Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

9-19-2012 12:00 AM

An Image-Based Tool to Examine Joint Congruency at the Elbow

Emily A. Lalone, The University of Western Ontario

Supervisor: Dr James Johnson, The University of Western Ontario

A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree
in Biomedical Engineering

© Emily A. Lalone 2012

Follow this and additional works at: https://ir.lib.uwo.ca/etd

6‘ Part of the Biological Engineering Commons

Recommended Citation

Lalone, Emily A., "An Image-Based Tool to Examine Joint Congruency at the Elbow" (2012). Electronic
Thesis and Dissertation Repository. 889.

https://ir.lib.uwo.ca/etd/889

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F889&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/230?utm_source=ir.lib.uwo.ca%2Fetd%2F889&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/889?utm_source=ir.lib.uwo.ca%2Fetd%2F889&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

AN IMAGE-BASED TOOL TO EXAMINE JOINT CONGRUENCY AT
THE ELBOW

(Spine Title: An Image-Based Tool to Examine Joint Congruency at the Elbow)

(Thesis format: Integrated Article)

by

Emily Allen Lalone

Graduate Program
in
Biomedical Engineering

A thesis submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

School of Graduate and Postdoctoral Studies
The University of Western Ontario
London, Ontario, Canada

© Emily A. Lalone 2012



THE UNIVERSITY OF WESTERN ONTARIO
School of Graduate and Postdoctoral Studies

CERTIFICATE OF EXAMINATION

Supervisor Examiners
Dr. James Johnson Dr. Hanif Ladak

Co-Supervisors

Dr. Jim Dickey
Dr. Graham King Dr. Ken Faber
Dr. Terry Peters Dr. David Wilson
The thesis by

Emily Allen Lalone

entitled:
An Image-Based Tool to
Examine Joint
Congruency at the
Elbow
Is accepted in partial fulfillment of the
requirements for the degree of Doctor
of Philosophy

Date

Chair of the Thesis Examination Board



ABSTRACT

Post-traumatic osteoarthritis commonly occurs assalt of a traumatic event to
the articulation. Although the majority of this gypf arthritis is preventable, the sequence
and mechanism of the interaction between joint rinjand the development of
osteoarthritis (OA) is not well understood. It igpbthesized that alterations to the joint
alignment can cause excessive and damaging wdhe toartilage surfaces resulting in
OA. The lack of understanding of both the cause @mogression of OA has contributed
to the slow development of interventions which caadify the course of the disease.
Currently, no techniques have been developed tmimeathe relationship between joint
injury and joint alignment. Therefore, the objeetiof this thesis was to develop a non-
invasive image-based technique that can be usaskiss joint congruency and alignment
of joints undergoing physiologic motion. An inteosi®e distance algorithm was developed
and validated to measure joint congruency at thehumeral joint of the elbow.
Subsequently, a registration algorithm was creatadl its accuracy was assessed. This
registration algorithm registered 3D reconstrudtede models obtained using x-ray CT
to motion capture data of cadaveric upper extresiitundergoing simulated elbow
flexion. In this way, the relative position andesriation of the 3D bone models could be
visualized throughout the motion. Radial head aplasty was used to illustrate the
utility of this technique. Once this registratiorasvrefined, the inter-bone distance
algorithm was integrated to visualize the joint garency of the ulnohumeral joint
undergoing simulated elbow flexion. The effect dillateral ligament repair was
examined. This technique proved to be sensitivaigindo detect large changes in joint
congruency in spite of only small changes in thdiomopathways of the ulnohumeral
joint following simulated ligament repair. Effortgere also made in this thesis to translate
this research into a clinical environment by exangrnCT scanning protocols that could
reduce the amount of radiation exposure requiréch&me patient’s joints. For this study,
the glenohumeral joint of the shoulder was examimthis joint is particularly sensitive
to potential harmful effects of radiation due te firoximity to highly radiosensitive
organs. Using the CT scanning techniques examinetthis thesis, the effective dose



applied to the shoulder was reduced by almost 96f4pared to standard clinical CT
imaging.

In summary, these studies introduced a techniqa¢ ¢hn be used to non-
invasively and three-dimensionally examine joinngaency. The accuracy of this
techniqgue was assessed and its ability to predgibns of joint surface interactions was
validated against a gold standard casting apprddsihg the techniques developed in this
thesis the complex relationship between injurydiog and mal-alignment as contributors
to the development and progression of osteoaghiiti the upper extremity can be
examined.

KEYWORDS:
Elbow, registration, joint congruency, 3D reconestion, x-ray CT, orthopaedic,

motion capture, ulnohumeral joint.
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Chapter 1 — Introduction

OVERVIEW

The objective of this thesis was to develop an @ddgpsed technique to
qguantify and examine congruency of the ulnohumerat of the elbow,
to validate its use and examine its accuracy, anexamine the utility of
this technique in the setting of a simulated ordegic injury. This
chapter reviews the relevant anatomy, kinematickjaimt biomechanics
of the elbow. A review of current contact area nieasient techniques is
also included as well as a synopsis of three-dimea$ rendering
techniques used in biomechanics. The chapter cdesluwith the

rationale, objectives and hypothesis of this work.

1.1 The Elbow
The elbow represents one of the most complex amctitnally important joints in

the upper extremity. It can be described as a tgidglymoid joint because of the
combination of trochoid motion (rotation) and gymius motion (hinge) (Morrey,
2000b). The elbow consists of three bones, the husneadius and ulna which form three
articulations (Figure 1.1). The radius and ulnatachat the proximal end of the forearm
as the proximal radioulnar joint. The radius afates with the distal humerus as the
radiocapitellar joint and the proximal ulna artm@s with the humerus as the
ulnohumeral joint (Figure 1.1). In addition to timteracting shapes of the articulations,
the elbow is stabilized by two groups of ligamesutsl twenty-four muscles which allow
the elbow to move from an average of 0.6 + 3.1 @egrof extension to 142.9 + 5.6
flexion as well as rotate from approximately 75pobnation to 85° of supination (Boone

and Azen, 1979).



1.1.1 OSSEOUSANATOMY

The three bones of the elbow provide the primarycstiral and load bearing
support.

Distal Humerus - The distal humerus consists of two condylesmiog the
articulating surfaces of the trochlea and capitell(Figure 1.2). The most prominent
aspects of the humerus are the medial and latprebredyles. These bony landmarks
serve as attachment sites for the medial and lateltateral ligaments respectively.
Additionally, there are three fossae on the diktaherus, which function as stabilizers
during extremes of flexion and extension. Proxitoahe posterior surface of the trochlea
is the olecranon fossa (Figure 1.3). This foss&ives the olecranon process of the
proximal ulna during extension. Similarly, the cooad fossa, located on the anterior side
of the trochlea, receives the coronoid processhefpgroximal ulna during flexion. The
radial fossa which appears proximal to capitellumtie anterior aspect of the humerus,
serves as an endpoint for the radius at maximuxofie(Morrey, 2000a).

Proximal Radius - The proximal end of the radius articulates wkk spherical
shaped capitellum of the humerus (Figure 1.4). ikd of the radius approximates an
ellipse with a concave dome which when contactimg ¢apitellum, forms a ball and
socket joint. Additionally, the head of the radarticulates with the lesser sigmoid notch
of the ulna to allow for forearm rotation. Distal the head, the bone tapers to form the

radial neck (Morrey, 2000a).
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Ulnohumeral
Joint

roximal Radioulnar
Joint

Figure 1.1: The Joints of the Upper Extremity
The three bones of the elbow: the humerus, theaisaalnd the ulna. These bones come

together to form three joints of the elbow: theallomeral, radiocapitellar, proximal
radioulnar joint



Humeral Shaft

Radial Fossa Coronoid Fossa

Lateral Epicondyle — :' « Medial Epicondyle

Capitellum Trochlea

Trochlear Sulcus

Figure 1.2: Anterior View of Distal Humerus

The osseous landmarks of the distal humerus: tiehkea and capitellum form the
articular surfaces of the distal humerus. The huahshaft, trochlear sulcus, medial and
lateral epicondyles are anatomical landmarks.



Olecranon Fossa

Medial Epicondyle - Lateral Epicondyle

Figure 1.3: Posterior View of Distal Humerus
The osseous landmarks of the posterior humeruadedhe medial and lateral
epicondyles as well as the olecranon fossa.



Rad.lal He.ad .~ Radial Head
Articulation

Figure 1.4: Anterior View of Proximal Radius

The radial head forms the proximal articulationtbé radius which articulates with the
capitellum of the humerus and with the lesser sigmotch of the proximal ulna. The
radial head tapers to the radial neck.



Ulna - The proximal aspect consists of the greater sigmotch which articulates
with the trochlea of the distal humerus (Figure).lTBhe greater sigmoid notch is an
important contributor to elbow stability (MorreyD@0a). The proximal tip of the ulna is
the olecranon which contacts the olecranon fosdalirextension. Similarly, the most
distal tip of the greater sigmoid notch is the cmid process which, at full flexion,
contacts the coronoid fossa on the anterior suidétiee humerus. On the lateral aspect of
the coronoid process, the lesser radial notchudaties with the radial head forming the

proximal radioulnar joint.
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Figure 1.5: Proximal Ulna
A) Anterior Ulna Landmarks: the radial notch artlates with the radial head of the

proximal radius.
B) Lateral Ulna Landmarks: the greater sigmoid rro&rticulates with the trochlea of the

distal humerus.



1.1.2 LIGAMENTS AND JOINT CAPSULE

The ligamentous contributors to elbow stability @he medial and lateral
collateral ligaments (Figure 1.6). The medial deltal ligament consists of three major
components: the anterior and posterior bundle hadransverse ligament. The anterior
bundle of the medial collateral ligament is the onajalgus joint stabilizer (Schwadt al,
1980). The lateral collateral ligament consistshef radial collateral ligament, the lateral
ulnar collateral ligament, which is analogous te #mterior bundle of the MCL, and the
annular ligament (O'Driscokt al, 1991). In addition to the collateral ligamentse t
anterior and posterior joint capsule provides $tgihio the elbow. This fibrous capsule

completely surrounds the elbow and contains thewghfluid which lubricates the joint.
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Figure 1.6: Ligaments and Joint Capsule

Medial (A) and lateral (B) views of the elbow shogviigaments (Figure HULCO).

1C
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1.1.3 MUSCLES

The major muscles involved in elbow flexion and emsion are the biceps,
brachialis, brachioradialis, triceps and the anasn@igure 1.7). The biceps is a major
flexor of the elbow and has a large cross-sectianah. In the pronated position, this
muscle is also a strong supinator (Morrey, 2000d)e biceps is superficial to the
brachialis, which is also an important elbow flexbhe brachialis has the largest cross
sectional area of all the flexors. The brachioriglimuscle is also an important elbow
flexor. The triceps is the main extensor of theoeltand receives some additional help
from the anconeus muscle which is a weak extensdr stabilizer of the elbow. In
addition to the aforementioned muscles, numerowdlenmmuscles arise from the medial
and lateral epicondyles to provide motions of thestwand fingers, rotation of the
forearm, and to assist flexion/extension of the@elb

Forearm supination and pronation are achieved usi@gronator teres/pronator

guadratus to pronate and the biceps/supinatorpioaie the forearm.



pronator teres
> ’.’dpronator quadratus

s dsupinator

A

Figure 1.7: Muscles

Anterior (A) and posterior (B) views of the uppinb indicating the origin and
insertion locations of the muscles responsible dtifow flexion/extension and
rotation (Figure HULCO®O).

12



13

1.2 The Ulnohumeral Joint

1.2.1 ANATOMY

The ulnohumeral joint is one of the most congrygeimts in the body (Figure 1.8).
The humerus and ulna are anatomically orientedadyce a congruent articulation that
can withstand strenuous lifting up to three timeslyoweight (Anet al, 1981). The
articulating surface of the humerus, in the ulnobrahjoint is termed the trochlea. This
trochlea is separated into a medial and laterdaserby a trochlear groove (sulcus). In
the lateral plane, the orientation of the articidarface is rotated anteriorly 30 degrees
with respect to the long axis of the humerus (Mgr@900a). In the transverse plane, the
anterior surface is rotated inward approximatelyegrees and in the frontal plane, it is
titled 6 degrees in valgus (Morrey, 2000a). Thigyoseurface articulates with the ulna at
the proximal end of the forearm. The greater sighmmtch forms an arc of 190 degrees
and is separated into the medial and lateral famethe guiding ridge (Morrey, 2000a).
This ridge is received by the trochlear groove loa distal humerus. The opening of the
greater sigmoid notch is oriented approximatelyd&@rees posterior to the long axis of

the ulna which matches the 30 degrees angulatitimedfochlea.



Figure 1.8: Ulnohumeral Structures
A) Lateral Distal Humerus

B) Transverse Distal Humerus

C) Lateral Proximal Ulna

D) Anterior Distal Humerus

14
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1.2.2 ULNOHUMERAL KINEMATICS

The ulnohumeral joint is often referred to as apgly hinge’ because of its
inherent laxity. Varus-valgus laxity refers to ttiéference in varus or valgus angulation
when the joint is positioned in the varus gravagded condition compared to the valgus
gravity loaded position. The ulnohumeral joint leas estimated 6-8 degrees of laxity
during flexion and extension of the elbow (Bottlatal, 2000; Kinget al, 1994)(Figure
1.9). Additionally, due to the orientation of theieular components of the elbow, the
arm is slightly positioned valgus in extension d&&tomes more varus as the elbow
flexes (Kinget al, 1994). Biomechanical studies use screw-displaoerages (SDA)
derived from tracked passive and active kinemadtidiss to help define the flexion axis
of the elbow (Bottlanget al, 2000; Duck TRet al, 2003; London, 1981; Morrey and
Chao, 1976). Duck TRt al, (2003) found that the SDAs deviated from the agerin
both orientation and position throughoutiallvitro simulated motions. This implies that
the axis of flexion varies with joint position irditing that the ulnohumeral joint behaves
like a sloppy hinge. Additionally, the ulna was foluto rotate, with respect to the
humerus externally during extension (Morrey andd@;11876).

The axis of rotation of the radius around a fixdh passes from the radial head
to the distal end of the ulna (Morrey and Chao,8)9Florrey & Chaoet al. found that
the ulna rotates internally 5 degrees throughoty di@xion and 5 degreesxternally in
late flexion with the arm in neutral, pronation supination. This was believed to be

caused by the configuration of the ulnohumerataldition and ligament constraints.



Figure 1.9: Valgus Angulation of the Elbow
In full extension, there is an inherent valgus posi of the ulna with respect to
the humerus. However, as the elbow is flexed, liteeia positioned slightly varus

to the humerus.

16
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1.2.3 ARTICULATION AND CONGRUENCY

Although the ulnohumeral joint is one of the moshgruent joints in the body,
this joint does not exist as a perfectly congrdange. Rather, the sigmoid notch has a
slightly greater diameter than that of the trocH@aning a “deep” ball and socket joint.
Considerable research elucidating the effects o ithcongruity on load transfer and
contact has been conducted (Eckstgiral, 1993; Ecksteiret al, 1994; Ecksteiret al,
1995a; Ecksteiet al, 1995b; Merzt al, 1997).

Ecksteinet al. (1994) examined, using silicone casting, the canpatterns that
occur at the ulnohumeral joint as a function ofdlo@he results of this study found that
on the proximal ulna, there appears to be a biedtstribution of contact, with two
maxims of contact occurring on the olecranon androaid process. These regions were
separated by a non-articulating portion. This studported that at 10N of axial
compression, 9% of the total articular surfacehef proximal ulna was contacting and at
1280 N, 73% of the total articular surface was aotimg (Ecksteinet al, 1994). In
general, with increasing load, this bicentric pattdecreased as the two maxims merged
at the centre of the joint forming a uniform loatstdbution across the articulating
surface. Goodfellow and Bullough (1967) found tta$ unique pattern of contact, as a
result of inherent incongruity, decreased with dgethese older specimens, the contact
pattern was more diffuse and more centrally pasgth

To determine the physiologic adaptive significan€ehis ‘concave incongruity’,

Ecksteinet al. (1995a) used finite element analysis to predicttact patterns based on
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various geometries of the articulating surfaceso Tmodels were proposed; the first was
a perfectly congruent ball and socket, and the rekatepicted the ulnar concave as
elliptical shape with a diameter that was 10% lart@an the convex surface of the
trochlea. When the joints were simulated with aralaboad, the first model predicted a
load distribution that had a maximum load at thetiee of the joint that decreased
towards the joint margins. In the second model, It/ed distribution started at the
margins and with increasing joint reaction fordég, contact expanded toward the centre
of the joint. Ecksteiret al. (1995a, 1995b) found that when the tissues defdréigher
applied loads, the peak stresses, in the incongjoien, did not appear in the depth of the
socket but are relatively evenly distributed, ahdttthe peak compressive stress were
considerably lower in the incongruous case overctirggruous case. In general, in the
most congruent joint, the central location of leaould result in an overuse of the central
region, causing deterioration of the cartilaginsusfaces as well as an under use of the
periphery. Studies have shown that concave incamygrserves to optimize the
distribution of stress by providing a more unifodmtribution of stress when compared to
the most congruent case (Bullough al, 1968; Bullough, 1981; Greenwald and
O'Connor, 1971). Bullougt al. (1981) examined the effects of ‘concave incongrwt

the proximal ulna on the metabolic activity of tbleondrocytes. This study concluded
that with regular change in contact, which is immrin the loading of the concavely
incongruent joint, the synovial fluid is promotexrmhove from cartilaginous layers to the

joint space thereby nourishing the articular cagi. In general, concave incongruity has
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an important effect on ulnohumeral load transmissiad the distribution of lubricating
synovial fluid within the joint capsule. Concaveamgruity may be regarded as a vital
factor for the long term stability and joint furanti for a lifetime.

Another phenomenon examined in the ulnohumerat jisirthe inhomogeneous
distribution of cartilage across the proximal ulf@dlimann (1978) found that there are
three main ‘models’ of cartilage distribution. Thst of these, found in 65% of subjects,
has olecranon and coronoid facets in the troclietoh separated by a non-articular zone
of bone. The second model, which occurs in 30%dividuals, has the cartilage divided
into two areas on the medial and lateral sidehig hodel, the medial side had two facets
separated by a transverse non-articulating regimrlly, in the third model, the full ulnar

surface was covered with cartilage. This distrimutoccurs in 5% of older subjects.

1.2.3.1 Biomechanics and Load Transfer

Osseous as well as soft tissue stabilizers arértieng factors of elbow flexion
(Morrey, 2000b). The abutment of the olecranon @sscin the olecranon fossa and the
tension in the anterior capsule and flexor muskie#s extension. Similarly, in flexion,
the abutment of the coronoid process in the cobrossa, tension in the posterior
capsule and the extensor muscles in conjunctioh thi¢ bulk mass of the forearm and
upper arm allow approximately 145-150 degreesexiidin (Morrey, 2000b).

Shibaet al. (1988) examined the geometry of the ulnohumeiat gind found that
there appeared to be two distinct bearing surfatébe ulnohumeral joint articulation;

one mainly in early flexion and the other, in temaliflexion. In full flexion, part of the
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surface of the olecranon loses contact with thérakgroove of the trochlea. Similarly, in

full extension, part of the coronoid process losestact with the trochlear groove. In

general, the cartilaginous surfaces would appeaoitdact each other fully only between
55 and 125 degrees of elbow flexion. These findisgggest that perhaps this is an
adaptive phenomenon that prevents overuse of ttire eartilage surface throughout the
full range of motion.

Contact area is used to determine the area acrbgh van applied load acts.
However, in order to determine the pressure distion, the joint forces, and more
specifically, the resultant force vector, must Istablished. When examining the load
transfer mechanics of the elbow, both the ossendsbow position must be considered.
With the arm fully extended and axially loaded, tistribution of stress across the
ulnohumeral joint is approximately 40% and 60%hat tadiocapitellar joint (Halls A.A.
and Travill A., 1964; Walker PS, 2008). Anes al. (1980) predicted elbow joint forces
for strenuous exercises and found that the elbdiwbeinot be subjected to tensile loads
during strenuous pulling exercises such as whedirgpla handle. Rather, compressive
forces of several kiloNewtons occur during strersuaxercises occur at both the

radiocapitellar and ulnohumeral joints.

1.3 Osteoarthritis and Degenerative Diseases
Osteoarthritis is the most prevalent form of atthriand it is traditionally
characterized as a disease of the articular ogetilaut also is present with degenerative

changes to the subchondral bone, ligamentous igeisiland the joint capsule (Felsen
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al., 2000). The exact mechanism of onset of osted@stlis unknown, but the current
theory is that osteoarthritis develops as a refubint mal-alignment, muscle weakness
and altered joint congruency, within a context asceeptibility (Felsoret al, 2000).
Various genetic factors and systematic factors,(sge, weight, and nutrition) predispose
the joint to the development of osteoarthritisdaling a mechanical perturbation such as
an acute injury. Hunteet al. (2009) examined the relationship between alignnaerat
osteoarthritis and found that mal-alignment infloesh the rate of progression of the
disease as alterations in the load distribution aodgruency degrade the articular
surfaces and underlying subchondral bone. Currahtydiagnosis of osteoarthritis is
determined through clinical examination, and isithenfirmed using planar radiographs.
The radiographs are assessing overall joint spaw@nges to the subchondral bone and
are also used to identify regions of abnormal bgrevth and calcification. While there
are no known cures for osteoarthritis, treatmehthie disease range from physiotherapy
rehabilitation, pharmacological approaches (inttec@ar steroid, analgesics)and surgical
interventions (arthroscopic debridement/lavageraplasty) (Galloet al, 2008; Ugurlu

et al, 2009).
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1.4 Methods to Quantify Articular Contact

The elucidation of contact characteristics in jgiigt essential in the investigation
of various degenerative diseases as it providegagndstic tool for the detection of
diseases such as osteoarthritis. In biomechartisodiles, contact area is used to determine
joint contact stress, as force per area. Thistimated by incorporating the precise force
transmission that results in a joint, and usesktimvledge of where that contact occurs
(contact area). Quantifying contact area is berafto clinicians in the development of

diagnostic tools, and has many biomedical resespplications.

14.1 DIRECT APPROACHES

Over the past 30 years, there has been consideed#arch developing various
methods for quantifying contact area in articulggioints (Ateshiaret al, 1994; Blacket
al., 1981; Bullougret al, 1968; Bullough, 1981; Harrist al, 1999; Haut, 1989; Huberti
and Hayes, 1984; Matsuéaal, 1997; Ronsket al, 1995; Stormongét al, 1985). Initial
techniques consisted of direct yet invasive appgresc These techniques, by nature,
employed the use of cadaveric specimens and indlpdessure sensitive films (Hares
al.,, 1999; Haut, 1989; Huberti and Hayes, 1984; Masetdal, 1997; Ronskyet al,
1995), dye staining (Blackt al, 1981) and casting techniques (Atesh@&ral, 1994;
Momoseet al, 1999; Stormonét al, 1985). These approaches required direct acc&ss in
the joint, often requiring sectioning of the jordpsule and soft tissues that support the

joint. Not only are these techniques invasive, thegy compromise the stability of the
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joint, thereby affecting the native contact mechaniThey do however, directly and
accurately quantify contact area.

Stormontet al. (1985) compared pressure sensitive film, dye stgimnd the
silicone casting technique to investigate the atirdeea of the elbow joint. The results of
this investigation indicated that overall, the oasttechnique provided the most
reproducible and reliable technique to directingargify contact area. As such, this
method is deemed the gold standard of contactedve#dation and is used as a means of

validating all other approaches.

1411 Pressure Sensitive Films

Pressure sensitive film records pressures appi¢iet joint in a loaded condition.
Perhaps the most popular film employed has beef/ujid-ilm Pressure Sensitive Film®
(Fuji Film Corporation, New York, NY) which consssbf two polyurethane composite
films that produce a red stain when loaded in casgion. Film A, which consists of the
microcapsule layer contains chemicals. Film C, aentains microcapsules, however,
they contain colour-developing chemicals. Under passion, the microcapsules burst
and the two components interact resulting in astagh. The intensity of the redness is
calibrated, using an indenter, to the magnituderetsure. The film is inserted directly
between the articulating surfaces of the joint, after compression, the film must be
removed. This method is not only tedious to use, @so only depicts the contact area
and loads that occur across the joint, not theambmtf each articulation (meaning it is not

possible to see the locations on the humerus tigainacontact with the ulna and vice
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versa, instead only a single contact measurementaide representing joint contact).
Additionally, various artifacts occur as a resdlbdenting and positioning the film in the

joint while trying to preserve the native anatomytlee joint. Such artifacts include

crimping or crinkling, sliding and shear stressirstey. These artifacts result in an

overestimation of the estimated contact area. & &Bo been shown that pressure
sensitive films are thermo-sensitive. Thereforegfta regulation of testing temperature
is required to ensure a proper reading (Ronsky,,et1205).

Another type of pressure-sensitive film is TekScaa®lastic laminated, thin film
(0.1mm) pressure transducer. The sensor has twon$.8ensing arrays, each with 2288
sensing elements called sensels (Hagtigl, 1999). The film is first conditioned and
calibrated and is then inserted into the jointcattiting surfaces. It records (at a rate of 2
frames per second) and displays the results ierefito or three dimensions. Harasal.
(1999) compared the Fuji Film® with the K-scan ($ekn®, South Boston, USA) and
found that the K-scan proved to be an easy, regibliuand reliable measurement
technique that could capture contact under varioads and flexion angles. In general,
the TekScan® displayed a smaller standard deviatiban compared to the pressure
sensitive film, and displayed less variation in gensor shapes and pressure ranges.
Experimentally, the TekScan® was less tedious &assone sheet could be employed to
measure successive loads instead of replacinglthdétween various loading scenarios
(Harriset al, 1999). There were however, limitations to thipra@ach, as is true with all

direct approaches; they are by nature, invasive. TékScan® technique may alter the
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topography of the bearing surfaces as the senssrahéinite thickness of 0.1mm;
however, this is still thinner than the pressumsgease film. Also, crimping of the sensors
can occur which introduces artifacts. In generakScan® offers an improved method

relative to the pressure sensitive film approach.

1.4.1.2 Dye Staining

Dye staining employs the use of stain or dye t@t®and quantify the contact
area. This technique involves a three stage staggguence. Initially, a thin layer of blue
dye is placed on a non-contacting surface withejttint. The joint is then subsequently
reduced and an impression of contact is creatdti@opposing surface. The stain can be
removed from the surface using neutralization, Hrel entire process can be repeated
(Black et al, 1981). As with the pressure sensitive films, tt@shnique is extremely
tedious. Additionally, the dye staining is less aleds obvious with successive
measurements making it less suitable for repeastihg. Artifacts that are associated
with this technique usually involve the introductiof air bubbles in the dye material
which could significantly overestimate the contacta. In other instances, the dye is not
able to penetrate the joint cavity to reach alldhteculating surfaces resulting in a severe
underestimate of the measured contact as wellgress error in the actual location of

contact.

1.4.1.3 Silicone Casting: Filling Non-Contact Space

Casting of the joint surfaces provides one of tlestvisible and comprehensive

means of elucidating contact area. Originally, raetilate cement and wax were used,
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but more recently silicone based rubbers have l@eployed (Fujikaweet al, 1983;
Stormontet al, 1985). In this method, the joint is distractedd an casting material
(Reprosil® Dentsply International Inc., Milford, DI injected into the joint. The joint is
reduced to the intact orientation and held unsl ¢ast has solidified. After removing the
impression material from the joint, the contact barobserved and quantified. Composed
primarily of silicone, Reprosil® has low viscosignd is relatively shrink resistant.
Additionally, the silicone is durable and permite tcast to be removed after each trial
and reapplied to either end of the joint therefmpturing the contact on both articulating
surfaces and orienting the examiner with the locatif contact (Stormorst al., 1985).
Direct approaches, by nature, are invasive. As ,stlch use of cadaveric
specimens is required in direct approach technig@eslaveric specimens, although
useful in many biomechanical research applicatidvaje certain limitations that are
associated with their use. Studies using cadavave libeen criticized for not being
representative of the physiologically active arntresy cannot reproduce completely the
physical muscular force across the joint (Andenmsti &ashman, 2003). Furthermore
cadavers are typically elderly and may have sonteutar degeneration which may
influence the resulting contact area. Additionatlyese direct approaches may alter the
joint kinematics by virtue of the capsular incissoneeded to place and remove the
sensing material. However, given the more reswectiimitations of computational
models, cadaver-based experimentation providesnhemeans to investigate a variety

of clinical questions prior to implementation irtigats.
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1.4.2 IN-DIRECT, NON-INVASIVE APPROACHES

Recently, computed tomography (CT) (Marat al, 2004) and magnetic
resonance (MR) imaging (Besiet al, 2005; Boyeret al, 2008; Coheret al, 1999;
Eisenhart-Rothet al, 2004; Goldet al, 2004a; Goteet al, 2004; Hinterwimmeet al,
2005; Salsicket al, 2003; Waret al, 2006; Wretenbergt al, 2002) based approaches
have been developed to non-invasively quantifyasseous interactions and contact that
occur in the joint (Maraet al, 2004). These various imaging modalities can ately
generate a 3-dimensional (3D) surface model of dheculating joint. CT provides
excellent contrast between bone and soft tissue. cimtrast in CT imaging is due to
differences in attenuation of X-rays due to differes in electron density. The non-
attenuated x-rays are detected by a solid stagetet(Hsieh J 2003). CT imaging differs
from conventional radiographs in that it is ableatmuire 3D volume data by acquiring
successive x-ray images as it rotates around amafRecent advances have allowed CT
scanners to continuously scan around a stationatigr in a helical loop. Hounsfield
units (HU) (Equation 1.1) are used to express diffees in attenuation and are therefore

a measure of radiodensity relative to that of water

tissue™ Equation 1.1

HUTissue= H H WaterElOOO
Hwater

where l4ssuedNd pyaterare the linear attenuation coefficients of tissuel avater
respectively




28

MRI has recently become commonly used in clinigalcpce, whereby magnetic fields
and radiofrequency signals replace x-rays and nieegy source used to generate images
(McRobbie D.W.et al, 2007). MRI sequences can be used to detect hgdrowlecules

in tissue. Both MRI and CT images provide successiglumetric datasets that are
represented as slices (tomographs) that can bengeugoted into 3D models. In the
investigation of joint biomechanics, these medirabging technologies provide 3D
surfaces which can be used to examine joint swsfacel obtain measurements using
various approaches. The first of these approacbasists of computational methods
which measures the amount of cartilage-cartilaggam. The other approaches use the
3D imaging to measure the joint space and minimistadce between the articulating

bones.

1421 Computational Approaches

Two-Dimensional Approaches: Gold et al. (2004) developed and evaluated an MR
imaging protocol to quantify patellofemoral vivo cartilage contact area during weight
bearing activities. This method, involved a healtlgtunteer bearing his or her own
weight while leaning against a custom MR compatibéek support. After imaging,
contact area measurements were made by three imdigeobservers. In each MR slice,
regions of grey-on-grey pixels, or contacting psx@lere manually identified and the
length of the contact pixels, on the surface of anigculation, was two-dimensionally
measured. Grey-on-grey pixel lengths were then uredsfor each slice of the MR

image. Contact area was determined by multiplylreglength of grey-on-grey pixels in
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each image by the slice thickness and summing dhees across the joint (Goét al,
2004). Brechter and Powers (2002) used a MR-basdthsmethod to quantify contact
area, within the joint where there was no distsgparation between the borders of the
two structures. This was seen as “white-on-whiteels. This line of contact was then
multiplied by the slice thickness and summed actiossentire joint. If the line of contact
was curved, several straight lines were used. Ta@madvantage of these methods is
their applicability toin vivo studies thereby circumventing the problems assatiaith
cadavers. This additionally offers insight into fbent mechanics that occur in younger
subjects compared to that of the relatively oldge group of the cadaveric specimens.
These methods also are able to be applied cligicadl a means of predicting or
monitoring degenerative diseases of the joint. Herethese methods are not automated
and require a significant amount of user input. iiddally, these approaches can only
examine contact in 2-dimensional (2D) slices andstatically loaded conditions.
Additionally, as these images only examine 2D sli@grors can be introduced when the
measured lengths are attenuated in the third dimeiisoschet al, 1997).
Three-Dimensional Approaches: Proximity Mapping: Proximity maps have been
employed by a number of investigators in varioustfin the body and provide a 3D
measure of joint congruency or joint contact avsaderst and Tashman, 2003; Ateshian
et al, 1994; Beyet al, 2008b; Eisenhart-Rothet al, 2004; Gotecet al, 2004; Loschet

al.,, 1997; Maraiet al, 2004; Maraket al, 2006; Scherrer Pkt al, 1979). This approach

assumes that regions of higher contact pressurtiénvd joint correspond to regions of
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closest proximity (Maragt al, 2004). These methods calculate contact arearijoon-
invasively from 3D bone surface models obtainedgi€T (Anderst and Tashman, 2003;
Cohenet al, 1999; Maraket al, 2004) or MR imaging (DeFrat al, 2004; Gotcet al,
2004). These 3D reconstructions of the joint aredu® create proximity maps using
various software algorithms.

CT-Based Technique:The proximity maps generated using CT represenintiee-bone
distances between subchondral bone surfaces (AratgisTashman, 2003; Marai al,
2004). X-ray computed tomography is not a relisdulé tissue image acquisition device
and is therefore primarily used to image osseaustsires. Therefore, biomedical studies
using CT often set their threshold values for theegrocessing of the volumetric data, to
visualize only the osseous structures. Using Cobtiain a volumetric model of the joint
allows for easy segmentation of the contact susfagéhin a joint with the absence of the
soft tissue. Joint contact in these studies isndédfiby examining joint congruency or
overall joint space based on the assumption tlgabme that are closer together also are
the same regions that are most likely in contaoht@ct area in these studies is defined as
the subchondral surface area on the bone thgtrissaribed threshold distance.

MR Imaging Techniques: Magnetic resonance imaging allows for direct vigadion of

the soft tissues, namely the cartilage. Thicknesasurements can then be obtained using
this 3D technique. However, in using MR imaging;laate segmentation of the cartilage
surfaces in regions where the bones are contaidgficult. This is however, crucial

when using the proximity method where depictiontle# actual outer surfaces of each
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bone and measurement of joint space is used. Qoataa in these studies uses
knowledge of the minimum distance rather than agieed distance (Cohet al, 1999;
DeFrateet al, 2004).

When employing a direct approach to measure joontact, little knowledge is
obtained of the relative intensity of the contadthim the determined region of contact.
Casting, staining and dying techniques segmenbmegacross the articulating surfaces
that are either contacting or not contacting. Rrityi mapping assumes that regions that
are closer in proximity or distance are more likielycontact than regions that are further
apart. Therefore, contour maps can be generatsdaw the predicted joint contact area
for different threshold values. This allows for wadization of the relative intensity of
contact within a region, and can be used to firératroid of joint contact. This centroid
can then be measured at various positions througiheuarc of motion, allowing the
contact pattern to be tracked as well. Additionalhese methods can be fully automated

and used to examine contact in a dynamic manneugout a range of motion.

1.4.2.2 Three-Dimensional Model Rendering

The aforementioned computational approaches redne&goint to be statically
positioned during imaging. Using these images, as@farea measurements of joint
contact can be determined. Using these previoumigges in isolation would limit the
investigation of the joint biomechanics to staticédaded joints which does not represent
the physiologic motion a joint undergoes. Therefaegistration techniques and 3D

rendering approaches have been developed to aflwastigators to examine the joint
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biomechanics of joints undergoing physiologic meti@one models are reconstructed
from various medical imaging datasets and then et according to some form of
‘tracked’ motion. In this way, the position andenation of the bones in a joint can be
reconstructed or ‘rendered’ at any frame througlaouarc of motion. By combining these
techniques as well as a computational approaaht, fgomechanics can be reconstructed
and measured in real-time, and or during a phygiolmotion.

The two predominant approaches used to ‘render Biddels are
Radiostereometric Analysis (RSA) using markersysing contour (model)-based RSA
and registration. Both RSA and registration aresfids in orthopaedics as the bones are
considered to be rigid bodies themselves. As diehposition and orientation of any two
points on the rigid body is assumed to be fixedulghout motion. Motion measurement
systems employing optical tracking or video-baseotion capture systems are non-
invasive, but produce skin motion artifacts tharaduce error into the measurement
system. RSA techniques therefore provide an altemdo these approaches and are
extremely accurate (Kedglet al, 2009; Tashman and Anderst, 2008)this approach,

a minimum of three radiopaque markers (tantalundgeare inserted into the cortical
bone surface. Single-plane or bi-plane fluorosceopimeras are used to track the position
and orientation of each bead during motion. Thesages are calibrated and analyzed
using established stereometric techniques to meaiuramic joint motion. Model based

tracking has also been shown to be accurate arsdbiigdane x-ray images but tracks the
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contour of the cortical bone and matches each framae 3D reconstruction of the joint
obtained from CT and is less invasive (Bxal, 2008a; Waret al,, 2006).

Rigid body registration is an alternative approaoh ‘render’ reconstructed
models. The transformation is six degrees of free(® rotations, 3 translations) with no
deformation or scaling. Sadowsky al. (2002) describes registration as the finding the
transformations from one coordinate system to aroskich that the objects in the first
coordinate system are aligned with that of the séctn orthopaedics 3D-3D rigid body
registration is employed as reconstructed 3D maatelsegistered to physical 3D objects,
or 3D reconstructed models obtained from two déifervolumetric images are registered
(different time points or different imaging modeadg).

Surface-Based Registration:There are many types of surface based registratinn,

most commonly employed is the lterative CloseshP@CP) Registration introduced by

Besl PJ and McKay ND (1992), that represents aasarfs a collection of points. The
first step of the ICP is to establish corresponddmetween two sets of points (on the two
surfaces being registered). Subsequently, it itesigt generates a transformation that
would minimize the distance between correspondwigtp using a least-squares solution.
This process is repeated until the mean distanteela the corresponding points after
registration has reached a specified distance wibeu of iterations (Yaniv, 2008). Often

an initialization or alignment step is added tcsthegistration where manually selected
course alignment points are selected on both mduoisg registered to increase the

probability of finding a solution. The accuracy sfrface-based registration is typically
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examined by comparing the ‘fit'’ of the registeradfaces either qualitatively using a
colourmap, or quantitatively by examining interfage distances. The accuracy of a
surface-based registration is improved when thdtee contains unique features with
regions of high curvature (Mauret al, 1996; Maurer, Jiet al, 1998).

Paired-Point Based Registration: Surface-based registration in computer assisted
surgery and in many medical applications matchefase contours (represented as
points) typically obtained from a digitization of @actual surface (100-1000 points) and
surface contours extracted from reconstructed boogels. The number of points on
each surface does not have to correspond (targkicsutypically has more points). In
paired-point registration, corresponding points identified before the registration and
are homologous. As with surface-based registratipaired-point registration also
employs a least-squares minimization algorithmind & transformation that minimizes
the distance between homologous points after ragish. Homologous points are often
referred to as fiducial markers from the Latin wéidlicia meaning to trust-the location
of these homologous markers is fixed. Clinicallgatomical landmarks are chosen on
prominent structures. McDonalet al. (2007) investigated the accuracy of employing
anatomical landmarks in paired-point registrationtioe distal humerus and measured a
registration accuracy value of 1.9+£1.0mm. An aliine approach uses external markers
which have shown to be more accurate than usingpeneal markers (McDonaldt al,
2007). Previous studies have shown that surfacedbeegyistration is less accurate than

paired-point registration employing externally fied fiducial markers (Horn B.K.P,
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1987; Sadowsket al, 2002; Suganet al, 2001).The closed-form solution of the paired-
point registration described by Hoehal.is commonly employed (Horn B.K.P, 1987).

To assess the accuracy of paired-point registratMaurer, Jr.et al, (1997)
introduced three terms that can be used to desttrébeverall accuracy of a paired-point
registration. Fiducial registration error (FRE)sfitermed by Maurer, Jet al. (1997) is
the root mean squared vector in fiducial alignmeetween the image of the fiducial
markers and the physical location of the fiduciarkers attached to the bone. Fiducial
registration error should be used to assess thecteféness of the experimental
registration procedure. For example, FRE shoulddsessed during experimental testing
to ensure proper localization of the fiducials hygical space (to ensure that the tracking
system is working properly) and also to ensure that fiducial markers themselves
correspond. However, FRE is not necessarily relatedhe overall accuracy of the
registration (Fitzpatrick, 2009). Target regisiatierror (TRE), is the difference in
position of a target marker, located on the regibmterest (other than the fiducials) after
registration (Maurer, Jret al, 1997). Fiducial localization error (FLE) is therar
associated with determining the exact locationaahefiducial marker.

The overall accuracy of this technique is largelgependent of the object being
registered (Fitzpatriclet al, 1998). This independence is achieved becausdir@ct
contrast to a surface-based registration algorttrehuses points derived from the surface
of the anatomy for the purpose of registrationydhe fiducial or landmark configuration

is used in the registration itself. Therefore, fidecial configuration itself is an important
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factor governing the accuracy of the overall comfagion. Weset al, (2001) published a
set of guidelines to follow when employing fiducialarkers in paired-point rigid body
registration. This publication states that the masturate point-based registration
methods employ markers that are rigidly attachethéobone. Wesgtt al. (2001) stated
that when employing fiducial markers, the fiduaiaérkers should be positioned on the
rigid body being registered in a non-collinear ¢gufation. Additionally, the area of
clinical interest should be positioned in the ceidtrof the overall fiducial configuration.
Westet al. (2001) however notes that the position of eachdi@ should be as far as
possible from each other while maintaining the adtposition of the configuration.
Finally, when using paired-point registration, timber of corresponding points (the
centre of each fiducial) should be maximized; hosvethis increase in accuracy of the
registration rapidly decreases after 5 or 6 mark8exlowskyet al, 2002). For bone
mounted marker systems, the traditional numbeiduofcfals employed ranges from 3-5.
This value typically corresponds to a fiducial lization error of less than 1mm
(Sadowskyet al, 2002; Westet al, 2001).

Both registration and RSA techniques have advastagel disadvantages that
make use of their algorithm appropriate in différerperimental studies. In this current
thesis, the paired-point registration is used, @lovith proximity mapping to non-
invasively examine joint mechanics of cadaveriaf®in the upper extremity undergoing

simulated physiologic motion.
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1.5 Thesis Rationale

Arthritis is a common sequel of fractures and ligatous injuries. Although
numerous studies have attempted to understancatise @and therefore the prevention of
this complication, the mechanism remains elusigstkinematics has, in the past, been
employed to examine deleterious effects of varidirgcal conditions on joint stability.
While this has proven very useful to ascertain #ffect of various injuries and
interventions in general, it does not provide diiasight into the changes that may occur
at the joint articulations. This is of extreme imfamce as clinically, degeneration of the
articular cartilage is common sequelae of jointiigs.

Joint congruency and contact area are both diffigatametric values to obtain in
a non-invasive manner. As well, investigating tbée mechanics under physiologic
conditions either requires tedious rendering apgves, or is limited to small ranges of
motion. The ulnohumeral joint provides a significachallenge both in its motion
pathways (kinematics) as well as in its osseous atidular morphology. However,
problems with elbow instability and degenerativesedises persist. As such the
development of a technique to non-invasively examaint congruency and mechanics
that is accurate, validated and is capable of exiagi surface interactions while
undergoing continuous physiologic motion is neededwell, kinematic descriptors such
as varus/valgus laxity are currently used in theicland laboratory to examine elbow
stability. These quantitative measurements of jainction are useful to investigate the

efficacy and success of various surgical intervertitested in cadaveric studies and to
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evaluate patient prognosis. However, these descsipio not allow direct visualization of
articular interactions in six degrees of freedommerefore, registration algorithms must be
developed to directly visualize joint motion patlysato further examine the effect
various clinical outcomes have on joint stabilibdgorognosis. Future applications of this
technology to evaluate joint congruency during rigat reconstructions and joint
replacement surgery may allow for improved outcorf@fowing these commonly
performed procedures.

The clinical implications of using an imaging te@ue to non-invasively quantify
joint contact and tracking will eventually permiitet assessment of patients in the clinic
and will also potentially lead to an improved urglanding of the causes, prevention and
treatment of various cartilage diseases. In viewthid, standards of patient safety in
medical imaging must be examined to minimize thketdeous effects of commonly
employed medical examinations. Minimum dose scanprotocols must be established
to allow clinicians and researchers to accuratéiaiao volumetric data from patients to
examine joint congruency, but with consideration paitient safety. The knowledge
gained from this research will lead to an increasederstanding to the influence of joint
mal-alignment on resulting joint mechanics as lates to the understanding of risk
factors that lead to degenerative and debilitatimgnges which are prevalent in the joints

of the upper extremity.
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1.6 Objectives and Hypotheses

The specific objectives of this thesis are to:

1.

Determine the efficacy of employing imaging modesit to quantify joint
congruency at the uinohumeral joint of the elbow.

Employ a paired-point fiducial and surface basegisteation approach to render
3D models of the ulnohumeral joint undergoing dated elbow flexion.

Evaluate the accuracy of employing optical trackiagmprove the accuracy of
the registration algorithm to render 3D ulnohurhenation pathways as well as
assess the accuracy of this revised registralgoritnm and validate the use of
joint proximity mapping to investigate ulnohumej@ht congruency .

Apply this registration and joint proximity mappirtgchnique to quantify the
effect of ligament repair and rehabilitation tegiues on congruency at the
ulnohumeral articulation as well as quantify tle¢éationship between traditional
kinematics descriptors of joint motion (such agjua position) with the measured
joint congruency.

Determine the minimum dosage requirement to acelyrabbtain volumetric
images of the shoulder joint to investigate janhgruency at the glenohumeral
joint and extend the application of the joint groky mapping technique to the

glenohumeral joint.
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The following hypotheses were tested:

1.

1.7

The inter-bone distance algorithm used to assesglbyoint congruency will be
able to accurately predict regions of joint cohtas determined by the gold
standard experimental casting technique.

Three-dimensional visualization of the ulnohumegoaht undergoing continuous
elbow flexion will be achieved using a previouslgveloped elbow motion
simulator and a paired-point registration techaigRendered motion pathways of
the ulnohumeral joint during radial head excisand replacement will coincide
with graphical representations of valgus angutaéie a function of elbow flexion.
Low error values in the quantification of joint @yoency will be achieved using
optical trackers ( registration error < 1.00mmjl amall changes in the kinematics
of the ulnohumeral joint will result in marked féifences in the overall joint
congruency (less congruent) following collatergaiment repair.

Radiation dose can be reduced by more than 90%aif durrently employed

clinically while still allowing accurate measurem& of joint congruency.

Thesis Overview

Chapter 2 describes the development of an inteelatistance algorithm to non-

invasively examine joint congruency at the ulnohtahgoint. Results from a single

specimen are shown investigating the effect of |l@al elbow flexion angle on

ulnohumeral joint congruency. This technique istkalidated using the gold standard,

experimental casting technique.
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Chapter 3 describes a paired-point registratiohrtieie to render 3D models of
the ulnohumeral joint according to magneticallcked elbow flexion. Continuous elbow
flexion is achieved using a previously developedoel motion simulator. Fiducial
markers will be fixed to the denuded humerus and ahd will be used in the registration
to position the humerus and ulna according to theked motion that was achieved while
the intact elbow was in the simulator. Traditiokigematics examining valgus angulation
will be analyzed in five specimens and compareth&éo3D models of the ulnohumeral
joint throughout elbow flexion. The effect of radleead excision and replacement, on
ulnohumeral joint stability will be examined. Coaglmotion of the ulna with respect to
the humerus will be visualized using the registratiechnique employed in this study.
The accuracy of this registration will also be ekaad in a single specimen.

Chapter 4 explores the efficacy of employing optizacking to increase the
accuracy of the registration technique employe@hapter 3 to extend this technique to
incorporate the inter-bone distance algorithm ardmene joint congruency of joints
undergoing continuous elbow flexion in the elbowtioo simulator. The accuracy of this
revised registration approach will be examineddarfspecimens and the extension of
this technique to include the inter-bone distanigerghm will be validated in a single
specimen using the gold standard, experimentaihgaichnique.

Chapter 5 examines the effect of collateral ligaimepair on the stability and
ulnohumeral joint congruency in five specimens ugdag active and passive elbow

flexion using the registration and inter-bone dist algorithm described in previous
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chapters. The relationship between traditional tkiatics and joint congruency measures
will be examined.

Chapter 6 investigates the use of x-ray CT adatee to employing the inter-bone
distance algorithm clinically. This chapter invgsties the effect of tube current (5
protocols) and pitch ratio (3 protocols) on theeefive dose applied to five statically
positioned glenohumeral cadavers. The applicatioth® inter-bone distance algorithm
will be extended to the glenohumeral joint of thewder as this is a radiosensitive
region of the body. A minimum amount of tube cutrand pitch ratio will be determined
to develop a scanning protocol that applies thearmim radiation exposure to the patient,
while maintaining a level of high diagnostic imageality and utility. The inter-bone
distance algorithm is applied to each cadaverlidade varying protocols and compared.

Chapter 7 provides the conclusions as well as éutlinections of this research.
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Chapter 2 — Development of an Image-
Based Technigue to Examine Joint
Congruency at the Elbow

OVERVIEW
This chapter describes the development of an inbaged technique to

examine joint congruency; as a surrogate of joinbntact. To
demonstrate the utility of this technique, joinhgouency was examined
in a cadaveric specimen under statically loaded anlbaded conditions
throughout elbow flexion. This technique was thetlidated using

experimental castirly

2.1 Introduction

In the investigation of joint biomechanics, knowdedof joint contact area is
useful in identifying normal and pathologic meclwaniAs described in detail in Chapter
1 (Section 1.4.1) a variety @ vitro methods have been employed to elucidate contact
within diarthrodial joints, including various casgji (Ecksteiret al, 1994; Ecksteiret al,
1995; Liewet al, 2003; Stormonet al, 1985), staining (Blackt al, 1981; Stormonet
al., 1985), and stereophotogrammetric (SPG) technigifsshian et al, 1994;
Soslowskyet al, 1992). Few studies have investigagddow contact area and of those,
direct access to the joint’s articular surfacesbeen required (Ecksteat al, 1994; Goel

et al, 1982; Goodfellow and Bullough, 1967; Gabal, 2004; Stormonet al, 1985).

1 A version of this has been published: Lalone EADdoald CP, Ferreira LM, Peters
TM, King GW, Johnson JA. Development of an imagsdubtechnique to examine joint
congruency at the eloow. Computer Methods in Bidmeas and Biomedical
Engineering. 2012 Jan 13 [Epub ahead of print].
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These invasive methods employ partial or completet jexposure thereby altering the
joint’s kinematics by disturbing soft tissue statsts, thus making them less clinically
relevant.

Medical imaging based approaches employing x-ragprdged tomography (CT)
(Marai et al, 2004) and magnetic resonance imaging (MRI) (Besdial, 2005; Boyeret
al., 2008; Coheret al, 1999; Eisenhart-Rothet al, 2004; Goldet al, 2004; Gotcet al,
2004; Heino and Powers, 2002; Hinterwimneeral, 2005; Salsiclet al, 2003; Waret
al., 2006; Warckt al, 2003; Wretenbergt al, 2002) have been developed in an effort to
non-invasively quantify the joint mechanics andtegsharea. The implications of using
imaging to determine joint interactions are sigrafit as they provide a powerful clinical
tool for patient evaluation. Loscét al. (1997) noted that few techniques have taken
advantage of the volumetric data set, instead usiinge-dimensional (3D) imaging
technologies to examine serial slices through ¢ jn a two-dimensional (2D) fashion
(Brechter and Powers, 2002; Gadt al, 2004; Salsicket al, 2003; Wretenbergt al,
2002). This approach can produce erroneous results components of 3D lengths and
angles can be attenuated when being measured fr@m perspective (Losclket al,
1997). However, 3D joint surface analysis is difficto achieve when examining
topographically complex joints such as the ulnohw@nejoint of the elbow.

Computational models employing 3D volumetric dasave been developed and
employed proximity mapping (Anderst and Tashmam®32@teshiaret al, 1994; Beyet

al., 2008; Eisenhart-Rothet al, 2004; Gotaet al, 2004; Losclet al, 1997; Maraiet al,
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2004; Scherrer PKet al, 1979; Soslowskyet al, 1992). This approach was first
introduced by Scherreet al. (1979) and can be used with MRI images measuring
cartilage-cartilage distance (Cohetn al, 1999; DeFrateet al, 2004) or bone-bone
distances (Gotcet al, 2004) or alternatively, with CT images measurbane-bone
distances (Anderst and Tashman, 2003; Cateh, 1999; Gotcet al, 2004; Marakt al,
2004). Although these methods provide non-invasipproaches to examining joint
contact area, the experimental validation of thesmputational methods has not been
conducted (Anderst and Tashman, 2003; Cadtesd, 1999; Gotoet al, 2004; Maraiet
al., 2004).

The objective of this chapter was to develop anr@ggh for measuring joint
congruency using 3D volumetric images generate@byand proximity mapping. Joint
space measurements were obtained using an interistance algorithm to examine
overall joint congruency, a surrogate for joint tamt. The chief assumption was that
regions which are in close proximity, as measuredhfthe subchondral bony surfaces,
represent regions of joint contact.

This technique was used to measure ulnohumeral gomgruency in a cadaveric
elbow with simulated muscle loading at various aaghf flexion (0°, 30°, 60° and 90°).
Validation of this technique was conducted in dicjaint loading device, using a casting

technigue (Stormordt al, 1985) as a gold standard comparison.
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2.2 Methods

An overview of the data analysis and experimentatqeol is shown in Figure
2.1.

2.2.1 SPECIMEN PREPARATION AND L OADING

One fresh-frozen upper extremity was selected (M&8: years) that exhibited
minimal degenerative arthritis. The specimen wasti@@ed at mid-diaphysis of the
humerus and the distal portion was thawed at reonpérature for 18 hours. The tendons
of the brachialis, biceps and triceps muscles vusmilated for the purpose of joint loading
(during imaging) through simulated muscle tensiBraided Dacron® fishing line (18
gauge) was sutured to the tendons using a lockirakdv stitch. The specimen was
mounted in a CT-compatible custom designed elbamt positioning and muscle loading
device (Figure 2.2). This device allowed elbow iibex angle adjustments for muscle
loading at various static flexion angles. Musclasten was simulated using static
weights. The biceps and brachialis tendon suturere iensioned together with a 44N
weight. A second 44N weight tensed the tricepsdansuture. Pulleys allowed for the

approximation ofn vivo muscle lines of actian
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Pretesting CT
*  Pixel spacing 0.531x0.531x0.625mm

Specimen Preparation/Mount onto Elbow Positioning Device
Attach free-weights on to triceps, biceps and brachialis
* Position the elbow and fixed angles of 0°,30°,60°,90°

Obtain successive testing CT for all angles of flexion
*  Loaded/unloaded

[ DICOM-MINC conversion ]

Three-dimensional 3D Reconstruction
Pretesting/Testing CT Scans(0.30+0.15mm Error):
*  Select a threshold value to semi-automatically select only the osseous structures

Manually Segment Reconstructed Elbow

Pretesting CT
* Use a custom 3D model editor to manually separate humerus and ulna from each other
* Remove inner trabecula from each bone

*  Segment humeral and ulnar subchondral bone surfaces

Testing CT Scans
»  Segment humerus and ulna \
~

» Coarsely remove inner trabecula

ICP Registration (H
*  Pretesting Model to each testing CT 3D reconstruction ()
*  Registration Error: <0.40mm v
Inter-bone Distance Algorithm

Figure 2.1: Overview of Data Analysis and Experimetal Protocol

A) A pre-testing CT is acquired prior to testing.

B) Successive CT scans are acquired while the seecis in the elbow positioning
device.

C) The DICOM images are converted to a single MfN&Cand used to reconstruct a 3D
model.

D) A 3D reconstruction from the pre-testing CT audcessive testing scans (Di) is
created using a semi-automatic thresholding teaeid he pre-testing model (Dii)
however undergoes an additional post-processingualsegmentation to E) isolate the
humerus and ulna (F) remove inner trabecula andigBlate the subcondral region of
the humerus and ulna.

H) The pre-testing model is then registered usisgidace based ICP registration
technigue to map the pre-testing model to the lonatf each testing 3D reconstruction.
I) The inter-bone distance algorithm is then apglie each registered model at each
angle of flexion in the loaded and unloaded conditi

(BT
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Free Weights

Flexion angle adjustment cable

Figure 2.2: Elbow Joint Positioning and Muscle Loathg Device

The specimen was placed in a CT compatible jigchwvmaintained a fixed elbow flexion
angle by adjustment and positioned 480°60%and 9’ of flexion using a goniometer.

The wrist was positioned in neutral forearm rotatié-ree weights were attached to the
tendons (44N on triceps, 44N on biceps and brahiagether).

A) Isolated tendon attached to tendon sutures.

B) Humeral clamp positioned over the humerus.

C) Triceps tendon sutures positioned to repregenivo lines of action (also for biceps

and brachialis tendon).
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2.2.2 VOLUMETRIC |IMAGE ACQUISITION

Volumetric data of the intact specimen were acgupgor to testing (pre-testing
CT) and while in the loading device on test day (GBhtspeed VCT 64 Slice CT
Scanner, New Berlin, WI). The loading device wasipaned in the CT scanner so that
the long axis of the gantry was roughly parallel ttke long axis of the forearm.
Approximately 400 slices were acquired for eactcspen with a 20x20cm field of view,
a 512x512 reconstruction matrix, a 0.53x0.53x0.625v0xel size, and technique factors
of 146mAs, and 120 kVp. CT images were acquired wie prepared arm fixed at 0°,
30°, 60° and 90° of elbow flexion. Arm position weevified using a goniometer and CT

images were acquired in the unloaded and loadéessta

2.2.3 SEGMENTATION AND BONE SURFACE MODELING

Successive DICOM files generated from each CT seze converted to a MINC
file (Montreal Neurological Institute and HospitaB010) (Figure 2.1C). Three-
dimensional surface models were created using custdtware by manually selecting a
segmentation threshold to visualize only the bospeats of the volumetric image
(Marching Cubes Algorithm, VTK Version 4.2.1, Viszation Toolkit, Kitware, Clifton
Park, NY) (Schroeder Wet al, 1998)(Figure 2.1D). The reconstructed bone model
represents the subchondral region below the aaticurface of the humerus and ulna. To
ensure that a proper threshold was selected, sicee2D slices were overlaid with the
reconstructed subchondral surface to ensure thattlineshold selected accurately

corresponded to the outer surface of the imagesebossanatomy. In a separate specimen,
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the accuracy of this reconstruction was assesseaibtayning digitizations of a cartilage-
devoid humeral bone and comparing a surface recmtisin of these point clouds to a
3D model obtained from CT (Appendix I). The meastalce between these two surfaces
was 0.30+0.15mm. The humerus and ulna were sepdirai@® each other and from the
radius and saved as a separate file (Figure 2Additionally, the inside of the bone
model, corresponding to the cancellous bone, wasially removed to preserve only the
outer surface of the bone (Figure 2.1F).This preacreases the overall computation
time required for the inter-bone distance algorithiror the pre-testing bone
reconstruction, the subchondral surface was manwsbmented (Figure 2.1G) and
divided into medial and lateral zones (Figure 2R3)r the humerus, these zones were
divided along the deepest groove of the trochlegufE 2.3A). For the ulna, these zones
were divided along the guiding ridge of the greatgmoid notch (Figure 2.3B). Only the
subchondral bone surfaces were used in the intee-distance algorithm as these regions
correspond to the joint articulation. Inter-bonestahces were not measured for the
suprachondylar regions of the bones. The entirersuidral bone region of the humerus

and ulna were used to measure the surface atba stibchondral surface.
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Lateral Region

A

Figure 2.3: Humeral and Ulnar Articular Zones
A) Medial (purple) and lateral (pink) regions wereeated using the trochlea to divide

the articular surface of the humerus.
B) Medial and lateral regions were created usedgreater sigmoid notch on the ulna.
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2.2.4 BONE SURFACE M ODEL REGISTRATION

Bone surface models (humerus, ulna and segmentezhaudral bone models)
from the pre-testing CT were registered to corragpay models of each statically loaded
CT scenario (0°,30°,60°,90°) using the Iterativeoselst Point (ICP) surface-based
registration algorithm (Besl PJ and McKay ND, 199P2p ensure optimal alignment,
three anatomical landmarks were initially seleadedeach surface model and a paired-
point registration was performed for coarse aligntn&his was then refined by applying
the ICP registration with an end condition of saefanisalignment 0.001mm RMS or a
maximum of 100 iterations. A pilot study determirtbdt the mean distance between the
two surface models between the last two iteratignax. =100) of the algorithm was
0.0009mm (70 iterations) and 0.0022mm (100 iterafiofor the humerus and ulna,
respectively. The overall accuracy of the ICP regi®n was also examined in a single
specimen between the pre-testing and a testingT6&.mean distance between the two
registered surfaces was calculated by examiningligtances between all of the closest
points, resulting in a mean value of 0.38+£0.12mmaxnl.056mm, min: 0.02mm, 43377
points) for the humerus and 0.31+£0.13mm (max: 1/®0min: 0.01mm, 41898 points)
for the ulna. This registration was performed teesan the amount of post-processing
time required for multiple CT scans. Instead, tdetailed segmentation was only
performed on the pre-testing 3D reconstruction @iah registered to the position and
orientation of the humerus and ulna in each tes@igscan (0°, 30°, 60° and 90°).

Additionally, the subchondral surface area of thenrus and ulna were only segmented
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once and registered to each testing scan. As tifi@csuarea of the humerus and ulna are
used in Equation 2.1 in the inter-bone distancerdlym, it was important to ensure that
this value does not change between scans. Firadlgdditional motivation for requiring
this pre-testing CT was to facilitate the use ois throximity mapping technique
clinically. In order to reduce the amount of ragiatexposure, a single high resolution
scan of the elbow would be obtained, followed bgcesgsive low-dose scans at each
angle of flexion. The high resolution scans wernthegistered to the low dose scans in

the same manner as described above.

2.2.5 INTER-BONE DISTANCE ALGORITHM

Joint congruency was calculated using an inter-lastance algorithm. Proximity
mapping was used to provide an image of the ovgiialt congruency. The surface area
across the subchondral bone can be measured foer lgvel of proximity. The scale
used on the proximity map was selected by considerartilage thickness and joint space
(Appendix B, C). In this study, a region in whicttér-bone distances were less than 4mm
was classified as a ‘(close) proximity region’. Wit this proximity region (< 4.0mm),
‘levels of proximity’ were also employed measurithg surface area of the subchondral
bone within high proximity (< 0.5mm), medium proxiyn(< 1.5mm), low proximity (<
2.5mm) and ultra-low proximity (< 3.5mm).

The 3D surface reconstructions (Figure 2.4A) apasented as collections of
polygons (Figure 2.4B, C) and each polygonal seriaccontained by a wireframe mesh

(Figure 2.4D). Using custom software written witlTK/ minimum inter-model bone
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distances were calculated using a nearest poiptita- distance algorithm, where the

points correspond to the vertices within each gidar mesh (Figure 2.4E, F).
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Inter-bone Distance Vertices = Points Triangular Mesh

Figure 2.4: Schematic of Inter-bone Distance Algothm

A) A cross-section of the reconstructed bony models

B) 3D Reconstruction is composed of polygons.

C) Magnified view of polygonal surface showing undiial cells.

D) A wireframe encloses this polygonal surface.

E) At each vertex on the triangular mesh, a po@sides at each vertex on the mesh.
F) These points are the points used in the interebdistance algorithm.
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The algorithm first lists the Cartesian coordinatésll points on the humeral and ulnar
surface models, and assigns a location-specifiatiiitsation number (ID). This function
defined within VTK (FindPoint) assigns identifioati numbers to each point that was
based on the Cartesian coordinates of that pothimihe CT coordinate system for each
3D reconstruction. Therefore, two points having $hene Cartesian coordinate will have
identical ID numbers and the distance between thes#s would be zero. The algorithm
therefore uses these identification numbers torote which points (on opposing
surfaces) are closest in proximity based on thmsation specific ID number. The 3D
distance between these closest points was theualatd.

The surface area of the proximity region was deitgerth using the following

relationship:

SAubchondral_ SApresecribeddistar Equation 2.1

Nsubchondral N prescribeddistanc

The surface area of the subchondral bone modedetsmined by summing the
area of all its polygon$SAsubchondral bone The number of points contained on the
subchondral reconstruction was also recordegpiMndral bone The inter-bone distance
algorithm lists all of the minimum distance valuasasured. The algorithm then returns
the number of points found that have a prescrilog¢er-bone distance value (dcribed
distancg- 1he surface area of the entire proximity regie@mm), or given proximity level

(high, med, low, ultra-low) was determined by usirggarranging Equation 2.1 and
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corresponds to the surface area on the subchosdrice (SAyescriveddistande Within a
prescribed inter-bone distance threshold. An amalsgalculation to measure the surface
area of the proximity region (< 4.00mm) was alsofgyened for each zone of the
subchondral surface on the humeral and ulna aaticuirface (medial/lateral regions).

For visualization, inter-bone distances were diggilausing an iso-contoured
proximity map which was created by assigning distana colour value that was then
projected onto the bone. A scale (Omm: red, 4mmme)olvas chosen to display all of the
inter-bone distances that are less than 4mm, wdiilelistances greater than 4mm are

shown as dark blue.
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2.2.6 V ALIDATION

2261 Experimental Protocol

A separate cadaveric elbow (Female, 61 years) wgsoged in the validation
experiment. An intact pre-testing CT of the elboaswacquired using a helical scanner
64-slice computed tomography (CT) scanner (GE DisgoCT750 HD, Waukesha, WI).
Approximately 400 slices of the specimen were aegliusing the same scanning
protocol as in Section 2.2.2. All soft tissues witien removed and the humerus and ulna
were separated, and mounted into a previously dpedl joint compression apparatus
that produced a prescribed load of 100N acrossitt@humeral joint (Figure 2.5) (Willis
SR, 2006). The bones were aligned to achieYeo®flexion using a goniometer and then
potted using DenStone® cement (Miles Inc. Southd3éd, USA).

Approximately 150 slices of the specimen were thequired with the specimen
under load using the same scanning parameterseapréitesting CT. A specialized
casting technique was employed to quantify joimitaot. A medium viscosity regular
body dental casting material (Reprosil Medium Bodynyl Polysiloxine Impression
Material, DENTSPLY International Inc., York, PA) wanjected with a syringe between
the articular surfaces of the ulnohumeral jointe ompression force was applied to the
specimen, and the cast was allowed to set for Ttutes before retrieval. Articular
contact displaces the casting material and leaveacant region of where the contact
occurred. This casting process was repeated fmestito evaluate repeatability. Digital

images were obtained of the solidified casts uaicgmera.
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To quantify contact, the bones were released flmancbmpression jig, and each
cast was replaced onto the surface of the ulnae @eositioned, the contacting regions
of the cast (vacant regions) were digitized witpanted stylus using a six degree-of-
freedom electromagnetic tracking system (Flock infl& Ascension Technologies Corp.,
Burlington, VT). A 3D surface model of the resugfinontact patch was constructed using
MATLAB (Math Works Inc. MA, USA). The surface ar@athis patch, corresponding to

the total contact area, was then calculated.
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Loading Screw

Top Plate

Middle Plate

Displacement
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Base Plate

Figure 2.5: Joint Loading Device

A previously developed CT compatible joint loadilegice was employed to apply a
repeatable axial load to the ulnohumeral joint vehilndergoing imaging. The potted
specimen is located on the base of the loadingcdevihe top and middle plates are
lowered to engage the spring which is located @nldbne mount. The loading screw
depresses the spring (by an amatiptausing a displacement of the bone mount thus
applying an axial load. Calibration of this sprimgas achieved using a load-cell. (Willis
SR, 2006)
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2.2.6.2 I nter-bone Distance Analysis

Using the inter-bone distance algorithm and theaioktl volumetric images,
proximity maps were generated as described in @eti2.5. The proximity map and the
corresponding experimental casts were then comparegrically. To compare the inter-
bone distance algorithm and the experimental agstumerically, forty-one inter-bone
distances (0-4mm with 0.1mm increments) were ieseihto the inter-bone distance
algorithm and the resulting areas for the humengsdna were obtained. In this study,
pre-defined values for inter-bone distances weredut® define the four levels of
proximity. In theory however, the surface area ofjigen proximity region can be
measured usin@ny inter-bone distance value. Therefore, experimentating was
employed to provide insight into the correspondinggr-bone distance threshold that
would yield the surface area on the bone that wasleto the contact area as defined by
the cast and to ensure that this inter-bone distalgorithm was less than the 4mm used

on the proximity maps.

2.3 Results

2.3.1 EFFECT OF FLEXION /LOAD

The proximity maps (< 4mm) for the unloaded andléxhconditions are shown
for the humerus (Figure 2.6) and the ulna (Figui® at each position of elbow flexion
(0°, 30°, 60°, and 90°). Using these proximity mdpsvas possible to examine how the
joint congruency and proximity region track acraise articulation through a range of

motion. At full extension, the proximity region wéscated on the posterior side of the
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humerus and there are no regions of close proximitythe anterior surface of the
humerus. However, with increasing flexion, thisioegof close proximity tracks to the
anterior surface of the humerus. This effect casd®n in both the unloaded and loaded

scenarios.



Scale |0° 30° 60° 90°

4.00mm

Unloaded

Loaded

0.00mm

Figure 2.6: Anterior Humerus Proximity Maps

Inter-bone distance proximity maps throughout fstatically loaded and unloaded
positions. Note that regions that are red corregptmclose proximity while blue
corresponds to distant. As elbow flexion increatesyegions of close proximity
translate from the posterior to anterior regiontbé distal humerus.
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Figure 2.7: Anterior Ulna Proximity Maps

Loaded and unloaded proximity maps for the antewioa at each angle of flexion.
During all angles of elbow flexion, the proximiggion appears in a diffuse pattern.

Once a load is applied the same proximity regiocolbees more concentrated with a
decrease in the superior and inferior lateral regio

71
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Examining the distribution of the proximity regi@am both the medial or lateral
region of the humerus and ulna, the proximity miapscate that for each condition, the
proximity regions occur evenly across the mediall deteral zones in early flexion
(extension) and then are predominately on the rheside in full flexion. This
observation was supported quantitatively in Tableshowing the ratio of the medial to
lateral proximity region for the four flexion anglén the unloaded and loaded conditions.
Proximity regions (< 4mm) for the medial and lateside of the humerus and ulna were
normalized by dividing the surface area (of thexprity region) by the total the surface
area of the medial/lateral region.

Examining the effect of load in this testing praibat appears that at all angles of
elbow flexion; the proximity region appears in #use pattern that extends transversely
across the superior region of the greater sigmotdmand inferiorly to the medial side of
the ulna. However once a load was applied to that,johis same proximity region
becomes more concentrated with a decrease in trexrisuand inferior lateral region of
the ulna.

This decrease in the overall size of the proximégion with load was verified by
examining the proximity levels. Levels of proximifgigh, medium, low and ultra-low)
for the ulna were examined for each loaded/unlodi#s@d position as shown in Figure
2.8. Analogous calculations of contact area wemrdopaed for the humerus and ulna.
With the exception of 30°, there was a decreasaiiface area for each proximity level

with loading. In general, the surface area of gaaximity level for all static positions
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for both the humerus and ulna were all less thadOd®f. The surface area of the
subchondral bone for the humerus was 1590n®796 points) and 1636nfn(8438

points) for the ulna.
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HUMERUS | ULNA
Unloaded 0° 0.90 0.89
Unloaded 30° 0.99 0.94
Unloaded 60° 1.07 1.08
Unloaded 90° 1.16 1.26
Loaded 0° 0.84 0.84
Loaded 30° 0.96 0.91
Loaded 60° 1.21 1.20
Loaded 90° 1.47 1.55

Table 2.1: Ratio of medial to lateral contact for he humerus and ulna in each

loading scenario (Threshold = 4mm)

Proximity regions (< 4mm) for the medial and latiesale of the humerus and ulna were
normalized by dividing the surface area (of thexumaty region) by the total the surface
area of the medial/lateral region. The proximitgi@ns occur evenly across the medial
and lateral zones in early flexion (extension) #meh are predominately on the medial
side in full flexion.
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Figure 2.8: Quantification of Joint Congruency at @ch Proximity Level (Ulna)
Surface Area values for each level of proximitygfHiMed, Low and Ultra-low) are
shown between loaded and unloaded scenarios &00760° and 90 °of flexion. The
surface area decreased once the load was appliéd,&0° and 90° of flexion.
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2.3.2 V ALIDATION

Experimental casting has been previously reportedoé a very repeatable
technique as well as the gold standard techniquxamine joint contact area (Stormont
et al, 1985). The results of a single cast are showkigare 2.9A. The mean contact area
measured was 124.30+8.22fhrfhis image was taken with the cast against & sghrce
to show where the cast material was very thin spwading to closer proximity regions.
The experimental cast had a large upper and lowediah region of contact which
occurred on the periphery of the joint. On therkitside, the cast showed a large superior
region of joint contact that extended down therkdtside of the ulna, but did not fully
contact. Also on the lateral side, there was aeldower region of contact at the coronoid
process that then extended to the centre of the¢oiding in another contacting region.

On the proximity map (Figure 2.9B), a similar fizene pattern can be noted. The
red-orange regions of the proximity map corresptndegions of closer proximity, and
map to the same upper and lower medial regionketkperimental cast. On the lateral
side, the same ‘stripe’ region of cast can beemn ssea yellow-orange stripe of lateral

‘close proximity’ on the proximity map.



A. Experimental Casting B. Minimum Distance Proximity Map

Coronoid
Process

Lateral

D . >
Medial .+« Lateral

Figure 2.9: Comparison of Experimental Casting vsProximity Mapping

A) The contact pattern measured using the siliccagting material.

B) The corresponding ulnar proximity map is showd aompared to that of
experimental casting. The coronoid process of tha is shown in both images as a

reference.
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The relationship between prescribed threshold lawdl resulting surface area for
the humerus and ulna is shown in Figure 2.10. Atdah inter-bone distance, the surface
area on the humerus or ulna does not exceed 860fm® total surface area of the
humeral subchondral bone was 1367.6Framd 1009.46mffor the ulna.

The contact area for the cast was 26Fmusing the graph in Figure 2.10, this
corresponded to a prescribed distance of 1.2-1.3msing the inter-bone distance
algorithm. These prescribed distance values wetkirwthe range of those used in the
inter-bone distance algorithm (< 4mm). The intetisecof the cast contact with this

graph indicates the range of ‘true distance’.



90¢

800 —=—Humerus

- ]Ing /
700

—Cast

600

50¢

400G

300

Contact Area (mm3)

200

106

Threshold Value (mm)

Figure 2.10: The Effect of Threshold Selection on &culated Joint Contact Area
Forty-one (41) threshold inter-bone distance valwese inserted into the inter-bone
distance algorithm to obtain a measurement of tiréase area of the subchondral bone
that was within a prescribed distance from the qgpg articular surface. Note that the
humerus and the ulna have different subchondraklmnface areas; therefore the
contact area measurements between the humeruslaadiffer. The contact area of the
experimental cast is also shown to identify theesponding threshold.
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2.4 Discussion

The current study presents an approach for modeloigt congruency in
articulations implied from actual measurements obchondral bone distance. This
techniqgue was validated using experimental cagtingerify that using the inter-bone
distance algorithm; it was possible to locate regiacross the articulating surface that are
most likely to be in contact.

Results for this study are for a single specimedy and therefore cannot be used
to describe trends in ulnohumeral joint contactthBg the purpose of this study was to
introduce the developed inter-bone distance, vediita use, and demonstrate the utility
of this technique in a single specimen to examimreedeneral effect of load and flexion
angle.

Few studies have investigated ulnohumeral contadtgteinet al, 1994; Goekt
al., 1982; Goodfellow and Bullough, 1967; Gatb al, 2004; Stormontet al, 1985;
Walker PS, 2008). The reported trends in ulnohuhematact patterns throughout elbow
flexion and under loaded conditions are similatht® results of the current investigation.
(Gotoet al, 2004) also used proximity maps to determine Blptontact patterns at the
ulnohumeral joint and found that on the humerus, ¢bntact pattern on the trochlear
surface was predominantly on the medial facet efttbchlea for any possible elbow

position (0°, 90°, 135°). The inter-bone distanégoathm in this current study also
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indicated that there was a tendency for the prdyimegion to be concentrated on the
medial side of the ulna and the trochlea at 60°307d

The results of this current study also found tmafull extension, the proximity
regions occurred near the olecranon fossa of timeehus (posterior), the region on the
humerus that receives the olecranon process oultilaeduring full extension. However,
throughout flexion, the proximity region tracks embrly as the elbow becomes
increasingly flexed. The current study thereforendestrated the anterior tracking of the
contact area on the humerus during flexion as destby Shibaet al.(1988)

Stormont et al. (1985) indicated that experimental casting was thest
reproducible direct method of measuring joint cont&xperimental casting measures the
contact area between two opposing surfaces. T joier-bone distance provides a
measure of joint space, or overall joint congruendye two techniques examine joint
interaction, but the inter-bone distance algoritdoes not account for joint cartilage.
Therefore, at no point in time, unless the carélag missing, should the two 3fbne
reconstructions actually contact. The measuredt jepace is a combination of the
perceived gap (where cartilage would be if CT coptdvide contrast between the
cartilage and bone) and the surrounding joint spzengsed by the geometry of the
condylar surfaces. Therefore, the measured outo@mables are slightly different and
are hence difficult to quantitatively compare.

Initially, the joint cast and the proximity map die validation specimen are

compared qualitatively. It was interesting to nimtd-igure 2.9 that the experimental cast
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has regions that are close to contacting, but cioa#ly contacting. This was a consistent
characteristic for the ulnohumeral joint as thekhess of the cartilage is not consistent
across the greater sigmoid notch, and sometimesliitigbution of the cartilage is not
even homogeneous as described in Chapter 1 (Setiib®) (Tillmann, 1978). As a
result, there appears to be regions of the castenthe two surfaces do contact (vacant
regions), but also where there appears to be fthgamegions of the cast. As part of the
validation, it was essential to ensure that thBseing regions corresponded to the same
regions on the proximity map that were in ‘closgdpmity.

To quantitatively compare the contact area as nmedsuom the cast and that of
the proximity map, the inter-bone distance was amned. In the absence of cartilage, a
single value for ‘inter-bone distance’, which wowdrrespond to the combined cartilage
thickness for this specimen, would not be appro@rigven the in-homogeneities present
in the cartilage thickness. Rather, joint congryewas examined and used to measure
the overall distribution of the joint space.

The surface area obtained from the experimentdlwas used to determine an
approximate value for inter-bone distance as shawrrigure 2.10. The inter-bone
distance algorithm provided a range of contact amdaes based on varying inter-bone
distances. Figure 2.10 shows that these two satargés intersect at approximately 1.2-
1.3mm. As part of this validation, it was importantensure that this 1.2-1.3mm distance
was less than 4mm, which was the inter-bone distaheceshold, used in all of the

proximity maps. This value may be slightly loweramhthe expected thickness of
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cartilage, as the articular surfaces for the vélidaprotocol may have become slightly
dehydrated as the joint capsule was dissectedjtdesypious hydration of the exposed
surface during testing. Additionally, the viscodéilasand time-dependent response of
cartilage to the applied load was not considerethis study. To ensure that the silicone
cast had sufficiently hardened, the load was agbe approximately 10 minutes. During

this time, the cartilage surfaces may have defornéerefore any deformation of that

occurred would not have been accounted for asgbenstructed models were obtained
directly after injecting the casting material.

Figure 2.10 shows the relationship between threlshod calculated contact area.
As the threshold increases, so too does the nuailyecruited points. Since total surface
area of the humerus and ulna are not the samesftinerthe curve of the humerus and
ulna diverge as the number of points on the ulnaaller surface) saturate and further
points on the humerus are recruited.

It is important to note that the contact patterresented in this study provide an
estimate of the articular interactions. The proxynmethod has an inherent limitation in
that it does not consider cartilage thickness,tionaand deformation. A single inter-bone
distance value was chosen to be able to obtain asune of the surface area within a
given level or proximity in various loading and elb flexion positions. While this
provides insight into the relative distribution ffint congruency undergoing loaded
elbow flexion, it does not enable an absolute nmasit contact area to be calculated.

DeFrateet al. (2004) suggested that examining joint proximityhe absence of cartilage
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may actually overestimate the calculated contaet an the knee. Therefore, further
refinement of this algorithm is needed to incorperthe cartilage thickness and to
determine if the same overestimation of contact aczurs at the elbow.

Proximity mapping is a well-established technigwe examine joint surface
interactions (Chapter 1 Section 1.4.2.1). Neveetbgl previous studies employing this
technigue to examine joint contact area have belectant to term the measured surface
area ‘contact’ (Anderst and Tashman, 2003; Gettaal, 2004; Maraiet al, 2004).
Anderstet al. refer to these contact regions as ‘size of subdtabrairface areas within
very close contact’ whereas Gato al. refers to the same areas as regions of ‘inferred
contact region’ or Maragt al. ‘estimated joint contact area’. This is partiallyedto the
fact that cartilage is not accounted for in thelgsis. Additionally, none of these
methodologies have been validated. The currentysisidhe first proximity mapping
technique, to our knowledge that has been validas#lg a casting technique. Contact
area was defined in this study as a proximity negwith corresponding levels of
proximity. We developed an inter-bone distance w@ilgm to examine overall joint
congruency to be used as a surrogate for jointacbnTherefore, joint contact can be
defined in this study under the stated assump@okswithin the given limitations of the
technique. With further refinement of the algorittand consideration of the cartilage
thickness, this technique can be used to reliadohgl accurately measure joint contact

area.



85

Used in anin vitro biomechanical laboratory, this image-based allgoritcan
examine the effect of various ligamentous and asseojuries on the resulting joint
congruency. The clinical importance of any contaceéa algorithm is the overall
magnitude and distribution, and most importantly thange in these parameters in the
context of an injury or mal-alignment, and as lates to degenerative cartilage diseases.
In its current form, this technique does not reguiirect access to the joint and therefore
preserves the ligamentous and capsular stabiliggadaveric specimens can be loaded
into the repeatable elbow positioning device whidact and subsequently after a
simulated injury and reconstructive techniques hbgen performed. However, in its
current form, the biomechanical analysis is limitedstatically loaded scenarios. The
objective of this chapter was to develop the ifitene distance algorithm and validate its
use. Further refinement of this algorithm is howenegjuired to investigate the effect of
inertia as well as dynamic stabilizers on resuljoigt congruency.

The approach presented in this study will everyualllow clinicians and
researchers to gain insight into how joint stapiind gross bony position affect these
articulations. Ultimately, this will lead to an mased understanding to the cause of

various cartilage degenerative diseases that rigdlaliving most orthopaedic trauma.
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Chapter 3 — Visualization of 3D Elbow
Kinematics Using Reconstructed Bony
Surfaces

OVERVIEW

The objective of this chapter was to develop a rtegle to render
reconstructed bone models undergoing simulatedwelHexion. Using

registration and the inter-bone distance algoriti@hapter 2), it was
possible to quantify the congruency of the elboweugoing simulated
active flexion. The clinical focus of this chapteas radial head excision
and arthroplasty as well as the influence of dyrastabilizers of the
elbow. Valgus motion of the elbow was achieved ive tadaveric
specimens using a previously developed elbow mosonulator.

Visualization of the motion of the ulna with redp&x humerus at the
ulnohumeral joint was obtained using a contact-lobhsegistration

technique. Employing fiducial markers, the rendehegnerus and ulna

were positioned according to the simulated mofion.

2 A version of this has been published: Lalone EA&Ddnald CP, Ferreira LM, Peters
TM, King GJW and Johnson JA. Visualization of 3b&l Kinematics using
Reconstructed Bony Surfaces. Medical Imaging 2¥1€ualization, Image-Guided
Proceedings of SPIE Vol. 7625 (SPIE 7625).
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3.1 Introduction

Various methods have been employed to accuratedasaore human joint
kinematics bothin vivo andin vitro (Beingessneet al, 2004; Ferreiraet al, 2010;
Ferreiraet al, 2011; Fraseet al, 2008; Johnsoat al, 2005; Kinget al, 1999; Pichorat
al., 2007; Pollocket al, 2009). Commonly used descriptors of joint kindogatnclude
varus-valgus joint laxity, changes in internal axdernal rotation, or changes in varus-
valgus angulation of one bone relative to anothgpically, a graphical representation of
the motion pathway of the bones within the joirg aresented describing the effect of
various clinical variables on joint stability. Whilthese descriptors have shown to be
useful in developing new therapeutic techniques @ences to restore overall stability
following injury, they do not provide specific imfmation regarding the joint itself.

To increase our understanding of joint mechanicsuléaneous visualization of
kinematics with the joint morphology can be usef8kveral approaches have been
developed to achieve this goal and involve obtainmlumetric or planar images of
joints using MRI (Fellowset al, 2005) (or cine phase contrast MRI) (Barraeteal,
2005; Muhleet al, 1999; Sheehaet al, 1998; Shellocket al, 1993), CT imaging
(Muhle et al, 1999) or stereometric methods (Andezttal, 2009; Beyet al, 2006).
While these studies can visualize the relative tmosiand orientation of the bones
articulating in joints, they are limited in the gas and types of motions that can be
achieved using these forms of medical imaging.

Other techniques developed to visualize 3D joineknatics link the anatomical

geometry obtained from CT or MRI to the informatioiptained using a motion analysis
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system such as spatial linkage devices, (Sholeklad, 2006; Van Sinet al, 2002; Van
Sint et al, 2006) electromagnetic (Jacksenal, 1994) and optical systems (Sugaeto
al., 2001). Anatomical landmarks, surface digitizasiar external markers are digitized
and used to register the coordinate system asedciaith the tracked motion to the
coordinate system of the 3D reconstruction. Theontgj of these approaches however
require multiple digitization procedures which &dious in practice, and ultimately limit
investigations to statically loaded joint positioffSscheret al, 2001; Suganeet al,
2001).

The objective of this study was to develop a regigin protocol that can be used
to link kinematic data of joints undergoing contoag elbow flexion, with the 3D subject-
specific anatomy obtained using CT. Using the tepies described herein, continuous
motion of the joint can be tracked and analyzed pos, thereby preserving the intact
normal joint kinematics. External fiducial marken® registered to the tracked simulated
motion using a contact-based registration technidire applications of this technique
will be numerous and include functional anatomychteques in computer-assisted
surgery and as a biomechanical tool used to iryegstithe role of joint mal-alignment
and joint stability following injury. The specif@im of this current study was to evaluate
the feasibility and utility of this approach, byrfming anin vitro study using radial

head resection and arthroplasty as a provocatigdeestorative model respectively.
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3.2 Methods

An overview of the experimental protocol is showrFigure 3.1.

3.2.1 VOLUMETRIC |IMAGE ACQUISITION

Five fresh-frozen upper extremities (70 £10 yrsRight, 2 Left, 4 Females, 1
Male) sectioned at the mid-humerus were employegrétesting 3D image of each
specimen was obtained prior to testing using alié4-€T scanner (GE Lightspeed VCT
64 Slice CT Scanner, New Berlin, WI) (Figure 3.}, Approximately 600 slices were
acquired for each specimen with a field of view ae20-22x20-22cm and a 512x512
reconstruction matrix (146mAs, 120 kVp). The sidetlee voxels was approximately
0.4x0.4x0.625mm. A 3D model of the joint was obg&ginusing the marching cubes
algorithm available within the Visualization Todlk(VTK, Kitware, Clifton Park,
NY)(Schroeder Wet al, 1998). A manually set threshold was chosen taahze only
the bony aspects of the cadaveric specimen asilbeden Chapter 2 (Section 2.2.3). This
current study investigated bony alignment and positof the ulnohumeral joint
comprised of the distal humerus and proximal ulh#he forearm. Therefore, the ulna

and humerus were manually segmented and savepastevolumetric files.

3.2.2 SPECIMEN PREPARATION

Prior to testing, the specimens were thawed at reonperature for 20 hours. The
distal end of the humeral shaft was completely deduof all soft tissues to allow for
fixation into the upper extremity testing systeng(ffe 3.1, 2). The tendons of the triceps

(TRI), biceps (BIC), brachialis (BRA) and brachidiais (BRD) were exposed and
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sutures were secured to each tendon. A magnegitvezamount was rigidly attached to
the distal ulna and humerus. A receiver mount v&s attached to the proximal humerus.

Receivers were securely fastened to the mouncirrate spatial tracking.
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1. Pre-testing CT

v

2. Specimen Preparation

|

3. Motion Simulator Protocol
Intact
Annular Ligament
Radial Head Resection

Arthroplasty
P 4-5.

4. Denude Specimen ig

|

5. Attach 4 fiducial markers
* Humerus
e Ulna

6. Digitize Fiducials

7.
- 7. Post-testing CT
X! (with fiducials)

8. i!
Figure 3.1: Overview of Experimental Protocol

1. A pre-testing CT is acquired

2. The tendons of relevant muscles were isolatedsatured to prepare for elbow flexion
simulation.

3. Elbow flexion was simulated using a previouglyadoped motion simulator. Elbow
flexion was repeated in the valgus gravity depengdesition for the each clinical
scenario.

4. Subsequent to testing, the specimen was demundiedisarticulated.

5. Fiducial markers were attached to the humerus ana.

6. The fiducials were digitized using a trackedusty

7. A post-testing CT was acquired.

8. Three-dimensional reconstructions of each fiduciarker as well as the humerus and
ulna were created.

. L \L . .

8. Three-dimensional
Reconstruction

* Humerus/Ulna
* Fiducial Markers
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A Steinmann pin was drilled through the long fingestacarpal into the radius to prevent
wrist motion. A 3.5 mm drill tap was placed throuple radius and ulna with the forearm
maintained in neutral rotation to prevent foreaotation. All skin incisions were closed

used #2 Vicryl skin suture and the specimen was kggrated throughout testing using

normal saline.

3.2.3 TESTING AND KINEMATIC MEASUREMENTS

Elbow extension was simulated using a previouslyetbped testing apparatus
that employs active muscle loading to achieve elbod forearm motion as shown in the
valgus gravity dependent position in Figure 3.2ri(ea et al, 2010). Muscle loading
protocols are used which attempt to maintain conistalocity (Ferreiraet al, 2010).
Motion of the humerus and ulna and relative to tria@smitter was recorded using an
electromagnetic tracking device (Flock of BirdscAssion Technology, Burlington VT).
The device was sensitive enough to read positiandlrotational changes of 0.2mm and
0.1° (Milne et al, 1996). The mean positional error for this devieed.5mm with a
maximum of 1.0mm. The mean rotational error is 1d@%he rotational increment (Milne
et al, 1996). Ferromagnetic materials were removed ftloentesting apparatus prior to
motion simulation to prevent interference with thmagnetic signal. A pointed stylus
attached to a receiver was employed for digitizattbthe anatomical landmarks required
to generate the elbow coordinate system. The huswveas secured in the upper extremity

testing apparatus (Figure 3.1, 3).
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Magnetic Field Generator

Actuator

Figure 3.2: Elbow simulator
The cadaveric specimen is surgically prepared dr&shtmounted to the simulator using a

clamp in the valgus gravity dependent orientatibine tendons of the relevant muscles
are attached using cables to the motors and actsato
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The sutured tendon of the BRD was attached to guatemncontrolled pneumatic actuator
simulating the line of action of the musatevivo. The tendons of the BRA, TRI and BIC

were attached to three separate servo motors.

3.2.4 EXPERIMENTAL PROTOCOL

Active elbow extension was simulated with the speei in the valgus gravity
dependent position, initially in thatact condition. An anterior approach with sectioning
of the anterior portion of the annular ligament amderior capsule was used for radial
head excision and arthroplasty. To evaluate thecefif any, of the surgical approach, the
annular ligament and anterior capsule were sulgiagapaired using sutures and the
simulation protocol for flexion and extension waspeated gnnular ligament The
sutures were removed from the annular ligamentthedadial head was resected at the
head-neck junction using a reciprocating bone sHwe annular ligament and capsule
were then repaired and active elbow flexion anceresibn was repeatedaflial head
resectedl

The resected radial head was templated and an @ sized metallic radial
head implant was inserted into the elbow (Evolvé®ight Medical Technology, USA).
The annular ligament and anterior capsule was agpaired and the simulation protocol
was repeatedddial head replaced

At the end of the simulation protocol, the elbovd avrist were disarticulated and
denuded of all soft tissue (Figure 3.1, 4). Surfdagtizations of relevant anatomical

landmarks on the humerus and ulna were obtained.
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3.25 FiDucIAL PLACEMENT /REGISTRATION

A contact-based registration technique employing tise of external fiducial
markers was used to register the pre-testing caedptamography (CT) data to the
kinematic data collected during experimentationstGm software was written within the
visualization toolkit to perform the paired-poirdgistration on the reconstructed bony
models (Schroeder Wt al, 1998). On the denuded bones, four 19 mm delriegs
were securely attached to both the humerus and dWhe as shown in
(Figure 3.1, 5). Two spheres were positioned mAdiaral distally, and two
medial/lateral proximally (Figure 3.3). The locatiof the fiducial spheres did not exceed
10 cm from the joint articulation of interest. Tloeation of the centre of each fiducial

was obtained by manually digitizing the surfacengsa 3 pointed tracked pointed stylus

Receiver

and the electromagnetic tracking systeimdals ) (Figuie 6). These digitized points

were sphere-fitted using a least squares spheirggfelgorithm. On average, 8000 points
were digitized on the surface of each fiducial rear&nd used in the sphere-fit algorithm.
A post-testing CT scan was performed (with the saocamning parameters) to obtain the

coordinates of each fiducial marker with respecthi® 3D reconstructed model of the

humerus and ulna & . P) (Figure 3.1, 7). A 3D model of the humerus andauvas

Fiducials

created (Section 1.2.1). Additionally, a separatamumally selected threshold was selected
to obtain a 3D model of each fiducial. Each 3D ¢idli marker was then segmented and

sphere-fitted to obtain the location of the cewfreach fiducial (Figure 3.1, 8).
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The initial intact pre-testing CT was registeredhe post-testing CT (containing
the fiducial markers) using the iterative closesinp (ICP) surface based registration

algorithm and three coarse alignment points (Bddriti McKay ND, 1992).



Fiducial
Markers

Figure 3.3: Fiducial Marker Configuration

Four 19mm delrin spheres were attached to the detitdimerus and ulna for

registration.

100
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3.2.6 KINEMATIC ANALYSES

The centres of the digitized anatomical landmarkdshe humerus and ulna were
used to generate an anatomically relevant coomiggétem. On the humerus, a trace of
the capitellum, the trochlear groove and the petemef the humeral shaft was obtained
using the tracked pointed stylus. The capitellugitidiation was sphere-fitted using the
least-squares algorithm and the centre of the elapit was found. The trochlear groove
and humeral shaft trace were both circle-fittedngsthe least-squares circle fitting
algorithm and the centre of the each trace wasirditaOn the ulna, a trace of greater
sigmoid notch ridge was obtained and circle fittadsingle point on the distal ulnar
styloid was digitized and a medial point, not oa #matomy, near the proximal end of the
ulna was digitized. Orthogonal planes to the flaxéxtension axis for the humerus and
ulna were oriented proximally and anteriorly. Trenite of the capitellum and trochlea
defined the flexion/extension axis of the humerkimematic data obtained from the
tracking system were then transformed to the anatooordinate systems to express the
motion of the ulna with respect to the humerusugtmut elbow flexion (Johnsaet al,

2000).

Lab
A transformation matrix ReceverT) of kinematic data recorded during simulated

motion was obtained at discrete instances througHexion (0-120°) describing the
position and orientation of the ulna and humeru$ wespect to the global lab coordinate
system using custom software. Such matrices desdikcrete positional data of the

continuous elbow motion.
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For the registration method used in this study tlansformation matrix was used
to transform the relative position of each fidu@al both the humerus and ulna according
to each frame of motion using matrix operationssTdperation is given by (for each of

the four fiducials on the humerus and ulna seplgjate

Equation 3.1

Remever LabP
ReC|ev F|dUC|aIs Fiducial

(@15°,30°,45°,60°,75°,90°,105°,120°)

This operation was repeated for all 4 fiducial ceston both bones, for every 15
degrees, thereby registering the fiducials (caflégbost-experimentation) to the global
CS used during experimentation.

Using Horn’s closed form solution paired-point stgation, a rigid body
transformation of the homologous fiducial markersated on the 3D surface models and
the transformed fiducial markers digitized using tracking system was obtairle@his

registration was repeated at 15°, 30°, 45°, 60°, 98°, 105° and 120°.
Equation 3.2

o P « REGISTRATION- [ycme Py

Fiducials Fiducials

This transformation was then applied to both thgiorof the humerus and ulna
independently to transform the bony models intarttendered position according to the

tracked simulated motion. The positional ulnar-uldéferences between the radial head
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intact, radial head resected and radial head reglascenarios were then directly

visualized using this approach. Figure 3.4 shoWsvechart of this registration protocol.
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. Post-testing CT
Pre-testing CT b T e )

N

Registered Pre-testing CT Tracked Simulated Motion

[ Paired-Point Landmark ]

Registration

Registered 3D Bone Reconstruction:
Visualize Simulated Motion

Figure 3.4: Registration Protocol for Visualization

In the first phase of the registration protocole titerative closest point registration
algorithm was used to register tpee-testingmnodel to the position of the post-testing CT
model (containing the fiducial markers). During tecond phase, paired-point fiducial
landmark registration was used to register the bomdels (obtained from CT) to the
location of the forearm during simulated motioningsthis approach, the position of the
ulna and humerus could be rendered according tcstimellated motion.



105

3.2.7 KINEMATIC DESCRIPTORS

Typical kinematic descriptors report the motiontbé humerus and ulna with
respect to each other as an indicator of elbowil#jaldn this study, valgus angulation
(which describes the outward or lateral angulatidrthe long axis of the ulna with
respect to the long axis of the humerus) was inya&d. Valgus angulation was obtained
using Euler angle decomposition (flexion-extensigarus-valgus angulation, internal-
external rotation) of the kinematic data using costvritten software. Valgus angulation
(expressed in degrees) was examined at 15° intethiabughout flexion in the intact,
annular ligament, radial head resected and radiatl replaced scenarios. A repeated-
measures analysis of variance test with Bonferconiection was used to detect statistical
differences in the kinematic data for each radighd testing condition (intact/annular
ligament control/resected/replaced) for all fiveamens. Statistical significance was set

at p <0.05.

3.2.8 FiDucIAL REGISTRATION ACCURACY

To assess the accuracy of this registration, theeef the registered CT fiducials
was compared to the ground truth digitized fidudahtres (after registration) and the
root-mean-squared (RMS) difference (for all fidlgi@mn each bone) was calculated.
These RMS values (a separate value for each bonesponded to the error associated
with registering the two sets of fiducial markessone another and is termed the fiducial

registration error (FRE) (Chapter 1, Section 1(@2urer, Jr.et al, 1997). During
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digitization of the fiducial markers, the FRE wadctilated to ensure that this value was

near 0.5mm or less.

3.2.9 TARGET REGISTRATION ACCURACY

An overview of the experimental protocol is shown Rigure 3.5. The target
registration accuracy of this techniqgue was exathugng a separate denuded humerus
and ulna (Female, 63 years). Target registratioor €TRE) is a clinically meaningful
error measurement as it gives the error associaiidthe registration for a given point
within the region of interest (Maurer, &t al, 1997). Fitzpatriclet al, (1998) stated that
the accuracy of a marker-based registration ilgroppdependent from the object being
registered. A target is typically a landmark withokvn location that can be measured
subsequent to registration and is used to assess/érall accuracy of the registration in
the region of the target. In this error experimeasiimetric images of the intact specimen
were acquired (Figure 3.5, 1). Subsequent to #lissoft tissues were removed (Figure
3.5, 2) and humeral and ulnar magnetic trackere wecured to each bone (Figure 3.5,
3). Four fiducials were secured to the humerus @nd using the same configuration
described previously Section 1.2.5 (Figure 3.5,A8ditionally, a fifth fiducial marker
was attached near the articulation on the ulnatamderus. The two bones were then
positioned in a joint reduced configuration andesestatic position recordings were
collected describing the position and orientatibeaxrh tracker with respect to the global

coordinate system (Figure 3.5, 5). Subsequent iy the fiducials and targets were

. Receiver
Receivel

digitized system fiducas™ ) T ) (Figure 3. 5, 6). A posstteg CT scan of the
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bones with the fiducials was then acquired (FigiiEe 7). The bones, fiducials,

|dUC|aIs

and targets 1,....P) were then reconstructed and segmented (Figure83. Registration

was performed using the same protocol as desciibeigure 3.4. Transformation

matrices describing the position and orientationeath bone were then obtained

b T) (without making a coordinate system as this wasicsmotion and therefore

Reciever
flexion angle was not necessary). The positionachefiducial (and target) within the lab
coordinate system during each frame of motion akthiusing Equation 3.1. Similarly,
the position of each target with respect to thefatory coordinate system, for each static

motion recording (representing the ground truth$ whtained using:

'?emever LabP Equation 3.3
ReC|ev Targ et Target

Paired-point registration (Equation 3.2) was theaduand applied to the humerus

and ulna, as well as to the reconstructed targédtena
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1. Pre-testing CT

\?
2. Denude Specimen

3. Attach trackers

\

4. Attach 5 (4 + 1 target) fiducial markers

* Humerus
* Ulna

5. Static Motion Recordings

|

6. Digitize Fiducials

v
7. Post-testing CT
(with fiducials)

8. Three-dimensional

Reconstruction
* Humerus/Ulna
* Fiducial Markers

Figure 3.5: Overview of Target Registration Protoco

1. A pre-testing CT was acquired

2. Specimen was denuded and disarticulated

3. Attach magnetic trackers

4. Fiducial markers were attached to the humerus @na (4/bone + 1 target).

5. 7 Static motion recordings were taken

6. The fiducials were digitized using a trackedusty

7. A post-testing CT was acquired.

8. Three-dimensional reconstructions of each fidueiarker as well as the humerus and
ulna were created.
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This transformed target represents the locatich@fiducial in the lab coordinate system
after registration. To obtain the target registmatierror (TRE), the registered target
location value was compared to the ground trutiatioa of the target and the root-mean
squared distance was calculated. This error wasieea for 7 instances during the static
motion recording. It is important to note that figucials in this error experiment were
digitized using a calibrated indent in a piece efrid as opposed to the-pointed stylus
that is used in the experimental protocol of thisdg. This digitization approach was
chosen to represent the best case scenario wheg msignetic tracking. Digitizing with

the pointed stylus was very error prone and difficuuse.

3.3 Results

The objective of this study was to develop a vigadibn technique that could be
used in biomechanical studies to visualize bongnatient and joint stability using
registration and reconstructed 3D models obtaineu ICT. Radial head arthroplasty was
investigated in this study as a model of subtleowllstability. Traditional kinematic
motion analysis was compared to the new visuatimatipproach. We observed close
agreement between the kinematic output and thetexgd bony 3D models showing the

joint position.

3.3.1 TRADITIONAL KINEMATIC ANALYSIS

Figure 3.6 shows the change in the average (n=Hgusangulation of the ulna
with respect to the humerus in the intact, radeddresected and radial head replaced

scenarios. There was no significant difference betwthe intact and annular ligament
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repaired scenarios elbow (p>0.05). Therefore,edlits shown graphically and visually
of the intact radial head scenario correspondeémttive intact condition.

In the valgus gravity dependent position, valgugudetion was significantly
increased following resection of the radial headj ¢hen restored to that of the intact
scenario once the radial head weglaced(p=0.02)This difference decreased throughout
elbow flexion, but no effect of flexion was staitsily significant (p>0.05). With the
radial headntact, there was a 7.29+1.23° (max: 9.10°) valgus angwiati the ulna with
respect to the humerus. Followinadial head resectionthe valgus angulation increased
to 8.47+1.39° (max: 11.04°). This increase in valgangulation was statistically
significant (p=0.08). However, once the radial hea$replacedthe valgus angulation

was similar to that of the native radial head (Z083°, max: 8.92°) (p>0.05).
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Figure 3.6: Valgus angulation for intact, radial hexd resected and radial head
replaced elbow

Valgus angulation of the intact and radial headleggd scenario exhibit similar trends
in valgus angulation throughout elbow flexion. Dhgiradial head excision, the amount
of valgus angulation statistically increases congghto that of the intact radial head
scenario (p=0.08]n=5, Intact, Radial Head Replaced: Mean - SD, Ratiead
Resected: Mean + SD).
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3.3.2 THREE-DIMENSIONAL VISUALIZATION

Similar results were also obtained using the vigaibn approach. Figure 3.7A
shows an anterior view of the elbow in the intactl aadial head resected condition.
Viewing the superimposed view of thetact andresectedradial head scenario, it was
possible to see the increase in valgus angulatigheoulna with respect to the humerus.
For this particular specimen, at 15°, there was.52increase in valgus angulation
following radial head resectionFigure 3.7B shows thatact and replacedscenarios
superimposed, showing no difference a minimal armhadirvalgus angulation. For this
particular specimen, the difference betweeniti@ct andreplacedscenarios was 0.02°.
This indicates that following radial head arthrgbya the valgus angulation is restored to

that of the intact radial head scenario.



113

Valgus
A) v
INTACT
RADIAL HEAD
RESECTED
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B)
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RADIAL HEAD
REPLACED
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Figure 3.7: Anterior view of a Ulnohumeral Joint (15°) in the intact, radial head
resected and radial head replaced elbow

A) Visualization of the bony models showed an mean valgus angulation with radial
head resection when superimposed with the intatibldnead scenario.

B) Subsequent to radial head replacement, the gadagulation of the resected bony
model was restored to that of the intact scenarthdating minimal difference in valgus
angulation between to the two models in the supgergad view.
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A distal view of the ulna (Figure 3.8A) located nehe wrist was examined
throughout elbow flexion to identify the greatebange in the valgus angulation of the
ulna in each radial head scenario (Figure 3.8Bg @&tiect of valgus angulation in this
view also indicated a decrease as the elbow iedléxto higher degrees of elbow flexion,
which is also seen graphically. To visualize thecking of the ulna through elbow
flexion, a medial view of the ulna is shown in FigB.9. A uniform circle created by the
greater sigmoid notch is shown as the ulna traoisral a stationary humerus throughout

flexion.
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Radial Head Intact Radial Head Resected - Radial Head Replaced

Figure 3.8: View of Distal Radioulnar Joint for the intact, radial head resected and
radial head replaced elbow

A) Diagram of a representative forearm indicatingdtion of the distal radioulnar joint
B) Distal view of the ulna near the wrist throughelbow flexion for the radial
intact,resected and replaced scenarios in the valgnavity dependent position.

At the distal end of the ulna, increases in valgagulation can be readily visualized. The
increase in valgus angulation and subsequent deeraeéter radial head replacement can
be visualized in the 3D model.
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Figure 3.9: Ulnar position throughout elbow flexion
Examining the greater sigmoid notch region isolatedircle can be fit following the
path of motion.
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3.3.3 REGISTRATION ERROR

Table 3.1 contains the fiducial registration aecigs for each specimen tested.
The mean fiducial registration error (FRE) value tfte humerus was 0.46+£0.12mm and
0.55£0.12mm for the ulna.

Similarly, sphericity values for the digitized ficials were recorded. The mean
sphericity value of the electromagnetically trackigitized fiducials was 0.34+0.13mm.
Both of these measurements (FRE and sphericity® weensure that the best possible
digitization of each fiducial, given the inheremtag associated with the tracking system,
the best digitization was achieved.

The average target registration error (TRE) of #reor experiment for the
humerus and ulna was 0.93+0.00mm and 2.40+0.00nspecéively. The distance
between the target on the humerus and ulna waslatdd while the joint was in the
reduced static position (ground truth) and aftgisteation was calculated for each of the
7 samples of static motion. On average, the RMfmdifice between these two targets
was 2.99+0.52mm indicating that the relative regigtn error between the two

articulating surfaces was approximately 3mm.



Specimen| HUMERUS FRE (mm) | ULNA FRE (mm)

1 0.43 0.63
2 0.29 0.55
3 0.42 0.40
4 0.56 0.46
5 0.59 0.70

Table 3.1: Fiducial Registration Error
Fiducial registration error was calculated (mm) feach specimen for both the humerus

and ulna.

118



119

3.4 Discussion

Joint stability and motion pathways are typicallgported as graphical
representations of kinematic descriptors throughingt arc of motion and between
varying degrees of clinical variables. This tramht@l graphical approach is useful when
guantitatively examining the motion pathways angeknatic descriptors of motion. The
results of this study confirm the findings of otlstudies investigating the effect of radial
head arthroplasty on elbow stability (Beingesseeral, 2004). However, using this
approach, the increase in valgus angulation aéiseation and subsequent decrease in
angulation following radial arthroplasty, can badiy seen and understood visually in
the 3D model of the ulna in all 6 DoF (note thag tjraphical representation is only
considering a single degree of freedom). Unliketthditional graphical approach used to
investigate elbow stability, this visualization apach allows coupled motion of the
bones to be examined. Therefore the current appno@sented in this study represents a
complementary technique that can be used to gtiadita examine motion pathways.
Future work using this technique will be to examthe other 5 degrees of freedom
graphically to compare the results of the visugilmmaapproach with that of the graphical
approach and potentially gain new insight into ekieer differences in the position of the
ulna with respect to the humerus that are a reétifte radial head excision.

This is the first study that we know of which atfgs to register bony anatomy
with continuous tracked simulated motion. The ult@rulnar differences throughout

elbow flexion can be examined using this registratapproach. A comparison of the
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visualization and the graphical approach was peréor to determine the visual trends in
the valgus angulation that are consistent with grephical representation and current
literature. Figure 3.9 shows the medial view of cassive ulnas tracking around a
stationary humerus. The circular profile of theagee sigmoid notch representative of the
path created by successive ulna positions throughliow flexion indicates that the
registration is tracking through elbow flexion sessfully. If the registration was not
tracking with flexion, this path would not be citau

Fiducial based registration has been found to beaeturate alternative to
anatomically based paired point registration ineotktudies (Sadowskgt al, 2002;
Sugancet al, 2001). Sadowsket al(2002) noted that solely anatomically based paired
point registration is prone to error due to the that the registration accuracy relies on
the correct identification of key anatomical landksain both modalities undergoing
registration. The current study employed fiduciarkers for use in the paired-point
registration algorithm. Registration was performedbsequent to testing thereby
preserving the native kinematics of the simulatdzbw flexion. Fiducial registration
error was measured as an indicator of the typevefadl registration accuracy expected to
find. However, consistent with the findings of pi#rick et al. the fiducial registration
error did not prove to be an indicative paramefiicthe amount of overall registration
accuracy measured (Fitzpatriekal, 1998; Fitzpatrick and West, 2001). The regisbrati
error (corresponding to the rigid body registratminthe ulna and humerus separately)
was found to be less than 2.5mm. Despite this ex@ff changes in the valgus angulation

of the ulna with respect to the humerus can bealised. Subsequent to registration, a 3D
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view of the ulna with respect to the humerus wasualized. These 3D renderings
indicated a small amount of overlap present betwien articulating surfaces. This

overlap is indicative of the registration error.eféfore, in the error experiment, the
corresponding distances between the ulnar and flint@rgets were measured. On
average, the relative registration error was agprately 3mm. The elbow is a relatively

congruous joint and therefore does not have a lang®unt of inter-joint space.

Therefore, a relative registration error of 3mmufssin an overlapping of the humeral

and ulnar surfaces. Therefore, although this reggisth technique allowed gross changes
in the amount of valgus angulation to be visualizedending this approach to examining
joint alignment of the ulna with respect to the lewos requires greater registration
accuracy.

This study has some limitations including the regigon error. Future work on
this technique will improve the accuracy using ogtitracking and refined fiducial
landmark techniques. Digitizing the fiducial markeroved to be very labor intensive
and error prone. Sphericity values in this studyenless than 0.5mm which is excellent
given the electromagnetic tracking system that employed in this study. However,
using a more accurate optical tracking systematioeiracy in identifying of the centre of
each fiducial will be increased. With an increaséhie overall accuracy of the registration
algorithm, it will then be possible to integrates timter-bone distance algorithm, applied
to these 3D rendered models, to examine 3D joingagency.

In conclusion, a novel approach to visualize eljoiut kinematics and stability

was presented. This technique relates the anatbgeoanetry of the joint, obtained using
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medical imaging, with the recorded motion of thefoThis method allows clinicians and
investigators to visualize the relative coupled iomobf the position of the bones within
the joint and therefore allow clinicians and reshars to gain new insight into the causes

of and treatments for various clinical orthopaetigeases and injuries.
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Chapter 4 — Accuracy Assessment of an
Imaging Technique to Examine Ulnohumeral
Joint Congruency During Elbow Flexion

OVERVIEW

The objective of this chapter was to integrate pineximity mapping
technigue developed in Chapter 2 with the regigiratechnique used to
render 3D models (Chapter 3) into a single techaighich can be used
to investigate joint congruency undergoing simwaddbow flexion. The
accuracy of the registration technique developedCinapter 3 was
increased and was measured in this current chapteour specimens
using fiducial and target registration error to &ss the positional and
angular accuracyAdditionally, the overall technique was validated using
the casting technique. Preliminary data of an imteedaveric elbow was

shown to demonstrate the utility of this technifjue.

4.1 Introduction

Understanding joint contact mechanics is importemeén considering the etiology
of various degenerative joint diseases such as o@gteitis (OA). Osteoarthritis
commonly occurs following joint injuries and is theeferred to as post-traumatic
arthritis. The injury could be an articular surfdcacture, joint dislocation or disruption
of the ligaments. The associated degenerative @samgy occur due to chondral damage
as a result of the initial trauma, or as a resu#rticular incongruity present as a result of
residual subclinical joint instability (McKeet al, 1998; Ringet al, 2002). The exact

mechanism and cause of this debilitating diseaseksown (Hunteet al, 2005; Hunter

3A version of this has been published: Lalone EAeReTM, King GW, Johnson JA.
Accuracy assessment of an imaging technique to imeaninohumeral joint congruency
during elbow flexion. Computer Aided Surgery. 2012(3): 142-52.
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et al, 2009). Altered cartilage contact patterns andcesr due to abnormal joint
kinematics as a consequence of mal-alignment tabilgy, was thought to be @mmon
cause of osteoarthritis in a genetically predisggemt (Felsoret al, 2000; Hunteet al,
2009; Van de Veldet al, 2009). Currently, no techniques have been repadeuantify
articular mechanics in joints undergoing physiotoghotion and certainly not in
pathologic and surgically treated scenarios. Thiasleration is of extreme clinical
importance as typically, joint instability manifedtself with symptoms emanating from
the joint.

Therefore, the objective of this study was to depebnd validate a non-
destructive imaging approach to examine joint ccntaechanics of the ulnohumeral
joint undergoing physiologic motion. The inter-bodestance algorithm described in
Chapter 2 in its current form, can only be usedxamine joint congruency in statically
loaded scenarioLhapter 3 described a technique that can be useehter 3D bone
models of joints undergoing simulated elbow flexiesing landmark registration. The
objective was to then employ the inter-bone distaaigorithm, to these rendered models,
to examine joint congruency of joints undergoinghtcmuous motion. However, the
accuracy of this technique was not sufficient tame inter-bone distances. Therefore,
the objective of this chapter was to refine thgistation algorithm and to employ optical
tracking to increase the accuracy of the overdlisteation. The inter-bone distance
algorithm was then applied to these rendered mgtiorassess joint congruency of joints
undergoingsimulated elbow flexiorFiducial and target registration error metrics were

used to evaluate the positional and angular acgusldche registration technique. The
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ability of this technique to predict regions of rjbicontact was also assessed using
experimental casting. Additionally, a registratigmantom was used to assess the
repeatability of the experimental protocol. Finalpyreliminary data is also shown to

demonstrate the utility of this approach.

4.2 Methods
4.2.1 ELBOW SIMULATOR EXPERIMENTAL PROTOCOL
42.1.1 Volumetric Image Acquisition

Four intact cadaveric upper extremities (77+£3yr$:wére employed in this study.
A computed tomography (CT) scan of each specimenabtained prior to testing (pre-
testing CT) using a 64-slice scanner (GE Discov€y750 HD, Waukesha, WI).
Approximately 350 slices were acquired for eachcspen with a field of view set at
20x20cm and a 512x512 reconstruction matrix (292mE) kVp). The size of the
voxels was approximately 0.6x0.6x0.625mm. The scanprotocol used was consistent
with standard clinical settings with the arm pasigd parallel to the long axis of the
gantry.
4212 Specimen Preparation

Each specimen was surgically prepared as descinb€tapter 3 (Section 3.2.2),
however in addition to the tendons attached tas#r@omotors (biceps brachii, brachialis
and triceps), the tendons of the brachioradialisnator teres, supinator, wrist flexors
(flexor carpi radialis and flexor carpi ulnaris)daextensors (extensor carpi radialis brevis

and extensor carpi ulnaris) were isolated, sectoesitures and connected to pneumatic
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actuators using stainless steel cables. All ssiuis including the joint capsule and
collateral ligaments remained intact throughouppration and were kept hydrated using

saline throughout testing.

4.2.1.3 Elbow Motion Simulator/Experimental Set-up

Active elbow joint flexion was simulated using allbvav motion simulator that
utilizes computer-controlled actuators and mot@sl@scribed in Section 3.2.3 (Ferreira
et al, 2010). Simulated active motion was achieved withelbow in the valgus gravity
dependent position as shown in Figure 4.1. Frarhesotion that corresponded to 15°,
30°, 45°, 60°, 75°, 90°, 105° and 120° of elbowitbe were analyzedlhroughout elbow
flexion, the ulna articulated and tracked arourstiaéionary humerus. To track the motion
of the ulna with respect to the humerus, 3D opfazaition sensors were usddpfotrak
Certus, NDI, Waterloo, ON, CanadlaThe Optotrak motion capture system is an inftare
based tracking system. The position sensors theeseake ‘active’ trackers which emit
infra-red lights allowing the camera to track tlesors position. For the humerus, two
position sensors were attached to the simulator tiea humerus. The motion of the
humerus with respect to the simulator was constamt.the ulna, two position sensors
were rigidly attached to the bone using a bone mthet was securely affixed to the
distal-dorsal region of the ulna. These markemvwal the camera to track the motion of
the ulna throughout flexion. To maintain the arpiane accuracy of 0.1mm and 0.15mm
perpendicular to the camera, a direct line of slgtiiveen the camera and the position

sensors was maintained and kept within 2.5m.
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Figure 4.1: Elbow Simulator
The cadaveric specimen was surgically preparedthed mounted to the simulator using

the clamp. The tendons of the relevant muscledvedon elbow flexion were attached to
cables and then attached to motors and actuators.
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4.2.1.4 Fiducial Configuration

The overall accuracy of a paired-point registratitechnique is largely
independent of the object being registered as nbtedritzpatricket al. (1998). This
independence is achieved because only the fidociEndmark configuration is used in
the registration itself. This is in direct contrasta surface-based registration algorithm
that uses points derived from the surface of tretamy for the purpose of registration.
Therefore, the fiducial configuration itself is amportant factor governing the accuracy
of the overall configuration. West al. (2001) published a set of guidelines to follow
when employing fiducial markers in paired-pointidigody registration. It was noted that
the most accurate point-based registration methedploy markers that are rigidly
attached to the bone. The current application isf riigistration is for use in dn vitro
study where cadaveric specimens are used in cdiganwith a motion simulator.
Therefore, our current study, invasiveness of tbeaebmounted markers was not of
concern. Weset al. (2001) stated that when employing fiducial markene fiducial
markers should be positioned on the rigid body dpeiegistered in a non-collinear
configuration. Additionally, the area of clinicaiterest (articulation) should be positioned
in the centroid of the overall fiducial configur@ii. Westet al (2001) however did note
that the position of each fiducial should be asdarpossible from each other while
maintaining the centroid position of the configumat The configuration of the fiducial
markers in this chapter was optimized to be coasiswith previously reported guidelines

(Westet al, 2001).
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Subsequent to testing, all soft tissues were rechoaed the elbows were
disarticulated for the target registration expenmeFour fiducial markers (19mm
optically reflective nylon spheres attached to dldexl screws) were secured to the
denuded bones. This configuration is shown in Gkrapt(Section 3.2.5). Care was taken
to ensure that two fiducials were placed distaiig &vo proximally as well as medially
and laterally. In this protocol, an additiondl fiducial was positioned anteriorly on the
articulation (region of interest) of the humerusl aihna (Figure 4.2) to assess the target
registration error. The centre of each fiducial kearwas localized using a calibrated
cupped stylus (Figure 4.3). An optical positiorckex was attached to the shaft of the
stylus. The inner diameter of the stylus was cdestswvith the radius of curvature of the
fiducial markers and was calibrated using a piest to locate the centre of each fiducial
when the cupped stylus is placed on the fiduciaé &ccuracy of this calibration resulted
in a maximum 3D RMS Error of 0.25mm. The 3D RMSbers produced by applying the
result of the pivot procedure to each frame of phet procedure and calculating an

overall RMS error for the collection.
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Figure 4.2: Fiducial Configuration
Fiducial configuration as shown in Chapter 3 (SewtB.2.5) with the additional target
fiducial marker used to assess target registragormor.
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Figure 4.3: Calibrated Cup-Stylus

A calibrated stylus was used to localize the ceatreach fiducial marker in the
laboratory coordinate system. An optical positiemsor was securely attached to the
stylus using the screw holes. The inner diametenatend of the stylus was machined to
receive the 19mm diameter fiducial marker.
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4.2.15 I mage Acquisition-Post Experimental Testing

A second volumetric image of each specimen wasisdjafter testing with the
mounted fiducial markers. Approximately 350 slicesre acquired using the same CT

scanning parameters as employed in the pre-testiag.

4.2.2 REGISTRATION PHANTOM

A single nylon rectangle (90mmx150mmx25mm) was useadssess the effect of
reconstruction threshold as well as to assessédpeatability of localizing the fiducial
markers used for registration purposes. Four markesre attached to the block by
drilling and tapping the rectangle. A fourth fidakiwas attached to the top of the
rectangle which was considered the target (Figug 4An optical position sensor was
secured to the surface of the blogksingle fiducial configuration was used to assbss

effect of threshold selection on registration aacyr
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Figure 4.4: Registration Phantom

Four fiducial markers and a single target fiducrahrker were attached to the phantom.
The configuration shown is not assumed to be remtasive of the configuration used in
the actual experimental set up using the simuldtmtead, in this experiment, the effect
of localization and object thresholding are exandimgthin a single fiducial
configuration. (T) corresponds to the target ficalanarker.

Note: The optical sensor is shown on the bottothe@phantom but is distorted as a
result of the electrical and metal components dyitine CT scan.
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4221 Volumetric Image Acquisition/3D Reconstruction

A 3D image of each specimen was obtained priotesting using a 64-slice
computed tomography (CT) scanner (GE Discovery OTHAD, Waukesha, WI). The
size of the voxels was approximately 0.6x0.6x0.626mM 3D model of the phantom was
obtained using the marching cubes algorithm avisilabthin the Visualization Toolkit
(VTK, Kitware, Clifton Park, NY)(Schroeder Wt al, 1998). A series of manually set
thresholds were chosen to visualize the outermo$ace of the phantom. The thresholds
examined in this study were 4000, 4500, 5000, 56000, 6500, 7000, 7500, 8000 and
8500. These values are unit-less and are basatdensity of the voxels found within the
imaged volume. Reconstruction of the fiducial meskeom the CT image is required to
sphere-fit and identify the location of the cerdfeeach fiducial within the CT coordinate

system.

4222 Experimental Protocol

For the block registration phantom experiment, aistmotion recording was
recorded. The motion of the block was recorded wetpect to the laboratory coordinate
system. To assess the repeatability of localizachdiducial marker, five sets of single
point digitizations were used in five separate segtions and the accuracy of each
registration was obtained. The position of eacludidl was transformed from the
laboratory coordinate system to be with respedh#oblock tracker using the technique
described in Chapter 3 (Section 3.2.6). The segngnthreshold used when
reconstructing the fiducial markers in the CT caoate system was maintained at 4500

so the effect of threshold segmentation would vofa@und the accuracy assessment.
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4.2.3 EXPERIMENTAL CAST VALIDATION

4231 Volumetric Image Acquisition

A computed tomography scan of an additional sirmgidaveric specimen (Male,
69 years) was obtained prior to testing (pre-tgsti¥) using a 64-slice scanner (GE
Discovery CT750 HD, Waukesha, WI). Approximately038ices were acquired for each
specimen with a field of view set at 20x20cm an&12x512 reconstruction matrix
(146mAs, 140 kVp). The size of the voxels was apjpnately 0.6x0.6x0.625mm. The
overall joint space was manually measured from firis-testing CT. Using custom
software, points were manually identified across ttho subchondral bone surfaces in a
volumetric CT image using two orthogonal planese Thstance between these two sets
of points (two opposing subchondral bone surfaees used to approximate the overall
thickness of the joint space for this particulae@men. This value was then inserted into
the inter-bone distance algorithm to measure thiasel area across the joint and compare

that to the experimental cast.

4232 Specimen Preparation/Experimental Protocol

The specimen was completely denuded of all saftiésPrior to testing, both the
humerus and ulnar articular surfaces were submergsdline to ensure that all surfaces
were well hydrated. The humerus was clamped in¢osimulator and position trackers
were attached to the simulator and ulna as destribbeSection 3.2.3. Four fiducial
markers were rigidly fixed to the denuded bone ircamfiguration similar to that
described previously for the TRE experimental proto Experimental casting material

(Reprosil Medium Body Vinyl Polysiloxine ImpressiorMaterial, DENTPLY
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International Inc. — York, PA, USA) was prepared] gslaced in the greater sigmoid
notch of the proximal ulna, similar to the procdsscribed in Section 2.2.6 in Chapter 2.
The ulna was positioned on the humerus in a redtacgfdon and rigidly held until the
cast set. A recording of the static position wagu&ed once the cast had solidified. The
ulna was removed from the humerus and the castpasiioned on the proximal ulna.
Using an optically tracked calibrated pen-pointugy the region of experimental cast
which was vacant (corresponding to the area ot ontact) was digitized. A 3D surface
model of the resulting contact patch was constduating MATLAB (Math Works Inc.
MA, USA). The surface area of this patch, corresiyog to the total contact area, was
then calculated. The cast was then photographedy usidigital camera with the cast
placed in front of a light source to visualize @ of the cast where the surfaces were in
close proximity, but not necessarily contactingja®ent to the cast, a stepped calibration

phantom was used to calibrate the relative thickinésasting material (Figure 4.5).
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Figure 4.5: Cast Thickness Calibration
Casting material was injected into this templateteate cast with known thicknesses.
The thicknesses increased in a step-wise mannar G-2.5mm thick.
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Additionally, to compare the computational and ¢ashniques, an edge filter was
used to extract the surface of the digitized cadtich was then overlaid onto the
proximity map. The measured joint space was used as a threshdldeirnter-bone
distance algorithm to compare the results fromgiiie cast and the algorithm.

Twenty recordings of each fiducial marker/targetrevdigitized with respect to
the corresponding bone position sensor, using pergtylus. The geometraentre of
the fiducial/target was found by averaging the pasirecordings.

A post-testing CT scan was acquired with the fiduenarkers secured to the

humerus and ulna using the same CT scanning tastsag for the pre-testing CT.

4.2.4 DATA ANALYSIS

4241 Three-Dimensional Reconstruction

The CT images were processed using custom softaradesurface models were
created as described in Chapter 2 (Section 2.ZI18). subchondral regions below the
articular surface of the humerus and ulna werenaganually segmented into separate
3D models. In this chapter however, four subchdnzoaes on the ulna, were created
(Figure 4.6). Planes were created to divide thearulsubchondral bone surface into
medial-superior (MS), medial-inferior (Ml), lateraliperior (LS) and lateral-inferior (LI)
zones. To create these zones, the sagittal plarse oneated which intersected the
olecranon and coronoid process, and a transvease plas created along the transverse
ridge of the ulna (typically devoid of cartilaga) the greater sigmoid notch. The humeral

subchondral bone was not divided into zones.
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Figure 4.6: Ulnar Subchondral Zones
Four zones were created by dividing the ulnar sobchal bone medially and laterally

down the ridge of the greater sigmoid notch (extemdrom the olecranon to the
coronoid process). A second plane was created dloagranverse ridge dividing the
ulna into superior and inferior regions.



143

4.24.2 Registration

Subsequent to testing, anatomical landmarks weg#izdid using a calibrated
pointed stylus, and anatomically relevant coordirsistems were created as described in
detail in Chapter 3 (Section 3.2.6). The registratand post-hoc kinematic analysis
described in detail in Chapter 3 (Section 3.2.6% wenployed and is described briefly
here (Figure 4.7). Bone surface models from thetgstng CT were registered to the
post-testing CT (containing the fiducial markers)ng the Iterative Closest Point (ICP)
surface-based registration algorithm (Besl PJ ac&ay ND, 1992). To ensure optimal
alignment, three anatomical landmarks were injtiaklected on each surface model and
a paired-point registration was performed for ceamlignment. Using the 3D
reconstructions of the fiducials, the centres a@hefgducial were localized with respect to
the CT coordinate system using a least-squaresefihalgorithm

Homologous fiducial markers in both the CT coorténgystem and in the
laboratory coordinate system (Figure 4.7B) wereduse the landmark transform to
produce a registration transformation matrix relgtihe CT to the laboratory coordinate
system. This transform was applied to the humenaswdna 3D bony models separately
allowing their relative position to be rendered @ding to the tracked motion (Figure
4.7C).

Similarly for the validation, paired-point landmarkgistration was also used to
register the position and orientation of the 3Dorestructed bones to their relative

position. However, no coordinate system was usedisregistration.
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Figure 4.7: Registration Schematic and Implementatin of Proximity Mapping

A) Simulated elbow flexion was achieved using cadavspecimens and the upper
extremity motion simulator (shown here in the valgtavity dependent position).

B) Subsequent to testing, all soft tissues wereveohand fiducial markers are secured
for registration purposes. A second volumetric €adnswas acquired of the humerus and
ulna and homologous points are used for registratio

C) The result of this registration was a visualiaatof the 3D rigid body motion of the

ulna with respect to the humerus, throughout ellewion.

D) Subsequent to registration of the rigid bodig® proximity mapping technique was
applied to the registered models and the overatitjoongruency can be identified for the
humerus and ulna.
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4.24.3 Registration Error

Fiducial registration error was obtained to meaduee overall correspondence
between these homologous rigid body landmarks. T@n®r was determined by
measuring the root mean squared distance betwemlbgous fiducial makers after
registration expressed in mm. Four fiducial markeese attached to each rigid body
being registered and a fifth fiducial (target) walso secured to each bone on the
articulation. When using paired-point registratitine number of corresponding points
(the centre of each fiducial) should be maximizeokvever, this increase in accuracy of
the registration rapidly decreases after 5 or 6kerar(Sadowsket al, 2002). For bone
mounted marker systems, the traditional numberdofcfals employed ranges from 3-5.
This value typically corresponds to a fiducial lization error of less than 1mm
(Sadowskyet al, 2002; Westet al, 2001). In addition to determining FRE, Target

registration error (TRE) was also examined.

4244 Proximity Mapping

To measure the joint congruency, the inter-bontadce algorithm described and
validated in Chapter 2 (Section 2.2.5) was u3ée algorithm uses vertices of polygonal
surfaces as points to measure relative distancésebe two surfaces defined by
polygonal meshes. The overall proximity of the ogipg bone surfaces can be visualized
using a proximity map (inter-bone distance lesatdanm). Additionally, ‘levels of
proximity’, as described in Chapter 2 (Section 2. 2orresponding levels of inter-bone
distance values were employed to measure the sudeza of the subchondral bone

within high proximity (< 0.5mm), medium proximity<(1.5mm), low proximity (<
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2.5mm) and ultra-low proximity (< 3.5mm}igure 4.7D shows the final step in the
overall technique with the implementation of thexpmity mapping technique. The inter-

bone distance algorithm can be used to investit@tgoint congruency of the humeral or
ulnar subchondral bone, and similarly for eachheffour zones on the ulnar subchondral

bone, during any frame of motion throughout elbtaxibn.

4.3 Results

4.3.1 ELBOW SIMULATOR EXPERIMENTAL PROTOCOL

To illustrate the capabilities of this techniquienlated active elbow flexion was
analyzed in a single specimen using the inter-lwbsiance algorithm to measure overall
joint congruency throughout elbow flexion in thdgues gravity dependent position. This
congruency was measured for each level of proxiragsoss the entire humeral/ulnar
bone surface and within each zone. The implememntatf the proximity map and inter-
bone distance algorithm into the registration atar is shown in Figure 4.8. The data
presented is representative of the type of infoionategarding joint congruency that can
be obtained using this described technique. Prayximiaps for the humerus were also

obtained, but are not shown here.
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Figure 4.8: Proximity Maps for Ulna throughout Elbow Flexion

Anterior view of the ulna showing the regions afsel proximity (less than 4mm). In
general, it appeared that the total surface are#hef close proximity region decreases
with increasing flexion. More specifically, therasva decrease in the superior-lateral
region of the ulna. Additionally, there was a la@®a of the superior region on the ulna
that is in high proximity at early flexion as shothe yellow-green contour. However,
with increasing flexion, this area decreased anifteth to the inferior region of the ulna.
These results are specific to this specimen.
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Two repeated active motion recordings were usexbsess the repeatability of the
motion and the proximity mapping comparison of these trials at 15 ° for the ulga i
shown in Figure 4.9The measured contact area difference between thestans was

0.09% for the humerus (proximity map not shown) @rgb% difference for the ulna.
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15°(run1) 15°(run2)

Figure 4.9: Proximity Maps showing Repeatability ofActive Motion

Two subsequent active flexion motions were recoatheldused with the registration and
inter-bone distance algorithm to generate thesegvaximity maps. Using the
anatomical coordinate system, it is possible to@re discrete angle of elbow flexion.
The two motion runs qualitatively show excelleneagent.
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In this single specimen, it appears that the wialace area of the close proximity
region decreases with increasing flexion. Proxinetyels for high, med, low and ultra-
low proximity on the entire ulnar surface is shownFigure 4.10. The area of the
proximity region (<4mm) did not exceed 1000ftmroughout elbow flexion. The total
surface area of the ulnar subchondral bone was.16if. Also, for this single specimen
shown, there is an overall decrease in the sizéhefproximity region with increasing
flexion, for each level of proximity. This is howay with the exception of the high
proximity region which increases in late flexiomriesponding to the orange-yellow

contour noted on the proximity map.
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- Lowest Ero,ximit&(ssa.Smm)
~Low Proximity (< 2.5mm)

" Medium Proximity (<1.5mm)
./ High Proximity (< 0.5mm)

Angle of Flexion (Degrees)

Figure 4.10: Surface Area throughout Elbow Flexion

Surface area values are shown for each level ofiprity (high, med, low and ultra-low)
(n=1). This graph also indicates that there wasoaerall decrease in the size of the
proximity region with increasing flexion, for ealdvel of proximity. This is with the
exception of the high proximity region which ingesa in late flexion (corresponding to
the orange-yellow contour noted on the proximitypina
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Proximity levels were also examined for each offthe ulnar zones in this single
specimen as shown in Figure 4.1Medium level proximity (<1.5mm), which
corresponds to the yellow-green contour interfazdjbited the most difference between

Zones.
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Figure 4.11: Zonal Surface Area throughout Elbow Féxion

Surface area values are shown for each zone aridnagtach level of proximity
throughout elbow flexion. (H: high, M:med, L: lowdU:ultra-low) (n=1). For the
superior regions (MS, LS) the area of the mediuaxipnity region became zero at 75°.
At the low level of proximity (<2.5mm), which capends to the green-blue contour
interface, again, the superior regions showed aeizse in area with increasing flexion,
while the inferior regions remained relatively ctargt. Finally, the ultra-low levels of
proximity (<3.5mm), corresponding to the aqua-dhahke contour interface remained
relatively constant during flexion in the inferigggions. The superior zones however
showed a decrease in the surface area with incnggiexion.

- -
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4311 Target Registration Error

The mean target registration error (TRE) was 0.24:0n for the distal humerus
and 0.88£0.3mm for the proximal ulna. The meandiduregistration error (FRE) was
0.25+0.1mm for the humerus and 0.29+0.1mm for thea.uTable 4.1 shows the

individual target and fiducial registration erralwes for each specimen.



FRE (mm) TRE (mm)
Specimen Humerus Ulna Humerus Ulna
1 0.17 0.3C 0.32 1.21
2 0.23 0.28 0.1¢ 0.65
3 0.23 0.17 0.1¢ 0.61
4 0.36 041 0.32 1.0%
Average 0.25%0.. 0.29+0.: 0.24+0.. 0.8840.:

Table 4.1: Fiducial and Target Registration Error
Registration values for each specimen for the husiand ulna respectively.
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The centroid of each fiducial configuration wasoateeasured and compared to
the target fiducial located in the region of insreFigure 4.12 shows the four fiducial
configurations for each specimen on the humerusuhna respectively. The geometric
centroid was calculated and superimposed onto ssmdnstructed bone. The humerus
and ulna bony models are transparent and shown finanpositions to characterize the
location of the centroid. This centroid locationrresponds to the location across the
registered rigid body where the accuracy is thougtie highest. In general the fiducial
configuration centroid was located on the condygeshe humerusCorrespondence of
this point with the region of interest would be afjebut often difficult to achieve in a
joint where the region of interest is at the en@ ddng bone. The mean distance between
the centroid and target fiducial for the humerussv&3.25+5.24mm. In general the
humeral fiducial configurations are consistent wéhch other. The centroid of the
fiducial configuration on the ulna appeared justolethe proximal radioulnar joint
articulation on the ulna. The mean distance betweertentroid and the target fiducial is

47.45+8.46mm.
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Specimen 1

Specimen 4

Specimen 3

Figure 4.12: Fiducial Configuration and Geometric &ntroids
The geometric centroid of each configuration isveh@s an “+” for each specimen
Four fiducial markers were attached to both the bums and ulna. Configurations are

shown for all specimens.
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4.3.2 REGISTRATION PHANTOM

Figure 4.13 shows the fiducial registration andyéarregistration error at ten
different threshold values. The threshold values wsed for surface reconstructing the
fiducial markers. In this experimental protocolg thonfiguration of the fiducial was
consistent, and only the threshold values changelddaaseparate registration for each
threshold value was completed. The mean FRE w&s0.81mm and the mean TRE was
0.59+£0.23mm. The overall coefficient of variatioB\) was 3.94% for all threshold
values. For FRE, the CV was 2.33%. Both of thedeegaindicate the variability of the

measured TRE and FRE was very low.
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Figure 4.13: Effect of Threshold Selection on TRE:-RE and Sphericity
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Target and fiducial registration error remain cosgnt regardless of threshold selection.

However, this graph shows that the sphericity efftducial markers increases as the

threshold increases.



160

Figure 4.14 shows concentric fiducial spheresterkasing a threshold value of
4000 and 8500. The sphericity of the target fidusias also calculated for all threshold
intensity values. It is important to note that #phericity for a perfect sphere, using the
algorithm employed, should be 0. With increasingeshold values, the surface of the

fiducial becomes pitted and deformed which caueedphericity value to increase.
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Figure 4.14: Reconstructed Fiducial markers
Reconstructed fiducial markers are shown usingrestold value of 4000 and 8500.
Lower reconstruction threshold values reconstru@itiacial with a larger diameter than

lower threshold values as shown. Higher intensitiy®s correspond to surfaces that are
less dense.

Note: The actual dimension of the fiducial is 19mrdiameter.
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The repeatability of localizing the fiducial markewas also examined. Figure
4.15 shows the fiducial and target registratiororefor the five separate registrations
conducted using five independent sets of digitireti (threshold used was 4500). The
mean FRE was 0.35+0.004mm and the mean TRE wast@@0inm. The overall
coefficient of variation for FRE was 1.27% and 2@7or TRE. The results of this
phantom indicate that the localization of the fidlilomarkers and their use in the
registration is very repeatable using the opticatking system and tracked cupped-

stylus.
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Figure 4.15: Repeatability of Localizing Fiducial Markers

Five separate registrations were conducted usimgpated digitizations of the fiducial
markers. The target and fiducial registration erime consistent for repeated
digitizations as shown.
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4.3.3 EXPERIMENTAL CAST VALIDATION

Figure 4.16 shows a comparison of the proximity nwgained using the
technique described in this current study and thled gtandard experimental cast. The
vacant regions in the cast correspond to regiofpsif contact. Comparing the proximity
map with the casting technique, these two reprasiens of the surface articular
interactions are very similar. The total contactaaof the cast was 362.10mnThe
average joint space distance as measured for pleisirsen was 2.87mm. Figure 4.17
shows the cast contact area overlaid on the proximiap showing the surface area
across the ulna that is within 2.87mm of proximlthsing this value as a threshold in the
inter-bone distance algorithm, the resulting siefacea was 429.06nniThis value is

greater than the contact area as determined byastdy 17.35%.
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Figure 4.16: Proximity Mapping Validation using Experimental Casting

The proximity maps are shown and compared to theererental cast. The overall
qualitative similarity of the cast and proximity mevas assessed and used to validate the
implementation of the proximity mapping techniquth ihe registration developed in
this study to examine joint surface interactions.
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A. Experimental Cast

B. Surface Model of Digitized Cast C. Cast Overlaid on Proximity Map

Figure 4.17: Comparison of Experimental Cast and Ryximity Map

A) Experimental Cast

B) The vacant regions of the cast, correspondingtgpons of joint contact were digitized
using a tracked stylus. A surface model was crefited this point cloud. An edge
extraction filter was used to obtain the perimeiethis digitized surface. A superior view
of the cast reconstruction is shown on the left amdnhferior view is shown on the right.
C) The digitized cast was overlaid onto a proximitgp showing the surface area on the
ulna. The threshold used to generate this map8isrdm as measured from the pre-
operative CT. There was a 17.36% difference betwe=experimental cast digitization
and the surface area obtained from the computatiorethod.
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4.4 Discussion

In vivo andin vitro studies have been conducted to elucidate the effegtint
alignment on resulting joint mechanids. vivo studies, while are able to investigate
vivo joint mechanics in patients undergoing physiologic motibay are either limited to
a truncated range of motion (Anderst and Tashm@@3;2Boyeret al, 2008; Liet al,
2008), or involve patients undergoing repeated omo#is is the case when using cine
MRI (Sheehanret al, 1998). Surface markers can be attached to pstiemiergoing
motion in gait laboratories and when using varisteseometric analysis systems (Bxy
al., 2006; Beyet al, 2008b; Boyert al, 2008; Kedgley and Jenkyn, 2009). However,
surface markers introduce skin artifacts and tloeeeflimit the accuracy of such
techniques. Recently, markerless radiostereomatratysis (RSA) techniques have been
developed, but these techniques are also limitea $mall field of view and therefore
range of motion, and additionally yield data seksclv are tedious and time consuming to
analyze (Beet al, 2006; Beyet al, 2008a; Beet al, 2008b).In vitro studies take place
in a controlled environment and typically investeggoint mechanics using simplified
non-physiologic loading protocols (Brechter and By 2002; Ecksteiet al, 1995;
Fischeret al, 2001). In general, any static simplified motiared not inherently represent
true physiologic motion because dynamic stabilizensl inertial effects are ignored.
Therefore, new techniques must be developed toratety examine joint surface
interactions in joints undergoing large range oftiois in continuous physiologic

motion.
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The registration technique developed in this staflpwed the position and
orientation of the two rigid bodies (reconstructd bone models of the humerus and
ulna obtained from CT) to be rendered accordinght® tracked continuous motion
generated by a repeatable elbow motion simulatsmdJthis approach, any frame of
tracked motion can be isolated, registered andereadusing the bony surfaces and
landmark fiducials. Therefore, it is possible twastigate the effect of bony and soft
tissue injuries on joint congruency and ultimatédyevaluate the efficacy of various
reconstructive procedures in restoring joint tragkio that of the intact, uninjured state.
Visualization of mal-alignment caused by variougiiles/traumatic events can predict
the location across the articulating surface wilesieess cartilage wear might occur.

In this study, intact motion of a single cadavespecimen undergoing simulated
elbow flexion was examined to show the utility bfst current technique. These results
may not be representative of the typical ulnohuihjemat congruency patterns of a larger
population.

In the registration phantom, the fiducial configioa was maintained while the
threshold value was altered. The target registiaioor was not used in this experiment
to comment on the accuracy of the overall registnatThe experimental conditions as
well as the fiducial configuration was very diffatdrom the experiment application of
this registration in use with the simulator. Theethold selection used to reconstruct the
fiducial markers appears to have a small effedheroverall fiducial or target registration
values measured. This makes logical sense in figatntensity would only be created

spheres around a concentric centre. Finally, tipeagbility of the localization of the
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fiducial markers in the laboratory setting in tleisperiment is very good which is not
surprising given the accuracy of the optical tragkisystem and ease of use of the
calibrated cupped-stylus.

The mean fiducial registration error was less tB&80mm. Fiducial registration
error is used to ensure that the experimental peand data acquisition software and
tracking are accurately collecting data. In thisdgt the location of the fiducials were
accurately identified and corresponded to the QGiudial markers. Additionally, the
fiducials were properly segmented and sphere-fitidle CT model and corresponded to
the digitized fiducial markers in the laboratoryheloverall target registration error for
this study for the humerus and ulna was less tlam.1Since the average joint space
found in this elbow was approximately 2.87mm, wéeve that a registration error of
1mm is acceptable when evaluating a registratigarghm.

The fiducial configuration of the humerus was imgel very consistent between
specimens and this was reflected in the standawihttkn of the measured distance
between the target fiducials and the geometricrogls. This was partially due to
experimental factors. The optical position sensworthe humerus was located on the
simulator. Therefore the positional relationshigween the sensor and the rigid body
cannot be changed. As a result, at the end ofxperenental protocol, the fiducials had
to be fixated to the humerus while remaining attacko the simulator such that only
certain locations on the humerus could be accessedttach a fiducial marker.
Additionally, the humerus is a somewhat symmetrimahe lending well to medial and

lateral landmarks to be used as reference poingstach the fiducial markers. Thus, the
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overall fiducial configuration remained relativebpnsistent between specimens. The
target registration error for specimens 2 and 3 agr than that of specimens 1 and 4.
This could be potentially because the centroicheflatter two specimens was somewhat
lateral to the articulation and could partially &ip the increase in the target registration
error.

The fiducial configuration for the ulna was sometwWariable. A fiducial marker
was always attached near the olecranon processeWwwhe location of the other three
fiducial markers varied. The target registratioroeof specimen 2 and 3 is lower than
specimen 1 and 4. However, it appears as thougfidilhgal configurations in these latter
specimens are somewhat co-linear. The configurst@inspecimens 2 and 3 have two
fiducial markers in one plane and two fiducial ne&skin a roughly orthogonal plane.
This could perhaps cause a decrease in the o@e@lracy in the registration and should
be avoided in future applications of the technique.

Considering the distance measured in this studydes the centroid of the
fiducial configuration and the target fiducial,future applications of this registration, the
fiducial configuration should be adjusted to miramthis distance.

The target registration error for the humerus veas than that of the ulna. During
simulation, the ulna tracks around a stationary énus1 The tracking accuracy of the
optical tracking system is anisotropic with the Hagt error found in the axis
perpendicular to the camera (difference in traclkioguracy of 0.05mm between in-plane
and out of plane directions). The ulna, as it tsagtound the humerus, moves in the plane

perpendicular to the camera as well as in-plané, thims might reduce the overall



171

registration accuracy of the ulna compared to thdomary humerus. This may explain
why there is a discrepancy in the registrationrefwand between the humerus and ulna.
Additionally, during the post-hoc kinematic anatysised to generate the positional
transformation matrices of the humerus and ulrayétationship of the ulna is examined
with respect to the humerus. Therefore any ermotheé tracking of the two rigid bodies
are compounded in this transformation reducingdgestration accuracy of the ulna to be
lower than the humerus.

Table 4.2 compares the registration accuracy valelesrted in previous studies
(Fischeret al, 2001; McDonalcket al, 2007; Sadowsket al, 2002; Suganet al, 2001)
to the results of this current study. Sadowskyal. used paired-point registration and
obtained registration values less than 0.5mm (Sakipwt al, 2002). However, this
study used a simplified phantom. This level of aacy might be difficult to achieve in
an experimental protocol examining bony surfacek wiore complex geometries. In this
current study, it was difficult to position the didals such that the centroid of the
configuration corresponded to the articulation lseathe joint (area of interest) is
located at the end of the long bones. Surface-basgstration was employed in several
of these studies, but with accuracy values lowan tinat of the current study. The use of
surface-based registration is essential when ugiog-invasive approaches for
registration, but has insufficient accuracy to exsnoint articular tracking as reported in
this in vitro study (Sadowsket al, 2002; Suganet al, 2001). In order to achieve the
level of accuracy of the current study, a largeae®@f the bony surface would be require

for the registration making this surface-based negke also invasive.



Author Type of Registration Anatomy TRE(mm)
Humerus: 0.24+ 0.09
Lalone et al. Paired-Point (external Landmarks) Elbow Ulna: 0.89+ 0.30
Sugano et al. Surfaced Based Hip Pelvis: 1.2
Femur:1.4
Distal
McDonald et al.  Paired-Point{anatomical landmarks) Humerus 19+1.0
Surfaced-based 0.8:£0.3
Fischer et al. Surface-based Forearm 0.22
0.51 +0.29
Sadowsky et al. Paired-Point(fiducial landmarks) Phantom (10 fiducials)
0.55+0.22
(5 fiducials)

Table 4.2: Comparison of Registration Error

Accuracy values for previously developed registratechniques employing fiducial

registration.
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The implementation of the inter-bone distance aflgor was validated using the
experimental casting approach at a single statieaof flexion.The overlaid regions of
the cast on the proximity map show good correspocele For this validation, the
computational method overestimated the contact layeh7.35%. Digitizing the vacant
regions of the cast is error prone because itd®ts and difficult to define the boundary
of the contact region on the cast. There are ragionthe cast that are not entirely vacant,
but are ‘thin’ regions corresponding to regionst thige in ‘close’ but not ‘full’ contact.
Additionally, the vacant regions were digitized tve articular surface of the ulna;
however, the proximity map is shown on the subchainbone of the ulna model.
Therefore, this could introduce a shift in the koma of the contact as well as explain why
in some regions it appears as though the castheutlion the edge of the bone. Finally, a
single value of 2.87mm was used as a thresholditt space. However, regional
variations in the thickness of the cartilage, esdlgcnear the transverse ridge cause the
thickness of the overall joint space to change.r@foee, assuming a uniform joint space
may introduce error into the calculated contacaare

The techniques employed in the current study anédd by the accuracy of the
registration. Registration employing both pointdxh@nd surface-based registration can
significantly increase the accuracy of the regigiracompared to using landmark based
or surface based registrations in isolation (Maugeral, 1996). Therefore, future
applications of this registration approach will lie some surface digitizations to
increase its accuracy. Additionally, refined appites will be examined to attach the

fiducial markers as the current technique is batheiconsuming and tedious as it
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requires complete disarticulation and dissectiorthef bones. For example, implanting
metallic (tantalum/brass beads) (0.5-1.5mm in diamemay reduce the overall time
required to fixate the fiducial markers and engbee the fiducials themselves will not be
deflected during transportation between the lalooyadnd the CT suite. Currently, the
registration and data analysis occur post-expetfiatiom. Therefore, future directions
using this technique will aim to improve this teiue such that real time examination of
the articular surface interactions can be achieved.

A novel approach for examining joint articular tkaggy has been developed and
validated in this study. The accuracy of this regiton was also assessed under
experimental conditions similar to the actual vitro experimental protocol. This
technique is accurate and robust and can be apieahy joint undergoing tracked
simulated motionin vitro. This technique can now be used to examine thectefsf
various injuries and resulting mal-alignment on jbiat cartilage surface and therefore
can be used to develop and evaluate new surgidahitpues and rehabilitation (Chapter

5).
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Chapter 5 — Utility of an Image-Based
Technique to Detect Changes in Joint
Congruency Following Simulated Joint Injury
and Repair: An In vitro Study of the Elbow

OVERVIEW

Chapter 4 described the implementation of the ibtmme distance
algorithm (Chapter 2) to the registration techniqieveloped in Chapter
3. The accuracy of this technique was assessedvahdated. The

objective of this chapter was to demonstrate tligyudf the congruency
mapping technique in an in vitro experimental settiinvestigating a
clinically relevant scenario. A model of collaterdggament injury and

repair was employed in 5 cadaveric elbows usingewipusly developed
elbow motion simulator. As well, the effect of nristabilizers on elbow
joint stability was examined using both traditiogaémployed kinematic

metric as well as the newly developed joint congeyeechniqué.

5.1 Introduction

Osteoarthritis commonly occurs as a result of anr@ic event to the articulation,
however, as previously described in Chapter 4, ntteehanism and sequence of this
interaction is not well understood (Buckwalter abahe, 1997; Felsort al, 2000;
Honkonen, 1995; Hunteet al, 2005; Hunteret al, 2009). Changes in the overall
alignment of the joint or joint congruency are tgbtito be an important cause of long

term cartilage injury (Beveridget al, 2011). Chapter 4 described a technique which can

“A version of this has been submitted for publiaatio Clinical Biomechanics. Lalone
EA, Giles JW, Alolabi B, Peters TM, Johnson JA, ¢(G@JW. Utility of an image-based
technique to detect changes in joint congruencioiehg simulated joint injury and
repair: ann vitro study of the elbow. Submitted to Journal of Bionethbs July 1, 2012.
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be used to quantify joint congruency that combiagsoximity mapping technique and a
rigid registration technique to render 3D bone nstauctions undergoing simulated joint
motion. Using the technique, overall joint congrexercan be visualized and quantified
for the whole articular surface and within sub-ce@. Amongst the many applications of
such a technique, would be the investigation otfiemal anatomy, providing assistance
in intra-operative joint alignment and to investg#he etiology of various joint articular
diseases following injury. The primary objective thiis chapter was to employ this
technique to investigate the effect of a commongisat repair on resulting joint
congruency.

We chose an elbow ligament injury, repair and réiiatton model to evaluate
the utility of the joint congruency technique vitro. Dislocations of the elbow are
common, most frequently occurring as a result fafllaor more severe impact. Disruption
of the anterior and posterior capsules as welhasrtedial and lateral collateral ligaments
(MCL and LCL) has been documented following distama in a number of studies
(Eygendaalet al, 2000; Josefssoat al, 1987; O'Driscollet al, 1992; Pollocket al,
2009). In the majority of clinical situations, patts with elbow dislocations are treated
non-operatively with a good short-term outcomedwihg a closed reduction and early
motion. While residual clinical instability is ungmnon, the ligament healing is often
incomplete resulting in slightly increased elbowitya (Eygendaakt al, 2000). Previous
in vitro kinematic studies examining collateral ligamentaiefnave reported restoration
of elbow stability following surgical repair of theollateral ligaments. Despite these

findings however, post-traumatic arthritis has beeported in up to 50% of patients
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following dislocations at long-term follow-up (Eyogaalet al, 2000; Josefssoet al,
1984). The joint congruency mapping technique ia thapter was used to elucidate the
relationship between ligament repair surgery anidabditation on subsequent joint
alignment and overall congruency as it relatehédevelopment of OA. The hypothesis
was that while traditional techniques used to itigate elbow instability were able to
detect gross changes in the motion pathways ojoihg they would not be sufficiently
sensitive to detect more subtle changes withinjtiva, which may have long term
implications with respect to the potential devel@miof elbow arthritis.

The relationship between altered kinematics duedaual ligament insufficiency
and joint congruency was examined in the elbow. ikathlly, the effect of muscle
stabilizers was examined in both active and passilbew flexion using kinematics to

detect changes in the motion pathways, and joingeeency.

5.2 Methods

5.2.1 SPECIMEN PREPARATION AND EXPERIMENTAL PROTOCOL

Five fresh-frozen upper extremities, sectioned midierus were employed (76.6
+ 3.0yrs, Male, Left). A pre-testing x-ray computeanography (CT) scan was acquired
for each specimen and used to ensure each spetiateno existing joint pathologies
(64-slice scanner, GE Discovery CT750 HD, Wauke$t, Approximately 1000 slices
were acquired for each specimen with a 512x512nstoaection matrix (292mAs, 120

kVp). The voxel dimensions were approximately 0>82621x0.625mm.
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Each specimen was thawed at room temperature fooofs. The specimen was
clamped into the mount of a previously developdzbwl motion simulator (Ferreirat
al., 2010). The tendons of the relevant muscles iresivin pronated elbow
flexion/extension were isolated and attached tovssmotors/pneumatic actuators as
described in Chapter 4 (Section 4.2.1). Ligamenmtlggiwere secured to the medial and
lateral epicondyles to guide the pronator terestwitexors and the wrist extensors to
achieve native muscle alignments on the medial &atdral sides respectively.
Additionally, a ligament guide was positioned or tupracondylar ridge to guide the
brachioradialis. Two (3D) optical position sensavere attached to the base of the
simulator adjacent to the mounted humerus as weliractly onto the ulna near the distal
end of the bone (dorsal side) using a bone-fixaedinting pedestal as described in
Chapter 4 (Section 4.2.1).

The elbow motion simulator was positioned in thigua gravity orientation, with
the medial epicondyle of the elbow directed upwand the long axis of the humerus
parallel to the ground. Ulnohumeral joint congruem@as examined in this study. With
the arm in this position, the radiohumeral jointsaas a bony stabilizer to resist valgus
laxity, while the ulnohumeral joint tends tensitwe imedial collateral ligament repair and
gap open. As such, the valgus gravity dependenitiggoss a provocative model to
examine the effect of ligament deficiency on ulnoleval joint stability. Additionally,
previous studies have investigated the role ofdiorerotation on elbow joint stability and
determined that supination stabilizes the MCL defit elbow (Armstronget al, 2000).

As such, pronated elbow flexion was employed ashst provocative with the arm in
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the valgus orientation to detect changes in joiotiechanics after simulated MCL injury
and repair.

Active flexion was performed using previously depdd muscle loading
protocols which attempt to maintain constant vejoalbow flexion (Ferreireet al,
2010). Due to technical difficulties in data cotiea during the first specimen, the active
data was in total only available in four of thedfitested specimens. Tone loading of 10N
was applied to the wrist flexors and extensorddbikze the wrist. Passive elbow flexion
was achieved in all five specimens by the expertereguiding the forearm throughout
the arc of flexion, while maintaining the forearmgronation. The elbow was first tested
in the intact scenario during pronated, active passive elbow flexion. As a model of
residual mild elbow instability, the effect of catéral ligament injury and repair
(MCL/LCL) was investigated. The anterior bundletbé MCL was released from its
humeral origin, and the LCL was released from tierhal epicondyle and then repaired
using a transosseous suture repair technique Hedcpreviously (Frasest al, 2008;
Pichoraet al, 2007). For the collateral ligament repairs, thme was positioned at 90°
of elbow flexion in the valgus (MCL) and varus (LCgravity dependent position with
the wrist in neutral rotation. The flexor-pronatoass was carefully sectioned from the
MCL as was the extensor muscle mass from the L@ith Bgaments were then released
from their humeral origins. Two diverging transasse tunnels were created using a
2mm drill bit on each epicondyle. On the mediaksithe first tunnel was positioned on
the anterior-inferior aspect of the epicondyle b tentre of the axis of motion of the

elbow and exited the posterior aspect of the mesligracondylar ridge. The second
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tunnel has the same starting point, but exitedathterior aspect of the supracondylar
ridge. Similar tunnels were drilled from the latesale, with a common origin located at
the axis of motion of the elbow (capitellum). Sesir(#2 Hi-Fi ulta-high-molecular-
weight polyethylene, ConMed, Linvatec, Largo, FLEre secured to each collateral
ligament using a locking Krackow technique andréreaining ends were passed through
the diverging bone tunnels, tied through a loop #uesh attached to a pneumatic actuator
to provide accurate tensioning of the ligament. thig study, both the MCL and LCL
were tensioned to 20N (with the arm in the depengesition and the elbow at 90° of
flexion, neutral rotation) using the actuators #meh attached to a clamp mounted to the
base of the motion simulator. This magnitude ofsii@m was selected based on the
findings of previous studies (Frassral, 2008; Pichorat al, 2007).Active and passive
elbow flexion with the arm in the valgus orientatiand the forearm in pronation was
then repeated with the ligaments repaired.

Subsequent to testing, each specimen was denudhedorical landmarks were
digitized to create clinically relevant coordinatgstems using a calibrated tracked stylus
on the humerus and ulna as previously describe@hiapter 3 (Section 3.2.6). On the
distal humerus, the capitellum surface was digititzend sphere-fitted) and the trochlea
groove was digitized (and circle-fit). A trace anduthe circumference of the distal shaft
was also digitized and circle-fitted. On the ultiee guiding ridge of the greater sigmoid
notch was digitized (circle-fitted) as well as psiron the medial side of the greater
sigmoid notch and distal ulnar styloid. These poimere used to create vectors including

the flexion/extension axis defined by the centrehef capitellum and trochlea as well as
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proximal and anterior vectors creating the 3D cowt® system. Additionally, four delrin
spherical 19mm fiducial markers (two proximal (nsdand lateral) and two distal
(medial and lateral) were attached to the denudaemehus and ulna in previously
described configurations and digitized using abcated-cupped stylus to record the
position of each fiducial marker with respect te tione optical sensor (humerus and ulna

separately) (Section 4.2.1.4).

522 KINEMATIC DATA ANALYSIS

Motion of the ulna and stationary humerus was m@@rusing an optical tracking
system throughout continuous elbow flexion (0-13@ptotrak Certus®, NDI, Waterloo,
ON, Canada). To maintain the accuracy of the optreaking, (in-plane of 0.1mm and
perpendicular to the camera 0.15mm) a direct lihsight between the camera and the
position sensors during all motion recordings wasntained and kept within 2.5m.

Valgus instability of a collateral ligament defioteelbow is maximal between 70-
90° (Eygendaagt al, 2000); therefore kinematic motion of the ulnahniespect to the
humerus was examined by selecting frames of modbr30°, 60° and 90°. Valgus
angulation, which describes the angulation betwkerlong axis of the humerus and that

of the ulna, was measured for each angle of flea®a measure of valgus instability.

5.2.3 L ANDMARK REGISTRATION PrROTOCOL

A second CT scan (post-testing) of the denuded husrend ulna, with the 19mm
delrin spherical fiducial markers attached, wasuaeg using the same scanning protocol
as the initial pre-testing CT. The subchondralatefand cortex of the humerus and ulna

from both pre-testing and post-testing CT scanseweconstructed using the Marching
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Cubes Algorithm within VTK (Visualization Toolkit, Kitware, Clifton Park,
NY)(Schroeder Wet al, 1998). Two dimensional slices were overlaid witie
reconstructed model to ensure that a proper thigéshas selected. The protocol
employed was described in Chapter 2. The subchbadrtace of the ulna from the pre-
testing CT was segmented into four zones; medidl lateral coronoid (MC, LC) and
medial and lateral olecranon (MO, LO). Note tha¢ #tone names in the study were
changed to be more consistent with clinical terdugy as this was a clinical study. The
reconstructed humerus and ulna from the pre-testaay, the segmented subchondral
region of the humerus and ulna, as well as the zounes of the ulna were registered to
the post-testing CT using the lIterative ClosestnP@ICP) surface-based registration
algorithm with three coarse points chosen for ahittourse alignment (Besl PJ and
McKay ND, 1992). Additionally, 3D models of eaclidicial marker were reconstructed
and sphere-fit.

Paired-Point registration was employed to render 8D models into their
respective position based on the tracked data. Tdugsstration protocol employing
homologous fiducial markers has been describedqusly in Chapter 3 (Section 3.2.5).
Using the relationship between the fiducial and ltbee tracker, and the transformation
matrices describing the position and orientatiorea¢h bone during elbow flexion, the
position of each fiducial was determined with respe the camera for each frame of
motion. This paired-point registration describece trelationship between the CT
coordinate system (which the bone models are id)tla@ camera coordinate system. This

was used to then render the bone models into theergacoordinate system for each
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frame of motion. The accuracy of the registratiechhique was described in Chapter 4
(Section 4.3.1.1) by investigating target and fidugegistration error values (TRE:

<0.88mm, FRE: <0.25mm).

5.2.4 DETERMINATION OF JOINT CONGRUENCY

To investigate the relative inter-bone distance ahdrefore overall joint
congruency, the inter-bone distance algorithm desdrin Chapter 2 (Section 2.2.5) was
employed. This algorithm uses points on the recaostd subchondral surfaces to find
the minimum distance between the two opposing seasfaProximity maps are used to
visually examine the relative inter-bone distancessng colour mapping. Inter-bone
distances described the distance between the twosop subchondral bone surfaces.
This distance corresponds to the cartilage thickrmesthe humerus and ulaa wellas
any spacing between the articulating surfaces. gurpose of this inter-bone distance
algorithm is to examine the overall distributiontioé joint space. Therefore, in this study,
a maximal inter-bone distance of 4mm was used eatify ‘regions of close proximity’
and is shown as a maximum value on the colour-roale sThis 4mm magnitude is not to
reflect solely the cartilage thickness (which i$ homogeneous across the humerus or the
ulna), but rather serves as a limit in the intendalistances and as a scale in the
proximity maps. The rationale behind this was dbsdrin Chapter 2. Once again, four
‘levels of proximity’ were also measured by finditige surface area on the subchondral
bone that was less than 0.5mm, less than 1.5mmthes 2.5mm and less than 3.5mm

inter-bone distance. The surface area within eae#l lof proximity was measured for the
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humeral and ulnar subchondral surface as well mgdoh zone on the ulna at 30°, 60°
and 90° degrees of flexion in the intact and ligatwepaired scenario.

In three of the five specimens, the two registelmmhe surfaces became
overlapped due to the accuracy of the registragehnique. The amount of overlap on
average did not exceed 0.5mm and was consistentsperimen 1, the overlapping
region, when present, was on the medial side obkberanon near the olecranon process.
For specimen 2 the overlapping region occurredt riglacent to the coronoid process on
the medial side and on the lateral olecranon famrespecimen 4 (Appendix G). These
regions occur where the two bones are closest amd the least inter-bone distance.
Therefore, it is not surprising that these regioheverlap would appear at the two major
prominences of the ulna. To account for these rnsgmf overlap, at each point on the
humerus or ulna, the dot product was calculatethéasure the between the vector of
minimum distance and the normal vector of eachtpdfithe surfaces were opposing, the
angle between these vectors would be less than B@Xever, if the surfaces were
overlapping, the angle between these two vectordduMoe greater than 90° and as such,
they would be assigned a negative value. A lishe&sured inter-bone distances from all
the points on the humerus and ulna were obtaingd) ukis algorithm from which the
surface areas within each ‘level of proximity’ wetetermined. On the proximity map, all
values less than Omm, corresponding to regionsveflap were assigned red. As these
overlapping regions appear where the two surfacesclasest in proximity, these red

regions appear concentric with the actual regidredose proximity (Figure 5.1).



I 0.00mm 0.00mm

Figure 5.1: Overlap Regions

Negative values correspond to regions were the husrend ulna overlapped. If these
overlapped regions are not assigned negative vathey appear as positive values as
shown in A. The proximity map indicates a ‘ringpagarance with a central yellow
region which is present due to overlap. The -1.00ralmes and 1.00mm values both
appear as yellow. Therefore, negative values wesggaed to regions of bone overlap
and the scale was then set to 0.00mm so that aflapping regions appear as red.
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525 STATISTICAL ANALYSIS

A repeated-measures analysis of variance test avionferroni correction was
used to detect statistical differences in the mreasisurface area for each level of
proximity for the entire and zoned ulnar surfacethe intact versus ligament repaired
scenario. Additionally, this statistical test wased to evaluate differences between the
medial and lateral zones in both ligament intact aepaired scenarios. The same
statistical analysis was performed for the valguguéation throughout elbow flexion in
the intact and ligament repaired condition. To deifferences between active and
passive trials, a repeated-measures analysis @neartest with a Bonferroni correction
was used to compare active versus passive valgudadion and joint proximity for the

intact and repaired ligament scenario separatebtisBcal significance was set at p <

0.05.
5.3 Results
5.3.1 ACTIVE /PASSIVE MOTION

Valgus angulation increased an average of 1.8#dudihg passive compared to
active elbow flexion for the intact ligament scaagp=0.04) and increased 3.9+2.2° for

the ligament repaired scenario (p=0.02) (Figur¢.5.2
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Figure 5.2: Valgus Angulation during Active and Pasive Elbow Flexion

Valgus angulation is shown for the intact and ligannrepaired scenarios. Valgus
angulation increased an average of 1.8+1.0° dunpagsive compared to active elbow
flexion for the intact scenario (p=0.04) and incsed 3.9+2.2° for the ligament repaired
scenario (p=0.02) (n=4, mean+ 1SD).
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Proximity maps for the intact elbow are shown farepresentative specimen in
active and passive elbow flexion at 30°, 60° anél @0flexion in Figure 5.3. During
passive elbow flexion, the joint is less reducedgér inter-bone distances) as shown.
Figure 5.4 shows the measured surface area havingter-bone distance less than
3.5mm for active and passive elbow flexion in batitact and repaired ligament
scenarios. The joint had a significantly largerface area within close proximity on the
subchondral bone during active versus passivediekor the intact elbow at proximity
less than 2.5mm (not shown) (p=0.02) and 3.5mm .(G84) (n=4). This means that in
general, the joint is less reduced in passive thactive elbow flexion. Similarly, in the
ligament repaired condition, significantly greagerface area was found for active versus
passive flexion at proximity less than 2.5mm (nbbwn) (p=0.03) and 3.5mm of
proximity (p=0.001). Overall joint congruency (<) decreased 31.1+£9.7% in passive
elbow flexion for the intact elbow and 66.9+25.686 passive flexion in the ligament
repaired scenario relative to active motion. Theas no effect of elbow flexion angle on
valgus angulation or surface area when compariniyea@and passive elbow flexion

(p>0.05).
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Figure 5.3: Ulnar Proximity Maps in the Intact Elbow during Active and Passive

Flexion
Inter-bone distances are assigned a colour betwedn(Omm) and blue (4mm) to show

overall joint inter-bone distances. Two views a&f groximal ulna are shown to visualize
the coronoid and olecranon regions.
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Figure 5.4: Surface Area during Active and PassivElbow

Surface Area is shown for both the intact and ligathrepaired scenarios (inter-bone
distance <3.5mm) (n=4, mean +1SD). The joint haghsicantly larger surface area
within close proximity on the subchondral bone dgractive versus passive flexion for
the intact elbow (p=0.004) and ligament repaireérsario (p=0.001).
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5.3.2 LIGAMENT STATE

Valgus angulation increased 1.2+1.0° after seatigrand repair of the collateral
ligaments under active elbow flexion, however tinas not statistically significant
(p=0.09). Valgus angulation increased 3.3%2.2° raftectioning and repair of the
collateral ligaments throughout passive elbow fthex{p=0.02). The difference in valgus
angulation between intact and ligament repairedhiswn in Figure 5.5 (active), and

Figure 5.6 (passive) averaged for all specimengedisas for each specimen separately.
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Figure 5.5: Difference in Valgus Angulation betweerntact and Ligament Repaired
Values are shown for n=4 as well as for each speniseparately. Valgus angulation
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increases following ligament repair in all four g@ens undergoing active elbow flexion
(with the exception of 90°, Specimen 1).

Note: A positive value indicates an increase irgualangulation subsequent to ligament

repair.



8.0

7.0

6.0

5.0

4.0

3.0

Valgus Angulation (°)

2.0

1.0 -

0.0 -

30°

60°

90°

-1.0

Flexion Angle (°)

M All Specimens (n=4) B Specimen1 M Specimen2 M Specimen3 M Specimen4

Figure 5.6: Difference in Valgus Angulation betweerntact and Ligament Repaired
Valgus angulation increases following ligament rep@a all five specimens (with the
exception of 90°, Specimen 1) undergoing passbaeflexion.
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Note: A positive value indicates an increase irgualangulation subsequent to ligament

repair.
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Small differences can be seen in the proximity snapown in Figure 5.7
comparing the intact versus ligament repaired staligring active motion. However,
Figure 5.8 shows large differences in the shape laadtion of the regions of close
proximity when comparing the two ligament stateshwhe elbow undergoing passive
elbow flexion. Overall joint congruency (<3.5mm)cdeased 21.2+26.2% (p=0.14) in
active elbow flexion and 57.9+39.9% (p=0.02) in ges flexion after ligament

sectioning and repair.
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0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

Figure 5.7: Proximity Maps with Intact and Repaired Ligaments during Active

Flexion
Small differences exist between the intact andrigyat repaired proximity maps when the

elbow was undergoing simulated active elbow flexion
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0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

30° Intact

Figure 5.8: Proximity maps with Intact and RepairedLigaments during Passive
Flexion.

Large differences exist between the proximity nudjlse elbow undergoing passive
elbow flexion during the intact versus ligamentaiegd scenario.
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In addition to ulnohumeral overall congruency, Zoj@nt congruency was
examined to detect differences in the locationeagfions of close proximity before and
after ligament repair. Only inter-bone distancess lthan 3.5mm, were examined for the
zones. During active elbow flexion, the overallfage area on the proximal ulna was not
statistically different between the intact and figant repaired scenario as noted
previously. However there were zonal differencesl®wvn in Figure 5.9. The surface
area within close proximity (<3.5mm) was highertba medial side of the coronoid than
the lateral region with both the ligaments intae0.02) and repaired (p=0.04). There
were no differences in proximity between the mediadl lateral zones of the olecranon
(Intact: p=0.19, Repaired: p=0.13). The LC zondamer area increases throughout elbow
flexion in both ligament scenarios while the LO eatecreases but no statistical effect of
flexion was found. During passive elbow flexion lwthe ligaments intact, there was a
significantly larger surface area on the mediaksad the olecranon compared to the
lateral side of the olecranon (p=0.006) (FigureOh.INo significant differences were
found between the medial and lateral side of thermmd (p=0.24). However, after
ligament sectioning and repair during passive nmotfeere was a significant increase in
surface area on the lateral coronoid region ofpteximal ulna (p=0.04) and no medial
and lateral differences on the olecranon regio® @) Therefore, subsequent to ligament
sectioning and repair the distribution of measwadace area shifted from the medial
coronoid to the lateral coronoid and became bathiiween the medial and lateral

olecranon regions.
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Figure 5.9: Surface Area values following LigamenRepair (Active Flexion)

Overall and zonal surface area are shown followliggment repair (inter-bone distance
(<3.5mm) during active flexion (n=4, mean +1SD)eRurface area within close
proximity (<3.5mm) was higher on the medial sidéhefcoronoid than the lateral region
with both the ligaments intact (=0.02) and repaif@e0.04). There were no differences
in proximity between the medial and lateral zonkthe olecranon (Intact: p=0.19,
Repaired: p=0.13). The LC zone surface area inaesdbroughout elbow flexion in both
ligament scenarios while the LO zone decreasesduatatistical effect of flexion was
found.
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Figure 5.10: Surface Area values following LigamenRepair (Passive Flexion)

Overall and zonal surface area values followinghgent repair (<3.5mm) during

passive flexion (n=5, mean +1SD). During passiym®l flexion with the ligaments

intact, there was a significantly larger surfaceearon the medial side of the olecranon

compared to the lateral side of the olecranon (j6®)
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To examine the differences in surface area valaeshe entire ulna and within
each zone (inter-bone distance <3.5mm) percenerdifces were calculated for all
specimens as well as individually. A graphical esentation of these calculated percent
differences is shown in Figure 5.11 for active &mglre 5.12 for passive elbow flexion.
In general, the magnitude of decrease in joint oeercy is larger during passive rather
than active elbow flexion.

Surface areas (inter-bone distance < 3.5mm) wemmied for each zone
between the intact and ligament repaired scenauiingl active and passive flexion.
There were no statistical differences betweenritect and ligament repaired scenario for
any zone when the elbow was undergoing active elbewion (MO: p=0.497, MC:
p=0.165, LO: p=0.165, LC: p=0.6780). Statisticdfetences between intact and ligament
repaired scenarios were found in the medial combn@=0.041), medial olecranon
(p=0.018) and lateral olecranon (p=0.041) zoneswthe elbow was undergoing passive

elbow flexion (LC: p=0.054).
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Figure 5.11: Differences between Intact and LigametrReioaired Joint Congruency
(Active)

Difference between intact and ligament repairedta@iongruency (inter-bone distance
<3.5mm) during active elbow flexion.

Note: A negative number indicates that the surtaea decreased from intact to
ligament repair.
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Figure 5.12: Differences between Intact and LigamedrRepaired Joint Congruency
(Passive Flexion)

Differences between intact and ligament repairedtjoongruency (inter-bone distance
<3.5mm) during passive elbow flexion

Note: A negative number indicates that the surtrea decreased from intact to
ligament repair.
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5.4 Discussion

The objective of this study was to employ an imbhgeed approach to investigate
the relationship between subtle ligament instabibind resulting ulnohumeral joint
mechanics as well as the relationship between katiesnand measured joint congruency.
Also, the effect of static and dynamic stabilizesss examined during passive and active
elbow flexion to determine whether there was ati@iahip between measured joint
laxity and resulting joint congruency. We hypotlzesi that proximity mapping would be
more sensitive than traditional kinematic techngjteemeasure subtle alterations in joint
mechanics. The technique employed in this studyutmntify articular mechanics proved
to be sensitive enough to detect large changesinb gongruency in spite of only small
changes in kinematics following simulated ligamempair and the method of
rehabilitation.

The literature indicates that while previous stadmave investigated elbow joint
contact area and mechanics (Blaatkal, 1981; Ecksteiret al, 1993; Ecksteiret al,
1994; Ecksteinet al, 1995; Fujikawaet al, 1983; Goodfellow and Bullough, 1967;
Stormontet al, 1985; Walker PS, 2008), these techniques we&siug, requiring direct
exposure of the joint. Using the technique desdritbe this current study, joint
congruency can be quantified non-invasively andngucontinuous movements as this
technigue does not rely on direct access to tme, jand uses motion data collected during
testing. A review of traditional ulnohumeral joimbechanics is found in Chapter 1

(Section 1.2.3). However, of specific interest iststudy Gotcet al. (2004), who also
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used proximity maps to determine typical contadtgpas at the uinohumeral joint, found
that on the humerus, the contact pattern on thehlear surface was situated on the
medial facet of the trochlea for any possible elmsition (Gotoet al, 2004). Similar
results were found on the ulna. The same tenderas/ also noted by Stormost al.
(1985) and Goodfellow and Bullough (1967). By examiningjiomal zones on the
proximal ulna, we found that in the intact elbohere is a tendency for the surface area
within close contact to be concentrated on the aleside of the coronoid (lower half)
region on the proximal ulna with the arm in thegua orientation. This pattern however
changed following ligament repair as the close acintegion transferred to the lateral
side of the coronoid zone during passive elbowidiex

The optimal method of rehabilitation of the elboasmot been elucidated. Active
motion, where the patient uses their muscles t@taithe joint motion may be preferred
due to the tendency to dynamically stabilize thatjDuck TRet al, 2003; Dunninget
al., 2001a). The results of this current study indicetat with the arm in the valgus
gravity dependent orientation, during active elbflexion, there is no statistically
significant difference in the kinematics beforeafter collateral ligament repair. Passive
motion, where the elbow is moved with the patierdtber arm or by therapist, is
commonly employed in an effort to ‘protect’ the @ho During passive motion in this
current study, we found that with both collateighinents repaired there was a 3.3+2.2°
increase in the valgus angulation. Clinically, thmount of increased instability may not
be apparent to the patient, nor using routine @dilnstability tests or imaging evaluations,

but clearly alters joint congruency as demonstratethe 57.9+39.9% decrease in surface
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area following ligament repair. Previous studiesehalso reported an increase in valgus
angulation following ligament repair in passive mot(Armstronget al, 2000; Dunning
et al, 2001b; Fraseet al, 2008; Pichorat al, 2007; Pollocket al, 2009). This study
confirms this finding and is able to relate thigrgmse in angulation to reduced joint
congruency indicating that the proximity mappinghieique is sufficiently sensitive to
detect changes in joint congruency with or withowiscle activation. The results also
agree with those reported by Ahmetlal. (1983) who investigated the effect of MCL
insufficiency on posteromedial olecranon contaad &und contact area significantly
decreased with progressive MCL insufficiency (Ahnetdal, 1983). Previous studies
have shown that both overuse as well as underusieofcartilage surfaces or any
deviation from the native uninjured joint can cadsdeterious effects to the underlying
articular cartilage (Beveridget al, 2011). The change in the overall joint congruefasy
a surrogate of joint contact) following ligamenpa@ suggests that the normal contact
mechanics have been altered. Therefore, it is noprising that patients with
compromised collateral ligaments may develop l@argat post traumatic arthritis as a
consequence of this abnormal articular biomechartcsnay also be suggested that
valgus position and passive motion should be avbaleing the rehabilitation of elbow
dislocations, with or without ligament repairs; rewer the results of this current study
were limited to a single provocative gravity depemichosition.

Ligament tensioning has been examined extensivellge literature (Fraset al,
2008; Pichoreet al, 2007; Pollocket al, 2009). Although examining ligament repair

tension was not a specific goal of this study, fidual increase in valgus angulation
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during passive flexion, following ligament repaidoes require some explanation.
Previous studies have indicated that in isolattbe, LCL repair should be tensioned at
20N or less (Frasest al, 2008). Similarly, when repairing the MCL, previostudies
have indicated that a wide range of MCL tensiona¢te employed (up to 40N) (Pichora
et al, 2007).The residual increase in valgus angulafmmd in this current study
indicates that the MCL is under-tensioned (at 20Nj}he LCL is over-tensioned (20N)
pulling the elbow into valgus. These effects arensen the absence of the dynamic
muscle stabilizers. Kingt al.investigated both under-tensioned and over-tendidbh@L
repairs in a rabbit model and found that the temsmin the ligament normalized over a
period of 12 weeks (Kingt al, 1995). It is not known whether or not this is tiase in
humans, but the results of our study indicate ¢vahsmall changes in ligament function
can markedly affect the overall amount and distrdyuof the regions of close proximity
which may explain the degenerative changes thattrietglowing joint injuries.

Degenerative changes after ligament injuries amancon. The results of this
current study indicate that classic measuremenhnigques of joint kinematics
underestimatethe impact of ligament injury and repair on thdicatation; current
techniqgues may not be sufficient to detect the Hmmm effects of these injuries or their
treatment. Future research efforts will be dire¢tethodify the current protocols to allow
this technique to be applied non-invasively in @ats with disorders of the elbow and
other articulations.

Previous chapters in this thesis were devoted e¢odésign and assessment of a

non-invasive image-based technique to examine uimenal joint congruency
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undergoing simulated, continuous elbow flexion. Hoeuracy of this technique and the
utility of its use have been demonstrated. Whike tise of this technique in am vitro

environment will allow further insight into the caiof various clinical injuries and their
effect of the resulting joint mechanics. Howeveg @an also attempt to implement, as

previously mentioned, these protocols into a clihgetting.
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Chapter 6 — The Effect of CT Dose on
Glenohumeral Joint Congruency
Measurements using 3D Reconstructed
Patient-Specific Bone Models

OVERVIEW
Previous chapters in this thesis have focused end#velopment of an
image-based technique to examine joint congruemnd¢heaelbow. These
studies are all laboratory-based in vitro investigas. As well, all of the
protocols described in this thesis rely on 3D bameeonstructions
obtained using x-ray computed tomography. While #meount of
radiation applied to the cadaveric models is not mé&jor concern,
moving these protocols into a clinical setting regs modifications to
existing procedures to reduce the deleterious &ffeé this imaging
modality. Hence, the objective of this study waddt@rmine the optimal
CT scanning techniques that would minimize radmatidose while
accurately quantifying joint congruency. Glenohuaigoint congruency
was chosen as this joint, and its proximity to hyghadiosensitive

organs, poses a significant challerye.

6.1 Introduction

X-ray CT has become a valuable tool in orthopaeblath clinically as well as for
biomechanical applications. Clinically, CT scane ewutinely used to obtain diagnostic

information. With the development of computer assis orthopaedic procedures,

> A version of this has been published: Lalone EAs B, Kedgley AE, Jenkyn TR,
King GJ, Athwal GS, Johnson JA, Peters TM. The &fé¢ CT dose on glenohumeral
joint congruency measurements using 3D reconstiyzaéent-specific bone models.
Physics in Medicine and Biology. 2011. October 24(20): 6615-24.
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clinicians often employ CT images for use in prexgpive surgical planning (McDonald
et al, 2007; McDonaldet al, 2009), and to investigate joint alignment andodeity
(Athwal et al, 2003; Henckelet al, 2006). CT is also a valuable tool for 3D joint
modeling due to the high contrast images obtairetd/den bone and soft tissue (Gka
al., 2009). Specifically in this thesis, CT is reqdirf@r all the techniques developed as
they rely on 3D bone reconstructions obtained f@mvolumetric image sets. One of the
main factors affecting the accuracy of a 3D reawoiesion is the quality of the image
dataset used in the reconstruction (Zannehial, 1998). While the number of
biomechanical applications using CT for joint madiglhas increased, little consideration
has been given to the applied dose to the patmtgipating these studies (Van Satt
al., 2006).

The shoulder provides a significant challenge batlits size and proximity to
highly radiosensitive organs, as these proceduréaté the thyroid gland, lung and
breast tissue, which are sensitive to the damagfifegts of ionizing radiation (Biswast
al., 2009). The glenohumeral articulation of the sHeuldescribes where the humeral
head articulates with the glenoid, the articularfase of the scapula. The motion of this
joint allows for shoulder flexion/extension, abdtica/adduction and internal/external
rotation of the humeral head with respect to trengid. Additionally, only ulnohumeral
joint congruency has been examined in this thd@sisrefore, to demonstrate the utility of
this joint congruency mapping technique to othertg) glenohumeral joint congruency is

also examined.
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The inter-bone distance algorithm described andlaedd in Chapter 2 assesses
the relative congruency or relative joint spaceawofarticular joint for use in the study of
joint mechanics. This algorithm, as previously nmmd, uses reconstructed bony
models obtained from CT scans and has been useddstigate elbow joint mechanics
in vitro. The clinical implications of using imaging to denine joint contact mechanics
are significant, as they provide a powerful clihi¢aol to evaluate patients when
performedn vivo. The clinical application of this work requiresthonizing radiation be
minimized while still providing an accurate chaetation of joint congruency.

The purpose of this study was to investigate thecefof radiographic CT
scanning techniques on the accuracy of 3D surfamgels of the shoulder. Specifically,
the objective of this chapter was to establish rthieimum radiation dose required to

create an accurate 3D reconstruction that coulaskd to quantify joint congruency.

6.2 Methods

6.2.1 SPECIMEN PREPARATION AND | MAGING

Five fresh-frozen male cadaveric shoulder specimmare employed in this study
(75+8.9 yrs; 3L and 2R). Prior to testing, the spens were thawed at room temperature
for 20 hours. The joint capsule and all soft tisst@mained intact.

Each specimen was placed on the CT gantry in tipénsuposition with the
shoulder adjacent to the chest (consistent withnical CT scan of a shoulder) (Bet
al., 2004). To simulate the thorax that would be pregean intacin vivoshoulder scan,

a 22 cm container filled with water was positior@eijiacent to the shoulder specimen. The
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width of the container was within the normal rar{gee standard deviation of the"50

percentile) of one-half of a male’s shoulder breaf(Rheasant S and Halsgrave CM,
2006). Volumetric images were acquired using acheli64-slice CT scanner (GE
Discovery CT750 HD, Waukesha, WI). The specimenmditichange position in the CT
scanner between successive scans. Approximatelysh&€s were acquired for each
specimen with a field of view set at 20-22 x 20422and a 512 x 512 reconstruction
matrix.

Patient dose is highly dependent on the CT paramaised to acquire the
volumetric image. The choice of radiographic teges that most affects the effective
dose are x-ray tube current (mA), tube peak volfagential (kVp), and scan extent (cm
length of the scanned volume) (Huad al, 2002). The patient dose is directly
proportional to the selected mA and therefore wsedun this study as a CT parameter
that can be easily manipulated dose (Hetdal, 2002). The relationship between patient
dose and kVp is more complicated than mA as doseases in a supra-linear manner
with increasing kVp (Hudat al, 2002). For helical scanners such as the CT scaiseel
in this current study, the pitch ratio (the incremef the length of table imaged per slice)
directly affects the applied dose. As the pitchrélases, the dose decreases as the same
amount of radiation dose is applied to a largea afethe patient. Therefore in this study
both mA (tube current) and pitch ratio were usedd&termine the minimum dose
required to investigate joint congruency at thenghlameral joint of the shoulder.

Effective mAs, defined as (mA per rotation/pitctiof accounts for the tube current as
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well as the spiral pitch factor and was also cali@d. However, in this study a fixed mA
value was used for the entire scan volume and lo® ¢urrent modulation was used.

Four low-dose CT (protocols 1-4) and three nornuded(protocols 5-7) scanning
protocols were investigated in this study (Table: € T Scanning Protocols). Biswas
al. (2009) examined twenty CT scans of the shoulddrdetermined that the average x-
ray tube current used was 365 + 176 mA and 120 KWis referenced paper does not
indicate what the average tube rotation time wasafdypical shoulder examination.
Therefore, to identify the protocol in this currestudy that represented the standard
radiographic technique, protocol 6 was chosen asatl a tube current of 450mA which
is within the range noted by Biswast al. Radiographic tube voltage is typically kept
constant at 120 kVp in most facilities in North Ameca (Hudaet al, 2002). Therefore,
protocol 6 represents the standard radiographitntgue setting employed in a typical
clinical CT shoulder examination (450mA (360mAs20XkVp, slice thickness 0.625mm,
pitch ratio 0.969:1). The mean effective dose ofigical shoulder examination is 2.06 *

1.52mSv (Biswaset al, 2009).



CT X-ray Revolution Time mAs per  Pitch Ratio Effective mAs Voltage Slice
Protocol Tube (mS) Rotation (mAs per rotation/pitch ratio) (kVp) Thickness
Current (mm)
(mA)

Low Dose 1 10 0.8 8 0.969:1 $.256 120 0.625
2 15 038 12 0.969:1 12384 120 0.625
3 50 0.8 40 0.969:1 41280 120 0.625
4 150 0.8 120 0.969:1 123.839 120 0.625

Normal
e 5 450 038 360 1.375:1 161 818 120 0.625
6% 450 0.8 360 0.969:1 371517 120 0.625
7 450 038 360 0.531:1 677.966 120 0.625

Table 6.1: CT Scanning Protocols

Four low-dose protocols (1-4) and three normal-d{&&) scanning protocols were

investigated.

*Indicates the standard clinical radiographic scang protocol.
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6.2.2 SEGMENTATION AND BONE M ODELING

Successive DICOM files generated from each CT sezme converted to a MINC
file (Montreal Neurological Institute and Hospit2010) using custom software as
previously described in Chapter 2 (Section 2.2VBNC files were then used to create a
3D model by manually selecting a threshold valus geparated soft tissue from bony
tissue. Surface models were created using the MueydBubes algorithm within VTK
Version 4.2.1 (Visualization Toolkit, Kitware, Cign Park, NY) (Schroeder Wt al,
1998). The subchondral bone region, representiegbtine surface below the articular
surface, of both the proximal humerus and glenthd érticular surface of the scapula)
was manually segmented from each 3D reconstruetiohsaved as a separate 3D model.
The scanning protocol was blinded from the expenmiere during this reconstruction

process.

6.2.3 OuUTCOME VARIABLES

Joint congruency was calculated using an inter-lzbsiance algorithm described
in Chapter 2 (Section 2.2.5). The inter-bone digtaalgorithm measures the relative
distance between the opposing subchondral bonacasf A colourmap was once again
used to visualize these distances. Using the bee distance algorithm, the surface area
across the subchondral bone was measured for a géxel’ of proximity. A region in
which inter-bone distances were less than 10mm chassified as a ‘(close) proximity
region’. This value was chosen to reflect the geoynef the glenohumeral joint. Within
this region, ‘levels of proximity’ were also empbxy measuring the surface area of the

subchondral bone within high proximity (less thaB5inm), medium proximity (less than
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3.75mm), low proximity (less than 6.25mm) and distaroximity (less than 8.75mm).
These values were chosen as they represent boesddrcolour regions. For example,
less than 2.75mm is showing the boundary of thiaserarea on the glenoid or humerus
where the colourmap transitions from ‘yellow’ taégn’. The surface areas in this study
are expressed as a percentage value of the ttitallar surface (subchondral bone) for
the humerus or glenoid. A repeated-measures asaysiariance test with a Bonferroni
correction was used to detect statistical diffeesnio the measured surface area for each
level of proximity (high, medium, low and distantogimity) for each CT scanning
protocol. This statistical method was applied ® thrrent varying protocols (#1, 2, 3, 4,
and 6) and pitch varying protocols (#4, 5, andéjasately. Statistical significance was

set at p < 0.05.

6.2.4 DOSIMETRY

Two common quantities recommended by the Commissibrihe European
Communities to express CT dose used in a clinicél €€anner are the weighted
computed tomography dose index (CJJpand the dose-length product (DLP) (Jessen
al., 1999). CTD},, measured in mGy, takes into account modificatiartabe current and
voltage and allows direct comparison of one scanaeanother as well as one scan
technique to another (Wiest al, 2002). CTD|, describes the average dose delivered to
the scan volume for a specific examination andagsaé to CTDJ,/pitch ratio. DLP is
expressed in mGyxcm and can be obtained by takieagtoduct of CTQJ and length of
the scan (slice thickness x number of slices)his $tudy however, DLP values were not

calculated, but rather obtained from the scannsplaly, specifically the dose report.
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CTDI, and DLP are both examples of reference dosimetityeg that are measured
experimentally using imaging phantoms measured uomigstant conditions of exposure
(Shrimpton PC and Wall BF, 2000). Shrimpton and IVétdte that measurements of
CTDI,, and DLP can only be used to provide an average dpplied to the patient for a
given anatomical region and patient size (Shrimp®é and Wall BF, 2000). These
values do not account for the radiosensitivity fué frradiated organs. These dosimetry
values should not be interpreted as the applie@ deseived by any specific tissue or
organ in the patient. Therefore in this study, @ffee doses were examined to incorporate
the radiosensitivity of the relevant organs andugs surrounding the shoulder and are
expressed in milliSieverts (Hudd al, 2002). The actual calculation of effective dose i
quite complex, however broad estimates for effectiose may be derived from values of
DLP using normalized coefficients (1996). Previcstsidies have determined these
normalized coefficients for specific anatomicalioeg and these values were employed
for the current investigation to obtain an avera@dd® normalized coefficient for a
clinical shoulder examination (Hatziioannetial, 2003; Jesseat al, 1999; Shrimpton

PC and Wall BF, 2000).

6.3 Results

Proximity maps from the inter-bone distance aldwnit showing relative
glenohumeral joint congruency as a function of taberent are shown in Figure 6.1. The
images are of the joint in an ‘opened’ pose forualgation purposes. While the

proximity maps are displayed for a single
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10.0 mm 7.5 mm 5.0mm 2.5mm 0.0 mm

Figure 6.1: Proximity Maps of the Glenohumeral Joir for Protocols Examining

mAS.

The proximity region (<10mm) is consistent betwakscans from low (protocol 1) to
standard dose scans (protocol 6). On the glendie yellow region (approximately
2.5mm proximity) is located centrally and exteralthe superior region of the
articulation as a ‘tear drop’. Additionally, on th@osterior rim of the articulation, there

is a yellow stripe slightly inferior to the centrgllow region. On the humerus, the
central yellow region is tilted laterally and issal consistently visualized between scans.
The stripe on the humerus is on the medial sideishanly clearly seen in the higher mAs
scans (50-450mA). With decreasing mA, the abditysolve the stripe decreases until
10mA when there only appears to be a single yallemral region.
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specimen, the results are representative of attisgas. The shape and location of the
proximity region is consistent across all scansr&fore the posterior region (not shown)
is dark blue (>10mm). The surface models of bo#h glenoid and humerus that were
reconstructed from the low mA scans appear roughpgited. On both the glenoid and
humerus, at the lower mA scans (protocol 1&2), ¢hare reddish-orange ‘dots’
corresponding to a proximity less than 1mm. Thesggons correspond to regions of
‘false proximity’ as they do not appear on the hifise scans and are the result of
increased noise in the low dose scans.

Proximity maps, showing relative glenohumeral jaiahgruency as a function of
pitch ratio are shown in Figure 6.2. All of thesmss were acquired at 360mAs and
therefore generated smooth surface models. Quwadibgt there appears to be no

difference in the proximity region between scansitie@ humerus or glenoid.
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Figure 6.2: Proximity Maps of the Glenohumeral Joir for Protocols Examining
Pitch Ratio.

The proximity region shown for varying pitch ratissonsistent across scanning
protocols. The only visual difference between thpesgimity maps is small pits located
on the medial/inferior region of the glenoid subetral bone. As the pitch ratio
decreases (dose increases) the size of these dexdesases.
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Individual iso-contour maps for the glenoid arewhdor each proximity level in
Figure 6.3 (high proximity), Figure 6.4 (medium piraity), Figure 6.5 (low proximity)
and Figure 6.6 (distant proximity). The outer edgéshe glenoid articular surface area
less defined for the low dose scan (protocol 1) gamad to the high dose scan (protocol
7) for all levels of proximity. The low dose scaresario shows only a small area of the
subchondral bone in high proximity. However, on kiigh dose scan, there are no areas
of the subchondral bone within high proximity. Ftive medium, low and distant
proximity maps, the pattern of the proximity levelconsistent between the high and low

dose scans; however, there are large holes anphpits low dose scans.
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Protocol #1 Protocol #7
Effective Dose: 0.022mSv Effective Dose: 9.77mSv
(8mAs, 0.531:1, 120kVp) (350mAs, 0.531:1, 120kVp)
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Figure 6.3: Iso-contour map of High Proximity (<1.5mm) (shown in red)
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Protocol #1 Protocol #7
Effective Dose: 0.022mSv Effective Dose: 9.77mSv
(8mAs, 0.531:1, 120kVp) (350mAs, 0.531:1, 120kVp)

s 1-\w

Figure 6.4: Iso-contour map of Medium Proximity (<375mm)
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Protocol #1 Protocol #7
Effective Dose: 0.022mSv Effective Dose: 9.77mSv
(8mAs, 0.531:1, 120kVp) (350mAs, 0.531:1, 120kVp)
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Figure 6.5: Iso-contour map of Low Proximity (<6.2%nm)
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Protocol #1 Protocol #7
Effective Dose:0.022mSv Effective Dose: 9.77m5Sv
(8mAs, 0.531:1, 120kVp) (350mAs, 0.531:1, 120kVp)

Figure 6.6: Iso-contour map of Low Proximity (<8.7%nm)
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Figure 6.7 shows the mean surface area on theigdlémoall five specimens that
are in high, medium, low or distant proximity. Teesurface area values are expressed as
a percentage of the total glenoid subchondral amea as a function of mA. Similar
results were also obtained for the humerus (nowehoThere appears to be no visual

trend in the surface area for any level of proxynais a function of mA.
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Figure 6.7: Effect of Total Current Flux on Glenoid Surface Area (%)
Mean surface area (%) + 1SD values for each le¥g@roximity are shown between CT

scanning protocols affecting mA (n=5). There apgdarbe no trend in the measured
surface area for each level as a function of mA.
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These results were consistent for all five specsnand statistical analysis
confirms that for any proximity level, there was significant difference in the surface
area between scans (0.859<0.226).

Figure 6.8 shows the mean surface area as a danofi changing pitch ratio.
There was no significant difference in the surfaoea between the three pitch protocols
(0.338& p<0.768).

The effective radiation doses calculated for theeseprotocols are shown in
Table 6.2. The normalized coefficient used to coni2dP values to effective dose was
0.0130 mSv-mGy-1cm-1 (Hatziioannou et al., 2003séa et al., 1999; Shrimpton PC
and Wall BF, 2000). The effective doses betweerispens vary due to the differences

in scan length.
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Figure 6.8: Effect of Pitch Ratio on Glenoid Surfae Area (%)
Mean surface area (%) + 1SD values for each le¥g@roximity are shown between CT

scanning protocols affecting the pitch ratio (n=%here appears to be no trend in the
measured surface area for each level as a funafqeitch ratio.
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Mean
Effective
Effective Dose Dose
(mSv) (mSv)
CT Protocol: Effect of mAs Specimen Specimen Specimen Specimen Specimen
1 2 3 4 5
1 0.2 0.2 0.2 0.2 0.3 0.2
2 0.3 0.3 0.3 0.3 0.4 0.3
3 1.1 1.1 1.1 1.1 1.4 1.2
4 3.3 3.2 3.4 33 42 3.5
6* 9.8 95 10.2 10.0 12.7 10.4
CT Protocol: Effect of Pitch Ratio Specimen Specimen Specimen Specimen Specimen
1 2 3 4 5
5 7.2 7.0 7.5 7.4 9.3 7.7
6* 9.8 95 10.2 10.0 12.7 10.4
7
17.7 17.2 18.4 18.2 23.1 18.9

Table 6.2: Effective Dose

Effective doses were calculated using the norndiizefficient. The effective doses
between specimens vary due to the differencesimlsagth (size of specimen) but are
relatively constant for a particular scan betwe@e&mens.

*Indicates the standard clinical radiographic scang protocol.



236

6.4 Discussion

The advances in the diagnostic utility and efficieiof CT have not surprisingly
contributed to the drastic increase in the numlde€® scans employed clinically. In
Canada, CT scans grew by 8% from 2003/2004 to 200%(Aldrich and Williams,
2005).1t was estimated that approximately sixty-twilion scans are obtained each year
in the United States alone (Brenner and Hall, 20073 worth noting also that although
CT examinations only represent 4% of all radiolagexaminations, their contribution to
the total radiation dose to patients has been attonto be approximately 35% (Buzug,
2008). In Canada, it is estimated that the attablat lifetime cancer risk from all
diagnostic x-rays accounts for 784 cases of capeeryear based on data from 1991-
1996, and therefore could even be higher todayl{htsae Human Factors Group Centre
for Global eHealth Innovation University Health Werk, 2006). With recent advances
in CT technology such as multi-detector and helscalnning devices, the patient dose is
not reduced and actually may increase (Buzug, 2B@@&jthcare Human Factors Group
Centre for Global eHealth Innovation University HiedNetwork, 2006). These relatively
high doses of radiation have raised concerns abeubotential cancer-causing effects of
using CT (Biswaset al, 2009). Additionally, The Computer Tomography Redidin
Safety Issues in Ontario Report notes that althaexglensive limits for radiation have
been in place to protect people who work near textiathere currently exists no specific
level of radiation that is recommended for patiemtdergoing diagnostic x-ray procedure

(Health Canada, 2002). Currently, technologists intter CT examinations using the
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ALARA principle. This principle basically statesaththe minimum dose (As Low As
Reasonably Achievable) should be used in the exatoim to provide images of
diagnostic quality (Healthcare Human Factors Grddentre for Global eHealth
Innovation University Health Network, 2006). Theshowever a very subjective criteria
and efforts have been made to establish diagnoste&zence levels (DRL), but these
values have not been implemented (Healthcare Hufaators Group Centre for Global
eHealth Innovation University Health Network, 2006)

Recent research efforts have been directed towestablishing standards for CT
acquisition to reduce absorbed dose while maimtgimiigh image quality (Okat al,
2009; Suganet al, 2001; Van Singet al, 2006). As such the objective of this study was
to determine the minimum requirements for tubeentrand pitch ratio that can be used
to accurately reconstruct bony models and examuwiat jcongruency by taking
measurements from these reconstructed models agirgyviously developed algorithm.

The results of this study indicate that there is statistical difference in the
measured surface area for any level of proximitylrying levels of mA and pitch ratio.
Qualitatively the proximity region did not changeitiw the scanning parameters
investigated. However, the ability to resolve serategions of proximity decreases as the
absorbed dose decreases. Additionally, regiongatse’ proximity’ appear in the 10 and
15mA reconstructed images. Therefore, we recomnusimty 50mA and 0.969:1 pitch
ratio to reliably examine joint congruency, avoialsk close proximity regions and
resolve smaller regions of joint proximity. Thislwieduce the mean effective dose to

1.16mSv which is an 88.9% reduction compared to dffective dose of the typical
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clinical shoulder examination. When consideringlpjtthe results of this study indicate
that at 450mA, the effect of pitch on the measyoedt congruency is negligible and
therefore, it is recommended to use a pitch rafial.875:1 which had an average
effective dose of 7.65mSv. This will correspondat®6.7% reduction in the effective
dose at 450mA. This pitch ratio can also be usat ®dmA as recommended by the
results of this study, but has not been specifijoalamined here. Finally, these scanning
parameters may be further modified to reduce ramliaexposure by employing
smoothing functions to the reconstructed models.

Oka et al. (2006) examined the effect of low-dose CT on the accuraicgD
reconstructions of forearms. Distal forearm bonedel® were imaged using low and
normal radiation dose CT parameters. The authgrsrted that an almost identical 3D
reconstruction could be obtained using the low-dosgocol. Van Sint Jaret al.2006)
also examined low dose and standard dose CT paesngicanning cadaveric lower
extremities) and found that low dose scans weralslei for accurate 3D bone modeling
and showed that overall x-ray radiation could beay decreased (up to 90%) without a
loss of accuracy. The results of this current stady consistent with the findings of
previous studies attempting to reduce radiatioreddsile preserving modeling accuracy.

Biswaset al. (2009) have indicated that the mean effective ddse clinical CT
shoulder examination is 2.06mSv * 1.52mSv. Thisi@alorresponds to 68% of the total
background dose due to natural radiation in onenclr year (3mSv)(Aldrich and
Williams, 2005). Protocol six of this current studsas considered the typical scanning

protocol as it is consistent with the range norgnaled clinically. The effective dose for
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a standard CT shoulder examination in our study@44mSv. This value is higher than
that estimated by Biswas and colleagues, who recotteir dose data from a single
institution (Biswaset al, 2009). Therefore the observed differences betweeeffective
doses could be explained by differences in the nodisthe shoulder specimen. The
shoulders examined herein were resected at mid4tusnand separated from the trunk.
Therefore, because this study only examined aatswlshoulder, the amount of absorbed
radiation could be increased with adjacent strestudespite our attempts to account for
this volume difference using the adjacent watecklds well, the normalized effective
dose coefficients are reported for specific anataimregions, and in this study three
coefficients were averaged and used to estimatectefé dose. However, these
coefficients were intended for entire chest/trunktamical scans which we did not have
access to. This could also explain the comparativeyh values for effective dose
estimated in our current study. However, the 88d#4rease in radiation dose (as a result
of the decreased mAs value suggested in this study)a relative decrease from protocol
6 (10.44mSv) to protocol 3 (1.16mSv).

Image quality can be described by analyzing spegsblution, contrast and noise.
Various CT scanning techniques can be optimizezbtain images that are high in image
qguality. Biswaset al. (2009) explains that there has not been a single study tha
definitively establishes a direct relationship betw the incidences of a malignant disease
following any type of medical imaging. However, Wwaow that X-ray CT is not a benign
medical imaging technique, and as such, standads Ibeen established to minimize the

amount of radiation exposure necessary for clinicdl examinations. For example,
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Henckel et al. (2006) noted that although there is no safe ddseadiation, CT
technologists and imaging scientists should makat&mpts to reduce the effective dose
applied by manipulating and reducing dose paramekéowever, reducing current, scan
time, tube voltage, as well as increasing the piétio all affects the quality of the image.
Therefore, a different definition of image qualityust be considered. Hu@a al. (2002)
refers to this as diagnostic image quality. Hedaal. noted that while lower dose CT
scanning parameters produce a less aestheticaésiply image, the important clinical
issue is whether or not the imaging provides réiabagnostic information. If it can,
then any increase in the amount of radiation exmosapplied requires significant
justification. The results of this current studydaprevious studies examining the
accuracy of low-dose CT scans demonstrate tha possible to obtain accurate and
suitable information from a low-dose CT scan whilaintain accuracy and achieving
diagnostic information that is consistent with hise CT scanning protocols (Oka
al., 2009; Van Sinet al, 2006). Additional research is necessary to furteduce the
radiation exposure of various musculoskeletal Cangrations by investigating various
smoothing algorithms, iterative reconstruction alfpons that incorporate noise models
or alternatively examine the utility of alternativeon-ionizing medical imaging
modalities for model reconstructions. As well, ietwork in the examination of patient
dose and diagnostic image quality of other radisisi@e musculoskeletal regions (the
spine and pelvis) will also help to reduce the tdeleus effects associated with x-ray

computed tomography.
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Chapter 7- General Discussion and
Conclusion

OVERVIEW
This chapter reviews the objectives and hypothesébned at the

beginning of this thesis, summarizes the work lizat been undertaken
to address these hypothesis and objectives, dissube strengths and
limitations of this research, and outlines curreanid future research

projects that emanate from this research.

7.1 Summary
Osteoarthritis (OA) affects 1 in 10 Canadians (Cigara Arthritis Society 2011).

While a substantial proportion of OA is preventahlafortunately the rates of arthritis
following orthopaedic injury remain unacceptablgthi Previous studies, as described in
this thesis, have determined that there is a oglghiip between the development of OA
and a traumatic event. However, both the causensechanism of OA development is
not well understood. As stated in Chapter 1:Intotiden, the current theory as to the
mechanism of this disease is that OA developsrasut of joint mal-alignment, muscle
weakness and altered joint congruency, within aeodrof susceptibility (Felson et al.,
2000). Currently, there are no techniques that @bk to examine the complex
relationship between injury, loading and mal-aligmn as contributors to the
development and progression of OA in the upperexity. The overall goal of this thesis

therefore was to develop a non-invasive tool thatild be used to elucidate the
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relationship between joint injury and resultingegdttions in joint congruency as these
changes may relate to the development of OA.

The progression of this thesis follows the develeptrof a tool that is able to
examine joint congruency of the ulnohumeral joihtte elbow undergoing physiologic
flexion. The first study (Chapter 2) examined tifiecacy of employing medical imaging
to measure joint mechanics. Previously in the latooy, we examined joint contact area
and joint contact pressure using an experimenttingaand TekScan. The limitations of
these techniques were that they required the joirite statically loaded and they were
invasive (joint capsule resected). While thesengpres did prove to be useful, they were
especially limited in their use when examining tlieohumeral joint. As described in
Chapter 1, the ulnohumeral joint has very complegeous anatomy that makes these
direct exposure techniques more difficult, typigatequiring ligament sectioning and
repair which increases the potential for errorser€fore, the objective of the first study
(Chapter 2) was to develop and employ a computati@pproach, using medical
imaging, to examine the joint surface interactiocDBapter 2 describes the development
of a proximity mapping technique that could be ugednon-directly examine the
interactions between the distal humerus and prdxumrea (Objective 1). In order to
measure joint proximity, medical imaging was reqdiito represent the bony surfaces
accurately in three-dimensions. Therefore, thecafly of employing x-ray CT imaging
was examined in Chapter 2 (Objective 1). This tegpmn was validated using the
experimental casting technique. As this techniqueasures joint space (inter-bone

distance), the use of the term “joint congruencysvdeveloped to acknowledge that, in
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the absence of cartilage data, this technique wassimate of the joint surface
interactions. The ability however, of this techreqto accurately predict the regions
across the ulna and humerus that were contactiagdésermined by the cast) was
encouraging. A single specimen was used to denaiadtre utility of this technique. The
limitation of the inter-bone distance algorithm igolation was that it was limited to
statically loaded joints.

The objective of the next study was to developgistetion technique to render
3D models of joints that were undergoing simulattmbw flexion (Chapter 3, Objective
2). Previously in our laboratory, an elbow motiam@ator was developed that could
position the elbow in four gravity dependent pasis. Active and passive elbow flexion
and extension could be achieved using motors anditacs. This experimental simulator
has been used extensively to investigate, in aategemeasures design, the effect of
various orthopaedic injuries, surgical reconstrdiand rehabilitation protocols on joint
stability. Motion of the humerus/ulna/radius wasacked using a magnetic tracking
system in this study. Therefore, the next step twammploy paired-point and a surface-
based registration to relate the 3D reconstruct{obsained from CT) to the laboratory
coordinate system. The effect of radial head apilaisty was used as a clinical variable to
examine the relationship between osseous positendéred using the registration) and
traditionally employed measures of joint stabiliggnematic data). While this technique
could examine gross bone alignment, within a baneas insufficient to examine joint

congruency (Target Registration Error < 3mm).
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The objective of the next study was to increaseat®iracy of the registration
technique developed in Chapter 3 and refine therxgntal protocol (Chapter 4). The
use of an optical tracking system increased tharacyg of this registration to <1.00mm.
With this increased accuracy from refining the expental protocol and employing the
optical tracking system, the inter-bone distang®i@thm was finally integrated with the
registration technique to achieve the overall dbjecof this thesis which was to
examine, non-destructively, congruency of jointslengoing simulated elbow flexion. In
this study, we described in detail the methodolegyployed, assessed the accuracy of the
registration and validated the ability of the oWetachnique to predict regions of joint
contact as defined by the experimental cast.

Once the technique had been developed, and itsaaycassessed, it was applied
to a clinical scenario. Using the techniques desctiin detail in Chapter 4, the effect of
ligament stability on congruency at the ulnohumerékulation was examined (Chapter
5, Objective 4). As well, the relationship betweealgus angulation, a traditionally
employed kinematic measurement of elbow stabiéityd measured joint congruency was
examined. The results of this study concluded ttategistration and inter-bone distance
algorithm developed in this study was sensitiveuginoto detect subtle changes in joint
stability, despite only very small changes in theasured valgus angulation. This study
verified the suspicion that perhaps the reasondsigoarthritis develops, despite attempts
to treat common orthopaedic injuries, is becausgetlare alterations in joint surface

interactions which lead to abnormal and excessarélage loading. Prior to this thesis,



248

there were no previously reported techniques tlaldcassess joint congruency in a
physiological scenario.

The objective of the final study was to extendgbepe of this proximity mapping
technique. The technique proved to be sufficiemttgurate to examine orthopaedic
injuries in our laboratory, but this was limited tadaveric specimens undergoing
simulated elbow flexion. When employing the intemb distance algorithm in isolation,
the only invasive part of this protocol was theuiegment to scan each patient using x-
ray CT. Radiation has been of growing concern aas avlimiting factor that would limit
the application of this technique in a clinical somment. Chapter 6 examines the
minimum dosage requirement to accurately obtairumelric images of the shoulder
joint so as to measure glenohumeral joint congrygi@hapter 6, Objective 5). The
glenohumeral joint was chosen as it is close to tthaoid, which is particularly
susceptible to harmful radiation. We also wantedd&monstrate the potential this
technique has in quantifying joint congruency ihestjoints of the body. The results of
this study indicated that the effective dose ajpbptie the shoulder could be reduced by
88.9% compared to standard clinical CT imaging guoks while maintaining the

accuracy of the joint congruency mapping technique.

7.2 Strengths and Limitations
It is recognized that these studies are not voidstwbrtcomings. The major
limitation of the joint congruency tool developedthis thesis is that, in the absence of

cartilage, joint congruency is only an approximatim the actual joint contact area.
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While every effort was made to validate and compheejoint congruency maps with
actual measurements in joint contact, these mesguoxide only a surrogate. Cartilage
was measured in Chapter 4 as well in Appendix Bjlttain an estimate of the average
joint space. However, the location and thicknessasfilage in the ulnohumeral joint is
not homogenous. The variable cartilage distributiothis joint is partly the reason that a
proximity mapping technique was employed initiaMyhile every attempt was made to
avoid referring to the measured joint congruencicastact’, this technique will always
be an approximation of the actual joint contadhie absence of cartilage.

The use of x-ray CT is another limitation of thiesis. Clinically, CT is used to
assess joint alignment and health. When develapiisgechnique, CT was chosen given
its frequent use in the clinic and its ability tapide high contrast images of bone. The
ability of CT to provide soft-tissue contrast howevs limited so it was used only to
image the cortical and subchondral bone regions.ratiation exposure that CT requires
is of major concern when implementing this techeiga a clinical setting. While an
attempt was made to reduce the radiation expogap@red (Chapter 6), CT imaging is
not benign and may limit the clinical applicatioitiois technique.

The use of cadaveric specimens, ifranitro environment is another limitation of
this thesis. While the elbow motion simulator hasven to be repeatable and
representative of physiologic motion, it is stitilp an approximation oin vivo motion.
The types of motions simulated in this thesis wiareted to four gravity dependent
positions undergoing constant velocity elbow flexextension. The specimens used in

this thesis were elderly as expected for any cattagtudy and this was reflected in the
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overall health of the tissues and bone structidsile CT images were examined by
clinicians and determined to be free of radiographrthritis prior to use, mild
degenerative changes were often seen on the garlafaces of these specimens.

Another limitation was the sample size was less thapecimens for Chapter 3
and Chapter 5. In these protocols 11 specimens t@sted in Chapter 3 and 8 specimens
were tested in Chapter 5. However, due to diffiesltin the experimental protocol,
specimens were excluded from these studies. Thigd®s insight into the actual tedious
nature of the experimental protocol employed. Atgeol for a typical specimen would
require four or more days to prepare, test and tmemiorm the post-testing fiducial
marker protocols. Several CT scans were requiregaoh specimen which added to the
tedious nature of the experimental protocol. Desgfforts to refine the registration
protocol from Chapter 3 to Chapter 4, the use déidial markers was extremely time
consuming. Although a power analysis was done sumenthat appropriate sample sizes
were obtained to detect differences in measuredt jobngruency due to clinical
variables, additional specimens would have incidbe power of statistical analyses
examining the effect of elbow flexion on joint congncy.

The length of the experimental protocol required/mave also contributed to the
overall registration error. While the average jospace of the ulnohumeral joint is <
3mm, the measured registration error in Chapterag wimm. Overlap was found in
three of the five specimens in Chapter 5. Furteénement of this registration protocol

will increase the accuracy of the registration dadrease joint surface overlap.
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Despite these limitations, significant progress waade using the techniques
developed in this thesis to examine joint surfateractions. Joint congruency could be
analyzed post-hoc and did not require exposureeqgdint surfaces during testing. This is
important because it allows investigation of comtins elbow flexion and also preserves
the native anatomy. In addition, although joint temh area was not measured directly,
every attempt was made to validate the inter-boiseamtce algorithm to ensure that
regions of proposed joint surface interaction aithcide with actual joint contact area.

The use of this technique to examine the effeatamious clinical injuries on the
resulting joint mechanics is novel. This techniggieurrently being used in the laboratory
to examine the effect of humeral hemi-arthroplastyplants on resulting joint
congruency. The effect of overstuffing and overglzthe humeral components is also
being evaluated. This technique is also currentlindp used to investigate the effect of
radial head arthroplasty on radiocapitellar joiohgruency.

This is the first study that has incorporated kiagmdata obtained from tracked
motion with the 3D models obtained from CT. Usihg techniques described in Chapter
3 and Chapter 4, 3D visualization of the osseougtires can be readily seen for any
frame of elbow flexion. The registration techniqieveloped in this thesis will continue
to be used in other biomechanics studies emplotiegelbow motion simulator. Using
this approach, small changes in the bony alignnoamt be readily visualized. These
techniques can also be used in various computestegdechniques and when examining

functional anatomy.
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This is the first study in our laboratory to beebd, visualize and quantify joint
congruency in 3D. Prior to this work, joint contaceéa was measured using experimental
casting or dye-staining. With the techniques dgwetb in this thesis, 3D images
describing the joint surface interactions can badiltg seen and compared across
positions in elbow flexion as well as before angtraf simulated clinical scenario. The
inter-bone distance technique is also being usaddasure cartilage thickness to create
volumetric ‘cartilage thickness maps’. As well tinéer-bone distance algorithm is being
used to compare similarities in geometries (im@amrsus native geometry), to measure
registration and to validate the use of variousr8&bnstruction algorithms. As well, the
techniques developed in Chapter 4 to digitize thetact area casts and to reconstruct
these digitizations into a 3D surface continuegaibed in the laboratory.

Finally, the current registration protocol is foseuin biomechanicain vitro
studies. Typically, these biomechanical experimemigstigating joint stability employ
cadaveric specimens in anvitro experimental protocol as previously noted. Whilerée
are limitations associated with their use, cadavespecimens offer a significant
advantage ovein vivo patients in a clinical settingn vitro studies allow surgical
interventions and therapies to be carefully evaldidiecause of the controlled testing
environment and repeatable simulated motion that lbea achieved with advanced
simulators. In this experimental approach, thedintaon-injured joint kinematics are first
recorded. Ligamentous injuries or osseous fractaresthen simulated and then are
subsequently repaired or treated with surgicalrvetetion. Various surgical techniques

can be explored and the resulting kinematic motian be recorded and compared with



253

the native, non-injured case. Because the motierapd post surgical intervention is so
repeatable, it is possible to examine only theceftd the surgical intervention on the
joint kinematics and joint congruency in the abgen€ confounding variables seen in
mostin vivo studies. Therefore, this technique is very useftthe examination of various

surgical techniques and rehabilitation procedures.

7.3 Current and Future Directions

There are two separate directions that the tecksigeveloped in this thesis will
take;in vitro experimental testing and vivo patient analysis of joint congruency. The
first is for use of these techniques in the expental laboratory. As previously stated in
Chapter 4, refinement in the fiducial protocol, hags by using tantalum beads, may
increase the accuracy of the registration and eetlue experimental protocol. Increasing
the accuracy of the registration will decrease #meount of overlap present after
registration. As well, efforts will be made to aniate the registratioand data analysis
as both of these were time consuming. Once thedmitpies are automated, 3D joint
congruency can be examined in real time duringngstnd will provide feedback to the
surgeon while undergoing surgery. By examining jtiet congruency maps, surgeons
can elect to use alternative reconstructive tealesdo preserve the joint alignment and
therefore the underlying cartilage.

Efforts should also be made to integrate the pa$odeveloped in this thesis into
a clinical environment in a knowledge translatiesaarch project. Chapter 6 attempts to

reduce the potentially deleterious effects of raoiia However, further modifications to
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the scanning parameters are required for othetsjols well, an assisted device may
need to be created to statically hold the joira iixed position. Joint congruency is very
sensitive to joint alignment. Therefore, to compgmiat congruency in patients at two
time points, or before and after a clinical intertren, the joint should be imaged in the
same position and orientation for a direct comparisThis tool may also be used to
investigate the effect of various non-surgical refechniques (braces) on joint alignment
and joint congruency.

Several studies are already undergoing in an eftorimprove the techniques
developed in this thesis. The first major studyestigates the choice of x-ray CT as the
medical imaging technigue to acquire volumetric gmaets. In a controlled and highly
repeatable compression loading device, alternatimaging modalities are being
compared. Specifically, MRI and microCT imaging iteg are being used to obtain 3D
datasets and used in conjunction with the interebdistance algorithm to determine
which technique most accurately predicts joint aocharea. As mentioned in Chapter 4,
previous studies have suggested that bone-to-biweehone distance techniques have a
tendency to overestimate joint contact area. Theeethese image data sets will be used
to address this concern. MRI data will be emplojedeconstruct bone reconstructions
and cartilage reconstructions to measure joint congryerAdditionally, cartilage
thickness studies are being conducted. The firpemental study examines cartilage
thickness at the ulnohumeral joint using the MRages. The second study uses isolated

denuded bones with air contrast to measure cagtiligkness. These measurements are
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being made in attempt to account for cartilagekiinéss in the current proximity mapping
protocol to allow us to directly measure joint dage contact.

The second major study (Appendix H) involves asegsthe accuracy of the 3D
reconstructions employed in this thesis. The tepes developed herein rely on 3D
reconstructions obtained using CT. However, thel@ay of this reconstruction has not
been previously. Therefore in this second majordystuthe accuracy of the 3D
reconstructions techniques employed in this thissiseing assessed by comparing the
native bone geometry with the 3D reconstructionfée digitizations were recorded of
cartilage-dissolved subchondral bone. The digitrat created a point cloud that was
then used to reconstruct a 3D surface. This suidaoesponds to the ground truth. The
inter-bone distance algorithm is being employedhis study to compare the overall

differences in geometry between the ground truththe virtual reconstruction.

7.4 Significance

Despite attempts to restore function of the jomitofving injury or trauma, an
unacceptable amount of patients develop arthfitigre is, as previously stated, a lack of
understanding between the cause and subsequemégsimy of osteoarthritis. Joint mal-
alignment has been previously shown to contribatthé progression of OA in the knee
(Hunteret al, 2009). This lack of understanding has prevertteddevelopment of novel
therapies that can be used to prevent and stoprtiggession of this debilitating disease
(Sharmaet al, 2001). Using the techniques described in thisithdt is possible to

examine the effect of various clinical injuries asubsequent repairs on joint alignment
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and congruency using proximity mapping. Througls tleisearch, a better understanding
of the relationship between joint load, injury ajoiht alignment can be obtained. In
addition to the application of these novel appreador use in oun vitro laboratory, the
techniques developed in this thesis will also digantly contribute to the development
of in vivo based measurements in patients. The techniquetodedein this thesis have
already been used by other researchers in ourdabgrto elucidate the effect of joint
arthroplasty on resulting joint mechanics as iates to the development of osteoarthritis.
These techniques can also be modified for use linjoaits; there will likely be
considerable interest in researchers studying loethr extremity and spine.

In conclusion, the knowledge gained in this thesmg] the techniques developed
will contribute to improvements in our understargdiof the causes and prevention of

degenerative diseases of the joints in the uppeemxy.
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A. Appendix A- Glossary

Anterior Situated in or toward the front surface of
the body
Arthritis Acute or chronic inflammation of the jdin

often resulting in pain and structural
changes to the joint

Arthroplasty A surgical procedure to restructure jinint
to restore it

Articular Of or relating to a joint

Articular Cartilage Cartilage that covers the are surface of
a synovial joint

Articulation A place of anatomical union, usually
movable between two or more bones

Biceps Main extensor muscle of the elbow and

~—+

supinates the forearm located on the fror
of the forearm

Brachialis The largest of the muscles that acleto f
the elbow
Brachioradialis A flexor of the elbow located o ttadial

side of the forearm originating near the
lateral epichondyl of the humerus and
inserts into the base of the radial styloid

Cadaver A dead body which may or may not be
preserved, used for anatomical dissection

Cadaveric Study A study employing the use of a demty

Capitellum Spherical shaped region on the lateda s

of the distal humerus which articulates wjth
the radial head forming the radiocapitalle
joint. The maotion of this joint in rotation.

=

Cartilage In orthopaedics, cartilage is a collagen
composite material covering the articular
surfaces of a joint used to reduce friction
between opposing bone surfaces.

Coronal Plane Any vertical plane passing through th
body dividing it into its frontal and

backward regions extending from the nose
the back of the head

Coronoid An osseous process that appears on the
inferior region of the proximal ulna. This
process is the osseous structure that
terminates elbow flexion as it gradually
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approaches the coronoid fossa on the
humerus through the arc of motion

Cortical Bone

Compact bone that surrounds the outer
surface of the bone found predominately
the bony shaft

Diarthrodial Joint

See Synovial Joint

11%

Distal Anatomically located far from a point of
reference; opposite of proximal

Dorsal Anatomically located on the back surfac
of the body

Epichondyl A rounded projection of a bone providang
surface for the attachment of ligaments,
tendons and muscles

Extension The act of extending or straighteninignd |

Flexion The act of flexing or bending a limb

Fossa A bony depression

Greater Sigmoid Notch

The articular surface ofpgheximal ulna
which articulates with the trochlea of the
distal humerus

AY”J

Humerus The long bone of the upper arm

Hyaline A glossy or transparent surface

Inferior Anatomically located below or under,
closer to the bottom

Instability A pathologic condition in which therg a
an inability to maintain the normal
relationship of the distal humerus with thg
proximal surfaces of the radius and ulna

In vivo Within a living body

In vitro In an artificial environment, or using

cadavers

Joint Capsule

A cartilaginous structure surroun@ing
joint containing the synovial fluid. Is also
joint stabilizer

Kinematic The description, measurement, and
recording of body motion without regard to
the forces acting to produce the motion

Lateral Anatomically pertaining to the outside of

the midline of the body

Lesser Sigmoid Notch

A depression on the distabregf the
proximal ulna that articulates with the
radial head forming the proximal radio-
ulnar joint

Ligament

A band of fibrous tissue connecting bone

n



or cartilages

Medial

Anatomically pertaining to the inside of
body, closer to the midline of the body

Muscle

An organ that contracts and produces
movement of a person or animal

Olecranon

An osseous process located on the mog
proximal tip of the proximal ulna. This
process serves as the structural limit to
elbow extension as it approaches the
olecranon fossa, of the humerus through
arc of motion

Orthopedics

The branch of medicine that deals thi¢h
preservation and restoration of the skelet
system

Osteoarthritis

Is a degenerative joint diseaseezhby

the gradual loss of articular cartilage as a
result of overuse mal-position of the bones

within a joint

Posterior Situated toward the back surface of the|
body

Process A bony prominence or projection

Pronation In the forearm, pronation is the rotatbn
the radius around a fixed ulna resulting in
the palm down position

Proximal Anatomically located close to a point of
reference; opposite of distal

Radial Head Located at the most proximal end of the

radius, this disk shaped structure articula
with the capitellum on the lateral of the
humerus and with the ulna at the lesser
sigmoid notch of the ulna

Radiohumeral

Radiocapitellar joint describing white
radial head articulates with the capitellun
to produce forearm rotation

Radioulnar

An articulation where the ulna and radiu
articulate. This occurs at the distal end o
the forearm called the distal radioulnar
joint (DRUJ) and at the proximal end of t
forearm at the proximal radioulnar joint
(PRUJ)
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Radius

A long slightly curved bone what is on th
lateral side of the forearm.

e

Subchondral

Bone in a joint situated beneath the
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cartilage
Superior Situated higher above another
Suture A stitch or a series of stitches

Synovial Joint

An articulation permitting motiomgt
union of bony elements surrounded by at
articular capsule enclosing a cavity
containing synovial fluid

Tendon

A cord of dense inelastic fibrous tissue
serving to connect a muscle to bone

Triceps

The main extensor of the arm, located o
the back of the forearm

Trochlea

The medial region of the distal humerus
which articulates with the greater sigmoig
notch of the proximal ulna. The motion O
this joint is flexion and extension

Ulna

The medial long bone of the forearm

Ulnohumeral

The articulation described by the proadi
ulna and the distal humeral components.
The motion of this joint is flexion and
extension. Also called the humeroulnar
joint.

Valgus

Bent out, twisted, denoting a position &
anatomy away from the midline of the bo

th
dy

Varus

Bent in, denoting a position of the anato

my

toward the midline of the body
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B. Appendix B —Cartilage Thickness

B.1 Introduction

Synovial joints are remarkable bearings, capablduattioning in vivo under
dynamic pressures of up to 1 MPa (Hodgeal, 1986). Hyaline cartilage lines the
surface of synovial joints and serves an importafe in the lubrication of the joint
(Modestet al, 1989). It is avascular, aneural and possessasteraellular connections.
Composed primarily of water, this tissue is ablérémsfer enormous loads 3-5 times the
body weight evenly to the subchondral bone below\it al, 1984; Mowet al, 1993).
Under physiologic loads, the cartilage is able issigate this load during motion and
overall provide an almost frictionless gliding fawe (Ecksteiret al, 2006a).

This was a parametric study investing the locatiad thickness of the cartilage
on the surfaces of the distal humerus and proxmhad. A review of the literature
indicates that there is a wide distribution in #mount and location of cartilage found on
the proximal ulna. Therefore, in order to investe this inherent inhomogeneity in
location of the cartilage in the ulnohumeral joithte articulating surfaces were divided
into zones. The articulating surfaces of the dibtamerus and proximal ulna were
manually sliced using a diamond saw and scannewd)@ascomputer scanner. The slices
of the proximal ulna were then stained with AlcBlne to improve the contrast between

the cartilage and the subchondral bone.
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B.2 Methods

A single fresh frozen specimen (90 years old, Malwing minimal signs of
cartilage degeneration was selected. All softugsswere carefully dissected and
removed. The humeral and ulnar shafts were crofipeabtting purposes. The surfaces
of the articulation were divided manually by dragiimes signifying cutting planes with
a surgical marker. The humerus was divided inghtezones by creating three planes
(Figure B.1). The first of these extended longiadly through the trochlea grove
dividing the medial and lateral facets of the tleelh Secondly, a distal line was drawn
sectioning the distal humerus coronally dividing #nterior and posterior sides of the
trochlea. Finally, a line was drawn transversiisough the middle of the anterior
surface dividing the trochlea in a superior aneiiol region. The four posterior regions
were combined to form the medial posterior regind the lateral posterior region. The
articulating regions of the proximal ulna were dea into two zones (Figure B.2). For
the ulna, a transverse line was drawn segmentm@asterior and anterior regions of the
ulna, namely the olecranon region and the coronegion. The shaft of the ulna and
humerus were then potted into small cardboard fsamsing DenStone® (DenStone®
Miles Inc. South Bend, IN, USA) as cement. Thiswéd the bones to be clamped into
the guiding clamp of the diamond saw. The poliedy surfaces were clamped into a
diamond saw and oriented such that the articulainface was perpendicular to the saw.
They specimen was irrigated during sectioning andhediately placed in water. A
rotary dial, located on the saw clamp was usedatirate the slice thickness. Each

rotation translated the saw 0.625mm. In orderrevent the slices from flaking off, a
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ratio of two rotations per slice was used yieldinglice thickness of 1.252mm. The saw
started at the medial side of the humerus and agatraversed in 1.252mm increments

until it reached the lateral side. Each slice stased separately.
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Figure B.1: Distal Humerus Zones
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Olecranon Region

Coronoid Region

Figure B.2: Proximal Ulnar Regions
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The ulnar slices of the coronoid and olecranon vegaeed to easily distinguish
the cartilage from the subchondyl bone. The measeants made for the ulnar slices
were taken from the start, end and middle of eadtian. The humerus on the other
hand was separated into zones that were not arathynbound and therefore required
the marked zones regions to be present duringngliciStaining in this case would wash
away the marker therefore the humeral slices wefteuhstained to delineate the zones

using markers.
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Figure B.3: Humeral Slice
A) Unstained
B) Stainted
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Staining Protocol:

Alcian blue is often used to stain cartilage in eyohic specimen of frogs. The thickness
of cartilage in these slices required an adaptedopol to account for this difference.
Therefore, slices were stained for 5 nights andesgive washes were often necessary to
remove the blue stain from the subchondral bondciaA Blue is not water soluble;
therefore the first part of this protocol involveghydrating the slices with Ethanol.
Subsequent to this, Alcian Blue was added to the amd stored. In order to correctly
identify the cartilage, slices were washed withyirgg solutions of potassium hydroxide
and ethanol. The blue in the subchondral bondh@sway with successive solutions
until it appeared light in contrast to the stilhisied dark blue cartilage. Glycerol with a
dilute solution of potassium hydroxide was usedteserve the stain in the cartilage.
Slices were stored in primarily glycerol solutionsitil they were analyzed. The
remaining of the protocol was as follows:
DEHYDRATE:
a. Place slices into 10 mL of 95% EtOH for 5 min
b. Empty container and place 10 mL of 95% EtOH fortaap5 min (repeat

2 more times for a total dehydration time of 20 uté@s)

STAIN:

a. Place 10 mL of Alcian Blue Acetic Acid (for thre@ghts)

WASH IN KOH:

a. Make up a solution of 2% KOH
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b. Rinse in 10 mL 95% EtOH for 15 minutes
c. Empty container and refill with 20mL of EtOH for bdinutes (repeat this

for 2 more times for a total time of 1 hour)

REHYDRATE:
a. Rinse with 7.5 mL EtOH and 2.5 mL 2% KOH (10 mirs)te
b. Rinse with 5.0 mL EtOH and 5.0 mL 2% KOH (10 mirg)te
c. Rinse with 2.5 mL EtOH and 7.5 mL 2% KOH (10 mirg)te
d. Rinse with 10 mL 2% KOH (10 minutes)
e. Rinse with 10 mL 2% KOH (10 minutes)

f. Rinse with 10 mL 2% KOH (10 minutes)

WASH WITH GLYCEROL:
a. Wash with 2.0 mL glycerol and 8.0 mL 2% KOH (1 hpur
b. Wash with 4.0 mL glycerol and 6.0 mL 2% KOH (1 hpur
c. Wash with 6.0 mL glycerol and 4.0 mL 2% KOH (1 hour

d. Wash with 8.0 mL glycerol and 2.0 mL 2% KOH (1 hopur

STORE:

e. Store in 8.0 mL glycerol and 2.0 mL 2% KOH
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Cartilage Measurement:

Humerus:

Twenty-two slices of the trochlea were obtained scahned. The digital image
of the slice was analyzed in ImageJ. A pixel-to-roomversion was obtained using a
scanned ruler where 15.7 pixels were equal to 1niihe conversion was obtained by
taking 5 readings of (1Imm, 2x1cm, 2cm, and one 5mm)he ruler. On the humerus,
measurements were obtained at the anterior lingted2mm around the circumference
of the slice in either direction. Subsequent te,tbartilage was measured at the distal line
and every 2mm away from this line. The humeralesli(22 slices) were not stained in
order to preserve the marker lines delineating eacke. Therefore measurements for the
humerus were taken from unstained slices.

Ulna:

Prior to measuring the cartilage thickness, alsRées of the proximal ulna were
stained. Cartilage thickness values were obtdioethe posterior and anterior surface of
the ulna. Slices started at the olecranon andnoidgprocess respectively and ended at
the transverse, medial section of the ulna whezecintilage gradually tapered to a value
of zero right at the centre. Subsequent to stgjnmages were brought into ImageJ and
measurements of cartilage, at approximately evanyn2were obtained around the

circumference of the slice.
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Figure B.4: Stained Ulna Slices
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Figure B.5: Humeral Slices
NOTE: slices might not be in order from medialdtetal side
NOTE: also note that slice 17 ripped and was theeetliscarded
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Ulna Mean (mm) Max (mm) Min (mm) SD(mm)
Whole Ulna 13 2.07 0.35 0.38
Coronoid (n=54) 1.56 2.00 1.13 0.21
Olecranon

(n=89) 1.15 2.07 0.35 0.37
Humerus

Whole Humerus 1.44 2.84 0.51 0.38
MAS (n=38) 1.38 2.52 0.84 0.38
LAS (n=44) 1.58 2.84 0.68 0.53
MAI (n=28) 1.64 2.68 0.9 0.41
LAI (n=38) 1.48 2.4 0.51 0.4
PM (n=59) 1.44 2.02 0.81 0.28
PL (n=100) 1.33 1.97 0.68 0.3

Table B.1: Cartilage Thickness Measurements
n= the number of measurements taken
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C. Appendix C —Scale Considerations

C.l Introduction

The objective of this appendix was to decide onrtfaximum scale value that
will be used in this thesis. From Appendix A, ttmean ulnar cartilage thickness was
found to be 1.30mm and the mean humeral cartilaig&riess was 1.44mm. Therefore,
the mean combined cartilage thickness (adding thvesevalues) was equal to 2.74mm.
The surface area of entire humeral articulatione¢sally this specimen) was
2533.39mrh which is roughly 1.5 times as large as the surfaoea of the ulnar
articulation found to be 1636.55mMm The objective of this appendix was to, with the
understanding of the typical cartilage thickneskies found for the ulnohumeral joint,

determine the scale that would be used for theipribxmaps.

C.2 Methods

Proximity maps were created using 11 different mmaxn scale values. These
images correspond to data collected in Chapter 2hén unloaded scenario at full
extension. The two views are of the anterior wnd of the posterior humerus. For the
posterior humerus, the two surfaces are contactmntpe posterior side of the humerus as

the olecranon process contacts the olecranon fossa.

C.3 Results
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Figure C.1 shows the proximity map of the proxirséda and distal humerus
(posterior view as the elbow is in full extensidoy) each maximum scale value. In all of
the images, it is apparent where the two surfaceslasest in their proximity. On the
ulna, the region of closest proximity extends tvamsely across the superior/posterior
region of the greater sigmoid notch and then exdadtistally along the medial side This
pattern is shown in every maximum-scale scenaonwever the size of this pattern and
the color of this pattern change as the maximumevalf the scale changes. However,
when the maximum value is set to 20mm, this paitetost due to the fact that the entire
scale and range of values is not used and is onbted at the red end of the colour bar.

This does not provide enough dynamic range tols=eroximity pattern.
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Max | Scale| Ulna (Medial: | Max | Scale| Ulna (Medial: Scale| Ulna

Value Right Side, Right Side, (Medial:
(mm) Lateral: Left Lateral: Left Right Side,
Side) Side) Lateral:

Left Side)
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Figure C.1: Proximity Maps created using differentscales.
The values correspond to maximum values used cstie. A final value of 0-4mm was

chosen as this scale provided sufficient dynanmmgesof intensities shown and also was
appropriate given the cartilage thickness valuasifbin Appendix B.
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. Appendix D-Distal View of Ulna 3D
Model —Additional Specimen Specific Data

D.1 Results

Chapter 3 contains the distal view of the ulna rieamwrist for a single specimen.
This appendix contains this data for the remaimnspgcimens in this study. Valgus
angulation is also shown for the intact, radial cheesected and radial head replaced
scenario. All data shown is during active elbowitb& in the valgus gravity dependent

position.
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Figure D.1: Valgus Angulation_08-4052L

Figure D.2: Distal Ulna_08-04052L

Notes:
» Valgus angulation is a more provocative gravityetegent position for the radial
head deficient elbow. The VA between intact, resgand replaced remains
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relatively constant throughout flexion. Howevée differences between all three
decrease slightly with increase flexion. Thisassistent graphically and
visually.
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Figure D.3: Valgus Angulation _08-04088R

Figure D.4: Distal Ulna_08-04088R
Notes:
* Inthe valgus gravity loaded position, the elbowlorager appears to be
overstuffed (graph + visual show this).

» The largest difference in VA between intact/repthiseat 15 degrees which
agrees graphically and visually
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* The increase in VA for resection does decrease iwitteasing flexion
» At 75 degrees, it appears that the resected ulnvesmborsally which could also
be examined graphically
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08-05009R evisa

1 7

14
12 4
1o
5 -

Q 1% 30 5 &0 = 20 105 120

Walgus Argulation [Deg. )

Flexion Angle (Deg.)

e | [ Ui CE-Conibro | Radial Head Excised e Radial Head Replaced

Figure D.5: Valgus Angulation_08-05009R

Figure D.6: Distal Ulna_08-05009R
Notes:
* However in the valgus position, overstuffing is seen
* The replaced and intact VA remains very similart @itfer the most at 15°, 30°
and 45° which is consistent visually). However, doesal/volar angulation
appears different in all angles of flexion
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08-04046L evisa

Walgus Argulation [Deg. )

Q 15 30 i 5 (=14) = 20 105 120
Flexion Angle (Deg.)

e | 1% LA CE-Contro | Radial Head Excised e Radial Head Re placed

Figure D.7: Valgus Angulation _08-04046L

Figure D.8:Distal Ulna _08-04046L
Notes:

* Now in this valgus gravity dependent position, $hene ulnar lengthening is
shown, but to a lesser extent.
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E. Appendix E—Additional Subject
Specific Proximity Maps during Intact and
Ligament Repaired Sceneries

E.1 Results

This appendix contains this data for the remairspgcimens from Chapter 5.
Proximity maps are shown for the intact and ligatmeypaired scenarios during active
and passive elbow flexion (valgus gravity dependent

Active:

0.0mm

30° 60° 90°

Figure E.1: Proximity Maps_1459L



1.0mm 2.0mm 3.0mm 4.0mm

30° Intact 60° 90°

30° 60° 90°

Figure E.2: Proximity Maps_09-12055L
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0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

30° 60° 90°

Figure E.3: Proximity Maps_10-01021L
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Passive:

0.0mm 1.0mm

30° 60° 90°
MCL20LCL20

N

Figure E.4: Passive Flexion Proximity Maps_1459L
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0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

30° Intact 60° 90°

30° 60° 90°

Figure E.5: Passive Flexion Proximity Maps _09-12@%
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30° 60° 90°

Figure E.6: Passive Flexion Proximity Maps _10-0102
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1.0mm 2.0mm 3.0mm 4.0mm

30° Intact 60° 90°
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Figure E.7: Passive Flexion Proximity Maps_09-120%7
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F. Appendix F-Investigating the Effect of
Ligament State during Passive Elbow
Flexion

F.1 Methods

In Chapter 5, the intact and ligament repaired @gens presented. In addition to
these states, the effect of successive medial Bgamepair was also examined. In this
study, passive elbow flexion in the valgus grawdgpendent position was tested. Four
ligament ‘states’ were considered: MCL20LCL20 (botligaments repaired),
MCL20LCLO (only the MCL repaired), MCLOLCL20 (onlythe lateral ligament

repaired), and MCLOLCLO (neither ligaments wereaisgd).
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F.2 Results

700

600

500

MCL20LCL20 Passive

T mMCL20LCLO
Eao0 |
g B MCLOLCL20
E
3
8300 MCLOLCLO
5
(]

200 ——

100 5

.

30° 90°

Figure F.1: Surface Area (< 3.5mm) of Proximal Ulna
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Figure F.2: Valgus Angulation
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MCL20LCL20

0.0mm

Figure F.3: Proximity Maps of Proximal Ulna (MCL20L CL20)
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MCL20LCLO

0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

60° 90°

Figure F.4: Proximity Maps of Proximal Ulna (MCL20L CLO)
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MCLOLCL20

0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

30° 60° 90°

Figure F.5: Proximity Maps of Proximal Ulna (MCLOLC L20)



299

MCLOLCLO

0.0mm 1.0mm 2.0mm 3.0mm 4.0mm

30° 60° 90°

Figure F.6: Proximity Maps of Proximal Ulna (MCLOLC LO)
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MCLO LCLO § MCL 20 ECLO g\ (elKs ) Kol Rwle

Figure F.7: Anterior View of Ulnohumeral Joint at 30° of Elbow Flexion
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MCLO LCLO MCL 20 LCLO MCLO LCL 20 MCL 20 LCL 20 Passiv

Figure F.8: Anterior View of Ulnohumeral Joint at 60° of Elbow Flexion
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MCLO LCLO § MCL 20 LCLO g% [ Ko} Kol Rv{o SR CIN20NC

Figure F.9: Anterior View of Ulnohumeral Joint at 90° of Elbow Flexion
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G.1 Methods

Appendix G-Subject Specific
Overlap Data
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In Chapter 5, overlap between the proximal ulnadisthl humerus was found in

3 of the 5 specimens. The location of overlap @mhespecimen is shown below.

G.2 Results

I -2.00mm

Figure G.1: Overlap_09-12055L_Intact_Ligament Repaed

15°

30°

45°

60°

75°

90°

105°

120°

Active
Intact

Passive
Intact




0.00mm

I -2.00mm

Figure G.2: Overlap_09-12055L_Passive Ligament Data
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MCL20LCLO

30°

45°

60°

75°

90°

120°

MCLOLCL20

MCLOLCLO
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0.00mm

I -2.00mm

Figure G.3: Overlap_09-12057L_Intact_Ligament Repaed
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0.00mm

I -2.00mm

Figure G.4: Overlap_1459L _Intact_Ligament Repaired
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0.00mm

I -2.00mm

Figure G.5: Overlap_1459L Passive Ligament Data
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H. APPENDIX H-Subject Specific Proximity
Maps comparing the Effect of mA and Pitch
Ratio

H.1 Methods

In Chapter 6, results were shown for a single spesi This appendix contains

the data for the remaining specimens.

H.2 Results

Figure H.1:08-02006R Effect of mA
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10.0 mm

Figure H.2: 08-02024L Effect of mA
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Figure H.4: 09-05056L Effect of mA
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10.0 mm

Figure H.5: 08-2006R Effect of Pitch
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10.0 mm

Figure H.6: 08-02024L Effect of Pitch
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10.0 mm

Figure H.7: 08-02070L Effect of Pitch
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10.0 mm

Figure H.8: 09-05056R Effect of Pitch
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|.  Appendix | —Accuracy of ICP /Accuracy
of Bone Reconstructions

I.1 Introduction

The objective of this study was to assess the acguof the ICP algorithm
employed throughout this thesis as well as the racguof the 3D bone reconstructions
created. This appendix used the inter-bone distaleseloped in Chapter 2 (Section
2.2.5) to assess the overall similarity in geomelry assess the accuracy of the ICP
algorithm, a comparison of the registered geonetvi@as performed. To assess the
accuracy of the 3D bone reconstruction (Marchindp&3, VTK), a comparison of the

reconstructed model and the actual bone surface egnpared.

.2 Methods

Accuracy of ICP
Two 3D bone reconstructions were created (preagsind post-testing) of the

distal humerus and proximal ulna. When the 3D nwodeé created, the inner surfaces
(corresponding to the trabeculae) need to be seagahdrom the 3D model. This is to

reduce the computational time for the inter-borstattice algorithm. Therefore, the final
3D models appear as a shell of a bone. This prasedsscribed in detail in Chapter 2
(Section 2.2.3). To reduce the processing timeptw-testing CT is coarsely segmented.
The pre-testing 3D models are then registerede@ust-testing position and orientation
using the surface-based ICP registration. Durirgl@P registration, there is a target and

a source model. The registration calculates a fipamation matrix that can be used to
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map the pre-testing 3D model (target) to the laratof the post-testing 3D model
(source). To assess the accuracy of this registraai comparison of two registered
models was performed. The similarity of the twoisteyed bodies was then compared
using the inter-bone distance algorithm develope@hapter 2. This algorithm was used
not to measure joint congruency, but to measuredlaive distance between points on
the two surfaces. The post-testing CT was largan tthe pre-testing reconstruction
96.1% (humerus) 96.5% (ulna) of the time, but notrore than 1mm.
Accuracy of 3D Reconstruction

A single fresh frozen specimen (Male, 64 years) dersuded and disarticulated.
Prior to testing, a CT scan of the intact specimwas acquired (120kVp,
292mA/rotation). Using the reconstructive techngjuescribed in Chapter 2 (Section
2.2.3), a 3D reconstruction of the distal humernd proximal ulna were created. The
specimen, once disarticulated, was then soaked2frhours in 5.25% Sodium
Hypoclorite to dissolve the cartilage. Optical posi sensors were then secured to the
distal humeral and proximal ulna. The surface efgbbchondral bone and cortical bone
were digitized using a tracked stylus as describeadhapter 4. Point cloud surfaces were
then reconstructed as described in Chapter 4 aad tes create a 3D surface of the
digitized points. This surface represented the ggauwuth. Using the ICP algorithm, the
position of the 3D reconstruction was registeredthie position of the digitized
reconstructed point cloud. The digitization frone ttortical bone and subchondral bone

was used in the ICP to register the two surfaceseverlaid, the overall similarity of
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their geometry was assessed using the inter-boséande algorithm. Only the

subchondral bone surfaces were assessed.

.3 Results

Accuracy of ICP
Figure A.1 shows the reconstructed surfaces of gheetesting CT (highly

segmented) and the post-testing CT (coarsely segaierFigure A.2 shows the overlaid
surfaces registered using the ICP algorithm. Terall mean distance between the two
registered surfaces was 0.38+£0.12mm (max: 1.06mm,0r02mm, 43377 points) for the

humerus and 0.31+0.13mm (max: 1.60mm, min: 0.01#b898 points) for the ulna.

Figure A.3 shows the distance map between the égistered surfaces for the humerus
and ulna. Figure A.4 and Figure A.5 show the distanrmeasured (error) using the inter-
bone distance algorithm between the two registb@te models for each point on the

humerus and ulna respectively.
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Figure 1.1: 3D Bone reconstruction
A) Pre-testing CT 3D bone reconstruction
B) Post-testing CT 3D bone reconstruction
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Figure 1.2: Registered Surfaces
Target and source registered humeri are shown aietb compare relative position.
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3.00mm
. .
-3.00mm

Figure 1.3: Distance Maps measuring the distance Ib&een two registered surfaces
Colourmaps are shown for the registered post-tgstimmerus (A) and ulna (B).
Note: only the post-testing reconstruction is sho@mrresponding pre-testing 3D
reconstruction colourmaps were also generated lotishown.
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Figure 1.4: Distance (error) between two registerechumeri

Inter-surface distances were measured betweenégistered models to determine the

accuracy of the surface based registration.
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Figure 1.5: Distance (error) between two registeredilna
Inter-surface distances were measured betweendgistered models to determine the
accuracy of the surface based registration.
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Accuracy of 3D Reconstruction
Figure A.6 shows the cartilage before and aftéiag been dissolved. Figure A.7

shows the reconstructed surface created from the ploud digitization. Distance maps
were created using the inter-bone distance algoridtomparing the geometry of the
registered 3D reconstruction and the reconstrudigiized subchondral bone surface.
The error between the two surfaces is shown FiguBghumerus) Figure A.10(ulna).The
number of points at each distance (error) interbatween the registered 3D
reconstruction of the humerus and ulna and thenstnacted digitization is shown Figure
A.9(humerus) Figure A.11l(ulna). Distances were mes$s from vertices on
corresponding surfaces. In total, 17 322 pointsh@enhumerus and 11627 points on the
ulna were used to measure inter-surface distafitessmean error for the humerus was
0.30+0.16mm and 0.28+0.15mm of the ulna. Overdll5% of the points on the humerus
and 92.5% of points on the ulna were within 0.50rmdicating that the overall
geometries of the two surfaces were similar. Theb8Be reconstruction over-estimated
the geometry by 63.1% for the humerus and 38.0%hfulna.

In summary, the accuracy of the surface-based égRtration employed in this
thesis (using two 3D models generated from CT) elsas verified the accuracy of the
3D reconstruction itself. Both techniques provetiécaccurate given the scanning

parameters, reconstruction algorithms used.



A)

B)

Figure 1.6: Cartilage Surface
A) Intact Cartilage
B) Dissolved Cartilage Subchondral bone
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?‘. I’ B . _.I_'
Figure 1.7: Reconstructed Point Cloud

A) Digitized points were recorded using the trackgdus
B) Points were used to reconstruct a 3D surface
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-2.00mm
Figure 1.8: Distance maps of the distal humerus
Colourmaps were created using the inter-bone distaalgorithm to compare the
geometry of the registered 3D reconstruction ar@rdconstructed digitized subchondral

bone surfaces. An anterior and distatl-posteri@wiof the distal humeral subchondral
bone surface is shown.

I 2.00mm

Note: Corresponding colourmaps were also createdHe reconstructed digitized bone
surface but are not shown.
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Humerus

15

Error (mm)

-1.5

Point ID

Figure 1.9: Distance (error) for the humeral surface

Distances were measured between the registerec8anstruction and the
reconstructed digitized subchondral bone surfaceygd truth). The points, which were
given a specific ID, used to measure the interemgfdistances were the vertices of the
triangles on the 3D model.
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2.00mm

-2.00mm

Figure 1.10: Distance maps of proximal ulna
Colourmaps were also created for the proximal ulauperior and inferior view is
shown.
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Ulna

15

Error (mm)

Point ID

Figure 1.11: Distance (error) for the ulna surface
Distances were measured between the registerecg8@nstruction and the
reconstructed digitized subchondral bone surfaceygd truth).
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