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ABSTRACT

Ideally, joint kinematics should be measured with high accuracy, void of skin
motion artefact, in three dimensions, and under dynamic conditions. Radiostereometric
analysis (RSA) has the potential to fulfill all of these requirements. The objectives of this
thesis were (1) to implement and validate a fluoroscopy-based RSA system, (2) to
determine the effect of varying the calibration frame, (3) to correct image distortion, (4)
to investigate errors in coordinate system creation for glenohumeral (shoulder) joint
kinematics, (5) to introduce a new coordinate system definition for the scapula with
limited radiation exposure, and (6) to use RSA to examine glenohumeral joint motions in-
vivo.

An RSA system consisting of two portable C-arm fluoroscopy units and two
personal computers was assembled. Calibration was performed using a custom-made
calibration frame. Images were digitized and RSA reconstruction was performed using
custom-written software.

Images taken using fluoroscopy wunder ideal -conditions can produce
reconstructions that are as accurate as those taken with digital radiography, with standard
errors of measurement of 43um and 0.23° and 36um and 0.12°, respectively. RSA is
more accurate than optical tracking for rigid body motion. The fluoroscopes may be
positioned at angles less than 135° without affecting the accuracy of reconstruction. A
global polynomial approach to distortion correction is appropriate for use with RSA;
however, the polynomial degree must be determined for each system with an independent

accuracy measure.
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An alternative scapular coordinate system was introduced to decrease the required
radiation exposure for coordinate system creation by approximately half. The kinematic
angles obtained using the aiternative coordinate system were different from those
obtained using the International Society of Biomechanics standard; however, the
differences are not clinically significant.

As a first clinical application, glenohumeral joint translation was examined. The
preliminary data suggests that humeral head position does not differ in active and static
joint positioning.

Fluoroscopy allows subjects to be examined while in motion and should enable
substantial improvements to the study of even subtle in-vivo kinematics. It is likely that
the RSA system will lead to an increased understanding of the effects of disease

progression, surgical techniques and rehabilitation protocols on joint motion.

Keywords: fluoroscopy; radiostereometric analysis (RSA); calibration; distortion

correction; scapula coordinate system; kinematics
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CHAPTER 1 - INTRODUCTION

OVERVIEW: Orthopaedic biomechanics research is not a new field but
the tools of study have been rapidly evolving. This chapter describes the
most common methods presently in use for quantifying joint kinematics,
and outlines the evolution of radiostereometric analysis as well as its
current uses. It then provides a brief description of the anatomical
background of the shoulder that is required for Chapters 6 and 7, focusing
on the glenohumeral joint, and the techniques that have been used to study

its kinematics. The chapter concludes with the rationale, objectives and

hypotheses of this work. !

1.1 TRADITIONAL BIOMECHANICAL ANALYSIS METHODS

Biomechanics is the application of mechanical principles and methods to living

creatures (see Hoffman, 2009). Its study has been of interest to scientists and researchers

for more than two thousand years, as evidenced by the works of Aristotle (384-322 BC;
see Fung, 1968), da Vinci (1452-1519; see Simpson, 2009), Galileo (1564-1642; see
Fung, 1968), Borelli (1608-1679; see Andriacchi and Alexander, 2000), and Thompson
(1860-1948; see Mow and Huiskes, 2005), to name a few. Orthopaedics literally means
“to straighten children” (see Mow and Huiskes, 2005), but today it has a much broader
meaning, encompassing the protection and restoration of all parts of the skeletal system,
including its ligaments, joints, and other structures, for people young and old. While the

base of knowledge in orthopaedic biomechanics has steadily expanded, and technology

! Specialized terminology found in this and the subsequent chapters is defined in Appendix A.




has certainly progressed, many questions still remain about disease progression,
compensation, and recovery.

The study of biomechanics consists of two distinct parts: kinematics and kinetics.
Kinematics is the study of motions without reference to the forces that cause those
motions, while kinetics is the study of the forces (see Winter, 2005a). In this thesis the
motions of interest are specifically those of the bones of the human body. This thesis will
focus on improving the quantification of kinematics only.

There any many techniques that have evolved over the years to assist physicians,
surgeons, and scientists in their quest to accurately quantify human joint motion both in-
vivo and in-vitro, however, the measurement of in-vivo kinematics arguably poses many
more difficulties. The devices that have been used in-vivo include goniometers,
potentiometers, and inclinometers, photographic and video cameras, optical and
electromagnetic tracking systems, and imaging techniques. Each of these has an
application for which it is most suitable, along with advantages and drawbacks as

described below.

1.1.1 GONIOMETERS, POTENTIOMETERS AND INCLINOMETERS

Perhaps the simplest devices currently in use for determining kinematics are
goniometers and inclinometers. A goniometer is a protractor with two long arms that
rotate about a central axis, which may be attached to the limb segments on either side of a
joint of interest. The joint angle is read manually; therefore, it may only be used for
static positions. A potentiometer may be incorporated to allow electronic readings, which
may then be used to measure static or dynamic motions. An inclinometer is a device that

provides angles relative to horizontal. These may also be read manually or electronically.



Advantages of goniometers and inclinometers include the fact that they are
inexpensive, portable and output is instantly available. However, they can measure one
angle only, they may be difficult to align correctly with the bones of interest and their
measurements are highly dependent upon correctly locating the landmarks with which
they are aligned (Armstrong et al, 1998). In addition, goniometers may inhibit the
motion of the subject and they generally function only as pure hinges, so they are not
useful for measuring complex joint motions or making very precise or accurate
measurements, especially on limb segments where there may be a significant mass of
soft-tissue between the skin and bone (see Winter, 2005b). When comparing goniometric
measurements, the best agreements are found between angles measured by the same
investigator, using the same device (Armstrong et al., 1998). Edwards et al. (2004) used
a goniometer to measure knee flexion on subjects with total knee arthroplasty and found
that 22% of readings were more than 5° different from radiographic measurements.
Triffitt et al. (1999) used an inclinometer to quantify elevation and abduction of the arm
and then performed a study of the reproducibility of these same motions. For
asymptomatic subjects, the difference between two readings with a 95% confidence
interval was 24°-33° (Triffitt et al., 1999). Hence, goniometers and inclinometers are
most appropriate for quick, single joint, range of motion (ROM) readings, where high

accuracy and precision are not required.

1.1.2 PHOTOGRAPHIC AND VIDEO CAMERAS

Standard high speed photographic and video camera techniques are a simple way
of capturing full body motion without interfering with the subject. In North America,

standard video cameras have a fixed frame rate of 30 frames per second, while the frame




rate of movie cameras may be varied (see Winter, 2005b). One of the advantages of
using film or video cameras is that there is no hindrance to the motion of the subject as
there are often no markers. However, if markers are used, many may be employed
because they can be very small, and without wires. Furthermore, the systems are portable
and reasonably inexpensive. These make photographic and video cameras particularly
suitable for the quantification of kinematics during sporting activities, which generally
cannot be performed properly in a controlled laboratory environment, and during which
markers may interfere with the normal motions. The major drawback is the time required
for digitization of the landmarks or markers applied to the subject, as this is typically
done manually (see Winter, 2005b). Without the use of multiple cameras, measurements
may only be made in two dimensions. In addition, projection errors may occur with the
use of a single camera, as the motion of the subject may not be exactly in line with the
camera (Bechard et al., 2009), and when using a video camera, the limited sample rate
may be an issue. Standard video cameras have recently been used for a variety of
applications, with some examples being to examine the rowing stroke (Bechard et al,
2009) and the soccer throw-in (Linthorne and Everett, 2006), while high speed video
cameras have been used to examine sprint starts (Bradshaw e al., 2007) and the long
jump (Bridgett and Linthorne, 2006). The accuracy of kinematic measurements obtained
using photographic or video data will vary greatly, and are dependent upon many factors
such as the distance from the subject, the use of markers, and the applicability of the
sample rate that is used. In order to alleviate the problem of projection errors, the data

from two (or more) cameras are combined by calibrating the volume of interest using the



same method as that employed by optical tracking systems, which are described in the

section following. This allows kinematics to be quantified in three dimensions.

1.1.3 OPTICAL AND ELECTROMAGNETIC TRACKING SYSTEMS

To more accurately quantify motion in three dimensions optical and
electromagnetic tracking systems are employed. Optical motion analysis systems use a
series of cameras that track sets of either passive (light-reflecting) or active (light-
emitting) markers. Passive systems, such as the six-camera real-time motion analysis
system (Hawk cameras, EVa Real-Time (EVaRT) software system, Motion Analysis
Corp., Santa Rosa, California, USA) at the Wolf Orthopaedic Quantitative Imaging
Laboratory (WOQIL), track reflective markers. Active systems, such as the Optotrak
(Northern Digital Inc., Waterloo, Ontario, Canada), track infrared diodes that may be
either wired or wireless. In both cases, markers are placed either directly over anatomical
* landmarks or on other locations on the body segments of interest.

Generally the positions of the markers are determined using the direct linear
transform (DLT) approach, because it provides flexibility in the positioning of the
cameras and is reasonably accurate for motions on the order of those observed during gait
(Chen et al., 1994). Using this technique, a calibration frame consisting of a set of
precisely positioned markers is imaged by all cameras and 11 transformation coefficients
are then calculated (Chen et al, 1994). While optical motion analysis systems are
generally known for their usage in the study of gait analysis, it has been shown that with
specialized calibration, they can be also be used within a small measurement volume with
accuracies of up to 0.094 mm (Everaert et al., 1999). An advantage to using an optical

motion analysis system when compared with traditional video cameras is that multiple



cameras may be easily employed, increasing the chances of a correct reconstruction. In
addition, while some manual identification of the points may be required by the operator
during reconstruction, the points themselves are automatically located by the cameras. A
disadvantage is the sensitivity of | optical systems to interference with the line of sight
from the markers to the cameras. Optical motion analysis systems have recently been
used to examine the shoulder (Leroux et al., 1992; Klop¢ar and Lenarci€, 2006; van
Andel et al., 2008), spine (Pollock ef al., 2009), knee (Hunt et al., 2008; Vanwanseele
and Parker, 2009), and foot (Jenkyn and Nicol, 2007; Leardini et al., 2007) in-vivo.
Electromagnetic systems, such as the Flock of Birds (Ascension Technologies,
Burlington, Vermont, USA) and the FASTRAK (Polhemus, Colchester, Vermont, USA)
use a transmitter to track a series of receivers in six degrees of freedom (DOF; i.e., three
translations and three rotations). Three sets of orthogonal coils contained in each of the
transmitter and receivers enable the determination of both location and orientation. A
| study conducted by Milne et al. (1996) revealed that the Flock of Birds has an optimal
operating range where the receivers are between 22.5 cm and 64.0 cm from the
transmitter, in which the mean positional error is 0.25 mm and the mean rotational error
over a 1° to 20° range is 1.6% of the rotational increment, with a rotational resolution of
0.1°. The advantage of using an electromagnetic system over an optical system is that
magnetic fields can pass through most materials, metals excepted, so there does not have
to be a direct line of sight between the transmitter and the receivers. Also, each receiver
has its own coordinate system; therefore, to track a body segment only one receiver is
required, as opposed to three optical markers (McQuade and Smidt, 1998). The

disadvantages include the fact that the magnetic fields may be distorted by ferrous



materials, producing errors in locating the positions of the receivers (Meskers ef al.,
1999). In addition, in most cases the systems are not wireless, and as the study by Milne
et al. (1996) showed, they have a very restricted optimal operating volume. Despite these
limitations they have recently been used to quantify in-vivo kinematics of the shoulder
(McQuade and Smidt, 1998; Meskers ef al., 1998b; Vermeulen et al., 2002; Rundquist et
al., 2003; Ebaugh et al., 2005; Fayad et al., 2006; Meskers et al., 2007), the elbow (Van
Roy et al., 2005), the spine (Burnett et al., 2008; Ma et al., 2009), and the hip, knee and
ankle (Gribble et al., 2009), to name a few joints.

The overall advantages of using either an optical or electromagnetic tracking
system include the high sampling frequency and the capacity to be fully dynamic (see
Prendergast et al., 2005). The EVaRT system at the WOQIL can sample at up to 200
frames per second, much faster than a standard video camera. Additionally, data are
presented in an absolute spatial reference frame (see Winter, 2005b), making analysis less
complicated. Disadvantages include the high price of such systems and, in the case of
most electromagnetic and some active marker systems, interference of wires, which may
result in subjects exhibiting non-representative movement. But worst than these, the
main disadvantage of optical and electromagnetic tracking systems is the potential for

skin motion artefact.

1.1.4 SKIN MOTION ARTEFACT

Kinematics describe changes in position and orientation of objects with time, in
three-dimensional (3D) space. In order to determine the positions of segments relative to
one another, each needs to have a coordinate system associated with it. These coordinate

systems can then be related to one another. However, it is impossible to place any



marker set in the identical location on two consecutive individuals because human
anatomy varies considerably. Therefore, a global coordinate system cannot be employed
to compare kinematics between individuals. Consequently, coordinate systems must be
created on each bone segment, so that clinically relevant joint kinematics may be
determined. In biomechanics, bones are considered to be rigid bodies, so bone-based
coordinate systems are created by using osseous landmarks — repeatedly locatable
reference points on each bone. Anatomical landmark identification has the potential to
introduce errors since landmarks are actually relatively large and are often curved
surfaces (Della Croce et al., 1999). Points are preferable over ridges as they are more
repeatably digitized (Veeger ef al., 2003). At least three non-collinear points on each
bone are required for the creation of Cartesian coordinate systems. Anatomical landmark
identification for the shoulder is addressed in Chapter 6.

If bony landmarks are to be located, they must be digitized through the skin. Skin
motion artefact refers to the errors that are created due to a combination of inertial effects
of soft tissue, skin deformation and sliding, and motion due to muscle contractions
(Leardini et al., 2005). Detailed joint movement is not possible when skin motion
artefact is present because the magnitudes of the errors are larger than those of the
measurement systems, are task dependent and not reproducible between subjects
(Leardini et al., 2005; Benoit ef al., 2006). As a result, to obtain highly accurate results it
is only possible to record static positions (de Groot, 1997; Meskers et al., 1998b; Hébert
et al., 2000). When comparing the position of the scapula obtained by skin-fixed
electromagnetic tracking receivers to that obtained from landmark palpations, Meskers ef

al. (2007) found rotational differences of up to 7° when elevating in the sagittal plane and



up to 13° when elevating in the frontal plane. If skin motion artefact errors are too large
they may actually render the results of a kinematic analysis unusable (Benoit et al.,
2006). Therefore, optical and electromagnetic tracking devices are best-suited to large-
scale motions where small errors are not as relevant.

In order to avoid the problem of skin motion artefact, optical motion analysis
systems and electromagnetic systems may be used in conjunction with bone pins (as
recently done by Harryman et al., 1992; Lafortune et al., 1992; Reinschmidt ef al., 1997;
Koh et al., 1998; Karduna et al., 2001; McClure et al., 2001; Bourne et al., 2004; Benoit
et al., 2006; Nester et al., 2007). While this technique provides good kinematic data, it is
generally too invasive to be practical for larger study sizes. There is the potential risk of
infection and subjects may experience discomfort, rendering them unable to move in their
normal manner. Also, with large subcutaneous translations, passive motion of the skin
and active muscle contractions may interfere with the bone pins by moving or bending
Vthem (Karduna et al., 2000; Benoit et al.,, 2006). For these reasons the use of
percutaneous bone pins is relatively rare.

Other solutions to the problem of skin motion artefact have included numerical
algorithms based on linear regression (Meskers ef al., 1998a), least-squares (Sodkervist
| _ and Wedin, 1993; Chéze et al., 1995; Veldpaus et al., 1998), filtering (Cerveri et al.,

2005), and linear interpolation and approximation (Dumas and Chéze, 2009).

1.1.5 MEDICAL IMAGING TECHNIQUES

As previously stated, one of the biggest factors limiting the improvement of the
study of human joint motion is skin motion artefact (Cappozzo et al., 1996; Andriacchi

and Alexander, 2000). Medical imaging techniques have the advantage of allowing the
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bones to be viewed directly, removing skin motion artefact. There are three main
imaging techniques used in orthopaedic biomechanics. These are plane x-ray and

fluoroscopy, computed tomography (CT) and magnetic resonance imaging (MRI).

1.1.5.1 PLANE X-RAY AND FLUOROSCOPY

Plane x-ray images are two-dimensional (2D) projections of an object onto a film,
produced by the interaction of x-rays with the various tissues of the body. Fluoroscopes
are similar to plane x-rays systems; however, they produce a real-time moving image.
Fluoroscopes will be discussed in more detail in Section 2.1. One of the primary
advantages of using plane x-rays for imaging studies is their prevalence in medical
practice. Among other joints, plane x-rays have recently been used to study kinematics
of the knee (Frankel et al., 1971), the shoulder (Poppen and Walker, 1976; Howell et al.,
1988; Burkhart, 1992), and the spine (Dunk ef al., 2009). Plane fluoroscopy has also
~ recently been used to examine several joints, including the shoulder (Talkhani and Kelly,
2001), the spine (Auerbach et al., 2007), the foot (Wearing et al., 1998), and the knee
(Wada et al., 2001).

The disadvantages of using plane x-rays and fluoroscopy include exposure to
ionizing radiation. Also, the use of 2D imaging techniques to record a 3D motion has
inherent dangers in that projection errors are unavoidable, and it is highly unlikely that
the motion will occur exactly in the plane of the image (see Freedman and Munro, 1966;
van der Helm and Pronk, 1995; de Groot, 1999). In order to achieve this, the axis of
rotation of the chosen joint should be perpendicular to the image plane. However, the

axes of most joints are not constantly in one plane throughout a ROM (see Duck et al.,
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2003), making this requirement impossible to achieve. It may also be difficult to position

the subjects precisely in the plane that is required (see Howell et al., 1988).

1.1.5.2 COMPUTED TOMOGRAPHY
A CT scan is obtained by taking a series of x-ray image views that are then
reformatted by a computer using the principle of backprojection to obtain images of
‘slices’ though the object (see Bushberg et al., 2002a). From these images orthogonal
projections of the object may be viewed and 3D models of objects can be reconstructed.
Because of the time required to obtain all of the images in a CT scan, measurements are
generally static. Cine CT scanners have been used to image objects in motion, by
repeatedly‘ scanning a single ‘slice’ of the object (see Shapeero et al., 1988); however, the
slice must be selected carefully to obtain the desired information.
Advantages of using CT include the relative ease of obtaining 3D positions of the
"bones of interest. CT scanners are available in most clinical institutions. The most
significant disadvantage of CT scans is the radiation exposure to the patient. This will
limit the number of positions that may be imaged. In addition, as stated previously, most
scanners are designed to image static objects only. Joint kinematics have been
determined using CT scans predominantly at the forearm, wrist, and hand (Wolfe ef al.,
2000; Baeyens et al., 2006; Leventhal et al., 2008), but also at the ankle (Beimers et al.,

2008).

1.1.5.3 MAGNETIC RESONANCE IMAGING
MRI uses magnetic field gradients and phase offsets to localize nuclear magnetic

resonance signals from individual volume elements within a subject, enabling the
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creation of images that very clearly distinguish between tissue types (see Bushberg et al.,
2002b). Unlike plane x-rays or CT scans, MRI is able to depict cartilage contact areas,
ligaments, tendons, and muscle bodies. The advantages of MRI include the fact that it is
non-invasive, clinically available, and capable of imaging soft tissues as well as bones
(see McPherson et al., 2005). The disadvantages include its expense in terms of both
time and money. Image acquisition times of up to five minutes (see von Eisenhart-Rothe
et al, 2004) prevent dynamic studies, and may restrict the slice-thickness that is
attainable due to subject fatigue (see Patel er al., 2004). The closed-coil magnets of most
MRI systems may pose problems for patients with claustrophobia and full weight bearing
motions are not possible in-vivo in these systems (see McPherson et al, 2005). In
addition, in the case where metal implants are present, inhomogeneities in the magnetic
field are produced, resulting in distortion of the image (see Patel et al., 2004).

There are also several safety issues associated with MRI scans. These include the
presence of strong and varying magnetic fields; the long term effects of which are not
well known (see Bushberg ef al., 2002b). Within these fields, negative effects may be
caused by the substantial torque placed upon implants, prostheses, and pacemakers, and
possible heating of non-metallic implant materials which may occur (Bushberg et al.,
2002b). The gradient coils also produce considerable noise when in operation, which
may make subjects uncomfortable (see Bushberg et al., 2002b).

Kinematics of the knee have been determined using a closed-coil MRI system in a

supine position for various flexion angles, up to 60° (Patel et al., 2004) and in an open

MRI system up to 90° (Todo et al., 1999; von Eisenhart-Rothe et al., 2004). Kinematics

of the shoulder were examined using an open MRI system during static positions of
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abduction and a limited number of isometrically loaded abduction positions (Graichen et
al., 2000b). Another study examined internal and external rotation of the shoulder in a
closed-coil system (Rhoad et al., 1998).

Dynamic studies are possible using cine and cine-phase contrast MRI and have
been performed in the shoulder (Bonutti et al., 1993; Cardinal ef al., 1996), and the knee
(Sheehan et al., 1998). The disadvantage is that due to the extensive time required to
capture the images, data is only collected in a single plane. Therefore motion must be

very well aligned with the chosen plane or errors will result (see Sheehan et al., 1998).

1.2 RADIOSTEREOMETRIC ANALYSIS

Ideally, joint kinematics should be measured with high accuracy — void of skin
motion artefact, in 3D, under dynamic conditions, with minimal time and monetary
expense. Radiostereometric analysis (RSA) has the potential to fulfill all of these
requirements.

The reconstruction of the 3D positions of objects from coincident pairs of plane x-
ray films was first documented in 1898 by Davidson (see Kérrholm, 1989; Selvik, 1989).
Two x-rays were taken of an object from different angles, and silk threads were used to
connect points on the images to their associated x-ray sources. The threads intersected at
the original positions of the points in 3D space. This is possible because the x-rays are
not significantly deflected from their straight-line path as they pass through the object of
interest (see Selvik, 1989). For quite a time thereafter, stereoscopes were used to
measure distances between points within virtual stereoscopic x-ray images, due to the
difficulties of identifying corresponding points in the pairs of images (see Selvik, 1989).

In the 1960s and 1970s there was a rapid increase in the application of mathematical
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theory to photogrammetry. The position of the projection centre and the image plane
within a camera was determined, and the use of a calibration object to improve accuracy
was introduced (see Selvik, 1989). These methods were then applied to x-ray
photogrammetry. In 1974, Selvik published his thesis “Roentgen stereophoto-
grammetry: A method for the study of the kinematics of the skeletal system” describing
the use of “roentgenography” to determine distinct points within an object and to measure

small relative displacements (Selvik, 1989). This was the beginning of modern RSA.

1.2.1 TRADITIONAL RSA

Traditional RSA uses two static x-ray views to provide two simultaneous images
of the object of interest from different angles. Often, the object of interest has radio-
opaque beads (markers) rigidly implanted to aid in determination of object positions.
Using two views of the same markers, their positions are reconstructed into 3D
coordinates. There has been significant debate about the true accuracy of traditional
RSA. Accuracy and precision depend on many factors including the software used for
analysis (Bragdon et al., 2004), the positioning of the beads (Madanat et al., 2005), the
method of digitization of the beads (Borlin et al., 2002), the radiographic technique
(Bragdon et al., 2004), and the calibration frame (Cai et al., 2008). For instance, the use
of digital radiography has been found to be superior to the use of conventional films
(Bragdon et al., 2004). As such, it is important for each system to be independently
validated. Kérrholm et al. (1997) reported the errors of the RSA system used until 1995
at the Sahlgren Hospital in Sweden, as quantified by a phantom and a coordinate

measurement machine, to be on average —7 um to 25 pm (+40 pum to 214 pm) and —0.03°

to 0.02° (£0.04° to 0.3°). In a clinical setting the precision obtained by double
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examination of several series of hips was reported to be between 0.15 mm and 0.6 mm
and between 0.3° and 2° with 99% confidence (Kérrholm et al., 1997). Using human and
canine cadaveric models, Onsten et al. (2001) obtained prediction intervals of
displacements with 95% confidence of £47 pm to £121 um in the human model and +45
um to +£74 um in the canine model. Bragdon ef al. (2002) quantified the accuracy using
bone models for the specific application of total hip replacement and found an accuracy
of 55 um. Madanat et al. (2005) obtained accuracies of +6 pm over distances of 25 um to
5 mm and +0.073° over rotations of 1/6° to 2°. Cai et al. (2008) also used a bone model,
although this time it was a knee, to quantify accuracy and obtained accuracies of 11 pm
by utilizing a novel custom-made calibration frame. Therefore, it appears that accuracies
are steadily improving. High accuracies means smaller numbers of subjects are required
in studies, as significance may be reached more quickly.

Because the accuracies are so high, RSA was quickly adopted by the orthopaedic
biomechanics community, and has found many uses including studying growth
(Karrholm et al., 1984), prosthetic fixation and total joint component migration
(Kérrholm et al., 1994; Ryd et al., 1995; Nilsson and Dalén, 1998; Alfaro-Adrian ef al.,
1999; Hilding et al., 2000; Nagels et al., 2002), joint kinematics (Egund et al., 1978; de
Lange et al., 1985; Kirrholm et al, 1988; Lundberg, 1989; Uvehammer et al., 2000,
Axelsson and Karlsson, 2005; Hallstrém and Karrholm, 2006), stability (Lofvenberg et
al., 1989; Johnsson et al., 1992), healing (Fridén et al., 1992; Ragnarsson et al., 1993),
and polyethylene wear (Baldursson et al., 1979; Onsten ef al., 1998). It has been used to
examine many joints, including the shoulder (Nagels et al, 2002; Hallstrém and

Kérrholm, 2006), the spine (Egund et al., 1978; Johnsson et al., 1992; Axelsson and
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Karlsson, 2005), the hip (Baldursson et al., 1979; Ragnarsson et al., 1993; Kérrholm et
al., 1994; Onsten et al., 1998; Alfaro-Adrian et al., 1999), the knee (Kirrholm et al.,
1988; Fridén et al., 1992; Ryd et al., 1995; Nilsson and Dalén, 1998; Hilding et al., 2000;
Uvehammer et al., 2000), and the foot and ankle (Kérrholm er al., 1984; Lofvenberg et
al., 1989; Lundberg, 1989).

There are three commercially available software packages that are used for
clinical RSA studies: the UmRSA system (RSA Biomedical, Umed, Sweden), the
WinRSA system (Tilly Medical Products AB, Lund, Sweden), and the Medis model-
based RSA system (Medis specials, Leiden, The Netherlands).

Clearly, the fact that only static images may be taken is a drawback to traditional
RSA. This means that continuous motions must be approximated by a sequential series
of positions. This is not always appropriate. For instance, it has been shown that
kinematics of the scapula are not the same under static and dynamic conditions (Fayad ef

al., 2006).

1.2.2 DYNAMIC RSA

In order to capture kinematics during motion, dynamic RSA was introduced.
Film exchangers were employed to allow multiple images to be taken in quick
succession. At first, the knee was imaged under non-physiological weightbearing
conditions with the subject seated, as this was fairly simple to implement using the RSA
equipment at the time (Jonsson et al., 1989). The sample rate could be altered but it was
slow — between 2 and 4 frames per second (Jonsson ef al., 1989; Uvehammer et al., 2000;

Hallstrém and Kirrholm, 2006). To enable faster sample rates, a high speed camera

could be placed behind an image intensifier (Tashman and Anderst, 2003; Tashman et al.,
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2004). Using this approach, Tashman et al. (2004) sampled knee kinematics during

running at 250 frames per second.

1.2.3 RSA AND FLUOROSCOPY

In order to obtain dynamic measurements of in-vivo kinematics using clinically
available equipment, fluoroscopy and RSA (fRSA) have been integrated. As was
mentioned in Section 1.1.5.1, fluoroscopes produce a real-time moving image that is
similar to an x-ray. This provides the benefits of dynamic RSA at sample rates greater
than those obtainable using film exchangers but without the cost associated with custom-
made equipment. Both single plane (Garling et al., 2005) and dual plane (Koning et al.,
2007) techniques have been implemented. Until this point, fluoroscopy has
predominantly been used with model-based RSA, a type of RSA in which computer-
aided design (CAD) models are used in place of beads for determining locations and

orientations of objects.

1.2.4 THE USE OF TANTALUM

In clinical studies, as distinct anatomical landmarks are often not present, the
bones of interest have 0.5 mm, 0.8 mm or 1.0 mm diameter tantalum beads inserted to
provide highly repeatable markers within the segments (see Selvik et al., 1983; Valstar et
al., 2002). The use of spherical markers means that their projections will not be altered
with the viewing angle of the fluoroscopes (see Valstar et al., 2002). The use of between
six and nine beads per bone to be observed is recommended (Valstar ef al., 2005).
Tantalum was originally chosen as it is bio-inert and is highly absorptive of x-rays

(Selvik et al., 1983). Unfortunately the implantation of such beads into subjects not
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undergoing surgery is invasive, carries the risk of infection, and may cause restriction of
normal movement for several days (see Hogfors et al., 1991). Therefore, at the
University of Western Ontario beads are not implanted into any patient who is not
already undergoing a surgical procedure on the joint of interest. In studies where beads
have been inserted into healthy normal subjects under local anaesthesia, any swelling and
stiffness was reported to be resolved within one week (Lundberg, 1989).

There are no known serious risks resulting from the implantation of the beads in
the short or long term. In a study conducted by Aronson et al. (1985) no inflammatory
reaction was present in the region of 0.5 mm tantalum beads and 0.5 by 1.5 mm and 0.37
by 1.2 mm tantalum pins 5-48 weeks after insertion into the distal fibular region.
Similarly, in another study, no dissolution of tantalum was detected, no inflammatory
response was observed, and new bone growth and remodelling was seen after 4 weeks
following implantation of 1 mm diameter tantalum wires in the subcutaneous abdominal
connective tissue and femoral diaphyses of rats (Matsuno et al., 2001). In addition, it has
been shown that tantalum may offer benefits over currently used orthopaedic implant
materials with respect to bacterial adhesion and therefore infection rates (Schildhauer et
al., 2006).

Furthermore, there are no risks to subjects regarding airport security, as there is
not enough metal present to set off a detector. Even joint replacements, which have a
vastly greater amount of metal, have been proven to not activate airport security (Basu et
al., 1997).

That said, care must be taken to ensure the beads are successfully implanted in the

bone. Eldridge et al. (1998) performed a review of 64 patients who underwent total hip
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arthroplasty and had a median of four 0.8 mm diameter tantalum beads inserted in their
proximal femurs and found that 40% of patients had one or more extra-osseous beads.
That amounts to approximately 13% of beads being misplaced. There was no relation
found between either the experience of the surgeon or the operative approach and bead
misplacement. Lawrie et al. (2003) also performed a review of total hip replacement
patients. Radiographs of 97 patients were reviewed and the relative incidence of
misplaced beads was 2% in the femur and 6% in the pelvis. The variation between the
two studies may be due to different bead insertion devices and techniques. The major
concern associated with misplaced beads is third body wear, should any of the misplaced
beads migrate into a joint. The other drawback to extra-osseous beads is that they cannot

be used for RSA as they are not rigidly implanted.

1.3 THE SHOULDER COMPLEX

The shoulder was chosen as the site of the first clinical application of the work
described in this thesis. The reason for this was two-fold. First, there are many clinical
questions about the shoulder that are as yet unanswered. Second, this joint goes through
its full ROM while not moving very far in 3D space. This makes it ideal for study using
imaging techniques, particularly RSA, where the capture volume is relatively small.

The shoulder complex (Figure 1.1) is a complicated system that is composed of
three joints, two articulations, three bones and a large number of muscles, tendons, and
ligaments. The upper limb is designed to allow the hand to be used most efficiently
(Reid, 1969), and to enable that, the shoulder complex has the largest ROM of any joint
complex in the human body (Koh ef al., 1998). Abnormalities in any one of the shoulder

joints tend to reduce the overall ROM of the whole limb (Neer, 1990).
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Figure 1.1 The shoulder complex
Pictured are the glenohumeral, scapulothoracic, acromioclavicular,

sternoclavicular, and subacromial joints in (A) anterior and (B) posterior views of
the right side.
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1.3.1 ANATOMY

This thesis focuses specifically on one of the joints in the shoulder complex (i.e.,
the glenohumeral joint); however, in order to understand the intricacies of this joint, a

brief overview of the anatomy of the whole complex follows.

1.3.1.1 BONES AND JOINTS

The three bones of the shoulder complex are the scapula, the humerus and the
clavicle. The scapula (Figure 1.2) is a thin, triangular bone that is curved slightly such
that is it concave anteriorly. The medial and superior edges and the scapular spine are
thicker regions of bone and act as reinforcements to the thin subscapular and
infraspinatus fossae. The acromion, spine and coracoid process are the three processes
on the scapula. All three serve as muscle attachment sites. The acromion serves as the
articulation point of the scapula with the clavicle as well. The coracoid process may also
serve to limit the anterior translation of the humeral head when the shoulder is abducted
to 90° (see O’Brien ef al., 1998). The glenoid fossa, often called simply the glenoid, is a
shallow hollow on the caudolateral region of the scapula.

The humerus (Figure 1.3) is the proximal bone of the upper limb. The humeral
head lies at the proximal end of the humerus and forms one third of a sphere (see Morrey
et al., 1998). Other important landmarks are the greater and lesser tuberosities, the
bicipital groove, the deltoid tuberosity and the medial and lateral epicondyles. The
tuberosities serve as muscle attachment sites and the bicipital groove provides a pathway
for the tendon of the long head of the biceps.

The clavicle is an S-shaped bone that lies between the scapula and the trunk. It

serves as an attachment point for several muscles and is forced to rotate in relation to the
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Figure 1.2 The osseous anatomy of the scapula and clavicle
(A) Anterior and (B) posterior views of a right scapula and clavicle with the
landmarks of interest noted. (Images of a model created from a clinical CT

scan.)
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Figure 1.3 The osseous anatomy of the humerus
(A) Anterior and (B) posterior views of a right humerus with the landmarks of
interest noted. (Images of a model created from a clinical CT scan.)
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scapula throughout the ROM of the upper limb (see Neer, 1990).

The three joints of the shoulder complex are the glenohumeral joint, the
sternoclavicular joint, and the acromioclavicular joint (Figure 1.1). The two articulations
are the scapulothoracic joint and the subacromial joint. An articulation differs from a
true articular joint, as there is no bone-on-bone motion. Each joint and articulation
performs two important functions: restricting undesired motions and allowing desired
motions (see Jobe, 1998).

The glenohumeral joint is traditionally considered the “shoulder joint”. It consists
of the articular joint between the head of the humerus and the glenoid fossa on the
scapula, and has the largest ROM of all synovial joints in the human body (see Howell et
al., 1988; An et al., 1991; Lippitt and Matsen, 1993; Curl and Warren, 1996; Karduna et
al., 1996; Halder et al., 2001). The head of the humerus is much larger than the glenoid
and therefore only a portion of the head is in contact with the glenoid at any time (see
Saha, 1971; Neer, 1990; Soslowsky et al., 1992; Morrey et al., 1998). Perhaps
surprisingly, motion of the humeral head consists of both rotation and translation (see
Poppen and Walker, 1976; Howell et al., 1988; Wuelker et al., 1994; Kelkar et al., 2001).
It has been shown that during an interval of 30° of arm elevation; however, the instant
centre of rotation lies within 5 mm of the centre of the humeral head (Poppen and
Walker, 1976; Perry, 1988a), implying that the centre of rotation of the glenohumeral
joint is located approximately at the centre of the humeral head. Therefore in an
idealized model, the glenohumeral joint may therefore be approximated as a ball-and-
socket joint with no translations, and three rotational DOF (Howell et al., 1988; lannotti

et al., 1992; Culham and Peat, 1993; McMahon et al., 1995; Veeger et al., 1997; Rhoad
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et al., 1998). Any number of injuries or pathologies, including glenohumeral arthritis,
instability, or rotator cuff tears may induce larger than normal amounts of translation in
the glenohumeral joint under conditions of active motion (Poppen and Walker, 1976;
Howell et al., 1988).

The sternoclavicular joint lies between the sternum and the medial end of the
clavicle, and allows the clavicle to move within a cone-shaped volume. This is a saddle-
shaped plane synovial joint, which functions almost as a ball-and-socket joint (see
Culham and Peat, 1993).

The acromioclavicular joint is the meeting between the acromion of the scapula
and the lateral end of the clavicle. This joint moves very little and does not significantly
contribute to the ROM of the upper arm (see Neer, 1990). It does provide some
stabilization to the scapula by acting as a pivot, and its loading is primarily compression
as the muscles pull the humerus towards the trunk.

The scapulothoracic joint consists of the plane of separation between the scapula
and the subscapularis muscle from the thorax. The scapulothoracic joint provides
approximately 40% of the motion which occurs in abduction, thereby increasing the
available ROM by delaying the impingement of the greater tuberosity of the humerus on
the acromion of the scapula. The rotation of the scapula in relation to the thorax also
repositions the glenoid fossa, causing the joint force to remain directed inside the
articular cavity and placing the glenoid cavity more directly beneath the humeral head,
which in turn decreases the demand placed upon the deltoid muscle in abduction (see

Perry, 1988b; Jobe, 1998).
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The subacromial joint is also an articulation. It lies between the acromion, the

coracoid process, and the humerus.

1.3.1.2 MUSCLES

There are numerous muscles that cross the shoulder complex and enable motion
to take place. These muscles can be divided into three groups — the scapulohumeral
muscles, the axioscapular muscles, and the axiohumeral muscles. The origins and
insertions of many of these muscles are shown in Figure 1.4 and Figure 1.5.

The scapulohumeral muscles are those muscles that have their origins on the
scapula and their insertions on the humerus. These are the deltoid, the rotator cuff
complex, and the coracobrachialis. The deltoid muscle consists of three distinct sections:
anterior, middle and posterior. All three sections assist in abducting the humerus and
between them they contribute approximately 50% of the moment necessary for elevation
(Hess, 2000). The anterior portion of the deltoid also aids in flexion, as well as in
internal rotation of the humerus. Conversely, the posterior portion aids in arm extension
as well as in external rotation of the humerus. The coracobrachialis muscle is active in
flexion as well as adduction (see Jobe, 1998).

The axioscapular muscles originate on the thoracic cage and insert on the scapula.
The muscles which comprise this group are serratus anterior, the levator scapulae, the
trapezius, the pectoralis minor, and the rhomboids. These muscles all assist in the
movement of the scapula.

The axiohumeral muscles have their origins on the thoracic cage and their
insertions on the humerus. There are two muscles in this group, the pectoralis major and

the latissimus dorsi. The function of the pectoralis major depends upon its starting
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Figure 1.4 The muscular origins and insertions on the scapula
(A) Anterior and (B) posterior views of a left scapula.
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Figure 1.5 The muscular origins and insertions on the humerus
(A) Anterior and (B) posterior views of a left humerus.
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position (see Jobe, 1998); however, it is known to be a powerful adductor and internal
rotator. Internal rotation, adduction, and extension are assisted by the latissimus dorsi
(see Jobe, 1998). In the case of a loss of function in the posterior deltoid, the latissimus
dorsi may act as a substitute (see Neer, 1990).

In addition, the biceps brachii and the triceps brachii both exhibit some influence
on the shoulder complex despite the fact that they primarily affect the elbow. Both
originate on the scapula and the biceps brachii inserts on the radius while the triceps

brachii inserts on the ulna.

1.3.1.3 ROTATOR CUFF

The rotator cuff is composed of the joint capsule, ligaments, muscles, and tendons
that encircle the glenohumeral joint anteriorly, superiorly, and posteriorly.
Kinematically, it helps to stabilize the glenohumeral joint, contribute to the elevation of
the upper limb (see Neer, 1990; Sharkey et al., 1994; Wuelker et al., 1995), and rotate the
humerus about its longitudinal axis (see Neer, 1990). The muscles of the rotator cuff are
the supraspinatus, subscapularis, infraspinatus, and teres minor and major. The tendons
of the rotator cuff merge with the capsule surrounding the glenohumeral joint, with the
infraspinatus and supraspinatus tendons blending into one continuous band near their
insertions (see Clark and Harryman, 1992; Minagawa ef al., 1998). As a result, it has
been hypothesized that contraction of one muscle in the rotator cuff may actually
influence the neighbouring muscle tendons (Soslowsky et al., 1997). The supraspinatus
muscle originates from the supraspinous fossa of the scapula and inserts on the greater
tuberosity of the humerus. There are conflicting reports regarding its precise function;

however, it is agreed that a significant function of the supraspinatus muscle is to assist in
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holding the humeral head in the glenoid socket throughout the full ROM of the arm (see
Wuelker et al., 1994). It is active in any motion that involves elevation (see Howell et
al., 1986).

The subscapular fossa is the origin for the subscapularis, and the lesser tuberosity
of the humerus is its insertion point. The subscapularis assists in internal rotation (see
Jobe, 1998) and flexion of the humerus (see Bassett ef al., 1990), as well as stabilization
of the humeral head. The infraspinatus originates at the infraspinatus fossa of the scapula
and inserts on the greater tuberosity of the humerus, covering the posterior section of the
supraspinatus. The infraspinatus is most significant as a stabilizer of the glenohumeral
joints, but it also serves as an external rotator of the humerus (see Neer, 1990), and as a
contributor to abduction (see Liu et al., 1997; Mura et al., 2003). The teres major and
minor muscles are adductors of the humerus, with the teres major also functioning as an
internal rotator of the humerus, and the teres minor functioning as an external rotator.

Both also have a role in stabilization of the glenohumeral joint (see Neer, 1990).

1.3.2 FUNCTION

Ultimately, the function of the shoulder complex is to allow for multiple pathways
of motion to be used by the hand to reach a target point. Additionally, each bone has its
own specific roles to play. The scapula’s main function is to provide attachment sites for
the muscles that move and stabilize the shoulder and upper thorax (see Jobe, 1998). As
well, the scapula provides a link between the upper limb and the thorax, and a moveable
platform to help support the upper limb. It also plays a key role in positioning the upper
limb and increasing its ROM (see Neer, 1990). The function of the humerus is to allow

the hand to act with force on the environment while transmitting the loads applied by the
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muscles to the trunk. The clavicle maintains the separation between the arm and the
centre of the body that is necessary to ensure optimal movement of the upper limb. It

also transmits any shocks received by the upper limb to the trunk.

1.3.3 MOTIONS

Motions can be defined by a combination of motion pairs — abduction and
adduction, flexion and extension, horizontal flexion and extension, and internal and
external rotation (Figure 1.6). The term scapulohumeral (or scapulothoracic) rhythm
describes the relationship between the motions that occur during arm elevation in the
glenohumeral and scapulothoracic joints. The overall ROM that may be achieved is
divided between these two joints, and thus, scapulohumeral rhythm is generally
expressed as a ratio of glenohumeral motion to scapulothoracic motion. Clinically, the
ratio is approximated as 2:1 (see Perry, 1998a). However, it has been shown that the
~ ratio is variable over the ROM, and is inconsistent between subjects (Freedman and
Munro, 1966; Doody et al., 1970; Ludewig et al., 1996; Graichen et al., 2000b; Talkhani
and Kelly, 2001). Factors that may affect the ratio include anatomical variation between
individuals, the plane or arc of elevation selected (whether flexion or abduction or
somewhere in between), and the load on the arm (Peat, 1986). One study has also
demonstrated that abduction velocity affects the ratio (Sugamoto et al., 2002). In women
the average scapulohumeral ROM is 171°, while in men the average is 167° (Perry,
1988a). The ROM in every direction decreases with age.

Dividing the motion between two joints enables the muscles that act across each
joint to operate optimally (see Jobe, 1998). The scapulohumeral rhythm also brings the

glenoid fossa beneath the humerus as the arm is raised; thereby assisting the muscles in
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Figure 1.6 Motions of the upper arm

(A) Abduction/adduction: movement in the scapular plane, (B) flexion/extension:
movement in the sagittal plane, (C) horizontal flexion/extension: movement in
the transverse plane, and (D) intemal/external rotation: rotation about the

humeral axis.
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supporting the weight of the upper limb (see Perry, 1988b; Jobe, 1998). Moreover, if the
full ROM were assigned to only one joint, the joint would not function because the
muscles would become trapped in the articulation (see van der Helm and Pronk, 1995).
The plane of the scapula is often used as the reference for abduction. This is not
the same as the frontal plane of the body. The scapular plane is angled 30° to 45°
anterior to the frontal plane. Elevation in the plane of the scapula occurs spontaneously
in patients with limited strength as this is the plane in which the deltoid and supraspinatus
muscles are optimally aligned for elevation (see Poppen and Walker, 1976; Perry,
1988a). Elevation in planes anterior to the plane of the scapula is simultaneously
accompanied by external rotation to prevent impingement of the humeral head on the
acromion (see Browne et al., 1990; An et al., 1991), to loosen the inferior glenohumeral
ligaments (see Morrey et al., 1998), and to ensure that there is sufficient humeral
cartilage for articulation with the glenoid (see Jobe and lannotti, 1995). To achieve
maximum elevation in planes posterior to the scapula, elevation is simultaneously

accompanied by internal rotation (see Browne et al., 1990; An et al., 1991).

1.4 KINEMATICS OF THE GLENOHUMERAL JOINT

International standards have been developed to enable comparisons of kinematic
data between labs, and these will be followed here. Data for such kinematic analyses of
the glenohumeral joint have been obtained using all of the biomechanical methods

described in Section 1.1 and will be highlighted below.
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1.4.1 BONE COORDINATE SYSTEMS

As was previously stated, it is impossible to place any marker set — be they
reflective markers for an optical tracking system or beads for an RSA system — in the
same location on each subject. To quantify glenohumeral joint motion, the position and
orientation of the humerus relative to the scapula are required. Therefore a coordinate
system must be established on each of these bones. Coordinate systems are created
according to the convention established by the International Society of Biomechanics
(ISB) (Wu et al., 2005). As there are three rotational DOF in the glenohumeral joint,
three rotations are required to describe the orientation of the humerus relative to the
scapula. The axes of the bone coordinate systems are placed to allow these rotations to
be clinically meaningful (i.e., the rotation to the plane in which elevation occurs, the
angle of elevation, and internal/external rotation).

Coordinate systems are created by first taking a CT scan of the bones of interest.
Models of the bones are created using software such as Materialise’s Interactive Medical
Image Control System (MIMICS) with a MedCAD module (Materialise, Ann Arbor,
Michigan, USA). Each landmark is digitized with a point and the positions of all of the
beads are determined. See Appendix B for more information on this process using
MIMICS. It has been shown that CT scans have a spatial accuracy of 99.2 + 0.8% of
distances measured (Smith et al., 1989). The digitization process must be conducted
carefully, as errors made in the location of the bony landmarks result in fixed errors in the
locations of the bone coordinate systems, and therefore in the rotations of the joint (Della

Croce et al., 2005).
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Once the bony landmarks are digitized, bone coordinate systems are created. A 3
by 3 rotation matrix relating the bone coordinate system relative to the marker-based

coordinate system is defined as,

marker marker marker 3 marker
bone R = l Xpone Yoone ZboneJ (Eq. 1.1)

where mkery,  omarkery . and ™7, are the bone coordinate system axes

(i.e., 3 by 1 matrices) described in the marker reference frame. A transformation matrix

of the bone relative to the markers,

i marker p ‘ marker ry
marker bone bone (Eq.1.2)
0 0 0] 1

follows, in which:

markerp = the rotation matrix relating the bone coordinate system to

the marker-based coordinate system
marker ), -, = the location of the origin of the bone coordinate system in

the marker-based coordinate system

1.4.1.1 SCAPULAR COORDINATE SYSTEM

To enable the creation of the scapular coordinate system three bony landmarks
(Figure 1.7) are digitized. These landmarks are the most caudal point of the scapula, the
inferior angle (IA), the most dorsolateral point on the scapula, the acromial angle (AA),
and the mid-point of the triangular surface on the medial border of the scapula in line
with the scapular spine, the trigonum spinae scapulae, (TS).

The lateral axis of the coordinate system, Zmp , is defined as a unit vector from



Figure 1.7 The scapular coordinate system

(A) The digitized landmarks on the scapula: the Inferior Angle (1A), the
acromioclavicular joint (AC), the acromial angle (AA), and the trigonum spinae
scapulae (TS). (B) The vectors used in the creation of the (C) scapular
coordinate system. (Ilmages of a model created from a clinical CT scan with

points added in MIMICS.)

TS
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TS to AA. An inferiomedial vector is created from AA to IA. The vector cross product

of this vector and — Z___ is then taken to give the anteriorly-pointing X Finally, the

scap scap *

superiorly-pointing axis, Y., , is created as the vector cross product of Z,,, and X ,,.

The origin of the scapular coordinate system, Oj,p, is established as the point AA.
Therefore, the transformation matrix between the marker-based coordinate system and

the scapular coordinate system may be written as:

marker _
scapT -

marker marker 7 marker 7 marker
|: X scap Xscap 4 scap Oscap ] (Eq. 1.3)

0 0 0o | 1

1.4.1.2 HUMERAL COORDINATE SYSTEM

To enable the creation of the humeral coordinate system three points are digitized
(Figure 1.8). These are the most caudal point on the medial epicondyle (ME), the most
caudal point on the lateral epicondyle (LE), and the centre of the humeral head (HH). In
order to find HH, a sphere is created with the articular surface using MIMICS (see
Appendix B) since it has been shown that the humeral head may be sphere fit (see
Soslowsky et al., 1992a).

The superior axis of the humeral coordinate system was created as a unit vector

from the midpoint of the epicondyles to HH and designated as ¥, ,,. An anterior vector,
X, » Was created from the cross product of the vector from LE to ME and . The

laterally-pointing, Z,,,, was created as the vector cross product of X,,,,, and ¥,,,,. The

origin of the humeral coordinate centre, Opum, Was defined to be HH. It then follows that
the transformation matrix between the marker-based coordinate system and the humeral

coordinate system may be written as:



Figure 1.8 The humeral coordinate system

(A) The digitized landmarks on the humerus: the medial epicondyle (ME), the
lateral epicondyle (LE), and the centre of the humeral head (HH). (B) The
vectors used in the creation of (C) the humeral coordinate system. (Images of a
model created from a clinical CT scan with points added in MIMICS.)



39

(Eq. 1.4)

marker marker 7 marker 5 marker
mazkerT — X hum Yhum A hum , Ohum
um
0 0 0 | 1

1.4.1.3 SIGN CONVENTIONS

Because the same bony landmarks are used to create coordinate systems on both
right and left limbs, the X-axes do not point in the same anatomical directions in both
cases. In the left shoulder the X-axes point posteriorly, while in the right shoulder the X-
axes point anteriorly. Therefore, in order to obtain consistent kinematic outcome
measures the following motions were established as being positive: planes of elevation

forward from neutral, elevation, and external rotation.

1.4.2 GLENOHUMERAL JOINT KINEMATICS

Since the desired results of kinematic analyses are clinically meaningful
interpretations of the rotations and translations that occur at a joint, the relationship
between the coordinate systems on the scapula and humerus must be established. This is
also done according to the conventions established by the ISB (Wu et al., 2005). The
translation of HH relative to the scapula is simply the change in position of Op,, within
the scapular frame of reference.

The clinically relevant rotations of the glenohumeral joint are calculated by
performing a Y-X-Y Euler angle analysis (see Winter, 2005¢). An Euler angle analysis
defines the orientation of one object with respect to another by the use of three
independent rotation parameters. These rotations take place about the axes of a Cartesian
coordinate system. The orientation of the axis about which each rotation takes place is

dependent upon the preceding rotations; therefore, the sequence of rotations has an effect
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on the outcome. It is assumed that the two frames of reference are initially aligned

(Figure 1.9). Rotations then take place about: (A) the Y-axis of the scapular coordinate

system (Ymp ), giving the rotation to the plane in which elevation occurs (8); (B) the X-
axis of the humeral coordinate system (X,, ), giving the angle of elevation (a); and

finally (C) the Y-axis of the humeral coordinate system (¥,,,), giving the angle of

rotation about the shaft of the humerus (y). It should be noted that since the assumption

behind the kinematics is that the coordinate systems were initially aligned, the initial
rotation may equivalently have taken place about the ¥, , therefore this is how it will be

written from now on. The sequence of rotations may be written in matrix-form as the
product of three individual rotation matrices, or as a single rotation matrix for the three

rotations as shown:

ZZ%R = rOt(f;hum5B) 'rOt(X;lumaa) ' rOt(Yh”um’Y) (Eq. 1.5)
[c¢fp 0 sgJ1 0 O |cyr O sy
=l 0 1 0|0 ca -sal 0 1 0

-sB8 0 c¢f|0 sa ca -sy 0 cy

[ cBcy —sPcasy sPsa  cPBsy +sPcacy
= sasy ca —-sacy (Eq. 1.6)

| —sfcy —cPeasy cPsa  —sPsy+cPeacy

where:
rot( 7, wum »B) = rotation about )7,,“,,, of magnitude f;
¢ = cosine; and
s = sine

In order to describe the location of the humerus relative to the scapula, a series of




Figure 1.9 Euler Y-X-Y rotations

4

scap hum

hum

'hum scap

(B)

Rotations about (A) the Y-axis of the scapular coordinate system, (B) the X'-axis
of the humeral coordinate system and (C) the Y™-axis of the humeral coordinate

system. (D) The resulting coordinate systems.
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transformation matrices must be combined as shown:
scap scap o~ marker—scap lab  marker—hum
humT_ marker-scapT lab T marker—hum T hum T
[ scap scap
= hum R b hum,origin
0 0 O] 1
M1 h2 N3 (Eq. 1.7)

where:

) TIyn I
13y T2 I3
(0 0 0

— N = X

scap [marker—scap
marker—scap”™ ~ scap

1 . . s "
Tr = the transformation matrix describing the position
and orientation of the markers on the scapula relative to the scapular bone

coordinate system;

ma'ke’_s"}‘;’;T = the transformation matrix describing the lab coordinate system

relative to the position and orientation of the scapula marker coordinate

system,;

lab

marker—hum] = the transformation matrix describing the position and orientation of

the humerus marker coordinate system, relative to the lab; and
marker=hump — the transformation matrix describing the humeral bone coordinate

system relative to the humerus marker coordinate system.

In order to describe the rotation of the humerus relative to the scapula, Equation

1.6 is compared with Equation 1.7 to obtain:




_
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/s
arctan Z(rl—z/—sfﬂx—]; right shoulder
Plane of elevation: 3 = "3 sm'ot (Eq. 1.8)
n,/sino
— arctan 2[————,——]; left shoulder
13, /sina
2
hy +rp | .
—arctan 2 ; right shoulder
)
Angle of elevation: o =< \/_2_72 (Eq. 1.9)
—Alrp +r
—arctan2| —2 32 ; left shoulder
7]
—arctan Z(ﬁL/SH}—a—J; right shoulder
External / Internal rotation: y = r23/ .smoc (Eq. 1.10)
arctan Z(w); left shoulder
- r23 /Sln 0.4

where ai'ctan2 is the four quadrant inverse tangent function, with results between pi and
-pi. This differs from the standard inverse tangent function which has results in the first
and fourth quadrants only.

The sin a terms in the numerators and denominators of the definitions for both 8
and y would seem to cancel out; however, this could potentially change the signs of the
numerators and denominators. Since the arctan2(y,x) function provides the solution to
arctan(y,x) while using the signs of x and y to determine the quadrant in which the
resultant angle lies, the cancellation of the sin o terms could lead to incorrect solutions
for p and y. When the angle of elevation is 0° or 180° singularities develop, as the first
and third axes of rotation are aligned. This is known as gimbal lock. No instances of
gimbal lock were observed during this work; however, if there were any, they would have

appeared as unexpected values of the first and third angles of rotation.
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1.4.3 THE STUDY OF GLENOHUMERAL JOINT BIOMECHANICS

The final study of this thesis aims specifically to quantify the kinematics of the
two bones whose motion provides the majority of the ROM of the shoulder. One of the
major hurdles in studying shoulder, and specifically scapular, motion is that by describing
abnormal motions, it is implicitly assumed that the normal motions have been quantified
(Hébert ef al., 2000). Unfortunately, the precise kinematics of the shoulder complex still
remains unresolved. By more fully understanding the kinematics of the shoulder
complex, the treatment of problems such as frozen shoulder, rotator cuff tears,
glenohumeral instability, and other shoulder pathologies may be better assessed and
possibly improved.

Due to the substantial soft tissue covering of the scapula and the lack of palpable
bony landmarks it is very difficult to track scapular kinematics during dynamic activities
(Lucchetti et al., 1998; McClure et al., 2001). Goniometers have been used to determine
the ratio of scapulothoracic to glenohumeral joint motions (Doody et al., 1970). Optical
(Hébert et al., 2000; Bourne et al., 2004) and electromagnetic (McQuade and Smidt,
1998; Meskers et al., 1998b; Karduna et al., 2000; McClure ef al., 2001; Karduna ef al.,
2001; Vermeulen et al., 2002; Rundquist er al., 2003) tracking devices attached to the
skin or clothing have been used by many groups to record motion in three dimensions for
in-vivo studies. As previously mentioned, measurement errors due to soft tissue covering
have been shown to be task dependent and not reproducible among subjects, making
these errors difficult to filter from the actual motion (Leardini ef al., 2005). It has been
demonstrated that these errors may even be so large as to apparently measure joint

dislocations when none occur (Leardini et al, 2005). Scapular rotation has been
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quantified using landmark digitization techniques (van der Helm and Pronk, 1995;
Ludewig et al., 1996; Meskers et al., 1998b; Hébert et al., 2000; Bourne et al., 2004)
with some success, but this may only be used in static positions. Bony landmarks that are
not palpable have been found using both functional and predictive approaches (Cappozzo
et al., 2005). In addition, it has been shown that for joints in which the primary motion
occurs in a single plane (such as the scapulothoracic joint), errors in the identification of
bony landmarks have a dramatic effect upon the measured magnitudes of rotations in
planes other than the primary (Della Croce ef al., 2005). To more accurately measure
joint motion, bone pins have been implanted directly into the target bone through the skin
(Harryman et al., 1992; Koh et al., 1998; Karduna et al., 2001; McClure et al., 2001);
however, this approach has many drawbacks as was discussed in Section 1.1.4.

Imaging techniques used for measuring shoulder kinematics include 2D x-ray
studies (Freedman and Munro, 1966; Poppen and Walker, 1976; Howell and Kraft, 1991;
de Groot et al, 1998), RSA (Hogfors et al., 1991; Bey et al., 2006; Hallstrom and
Kiarrholm, 2006), MRI in two (Iannotti ef al., 1992; Bonutti ef al., 1993; Cardinal et al.,
1996) and three dimensions (Rhoad et al., 1998; Graichen er al., 2000a), and single plane

fluoroscopy (Burkhart, 1992; Talkhani and Kelly, 2001; Sugamoto et al., 2002).

1.5 RATIONALE

The rationale for this work consists of several distinct parts. The incorporation of
fluoroscopy with traditional RSA will allow the capture of moving images and thereby
facilitate the study of in-vivo kinematics under dynamic conditions. Kinematic analyses
will be much more reliable when skin motion artefact has been eliminated. The

investigation of a variety of calibration frame configurations and a number of distortion
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correction orders will improve the accuracy of results obtained from RSA. The
examination of the errors resulting from landmark digitization and subsequent
propagation through glenohumeral joint kinematics will provide a better estimate of the
magnitude of the overall errors of the system. The introduction of a new scapular
coordinate system will allow a decrease in the radiation exposure required for subjects
undergoing RSA. Finally, the examination of the kinematics of the glenohumeral joint
using RSA following rotator cuff repair will provide insight into changes in kinematics as

healing takes place and the patients undergo physical therapy.

1.6 OBJECTIVES AND HYPOTHESES

The objectives of this thesis were: (1) to implement a fluoroscopy-based RSA
system, (2) to validate the system and compare it to existing biomechanical tracking
technology, (3) to determine the effect of various configurations of the calibration frame,
(4) to examine the intricacies of distortion correction, (5) to investigate the inter- and
intra-investigator errors involved in creating the coordinate systems for glenohumeral
joint kinematics, (6) to introduce a new coordinate system definition for the scapula and
(7) to apply the system to examine motions of the glenohumeral joint in-vivo.

The primary hypothesis (1) was that the system would have superior accuracy and
precision when compared with the existing biomechanical tracking technology. It was
also hypothesized (2) that an alternate calibration frame configuration could improve the
accuracy of the RSA reconstruction, as could (3) the proper implementation of a
distortion correction scheme. Furthermore, it was hypothesized that (4) a new definition
for the scapular coordinate system could be found that could be considered to be

equivalent to the current ISB standard coordinate system. Finally, it was hypothesized
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that (5) the new fluoroscopy-based RSA system would prove to be a useful clinical tool,
able to quantify longitudinal changes in kinematics following surgical interventions and

post-operative rehabilitation, specifically at the glenohumeral joint.

1.7 THESIS OVERVIEW

Chapter 2 describes the components of the RSA system that was developed.
Chapter 3 presents the study which was done to assess the precision and accuracy of the
system and compare it to a commercial optical tracking system. Chapter 4 shows the
evaluation of a range of calibration frame configurations. Chapter 5 contains the results
of the investigation of distortion correction. Chapter 6 examines the inter- and intra-
investigator errors of digitization of landmarks from CT scans, specifically with regard to
their effects on glenohumeral joint kinematics and looks at an alternate approach to
creating the scapular coordinate system. Chapter 7 presents some preliminary in-vivo
glenohumeral joint kinematic data. Chapter 8 summarizes the conclusions drawn from

this work, outlines its significance, and suggests some potential work which may follow.
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CHAPTER 2 — THE WOQIL FLUOROSCOPIC RSA SYSTEM

OVERVIEW: This chapter describes the components of the fluoroscopic
RSA system and the development and validation of those components that
were custom-made. It also describes the digitization and RSA algorithms

as well as some common sources of error and how they are quantified.

2.1 FLUOROSCOPY UNITS

A fluoroscopy unit consists of an x-ray tube and its associated filters, along with a
collimator and a phosphor screen onto which the x-rays are incident, once they have
passed through the object of interest (Figure 2.1; see Bushberg et al., 2002). The energy
of the x-rays is dictated by the applied voltage in the x-ray tube, which may be adjusted
by the operator. Filters are generally used to remove the low energy x-rays which would
most likely not reach the phosphor detector. The collimator restricts the area through
which the x-rays travel using pairs of shutters. X-rays pass through the object of interest,
are attenuated to varying degrees depending upon the materials through which they pass,
and are incident upon the phosphor screen. As the x-rays strike the screen, photons are
released by the photoelectric effect. The phosphor screen is coupled to an image
intensifier (II) that amplifies the light, differentiating fluoroscopy from traditional
radiography. The II is in turn coupled to a video camera through an aperture that adjusts
the light energy of the signal and lenses that focus the image. In this way, moving x-ray
images can be viewed in real time.

Images may be taken using fluoroscopy units in one of two ways. The first is




Lenses

Figure 2.1 Components of the fluoroscopy unit

The main components of the fluoroscopy system include the x-ray tube that
generates the x-rays, the filters that remove the low energy rays, the collimator
that restricts the field of view, the object of interest, the image intensifier that
amplifies the image signal, lenses for focusing, an aperture for adjusting the gain
of the system, and a video camera to capture the images.
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digital radiography. This captures a still image, much ﬁke that which would be obtained
via traditional x-ray. The second is fluoroscopy, in which a stream of images is captured
at a rate of 30 frames per second, creating a moving x-ray. In order to obtain a “movie”
of just 30 seconds, 900 images are required. Understandably, using traditional
radiography, the radiation dose from such an examination would be unacceptably high.
This is where the II becomes very important. By using specialized phosphor technology
in a vacuum tube, the number of light photons emitted as a function of the x-rays applied
is amplified, allowing images to be produced using more than one hundred times less
radiation (see Bushberg er al., 2002). The downside is that amplification of the signal
results in added noise in the image.

Theoretically, since x-rays are not deflected to any appreciable amount when
passing through an object, the correspondence between an object and its image is strictly
central projection. The fluoroscopes have conical fields of view; therefore, due to
diverging ray principles, the closer an object is to the II, the smaller it will appear. Most
basically, the images produced by the fluoroscopes look like a scaled version of the
object of interest, However, due to the electron optics that are used within the IIs, there is
some distortion present in the images. This will be addressed in Section 2.3.

The Wolf Orthopaedic Quantitative Imaging Laboratory (WOQIL) has two 9 inch
fluoroscopy units (Figure 2.2; SIREMOBIL Compact-L mobile C-arms, Siemens
Medical Solutions Canada Inc., Mississauga, Canada). These are portable C-arm units,
meaning that the x-ray tube and II are fixed on opposite ends of a C-shaped arm, which
can be positioned in a wide variety of locations and orientations. A brief user’s manual

for the operation of the fluoroscopy units is contained in Appendix C.



Figure 2.2 SIREMOBIL Compact-L mobile C-arm fluoroscopy unit

(A) The C-arm fluoroscopy unit with the x-ray source at the top of the arm and
the image intensifler at the bottom of the arm. (B) The accompanying video
display and control panel.
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2.2 IMAGE PROCESSING

Images from each fluoroscopy unit are transferred to a personal computer via a
video capture device (DVD Xpress DX2, ADS Technologies Inc., Cerritos, CA, USA),
where they are recorded by the accompanying software (Capture Wizard, ADS
Technologies Inc., Cerritos, CA, USA). Output from the fluoroscopy units is saved on
the personal computers by the Capture Wizard software in the form of moving picture
experts group (mpg) files. In order to process the images, they must be converted into
tagged image file format (tiff) files. This is done using Adobe Premier Pro (Adobe
Systems Incorporated, San Jose, CA, USA). Images of individual frames or a sequence
of images of the frames representing a motion may be created.

In order to determine the positions of the beads within the laboratory, their
location within the images must be determined. Historically this was done using a high
precision cartographer’s plotting carriage to locate points on x-ray films (Selvik, 1989).
Since x-ray images are now digital, the image points may be digitized on a computer
screen. Incorporating automated or semi-automated image processing software increases
the objectivity of the digitizations. For the work conducted herein, custom-written image
processing software (pick_points.m; see Appendix D) was created in MATLAB (The
MathWorks, Natick, MA, USA). It enables four types of images to be digitized: images
for calibration, images for distortion correction, images for synchronizing the
radiostereometric analysis (RSA) system with the optical motion analysis system, and
images of other objects with beads affixed whose motion is to be tracked.

Processing is the same for all four types of images. The image to be digitized is

specified and it appears in a separate window. Due to the coordinate system definitions
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within MATLAB, the image appears up-side-down. When digitizing points that are to be
reconstructed in three dimensions, there is the option to zoom in on the area that is to be
digitized. This allows a more accurate digitization to be obtained if points are located
close together.

Points are manually selected by the user with a cursor controlled by the
computer’s mouse. Other groups have used a parabolic model of the marker fitted to the
marker’s grey value profile (Vrooman et al., 1998), two dimensional Mexican hat filters
(Buck et al., 2003), and edge detection (Dstgaard ef al., 1997, Vrooman et al., 1998) to
determine marker locations within the images. The method used in this dissertation is
one of weighted pixel values (Gronenschild, 1997; Cerveri et al., 2002; Holdsworth et al.,
2005). A graphical representation of this process is shown in Figure 2.3. For each point
selected, the darkest pixel in the surrounding region is found. From this, an area is
created that contains the marker whose location the user wishes to determine. This area
is filled according to the shades of the pixels that surrounded it. The size of the area
depends upon the type of image being digitized, as the markers vary dramatically in size.
In this way the background of the image is subtracted, leaving only the marker of interest.
Subtracting the background of the image eliminates problems associated with non-
uniform brightness across the II due to other objects in the field of view and uneven
focussing of electron optics (Cho and Johnson, 1998). The process to find the darkest
pixel is repeated and a second centre point is found. A weighted average of the shades of
the pixels surrounding this centre point is used to determine the centre of the point that
was originally picked by the user. The locations of all the user-selected points in the

image are then exported to an Excel (Microsoft Corporation, Seattle, WA, USA) file.




Figure 2.3 Agraphical representation of the algorithm behind the program
pickpoints.m

The image to be digitized is specified (A). It is then turned up-side-down (B) to
accommodate the image co-ordinate system definitions within MATLAB. Points
are chosen using the mouse and a sub-image around each point (C) is created.
The centre of the bead is found and the region is filled according to the shades of
the pixels that surround it to remove the bead from the image (D). The original
image is inverted (E) and the inverted image of the filled image is subtracted,
yielding the beads only (F). The location of each bead is determined using the
pixel shades from a subimage (G).
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Since the fluoroscopy units have a frame rate of 30 frames per second, each image
has a temporal resolution of 33 ms. Depending upon the speed of any motion in the field
of view, this may result in some blurring of the individual image frames. Because a
weighted average is used to determine the locations of the points, digitization is not
affected by the motion of the beads as long as they are not blurred to the extent that they
are no longer visible. The tail-ends of the path of motion of the object are shown more
faintly than the central area (assuming the object moves at a constant velocity), so RSA
determines the average location of the object within the 33 ms interval that the image

spans. This provides an advantage over circle fitting algorithms.

2.3 DISTORTION CORRECTION

As mentioned in Section 2.1, the images that are obtained from the fluoroscopy
units are not simply the result of central projection. Fluoroscopic images, which are
obtained using electron lenses, may suffer from all of the primary aberrations that affect
images obtained through classical light optics (see Jare§, 1985). The first four
aberrations: spherical aberration, coma, astigmatism, and curvature of field may cause the
blurring and therefore affect the spatial resolution of the images (see Rudin et al., 1991).
However, while blurring may be measured, it cannot be corrected by the user. The fifth
primary aberration is distortion of the image (see Rudin et al, 1991). This may be
corrected by the user in post-processing and therefore was addressed in this thesis.

Distortion may occur as a result of lens optics, but it also may occur as a result of
the curvature of the II and the effect of Earth’s magnetic fields and the magnetic fields of
other electronic devices on electron paths (see van der Zweet et al., 1995). These three

causes result in two distinct modes of distortion. Pin-cushion distortion is primarily due
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to the process by which the electrons are focused within the II as it requires a curved
photocathode (Figure 2.4B; see Rudin et al, 1991; Bushberg er al, 2002). This
distortion may be corrected to some extent within the II; though due to the propriety
nature of such technology it is difficult to know the extent of the correction. S-shaped,
spiral, or pocket handkerchief distortion occurs primarily as a result of Earth’s or other
electronic devices’ magnetic fields (Figure 2.4C). Video monitors, for instance, may
generate localized magnetic fields that are much stronger than that associated with Earth
(van der Zweet et al., 1995). These fields are variable, and dependent upon the
orientation of the II, but may be corrected using shielding and a coil that creates a
magnetic field in opposition to that created by Earth or other objects (see Rudin et al.,
1991). * As the exact source and the degree of variability of distortion are difficult to
characterize, it is not recommended that a single distortion image be used at all times. In
fact, if the variability in the distortion due to Earth’s and other electronics’ magnetic
fields is large enough, errors may be introduced into the data that may be larger than
those that existed before correction for distortion was applied (van der Zweet et al.,
1995).

Instead, distortion is corrected on a day-to day basis in a manner to account for all
possible sources of induced error. In order to perform the correction, a 15 mm x 15 mm
grid of 131 stainless steel beads each 2 mm in diameter was created on a 9.5 mm Delrin
sheet. For optimal resuits, the number of beads in the distortion grid needed to be at least
a factor of three more than the number of minimum number required (Fahrig et al,
1997). This minimum is dictated by the correction scheme that is chosen and is discussed

in the text that follows. Schematic drawings of the distortion correction grid may be



Figure 2.4 The effects of distortion

Images of the distortion correction grid (A) without distortion, (B) with simulated
pincushion distortion and (C) with simulated S-shaped distortion. Cross-hairs
have been drawn on the images to emphasize the differences between them.
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found in Appendix E. The positions of these beads were precisely determined with the
use of a coordinate measuring machine (DEA Swift, Hexagon Metrology Services Ltd..,
London, UK). The details of the digitization may be found in Appendix F. The grid
rigidly attaches to a ring that fits into a ridge in the housing of the IIs. Following data
collection, the grid is placed over each II (Figure 2.5) and an image is obtained of the
distorted positions of the beads. In this way a location-specific correction may be
determined for all sections of the image. Due to the time-variable and orientation-
dependent nature of s-shaped distortion, correction is performed for every set of data
collected.

Either a local or a global approach to distortion correction may be taken. In a
local approach the distortion vector at each point in the grid is calculated. The vector at
an arbitrary point is then found using linear or non-linear interpolation between the three
(Boone et al., 1991; Schueler and Hu, 1995) or four (Cho et al., 1995; van der Zweet et
al., 1995; Gronenschild, 1999) or sixteen (Cerveri et al., 2002) beads surrounding the
point. Local distortion correction algorithms are more prone to the influence of image
noise or errors in digitization, as the coordinates of only three or four beads are used for
the distortion correction of any point in the image (Fahrig et al., 1997; Gronenschild,
1999; Fantozzi et al., 2003). In addition, a local correction scheme will produce
discontinuities between each “cell” — the area contained within three or four beads — in
the image (Gronenschild, 1997; Liu et al., 1999). In a global approach the distortion
vector at each point is again calculated but these data are then used to determine an
overall expression for the distortion within the image. This may be calculated according

to Cartesian (Chakraborty, 1987; Fahrig et al., 1997, Gronenschild, 1997; Liu et al,




Figure 2.5 The distortion correction grid
The distortion correction grid, consisting of a 15 mm x 15 mm grid of 131
stainless steel beads each 2 mm in diameter, was created on a 9.5 mm Delrin

sheet. It is shown mounted to the Il on the left.
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1999; Fantozzi et al., 2003; Holdsworth et al., 2005) or radial (Rudin et al, 1991)
coordinates of the image. The positions of the beads in the image are related to their
known positions according to a polynomial or, in one case, thin-plate splines (Fantozzi et
al., 2003). The number of coefficients in the polynomial will dictate the minimum
number of beads that are required for a solution. For instance, a polynomial with a
maximum degree of one in each of x and y (z = a + by + cx + dxy) has four coefficients
(a, b, c and d). Cartesian polynomial fits are preferred, as distortion is usually non-radial
due to the effects of s-shaped distortion (Gronenschild, 1997). The disadvantage of
implementing a global correction approach is that any extreme local distortions cannot be
accounted for (Fahrig et al., 1997); then again, none are to be expected. The advantages
are the decreased susceptibility to image noise and the ability to extrapolate the
correction beyond the boundaries of the calibration points (Fahrig et al., 1997). In a
| direct comparison of global and local techniques, the former was found to be superior
(Gronenschild, 1999). In one case, local and global approaches have been combined
(Soimu et al., 2003).

In this thesis, a global approach to distortion correction is taken using a fifth order
polynomial in Chapters 3, 4, and 6 and a fourth order polynomial in Chapter 7, relating
the positions of the beads in the x- and y-axes of the image to the known positions of the
beads in x- and y-coordinates of the grid. The polynomial coefficients are obtained from
a web-based program (located at zunzun.com). The order of the polynomial was altered
because of the results of the study that is documented in Chapter 5. Distortion correction
was performed using a custom-written MATLAB program. More details regarding this

correction process and its validation may be found in Chapter 5.
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2.4 CALIBRATION

The fluoroscopes are not fixed within the laboratory and may be positioned in a
wide range of orientations, giving great freedom in obtaining the best views of the
subject. However, this makes calibration extremely important. The calibration routine
establishes the coordinate system of the laboratory and determines the positions of the
fluoroscopes. It also determines the relationships that are required to complete the three-
dimensional reconstruction of points of interest. In order to calibrate the system, the
positions of markers must be known in both the laboratory frame and the image frames.
Calibration must be performed every time the fluoroscopes are moved. Most commonly
it is performed before (and/or after) every data collection session. If either of the
fluoroscopes is bumped during a testing session, a new set of calibration images must be
taken. There are two types of calibration frames that are commonly used. The first is
- used with a uniplanar RSA configuration, in which the two imaging devices are placed
side-by-side (see Valstar er al, 2005). The second is used with a biplanar RSA
configuration, in which the two imaging devices are placed orthogonally to one another
(see Valstar et al., 2005). In order to maximize the volume which is available for RSA,
the goal is to have the largest portions of the fields of view of each fluoroscope
overlapping. The WOQIL system is calibrated with a custom-made calibration object,

detailed below, similar to the biplanar calibration frames described in the literature.

2.4.1 CALIBRATION FRAME

The calibration frame was constructed from 9.5 mm acrylic sheet. It consists of
two planes called fiducial planes and two planes called control planes that are positioned

such that one fiducial plane and one control plane can be seen in each fluoroscopic image
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with the fiducial planes adjacent to the IIs. Each fiducial and control plane is embedded
with 45 beads in a 9 bead by 5 bead matrix. The fiducial points are 1 mm in diameter and
have a grid spacing of 20 mm by 25 mm. The control points are 2 mm in diameter and
have a grid spacing of 15 mm by 20 mm. Selvik’s original calibration frame had only 9
beads on each plane (Selvik et al., 1983); however, the large number of fiducial and
control points allows greater flexibility in the configuration of the fluoroscopes and
compensates for the fact that all points will not be visible in every calibration image.
Studies in optical motion analysis systems have shown that evenly distributing the control
points over the whole region of interest will result in the best calibration results (Chen et
al., 1994). RSA investigations have shown that precision is proportional to the number
of beads available for calibration but that bead spacing has a negligible effect (Cai ef al.,
2008). The calibration frame may be mounted to a tripod via a universal joint. This
allows the frame to be positioned as optimally as possible within the field of view.
Schematic drawings of the frame may be found in Appendix E.

For the first three studies (Chapters 3, 4 and 5) the fiducial and control planes
were attached to a large base upon which the planes could be adjusted into one of four
parallelogram configurations with opposing planes parallel to one another and the larger
angle of the parallelogram being 90°, 105°, 120° or 135°. The fiducial and control planes
were 317.46 mm apart in the orthogonal configuration. A comparison of the results
obtained using the various configurations of the calibration frame can be found in
Chapter 4. As a result of the study contained in Chapter 4 of this thesis, the calibration

frame was modified and for the remaining studies (Chapters 6 and 7) the fiducial and
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control planes were affixed to a smaller base where the angles between the planes were

permanently set at 90°.

2.4.2 METHODOLOGY

The fiducial points establish a two-dimensional transformation between each
image coordinate system and the laboratory coordinate system (Figure 2.6; Kérrholm,
1989; Selvik, 1989). From the known coordinates of the fiducial marks in both the image
(x’, ¥’) and laboratory (x, y) coordinate systems, the parameters of the projective
transformations (a;, az, a4, b1, by, bs, d) and d;) can be determined:

alx'+b1y'+dl
X=—

(Eq. 2.1a)
azx'+byy'+1
x(ayx'+byy'+1) = ayx'+b, y'+d,; (Eq. 2.1b)
_ a2x'+b2y'+d2
asx'+byy'+1 (Eq. 2.23)
Y(ayx'+byy'+1) = a,x'+b, y'+d, (Eq. 2.2b)

There are eight parameters, so four fiducial points are necessary (each yielding
two coordinates). By combining equations 2.1b and 2.2b for four fiducial points into

matrix form, the projective transformation for each fluoroscope is found by using the

following:
(' »' 0 0 -x'xmy -y'xm 1 O0fa] [x]
0 0 x' ¥ -x'n -n'n 0 1)hH g
x2' 2t 0 0 —x'xp =y'xy 1 Oflay| X
0 0 x'" y' =Xy =»'ya 0 1iby) |y (Eq.23)
x3' y3' 0 0 -x3'x3 —p3'x3 1 Oflagy |x3
0 0 x3' y3' -x3'y3 -y3'y3 O 1{ds| |3
xg' ya' 0 0 —xg'xy —yg'xg 1 Ofdil | xg
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Figure 2.6 Use of the fiducial planes
Projective transformations are determined from the locations of the points on the
fiducial plane in both the laboratory and image coordinate systems.

78



79

While only four points are required, additional fiducial points ensure that the best
possible set of parameters is found. All combinations of four points are tested, and the
combination with the lowest error is chosen.

The exact positions of the foci of the x-ray units — the points at which the x-rays
originate — are found using the control planes of the calibration frame (Figure 2.7;
Karrholm, 1989; Selvik, 1989). The projections of the control points on the fiducial
planes are found using their positions on the images and the projective transformations
found above. The positions of the foci (f) are given by the points that have the least
squared distances to the lines connecting the control points (CP) and their corresponding
projected points (CPprojection)-

S = CP +t(CP — CPygjection) (Eq. 2.4)
Only two points are required to determine the position of each focus, but as with the
fiducial points, additional control points ensure that the most accurate estimate of the foci
are found (Yuan and Ryd, 2000). A least squares approach is used since the lines
generally do not intersect at a perfect point due to errors. Once the calibration of the
system is complete, i.e., the projective transformation parameters and the positions of the
foci are found, the fluoroscopes cannot be touched, as any motion will render the
calibration invalid. All calibration calculations were performed using programs that were

custom-written in MATLAB.

2.5 SYNCHRONIZATION

In order to allow RSA to be performed on trials in which motion occurs, it must be
known which frames of the videos from the two fluoroscopy units are taken at any given

point in time. As each fluoroscopy unit is activated via either a hand trigger or a foot




Figure 2.7 Use of the control planes
The position of the focus of each fluoroscopy unit is found using the points on
the control plane and their projected locations on the fiducial plane.
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pedal, and the units are not connected in any way, it cannot be guaranteed that images
will be captured at the same time. If RSA is performed on the points from two images
that were not taken at the same time, the three-dimensional (3D) reconstruction will be
invalid. Therefore, a method was required to ensure that images from the two
fluoroscopy units were matched correctly. This method is described in Section 2.5.1.
Similarly, the optical motion analysis system is completely separate from the
fluoroscopy units. The two systems are calibrated separately and therefore the laboratory
space is defined by both an RSA coordinate system and a motion analysis coordinate
system, each with their own origin and axes. It is desirable to be able to use both systems
simultaneously as the optical motion analysis system may provide information about the
peripheral joints, which cannot be observed due to the limited field of view of the
fluoroscopes, and may also provide information about skin motion artefact errors that
occur when using skin-based marker systems. Therefore, a system was devised to allow
the RSA and optical motion analysis data to be matched in time. It is explained in

Section 2.5.2.

2.5.1 FLUOROSCOPES

In order to synchronize the two fluoroscopy units, a custom-designed device was
constructed to allow a visual verification (Figure 2.8). The device consists of two drums,
each with a wire embedded in it, which rotate synchronously as dictated by proximity
switches. The drums are controlled by two stepper motors whose speed is dictated by the
operator. They can rotate at 0.5 Hz, 0.8 Hz, 1.1 Hz, 1.4 Hz, 1.8 Hz, or 2.0 Hz; although
in order to effectively synchronize the fluoroscopes they must rotate at 2.0 Hz. They are

strapped onto the IIs such that the wire on each drum is visible in its respective image.




Figure 2.8 The drums of the fluoroscopic synching device mounted to the
image intensifies
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Obviously they must be secured prior to calibration and motion of the drums is started
prior to the recording of any images of the object of interest. The phase of motion of
each drum is determined by a wire scale embedded in the arm (Figure 2.9). When the
drums are rotating at 2 Hz, an increment of one frame in a video sequence will result in a
change of approximately one “tick” on the scale. During image processing, the
beginning of a sequence of images may be determined by matching the phases of the
drums. This is a novel technique for the synchronization of two fluoroscopes. A
limitation to this approach is the possibility of human error in interpreting the position of
the drum with the wire scale.

Another group used electronically shuttered synchronized high-speed video
cameras (Tashman and Anderst, 2003) to synchronize images for RSA. A third, did not
specify how synchronization was performed, but did state the two images were acquired
12.7 ms apart (Koning et al., 2007).

Schematic drawings for the fluoroscopic synching device may be found in
Appendix E. Instructions for the operation of the device may be found in Appendix G.

Validation of the device may be found in Appendix H.

2.5.2 FLUOROSCOPES AND MOTION ANALYSIS

A tertiary coordinate system is employed to match the data obtained from the
optical motion analysis and RSA systems (Stagni et al., 2006). A small calibration frame
(Figure 2.10), consisting of three brass spheres wrapped in reflective tape, was
constructed. Being metal, the balls can be seen clearly on the fluoroscopy images and
therefore a 3D reconstruction of their positions within the RSA laboratory space can be

performed. Being reflective, the balls can also be located by the optical tracking system



Figure 2.9 Image of the fluoroscopic synching device
The phase of the drum is indicated by the position of the wire wrapped around
the drum in a helical fashion, relative to the scale embedded in the arm (as

indicated by the arrow).

Figure 2.10 The synching device for the optical motion analysis system
A small calibration frame consisting of three brass balls coated in reflective tape,
and one brass marker for use with the skin-mounted marker set.
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and their 3D positions with the laboratory space of the tracking system can also be
determined. This frame is used in conjunction with a fourth brass ball (also in Figure
2.10), similarly wrapped to be reflective, which is placed on the subject during testing.
This marker is identical to other reflective markers that may be used for optical motion
analysis.

A sequence of RSA data may be time-matched to a sequence of optical motion
analysis data by finding the location of the brass reflective marker within the tertiary
coordinate system. The frames where the RSA and EvaRT positions are most similar are
the ones that were taken at the same point in time. Calculating the position of the marker
in the new coordinate systems and then determining the time points at which they match
is performed by the program “synching.m” (see Appendix D). Schematic drawings for
the optical motion analysis synching device may be found in Appendix E. Instructions
for its use may be found in Appendix I and documentation of its validation may be found

in Appendix J.

2.6 THREE-DIMENSIONAL RECONSTRUCTION

The algorithm for RSA is well-established and well-documented in the literature
(Selvik, 1989; Valstar et al., 2002). The coordinates of the markers of the object are
projected onto the fiducial planes. A line connecting the focus of the chosen x-ray unit
and the projected point will pass through the object point (Figure 2.11). The 3D position
of the object point (OP) lies at the intersection of the two lines (1; and 1,) created by the
projections on the fiducial planes (PP; and PP;) and two foci (fj and f;). Where the

equations of the two lines are:

ly = fi +7(fi - PR) (Eq. 2.52)



Fiducial

Fiducial
Plane 1

(A)

Figure 2.11 Location of objects

Lines are created between (A) the projections of the images of an object on the
fiducial planes and (B) the respective foci of each fluoroscope. The object of
interest may be found at the intersection of the two lines.
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12 =f2 +8(f2-PP2) (Eq.Z.Sb)
for all values of T and €. To find the intersection point the least squares solution to the

following equation is found:

;
(PP - /1) 0 I3 fi

= Eq. 2.6
[ 0 (PP, - 1) 13} OgP [fj ®q.2.6)

where I3 is a 3 by 3 identity matrix. Again, a least squares approach is used since the
lines generally do not intersect as a result of errors. The calculations for the
reconstruction of the locations of points in three dimensions were conducted using a
custom-written MATLAB program. A summary of the steps to be followed to complete

the RSA process in the WOQIL laboratory is included as Appendix K.

2.7 SOURCES OF ERROR AND THEIR ANALYSIS

The RSA reconstruction cannot be validated as a stand-alone entity, as there are
many sources of error, including image noise, image distortion, digitization inaccuracies,
calibration inaccuracies, and imperfections in marker reconstruction (Della Croce and
Cappozzo, 2000); however, validation of the system as a whole and quantification of its
associated errors are the subject of Chapter 3. Currently there are no standardized
guidelines for the calculation of the accuracy and precision of RSA systems, but Valstar
et al. (2005) have suggested a set of guidelines for the publication of RSA studies in the
clinical setting. The required accuracy of the system is dependent upon the intended
application. In the case where joint kinematics are desired, accuracies may be on the
order of 0.5 mm and 2°. However, if the effects of small motions are the subject of
examination, such as pathological changes due to abnormal joint tracking, accuracies

need to be better — on the order of 0.01 mm and 0.5°.
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Errors in the use of the system may be classified as either systematic or random
(see Chiari et al., 2005; Derbyshire et al., 2009). Systematic errors affect the accuracy of
the RSA measurements and may create a bias in the outcome. They may be due to
inaccuracies in the calibration, including the effects of image distortion. Two other types
of systematic errors that may result when performing RSA are incorrect matching of the
two image points of a marker, resulting in the reconstruction of a marker position that
does not exist and loose markers (see Nystrom et al., 1994). In addition, if bone-based
coordinate systems are being used in the analysis, incorrect landmark identification may
result in serious errors. It has been shown using optical markers that in cases where joint
rotations are primarily performed in a single plane, the errors in rotations outside this
plane are strongly susceptible to errors in landmark locations (Della Croce ef al., 2005).
The effect of variations in the location of anatomical landmarks used to determine
kinematics of the shoulder is investigated in Chapter 6.

Random errors will affect the precision of the RSA measurements and may
include electronic noise, the digitization process, merging of two beads with one another,
or phantom markers. Yuan and Ryd (2000) performed a computer analysis of error
propagation as a result of errors in fiducial points, control points and object points
ihdividually and together. Errors in locating object positions within the images have the
largest effects on overall errors in object position, while errors in locating fiducial marks
have the smallest influence (Yuan and Ryd, 2000). Yuan et al. (1997) developed a model
to study error propagation for relative motion, that is, motion between two objects whose
positions are both being measured by RSA. It was validated with computer simulations

and determined that errors in translation were strongly affected by the distances between
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the rigid bodies and the orientations of the bodies (Yuan et al., 1997). This may have a
particular bearing on the quantification of kinematics, where rotations and translations
may be quite large.

There are two measures of error that apply specifically to the use of RSA. These

are condition number and mean error of rigid body fitting, which are discussed below.

2.7.1 CONDITION NUMBER

It has been suggested that the best way to ensure high accuracies in RSA analyses
is to insert the beads such that they create a large rigid body with many markers (Ryd et
al., 2000). The condition number is a measure of the distribution of the beads within a
segment (see Valstar et al, 2005). High values indicate poor distributions. It is
calculated as described by Nystrém et al. (1994), as the inverse of the difference between
the errors in the best and second best solutions to the RSA matching problem, multiplied
by the errors of the best solution. It may also be calculated through singular value
decomposition as described by Sddkervist and Wedin (1993). The geometrical
interpretation of the condition number is the inverse square root of the sum of the squares
of the distances between each bead and an arbitrary straight line passing through the
markers on a segment (S6dkervist and Wedin, 1993; Ryd et al.,