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Abstract

Pelvic fractures are severe injuries that are associated with high rates of mortality and
morbidity, especially in the elderly population. In severe cases of fracture, urgent surgical
intervention may be required with the use of fixation plates to stabilize the fracture. The surgical
planning process of these fractures is complicated and time consuming, which could potentially
increase the risk on the patients. Therefore, this thesis aims to provide a method for virtually
reconstructing fractured pelvises with the goal of easing the surgical planning process and

improving surgical outcomes.

For unilaterally fractured pelvises, pelvic symmetry was examined first to conclude
whether the contralateral side can be used as a template for rebuilding the fractured side. Pelvic
bilateral symmetry was evaluated by studying intact pelvises and calculating the differences
between the left and right sides with the use of 3D deviation analyses. Results showed that the
pelvis exhibits remarkable left-right symmetry, confirming that the uninjured sides of fractured
pelvises can serve as viable models in virtual pelvis reduction. A reconstruction technique is
presented and assessed in this thesis. It is a semi-automatic method that can provide accurate virtual
reconstructions with deviations within the clinically acceptable range for preventing osteoarthritis

in the hip joints.

For bilaterally fractured pelvises, there is no intact model to serve as a template for the
reconstruction procedure. Therefore, average pelvic shape models were developed to work as
templates for the reconstruction. Separate average shape models were developed for male and
female hemipelves to account for sex differences in pelvic shape. Statistical shape modeling was

used to build these average shape models from a group of intact pelvises. Differences in shape
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between the average shape models and the respective intact pelvises from which they were
developed is discussed in this thesis. The average shape models were then used as templates to
reconstruct unilaterally fractured pelvises. The results were compared to the same pelvises that
were reconstructed by using the opposite intact sides as templates, in order to evaluate the quality
of the reduction. Finally, the method for reconstructing bilaterally fractured pelvises using the

average shape template is presented.

Developing an accurate virtual reconstruction method for different types of pelvic fracture
has the potential to lower the overwhelmingly high mortality and morbidity rates. Surgeons will
be able to provide better treatments for these patients by offering quicker treatment proposals and
easing the design process of the fixation plates for surgery. This can reduce the wait times for

patients prior to surgery while preserving the quality of the planned reconstruction procedure.
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Chapter 1: Introduction

1.1 Background and Motivation

The human pelvic bone has an irregular morphological shape which makes it prone to serious
fractures when injured. In some complex cases, the bone may be shattered into several fragments
and involve damage to the surrounding soft tissue. As a result of this, pelvic fractures are associated
with the highest rates of mortality and morbidity in musculoskeletal injuries [1]. The mortality rate
for patients with complex fractures accompanied with soft tissue injuries exceeds 33% [2, 3].

These mortality and morbidity rates run even higher for elderly patients over the age of 60 [4, 5].

Patients with pelvic fractures need urgent treatment with surgical intervention and the use of pelvic
clips, metal plates or screws [6, 7]. Their surgical treatment plans involve collaboration between
various healthcare professionals and requires many hospital resources, which may be limited at
the time [8]. This could potentially delay the treatment process and increase the risk on the patient.
In addition, some severe cases of pelvic injury require customized components to be manufactured

for stabilizing the fracture which can delay surgery by 4-6 weeks [9].

Pelvic fractures are known to be one of the most difficult injuries to treat, due to associated
complications, as well as limited surgical access to the intricate areas of the pelvis [10]. Not to
mention, the strict criteria that must be adhered to in order to limit or prevent post-operative
osteoarthritis in the hip joints [11-16]. Studies have shown that accurate preoperative planning are

necessary for a successful reconstruction or reduction of the pelvis [17, 18].

Virtual pelvic fracture reconstruction methods have been introduced to assist in the surgical
planning process. These methods are successful in reducing operation times and providing good
reductions, but they have limitations [11]. In these methods, the user manually moves the fractured
pieces to the proper location. Therefore, they can only be performed by expert medical
professionals, which makes them subjective, as well as time consuming. For these reasons, this
thesis aims to provide a solution for the current limitations in handling pelvic fractures. This will
be accomplished by proposing a relatively quick and semi-automatic method for building accurate
3D virtual models of reduced pelvises that orthopedic surgeons can use as templates for planning

their surgeries and developing custom fracture fixation plates. Our method provides accurate



reconstructions while minimizing user-subjectivity and only requires basic computer software

skills.

1.2 Objectives

The main objective of this research is to develop a method for virtual pelvic fracture reconstruction
of both unilaterally and bilaterally fractured pelvises. This will assist surgeons by providing them
with a 3D reference model of a reduced pelvis for the surgical planning procedure. The specific

aims (SA) of this project are listed below.

SA 1: For unilateral fractures, pelvic symmetry will be investigated first to conclude that the

contralateral side can be used as a template for reconstructing the fractured side.

SA 2: Virtual reconstruction for unilateral fractures will be developed by mirroring the uninjured

hemipelvis and using it to align the fracture pieces.

SA 3: For the bilateral fractured pelvises, average male and female left and right hemipelvis shapes
will be created from a group of intact adult pelvises and then used to serve as templates for the
reconstruction. The average hemipelvis shapes will be scaled to the same volume as the fractured
pelvises, in order to account for size variations. Finally, the fractured pieces will be aligned with

the average hemipelvis shape to form a model of a reconstructed pelvis.

1.3 Thesis Outline

The research conducted in this thesis is presented as follows:

Chapter 1 provides a brief introduction to the topic by describing the motivation behind the work.

It also includes a list of research objectives which provide a viable solution to the issue at stake.
Chapter 2 provides the necessary background as well as a review of the literature in the area.

Chapter 3 presents the research conducted on the left-right symmetry of the pelvis. The methods
used to study this symmetry are introduced and the results are presented using both qualitative and

quantitative data. A conclusion about pelvic symmetry is then made.

Chapter 4 presents a method for virtually reconstructing pelvises that are broken on one side by
using the opposite intact side as a template. The quality of the reduced hemipelves is evaluated by

comparing them to their intact sides. Results include quantitative statistics and color maps.
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Chapter 5 presents the average pelvic shapes developed for both males and females. The reduction
quality is evaluated by reconstructing the unilaterally fractured pelvises introduced in Chapter 4
using the average pelvic shapes as templates and comparing these results with those presented in
Chapter 4. The method used to reconstruct bilaterally fractured pelvises is also presented and

evaluated.

Chapter 6 includes a conclusion of this thesis and presents recommendations for work that can be

implemented in the future.



Chapter 2: Literature Review

2.1 Pelvis Anatomy

Anatomical directions are used to describe the location of different elements in the human body.
The terms used in this research and their equivalent definition in lay terms are: anterior (front),
posterior (back), superior (above), inferior (below), medial (towards the middle) and lateral

(towards the edge).

The hip or pelvis serves as a weight-bearing structure and is the connection point between the
upper body and each of the lower limbs. It is made up of two innominate bones that are linked to
the skeleton posteriorly at the sacrum, (lower end of the vertebral column). These two hip bones
(or coxal bones), the left and right sides of the pelvis, are also joined together anteriorly through
the pubic symphysis [19, 20]. The entire structure, including the hip bones, sacrum and coccyx

forms the pelvis (Fig. 2.1).

Sacrum

llium

Hip _
bone

Coccyx

Ischium
Pubic Symphysis
Pubis

Fig. 2.1 The pelvis connects the lower limbs to the skeleton through the sacrum. It is the made up of the
hip bones, sacrum and coccyx. The adult hip bone is made up of three main regions, the ilium, ischium
and pubis (adapted from: https://www.thinglink.com/scene/866024238958510081).

The hip bone is the focal point of this research. It is made up of three separate bones, the ilium,
ischium and pubis, which merge together throughout teenage years to form one bone (Fig. 2.1).
The same names are used to define the different regions of an adult hip bone. The ilium forms the
largest section of the hip bone; it has a wing-like structure and connects to the sacrum through the

sacroiliac joint. The ischium is the posteroinferior section of the hip bone and gives support to the



body whilst sitting. The pubis is the anteromedial section of the hip bone and connects to the
opposite pubis through the pubic symphysis joint as shown in Fig. 2.1. These three regions join in
the center to form the acetabulum, a cup-shaped cavity, which is part of the hip joint [19].

2.2 Pelvis Coordinate System

It is important to note that identifying a proper local coordinate system is essential for referring to
specific regions of the pelvis. One of the most commonly used coordinate systems for the pelvis
is that developed by Cappozzo et al. [21]. They identified the three principal planes by using
anatomical landmarks. The origin was first defined as the midpoint between the right and left
anterior superior iliac spines (RASIS and LASIS). The z axis is the line passing through the RASIS
and LASIS, with its positive direction towards the RASIS. The x axis is the line passing through
the midpoint between the right and left posterior superior iliac spines (RPSIS and LPSIS) and the
origin, with its positive direction from back to front. The xz plane defines the quasi-transverse
plane. The y axis is orthogonal to this quasi-transverse plane, with its positive direction upwards.
Finally, the xy plane defines the quasi-sagittal plane and the yz plane defines the quasi-coronal
plane [21]. Fig. 2.2 shows the position of the anatomical landmarks used to define this coordinate
system, as well as the three planes. This coordinate system was used throughout this thesis,
however, for simplicity, the three planes are referred to as the axial plane (quasi-transverse plane),

sagittal plane (quasi-sagittal plane) and coronal plane (quasi-coronal plane).

(a) (b)
Fig. 2.2 (a) The pelvis local coordinate system, as defined by Cappozzo et al. The anatomical landmarks
used to define this coordinate system are labelled, as well as the origin and local axes [21]. (b) The three
local planes.
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2.3 Pelvic Fracture Classification

Pelvic fractures occur when large forces with high kinetic energy impact the body at the pelvic
region. These incidents mostly result from motor vehicle accidents or falls from great heights [22].
To better understand the significance of pelvic fractures, it is important to discuss the classification
systems used. A well-established classification system enables healthcare professionals to properly
communicate with their patients and propose suitable treatments [22]. It should minimize intra-
and inter-observer subjectivity, include all the possible scenarios and be mutually exclusive, so

each fracture falls into one category only [23].

The Letournel and Judet classification [16] is one of the earliest to be established and it categorizes
pelvic fractures based on their location. This includes fracture sites, such as the acetabulum,
posterior ring and anterior ring [16]. Pennal et al. [24] developed another classification system that
distinguishes fractures by the direction of the force that causes the injury. The three main directions
of force in this classification are anteroposterior compression (APC), lateral compression (LC) and
vertical shear (VS) [24]. Later, Tile et al. [23] modified Pennal’s classification to include pelvic
stability and treatments. In his model, a stable fracture would be categorized as type A, where there
is no instability in the pelvic ring. A type B fracture is a partially stable one, where it is stable
vertically and posteriorly, but unstable rotationally. Finally, type C is a completely unstable
fracture, where the pelvic ring is unstable rotationally and vertically [23]. These unstable fractures
generally require surgical intervention and are often associated with other injuries to the

surrounding soft tissue [22].

Another classification that was also modified from Pennal’s is the Young and Burgess [25]. It is
the most commonly used classification system, since it allows surgeons to implement appropriate
treatment protocols quickly [26]. This classification includes the magnitude of forces applied and
has an additional category for combined mechanical loads (CM) [25]. Table 2.1 summarizes the

different categories of the Young and Burgess classification and their distinguishing factors.



Table 2.1 The Young and Burgess classification system [25].

Category Fracture Site Differentiating Characteristic
LC-I . Sacral compression on side of impact
Anterior transverse . -
LC-1I bi . Iliac wing fracture
LC-III (pubic rami) Contralateral open-book (APC) injury
APC Slight widening of pubic symphysis and/or sacroiliac
joint; stretched but intact anterior and posterior ligaments
APC-IT Symphyseal diastasis or | Widened sacroiliac joint; disrupted anterior ligaments;
anterior vertical intact posterior ligaments
Complete hemipelvis separation, but no vertical
APC-IIT displacement; complete sacroiliac joint disruption;
complete anterior and posterior ligament disruption
Svmphvseal diastasis or Vertical displacement anteriorly and posteriorly, usually
VS ymphy through sacroiliac joint, occasionally through iliac wing

anterior vertical
and/or sacrum

Anterior and/or
CM posterior, vertical and/or | Combination of other injury patterns: LC/VS or LC/APC
transverse components

2.4 Bilateral Symmetry

Symmetry is a geometric property which implies that two structures have the same shape, but
different orientation [27]. Bilateral symmetry is one specific type of symmetry which indicates
that two opposite objects are mirror images of each other; they are the same object when reflected
across a distinct plane. Rotoinversion symmetry is another type of symmetry that describes objects
which require reflection and rotation. Finally, translational symmetry involves both reflection and

translation in order for objects to match their counterparts [28].

Human bilateral symmetry has proven useful in many biomedical engineering and clinical
applications. When one side of the body is injured, the contralateral healthy side can be utilized to
make deductions and plan operations to restore the affected side to its original shape. Bilateral
symmetry of the skeleton is used to estimate skeletal age [29]. This can be helpful in forensic
research, when only one side of the skeleton is available for evaluation. In orthopedics, bilateral
symmetry has been used to develop models of the uninjured bones, which can serve as patient-
specific templates in the surgical planning process [30]. This method has been applied to develop

customized implants for the talus bone in the human ankle joint [31-33].

In some severe pelvic fracture cases, customized plates are required for securing the pelvis in the
correct shape. In current surgical procedures, these customized plates are produced by using
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standard straight plates and bending them into shape during the surgery, which prolongs the
operation time [34]. Creating virtual 3D models of reconstructed pelvises could allow for these
custom plates to be designed and manufactured prior to surgery. For unilaterally fractured pelvises,
the 3D models can be created by using the contralateral side as a template for the reconstruction
process. However, in order to do so, pelvic symmetry would need to be examined first and

evaluated.

Previous studies have used different methods for evaluating pelvic symmetry. Boulay et al. studied
71 anatomical landmarks on either side of 12 pelvis specimens and reported 56 of these landmarks
to be symmetric [35]. Osterhoff et al. also analyzed left-right symmetry of the periacetabular
surface of the pelvis. They used a pre-shaped acetabular implant to measure the distances between
it and 516 pelvis models. Results showed that the periacetabular region of the pelvis is considered
symmetric [36]. However, the methods presented in these studies are limited to specific points or

regions of the pelvis; and do not quantify symmetry of the entire 3D geometrical surface.

Therefore, in this research, the symmetry of the 3D pelvic surface will be investigated to determine
whether the contralateral intact side can be used as a template for rebuilding the fractured side.
Ultimately, these reconstructed pelvises can be used as models for shaping the custom fixation

plates for surgery.

2.5 Virtual Pelvis Reduction

Computer-aided surgery (CAS) is becoming more popular in clinical applications where health
care professionals and technicians use computer-aided design (CAD) software to improve surgical
outcomes [37]. It has limitless applications in various fields, such as craniofacial, orthopedic and
orthodontic surgeries [38—40]. Three-dimensional computer models are used in the surgical

planning processes and have proven to enhance the results of these surgeries [37, 39, 40].

As previously discussed, the pelvis has a complex morphological shape. Additionally, there is
limited surgical access to areas such as the hip joints [11]. Therefore, fractures in the pelvis,
particularly the acetabular region, are challenging procedures for orthopedic surgeons to handle.
For these reasons, CAS has been established for pelvic fracture reconstruction surgeries to assist

in preoperative planning [11].



Previous studies have developed techniques and planning tools for virtually reconstructing
fractured pelvises. Computerized tomography (CT) scans of the fractured pelvises are first
converted into 3D models using image processing software. The pelvises are then reassembled
into the appropriate shape by manually placing the fractured pelvic pieces in their correct location.
Finally, the fixation plates are virtually contoured over the reduced pelvis and can be manufactured
prior to surgery [10, 41-45]. Another study followed the same procedure of developing virtual 3D
models from CT scans, however, they utilized the bilaterally symmetric nature of the pelvis to
reflect the intact hemipelvis across the sagittal plane and 3D print it. The physical model was then

used as template for shaping the fixation plates [46].

Although, these virtual pelvis reconstruction techniques reduce operation times by eliminating the
need to bend the fixation plates during the surgery, they also have limitations. The former method
requires manual reconstruction, thus it is subjective and user-dependent. Not to mention, it is time
consuming and must be performed by an expert medical professional in the field. Additionally, the
reconstruction does not utilize the patient’s intact hemipelvis as a template but instead relies on
the user's expertise, which may affect the reduction quality. The latter reconstruction method also
has a constraint of not being able to identify the exact locations of the fractures on the intact
hemipelvis model, which could lead to inaccurate contouring of the fixation plates. Furthermore,
3D printing a 1:1 scale model of a hemipelvis takes nearly 24 hours [46], which delays the surgery

and increases the wait times for patients.

In this research, a new virtual pelvis reconstruction technique is introduced to overcome the
weaknesses of current methods. For the unilaterally fractured pelvises, bilateral symmetry will be
used, which will preserve the natural geometrical shape. The method is not reliant on the
availability of a medical professional since it only requires basic computer skills. In addition, the

reconstruction semi-automatic, which limits user subjectivity and reduces time.

2.6 Statistical Shape Models in Orthopedics

Statistical shape models (SSM) describe the variations in shape within a population by providing
an average shape model. They are generated by using a dataset of bones and supplying the model
with an expected initial shape from which to build this average shape. Naturally, a larger dataset

would provide a better SSM that is representative of all shape variations in the population. These



models can be built in 2D or 3D, depending on the application and the type of imaging available.
Three-dimensional SSM are generally created from CT or MRI images that are first converted into

3D models [47].

There are many applications for SSM in orthopedics, such as osteoarthritis (OA) detection [47].
OA normally begins with a degeneration of the protective cartilage covering the bone ends at the
joints. However, changes in bone shape are also considered to be a factor that could lead to OA
[48]. Diagnosis of OA can be radiographic or clinical, based on reported patient pain experience.
Health professionals monitor the progression and development of OA by measuring geometric
properties in the radiographic images. However, complicated bone shapes, cannot be fully
described using these geometric measures [47]. Therefore, researchers have begun using SSM for
accurately quantifying shape deformations, in order to assess OA progression [49]. They also
compared differences in shape between healthy subjects and those with OA. By doing so, they

were able to identify individuals who are more likely to develop OA [49].

SSM has also proven quite useful in the field of orthopedic implant design. Orthopedic implants
go through a rigorous design process and require many tests before confirming their reliability for
clinical use. Despite this, these implants may fail to perform up to the desired standard, because of
variations in bone shape within the population. SSM could be used to design appropriately shaped
implants by analyzing the morphological shape variations between individuals [47]. These models
can then be converted into finite element (FE) models for testing. The optimal implant shape with

the desired mechanical properties can then be determined [50, 51].

Another application of SSM is in preoperative surgical planning. The benefits of implementing
virtual pelvis reconstruction prior to surgery has been previously discussed in Section 2.5. This
has encouraged researchers to establish protocols for the treatment of different cases of pelvic
fracture [52]. Bilaterally fractured pelvises do not have a viable intact side to serve as a template
in the reconstruction procedure, as with unilaterally fractured pelvises. Therefore, in this thesis,
average shapes for the male and female left and right hemipelves are developed with SSM to be
used in the virtual reconstruction of bilaterally fractured pelvises. These average shapes are
developed for the hemipelvis, rather than the entire structure of the pelvis, which includes the
sacrum. Since this work focuses on fractures in the hip bone, it is important to capture the

morphological shape of that bone in itself.
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2.7 Summary

The above review summarizes the current methods of evaluating pelvic symmetry and the
available virtual reconstruction techniques for unilaterally fractured pelvises. This thesis aims to
overcome the limitations of the current techniques and expand virtual reconstruction to include
bilaterally fractured pelvises. In the following chapters pelvic symmetry is evaluated and a novel
technique for virtual pelvic fracture reconstruction is introduced. Also, the use of SSM in building

an average pelvic shape model is discussed and used to reconstruct bilaterally fractured pelvises.
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Chapter 3: Pelvis Symmetry

This chapter was published in the Medical & Biological Engineering & Computing journal:

Ead MS, Duke KK, Jaremko JL, Westover L (2020) Investigation of pelvic symmetry using CAD software.
Med Biol Eng Comput 58:75-82. https://doi.org/10.1007/s11517-019-02068-w

3.1 Abstract

Severe pelvic fractures often prove difficult for surgeons as they require patient-specific surgical
treatment plans and customized equipment. Developing virtual patient-specific 3D pelvis models
would ease the surgical planning process and enable development of custom fixation plates. This
paper aims to examine pelvic symmetry to conclude whether the contralateral side may be used as
a reference model for the fractured side of the pelvis. Fourteen subjects with intact pelvises were
involved in this study. CT scans of the pelvises were converted to 3D models and the right sides
of the pelvises were reflected and aligned with the left sides. A deviation analysis was then
performed for each set of models and results showed that the average root mean square (RMS) of
values was 1.14 = 0.26 mm and the average percentage of points below a deviation threshold of +
2 mm was 91.9 + 5.55%. The deviation color maps (DCMs) showed that the largest deviations
were on the non-articular surfaces. The volume and surface area of each model were also examined
and showed no significant differences between left and right sides. These results indicate that the
pelvis displays bilateral symmetry and this concept can be used to develop fully intact patient-

specific 3D pelvis models for fracture reconstruction using the unfractured contralateral side.

3.2 Introduction

The concept of human bilateral symmetry has been introduced to assist in various clinical and
biomedical engineering applications. The term bilateral symmetry in this context implies that one
part of a body is a mirror image of the opposite side when reflected about a unique plane. An
application where human bilateral symmetry has proved important is in estimating skeletal age
[29]. In some cases, only one side of the body is viable for evaluation, therefore, knowing that the
skeleton is symmetric would ensure that correct deductions are being made when using that one
side [29]. Bilateral symmetry has also been used to study the impact of facial symmetry on

attractiveness [53]. Another application is to evaluate the effect of atherosclerosis on the left and

12



right carotid arteries to determine whether one could be used to infer information about the
opposite one [54]. Tiimer et al. also studied bilateral symmetry of the bones forming the talocrural
joint and subtalar joints in the human ankle to investigate whether the contralateral limb may be
used as a template in clinical practice and research [30]. The idea of bilateral symmetry has also
proven useful in orbital reconstruction surgeries where the unaffected side is virtually reflected
and superimposed on the deformed orbit to define the defect; a customized patient-specific implant

1s then manufactured [55].

The human pelvic bone has an irregular shape and as a result of this, fractures resulting from
injuries are often quite complex. In these cases, the bone may be shattered into multiple small
pieces, with significantly high rates of mortality and even higher rates of morbidity [1]. Due to
associated injuries, patients with complex pelvic fractures have a mortality rate which exceeds
33% [6]. Patients require urgent treatment especially in cases where the pelvic fracture is
accompanied by soft tissue injuries and hemodynamic instability [6]. However, due to limited
access to resources and the complexity of the fractures [8], patients may have to endure delayed
treatment as a result of the time taken in analyzing their specific cases. Improperly treated complex

pelvic fractures can lead to lifelong morbidity.

Treatments of pelvic fractures may require surgical intervention and the use of screws and/or metal
plates [7, 56] to secure the pelvis in the correct shape and orientation. However, in some cases,
where the bone is shattered due to severe fractures, customized plates need to be designed for the
patients [9]. During pelvic fracture surgeries, these fixation plates are bent into the desired shape
during the operation, which significantly prolongs the operation time [34]. To address this
limitation, custom plates could be designed and manufactured prior to surgery through surgical
planning with computer-aided design (CAD) technology. The use of CAD software in preoperative
planning has been introduced in many surgeries, including mandibular and orbital reconstructions
[55, 57, 58]. Not only does this technique improve the overall surgical outcomes, but also reduces

costs and operation times [55, 57, 58].

One way to assist with the design of pelvic fixation plates is to develop patient-specific 3D models
of their pelvises. A similar approach for ankle fractures quantified the left-right symmetry of the
talus bone, confirming that the contralateral talus could be used as a patient-specific 3D model for

the injured talus [27]. Symmetry of human orbital walls has also been investigated in order to
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confirm the use of the mirroring tool in orbital reconstruction surgeries [59]. Analogous to this,
we could design patient-specific 3D models for pelvic fracture repair if pelvic symmetry could be
confirmed. Previous studies have exploited different methods of evaluating symmetry of various
regions of the pelvis. They used anatomical landmarks to compare bilateral asymmetry [35] or
studied the difference between sample pelvises with reference to pre-shaped implants [36]. Not
only are these methods subject to significant intra- and inter-observer reliability, but these studies
also failed to evaluate symmetry using the entire 3D geometry of the pelvis, in other words, all

points of all regions on the surface of the pelvis [35, 36].

The present study aims to address the shortcomings of previous approaches in quantifying pelvic
symmetry, by observing deviations between 3D models of the left and right hemi-pelvises. The
output is in the form of 3D deviation color maps (DCMs), which are a visual and quantitative
representation of deviations between the left and right sides of the pelvis. The present method
eliminates the use of landmarks or reference plates and thus removes the inter-user error associated
with those approaches. A similar technique to the one applied in this study was also implemented
to evaluate bilateral symmetry of the coronoid process [60] and the talus bone [11] and to evaluate
asymmetry associated with spinal deformities such as scoliosis [61]. The objective of this paper is
to provide a 3D quantitative measure to analyze bilateral symmetry of the pelvis. This can
ultimately allow us to introduce a method for reconstruction of pelvic fractures by building fully
intact patient-specific 3D pelvis models. By doing so, this work will help in providing a better
treatment for these patients by offering quicker treatment proposals and easing the design process

of custom plates for surgery.

The methods, tools and software used to evaluate left-right symmetry are first presented. Then,
results including deviation statistics and DCMs for all test subjects will be presented, evaluating
pelvic symmetry. We will then discuss deductions on pelvic symmetry, and the suitability of using

virtual mirroring for unilateral pelvic fracture reconstruction.

3.3 Methods

Computed Tomography (CT) scan images of 14 pelvises (11 males, 3 females, age range from 18
to 24 years with a mean age of 20.6 years) were used in this study. These scans were performed

using the Siemens SOMATOM definition flash scanner. As the scans were previously obtained
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for clinical purposes and retrospectively reviewed for this work, the scanner parameters were not
standardized across participants. The typical resolution was 512x512 pixels per slice and the
average slice thickness was 1.57 mm (range: 1 — 2 mm). Approval was obtained from the Health
Research Ethics Board at the University of Alberta including a waiver of consent to use the images
retrospectively and anonymously in this study. To create 3D digitized models from these CT scan
images, the scans were imported into Materialise-Mimics (Materialise®, Leuven, Belgium), an
image processing software (Fig. 3.1a). A bone mask was created to isolate the bony tissue while
eliminating all the soft tissue and some of the surrounding noise from the model (Fig. 3.1b). The
spine and femurs were removed to isolate the pelvic bones. This was done by using a segmenting
tool in Mimics® and detaching the pelvis from the spine and femurs by removing the pixels lying
between them (Fig. 3.2). Finally, two masks were created, one for each side of the pelvis and the

two 3D models were exported as separate STL files (Fig. 3.3).

(b)

Fig. 3.1(a) Importing CT scan images into Mimics®. (b) Creating a bone mask.
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(a) (b)

Fig. 3.2 Detaching the (a) spine and (b) femurs by removing the pixels (circled in black) between them
and the pelvis in the coronal plane.

Fig. 3.3 Final 3D pelvis model created in Mimics®.

To compare symmetry of the left and right sides of the pelvis, the 3D models of either side were
imported into Geomagic® Control™ 2014 (3D Systems, South Carolina, USA). By using a mirror
function, the right side of the pelvis was reflected across the sagittal plane, defined by the YZ plane
in the image coordinate system (Fig. 3.4). The reflected right side object was aligned with the left
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side using the best-fit alignment function (Fig. 3.4). The best-fit alignment is a built-in function
which minimizes the distance between two parts by means of an iterative closest point algorithm.
In this analysis, the reference side of the pelvis was the left side (fixed), whereas the test side was
the reflected right side (floating). After aligning both surfaces (reflected right side and left side),
the geometrical deviations between them were determined by conducting a 3D deviation analysis
on Geomagic®. This provides a DCM, a visual representation of the degree of difference between
the surfaces (Fig. 3.5). The results showed both positive and negative deviations (orthogonal
distances), indicating that the test surface (right pelvis half) was either above or below the reference
surface (left pelvis half), respectively. A £ 2 mm deviation threshold was set for symmetry (green
regions of the DCMs) and the upper and lower limits of the deviation color spectrum were set at +
6 mm (red/blue regions of the DCMs). The output parameters of the 3D deviation analysis also
included statistics, such as the root mean square (RMS) error, percentage of points in each sub

range of the deviation spectrum, and the maximum upper and lower deviations.

(c) (d)

Fig. 3.4 Reflecting the right side of the pelvis across the sagittal plane in Geomagic®. (a) Before
reflection. (b) After reflection. Aligning the reflected right side and left side of the pelvis in Geomagic®. (c)
Before alignment, both models are shown in blue color. (d) After alignment, reflected right side is shown
in blue color and left side is shown in grey color.
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(a) (b)

Fig. 3.5 Color map produced by the 3D deviation analysis in Geomagic®. (a) Anterior view and (b)
posterior view.

The volume and surface area of each hemi-pelvis was also obtained from Geomagic® Control™,
It is important to note that the pelvis is constructed of cortical bone in the outer layer and cancellous
bone on the inside. The volume calculated using Geomagic® is the volume of the material of a
part, rather than the volume contained within the outline of the part. In order to allow for a fair
comparison and to prevent differences in the depth of the cortical bone layer from impacting the

results, the pelvis volume was filled to create a solid bone model.

Bilateral pelvic symmetry was evaluated based on (1) the mean RMS of the deviation, (2) the mean
percentage of points below the + 2 mm deviation threshold, and (3) differences in the surface area
and volume between left and right hemi-pelvis models. Paired two-tailed t-tests with a significance
level of a < 0.05 were conducted using Microsoft Excel to evaluate differences in the surface area

and volume between corresponding pelvis sides.

3.4 Results

Table 3.1 displays the volumes and surface areas of either side of the pelvises. The corresponding
variations between the left and right sides were calculated and results show that the volumetric
differences were less than 5.4% with an absolute difference of 1.94 + 1.37 % (average + SD). The
differences in surface area were less than 2.6% with an absolute difference of 0.93 + 0.75%
(average + SD). There were no statistically significant differences in volume (p = 0.63) or surface

area (p = 0.77) between the left and right sides of the pelvic models.

The results of the deviation analysis between the reflected right side and left side are displayed in

Table 3.2. It includes the root mean square (RMS), and the percentage of points within the + 2 mm
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range. The average RMS and percentage of points within = 2 mm between the right and left side

pelvic surfaces was 1.14 £ 0.26 mm and 91.9 & 5.55%, respectively.

The DCMs for each subject are displayed in Fig. 3.6 and Fig. 3.7, showing both the anterior and

posterior views of the pelvises. The green areas of the DCMs represent regions where the deviation

between the left and right side surfaces are small (< 2 mm), whereas the red/blue areas of the

DCMs represent regions with larger deviations (> 2 mm). It is important to note that positive

deviation values indicate that the right side of the pelvis is above the left side (outward deviation)

and negative deviation values indicate that the right side of the pelvis is beneath the left side

(inward deviation).

Table 3.1 Volumes and surface areas of the right and left sides of the pelvises and the percentage
differences between them. *Note: the average and standard deviation of the percentage
difference are based on absolute values.

Volume Surface Area
Subject | Sex (M/F) Right Left Difference (%) Right Left Difference (%)
(x10° mm?) | (x10° mm?) (x10* mm?) | (x10* mm?)

S1 M 23.22 22.89 1.44 48.50 48.37 0.28
S2 M 47.36 45.84 3.21 70.83 69.30 2.16
S3 M 19.82 19.46 1.85 40.08 39.84 0.58
S4 M 36.19 36.09 0.27 62.25 61.93 0.52
S5 M 35.53 34.82 1.99 61.50 61.06 0.72
S6 M 38.45 38.30 0.41 63.70 63.92 -0.34
S7 F 26.37 26.71 -1.31 47.64 47.71 -0.13
S8 M 41.77 44.03 -5.39 68.29 70.03 -2.54
S9 F 28.27 28.97 -2.48 51.67 52.03 -0.70
S10 M 25.82 26.70 -3.40 47.56 48.45 -1.88
S11 M 46.59 45.96 1.37 73.31 72.86 0.61
S12 M 45.14 46.00 -1.91 70.44 71.31 -1.24
S13 M 31.83 32.38 -1.75 53.17 53.42 -0.46
S14 F 25.58 25.47 0.42 48.24 47.85 0.81
Average 33.71 33.83 1.94* 57.66 57.72 0.93*

SD 9.19 9.17 1.37* 10.77 10.77 0.75*
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Table 3.2 Results of the deviation analysis (RMS is the root mean square deviation).

. Percentage of points

Subject RMS (mm) between dg: 2 mrP;1 (%)
S1 1.20 91.4
S2 1.65 85.5
S3 1.13 92.5
S4 0.97 95.9
S5 1.13 92.5
S6 0.99 95.7
S7 0.76 98.8
S8 1.05 94.3
S9 0.91 97.3
S10 1.06 94.2
S11 1.43 85.0
S12 1.57 79.8
S13 1.24 87.0
S14 0.92 96.4
Average 1.14 91.9
SD 0.26 5.55
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Fig. 3.6 Anterior view deviation color maps (mm) of the left side and reflected right sides of the pelvises.
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3.5 Discussion

Studying pelvic symmetry and understanding the overall shape of the pelvis would aid surgeons
in developing better treatment proposals. This would help in reducing the overwhelming mortality
and morbidity statistics associated with pelvic fracture by enabling better surgical planning,
reducing surgical operation time and surgical wait times, and providing more effective custom
fixation plates [6]. Previous studies that focused on studying pelvic symmetry exploited the
landmark method or pre-shaped implants [35, 36]. Boulay et al. used 71 variables (based on pelvic
anatomical landmarks) to quantify left-right symmetry of 12 pelvic specimens and concluded that
56 of the variables are symmetric [35]. Osterhoff et al. confirmed that the periacetabular surface
of the pelvis is symmetric by comparing the differences between either side of the pelvis and a
virtual reference implant [36]. Despite their significance in the literature, these studies failed to
capture the irregular geometrical shape of the pelvis [35, 36] and involved high intra- and inter-
observer variability. To avoid these limitations, this work evaluated pelvic symmetry by examining

the entire 3D geometric shape without using specific landmarks.

CT scan images of pelvises were converted to 3D models on Mimics® (Fig. 3.1 - Fig. 3.3) and
exported to Geomagic® (Fig. 3.4 - Fig. 3.5) to conduct a symmetry analysis. The right pelvis side
was reflected and aligned with the left side using a closest point algorithm and a 3D deviation
analysis was performed to produce deviation color maps for each of the 14 subjects involved in
the study. The volume and surface area of either side of the pelvises were also obtained from
Geomagic® and percentage differences were calculated (Table 3.1). These volumetric and surface
area differences between the left and right sides were small and showed no significant difference,

suggesting that the pelvis is, indeed, symmetric. This aligns with the results obtained in previous

studies [35, 36].

The deviation analysis produced many parameters to compare the left-right pelvic symmetry,
including the maximum and average positive and negative deviations, the RMS values, as well as
the percentage of points within each subrange of the deviation scheme (Table 3.2). These results
also confirmed that the pelvis is symmetric, since the RMS values were small, on average (1.14 +
0.26 mm). It is also important to note that the average percentage of points within the £ 2 mm
range for all 14 test subjects was 91.9 + 5.55% (average + standard deviation), which further
supports the conclusion of pelvic symmetry.
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The DCMs (Fig. 3.6 and Fig. 3.7) produced by the deviation analysis provide a good visualization
of the regions with high and low deviations. The specific areas of asymmetry were primarily
localized to major muscle attachment sites including ischial tuberosities (hamstrings), iliac crests
(gluteal muscles) and iliac spines. Minor variation in bone shape at these sites might be due to left-
right differences in activation of these muscles. It is clear from these DCMs that the largest
differences are in the ilia, particularly the iliac crests. Since these regions are non-articular,
relatively high differences between the right and left surfaces would not affect the viability of the
model. The acetabula, where the femur heads lie, are the only articular surfaces of the pelvis and
are of the greatest concern in this context. The DCMs show that there are slightly high deviations
(2.0 - 2.8 mm) in the acetabular regions of three of the test subjects (S6, S8 and S11). However,
these deviations are not clinically significant to cause increased pressures in the joint contact areas

between the femurs and acetabula as proven by Moody et al. on the talus bone contact areas [62].

There are several limitations to note in the present study. The digitization process involves manual
segmentation in Mimics® and some of the CT scan images have considerable noise. Additionally,
the CT scans of some of the subjects have larger slice thicknesses (2 mm) with a relatively small
number of slices, which may affect the resolution of the images and 3D model. Therefore, the large
deviations found in some areas of the DCMs may be a result of this or simply due to image artifacts.
Since the images were obtained for clinical use, the scan parameters were not controlled across
subjects. The study sample included 11 males and only 3 females. While, the male and female
DCMs showed that there were also no observable differences between their pelvic symmetry, more
test subjects would be needed in order to make a clear assessment. Future work will focus on
increasing the sample size for both males and females, evaluating symmetry in specific pelvic
regions such as the acetabulum and ilia, and developing a procedure to use symmetry to inform

the reconstruction of pelvic fractures.

3.6 Conclusion

This study fills a crucial gap in the literature as it quantifies pelvic symmetry, allowing surgeons
to confirm the effectiveness of using the mirroring tool in the virtual surgical planning process.
The results obtained show that the right and left sides of the pelvis have a high degree of symmetry.

The average volume and surface area differences between either side of the pelvises were small,
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1.94 + 1.37 % and 0.93 + 0.75%, respectively. The highest deviations between right and left pelvic
surfaces were found on non-articular surfaces, primarily iliac and ischial muscle attachments. Only
three subjects had slightly high deviations on the articular surfaces of the pelvis, the acetabular
regions. However, these deviations are clinically insignificant in the context of using the
contralateral pelvic model for surgical planning. As a result, it would be reasonable to apply the
concept of pelvic symmetry to create fully intact patient-specific 3D models of pelvises using an
unfractured contralateral side. The technique described in this paper for evaluating left-right
symmetry of the pelvis can be extended to other parts of the human body, which further

demonstrates the potential importance of this work.
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Chapter 4: Reconstruction for Unilaterally Fractured Pelvises

This chapter was published in the International Journal of Computer Assisted Radiology and Surgery:

Ead MS, Westover L, Polege S, McClelland S, Jaremko JL, Duke KK (2020) Virtual reconstruction of
unilateral pelvic fractures by using pelvic symmetry. Int J Comput Assist Radiol Surg 15:1267-1277.
https://doi.org/10.1007/s11548-020-02140-z

4.1 Abstract

Purpose: Pelvic fractures are known to be one of the most difficult injuries to treat. The objective
of this study is to introduce a novel technique for virtual unilateral pelvic fracture reconstruction.
Since the pelvis exhibits remarkable left-right symmetry, the contralateral hemipelvis can be used

as a template for rebuilding the fractured hemipelvis.

Methods: CT scan data of the pelvic region of eight subjects with acute unilateral pelvic fractures
were involved in this study. Computer-aided design (CAD) software was used to create 3D models
of these pelvises. The contralateral hemipelvis of each subject was then reflected across the sagittal
plane and the fractured hemipelvis was rebuilt by aligning the bone fragments with their equivalent
location on the reflected side. To evaluate the quality of this reduction process, a 3D deviation
analysis was conducted to calculate the differences between the reflected intact hemipelvis and the

reconstructed hemipelvis.

Results: Results showed that the average root mean square (RMS) of deviations and average
percentage of points within a =2 mm predefined threshold was 1.32 + 0.22 mm and 88.4 + 3.78%,
respectively. The deviation color maps (DCMs) obtained indicated that the largest differences were

along the fracture lines and on the non-articular surfaces of the pelvises.

Conclusion: These results allowed us to conclude the validity of this procedure, since the average
RMS difference was below 2 mm and the average percentage of points within + 2 mm was high.
The proposed technique will allow surgeons to provide their patients with more accurate

reconstruction procedures which can potentially improve surgical outcomes.
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4.2 Introduction

Computer-aided surgery (CAS) is increasingly used to assist in surgical planning with the goal of
improving outcomes [37]. A benefit of CAS is data-sharing with distant practitioners, allowing for
more informed decisions to be made [38]. One application of CAS is in craniofacial surgeries,
where computer-aided design (CAD) software is used to create three-dimensional (3D) geometric
computer models. These models can then be used to develop treatment protocols and simulate
them in a virtual environment [38]. CAS has also shown to provide more accurate leg alignment
in total knee arthroplasty, which is a crucial step for the long-term success of this surgery [39].
Another application of CAS is in oral implantation, where 3D models are utilized in the planning
process and outperform manual planning techniques which only use two-dimensional (2D) images

[40].

Pelvic fractures, particularly those in the acetabular region, are challenging for orthopedic
surgeons [11]. This is due to complex pelvic anatomy and limited surgical access to its articular
surfaces [10, 11, 18, 63, 64]. CAS has been introduced into pelvic fracture reconstruction surgeries
to overcome these limitations and enhance results [11, 18, 41, 63, 64]. Typically, computerized
tomography (CT) scans are first converted into 3D models using different computer software and
segmentation tools are used to isolate the bone fragments. The pelvises are then reduced by
virtually moving the individual pieces into the appropriate position and orientation. Fixation plates
can then be contoured over the reduced pelvis and screws fitted accordingly [10, 18, 41-45]. This
preoperative planning technique addresses the limitation of prolonged operation times associated
with bending the fixation plates during the surgery [34]. Another study also proposed a method for
shaping pelvis fixation plates by 3D printing the uninjured hemipelvis and contouring the plates
over the printed model. Although this study also addresses the limitation of prolonged operation
times, there was no technique for precisely identifying the location of the fractures on the uninjured
hemipelvis, which could potentially affect the quality of the reduction [46]. Despite the advantages
that the former method offers over conventional surgical techniques, it also has its weaknesses.
Currently, virtual pelvis reduction is subjective, time consuming and requires expert medical
knowledge to perform, which is not always feasible [10, 42, 44, 45, 65]. In addition, the virtual

reconstruction is not performed with reference to the patients’ intact hemipelvis, which can
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potentially affect the quality of the reduction. To overcome these drawbacks, we propose a new

technique for pelvic fracture reconstruction that utilizes pelvic symmetry.

Human bilateral symmetry refers to parts of the body being mirror images of their opposite sides.
This concept is useful in varied ways including estimating skeletal age and studying the effect of
facial symmetry on attractiveness [29, 53]. Bilateral symmetry of bones has also been helpful in
orthopedics, where the intact bone serves as a template for the contralateral bone in the
reconstruction process [27, 59]. Previous studies have quantified left-right symmetry of the pelvis
and have concluded that it is symmetric [35, 36, 66]. Knowing this, the same concept may be
applied to reconstruct unilaterally fractured pelvises by reflecting the uninjured hemipelvis across

the sagittal plane to provide a model for the fractured hemipelvis.

Utilizing bilateral symmetry in pelvis reconstruction would eliminate the shortcomings of the
current reconstruction techniques noted previously. It would preserve the pelvis’ natural geometry,
which will allow surgeons to develop more fully customized fixation plates for surgery. It can be
a semi-automatic reconstruction method, limiting time and observer subjectivity. Also, it only
requires basic computer software skills and is not contingent on the presence of a surgeon or

medical expert in the field.

Therefore, the objective of this work is to outline a method for virtually reconstructing unilaterally
fractured pelvises by using the contralateral side as a template. The product will be a complete 3D
model of a pelvis which can then be used to develop customized fixation plates and plan the

surgical procedure.

4.3 Methods

A set of 8 adult patients (5 males, 3 females, age range from 20 to 43 years with a mean age of
29.9 years) with acute unilateral displaced pelvic fractures was identified from a tertiary hospital
archive. Approval from the Health Research Ethics Board was obtained with a waiver of consent
to use the data anonymously. The data was in the form of pelvic region CT scan images. The scans
were performed for clinical use on either the Siemens SOMATOM Definition AS+ scanner or the
General Electric Medical Systems LightSpeed VCT scanner. The average pixel size of the CT scan
images was 0.744 mm (range: 0.572 — 0.977 mm) with a resolution of 512x512 pixels per slice.
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The average number of slices for the CT scan data sets was 206 (range: 103 — 322) and the average

slice thickness was 1.469 mm (range: 1 — 2.5 mm).

A representative example of a patient with an iliac fracture on the left hemipelvis will be used to
demonstrate the digitization and reconstruction procedure. The CT scan images of each patient
were digitized into 3D models with the use of Mimics® image processing software (Materialise®,
Leuven, Belgium) following a similar procedure to our previously reported work [66]. The images
were imported into Mimics® (Fig. 4.1a) and a predefined bone mask (colored in green) was applied
to 1solate the bony tissue from the soft tissue (Fig. 4.1b). The noise surrounding the pelvic region
was removed by using a region growing tool. One point on the pelvis was selected and all regions
connected to it were included in the new mask (colored in yellow), whereas the points floating
around were excluded (Fig. 4.1c¢). Since the pelvic region includes other bones, such as the spine
and femora (Fig. 4.1d), these are separated from the pelvis with a manual segmentation tool in
Mimics®. The individual pixels attaching these bones together are eliminated (Fig. 4.2) and the
same segmentation tool is also used to detach the fractured pieces from one another (Fig. 4.3).
Masks are then created for the intact side of the pelvis and each of the fractured pieces (Fig. 4.4)
and saved as separate STL files. The final 3D pelvis models created in Mimics® for all test subjects

are shown in Fig. 4.5 in both anterior and posterior views.

29



Fig. 4.1 (a) Importing CT scan images into Mimics®. (b) Creating a bone mask. (c) Removing surrounding
noise. (d) Anterior view of pelvic bone model with spine and femurs.

YT o

(b)

(a)
Fig. 4.2 Detaching the (a) spine and (b) femurs by removing the pixels (circled in white) between them
and the pelvis in the coronal plane.
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(a) (b)

Fig. 4.3 Separating the fractured pieces by removing the pixels (circled in white) between them in the (a)
axial plane and (b) coronal plane.

(a) (b)
Fig. 4.4 Final 3D pelvis model created in Mimics® (a) anterior view and (b) posterior view.
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Fig. 4.5Final 3D pelvis models for all subjects created in Mimics® (anterior view on the left and posterior
view on the right). The location of the bone fragments in these images are the way they appear exactly in
the CT scan images, i.e. they were not virtually moved out of place.

In order to reconstruct the fractured side of the pelvis, a CAD software known as Geomagic®
Control™ 2014 (3D Systems, South Carolina, USA) is utilized. The intact side and fractured
pieces are all imported into this software. A mirror function in Geomagic® is used to reflect the
intact side of the pelvis across the sagittal plane (Fig. 4.6). The fractured side is reconstructed by
selecting the equivalent region on the intact side to serve as a template (Fig. 4.7). The pieces were
aligned with the template by employing a best-fit alignment function in Geomagic® (Fig. 4.7); this

minimizes the distance between two surfaces by use of an iterative closest point algorithm. Once
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all fractured pieces are aligned, the reconstructed side and reflected intact side are saved as two
separate STL files. Next, the entire reconstructed side is aligned with the intact side by using the
same best-fit alignment function (Fig. 4.8). A 3D deviation analysis is then conducted using
Geomagic® to calculate the geometrical deviations between the two surfaces (reconstructed and
reflected intact sides) [66]. The 3D deviation analysis produces a deviation color map or DCM
(Fig. 4.9), the root mean square (RMS) of deviations, and the percentage of points within each
subrange of the deviation spectrum. These parameters were used to assess the validity of this

technique.

(a) (b)

Fig. 4.6 Reflecting the intact side of the pelvis across the sagittal plane (green line) in Geomagic®. (a)
Before reflection and (b) after reflection.
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Anterior Posterior Anterior Posterior

(b) (d)

Fig. 4.7 Aligning the fractured pieces and intact side of the pelvis in Geomagic®. (a) Fractured piece 1
and intact side with reference region highlighted in red. (b) Fractured piece 1 aligned with
reference region on intact side. (c) Fractured piece 2 and intact side with reference region

highlighted in red. (d) Fractured piece 2 aligned with reference region on intact side.

(b)

Fig. 4.8 Aligning the reconstructed side and intact side of the pelvis in Geomagic®. (a) Before alignment.
Both models are shown in blue. (b) After alignment. Reconstructed side is shown in grey and
intact side is shown in blue.
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DCMs are visual representations showing the degree of difference between two surfaces, with the
use of colors. In this respect, deviations can be positive or negative; for positive deviations, the
test surface (reconstructed side) is above the reference surface (intact side) and vice versa for
negative deviations. In order to quantitatively analyze and compare the results, a threshold of & 2
mm deviation was specified [66]. This threshold is based off results in the literature which
concluded that a reduction within 2 mm is considered acceptable in terms of preventing
osteoarthritis in the hip joints [11, 16]. Therefore, points below = 2 mm (green regions of the
DCMs) were considered adequate for this method and points between = 2 mm and £ 6 mm
(red/blue regions of the DCMs) were considered high. In addition to the DCMs, the outcome
parameters for the reconstructions were the RMS of the deviations and the percentage of points

below + 2 mm deviation.
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Fig. 4.9 Color map of Subject 1 produced by the 3D deviation analysis in Geomagic®, using the
automatic symmetric registration technique. (a) Anterior view and (b) posterior view.

The automatic symmetric registration technique used in the reconstruction procedure outlined was
not the only technique tested. Initially, we attempted a manual point-to-point alignment method
on the same subject (Subject 1) on Geomagic®. In this method, the user selects points on the
fractured surfaces of each of the pelvic pieces, bringing the two pieces together (Fig. 4.10). A
minimum of 3 points (on each side) needs to be selected for the pelvis to be reconstructed. After
pelvis reduction, a 3D deviation analysis was conducted to evaluate the differences between the
reflected intact hemipelvis and the reconstructed hemipelvis. The DCM obtained is shown in Fig.

4.11; the RMS and percentage of points between the + 2 mm threshold was also recorded, in order
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to illustrate the differences between both techniques (automatic symmetric registration and manual

point-to-point alignment).

Fig. 4.10 Manual point-to-point reconstruction technique. Points on each of the fractured surfaces (red
dots) are selected and the pieces are joined at those locations.
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Fig. 4.11 Color map of Subject 1 produced by the 3D deviation analysis in Geomagic®, using the manual
point-to-point alignment technique. (a) Anterior view and (b) posterior view.
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4.4 Results

The deviation analysis for Subject 1 using the manual point-to-point alignment method showed
that the RMS of deviations and percentage of points between + 2 mm was 1.62 mm and 80.6%,
respectively. The results of the deviation analysis between the reconstructed and intact sides using
the automatic symmetric registration technique for all subjects are displayed in Table 4.1. The
RMS and the percentage of points within the +£ 2 mm range are also reported. Results showed that
the average RMS and average percentage of points within the = 2 mm threshold between the
reconstructed and intact pelvic surfaces was 1.32 £0.22 mm and 88.4 + 3.78% (average + standard

deviation), respectively.

DCMs for all subjects are displayed in Fig. 4.12 (anterior view) and Fig. 4.13 (posterior view).
Fig. 4.14 includes the side view DCMs of the subjects with acetabular fractures. As discussed, the
green regions of the DCMs represent areas where the differences between the reconstructed and
intact pelvis surfaces are small (< 2 mm), whereas the red/blue regions of the DCMs represent

areas where differences are large (> 2 mm).

Table 4.1 Results of the deviation analysis (RMS is the root mean square deviation).

Subject | Sex (M/F) | RMS (mm) Il::tr;‘;‘;;af‘;‘;flgl";{}/ff‘)
S1 M 1.39 89.2
S2 M 1.26 91.2
S3 M 1.27 88.5
S4 M 1.48 81.9
S5 F 1.56 86.6
S6 F 1.33 86.0
S7 M 1.42 89.1
S8 F 0.84 94.7

Average 1.32 88.4
SD 0.22 3.78
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Fig. 4.12 Anterior view deviation color maps (mm) of the reconstructed and intact sides of the pelvises.
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Fig. 4.13 Posterior view deviation color maps (mm) of the reconstructed and intact sides of the pelvises.
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Fig. 4.14 Side view deviation color maps (mm) of the reconstructed and intact sides of the pelvises with
acetabular fractures.

4.5 Discussion

Virtually reconstructing pelvises by creating 3D models can assist surgeons in the surgical
planning process and allow them to provide more precise treatment proposals. This has the
potential to reduce patient operation times, which typically increases the risk on the patient when
prolonged. Although previous studies have highlighted the importance of virtual pelvis
reconstruction and the numerous benefits it offers, the techniques outlined have certain
deficiencies [10, 11, 18, 63, 64]. The methods defined in the literature do not preserve pelvis
symmetry and involve high observer subjectivity. In addition, a medical professional is needed for
the virtual reduction step. Consequently, the methods proposed in this work aim to address these

1SSues.

Since the pelvis exhibits remarkable left-right symmetry [66], using the intact hemipelvis to serve
as a template for reconstructing the fractured hemipelvis was the key inspiration behind this work.
Mimics® was used to create 3D models of the unilaterally fractured pelvises from CT scan images
(Fig. 4.5). These pelvises were then reconstructed on Geomagic® by reflecting the intact side and

using it as a template for the fractured side (Fig. 4.6).
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After reconstructing the fractured pelvises (Fig. 4.7 - Fig. 4.8), a deviation analysis was performed
between the reconstructed and intact hemipelves for each test subject in Geomagic®. This provided
several parameters from which we were able to assess the suitability of this reconstruction
technique. The parameters included the RMS and percentage of points within the £ 2 mm preset
threshold (Table 4.1), which averaged at 1.32 £+ 0.22 mm and 88.4 + 3.78%, respectively. These
results allowed us to conclude that this reconstruction technique is acceptable, since the average
RMS was well below 2 mm and the average percentage of points within = 2 mm was high. The
results also closely match those found in our previous work which compared left-right pelvic
symmetry [66]. Intact pelvises were used in the previous work and the geometrical differences
between the reflected right side and left side were recorded. The average RMS and average
percentage of points within £ 2 mm was 1.14 = 0.26 mm and 91.9 + 5.55%, respectively [66]. This

supports the validity of the proposed technique for fracture reconstruction.

The deviation analysis also produced DCMs, which allowed us to easily visualize the locations
with the highest and lowest differences between the reconstructed and intact sides (Fig. 4.12 - Fig.
4.14). The highest deviations in all test subjects were along the fracture lines. Slightly high
deviations (2.0 - 2.8 mm) were found in the ilia of some subjects, which could be due to the
presence of major muscle attachments in those regions. These deviations could also be a result of
plastic deformation from high energy trauma. However, the ilia are non-articular surfaces of the
pelvis, thus, slightly high deviations in these regions are not necessarily a cause of concern. It
should be noted that the highest deviations reported in intact pelvises were also on the iliac regions
[66] indicating that the asymmetry in those regions after reconstruction may have occurred

naturally prior to fracture.

The DCMs of some of the subjects, particularly Subject 7, exhibit grey areas (Fig. 4.12 - Fig. 4.14).
Grey areas on DCMs could be a result of either one of two things. Either there is no corresponding
material on the test surface or the differences between the two surfaces are greater than the upper
threshold (6 mm in this case). For Subject 7, there was no corresponding material on the
reconstructed side, hence the grey color in the acetabular cup. This may be due to fractured pieces
that were too small to be captured by the CT scanner or were lost in the segmentation process in

Mimics®.
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Another method was tested prior to the automatic symmetric registration method used in this study;
it involved manual point-to-point alignment of the fractured pieces (Fig. 4.10). The two methods
were performed on Subject 1 to examine the differences. The RMS of deviations and percentage
of points within + 2 mm for the automatic symmetric registration method was 1.39 mm and 89.2%
and was 1.62 mm and 80.6% for the manual point-to-point alignment method. These statistics
show that the automatic symmetric registration method provides a more symmetric reconstruction.
When comparing the DCMs for Subject 1 obtained from each of the methods (Fig. 4.9 and Fig.
4.11), the highest deviations using the automatic method are along the fracture line, while there
are much higher deviations in the iliac region of the pelvis that was reconstructed using manual
point-to-point alignment (characterized by the areas shown in dark blue and dark red).
Reconstructing the pelvis using this method may result in biomechanical differences between the
reconstructed and intact sides, since the iliac regions are sites of major muscle attachments.
However, future work will be needed to investigate this further. This method also required more
use of skill and was more time consuming, so the automatic symmetric registration was the

preferred method used in further analysis.

Despite the significance of this study, there are a few limitations. This pelvis reconstruction
technique is only applicable for unilaterally fractured pelvises where an intact side is available to
serve as a template during the reconstruction procedure. Hence, bilaterally fractured pelvises
cannot be reassembled using this technique. It would likely be possible to use the presented
technique in bilateral fractures where the fractures on each side do not occur in the same location,
however, this approach has not yet been investigated. In addition, our reconstruction method did
not incorporate a haptic feedback mechanism as reported in previous studies [10, 44, 63]. This
mechanism detects if any of the bone fragments overlap when repositioning them in their assumed
locations. However, overlapping pieces are not likely to occur when following the proposed
reconstruction method in this paper. This is because the pelvis is symmetric and the fractured
hemipelvis is reconstructed according to the intact hemipelvis geometry. Also, the segmentation
process in Mimics® creates smoother fracture lines by slightly removing material. This forms a
small gap between the fractured pieces when reconstructed, rather than having them overlap.
However, this is not expected to affect the results, since the fractured pieces are aligned with the

intact side based on hundreds of points outside of the fracture region. The material lost in the
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segmentation process is insignificant compared to the remaining volumes and the overall pelvis
reduction remains accurate. Finally, this study involved only 5 males and 3 females and, although
the present results show no observable differences between them, further investigation with more

test subjects would be required to make a more thorough assessment.

The technique used in this study employed automatic symmetric registration of the fractured pelvic
pieces by highlighting the corresponding regions on the intact hemipelves and using them as
templates. This preserves the natural symmetry of the pelvis, minimizes user subjectivity and is
less time consuming than the conventional manual reconstruction procedures. The proposed
technique also allows for a more accurate reconstruction of the pelvis and has the potential to help
surgeons provide their patients with better treatment plans by assisting them in the surgical
planning phase. The final product of this method would be a complete 3D virtual model of a
reconstructed pelvis and this would eliminate the need for surgeons to decide where the fractured

pieces would need to be relocated in order to restore the pelvis to its original shape.

Future work will aim at developing a method for reconstructing bilaterally fractured pelvises.
Three-dimensional models for the average shape of male and female pelvises will be built from a
database of various intact pelvises. With these models, the same procedure presented in this work

can then be applied to reconstruct bilaterally fractured pelvises.
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Chapter 5: Reconstruction for Bilaterally Fractured Pelvises

This chapter will be submitted as a journal article to a peer-reviewed journal.

5.1 Abstract

Pelvic fractures are one of the most severe musculoskeletal injuries and are associated with high
rates of mortality and morbidity. With unilateral pelvic fractures, the contralateral hemipelvis can
be used as a template in virtual reconstruction, however, this cannot be applied for bilateral
fractures. Therefore, in this study, statistical shape modelling was used to build average pelvic
shapes that can serve as templates when reconstructing bilaterally fractured pelvises. Four average
shape models were created for the male and female, left and right hemipelves using CT scan data
of intact pelvises from 20 male and 20 female subjects. These models were used as templates to
reconstruct 8 unilaterally fractured pelvises. Deviation analyses between the reconstructed and
intact hemipelves had an average root mean square (RMS) of 1.46 + 0.32 mm, which is less than
the 2 mm threshold for causing hip joint complications. The reduction quality was also evaluated
by comparing these results with the same pelvises that were reconstructed by using the intact
hemipelves as templates. The average RMS in this case was 1.30 + 0.27 mm, which is close to the
average shape reconstruction RMS. This indicates that the reconstructions are reliable and the
average shape models can be used to reconstruct bilaterally fractured pelvises. However, the RMS
values and the deviation color maps showed that reconstructions are less accurate for fractures in
areas that experience a larger variation between subjects, such as the iliac and pubic regions. The
proposed technique can potentially provide quick and accurate treatment plans for pelvic fracture

patients, which is necessary for recovery.

5.2 Introduction

Pelvic fractures are severe injuries that typically result from blunt high-energy trauma to the pelvic
region [67—-69], most often due to motor vehicle crashes or falls [70]. Patients with pelvic fractures
often sustain additional life-threatening injuries, including pelvic hemorrhages and sepsis [71, 72].
Consequently, fractures in the pelvic bone are associated with high rates of mortality and morbidity

[4, 68, 69, 72, 73]. Studies have shown that urgent and accurate reconstruction of these fractures
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is necessary, especially in cases where there are further complications, such as soft tissue injuries

[6, 17].

Achieving satisfactory reduction of a fractured pelvis depends on the nature of the fracture and its
location. Since the pelvis is considerably symmetric about the midsagittal plane [35, 36, 66], this
bilateral symmetry can be utilized in virtual pelvis reconstruction. For unilateral pelvic fractures,
where only one side of the pelvis is damaged, pelvis reduction can be achieved by using the
opposite intact side as a template for the reconstruction. This technique maintains patient-
specificity, yields satisfactory results and can reduce the wait-times for patients [46, 74, 75].
However, for bilateral pelvic fractures, where both sides of the pelvis are damaged, there is no

viable model to serve as a template for the virtual reconstruction procedure [52].

Virtual pelvis reconstruction is becoming more popular in the surgical planning process, as it has
the potential to reduce operation times and provide more accurate reductions, which ultimately
decreases the risk for the patients. Therefore, for bilaterally fractured pelvises, we propose an
average pelvic shape that could serve as a template for the reconstruction procedure. The proposed

method to obtain this average pelvic shape is statistical shape modelling (SSM).

SSM has been growing in popularity in recent years, where models of various bones have been
created to improve the design of orthopedic implants, study the effects of bone shape on
osteoarthritis and assist in the surgical planning processes [47, 76]. Researchers have also used
SSM to accelerate and improve pelvis segmentation processes, particularly in the acetabular area,
where traditional segmentation protocols are not always accurate [77, 78]. Previous studies have
generated statistical shape models for the pelvis from healthy CT data sets and have shown
promising results. The mean distances between these models and sample intact pelvises was
calculated to determine whether they can sufficiently represent various pelvis shapes [79, 80]. The
clinically acceptable deviation threshold for preventing osteoarthritis in the hip joints is 2 mm [11—
16] and this was used as the criteria to evaluate the applicability of these statistical shape models.
Results showed that the average of these mean distances was 2 mm or less, indicating that these
models can potentially be used in preoperative planning of computer-assisted hip surgeries [79,
80]. Skadlubowicz et al. also developed a pelvis statistical shape model from a pool of 20 CT data
sets [52], to find the optimal bone shape for reconstructing the pelvis after bone tumor resection.

The statistical shape model was matched to a model of a patient with an ischiopubic rami resection
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on the left hemipelvis. The mean difference between the two models was 0.024 mm, suggesting
that the statistical shape model is an excellent fit and can be used as a template for oncologic

surgical planning [52].

Despite the promising results and applications of SSM, there is limited knowledge in the literature
about its performance in unilateral and bilateral pelvic fracture reconstruction. Therefore, the
objective of this work was to build an average shape model for the pelvis and assess its
applicability in virtual pelvis reconstruction. The average shape models focus on the left and right
hip joints, rather than the entire structure of the pelvis (which includes the sacrum). Since this work
focuses on fractures in the hip bone, it is important to capture the morphological shape of that bone
in itself. Also, the pelvis is a sexually dimorphic structure [81, 82], so separate models were

created for the male and female, left and right hemipelves. These models were examined by
studying the differences between them and the group of pelvises they were generated from. Finally,
the average shape models generated were tested by using them as templates to reconstruct
unilaterally fractured pelvises. The results were then be compared with the same pelvises that were
reconstructed by using the uninjured sides as templates. A case study for a bilaterally fractured

pelvis was also used to demonstrate the reconstruction procedure using the average shape.

5.3 Methods
5.3.1 Developing the Average Pelvic Shape

Computed tomography (CT) images of the pelvic regions of 40 subjects (20 males, 20 females,
age range 18-25 years with a mean age of 21.3 years) were used to create the average male and
female pelvis shapes. Approval to use this data retrospectively and anonymously was obtained
from the Health Research Ethics Board with a waiver of consent. Since these scans were performed
for clinical purposes across a health region, the scanners and scanning parameters were not
standardized. Siemens, General Electric Medical Systems, Toshiba and Philips scanners were
used. The average in-plane pixel length for the images was 0.738 mm (range 0.439-0.928 mm)
with a typical resolution of 512x512 pixels per slice. The average slice thickness and number of

slices was 1.46 mm (range 1-3 mm) and 347 (range 81-731), respectively.

The scans were digitized into 3D models by importing them into Materialise-Mimics

(Materialise®, Leuven, Belgium) and segmenting the pelvic bone using the same procedure in our
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previously published work [66]. Once the pelvic bone was isolated from the surrounding soft tissue

and bones, each hemipelvis was saved as a separate STL file.

A statistical shape modelling algorithm was developed in Python® (Python Software Foundation,
Virginia, USA) and used to build an average shape for the pelvic bone. The algorithm was based
on the parallel groupwise registration algorithm developed by Giessen et. al [83]. For the rigid and
non-rigid registration tasks, the Coherent Point Drift (CPD) method, developed by Myronenko and
Song [84], was employed.

The inputs for the groupwise registration algorithm are the point sets representing the shapes of
the hemipelves. The STL files of the hemipelves are first used to extract the locations of the points,
1.e. point sets (Fig. 5.1a). Since these point sets ranged from 500,000 to 1,000,000 points, it would
have been difficult to perform the matrix operations included in the algorithm. Therefore, a voxel-
based sampling algorithm is employed. Each hemipelvis’ point set was subsampled to
approximately 10,000 points to sufficiently capture the complex geometry, while maintaining
reasonable computational effort (Fig. 5.1b). These subsampled point sets were then normalized
with respect to translation, scale and rotation (Fig. 5.1c). The normalized point sets then undergo
rigid registration, where one of the point sets is considered the target and the rest of the point sets
are aligned onto it using the rigid CPD method [84], as shown in Fig. 5.2a. Once this is achieved,
the non-rigid registration process begins. In this stage, one of the rigidly aligned point sets is
selected as the reference and registered onto the rest of the point sets using the non-rigid CPD
method [84], as displayed in Fig. 5.2b. Since all non-rigid registrations originate from the reference
point set, it can be claimed that, after the alignments, correspondence is constructed between the
point sets (Fig. 5.2c). More specifically, the counterparts of each point of the reference point set
on the other point sets is established (Fig. 5.2c). Finally, the average shape is obtained by

computing the mean of these registered point sets (Fig. 5.2¢).
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(c) normalized point sets, for translation, scale and rotation

Fig. 5.1 Preprocessing of the point clouds for the male left hemipelves dataset. Subjects 1, 2, 12 and 20
are used to demonstrate the process. (a) The point set data for each hemipelvis is extracted from its
respective STL file. (b) The point sets are subsampled to approximately 10,000 points each. (c) The point
sets are normalized with respect to translation, scale and rotation.
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selected target point set

(a) rigid registration of the (normalized) point sets onto the selected point set

S1 S2 S12 520

(b) non-rigid registration of the selected point set on the (rigidly-aligned) point sets

S1 S2 Si2 S20 average point set

(c) correspondence among the point sets and the average point set

Fig. 5.2 Stages of the groupwise registration process for the male left hemipelves dataset. Subjects 1, 2,
12 and 20 are used to demonstrate the process. (a) Rigid registration of the normalized point sets onto
the target point set (S12 in this case). (b) Non-rigid registration of the reference point set (512 in this
case) to each of the rigidly aligned point sets. (c) Point set correspondence is achieved and the average
of these registered point sets is calculated.
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The groupwise registration process was performed on each set of hemipelves separately, i.e. 20
male left hemipelves, 20 male right hemipelves, 20 female left hemipelves and 20 female right
hemipelves. The products were four point sets of the average hemipelvis shapes. These point sets
were converted into surface models by wrapping them in Geomagic® Control™ 2014 (3D
Systems, South Carolina, USA) and were then saved as STL files. Fig. 5.3 shows the anterior and

posterior views of the final four average shape models.

AR Y

Left Male Anterior and Posterior View Right Male Anterior and Posterior

AR

Left Female Anterior and Posterior View Right Female Anterior and Posterior View

Fig. 5.3 Final average shape models for the left and right sides of the males and females.
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The average hemipelvis shapes created can be used to better understand differences in shape
between hemipelves. Geometrical deviations between any two surfaces can be determined by
performing a 3D deviation analysis in Geomagic®. This provides a deviation color map (DCM),
which allows the user to visually analyze the degree of difference between two surfaces by using
color. The 3D deviation analysis also provides quantitative data including the root mean square
(RMS) of deviations and the percentage of points lying in each subrange of the deviation spectrum.
Before conducting the deviation analysis, the hemipelves were first scaled to the same volume as
each average hemipelvis shape and then aligned with each other by using the built-in best-fit
alignment function of Geomagic®. Deviation analyses were then conducted between each average
hemipelvis shape and the respective hemipelves used to create it. The quantitative results were
recorded and a few representative DCMs are displayed in the following section. To compare the
differences between the male and female average shapes, the male average hemipelvis shapes were
first scaled to the same volume as the females. Then 3D deviation analyses were performed
between the left female and male average hemipelvis shapes, as well as the right female and male

average hemipelvis shapes.

The average hemipelvis shapes were obtained by selecting a random hemipelvis in each group to
serve as the initial shape to be deformed. In order to test the sensitivity of the average shape,
different hemipelves were chosen as the initial shapes for each group and the RMS between these

new average shapes and the corresponding hemipelves was calculated.
5.3.2 Reconstructing Unilateral Pelvic Fractures with the Average Pelvic Shape

The validity and quality of reconstructing fractured hemipelves by using the average hemipelvis
shape as a template was evaluated by comparing the results with reconstructions performed by
using the mirrored intact hemipelvis as a template. The dataset used here is from a previous study
(Chapter 4) and includes 8 patients (5 males, 3 females, age range 20-43 years with a mean age of

29.9 years) with acute unilateral displaced pelvic fractures [75].

The patient CT scans were already digitized into 3D models using Mimics® in Chapter 4.
However, in order to use the average hemipelvis shape as a template for rebuilding the fractured
hemipelvis, it would need to be scaled to the same volume. Therefore, the cancellous bone area of

each of the intact hemipelves was filled in using the segmenting tools in Mimics® to ensure the
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correct volume calculation. The intact hemipelvis and each of the fractured pieces were then saved

as separate STL files for each subject.

Similar to our previous work, the reconstruction procedure is performed in Geomagic® [75]. The
intact hemipelvis, fractured pieces and the corresponding average hemipelvis shape are all
imported into the software. The average hemipelvis shape is first scaled to the same volume as the
intact hemipelvis, to account for size variations. Each of the fractured pieces are then aligned by
highlighting the equivalent region on the average hemipelvis shape to serve as a template. The
alignment is accomplished by using the built-in best-fit alignment function of Geomagic®. After

aligning all the fractured pieces, this reconstructed hemipelvis is then saved as anew STL file [75].

Reconstruction by using the intact hemipelvis as a template was also performed to provide a means
of comparison. The same procedure is followed where the fractured pieces and intact side are
imported into Geomagic®. In this case, however, the intact hemipelvis is reflected across the
sagittal plane before the alignment procedure. The hemipelvis reconstructed using this method is

also saved as a separate STL file [75].

The 3D deviation analyses were performed in Geomagic®, which provided DCMs and quantitative
statistics. Deviations within £ 2 mm are deemed sufficient to prevent complications, such as
osteoarthritis, in the hip joints [11, 16]. Therefore, the threshold was set at = 2 mm and was
characterized by the green areas of the DCMs. Deviations between + 2 mm and + 6 mm were

characterized by red/blue regions in the DCMs.

In order to assess the quality of pelvis reduction by using the average hemipelvis shape as a
template, various 3D deviation analyses were conducted and the results documented. Since the
reflected intact hemipelvis represents the ideal model, we compared (1) the reconstruction using
the average shape with the reflected intact side, (2) the reconstruction using the reflected intact

side with the reflected intact side, and (3) the two different reconstructions.
5.3.3 Reconstructing Bilateral Pelvic Fractures with the Average Pelvic Shape

A representative example of a patient with a bilaterally fractured pelvis is used to demonstrate the
methods applied for virtual reconstruction. The subject is an 18-year-old male and the CT scanner

used was a Siemens Definition AS+. The pixel size for the images was 0.494 mm with a resolution
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of 650x512 pixels per slice. The slice thickness and number of slices was 1 mm and 419,

respectively.

The CT scans were digitized into 3D models using Mimics®, in the same manner as noted
previously in Chapter 4. The cancellous bone areas were then filled, in order to scale the average
hemipelvis shapes to the equivalent volume. Fig. 5.4 shows the final digitized model completed in
Mimics®. The 3D models of all the fractured pieces were then imported into Geomagic® for
reconstruction, along with the male average hemipelvis shapes (left and right sides). Each
hemipelvis was rebuilt by using its respective average hemipelvis shape as a template and
reassembling the pieces in the same manner as previously described in Section 0. A 3D deviation
analysis was then conducted between each hemipelvis and its corresponding average shape side to

study the quality of the reduction.

(b)

Fig. 5.4 3D model for the bilaterally fractured pelvis created in Mimics® (a) anterior view and (b) posterior
view.
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5.4 Results
5.4.1 Average Pelvic Shape

5.4.1.1 Deviation Analysis

A summary of the results of the deviation analyses for each of the hemipelvis models with the

corresponding average shape model are outlined in Table 5.1. Average values for the RMS and

percentage of points within £ 2 mm are presented. DCMs of four subjects from each group are

displayed in Fig. 5.5 and Fig. 5.6. The DCMs chosen to display in each group were the subjects

with RMS values that are closest to the average RMS. These are representative examples of the

mean differences in shape between the subjects and their corresponding average shape models.

For the deviation analysis performed between the female and male average hemipelvis shapes, the

results are presented in Table 5.2 and the DCMs are displayed in Fig. 5.7.

Table 5.1 Summary of the deviation analysis results for the hemipelvis models with their corresponding

average hemipelvis shapes.

3D Surfaces Results
Deviation . s
Analysis | Reference Surface Test Surface RMS (Average = SD mm) Percentage of Points Wlf,hm
=2 mm (Average = SD %)
Number
1 left male average left ma}le m!:act 257 4+ 0.69 601 <113
hemipelvis shape hemipelvis
? right 'male' average right mgle 1r}tact 250 4 0.70 60.6 - 13.0
hemipelvis shape hemipelvis
3 left fgmalq average left female 1ptact 239 + 0.44 6214864
hemipelvis shape hemipelvis
4 right femalg average | right ferpale 1‘ntact 241 4 0.42 61.8+8.10
hemipelvis shape hemipelvis

Table 5.2 Deviation analysis results between the male and female average hemipelvis shapes.

3D Deviation Surfaces Results
Analysis Percentage of Points
Number Reference Surface Test Surface RMS (mm) Within 2 mm (%)
1 left fgmalq average left male average 197 7.6
hemipelvis shape hemipelvis shape
) right ttemal'e average | right 'male' average 206 68.1
hemipelvis shape hemipelvis shape
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Fig. 5.5 Anterior view deviation color maps (mm) between four example hemipelves and their
corresponding average hemipelvis shape.
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Fig. 5.6 Posterior view deviation color maps (mm) between four example hemipelves and their
corresponding average hemipelvis shape.
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Fig. 5.7 DCMs resulting from the 3D deviation analyses conducted between the left female and
male average hemipelvis shapes and the right female and male average hemipelvis shapes.
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5.4.1.2 Sensitivity Analysis for Average Pelvic Shape

Different hemipelves for the left side male and female groups were chosen as the initial shapes to
test the sensitivity of the average hemipelvis shape. Subjects 4, 3 and 6 were chosen as the initial
shapes for the females and subjects 12 and 3 were chosen as the initial shapes for the males. The
resulting RMS values of the deviation analyses conducted between each average hemipelvis and

the corresponding hemipelves for all runs are displayed in Table 5.3 and Table 5.4.

Table 5.3 Results of the 3D deviation anaylsis conducted between the left female average hemipelvis
shapes and the corresponding hemipelves. The initial shapes chosen for these runs were
subjects 4, 3 and 6. RMS is the root mean square deviation.

Subject # S4 as Initial Shape | S3 as Initial Shape | S6 as Initial Shape
RMS (mm) RMS (mm) RMS (mm)
S1 2.67 2.21 2.40
S2 1.79 1.82 1.70
S3 3.05 2.45 2.75
S4 1.45 1.72 1.57
SS 2.25 2.01 2.01
S6 3.14 2.68 2.82
S7 2.63 2.72 2.58
S8 2.38 2.26 2.30
S9 2.75 2.96 2.69
S10 1.89 1.73 1.77
S11 1.99 1.91 1.86
S12 2.02 2.05 1.94
S13 2.99 2.70 2.77
S14 2.47 2.20 2.31
S15 2.00 1.77 1.81
S16 2.49 2.45 2.49
S17 2.36 2.32 2.18
S18 2.50 2.59 2.36
S19 2.50 2.44 241
S20 242 2.05 2.19
Average 2.39 2.25 2.25
SD 0.44 0.37 0.38
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Table 5.4 Results of the 3D deviation anaylsis conducted between the left male average hemipelvis shapes
and the corresponding hemipelves. The initial shapes chosen for these runs were subjects 12
and 3. RMS is the root mean square deviation.

. S12 as Initial Shape | S3 as Initial Shape
Subject# | " pPMS (mm) i RMS (mm) i
S1 4.66 4.70
S2 2.70 2.66
S3 3.30 3.22
S4 1.99 2.05
S5 1.96 2.14
S6 2.02 1.99
S7 2.03 1.98
S8 3.37 3.35
S9 2.57 2.57
S10 2.82 2.85
S11 2.32 2.29
S12 1.71 1.95
S13 2.33 2.41
S14 2.66 2.75
S15 1.69 1.78
S16 2.19 2.31
S17 3.02 3.14
S18 2.28 242
S19 2.58 2.72
S20 2.15 2.20
Average 2.52 2.57
SD 0.69 0.67
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5.4.2 Unilateral Pelvic Fractures

The results of the 3D deviation analyses for the unilaterally fractured pelvises are displayed in
Table 5.5 - Table 5.7. The RMS of deviations and the percentage of points within the + 2 mm
threshold are recorded. The average values for these parameters were calculated and a summary
of the results is shown in Table 5.8. The average RMS and average percentage of points between
+2 mm was 1.46 £ 0.32 mm and 85.7 + 6.22 % in the first deviation analysis where the hemipelves
were constructed by using the average hemipelvis shape as a template and compared to the
reflected intact side. The average RMS and average percentage of points between + 2 mm was
1.30 £ 0.27 mm and 91.3 + 2.56 % in the second deviation analysis where the hemipelves were
constructed by using the reflected intact hemipelvis as a template and compared to the reflected
intact side. The average RMS and average percentage of points between = 2 mm was 0.66 £ 0.38
mm and 95.8 &+ 3.03 % in the third deviation analysis where both reconstructed hemipelves are

compared.

It is important to note that the results obtained for subject 5 are not included in the analysis, since
it was unable to produce an acceptable reconstruction when the average hemipelvis shape was used
as a template. The 3D deviation analysis conducted between the reconstructed hemipelvis and the
reflected intact hemipelvis showed that the RMS was 2.77 mm, which is greater than the 2 mm

threshold. The percentage of points between + 2 mm was 56.2 %, which is quite low.

Table 5.5 Results of the 3D deviation analysis conducted between the hemipelvis reconstructed by using
the average hemipelvis shape as a template and the intact hemipelvis (reflected across the
sagittal plane). RMS is the root mean square deviation.

. Fracture side (L/R Percentage of points

Subject # | Sex (M/F) and locati(fn ) RMS (mm) between :EZ mﬁl (%)
S1 M L - ilium 1.85 80.9
S2 M L - acetabulum 1.26 91.1
S3 M L - acetabulum 1.30 88.9
S4 M R - acetabulum 1.85 74.7
Sé6 F L - pubis 1.44 84.8
S7 M R - acetabulum 1.54 87.2
S8 F L - pubis 0.98 92.5
Average 1.46 85.7
SD 0.32 6.22
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Table 5.6 Results of the 3D deviation anaylsis conducted between the hemipelvis reconstructed by using
the intact hemipelvis as a template and the intact hemipelvis (reflected across the sagittal plane).
RMS is the root mean square deviation.

. Fracture side (L/R Percentage of points

Subject # | Sex (M/F) and locatio(n ) RMS (mm) between ﬂg:Z mIP;1 (%)
S1 M L - ilium 1.59 90.5
S2 M L - acetabulum 1.26 91.2
S3 M L - acetabulum 1.24 89.2
S4 M R - acetabulum 1.56 90.3
S6 F L - pubis 1.12 93.4
S7 M R - acetabulum 1.51 88.7
S8 F L - pubis 0.84 96.0
Average 1.30 91.3
SD 0.27 2.56

Table 5.7 Results of the 3D deviation analysis conducted between the hemipelvis reconstructed by using
the average hemipelvis shape as a template and the hemipelvis reconstructed by using the intact
hemipelvis (reflected across the sagittal plane) as a template. RMS is the root mean square

deviation.
. Fracture side (L/R Percentage of points
Subject # | Sex (M/F) and locatio(n ) RMS (mm) between :EZ mpm (%)
S1 M L - ilium 1.04 94.2
S2 M L - acetabulum 0.13 99.8
S3 M L - acetabulum 0.30 98.0
S4 M R - acetabulum 1.13 90.6
S6 F L - pubis 0.92 94.5
S7 M R - acetabulum 0.46 97.4
S8 F L - pubis 0.61 96.1
Average 0.66 95.8
SD 0.38 3.03
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Table 5.8 Summary of the deviation analysis results for the unilaterally fractured pelvises.

3D Deviation Surfaces Results
Analysis Percentage of Points Within
Number Reference Surface Test Surface RMS (Average £ SD mm) +2 mm (Average £ SD %)
. ) ) reconstructed
intact hemipelvis hemipelvis by usin
1 reflected across the p y using 1.46 +0.32 85.7+6.22
sagittal plane average hemipelvis
shape as a template
. . . reconstructed
intact hemipelvis hemipelvis by usin
2 reflected across the | ., po V1S OY USINE 1.30 +0.27 91.3 +£2.56
. intact hemipelvis as
sagittal plane
a template
reconstructed reconstructed
3 hemipelvis by using | hemipelvis by using 0.66 - 0.38 958 +3.03

intact hemipelvis as
a template

average hemipelvis
shape as a template

The DCMs of all subjects resulting from the three deviation analyses conducted are displayed in

Fig. 5.8 - Fig. 5.10. The green areas of the DCMs are regions with small deviations (< 2 mm),

whereas the red/blue areas are regions with high deviations (> 2 mm). It should be noted that

positive deviations indicate that the test surface is above the reference surface and vice versa for

negative deviations. The DCMs in Fig. 5.8 - Fig. 5.10 may have some grey regions, particularly

subjects 1 and 7. These grey regions could mean that there were no corresponding points on the

test surface to compare the reference surface to or that the test points are farther than a 6 mm

radius.
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Fig. 5.8 DCMs resulting from the 3D deviation analysis conducted between the hemipelvis reconstructed
by using the average hemipelvis shape as a template and the intact hemipelvis (reflected across the
sagittal plane).
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Fig. 5.9 DCMs resulting from the 3D deviation analysis conducted between the hemipelvis reconstructed
by using the intact hemipelvis as a template and the intact hemipelvis (reflected across the sagittal plane).
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Fig. 5.10 DCMs resulting from the 3D deviation analysis conducted between the hemipelvis reconstructed
by using the average hemipelvis shape as a template and the hemipelvis reconstructed by using the
intact hemipelvis (reflected across the sagittal plane) as a template.



5.4.3 Bilateral Pelvic Fractures

For the bilaterally fractured pelvis, the deviation analysis between the reconstructed left side and
average hemipelvis shape produced an RMS of 2.71 mm and a percentage of points between + 2
mm of 53.2%. For the reconstructed right side, the RMS was 2.42 mm and the percentage of points
between = 2 mm was 60.4%. The DCMs for these two deviation analyses are displayed in Fig.
5.11.
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Fig. 5.11 DCMs resulting from the 3D deviation analyses conducted between each side of the bilaterally
fractured pelvis and the respective male average hemipelvis shape.
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5.5 Discussion

Virtual pelvis reduction has proven to be a useful tool for surgeons in the planning phase of
surgery. It has the potential to reduce operation times, while providing accurate reconstructions,
which is vital for proper patient recovery [17]. For unilateral pelvic fractures, the virtual
reconstruction can be accomplished by mirroring the intact hemipelvis across the sagittal plane
and using it as a template. However, this procedure cannot be applied for bilateral fractures, since
both hemipelves are injured. Therefore, we built average pelvic shape models using SSM to be

utilized for bilateral fracture reconstruction.

Separate average hemipelvis shape models were created for the males and females, since the pelvis
varies in shape between the two groups. In total, there were 4 groups, left male hemipelves, right
male hemipelves, left female hemipelves and right female hemipelves. Deviation analyses were
conducted on Geomagic® between the subjects in each group and their respective average shape,
to study the differences. Based on the RMS values and the percentage of points between = 2 mm
(Table 5.1), there were no substantial differences between the left and right sides of both the male
and female groups. This further supports the conclusion made in our previous work [66], that the
pelvis is considered to be a bilaterally symmetric structure. The DCMs in Fig. 5.5 and Fig. 5.6
show that there are generally higher deviations in the upper parts of the ilia, as well as the ischium
and pubis (characterized by the dark blue/red areas), in regions of multiple large muscle
attachments. The middle and lower parts of the ilia have lower deviations (characterized by the
green areas). This suggests that there are notable variations in shape and pelvic opening within and

between the male and female groups, which aligns with previous studies [85-87].

The areas with higher deviations in the DCMs tend to be more variable between people. For
fractures in these regions, a subject-specific model would be more desirable for the reconstruction.
Though, these areas (iliac wing, ischium and pubis) are non-articular surfaces of the pelvises, so
minor variations in these regions after reconstruction are clinically unimportant, as opposed to
small variations in the acetabular region which can lead to rapid arthritis. The areas that tend to
have lower deviations suggest that these regions have less variability between people. For fractures
in these regions, an average shape model may provide reconstructions closer to the subject-specific

models.
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The final male and female average hemipelvis shapes were compared by conducting deviation
analyses between the left male and female hemipelves and the right male and female hemipelves.
Results are displayed in Table 5.2. The RMS of the left and right hemipelves was 1.97 mm and
2.06 mm, respectively. The percentage of points between + 2 mm for the left and right hemipelves
was 72.6% and 68.1%, respectively. These differences are expected to be even larger when
comparing the entire structure of the pelvis, since there significant differences in shape and pelvic
opening between the males and females [81, 82]. The DCMs of Fig. 5.7 showed that there are
largest deviations on the iliac crests and pubis regions. This allows us to confirm that the pelvis is
a sexually dimorphic structure, as stated in the literature [81, 82] and highlights the importance of

creating separate models for the males and females.

In order to build the average pelvis shapes using SSM, one of the subjects in each group must be
chosen as the initial shape to be deformed. A sensitivity analysis was conducted to study the effect
of choosing different initial shapes on the final average hemipelvis models. For the females,
subjects 4, 3 and 6 were chosen as the initial shapes and 3D deviation analyses were performed.
The RMS values in Table 5.3 showed that the closest subject to the mean shape was subject 4 in
all three tests. Also, the deviations between each of the subjects and the mean shape were
consistently high or low for the three cases. In addition, there were no significant differences in
the average RMS between the tests. The same conclusion was reached for the males, where
subjects 12 and 3 were chosen as the initial shapes (Table 5.4). Subject 15 was the closest to the
mean shape in both tests. These results suggest that the final average shape models are insensitive

to the choice of the initial shape and provides confidence in the models created.

After obtaining these average hemipelvis shapes, they were used as templates for reconstructing
unilaterally fractured pelvises. Deviation analyses were conducted to compare these reductions
with ones that were performed by using the reflected intact hemipelves as templates, since these
were established to be effective reconstructions [46, 74, 75]. Table 5.8 shows a summary of the
quantitative results. The average RMS was close in deviation analysis 1 and 2, 1.46 + 0.32 mm
and 1.30 + 0.27 mm, respectively. This suggests that the reconstructions based on the average
shape were successful. In addition, all subjects in deviation analysis 1 had an RMS less than the 2
mm threshold (Table 5.5), which is necessary to prevent future complications in the hip joints. The

average percentage of points between + 2 mm was higher for deviation analysis 2 (91.3 + 2.56 %)
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than for deviation analysis 1 (85.7 £ 6.22 %). This is to be expected, because the patient's own
reflected hemipelvis is likely to be a better representation of their geometry than an average shape
template. However, the percentage of points between = 2 mm for deviation analysis 1 is still
considered to be quite high. Based on the DCMs in Fig. 5.8 and Fig. 5.9, the majority of points
lying outside the + 2 mm range (yellow-red and cyan-blue regions) are on the fracture lines and
non-articular surfaces of the pelvis, such as the iliac crest. High deviations in the non-articular
surfaces are not likely to cause concern and could be attributed to natural asymmetry in those

regions, prior to fracture.

Deviation analysis 3 allowed for a direct comparison between both reconstructions. Table 5.7
shows that subjects 1, 4 and 6 have the highest differences between both reconstructions. Subject
1 had an iliac fracture, subject 4 had two acetabular fractures and subject 6 had a pubic fracture
(Fig. 4.5). This could suggest that reconstructions based on the average pelvic shapes are less
accurate for fractures in the iliac and pubic regions, as well as fractures that split the hemipelvis
into more than two pieces. This conclusion aligns with the findings reported above showing that
the largest differences between the average shape models and their subjects are in the ilia and

inferior regions of the pelvis.

The results of the reconstruction procedure for subject 5 were excluded from the analysis. This
subject had an iliac and pubic fracture which split the hemipelvis into three pieces (Fig. 4.5). The
reason for exclusion was that the RMS of deviations was 2.77 mm, which is greater than the 2 mm
threshold. In addition, the percentage of points between + 2 mm was 56.2 %, which is quite low
compared to the other subjects which had an average of 85.7 &+ 6.22 %. This could be attributed to
the complex fractures in regions that have been shown to have larger variations between people.
In particularly complex fractures, a higher RMS value may still be acceptable for a reconstruction

with this technique that may still be more anatomic than having no reconstruction available at all.

The bilaterally fractured pelvis presented in Fig. 5.4 had a pubic fracture on the left hemipelvis
and an acetabular fracture on the right hemipelvis. It was reconstructed by using the left and right
male average hemipelvis shapes as templates. Results showed that the reconstructed right side was
closer to the average shape than the reconstructed left side. This again may suggest that
reconstructions based on the average shape for pubic fractures are less accurate than other

reconstructions, due to shape variations between subjects in these areas.
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To summarize, reconstructions based on the average pelvis shape are generally effective, however,
they are less accurate for fractures in regions which exhibit relatively large variations between
subjects, such as the ilium and pubis. Future work will aim to combat this issue by creating
subgroups for male and female pelvises which are divided based on differences in shape. The
fractured pelvis can then be appropriately matched to its respective subgroup average shape for
reconstruction. In addition, twenty subjects were used in this study to build the average pelvis
shapes; a larger number of test subjects would be more representative of the population and is
essential for capturing the differences. Finally, more cases of bilaterally fractured pelvises would
need to be tested, in order to provide an informed decision about the viability of the proposed

technique.

Virtual pelvic fracture reconstruction has the potential to reduce wait times and operation times,
thereby reducing the risk on the patients. Building average pelvis shapes using statistical shape

modelling can provide viable templates for virtual reduction of bilaterally fractured pelvises.
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Chapter 6: Conclusion

Pelvic fractures are complex injuries which require urgent treatment and accurate reconstructions
to minimize the risk on the patient. Recent studies have resorted to the use of virtual pelvic
reconstruction techniques in preoperative surgical planning, with the goal of reducing wait times
for patients and offering more accurate reconstructions. Despite the notable efforts, current
practices require the presence of expert medical professionals, which may be limited. In addition,
they are prone to user subjectivity and do not refer to the patients’ intact hemipelvis (if present)
when performing the reconstruction. This can affect the quality of the reduction since the patients’
natural pelvis geometry is not preserved. This thesis aimed to tackle the limitations of current

virtual reconstruction techniques.

First, pelvic symmetry was investigated to determine whether the contralateral intact side can be
used as a template for unilateral pelvic fracture reconstruction. Fourteen intact pelvises were
included in this study and results showed that the pelvis is quite symmetric about the sagittal plane.
The average difference between the left and right sides was 1.14 = 0.26 mm. The highest deviations
were found on the non-articular surfaces, particularly major muscle attachment sites. This could

be attributed to differences in muscle activation between the left and right sides.

Since the pelvis was established to be sufficiently symmetric, the second stage of this thesis was
to develop a technique for virtually reconstructing unilaterally fractured pelvises by using the intact
hemipelves as templates. The intact pelvises were reflected across the sagittal plane and the
fractured pieces were aligned with it to form a reconstructed hemipelvis. The average difference
between the reconstructed hemipelves and their corresponding intact ones was 1.32 £ 0.22 mm,
with the largest deviations present along the fracture lines. This result for the mean difference was
close to that of the intact pelvises in the symmetry study, which allows us to confirm the validity
of this reconstruction technique. Additionally, the method presented here has minimal user
subjectivity, preserves the symmetric nature of the pelvis and is less time consuming than manual

techniques.

The last stage of this thesis was to introduce a method for virtually reconstructing bilaterally
fractured pelvises where there is not intact hemipelvis to serve as a template for the reconstruction.

Statistical shape modelling was used to generate an average pelvis shape that can be used as a
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template in this procedure. Average shapes were developed for the male and female left and right
hemipelves separately using a database of 40 intact pelvises (20 male and 20 female). These
average shapes were used to reconstruct the unilaterally fractured pelvises in order to compare the
results with the same pelvises that were reconstructed by using their corresponding intact sides.
The mean difference for the hemipelves that were reconstructed based on the average shape was
1.46 + 0.32 mm, which is nearly the same as the pelvises that were reconstructed based on the
intact sides. The mean difference between both reconstructed hemipelves (from the average shape
and from the reflected intact side) was 0.66 = 0.38 mm. This suggests that the proposed method
can be implemented on bilaterally fractured pelvises. A representative example of a bilaterally

fractured pelvis was presented in this work to demonstrate the virtual reconstruction procedure.

Despite the promising results presented in this thesis, there is room for improvement. Future work
will aim at using a larger database of pelvises to create the average shape in order to capture the
variabilities in the population. In addition, the average shapes will be categorized into several
subgroups within the population. This can potentially improve the accuracy of reconstructions for
pelvises fractured in regions which display large variations between subjects. Also, regional
specific pelvic symmetry will be examined over a larger database of subjects to develop a better

understanding of the population differences in those areas, particularly the articular surfaces.
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