as a reference.
Mean

SD

Median

Max

CT buccal 1
CT buccal 2

0.41
0.41

0.077
0.13

0.37
0.39

0.69
0.73

CT wax bite scan 1
CT wax bite scan 2

1.3
1.0

0.32
0.23

1.3
1.0

1.8
1.7

CBCT buccal 1
CBCT buccal 2

0.45
0.49

0.15
0.19

0.44
0.50

0.84
0.97

CBCT wax bite scan 1
CBCT wax bite scan 2

0.65
1.0

0.16
0.30

0.67
0.69

0.91
1.6

Discussion
This study demonstrates the technical workflow, including imaging processing steps, to create a composite model for orthognathic surgery planning.
Our main observation was that there was no possible way to create an accurate 3D model for orthognathic surgery planning using just one single image
modality. Additionally, we observed a lack of CR consideration in the existing computer-assisted planning. Hence, there was a need for the merging of
different imaging modalities, as well as to evaluate the accuracy of the registration between different sources. An alternative to the two virtual bite registration approaches described in this study is to achieve the CBCT scanning
with the patient positioned in CR with the aid of a wax bite. This would also
facilitate the segmentation and separation of the upper from the lower jaw.
The virtual bite registration using an intraoral scanner on the other hand,
offers the option to relocate a 3D model of the lower jaw at any assessment
of the treatment stage using both CT and CBCT scans.
Centric relation (CR) describes the jaw relationship between the maxilla
and the mandible when the mandible is in its most retruded position. This is
done by gently manipulating the mandible backwards and upwards. CR is
the most reproducible jaw relationship and is an important corner stone in
prosthodontics and also in orthognathic surgery. Xia et al58, discussed this
topic in the light of orthognathic surgery, describing the importance of bite
registration in CR and how failure to capture the accurate occlusion in CR
can cause either an unwanted outcome or an inaccurate plan. They also state
that bite registration in CR serves as a reference and foundation for the entire
process of orthognathic surgery. A failure to properly reposition the mandibular condyles during a mandibular orthognathic surgical procedure has been
widely studied in the literature, as it will negatively affect the outcome and
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occlusion and therefore represents a very important technical step in the
surgery.91
The traditional planning setup, with plaster cast models mounted on an articulator, assists the surgeon in the preoperative assessment. However, these
casts limit the analysis to the dental surfaces and interocclusal relationship.
The impact on the movements on the facial bone and soft tissue cannot be
evaluated simultaneously. Another disadvantage is the amount of time spent
on laboratory work. Steinhuber et al52 and Wrzosek et al51 reported on the
difference in preoperative planning time for orthognathic surgery, comparing
computer-assisted 3D planning and conventional planning. Both studies
showed a significant difference in time spent, with 3D planning taking considerably less time. The most obvious time saving was seen in the laboratory
work.
It is important to note, that when comparing different models from different
image modalities, it is only possible to show the deviation between the nearest neighbouring surface points. This can introduce inaccuracies in the result,
because the distance may be calculated in different directions, providing
different results depending on which surface is defined as the reference surface. When calculating the distance between two exact 3D copies, however,
which in this case was the position and repositioning of the 3D mandible
models, we were able to analyse the deviation between the exact matching
mesh points and therefore do not encounter this problem. This representation
is closer to a true measurement and therefore will create other types of 3D
colour-coded distance maps. We were able to apply the mapping technique
onto two identical 3D models with identically numbered and located mesh
points.
There is still more research and evaluation that needs to be done in the field
of full arch scans with IOS, but the rapid development is opening up for new
applications in the field of dentistry and maxillofacial surgery. The limits for
the use of IOS may be expanding and an interesting field of scanning intraoral soft tissue would be a next valuable step to explore. Olsson et al92,
presented a novel method of haptic-assisted surgical planning aiming to predict and match the recipient soft tissue defect with the soft tissue flap. The
study describes both the concept of planning the osseous component but also
a way of predicting the size and location of the vessels of the skin paddle.
In summary, this study describes a new method for virtual bite registration
using intra oral scanning and CT/CBCT in order to create a composite 3D
model of the craniomaxillofacial region without the need for any additional
laboratory work. The method suggests the use of intraoral scanning to first
capture the detailed morphology of the teeth, followed by a scan of the buc49

cal surfaces with the mandible placed in CR. An accurate 3D model was
created and can be used for orthognathic surgery planning. Further studies to
implement these results in a clinical setup are needed and should be part of
the ongoing research agenda.

6.2 Paper III
Results
There was a statistically significant orbital volume difference (p<0.01) before and after a surgery. The mean volume of the intact orbit was 27.2 ± 2.8
ml. The pre-operative mean volume difference was 1.3 ± 1.1 ml, while the
post-operative mean volume difference was 0.9 ± 0.6 ml. The precision
analysis of the segmentation system, described by intra- and interobserver
variability, is presented in figure 22. The estimated time for performing the
semi-automatic segmentations was between 5-10 min for each orbit. Table 4
summarises the results of the quantitative shape analysis, presented in mean
absolute distance (MAD), maximum absolute distance (Hausdorff) and the
volume overlap (Dice similarity coefficient), between the mirrored fractured
orbit and the contralateral orbit. Figure 23 demonstrates a case before surgery, superimposing the fractured, mirrored orbit on the intact contralateral
orbit and visualising the shape differences. Figure 24 demonstrates the same
case after surgery.
Table 4. Preoperative and postoperative data in study subjects. DSC: Dice similarity
coefficient. Max: maximum. Abs: absolute. Post-op: postoperatively. Pre-op: preoperatively. Figures in parentheses denote standard deviation.
User

Mean abs.
distance
(mm), preop

Mean abs.
distance
(mm),
post-op

Max abs.
distance
(mm), preop

Max abs.
distance
(mm),
post-op

Volume
overlap
(DSC),
pre-op

Volume
overlap
(DSC),
post-op

U1T1

0.728
(0.212)

0.553
(0.140)

5.019
(1.922)

3.986
(1.663)

0.930
(0.020)

0.948
(0.013)

U1T2

0.791
(0.244)

0.587
(0.120)

5.383
(2.210)

4.120
(1.511)

0.919
(0.025)

0.940
(0.012)

U2T1

0.782
(0.252)

0.574
(0.152)

5.037
(2.382)

3.804
(1.691)

0.925
(0.024)

0.946
(0.014)

U2T2

0.721
(0.224)

0.568
(0.133)

4.976
(2.189)

4.096
(1.534)

0.930
(0.022)

0.945
(0.013)

Total

0.756
(0.232)

0.570
(0.135)

5.104
(2.148)

4.001
(1.578)

0.926
(0.023)

0.944
(0.013)
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Figure 22. Bland-Altman plots showing the inter-observer (A, B) and intra-observer
(C, D) variability of the semi-automatic orbit segmentations.
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Figure 23. Preoperative shape comparison between a fractured orbit (red) and the
mirrored contralateral side (blue). Semi-transparent overlays in column 3 display the
spatial overlap between the orbits, wheras the color-coded distance map in columns
4 and 5 show the signed and un signed surface-to-surface distance, respectively.

Figure 24. Corresponding comparison of the orbit shapes after surgery.
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Discussion
The study showed that the average volume overlap (DICE) increased, while
the surface distance decreased after surgery, leading to the assumption that
the surgery contributed to a re-establishment of both size and shape. The
purpose of the study was to evaluate a semi-automatic segmentation tool to
measure volume and perform shape analysis, before and after surgical reconstruction of orbital fractures. This study focused entirely on the radiological
perspectives and no clinical data was presented. The semi-automatic segmentation method used in this study was shown to be fast and had a precision to detect volume differences down to 1.0 ml. The correlation between
increased volume in the orbit and the development of enophtalmos has been
frequently debated in the literature, with studies showing deviating results on
the topic.70, 71, 93, 94 Whitehouse et al93 and Yab et al95 presented that a certain
amount of increased volume could predict the degree of enophthalmos. More
recent studies from Schönegg et al94 and Alinasab et al71 do not confirm
those results and suggest that increased volume is an unreliable prediction
method for late complications. Schönegg et al could, however, identify a
statistical correlation between fractures of the anterior and medial thirds of
orbital floor and diplopia. They suggested that the location of the fracture
might be of higher importance than the actual volume difference.94
Hence, while the extent of enlargement of the fractured orbit cannot be used
as a sole indication for surgery, it can be part of the entire assessment, together with clinical findings and patient symptoms. Accurate volume measurement and especially shape analysis in the preoperative and postoperative
phase can be powerful supplements in diagnostics and evaluation of the surgical outcome. The shape analysis makes it possible to create a colour map
and to visualise the local deviations between the fractured orbit in comparison to the intact side.
The semi-automatic segmentation method used in this study has some limitations. There is no reliable standardized way of identifying the anterior opening of the orbit. In this study, we created a planar boundary after placing four
landmarks on the orbital rim. The definition of the anterior boundary is made
manually, increasing the risk for inter- and intra-observer variations. The
anterior part of the orbit has the widest diameter, so even a small deviation in
the placement of the anterior boundary will have a large impact on the total
volume measured. Another potential problem with the definition of the anterior opening is the imperfection that stems from different head positioning
during the CT-scanning procedure before and after the surgery. This is also
why we believe that the shape analysis could be of a greater value than the
volume measurement alone. The shape of the fractured orbit could potential-
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ly differ substantially from the intact side, even tough the volumes of the
orbits are similar, and vice versa.
Development of an automatic procedure for defining the anterior opening, as
well as the creation of a more stringent protocol for the CT-scanning procedure, could make this semi-automatic segmentation tool even more accurate.
The protocol should contain a reproducible positioning of the patient and
require a minimum slice thickness of 1 mm to reduce the partial volume
effect.
In conclusion, a new semi-automatic segmentation method, based on a deformable surface model, was used for volume and shape analysis of a series
of patients with unilateral orbital fractures. The study showed that the method was fast and has a precision of detecting volume differences down to 1
ml. We believe that semi-automatic segmentation in combination with 3D
shape analysis can be a powerful tool for preoperative planning and postoperative evaluation for orbital fractures and should be part of further research.

6.3 Paper IV
Results
HASP is a fast and user-friendly VSP system with high precision, but relatively low accuracy, which is made for the surgeon him/herself to perform
all relevant steps of the planning. The study showed a mean planning time of
15 minutes, including segmentation, for complex mandible fracture cases.
Table 4 shows the accuracy for virtual reductions on the plastic skull model
using the intact mandible as a reference. Figure 25 shows the intra-observer
variability, described in mean absolute distance (MAD), maximum
(Hausdorff) distance and volume overlap (DICE). Figure 26 shows the interobserver variability. Figure 27 shows the intra-operator precision for one of
the analysed cases and is visualised by a colour-coded distance map.
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Table 5. This table provides data on accuracy for the different users of the planning
method, describing the mean absolute distance (MAD), maximum (Hausdorff) distance and the volume overlap (DICE) between the intact plastic skull and the repeated virtual reductions. The table also shows the accuracy between the glued skull and
the virtual reductions.

MAD

Max

Volume overlap (DICE)

U1T1-INTACT
U1T2-INTACT
U2T1-INTACT
U2T2-INTACT
U3T1-INTACT
U3T2-INTACT
Mean
Min/max

1.88
1.73
1.76
1.09
1.7
1.73
1.65
[1.09, 1.88]

8.57
6.87
6.94
4.85
8.05
7.45
7.12
[4.85, 8.57]

0.63
0.66
0.65
0.79
0.66
0.66
0.67
[0.63, 0.79]

U1T1-GLUED
U1T2-GLUED
U2T1-GLUED
U2T2-GLUED
U3T1-GLUED
U3T2-GLUED
Mean
Min/max

1.05
0.93
1.03
0.8
0.82
0.94
0.93
[0.8, 1.05]

4.54
4.37
4.15
3.41
3.62
3.47
3.93
[3.41, 4.54]

0.8
0.82
0.81
0.85
0.85
0.82
0.83
[0.8, 0.85]
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Figure 25. Intra-observer variability. The measurements from the plastic skull model
are marked with orange data points
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Figure 26. Inter-observer variability. The measurements from the plastic skull model
are marked with orange data points.

Figure 27. Intra-operator absolute distance presented with a colour coded distance
map.
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Discussion
VSP in the field of trauma needs to be fast and user-friendly. Current commercially available CMF planning systems are based on the collaboration
with a computer engineer to perform all the steps under close guidance of the
surgeon.33-35 There is of course advantages with this setup, mainly that an
engineer with advanced technical knowledge can perform all the preprocessing steps. However, there are also some drawbacks. The most obvious one is the time needed for the collaboration, fabrication and shipping of
the relevant guides or implants. In both trauma and in reconstruction due to
malignant tumours, the time for planning is limited. In such cases, it is therefore often not possible to use the existing commercially available planning
systems. Another disadvantage is that the available VSP systems are primarily relying on 2D graphical interfaces. This requires the user to visualise
complex 3D anatomical structures from a 2D view.
Clinical studies using VSP for mandible fractures are rare.4, 6, 81, 96 This is
most likely due to time limitations in trauma cases, where the goal in general
is to perform the surgical intervention as soon as possible in order to lessen
patient discomfort and avoid tissue edema and inflammation, which can
make the surgery more technically difficult at a later stage. Biller et al97,
investigated the relationship between timing of surgery and postoperative
complications and demonstrated no difference in infections and
non/malunion, comparing treatment within or after three days. The study
could, however, identify that complications because of technical errors increased in the group treated after 3 days. Ellis et al78, recommend as a rule of
thumb, that mandible fractures should be treated as early as possible, since
the vast majority of mandibular fractures are compound fractures. Given the
above, for VSP to be viable for use in trauma cases, it would need to be both
fast, as well as user-friendly enough for a surgeon to use on their own. This
has created an interest for having an in-house solution for VSP that meets
these demands.
Li et al.81 presented a study comparing VSP with conventional surgery for
complex mandibular fractures. The planning was carried out through a websession, but the physical models were printed at the clinic, thereby reducing
the time normally needed for manufacturing and shipping. The study reported a significant decrease in operative time for the VSP group, in addition to
reduced bleeding. The study suggests that the pre-shaping of the reconstruction plate makes the surgery faster and more accurate, especially for the
edentulous patient without a normal occlusion as guidance. Repetitive bending of the plate could also lead to a weakness in the plate and thereby increase the risk of fatigue break.
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The present study describes the workflow for using an in-house VSP-system
including haptic technology for the planning of complex mandibular fractures. This novel planning setup was shown to be time-efficient, userfriendly and with high precision and relatively low accuracy.
A weakness in the study design was the use of an artificial plastic skull to
evaluate the accuracy. A cadaver skull would likely have been more appropriate to use, in order to also pose the challenges involved with segmentation
of different tissue types. Furthermore, it may have been more suitable to
randomize the patient cases, so that the user would not perform the same
case two times in a row. The instant repetition of a case could have resulted
in bias for the second planning session, stemming from a potential learning
curve and the memory of the previous session.
In addition, there is a need to develop the planning system further to increase
both the accuracy and the precision. The accuracy and precision were shown
to be less than 2 mm. It is important to interpret these results with caution,
since a deviation of 2 mm may seem like a significant issue in the clinical
situation, but does not necessarily have a large impact. Firstly, a minimal
rotation at the fracture site will propagate into a large deviation at the peripheral anatomical structures, leading to a high mean absolute distance between two objects. In this case, the clinical impact at the fracture site remains low, something that is not reflected in the numbers. Secondly, when
evaluating the reproducibility (intra/inter-observer variability) for the retrospective cases, it is not possible to know the original shape of the mandible.
Hence, two virtual reductions can only be compared to each other but not to
the original state. Moreover, a small move or rotation of a mandible in one
virtual reduction compared to another can result in significant measured
deviations, even though the two virtual reductions may have exactly the
same shape. This is because the measurements were made by superimposing
the cranium and then calculating the deviations between two virtual planned
mandibles.
Limitations of the current HASP system include limited resolution in the
number of contact points in the haptic simulation, and the use of a haptic
device only supporting 3DOF force output (no torque output). Improving the
performance of the haptic simulation could increase the haptic fidelity of the
system, and thereby make it easier for users to tell when bone fragments fit
together.
For most mandible fractures, the treatment strategy is relatively straightforward. Due to this, VSP should not be used as standard. However, when it
comes to more complex fractures with multiple segments or an edentulous or
atrophic mandible, re-establishment of the 3D shape can be challenging, and
VSP can be of significant assistance. In those cases, there is a need for a
59

load-bearing osteosynthesis, which often entails a long reconstruction plate.
Accurately fitting a long reconstruction plate can be very time consuming
and is highly dependent on the surgeon’s level of experience. Accurate fracture reduction is vital to re-establish the native shape of the mandible and
thereby the function. Insufficient reduction and fixation will increase the risk
for post-operative complications including mal-union/non-union and malocclusion. 76
The eventual goal of HASP is to provide the surgeon with the ability to apply the virtual surgical planning in a fast, intuitive way, but also to facilitate
the different steps trough the surgery, including plate choice and preoperative modification of the plate. This would potentially simplify the reduction
of the fracture and the placement of the plate. It may also lead to a faster,
more accurate surgery with less post-operative complications. A welldesigned prospective clinical study is the next step to assess these claims.

6.4 Paper V
Results
The result of the literature search is presented in figure 28. The search resulted in 4389 studies, where 1540 were duplicates. The title and abstract of
the remaining 2849 articles were screened independently by two of the authors. The full article was reviewed for 124 studies, but only 27 articles were
finally included in the systematic review. The remaining 97 articles did not
fulfil the inclusion criteria.
Descriptive data from the included 27 studies are presented in table 5. The
total amount of patients in the VSP group was 524, while 770 were in the
control group. The majority of the articles reported on reconstruction of the
mandible or maxilla, though there were also studies regarding orthognathic
surgery, orbital reconstruction, midface distraction and mandible fractures. A
meta-analysis was conducted regarding operative time for mandibular/maxillary reconstruction, showing a reduction in operative time in favour
of the VSP group with a mean difference of -84.61 min (95%CI -106.77, 62.45, p<0.00001), Figure 29. A meta-analysis was also conducted for ischemia time and hospitalisation, suggesting a reduction in both ischemia
time and hospitalisation in favour of VSP, see figure 30 and figure 31.
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Figure 28. Flow diagram of the literature search

Table 6. The tables on page 62 and 63 show detailed data of the included studies.
Abbreviations used in the tables:
ND: Not Described. FFF: Free Fibula Flap. TMJ: Temporomandibular Joint. SD:
Standard Deviation. VSP: Virtual Surgical Planning. NE: Not evaluated. SJ: Single
Jaw. DJ: Double Jaw.
a: Same patients in both groups. b: Interquartile range. c: Min – max. d: From anastomosis to end e: median f: time for fibula molding, plate adaptation and insetting.
All times are written in minutes.
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63

Figure 29. Forest plot regarding operative time
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Figure 30. Forest plot regarding ischemia time

Figure 31. Forest plot regarding hospitalisation time.
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Discussion
This systematic review suggests that VSP can reduce the total operative time
and ischemia time for reconstructive CMF surgery. The study also shows
slightly shorter hospitalization duration after reconstructive CMF surgery in
the VSP group. Reduced operative time and ischemia time are known prognostic factors, not only for the free-flap survival, but also for the overall
morbidity. 27, 49 Reduced time spent in the operation theatre will also likely
have positive economic implications that outweigh higher upfront costs for
VSP.1, 3 Chang et al.98 presented the largest study with a total number of 92
patients, having mandible reconstruction with osteocutaneous free flaps from
fibula (n=89) or scapula (n=3). The study evaluated the operative accuracy
and efficiency for a VSP group and a control group. The study reported a
high precision and a low deviation between the preoperative virtual plan and
the actual outcome. The authors suggested that the improved accuracy and
plating of the fibula to the mandible could be performed with less modification, which translated into shorter ischemia time and shorter total operative
time. Ayoub et al21 presented a prospective, randomised trial comparing VSP
with conventional surgery for mandible reconstruction using vascularised
iliac crest bone grafts. The results showed a decreased ischemia time for the
VSP group, as well as a reduction in the amount of bone that was harvested
in the VSP group compared to the control. The authors also identified a significantly smaller alteration of the condyle position in the VSP group.
Steinhuber et al52 and Wrzosek et al51 reported on the difference in preoperative planning time for orthognathic surgery, comparing VSP and conventional planning. Both studies showed VSP to take significantly less time
during pre operative planning. The most obvious time saving was seen in the
laboratory work.
Two studies, Fan et al99 and Zielinski et al100, reported on orbital reconstruction, comparing VSP and conventional planning. Both studies showed a
reduced operating time. Fan et al. also described that VSP increased the accuracy and safety of the surgery.
The results from this study must be interpreted with caution due to the relatively small amount of included studies and patients. A weakness of the
study is that many of the included studies had a retrospective design and
were not randomized. Lacking randomisation can lead to a bias in the result
due to the risk of differences in the groups, such as co-morbidities, the severity of the defect, and the difficulty of the actual surgery. An assumption
could be that the surgeons would have a higher tendency to choose VSP for
a more complex case, which could have biased the results. There is a need
for a larger, prospective and randomized study to examine these issues.
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7. Conclusions

Paper I, II
A method for generating a 3D model of the facial skeleton and dentition,
including virtual bite registration, was developed and evaluated. The model
has the potential to eliminate plaster cast models and traditional laboratory
work, and may facilitate 3D computer-assisted-planning in orthognathic
surgery.
Paper III
A semi-automatic segmentation method for the orbit was evaluated, showing
a precision for detecting volume differences down to 1.0 ml. The combination of this semi-automatic segmentation and 3D shape analysis provides a
powerful tool for planning and evaluating reconstruction of orbital fractures.

Paper IV
This study presents an in-house haptic assisted planning tool with high usability that can be used for preoperative planning and evaluation of complex
mandible fractures. The planning is time-efficient and showed high precision
but relatively low accuracy.

Paper V
This systematic review and meta-analysis suggests that VSP shortens the
operative time and ischemia time for reconstructive CMF surgery. VSP also
seems to shorten the preoperative planning time for orthognathic surgery.
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8. Summary and contribution

Recent advances in scientific and technological knowledge have led to a
revolution in imaging techniques and virtual planning. VSP and CAS have
likely only begun the larger transformation that we will see in CMF surgery
in the future. As we move from the surgeon’s subjective assessment to a
more structured setup for preoperative virtual planning and intraoperative
implementation, we will see both improved accuracy and efficiency. In this
thesis, we have developed and evaluated different crucial steps in virtual
planning in CMF.
Contributions of this PhD are:
• A workflow for creating an accurate 3D model of the facial skeleton and
dentition was presented. The workflow also included a method for virtual bite registration to position the mandible into CR. It has the potential
to eliminate plaster casts and model surgery and may facilitate 3D computer-assisted planning for orthognathic surgery.
• Evaluation of a semi-automatic segmentation method in combination
with 3D shape analysis, showing that it provides a powerful tool for preoperative planning and postoperative evaluation for orbital fractures.
The system can provide accurate and precise segmentation of both intact
and fractured orbits and is time efficient.
• An in-house VSP-system including haptics for complex mandible fractures was presented and evaluated. The planning setup was shown to be
time-efficient, user-friendly and with high precision. The system has
shown potential to be a valuable tool for treatment of complex mandible
fractures.
• A systematic literature review found VSP to shorten the operation time
and ischemia time for reconstructive CMF surgery. It also suggests that
VSP shortens the preoperative planning time for orthognathic surgery.
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9. Future work

An important part of future work would be prospective, clinical evaluations
of the virtual surgical planning methods described in this thesis. The included studies in this thesis are mainly focusing on the technical aspects and the
accuracy and precision in the methods used. It is still relatively expensive to
perform and invest in new technology with VSP and CAS and it is therefore
of great interest to validate the clinical relevance. Several papers have been
published in the field of VSP for CMF surgery but there are few randomised,
prospective studies available.
Another crucial part of future work involving the methods developed and
used in this thesis is how the virtual surgical plan can be transferred into the
operating theatre. There is a need for more tools for designing and manufacturing guides and plates in an in-house setting.
An interesting project, we are currently working on, is a clinical study investigating the accuracy and survival of cranio- maxillofacial implants for facial
prosthesis planned with VSP. The aim of this study is to investigate the actual agreement between the virtual plan and the implant position, as well as to
study the survival and clinical appearance of the craniofacial implants.
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10. Sammanfattning på svenska

Virtuell kirurgisk planering är en preoperativ planeringsmetod som involverar visualisering av det kirurgiska ingreppet i en tredimensionell (3D) miljö.
Det finns flera fördelar med virtuell kirurgisk planering, bland annat förbättrad noggrannhet i det kirurgiska ingreppet med möjligheten att kunna simulera och diskutera kirurgin vid upprepade tillfällen innan operationen i en 3D
miljö. Virtuell kirurgisk planering kan också underlätta kirurgin genom
framställning av patientspecifika guider för placering av osteotomier eller
borrhål. Det finns även möjlighet att framställa patientspecifika implantat
eller fixerande plattor. Navigation och intraoperativ CT är andra hjälpmedel
som har kommit i och med den nya teknologiska revolution som råder. Postoperativt kan kirurgin utvärderas genom att röntgenbilden före och efter
ingreppet superponeras, överlappas, och resultatet kan analyseras. Det är
också möjligt att jämföra det postoperativa resultatet med den virtuella planen och utvärdera noggrannheten. En annan möjlighet är att spegelvända den
intakta sidan av ansiktet för att på så vis utvärdera operationen med avseende på
symmetri eller volymskillnader.
Det viktigaste steget i virtuell kirurgisk planering är att skapa en noggrann
avbildning av den anatomiska struktur som man vill arbeta med. I dag finns
det flera olika medicinska bildtagningssystem som kan generera detaljerade
3D bilder av skelettet och mjukvävnad, t.ex. CT, CBCT, MR, intraoral skanning, ultraljud etc. Trots alla dessa tekniker så finns det inte en separat bildtagningsteknik som kan generera en noggrann 3D modell av både ansiktsskelettet, tänder och mjukvävnad. Det finns således ett behov av att kombinera olika bildtekniker för att uppnå detta, något som är speciellt relevant för
ortognatkirurgi där det är av yttersta vikt att ha en 3D modell med exakt
avbildning av ansiktsskelettet, tänderna och käkarnas relation till varandra.
En annan svårighet inom virtuell planering är att separera, s.k. segmentera,
specifika anatomiska strukturer från resten av bilden. Ögonhålan är en struktur som utgör en stor utmaning när det kommer till segmentering. Detta på
grund av ögonhålans lokalisation men framför allt på grund av de extremt
tunna benväggar som finns i botten på ögonhålan och i den mediala väggen.
Detta medför att kontrasten mellan ben och mjukvävnad kan vara låg och att
det är svårt att avgöra var gränsen mellan de olika vävnaderna går vid segmentering.
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Åtskilliga artiklar har rapporterat om fördelarna med virtuell planering men
en begränsning med de befintliga system är den tid som krävs för att utföra
planeringen, tillverka och transportera guider eller patientspecifika implantat. Detta har öppnat upp för idéen att ha ett planeringssystem på den egna
kliniken, där kirurgen eller en tekniker, kan utföra alla steg av planeringen
inklusive framställning av guider. Detta skulle kunna medföra att virtuell
planering kan användas inom ett allt större område av den kraniomaxillofaciala kirurgin, inklusive ansiktsfrakturer där det tidigare inte funnits tid till
virtuell planering.
Den här avhandlingen är baserad på fem delarbeten; två studier diskuterar
och utvärderar noggrannheten av att kombinera CT/CBCT med intraoral
skanning. Ett tredje arbete fokuserar på segmentering av ögonhålor, den
fjärde studien utvärderar ett nytt virtuellt planeringsverktyg for komplexa
mandibelfrakturer och det avslutande femte arbetet är en systematisk litteraturöversikt och metaanalys som undersöker eventuella tidsskillnader mellan
kirurgi som är planerad virtuellt och traditionellt utförd planering utan virtuella hjälpmedel.
Den här avhandlingen har bidragit med följande:
•

•

•

•

En arbetsgång och metod för att skapa en 3D modell där både tänder,
ocklusionen och ansiktsskelettet är representerat med hög noggrannhet.
Projektet presenterar även en metod för virtuell bettsregistrering med
hjälp av intraoral skanning där underkäken kan guidas in i en reproducerbar, diagnostisk position, s.k. centric relation (CR). Studien demonstrerar en ny arbetsgång utan behov för traditionella avtryck och gipsmodeller. Modellen kan användas för planering av ortognatkirurgi.
Utvärdering av ett semi-automatiskt segmenteringsverktyg för preoperativ planering och utvärdering av orbita frakturer. Systemet är tidseffektivt och har en hög noggrannhet och precision. Verktyget kan användas
för både form och volymanalyser.
Ett klinikbaserat virtuellt planeringssystem som inkluderar haptik har
utvärderats för komplexa mandibel frakturer. Systemet var användarvänligt, tidseffektivt, med hög reproducerbarhet men relativt låg noggrannhet.
En systematisk litteraturöversikt och metaanalys visade att virtuell kirurgisk planering för mandibel/maxilla rekonstruktioner med olika typer av
transplantat gav en kortare operationstid och ischemitid. Den visade
också att virtuell planering förkortade planeringstiden för ortognatkirurgi.
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11. Related work

Survival and complications of implants to support craniofacial prosthesis: A systematic review. (2016) Chrcanovic, BR., Nilsson, J., Thor, A. J
Craniomaxillofac Surg. Aug 6.
Osseointegrated craniofacial implants have been in use since the 1970s and
have significantly improved the potential for rehabilitating patients with larger
soft and hard tissue defects.101 The prostheses have gained a stronger acceptance among patients due to better retention provided by the implants and
improvements in the quality of aesthetic work done. In comparison to plastic
surgical reconstruction, implant placement is a relatively simple and straightforward treatment, offering the patients a substantially improved quality of
life. 102 The use of implant therapy in this patient group requires consideration
of potential benefits to be gained from the therapy. To better understand these
benefits, this systematic review was conducted. The paper reports that craniofacial implants placed in the auricular region had a lower probability of failure
than implants in the nasal or orbital region. Radiotherapy significantly increased the risk of implant failure. Soft tissue reactions were the most common
complication after treatment with craniofacial implants.
Rapid and Precise Orbit Segmentation through Interactive 3D Painting
Nysjö J, Nilsson J, Malmberg F, Thor A, Nyström I. (manuscript)
In this paper, we present an efficient interactive tool for segmenting and measuring the volume of the bony orbit in CT images. The tool implements a 3D
painting interface that allows the user to quickly segment or “paint” the orbital
fat and soft tissue by sweeping a volumetric brush over the image. The brush
modifies and up-dates the segmentation result in real time and takes distance
and gradient information into account to fill out and find the exact boundaries
of the orbit. A smooth and consistent delineation of the anterior opening is
obtained by fitting a thin-plate spline to user-selected landmarks on the orbital
rim. We evaluated the tool on ten CT images of intact and fractured orbits and
showed a high intra- and inter-operator precision. The tool can produce segmentation results that are similar to manually corrected reference segmentations, but require only a few minutes of interaction time.

72

12. Acknowledgements

It is impossible for me to list all the people that have played part on my journey to completing this PhD. I would like to express my special appreciation
to the following extraordinarily helpful and inspiring people who contributed
directly or indirectly to this thesis, and who have provided encouragement
and support along the way:
My dear supervisor Andreas Thor, for believing in me and for always being
positive and a great source of inspiration, both in research and in surgery. I
am deeply impressed by your dedication to your work and the capacity to
have “många bollar i luften”. Thanks for your support on those days where
research (and life) felt a bit more like an uphill battle, giving a push in the
right direction and good advice whenever needed.
Lukas Kamer, my supervisor and department manager during my 6 months
in Davos at AO Research Institute. Thanks for giving me an invaluable start
on this PhD journey with great scientific insights, guidance and support.
AO Research Institute and Geoff Richards, professor and director, for the
fantastic opportunity to be a research fellow in beautiful Davos, Switzerland.
I am deeply grateful for all the knowledge, opportunities and connections
that came out of this stay.
Johan Nysjö, co-author and one of the ultra-talented twins at Centre of image
analysis, Uppsala University. Thanks for all the help and guidance in the
orbital segmentation project.
Fredrik Nysjö, co-author and the other of the ultra-talented twins at Centre of
image analysis, Uppsala University. Thanks for all the help and support in
the VSP for complex mandible project.
Ingela Nyström, co-author, for valuable development ideas and always giving positive support.
Anders-Petter Carlsson, co-author and colleague, thank you for sharing your
great knowledge in surgery and for always taking time for questions and
discussions.
73

Nishma Hindocha, co-author, colleague and friend. Thank you for being
such an inspiration and support in all parts of my life. You’re such a super
woman.
Johan Kämpe, co-author. Thanks for all of your help with extracting
CT/CBCT images and the guidance in the field of radiology and imaging.
Emma Lotta Säätelä, librarian at Uppsala University Library, for your valuable help with the systematic review.
All the employees at the department of Oral and Maxillofacial surgery, Uppsala University Hospital, for your friendliness and help with research projects. And for the pleasure of “fika-breaks” with knäckebröd and Kalles, as
well as for entertaining my partner and son when they were passing time in
the fikarum while waiting for me to finish my measurements.
Jan Hirsch, for great knowledge, enthusiasm and support.
Lene Arensdorff Kristiansen, thanks for graphic design help with the figures.
The department of Oral and Maxillofacial surgery, Sjaellands Universitets
hospital, Køge. Thanks to all the wonderful colleagues at my hospital. And a
special thanks to the head of our department, Michael Skøien With, for the
flexibility and understanding when I needed time for finishing this PhD.
Folktandvården Västertorg, my first work place as a new dentist. I’m very
grateful for this time and all the great people working there.
FoU, ALF, SFOMK, for research scholarships and economical contributions.
Bagerdygtig Valby, for all the gluten-free tebirkes (Danish pastry) I have
been eating during the writing of this thesis.
Åsa Sund, my fantastic former dental assistant, who supported and believed
in my abilities in the first small surgeries at Folktandvården. For your positive energy and your amazing cakes.
Familjen Gavelin, for adopting me as a member of your family and for
providing me with korv stroganoff, a place to stay and strong drinks whenever needed. And a special thanks to Lena who was my mentor in my first
year as a dentist.
Familjen Sparby, for your general awesomeness and for many fun stays in
your guestroom during the work on this thesis.
74

Emma, Frida, and Sara, for being my closest and always supportive friends. I
am so lucky to have you, and wish everyone could be blessed to have as
amazing friends as you.
Luke and Nicola, for helping out with Viggo in those busy PhD-times.
My family, to the best parents ever, mamma Marie and pappa Lars, for all of
your love and support throughout the years and for pushing me just the right
amount. To my dear sister Emma for being a strategic lifeline, and for your
patience in teaching statistics to your little sister. And thanks to the rest of
the awesome Viotti family, Olle, Folke and Astrid.
Sven, my partner in crime. Thank you for being the biggest support of them
all throughout this process. Thank you for your endless patience with me and
for being one of the smartest people I know. I once thought that surviving a
hike on a cliff edge on Hawaii during storm and rain was the ultimate test of
a relationship, but now I totally know that if we survived those last PhDmonths together, we can survive anything! I love you.
Viggo, thank you for being the absolute best thing in my life.

75

13. References

1.

Tarsitano A, Battaglia S, Crimi S, Ciocca L, Scotti R, Marchetti C. Is a
computer-assisted design and computer-assisted manufacturing method for
mandibular reconstruction economically viable? J Craniomaxillofac Surg.
2016;44(7):795-9.
2. Tarsitano A, Battaglia S, Ricotta F, Bortolani B, Cercenelli L, Marcelli E, et al.
Accuracy of CAD/CAM mandibular reconstruction: A three-dimensional, fully
virtual outcome evaluation method. J Craniomaxillofac Surg. 2018;46(7):11215.
3. Xia JJ, Phillips CV, Gateno J, Teichgraeber JF, Christensen AM, Gliddon MJ,
et al. Cost-effectiveness analysis for computer-aided surgical simulation in
complex cranio-maxillofacial surgery. J Oral Maxillofac Surg.
2006;64(12):1780-4.
4. Kokosis G, Davidson EH, Pedreira R, Macmillan A, Dorafshar AH. The Use of
Computer-Aided Design and Manufacturing in Acute Mandibular Trauma
Reconstruction. J Oral Maxillofac Surg. 2018;76(5):1036-43.
5. Kupfer P, Cheng A, Patel A, Amundson M, Dierks EJ, Bell RB. Virtual
Surgical Planning and Intraoperative Imaging in Management of Ballistic
Facial and Mandibular Condylar Injuries. Atlas Oral Maxillofac Surg Clin
North Am. 2017;25(1):17-23.
6. Thor A. Preoperative Planning of Virtual Osteotomies Followed by Fabrication
of Patient Specific Reconstruction Plate for Secondary Correction and Fixation
of Displaced Bilateral Mandibular Body Fracture. Craniomaxillofac Trauma
Reconstr. 2016;9(2):188-94.
7. Nilsson J, Nysjo J, Carlsson AP, Thor A. Comparison analysis of orbital shape
and volume in unilateral fractured orbits. J Craniomaxillofac Surg.
2018;46(3):381-7.
8. Gateno J, Xia J, Teichgraeber JF, Rosen A. A new technique for the creation of
a computerized composite skull model. J Oral Maxillofac Surg.
2003;61(2):222-7.
9. Swennen GR, Barth EL, Eulzer C, Schutyser F. The use of a new 3D splint and
double CT scan procedure to obtain an accurate anatomic virtual augmented
model of the skull. Int J Oral Maxillofac Surg. 2007;36(2):146-52.
10. Ingela Nystro ̈m JN, and Filip Malmberg. Visualization and Haptics for
Interactive Medical Image Analysis: Image Segmentation in CranioMaxillofacial Surgery Planning.
11. Wang YY, Zhang HQ, Fan S, Zhang DM, Huang ZQ, Chen WL, et al.
Mandibular reconstruction with the vascularized fibula flap: comparison of
virtual planning surgery and conventional surgery. Int J Oral Maxillofac Surg.
2016;45(11):1400-5.
12. Olsson P, Nysjo F, Hirsch JM, Carlbom IB. A haptics-assisted craniomaxillofacial surgery planning system for restoring skeletal anatomy in
complex trauma cases. Int J Comput Assist Radiol Surg. 2013;8(6):887-94.

76

13. Zhao L, Patel PK, Cohen M. Application of virtual surgical planning with
computer assisted design and manufacturing technology to cranio-maxillofacial
surgery. Arch Plast Surg. 2012;39(4):309-16.
14. Swennen GR, Mollemans W, Schutyser F. Three-dimensional treatment
planning of orthognathic surgery in the era of virtual imaging. J Oral
Maxillofac Surg. 2009;67(10):2080-92.
15. Xia JJ, Shevchenko L, Gateno J, Teichgraeber JF, Taylor TD, Lasky RE, et al.
Outcome study of computer-aided surgical simulation in the treatment of
patients with craniomaxillofacial deformities. J Oral Maxillofac Surg.
2011;69(7):2014-24.
16. Oransky I. Sir Godfrey N. Hounsfield. Lancet. 2004;364(9439):1032.
17. Ambrose J. Computerized transverse axial scanning (tomography). 2. Clinical
application. Br J Radiol. 1973;46(552):1023-47.
18. Hounsfield GN. Computerized transverse axial scanning (tomography). 1.
Description of system. Br J Radiol. 1973;46(552):1016-22.
19. Vannier MW, Marsh JL, Warren JO. Three dimensional CT reconstruction
images for craniofacial surgical planning and evaluation. Radiology.
1984;150(1):179-84.
20. McGurk M, Amis AA, Potamianos P, Goodger NM. Rapid prototyping
techniques for anatomical modelling in medicine. Ann R Coll Surg Engl.
1997;79(3):169-74.
21. Ayoub N, Ghassemi A, Rana M, Gerressen M, Riediger D, Holzle F, et al.
Evaluation of computer-assisted mandibular reconstruction with vascularized
iliac crest bone graft compared to conventional surgery: a randomized
prospective clinical trial. Trials. 2014;15:114.
22. Ullah R, Turner PJ, Khambay BS. Accuracy of three-dimensional soft tissue
predictions in orthognathic surgery after Le Fort I advancement osteotomies.
Br J Oral Maxillofac Surg. 2015;53(2):153-7.
23. Otávio Emmel Becker NS, Marcelo Fernandes Santos Melo, Orion Luiz Haas
Junior, Rafael Linard Avelar, Luciane Macedo De Menezes and Rogério Belle
De Oliveira. Three-dimensional Planning in Orthognathic Surgery using Conebeam Computed Tomography and Computer Software. J Comput Sci Syst Biol
2013;6(6):311-6.
24. Reitemeier B, Schone C, Schreiber S, Stockmann F, Ullmann K, Eckelt U.
Planning implant positions for an auricular prosthesis with digital data. J
Prosthet Dent. 2012;107(2):128-31.
25. Testelin S. [History of microsurgical reconstruction of the mandible]. Ann Chir
Plast Esthet. 1992;37(3):241-5.
26. Wei FC, Chen HC, Chuang CC, Noordhoff MS. Fibular osteoseptocutaneous
flap: anatomic study and clinical application. Plast Reconstr Surg.
1986;78(2):191-200.
27. Chang SY HJ, Tsao CK, Nguyen A, Mittakanti K, Lin CY, Cheng MH. Does
ischemia time affect the outcome of free fibula flaps for head and neck
reconstruction? A review of 116 cases. Plast Reconstr Surg.
2010;Dec;126(6):1988-95.
28. Modabber A, Legros C, Rana M, Gerressen M, Riediger D, Ghassemi A.
Evaluation of computer-assisted jaw reconstruction with free vascularized
fibular flap compared to conventional surgery: a clinical pilot study. Int J Med
Robot. 2012;8(2):215-20.
29. Seruya M, Fisher M, Rodriguez ED. Computer-assisted versus conventional
free fibula flap technique for craniofacial reconstruction: an outcomes
comparison. Plast Reconstr Surg. 2013;132(5):1219-28.

77

30. Maciunas RJ. Computer-assisted neurosurgery. Clin Neurosurg. 2006;53:26771.
31. Kacker A, Tabaee A, Anand V. Computer-assisted surgical navigation in
revision endoscopic sinus surgery. Otolaryngol Clin North Am.
2005;38(3):473-82, vi.
32. Zheng G, Nolte LP. Computer-Assisted Orthopedic Surgery: Current State and
Future Perspective. Front Surg. 2015;2:66.
33. http://www.materialise.com.
34. http://www.planmeca.com.
35. http://www.brainlab.com.
36. Varga E, Jr., Hammer B, Hardy BM, Kamer L. The accuracy of threedimensional model generation. What makes it accurate to be used for surgical
planning? Int J Oral Maxillofac Surg. 2013;42(9):1159-66.
37. C.P. PBB. Visual Computing for Medicine, Theory, Algorithms, and
Applications2013.
38. Schulze D, Heiland M, Thurmann H, Adam G. Radiation exposure during
midfacial imaging using 4- and 16-slice computed tomography, cone beam
computed tomography systems and conventional radiography. Dentomaxillofac
Radiol. 2004;33(2):83-6.
39. Lewin S, Riben C, Thor A, Ohman-Magi C. Bone Volume Assessment Around
Dental Implants After Open Maxillary Sinus Elevation Surgery: A Quantitative
Approach to CBCT Images. Int J Oral Maxillofac Implants. 2019.
40. Scarfe WC, Farman AG. What is cone-beam CT and how does it work? Dent
Clin North Am. 2008;52(4):707-30, v.
41. Ras F, Habets L, Van Ginkel F, Prahl-Andersen B. Quantification of facial
morphology using stereophotogrammetry—demonstration of a new concept.
Journal of dentistry. 1996;24(5):369-74.
42. Kau CH, Richmond S, Zhurov AI, Knox J, Chestnutt I, Hartles F, et al.
Reliability of measuring facial morphology with a 3-dimensional laser
scanning system. Am J Orthod Dentofacial Orthop. 2005;128(4):424-30.
43. Kaipatur NR, Flores-Mir C. Accuracy of computer programs in predicting
orthognathic surgery soft tissue response. J Oral Maxillofac Surg.
2009;67(4):751-9.
44. Pham DL, Xu C, Prince JL. Current methods in medical image segmentation.
Annu Rev Biomed Eng. 2000;2:315-37.
45. Nysjö J MF, Sintorn IM, Nyström I. BoneSplit - A 3D Texture Painting Tool
for Interactive Bone Separation in CT Images. Journal of WSCG.
2015;23(2):157-66.
46. Besl PJ, McKay ND, editors. Method for registration of 3-D shapes. RoboticsDL tentative; 1992: International Society for Optics and Photonics.
47. Lin Y, Wang X, Wu F, Chen X, Wang C, Shen G. Development and validation
of a surgical training simulator with haptic feedback for learning bone-sawing
skill. J Biomed Inform. 2014;48:122-9.
48. Trauner R, Obwegeser H. The surgical correction of mandibular prognathism
and retrognathia with consideration of genioplasty. I. Surgical procedures to
correct mandibular prognathism and reshaping of the chin. Oral Surg Oral Med
Oral Pathol. 1957;10(7):677-89; contd.
49. Fonseca RJ WR. Oral and maxillofacial trauma 1997.
50. Swennen GR, Mommaerts MY, Abeloos J, De Clercq C, Lamoral P, Neyt N, et
al. A cone-beam CT based technique to augment the 3D virtual skull model
with a detailed dental surface. Int J Oral Maxillofac Surg. 2009;38(1):48-57.

78

51. Wrzosek MK, Peacock ZS, Laviv A, Goldwaser BR, Ortiz R, Resnick CM, et
al. Comparison of time required for traditional versus virtual orthognathic
surgery treatment planning. Int J Oral Maxillofac Surg. 2016;45(9):1065-9.
52. Steinhuber T, Brunold S, Gartner C, Offermanns V, Ulmer H, Ploder O. Is
Virtual Surgical Planning in Orthognathic Surgery Faster Than Conventional
Planning? A Time and Workflow Analysis of an Office-Based Workflow for
Single- and Double-Jaw Surgery. J Oral Maxillofac Surg. 2018;76(2):397-407.
53. Ellis E, 3rd. Accuracy of model surgery: evaluation of an old technique and
introduction of a new one. J Oral Maxillofac Surg. 1990;48(11):1161-7.
54. Ellis E, 3rd, Tharanon W, Gambrell K. Accuracy of face-bow transfer: effect
on surgical prediction and postsurgical result. J Oral Maxillofac Surg.
1992;50(6):562-7.
55. Sukovic P. Cone beam computed tomography in craniofacial imaging. Orthod
Craniofac Res. 2003;6 Suppl 1:31-6; discussion 179-82.
56. Scarfe WC, Farman AG, Sukovic P. Clinical applications of cone-beam
computed tomography in dental practice. J Can Dent Assoc. 2006;72(1):75-80.
57. Schulze R, Heil U, Gross D, Bruellmann DD, Dranischnikow E, Schwanecke
U, et al. Artefacts in CBCT: a review. Dentomaxillofac Radiol.
2011;40(5):265-73.
58. James J. Xia JG, John F Teichgraeber. Computer-Aided Surgical Simulation
for Orthognathic Surgery - Current Therapy in Oral and Maxillofacial Surgery
2012.
59. Ender A, Mehl A. Full arch scans: conventional versus digital impressions--an
in-vitro study. Int J Comput Dent. 2011;14(1):11-21.
60. Ender A, Mehl A. Accuracy of complete-arch dental impressions: a new
method of measuring trueness and precision. J Prosthet Dent. 2013;109(2):1218.
61. Mehl A, Ender A, Mormann W, Attin T. Accuracy testing of a new intraoral
3D camera. Int J Comput Dent. 2009;12(1):11-28.
62. Nedelcu R, Olsson P, Nystrom I, Thor A. Finish line distinctness and accuracy
in 7 intraoral scanners versus conventional impression: an in vitro descriptive
comparison. BMC Oral Health. 2018;18(1):27.
63. Nedelcu RG, Persson AS. Scanning accuracy and precision in 4 intraoral
scanners: an in vitro comparison based on 3-dimensional analysis. J Prosthet
Dent. 2014;112(6):1461-71.
64. Patzelt SB, Emmanouilidi A, Stampf S, Strub JR, Att W. Accuracy of full-arch
scans using intraoral scanners. Clin Oral Investig. 2013.
65. Roth FS, Koshy JC, Goldberg JS, Soparkar CN. Pearls of orbital trauma
management. Semin Plast Surg. 2010;24(4):398-410.
66. Eric W. Baker MS, Erik Schulte, Udo Schumacher. Anatomy for Dental
Medicine: Thieme; 2015.
67. Ellis E, 3rd, el-Attar A, Moos KF. An analysis of 2,067 cases of zygomaticoorbital fracture. J Oral Maxillofac Surg. 1985;43(6):417-28.
68. Burnstine MA. Clinical recommendations for repair of orbital facial fractures.
Curr Opin Ophthalmol. 2003;14(5):236-40.
69. McGurk M, Whitehouse RW, Taylor PM, Swinson B. Orbital volume
measured by a low-dose CT scanning technique. Dentomaxillofac Radiol.
1992;21(2):70-2.
70. Manson PN, Grivas A, Rosenbaum A, Vannier M, Zinreich J, Iliff N. Studies
on enophthalmos: II. The measurement of orbital injuries and their treatment
by quantitative computed tomography. Plast Reconstr Surg. 1986;77(2):20314.

79

71. Alinasab B, Beckman MO, Pansell T, Abdi S, Westermark AH, Stjarne P.
Relative difference in orbital volume as an indication for surgical
reconstruction in isolated orbital floor fractures. Craniomaxillofac Trauma
Reconstr. 2011;4(4):203-12.
72. Jansen J, Schreurs R, Dubois L, Maal TJ, Gooris PJ, Becking AG. Orbital
volume analysis: validation of a semi-automatic software segmentation
method. Int J Comput Assist Radiol Surg. 2016;11(1):11-8.
73. Ellis E, 3rd, Moos KF, el-Attar A. Ten years of mandibular fractures: an
analysis of 2,137 cases. Oral Surg Oral Med Oral Pathol. 1985;59(2):120-9.
74. Gassner R, Tuli T, Hachl O, Rudisch A, Ulmer H. Cranio-maxillofacial
trauma: a 10 year review of 9,543 cases with 21,067 injuries. J
Craniomaxillofac Surg. 2003;31(1):51-61.
75. Tay AG, Yeow VK, Tan BK, Sng K, Huang MH, Foo CL. A review of
mandibular fractures in a craniomaxillofacial trauma centre. Ann Acad Med
Singapore. 1999;28(5):630-3.
76. Koshy JC, Feldman EM, Chike-Obi CJ, Bullocks JM. Pearls of mandibular
trauma management. Semin Plast Surg. 2010;24(4):357-74.
77. Motamedi MH, Dadgar E, Ebrahimi A, Shirani G, Haghighat A, Jamalpour
MR. Pattern of maxillofacial fractures: a 5-year analysis of 8,818 patients. J
Trauma Acute Care Surg. 2014;77(4):630-4.
78. Ellis E, 3rd, Miles BA. Fractures of the mandible: a technical perspective. Plast
Reconstr Surg. 2007;120(7 Suppl 2):76S-89S.
79. AO Surgery Reference.
80. Stokbro K, Aagaard E, Torkov P, Bell RB, Thygesen T. Virtual planning in
orthognathic surgery. Int J Oral Maxillofac Surg. 2014;43(8):957-65.
81. Li P. Clinical evaluation of computer-assisted surgical technique in the
treatment of comminuted mandibular fractures. Journal of Oral and
Maxillofacial Surgery, Medicine, and Pathology. 2015;27(3):332-6.
82. Thor A, Palmquist A, Hirsch JM, Rannar LE, Derand P, Omar O. Clinical,
Morphological, and Molecular Evaluations of Bone Regeneration With an
Additive Manufactured Osteosynthesis Plate. J Craniofac Surg.
2016;27(7):1899-904.
83. Wilde F, Hanken H, Probst F, Schramm A, Heiland M, Cornelius CP.
Multicenter study on the use of patient-specific CAD/CAM reconstruction
plates for mandibular reconstruction. Int J Comput Assist Radiol Surg.
2015;10(12):2035-51.
84. Hammoudeh JA, Howell LK, Boutros S, Scott MA, Urata MM. Current Status
of Surgical Planning for Orthognathic Surgery: Traditional Methods versus 3D
Surgical Planning. Plast Reconstr Surg Glob Open. 2015;3(2):e307.
85. Xia JJ, Gateno J, Teichgraeber JF, Christensen AM, Lasky RE, Lemoine JJ, et
al. Accuracy of the computer-aided surgical simulation (CASS) system in the
treatment of patients with complex craniomaxillofacial deformity: A pilot
study. J Oral Maxillofac Surg. 2007;65(2):248-54.
86. Culie D, Dassonville O, Poissonnet G, Riss JC, Fernandez J, Bozec A. Virtual
planning and guided surgery in fibular free-flap mandibular reconstruction: A
29-case series. Eur Ann Otorhinolaryngol Head Neck Dis. 2016;133(3):175-8.
87. Nyström I, Nysjö J, Malmberg F, editors. Visualization and haptics for
interactive medical image analysis: Image segmentation in cranio-maxillofacial
surgery planning. International Visual Informatics Conference; 2011: Springer.
88. Wilcoxon F. Individual comparisons of grouped data by ranking methods. J
Econ Entomol. 1946;39:269.

80

89. Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet. 1986;1(8476):307-10.
90. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. PLoS
Med. 2009;6(7):e1000097.
91. Choi BJ, Choi YH, Lee BS, Kwon YD, Choo YJ, Ohe JY. A CBCT study on
positional change in mandibular condyle according to metallic anchorage
methods in skeletal class III patients after orthognatic surgery. J
Craniomaxillofac Surg. 2014;42(8):1617-22.
92. Olsson P, Nysjo F, Rodriguez-Lorenzo A, Thor A, Hirsch JM, Carlbom IB.
Haptics-assisted Virtual Planning of Bone, Soft Tissue, and Vessels in Fibula
Osteocutaneous Free Flaps. Plast Reconstr Surg Glob Open. 2015;3(8):e479.
93. Whitehouse RW, Batterbury M, Jackson A, Noble JL. Prediction of
enophthalmos by computed tomography after 'blow out' orbital fracture. Br J
Ophthalmol. 1994;78(8):618-20.
94. Schonegg D, Wagner M, Schumann P, Essig H, Seifert B, Rucker M, et al.
Correlation between increased orbital volume and enophthalmos and diplopia
in patients with fractures of the orbital floor or the medial orbital wall. J
Craniomaxillofac Surg. 2018;46(9):1544-9.
95. Yab K, Tajima S, Ohba S. Displacements of eyeball in orbital blowout
fractures. Plast Reconstr Surg. 1997;100(6):1409-17.
96. Elegbede A, Diaconu SC, McNichols CHL, Seu M, Rasko YM, Grant MP, et
al.
Office-Based
Three-Dimensional
Printing
Workflow
for
Craniomaxillofacial Fracture Repair. J Craniofac Surg. 2018;29(5):e440-e4.
97. Biller JA, Pletcher SD, Goldberg AN, Murr AH. Complications and the time to
repair of mandible fractures. Laryngoscope. 2005;115(5):769-72.
98. Chang EI, Jenkins MP, Patel SA, Topham NS. Long-Term Operative
Outcomes of Preoperative Computed Tomography-Guided Virtual Surgical
Planning for Osteocutaneous Free Flap Mandible Reconstruction. Plast
Reconstr Surg. 2016;137(2):619-23.
99. Fan B, Chen H, Sun YJ, Wang BF, Che L, Liu SY, et al. Clinical effects of 3-D
printing-assisted personalized reconstructive surgery for blowout orbital
fractures. Graefes Arch Clin Exp Ophthalmol. 2017;255(10):2051-7.
100. Zielinski R, Malinska M, Kozakiewicz M. Classical versus custom orbital wall
reconstruction: Selected factors regarding surgery and hospitalization. J
Craniomaxillofac Surg. 2017;45(5):710-5.
101. Tjellstrom A, Lindstrom J, Nylen O, Albrektsson T, Branemark PI, Birgersson
B, et al. The bone-anchored auricular episthesis. Laryngoscope.
1981;91(5):811-5.
102. Abu-Serriah MM, McGowan DA, Moos KF, Bagg J. Outcome of extra-oral
craniofacial endosseous implants. Br J Oral Maxillofac Surg. 2001;39(4):26975.

81

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1544
Editor: The Dean of the Faculty of Medicine
A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-377726

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2019

