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Abstract

This dissertation presents a thesis on the use of additive manufacturing in the devel-

opment and evaluation of a computer-assisted system for wrist-fracture repair. The

work developed tools for performing navigated wrist surgery, developed methods for

evaluating surgical performance, and provided novel experience with model-based

surgical evaluation.

Patient-derived bone models, fabricated using additive manufacturing, were pro-

posed as an alternative to cadaver specimens for testing and validating the new sur-

gical system. The accuracy of fabricating these models from computed-tomography

imaging was investigated using laser scanning and was found to be reproducible to

within half a millimeter.

Three generations of a surgical system for navigated wrist-fracture repair were

developed and evaluated using a wrist model that was produced by additive manu-

facturing. Compared to cadaver specimens, the model was less expensive and per-

formed equally well under simulated surgical conditions. The model-based evaluation

permitted larger study sizes that increased the statistical power of the experimental

results.

Criteria for surgical performance included surgical and technical measurement of

screw placement. The navigation system was superior in optimizing screw placement
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compared to conventional surgical methods. Navigation also reduced the risk of

radiation exposure and clinical complications of wrist-fracture repair.

Surgical tools, including a drill guide and wrist-stabilization device were developed

with the use of additive manufacturing. Prototype devices could be quickly and

economically fabricated for testing under realistic conditions.

A system for performing navigated wrist fracture repair was successfully developed

through the use of additive-manufacturing prototyping and evaluation. Additive man-

ufacturing was integral to the successful evaluation of the system’s improvement in

performance.
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Glossary

additive manufacturing A process of making an object by combining
smaller pieces of material to form a larger one.
This is in contrast to subtractive manufacturing
where material is removed from a larger piece
of material to create the smaller desired object.

C-arm A fluoroscope mounted to a device that is
shaped like the letter “C”. The device can ro-
tate to position the fluoroscope to take images
from various angles or viewpoints.

computer-assisted
surgery

The use of computer technology for preopera-
tive planning and intraoperative performance
of surgical interventions. Related terms include
computer-aided surgery, image-guided surgery
and surgical navigation.

direct navigation A technology for performing image-guided pro-
cedures without the need for patient-based reg-
istration; instead, the image-to-patient registra-
tion is inferred from other methods.

displaced fracture A fracture in which opposed fragments of bone
are physically separated. This is in contrast to a
non-displaced fracture, in which fragments over-
all remain in contact. Displaced fractures are
typically reduced prior to fixation.

xv



distal Anatomical direction referring to anatomy that
is located further to the point of attachment
(limb) or the trunk of the body. This is in con-
trast to proximal.

dorsal Pertaining to the “back” or “upper” side of
anatomy; for human extremities, opposite to
the palm or the sole which are in the volar di-
rection.

ex vivo (Latin for “out of the living”) refers to experi-
mentation done on a tissue outside of the orig-
inating organism.

fluoroscope An X-ray source and fluorescent screen between
which a patient is placed. Modern fluoroscopes
couple the screen to an X-ray image intensifier,
or to a digital video camera, that allow the im-
ages to be displayed and recorded.

fused-deposition
modeling

An additive-manufacturing process in which
material is supplied to a nozzle that traces out
a pattern in successive layers.

image segmentation The process of partitioning a digital image into
sets of pixels. In medical images, segmentation
is used to distinguish pixels belonging to a par-
ticular anatomy, such as a bone.

image-to-patient
registration

A process in image-guided surgery that defines
a registration between the patient anatomy and
an image of the same anatomy. This registra-
tion is typically computed by collecting surface
points on the anatomy using a tracked probe
and registering these to a 3D virtual model of
the anatomy.

xvi



inferior Anatomical direction referring to anatomy that
is located further from the head of the body.
This is in contrast to superior.

internal fixation A surgical procedure that involves the introduc-
tion of implants – such as screws, plates and
other hardware – for the purpose of repairing a
bone.

intraoperative Refers to actions taking place inside the oper-
ating room in the sterile environment.

in silico An expression used to mean “performed on
computer or via computer simulation”.

in vitro (Latin for “in glass”) refers to experiments con-
ducted using components of an organism that
have been isolated from their usual biological
surroundings, as opposed to in vivo. Colloqui-
ally, these experiments may be called “test tube
experiments”.

in vivo (Latin for “within the living”) refers to experi-
mentation within or of a living organism.

Kirschner wire (K-wire) A sharpened, stainless-steel pin or wire avail-
able in a variety of sizes, used in numerous or-
thopedic applications.

lateral Anatomical direction referring to anatomy be-
ing further from the mid-line of the body. This
is in contrast to medial.

local coordinate
reference

A coordinate frame (origin and axes) used to
describe the position and orientation of an ob-
ject of interest; or, a device used to establish
such a coordinate frame.

xvii



medial Anatomical direction referring to anatomy be-
ing closer to the mid-line of the body. This is
in contrast to lateral.

percutaneous A surgical procedure in which access to inner
organs or tissues is done via needle-puncture of
the skin, rather than by using an “open” ap-
proach where inner organs or tissue are exposed
via incision.

preoperative Refers to actions taking place prior to the sur-
gical procedure outside the operating room in
the non-sterile environment.

proximal Anatomical direction referring to anatomy that
is located closer to the point of attachment
(limb) or the trunk of the body. This is in con-
trast to distal.

radial Refers to the radius (a bone) in the forearm.
This term is also used to reference directions as-
sociated with the hand, where the medial and
lateral directions can be confusing. The oppo-
site direction is ulnar.

rapid prototyping A group of techniques used to quickly fabricate
a scale model of a physical part or assembly
using three-dimensional computer aided design
(CAD) data. This technology is a form of addi-
tive manufacturing.

xviii



reduction The process by which bone fragments of a
displaced fracture are generally brought into
close contact before fixation; also elliptical for
anatomic[al] reduction, where fragments are
generally restored to the natural alignment. A
fracture can be reduced via open reduction, in
which surgical incision is used to expose the
bone, or by closed reduction in which bone frag-
ments are manipulated without surgical expo-
sure.

registration A process of determining a spatial transforma-
tion between different data sets.

scaphoid One of the eight small carpal bones in the hu-
man wrist, seated at the base of the thumb and
distal to the radius.

stereolithography An additive manufacturing process that uses a
laser to build successive layers by curing a pho-
topolymerizing mixture.

subtractive
manufacturing

A process whereby material is removed from a
larger piece of material to create the smaller,
desired object. Many conventional manufactur-
ing methods are subtractive processes, includ-
ing cutting, milling and drilling.

superior Anatomical direction referring to anatomy that
is located closer to the head of the body. This
is in contrast to inferior.

ulnar Refers to the ulna (a bone) in the forearm. This
term is often used to indicate directions associ-
ated with the hand, where medial and lateral
directions can be confusing. The opposite di-
rection is radial.

xix



volar Anatomy of, or relating to, the palm of the hand
or the sole of the foot. This is in contrast to
dorsal.

volume rendering A set of techniques, used in scientific visualiza-
tion and computer graphics, to display a 2D
projection of a discretely sampled 3D data set.
For 3D medical images, this is analogous to a
digitally reconstructed radiograph (virtual X-
ray).

volume slicing A set of techniques, used in scientific visualiza-
tion and computer graphics, to display a 2D
cross-section or “slice” of a 3D data set. A slice
is often, but not exclusively, a plane.
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Chapter 1

General Introduction

This manuscript-style dissertation is an assessment of additive-manufacturing tech-

nology in the development and evaluation of surgical innovation, specifically in the

repair of a common form of wrist fracture. Repairing the scaphoid, a small bone in

the human wrist, is a surgical procedure with risks that may be alleviated by the use

of computer-assisted technology. To develop such a procedure requires testing and

evaluation under realistic conditions, typically involving animal or cadaver specimens.

However, use of these specimens is wasteful, expensive, and often limits the extent to

which a study can be performed or the conclusions that can be drawn.

There was a dual purpose of this thesis work. Firstly, there was a need for an

alternative medium for developing and testing surgical innovations. Secondly, there

was an interest to apply computer-assisted technology for scaphoid surgery. This

dissertation evaluates the use of an alternative medium – bone models reconstructed

using “rapid prototyping” of medical images – for the development and evaluation of

computer-assisted scaphoid surgery.

1
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This introductory chapter will explain the motivation to use additive manufac-

turing as an alternative to cadavers, as well as the motivation for computer-assisted

scaphoid surgery and some of the associated challenges. To do this, a brief intro-

duction to scaphoid fixation, computer-assisted surgery and additive manufacturing

will be provided, with a more comprehensive literature review on these subjects to

follow in the subsequent chapter. (Selected terms that may be unfamiliar to some

readers have been defined in the Glossary). Next, the scope and objectives of the

thesis are defined, and the contributions of this work to the discipline of mechanical

engineering are noted. Finally, a summary of the chapters to follow will describe how

each manuscript contributes to the thesis objectives and the mechanical engineering

discipline.

1.1 Additive Manufacturing as a Means to

Develop and Test Surgical Innovations

A surgical innovation is a novel solution to a surgical problem or an improvement to

a surgical technique [1]. Many surgical procedures have been developed through the

use of in-vivo or ex-vivo specimens that were derived from animal or human sources.

In addition to ethical concerns, the use of animal, cadaver and human specimens

has been resource-intensive and costly; this has made large-scale studies impractical.

Additionally, variability amongst specimens has made it difficult to devise highly-

controlled studies that assess the technical aspects of surgical innovations.

By comparison, medical images are abundant and, because they are typically

part of a diagnostic workup, do not bring about additional expense. Digital medical
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images, such as computed tomography (CT) scans, can be easily transformed to create

three-dimensional (3D) virtual models on a computer. These models can be used to

perform “virtual” assessments, that is, computers can be used to perform simulations.

However, such modeling lacks the physical interaction that is key to performing and

evaluating many surgical interventions.

Rapid prototyping of bone models derived from medical images has been pro-

posed as a potential alternative to actual or computational assessment of preliminary

surgical evaluations. Rapid prototyping, or three-dimensional printing, can be more

correctly described as additive manufacturing. In additive manufacturing processes, a

3D object is created by combining successive two-dimensional (2D) layers of material;

this is in contrast to subtractive manufacturing techniques that rely on the removal

of material, such as drilling or milling. In this thesis work, additive manufacturing of

bone models that were reconstructed from patient CT scans proved to be a convenient

and inexpensive alternative to natural specimens. These synthetic models may in the

future provide a means for a new realm of evaluation for medical testing.

1.2 Innovating Wrist Fracture Repair with

Computer-Assisted Technology

Wrist-fracture repair is one field of orthopedics that may benefit from surgical inno-

vation. The scaphoid, as shown in Figure 1.1, is a small carpal (wrist) bone with a

complex 3D shape that can be difficult to repair accurately using existing minimally-

invasive techniques. The X-ray imaging conventionally used to perform this procedure
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may be a serious occupational hazard for surgeons who routinely perform these op-

erations [2, 3].

 

 

 

Scaphoid 

Carpal bones 

Figure 1.1: The scaphoid bone. Location of the scaphoid bone, one of the eight
carpal bones comprising the human wrist.

The application of computer technology for surgical interventions has enabled

complex surgeries to be executed with less-invasive techniques and better patient

outcomes. Computer-assisted procedures have been especially successful within the

field of orthopedics because bones can be treated as rigid bodies, allowing virtual

bone models to be used for navigation instead of intraoperative X-ray imaging or

visualization by means of open exposure.

In a typical computer-assisted workflow, a preoperative 3D CT image is used to

develop a 3D model of the anatomy of interest. This is accomplished through a pro-

cess known as image segmentation, whereby the pixels that belong to the anatomy of

interest are identified in 2D slices of the 3D image. The identified pixels in the seg-

mented series are combined to form voxels that represent the corresponding 3D digital

model. The resulting 3D digital model can be used for virtual planning or simulation
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of the surgical procedure, and/or intraoperatively for image-guided navigation.

Intraoperatively, a position sensor – such as an infrared camera or electromagnetic

device – is used to track targets placed on the anatomy or surgical instruments for

virtual navigation. Before this can be done the image-to-patient registration, which

is the spatial relationship between the image and the anatomy, must be known. In

surgical applications, this can be accomplished by using a calibrated probe that is

tracked by the position sensor to collect surface points from the anatomy; these points

are geometrically fit to the 3D model to estimate the image-to-patient relationship

(surface-based registration) [4, 5]. Following image-to-patient registration, the po-

sition information of the tracked anatomy and surgical instruments can be used to

create a virtual representation of the instruments relative to the virtual 3D anatomical

models on the computer for navigation.

This typical workflow for computer-assisted orthopedic surgery, however, does

not transfer easily to wrist-fracture repair for three primary reasons: preoperative

CT imaging is not routinely part of the standard workup for wrist fracture diagnosis

(although images of the wrist are commonly acquired for other assessments); image

segmentation needed to create virtual models for planning and navigation is labor

intensive, timely, and expensive; and patient tracking by attaching markers directly

to the carpal bones is difficult because of the small size and location of these bones.

For similar reasons, establishing an image-to-patient registration by collecting surface

points from the carpal bones has been exceptionally difficult.

The evolution of medical imaging technology led to the development of 3D fluo-

roscopy that was integrated into a surgical suite. Initially developed for angiography

applications, intraoperative 3D fluoroscopy has the potential to solve many of the
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problems associated with the conventional computer-assisted workflow. The primary

potential is that 3D imaging can be performed in the operating suite instead of pre-

operatively, and the medical image can be used directly for planning and navigation

without image segmentation. A secondary potential is that the geometry of the flu-

oroscope can be calibrated preoperatively so that direct navigation can be achieved

without the need for image-to-patient registration.

As shown in Figure 1.2, such an operating room was constructed at Kingston Gen-

eral Hospital (Kingston, Canada) in the year 2010, featuring a floor-mounted Innova

3D fluoroscope (GE Healthcare, France) and ceiling mounted Certus position sensor

(Northern Digital, Waterloo, Canada). Previously by others, a calibration methodol-

ogy was devised and evaluated in order to establish a spatial relationship between the

Innova and Certus position sensor [6]. This operating room and equipment was used

throughout the work presented in this dissertation to develop and evaluate techniques

for computer-assisted wrist fracture repair. All studies reported in this manuscript

received approval from the Queen’s General Research Ethics Board as documented

in the Appendix.

1.3 Thesis Scope and Objectives

The manuscripts presented in this dissertation together constitute a case-study anal-

ysis of using additive manufacturing in the development and evaluation of computer-

assisted techniques for wrist fracture repair. Although the methods and technology
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Certus Position Sensor 

Innova C-arm 

Figure 1.2: Angio/Computed Tomography operating room at Kingston
General Hospital. The suite features a ceiling-mounted Certus position sensor
and a floor-mounted rotating fluoroscopic C-arm shown here in a horizontal imag-
ing configuration for best viewing of the room. Figure adapted with permission of
Springer publishing from [7].
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developed in this thesis may be transferable to general wrist-fracture repair and pos-

sibly other orthopedic procedures, the work focused on a specific wrist-fracture proce-

dure: volar percutaneous scaphoid fixation. The scaphoid is the most frequently frac-

tured wrist bone [8]. Percutaneous fixation entails inserting a surgical wire through

the skin and along the length of the bone to guide placement of a compression screw.

The objectives of this dissertation were threefold:

1) Develop Methods for Navigated Percutaneous Scaphoid Fixation

An opportunity was presented wherein intraoperative 3D fluoroscopy could be used,

with a previously established method of image-to-tracking calibration, to perform nav-

igated wire insertion for scaphoid fixation. Although intraoperative 3D fluoroscopy

and preoperative calibration might have resolved problems associated with image seg-

mentation and patient-based registration, there were outstanding issues that needed

to be addressed before the technology can be used for scaphoid fixation. Primarily,

navigation tools and interfaces had to be developed, including a mechanism to track

the location of the guide-wire, as well as a visual interface for planning and navigat-

ing using 3D fluoroscopic images. Secondarily, methods and tools for patient tracking

had to be devised because direct tracking was not feasible for small bones such as the

scaphoid.

2) Develop Methods for Evaluating Surgical Performance of Percutaneous

Scaphoid Fixation

Because technical skill was an important factor in percutaneous scaphoid fixation,

controlled studies could evaluate the efficacy of a computer-assisted technique by
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comparing it to a conventional method for percutaneous scaphoid fixation. Model

wrists derived from patient CTs and fabricated using additive manufacturing were

used to compensate for the high anatomical variability of the scaphoid [9], thereby

creating a controlled model with which to objectively measure surgical skill. Objec-

tive measures of comparison were used to evaluate the computer-assisted approach

including: accuracy of placement, radiation usage, and procedure time. Definitions

and methods had to be devised for assessing accuracy of screw placement.

3) Evaluate the Use of Additive Manufacturing for Developing Surgical

Techniques

The accuracy of reproducing bone models from patient CT images needed to be ana-

lyzed. In conjunction with the previous objective, a case study application of patient-

derived wrist models was used as a means to develop and test methods for computer-

assisted percutaneous scaphoid fixation. A related study compared computer-assisted

guide-wire insertion using reconstructed models to cadaver specimens.

1.4 Contributions

The work in this dissertation made important contributions to the mechanical engi-

neering community, including:

Contributions to Additive Manufacturing

Additive manufacturing has been a quickly growing industry in which the technol-

ogy has recently matured and has lowered significantly in price. This dissertation
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describes methods for reconstructing bones from CT images using additive manu-

facturing and presents a novel application of the models for evaluating surgical in-

novations. The thesis work also contributed novel methods for shape analysis using

surface laser scanning and computer algorithms. The results of the accuracy analysis

of the reconstruction process may useful to the additive manufacturing community,

those who perform medical image segmentation, and those using reconstructed bone

models for testing or in medical applications such as custom implants.

Contributions to Surgical Modeling

This dissertation presents studies of additive manufacturing as alternative means for

testing orthopedic devices and procedures. The development of synthetic tissue mod-

els has recently been a growing industry with important ties to ethics, biomechanics,

medical education, and surgical training. The work presented here includes methods,

experience, and recommendations for working with reconstructed bone models.

This work also presents contributions in study design and analysis. Evaluating

the technical aspects of medical procedures has been inherently difficult, in part

because of the variability in the human population. This dissertation includes an

example of a well controlled, model-based study to test surgical innovations. The

work also contributed novel data-analysis methods that combined medical imaging

and computer algorithms to assess screw-placement accuracy.

Contributions to Surgical Innovation

One output of this work has been a system for percutaneous scaphoid fixation that

was nearly ready for preliminary clinical application. The technology developed in
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this work solved many problems in conventional computer-assisted surgery, such as

the preoperative imaging, segmentation, registration and patient tracking of small

bones. The technology also improved the existing status of scaphoid fixation by

increasing accuracy and reducing radiation exposure.

1.5 Organization of the Dissertation

This dissertation is organized in seven chapters, with the main body comprising four

manuscripts that have been accepted for (or at the time of submission were under

review by) peer-reviewed journals.

The second chapter, “Background”, provides a comprehensive review of scaphoid

fixation, computer-assisted surgery and additive manufacturing. This chapter serves

to provide an unfamiliar reader with the background essential to understanding the

manuscripts to follow. The chapter also reviews the literature in these fields that have

inspired the motivation and objectives of this work. Firstly, the principles of scaphoid

fixation are described along with clinical considerations, to establish the motivation

for developing computer-assisted scaphoid repair. In relation to the first objective

of the thesis, the development of computer-assisted techniques are described and the

problems that must be resolved for scaphoid repair to occur are noted. A review of

computer-assisted guide-wire insertion in orthopedic procedures, including scaphoid

fixation, provides background for the second objective concerning wire placement

assessment. Finally, the principles behind the two common additive manufacturing

methods used in orthopedics and their applications in surgery are described in relation

to the third thesis objective.

The first manuscript, “Using additive manufacturing in accuracy evaluation of
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reconstructions from computed tomography”, was submitted to the Proceedings of

the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine.

A revised version of this article was accepted for publication on December 10, 2012.

This article addressed the third objective by analyzing the accuracy of the recon-

struction process. A shape analysis was conducted to compare reconstructed bone

models to ground truth cadaver specimens, as well as an intermediate step in the

rendering process. Contributions of this article included methods for reconstructing

bone models from CT images, as well as an understanding of potential errors in the

reconstruction process and their potential implications in the field of biomechanical

engineering.

The second manuscript, “Volume rendering of 3D fluoroscopic images for percuta-

neous scaphoid fixation: An in vitro study”, was also submitted to the Proceedings of

the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine.

This article was accepted for publication on November 14, 2012. This article sum-

marized a first version of a system for computer-assisted percutaneous guide-wire

insertion and compared the technical aspects of the system to standard fluoroscopic

guide-wire insertion, addressing the first and second objectives. The third objective

was addressed by using a reconstructed wrist model to compare the new technique

to conventional 2D fluoroscopic insertion. The contributions of the article included

the technology and instrumentation, study design using bone models, and methods

for data analysis.

The third manuscript, “Volume-slicing of cone beam computed tomography im-

ages for navigation of percutaneous scaphoid fixation” was published in the Inter-

national Journal of Computer Assisted Radiology and Surgery in May 2012. This
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article summarized a second version of a system for percutaneous scaphoid fixation

using a different interface for navigation than was presented in the second manuscript.

All three dissertation objectives were addressed through a model-based study used

to compare the new system to conventional guide-wire insertion techniques. The

main contributions of this article included the technology and instrumentation, study

design using bone models, and methods for data analysis.

The fourth manuscript, “Performance of a wrist-stabilization device for image-

guided percutaneous scaphoid fixation” was submitted to the International Journal

of Computer Assisted Radiology and Surgery and addressed all objectives of this

dissertation. The article represented a transition from ex vivo development and ex-

perimentation of computer-assisted scaphoid fixation towards clinical application. A

third generation computer-assisted system was devised and a method for patient

tracking was developed and evaluated, in furtherance of the first objective. A study

was conducted to evaluate the system using both reconstructed bone models and ca-

daver specimens allowing conclusions to be drawn in furtherance of the second and

third objectives.

The final chapter, “General summary, discussion and conclusions”, synthesizes

the findings of the four manuscripts and related literature to address the three main

objectives. The status of the current navigation system has been evaluated and

recommendations have been provided for future implementations and other applica-

tions. Limitations of the model-based assessment and data analysis methods have

been noted, and the findings were compared to other studies using computer-assisted
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scaphoid fixation. The advantages and disadvantages of the bone model reconstruc-

tion process and model-based studies have been addressed and recommendations pro-

vided for future work.
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Chapter 2

Background

The purpose of this chapter is provide sufficient background for understanding the

manuscripts in the chapters that follow. The chapter begins with an examination of

the treatment of scaphoid fractures, to highlight the need to innovate the standard

surgical treatment method. The theory and adaptations of computer-assisted surgical

technology are discussed, with a focus on the literature pertaining to orthopedic pro-

cedures involving navigated screw and guide-wire insertion, with specific attention to

navigated scaphoid fixation. Finally, additive-manufacturing technology is explored

and applications of additive manufacturing in orthopedic surgery are reviewed. The

chapter concludes with a discussion of these topics, aiming to reinforce the rationale

for the work to follow and the objectives of the thesis.

2.1 Anatomy of the Scaphoid Bone

The scaphoid is one of the eight small carpal bones in the human wrist. It is situated

on the thumb (radial) side of the wrist between the radius and the trapezium 2.1.

17
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The name “scaphoid” is derived from the Greek word “skaphos” meaning “boat”; the

shape of the scaphoid was often described as being similar to a boat on older anatomy

literature. For this reason, it is also referred to as the “navicular” bone, not to be

confused with the navicular bone of the foot.

 

Figure 2.1: Carpal bones of the human wrist. The scaphoid articulates with
five bones: the radius, trapezium, trapezoid, capitate, and lunate. Image reproduced
with permission of the Mayo Foundation for Medical Education and Research.

The scaphoid is the largest bone in the proximal row of the wrist. The shape has

also been described as similar to a peanut or a cashew, with its long axis directed

distally, laterally and dorsally. The anatomy of the scaphoid is depicted in Figure 2.2.

The scaphoid is roughly cylindrical (long and thin) with rounded ends which are

referred to as the proximal and distal “poles”. The “central axis” runs the length of

the scaphoid between both poles. The central region of the scaphoid is narrow and

is referred to as the “waist”.
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Figure 2.2: Anatomical features of the scaphoid.

The scaphoid articulates with five bones: the radius, trapezium (greater multan-

gular), trapezoid (lesser multangular), capitate, and lunate. The superior surface is

convex, and articulates with the distal radius. The inferior surface is also convex, and

articulates with the trapezium and trapezoid. The medial surface articulates with the

lunate and capitate.

A groove along the dorsal surface serves as an attachment point of ligaments.

The volar surface is concave with a rounded projection, called the scaphoid tubercle

(Figure 2.2), which provides an attachment to the transverse carpal ligament. The

lateral surface gives attachment to the radial collateral ligament of the wrist.
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2.2 Scaphoid Fracture and Treatment Options

The scaphoid is the most commonly fractured of the carpal bones, and second only

to the distal radius in total wrist fractures [1, 2]. Recent reports estimate the inci-

dence of scaphoid fracture as ranging from 1.5 to 29 per 100,000 persons-years [3, 4].

The scaphoid is a key kinematic link between the two rows of carpal bones; thus,

preservation of the scaphoid is essential to normal hand and wrist function.

Conventionally, fractures of the scaphoid are treated with immobilization in a

cast for approximately 8-12 weeks [5]. This treatment is effective in the majority of

cases with success rates in excess of 90% for uncomplicated fractures [6]. Displaced

or unstable fractures, or fractures involving the proximal pole where the blood supply

is limited, have a much higher risk of non-union [6]. For this reason, many surgeons

elect to treat these fractures surgically.

Drawbacks associated with cast immobilization – such as inability to work, muscle

wasting, and joint stiffness [7] – have incited debate concerning surgical fixation as

first-line treatment, as opposed to casting, for all scaphoid fractures. This injury

is most common among young, active individuals of school or working age, thus

immobilization can have a serious impact on quality of life. Cost analyses comparing

surgical fixation to casting argue improved financial, social and economic outcomes

with surgical first-line treatment [8, 9]. Clinical results have been conflicting as to

whether long-term patient outcome improves following surgical fixation [10, 11, 12,

13], with many surgeons judging that the potential complications of surgery do not

warrant the potential benefits.

Many of the risks associated with surgical fixation – such as infection, scarring,
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and nerve injury – can be reduced by performing the procedure with less invasive tech-

niques. Percutaneous scaphoid fixation was first reported in 1970 by Streli [14] and has

since evolved to be a standard technique for surgical scaphoid fixation. Several stud-

ies have reported excellent clinical results with the percutaneous approach [15, 16, 17]

and improved outcomes in comparison to cast immobilization [18, 19].

2.2.1 Percutaneous Scaphoid Fixation

The percutaneous approach literally means placing a fixation screw through the skin

in order to minimize exposure. The procedure is performed in a sterile operating room

under general or regional anesthesia. The scaphoid is conventionally approached from

the volar (palmar) aspect of the wrist because there is an increased risk of damaging

the blood supply to the scaphoid with a dorsal approach [20]. Positioning has been

proposed using finger traps to provide traction [21], or without traction with the arm

supine and in extension on an arm-board [16, 18]. Using 2D fluoroscopy, a guide-wire

is inserted along the length of the scaphoid towards the distal pole (Figure 2.3). The

wire is left in place, and a specially designed headless, cannulated screw (Figure 2.4)

is placed over the wire to stabilize the fracture.

2.2.2 Concerns Regarding Percutaneous Scaphoid Fixation

The scaphoid has a complex three-dimensional shape that is highly variable [23],

which makes performing the procedure with good accuracy using 2D fluoroscopy a

technically demanding task even for experienced surgeons. Centrally placed screws

have been found to have an increased biomechanical advantage [24] and a higher

union rate [25]. Dodds et al. [26] demonstrated that longer screw length also had a
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Figure 2.3: Percutaneous Scaphoid Fixation. A guide-wire is inserted, percuta-
neously, through the volar surface and along the length of the scaphoid, over which
a small, cannulated screw is placed to secure the fracture. The procedure is conven-
tionally performed using 2D fluoroscopic images.

biomechanical advantage.

The standard percutaneous technique demands high reliance on X-ray use for

guide-wire insertion, fracture reduction and screw placement. This poses a radiation

exposure risk to both the patient as well as the surgical team. Surgeons have their

hands in the radiation field during imaging, so occupational exposure to the hand is a

concern in these procedures [27, 28]. Bahari et al. [27] reported an average exposure

of 0.8 mSv to the hand for a typical percutaneous wrist pinning procedure with up to

50% higher exposure for junior surgeons. The regulatory exposure limit to the hand in

Canada is 750 mSv/year (Health Canada, National Dose Registry, Ontario, Canada).

Although individually the exposure from percutaneous wrist fixation is well below

the permissible limit, orthopedic surgeons are, in a full year of performing various

fluoroscopy-assisted procedures, at risk of over radiating themselves if precautions
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Figure 2.4: Compression screws commonly used for fixation of scaphoid frac-
tures. There are several commercially available screws with two primary designs,
examples of which are shown here. A: Double-threaded, variable pitch “Herbert-
Whipple” style (Zimmer, Warsaw, IN); and B: Fully threaded variable pitch (Accu-
trak, Acumed, Hillsboro, OR). Cannulated screws are shown here over a guide-wire.
Image reproduced from Toby et al. [22] with permission from the Journal of Bone
and Joint Surgery.
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are not taken to reduce the radiation exposure.

To reduce X-ray reliance, a few groups have experimented with using an arthro-

scope to provide an alternative means for visualizing screw placement [29, 30, 31].

Although this technique has the added ability to identify and repair accompanying

soft-tissue injuries that are not usually radiographically evident, this technique is

more invasive than the conventional percutaneous technique.

2.3 Computer-Assisted Surgery

Computer-assisted surgery uses computer technology for preoperative planning and

intraoperative guidance of surgical interventions, permitting complex surgeries to

be performed using less-invasive techniques. Initially developed for use in neuro-

surgery [32], this technology has become prominent in a number of orthopedic appli-

cations including spine pedicle screw insertion [33, 34, 35], total hip arthroplasty [36],

pelvic osteotomy [37], total knee arthroplasty [38] and high tibial osteotomy [39].

These technologies have shown to reduce radiation usage and improve accuracy in a

number of orthopedic procedures involving guide-wire insertion [40, 41, 42]. There

have also been applications in computer-assisted percutaneous scaphoid fixation.

This section will provide an overview of the general principles of computer-assisted

orthopedic surgery and review the literature within the scope of guide-wire insertions

and scaphoid fixation.
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2.3.1 Conventional Computer-Assisted Surgery using Preop-

erative CT

As a representative example of a typical computer-assisted intervention, Figures 2.5

and 2.6 show the preoperative and intraoperative tasks for a computer-assisted hip

replacement. A preoperative series of 2D CT images is used to develop a 3D model

of the anatomy of interest. This is typically accomplished through a process known

as image segmentation, whereby the pixels associated with the anatomy of interest

(e.g. the pelvis) are identified in each 2D image [43]. This can be done automatically

using computer algorithms [44], but usually requires some degree of manual user

intervention. The identified pixels in the image series are combined to form 3D voxels

that represent the corresponding 3D digital model. The resulting 3D digital model

can be used for virtual planning or simulation of the surgical procedure, and/or

intraoperatively for image-guided navigation.
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Figure 2.5: Preoperative tasks in a conventional computer-assisted work-
flow as illustrated for a hip replacement intervention. A CT scan of the hip
is obtained which is represented as a series of contiguous 2D X-ray images (left).
Each 2D X-ray slice is segmented to denote pixels belonging to the femur and pelvis
(middle). The series of segmented 2D images are combined forming 3D voxels to
produce virtual models for planning the placement of the prosthesis (right) and later
for surgical navigation.
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Figure 2.6: Intraoperative tasks in a conventional computer-assisted work-
flow as illustrated for a hip replacement intervention. A local coordinate
reference (LCR) is attached to the femur and pelvis which is tracked by the posi-
tion sensor. Image-to-patient registration is accomplished by spatially mapping the
anatomy to the virtual model using a probe tracked by the position sensor. After
image-to-patient registration is established, a virtual image of a tracked tool, such as
a drill, can be displayed relative to the anatomy on a computer monitor to navigate
the surgical plan.

For navigation, a position sensor is used to track targets attached to the anatomy

or to surgical instruments in order to provide a local coordinate reference (LCR) for

each object [45, 43]. Common navigation technologies include: (i) optical systems

with a camera and either passive reflective markers or active infrared emitting diodes

(IREDs); (ii) electromagnetic systems that use an emitter coil and target receiver

coils. The advantage of using electromagnetic tracking is that a direct line of sight

between the sensor and the target is not needed. However, current electromagnetic

systems are not as accurate as optical systems in terms of position measurement,
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but may be better for orientation measurement. The tracking volume of electromag-

netic systems is smaller than optical systems and the signal may be susceptible to

deviations, especially those caused by metal objects such as surgical instruments.

For virtual navigation, the spatial relationship must be known between the image

and the anatomy (patient), termed the image-to-patient registration [46, 45]. Intra-

operatively, a local coordinate reference attached to the patient’s anatomy of interest

is spatially mapped to the 3D digital model. This can be accomplished by using a

digitizing probe to touch the anatomy and collect surface points with are then fit to

the 3D model to estimate the image-to-patient relationship (surface-based registra-

tion). An alternative, now seldom used, is to implant radio-opaque markers prior to

imaging that can be localized in the image and the patient to establish the relation-

ship (called fiducial-based registration). Fiducial registration is more accurate, but

requires an additional preoperative intervention to place the markers.

The 3D digital model, position tracking, and image-to-patient registration are

used to create a virtual environment for surgical navigation. The local coordinate

reference frames of the patient and tracked surgical tools are expressed in the common

coordinate frame of the camera, permitting a relative transformation between the

patient and surgical tools to be recognized. After image-to-patient registration is

established, a virtual image of a tracked tool can be displayed relative to the anatomy

on a computer monitor.

Mathematically, the navigation process can be described as a sequence of trans-

formations between the various coordinate frames involved (Figure 2.7). Let:

{P} denote the patient coordinate frame provided by the LCR attached directly to

the anatomy,
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{T} denote the tool coordinate frame provided by the LCR attached directly to the

tool,

{C} denote the camera coordinate frame of the position sensor, and

{I} denote the image coordinate frame of the 3D CT image volume.
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{T} denote the tool coordinate frame provided by the LCR attached directly to the

tool,

{C} denote the camera coordinate frame of the position sensor, and

{I} denote the image coordinate frame of the 3D CT image volume.

Figure 2.7: Coordinate transformations in conventional computer-assisted
surgery. Local coordinate references are established in the tool, {T}, and patient,
{P}. Positions of the tool, C

TT, and patient, C
PT, are tracked relative to the camera

coordinates, {C}. From this, the position of the tool relative to the patient, P
TT, is

computed. The image-to-patient registration, I
PT, is determined intraoperatively by

collecting points from the anatomy and fitting them to the virtual model. Finally,
the tool-to-image transform, I

TT, is computed from Equation 2.2.

To display a tool relative to the image, we need to determine the tool-to-image

transformation, I
TT:

Figure 2.7: Coordinate transformations in conventional computer-assisted
surgery. Local coordinate references are established in the tool, {T}, and patient,
{P}. Positions of the tool, C

T T, and patient, C
PT, are tracked relative to the camera

coordinates, {C}. From this, the position of the tool relative to the patient, P
T T, is

computed. The image-to-patient registration, I
PT, is determined intraoperatively by

collecting points from the anatomy and fitting them to the virtual model. Finally,
the tool-to-image transform, I

TT, is computed from Equation 2.2.

To display a tool relative to the image, we need to determine the tool-to-image

transformation, I
TT:
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I
TT =I

P T ∗PT T (2.1)

The image-to-patient transform, I
PT, is computed through the surgical registration

process. The relative position of the tool with respect to the patient is determined

from tracking:

P
T T =P

C T−1 ∗CT T (2.2)

2.3.2 Alternative Computer-Assisted Technology

There are several drawbacks associated with the conventional computer-assisted ap-

proach. Preoperative CT imaging is expensive and not part of the standard preoper-

ative work-up for many procedures. Processing the CT images to create models for

surgical planning and navigation is a time-consuming endeavor and requires knowl-

edgeable personnel to perform this task. Patient-based registration typically requires

some sort of surgical exposure to collect surface points from the anatomy; oftentimes

only a small portion of the anatomy can be sampled, introducing errors into the

registration or causing it to fail completely. The process may have to be repeated

several times in order to obtain a valid registration, which prolongs surgery time and

may frustrate surgeons. To alleviate these problems, other approaches for computer-

assisted navigation have been adapted, moving many of the preoperative tasks to the

intraoperative phase, and devising methods to circumvent patient-based registration.
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Intraoperative 2D Fluoroscopic Navigation

Because of its widespread use in orthopedics, plain fluoroscopy was subsequently

adapted for computer-assisted navigation. As shown in Figure 2.8, this is typically

accomplished by instrumenting a C-arm with a calibration drum that has several

optical markers, so that each 2D image can be located relative to a position sensor [47].

         

 (a) (b) 

Calibration 
Drum 

Figure 2.8: 2D Fluoroscopic Navigation. (a) A fluoroscopic C-arm equipped with
a drum containing a geometrical array of calibration beads and infrared light-emitting
diodes for optical tracking of the C-arm and localization of the X-ray source in three
dimensions. (b) Image of a knee showing visible calibration beads.

Tracking of the calibration drum, {D}, as well as the patient anatomy, allows the

real-time position of tracked instruments to be displayed relative to intraoperatively

acquired X-ray projections (Figure 2.9). Mathematically, the transformation chain

can be expressed as:
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I
TT =I

D T ∗CD T−1 ∗PT T ∗CP T (2.3)

where I
DT is determined from calibration, which may include unwarping of the flu-

oroscopic images to make them geometrically consistent. The other transformations

are determined directly from tracking the position of the drum, tool and patient.
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I
TT =I

D T ∗CD T−1 ∗PT T ∗CP T (2.3)

where I
DT is determined from calibration, which may include unwarping of the flu-

oroscopic images to make them geometrically consistent. The other transformations

are determined directly from tracking the position of the drum, tool and patient.

Figure 2.9: Coordinate transformations in 2D fluoroscopic navigation Local
coordinate references are established in the tool, {T}, and patient, {P}, and calibra-
tion drum, {D}. Positions of the tool, C

TT, patient, C
PT, and drum, C

DT, are tracked
relative to the camera coordinates, {C}. Beads on the calibration drum are used to
establish the relationship I

DT. Finally, the tool-to-image transform, I
TT, is computed

from Equation 2.3.

Fluoroscopic navigation has a number of key benefits but several drawbacks. To

the surgeon, navigated fluoroscopy looks like continuous fluoroscopy but with much

less radiation exposure [48]. This method does not require patient-based registration,

but maintaining line of sight for imager tracking is necessary and is often difficult. A
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tion drum, {D}. Positions of the tool, C

T T, patient, C
PT, and drum, C

DT, are tracked
relative to the camera coordinates, {C}. Beads on the calibration drum are used to
establish the relationship I

DT. Finally, the tool-to-image transform, I
TT, is computed

from Equation 2.3.

Fluoroscopic navigation has a number of key benefits but several drawbacks. To

the surgeon, navigated fluoroscopy looks like continuous fluoroscopy but with much

less radiation exposure [48]. This method does not require patient-based registration,

but maintaining line of sight for imager tracking is necessary and is often difficult. A
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portion of the calibration grid must remain visible for registration, which limits the

visibility and quality of the images. A further limitation is that fluoroscopic navigation

uses two-dimensional images, so the surgeon must mentally perform registrations into

the third dimension.

Navigation using 3D Fluoroscopy

The use of 3D fluoroscopy, also known as cone beam computed tomography (CBCT),

for navigation was conceived shortly after navigated plain fluoroscopy [49, 50]. In

essence, CBCT consists of an X-ray source mounted to an automated C-arm, such that

a 3D X-ray can be acquired by rotating the C-arm and capturing several contiguous

images. The data is reconstructed to provide a 3D image cube or volume.

The C-arm revolves around an isocenter permitting a relationship to be established

between the imaging volume and a position sensor. Presently, there is a commer-

cially available 3D fluoroscopic navigation system, known as the Siremobil Iso-C-3D

(Seimens Medical) which uses a registration-free method for navigation in the same

manner as 2D fluoroscopy. Prior to installation of this system, a correlation between

the 3D image volume and a reference point on the C-arm is determined in an off-line

calibration process [51]. A marker ring attached to the C-arm provides localization of

the reference point by the tracking system. The system has been used in orthopedic

applications such as pedicle screw placement [52, 53], bone tumor excision [54], and

fracture fixation [55, 56].

An alternative means for adapting 3D fluoroscopy was proposed by Oerontoro

and Ellis [57]. In this setup, a 3D fluoroscope and tracking system are integrated

into an operating suite such that there is no relative motion between the image
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isocenter and the position sensor. A preoperative calibration is used to determine

the transformation between the image space and the tracking coordinates, C
I T. To

perform the calibration, a special calibration cube was used that contained:

• radio-opaque beads that could be easily localized in a 3D image using computer

algorithms,

• infrared light-emitting diodes (IREDs) that could be directly sensed by an in-

frared position sensor.

The calibration transform was validated in a study in which the calibration cube

was left undisturbed on the operating table for a period of two weeks. Over this

period, the calibration was performed 14 times and the transform was shown to have

a mean error of 0.3 mm [58].

Once the calibration is performed, the navigation transform can be computed from

tracking of the patient and tool (Figure 2.10):

I
TT =C

I T−1 ∗PT T ∗CP T (2.4)

2.4 Navigated Guide-Wire Insertion in Orthope-

dics

There are numerous surgical procedures which require accurate placement of a screw

or insertion of a guide-wire as a critical step in their workflow. Using navigation to

assist placement can be used to avoid critical structures, reduce open exposure, and

improve the accuracy and outcome of the procedure. Orthopedic surgery is an ideal
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Figure 2.10: Coordinate transformations in 3d fluoroscopic navigation A
preoperative calibration is performed to determine the image-to-camera registration,
C
I T. Local coordinate references are established in the tool, {T} and patient, {P} and
positions of the tool, C

TT, patient, C
PT, are tracked relative to the camera coordinates,

{C}. The tool-to-image transform I
TT is computed from Equation 2.4.

Figure 2.10: Coordinate transformations in 3D fluoroscopic navigation A
preoperative calibration is performed to determine the image-to-camera registration,
C
I T. Local coordinate references are established in the tool, {T} and patient, {P} and
positions of the tool, C

T T, patient, C
PT, are tracked relative to the camera coordinates,

{C}. The tool-to-image transform I
TT is computed from Equation 2.4.
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field for navigated guide-wire insertion because, unlike soft-tissue organs, bone does

not deform as it is drilled, so that the shape and geometry of the anatomy continues to

correspond accurately with the virtual model during the surgical procedure. Although

there have been a number of applications of navigated guide-wire insertion for non-

orthopedic applications – such as needle insertion for tumor biopsies of the liver and

lungs, and seed placement for brachytherapy procedures – this section will be limited

in scope to screw and guide-wire insertions in computer-assisted orthopedic surgery.

2.4.1 Pedicle-Screw Insertion

Fractures and deformities in the spine (e.g., scoliosis) can be treated with internal

fixation involving screws and other hardware. The human spine is composed of 31

separate vertebrae; each vertebra is composed of a body anteriorly and a neural arch

posteriorly (Figure 2.11). The arch encloses an opening, the vertebral foramen, which

houses the spinal cord. An area, known as the pedicle, runs along each side of the

vertebral foramen and connects the arch to the body. Pedicle screw insertion is a

risky procedure because of the proximity of the spinal cord and because there is high

variability in width, height, and spatial orientation of pedicles.

 

Vertebral body 

Pedicle 
Neural arch 

Vertebral foramen 
(spinal cord) 

Pedicle screw 

Figure 2.11: Pedicle Screw Placement. The screw is placed in the pedicle, a
narrow region on the lateral aspect of the vertebrae, enclosing the spinal cord.
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Interest in navigated pedicle screw placement began in the mid-1990s with the first

clinical applications reported by Laine et al. [34] and Merloz et al. [59] using optical

tracking, and shortly thereafter by Amiot et al. [60] using electromagnetic tracking.

Conventional techniques for navigation were employed, using 3D models generated

from preoperative CT to plan the placement of the screws. Intraoperatively, an LCR

was attached to the vertebra and image-to-patient registration was performed by

collecting points on the surface of the vertebra with a tracked probe. Pilot holes for

each screw were navigated using a pedicle awl equipped with an LCR for tracking.

In the three aforementioned studies, the computer-navigated technique was com-

pared to manual pedicle screw insertion. Evaluation was based on post-operative

imaging to assess screw penetration of the pedicle and clinically, the presence of neu-

rological complications. Laine et al. [34] reported a malplacement rate of 4.3% in

computer-assisted screws versus 14.3% in non-CAOS screws; in the non-CAOS group

there was one incidence of neurologic complication. Merloz et al. [59] observed pene-

tration of the pedicle in 9% of screws in the navigated group compared to 44% in the

non-computer-assisted group; no neurological complications resulted in either group.

Amiot et al. [60] reported 5% malplacement rate in the computer-assist group com-

pared to 15% in the conventional group. Seven patients in the conventional group

underwent re-operation for neurologic symptoms; two patients in the CAOS group

had minor neurologic symptoms, but did not undergo revision surgery.

Limited availability of CT imaging and the tedious process of image-to-patient

registration led to the application of computer-assisted 2D fluoroscopy for pedicle

screw insertion, permitting the procedure to be performed percutaneously. In this

workflow there is no preoperative imaging, and no planning of the trajectory of the
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pedicle screw. An LCR is attached percutaneously to the vertebra for patient track-

ing. Foley and Gupta [61] were the first to report clinical application of navigated

2D fluoroscopy for pedicle screw insertion on ten patients. Rampersaud et al. [62]

also reported clinical experience with 2D fluoroscopic navigation in 45 patients (360

screws) with 85% of screws completely contained within the pedicle.

Holly and Foley [63] later adapted this technique to 3D fluoroscopy using the

Seimens Iso-C-3D system with an optical LCR attached to an isocentric C-arm to

capture a 3D fluoroscopic image for direct navigation. They reported 94.7% of screws

were contained within the pedicle in a cadaver-based application. Acosta et al. [53]

followed with the first clinical application of 3D fluoroscopic navigation of pedicle

screws using the Iso-C-3D system.

2.4.2 Hip Fracture Fixation

Hip fracture fixation is one of the most common orthopedic procedures. There are

a variety of surgical treatment options including arthroplasty; for younger patients

with intact articular surfaces, the fracture can be repaired using open reduction and

internal fixation (ORIF) involving hardware such as screws, plates and pins. Locating

the guide-wire for the screws can be tricky and often requires multiple passes or

attempts until satisfactory placement is achieved. These extra passes can displace

the reduced fracture, weaken bone architecture, and injure the articular surface or

surrounding soft tissues. The procedure is conventionally performed using fluoroscopy

which poses a radiation exposure risk to the patient and operating team.

Mayman et al. [40] developed a system for computer-assisted guide-wire insertion

for hip fracture fixation using 2D fluoroscopy. They evaluated the technical aspects of
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the system using plastic models held in a custom jig to control for fluoroscopic image

distance and rotation for comparison to conventional guide-wire placement using a

standard 2D fluoroscopic C-arm. In the navigated technique, a drum equipped with

radio-opaque beads and infrared light-emitting diodes was attached the the C-arm

for calibration of the images and navigation, respectively. The system featured a

virtual guide for planning the trajectory of the guide-wire on anterior-posterior and

lateral images for navigation. Optical LCRs were attached to the femur and drill to

navigate wire insertion. The navigation interface also featured a numerical display to

tell the surgeon how far the guide-wire had traveled and an audible alarm to alert the

surgeon when the ideal point was reached. Screw-placement accuracy was assessed

by computing the distance between the tip of the screw and the femoral neck axis

in coronal and lateral X-ray images. Mayman’s computer-assisted technique was as

accurate as the conventional technique, with fewer drill passes and fewer fluoroscopic

images.

Libergall et al. [64] used a similar 2D fluoroscopic navigation system to perform

internal hip fracture fixation on 20 patients. In their technique the patient was

placed on a fracture table and the reference frame was attached to the iliac crest of

the pelvis instead of the femur; this technique assumes that there is no hip motion

between the femur and pelvis while the patient is secured to the fracture table. A

tracked drill-guide was used to plan the trajectory of the screw and the wire was

calibrated in the drill for depth considerations. They compared their navigated group

to a matched population of hip fractures performed using conventional fluoroscopy

and evaluated both screw positioning measures as well as clinical outcome. Criteria

for screw positioning assessment was based on maximizing biomechanical stability
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through increased spread of screws and screw parallelism. The measurements were

carried out manually on digital radiographs of post-operative images. The navigated

cohort had significantly better screw parallelism and greater spread of the screws,

reduced number of complications and fewer revision surgeries.

Chong et al. [65] also used 2D fluoroscopic navigation with the commercially

available Praxim-Medvision system for hip fracture repair in patients. Their aim

was to perform the procedure with minimal invasion; for patient tracking, the LCR

was mounted to the femur via stab incision, rather than open incision, to minimize

exposure. In comparison to conventional fluoroscopic repair, the navigated group

required shorter hospital stays, and smaller incisions that reduced scarring and other

wound complications.

2.4.3 Hip Resurfacing

Hip arthroplasty is another common orthopedic procedure, typically indicated for

hip fractures secondary to osteoarthritis, as well as a variety of other conditions that

can compromise joint quality. Hip arthroplasty options vary in the extent to which

the hip bones are replaced. In total hip arthroplasty (THA) much of the previous

bone stock is removed from the femur and replaced by a stemmed metal prosthesis

inserted into the shaft of the femur (Figure 2.12). In younger patients with better

bone quality, hip resurfacing may be performed in which less of the original bone

stock is removed and the prosthesis serves to replace mainly the articular surface.

In comparison to total hip arthroplasty, the surgical technique for hip resurfacing is

more complex and demanding for the surgeon. To adequately visualize the femoral

head and neck, the surgeon must use a wide exposure of the hip. Installation of the
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femoral resurfacing component relies entirely on the placement of a guide pin in the

femoral head and neck. Although various jigs and tools have been developed to assist

this process, the task remains tedious and unreliable, and may account for the high

failure rates among hip resurfacing.

 

 

 

 

  

Hip Resurfacing Total Hip 

Replacement 

Figure 2.12: Hip Resurfacing vs. Total Hip Arthroplasty. In total hip arthro-
plasty (right), much of the previous bone stock is removed from the femur and replaced
by a stemmed metal prosthesis. Hip resurfacing (left), aims to preserve much of the
initial bone stock, by replacing only the surface of the femoral head with a metal
cap-like prosthesis.

Several authors have proposed computer-assisted systems for femoral head resur-

facing [66, 67, 68, 69, 70]. Currently, commercially available navigation systems for

resurfacing include: ORTHOsoft, Praxim-Medivision, BrainLAB, Med-Tronic, and

CAS Innovations. The basic premise of these systems is the conventional navigation

paradigm that uses preoperative imaging (either CT or 2D fluoroscopy) to plan the

trajectory of the guide pin. Intraoperatively, the images are registered to the anatomy
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using a digitizing probe to collect surface points on the femoral head and neck. Hodg-

son et al. [71] proposed an alternative registration technique that used a calibrated

jig and calipers to compute the image-to-patient registration and estimate the size of

the femoral prosthesis. Cobb et al. [70] developed a unique computer-navigation sys-

tem for hip resurfacing that used a mechanical tracking system, rather than the more

common optoelectronic or magnetic systems. This approach permitted higher track-

ing accuracy and without line-of-sight issues, but meant that only one device could

be tracked during the procedure, i.e. no patient tracking. Instead, a special frame

was used to retract soft tissues and immobilize the pelvis and femur for registration

and navigation.

2.4.4 Percutaneous Scaphoid Fixation

Liverneaux et al. [72] were first to report the application of computer-assisted tech-

nology for percutaneous scaphoid fixation. They used a 2D fluoroscope equipped

with a calibration and tracking drum for direct intraoperative navigation. To re-

solve scaphoid tracking, the wrist was immobilized using a malleable, radio-lucent

stabilizing device. The device was primarily a composite material with an optional

metal component that could be used for additional stabilization (Figure 2.13a). Their

study did not include an analysis of the efficacy of wrist stabilization, and their article

did not comment on the usability of the device (sterilization, patient factors, etc.).

Trackable LCRs were attached to the wrist stabilization device and surgical tools for

navigation.

Seven cadaver scaphoids were drilled using the navigated method, and the tech-

nique was compared to five specimens using conventional fluoroscopy. The study
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evaluated the number of drill passes, fluoroscopy time, and operative time. Post-

operative 2D coronal and lateral X-rays were used to evaluate the accuracy of screw

insertion by comparing the long axis of the screw to the central scaphoid axis us-

ing Photoshop software (Adobe, San Jose, US). The study observed that navigation

had a tendency to reduce the number of drill passes and fluoroscopy time, however

the results were not statistically significant. Similarly, there was a tendency toward

longer operative time in the navigated trials, but this was not significant. There

was no significant difference in the accuracy of placement with respect to the central

scaphoid axis. The study observed that navigated screws were located more medially,

and non-navigated screws more laterally.

     
(a) (b) (c) 

Figure 2.13: Wrist Immobilization Devices for Scaphoid Fixation (a) a mal-
leable, radio-transparent device similar to a “lead hand” used by Liverneaux et al. [72]
(reproduced with permission from Elsevier France), (b) a custom-molded, thermo-
plastic short-arm splint used by Walsh et al. [73] (reproduced with permission from
Elsevier) and, (c) a custom-made polysulfon splint developed by Citak et al. [74]
(reproduced with permission from Springer).

Walsh et al. [73] reported a 2D fluoroscopic system similar to that of Liverneaux,

but used a custom-molded, thermoplastic short-arm splint with tracking capability,

plus traction to immobilize the scaphoid (Figure 2.13b). As with Liverneaux, the

article did not evaluate the efficacy of scaphoid stabilization, nor comment on clinical
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usability of the stabilization splint. The navigation protocol involved capturing mul-

tiple images at 20-degree increments, as opposed to the standard coronal and lateral

views used in most 2D navigated fluoroscopy interventions.

The navigated technique was compared to conventional fluoroscopy with five ca-

daver wrists in each group. The study measures included drill passes, operative time,

radiation usage, screw placement accuracy, and screw penetration. No significant

difference was noted in the accuracy of screw placement, or procedure times. Signifi-

cantly fewer drilling attempts and less radiation usage were required using navigation.

One incidence of screw penetration was noted in each group. The angle between the

projected and planned axis of the scaphoid screw and the actual screw placement for

the computer-assisted navigation technique was calculated, but the methods for doing

so were not presented in the article. The planned versus actual angle was 1.64±0.56◦.

The first application of navigated percutaneous fixation in a patient was reported

by Citak et al. [74]. They used a custom-made polysulfon splint that was radio-

lucent and reusable after gas sterilization (Figure 2.13c). Five cadaver specimens

were used to assess the efficacy of stabilization using a 3D ultrasound motion tracking

system and the mean motion was reported to be 0.4 mm during simulated drilling.

Citak et al. used the Siemens Iso-C-3D fluoroscope and BrainLab system for imaging

and navigation. Screws were inserted into five cadaver wrists and one patient. The

accuracy of navigated screws was determined by comparing the planned and actual

drill trajectories using pre- and post-operative 3D imaging. The outcome was graded

as: 1) completely accurate, 2) highly accurate, or 3) accurate, although no criteria

for these, or details for their measurements, were provided in the article. Scaphoid

drilling was rated as completely accurate in two, highly accurate in another two, and
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accurate in one cadaveric specimen. The patient case was deemed to be a successful

operation.

2.5 Developing and Testing Surgical Innovations

In most countries, pharmaceutical development and testing is regulated by govern-

ing bodies such as the American Food and Drug Administration (FDA) and Health

Canada. Approval to test a drug or device on human subjects must be obtained from

pre-clinical data, usually including animal studies. Following this, regulated phases

of experimentation are conducted starting with a few healthy volunteers and working

up to large-scale, double-blind, placebo-controlled trials.

Many surgical developments follow the same process. New devices and procedures

are first tested in cadaver specimens derived from animal or human sources. Typically,

ethical approval is required from an Institutional Review Board of a university or

hospital before in vivo, and sometimes even ex vivo, testing can begin. Canada

and the United States do not have regulations for preliminary human testing but

approval for marketing new devices is required, based on demonstrating sufficient

benefit established through prior clinical studies.

The cost of bringing a new drug to market can be in excess of one billion dol-

lars [75]. Similarly, the cost of conducting a comprehensive cadaver, or animal study

can be very expensive. For instance, the cost of a single cadaver wrist specimen is

approximately $525 USD (Musculoskeletal Transplant Foundation, Edison, US), so it

is unsurprising that the navigated technique of Citak et al. [74] proceeded to clinical

implementation after only five cadaver trials.

The cost associated with ex vivo studies greatly limits the sample size and the
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subsequent conclusions that can be made about a new procedure. Both studies by

Liverneaux et al. [72] and Walsh et al. [73] failed to show statistically significant

improvements in accuracy and other study measures, although trends were observed.

This may be explained by the limited sample sizes of seven and five cadaver specimens,

respectively, undergoing surgical fixation using navigation.

Advancement in, and cost reduction of, computer technology over the past two

decades has led to the development of computer simulations of many surgical pro-

cedures [76]. The phrase in silico was coined in 1989 as an analogy to the Latin

phrases in vivo and in vitro, meaning “performed on computer or via computer simu-

lation” [77]. In silico simulation in orthopedics has applications including education

and training [78, 79] and planning treatment for complex procedures [80, 81].

Murase et al. [82] used computer simulation to plan the correction for non-united

scaphoid fractures in seven patients. They used virtual 3D models of the scaphoid

derived from CT scans of the wrist. The necessary rotation of the distal fragment

was determined by fitting it to a mirrored model of the contralateral scaphoid. The

simulation was also used to determine the size of the bone defect, graft material and

screw placement. Physical models of the reduced scaphoid with screw, as well as the

bone graft, were fabricated using stereolithography (a form of additive manufacturing)

to assist the surgeon in executing the plan intraoperatively. The study concluded that

computer simulation was beneficial for the correction of scaphoid nonunions, and all

patients had favorable clinical outcomes.

Although computer simulation may be an easy and inexpensive way to evaluate

surgical innovations, they lack physical interaction which is vital to performing or-

thopedic procedures. The aforementioned example by Murase et al. [82], in which
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physical models of the simulation were constructed in order to execute the plan,

clearly demonstrates this connection between orthopedics and the physical world.

2.6 Additive Manufacturing

There are three fundamental manufacturing processes:

Formative - Formative processes involve applying mechanical forces to materials

so that they form the desired shape. Examples include bending and injection

molding.

Subtractive - Material is removed from a larger piece of material until the desired

shape is reached. The end product is smaller than the initial block of material.

Examples include milling, cutting, and drilling.

Additive - Smaller pieces of material are combined together to create a larger object.

Rapid prototyping, a form of additive manufacturing, began to emerge in the

1980s in the industrial sector as a means to produce prototypes faster and cheaper

than conventional methods such as casting [83]. The technology was embraced by

many other applications, and the process was soon used to produce parts that could

be used directly, so the term “rapid prototyping” has been superseded by more appro-

priate terminology such as 3D printing, solid free-form manufacturing, CAD-oriented

manufacturing, and instant manufacturing. Recently, the term “additive manufactur-

ing” has gained popularity as a general term used to describe the variety of techniques

available.

Excellent reviews on the history of this technology, techniques and materials, as

well as applications of additive manufacturing, have been published [83, 84]. Although
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a variety of printing processes and materials are available, the basic principle behind

the technology is the same. First, a 3D virtual model is developed using a computer

program such as CAD environment; for production, it is vital that this virtual model

defines a closed surface, often referred to as a “solid model”. Second, the solid model

is converted into a file format such that the surfaces of the object are represented

by a polygonal mesh; the most common format is the stereolithography (STL) file

format, in which the surface is represented as a triangulated mesh defined by adjoining

vertices and normal vectors. Third, a computer algorithm interprets the surface mesh

and “slices” it into a series of thin layers; depending on the type of material used in

the process, supporting structures may be added that will serve to support the object

as it is created. Finally, the object is fabricated by laying down material in these

successive layers. The building process can be thought of as an extension to 2D ink-

jet printing in which ink is applied line-by-line in order to reconstruct characters or

graphics; in the 3D case, the line becomes a 2D plane and the printing mechanism is

advanced from plane-to-plane to construct the 3D object.

Materials for additive manufacturing come in many forms including paper, nylon,

wax, resins, plastics, metals and ceramics, and the initial state of these can be in

solid, liquid or powder states. Depending on the material and states, there are a

variety of methods in which to apply these materials in order to produce the desired

shape. The two most common processes in medical applications, stereolithography,

and fused deposition modeling, will be reviewed here; for other additive manufacturing

processes, an excellent review has been written by Pham and Gault [85].
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2.6.1 Stereolithography

The term “stereolithography” was coined in 1986 by Charles W. Hull, who patented

it as a method and apparatus for making solid objects by successively “printing”

thin layers of ultraviolet-curable material [86]. The process, also known as optical

fabrication or photo-solidification, uses a special polymer resin, in liquid form, that

can be hardened by exposure to an ultraviolet laser beam by cross-linking of the

polymer chains. The automated process involves a platform which can be positioned

vertically and holds a thin layer of photo-polymer resin. The cross section of the

3D object is drawn onto the resin layer using an ultraviolet laser. Exposure to the

ultraviolet laser light cures and solidifies the pattern traced on the resin. The platform

is positioned at the next layer, re-coated with resin, and the next cross section is traced

with the laser beam, joining with the previous layer. In 1986, Hull founded the first

company to generalize and commercialize this procedure, 3D Systems Inc.

Stereolithography requires the use of supporting structures which serve to attach

the part to the platform, prevent deflection from gravity, as well as to hold cross-

sections in place as resin is deposited onto each layer. Usually these supports are

generated automatically by software algorithms during the preparation of 3D CAD

models for use on the stereolithography machine, although they may be manipulated

manually. Support material can be removed manually, or by immersing the finished

part in a chemical bath.

Stereolithography is considered to provide the greatest accuracy and best surface

finish of the rapid prototyping technologies. A wide variety of materials have been

developed for use with this technology including biocompatible plastics. There are

also systems available for printing large scale objects with this technology.
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2.6.2 Fused Deposition Modeling

Fused Deposition Modeling (FDM) is the second most widely used rapid prototyping

technology, after stereolithography. The models created in the manuscripts presented

in this dissertation were created using fused deposition modeling. In this process, a

plastic filament is unwound from a coil and supplies material to an extrusion nozzle.

The nozzle is heated to melt the plastic and has a mechanism that allows the flow of

the melted plastic to be turned on and off. The nozzle is mounted to a mechanical

stage that can be moved in both horizontal and vertical directions. The nozzle is

positioned to trace the desired cross-section and, as it does this, a thin bead of

extruded plastic is deposited, forming each layer. The plastic hardens immediately

after being squirted from the nozzle and bonds to the layer below. The entire system

is contained within a chamber that is held at a temperature just below the melting

point of the plastic.

Several materials are available for the process including acrylonitrile butadiene

styrene (ABS) plastic. Support structures are fabricated for overhanging geometries

and are later removed by breaking them away from the object. A water-soluble

support material which can simply be washed away is also available.

The method is acoustically quiet, such that FDM machines are suitable for a

current office environment. FDM is fairly fast for small parts, or those that have tall,

thin form-factors; however it can be very slow for parts with wide cross sections. The

finish of parts produced with the method have been greatly improved over the years,

but are not yet those achievable using stereolithography. Nonetheless, FDM offers

greater strength and a wider range of materials.
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2.6.3 Additive-Manufacturing Applications in

Orthopedic Surgery

In addition to traditional mechanical engineering industries such as automotive and

aerospace, additive manufacturing has found uses in many other areas. These include

jewelry and coin making, furniture and tableware, as well as numerous biomedical

applications. In the last decade, additive manufacturing has been used for a broad

variety of medical purposes, including individualized patient care, research, educa-

tion and training. A review of biomedical applications has been written by Rengier

et al. [87]. For this dissertation, the scope of the literature is limited to additive

manufacturing in orthopedic surgery.

Additive manufacturing has facilitated the progression of individualized patient

care in many orthopedic interventions. Individual models reconstructed from patient

medical images can aid in diagnosis of and surgical planning and treatment. Additive

manufacturing can also be used to produce implants and tools that are specifically

tailored to a patient’s unique anatomy.

Surgical Planning

Potamianos et al. [88] reported three cases in which models fabricated using stere-

olithography were used to plan complex surgeries involving the hip, skull and shoulder.

The physical models allowed surgeons to rehearse the placement of bone fragments

and, unlike computer simulations, provided a means to physically translate the plan

to the operating room. More recently, Dhakshyani et al. [89] used fused deposition

modeling to create a hip model to plan arthroplasty for a patient with a dysplasia.

This is a complex procedure requiring consideration of hip stability, implant size,
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bone grafting, femoral shortening, hip center and leg length discrepancy. Creation of

a physical model enabled the orthopedic surgeons to determine the optimal surgical

approach and to rehearse on the model before performing the actual surgery.

Additive manufacturing has proven to be particularly useful for surgical planning

in craniofacial and maxillofacial applications, where facial esthetics are an important

concern. For example, Poukens et al. [90] used 3D models of the facial skeleton man-

ufactured using stereolithography to simulate and plan the placement of distraction

devices for corrective procedures involving the jaw. Custom made surgical guides were

used to transfer the surgical planning to the patient in the operating theater. Muller

et al. [91] reported a more extensive trial of rapid prototyping to plan a variety of

craniofacial procedures in 52 patients. Their models were created using stereolithog-

raphy, and they concluded that the models provided better understanding of the

anatomy and were useful in simulating the procedure.

Patient-Specific Implants and Guides

An early medical application of additive manufacturing was the design of custom

implants for craniofacial defects [92, 93]. D’Urso et al. [92] used models of the defect

fabricated using stereolithography to to create molds for the fabrication of the im-

plant. Dean et al. [93] instead designed a mold using CAD modeling which was then

produced using stereolithography. The implants were then created from the molds

using biocompatible materials. The surgeons in both studies reported that the cus-

tomized implants reduced operating time, afforded excellent cosmesis and were cost

effective. D’Urso et al. [92] noted that patients also benefited from the opportunity

to see the model and implant preoperatively to improve their understanding of the



CHAPTER 2. BACKGROUND 52

procedure. Sekou et al. [94] used a similar process to develop a custom prosthesis for

facial reconstruction involving the mandible.

As noted by Dean et al. [93] and Sekou et al. [94], a 3D CAD model can be used

to produce a negative mold used to cast the positive form. Kunz et al. [95] extended

this idea to create patient-specific tool guides for the placement of hip resurfacing

prostheses in 45 patients. The guides were found to be as good as highly accurate

computer-assisted techniques for hip resurfacing. However, the individualized tem-

plates were easier to integrate into the surgical workflow compared to the equipment

required for computer-assisted surgery.

2.7 Chapter Summary and Discussion

Primary surgical fixation, instead of cast immobilization, of scaphoid fractures can

improve the quality of life of patients affected with this injury. The percutaneous

surgical procedure is technically demanding, and exposes surgeons and patients to

hazardous radiation needed to place the screw. Computer-assisted techniques have

the potential to alleviate many of the risks associated with this procedure.

Although computer-assisted technology is now well established, the conventional

computer-assisted surgical workflow is problematic for some procedures such as scaph-

oid fixation. Intraoperative 2D and 3D fluoroscopy have resolved problems associated

with non-routine preoperative CT and patient-based registration. Unlike uses for

pedicle screw insertion and hip fracture fixation, an LCR cannot be attached directly

to small bones such as the scaphoid. Groups who have successfully implemented

computer-assisted scaphoid fixation have developed trackable wrist-stabilization de-

vices to address this problem.
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Measuring screw placement accuracy remains an ill-defined endeavor in navigated

scaphoid fixation. The three navigated scaphoid studies reviewed here used different

methods to assess screw placement, making comparison between studies difficult or

impossible. Furthermore, the details concerning screw placement assessment in these

studies were often vague and somewhat subjective. Investigating better measures of

screw placement in scaphoid fixation was therefore an important aim of this thesis.

Other studies involving navigated guide-wire placement have differed in their ap-

proaches for screw accuracy assessment. Studies assessing pedicle screw placement

accuracy have taken a clinical approach to evaluating placement, noting the presence

of screw penetration and resulting neurological complications. Guide-wire placement

in hip fracture fixation studies employed technical approaches to evaluation, mea-

suring screw location relative to a target on post-operative radiographs. Mayman et

al. [40] used a physical model that was identical between the trials, and the analysis

was performed by three blinded observers in an attempt to control variability and re-

move error in the analysis. The scaphoid is known to have a highly variable shape, so

using a model-based approach may be a more appropriate method than cadaver-based

studies with which to evaluate the accuracy of navigated scaphoid fixation.

At the time of writing, three groups have made attempts to integrate computer-

assisted techniques for percutaneous scaphoid fixation, but many of these studies

failed to draw conclusions. A common factor was small population size: between

these three studies, a total of just 17 cadaver specimens received computer-assisted

treatment. Large-scale cadaver studies are expensive and difficult to control for vari-

ability amongst specimens. In silico, or computer-based, simulation is an alternative
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study model, but lacks the physical connection that is desired in orthopedic applica-

tions. Additive manufacturing has demonstrated utility in a number of orthopedic

applications, and provides an easy and inexpensive means to produce patient models.

The work in the following manuscripts serves to investigate if evaluation using additive

manufacturing of bone models is a suitable method for evaluating computer-assisted

percutaneous scaphoid fixation.
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This article investigates the accuracy of producing bone models using rapid pro-

totyping derived from computed tomography images. I devised the methods for this

investigation and developed the algorithms used in the accuracy analysis. All of the

analysis was performed by me, and I was the primary author of this article. I re-

ceived assistance from my co-authors with specimen preparation, data collection, and

manuscript editing.
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Abstract

Bone models derived from patient imaging and fabricated using additive manufactur-

ing technology have many potential uses including surgical planning, training, and

research. This study aimed to evaluate the accuracy of bone-surface reconstruction

of two diarthrodial joints, the hip and shoulder, from computed tomography (CT).

Image segmentation of the CT series was used to develop a three-dimensional (3D)

virtual model which was fabricated using fused deposition modeling. Laser scanning

was used to compare cadaver bones, printed models, and intermediate segmentations.

The overall 3D bone reconstruction process had a reproducibility of 0.3 ± 0.4 mm.

Production of the model had an accuracy of 0.1±0.1 mm while the segmentation had

an accuracy of 0.3±0.4 mm. Areas of incongruence were primarily apparent at bone-

cartilage interfaces. Bone models of the diarthrodial joints can be produced easily

and accurately using additive manufacturing; however, segmentation is the critical

step affecting accuracy of the printed model, and care must be taken to correctly

define the articular regions.
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3.1 Introduction

Within the field of orthopedics, human cadaveric specimens are an invaluable resource

for surgical planning, training, validation of research methods and ex vivo studies.

However, the availability of cadaver specimens is limited, especially specimens with

a specific pathological condition. Moreover, specimens are expensive, making large-

scale ex vivo studies difficult and impractical to conduct.

Conversely, medical images are readily available, especially of pathological con-

ditions, and since they are normally a standard part of the diagnostic workup, do

not bring about additional expense. Medical images can be easily transformed to

a computer to create three-dimensional (3D) virtual models for surgical planning

and simulation [1]. Although 3D virtual models have greatly enhanced visualization

capabilities, virtual simulations using these models are ideal and often unrealistic.

The advent of three-dimensional printing technology, also known as rapid prototyp-

ing or additive manufacturing, now provides a way to transform these 3D virtual

models to create 3D physical solid models. Thus, bone models reconstructed from

computed-tomography (CT) imaging using additive manufacturing could potentially

be a convenient and inexpensive alternative to ex vivo specimens. For instance, rapid

prototyping of dysplastic hip joints could be used to study the kinematics of these

pathological joints that would not otherwise be possible.

Automated additive manufacturing technology was primarily introduced for rapid

prototyping in the industrial sector, although there has been widespread adaptation of

3D printing in medicine [2, 3]. Within the field of orthopedics, additive manufacturing

has been used to develop tissue scaffolds [4, 5], patient-specific implants [6, 7], and

patient-specific tool guides [8, 9]. Production of bone models derived from CT has
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also been utilized for surgical planning [10, 11].

There are a number of additive manufacturing processes, but the underlying prin-

ciple is the same [12]. Firstly, a 3D virtual model is developed using a computer

program such as computer-aided design (CAD) environment. Medical image series,

such as CT or magnetic resonance imaging (MRI), can be used to create virtual mod-

els of the anatomy of interest through a process known as image segmentation [13].

This involves identifying the pixels that belong to the anatomy of interest in each

2D image in the series, which are then used to form the 3D voxels that comprise the

object. A computer algorithm interprets the virtual model and slices it to form thin

cross sections. The model is fabricated by successively laying down material in these

cross sections.

Stereolithography (SL) was the first, and is the most widely used additive man-

ufacturing technology in medical applications. This process involves the use of a

liquid photopolymer that is hardened on contact with an ultra-violet (UV) laser used

to trace each cross section [14]. More recently, fused deposition modeling (FDM), is

gaining popularity, as an inexpensive and office-friendly alternative. Fused-deposition

modeling utilizes solid plastic which is heated to melting and fed to an extrusion noz-

zle that traces out each cross section [14].

Before we can readily apply reconstructed bone models in medical applications, it

is important to know the accuracy of the reconstruction process. Previously, Choi et

al. [15] investigated the accuracy of reproducing a bone model of the skull using stere-

olithography. They used calipers to measure a series of anatomical landmarks on the

cadaver and model and found the accuracy of the reconstruction to be 0.62±0.35 mm.

In the study presented here, we employed high-accuracy laser scanning to investigate
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3D surface reconstruction of two diarthrodial joints; the glenohumeral joint (shoulder)

and the femoroacetabular joint (hip), using fused-deposition modeling. A three-way

shape analysis was performed to evaluate i) the accuracy of the segmentation process,

ii) the accuracy of the printing process, and iii) the overall accuracy of bone-surface

reconstruction.

3.2 Material and Methods

Seven cadaver glenohumeral joints (shoulder) and six femoroacetabular joints (hip)

were studied. All cadaver specimens had all soft tissues intact; one shoulder specimen

was fresh-frozen, all others were formalin-fixed. Cadaver specimens were imaged

using CT with soft tissues intact. Image series were acquired with a 16-slice mobile-

gantry CT scanner (Lightspeed+ XCR , General Electric, Milwaukee, USA) using a

slice thickness of 0.625 mm. Following CT imaging, soft tissues were removed using

standard dissection techniques, preserving the bone and articular surfaces. Attention

was given at the sites of fibrous attachments so as not to damage the specimen.

Following gross dissection, a 5% solution of hydrogen peroxide was used to remove

residual tissue from the non-articulating surfaces. Dissected specimens were wrapped

in moistened cloths and stored in a plastic bag at 20◦C to prevent drying.

3D Bone Surface Reconstruction

Each CT image series was imported into a commercially-available software environ-

ment (Mimics v13.0, Materialise, Leuven, Belgium) to facilitate medical image seg-

mentation. Using automatic operations and manual manipulation, each CT series was
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segmented to create 3D virtual models of the bones of interest [13]. Segmentations

were performed by experienced individuals with good knowledge of the anatomy. To

reduce printing time, some of the bones were only partially segmented. For the hip,

the segmentations consisted of the periacetabular region and the proximal femur; for

the shoulder, this consisted of the proximal humerus and the majority of the scapula.

The 3D segmentations were converted to surface models of stereolithography

(STL) format for 3D printing. The models were fabricated using a Stratasys Di-

mension SSt 1200es (Eden Prairie, USA) 3D printer using fused deposition modeling

technology. Models were printed with a layer thickness of 0.254 mm (0.010 in) in acry-

lonitrile butadiene styrene (ABS) thermoplastic with breakaway support material.

Mathematical slicing and orientation of the STL file, addition of support structures

and toolpath generation were automatically performed with Stratasys CatalystEX

software. Support material was manually removed following fabrication.

Three-way Shape Analysis

A three-way shape analysis using laser scanning [16] was performed in order to assess

all aspects of the surface reconstruction process (Figure 3.1). Cadaver specimens

and 3D prints were both compared to the virtual 3D model to assess the accuracy of

segmentation and printing, respectively. The overall accuracy was determined directly

by comparing the 3D prints to the cadaver specimens.

All dissected cadaver specimens and 3D plastic prints were imaged using a laser

scanner (ShapeGrabber LM600 with SG102 scan head, Ottawa, Canada) with 140 µm

(0.140 mm) resolution to obtain a high resolution digital representation of their sur-

faces. Because of the 3D geometry of the specimens, the laser scans were acquired
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Figure 3.1: Flowchart of the three-way shape analysis workflow. Cadaver
specimens were imaged using CT, and dissected to remove all soft tissues for laser
scanning. The CT images were segmented to create 3D virtual models in STL format
which were fabricated using additive manufacturing then laser scanned. The laser
scan of the cadavers and prints were compared to each other as well as the intermediate
3D segmentation model in the three-way shape analysis.
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in patches within the plane of the laser, and the specimens were rotated to collect

enough patches to represent the entire surface (Figure 3.2).

 (a) (b) 

Figure 3.2: Laser scanning of the femur. Because of the three-dimensional geom-
etry of the bones, the laser scans could only be collected in single patches within the
plane of the laser, (a). The specimen was repositioned to collect patches comprising
the entire surface of the bone, (b).

A flowchart for the shape analysis algorithm is provided in Figure 3.3. After

laser scanning, the laser scan patches were imported into the Mimics environment

and visually registered to the corresponding 3D segmentation by selecting common

anatomical landmarks (point-to-point registration). This was a preliminary registra-

tion only, in order to obtain an initial alignment of the laser scan patches and reduce

subsequent analysis time.

Following preliminary registration, the 3D segmentation and laser scan patches

were imported into Matlab (R2010b, MathWorks, Natick, USA) for shape analysis.
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Figure 3.3: Algorithm for shape-fit analysis. Each laser scan patch was repre-
sented as a collection of p 3D points. The segmentation model was represented as a
triangulated mesh with t triangles. An initial registration was performed by visually
aligning anatomical landmarks. Any point that was outside the boundaries of the
segmentation model was manually removed. An ICP registration was performed to
register the patch to the triangulated mesh. For every triangle in the model, a resid-
ual distance at that triangle was initialized at infinitely. For every point in the patch,
the closest triangle centre was located, and the distance between the two points was
computed and projected along the triangle normal. If this distance was less than the
previous value stored at this triangle, the new value was stored. This was necessary
because multiple patch points could be closest to the same triangle.



CHAPTER 3. ACCURACY EVALUATION OF CT RECONSTRUCTIONS 78

The 3D segmentation was represented as a triangulated surface with vertices, edges

and triangle normal vectors. The laser scans were represented as a 3D point cloud.

Any points on the laser scan that were outside the extents of the 3D segmentation

were manually removed from the analysis as they did not have a corresponding point

and would falsify the result. An iterative closest point (ICP) registration [17] was

performed to precisely align each patch to the 3D segmentation.

To assess the fit, or congruence, of the laser scans (cadaver and print) and the

segmentation, the residual distance between the two surfaces was determined. This

measure was computed by finding the closest triangle on the 3D segmentation mesh

for each point on the laser scan and calculating the distance between the two. Since

the segmentation had a larger area than the laser scan patch, the search algorithm

utilized the laser scan as the basis and found the closest corresponding triangle. For

each point-triangle match, the residual distance was computed by projecting the

separation along the direction of the triangle normal (Figure 3.4). If the matching

triangle already had a previous closest point match, then the point with the minimum

distance was kept as the result. The residual distance was visualized by coloring

each triangle on the segmentation mesh according to its magnitude and direction;

Figure 3.5 shows an example patch match for the femur.

After all individual laser scan patches were matched, the results were combined

to obtain an overall match for the cadaver-segmentation or print-segmentation. Since

patches had overlapping regions, the residual distance was calculated by taking an

average at each triangle on the segmentation mesh. The result was visualized by

creating a topographical color-map to reflect the residual distance at each triangle.
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Figure 3.4: Computation of residual distance. The distance, d, between each
point, pi and closest triangle centre, tp, was projected along the triangle normal vector,
n, to compute the residual distance at each triangle.



CHAPTER 3. ACCURACY EVALUATION OF CT RECONSTRUCTIONS 80

Figure 3.5: Color-map of the residual distance for a single laser scan patch
of a femur. The residual distance value stored for each triangle was used to color
the triangular mesh using a millimetre-to-color scale.
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The residual distance was used to calculate overall statistical measures of congru-

ence: root-mean square deviation (standard deviation), average absolute deviation

(unsigned distance), average deviation (signed distance) and maximum deviation.

To perform the overall cadaver-print shape assessment, the registered print laser

scan patches from the segmentation match were combined to form a single point

dataset. Any non-corresponding regions of the cadaver laser scans were manually

removed to delete any confounding points from the analysis. An ICP registration was

performed to register each cadaver laser scan to the print. The residual distance was

computed by finding the closest point on the print for each point in the cadaver laser

scan and calculating the distance between them.

To compare the result with the cadaver-segmentation and print-segmentation

matches, the residual distance was visualized by coloring the triangles of the seg-

mentation mesh; to accomplish this, the closest point on the print was mapped to the

closest triangle on the segmentation. As with the previous matches, overall statistical

measures were computed to represent the match congruence.

3.3 Results

The statistical measures for the three-way shape analysis of the hip and shoulder

are shown in Tables 3.1 and 3.2, respectively. The root-mean-square error represents

the standard deviation of the residual distances. Residual distances were considered

positive if they were larger and negative if they were smaller than the object of

comparison. The absolute average deviation is the mean of the absolute values of

all residual distances. The average deviation took into account if the residuals were

positive or negative when computing the mean distance. The maximum deviation
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represents the largest absolute distance in the match.

Table 3.1: Three-way shape analysis results for the hip joint. The resid-
ual distance was used to calculate overall statistical measures of congruence: root-
mean square deviation (standard deviation), average absolute deviation (unsigned
distance), average deviation (signed distance) and maximum deviation. All units are
in mm. The left column indicates the objects under comparison: first object to second
object.

Root-Mean Absolute Average Maximum
Square Average Deviation Deviation
Error Deviation

Cadaver to Femur 0.5 0.3 0.0 4.1
Segmentation Pelvis 0.5 0.3 0.0 3.7

Combined 0.5 0.3 0.0 4.1
Model to Femur 0.1 0.1 0.0 2.4
Segmentation Pelvis 0.1 0.1 0.0 1.8

Combined 0.1 0.1 0.0 2.4
Cadaver to Femur 0.5 0.3 0.0 4.2
Model Pelvis 0.4 0.3 0.0 4.9

Combined 0.5 0.3 0.0 4.9

Color-maps were generated showing the magnitude of the residual distance super-

imposed on the segmentation model to visualize regions of congruency. Figure 3.6

shows a representative color-map for the three-way match of the acetabulum.

The bone reconstruction process had an overall reproducibility of 0.3 ± 0.5 mm

for the hip and 0.3 ± 0.4 mm for the shoulder. Both the mean and standard devi-

ation of the residual distance were considerably higher in the cadaver-segmentation

comparison than in the print-segmentation. In all cases the average deviation was

essentially zero indicating a random error rather than a bias one. In all instances, the

shoulder was produced more accurately than the hip joint. There was no difference

in the print-segmentation accuracy between the two joints, thus the difference was in

the segmentation.
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Table 3.2: Three-way shape analysis results for the shoulder joint. The resid-
ual distance was used to calculate overall statistical measures of congruency: root-
mean square deviation (standard deviation), average absolute deviation (unsigned
distance), average deviation (signed distance) and maximum deviation. All units are
in mm. The left column indicates the objects under comparison: first object to sec-
ond object. A positive average deviation indicates the first object was larger than the
second object, while a negative value indicates the first object was smaller than the
second object.

Root-Mean Absolute Average Maximum
Square Average Deviation Deviation

Error Deviation
Cadaver to Humerus 0.3 0.3 0.0 1.7
Segmentation Glenoid 0.4 0.3 0.0 3.8

Combined 0.4 0.3 -0.1 2.8
Model to Humerus 0.1 0.1 0.0 0.8
Segmentation Glenoid 0.1 0.1 -0.1 1.7

Combined 0.1 0.1 -0.1 1.2
Cadaver to Humerus 0.3 0.3 0.0 1.8
Model Glenoid 0.4 0.3 0.0 3.7

Combined 0.4 0.3 0.0 2.7
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Figure 3.6: 3D topographical color-map of the residual distances of an ac-
etabulum match. The residual distance value stored for each triangle was used to
color the triangular mesh using a millimetre-to-color scale. Regions of good congru-
ence are green while those of poor congruence are red or blue. Sub-labels (a), (b)
and (c) indicate the objects of comparison, first object - second object. Positive val-
ues indicate the first object was larger than the second object, while negative values
indicate the first object was smaller than the second object.
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Segmentation of the humerus was the most accurate (0.3 ± 0.3 mm) with less

accurate segmentation of the scapula (0.3±0.4 mm), femur (0.3±0.5 mm), and pelvis

(0.3±0.5 mm). The fresh frozen shoulder was reproduced the best of all the shoulder

specimens. The overall cadaver-to-print match yielded a result of (0.2± 0.3 mm) for

the humerus and (0.2± 0.3 mm) for the scapula.

3.4 Discussion

The overall 3D bone reconstruction process had a combined reproducibility of 0.3±

0.4 mm indicating the process was highly accurate. The residual distances were

much higher in the cadaver-segmentation comparison than the print-segmentation

comparison, suggesting that segmentation was the critical step.

Although only one fresh-frozen specimen was analyzed, and the segmentation

was more accurate in this specimen compared to the fixed ones. Because imaging,

and thus segmentation, is primarily based on differences of density and intensity, a

fresh specimen may pose a different soft tissue density and better imaging contrast

for identifying bone margins. This provides us with a representative example of

reconstruction from patient imaging, suggesting that the reconstruction would be

highly accurate.

Our analysis showed that the prints could be fabricated very accurately to within

0.1± 0.1 mm. This result is approximately half of the layer thickness of the printed

model (0.254 mm) and is consistent with the error inherent in interpolating between

two layers. Thermal factors such as plastic hardening after deposition and expansion

or contraction due to the ambient temperature may have also influenced the result.

There are approximations inherent in mathematical representations of complex
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surfaces such as the triangulated representation used here. Moreover, there is no

perfect way to compute the distances between two discretely represented surfaces.

Since the resolution of both segmentation and laser scans was high, the distance

between two closest points is a valid assumption of the residual distance between the

surfaces. The accuracy could be improved by averaging distances between a group

of closest points, but would necessarily increase computation time. There are also

innate errors in the ICP registration process due to initial registration conditions and

outliers. We attempted to minimize these conditions by visually performing an initial

registration and manually removing any outliers from the laser scan patches.

Although the statistical measures denote the overall fit quality, the 3D visual-

ization shows the areas of good and poor congruency. These 3D visualizations were

manually inspected and compared to the cadaver specimens and printed models. Two

primary regions of mismatch were evident in the print-segmentation comparison. The

largest deviations were noticed in the areas which had attachments for the breakaway

support material. In some cases, it was difficult to completely remove all of the sup-

port material particularly in deep recesses such as the fovea of the femoral head. This

could be avoided by manually designing the supports instead of the automatically-

generated software configuration. Another alternative could be to use water-soluble

support material.

A visual comparison of the cadaver specimens with the topographical color-map of

the cadaver-segmentation match was conducted to investigate areas of incongruence

(Figure 3.7). Areas of high shape inconsistency were predominately noted at two lo-

cations: bone-cartilage interfaces and regions of fibrous attachments. On the femur,

incongruences were seen on the articular surface of the head and the fovea, and at the
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greater and lesser trochanter at places of muscular attachments. On the pelvis, incon-

gruences were visible on the articular surface of the lunate, along acetabular rim and

at muscular attachments surrounding the acetabulum. For the shoulder, incongruent

regions on the humerus were the articular surface, and greater and lesser tuberos-

ity rotator cuff attachments. On the scapula, these were the region surrounding the

glenoid fossa, especially the inferior aspect, and at the acromioclavicular joint. The

cartilage bone interface is difficult to accurately segment as cartilage is poorly visible

using CT imaging. We found this was particularly evident at regions in which there

was cartilage degradation, suggesting that thicker cartilage may actually enhance con-

trast and improve segmentation. Incongruences at fibrous attachments, were likely

the result of residual tissues on the cadaver specimen at the time of laser scanning

that could not be completely removed without damaging the specimen.

Although the primary objective of this analysis was to determine the accuracy

of the 3D rendering process, the three-way analysis also revealed important informa-

tion about the segmentation of these bones. This may have particular relevance to

image-guided orthopedic surgery in which patient anatomy is registered intraopera-

tively to preoperative 3D segmentations. Our three-way analysis shows which areas

would be better or worse for collecting data points and can potentially estimate the

magnitude of the errors associated with points in these regions. For instance, points

should be collected in regions with good shape congruence and avoided in regions

with poor congruence. In this study, both the femoral and humeral necks were con-

sistently under-segmented sometimes up to a millimeter. Under-segmentation was

also prevalent in the bicipital groove. Regions surrounding the acetabular rim and



CHAPTER 3. ACCURACY EVALUATION OF CT RECONSTRUCTIONS 88

   

    

 

1.5mm 

-1.0mm 

0mm 

Figure 3.7: Visual comparison of the cadaver specimen to the color-map
showing incongruence at an area of cartilage degeneration on the humeral head.
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glenoid fossa were also problematic and should be avoided. The same recommenda-

tion applies to the design of patient-specific guides, as these guides are engineered

from patient-image segmentations and thus should be designed to interface in regions

with reliable congruence.

3.5 Conclusions

This study showed that the hip and shoulder joint can be accurately reconstructed

from CT imaging using 3D printing with an overall accuracy of about half a mil-

limeter. Incongruences were primarily the result of errors in image segmentation

with minor contributions from the printing process. Segmentations were particularly

erroneous at bone-cartilage interfaces.

The high accuracy of the reconstruction method favors the suitability of rapid-

prototyped diarthrodial joints as potential replacements for cadavers in several ap-

plications including preliminary research studies. This study was limited to a small

sample of diarthrodial joints and future work will need to examine the accuracy of

reconstructing other joints, especially those with thinner cartilage, such as the wrist

and ankle, for which segmentation may be more difficult.

This study demonstrated that the shape of the bones can be accurately replicated;

an important next step, however, will be to evaluate if 3D printing also permits

realistic motion of these joints.
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the rest of the dissertation.

This article presents a first version of a system for computer-assisted percutaneous

scaphoid fixation. A model-wrist with exchangeable scaphoid was developed and used

to validate the technical aspects of the system by comparing the navigated technique

to conventional guide-wire placement. Development of the navigation system was nec-

essarily a collaborative effort, building on previous work, and requiring aid in software

development and clinical input. I oversaw, and participated in, the development of

aspects of the user interface, surgical workflow, and tools including the custom drill

guide. I devised the methods for this study and developed the algorithms used to

assess screw placement. In this article, I proposed a new means for screw placement

assessment using computer algorithms to interpret postoperative CT images, thereby

removing the subjectivity in this measure. All of the analysis was performed by me,

and I was the primary author of this article. I received assistance from my surgeon

co-authors who were participants in the study and offered a clinical perspective for

the article.
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Abstract

Percutaneous fixation of scaphoid fractures offers potential advantages to cast treat-

ment, but can be difficult to perform with conventional 2D imaging. This study

aimed to evaluate the use of a novel navigation technique using volume-rendered im-

ages derived from intraoperative cone-beam CT imaging, without the need for typical

patient-based registration. Randomized in-vitro trials in which a guide-wire was in-

serted into a model scaphoid were conducted to compare volumetric navigation to

conventional fluoroscopic C-arm (n=24). Central wire placement, surface breach,

procedure time, drilling attempts, and radiation exposure were compared between

groups. Compared to conventional percutaneous insertion, navigation achieved equal

or significantly better placement of the guide-wire with fewer drilling attempts and

less radiation exposure. On average, navigation took 74 seconds longer to perform

than the conventional method, which was statistically significant but clinically ir-

relevant. This evaluation suggests the technology is promising and may have many

clinical benefits including improved fixation placement, fewer complications and less

radiation exposure. The intraoperative workflow is more efficient and eliminates the

need for preoperative CT, image segmentation, and patient-based registration typical

of traditional navigated procedures.
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4.1 Introduction

Internal fixation of non-displaced scaphoid fractures is often advocated as a primary

treatment option due to drawbacks associated with conventional cast treatment [1].

Internal fixation typically involves drilling a wire to guide placement of a cannulated

screw along the length of the scaphoid, optimizing stability and promoting union [2].

Biomechanical studies have demonstrated the importance of screw placement along

the central scaphoid axis [3]. Moreover, the screw should not breach the surface of the

bone as such damage may initiate degenerative osteoarthritis [4]. The scaphoid can

be as narrow as 6 mm at its waist [5], thus demanding exceptional surgical accuracy

in these procedures.

Percutaneous scaphoid fixation (PSF) is less invasive and has potential advantages

to open approaches [6], but can be difficult due to lack of visualization of the wrist

anatomy. Consequently, conventional PSF procedures rely heavily on intraoperative

fluoroscopy to navigate and verify screw placement, and therefore poses an increased

risk of radiation exposure, not only to the patient, but also to the surgical team [7, 8].

Computer-assisted fluoroscopic navigation has been shown to improve placement

and reduce radiation exposure in other orthopedic pin insertion procedures [9, 10, 11,

12]. However, the traditional workflow for computer-assisted orthopedic surgery [13]

is not easily suited to PSF. Preoperative imaging and image segmentation typically

needed to create models for navigation are tedious, expensive, and time-consuming;

patient-based registration is difficult because of the small size and complex anatomy

of the wrist.

Previously, navigated PSF has been successfully implemented using ultrasound-

to-CT based registration [14], and navigated 2D-fluroscopic imaging [15, 16]. These
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approaches, however, have several aspects limiting their clinical utility, such as preop-

erative imaging and segmentation to create virtual models for planning and naviga-

tion, patient-based registration, and maintaining line-of-sight for imager tracking. In

this study, a new method for percutaneous scaphoid fixation is proposed that makes

use of 3D cone-beam CT (CBCT) using a digital fluoroscope for navigation [17]. In

this method, intraoperatively-acquired CBCT images are used for direct navigation,

eliminating traditional preoperative imaging and segmentation. A preoperative cali-

bration is performed to register the imager coordinate space to the navigation system,

circumventing image-to-patient registration and intraoperative imager tracking. The

3D CBCT image is volume rendered and displayed as images similar to digitally-

reconstructed radiographs for planning and guidance. Previously, the technical as-

pects of the system were validated in a pilot study in which volumetric navigation was

applied for PSF [18]. Here, the size and scope of the study are extended to evaluate

the performance of this system relative to conventional fluoroscopic C-arm imaging,

using central guide-wire placement, screw breaches, and drilling attempts as compar-

ative measures. Clinical suitability of the navigated technique was also evaluated by

assessing X-ray exposure and operating time.

4.2 Materials and Methods

Using methods similar to a pilot study [18], randomized trials were conducted compar-

ing 3D volumetric navigation to a standard protocol using a conventional fluoroscopic

C-arm. One senior orthopedic hand surgeon, one clinical hand fellow, and one or-

thopedic resident, each performed eight trials of both methods, yielding a total of 48

trials for analysis. The senior surgeon had prior experience with computer-assisted



CHAPTER 4. VOLUME RENDERING FOR SCAPHOID FIXATION 98

navigation, but all surgeons were novices concerning 3D CBCT navigation. The ob-

jective was to maximize central placement of a 1.6 mm K-wire along the length of

the scaphoid using a volar (retrograde) approach.

A 3D wrist model was constructed to control for the high variability of scaphoid

anatomy, thereby permitting direct comparison between trial groups. The wrist model

was fixed in extension to mimic a prevalent protocol for PSF which employs arm-

board positioning instead of traction [1, 19]. The model was derived from a CT scan

of a normal human wrist and fabricated in ABS plastic using a 3D rapid-prototyping

printer (SST 1200es, Dimension/Stratasys, Eden Prairie, USA.). The model wrist

(Figure 4.1) featured an interchangeable scaphoid so that a new scaphoid could be

replaced after each trial. The model was securely wrapped with a thick surgical towel

to prevent direct visualization and tactile feedback during guide-wire insertion.

Conventional Procedure

In the conventional technique, a standard fluoroscopic C-arm (either a Phillips BV

Pulsera or GE OEC 9800) was used to acquire 2D X-ray images of the wrist. Surgeons

could take as many images as they desired and in any orientation; to mimic a realistic

operative scenario, an assistant was provided to help position the C-arm. Surgeons

used a drill guide, which was identical to the one used for the navigated cases, but

without optical tracking capability.
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Figure 4.1: 3D wrist model and custom drill guide. The model wrist featured
a removable scaphoid that was attached to the hand by means of a plastic fastener,
permitting a new scaphoid to be used for each trial (right). A custom drill guide was
developed that was equipped with a local coordinate reference (LCR) to track the
orientation of the drill during navigated guide-wire insertion (left).
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Navigated Procedure

Navigated trials were performed in an operating room featuring a ceiling-mounted

Optotrak Certus infrared camera (Northern Digital, Waterloo, Canada). The Cer-

tus system provided position information of infrared light-emitting diodes (IREDs)

attached to objects of interest for navigation. Imaging was accomplished using a floor-

mounted Innova 3D digital fluoroscope (GE Healthcare, Buc, France). To capture a

3D CBCT image, the C-arm of the Innova rotated 180 degrees about its isocenter,

capturing contiguous X-ray images; these X-ray images were reconstructed to pro-

vide a 3D X-ray “cube” or volume with each voxel referenced in the image coordinate

frame.

Let {X} denote coordinate frame X, and Y
XT represent a spatial transformation

from coordinate frame {X} to coordinate frame {Y}. Prior to the study, a calibration

was performed once, to determine a relationship between the CBCT image coordi-

nates, {I}, and the Certus camera, {C}, necessary for navigation. This was a unique

approach for performing navigation such that patient-based registration and imager

tracking was not required as it is in other systems. Complete technical details of this

preoperative calibration can be found in Smith et al. [18]; briefly, the process can

be explained as follows. A custom calibration cube was used that contained metallic

radio-opaque beads and infrared light-emitting diodes so that it could be detected

simultaneously by both the Innova and Certus, respectively. The calibration cube

was positioned on the operating table, and a CBCT image of the cube was acquired.

The digital 3D image was uploaded to a workstation and a computer algorithm was

used to detect the locations of the metallic beads in the 3D image. At the same time,
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the positions of the IREDs were located by the Certus camera. These two represen-

tations of the cube allowed the spatial transformation between the coordinate space

of the tracking system and the Innova imaging space, C
I T, to be computed.

For each navigated procedure, a 3D CBCT image of the model wrist was obtained

using the Innova. The 3D image was uploaded to a workstation featuring the Virtual

Surgery System (VSS; iGO Technologies, Kingston, Canada) software interface for

planning and navigation. The 3D digital image was displayed as volume-rendered

projections, similar to digitally-reconstructed radiographs (DRRs), but with the abil-

ity to rotate the images in 3D on the computer monitor to appreciate the complex

geometry of the scaphoid (Figure 4.2). The surgeon would plan the intervention by

manipulating the volumetric images in order to position a virtual screw on the ren-

dered scaphoid (Figure 4.2). A line along the long axis of the virtual screw represented

the desired drilling trajectory of the guide-wire.

To navigate this plan, the position of the patient and the drill were monitored in

real-time using the tracking system. A custom drill guide was developed and fitted

with an IRED cluster (Figure 4.1) to define the local coordinate frame of the guide-

wire, {W}. Tracking the guide provided the orientation of the guide wire needed for

navigation. A second IRED cluster was attached at the base of the plastic model to

provide the patient (scaphoid) axes, {P}. Tracking of each IRED cluster provided the

spatial transformation of the wire, C
WT, and patient, C

PT, with respect to the camera.

Figure 4.3 depicts the spatial transformations involved in the navigation process.

The relative orientation of the wire with respect to the scaphoid, P
WT, is computed

from tracking: P
WT =C

W T ∗CP T−1, and transformed to image coordinates using the

preoperative calibration transformation: I
WT =C

I T−1 ∗PW T. This allows a virtual
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Target (planned) path 

Real-time (tracked)  
wire orientation 

Virtual drill 

Figure 4.2: A screen capture from the Virtual Surgery System (iGO Tech-
nologies, Kingston, Canada) during one of the navigated trials. Before
drilling, the surgeon could rotate and zoom the volume-rendered images in order
to position a target drill path. During navigation, the real time orientation of the
guide-wire was projected on the image using the pose of the tracked drill guide.
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image of the drill to be displayed on the 3D CBCT image to navigate the planned

drill trajectory (Figure 4.2).

{C} 

{P} 
{I} 

TCW

TPW

TCPTCI

{W} 
TIW

Figure 4.3: Coordinate transformations in 3D CBCT navigation. A preoper-
ative calibration was performed to determine the image-to-camera registration, C

I T.
Local coordinate references were established in the guide-wire {W}, patient, {P} and
the coordinates of the wire, C

WT, and patient, C
PT are tracked with respect to the cam-

era coordinates, {C}. The drill-to-image transform, I
WT was computed from these

relationships for navigation. Solid arrows are tracked transformations, the short dash
is a transformation derived from image processing, and dashed arrows are computed.

Data Analysis

The guide-wire path, as opposed to screw placement, was selected as the basis for com-

paring accuracy and precision as these measurements were more reliable from imaging

of the guide-wire, rather than the complex 3D shape of commercially-available screws.

For this reason, surgeons were instructed to drill the wire completely through the

scaphoid to create an exit hole on the proximal surface; the scaphoid was removed
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with the wire left in place. Surgeons were permitted to make unlimited attempts

until they were satisfied with the placement of the wire. The number of drilling at-

tempts, total time, and radiation output of the imager was recorded after each trial.

In addition, a radiation meter (Radcal Corporation, Monrovia, CA, model 2025 with

20X5-3 electrometer/ion chamber probe) was positioned adjacent to the wrist model

to estimate the dose received by the patient.

When the surgeon was satisfied with the guide-wire placement, the scaphoid was

removed with wire intact then imaged with air contrast using high-resolution CT

(GE Lightspeed, 16-slice helical scanner at 0.625 mm thickness). Three-dimensional

surface models of the guide-wire and scaphoid were derived from the CT images for

wire placement and screw breach analysis.

A best-fit line was determined for the cylindrical guide-wire model representing

the central wire axis. A search algorithm was devised to find the closest point on

the scaphoid surface model to this line, as shown in Figure 4.4. Because the wire

intersected with the scaphoid at the entry and exit, a tolerance zone of 2.5 mm was

removed from the scaphoid poles in the search, along the direction perpendicular

to the wire axis. The distance between the closest point and the line, the minimum

distance, was used as a basis to assess wire placement centricity; i.e., a larger minimum

distance representing a more central wire placement. Precision at the proximal and

distal poles was evaluated by computing the absolute distance with respect to the

central mean.

To assess screw breach, virtual placement of a fixation screw was performed. Solid

models of varying lengths of a typical fixation screw used for scaphoid fixation, the

Acutrak mini (Acumed, Hampshire UK), were developed using computer-aided design
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Figure 4.4: Computation of centricity measures. A search algorithm was used
to find the closest point on the scaphoid surface to the guide-wire path. Because
the guide-wire path necessarily intersected the scaphoid poles, a tolerance zone of
2.5 mm from the entry and exit locations was excluded in the closest point search.
The shortest distance between the closest point and the guide-wire was used as a
measure of central placement. Placement precision was evaluated by computing the
absolute distance at the poles with respect to the central mean.
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software (SolidEdge ST3, Seimens, Plano USA). The screw series featured a tapered

design ranging from 3.5 mm at the head to 2.8 mm at the tail. The length of the

drill path was computed from the three-dimensional model generated following CT

imaging, and the longest screw of less than the drill path length was selected for

virtual placement. The screw solid model was positioned along the best-fit line of

the drill path, and centered along its length. An algorithm was developed to detect

any part of the screw model that was outside the triangulated mesh of the scaphoid

model, representing a surface violation, as shown in Figure 4.5.

 

Virtual screw 

Breach 

Figure 4.5: Placement of a virtual fixation screw for the assessment of screw
breach. To assess screw breach, a virtual model of an appropriately-sized fixation
screw was positioned along the length of the drill path. An algorithm was developed
to detect regions of surface violation.
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The 48 drilling trials were analyzed for minimum wire depth, proximal and distal

dispersion, surface breach, drilling attempts, procedure time, and radiation expo-

sure. Two-sample F-tests were used to compare variances (precision) between the

two groups and unpaired t-tests were used to compare group means (accuracy). In

all assessments, P < 0.05, was considered statistically significant.

4.3 Results

The combined results of the drilling trials are summarized in Table 4.1. Figure 4.6

depicts the individual performances of the senior surgeon, hand fellow, and resident.

  
 

  
 
 
 
 
 
 
 

Figure 4.6: Individual performances of the senior surgeon, hand fellow,
orthopedic resident, and combined result. Bar height indicates the mean, and
error bar represents the standard deviation, achieved by each participant.
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There was no significant difference in magnitude of the minimum depth from the

scaphoid surface, and therefore no difference in accuracy between the two methods.

This was consistent regardless of the level of surgical experience. Although there was

no difference in minimum distance, there was considerable variation in the drilling

trajectories, as shown in Figure 4.7. Table 4.2 notes the standard deviation at the

entry and exit locations of the guide-wire. Navigation led to a more repeatable

(precise) placement at the proximal pole exit location (P < 0.05).

Table 4.1: Summary of scaphoid drilling trial analysis. Reported as mean (µ) ±
standard deviation (σ).

Navigated C-arm
(µ ± σ) (µ ± σ)

Minimum depth
(safety factor for screw breach) 2.83 ± 0.53 2.75 ± 0.47

[mm]

Virtual screw breaches 0 2

Drill passes 1.5 ± 0.8 2.2∗ ± 0.8

Procedure time 3 : 49∗ ± 2 : 06∗ 2 : 35 ± 1 : 04
[min : sec]

Radiation Exposure
(meter) 1.14 ± 1.38 2.28∗ ± 3.28∗

[mGy]
∗indicates results are significantly greater at P < 0.05 or better

Table 4.2: Standard deviation (σ) about the central mean

Navigated C-arm P-value

Entry point 1.59 1.88 P < 0.1
[mm]

Exit point 1.89 2.38 P < 0.05
[mm]



CHAPTER 4. VOLUME RENDERING FOR SCAPHOID FIXATION 109

Optimal Central Axis Navigated Conventional C-arm 

 
  

 

 

 

Figure 4.7: Distribution of drill paths in each group. Location of the opti-
mal central axis (left), and distribution of drill paths in the navigated (center) and
conventional (right) trial groups.

Upon placement of a virtual Acutrak mini fixation screw, no breaches were de-

tected in the navigated group (Table 4.1). Two surface breaches were noted in the

conventional C-arm group, both occurring in the waist region with maximum pene-

tration of 0.56 and 0.59 mm outside the scaphoid surface. These two breaches were

observed in procedures performed by the hand fellow.

The conventional C-arm trials required significantly more drilling attempts than

the navigated trials (P < 0.01). This was consistent regardless of the level of surgical

experience. The orthopedic resident was the only participant who only required a

single drilling attempt in the navigated trials.

Overall, the navigated trials took significantly longer to complete than conven-

tional C-arm (P < 0.05). This was also true considering the individual performances

of the senior surgeon and hand fellow, however, the orthopedic resident took slightly

less time using navigation (although not statistically significant).

The radiation emitted from the imagers was too low to register a value for any
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of the trials (i.e., the imager display reported 0 mGy output). The exposure meter

was more sensitive (0.1 mGy resolution) and did record positive values. Overall, the

mean X-ray exposure (P < 0.05) and variance (P < 0.005) were significantly higher

using the conventional technique. The orthopedic resident generated significantly

more radiation in both the navigated and conventional trials compared to the more

experienced senior surgeon and hand fellow.

4.4 Discussion

The results of this study suggest that navigation may assist central fixation screw

placement by reducing variability in guide wire trajectory which may lead to screw

breach. Central screw placement has been shown to improve the mechanical stability

of scaphoid fixation [3]. Moreover, eccentric screw placement can incite non-union,

malunion and migration, and may require revision surgery [4]. Using a method similar

to Leventhal et al. [20] the central axis was computed as the path maximizing depth

from the surface. As depicted in Figure 4.7, this optimal axis is not readily accessible

with a volar approach due to obstruction by the trapezium. For this reason, the

minimum distance was selected to assess accuracy of central placement rather than

comparison to the central axis. Although no difference was found between the two

approaches concerning the magnitude of the minimum distance from the scaphoid

surface, there was significant variation in the location of the minimum distance, and

increased variability in the orientation of the drilling trajectory using conventional

C-arm. These findings are consistent with a previous pilot study [18] and similar

studies using 2D navigation have yielded comparable results [15, 16].

Penetration of the bone surface due to a malpositioned screw or a misguided



CHAPTER 4. VOLUME RENDERING FOR SCAPHOID FIXATION 111

wire has the potential to injure the articular surface which may incite long-term

problems [4]. Additional drill passes can also increase the risk of neural injury [21]

and disrupt bone integrity [22, 23]. Because the surgical goal in this study was to

create an exit hole for subsequent analysis, only the total number of drilling attempts

could be recorded, and information regarding which attempts may have resulted in

surface breach was not collected. However, it is inferred that navigation reduced

the likelihood of breach on account of fewer drill passes required and the absence of

simulated breaches.

Three surgeons with varying levels of expertise: senior hand surgeon, hand fellow,

and orthopedic resident, participated in the drilling trials. Considering the individ-

ual performances of the three study participants, the least experienced orthopedic

resident was the best at maximizing central placement of the guide-wire with fewer

drilling attempts and less time in both the navigated and conventional trials. How-

ever, this was at the expense of increased radiation exposure. The resident was the

only participant who took less time with navigation compared to conventional and

only required one drilling attempt in the navigated trials.

In this study, the radiation detector was positioned adjacent to the wrist model

to represent patient exposure. Also of concern is the exposure to the surgical team

for which radiation exposure is not a one-time event, but rather a cumulative occupa-

tional hazard. The International Commission on Radiological Protection recommends

a maximum permissible annual dose of 500 mSv to the hand. In this study, both the

navigated and conventional averages were well-below that threshold. (1.1 mSv vs. 2.3

mSv, respectively1), but a surgeon could conceivably perform more than double the

1‘Gy’ is the unit of ‘absorbed dose’ whereas ‘Sv’ is the unit of radiological effect, i.e., a ‘dose
equivalent.’ A conversion factor of 1Gy:1Sv was used here (corresponding to whole body irradiation).
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number of navigated cases within the permissible limit. Bahari et al. [7], estimated

the average radiation exposure to the surgeon during conventional PSF at 0.80 mSv,

with 50 % higher exposure rates for surgical trainees. This trend was observed here,

with the junior resident using more than double the radiation in conventional trials

than the senior orthopedic surgeon, and likely accounts for the higher overall average

exposures recorded in this study.

This study emphasized the difficulty of estimating occupational radiation expo-

sure. Notably, conventional C-arm had a highly variable exposure rate. Although

mini C-arm fluoroscopy can potentially reduce radiation exposure, studies have been

inconclusive because of high variability in the data [24, 25]. Because navigation can

be performed using a single intraoperative image, variability is reduced and expo-

sure is more predictable which may have utility in estimating occupational exposure.

Moreover, the 3D Innova image acquisition in the navigated workflow can be acquired

remotely from a separate control room when the surgical team is out of the field. Con-

ceptually, the only exposure to the surgical team would be the discretionary use of

2D fluoroscopic images to verify guide-wire or screw placement. Therefore, it is ex-

pected that in a clinical application, the navigated procedure would carry a lesser risk

of radiation exposure to the surgeon than with conventional 2D fluoroscopic guided

techniques.

The overall time of the surgical workflow is an important consideration as consid-

erably longer surgical times have been a common complaint of navigated procedures.

In this highly-controlled lab-bench assessment, complete operative time, which would

include room setup and patient preparation, could not be measured. Conceivably,

setup and preparation would be the same in navigated and conventional procedures,



CHAPTER 4. VOLUME RENDERING FOR SCAPHOID FIXATION 113

so any difference in time would be on account of the procedure. The times reported

in Table 4.1 are reflective of the procedure time (drilling until satisfactory placement

was achieved). On average, navigation took 74 seconds longer than the conventional

group. Although this was statistically significant, clinically, the increased time of

such a short amount would not pose an additional infection risk to the patient or add

to the overall daily workload of the surgical team. The time for the navigated trials

included both the planning phase as well as the drilling phase, whereas the conven-

tional approach only had a drilling phase, thus this increase in time likely reflects

the additional planning. Because the preoperative calibration was performed just

once prior to the study, this time was not included in the procedure time. Theoreti-

cally, the calibration should be valid indefinitely because the camera and imager are

fixed; however, in a realistic environment it may be prudent to recalibrate before each

surgery. A previous study of the calibration process [18], estimated the calibration to

take less than 15 minutes, which is efficient for clinical implementation.

The overall error associated with the navigation process is related to uncertain-

ties in the tracking system as well as the calibration used to convert from camera

coordinates to image coordinates. The published positional accuracy of the Certus

camera is 0.15 mm [26]. A previous study was performed to estimate the uncertainty

associated with the calibration transformation [18], in which the calibration cube was

left undisturbed on the operating room table for a period of two weeks and the cali-

bration transform was computed 14 times over this period. The mean change of the

calibration position was found to be 0.3 mm. Combining these errors (two tracking

measurements, plus the calibration), the error associated with navigation system is

estimated to be approximately 0.6 mm.
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There are also potential errors associated with wire placement analysis used in

this study. The first step of the analysis involved fitting a line to the segmented

model of guide-wire derived from a post-operative CT. A potential error here is due

to the accuracy of segmentation. However, over- or under-segmentation would tend

to be uniform (i.e., a larger or smaller diameter) which be unlikely to significantly

impact the location of the central axis. The second step of the analysis was to find the

closest point on the scaphoid surface from this line. Again, this could be potentially

be influenced by inaccurate segmentation of the scaphoid. To minimize this error,

the scaphoids were imaged in air, providing excellent contrast for segmentation, and

the dimensions of the segmented model were verified with the true dimension of the

model. The resolution of the scaphoid surface model may also affect the analysis, as

the distance was computed at each point (triangle vertex) to find the closest point.

In the analysis, the models were created using the highest resolution possible, about

35,000 vertices for a model with 1550 mm2 surface area, or about 23 points per square

millimeter (about 0.1 mm resolution).

In the typical workflow for computer-assisted orthopedic surgery, patient tracking

is established by attaching a tracking body (LCR) to the anatomy of interest. Intra-

operatively, the location of this tracking device must be registered to the anatomy;

for example, this may be accomplished by collecting surface points on the bone with

a tracked probe [13]. This patient-based registration process is often erroneous and

frustrating, leads to prolonged operative times, and requires exposure of the anatomy

in order to collect surface points. One of the primary advantages of the navigated

workflow described here is the ability to skip this patient-based registration and in-

stead use the preoperative calibration to register images to the tracking system for
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navigation. This not only simplifies the workflow and potentially speeds operative

time, but also eliminates the need for imager tracking which has been problematic in

previous implementations of navigated PSF.

To investigate the technical performance of volumetric navigation for PSF, it was

necessary to control for as many variables as possible. Both the size and shape of

the scaphoid have been shown to be considerably variable [5, 27, 28]. To control

for anatomical variability, a model scaphoid was used to permit direct comparison

between the trials. The authors recognize that using a model limits certain conclusions

that can be drawn concerning the clinical utility of the system. For instance, only a

single scaphoid morphology was represented, and fixing the model in extension may

have prevented realistic manipulation of the wrist to improve visibility of the wire

under conventional fluoroscopy. However, this approach was effective for a preliminary

technical evaluation, and future work could involve evaluation under more realistic

conditions such as ex vivo specimens and preliminary patient application.

Although the same anatomical model was used throughout the study, no learning

effect was observed as a result of this. Prior to the study, each surgeon was granted a

few practice runs to become familiar with the equipment and surgical protocol, and to

minimize a potential learning effect. Each surgeons sixteen trials (eight navigated and

eight conventional) were randomized to counterbalance for any learning effect. No

trends were observed with regard to improved accuracy, radiation usage, procedure

time or drilling attempts throughout the course of the study.

Tracking of the patient is one issue that must be addressed before proceeding to

studies involving cadavera or patients. A standard tracking LCR is too large to attach

directly to the scaphoid, so a wrist positioning device that can be instrumented with
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tracking capability must be developed to fix the scaphoid for navigation. Similar

devices of this nature have been devised for previous navigated PSF implementa-

tions [15, 16, 29].

The results of this model-based study show that 3D volumetric navigation achieved

an average guide-wire placement that was as accurate as, and more precise, than

conventional imaging, with fewer drill passes and with less radiation. These results

are consistent with a previous pilot study [18] and other implementations of navigated

pin insertion [9, 14, 15, 16]. Potential benefits include improved precision, reduced

and predictable radiation exposure to the surgical team, and eliminating tedious

patient-based registration that is typical of computer-assisted procedures. Although

statistically navigation resulted in a longer procedure time than the conventional

technique, the increase in time of a little more than a minute is considered to be

clinically irrelevant. The next challenges involve adapting and testing this system

under more realistic conditions.
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Chapter 5

Volume Slicing of Cone-Beam

Computed Tomography Images for

Navigation of Percutaneous

Scaphoid Fixation

This article was published in 2012 in the International Journal of Computer Assisted

Radiology and Surgery, Volume 7, Number 3, pages 433-444. The text and figures

are reproduced here, with permission from Springer Publishing. The article has been

reformatted to meet the School of Graduate Studies formatting requirements that

include section and figure numbering, margins, fonts, reference style, and similar

specifications.

This article presents a second generation of a system for computer-assisted per-

cutaneous scaphoid fixation. A new method for displaying 3D images for navigation
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was utilized and evaluated using a model wrist produced using additive manufactur-

ing. As before, development of the navigation system was necessarily a collaborate

effort. I was involved in the design of the new navigation interface, changes to the

surgical workflow, and the development of second generation tools including the drill

guide. In this article, I extended the assessment of wire placement and investigated

the use of an optimal zone based on the clinical objective of maximizing screw length

and depth. I devised the methods for this study and developed the algorithms used

to assess screw placement. All of the analysis was performed by me, and I was the

primary author of this article. I received assistance from my surgeon co-authors who

were participants in the study and offered a clinical perspective for the article.
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Abstract

Purpose Percutaneous scaphoid fixation (PSF) is growing in popularity as a treat-

ment option for non-displaced fractures. Success of this procedure demands high-

precision screw placement, which can be difficult to achieve with standard 2D imag-

ing. This study aimed to develop and test a system for computer-assisted navigation

using volume slicing of 3D cone-beam computed tomography (CBCT).

Methods The navigated technique involved a distinctive workflow in which a 3D

CBCT imager was calibrated preoperatively, circumventing the need for intraopera-

tive patient-based registration. Intraoperatively, a 3D CBCT image was acquired for

both preoperative planning and direct navigation using volume-rendered slices. An

in vitro study was conducted to compare the navigated approach to two conventional

fluoroscopic methods for volar PSF. The surgical goal was to insert a guide-wire to

maximize both length and central placement.

Results There was no significant difference in the mean central placement of the

guide-wire, although the variance in central placement was significantly lower using

VS navigation (P < 0.01). The lengths of the drill paths were significantly longer

for the VS-navigated group compared with one 2D group (P < 0.1). Each navigated

trial required only one drilling attempt and resulted in less radiation exposure than

conventional C-arm (P < 0.01).

Conclusions Volume-sliced navigation achieved a more repeatable and reliable cen-

tral pin placement, with fewer drilling attempts than conventional 2D techniques.

Volume sliced navigation had a higher number of drill paths within the optimal zone

maximizing both length of the path and depth from the surface.
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5.1 Introduction

The scaphoid bone is the most commonly fractured of the eight small carpal bones

in the human wrist, usually the result of a fall on an outstretched arm [1]. Although

conventional casting of a non-displaced scaphoid for approximately 10–12 weeks is

usually an effective treatment option, casting can be poorly tolerated by active indi-

viduals, particularly those dependent on their upper extremities for work or sports.

Furthermore, delayed unions and malunions following cast immobilization are not un-

common, even with minimally displaced or proximal pole fractures, and may lead to

pain and loss of function at the wrist. For these reasons, there is a growing popularity

in offering internal fixation as a treatment for minimally displaced and non-displaced

fractures [2].

The scaphoid bone is tiny, measuring on average 26.0 mm in length and as little as

7.2 mm at its narrowest point, the waist [3], so placement of standard fixation screw

does not leave much tolerance for error. Because of the complex articulations of the

wrist, it is important that the screws do not penetrate into the joint. Screw breach

can disrupt the articular cartilage, with sequelae including cartilage deterioration and

osteoarthritis. Studies have also shown that a central screw placement and increased

screw length lead to improved stability of fracture fixation and a more desirable

clinical outcome [4, 5, 6].

A traditional open approach for scaphoid fixation has the advantage of increased

visibility but comes at the expense of potential damage to the surrounding soft tis-

sues, and may increase the risk of infection. Although these may be mitigated with a

percutaneous approach, it, in turn, typically requires substantial fluoroscopic radia-

tion for image guidance and carries higher risks of screw malposition and breach. The
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use of computer-assisted navigation has gained much popularity in orthopedic proce-

dures allowing minimally-invasive procedures to be performed with high accuracy. In

a conventional computer-assisted workflow [7] outlined in Figure 5.1A, preoperative

computed tomography (CT) images are used to generate a 3D virtual model of the

target anatomy from which to plan the surgery.

Intraoperatively, a local coordinate reference (LCR), that is tracked by a naviga-

tion system in real time, is directly attached to the patient anatomy. The location

of this LCR is registered (spatially mapped) to the patient and 3D model using a

calibrated probe to touch surface landmarks, or fiducial markers on the patient that

correspond to analogous points on the 3D model. After the registration, motion of

the LCR (anatomy) in the tracked environment corresponds to changes in the posi-

tion and orientation of the virtual 3D model of the anatomy on the computer screen.

Similarly, a surgical tool instrumented with a LCR can also be tracked and its virtual

image displayed relative to the anatomy on the computer screen for guidance of the

procedure.

Adapting the traditional computer-assisted surgical workflow to navigate scaphoid

fixation is not a straightforward task. Attachment of fiducial registration markers

or an active LCR is a problem because of the small size of the scaphoid. Surface-

based registration is limited because the scaphoid is surrounded by articulating bones

and sheltered by the carpal ligaments, likely necessitating open exposure to collect

surface points. Beek et al. [8] proposed a solution for circumventing this problem by

performing the image-to-patient registration using intraoperative ultrasound. This

tedious process, however, is not readily suitable for timely, efficient fixation in the

clinical operative setting.
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Figure 5.1: Comparison of workflows for different computer-aided tech-
niques using: A conventional CAS, B navigated 2D/3D fluoroscopy, and C direct
navigation. The flowcharts depict the major steps involved in both the preoperative
(non-sterile) and the intraoperative (sterile) phases of the intervention and provide
estimates in minutes of the time-limiting steps in each. A In conventional CAS, (op-
tional) image segmentation and planning is preoperative; intraoperative registration
is required. B With navigated 2D/3D fluoroscopy, imaging equipment is positioned
then both the patient and imager must be tracked during image acquisition. C In di-
rect navigation, imaging is preoperatively calibrated and not tracked intraoperatively
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Conventional computer-assisted techniques are also dependent on time-consuming

preoperative imaging and 3D model generation from segmentation. Prompt and ef-

ficient fixation of wrist fractures would benefit from eliminating those preoperative

steps. Several years after the widespread adoption of preoperative CT for navigation,

plain fluoroscopy [9, 10] was adapted for navigation. In this workflow (Figure 5.1B),

tracking of the C-arm as well as the patient anatomy allows the real-time position

of tracked instruments to be displayed relative to intraoperatively acquired X-ray

projections (i.e., the surgeon does not have to rely on continuous fluoroscopy for

navigation). The use of navigated fluoroscopy to perform PSF [11, 12] reduced the

number of drilling attempts and X-ray exposure in the procedure, but did not im-

prove the accuracy of screw placement, likely because the complex 3D geometry of

the scaphoid is difficult to interpret in 2D radiographic projections. One of the main

limitations of navigated fluoroscopy was maintaining line-of-sight in order to track

the imager [13].

The use of cone beam computed tomography (CBCT) for direct navigation was

conceived shortly after navigated plain fluoroscopy was reported [14, 15, 16, 17, 18].

In this workflow (Fig 5.1C), a preoperative calibration is performed to register the

imager space to the tracking system, and then this information is used intraoperatively

for real-time navigation; no intraoperative tracking of the imager is performed. Direct

navigation using CBCT has since been applied in many orthopedic procedures such

as spinal screws [19, 20], and tumors [21], but especially in trauma [22, 23, 24, 25]

where fluoroscopy is routinely used. Scaphoid navigation using CBCT has recently

been tested in an in-vitro study by Smith et al. [26], and by the Hanover group in

cadavers and at least one patient [27].
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Previous CBCT navigation largely relied on the imaging manufacturer to provide

the calibration that is crucial to accurate navigation. This process can be understood

by expanding on an early description for intraoperative CT registration [14] by de-

noting coordinate frames {S} for isospin (image isocentre), {C} camera, {P} patient,

{M} multi-modal calibrator, and {D} image detector. The surgical registration is

the transformation from isospin coordinates to patient coordinates at time t, P
STt.

The extrinsic method, preoperatively, uses a camera to find the detector as D
CT0, and

the multimodal calibrator as M
C T0; image processing gives the image as M

S T0 so the

image in detector coordinates is computed as M
S Tt, after which the multi-modal co-

ordinates {M} are not needed. Intraoperatively, at time t, the extrinsic method then

uses the camera to find the detector as D
CTt and the patient as P

CTt from which the

registration P
STt can be computed. Intrinsic methods are similar, also needing the

detector coordinates {D} during calibration and intraoperatively. These coordinate

transformations are depicted in Figure 5.2.

In their study, Smith et al. [26] used volume-rendered CBCT images, similar to

digitally reconstructed radiographs, for planning and navigation. A key finding of

this study emphasized the need to enhance visibility of the volume-rendered images.

This article presents an extension to this work whereby a new interface for visual-

ization and planning based on volume slicing of the 3D CBCT image, analogous to

CT-sliced views, has been developed for percutaneous scaphoid fixation (PSF). In an

in vitro study, this volume-sliced 3D CBCT image-guided navigation (VS navigation)

was evaluated by comparing it to two conventional approaches for PSF: (1) using a

conventional fluoroscopic C-arm and (2) a digital angiographic C-arm. It is hypoth-

esized that VS navigation will result in a more optimal screw placement, decrease



CHAPTER 5. VOLUME SLICING FOR SCAPHOID FIXATION 129

{C}
t

{P}

t
{D}

0
{D}

{M}

t
{S}

0
{S}

T
D

S

T
P

S

T
D

S

t
{C}

(A) Extrinsic, Preoperative (B) Extrinsic, Intraoperative 

Figure 5.2: The extrinsic registration method [14] for intraoperative CT
navigation. A. Preoperatively, a detector frame {D} relates a multi-modal image
calibrator {M} to the isospin frame {S}. B. Intraoperatively, the detector frame is
used to calculate the registration from isospin {S} to patient {P} (Long arrows are
tracked transformation, the short dash is derived from image processing, and solid
arrows are computed)

the number of drilling attempts, and reduce radiation exposure when compared with

these conventional approaches.

5.2 Materials and Methods

Because the morphology of the scaphoid is highly variable [28], a single 3D model of

the human wrist configured for volar fixation was constructed to provide consistency

that would be not be possible in a cadaver-based study. As shown in Figure 5.3,

the model featured a molded recess with an exchangeable scaphoid, so that a new

scaphoid could be used for each trial. The model was derived from a CT scan of a

normal human wrist, which was segmented in Mimics (v13.0, Materialise, Leuven,

Belgium) and used to create a 3D digital model. This 3D model was modified to
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create a separate scaphoid that could be seated in the wrist model. A molded recess

used to seat the scaphoid allowed repeatable positioning of the scaphoid between the

trials. In addition, the scaphoid featured an attachment tab with a hole, so that the

scaphoid could be firmly secured to the wrist by means of a plastic fastener.

Figure 5.3: Model wrist and scaphoid used in the drilling trials. The model
wrist featured a molded recess to seat a removable scaphoid that could be replaced
for each trial. The scaphoid was firmly secured to the model with a plastic fastener
so that it would not move during drilling

The digital models of the wrist and scaphoid were sent to a 3D rapid-prototyping

printer (SST 1200es, Dimension/Stratasys, Eden Prairie, USA) for physical fabri-

cation. Scaphoid models were printed with a medium density polymer to facilitate

drilling, while the wrist model was printed with a low density polymer, thereby giving

it a lower radiologic density to enhance image contrast of the scaphoid. During each

trial, the wrist model was masked with thick cloth to remove any direct visual or

tactile clues that might assist the surgeon; this was consistent between all trials.

All trials were performed in the ACT-OR at Kingston General Hospital, ON,
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Canada (Figure 5.4), which was equipped with a ceiling-mounted Optotrak Certus

camera (Northern Digital Inc., Waterloo, Canada) for optical tracking, and a digital

flatpanel fluoroscope (Innova 4100, GE Healthcare, Buc, France). The digital flu-

oroscope was used to capture both 2D fluoroscopic images (hereafter, “2D-Innova”

images) and CBCT volumes from isospins.

 

 
 
 
 
 
 
 
 

A. Optotrak 
Certus camera 

C. Control room 

D. monitors 

B. 3D CBCT C-arm 

Figure 5.4: ACT-OR at Kingston General Hospital, Ontario, Canada. The
experimental setup in the navigated trials featured: A a ceiling-mounted Optotrak
Certus (Northern Digital Inc., Waterloo, Canada) camera for optical tracking, and
B a 3D digital flatpanel fluoroscope (Innova 4100, GE Healthcare, Buc, France) for
obtaining a 3D CBCT image remotely from the control room, C. During drilling, the
navigation interface with volume-sliced views of the scaphoid was displayed to the
surgeon on overhead monitors, D.

Randomized trials were conducted to compare VS navigation to two conven-

tional approaches for PSF: one using a standard portable fluoroscopic C-arm (termed

the “Conventional C-arm” group) and the other using a digital angiographic C-arm
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(termed the “2D-Innova” group). Three surgeons each performed 24 trials (8 VS nav-

igation, 8 2D Innova, and 8 conventional C-arm; yielding 72 trials in total) in which

the surgical goal was to insert a 1.6 mm K-wire through the model scaphoid, simulta-

neously maximizing both the distance from the scaphoid surface (central placement)

as well as the distance between the entry and exit locations (maximal length). A

larger diameter K-wire than those used in typical commercial scaphoid screw instru-

mentation sets was selected in order to minimize guide-wire deflection during drilling

(a potential source of error independent of the imaging and navigation modes in any

of the 3 study groups). As shown in Figure 5.5, a drill guide was used to facilitate

volar retrograde insertion of the wire along the model scaphoid. The surgeons were

instructed to position the drill guide at the scaphoid tubercle to avoid compromising

the trapezium. The wire was drilled from the distal end until it breached the proximal

surface to create an exit hole for post-trial data analysis.

Conventional C-arm Protocol

In the conventional C-arm technique, a standard fluoroscopic C-arm was used for

imaging purposes (either a Phillips BV Pulsera or GE OEC 9800, each using image

intensification to acquire images). Each surgeon had an assistant to help move the

C-arm into position and was permitted to take as many images as desired. Each

surgeon was provided with a drill guide, identical to the one used for navigation (see

“Planning and direct navigation using volume-sliced CBCT”), but without optical

tracking capability.
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Figure 5.5: A drill guide fitted with an optical LCR to permit spatial track-
ing was used to facilitate volar retrograde insertion of a K-wire along the model
scaphoid. Conventional C-arm and 2D-Innova trials used an identical drill guide,
but without optical tracking. This figure purely serves to demonstrate the drilling
approach; during all trials, the entire wrist model was covered with a thick surgical
towel to prevent visualization or palpation
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2D-Innova Protocol

The 2D-Innova technique made use of the same Innova flat panel fluoroscopic imager

as used for the navigated trials. The 2D-Innova technique was basically the same

as that of the conventional C-arm, except that the Innova imager was programmed

with standard 2D anterior-posterior and lateral views rather than having an assistant

move the equipment. Each surgeon was permitted to use magnification (up to 2X)

of the image intensifier as desired and could take as many images as needed. Again,

each surgeon was provided with the same drill guide as in the navigated trials, but

without optical tracking.

Volume-Sliced Navigation

Preoperative Calibration

For “direct navigation”, the imaging space of the CBCT was calibrated prior to each

navigated trial using a distinct technique that did not require the detector coordinates

{D}. It worked by relying on a fixed relationship between the isospin coordinates

{S} of the imaging system and the camera coordinates {C} (previously established

as fixed by [26]). A preoperative stage found the isocentre in camera coordinates;

intraoperatively, only the patient frame {P} needed to be tracked and so tracking

the imaging device is entirely avoided. The coordinate transformations for direct

registration are depicted in Figure 5.6.

For full details of the preoperative calibration procedure, see Smith et al. [26]; to

summarize, a custom multi-modal calibrator (MMC) was developed and previously

validated. Shaped like a hollow cube, it was fitted with metallic radio-opaque beads

and infrared light-emitting diodes in a precise 3D orientation to permit simultaneous
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Figure 5.6: The direct registration method employs a permanently fixed transforma-
tion between the CBCT imager and the tracking camera navigation. A. Preopera-
tively, a multi-modal image calibrator {M} provides the isospin frame {S} in camera
coordinates {C}. B. Intraoperatively, the detector frame is used to calculate the reg-
istration from isospin {S} to patient {P}. (Long arrows are tracked transformations,
the short dash is derived from image processing, and solid arrows are computed)

detection by both the Innova imager and the Certus tracking system, respectively.

The MMC was positioned on the operating table near the isocenter of the imager

and within the field of view of the Certus position sensor. A 3D isospin image was

acquired while simultaneously tracking the location of the MMC with the Certus. An

algorithm was developed that performed bead detection on the spin image then used

a robust registration to compute the transformation between isospin coordinates {S}

and MMC coordinates {M}, denoted M
S T. Simultaneous with image acquisition, a

customized program that communicated with the Certus system was used to relate

the coordinate frame of the MMC to that of the Certus {C}, by computing the trans-

formation, C
MT. These two transforms were used to compute an overall preoperative

registration transformation between the CBCT image and the Certus as:

C
S T =C

M T ∗MS T.
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The stability of this calibration has been validated and shown to have a mean

registration error of approximately 0.3 mm [26].

Planning and Direct Navigation Using Volume-Sliced CBCT

Intraoperatively, an optical LCR was attached to the base of the wrist model for

tracking of the anatomy by the Certus camera during the procedure. The wrist model

was positioned on the operating table within the volume of the Certus position sensor,

and a spin image of the wrist was acquired. The spin image was volume rendered and

sliced along the principal planes (axial, coronal, and sagittal) for planning purposes

(Figure 5.7b). A slider interface allowed the surgeon to scroll through the slices in

each of the planes, as in examining individual CT slices. In the planning phase, the

surgeon positioned a desired drill path and could resize the diameter of the path in

order to estimate if the width of the placed screw would breach the surface.

After the desired drill path was positioned, the volume sliced views were recon-

figured to show slices along the oblique planes of the planned path for navigation

(Figure 5.8b). Two oblique digitally-reconstructed radiographs were provided as well

as two oblique volume-sliced views through the long axis of the planned drill path.

A custom drill guide was developed and fitted with infrared optical markers to

permit spatial tracking of the guide during the procedure. The preoperative registra-

tion transform, C
S T, was used with custom navigation software (VSS, iGO Technolo-

gies, Kingston, Canada) to spatially track the orientation of this guide during drilling.

The navigation interface was displayed on an overhead monitor in the operating room

during the navigated trials and the real-time orientation of the drill guide was shown

relative to the rendered images (Figure 5.8). As in the 2D-Innova protocol, surgeons
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Figure 5.7: A.Preoperative planning of the procedure from within the control room.
B. Planning interface shown to the surgeon to position a desired drill path. The
planning interface featured a volume rendering of the 3D spin image (top left view)
and sliced views along the three principal planes (axial, coronal, sagittal). A slider
interface allowed the surgeon to scroll through the slices in each of the planes. The
surgeon would position the desired drill path (green cylinder) and could resize the
diameter of the path in order to estimate the width of the placed screw
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(a) (b) 

Figure 5.8: A. The real-time orientation of the tracked drill guide relative to the
wrist images is displayed to the surgeon on overhead monitors during drilling. B.
A screenshot of the navigation interface. The interface features two views of the
volume-rendered spin image (digitally-reconstructed radiographs; (left)) and two per-
pendicular oblique slices through the long axis of the planned drill path (right). The
planned path is shown by the green cylinder and the real-time orientation of the drill
guide (white) is shown relative to these images for navigation

were permitted to use the Innova to verify the position of the wire placement and

make any necessary adjustments.

Outcome Measures and Data Analysis

The surgeon depended solely on the images on the fluoroscope screens and/or com-

puter user interface for guidance. Each surgeon was permitted to make as many at-

tempts as needed in order to meet the surgical goal; however, the number of drilling

attempts and total time were recorded for each trial. If the surgeon was not content

with wire placement, the wire was removed and repositioned. At the end of the trial,

the K-wire was left in place for subsequent imaging and it was only this final path

that was considered in the data analysis. To assess radiation exposure, the radiation
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output of the imager was recorded after each trial.

In an actual scaphoid pinning procedure, a fixation screw would be placed over

the guide-wire; however, this step was omitted and instead the wire path only, rather

than an actual screw, was used as the basis of the outcome measures. This was done

to remove the uncertainty that may be associated when making measurements from

the complex 3D shape of commercially available screws. Additionally, the results

would be independent of the various commercial screw devices in current use.

Following all trials, the drilled scaphoids were imaged using a 16-slice CT imager

(Lightspeed+ XCR, General Electric, Milwaukee, USA) having a slice thickness of

0.625 mm. The images were segmented in Mimics to create 3D digital models of the

drilled scaphoid and drill holes. These models were converted to stereo-lithography

(STL) format and imported into MATLAB (R2009b, MathWorks, Natick, MA, USA)

for data analysis. As shown in Figure 5.9, algorithms were developed to determine the

line of best fit through the center of the drill hole and compute the shortest distance

from this line to the exterior surface of the scaphoid. Because the drill hole had

entry and exit points intersecting the scaphoid surface, it was necessary to consider

a window region to find the closest distance to the surface. For this, a tolerance zone

of 2.5 mm was removed from the proximal and distal pole, perpendicular to the drill

path. The entry and exit points of the drill paths were computed and used to assess

measures of central tendency at these locations.

The shortest-distance measure was used to assess whether a standard fixation

screw (Accutrak Mini fixation screw, 1.7 mm screw radius) would have breached the

scaphoid. An additional 0.625 mm was added to this as a tolerance to account for

the resolution of the CT scan. A positive screw breach was defined as having the
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Figure 5.9: Definition of outcome measures following scaphoid drilling. A
post hoc CT scan of the drilled scaphoid was obtained and used to create a 3D mesh
of the scaphoid for data analysis. Algorithms were developed to fit a line through the
drill path (blue) and compute the closest point on the scaphoid surface to this line
(red). The minimum distance, d, was computed as the distance from the drill path
to the closest point. The length of the drill path, L, was computed as the length of
the line of best fit between intersection points on the scaphoid surface
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shortest distance less than the screw radius plus the tolerance.

Because the surgical goal was to pick a path that maximized both the length of

the path, as well as the minimum distance from the scaphoid surface, algorithms were

developed to find the paths that would maximize: (1) the length and (2) the distance

from the surface of the model scaphoid used in this study.

An a priori sample size calculation using data from [26] was performed to estimate

the number of trials needed in this study. Post hoc analysis included two-sample F

tests to assess equal variances and subsequently to select appropriate t tests for mean

comparisons between the groups.

5.3 Results

A total of 72 scaphoid drilling trials were performed (24 using each of the three

techniques) and analyzed to assess wire placement, number of drill passes required,

total time, and X-ray radiation dose. The results are summarized in Table 5.1.

Table 5.1: Summary analysis of scaphoid drilling trials

VS navigation 2D Innova C-arm

Length of drill path (mm) 29.1 ± 0.8 28.6 ± 0.7 29.1 ± 1.0

Distance from
scaphoid surface (mm) 2.5 ± 0.3 2.6 ± 0.5 2.7 ± 0.5

Drill passes 1.0 ± 0.0 1.7 ± 1.0 2.1 ± 0.8

Radiation exposure (mrad) 0.9 ± 0.2 0.3 ± 0.1 3.2 ± 3.1

Procedure time (min : s) 3:36 ± 1:31 2:48 ± 0:56 2:32 ± 1:06

Algorithms were used to compute the paths optimizing the length and the central

placement (distance from the surface) of the model scaphoid used in this study. The

maximum possible length was 31.4 mm (with a minimum distance of 2.8 mm from
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the scaphoid surface), and the maximum distance was 3.3 mm (with a length of

27.5 mm). Therefore, the set of optimal drill paths has length greater than 27.5 mm,

and a minimum distance greater than 2.8 mm from the scaphoid surface. These

optimal paths are shown in Figure 5.10. A comparison between the techniques of the

percentage drill paths that were within these optimal zones is given in Table 5.2. Most

drilled paths were above the optimal length; the VS navigation and 2D-Innova groups

each had one trial, which was less than the optimal length, while the conventional C-

arm group had two. The VS-navigation group had three trials below the minimum safe

depth, while the 2D-Innova had seven, and conventional C-arm had four. Combined,

VS had 83.3% of drilled paths of both an optimal length and distance, while 2D-

Innova had only two-thirds (66.7%), and conventional C-arm three-quarters (75%) of

trials within both optimal ranges.

Table 5.2: Percentage of trials within the optimal zone maximizing length and dis-
tance

VS navigation 2D Innova Conventional C-arm

Optimal length 95.8% 95.8% 91.7%
(> 27.5 mm) (23/24) (23/24) (22/24)

Optimal depth 87.5% 70.8% 83.3%
(> 2.8 mm) (21/24) (17/24) (20/24)

Both optimal length 83.3% 66.7% 75%
and depth (20/24) (16/24) (18/24)

Overall, the lengths of the drill paths were significantly longer for the VS-navigated

group compared with the 2D-Innova group (P < 0.1). Although no significant dif-

ference in the mean distance from the scaphoid surface was noted between the tech-

niques, the variability in the mean distance was significantly higher for the 2D-Innova

(P < 0.01) and conventional C-arm (P < 0.01) when compared with the navigated
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Figure 5.10: Optimal plans maximizing length and distance from the surface
of the model scaphoid. The maximum possible length (red line) was 31.4 mm (with
a minimum distance of 2.8 mm from the scaphoid surface), and the most central path
(i.e., maximum distance from the scaphoid surface; blue line) was 3.3 mm (with a
length of 27.5 mm). Therefore, the set of intermediate optimal drill paths, with length
> 27.5 mm, and distance > 2.8 mm, are shown in yellow
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technique.

Drill paths using each technique were registered to a common coordinate frame

so that they could be plotted together on a model scaphoid (Figure 5.11). The

locations of the entry and exit points were statistically analyzed for central tendency.

An average location for the entry and exit points was computed, and the mean and

standard deviation of the entry and exit points are reported relative to these averages.

The mean dispersion at the exit point was found to be significantly less for the

navigated trials than in the 2D-Innova group (P < 0.05) and conventional C-arm

group (P < 0.1). The dispersion in entry point among navigated drill paths was

also significantly lower when compared with conventional C-arm (P < 0.05), but no

significant difference was found when comparing the 2D-Innova trials.

The navigated trials took significantly longer than both the 2D-Innova and con-

ventional C-arm approaches, likely the result of the additional planning phase. The

average time for a complete navigated trial was 3 min, 36 s. The average planning

time in minutes : seconds was 2 : 23 ± 1 : 03, while the average drilling time in the

navigated procedures was 1 : 21 ± 0 : 41; this drilling time was significantly lower

than the procedure time in the other approaches (which only had a drilling phase;

P < 0.001 for both).

All navigated trials required only one drilling attempt. The average drilling at-

tempts for the 2D-Innova and conventional C-arm were 1.7 ± 1.0 and 2.1 ± 0.8,

respectively. Extra drilling attempts occurred when a surgeon was not satisfied with

the wire placement, and decided to withdraw and reattempt. In no instances did the

surgeons use the Innova to check the wire placement during the navigated procedures.
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Figure 5.11: Central tendency at drill entry and exit locations. The locations of
the actual drill paths are plotted relative to the model scaphoid. The mean, µ, and
standard deviation, σ, of the distribution at the entry and exit locations are also
reported
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The navigated trials, which involved a 3D CBCT spin acquisition, resulted in signifi-

cantly more X-ray dose to the wrist model than the 2D-Innova method (P < 0.001),

but significantly less than the conventional C-arm approach (P < 0.01).

5.4 Discussion

This study aimed to develop and test a new method for CBCT visualization for per-

cutaneous scaphoid fixation. One of the primary contributions of the methodology

presented here is the novel approach for preoperative registration which does not

require knowledge of the detector coordinates and therefore does not depend on in-

traoperative tracking of the C-arm. This not only simplifies the registration process,

but also frees the surgical staff from the sometimes arduous process of maintaining a

line of sight during the initiation of intraoperative imaging.

Navigation of percutaneous scaphoid fixation using CBCT has also been used by

the Hanover group [27]. Their methods were generally similar to the established

CBCT navigation, with additional monitoring of the scaphoid during drilling in the

laboratory trials. Accuracy was limited to measurement of Euclidean distance and

visual examination of the results but was clearly of clinical utility. Notably, they did

not attach a tracking device to the anatomical target but instead to a wrist holder.

This is entirely acceptable because the Hanover group had previously investigated

loss of accuracy in CBCT caused by distance from isocenter [29] and by referencing

to a holder rather than to the target anatomy [30], with the general conclusions that

the isocenter is the most accurate location and that caution must be used in fixating

an optical navigation array to a holding device.

This in vitro study was largely a preliminary study to investigate the accuracy of
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guide-wire insertion using a novel volume-slicing technique similar to CT slices. Before

this technology can be clinically implemented, tracking of the patient anatomy must

be addressed. One limitation of this study was that the optical LCR was positioned

at the base of the wrist model, which was a convenient place in a proof-of-concept

exercise, because an LCR cannot be directly attached to the scaphoid due to its small

size. One future challenge will be to devise a secure and consistent wrist positioning

device for clinical use that can be instrumented with tracking capability, as has been

done by Liverneaux et al. [11] and Citak et al. [27].

Surgeons commonly use either dorsal or volar approaches for scaphoid fixation

depending on the fracture location and/or personal preference. In the volar approach,

the trapezium may impede access to the center of the proximal pole whereas the dorsal

approach may be hindered by the presence of the distal radius and requires breaching

the proximal scaphoid articular surface. Studies comparing screw placement using

both approaches have demonstrated that central placement may be better with a

dorsal approach, particularly with oblique or distal pole fractures, although there was

no evidence that either approach improves clinical outcome [31, 32, 33]. For simplicity,

this study was limited to a volar approach; however, the methods here could be readily

adapted to a dorsal approach. The volar approach may have prevented drilling from

the ideal entry point but, because all trials were performed using the same retrograde

technique, the same bias would apply to all three drilling groups.

Measurements in this study were based on segmentation models derived from high

resolution (0.625 mm slice thickness) CT images. The accuracy of the measurements

depends on the accuracy of the image segmentations.The post-drilling scaphoids were

images with wires intact and in an air environment, making the segmentation process
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straightforward. Four different individuals, each with significant expertise in this field,

performed segmentations following a randomized allocation. Thus, the authors are

convinced that any segmentation errors would be random in nature and not contribute

to any bias in the results.

The morphology of the scaphoid is highly variable so the location of the central

axis is inconsistent or poorly defined [3, 34]. This makes it especially difficult to

assess the results of a cadaver-based study, and for this reason, a repeatable highly

consistent in vitro wrist model was used in this study to permit direct comparison

between groups. To facilitate drilling the scaphoid models were somewhat higher in

density compared with surrounding structures and therefore were more prominently

apparent on the radiographic images than would be in vivo. Although this is a

limitation of this study, the authors submit that this was adequate for a proof-of

concept study, and that all three trial groups were at the same relative and absolute

advantages.

Biomechanical studies have shown that maximizing the length [6] as well as central

placement [5] of the fixation screw improves the stability of fracture fixation and may

promote a more favorable clinical outcome. Although the optimal placement may

vary due to the anthropometrical differences between specimens, an optimal screw

axis can be estimated. This has been attempted by Menapace et al. [4] through the

establishment of a “safe zone”, and more recently by Leventhal et al. [35] using a

computer simulation to find paths of maximum length and central placement. In

this study, both approaches for determining optimal drill paths were considered when

interpreting the data. Finding the closest distance from the drill path to the surface

and extrapolating whether screw breach was likely to occur we computed a safety
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factor for screw breach, similar to the notion of a “safe zone”. In a manner similar

to that of Leventhal et al. [35], a computer search algorithm was developed to find

the drill paths maximizing length and central placement. However, unlike Leventhal

et al., violation of the trapezium was not considered as a restriction in the search

algorithm, although it was a physical restriction during drilling. This likely explains

why more drill paths were within the optimal length range than the optimal distance

range, as the former is more accessible with volar retrograde PSF [35].

The minimum distance from the drill path to the scaphoid surface can be thought

of as a safety factor for screw breach, so the greater the distance the safer the place-

ment. In this study, there was no significant difference in the mean distance; how-

ever, there were significant differences when comparing the variances between the

techniques. Similarly, this trend was noted when comparing the location of the entry

and exit locations. Altogether, these results indicate that the navigated drill paths

were more tightly grouped, suggesting a more repeatable and precise performance

than with the other techniques. This may be attributed both to the distinctive plan-

ning phase in the navigated procedure, wherein the surgeons selected very similar

plan trajectories, and also to the precise execution of the plan with the assistance of

navigation. In comparison with the optimal plans in Figure 5.10, the tendency of the

surgeons during the actual drilled trials (Figure 5.9) was to adopt an orientation that

was slightly lateral and dorsal at both the entry and exit to that of the optimal plan.

Again, this may be attributed to limited accessibility due to the trapezium, or it may

be that surgeons are aiming for a suboptimal target plan. A future study will need to

compare the preoperative plans of the navigated trials to the actual navigated drilled

paths to determine the accuracy and precision of the drilled paths when compared
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with plan.

One of the major drawbacks associated with conventional CAS is the potentially

lengthy time needed for preoperative imaging, planning, and intraoperative registra-

tion. This is especially important for fracture fixation procedures where, for example,

in a trauma scenario, a prompt surgery may be required. In this study, timing was

not specifically recorded for the preoperative calibration and imaging steps; however,

the entire process, including imaging of the multimodal calibrator and computations,

took no more than 20 min to perform. Although the navigated approach took sig-

nificantly longer total time than conventional techniques, it added approximately an

additional minute to the intraoperative surgical time (which is clinically insignifi-

cant). The authors therefore believe that this workflow will be suitable for clinical

implementation.

Previous studies have demonstrated that the use of computer-assisted techniques

can reduce X-ray exposure in fluroscopically-guided procedures [11, 12, 36, 37]. In

this case, even with a 3D CBCT spin acquisition (representing about 12 s of imager

time), significantly less radiation dose was emitted from the imager than from a

conventional C-arm. It should be noted that the exposure values recorded in this

study represent those emitted by the imager,which is a reflection of the potential dose

to the patient and those surgical staff immediately adjacent to the imager. However,

in the navigated technique, the CBCT image of the wrist was acquired remotely from

a control room, while the surgical staff was out of the radiation field. Furthermore,

there was no use of intraoperative images to verify wire placement during any the

navigated trials; therefore, the radiation exposure to the surgical staff during the

navigated procedures was essentially zero.
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In a previous study [26], volume-rendered images (digitally-reconstructed radio-

graphs) were provided to the surgeon for navigation, instead of the volume slices.

Surgeons expressed difficulty interpreting the radiographic margins, which is one of

the reasons it was chosen to develop and test volume slicing in this model. Moreover,

it is difficult to correctly interpret the complex three-dimensional morphology of the

scaphoid using 2D-radiographic views. In this study, the surgeons were pleased with

the ability to view the anatomy in the volume-sliced renderings and were generally

confident using the volume-sliced navigation system, which is reflected by the speedy

drilling phase in the navigated trials. However, the surgeons did express some dis-

comfort interpreting the orientations in the obliquely sliced views. As a secondary

experiment in this study, the preoperative planning (selection of the desired drill path)

was performed using volume slices in the anatomical planes while execution was per-

formed with the obliquely-sliced views. The authors submit that this was largely

a preliminary trial concerning the use of volume-sliced navigation and acknowledge

that there is probably a learning curve associated with understanding and applying

the technology. This may be a focus for future stages of this research.

One limitation of the current navigation system is that only the orientation of the

drill guide was tracked, and no depth information is provided to the surgeon. Al-

though not a concern for this study, as the wires were intentionally drilled completely

through the scaphoid, this will need to be resolved before proceeding with clinical

trials. This can be solved by tracking the drill itself, instead of or in addition to

the guide, as is done in many other computer-assisted orthopedic procedures [37]. In

order to accurately navigate the depth and orientation of the drill, the drill must be

calibrated each time a new wire is placed in the drill chuck. There is also a concern
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that the wire may bend relative to LCR on the drill (hence the perceived advantage

of a navigated drill guide).

5.5 Conclusions

A system for direct navigation using volume slicing of a 3D CBCT image was suc-

cessfully developed and implemented to perform volar PSF. The navigated workflow

did not require preoperative imaging, image segmentation, nor intraoperative patient-

based registration that are typical of most computer-assisted interventions. In this

study, intraoperatively-acquired 3D CBCT images were volume rendered and sliced

to give surgeons CT-like representations of the anatomy for planning and navigation

of scaphoid pinning. It is believed that understanding the complex morphology of the

scaphoid may be more difficult to interpret than originally anticipated, and that PSF

can truly benefit from computer-assisted technology. Future work will focus on the

planning phase of the procedure and on new techniques to help the surgeon create an

optimal plan.

Overall, VS navigation led to a more repeatable and reliable central screw place-

ment, and with fewer drilling attempts than 2D fluoroscopic methods. More drill

paths met the surgical target maximizing both length and depth with VS navigation

than with the 2D techniques. The total time of the procedure, including preoperative

calibration, is suitable for clinical use. The X-ray exposure to the patient is less than

conventional C-arm and is essentially zero to the surgeon. The next challenge will be

to adapt this system for routine clinical use.
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Chapter 6

Performance of a

Wrist-Stabilization Device for

Image-Guided Percutaneous

Scaphoid Fixation

This manuscript has been formatted for submission to the International Journal of

Computer Assisted Radiology and Surgery. Section and figure numbers, spelling

and terminology have been modified from the original version to meet the School of

Graduate Studies formatting requirements and to be consistent with the rest of the

dissertation.

This article was an attempt to translate the work of the previous two manuscripts

from lab bench to clinical application. A wrist-stabilization device was developed

that could immobilize the scaphoid relative to a reference marker. I oversaw and

159



CHAPTER 6. PERFORMANCE OF A WRIST-STABILIZATION DEVICE 160

participated in several iterations of the stabilization device with help from my co-

authors. I designed the study methods to assess the effectiveness of the device and

participated in the data collection with the help of my co-authors.

To assess the effectiveness of wrist stabilization, cadaver specimens were com-

pared to a wrist model produced using additive manufacturing. In this study, I used

an alternative approach to assess wire placement by comparing the actual drilling

trajectory to the planned screw. I developed the methods and algorithms needed to

perform this analysis. I participated in the data collection and received assistance

from a surgeon co-author who performed the drilling.

All of the data analysis in this article was performed by me, and I was the primary

author of this article with input and editing from my co-authors.
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Abstract

Purpose: Conventional navigated surgery relies on the placement of a reference

marker on the anatomy of interest, but placement of such a marker is not feasible

in small and complex anatomic regions such as the scaphoid bone of the wrist. This

study aimed to develop an alternative mechanism for patient tracking that could be

used to perform navigated percutaneous scaphoid fixation.

Methods: A prototype wrist-stabilization device was developed to immobilize the

scaphoid relative to reference marker mounted to the device. A position measure-

ment system and 3D fluoroscopy were used to study the accuracy and limitations

of wrist stabilization during simulated clinical usage with a cadaver specimen. Ref-

erence markers mounted to the device were used to measure intra-device motion.

Radio-opaque beads implanted in the scaphoid were used to measure patient-device

motion. Navigated planning and guidance of scaphoid fixation was performed in five

cadaver specimens. Post-operative 3D fluoroscopy was used to assess the accuracy of

navigated drilling.

Results: The average intra-device motion was 1.9 mm during load application, which

elastically recovered to zero after release of the load. Scaphoid motion relative to

the reference marker was predominately rotational with an average displacement of

1.25 mm and 2.0◦. There was no significant difference in accuracy of navigated drilling

between the cadaver specimens and a perfectly-immobilized control group.

Conclusions: The prototype device meets the criteria of effective wrist stabilization.

This study provided insight concerning proper use of the device to minimize scaphoid

displacement, and design recommendations to improve immobilization.
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6.1 Introduction

To perform image-guided wrist fracture repair, the spatial orientation of the frac-

tured bone must be known relative to the surgical tools in the tracking system. In

conventional image-guided surgical systems, this is accomplished by attaching a local

coordinate reference (LCR) marker directly to the bone of interest in order to estab-

lish a patient reference frame [1]. However, attaching a standard LCR to small bones,

such as the scaphoid, is simply not feasible.

One alternative is to fix the wrist (and thus the scaphoid) relative to a device

which can accommodate a trackable LCR. Three groups have previously applied this

concept to perform navigated percutaneous scaphoid fixation. Liverneaux et al. [2]

were the first to develop such a system. They used a commercially available stabilizing

device, described as being similar to a “lead hand”, to immobilize the scaphoid for

patient tracking. Walsh et al. [3] developed a surgical system similar to Liverneaux,

relying on a thermoplastic short-arm splint for wrist immobilization. Citak et al. [4]

were the first to report clinical application of navigated scaphoid fixation, using a

custom-made splint featuring an angled platform to immobilize the wrist.

For accurate patient tracking, the scaphoid must not move relative to the LCR

attached to the stabilization device. Citak et al. performed an evaluation of their

wrist fixation device using a 3D ultrasound motion tracking system [4]. Relative

movement of the scaphoid with respect to the device ranged from 0.2 – 0.7 mm during

simulated drilling in five fresh-frozen cadaver specimens. Liverneaux and Walsh did

not publish an analysis on the wrist stabilization devices used in their percutaneous

scaphoid fixation studies.

Previously, we presented a system for navigated percutaneous scaphoid fixation
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using intraoperative 3D fluoroscopy [5]. The system was evaluated using a fixed

plastic wrist model with attached LCR to establish proof-of-concept. In order to

transition to clinical implementation, we must resolve concerns of how to establish

patient tracking. The purpose of this study was to develop and evaluate a novel

wrist-stabilization device that could be integrated with our system and to investigate

the accuracy and limitations of wrist stabilization.

6.2 Materials and Methods

6.2.1 Wrist-Stabilization Device

Our wrist-stabilization device was designed to be both customizable and reusable.

The design, shown in Figure 6.1, consisted of a base platform to support the forearm,

and an angled platform to secure the hand. A variety of angled platforms were de-

signed with different degrees of inclination that can be interchanged to accommodate

various patient geometries. The angled platform was secured to the base with coni-

cally shaped “teeth” that mated with corresponding holes in the base platform. The

position of the teeth could be swapped in order to vary the length of the device. The

forearm was secured to the base platform with a Velcro cuff. Slots incorporated into

the angled platform provided channels for elastomeric bands to secure the hand. The

design allowed for positioning of the wrist for either the volar or the dorsal surgical

approaches.

This prototype device was designed in a computer-aided design (CAD) environ-

ment (SolidEdge ST3, Siemens PLM Software, Plano USA) and fabricated in acry-

lonitrile butadiene styrene (ABS) plastic using fused deposition modeling (Dimension
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for hand attachment 
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Pins for LCR attachment 

Wrist cuff attachment 

(a) 

(b) 

Base platform 

Pins for LCR attachment 

Figure 6.1: Wrist Stabilization Device. (a) Schematic showing the separate plat-
forms for customizability of the design. (b) The manufactured device with platforms
assembled.
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SST 1200es, Eden Prairie USA). The material was radiolucent and the entire device

was relatively quick and inexpensive to produce; conceivably, a custom angled plat-

form could be designed and produced to fit a specific patient. The approximate cost

of manufacturing the entire device was $675 USD. The estimated fabrication time

and cost for a custom angled platform was ten hours and $175 USD. The material

was gas-sterilizable, and the angled platform could be separated from the base for

thorough cleaning and sterilization of the mating teeth.

For navigated drilling, the forearm and hand were secured to the device using

a Velcro cuff and elastomeric bands, as shown in Figure 6.2. An LCR marker for

patient tracking was attached to the base platform using two Steinmann pins.

 
 
 
 
 
 
 

Velcro cuff 

Elastomeric bandage 

Figure 6.2: Method for securing the wrist to the device. The forearm was
secured to the base platform by means of a Velcro cuff. The hand was secured by
channeling elastomeric bands through slots located on the angled platform.
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6.2.2 Loading Study

Preliminary loading experiments were conducted in order to estimate the loads that

could possibly be applied to the stabilization device in an operative scenario. The

authors first used a live test subject secured to the stabilization device to determine

how the patient may be positioned for imaging and for surgery. The locations of

any physical interaction with the device or the subjects arm were noted and the

magnitudes of the applied forces were estimated using an electronic scale. Next, a

pilot loading study was performed using the same methods outlined in the following

sections, but instead using a formalin-fixed cadaver specimen. The pilot loading study

included 5 kg load applications at the humerus in addition to the 2 kg described

hereafter.

Cadaver Load Application

Controlled loads were applied to a fresh-frozen cadaver specimen in order to assess the

effectiveness of the stabilization device. The specimen consisted of a complete arm

sectioned at the shoulder, which was fully thawed prior to the experiment. Using an

electronic scale (Figure 6.3), two-kilogram loads were applied at the hand, wrist, and

forearm in the radial, ulnar and volar directions, as shown in Figure 6.4. The loads

were applied in two conditions: 1) Unsecured - without hand fixation, but with the

forearm fixed to the device using the Velcro cuff and, 2) Secured - with both forearm

and hand fully attached to the device as described in section 6.2.1. The unsecured

study condition served as a basis for comparison in order to gauge motion and to

establish the need for wrist stabilization.

The experiment took place in an operating room equipped with a ceiling-mounted
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Unsecured Secured 

Figure 6.3: Loading study. Using an electronic scale, 2kg loads were applied under
unsecured (left) and secured (right) conditions.

 
 
 
 

RADIAL 

ULNAR 

F 

W 
H 

VOLAR 

Figure 6.4: Location and direction of applied loads. Two-kilogram loads were
applied at the hand (H), wrist (W), and forearm (F) in the radial, ulnar and volar
directions as illustrated.
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optical measurement position sensor (Certus Optotrak, Northern Digital Inc., Wa-

terloo Canada) and a floor-mounted 3D fluoroscope (Innova 4100, GE Healthcare,

Buc France) which rotated about a static isocenter. The fixed nature of the de-

vices permitted an image-to-tracking registration to be computed by performing a

calibration [6].

The study evaluated the stability of the two-part wrist-stabilization device itself,

termed intra-device motion, as well as the efficacy of scaphoid fixation relative to the

LCR, termed patient-device motion.

Intra-Device Motion

The wrist-stabilization device featured separate platform components that were fab-

ricated in plastic; there was concern that the platforms could bend or move, causing

motion of the reference marker during navigated drilling. To assess this “intra-device”

motion, an optical LCR was firmly attached to both the base platform and angled

platform, respectively, using Steinmann pins. The pose of each LCR was recorded:

i) prior to load application (pre-loading), ii) when the 2kg load was reached (intra-

loading), and iii) upon release of the load (post-loading). In each condition, the pose

was recorded in frames of approximately 110 ms for a period of 5 seconds; the frames

were averaged to obtain the pose for that condition.

Following the experiment, the pose of the angled platform LCR was expressed

relative to that of the base platform LCR. The difference in poses, ∆P , between: i)

pre-loading and post-loading, and ii) pre-loading and intra-loading was computed as:

∆P = Pt+1 ∗ P−1
t (6.1)
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where t represents the condition in time (pre-loading) and t + 1 is the subsequent

condition (intra-loading or post-loading). As a measure of the pose change, the

rotational component of the transform, ∆P , was computed from angle-axis notation,

and the norm of the translational component was calculated.

Patient-Device Motion

For accurate navigation, the scaphoid must not move relative to the LCR attached to

the base of the stabilization device. Prior to the study, four radio-opaque tantalum

beads were implanted into the scaphoid as a basis to assess movement. The beads,

0.8 mm in diameter, were inserted percutaneously under fluoroscopic guidance using

an 18-gauge spinal needle. The beads were dipped in cyanoacrylate prior to insertion

so that they would adhere to the bone. Efforts were made to maximize the spread of

the beads within the scaphoid.

Three-dimensional fluoroscopic images were acquired before and after load appli-

cations, and the pose of the LCR attached to the base platform was recorded at the

time of imaging. Following the experiment, the digital images were imported into

Mimics (v13, Materialise, Leuven Belgium) and the beads were manually segmented

for analysis. An algorithm was used to estimate the center of the bead by fitting a

sphere to the segmented model. To compare pre-loading and post-loading bead loca-

tions relative to the device, each bead center X was converted from image coordinates

{I} to the patient reference frame {P} by applying an image-to-camera registration

transformation, C
I T, and LCR pose recording, C

PT, as expressed in Equation 6.2:

PX =C
I T ∗CP T−1 ∗I X (6.2)
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To determine the displacement between conditions, the rigid transformation be-

tween the beads in the pre-loading image and the post-loading image was computed

using Horns method for registration [7]. The rotational component of the displace-

ment transform was determined from angle-axis notation, and the norm of the trans-

lational component was calculated.

6.2.3 Drilling Study

An ex vivo study was conducted to assess the efficacy of wrist stabilization during

percutaneous scaphoid fixation. Five cadaver specimens were used; two were formalin-

fixed arms sectioned at the shoulder, and three were fresh-frozen arms, sectioned

at the elbow and thawed prior to the experiment. The wrist was secured to the

stabilization device as described in Section 6.2.1, with an LCR was attached to the

base platform using Steinmann pins.

The cadaver cohort was compared to a control group consisting of a plastic wrist

model with a removable scaphoid. The model wrist was previously used by Smith et

al. [5] to validate the navigation system employed in this study. A LCR was attached

to the base of the wrist model to establish patient tracking. This fixed-model wrist

was representative of perfect stabilization, thus providing a basis for comparing the

performance of the wrist-stabilization device. Eight drilling trials were performed

using the plastic wrist model prior to the cadaver trials. All plastic and cadaver

drilling trials were performed by the same hand surgeon.

Both plastic and cadaver drilling trials took place in the same operating room

used for the loading study. Preceding all trials, the image-to-tracking registration was

determined through a calibration routine described by Smith et al. [6]. A preoperative
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3D fluoroscopic image was acquired for use with our direct navigation system for wrist

fracture repair, previously described by Smith et al. [5]. Using a software interface,

the surgeon planned the location of the fixation screw. The pose of the planned drill

path was recorded in the navigation software as a line along the central axis of the

screw, expressed relative to the patient LCR.

A second LCR was attached to a drill guide that was used to navigate placement

of a guide wire along the planned path. Only one drilling attempt was made and,

following placement of the wire, a post-operative 3D fluoroscopic image was acquired

with the wire in situ. The pose of the patient LCR was recorded at the time of imag-

ing. The postoperative image was imported into the Mimics software environment,

and the wire was manually segmented within the boundaries of the scaphoid. The

segmented model was transferred to MATLAB (R2010b, MathWorks, Natick USA)

for comparison to the planned path.

A least-squares algorithm was used to fit a line to the segmented wire and to

determine its end points. The end points were transformed to the patient reference

frame using the relationship in Equation 6.2. The angle between the planned and

actual drill path was computed. The distance between the actual end points and the

planned end points was computed as the vector projection of planned path onto the

actual path, shown in Figure 6.5.

The Mann-Whitney U test was used to compare the accuracy of wire insertion

between the cadaver and the ideal plastic groups.

6.3 Results

Results for the loading study and the drilling study need to be considered separately.
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ΔEntry 

ΔExit 

Angle 

Figure 6.5: Computation of planned vs. actual drill path measures. The
distance at the entry, ∆Entry, and exit, ∆Exit, was computed as the perpendicular
between the actual path and planned trajectory. The 3D angle was computed between
planned and actual trajectories.



CHAPTER 6. PERFORMANCE OF A WRIST-STABILIZATION DEVICE 173

6.3.1 Loading Study

The loading study examined an estimation of the effects of load, and quantification

of both intra-device motion and patient-device relative motion.

Pilot Load Estimation

Patient positioning simulation included force application at the humerus, forearm,

wrist and hand. Maximum forces that could be applied were estimated to be 2 kg at

the forearm, wrist, and hand, and 5 kg at the humerus. The 5 kg humeral loads did

not result in intra-device or patient-device motion, so humeral loading was not used

during the fresh-frozen cadaver loading study.

Intra-Device Motion

Relative motion of the two platforms of the wrist-stabilization device was assessed

from the pose of the LCR attached to each platform during load application. Ta-

ble 6.1 reports the relative rotation and translation comparing pre-loading and post-

loading states, as well as the maximum relative movement during load application

(intra-loading). Displacement was primarily a translatory motion, with the rotation

component minimal in most cases. The average post-loading displacement in the

unsecured condition was 0.3 ± 0.2 mm. The maximum displacement was 0.6 mm

occurring with loading of the hand in the radial direction. With the hand secured,

the average post-loading displacement was slightly less at 0.2±0.1 mm, with maximal

displacement of 0.4 mm following load application radially, at the wrist. Intra-loading

displacements were noticeably higher. The average unsecured intra-loading displace-

ment was 1.5±0.4 mm with a maximum of 2.2 mm occurring during radial application
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of the load at the hand. The average maximum intra-loading displacement with the

hand secured was 1.8±0.6 mm reaching a maximum of 2.8 mm with ulnar application

of the load at the wrist.

Table 6.1: Intra-device maximum relative translation [mm] and rotation
angle [degrees]. SD = standard deviation.

Unsecured Secured
2kg Load Pre-to-post Intra- Pre-to-post Intra

loading loading loading loading
Wrist, Ulnar 0.4 mm 1.4 mm 0.1 mm 2.8 mm

0.0◦ 0.3◦ 0.0◦ 0.6◦

Wrist, Radial 0.3 mm 1.3 mm 0.4 mm 2.3 mm
0.0◦ 0.4◦ 0.0◦ 0.5◦

Hand, Ulnar 0.3 mm 1.8 mm 0.1 mm 1.8 mm
0.0◦ 0.3◦ 0.0◦ 0.3◦

Hand, Radial 0.6 mm 2.2 mm 0.2 mm 1.5 mm
0.0◦ 0.4◦ 0.0◦ 0.3◦

Hand, Volar 0.1 mm 1.4 mm 0.1 mm 1.2 mm
0.0◦ 0.4◦ 0.0◦ 0.3◦

Forearm, Ulnar 0.1 mm 1.2 mm 0.1 mm 1.7 mm
0.0◦ 0.3◦ 0.0◦ 0.4◦

Forearm, Radial 0.2 mm 1.0 mm 0.2 mm 1.4 mm
0.0◦ 0.2◦ 0.0◦ 0.3◦

Mean±SD 0.3± 0.2 mm 1.5± 0.4 mm 0.2± 0.1 mm 1.8± 0.6 mm
0.0± 0.0◦ 0.3± 0.1◦ 0.0± 0.0◦ 0.4± 0.1◦

Patient-Device Motion

The relative rotation angle and translation of the scaphoid with respect to the LCR

attached to the stabilization device is reported in Table 6.2, for the conditions with

and without the hand secured. In the unsecured condition, the average displacement

was 16.1±15.7 mm and 6.5±7.3◦, with a maximum displacement of 50.5 mm and 22.2◦

occurring during hand loading in the ulnar direction. This indicated that scaphoid
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displacement indeed occurred and immobilization was necessary. With the hand

secured to the device, the displacement of the scaphoid was predominately rotational.

Securing the hand to the stabilization device reduced scaphoid displacement to an

average of 1.3±0.7 mm and 2.0±1.5◦, with a maximum of 2.5 mm and 4.7◦ experienced

during forearm loading in the ulnar direction.

Table 6.2: Patient-device translation [mm] and rotation angle [degrees] fol-
lowing load application and release. SD = standard deviation.

2kg Load Unsecured Secured
(Location, Direction)
Wrist, Ulnar 13.5 mm 1.3 mm

1.9◦ 0.7◦

Wrist, Radial 6.9 mm 1.6 mm
1.4◦ 0.5◦

Hand, Ulnar 50.5 mm 0.8 mm
22.1◦ 2.0◦

Hand, Radial 17.9 mm 0.8 mm
9.1◦ 3.0◦

Hand, Volar 5.2 mm 0.5 mm
2.8◦ 1.0◦

Forearm, Ulnar 9.1 mm 2.5 mm
4.9◦ 4.7◦

Forearm, Radial 9.7 mm 1.2 mm
3.5◦ 2.5◦

Mean±SD 16.1± 15.7 mm 1.3± 0.7 mm
6.5± 7.3◦ 2.0± 1.5◦

6.3.2 Drilling Study

Table 6.3 shows the absolute deviation from the planned path at the entry and exit

locations, plus the 3D angle between the wire and the plan. As expected, the entry

location was generally more accurate than the exit point on the scaphoid. The plastic-

model group, representing perfect stabilization between the scaphoid and patient
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reference frame, differed 2.3 ± 0.9 mm at the entry, 2.8 ± 1.1 mm at the exit, with

1.9 ± 1.2◦ between path and plan. The two formalin-fixed cadaver trials deviated

1.6 ± 1.0 mm at the entry, 2.4 ± 0.5 mm at the exit, with 1.9 ± 1.2◦ between path

and plan. The three fresh-frozen cadaver trials differed 1.7 ± 1.0 mm at the entry,

2.0± 0.8 mm at the exit, with 1.0± 0.5◦ between path and plan.

Table 6.3: Results of the scaphoid drilling study plastic control group and
cadaver specimens. SD = standard deviation.

∆ Entry ∆ Exit Angle
[mm] [mm] [degrees]

Plastic model 1.6 2.4 1.7
3.3 4.1 3.4
2.8 1.7 2.3
3.4 3.1 0.5
1.5 1.6 0.1
2.0 1.8 1.0
0.7 2.0 2.6
2.4 3.7 3.0

Mean±SD 2.3± 0.9 2.8± 1.1 1.9± 1.2
Formalin-fixed 0.9 2.0 2.4

2.4 2.7 2.2
Mean±SD 1.6± 1.0 2.4± 0.5 2.3± 0.1
Fresh-frozen 1.3 2.0 1.6

2.9 2.8 0.7
0.9 1.2 0.7

Mean±SD 1.7± 1.1 2.0± 0.8 1.0± 0.5
All Cadaver
Mean±SD 2.1± 0.9 2.6± 1.0 2.2± 1.8

There was no significant difference between the plastic-model group and the

formalin-fixed cadavers (Pentry = 0.4, Pexit = 0.8, Pangle = 0.8), and no significant

difference between the plastic-model group and fresh-frozen cadavers (Pentry = 0.4,

Pexit = 0.5, Pangle = 0.3). Similarly, there was no significant difference between

the plastic models and five combined cadaver trials (Pentry = 0.3, Pexit = 0.7,
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Pangle = 0.6).

6.4 Discussion

The navigation system used in this study was previously validated by Smith et al. [5]

using plastic models of the wrist. The transition from in vitro to patient application,

however, presented challenges that we attempted to address in this study. Patient

tracking was addressed by the development of a wrist stabilization device that ac-

commodated a trackable LCR marker. We also needed to evaluate the efficacy of

wrist stabilization under the conditions in which the stabilization device would likely

be used in the operating room. The navigation system relied on an intra-operatively

acquired 3D fluoroscopic image for direct navigation, requiring that the wrist be

secured in the device at the time of imaging. Patient-positioning for imaging and

re-positioning for surgery may impart forces on the arm or device that could cause

relative motion of the scaphoid with respect to the patient reference frame.

Prior to this study, pilot experiments were conducted to estimate the forces that

may be applied to the arm during positioning. The authors used a live test subject,

a formalin-fixed cadaver arm secured to the stabilization device, and an electronic

scale to measure the forces applied during positioning. From these experiments, we

concluded that 2 kg forces applied in the radial and ulnar directions at the forearm,

wrist, and hand, as well as in the volar direction at the hand, were representative of

the maximum forces that may be encountered during clinical use.

The intra-device displacement between the two platforms was found to be higher

at the intra-loading condition compared to following release of the load (post-loading).

Upon release of the load, the position of the two platforms returned almost completely
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to their original states. This suggests some degree of elastic deformation was present

in the device, possibly from bending of the plastic platforms or motion at the teeth

during load application. This was also suggested by the higher intra-device displace-

ment observed when the hand was secured to the device; the tensioned bands may

have pre-loaded the angled platform causing it to bend more easily under loading.

Both platforms were manufactured with maximum material density and the design

of the angled hand platform included a central support beam to minimize platform

flexion; however, this is one feature that could be improved in a future design. Modi-

fication of the tooth geometry to improve stability might also be considered in future

designs.

Citak et al. [4] reported a maximum relative displacement of the scaphoid with

respect to the stabilization device to be 0.7 mm during simulated drilling. In their

study, drilling was “simulated using a T-handle”; it is unclear whether the scaphoid

was actually drilled, or what the magnitude of the applied forces were. For this reason,

we cannot directly compare our patient-device motion results to those of Citak.

We found no significant difference between the plastic model control group (i.e.,

perfect stabilization) and the cadaver group when evaluating the accuracy of wire

placement with respect to the planned path. Our three cadaver trials had a path-

to-plan angular accuracy of 1.0 ± 0.5◦; the entire system, plastic plus cadavers, had

an angular accuracy of 1.7 ± 1.0◦. Walsh et al. [3] reported an angular accuracy

of 1.64 ± 0.56◦ between the planned and drilled path in the five cadaver specimens

treated using their system; neither Citak [4] nor Liverneaux [2] reported numerical

measures comparing path to plan. However, Walsh did not report how accuracy

was computed – simply reporting the accuracy from the navigation system could be
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erroneous. Here, we have attempted to provide a more accurate calculation of plan

versus path by using the knowledge of image-to-tracking system relationship to assess

wire placement from post-operative images.

The plastic trials were conducted prior to those that used formalin-fixed cadaver

specimens, which preceded the fresh-frozen drilling trials. In general, the accuracy

of the drilling trials appeared to improve throughout the drilling study. There are a

number of potential explanations of this progression, including: a training effect asso-

ciated with using the navigation interface, the stabilization device, or other elements

of the system; or differences in material properties between the plastic model and

bone, where the plastic may have increased wire deflection that caused the trajectory

to deviate more from the ideal.

There were also potential sources of error associated with the analysis methods.

To estimate the error associated with the intra-device motion analysis, the position

of the LCRs attached to the device were recorded for a period of five seconds while

the device was left, undisturbed, on the operating room table. We examined the

fluctuation in the measurement associated with a single LCR; to do this, the mean

position was obtained by averaging the position measurements of the base LCR during

the time period, and each frame of the recording was compared to the mean. The

rotational and translational errors were computed according to Equation 6.1. The

mean norm translational error was 0.18 mm and the rotational error was 0.13◦. This

compared favorably with the published positional accuracy of the Optotrak Certus

of 0.15 mm [8]. We also examined the error associated with the intra-device motion

computation. The position of the LCR on the angled platform was compared to the

average position of the LCR located on the base, throughout the same five-second,
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undisturbed, time period; the mean change in position and orientation was measured

to be 0.46 mm and 0.14◦.

For patient-device motion analysis, error was accounted for in the transformations

used to convert the bead coordinates to patient coordinates for comparison (Equa-

tion 6.2) and Horns algorithm used to compute the relative transformation. The mean

translational and rotational error associated with the image-to-tracking calibration

was reported as 0.3 mm and 0.27◦ [6]. The uncertainty associated with translational

error of the Optotrak Certus is reportedly 0.15 mm [8]. The rotational accuracy is not

reported by the manufacturer, but an independent study of optical tracking systems

found the rotational accuracy to be 0.36◦ [9]. The average root-mean-square (RMS)

error associated with the Horn registration transform was 0.1 mm (max 0.2 mm) for

both unsecured and secured loading. Estimating the propagation in transform chains

is a complicated process [10] but, from the aforementioned values, we estimated an

upper bound on the error associated with our patient-device analysis of approximately

0.6 mm and 0.6◦. The error associated with the drilling analysis would be slightly

less than this (0.5 mm and 0.6◦) because Horns registration was not used.

Previous implementations of wrist-stabilization devices for percutaneous scaphoid

fixations have included a malleable radio-lucent stabilizing device similar to a lead-

hand (Liverneaux et al. [2]), a custom-molded, thermoplastic short-arm splint (Walsh

et al. [3]) and most recently the “Scaph-splint”, an angled platform made of polysulfon

(Citak et al. [4]). All three of these designs have beneficial aspects. The devices used

by Liverneaux and Walsh are highly customizable to accommodate a variety of patient

geometries. Citak’s device can be sterilized and reused. Cost and radio-lucency are

also important considerations of each design. We wished to incorporate the best
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features of these previous implementations into a device that could be both selective

and reusable.

Following our experience with our wrist-stabilization device, we have a number of

recommendations for the design of the next generation of this device. Improving the

stiffness of the platform may help to reduce some of the intra-device motion noted in

this study. This prototype design included numerous slots for channeling elastomeric

bands in various orientations to secure the hand; experience suggested that not all

of the slots are needed, so the overall stiffness could likely be improved by removing

unused slots. Experience also suggested that additional slots on the base platform

may be useful in accommodating different wrist widths – it was difficult to secure the

Velcro cuff tightly for the specimens with thin wrists.

This study also demonstrated which motions may be most vulnerable during pa-

tient positioning following imaging. Loads applied at the forearm resulted in the

largest scaphoid displacement, probably because of the mechanical advantage about

the Velcro wrist cuff; if possible, these forces should be avoided or applied closer to

the wrist to minimize the lever effect. This motion may be preventable through better

design of the Velcro wrist cuff. Exploring alternative designs for forearm stabilization

may also prove useful.

6.5 Conclusions

A two-piece wrist-stabilization device was developed that was inexpensive to produce,

could be customized to fit different patients, and could reused following sterilization.

Although intra-device relative motion could be as high as 3 mm during simulated
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patient positioning, this motion was largely elastic and would not significantly af-

fect the accuracy of drilling. Of greater concern was patient-device motion, which

was largest when loading was applied to the forearm. Care should be taken during

patient positioning to avoid applying forces at this location. Stabilization may also

benefit from improving the design of the wrist cuff, or using an alternative solution

that better accommodates variable wrist geometries. Navigated guide-wire insertion

with the wrist-stabilization device performed as well as the perfectly immobilized

control group, and was within an acceptable tolerance relative to the target. We

conclude that our prototype wrist-stabilization device meets the criteria of effective

wrist stabilization. The next step will be to construct a modified design based on our

initial experience to use in further pre-clinical trials.
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Chapter 7

General Summary, Discussion and

Conclusions

This final chapter summarizes the content and conclusions of the four manuscripts

presented in the previous chapters. As part of this summary, the three main objec-

tives of the thesis are revisited in discussions of how each manuscript contributed to

fulfilling these objectives. The strengths and limitations of the work are examined,

and recommendations for future work are proposed.

7.1 Summary

The first manuscript, “Using Additive Manufacturing in Accuracy Evaluation of Re-

constructions from Computed Tomography”, considered the accuracy of bone model

reconstruction; this was done by laser-scanning the corresponding cadaver and fab-

ricated models. Shapes of the cadaver, model and intermediate segmentation were

185
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quantitatively compared. The study demonstrated that bone models could be ac-

curately produced from CT images using fused-deposition modeling to within half a

millimeter. Segmentation of the medical images was the critical factor influencing the

accuracy of the rendering process. The high accuracy of the reconstruction process

suggested that the reconstructed bone models were suitable as potential replacements

for cadavers in some research applications.

The second manuscript, “Volume Rendering of 3D Fluoroscopic Images for Per-

cutaneous Scaphoid Fixation: An In Vitro Study”, used a wrist model that was

fabricated from a patient CT scan to evaluate a first-generation system for navigated

scaphoid fixation. The system featured direct navigation on an intraoperatively ac-

quired 3D X-ray image; the 3D image was volume-rendered, in a manner similar

to digitally reconstructed radiographs, for navigation. The navigated method was

compared to conventional percutaneous fixation using a standard fluoroscope, using

central placement (maximum depth from the scaphoid surface) as the surgical goal.

The navigated method was found to be as accurate and more precise at locating the

guide-wire centrally within the scaphoid.

The third manuscript, “Volume Slicing of Cone-Beam Computed Tomography Im-

ages for Navigation of Percutaneous Scaphoid Fixation”, tested a second-generation

navigation system that used volume-slicing of a 3D X-ray image for navigation. A

patient-derived model wrist, fabricated with additive manufacturing, was used to

compare the navigated method to conventional 2D means for percutaneous scaphoid

fixation. Computer algorithms were used to find the optimal zone maximizing length

and depth, which were used as the surgical objectives. The navigated method had

a more precise central placement, and was superior at maximizing the length of the
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drill path, compared to the conventional surgical technique.

The fourth manuscript, “Performance of a Wrist-Stabilization Device for Image-

Guided Percutaneous Scaphoid Fixation”, considered the translation of a surgical

system from lab bench to clinical application. Problems associated with patient

tracking were resolved by developing a wrist-stabilization device that could immobilize

the scaphoid relative to a reference marker. The effectiveness of wrist stabilization

was evaluated under simulated clinical conditions by using cadaver forearms. A model

wrist provided a control group – having ideal immobilization – with which to compare

the accuracy of guide-wire placement; the wire placement was evaluated by comparing

actual placement to the planned location. The study found that although there was

some small motion between the scaphoid and reference marker, the stabilization was

sufficient to accurately place the wire within an acceptable tolerance.

7.2 Revisiting the Three Objectives of the Thesis

This section revisits the the three main objectives of the thesis and discusses the

contributions of each manuscript to the fulfillment of these objectives.

7.2.1 Develop Methods for Navigated Percutaneous Scaph-

oid Fixation

The first objective of the thesis was to develop methods for performing navigated

percutaneous scaphoid fixation. The second, third, and fourth manuscripts presented

three progressions of such a system as Chapters 4, 5, and 6 of this dissertation.

The first and second manuscripts described the evolution of the navigation interface
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from volume-rendered images to volume-sliced images. A comparison of these two

modalities was presented by Smith et al. [1] at the Computer-Assisted Orthopedic

Surgery (CAOS) conference in 2011 (before the fourth manuscript, Chapter 6). The

comparison found that volume-slicing was superior in locating a central location for

the fixation wire, whereas volume-rendering was superior in maximizing the depth of

the drill path. A hybrid interface was therefore recommended and actually used in

the work presented in the fourth manuscript.

Unlike most applications of computer-assisted guide-wire placement, this system

tracked a drill guide rather than the surgical drill. In the latter case, a LCR is

attached to the drill, the wire inserted in the drill chuck, and the tip of the drill

must be calibrated relative to the LCR for navigation. The location of the wire tip

is thus known relative to the LCR, so both the depth and orientation of the wire

are known during navigation. Two concerns with this implementation are: 1) the

calibration process could be tedious and add additional time to the process, and 2)

the guide-wire may bend and could deflect significantly during insertion. Accordingly,

this implementation used an alternative method of tracking the only the orientation

of the drill guide instead both position and orientation of the drill (wire).

Design of the drill guide was a multi-phase process. A preliminary design of

the drill guide is shown in Figure 4.1 and was used for the volume-rendering study in

Chapter 4. An improved drill guide was developed for the volume-slicing study (Chap-

ter 5, Figure 5.5). This design featured a more ergonomically favorable handle and an

angled tip that improved accessibility and placement of the guide for drilling. In this

implementation, a LCR was attached to the drill guide, and the guide was calibrated
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preoperatively. A third version, featured in the fourth manuscript in Chapter 6, in-

cluded the ability to recalibrate the drill guide intraoperatively. This was desirable

because, depending on surgeon preference, the LCR might be adjusted to accommo-

date different holding positions. The re-calibratable guide featured seven divots on

the guide; touching each divot with a calibrated probe was performed to calibrate the

drill.

Patient tracking was addressed by developing a wrist-stabilization device, detailed

in the fourth manuscript in Chapter 6. In this setup, the scaphoid was immobilized

relative to a device that also accommodated a LCR. An alternative solution may be

to use traction applied through a finger trap to immobilize the scaphoid [2], but the

surgical preference in this study was to use an arm-board without traction [3].

The implementation of a wrist stabilization device is restricted by constraints

in the surgical operating environment. The KGH ACT-OR, shown in Figure 1.2,

featured a 3D digital fluoroscope that rotated around a static isocenter and provided

a viewing volume of up to 2353 mm. The table could be elevated or lowered, and

could be translated along its long axis to image the desired anatomy. The table could

also rotate but, at the time of the studies, protective limits did not permit the system

to take a 3D image with the table located off-center. This worked well for imaging

the trunk of the body – as in angiographic applications , but might be cumbersome

in orthopedic applications involving the extremities, such as scaphoid fixation. One

surgical workflow for scaphoid fixation was to position the patient in the stabilization

device with their arm extended above the head for imaging, then to reposition the arm

for surgery on an arm-board, as shown in Figure 7.1. In this workflow, traction would

not be possible with repositioning. A second surgical workflow might be to rotate the
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table and position the patient’s arm on an arm-board within the imaging volume, as

shown in Figure 7.2. This alternative workflow would require a manufacturer override

to the current imaging system to permit imaging with the table off-center, and may

need a second surgical table or a table extension in order for the patient’s arm to

reach the imaging volume.

     
 
 
 
 

(a) (b) 

Figure 7.1: Patient positioning with the wrist stabilization device. (a) The
patient’s arm positioned overhead within the imaging volume to obtain a 3D X-ray
image for navigation. (b) The patient’s arm re-positioned following imaging on an
arm-board.

7.2.2 Develop Methods for Evaluating Surgical Performance

of Percutaneous Scaphoid Fixation

This work sought to develop better methods for measuring surgical performance of

percutaneous scaphoid fixation. Previous methods of others, who presented evalu-

ations of surgical performance in computer-assisted percutaneous scaphoid fixation,
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(a) (b) 

C-arm 

C-arm 

Figure 7.2: Potential patient positioning using a rotated operating table. (a)
The normal operation of the 3D fluoroscope with the C-arm rotating about the long
axis of the table. (b) A proposed workflow with the table rotated and the patient’s
arm positioned on an arm-board within the imaging volume.
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were less-than-ideally described and involved degrees of subjective quantification. The

three previous implementations that were reviewed – by Liverneaux et al. [4], Walsh

et al. [5] and Citak et al. [6] – differed in their approaches for measuring screw place-

ment. Liverneaux compared screw placement to a surgical goal, using a target of the

central scaphoid axis, whereas Walsh and Citak compared screw placement relative

to a technical target of the planned trajectory on the navigation system. The three

studies of screw placement evaluation included in this manuscript tested modifications

of both approaches for assessing screw placement accuracy.

Biomechanically, fracture stabilization is improved with increased central place-

ment and length of the screw. Maximizing central placement and/or length can be

though of as a surgical objective for screw accuracy quantification. Liverneaux et

al. [4] used this approach for evaluating screw placement accuracy in their study.

They compared the final screw position with the location of the central axis, which

was defined as a straight line between the middle of the tangent at the scaphoid tu-

bercle and the middle of the tangent of the proximal scaphoid pole. The assessment

was performed using anterior-posterior and lateral X-ray images of the scaphoid; they

measured the deviation of the screw from the central axis at the proximal and dis-

tal poles, and computed the angle between the screw and central axis, in the two

views. Notably, in their discussion, Liverneaux et al. remarked that the definition of

good positioning of the scaphoid screw remained vague, and that there was no clear

literature defining the location of the central axis! Because of the complex shape

of the scaphoid, the true central axis – that is, the midpoint along the length of the

scaphoid – would actually be a curve instead of a straight line. But, to compare screw

placement with the central axis, it was necessary to define a straight central axis.
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The method of surgical evaluation used in the second manuscript, described in

Chapter 4, also used a surgical objective for evaluating screw placement. Instead of

the ill-defined central axis, depth from the scaphoid surface was used as an alterna-

tive means to represent central placement and likelihood of screw breach; a larger

minimum distance from the surface represented a more central placement, and less

chance of scaphoid breach. To confirm the presence or absence of screw breach,

virtual placement of a CAD model of an appropriately-sized screw was performed.

Computer algorithms were developed to determine if the screw breached the surface

of the scaphoid and to show its location.

As an alternative to the central axis, Leventhal et al. [7] used a computational

approach to define the location of the optimal screw axis. They developed a computer

algorithm to compute: i) the path of maximum length without breach or violation of

the trapezium, and ii) a best-fit cylinder to the scaphoid. Evaluation of screw place-

ment in the third manuscript (Chapter 5) used a modified version of this approach

to define the optimal axis. A search algorithm was used to find the path-maximizing

length and the path-maximizing depth from the scaphoid surface; from these an “op-

timal zone” was defined as the set of paths that maximized both length and depth.

Similar to Leventhal et al., this study found that the path of maximum depth was not

percutaneously accessible because of obstruction by the trapezium. Surgeons tended

to adopt a plan that in the same direction as the path of maximum length, which

was accessible without drilling through the trapezium. A measure of depth from the

scaphoid surface, as was done in the preceding study presented in Chapter 4, provided

a more meaningful measure of screw placement.

One maxim of computer-assisted surgery is not to replace surgeons, but to assist
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them in making more informed surgical decisions. Although computer algorithms

can be used to show the surgeon the path maximizing length or depth, there might

be other important information to be considered when planning the placement of a

fixation screw. For example, assuming that surgeons can plan the optimal location of

the screw, how closely can they replicate this plan using a navigation system? This,

representing a technical measure of surgical performance, was the approach used by

Walsh et al. [5] and Citak et al. [6] to evaluate screw placement accuracy. Regrettably,

neither group provided methods for computing the path-to-plan comparisons used in

their articles. In the fourth manuscript, presented in Chapter 6, a unique method for

comparing the path-to-plan was presented using 3D fluoroscopy and optical tracking

to compute the location of the actual drilling trajectory in a post-operative image.

The scaphoid is known to have a highly variable morphology [8], which can be

disadvantageous in assessment of screw placement. Because of the high variability

between specimens, a large number of specimens may be necessary to accurately mea-

sure a surgical objective, because potential outliers (such as abnormal morphologies)

could obscure the results. Using a model scaphoid that was the same between all

trials controlled for variability, and also allowed for direct comparison between the

treatment groups.

7.2.3 Evaluate the Use of Additive Manufacturing for Devel-

oping Surgical Techniques

The first manuscript, presented in Chapter 3, evaluated the process of developing

bone models from patient CT images using additive manufacturing. Despite increas-

ing adoption of additive manufacturing in medicine, there was little information in
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the literature that assessed the accuracy of the reconstruction process from medi-

cal images. This study contributed novel, highly-accurate methods for assessing the

rendering process and concluded that the bone models could be fabricated with sub-

millimeter accuracy. The study also suggested that accurate segmentation was the

critical step to producing accurate models; it is also an important reminder of why

contemporary computer-assisted surgical systems are shifting towards direct naviga-

tion that does not require pre-operative segmentation to create virtual models for

determining the image-to-patient registration.

A wrist model developed using additive manufacturing was featured in three of

the manuscripts (Chapters 4, 5, 6) to evaluate the surgical system. The wrist model

was derived from a patient CT scan and fabricated using fused-deposition modeling

in ABS plastic. The printing time for the entire model was approximately 33.5 hours

with an estimated cost of $350 CAD. The model featured an exchangeable scaphoid

replaced for each trial, with an approximate cost of $1.50 CAD for each scaphoid.

A total of 56 scaphoid models were used in the three studies (24, 24, and 8 in each

study, respectively), thus the combined cost of the three studies was roughly $435

CAD. This is in contrast to the use of cadaver specimens for which the estimated cost

of the same three studies would be almost $30,000 CAD – so additive manufacturing

was less than 2% of the cost of using preserved human tissue.

Liverneaux et al. [4] was the only other study to compare computer-assisted

scaphoid fixation to conventional surgical techniques. Although their data suggested

that navigation may improve the accuracy of screw placement, they failed to find

statistical significance between the groups, possibly because of the small number of

trials in each group. Using physical models to assess the accuracy of screw placement
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and other comparative measures permitted a cost-effective expansion of the number

of trials in each group. This may be why statistical significance was achieved in many

of these studies, especially the statistically significant improvements in screw place-

ment accuracy using navigation. The results from the fourth manuscript, presented

in Chapter 6, showed that there was no significant difference in the immobilized ca-

davers compared to the wrist model; this suggested that the patient-derived model

was an appropriate means to validate the navigation system in the preliminary stages

of its development.

In the studies presented here, only a single scaphoid morphology was used. Con-

ceivably, alternate morphologies could be easily adapted for use with the existing

wrist model, and the morphologies could be paired to each study group for a more

comprehensive study. One main limitation of the assessments presented was that the

model lacked realistic motion. For these proof-of-concept assessments the scaphoid

was fixed, mimicking the ideal scenario with perfect immobilization of the scaphoid.

However, as evidenced from the final study in Chapter 6, this was not always the

case. Despite this limitation, there was no significant difference between the techni-

cal accuracy of the system using cadaver specimens and use of the wrist model. One

conclusion is that bone models constructed using additive manufacturing provided

a convenient and inexpensive source with which to evaluate the technical aspects of

surgical systems before assessing other aspects of the system under more realistic,

clinically relevant, conditions.

As was only briefly mentioned in the manuscripts, additive manufacturing was

also used for two other purposes in the development of this surgical system. Additive

manufacturing played an important role in the development of the drill guide. As
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shown in Figure 4.1, the first version drill guide was constructed in ABS plastic

using a 3D printer. The design of the second-generation drill guide needed several

intermediate prototypes that were also developed using additive manufacturing. The

benefit of this process was the ability to have surgeons hold a physical model of the

device, rather than having only sketches or mechanical drawings. Feedback from the

surgeons, including preference for holding and using the device was incorporated into

successive prototypes. The final design was fabricated using surgical steel because

of sterilization concerns; although ABS was gas-sterilizable, the drill guide design

contained deep holes that raised concerned about adequate sanitation in plastics.

Additive manufacturing also played a primary role in the development of the

wrist-stabilization device that was featured in the fourth manuscript, presented in

Chapter 6. Two versions of stabilization devices were developed, with intermediate

prototype components – such as the assembly teeth – fabricated for testing purposes.

Because this technology was so new, design criteria for novel tools was often vague

at inception. One advantage of using additive manufacturing for the development of

new surgical tools was that they could be easily and inexpensively modified based

on actual experience. Having a physical component to experiment and test with was

nearly indispensable in the development of these surgical tools.

Aside from the development of prototype surgical tools, additive manufacturing

may also be an appropriate process for surgical tools that are used routinely. These

materials can be gas-sterilized, which is adequate for single-use applications such as

patient-specific instrumentation. Because the additive manufacturing process is rela-

tively quick and inexpensive, devices can be specifically tailored to a patient’s unique

anatomy for improved performance. In this thesis work, the wrist-stabilization device
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represented an example of a potential patient-specific device whereby the geometry

of the angled platform could be engineered to conform to a patient’s hand to improve

fixation of the wrist.

7.3 Strengths and Limitations

Some of the strengths and limitations associated with the work presented in this dis-

sertation warrant discussion beyond the limitations imposed by the actual or prospec-

tive journals to which the articles were directed.

In the first manuscript, presented in Chapter 3, the reconstruction analysis was

strong because computer algorithms were used to perform the measurements rather

than physical measurements of anatomical landmarks as used by Choi et al. [9]. This

approach removed ambiguity in identifying landmarks and permitted a more complete

analysis of the entire anatomy to be realized. However, the work was limited in its

applicability to scaphoid fixation because only the hip and shoulder had been studied.

Cartilage is usually thicker in the larger, weight-bearing joints than in smaller joints

such as the wrist, so it is unclear if the additional bone-to-bone spacing affects the

segmentation process and reconstruction accuracy of the wrist and scaphoid. In 2011,

Lee [10] performed a similar analysis on the ankle joint, which is more comparable

to the wrist than are the hip and shoulder. She found that the navicular bone –

anatomically analogous to the scaphoid in the wrist – could be accurately reproduced

with an error of 0.2± 0.3 mm (which is better than in the hip and shoulder).

Concerning the development of methods for navigated percutaneous scaphoid fix-

ation, the use of 3D fluoroscopy for navigation had many advantages compared to

conventional and 2D fluoroscopic navigation. For one, all imaging was performed
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intraoperatively and there was no need for segmentation to derive virtual models

for planning and navigation. Instead, planning and navigation were performed di-

rectly on digitally-rendered images. The two rendering schemes that were evaluated,

volume-rendering and volume-slicing, bear some resemblance to traditional medical

imaging modalities of radiographs and CT, respectively. This may in future be ad-

vantageous because many surgeons are already comfortable identifying anatomy in

these images. Furthermore, there was no need to register the patient anatomy to the

images for navigation. This has been a complaint of conventional computer-assisted

workflows, and has been known to extend the length of operative time. The work

here found that the 3D fluoroscopic workflow did not contribute to an increase in

operative time that would be of clinical significance.

The use of additive manufacturing, to evaluate computer-assisted scaphoid fix-

ation, provided an easy and inexpensive means to increase sample sizes and thus

increase the power of the studies. Only a single scaphoid morphology was used, how-

ever, which limited the ability to capture the true variability of the population. The

model assumed perfect scaphoid immobilization with respect to the reference marker,

which was not always the case under simulated clinical conditions. The model also

prevented altering the position of the wrist for imaging purposes, which would nor-

mally be permissible in the operative setting. A further limitation of the model was

that the scaphoid was neither fractured nor displaced.

Strengths of the wrist-stabilization device evaluation include that the device was

tested under extremes of conditions that could reasonably be encountered in an op-

erative setting. The evaluation was limited in that only a single specimen was used

for the assessment. A further limitation was the learning curve associated with the
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technology; in general, the accuracy and speed of the trials improved as the study

progressed but this was not studied specifically and in detail.

7.4 Recommendations for Future Work

The product of this work was a surgical system for performing computer-assisted

percutaneous scaphoid fixation that was close to being ready for preliminary clinical

application. Prior to such applications, some recommendations for improving the

system may need to be considered.

As noted in the fourth manuscript, presented in Chapter 6, some modifications

might improve the stability of the wrist fixation device. These include adding adjusta-

bility at the wrist cuff to accommodate different sizes of wrists, and removing some

of the slots in the angled platform that are no longer needed, which could improve

the rigidity of the device.

The performance of the surgical system might be improved by adding the ability

to track the depth of the drill in addition to its orientation. Drilling the wire through

the scaphoid was suitable for the preliminary studies presented in the dissertation,

but clinical application may require that the screw be entirely within the scaphoid.

Additionally, knowledge of the wire tip may be useful information when correcting for

a plan that is going “off-path”. Solutions to this problem could include tracking the

drill in addition to the guide or just tracking the drill itself. With the wire inserted in

the drill chuck, the location of the wire tip would need to be calibrated with respect

to the drill LCR.

Patient positioning must also be resolved before proceeding with patient appli-

cation. As mentioned in Section 7.2.1, there are at least two potential methods for
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patient positioning. In the re-positioning method, shown in Figure 7.1, coordination

with anaesthesia and other surgical equipment will be an important consideration.

In the rotating-table method, shown in Figure 7.2, removal of safety stops could be

investigated, as well as the potential need for a table extension.

7.5 Conclusions

A system for performing navigated percutaneous scaphoid fixation was successfully

developed through the use of additive manufacturing prototyping and evaluation. The

system included an ergonomic drill guide that could be calibrated intraoperatively and

a wrist-stabilization device that was customizable and reusable. In contrast to many

image-guided surgical systems, the navigated workflow used intraoperatively acquired

images for planning and navigation, without the need for patient-based registration.

Additive manufacturing was integral to the engineering design cycle, allowing

components of the navigation system to be prototyped and tested. Bone models

derived from CT scans of patients could be accurately produced using 3D printing,

which provided an inexpensive alternative to cadaver specimens for testing the system.

The subsequent assessments had larger study sizes to be used than other authors had

previously described, which improved the power and conclusions of the studies.

Criteria for surgical performance were investigated, including both surgical and

technical measurement of screw placement. The surgical objective of maximizing

screw depth or length was preferable in comparison to a defined target axis, mainly

because the target axis was not always accessible. The navigated method was found

to improve the placement of the guide-wire compared to conventional means for per-

cutaneous scaphoid fixation. Navigation also reduced the amount of X-ray usage and
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the number of drilling attempts, which are important clinical factors when performing

this procedure.

Surgical treatment of scaphoid fractures has the potential to improve each pa-

tient’s quality of life. The application of computer-assisted surgical technology holds

promise in reducing ionizing-radiation exposure and easing the technical difficulty of

surgical procedures. These technologies are expected to advance as surgeons gain

experience with the tools and adapt the tools to clinical practice.

Additive manufacturing is a useful process in the development and evaluation of

surgical innovations: surgical tools can be prototyped and tested in the operating

room, and patient-derived models can be used to evaluate specific aspects of surgical

systems – such as surgical or technical performance – in a well controlled manner.

These models can also be used as an inexpensive adjunct to training surgeons, espe-

cially because evolving surgical technology often carries a steep learning curve. Thus,

additive manufacturing can be used to resolve the initial problems in the development

of surgical innovations before proceeding to testing under more realistic conditions

involving cadavers or animal subjects.
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Appendix: Ethics Approvals

Research described in this dissertation included work with cadaveric tissues that had

been donated for scientific and medical investigations. Uses were approved by the

General Research Ethics Board (GREB), which jointly managed submissions from

Queen’s University and its associated teaching hospitals. This Appendix reproduces

the approvals only, because the submissions were the confidential material of the

Principal Investigators who sought GREB permission.

Figure A.1 documents the approval to conduct research on hip joints and related

tissues. Figure A.2 documents the approval to conduct research on wrist, hands,

forearms and related tissues. Figure A.3 documents the approval to conduct research

on shoulders, upper arms and related tissues.
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QUEEN'S UNIVERSITY HEALTH SCIENCES AND AFFILIATED TEACHING HOSPITALS 
ANNUAL RENEWAL 

Queen's University, in accordance with the "Tri-Council Policy Statement, 1998" prepared by the Medical 
Research Council, Natural Sciences and Engineering Research Council of Canada and Social Sciences and 
Humanities Research Council of Canada requires that research projects involving human subjects be reviewed 
annually to determine their acceptability on ethical grounds. 

A Research Ethics Board composed of:  
 
Dr. A.F. Clark, Emeritus Professor, Department of Biochemistry, Faculty of Health Sciences, Queen's 
University (Chair)  
Dr. H. Abdollah, Professor, Department of Medicine, Queen's University  
Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  
Dr. M. Evans, Community Member  
Dr. S. Horgan, Manager, Program Evaluation & Health Services Development, Geriatric Psychiatry Service, 
Providence Care, Mental Health Services Assistant Professor, Department of Psychiatry  
Ms. J. Hudacin, Community Member 
Mr. D. McNaughton, Community Member 
Ms. P. Newman, Pharmacist, Clinical Care Specialist and Clinical Lead, Quality and Safety, Pharmacy 
Services, Kingston General Hospital 
Dr. W. Racz, Emeritus Professor, Department of Pharmacology & Toxicology, Queen's University 
Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research Associate, 
Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute 
Dr. B. Simchison, Assistant Professor, Department of Anaesthesiology and Perioperative Medicine, Queen's 
University  
Dr. A.N. Singh, WHO Professor in Psychosomatic Medicine and Psychopharmacology Professor of 
Psychiatry and Pharmacology Chair and Head, Division of Psychopharmacology, Queen's University Director 
& Chief of Psychiatry, Academic Unit, Quinte Health Care, Belleville General Hospital  
Dr. E. Tsai, Associate Professor, Department of Paediatrics and Office of Bioethics, Queen's University 
Dr. E. VanDenKerkhof, Professor, School of Nursing and Department of Anaesthesiology and Perioperative 
Medicine, Queen's University 
 
has reviewed the request for renewal of Research Ethics Board approval for the project Hip biomechanics and 
arthritis prevention as proposed by Dr. John F. Rudan of the Department of Surgery, at Queen's 
University. The approval is renewed for one year, effective April 13, 2012. If there are any further 
amendments or changes to the protocol affecting the participants in this study, it is the responsibility of the 
principal investigator to notify the Research Ethics Board. Any unexpected serious adverse event occurring 
locally must be reported within 2 working days or earlier if required by the study sponsor. All other adverse 
events must be reported within 15 days after becoming aware of the information. 

 
____________________________Date: April 19, 2012  
Chair, Research Ethics Board 
Renewal 1[ ] Renewal 2 [X ] Extension [ ] Code# SURG-209-10 Romeo file# 6004052

 

Figure A.1: Ethics approval for use of cadaveric hips.
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING 
HOSPITALS RESEARCH ETHICS BOARD 
August 31, 2011 
 
Dear Dr. Pichora,  
 
Study Title: #6006078 SURG-233-11 Advanced Real-time 3D Imaging, Planning and 
Navigation of Fracture Surgery. 
Co-Investigators: Dr. T. Bryant, Dr. R. Ellis and Dr. J. Rudan 
 
The members of the Queen's University Health Sciences & Affiliated Teaching Hospitals 
Research Ethics Board have examined the protocol (Version 1.0) and the revised consent form 
(Version 2.0) for your project (as stated above) and consider it to be ethically acceptable. This 
approval is valid for one year from the date of the Chair's signature below. Please attend 
carefully to the following list of ethics requirements you must fulfill over the course of your 
study:  
 
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study 
procedures, etc.), you must submit an amendment to the Research Ethics Board for approval. 
(see http://www.queensu.ca/ors/researchethics/REB.html).  
 
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally 
must be reported within 2 working days or earlier if required by the study sponsor. All other 
serious adverse events must be reported within 15 days after becoming aware of the information. 
 
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of 
participants must be reported to the Research Ethics Board within 7 days of becoming aware of 
the complaint. Note: All documents supplied to participants must have the contact information 
for the Research Ethics Board.  
 
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of 
the Chair's signature below), you will be reminded to submit your renewal form along with any 
new changes or amendments you wish to make to your study. If there have been no major 
changes to your protocol, your approval may be renewed for another year.  
Yours sincerely, 

 
Chair, Research Ethics Board 
Study Code: SURG-233-11 
Investigators please note that if your trial is registered by the sponsor, you must take 
responsibility to ensure that the registration information is accurate and complete  

Figure A.2: Ethics approval for use of cadaveric wrists.
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING 
HOSPITALS RESEARCH ETHICS BOARD-DELEGATED REVIEW 
March 06, 2012 
 
Dr. Ryan Bicknell 
Department of Surgery 
Kingston General Hospital 
 
Dear Dr. Bicknell 
Study Title: SURG-248-12 Testing the Stability of Reverse Shoulder Arthroplasty by 
Simulating Human Motion. 
File # 6006633 
Co-Investigators:   Dr. J.T. Bryant, Dr. K. Deluzio 
 
I am writing to acknowledge receipt of your recent ethics submission. We have examined the protocol for your project (as stated above) 
and consider it to be ethically acceptable. This approval is valid for one year from the date of the Chair's signature below. This approval 
will be reported to the Research Ethics Board. Please attend carefully to the following listing of ethics requirements you must fulfill over 
the course of your study: 
 
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study procedures, etc.), you must submit an 
amendment to the Research Ethics Board for approval. Please use event form: HSREB Multi-Use Amendment/Full Board Renewal Form 
associated with your post review file # 6006633 in your Researcher Portal (https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be reported within 2 working days 
or earlier if required by the study sponsor. All other serious adverse events must be reported within 15 days after becoming aware of the 
information. Serious Adverse Event forms are located with your post-review file 6006633 in your Researcher Portal 
(https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be reported to the 
Research Ethics Board within 7 days of becoming aware of the complaint. Note: All documents supplied to participants must have the 
contact information for the Research Ethics Board.  
 
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's signature below), you will be 
reminded to submit your renewal form along with any new changes or amendments you wish to make to your study. If there have been 
no major changes to your protocol, your approval may be renewed for another year.  
 
Yours sincerely, 
 

 
 
Chair, Research Ethics Board 
March 06, 2012 
 

Investigators please note that if your trial is registered by the sponsor, you must take 
responsibility to ensure that the registration information is accurate and complete 
 
 

Figure A.3: Ethics approval for use of cadaveric shoulders.


