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A B ST R A C T

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 under ideal conditions can produce 

reconstructions that are as accurate as those taken with digital radiography, with standard 

errors of measurement of 43pm and 0.23° and 36pm 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.

m



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 alternative 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 o f study have been rapidly evolving. This chapter describes the 

most common methods presently in use for quantifying joint kinematics, 

and outlines the evolution o f radiostereometric analysis as well as its 

current uses. It then provides a brief description o f the anatomical 

background o f 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 o f this work.1

1.1 T r a d it io n a l  B io m e c h a n ic a l  A n a l y s is  M e t h o d s

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

1 Specialized terminology found in this and the subsequent chapters is defined in Appendix A.
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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 Go n io m e te r s , P o t e n t io m e t e r s  a n d  I n c l in o m e t e r s

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.
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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 Ph o t o g r a p h ic  a n d  Vid e o  Ca m e r a s

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



4

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 (Linthome and Everett, 2006), while high speed video 

cameras have been used to examine sprint starts (Bradshaw et al., 2007) and the long 

jump (Bridgett and Linthome, 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
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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 Op t ic a l  a n d  E l e c t r o m a g n e t ic  Tr a c k in g  S y st e m s

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
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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; Klopcar and Lenarcifi, 2006; van 

Andel et al., 2008), spine (Pollock et 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
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materials, producing errors in locating the positions of the receivers (Meskers et 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 et 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 S k in  M o t io n  A r t e f a c t

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
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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 a l, 1999). Points are preferable over ridges as they are more 

repeatably digitized (Veeger et a l, 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 a l, 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 a l, 2005; Benoit et a l, 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 et 

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

them (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 et al., 1998a), least-squares (Sodkervist 

and Wedin, 1993; Cheze et al., 1995; Veldpaus et al., 1998), filtering (Cerveri et al., 

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

1.1.5 M e d ic a l  I m a g in g  Te c h n iq u e s

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 et 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 

(Wadaeta/., 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 et 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 et 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 et 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 

a l , 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 et al, 1996), and the knee 

(Sheehan et a l, 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 R a d io s t e r e o m e t r ic  A n a l y s is

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 Karrholm, 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 modem RSA.

1.2.1 Tr a d it io n a l  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. Karrholm 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  pm to 25 pm (±40 pm 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 (Karrholm et a l, 1997). Using human and 

canine cadaveric models, Onsten et al. (2001) obtained prediction intervals of 

displacements with 95% confidence of ±47 pm to ±121 pm in the human model and ±45 

pm to ±74 pm in the canine model. Bragdon et al. (2002) quantified the accuracy using 

bone models for the specific application of total hip replacement and found an accuracy 

of 55 pm. Madanat et al. (2005) obtained accuracies of ±6 pm over distances of 25 pm 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 

(Karrholm et al., 1994; Ryd et al., 1995; Nilsson and Dalen, 1998; Alfaro-Adrian et al., 

1999; Hilding et al., 2000; Nagels et al., 2002), joint kinematics (Egund et al., 1978; de 

Lange et al., 1985; Karrholm et al., 1988; Lundberg, 1989; Uvehammer et al., 2000; 

Axelsson and Karlsson, 2005; Hallstrom and Karrholm, 2006), stability (LofVenberg et 

al., 1989; Johnsson et al., 1992), healing (Friden et al., 1992; Ragnarsson et al., 1993), 

and polyethylene wear (Baldursson et al., 1979; Onsten et al., 1998). It has been used to 

examine many joints, including the shoulder (Nagels et al., 2002; Hallstrom and 

Karrholm, 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; Karrholm et 

al., 1994; Ónsten et al., 1998; Alfaro-Adrián et al., 1999), the knee (Karrholm 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 (Karrholm et al., 1984; Lófvenberg et 

al., 1989; Lundberg, 1989).

There are three commercially available software packages that are used for 

clinical RSA studies: the UmRSA system (RSA Biomedical, Urnea, 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 et 

al., 2006).

1.2.2 D y n a m ic  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 et al., 1989; Uvehammer et al., 2000; 

Hallstrom and Karrholm, 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 R S A  a n d  F lu o r o sc o p y

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 Th e  Us e  o f  Ta n t a l u m

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 et 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



19

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 RS A as they are not rigidly implanted.

1 .3  T h e  S h o u l d e r  C o m p l e x

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 et 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 T he sh ou ld er com plex
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 et 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 T he osseous anatom y o f  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 T he osseous anatom y o f  the hum erus
(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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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; Haider 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; Iannotti 

et al., 1992; Culham and Peat, 1993; McMahon et al., 1995; Veeger et al., 1997; Rhoad

scapula throughout the ROM o f the upper limb (see Neer, 1990).
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et a l, 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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I The subacromial joint is also an articulation. It lies between the acromion, the

coracoid process, and the humerus.

1.3.1.2 Muscles

I 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.
I

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. Ail 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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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 et 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 et 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 F u n c tio n

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 M otions

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 a l, 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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F igure 1.6 M otions o f  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 Iannotti, 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  K i n e m a t i c s  o f  t h e  G l e n o h u m e r a l  J o i n t

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 B o n e  C o o r d in a te  S y st e m s

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 intemal/extemal 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 n _  \marker V- markerf? marker 7  1
bone* ' - 1 bone * bone ^  bone J (Hq. 1 . 1 )

where markerX bone, marke% one, and markerZ bone are the bone coordinate system axes 

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

of the bone relative to the markers,

marker rr,
bone*

marker n  
bone1'

marker ̂
^bone

0 0 0 1
(Eq. 1.2)

follows, in which:

mTone & = the rotation matrix relating the bone coordinate system to

the marker-based coordinate system

marker Qbone = 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, Z scap, is defined as a unit vector from
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TS

F igure 1.7 T he scapu lar coordinate system
(A) The digitized landmarks on the scapula: the Inferior Angle (IA), 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. (Images of a model created from a clinical CT scan with 
points added in MIMICS.)
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TS to AA. An inferiomedial vector is created from AA to IA. The vector cross product 

of this vector and -  Zscap is then taken to give the anteriorly-pointing X scap. Finally, the

superiorly-pointing axis, Yscap, is created as the vector cross product of Zscap and X scap.

The origin of the scapular coordinate system, Oscap, 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 rp 
scap1

marker y
^  scap

marker y
1scap

marker y
^scap

marker
^scap

0 0 0 l
(Eq. 1.3)

1.4.1.2 H umeral Coordina te 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 Yhum. An anterior vector, 

X hum, was created from the cross product of the vector from LE to ME and Yhum. The 

laterally-pointing, Zhum, was created as the vector cross product of X hum and Yhum. The 

origin of the humeral coordinate centre, OhUm, 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:
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F igure 1.8 T he hum eral 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.)
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marker rp 
hum1

marker y
hum

marker y
1hum

marker y
^  hum

marker p .
'-J'hum

0 0 0 1
(Eq. 1.4)

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 Ohum 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, 2005c). 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 ( Y ), giving the rotation to the plane in which elevation occurs ((3); (B) the X-

axis of the humeral coordinate system ( X hum), giving the angle of elevation (a); and 

finally (C) the Y-axis of the humeral coordinate system ( Yhum), 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 Yhum, 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:

hum R  =  r o t ( Yhum » P) • r o t ( X 'hum, a) • rot{YH um, y)

cfi 0 sfi' "1 0 0 cy 0 sy
0 1 0 0 ca - s a 0 1 0

- s f i 0 cfi 0 sa ca - s y 0 cy

cficy -  sficasy sfisa cfisy + sficacy 
sasy ca - sa c y

-sf icy -cficasy  cfisa -sfisy  + cficacy

(Eq. 1.5)

(Eq. 1.6)

where:

rot (Yhum ,p) = rotation about Yhum of magnitude p;

c = cosine; and 

s = sine

In order to describe the location of the humerus relative to the scapula, a series of
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scap
Y'hum

hum

'hum scap

(B)

F igure 1.9 E uler Y -X -Y  rotations
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:

SCQ p rri
hum1 ~  marker-scap

scap rp marker-scap y  lab y  marker-hum j i
------■* ' lab■* 'marker-hum* ' u,.™lhumJ

where:

scap n 
hum ^

scap p  
*hum

0 0  0 1

' l l r\2 r13 X

r2l r 22 r23 y

r3l r32 r33 z

0 0 0 1

(Eq. 1.7)

marker-scap^  ~ scop^]”1 = the transformation matrix describing the position

and orientation of the markers on the scapula relative to the scapular bone 

coordinate system;

marker-scap  ̂ _ transformation matrix describing the lab coordinate system

relative to the position and orientation of the scapula marker coordinate 

system;

marker-humT = the transformation matrix describing the position and orientation of 

the humerus marker coordinate system, relative to the lab; and 

marker-hum  ̂ _ t^e 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:



43

Plane of elevation: ß =
arctan 2 r, 2 / sin a  

yr32 / sin a

-  arctan 2 rn  / sin a  
yrn  / sina

; right shoulder

\ (Eq. 1.8)
; left shoulder

Angle of elevation: a  =

-arctan 2

arctan 2

2 , 2 rl2 + r 32
r22

f
y/ 2 , 2

— 1J f \ 2  + r 32

; right shoulder

; left shoulder
V '22

(Eq. 1.9)

External / Internal rotation: y =
-  arctan 2 

arctan 2

 ̂ r21 /s in a   ̂
v- r 23/ sin a  ,  
 ̂ r21 /sina   ̂

y - r 23 / sin a

; right shoulder 

; left shoulder
(Eq. 1.10)

where arctan2 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 P 

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 a 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 Th e  S t u d y  o f  Gl e n o h u m e r a l  J o in t  B io m e c h a n ic s

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 et a l, 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 a l, 1998; McClure et a l, 2001). Goniometers have been used to determine 

the ratio of scapulothoracic to glenohumeral joint motions (Doody et a l, 1970). Optical 

(Hébert et a l, 2000; Bourne et a l, 2004) and electromagnetic (McQuade and Smidt, 

1998; Meskers et a l, 1998b; Karduna et a l, 2000; McClure et a l, 2001; Karduna et al, 

2001; Vermeulen et a l, 2002; Rundquist et 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 et a l, 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 a l, 1996; Meskers et al, 1998b; Hébert et a l, 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 a l, 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 et a l, 2005). To more accurately measure 

joint motion, bone pins have been implanted directly into the target bone through the skin 

(Harryman et a l, 1992; Koh et al, 1998; Karduna et a l, 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 a l, 1998), RSA (Hogfors et al, 1991; Bey et al, 2006; Hallstrôm and 

Karrholm, 2006), MRI in two (Iannotti et al, 1992; Bonutti et a l, 1993; Cardinal et al, 

1996) and three dimensions (Rhoad et al, 1998; Graichen et a l, 2000a), and single plane 

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

1 .5  R a t i o n a l e

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  O b j e c t i v e s  a n d  H y p o t h e s e s

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  T h e s i s  O v e r v i e w

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 W OQIL FLUOROSCOPIC RSA SYSTEM

OVERVIEW: This chapter describes the components o f the fluoroscopic 

RSA system and the development and validation o f those components that 

were custom-made. It also describes the digitization and RSA algorithms 

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

2.1 F l u o r o s c o p y  U n it s

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
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Lenses

F igure 2.1 C om ponents o f  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 like 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 et 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.
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F igure 2.2 S IR E M O B IL  C om pact-L  m obile 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  I m a g e  P r o c e s s i n g

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 (Ostgaard et 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.
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F igure 2.3 A graphical representation  o f the algorithm  behind the program  
p ic k p o in ts .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  D i s t o r t i o n  C o r r e c t i o n

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 a l, 1991; Bushberg et 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 a l, 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 results, 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
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F igure 2.4 T he effects o f  d istortion
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 a l, 1991; Schueler and Hu, 1995) or four (Cho et a l, 1995; van der Zweet et 

al., 1995; Gronenschild, 1999) or sixteen (Cerveri et a l, 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 a l, 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 T he 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 II on the left.
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1999; Fantozzi et a l, 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  C a l i b r a t i o n

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 et 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 Ca l ib r a t io n  F r a m e

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 et 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 M e t h o d o lo g y

The fiducial points establish a two-dimensional transformation between each 

image coordinate system and the laboratory coordinate system (Figure 2.6; Karrholm, 

1989; Selvik, 1989). From the known coordinates of the fiducial marks in both the image 

(x’, y’) and laboratory (x, y) coordinate systems, the parameters of the projective 

transformations (ai, a2, a4, bi, b2, b4, di and d2) can be determined:

axx'+bxy'+dx
a4x'+b4y'+\

x(a4x’+b4y'+i) = axx'+bxy'+dx 
_ a2x '+b2y'+d2 

a4x'+b4y'+\
y(a4x'+b4y'+Y) = a2x'+b2y'+d2

(Eq. 2.1a) 

(Eq. 2.1b)

(Eq. 2.2a) 
(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:

V y \ 0 0 -  X j ' X! - y \ * \ l o ' ax~ ' x i '

0 0 * \ y \ - * \ ' y \ - y \ ' y \ 0 l b \ y \

*2 y i 0 0 - x 2 x2 - y 2 * 2 l 0 a 2 x2
0 0 *2 y i ~ * 2 > 2 - y i ' y i 0 l b2 T2

* 3' y i 0 0 - * 3 ^ 3 - T 3 ^ 3 l 0 a4 *3

0 0 x3’ y 3 ’ - * 3 > 3 ~ T 3 > 3 0 l b4 T3

x 4 ' y * 0 0 - x 4 ' x 4 - y 4 ' x 4 l 0 d x X4

0 0 x 4 ' t 4 ’ - x 4 ' y 4 - y + i ' y * 0 l d i . y*_

(Eq. 2.3)
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Figure 2.6 U se o f  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.
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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 (CPprqjection)-

f  = CP + t(CP -  CPprojection) (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 S y n c h r o n i z a t i o n

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
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Figure 2.7 U se o f  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.
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Figure 2.8 T he drum s o f  the fluoroscopic synching device m ounted to the  
im age in te n s if ie s
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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 M otion 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



F igure 2.9 Im age o f  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 T he synch ing  device for the optical m otion 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  T h r e e - D i m e n s i o n a l  R e c o n s t r u c t i o n

The algorithm for RSA is well-established and well-documented in the literature 

(Selvik, 1989; Valstar et a l, 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 (h and h) created by the 

projections on the fiducial planes (PPi and PP2) and two foci (fj and fi). Where the

equations of the two lines are:

W i + r C / i - i ^ i ) (Eq. 2.5a)



Fiducial 
Plane 1

Fiducial

(A)

F igure 2.11 L ocation o f  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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l2 = h + s { f 2 - P P 2) (Eq. 2.5b)

for all values of x and e. To find the intersection point the least squares solution to the 

following equation is found:

\ p p \ - f d  0 i {
T
c

0 ( P P 2 - / 2 )  h .
c

OP
(Eq. 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  S o u r c e s  o f  E r r o r  a n d  T h e i r  A n a l y s i s

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 et 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 

individually 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 a l, 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 Co n d it io n  N u m ber

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 Nystrom 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 Sodkervist 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 (Sodkervist and Wedin, 1993; Ryd et al., 2000). As a low number 

is desired, this indicates that the markers should be placed such that they do not form a 

straight line. The recommended upper limit for the condition number is 110 (Valstar et

al., 2005).



90

2.7.2 M e a n  E r r o r  o f  R ig id  B o d y  F it t in g

The mean error of rigid body fitting is a measure of how little motion there is 

between beads, and therefore how well the construct that consists of these beads 

approximates a rigid body. The mean error of rigid body fitting is the average difference 

in the distances between all the markers on one segment from one examination to another 

(Nystrom et a l, 1994, Valstar et al., 2005). It has been suggested that this not exceed

0.35 mm (Valstar et al., 2005) and previous studies have found typical values to be 

between 0.1 mm and 0.25 mm (Karrholm et al., 1997). The precision of RSA analyses 

has been shown to decrease as the mean error of rigid body fitting increases (Ryd, 1986).

2.7.3 Th e  D o u b le  E x a m in a  t io n

While the accuracy of any system must be determined by a comparison with 

another system that has a significantly better resolution, there are several difficulties that 

arise when using RSA. As with any clinical study, there may be large variations in the 

accuracies of measurements taken for individual subjects (see Ryd et al., 2000). In the 

clinical setting when RSA is being used to quantify stability or component loosening, 

there is no need to obtain a computed tomography (CT) scan of the subject. Therefore, 

there is no way to accurately determine the spacing between the implanted beads. 

Mathematically, if there are no systematic errors, and hence only random errors in a 

system, the repeatability of a measurement will give a measure of both its accuracy and 

precision (see Ranstam et al., 2000). Therefore, in many cases, two measurements are 

taken of each subject at each visit. In fact, double examinations are recommended in the 

literature for all clinical studies (Valstar et al., 2005).
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Due to the fact that CT scans have been acquired of the subject who participated 

in the clinical study described in Chapter 7, the double examination technique has not 

been used in this thesis. The distances between the beads obtained using RSA may 

instead be compared to those found using the CT scans, providing an independent 

comparison.

2 .8  S u m m a r y

This chapter detailed the design of the WOQIL fluoroscopic RSA system. Each 

component was described individually and references were given to the appendices with 

additional information for the interested reader. The system consists of two fluoroscopy 

units, allowing dynamic motions to be captured with much less radiation exposure than 

would be required by traditional x-ray machines. The benefit of mobile fluoroscopes 

over fixed x-ray machines is that they can be positioned to best accommodate the 

object(s) of interest. The validation of this system is contained in the chapters that 

follow.
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CHAPTER 3 -  COM PARATIVE ACCURACY OF 
RADIO STEREO M ETRIC AND OPTICAL TRACKING  
SYSTEM S

OVERVIEW: This chapter discusses the overall accuracy o f the system 

using both digital radiography and fluoroscopy, combining the effects of 

calibration, distortion correction, point digitization, and point 

reconstruction. It also compares the accuracy o f the RSA approach with 

that achieved by an optical tracking system.2

3.1 In t r o d u c t io n

Camera-based optical tracking systems are the most common method of 

quantifying three-dimensional (3D) joint kinematics. As discussed in Section 1.1.3, the 

direct linear transform algorithm reconstructs the 3D locations of reflective or active 

markers placed on the skin over anatomic landmarks. Alternatively, bone pins topped 

with a cluster of reflective markers may be inserted into bones of interest, removing any 

potential for skin motion artefact. Radiostereometric analysis (RSA) provides an 

alternate method of quantifying joint positioning in-vivo. Recently, fluoroscopy and RSA 

have been integrated (i.e., fRSA). This has the potential for accuracy surpassing that of 

optical tracking methods and approaching that of RSA with digital radiography. Work 

has been done previously to assess the accuracy, bias, and precision of RSA systems 

(Tashman and Anderst, 2003; Li et al., 2004; Ioppolo et al., 2007; Koning et al, 2007). 

One study used fRSA as the gold standard to quantify the accuracy of a skin-mounted

2 A version of this work has been published: Kedgley, A.E., Birmingham, T., and Jenkyn, T.R. (2009) 
Comparative accuracy of radiostereometric and optical tracking systems. J o u r n a l  o f  B io m e c h a n ic s  42[9], 
1350-1354 (see Appendix L for letter of permission)
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tracking system (Garling et al., 2007). However, no previous research has quantified and 

directly compared the measurement error for these three methods. The purposes of this 

study were to quantify and compare the accuracy of traditional RSA, fRSA and optical 

motion tracking. It was hypothesized that the differences between true translations and 

rotations and those measured with fRSA would be significantly smaller than those 

measured with optical tracking, but significantly greater than those measured using 

traditional RSA performed using digital radiography.

3.2 M e t h o d s

The fRSA system, image processing software and RSA analysis software 

described in Chapter 2 were used. The system was calibrated with the custom-made 

calibration object described in Section 2.4.1. Three phantoms, each consisting of three 

stainless steel spheres (1 mm diameter) were constructed. A cluster of three reflective 

markers was rigidly attached to each phantom. The locations of the reflective markers 

were tracked by a real-time motion analysis system in 3D space using a four-camera 

optical motion analysis system (Hawk cameras, EvaRT system, Motion Analysis Corp., 

Santa Rosa, California, USA). The fluoroscopy units were positioned at right angles to 

one another, such that the phantoms could be seen in both images (Figure 3.1). Before 

tracking the phantoms, several images of the calibration object were collected to calibrate 

the RSA system. Translation and rotation were quantified.

To quantify translation, one of the phantoms was mounted to the base of a 

precision cross-slide table (Model VCT514, Sowa Tool and Machine Co. Ltd., Kitchener, 

Ontario, Canada) to provide a fixed reference location throughout testing. A second 

phantom was mounted to the moveable tabletop. The applied translation was quantified
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Figure 3.1 T ranslation  experim ental setup
The two fluoroscopy units were placed at approximately right angles to one 
another. One phantom was mounted to the base of a precision cross slide table 
and a second phantom was mounted to the moveable top of the table. The 
applied translation was quantified by a dial-gauge rigidly mounted to the 
mechanism of the cross slide table.
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by a dial-gauge (resolution: 0.001 mm; accuracy: 0.003 mm; ID-SI 12, Mitutoyo 

Corporation, Kawasaki, Japan) rigidly mounted to the mechanism of the cross-slide table. 

The position of the tabletop was altered in increments of 0.25 mm and 0.50 mm along a 

single degree of freedom, with three measurements being taken over each 1.00 mm 

interval (i.e., at 0.25 mm, 0.50 mm and 1.00 mm). The total distance traveled was 11.00 

mm. At each position, the locations of the fixed and moveable phantoms were quantified 

using digital radiography RSA, fRSA and optical motion analysis. Three directions of 

translation were tested with respect to the fluoroscopes: parallel to fluoroscopy unit A, 

parallel to fluoroscopy unit B and diagonal to both fluoroscopy units, at approximately 

45° to each. The system was recalibrated prior to the testing along each axis.

To quantify rotation, the third phantom was mounted to the base of a precision 

rotation table (Model HV-6, Sowa Tool and Machine Co. Ltd., Kitchener, Ontario, 

Canada) to provide a fixed reference. The first phantom was again mounted rigidly to the 

tabletop. The applied rotation was quantified by a second dial-gauge that rigidly 

mounted to the rotation table. The table was rotated such that increments of 0.25 mm 

were read on the dial-gauge. This resulted in a rotation of 0.170°. The total distance 

travelled by the dial-gauge was 11.5 mm (7.70°). Again, the locations of the fixed and 

moveable phantoms were quantified using RSA, fRSA, and optical motion analysis. One 

axis of rotation was tested.

For all cases, the positions of the beads within the fluoroscopy images were 

digitized and the 3D positions of the beads were calculated using the standard RSA 

algorithm (Selvik, 1989) as described in Section 2.6. Distortion correction was 

performed on both the fluoroscopy images and the digital radiography images using a
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global approach by means of a fifth-order polynomial (Liu et al., 1999). This will be 

described further in Chapter 5.

To determine translation, for each phantom at each location, the centroid of the 

three beads and the centroid of the three reflective markers were determined. Translation 

was quantified as the change in distance between the reference phantom and the 

moveable phantom on the tabletop. To determine rotation angle, a coordinate system was 

created using the fixed phantom and the beads or markers on the moving phantom were 

transformed into the new, fixed frame of reference. Rotation was then quantified as the 

change in angle of a vector between any pair of the three points on the moving phantom.

The agreement between actual (dial-gauge) and measured translations and 

rotations was evaluated using intraclass correlation coefficients (ICC type 2,1) (Shrout 

and Fleiss, 1979) and the error in individual translations was quantified using the 

standard error of measurement (Streiner and Norman, 1995). Agreement was also 

examined using Bland and Altman plots of the difference between values against the 

mean of the values (Bland and Altman, 1986). The difference scores between the dial- 

gauge and fRSA translations were then compared to those obtained with traditional RSA 

and optical tracking systems using paired t-tests. Lastly, difference scores obtained under 

different axes of translation were further compared with paired t-tests.

3 .3  R e s u l t s

During translation, the mean error of rigid body fitting for traditional RSA was

0.054 ±0.014 mm for the static phantom and 0.084 ± 0.009 mm for the moving phantom, 

averaged over all axes of motion. Similarly, for fRSA the mean error of rigid body fitting 

was 0.129 ± 0.009 mm for the static phantom and 0.109 ± 0.0325 mm for the moving
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phantom. During rotation, the mean errors of rigid body fitting using traditional RSA 

were 0.067 and 0.172 mm for the static and moving phantoms, respectively. Using fRSA 

they were 0.134 and 0.161 mm for the static and moving phantoms, respectively. The 

ICCs and standard errors of measurement for all measurement modalities and all axes of 

translation are listed in Table 3.1. Very good agreement was found between the actual 

and measured translations for all modalities with all ICCs being greater than 0.99. 

Bland-Altman plots for the diagonal axis are shown in Figure 3.2. The difference scores 

between the dial-gauge and fRSA translations were not significantly different than those 

using traditional RSA (p = 0.469), but were significantly lower than those using the 

optical system (p < 0.001). Using digital radiography, measured translations along the 

diagonal axis were found to have significantly smaller errors than measured translations 

along either of the other two axes (p = 0.018 and 0.021). Using fluoroscopy, measured 

translations along the 45° axis were found to have significantly smaller errors than 

translations along the axis parallel to fluoroscopy unit B (p = 0.041).

The ICCs and standard errors of measurement for rotation are listed in Table 3.2. 

Very good agreement was found between the actual and measured rotations for both RSA 

and fRSA (ICCs > 0.99), and to a lesser extent for the optical system (ICC = 0.94). 

Bland-Altman plots for rotation are shown in Figure 3.3. The difference scores between 

the dial-gauge and fRSA translations were significantly different than those using digital 

radiography (p < 0.001) with RSA resulting in smaller errors. Difference scores for both 

types of RSA were significantly lower than those of the optical system (p < 0.001).

3.4 D is c u s s io n

This study showed that images taken using fluoroscopy under ideal conditions
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Table 3.1 Intra-class correlation coefficients (ICCs) and standard errors of 
measurement for the three imaging modalities along all axes of translation 
tested

Imaging Mode Axis ICC
Standard Error 
of Measurement 

(mm)
Digital radiography Diagonal 0.9999 0.036
Digital radiography Parallel to A 0.9996 0.032
Digital radiography Parallel to B 0.9997 0.039
Fluoroscopy Diagonal 0.9998 0.043
Fluoroscopy Parallel to A 0.9995 0.040
Fluoroscopy Parallel to B 0.9998 0.050
Optical Diagonal 0.9986 0.071
Optical Parallel to A 0.9951 0.109
Optical Parallel to B 0.9994 0.069

Table 3.2. Intra-class correlation coefficients (ICCs) and standard errors of 
measurement using all three imaging modalities for rotation

Imaging Mode ICC
Standard Error 
of Measurement 

(°)
Digital radiography 0.9970 0.121
Fluoroscopy 0.9904 0.229
Optical 0.9386 0.613
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Figure 3.2 Bland-Altman plots for the three imaging modalities during 
translation
(A) Digital radiography, (B) fluoroscopy and (C ) optical motion analysis for 
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the mean translation o f  the tw o measures (dial-gauge versus the particular 
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-  in this case a phantom -  can produce RSA reconstructions that are as accurate as those 

taken with digital radiography. Results also show that fRSA is significantly more 

accurate in tracking a rigid body than an optical tracking system. These findings suggest 

that, if feasible, the insertion of tantalum beads to track kinematics is likely more accurate 

than the use of reflective markers, even if these are attached to bone pins.

Furthermore, examination of the results from the three translational axes of 

motion suggests that the main plane of interest should be positioned such that it lies at 

45° to both fluoroscopy units in order to take advantage of the increased accuracy. Since 

fluoroscopic images may be taken while the subject is in motion, comparable accuracy 

for RSA obtained with fluoroscopy and digital radiography suggests that fRSA should 

enable substantial improvements to the study of even very subtle in-vivo kinematics. The 

importance of studying dynamic activities should be acknowledged, because when joints 

are in motion the inertias of the body segments are incorporated, thereby more 

realistically replicating the activities of daily living. However, a major drawback with 

fluoroscopy is the blurring that occurs when motion is too quick. Additional research is, 

therefore, needed to determine how the accuracy of fRSA changes with increasing object 

velocities.

It should also be noted that fRSA (and RSA using digital radiography taken with 

fluoroscopy units) has the added disadvantage of a small capture volume -  generally 

limited to one joint. The combination of fRSA with an optical tracking system may 

provide the solution to this dilemma. While optical motion analysis proved to be less 

accurate than RSA, the accuracies attained were nonetheless very good and it should 

certainly still be considered an excellent method for rigid body tracking. Clearly there
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are many situations where the use of optical surface markers is more appropriate for the 

study of kinematics than the implantation of tantalum beads. Practically, the greatest 

problem with the use of reflective markers is the error that arises in the rigid body 

assumption when markers are attached to the skin. Optical motion analysis accuracy may 

also be influenced by the placement of the tracking cameras. Although it is possible that 

the accuracies obtained using the optical system in this study may have been improved 

had the cameras been placed closer to the translation table, shrinking the capture volume, 

it was thought that mimicking the conditions most often used for in-vivo, functional 

testing was important. Also, additional care must be taken when processing data from 

optical motion analysis systems. For example, if aberrant trials had not been detected 

during post-processing in the present study, accuracy results would have dropped 

dramatically (ICC = 0.53, SEM = 1.721).

Ultimately, it is the clinical question being addressed by a study and the accuracy 

that is required of the results that will determine which modality is best for examining 3D 

kinematics. In conclusion, the present findings suggest that under ideal conditions, 

accuracy of fRSA is comparable to RSA, greater than optical tracking and highest when 

measured at 45° to the fluoroscopy units.
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CHAPTER 4 -  RSA CALIBRATION ACCURACY OF A 
FLUOROSCOPY-BASED SYSTEM  USING NON- 
ORTH OGONAL IM AG ES FOR M EASURING FUNCTIONAL  
KINEM ATICS

OVERVIEW: This chapter describes the adjustable calibration frame that 

was designed to improve the accuracy o f calibration when the two 

fluoroscopes are not oriented orthogonally. Calibration precisions and 

accuracies are compared with results attained using the traditionally- 

designed, orthogonal calibration frame.3

4.1 In t r o d u c t io n

Traditionally, biplanar radiostereometric analysis (RSA) uses two imaging 

devices -  whether plane x-rays or fluoroscopy image intensifiers -  placed 

perpendicularly to one another (Selvik, 1989; Valstar et a l, 2005). As described in 

Section 2.4, a calibration frame establishes a coordinate system for the region of interest 

and determines the locations of the two imaging devices. In order to do this, each 

imaging device must “see” two planes -  a fiducial plane and a control plane. The fiducial 

plane creates a transformation from the image coordinate system to the laboratory 

coordinate system. The control plane determines the focal point from which the x-rays 

originate. If the imaging devices are perpendicular, the pairs of fiducial and control 

planes are at 90° angles to one another (Valstar et al., 2005). An alternate approach uses 

a uniplanar calibration frame (Valstar et al., 2005). This is more common when the two

3 A version of this work has been published: Kedgley, A.E. and Jenkyn, T.R. (2009) RSA calibration 
accuracy of a fluoroscopy-based system using nonorthogonal images for measuring functional kinematics. 
M e d ic a l  P h y s ic s  36[7], 3176-3180 (see Appendix L for letter of permission)



108

imaging devices are oriented at a small angle relative to one other. In practice, to obtain 

the optimal views of an articular joint or anatomical structure, a nontraditional orientation 

is often required, especially if movement through a range of motion is of interest.

As discussed in Sections 2.3 and 2.7 several aspects of RSA have been examined 

in the literature in an attempt to improve accuracies, including distortion correction, error 

propagation, and techniques for clinical quantification. Nonetheless, only one study has 

considered a different calibration frame design by examining bead distribution, bead 

spacing, and number of beads in a calibration frame (Cai et al., 2008). Soavi et al. (2000) 

examined the effects of altering the distance between the imaging plane and the focus of 

the x-rays, as well as the convergence angle of the images for plane x-rays. Douglas et 

al. (2004) studied the effects of separation angle on three-dimensional (3D) 

reconstruction accuracy using a method similar to the direct linear transform (DLT) 

approach. However, no studies have quantitatively examined whether the relative angle 

of the image planes has an effect on the repeatability and accuracy of the 3D 

reconstruction of points using fluoroscopy-based RSA.

The aims of this study were to quantify the accuracy of RSA performed with non- 

orthogonally positioned imaging devices using (1) an orthogonal calibration frame (pairs 

of fiducial and control planes oriented at 90° to each other) and (2) a calibration frame 

with pairs of fiducial and control planes at relative angles of greater than 90° (Figure 4.1). 

It was hypothesized that a more accurate calibration would be obtained when the fiducial 

and control planes were parallel to the image intensifiers.

4.2 M e t h o d s

The fluoroscopic RSA system, image processing software and RSA analysis
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Figure 4.1 The calibration frame
(A) In the 90° configuration (CF-90) and (B) in one of the three parallelogram 
configurations (this one for 120°, CF-120). Fiducial (FI and F2) and control (Cl 
and C2) planes are labeled.
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software described in Chapter 2 were used. The custom-designed calibration frame 

described in Section 2.4.1 was utilized. Fiducial and control planes could be adjusted 

into one of four angular configurations [90° (CF-90), 105° (CF-105), 120° (CF-120), and 

135° (CF-135)], with opposing planes parallel to one another. The fiducial and control 

planes were 317.46 mm apart in CF-90. The laboratory coordinate system and the 

coordinates of the markers on the object were determined as described in Sections 2.4.2 

and 2.6.

An accuracy phantom was constructed with four 1 mm stainless steel beads 

mounted on carbon-fiber rods fixed to a wooden base (Figure 4.2). Bead positions were 

precisely determined in two ways. A coordinate measuring machine (CMM) (Model 

MDX-20, Roland DG Corporation, Hamamatsu-shi, Japan) determined the positions of 

the beads (scanning pitch: 0.05 mm in x and y  and 0.025 mm in z). Points on the surface 

of each bead were sphere fitted using MATLAB in order to determine the positions of the 

bead centres. In addition, the phantom was scanned using an isotropic 3D computed 

tomography (CT) acquisition (Lightspeed VCT, GE Healthcare, Piscataway, New Jersey, 

USA) with the following parameters: 0.625 mm sections, 140 kV, 200 mA, 1 s rotation 

time, and reconstruction via a bone algorithm. Analysis was performed using MIMICS 

software with a MedCAD module. Thresholding and sphere-fitting operations were 

performed to determine the centres of the beads. In each case, the distances between the 

beads were determined.

The two fluoroscopes were positioned in a range of angular configurations as 

listed in Table 4.1. The system was calibrated for each condition with the calibration 

frame such that the pairs of fiducial and control planes were parallel to the image
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F igure 4.2 T he accuracy phantom
Four 1 mm stainless steel beads mounted on carbon fiber rods fixed securely to a 
wooden base. Distances between the beads ranged from 25.11 mm (bead 1 to 
bead 4) to 41.95 mm (bead 1 to bead 3).

T able 4.1 T he com binations o f  fluoroscopic angles and calibration  fram es 
that defined each tested condition
For each condition 40 repeated pairs of images were obtained without moving the 
phantom. Then, 16 pairs of images between which the phantom was moved to a 
different, randomly selected location were obtained. This made for a total of 56 
RSA reconstructions per condition.

C o n d it io n F luoroscopy unit configuration
( th e  n u m b e r  in d ic a te s  th e  a n g le  ( ° )  

b e tw e e n  th e  im a g e  in te n s if ie r s )

C alibration  fram e em ployed
( th e  n u m b e r  in d ic a te s  th e  a n g le  ( ° )  b e tw e e n  

th e  p a irs  o f  f id u c ia l  a n d  c o n tro l p la n e s )
1 F L - 9 0 C F - 9 0
2 F L - 1 0 5 C F - 1 0 5
3 F L - 1 0 5 C F - 9 0
4 F L - 1 2 0 C F - 1 2 0
5 F L - 1 2 0 C F - 9 0
6 F L - 1 3 5 C F - 1 3 5
7 F L - 1 3 5 C F - 9 0
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intensifiers or using CF-90 (Table 4.1, Figure 4.3 and Figure 4.4). In the cases where 

CF-90 was used with the fluoroscopes in anything other than the orthogonal 

configuration (i.e., FL-105, FL-120, or FL-135), the frame was positioned such that it had 

equivalent angles to each fluoroscope. For example, if CF-90 was used with FL-120 

there would be approximately 15° between the frame and each image intensifier. Forty 

pairs of images were obtained without moving the phantom. This was followed by 16 

pairs of images where the phantom was reoriented between each set, being rotated and 

moved to a different, randomly selected location within the field of view. This made for 

a total of 56 RSA reconstructions per condition. Locations were chosen such that the 

entire field of view was tested. The grid described in Section 2.3 was employed to allow 

for postprocessing image correction. This was done following each condition. The kVp 

and mA were set automatically by the fluoroscopy units and were 51 kVp and 0.4 mA for 

the calibration frame and 49 kVp and 0.3 mA for the phantoms.

The positions of the beads in the calibration frame, phantom, and distortion 

correction images were located as described in Section 2.2. Distortion correction was 

performed by means of a global approach using a fifth order polynomial fit (Liu et al., 

1999). For the Wolf Orthopaedic Quantitative Imaging Laboratory (WOQIL)’s 

applications of RSA, in which bones or implants are moving with respect to one another, 

relative bead locations and not absolute bead positions within the field of view are most 

important. Therefore, the distances between the four beads of the phantom were the 

measures of interest. The distances between each pair of beads were measured and 

compared with the distances obtained from the CMM machine and the CT scan. The 

errors were averaged to give an overall error for the RSA reconstruction. In this case, the



Figure 4.3 Orientation of the fluoroscopy units
The im age intensifier o f  fluoroscopy unit 1 w as maintained at a constant position  
and the im age intensifier o f  fluoroscopy unit 2 is shown at 90° and 135°.
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Figure 4.4 Sam ple fluoroscopy im ages
Images of the calibration frame obtained by the fluoroscopy units (A  & B) with 
the fluoroscopy units at 90° to each other, (C & D) with the fluoroscopy units at 
105° to each other and the calibration frame in the 105° orientation (CF-105), 
and (E & F) with the fluoroscopy units at 105° to each other and the calibration 
frame in the 90° configuration (CF-90). In order to correctly identify the beads 
in the images, wire loops are stuck into the calibration frame; these may be 
repositioned according to which portion of the frame is visible.

i
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precision and best-case accuracy of the system are the same, since each set of 40 image 

pairs (Fahrig et al., 1997) was taken without any movement of the phantom (Ranstam et 

al., 2000). Precision was defined as the standard deviation of the error in the 

reconstruction of the phantom over the 40 static trials. Accuracy was defined as the 

average error in the reconstruction of the phantom over the 16 trials with motion between 

them. Comparison was also done between the distances obtained using the CT scan. 

Statistical analysis of the precision data was performed using Levene’s test to determine 

any differences in the standard deviations of the configurations. One-way analyses of 

variance followed by post hoc Student-Newman-Keuls multiple comparisons were used 

to analyze the accuracy data. As the aims of this study were (1) to examine the effects of 

varying the angles of the image planes while using CF-90 and (2) to examine the effects 

of using a calibration frame of an alternate configuration, not all paired comparisons were 

the focus of this work. The relevant comparisons are listed in Table 4.2. Statistically 

significant differences were defined as p < 0.05.

4 .3  R e s u l t s

The precision or best-case accuracy of each fluoroscope calibration frame 

configuration is shown in Figure 4.5. They range from 15.6 to 22.8 pm, the former using 

CF-90 and FL-105 and the latter using CF-135 and FL-135. No significant differences 

were seen between the precisions for any of the relevant comparisons (listed in Table 

4.2).

With respect to accuracy (Figure 4.6), the values are in the ranges 90.0 ± 24.0 pm 

for CF-105 and FL-105 and 277.2 ± 120.9 pm for CF-135 and FL-135. As the relative 

angle between the fluoroscopes was changed and the planes of the calibration frame were
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Table 4.2 The combinations of fluoroscopic angles and calibration frames 
that were statistically compared

To determine the effect of varying j To determine the effect of using an 
the fluoroscopy unit configuration | alternative calibration frame
FL-90, CF-90 FL-105, CF-90 I FL-105, CF-105 FL-105, CF-90
FL-90, CF-90 FL-105, CF-105 FL-120, CF-120 FL-120, CF-90
FL-90, CF-90 FL-120, CF-90 FL-135, CF-135 FL-135, CF-90
FL-90, CF-90 FL-120, CF-120
FL-90, CF-90 FL-135, CF-90
FL-90, CF-90 FL-135, CF-135 |
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0.005

0.000

Figure 4.5 P recision  o f  the reconstruction
Defined as the standard deviation of the error in the reconstruction of the 
phantom over the 40 static trials. The darker bars indicate the use of CF-90.

90-90 105-105 105-90 120-120 120-90 135-135 135-90

Fluoroscope Angle (°) - Calibration Frame Angle (°)
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0.3

0.2

0.1

0.0

Figure 4.6 A ccu racy  o f  the reconstruction
Mean (± 1 SD) of the error in the reconstruction of the phantom over the 16 trials 
with motion between them. Significant differences (p < 0.05) are indicated by a 
star ('&). The darker bars indicate the use of CF-90.

90-90 105-105 105-90 120-120 120-90 135-135 135-90

Fluoroscope Angle (°) - Calibration Frame Angle (°)
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changed to match them, no difference in accuracy was seen between CF-90 used with 

FL-90 and CF-120 used with FL-120. FL-105 used with CF-105 proved to be better (p =

0.002) and FL-135 used with CF-135 proved to be worse (p < 0.001) than CF-90 used 

with FL-90. Differences were also found between the use of CF-90 and CF-120 with FL- 

120 (p < 0.001) and between the use of CF-90 and CF-135 with FL-135 (p < 0.001), with 

the use of CF-90 being superior in both cases. When calibrating using CF-90, no 

differences were found between FL-90, FL-105, FL-120, and FL-135 (p > 0.064).

There were no differences in the number of fiducial or control beads that were 

visible in the field of view when the frame was aligned parallel to the fluoroscopes versus 

when CF-90 was used. Comparing all the errors in the distances between the beads as 

obtained from the CMM machine and using the CT scan, errors were found to be between 

163 pm larger and 195 pm smaller when using the CT scan data.

4 .4  D i s c u s s i o n

Contrary to the original hypothesis, the angled calibration frame did not improve 

the overall accuracy of the system. For angles less than 120° accuracy did not decrease; 

however, using CF-90 it was possible to calibrate the system with the fluoroscopes at any 

angle less than or equal to 135° with equivalent or better accuracy than that obtained with 

the fluoroscopes at right angles. It is thought that this is due to the fact that the projective 

transformations, created from the fiducial planes, are altered by the relative angle 

between the image plane and the calibration frame, but remain valid. This allows RSA 

reconstruction to proceed correctly. Errors may have been introduced into the system 

through a variety of avenues including the stochastic nature of x-rays, leading to blurred 

beads, image distortion from external electromagnetic fields, and other sources of image
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noise (i. e., from the fluorescent screen or unit electronics). The bead location algorithm 

was resistant to small amounts of bead blur. A global distortion correction algorithm was 

used to remove image distortion and the least-squares method of reconstruction addressed 

other system noise. While efforts were made to decrease the effects of the 

aforementioned sources of error, it should be noted that the accuracies of such systems 

will always face limitations.

Most other studies examining the accuracy and precision of the RSA method have 

been conducted using plane x-rays rather than fluoroscopy units. Even so, precisions 

obtained in this study (15.6-22.8 pm) are comparable to those obtained by other 

researchers, 8 pm (Cai et al., 2008), 50-140 pm (Douglas et al., 2004), 14 pm (Bragdon 

et al., 2002), 30 pm (Ónsten et al., 2001), and 121 pm (Vrooman et a l, 1998), despite the 

fact that all of these studies were conducted under slightly different conditions. In 

retrospect, 40 trials were more than necessary to obtain the desired results. Multiple trials 

were not conducted at different positions within the capture volume due to the time 

required for manual digitization of each trial. However, precision was not expected to 

change as a function of location within the capture volume.

It is more difficult to compare the accuracies obtained by this study with those of 

other studies, since most other investigators have determined the accuracies of microscale 

motions, while this study examined errors in determining distances that were two orders 

of magnitude larger. This study also examined distances between single beads rather 

than coordinate systems obtained from groups of beads. One study exists with similar 

distances between beads to those seen in this study. Douglas et al. (2004) compared the 

accuracies for a range of separation angles between two images for reconstruction of 3D
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coordinates using a modified DLT approach and found mean errors to be on the order of

0.75 mm. They found that reconstruction errors increased as the relative angles between 

images decreased, with the greatest increases between relative angles of less than 30°. 

This study used a pyramidal calibration frame with beads much larger than those used in 

the present study (10 mm in diameter) and a different reconstruction algorithm. Soavi et 

al. (2000) also examined non-orthogonal images for RSA and found no effect of relative 

image angle using x-ray tubes over a range of 30°-90°. While these two studies 

examined relative angles of less than 90°, due to the nature of x-rays, their results may be 

compared to this study as follows: A relative image angle of 75° is equivalent to 105° in 

this study, 60° is equivalent to 120°, and 45° is equivalent to 135°. Therefore, it is 

reasonable that no differences were found in this study when using CF-90 to calibrate 

configurations FL-90, FL-105, FL-120, and FL-135.

CT scans are generally used to determine the positions of the beads relative to the 

locations of bony landmarks, which are used to create the bone-based coordinate systems 

required to calculate clinically relevant kinematic parameters. This study showed that the 

positions of the beads can be determined from a CT scan with accuracies on the order of 

the errors of the RSA reconstruction.

The results of this study show that the relative angles of the fluoroscopes less than 

135° do not affect the accuracy of RSA reconstruction. Therefore, RSA may be 

performed with the imaging devices at relative angles other than 90° while calibrating 

with a calibration object with pairs of fiducial and control planes oriented orthogonally to 

each other. This allows greater freedom in positioning the equipment and obtaining more

desirable x-ray views.
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CHAPTER 5 -  IM AG E INTENSIFIER DISTORTION  
CORRECTIO N FO R  FLUOROSCOPIC RSA: THE NEED FOR  
INDEPENDENT ACCURACY ASSESSM ENT

OVERVIEW: This chapter discusses the effects o f various degrees of 

polynomials that are employed in a global approach to distortion 

correction for the images used for fluoroscopic RSA.4

5 .1  I n t r o d u c t i o n

Fluoroscopic images, as described in Section 2.3, are subject to the primary 

aberrations that affect images obtained through classical light optics (Jares, 1985), and 

correction of these aberrations has been the subject of many previous investigations 

(Chakraborty, 1987; Rudin et al., 1991; Schueler and Hu, 1995; Fahrig et al., 1997; 

Gronenschild, 1997; Gronenschild, 1999; Liu et al., 1999; Cerveri et al., 2002; Fantozzi 

et al., 2003; Soimu et al., 2003; Holdsworth et al., 2005). Distortion of the images is 

present in two distinct modes, as discussed in Section 2.3: pin-cushion distortion and s- 

shaped, spiral, or pocket handkerchief distortion (see Bushberg et al., 2002; van der Zwet 

et al., 1995). Unfortunately, it is difficult to know the extent to which these modes of 

distortion have been corrected by the manufacturer.

In the past, both local and global approaches to post-processing distortion 

correction have been taken, or in one case local and global approaches have been 

combined (Fantozzi et al., 2003). In a direct comparison of global and local techniques,

4 A version of this work has been submitted for publication: Kedgley, A.E., Allen, A.V., and Jenkyn, T.R. 
(2009) Image intensifier distortion correction for fluoroscopic RSA: The need for independent accuracy 
assessment. Submitted to M e d i c a l  P h y s ic s .
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the global technique was found to be superior (Gronenschild, 1997). The limitations of 

local distortion correction algorithms have been stated in Section 2.3. In a global 

approach the distortion vector at each point is calculated and these data are then used to 

determine an overall expression for the distortion within the image in either Cartesian 

(Chakraborty, 1987; Fahrig et al., 1997; Gronenschild, 1997; Gronenschild, 1999; 

Fantozzi et al., 2003; Holdsworth et al., 2005) or radial (Rudin et al., 1991) coordinates. 

The positions of the beads in the image are related to the known bead positions according 

to the chosen polynomial.

Most distortion correction is performed with diagnostic imaging applications in 

mind; that is, quantitative coronary angiography, three-dimensional (3D) reconstructions, 

stereotaxic angiography, and radiotherapy treatment (see Gronenschild, 1999). Testing a 

range of polynomial functions in order to determine the one that best corrects for image 

distortion is not a new concept. To determine optimal polynomial formulations, others 

have examined the residuals and root mean squared (RMS) errors of the fit of the 

polynomial (Rudin et al., 1991; Liu et al., 1999; Soimu et al., 2003) or tested their 

correction on the same grid in a different position, or another grid (Schueler and Hu, 

1995; Fahrig et al., 1997; Gronenschild, 1997; Gronenschild, 1999; Cerveri et al., 2002; 

Fantozzi et al., 2003; Holdsworth et al., 2005). One study used a phantom in addition to 

other evaluation methods to quantify correction for digital tomosynthesis (Soimu et al., 

2003). However, no studies have determined the efficacy of distortion correction for 

radiostereometric analysis (RSA) using an independent phantom.

The aim of this study was to compare the effects of a range of polynomials for 

distortion correction using a global approach by examining the fit of the chosen
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polynomial to the points on the distortion grid, the distances between the points of the 

grid in a second position, and the overall accuracy of the RSA reconstruction. It was 

hypothesized that the two outcome measures would lead to the same, most suitable, 

polynomial.

5 .2  M e t h o d s

The two previously described x-ray fluoroscopes were used in this study. The 

grid of stainless steel beads, described in Section 2.3 was used for distortion correction. 

Following data collection, the grid was placed over each image intensifier (II) and images 

of the distorted positions of the grid beads were obtained.

The positions of the beads in each fluoroscopic image were manually located 

using the custom-written software described in Section 2.2 (MATLAB, The MathWorks 

Inc., Natick, MA, USA). Distortion correction was performed using a global approach 

with a range of polynomial fits, from first degree in each direction (a second order 

polynomial) through to third degree in each direction (a sixth order polynomial). The full 

range of polynomials is documented in Table 5.1. Coefficients were determined based on 

a least squares minimization. Two polynomials were defined for each correction, one for 

correction in the x-axis of the image (horizontal within the image) and one for correction 

in the y-axis of the image (vertical within the image). Polynomials were paired for 

correction such that the order in x for the x-axis was the same as the order in y for the y- 

axis and vice versa. The number of coefficients in the polynomial dictated the minimum 

number of beads that were required for a solution. For instance, a polynomial with a 

maximum degree of one in each of x and y has four coefficients. For optimal results, the 

number of beads in the distortion grid needed to be at least a factor of three more than the
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Table 5.1 The polynomials and their coefficients used in fitting the data for 
distortion correction

Highest 
order in x

Highest 
order in y Polynomial Equation

1 1 z = a + by1 + ex1 + dx’y1

1 2 z = a + by1 + cy2 + dx1 + ex’y1 + fx’y2

1 3 z = a + by1 + cy2 + dy3 + ex1 + fx’y1 + gx’y2 + hx’y3

2 1 z = a + by1 + ex1 + dx’y1 + ex2 + fx2y'

2 2 z = a + by1 + cy2 + dx1 + ex'y1 + fx'y2 + gx2 + hx2y! + ix2y2

2 3 z = a + by1 + cy2 + dy3 + ex1 + fx’y1 + gx’y2 + hx’y3 + ix2 + jx2y*
+ kx2y2 + lx y

3 1 z = a + by1 + ex' + dx’y1 + ex2 + fx2y‘ + gx3 + hx3y'

3 2 z = a + by1 + cy2 + dx1 + ex’y1 + fx’y2 + gx2 + hx2y’ + ix2}̂  + jx3
+ kx3y‘ + lx3y2

3 3 z = a + by1 + cy2 + dy3 + ex1 + fx’y1 + gx’y2 + hx’y3 + ix2 + jx2y’ 
+ kx^y2 + lx2y3 + mx3 + nx3y‘ + ox^y2 + px3y3
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minimum number required (Fahrig et ah, 1997). Therefore, the grid would have needed 

twelve beads.

To evaluate the correction of the polynomials in isolation, the distortion grid was 

oriented on each II as would be conducted routinely. The polynomial coefficients and the 

RMS errors of the fits were determined for each polynomial. The grid was then replaced 

on the II, such that the beads were translated to an intermediate, staggered, location 

between the original positions. Distances between the beads were calculated and 

compared to those measured with the coordinate measuring machine (CMM, DEA Swift, 

Hexagon Metrology Services Ltd.., London, UK), following correction with the various 

polynomials. This was done with each of the two IIs in six different positions, covering 

the lull range of their motion.

The fluoroscopy-based RSA system described in Chapter 2 was employed. The 

custom-designed calibration frame described in Section 2.4.1 was used. The two 

fluoroscopes were positioned approximately orthogonal to one another. An accuracy 

phantom, also used in Chapter 4, consisting of four 1 mm stainless steel beads, mounted 

on carbon fiber rods, fixed securely to a wooden base was placed in the capture volume. 

Forty pairs of images were obtained without moving the phantom. This was followed by 

16 pairs of images where the phantom was randomly moved and rotated within the field 

of view between each set (Kedgley and Jenkyn, 2009). The voltage and current were set 

automatically by the fluoroscopy units and were 51 kVp and 0.4 mA for the calibration 

frame and 49 kVp and 0.3 mA for the phantoms. RSA reconstruction was performed 

with custom-written software according to the algorithm described in Section 2.6.
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The primary measure of interest was the distances between the four beads of the 

phantom as measured using RSA, with image distortion provided by the range of 

polynomial fits. The distances between each pair of beads were measured and compared 

with the distances obtained by using a second CMM (Model MDX-20, Roland DG 

Corporation, Hamamatsu-shi, Japan; scanning pitch: 0.05 mm in x andy and 0.025 mm in 

z). An overall error for the RSA reconstruction of each position was calculated by 

averaging the errors in all the distances. Accuracy was defined as the average error in the 

reconstruction of the phantom over the 16 trials in which the phantom was moved 

between each trial. Precision was defined as the standard deviation of the error in the 

reconstruction of the phantom over the 40 static trials. Secondary measures of interest 

were the RMS error of the fit of the chosen polynomial to the distortion grid points and 

the errors in the distortion corrected distances between the points when the grid was 

replaced on the II.

Statistical analysis of the RMS errors of the fits of the various polynomials, the 

distances between the beads and the accuracy of the RSA reconstructions were performed 

using Friedman Repeated Measures Analyses of Variance on Ranks followed by post-hoc 

Student-Newman-Keuls multiple comparisons. These were also used to compare the 

results between the two fluoroscopes. Levene’s test was used to analyze the precision 

data to determine any differences in the standard deviations of the RSA reconstructions. 

Statistically significant differences were defined as p < 0.05.

5.3 R e s u l t s

No differences were found between the two fluoroscopes in the RMS errors as a 

function of II orientation and polynomial degree. Therefore the results for the two
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fluoroscopes were combined to compare the effects of the various polynomial 

corrections. RMS errors ranged from 58 ± 15 pm in the x-direction and 63 ± 18 pm in 

the y-direction for a fifth order polynomial of third order in the axis of correction and 

second order in the perpendicular axis, and 679 ±321 pm in the x-direction and 410 ± 

130 pm in the y-direction for a third order polynomial in each direction (Figure 5.1). 

Differences were found between distortion correction using a polynomial of order three 

in the axis of correction and two in the perpendicular axis and all other orders of 

correction tested (p < 0.05).

Similar results were obtained when the distances between the beads of the grid in 

a second, staggered, position were examined (Figure 5.2). Errors in uncorrected points 

were 315 ± 43 pm. Average errors in corrected points ranged from 51 ± 3 pm for a fifth 

order polynomial of third order in the axis of correction and second order in the 

perpendicular axis, and 181 ± 21 pm for a third order polynomial in each direction. 

Differences were found between distortion correction using a polynomial of order three 

in the axis of correction and two in the perpendicular axis and all other orders of 

correction tested (p < 0.05).

The precision of the reconstruction with each set of polynomials is shown in 

Figure 5.3. They range from 14.6 pm to 24.9 pm, the former using a polynomial of order 

three in the axis of correction and one in the perpendicular axis and the latter using a first 

order polynomial in each direction. There were no differences in the precisions of the 

RSA reconstructions between any of the polynomial corrections.

Average accuracies of the reconstructions ranged from 150 ± 69 pm for a 

polynomial of third order in the axis of correction and first order in the perpendicular axis
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Figure 5.1 R M S errors o f  the various polynom ial m odels em ployed
(A ) RMS errors in the x-direction and (B) RMS errors in the y-direction. Mean 
(± 1 SD). All corrections were found to be different from 3-2 (p < 0.05). Lighter 
bars indicate higher order polynomial models.
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Order of Axis of Correction - Order of Perpendicular Axis

F igure 5.2 E rrors in the d istances between adjacent beads
Mean (± 1 SD) of the distances measured on a second, staggered, image of the 
same grid and plotted as a function of the polynomial correction. All corrections 
were found to be different from 3-2 (p < 0.05). Lighter bars indicate higher order 
polynomial models.

Order of Axis of Correction - Order of Perpendicular Axis 

F igure 5.3 Precision  o f  the RSA reconstruction
Defined as the standard deviation of the error in the reconstruction of the 
phantom over the 40 static trials. Lighter bars indicate higher order polynomial 
models.
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and 457 ± 289 pm for a third order polynomial in each direction (Figure 5.4). RSA 

reconstruction of the uncorrected points resulted in an error of 193 ± 68 pm. Differences 

were found between distortion correction using a polynomial of order three in the axis of 

correction and one in the perpendicular axis and all other orders of correction tested (p <

0.05). First order polynomials in the axis of correction always resulted in worse errors 

than the uncorrected points (p < 0.05), regardless of the order of correction in the 

perpendicular axis. Third order polynomials in each axis also resulted in worse errors (p 

< 0.05).

5 .4  D i s c u s s i o n

Contrary to our hypothesis, the polynomial with the smallest RMS error in 

solving for the polynomial coefficients and the smallest errors in the distances between 

points on the translated distortion grid did not have the lowest average RSA 

reconstruction error. This is similar to results found by the only other study to employ a 

3D phantom to quantify the results of distortion correction (Soimu et al., 2003). It was 

found that a fifth order correction resulted in the best polynomial fit; however, as the 

images were being used for digital tomosynthesis, the variability of the correction 

coefficients with the fifth order was a concern. Therefore, a fourth order was preferred. 

In this investigation, the variability of the RMS error of the fit of the sixth order 

polynomial to the distortion grid points would be a concern, as indicated by the high 

standard deviations in Figure 5.1.

In this study, the most appropriate choice of polynomial for distortion correction 

was not found to be dependent upon II orientation. It was, however, found to vary 

depending upon the intended use of the images. Although most applications of IIs are
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Order of Axis of Correction - Order of Perpendicular Axis 

Figure 5.4 A ccu racy  o f  the R SA  reconstruction
Mean (±1 SD) of the error in the reconstruction of the phantom over the 16 trials 
with motion between them. All corrections found to be different from 3-1 (p < 
0.05). Lighter bars indicate higher order polynomial models.
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two-dimensional (2D), it is increasingly common to use IIs for 3D analyses. The use of a 

calibration frame for these 3D applications most likely tempers the effects of distortion -  

leading to accuracies in the RSA reconstruction using uncorrected points that were far 

better than anticipated. The distances between the beads in two dimensions indicate that 

distortion correction plays a much larger role in 2D measurements. As anticipated, the 

precision of the measurements was not affected by distortion correction.

It has been found that distortion correction requirements may vary between IIs, 

although this was tested for four different models of two different makes, and not various 

IIs of the same make and model (Rudin et al., 1991; Gronenschild, 1997). Using the two 

IIs of our system it was found that, as would be expected, distortion correction 

requirements did not differ.

The advantages and disadvantages of the various methods of distortion correction 

have been examined in the literature and it is generally agreed that the main disadvantage 

of implementing a global approach is that any extreme local distortions cannot be 

corrected (Fahrig et al., 1997); however, 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). It has been pointed 

out that higher order polynomial corrections tend to result in higher RMS errors as any 

noise that is present is modeled in addition to the distortion (Gronenschild, 1997; 

Fantozzi et al., 2003). This may explain why errors from the sixth order polynomial were 

so high. However, the chosen polynomial must have a sufficient degree to model the 

distortion; therefore, employing a first order polynomial in the axis of correction was

insufficient.
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When working with a fluoroscopy-based RSA system, there are always several 

potential sources of error. These include bead blurring, due to the stochastic nature of x- 

rays, and image distortion. Bead blurring is addressed through the bead location 

algorithm, while image distortion is clearly addressed in the current study. The RSA 

algorithm has several built-in methods of decreasing the effects of other system noise 

including a least squares method of reconstruction.

The findings of this study suggest that while significant efforts have been made to 

generalize distortion correction for IIs, correction should be validated with an 

independent “gold standard” phantom for each particular application for which it is to be 

used.
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CH APTER 6 -  A N  ALTERNATIVE DEFINITION OF THE 
SCAPULAR COORDINATE SYSTEM  FOR USE W ITH RSA

OVERVIEW: This chapter examines the inter- and intra-investigator 

variations that may occur in landmark digitization and investigates how 

these variabilities propagate through the kinematic analysis. This chapter 

also describes an alternate definition for the scapular coordinate system 

and compares it to the current ISB standard.5

6 .1  In t r o d u c t io n

Many different conventions exist for defining the anatomical coordinate systems 

used to quantify scapular kinematics. This leads to an inability to compare the 

kinematics reported by various research groups (de Groot, 1997; Anglin and Wyss, 2000; 

Karduna et al., 2000). Therefore, the International Society of Biomechanics (ISB) 

proposed a set of coordinate system standards (Wu et a l, 2005) that are now 

recommended (Kontaxis et al., 2009) and have been increasingly employed (Fayad et al, 

2008; van Andel et a l, 2008). This standard was described in Sections 1.4.1 and 1.4.2.

Landmark digitization is a critical step in creating such an anatomical coordinate 

system. When performing radiostereometric analysis (RSA), either with a beaded or 

model-based approach, it is common to employ a computed tomography (CT) scan to 

obtain the necessary landmarks (Dennis et al, 2005; Bey et a l, 2006; Bey et al, 2008; 

Anderst et a l, 2009). The drawback of a CT scan is that the patient is exposed to

5 A version o f  this work has been submitted for publication: Kedgley, A.E. and Dunning, C.E. (2009) An 
alternate definition o f  the scapular coordinate system for use with RSA. Submitted to Journal o f  
B iom echanics
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radiation. To obtain the landmarks currently recommended by the ISB, the entire 

scapula, and therefore also breast and other tissues, must be scanned and thereby exposed 

to radiation effects.

The purpose of this work was threefold: (1) to quantify the intra- and inter­

investigator variabilities of landmark digitization; (2) to investigate an alternate definition 

of the scapular coordinate system that has repeatedly attainable landmarks and axes as 

close as possible to those recommended by the ISB, yet requires less radiation exposure; 

and (3) to compare the glenohumeral joint kinematics resulting from the use of this 

alternative scapular coordinate system with those obtained using the ISB standard. It was 

hypothesized that there would be variability in the ability to digitize landmarks 

repeatably, that an alternative scapular coordinate system could be defined, and that 

glenohumeral joint kinematics would not differ significantly between the two systems.

6 .2  M e t h o d s

Three 0.8 mm stainless steel beads were embedded into each of the scapula and 

humerus of a shoulder model treated for use in imaging studies (Sawbones®, Pacific 

Research Laboratories Inc., Vashon, Washington, USA). An isotropic three-dimensional 

CT scan (Lightspeed VCT, GE Healthcare, Piscataway, New Jersey, USA) was obtained 

with the following parameters: 0.625 mm sections, 140 kV, 200 mA, 1 s rotation time 

and reconstruction via a bone algorithm. In addition, to assess the effects of soft tissue 

and other bony projections, as well as inter-individual shape variation, CT scans of 

eleven cadaveric specimens were obtained and also reconstructed via a bone algorithm.

Digitization of a specified set of 8 landmarks on the scapula and 3 on the humerus 

(Table 6.1, Figure 6.1 and Figure 1.3; Meskers et al., 1998; Ebraheim et al., 2000; Wu et
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Table 6.1 Points that were digitized on the scapula and humerus

Acromial Angle (AA) Most dorsolateral point on the scapula
Acromioclavicular joint 
(AC)

Most dorsal point on the joint between the scapula and 
clavicle, on the scapula.

Inferior angle (IA) The most caudal point on the scapula.
Inferior point on glenoid 
(IG)

The most caudal point on the glenoid rim.

Superior angle (SA) Most superior point on the medial side of the scapula.
Scapular notch (SN) Centre of the notch on the superior border of the scapula, 

that lies next to the base of the coracoid process
Tip of coracoid process 
(PC)

The most ventral point on the processus coracoideus.

Root of the scapular spine 
(TS)

Trigonum spinae. The midpoint of the triangular surface on 
the medial scapular border in line with the scapular spine.

Lateral épicondyle (LE) Most caudal point on lateral epicondyle.
Medial epicondyle (ME) Most caudal point on medial epicondyle.
Humeral head centre (HH) Glenohumeral rotation centre.
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Figure 6.1 L an d m ark s that w ere digitized on the scapula
Superior angle (SA), scapular notch (SN), tip of the coracoid process (PC), 
acromioclavicular joint (AC), acromial angle (AA), most inferior point on the 
glenoid (IG), root of the scapular spine (TS), and inferior angle (IA). Images are 
adapted from a model created from a clinical CT scan.
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al, 2005) was performed using MIMICS software with a MedCAD module. To quantify 

the intra-investigator variability of locating landmarks on the scapula, one investigator 

digitized the CT scans of both the shoulder model and one cadaveric specimen on five 

separate occasions. To establish the inter-investigator variability, four other participants 

digitized the same set of landmarks. With the exception of the humeral head centre, the 

position of each landmark was identified by a single point selection. The humeral head 

centre was found by fitting a sphere to circles created on each layer of the CT scan that 

contained its articular surface. The procedures for using MIMICS to locate beads and 

landmarks of interest, specifically in the shoulder, may be found in Appendix B. All 

participants were familiar with the software package prior to involvement in the study 

and all were given the same set of written instructions regarding the digitization process. 

The variability of the digitized landmarks was quantified by the average radii of the 

smallest ellipsoid that contained all of the points with a tolerance of lxlO'6 mm.

Based on these digitization results, an alternative coordinate system was then 

defined for the scapula using three landmarks that were found to be highly repeatable. To 

examine the differences between the ISB scapular coordinate system and the alternative 

scapular coordinate system, both were created by one investigator for each of the eleven 

cadaveric specimens. The relationship between the coordinate systems was evaluated by 

examining the trace of the rotation matrix relating the two coordinate systems, with a 

trace value of three being ideal.

To investigate how the differences in the coordinate system definitions propagate 

through to the kinematics, the models of the scapula and humerus were placed in fifteen 

different relative orientations, within the combined range of approximately 15° to 90° of
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glenohumeral elevation, 30° of internal rotation to 30° of external rotation, and 0° to 90° 

of the plane of elevation. In each orientation, a fluoroscopic RSA system (Kedgley et al.,

2009) consisting of two fluoroscopy units (SIREMOBIL Compact (L), Siemens Medical 

Solutions USA Inc., Malvern, Pennsylvania, USA) was used to determine the locations of 

the beads within the scapula and humerus. Locations of the beads relative to landmarks 

of interest within the models were determined by thresholding and sphere-fitting 

operations within MIMICS. Using the relations between the beads and the digitized 

anatomic landmarks, scapulohumeral kinematics were calculated using a Y-X-Y Euler 

angle sequence (Kedgley et al., 2007) using the ISB and alternative coordinate systems 

for each set of landmark digitizations. All kinematic calculations were performed using a 

custom-written MATLAB code, which may be found in Appendix D.

The inter- and intra- investigator variabilities for digitizations were compared 

using Mann-Whitney Rank Sum tests. Statistical comparisons of the kinematics obtained 

from the ISB and alternative coordinate systems were performed using both Wilcoxon 

Signed Rank tests and Spearman Rank Correlation Coefficients (SRCCs). Variability of 

the kinematics was defined as the standard deviations of plane of elevation, angle of 

elevation, and internal-external rotation over all fifteen glenohumeral orientations. 

Significant differences were defined as p < 0.05.

6 .3  R e s u l t s

The inter- and intra-investigator variabilities of landmark selection on the scapula 

and humerus, as represented by the ellipse with the smallest volume containing all the 

digitized points for the shoulder model and the cadaveric specimen are listed in Table 6.2 

and Table 6.3 respectively. The scapular landmarks with the least inter-investigator
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Table 6.2 The individual and average radii of the ellipse with the smallest 
volume that fit each of the digitized landmarks on the shoulder model, as a 
measure of inter- or intra-investigator variability of landmark selection

Inter-investigator Intra-investigator
rl r2 r3 Average Rank rl r2 r3 Average Rank

(mm) (mm)
Scapula AA 0.18 0.89 1.12 0.73 1 0.22 0.48 1.45 0.72 6

AC 0.33 3.00 3.46 2.27 7 0.12 0.85 3.46 1.48 8
IA 0.51 1.48 2.04 1.34 5 0.06 0.28 1.48 0.61 5
IG 0.50 0.73 6.39 2.54 8 0.16 1.08 2.83 1.36 7
SA 0.29 2.11 2.95 1.78 6 0.07 0.52 0.67 0.42 3
SN 0.42 0.63 1.17 0.74 3 0.20 0.26 0.68 0.38 2
PC 0.11 0.51 1.58 0.73 1 0.02 0.35 0.71 0.36 1
TS 0.28 0.89 1.88 1.02 4 0.14 0.59 0.76 0.50 4

Humerus ME 0.27 0.35 1.86 0.82 1 0.13 0.52 0.70 0.45 1
LE 0.28 1.29 1.97 1.18 2 0.16 0.81 1.75 0.91 2
HH 0.13 0.99 2.85 1.32 3 0.04 1.19 2.66 1.30 3

Table 6.3 The individual and average radii of the ellipse with the smallest 
volume that fit each of the digitized landmarks on the cadaveric specimen, 
as a measure of inter- or intra-investigator variability of landmark selection

Inter-investigator Intra-investigator
rl r2 r3 Average Rank rl r2 r3 Average Rank

(mm) (mm)
Scapula AA 0.59 1.35 3.33 1.76 5 0.17 0.42 1.04 0.54 2

AC 0.42 3.59 7.25 3.75 8 0.49 1.01 8.52 3.34 8
IA 0.84 1.10 6.60 2.85 7 0.14 0.34 1.18 0.55 4
IG 0.21 0.39 4.76 1.78 6 0.34 0.47 2.16 0.99 7
SA 0.06 1.31 2.48 1.28 3 0.15 0.37 2.06 0.86 6
SN 0.22 0.81 1.87 0.97 1 0.08 0.19 1.34 0.54 2
PC 0.10 0.90 2.13 1.04 2 0.19 0.36 1.57 0.71 5
TS 0.35 1.45 2.72 1.50 4 0.07 0.30 0.61 0.33 1

Humerus ME 0.15 1.00 2.30 1.15 2 0.04 0.19 0.65 0.30 1
LE 0.47 0.96 3.24 1.55 3 0.09 0.40 1.46 0.65 3
HH 0.07 0.47 2.18 0.90 1 0.09 0.28 0.74 0.37 2
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variability were the acromial angle (AA), the scapular notch (SN), and the coracoid 

process (PC) for the shoulder model and the SN, the PC and the superior angle (SA) for 

the cadaveric specimen. The variability of humeral landmark selection was least for the 

medial epicondyle (ME) on the shoulder model and least for the humeral head (HH) on 

the cadaveric specimen. Intra-investigator variability was consistently less than inter­

investigator variability.

To meet the objective of reducing the required CT volume, the new coordinate 

system replaced the inferior angle (IA) in the ISB coordinate system definition with the 

PC. The SN and SA were also considered as replacements; however, an appropriate set 

of coordinate system axes, similar to those obtained with the ISB standard, could not be 

defined (additional data can be found in Appendix M). Using the PC, the Z-axis of the 

scapula was maintained from the ISB definition as the line passing from the root of the 

scapular spine (TS) to AA. A second vector was then created, from PC to AA. The Y- 

axis was defined as the cross product of the z-axis and the second vector for left scapulae 

and as the cross product of the Z-axis and the negative of the second vector for right 

scapulae. The cross product of the Y- and Z-axes formed the X-axis. Thus, the 

directions of the axes were similar to the ISB definition (Figure 6.2). In addition, the 

origin was maintained at AA. When comparing the two scapular coordinate systems in 

the eleven cadaveric specimens the trace of the rotation matrix between the two was 

2.997 ± 0.002. For two of these specimens the trace was 3.000, indicating a perfect 

match between the two coordinate systems. The trace of the rotation matrix comparing 

the two coordinate systems in the shoulder model was 2.998.

Average differences between the three kinematic angles (plane of elevation, angle
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— *> ISB Standard 
— -  Proposed Alternative

F igure 6.2 C om parison  o f  the ISB recom m ended axes and a lternative axes
ISB axes are based on AA, IA and TS and alternative axes are based on PC, TS 
and AA. The Z-axis of the proposed alternative axes is the same as the Z-axis of 
the ISB axes. Image is adapted from a model created from a clinical CT scan.
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of elevation, and internal-external rotation) that were calculated using the two coordinate 

systems of the shoulder model are presented in Table 6.4 for both inter- and intra­

investigator data. While the differences in all angles were statistically significant in both 

cases (p < 0.001), the differences were very small in magnitude (less than 5°), and the 

SRCCs showed excellent association between the two systems.

The average inter- and intra-investigator variabilities are shown in Table 6.5. In 

the inter-investigator case, for all three kinematic angles, the repeatability was superior 

for the alternative coordinate system. This was significant for elevation angle (p < 0.001) 

and internal-external rotation (p = 0.01). In the intra-investigator case, variability was 

worse for the plane of elevation with the alternative system (p = 0.068).

The mean error of rigid body fitting for RSA (Valstar et al., 2005) averaged over 

all trials was 0.118 ± 0.078 mm for the scapula and 0.206 ±0.137 mm for the humerus.

6.4 D i s c u s s i o n

The use of CTs and RSA as tools to quantify accurate in-vivo kinematics is 

becoming progressively more prevalent. As such, radiation exposure has become a 

concern in orthopaedic biomechanics. It is important to limit this exposure in whatever 

ways there are available. The exact dosage by which the radiation exposure may be 

decreased is difficult to quantify as this depends upon a variety of factors, including what 

other structures (clavicle, humerus or other bones) need to be imaged, and how much of 

the thyroid, breast and other tissues are exposed. However, based upon the scapula alone, 

the elimination of IA from the scapular coordinate system approximately halves the 

required exposure.

In this chapter, an alterative coordinate system for the scapula was defined, which
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Table 6.4 Average differences in the calculated kinematic angles
(M ean ±  SD ), p-values and Spearman rank correlation coefficients (SRCCs) 
between the use o f  the ISB standard coordinate system  and the proposed 
alternative coordinate system  for all 15 glenohumeral orientations tested.

Inter-investigator Intra-investigator
Difference p-value SRCC Difference p-value SRCC

(°) o
Plane of elevation -3.29 ±3.03 <0.001 0.990 -3.16 ±2.93 <0.001 0.995
Angle of elevation -0.90 ± 0.92 <0.001 0.999 -0.83 ± 0.88 <0.001 0.999
Internal-external
rotation -4.53 ± 2.64 <0.001 0.985 -4.31 ±2.57 <0.001 0.989

Table 6.5 Inter- and intra-investigator variability
A s defined by the standard deviation o f  the resultant kinematic angles for the ISB  
standard coordinate system  and the proposed alternative coordinate system  across 
all 15 glenohumeral orientations tested.

nter-investigator ntra-investigator
ISB Alternative p-value ISB Alternative p-value
(°) (°) (°) (°)

Plane of elevation 0.62 0.61 0.868 0.60 0.84 0.068
Angle of elevation 0.66 0.57 <0.001 0.43 0.42 0.361
Internal-external rotation 1.05 0.87 0.01 0.63 0.79 0.213
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was based on landmarks that were positioned more closely together so as to reduce 

scanning area and associated radiation. This alternative system used the first, second, and 

forth most repeatably locatable landmarks in a shoulder model and the second, forth and 

fifth most repeatably locatable landmarks in a cadaveric specimen as found by five 

investigators (i.e., AA, PC and TS). The choice of landmarks used was necessary to 

ensure the requirement that the resulting coordinate system axes closely match those 

found using the ISB standard. It was interesting to note that the IA was the fifth and 

seventh most repeatably locatable landmark in the shoulder model and the cadaveric 

specimen respectively. The similarity of this new, alternative scapular coordinate system 

as compared to the ISB standard scapular coordinate system was evaluated using the 

trace of the rotation matrix between the two, and correlation evaluations of the two 

matrices resulted in perfect scores. In two cases, the two coordinate systems matched 

perfectly, while in all other cases the match was very close.

The decrease in inter-investigator variability in kinematics with the use of the 

alternative coordinate system can be attributed to the fact that PC is more repeatably 

digitizable than IA. The increase in intra-investigator variability in kinematics resulted 

from the fact that the intra-investigator variability in locating IA was superior to the inter­

investigator variability. Therefore, the effect of having the location of PC be more 

repeatable than the location of IA was negated by the smaller distances between the 

landmarks. It should be noted that this variability was less than 1° for all angles.

As the trace of the rotation matrix comparing the ISB and alternative scapular 

coordinate systems for the shoulder model was very close to the average value of the 

cadaveric specimens, it is able to provide a very good representation of the effects of the
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coordinate systems on kinematics. Although the three kinematic angles obtained using 

the proposed alternative coordinate system were statistically different from those 

obtained using the ISB standard, the SRCCs demonstrated excellent agreement between 

the two systems. These differences were very small and in all likelihood are not 

clinically significant. However, the reduction in radiation exposure is a tremendous 

advantage of this newly proposed coordinate system.
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CHAPTER 7 -  H UM ERAL HEAD POSITION UNDER STATIC 
AND DYNAM IC POSITIONING: PRELIM INARY DATA

OVERVIEW: This chapter discusses the implementation o f the WOQIL 

fluoroscopic RSA system for the examination o f glenohumeral joint 

motion. The data presented in this chapter are the preliminary results o f a 

larger study examining longitudinal kinematic changes following surgical 

repair o f a rotator cuff tear.

7.1 In t r o d u c t io n

As mentioned in Section 1.3.1.1, the head of the humerus forms one third of a 

sphere, while the glenoid fossa is a shallow hollow. The glenohumeral joint is considered 

to be a ball and socket joint with no translations under ideal conditions; however, injuries 

such as rotator cuff tears may create larger than normal translations (Poppen and Walker, 

1976; Howell et a l, 1988). Because this joint has very few bony constraints, the muscles 

play a much larger role in maintaining joint integrity than in other joints. Also, as stated 

in Section 1.3.1.3, the rotator cuff plays an important role in glenohumeral joint 

stabilization and contributes to elevation and rotation of the upper limb (Neer, 1990; 

Sharkey et al., 1994; Wuelker et al., 1995). The disruption of the rotator cuff alters the 

normal force distribution around the joint. There is some disagreement in the literature 

regarding whether normal kinematics can be maintained in actively positioned unstable 

shoulders without a balanced muscle envelope (Poppen and Walker, 1976; Howell and 

Kraft, 1991). Radiostereometric analysis (RSA) can allow observations of the joint 

kinematics post-rotator cuff repair.
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As with any surgery, the aim of rotator cuff repair is to restore “normal” joint 

kinematics and alleviate pain. “Normal” joint kinematics in this case implies very little 

translation of the humeral head relative to the glenoid fossa as the shoulder moves 

through its full range of motion. The goal of this preliminary work was to determine the 

extent of humeral head translation during active abduction of the arm in-vivo. In 

addition, the secondary goal was to quantify humeral head positioning during 

unconstrained active abduction of the arm and compare this to positioning during 

unconstrained abduction of the arm held at a series of static positions. It was 

hypothesized that the humeral head position would not change between static and 

dynamic positioning.

7 .2  M e t h o d s

One male subject diagnosed with a rotator cuff tear and scheduled for surgical 

repair gave written informed consent to participate in the study. The study was approved 

by the Office of Research Ethics and the Clinical Research Impact Committee (Appendix 

N). While undergoing surgery to repair the rotator cuff, the participant had six beads 

inserted in the scapula and six beads inserted in the humerus (Figure 7.1) to assist with 

tracking the bones. All beads were tantalum and were 0.8 mm in diameter. Beads were 

placed using a commercially available bead inserter (Tilly Medical Products AB, Lund, 

Sweden).

A computed tomography (CT) scan was taken of the scapula, proximal third of 

the humerus and epicondyles of the humerus. The subject visited the RSA lab to obtain 

fluoroscopic images of the glenohumeral joint. This visit was scheduled immediately 

after the subject’s follow-up visit with the surgeon at 3 months post-surgery. An x-ray
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Figure 7.1 Im age o f  the CT scan obtained fo llow ing rotator c u ff repair and  
bead im plantation
A clinical CT scan was obtained the scapula, proximal third of the humerus and 
epicondyles of the humerus. Implanted beads are shown as red points. The full 
humerus was not scanned in order to decrease the subject’s radiation exposure. 
(Image of a model created from a clinical CT scan with points added in 
MIMICS.)
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technologist operated the fluoroscopes. The subject was protected with a lead skirt and 

goggles. The subject was seated on a stool that could be rolled into position between the 

image intensifiers. The fluoroscopes were positioned to obtain two approximately 

orthogonal views of the glenohumeral joint and were adjusted to the subject’s specific 

anatomy (Figure 7.2). The subject was then removed from the capture volume so the 

RSA system could be calibrated with the frame described in Section 2.4.1. Calibration 

was conducted prior to any data acquisition to prevent the loss of any data in the event 

that the fluoroscopy units were touched over the course of completing the testing protocol 

(only part of which is documented herein). In the event that the fluoroscopes were 

touched, re-calibration could take place and data collection could continue.

The subject was re-positioned in the capture volume and two sets of simultaneous 

fluoroscopic images were obtained as the subject positioned their arm at resting position 

(arm at the side) and at 30°, 60°, and 90° of abduction. Two sets of simultaneous 

fluoroscopic videos were then obtained as the subject performed unconstrained, active 

abduction through their full range of motion. The image acquisition rate was 30 ffarnes- 

per-second. Sample fluoroscopy images may be seen in Figure 7.3. Following 

completion of the full testing protocol, the subject was removed from the capture volume 

and images of the distortion grid described in Section 2.3 were obtained. Distortion 

correction was performed with a fourth order polynomial, due to the findings of Chapter 

5.

In order to calculate glenohumeral joint kinematics, the positions of the implanted 

beads were digitized on the fluoroscopic images. Locations of the beads relative to 

landmarks of interest within the models were determined by thresholding and sphere-
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Image
Intensifier A

Figure 7.2 T he su b ject positioned w ithin the capture volum e o f  the RSA
system
The subject and was seated on a stool and the fluoroscopes were positioned to be 
approximately orthogonal, with views of the glenohumeral joint. The image 
intensifiers are labeled to correspond with the images in Figure 7.3. Clusters of 
reflective markers, for use with the optical tracking system, were also placed on 
the subject to obtain data for another study.
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Screw used 
to repair 

rotator cuff

Figure 7.3 Sam ple pairs o f  fluoroscopy im ages obtained to determ ine  
g len oh u m eral jo in t k inem atics
Images obtained of the glenohumeral joint at (A & B) approximately 40° and at 
(C & D) approximately 55° of glenohumeral abduction from (A & C) 
fluoroscopy unit A and (B & D) fluoroscopy unit B.
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fitting operations within MIMICS. Using the relations between the beads and the 

digitized anatomic landmarks, scapulohumeral kinematics were calculated using a Y-X-Y 

Euler angle sequence and the ISB coordinate systems, as described in Section 1.4.2. All 

kinematic calculations were performed using a custom-written MATLAB code, which 

may be found in Appendix D.

In order to display the results, the positions of the centre of the humeral head 

relative to the glenoid fossa were plotted in MIMICS. The motion of the centre of the 

humeral head through abduction was quantified by the smallest ellipsoid that contained 

the centres, measured at every 5° of abduction, with a tolerance of lx l O'6 mm.

7 .3  R e s u l t s

As shown in Figure 7.4, the position of the humeral head with respect to the 

glenoid fossa did not alter much throughout the range of motion. In fact, the centre of the 

humeral head stayed within an ellipse with radii of 0.93 mm, 1.90 mm and 3.32 mm. The 

large translation appeared to be in the medial-lateral direction. In addition, when 

comparing static and dynamic joint positions at 20° and 40° of glenohumeral joint 

abduction, very minimal differences were seen (Figure 7.5).

The mean error of rigid body fitting for RSA (Valstar et al., 2005) during active 

abduction for the chosen data points was 0.152 mm for the scapula and 0.116 mm for the 

humerus.

7 .4  D i s c u s s i o n

In agreement with the hypothesis, the humeral head position did not noticeably 

alter between static and dynamic positioning. The magnitudes of the translations in this
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Figure 7.4 H u m eral head centre position as a function o f  glenohum eral 
abduction  angle
(A) Medial-lateral, (B) superior-inferior and (C) anterior-posterior views of 
humeral head position plotted every 5° from 20° to 65° of unconstrained active 
glenohumeral abduction. (Images are of a model created from a clinical CT scan 
with points added in MIMICS.)
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F igure 7.5 C om parison o f  hum eral head centre position for static and  
d yn am ic jo in t positioning
Anterior-posterior (A & C) and medial-lateral (B & D) views of humeral head 
position is plotted at 20° (A & B) and 40° (C & D) of unconstrained static and 
dynamic glenohumeral abduction. (Images are of a model created from a clinical 
CT scan with points added in MIMICS.)
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preliminary data agree with the findings of Graichen et al. (2005), who used an open- 

magnetic resonance imaging system to examine glenohumeral joint kinematics in static 

positions and found translations to be on the order of 2 mm. These data also agree with 

the results obtained by Hallstrom and Karrholm (2006) who found medial-lateral 

translations of 1-2 mm during active abduction using beaded biplanar RSA of healthy 

subjects.

A major limitation to any clinical study employing beaded RSA is that pre- 

surgical data cannot be obtained. It is possible that in specific situations if a pre-surgical 

scope were required, beads could be implanted and kinematics could be examined 

following the reduction of any swelling and pain associated with the procedure, but these 

situations are rare. The effects of any post-surgical treatments may be monitored; 

however, initial baseline measurements will always be missing.

Clearly the use of a single subject is also a limitation of these preliminary data. 

However, this was a successful implementation of the fluoroscopic RSA system 

described in this thesis and serves as a basis for the completion of a larger study 

examining longitudinal kinematic changes following surgical repair of a rotator cuff tear.
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CHAPTER 8 -  G ENERAL DISCUSSION AND CONCLUSIONS

OVERVIEW: This chapter summarizes the findings o f this research, 

outlines its strengths and limitations, and lists several recommendations.

The potential future directions o f research in this area are addressed and 

the significance o f this work is highlighted.

8 .1  S u m m a r y

Radiostereometric analysis (RSA), while not a new technology, has been newly 

incorporated with fluoroscopy, to provide a tool for measuring dynamic kinematics with 

high precision and accuracy. The primary objective of this work was to develop and 

validate such a system. Benchmarks of kinematic quantification were outlined in Chapter

1. The individual components of the system were described in Chapter 2. The system 

consists of two 9 inch portable C-arm fluoroscopy units and two personal computers. 

Images are digitized using custom-written software that was created in MATLAB. 

Calibration of the RSA system is performed using a custom-made calibration frame. 

Image distortion is corrected using a global approach with a polynomial fit to the 

positions of a grid of stainless steel beads. Synchronization of the two fluoroscopy units 

is accomplished with a visual system and synchronization of the data from the RSA and 

optical motion analysis systems is achieved through a tertiary coordinate system. The 

calculations for the reconstruction of the locations of points in three dimensions are 

conducted using another custom-written MATLAB program.
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Validation of the RSA system was the subject of Chapter 3. The purpose was to 

quantify and compare the accuracy of traditional RSA, RSA using fluoroscopy (fRSA) 

and optical motion tracking. It was hypothesized that the differences between true 

translations and rotations and those measured with fRSA would be smaller than those 

measured with optical tracking, but greater than those measured using traditional RSA 

performed using digital radiography. Three phantoms, each consisting of three stainless 

steel spheres and three reflective markers were constructed. The phantoms were fixed to 

a precision cross-slide table and a precision rotation table. Translation and rotation were 

quantified. In translation, the difference scores between the dial-gauge and fRSA 

translations were not significantly different than those using traditional RSA, but were 

significantly lower than those using the optical system. In rotation, difference scores for 

both types of RSA were significantly lower than those of the optical system. Therefore, 

the hypothesis of this study held, and this study showed that images taken using 

fluoroscopy under ideal conditions can produce RSA reconstructions that are as accurate 

as those taken with digital radiography. In addition, this study demonstrated that the 

main plane of interest of a study should be positioned such that it lies at 45° to both 

fluoroscopy units in order to take advantage of increased accuracy.

Once the system was developed and validated, a novel calibration frame design 

was created and tested, as described in Chapter 4. It was hypothesized that a more 

accurate calibration would be obtained when the fiducial and control planes were parallel 

to each of the image intensifiers. The accuracy of RSA performed with non-orthogonally 

positioned imaging devices using an orthogonal calibration frame and a calibration frame 

with pairs of fiducial and control planes at relative angles of greater than 90° was
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quantified. While the calibration frame did not result in improved accuracies, the study 

showed that using the orthogonal calibration frame it was possible to calibrate the system 

with the fluoroscopes at any angle less than or equal to 135° with equivalent or better 

accuracy than that obtained with the fluoroscopes at right angles.

Distortion correction was the subject of Chapter 5. A range of global correction 

schemes, consisting of polynomials of various degrees were tested to determine which 

was most effective. Outcome measures were the fit of the chosen polynomial to the 

points on the distortion grid, the distances between the points of the grid in a second 

position, and the overall accuracy of the RSA reconstruction. RSA reconstruction 

accuracy was greatest for a polynomial of third order in the axis of correction and first 

order in the perpendicular axis, resulting in an average error of 150 ± 69 pm. In addition, 

this study showed that the choice of polynomial for distortion correction was not 

dependent on image intensifier orientation.

Recognizing that radiation exposure is a significant concern with the clinical 

implementation of this type of work, an alternative scapular coordinate system was 

introduced in Chapter 6 in an attempt to decrease the required computed tomography 

(CT) volume. In addition, the intra- and inter-investigator variabilities of landmark 

digitization were quantified. It was hypothesized that there would be variability in the 

ability to digitize landmarks repeatably, that an alternative scapular coordinate system 

could be defined, and that glenohumeral joint kinematics would not differ between the 

two systems. The CTs of eleven cadaveric scapulae were used to compare the new 

scapular coordinate system to the International Society of Biomechanics (ISB) standard. 

Correlation evaluations of the two matrices resulted in perfect scores. Models of the
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scapula and humerus were beaded and placed in fifteen different relative orientations. 

The resulting glenohumeral kinematics that resulted from using the new scapular 

coordinate system and the ISB standard were compared. Although the three kinematic 

angles obtained using the proposed alternative coordinate system were different from 

those obtained using the ISB standard, the correlation coefficients demonstrated excellent 

association between the two systems and the results were most likely not clinically 

significant, validating the hypothesis.

Finally, a clinical application of the system was implemented, examining humeral 

head translation during abduction of the glenohumeral joint, following surgery for 

rotation cuff repair. The preliminary data for one subject are presented in Chapter 7.

8 .2  S t r e n g t h s  a n d  L i m i t a t i o n s

The strengths and limitations of each of the individual studies have been 

mentioned in their respective chapters; however, as the primary goal of this thesis was to 

develop a new tool for kinematic analysis, there are some overall strengths and 

limitations of this body of work. The biggest limitation of this technique is that it is 

invasive. In order for the measurements to be obtained, x-rays and beads must be used. 

Radiation comes in the form of a CT scan and then as fluoroscopy images for kinematic 

data acquisition. Beads must be implanted during surgery. The second limitation to this 

approach is that all images are manually digitized in its current implementation. This 

places restrictions on how quickly results can be processed. Third, only bony structures 

are well enough defined in the images to be digitized. This technique cannot be used to 

examine soft tissue structures such as tendons or ligaments in-vivo.
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Some additional potential limitations of the described approach include the fact 

that the capture volume is quite small, limiting the visible region. Also, the maximum 

capture rate of the fluoroscopy units limits the speed of motions that may be performed, 

as blurring can occur if motions are performed too quickly. Furthermore, a bi-planar 

RSA set-up may limit the range of motion of the subjects.

The program that was written to digitize the implanted beads can have difficulties 

with points that are positioned too closely together, especially if the contrast of one point 

is significantly different from the other. Using the zooming feature of this program can 

alleviate this problem to some extent; however, if there are additional metal implants 

such as joint replacements or excessive hardware in the field of view, the beads may be 

completely obscured.

The major strength of this research is that by combining fluoroscopy with RSA 

the system can be used in dynamic situations that a conventional stereographic system 

cannot. When compared with kinematic examination using a CT scan or plane x-rays, 

the radiation dose is decreased. As the fluoroscopy units are not enclosed, the full ROM 

may be examined, which is not the case with a magnetic resonance imaging examination. 

And perhaps most beneficially, when compared to optical or electromagnetic surface 

marker systems, fluoroscopy has the advantage that the internal osseous structures can be 

seen and skin motion artefact is eliminated.

8 .3  R e c o m m e n d a t i o n s  a n d  F u t u r e  D i r e c t i o n s

At this point, following design, validation and preliminary use of the WOQIL 

fluoroscopic RSA system, several recommendations can be made. They may be grouped

as follows:
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1. Equipment

a. The acquisition of fluoroscopes with larger image intensifies would increase 

the field of view of each fluoroscope and therefore also greatly improve the 

capture volume of the RSA system. This would increase the range of motion 

over which kinematics may be analyzed, and potentially increase the number 

of joints that may be examined simultaneously, especially in a segment such 

as the hand, foot or spine.

b. Flat-panel detectors would aid improving the accuracy of this approach as 

these IIs do not suffer from pin-cushion distortion (Yaffe and Rowlands, 

1997; Seibert, 2006; Davies et al., 2007). In addition, flat-panel detectors 

have a more uniform response across the field of view and decreased detector 

bulkiness, which allows for better patient access (Yaffe and Rowlands, 1997; 

Seibert, 2006). That said, it has been shown that image quality does not 

necessarily improve with the use of flat-panel detectors (Davies et al., 2007); 

however, this may be a function of operator experience and training on the 

new systems (Seibert, 2006).

c. The incorporation of pulsed fluoroscopy would allow a shorter exposure time 

per image frame, resulting in reduced blurring of the images. It would also 

provide the option for a greater radiation dose per image frame while 

maintaining an equivalent total dose for the examination, as the radiation 

would not be administered continuously. This would result in clearer images.

2. RSA program
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a. An in-house program should be written for distortion correction. At the 

moment an external, web-based program (located at zimzun.com) is used to fit 

a polynomial function to the points from the distortion grid and provide the 

coefficients for that polynomial.

b. An image dewarping function could be incorporated as an alternative to 

polynomial fitting to provide distortion correction. This would also alleviate 

the need to rely on an external program.

c. The RSA program should be made more user-friendly for those users who 

may not be comfortable with MATLAB. The program could be given a 

graphical user interface and much of the individual steps could be 

incorporated into a single program from the user’s perspective.

d. An automated bead detection scheme (Cho and Johnson, 1998) should be 

added so that all points do not need to be manually digitized. The 

implementation of such a scheme is very feasible and likely would not require 

a large amount of additional coding; however, it would require validation.

e. The use of a solidification procedure should be investigated, similar to the one 

introduced by Cheze et al. (1995) for minimizing the effects of skin motion 

artefact. This will improve the results of RSA by alleviating the effects of any 

digitization errors in clinical images.

The establishment of this facility provides a seemingly endless list of possible 

future work, not the least of which is the innumerable surgical follow-up studies that 

could be accomplished. In the short term, there are several studies that have begun and 

will continue following the completion of this body of work.
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Examination of the rigid body assumption is the first of these studies. Kinematic 

measurements are usually based on the assumption that bones are rigid bodies and are 

therefore non-deformable. A rigid body is “a system of mass-points subject to the 

constraints that the distances between all pairs of points remain constant throughout the 

motion” (Selvik, 1989). The advantage to the rigid body assumption is that fewer 

measurements are required to determine the location and orientation of a bone. This is 

especially relevant to the scapula since it is so thin and under significant dynamic 

loading. Thus far, no study has challenged the assumption that bones may be considered 

as rigid bodies. Due to the complicated osseous structure of the scapula and its many 

large muscle attachment sites, and compounded by the fact that the exact forces applied 

by the muscles are unknown, this problem cannot be successfully addressed through 

computational models.

The quantification of skin motion artefact, specifically in the shoulder, is another 

area in which this system would be particularly useful. Similar to studies by Stagni et 

al. (2005) and Garling et al. (2007) that examined skin motion artefact in the knee, a 

greater understanding of the errors involved in the use of skin markers will enable the 

results to be better interpreted.

Perhaps most importantly, this work provides a basis for “markerless” RSA. 

Increasingly the goal is to obtain accurate kinematics without interference with the 

subject. “Markerless” RSA decreases the ethical concerns associated with this work, 

removes the requirement of bead implantation during surgery, and allows the study of 

“normal” subjects. By matching the projections of 3D computer-aided design (CAD) 

models to the images captured by the fluoroscopes, the orientation of the object of
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interest may be determined in six degrees of freedom (Valstar et al., 2001; Kaptein et al., 

2004). This has been done with CAD models of implants in the knee (Banks and Hodge, 

1996; Hoff et al., 1998; Dennis et al., 2003; Fantozzi et al., 2003; Yamazaki et al., 2004; 

Mahfouz et al., 2005) and ankle (Komistek et al., 2000), as well as the native knee joint 

(Asano et al., 2001; Komistek et al., 2003; Li et al., 2004; Li et al., 2005; Anderst et al., 

2009), ankle joint (de Asia et al., 2006), and shoulder (Bey et al., 2008; Nishinaka et al., 

2008). The work in this thesis has allowed for the expedited development and validation 

of a “markerless” RSA system at the WOQIL (Allen, 2009).

8 .4  S i g n i f i c a n c e

In conclusion, this work provides the basis for a plethora of potential clinical 

studies. The ability to examine subjects while in motion with comparable accuracy to 

that obtained using conventional RSA techniques should enable substantial 

improvements to the study of even subtle in-vivo kinematics. When joints are in motion, 

the inertias of body segments come into play, thereby allowing more realistic study of the 

activities of daily living. In addition, this work has shown that RSA need not be 

performed with orthogonal imaging devices, allowing greater freedom in positioning the 

equipment and obtaining more desirable x-ray views. And finally, an alternative scapular 

coordinate system has been introduced that will benefit subjects in shoulder studies by 

decreasing the radiation required for the creation of bone-based coordinate systems. It is 

hoped that the system described herein will enable kinematic variables to be quantified in 

a way that they have not been before at the WOQIL, leading to an increased 

understanding of the effects of disease progression, surgical techniques and rehabilitation 

protocols.
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A p p e n d ix  A  -  In d e x  o f  t e r m s

This appendix contains definitions for some o f the terminology used 

throughout this thesis and is provided to assist the lay reader (except 

where noted all definitions are taken from Dorland’s Pocket Medical 

Dictionary, WB Saunders Company, Philadelphia, © 1995).

Aberration: A defect in the image formed by a lens or curved mirror.6
Abduct: To draw away from the median plane, specifically, in the plane of the scapula.
Adduct: To draw towards the median plane, specifically, in the plane of the scapula.
Acromion: The lateral extension of the spine of the scapula, forming the highest point of 

the shoulder.
Acromioclavicular: Pertaining to the acromion and the clavicle.
Anatomical landmark: A point, or effectively small area, reliably identifiable within a 

biological structure (bone).7
Anterior: Situated at or directed toward the front; opposite of posterior.
Anthropometry: The science dealing with the measurement of the size, weight, and 

proportions of the human body. Anthropometric, adj.
Arthroplasty: Plastic repair of a joint.
Articulation: A joint; the place of union or junction between two or more bones of the 

skeleton.
Astigmatism: A lens defect in which when rays in one plane are in focus those in 

another plane are not.8
Asymptomatic: Not showing any symptoms of disease, whether disease is present or 

not.9
Axiohumeral: Pertaining to the thoracic cage and the humerus.
Axioscapular: Pertaining to the thoracic cage and the scapula.
Cadaveric: Pertaining to a human body preserved for anatomical study.
Caudal: Pertaining to the inferior end of the body.

6 Daintith, J. (Ed.) (2009) A  D ic t i o n a r y  o f  P h y s ic s , Oxford University Press, Oxford. O x f o r d  R e fe r e n c e  

O n lin e . Oxford University Press.
7 Cappozzo, A., Catani, F., Leardini, A., Benedetti, M.G., and Croce, U.D. (1996) Position and orientation 

in space o f bones during movement: experimental artefacts. C lin . B io m e c h . 11 [2], 90-100.
8 Daintith, 2009
9 Martin, E.A. (Ed.) (2007) C o n c is e  M e d i c a l  D ic t io n a r y , Oxford University Press, New York. O x fo r d  
R e fe r e n c e  O n lin e . Oxford University Press.
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Clavicle: Elongated slender, curved bone (collar bone) lying horizontally at the root of 
the neck, in upper part of thorax.

Coma: The optical aberration produced when an image received on a screen that is not 
exactly at right angles to the line of propagation of the incident light.

Computed tomography: An imaging method in which a cross-sectional image of the 
structures in a body plane is reconstructed by a computer program from the x-ray 
absorption of beams projected through the body in the image plane.

Connective tissue: The tissue that supports, binds or separates more specialized tissues 
and organs or functions as a packing tissue of the body.10 11

Control marks: Points on the control plane used for determining the focal point of the 
x-ray units.11

Coracoid process: A beaklike process that curves upwards and forwards from the top of 
the scapula, over the shoulder joint.12

Coronary angiography: An x-ray technique for examination of the coronary arteries, 
often taken to also include examination of the chambers of the heart.13

Deltoid: A thick triangular muscle that covers the shoulder joint.14
Diaphysis: The shaft of a long bone, between the expanded articular ends of a long 

bone.
Digital radiography: A technique in which x-ray absorption is quantified by assignment 

of a number to the amount of x-rays reaching the detector; the information is 
manipulated by a computer to produce an optimal image.

Distal: Remote, farther from any point of reference.
Dorsal: Pertaining to the back.
Epicondyle: A projection or boss upon a bone, above its condyle.
Extension: The movement by which the two ends of any jointed part are drawn away 

from each other.
External rotation: Rotation about the longitudinal axis of the humerus laterally.
Extra-osseous: Situated or occurring outside bone.
Femur: Long bone of the thigh.
Fibula: Long bone on the lateral side of the lower leg.
Fiducial marks: Points on the fiducial plane used for determining the relation between 

the film and the lab.15

10 Martin, 2007
11 Selvik, G. (1989) Roentgen stereophotogrammetry. A method for the study o f the kinematics of the 

skeletal system. A c ta  O rthop. Scand. Suppl. 232, 1-51.
12 Martin, 2007
13 Martin, 2007
14 Martin, 2007
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Flexion: Elevation in the sagittal plane of the body.
Fluoroscope: An instrument for visual observation of the form and motion of the deep 

structures of the body by means of x-ray shadows projected on a fluorescent 
screen.

Fluoroscopy: Examination by means of the fluoroscope.
Fossa: In anatomy, a hollow or depressed area. (pi. fossae)
Frontal plane: A longitudinal plane that divides the body into front and back sections.
Frozen shoulder: Also referred to as adhesive capsulitis. A clinical condition of limited 

shoulder movement that appears to result from an inflammatory process, which 
changes the compliance of the joint capsule connective tissues.15 16

Glenohumeral: Pertaining to the glenoid and humerus.
Glenoid: Resembling a pit or socket.
Goniometer: An instrument for measuring angles.

Humerus: Long bone of upper arm.
Inferior: Situated below, or directed downward; in anatomy, used in reference to the 

lower surface of a structure, or to the lower of two (or more) similar structures.
Infraspinatus: Muscle situated beneath the spine of the scapula that rotates the arm 

laterally.
Internal rotation: Rotation about the longitudinal axis of the humerus medially.
In-vitro: In an artificial environment.
In-vivo: Within the living body.
Isometric: Maintaining, or pertaining to, the same measure of length.
Joint capsule: The saclike envelope enclosing the cavity of a synovial joint.
Kinematics: The study of movement, independent of forces that cause that movement.17
Kinetics: The study of the forces that cause movement.18
Lateral: Denoting a position farther from the median plane or midline of the body or a 

structure.
Ligament: A band of fibrous tissue connecting bones or cartilages, serving to support 

and strengthen joints.

15 Selvik, 1989
16 Porterfield, J.A. and DeRosa, C. (2004) Articulations o f the shoulder girdle. In: M e c h a n ic a l  s h o u ld e r  
d is o r d e r s . Saunders, St. Louis, Missouri, pp. 91-128.
17 Winter, D.A. (2005) Biomechanics as an interdiscipline. In: B io m e c h a n ic s  a n d  m o to r  c o n tr o l  o f  h u m a n  
m o v e m e n t. John Wiley & Sons, Hoboken, New Jersey, pp. 1-12.
18 Winter, 2005
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Magnetic resonance imaging: An imaging method in which a three-dimensional image 
of the structures of a body is reconstructed by a computer program from the 
micromagnetic properties of the corresponding tissues.

Medial: Situated toward the midline of the body or a structure.
Muscle: An organ which by contraction produces movement of an animal organism.
Nuclear magnetic resonance: The absorption and emission of high-frequency radio 

waves by the nuclei of certain elements when placed in a strong magnetic field. 
The strongest signal is obtained from hydrogen atoms, which are abundant in the 
water and organic molecules in the body. In clinical use for magnetic resonance 
imaging, the signal is highly dependent on the concentration and mobility of 
water molecules within each tissue.19

Orthopaedics: That branch of surgery dealing with the preservation and restoration of 
the function of the skeletal system, its articulations, and associated structures.

Palpate: Feel with the hand.
Pathology: The structural and functional manifestations of disease.
Percutaneous: Performed through the skin.
Phantom: A device for simulating the in-vivo effect of radiation on tissues.
Photocathode: A cathode that emits electrons when light falls upon it, as a result of the 

photoelectric effect.20
Photogrammetry: The science of measuring in photos.21
Posterior: Directed towards, or situated at the back; opposite of anterior.
Process: A prominence or projection, as from a bone.
Proximal: Nearest to the point of reference, as to a centre or median line or to the point 

of attachment or origin.
Radiography: The making of film records (radiographs) of internal structures of the 

body by passing x-rays or gamma rays through the body to act on specially 
sensitized film.

Radio-opaque: Obstructing the passage of radiant energy, such as x-rays, the
representative areas appearing light or white on the exposed film.

Radiostereometric Analysis: A technique to obtain accurate three-dimensional 
measurements from radiographs.22 Synonyms: radiostereometry, roentgen 
stereophotogrammetric analysis.

Radiostereometry: See Radiostereometric Analysis.

19 Martin, 2007
20 Daintith, 2009
21 Linder, W. (2009) Introduction. In: D ig ita l Photogram m etry: A P ra c tica l Course. Springer Berlin 
Heidelberg, Berlin, Heidelberg, pp. 1-17.
22 Karrholm, J. (1989) Roentgen stereophotogrammetry. Review o f orthopedic applications. A cta  Orthop. 
Scand. 60[4], 491-503.
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Radius: Long bone on the lateral side of the forearm.
Roentgenography: Radiography.
Roentgenstereophotogrammetry: See Radiostereometric Analysis.
Rotator cuff: Group of muscle surrounding the glenohumeral joint, consisting of the 

supraspinatus, subscapularis, infraspinatus and teres minor muscles.
RSA: See Radiostereometric Analysis.
Sagittal plane: A longitudinal plane that divides the body into left and right segments.
Scapula: Wide, thin, triangular bone (shoulder blade) opposite second to seventh ribs in 

upper part of back.
Scapulohumeral: Pertaining to the scapula and humerus.
Scapulothoracic: Pertaining to the scapula and thorax.
Spherical aberration: A defect in the image formed by a lens or curved mirror where 

the rays from the object come to a focus in slightly different positions as a result 
of the curvature of the lens or mirror.23

Sternoclavicular: Pertaining to the sternum and the clavicle.
Sternum: Elongated flat bone, forming anterior wall of chest.
Stereoscope: An instrument for producing the appearance of solidity and relief by 

combining the images of two similar pictures of an object.
Stochastic process: Any process in which there is a random element.24
Subacromial: Below the acromion.
Subcutaneous: Beneath the skin.
Subscapularis: Muscle which rotates the arm medially.
Superior: Situated above, or directed upward.
Supine: Lying with the face upward, or on the dorsal surface.
Supraspinatus: Muscle which abducts the arm.
Synovial joint: An articulation permitting more or less free motion, the union of the 

bony elements being surrounded by an articular capsule enclosing a cavity lined 
by synovial membrane.

Technical marker: A marker positioned in a location which has no anatomical 
relevance.25

Tendon: A fibrous cord of connective tissue continuous with the fibres of a muscle and 
attaching the muscle to bone or cartilage.

23 Daintith, 2009
24 Daintith, 2009
25 Cappozzo e t al., 1996
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Third body wear: Wear of a joint surface by hard particles drawn into the contact 
area.26

Thorax: The chest.
Transverse: Extending from side to side; at right angles to the long axis.
Transverse plane: Horizontal plane passing through the body at right angles to the 

frontal and sagittal planes, dividing the body into superior and inferior segments.

Tuberosity: An elevation or protuberance.
Ulna: Long bone on the medial side of the forearm.

26 Walker, P.S. (2005) Biomechanics o f total knee replacement designs. In: Mow, V.C. and Huiskes, R. 
(Eds.), B asic  o rth o p a ed ic  b iom echanics an d  m echano-biology. Lippincott Williams & Wilkins, 
Philadelphia, pp. 657-702.
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A p p e n d ix  B -  M IM ICS D ig it iz a t io n  In f o r m a t io n

This appendix describes how to open the files generated by a CT scan in 

MIMICS, create models o f the bones and digitize the locations o f any 

implanted beads and bony landmarks.

B .l  Im p o r t in g  t h e  S c a n

1. Open MIMICS. You will need to use the Mimics MedCAD module, so when asked 

if you want to use it select “Yes”.

2. Select File —> Import Images... and highlight the drive where the files from the scan 

are saved (Figure B.l).

3. Select the scan you wish to import and then press “Next» ”.

4. You will be asked to “check the studies to convert”. Delete the check marks from the 

studies you do not wish to use. Press “Convert”.

5. Once the selected study has converted there will be a green check-mark beside it. 

Press “Open”.

6. The “Change of orientation” window (Figure B.2) will then pop up and you will be 

asked to specify the orientation of the objects in your scan. The Xs indicate 

unspecified directions. Any of the directions may be changed, but at the very least 

the Xs must be changed to the appropriate choice of Anterior, Posterior, Top, Bottom, 

Left or Right. If you are unsure of the orientation, you can scroll through the images 

in any of the panes using the scroll wheel on your mouse. The images are slices 

through orthogonal planes of the objects. The orientation that you choose will depend 

upon how the objects were aligned within the CT scanner.

7. When you are satisfied with the orientation and all the Xs are gone (Figure B.3) select



Change orientation

Right-click on an orientation character to change it. Complete the orientation before continuing.

i......OK I Cancel

Figure B.2 O rientation  w indow  in M IM C S
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“ O K ” .

8 .  A t  t h is  p o i n t  y o u  m a y  w is h  to  s a v e  t h e  C T  s c a n  a s  a  n e w  M i m i c s  p r o je c t  f i l e  ( .m c s ) .

B.2 Creating Models of the Bones

1 . T o  c r e a t e  s o l id  m o d e ls  o f  t h e  b o n e s  a  m a s k  n e e d s  t o  b e  c r e a t e d  o f  th e  b o n y  a r e a s .

T h i s  is  d o n e  b y  a  p r o c e s s  k n o w n  a s  t h r e s h o ld in g ,  w h i c h  s e p a r a t e s  m a t e r ia ls  b a s e d

u p o n  t h e i r  d e n s i t ie s .  T o  c r e a t e  a  n e w  m a s k :

a . S e le c t  t h e  “ N e w ”  i c o n  0  f r o m  u n d e r  th e  M a s k s  t a b  a t  t h e  t o p  r i g h t  o f  th e  s c r e e n .

b . T h e  t h r e s h o l d i n g  w i n d o w  ( F ig u r e  B . 4 )  w i l l  p o p  u p .  T h e  u p p e r  a n d  l o w e r  

t h r e s h o l d i n g  l i m i t s  m a y  b e  a l t e r e d  b y  m o v i n g  t h e  s l i d i n g  b a r s ,  a n d  p r e d e f in e d  

s e t t in g s  m a y  b e  c h o s e n  f r o m  th e  d r o p - d o w n  b o x .  T h e  g o a l  is  to  s e le c t  u p p e r  a n d  

l o w e r  l i m i t s  s o  t h a t  o n l y  b o n e  is  c o lo u r e d .  S o f t  t is s u e  a n d  t h e  t a b le  b e l o w  s h o u ld  

n o t  b e  c o l o u r e d .  S o m e  p o s t - t h r e s h o ld in g  e d i t in g  m a y  b e  r e q u i r e d .  W h e n  y o u  a r e  

s a t is f ie d  w i t h  y o u r  s e le c t io n ,  p re s s  “ A p p l y ” . T h e  n e w l y  c r e a t e d  m a s k  w i l l  b e  

s h o w n  in  c o l o u r  ( F i g u r e  B . 5 ) .

c . I f  t h e  b o n e s  a r e  n o t  t h e  o n l y  a r e a s  t h a t  w e r e  s e le c t e d ,  t h e  m a s k  m a y  b e  e d i t e d  

u s in g  t h e  “ R e g i o n  G r o w i n g ”  $ $  o r  “ M u l t i p l e  S l ic e  E d i t ”  &  t o o ls .  T h e s e  t o o ls  

m a y  b e  f o u n d  o n  t h e  t o o l b a r  a t  th e  to p  o f  t h e  s c r e e n  o r  in  th e  d r o p - d o w n  m e n u

a c c e s s e d  b y  t h e  a r r o w  * *  a t  th e  b o t t o m  o f  t h e  M a s k s  t a b .  F o r  e x a m p l e  i f  th e  

o r i g i n a l  m a s k  l o o k s  l i k e  t h e  o n e  in  F ig u r e  B . 5  a n d  t h e  r e g io n  g r o w i n g  t o o l  is  u s e d ,  

b y  c l i c k i n g  o n  t h e  s e g m e n t s  o f  b o n e  in  th e  t o p  r i g h t  v i e w i n g  p a n e ,  a  s e c o n d  m a s k ,  

s h o w n  in  F i g u r e  B . 6  is  c r e a t e d  t h a t  m u c h  m o r e  c l o s e ly  m a t c h e s  j u s t  th e  b o n e s .
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Change orientation

Current orientation: RAB

■. I
i N

[̂1
Right-dick on an orientation character to change it.

OK 1 Cancel Help

Figure B.3 O rientation  com plete

F igure B.4 T hreshold ing  w indow  in M IM IC S
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F igure B.5 N ew ly created m ask

F igure B.6 M ask  im proved by “Region G row ing”
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2 .  E a c h  b o n e  m a y  b e  s e p a r a t e d  f r o m  t h e  o v e r a l l  m a s k  b y  a g a in  u s in g  th e  “ R e g io n  

G r o w i n g ”  ®  t o o l .

3 .  F r o m  t h e  m a s k s ,  3 D  m o d e ls  m a y  b e  c r e a t e d  o f  o n e  o r  m o r e  o f  t h e  b o n e s  u s in g  th e

“ C a lc u l a t e  3 D ”  t o o l  ®  . T h e s e  w i l l  a p p e a r  in  t h e  3 D  v i e w  ( F i g u r e  B . 7 ) .

4 .  I f  t h e  m o d e l s  a r e  v e r y  n o is y ,  t h e  m a s k s  m a y  b e  a l t e r e d  f u r t h e r  u s in g  “ M u l t i p l e  S l ic e  

E d i t ” , “ B o o le a n  O p e r a t i o n s ” , a n d  “ C a v i t y  F i l l ” . T h e  3 D  m o d e ls  m a y  t h e n  b e  

r e c r e a t e d .

B.3 Locating Beads

1. T o  d e t e r m i n e  t h e  l o c a t io n s  o f  a n y  im p la n t e d  b e a d s  a  n e w  m a s k  n e e d s  to  b e  c r e a te d  

u s in g  t h r e s h o l d i n g .

a . A g a i n ,  s e le c t  t h e  “ N e w ”  ic o n  Q  f r o m  u n d e r  t h e  M a s k s  t a b  a t  th e  t o p  r ig h t  o f  th e  

s c r e e n  a n d  t h e  t h r e s h o l d i n g  w i n d o w  ( F ig u r e  B . 4 )  w i l l  p o p  u p .

b . M a k e  t h e  m i n i m u m  a n d  m a x i m u m  v a lu e s  f o r  t h r e s h o l d i n g  3 0 7 1  a n d  p re s s  

“ A p p l y ” .

c . A l l  b e a d s  a n d  a n y  h a r d w a r e  ( s c r e w s ,  n a i ls ,  p la t e s ,  i m p la n t s )  t h a t  w a s  im p la n t e d  

d u r in g  s u r g e r y  w i l l  b e  s e le c t e d .

2 .  T h e  o u t l i n e  o f  t h e  b e a d s  n e e d s  to  b e  c r e a te d .  T h i s  is  d o n e  u s in g  th e  “ C a lc u la t e  

P o l y l i n e s ”  t o o l  « 5 .

a . P i c k  t h e  m a s k  u p o n  w h i c h  th e  p o l y l i n e s  s h o u ld  b e  b a s e d  a n d  c l i c k  “ O K ” ,

b . T h e  p o l y l i n e s  w i l l  a p p e a r  in  th e  3 D  v i e w  a n d  in  t h e  a x ia l  v i e w  ( F i g u r e  B . 8 ) .

3 .  T h e  p o l y l i n e s  o f  e a c h  b e a d  m u c h  t h e n  b e  s e p a r a t e d  f r o m  t h e  g r o u p .  T h i s  is  d o n e

u s in g  t h e  “ P o l y l i n e  G r o w i n g ”  t o o l  ^ , lo c a t e d  u n d e r  t h e  P o ly l i n e s  ta b .



Figure B.7 3D  m odels o f  the scapula , proxim al hum erus and clavicle

F igure B.8 Polylines o f  beads and hardw are im planted during surgery
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a . T o  s e le c t  t h e  p o l y l i n e s  o f  a  s in g le  b e a d  a n d  m o v e  t h e m  to  t h e i r  o w n  s e t ,  c l i c k  o n  

o n e  o f  t h e  c o n t o u r s  in  t h e  a x ia l  s l ic e s .

b . C o n t in u e  t r a n s f e r r i n g  p o l y l i n e s  f r o m  “ S e t  1 ”  to  “ N e w  S e t ”  u n t i l  th e  c o n t o u r s  o f  

a l l  t h e  b e a d s  a r e  c o n t a i n e d  in  t h e i r  o w n  s e ts .

c . D e l e t e  t h e  c o n t o u r s  o f  a n y  h a r d w a r e  a n d  a n y  b e a d  t h a t  is  o b v io u s l y  n o t  a n c h o r e d  

i n  b o n e .

4 .  F i t  a  s p h e r e  t o  t h e  p o l y l i n e s  o f  e a c h  b e a d  u s in g  t h e  “ F i t  S p h e r e ”  c o m m a n d ,  w h i c h  is

lo c a t e d  in  t h e  d r o p - d o w n  m e n u  a c c e s s e d  b y  t h e  a r r o w  *  a t  t h e  b o t t o m  o f  th e  

P o ly l i n e s  t a b .

5 .  T h e  s p h e r e s  w i l l  b e  l i s t e d  u n d e r  t h e  C A D  O b je c t s  t a b  a n d  m a y  b e  r e - n a m e d  th e r e  a s  

r e q u i r e d .  V i e w i n g  t h e  m o d e ls  o f  t h e  b o n e s  m a y  h e lp  i d e n t i f y  w h e r e  e a c h  b e a d  is  

l o c a t e d  ( F i g u r e  B . 9 ) .

6 .  T h e  lo c a t io n s  o f  t h e  b e a d s  w i t h i n  t h e  M I M C S  c o o r d in a t e  s y s t e m  m a y  b e  e x p o r t e d  in  a  

s in g le  t e x t  f i l e  u s in g  t h e  “ E x p o r t  t x t . . . ”  c o m m a n d  lo c a t e d  in  th e  d r o p - d o w n  m e n u

a c c e s s e d  b y  t h e  a r r o w  ^  a t  th e  b o t t o m  o f  t h e  C A D  O b je c t s  ta b .  T h e  lo c a t io n s  o f  

i n d i v i d u a l  b e a d s  m a y  a ls o  b e  v i e w e d  u s in g  “ P r o p e r t i e s ”  b u t t o n  3  .

B.4 Digitizing Points

1. T h e  l o c a t io n s  o f  b o n y  l a n d m a r k s  o r  o t h e r  p o in t s  o f  i n t e r e s t  a r e  s e le c t e d  u s in g  th e  

“ P o in t ”  c o m m a n d ,  w h i c h  m a y  b e  f o u n d  in  t h e  M e d C A D  m e n u .  S e le c t  P o in t  —> 

D r a w .

2 .  P o in t s  m a y  b e  a d d e d  in  a n y  o f  th e  o r t h o g o n a l  v i e w s  o r  t h e  3 D  v i e w  s i m p l y  b y

c l i c k i n g  t h e  d e s i r e d  l o c a t io n .
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Figure B.9 B eads in the scapula, proxim al hum erus and clavicle
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3 .  T h e  n e w  p o i n t  w i l l  a p p e a r  in  th e  C A D  O b je c t s  t a b  w h e r e  i t  m a y  b e  r e n a m e d  as  

a p p r o p r ia t e .

4 .  T h e  l o c a t io n s  o f  p o in t s  m a y  b e  a d ju s t e d  in  th e  o r t h o g o n a l  v i e w s  o r  t h e  3 D  v i e w  b y  

c l i c k i n g  a n d  d r a g g in g  t o  a  n e w  lo c a t io n .  I f  th e  lo c a t i o n  m a y  b e  c h a n g e d  w i t h i n  a  

p a r t i c u l a r  v i e w ,  a  s m a l l  w h i t e  c i r c le  w i l l  a p p e a r  n e x t  t o  t h e  c u r s o r  w h e n  i t  is  f lo a t e d  

o v e r  t h e  p o in t .

5 .  T h e  c o o r d in a t e s  o f  p o in t s  m a y  b e  e x p o r t e d  in  th e  s a m e  w a y  a s  t h e  c o o r d in a t e s  o f  th e  

b e a d s  ( s e e  S e c t io n  B . 3 ,  S t e p  6 ) .

B.5 Determining the Centre of the Humeral Head

1. T o  d e t e r m i n e  t h e  c e n t r e  o f  t h e  h u m e r a l  h e a d  a  s p h e r e  f i t  o f  t h e  a r t i c u l a r  s u r f a c e  is  

u s e d .  T o  a c c o m p l is h  t h is ,  a  n e w  m a s k  is  a g a in  c r e a t e d .

a . A n y  m i n i m u m  a n d  m a x i m u m  t h r e s h o ld in g  v a lu e s  m a y  b e  s e le c t e d .

b . T h e  c o n t e n t s  o f  t h e  n e w l y  c r e a t e d  m a s k  a r e  t h e n  e r a s e d  u s in g  t h e  “ C l e a r  M a s k ”  

t o o l  @ .

c . N e w  c o n t e n t s  f o r  t h e  m a s k  a r e  m a n u a l l y  a d d e d  u s in g  t h e  “ M u l t i p l e  S l ic e  E d i t "  

t o o l .

d . W i t h i n  e a c h  s l i c e  t h a t  c o n t a in s  t h e  a r t i c u l a r  s u r f a c e  o f  t h e  h u m e r a l  h e a d ,  s ta m p  a  

c i r c l e ,  u s in g  t h e  c i r c l e  t o o l  f r o m  th e  d r o p - d o w n  b o x  o n  t h e  l e f t ,  s u c h  t h a t  th e  

r a d iu s  a n d  p o s i t i o n  o f  t h e  c i r c l e  m a t c h  t h a t  o f  t h e  a r t i c u l a r  s u r f a c e  ( F ig u r e  B . 1 0 ) .

2 .  C r e a t e  p o l y l i n e s  f r o m  t h e  m a s k  u s in g  th e  “ C a lc u l a t e  P o l y l i n e s ”  t o o l  *= *  a s  w a s  

d e s c r ib e d  in  S e c t io n  B . 3 ,  S t e p  2 .

3 .  F i t  a  s p h e r e  to  t h e  p o l y l i n e s  o f  t h e  h u m e r a l  h e a d  u s in g  t h e  “ F i t  S p h e r e ”  c o m m a n d ,
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Figure B .10 C reating  a custom  m ask for the hum eral head
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w h i c h  is  lo c a t e d  in  t h e  d r o p - d o w n  m e n u  a c c e s s e d  b y  t h e  a r r o w  ®  a t  t h e  b o t t o m  o f  

th e  P o l y l i n e s  t a b .  T h e  s p h e r e  w i l l  b e  l is t e d  u n d e r  t h e  C A D  O b je c t s  t a b .

4 .  I f  t h e  m a s k  w a s  c r e a t e d  c a r e f u l l y  a  g o o d  m a t c h  b e t w e e n  t h e  h u m e r a l  h e a d  a r t ic u la r  

s u r f a c e  a n d  t h e  s p h e r e  s h o u ld  b e  o b t a in e d  ( F ig u r e  B . l  1 ) .

5 .  T h e  c o o r d in a t e s  o f  h u m e r a l  h e a d  m a y  b e  e x p o r t e d  in  t h e  s a m e  w a y  a s  th e  c o o r d in a t e s  

o f  a n y  b e a d s  ( s e e  S e c t io n  B . 3 ,  S te p  6 ) .



192



193

Appendix C -  Brief User’s Manual for the Fluoroscopes

T h i s  a p p e n d i x  b r i e f l y  o u t l i n e s  t h e  c o m p o n e n t s  o f  t h e  f l u o r o s c o p y  u n i t s  a n d  

s u m m a r i z e s  h o w  t o  o p e r a t e  t h e m  a t  a  b a s i c  l e v e l .

C.l Switching on the Fluoroscopes

T h e r e  a r e  t w o  s te p s  to  s t a r t in g  th e  f lu o r o s c o p e s .  F i r s t  t h e y  m u s t  b e  u n lo c k e d  

u s in g  t h e  k e y s ,  w h i c h  a r e  in s e r t e d  in t o  th e  s id e  o f  t h e  t o w e r s  a n d  t u r n e d .  T h e  u n i t s  m a y

b e  s w i t c h e d  o n  u s in g  t h e  ^ 9  b u t t o n s  o n  th e  c o n t r o l  p a n e l  o f  t h e  t o w e r .

C.2 Moving the Fluoroscopes

T h e  b r a k e s  m u s t  b e  r e le a s e d  b e f o r e  th e  f lu o r o s c o p e s  c a n  b e  m o v e d .  T o  r e le a s e  

t h e  b r a k e s ,  s te p  o n  t h e  l e v e r  a b o v e  o n e  o f  th e  t w o  w h e e ls  o n  e i t h e r  s id e  ( F ig u r e  C . l ) .  

W h e n  t h e  l e v e r s  a r e  h o r i z o n t a l  t h e  b r a k e s  a r e  o f f .  W h e n  t h e  le v e r s  a r e  t i l t e d  e i t h e r  

f o r w a r d  o r  b a c k w a r d  t h e  b r a k e s  a r e  o n .  T h e  f lu o r o s c o p e s  m a y  b e  m o v e d  a lo n g  a  s t r a ig h t  

l i n e ,  a s  d ic t a t e d  b y  t h e  a l i g n m e n t  o f  t h e  w h e e ls ,  o r  p iv o t e d ,  w h e n  t h e  w h e e ls  a r e  c e n t r a l l y  

a l ig n e d .  T h e  w h e e l s  o f  t h e  f lu o r o s c o p e s  c a n  b e  t u r n e d  u s in g  t h e  h a n d le  ( F ig u r e  C . l ) .  

P u l l  th e  h a n d le  u p  to  t u r n  t h e  w h e e ls  a n d  p u s h  i t  d o w n  in  t h e  c e n t r e  p o s i t io n  to  p iv o t  th e  

f lu o r o s c o p e s .

T h e  C - a r m s  m a y  b e  r a is e d  a n d  l o w e r e d  u s in g  t h e  a r r o w  k e y s  a t  e i t h e r  s id e  o f  th e  

c o n t r o l  p a n e l  o n  t h e  f lu o r o s c o p y  u n i t s  ( F i g u r e  C . 2 ) .  S h o u ld  t h e  t o w e r  n o t  r e s p o n d  to  th e  

a r r o w  k e y s ,  e n s u r e  t h a t  t h e  “ S t o p ”  b u t t o n  h a s  n o t  b e e n  a c t iv a t e d .  T h e  “ S t o p ”  b u t t o n  m a y  

b e  f o u n d  o n  f r o n t  o f  t h e  b a s e  o f  t h e  u n i t ,  a t  a b o u t  k n e e - l e v e l .  I t  m a y  b e  r e le a s e d  b y  

t u r n in g  i t ,  a l l o w i n g  i t  to  p o p  o u t .  E a c h  C - a r m  m a y  b e  f u r t h e r  m a n i p u l a t e d  u s in g  t h r e e
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Rotate 
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Lower the Flip image Flip image Lower the
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Figure C .2. C ontrol panel on the fluoroscopy unit
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r o t a t io n a l  a x e s  ( c o l o u r - c o d e d  b lu e ,  y e l l o w ,  a n d  o r a n g e )  a n d  o n e  t r a n s la t io n a l  a x is  

( c o l o u r - c o d e d  g r e e n ) .  T o  m o v e  a b o u t  o r  a lo n g  a n y  a x is ,  t u r n  t h e  c o l o u r - c o d e d  h a n d le  to  

th e  u n lo c k e d  p o s i t i o n .  E n s u r e  t h a t  a l l  a x e s  a r e  lo c k e d  p r i o r  t o  b e g in n in g  a n y  d a t a  

c o l le c t io n .

T o  a id  in  p o s i t i o n i n g  t h e  C - a r m s  t h e r e  is  a  la s e r  t h a t  c a n  b e  u s e d .  I t  is  t u r n e d  o n  

v i a  th e  c o n t r o l  p a n e l  o n  t h e  f lu o r o s c o p y  u n i t  ( F ig u r e  C . 2 ) .

C.3 Capturing Images

P r i o r  t o  t a k i n g  a n y  f lu o r o s c o p y  im a g e s ,  b e  s u r e  t o  f o l l o w  t h e  m o s t  a p p r o p r ia t e  

a c t io n  t o  a v o i d  e x p o s u r e  t o  r a d i a t i o n .  E i t h e r  p a s s  t h e  p e d a ls  t h r o u g h  t h e  d o o r  in t o  th e  

c o n t r o l  r o o m ,  o r  i f  y o u  n e e d  t o  b e  in  th e  r o o m ,  d o n  t h e  l e a d  t h y r o i d  p r o t e c t o r ,  j e r s e y ,  s k i r t  

a n d  p r o t e c t i v e  e y e w e a r .

I m a g e s  a r e  t a k e n  u s in g  e i t h e r  t h e  h a n d  t r i g g e r  o r  t h e  f o o t  p e d a ls .  T h e  f o o t  p e d a l  

o n  th e  l e f t  c a p t u r e s  s t a t ic  i m a g e s  w h i l e  th e  o n e  o n  t h e  r i g h t  c a p t u r e s  f l u o r o s c o p y .  T h e  

t h r e e  o r a n g e  l ig h t s  o n  t h e  t o w e r  ( F i g u r e  C . 3 )  l i g h t  u p  w h e n  a n y  o f  t h e  t r ig g e r s  a r e  

p r e s s e d .  T h e  C - a r m s  a r e  e q u ip p e d  w i t h  a u t o m a t ic  b r ig h t n e s s  c o n t r o l  t o  m a in t a i n  th e  

b r ig h t n e s s  o f  t h e  i m a g e  a t  a  c o n s t a n t  l e v e l .  T o  a c c o m p l is h  t h is ,  t h e  x - r a y  e x p o s u r e  r a t e  is  

a u t o m a t i c a l l y  r e g u l a t e d  a n d  t h e  k V p  a n d  m A  le v e ls  a r e  a u t o m a t i c a l l y  c h a n g e d .  T h e  m A  

a n d  k V p  c u r v e s  t h a t  a r e  f o l l o w e d  a r e  s h o w n  in  t h e  S ie m e n s  S I R E M O B I L  C o m p a c t - L  

m o b i l e  C - a r m s  m a n u a l .  I n  m o s t  c a s e s  t h is  w i l l  b e  t h e  a p p r o p r ia t e  s e t t in g  to  u s e ;  

h o w e v e r ,  in  s o m e  c a s e s  in  w h i c h  t h e r e  a r e  d r a m a t ic  d i f f e r e n c e s  in  th e  c o n t r a s t  o f  th e  

im a g e s  i t  m a y  b e  m o r e  a p p r o p r ia t e  to  t u r n  t h is  o f f  a n d  m a n u a l l y  a d ju s t  t h e  s e t t in g s  to  

e m p h a s iz e  t h e  o b je c t s  o f  in t e r e s t .  P le a s e  s e e  t h e  S ie m e n s  S I R E M O B I L  C o m p a c t - L  

m o b i l e  C - a r m s  m a n u a l  f o r  m o r e  d e t a i l e d  in s t r u c t io n s  i f  t h is  is  t h e  c a s e .
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C.4 Manipulating the Image

T h e r e  a r e  s e v e r a l  l in e s  o f  t e x t  t h a t  a r e  a lw a y s  p r e s e n t  a t  t h e  b o t t o m  l e f t  c o r n e r  o f  

t h e  im a g e  w h e n  t h e  f lu o r o s c o p e s  a r e  f i r s t  t u r n e d  o n .  T h i s  t e x t  w i l l  c o v e r  p a r t  o f  th e  

im a g e  a n d  s o  i t  is  d e s i r a b le  t o  t u r n  i t  o f f  u s in g  “ s h o w / h id e  t e x t ”  b u t t o n  o n  th e  c o n t r o l  

p a n e l  o n  t h e  t o w e r  ( F i g u r e  C . 3 ) .

T h e  i m a g e  o r i e n t a t i o n  m a y  b e  a l t e r e d  b y  f l i p p i n g  i t  e i t h e r  h o r i z o n t a l l y  o r  

v e r t i c a l l y  u s in g  t h e  “ f l i p  im a g e  h o r i z o n t a l l y ”  a n d  “ f l i p  im a g e  v e r t i c a l l y ”  b u t t o n s  o n  th e  

c o n t r o l  p a n e l  o f  t h e  f l u o r o s c o p y  u n i t .  T h e  im a g e  c a n  a ls o  b e  r o t a t e d  ( F i g u r e  C . 2 ) .  T h e  

c o n t r a s t  o f  t h e  im a g e  c a n  b e  a l t e r e d  w i t h i n  f o u r  l e v e ls ,  u s in g  t h e  i m a g e  c o n t r a s t  

a d ju s t m e n t  b u t t o n  ( F i g u r e  C . 3 ) .

F o r  a d d i t i o n a l  o r  m o r e  d e t a i l e d  in s t r u c t io n s  p le a s e  r e f e r  to  th e  S ie m e n s  

S I R E M O B I L  C o m p a c t - L  m o b i l e  C - a r m s  m a n u a l .
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A p p e n d i x  D -  C o d e

T h i s  a p p e n d i x  c o n t a i n s  t h e  c o d e , d e s c r i b e d  i n  C h a p t e r s  2  a n d  6, t h a t  w a s  

w r i t t e n  t o  s e l e c t  p o i n t s  f r o m  t h e  i m a g e s ,  c o r r e c t  f o r  i m a g e  d i s t o r t i o n ,  

p e r f o r m  R S A ,  s y n c h r o n i z e  t h e  o p t i c a l  m o t i o n  a n a l y s i s  s y s t e m  d a t a  w i t h  

d a t a  f r o m  R S A ,  a n d  c a l c u l a t e  t h e  g l e n o h u m e r a l  k i n e m a t i c  a n g l e s .

D . l  PICK POINTS.M

% Program:
% Description:
%
%
% Written by:
% Date written:
% Last modified: 
%---------------

pick_points.m
Allows the user to select points from 
interest. Returns the coordinates of 
the chosen marks as determined by the 
Angela Kedgley 
May 9, 2007 
October 5, 2009

an image of 
the centres of 
centre of mass.

image_type = 'i';
% Obtain the location of the data files from the user
data folder= input('Enter the name of the folder with the data: ','s');

while ~(strcmp(image_type,'e ') II strcmp(image_type,'E ')) 
drawnow;
display('Enter the type of image,');
image_type = input ('Calibration frame (c or C) , Distortion Device'...

' (d or D) , EvaRT Synching (s or S) , EvaRT Frame (f or F) ,'... 
'Other (o or 0) or Exit (e or E): ', 's');

if (strcmp(image_type,'e ') || strcmp(image_type,'E '))
break 

else
image_file = input('Enter the name of the image file: ','s'); 
new_file = strcat(image_file, '.tif');
im = imread (fullfile ( 'drive\directory\folder\' , data_folder,... 

new_file));
im_background = imread (fullfile ('drive\directory\folder\',...

data_folder, new_file)); 
im = rgb2gray(im);
im_background = rgb2gray(im_background); 
im = reflection(im);
im_background = reflection(im_background);

end

% Any object file
if (strcmp(image_type,'o') || strcmp(image_type,'0 '))

zooming = 'z';
filter_corners = [ 0 0 0 0 0 ] ;
colormap(gray(256)); image(im); axis image
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while ~(strcmp(zooming, 'y') II strcmp(zooming, 'n'))
zooming = input('Do you wish to zoom in? (y/n): 's');

if (strcmp(zooming, 'n'))
close all; % Close all figure windows
im = imcrop(im,[90 15 520 510]);
im_background = imcrop(im_background,[90 15 520 510]); 
zoom_width = 520; 
zoom_height = 510; 

elseif (strcmp(zooming, 'y') )
display ('Specify the area to be zoomed in on with the...

cursor by single-clicking the left mouse button.'); 
display ('Select the top left corner and then the bottom...

right corner. ' ) ; 
for z_counter = 1:2

% Pick the points using ginput 
z_points(z_counter,:) = ginput (1);
z_points(z_counter,:) = round(z_points(z_counter,:));

end
close all; % Close all figure windows
zoom_width = z_points(2,1) - z_points(1,1); 
zoom_height = z_points(2,2) - z_points(1,2);
im = imcrop (im, [z_points (1, 1) z_points (1,2) zoom_width... 

zoom_height]);
im_background = imcrop (im_background, [ z_points (1, 1)... 

z_points(1,2) zoom_width zoom_height]);
else

display('Please enter one of the available options.')
end

end

display ('Select points on the image with the cursor by...
single-clicking the left mouse button.'); 

display ('Press the middle mouse button to indicate the last... 
point or to exit.');

colormap(gray(256)); image(im); axis image

% Allow the user to select the points 
counter = 1; 
while 1

% User numbers the points while picking them 
names(counter) = counter;
% Pick the points using ginput 
points(counter,:) = ginput(1);
% Break out of the loop if middle mouse button is pushed 
if strcmp(get(gcf,'SelectionType'),'extend') 

break
end
counter = counter + 1;

end

for n = 1:counter
% Create subsets of the image surrounding each point
xmax = round(points(n,1)) + 5;
xmin = round(points(n, 1) ) - 5;
ymax = round(points(n, 2) ) + 5;
ymin = round(points(n, 2) ) - 5;
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filter_corners(n, :) = [names(n) xmax xmin ymax ymin];
if ((xmax > zoom_width) || (xmin < 0) || (ymax > zoom_height )...

|| (ymin < 0)) 
n

end
end

for n = 1:counter
% Find the darkest pixel
subim = im ( f ilter_corners (n, 5) : f ilter_corners (n, 4 ) ,...

filter_corners(n, 3) : filter_corners(n,2), :);
pix_comp = 300; 
for col = 1:11

for row = 1:11
pixRGB = impixel(subim,col, row); 
if pixRGB(1) < pix_comp 

pix_comp = pixRGB(1); 
coords = [col row];

end
end

end
points (n, : ) = [ (round (points (n, 1 ) ) + coords (1) - 6)...

(round(points (n,2)) + coords(2) - 6)];
end

for n = 1:counter
% Create subsets of the image surrounding each new centre
xmax = points(n,l) + 5;
xmin = points(n,l) - 5;
ymax = points(n,2) + 5;
ymin = points(n,2) - 5;
filter_corners(n, :) = [names(n) xmax xmin ymax ymin];
if ((xmax > zoom_width) || (xmin < 0 ) || (ymax > zoom_height )...

|| (ymin < 0)) 
n

end
end

for n = 1:counter
columns = [ f ilter_corners (n, 3); filter_corners (n, 3) ; ...

filter_corners(n, 2); filter_corners(n, 2)]; 
rows = [filter_corners (n, 4); filter_corners (n, 5);...

filter_corners(n, 5); filter_corners(n, 4)]; 
im_background = roifill(im_background, columns, rows);

end

% Invert the intensity scales to make white = 0 
im = 255 - im;
im_background = 255 - im_background; 
im_sub = imsubtract(im, im_background) ; 
colormap(gray(256)); image(im); axis image

% Calculate the location of the centre of each point 
for n = 1:counter

pix count_sub =0; % Count the number of included pixels,
pix darkest sub(n,:) =impixel(im_sub,points(n,1),points(n,2));
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% Determine the shade of each pixel within each subset 
subim_sub = im_sub (f ilter_corners (n, 5) : f ilter_corners (n, 4 ) ,...

filter_corners(n,3): filter_corners(n,2), :);
for col = 1:11

for row = 1:11
pixRGB_sub = impixel(subim_sub,col,row); 
intensity_map_sub(row,col) = pixRGB_sub(1);

end
end

% Find the centre of colour from the weighted pixel shades 
gray_sum_sub = 0; 
x_sum_sub = 0; 
y_sum_sub = 0;

for col = 1:11 
for row = 1:11

gray sum_sub =gray_sum_sub + intensity_map_sub(row,col); 
x sum_sub = x_sum_sub + intensity_map_sub(row,col)*col; 
y sum_sub = y_sum_sub + intensity_map_sub(row,col)*row; 
pix_count_sub = pix_count_sub + 1;

end
end

x_bar_sub = x_sum_sub / gray_sum_sub; 
y_bar_sub = y_sum_sub / gray_sum_sub;

% Calculate the location of the point within the whole image 
global_x_bar_sub = points(n,1) + x_bar_sub - 6; 
global_y_bar_sub = points(n,2) + y_bar_sub - 6; 
if (strcmp(zooming, 'n'))

centres_sub (n, : ) = [names (n) global_x_bar_sub + 89... 
global_y_bar_sub + 14 pix_count_sub]; 

elseif (strcmp(zooming, 'y'))
centres_sub (n, : ) = [names (n) global_x_bar_sub +... 
z_points (1,1) global_y_bar_sub+z_points (1,2)... 
pix_count_sub];

end
end

% Calibration frame file
elseif (strcmp(image_type,'c') II strcmp(image_type,'C '))

F_filter_corners = [ 0 0 0 0 0 ] ;
C_filter_corners = [ 0 0 0 0 0 ] ;  
im = imcrop(im, [90 15 520 510]);
im_background = imcrop(im_background, [90 15 520 510]);

display('Select points on the image with the cursor by- 
single-clicking the left mouse button.'); 

display('If the point is not visible single-click the right- 
mouse button. ' ) ;

display ('Press the middle mouse button to indicate the last... 
point or to exit.');

colormap(gray(256)); image(im); axis image

for F counter 1:45
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display(['Select fiducial point number', num2str(F_counter)]);
% Pick the points using ginput
F_points(F_counter,:) = ginput(1
if strcmp(get(gcf,'SelectionType'),'normal')

% Create subsets of the image surrounding each point
xmax = round(F_points(F_counter, 1) ) + 5;
xmin = round(F_points(F_counter, 1) ) - 5;
ymax = round(F_points(F_counter, 2) ) + 5;
ymin = round(F_points(F_counter, 2) ) - 5;
F f ilter_corners (F_counter, :) = [F_counter xmax xmin ymax... 

ymin];

if ((xmax>520) | | (xmin<0) I I (ymax>510) | | (ymin<0))
F_counter

end
elseif strcmp(get(gcf,'SelectionType'),'alt')

F filter_corners(F_counter, :) = [F_counter 5555 0 0 0];
% Break out of the loop if the middle mouse button is pushed 
elseif strcmp(get(gcf,'SelectionType'),'extend') 

break
end

end

for C_counter = 1:45
display(['Select control point number ', num2str(C_counter)]); 
% Pick the points using ginput 
C_points(C_counter,:) = ginput(1); 
if strcmp(get(gcf,'SelectionType'),'normal')

% Create subsets of the image surrounding each point
xmax = round(C_points(C_counter, 1)) + 5;
xmin = round(C_points(C_counter, 1) ) - 5;
ymax = round(C_points(C_counter, 2 ) ) + 5;
ymin = round(C_points(C_counter, 2) ) - 5;
C_filter_corners (C_counter, :) = [C_counter xmax xmin ymax... 

ymin];
if ((xmax>520) || (xmin<0) || (ymax>510) || (ymin<0))

C_counter
end

elseif strcmp(get(gcf,'SelectionType'),'alt')
C_filter_corners(C_counter,:) = [C_counter 5555 0 0 0];

% Break out of the loop if the middle mouse button is pushed 
elseif strcmp(get(gcf,'SelectionType'),'extend') 

break
end

end

for F_counter = 1:45
% Find the darkest pixel
if F_filter_corners(F_counter, 2) ~= 5555

subim = im (F_filter_corners ( F_counter, 5):...
F_f ilter_corners ( F_counter, 4), F_f ilter_corners... 
(F_counter, 3): F_filter_corners(F_counter, 2), :);

pix_comp = 300; 
for col = 1:11

for row = 1:11
pixRGB = impixel(subim,col,row);
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if pixRGB(1) < pix_comp 
pix_comp = pixRGB(1); 
coords = [col row];

end
end

end
F_points(F_counter, : ) = [ (round (F_points (F_counter, 1) ) +... 

coords (1) - 6) (round (F_points ( F_counter, 2 ) ) +...
coords(2) - 6)];

% Create subsets of the image surrounding each point
xmax = F_points(F_counter,1) + 7;
xmin = F_points(F_counter,1) - 7;
ymax = F_points(F_counter,2) + 7;
ymin = F_points(F_counter,2) - 7;
F_filter_corners (F_counter, :) = [F_counter xmax xmin ymax... 

ymin];
if ((xmax>520) || (xmin<0) || (ymax>510) || (ymin<0))

F_counter
end

end
end

for C_counter = 1:45
% Find the darkest pixel
if C_filter_corners(C_counter, 2) ~= 5555 
subim = im(C_filter_corners(C_counter, 5):...

C_filter_corners(C_counter, 4), C_filter_corners... 
(C_counter, 3): C_filter_corners(C_counter, 2 ) ,  :);
pix_comp = 300; 
for col = 1:11 

for row = 1:11
pixRGB = impixel(subim,col,row); 
if pixRGB(1) < pix_comp

pix_comp = pixRGB(1); 
coords = [col row];

end
end

end
C_points (C_counter, : ) = [ (round (C_points (C_counter, 1) ) +... 

coords (1) - 6) (round (C_points (C_counter, 2) ) +... 
coords(2) - 6)];

% Create subsets of the image surrounding each point
xmax = C_points(C_counter, 1) + 7;
xmin = C_points(C_counter,1) - 7;
ymax = C_points(C_counter,2) + 7;
ymin = C_points(C_counter, 2) - 7;
C_filter_corners (C_counter, :) = [C_counter xmax xmin ymax... 

ymin];
if ((xmax>520) || (xmin<0) || (ymax>510) || (ymin<0))

C_counter
end

end
end

for F_counter = 1:45
if F filter corners(F counter, 2) ~= 5555
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columns = [F_filter_corners (F_counter, 3);...
F_filter_corners (F_counter, 3); F_filter_corners... 
(F_counter, 2); F_filter_corners(F_counter, 2)]; 

rows = [F filter_corners(F_counter, 4); F_filter_corners... 
(F_counter, 5); F_filter_corners (F_counter, 5);...
F_filter_corners(F_counter, 4) ] ; 

im_background = roifill(im_background, columns, rows);
end

end

for C_counter = 1:45
if C filter_corners(C_counter, 2) ~= 5555

columns = [C_f ilter_corners (C_counter, 3) ;
C_filter_corners (C_counter, 3); C_filter_corners... 
(C_counter, 2); C_filter_corners(C_counter, 2)]; 

rows = [C_filter_corners (C_counter, 4);...
C_filter_corners (C_counter, 5); C_filter_corners... 
(C_counter, 5); C_filter_corners(C_counter, 4)]; 

im background = roifill(im_background, columns, rows);
end

end

% Invert the intensity scales to make white = 0 
im = 255 - im;
im_background = 255 - im_background; 
im_sub = imsubtract(im, im_background); 
colormap(gray(256)); image(im); axis image

% Calculate the location of the centre of each point 
for F_counter = 1:45

if F_filter_corners(F_counter, 2) == 5555
F_centres_sub(F_counter,:) = [F_counter 5555 5555 5555]; 

else
pix_count_sub = 0;
pix_darkest_sub (F_counter, : ) = impixel...

(im_sub,F_points(F_counter,1),F_points(F_counter,2)) 
subim_sub = im_sub (F_filter_corners (F_counter, 5):...

F_filter_corners (F_counter, 4), F_filter_corners... 
(F_counter, 3): F_filter_corners(F_counter, 2), :);

% Determine the shade of each pixel within each subset 
for col = 1:15; 

for row = 1:15;
pixRGB_sub = impixel(subim_sub, col,row); 
intensity_map_sub(row,col) = pixRGB_sub(1);

end
end
% Find the centre of colour from the weighted pixel shades 
gray_sum_sub = 0; 
x_sum_sub = 0; 
y_sum_sub = 0; 
for col = 1:15; 

for row = 1:15;
gray_sum_sub=gray_sum_sub+intensity_map_sub(row,col); 
x_sum_sub = x_sum_sub+intensity_map_sub(row,col)*col; 
y sum_sub = y_sum_sub+intensity_map_sub(row,col)*row; 
pix_count_sub = pix_count_sub + 1;
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end
end
x_bar_sub = x_sum_sub / gray_sum_sub; 
y bar_sub = y_sum_sub / gray_sum_sub;
% Calculate the location of the point within the whole image 
global_x_bar_sub = F_points(F_counter,1) + x_bar_sub + 81; 
global_y_bar_sub = F_points(F_counter,2) + y_bar_sub + 6; 
F_centres_sub (F_counter, : ) = [F_counter global_x_bar_sub... 

global_y_bar_sub pix_count_sub];
end

end

% Calculate the location of the centre of each point 
for C_counter = 1:45

if C_filter_corners(C_counter, 2) == 5555
C_centres_sub(C_counter, :) = [C_counter 5555 5555 5555]; 

else
pix_count_sub = 0;
pix_darkest_sub(C_counter, : ) = impixel...

(im_sub,C_points(C_counter, 1) , C_points(C_counter,2)); 
subim_sub= im_sub(C_filter_corners(C_counter, 5) :

C_filter_corners (C_counter, 4), C_filter_corners... 
(C_counter, 3): C_filter_corners(C_counter, 2), :);

% Determine the shade of each pixel within each subset 
for col = 1:15;

for row = 1:15;
pixRGB_sub = impixel(subim_sub,col,row); 
intensity_map_sub(row, col) = pixRGB_sub(1);

end
end
% Find the centre of colour from the weighted pixel shades
gray_sum_sub = 0;
x_sum_sub = 0;
y_sum_sub = 0;
for col = 1:15;

for row = 1:15;
gray_sum_sub=gray_sum_sub+intensity_map_sub(row, col) ; 
x_sum_sub = x_sum_sub+intensity_map_sub(row,col)*col; 
y_sum_sub = y_sum_sub+intensity_map_sub(row,col)*row; 
pix_count_sub = pix_count_sub + 1;

end
end
x_bar_sub = x_sum_sub / gray_sum_sub; 
y_bar_sub = y_sum_sub / gray_sum_sub;
% Calculate the location of the point within the whole image 
global_x_bar_sub = C_points(C_counter,1) + x_bar_sub + 81; 
global_y_bar_sub = C_points(C_counter,2) + y_bar_sub + 6; 
C_centres_sub (C_counter, : ) = [C_counter global_x_bar_sub... 

global_y_bar_sub pix_count_sub];
end

end

% Distortion frame file
elseif (strcmp(image_type, 'd ' ) II strcmp(image_type, 'D' ) )

% The same process as that for the calibration points is %
% followed. The subsets of the image are 11 pixels sguare %
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% initially and 15 pixels square for the final location. % 
★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★

% Synching with EvaRT coordinate system
elseif (strcmp(image_type,'f') II strcmp(image_type,'F'))

% The same process as that for the calibration points is % 
% followed. The subsets of the image are 39 pixels square % 
% initially and 43 pixels square for the final location. %

%
%
%
%
%
%
%

% Synching with EvaRT marker
elseif (strcmp(image_type,'s') || strcmp(image_type,'S '))o. ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★

% The same process as that for the calibration points is 
% followed. The subsets of the image are 39 pixels square for 
% the synching marker and 11 pixels square for the other beads 
% initially and 43 pixels square for the synching markers and 
% 11 pixels square for the beads for the final location.

else
display('Please enter one of the available options.')

end

if (strcmp(image_type,'c ') || strcmp(image_type,'C '))
% Write the selected points to an Excel spreadsheet 
C_centresfilename_sub = strcat(image_file, 'C_points.xls'); 
F_centresfilename_sub = strcat(image_file, 'F_points.xls'); 
xls write (full file ( ' drive\directory\ folder \ ' , data_f older,...

C_centresfilename_sub), C_centres_sub); 
xls wr ite ( fullfile (' dr ive\ direct or y\folder\', da ta_f older,...

F_centresfilename_sub), F_centres_sub); 
close all; % Close all figure windows
clear centresfilename_sub C_centres_sub F_centres_sub new_file... 

im F_counter_sub C_counter_sub F_points C_points; 
elseif (strcmp(image_type,'d') II strcmp(image_type,'D ')) 

centresfilename_sub = strcat(image_file, '_points.xls'); 
xls write (fullfile( ' dr i ve\directory\f older \ ' , da ta_f older,...

centresfilename_sub), D_centres_sub); 
close all;
clear centresfilename_sub D_centres_sub new_file im D_counter... 

D_points;
else

% Write the selected points to an Excel spreadsheet 
centresfilename_sub = strcat(image_file, '_points.xls'); 
xls write ( fullfile ( ' drive\direct or y\ f older \ ' , da ta_f older,...

centresfilename_sub), centres_sub); 
close all; % Close all figure windows

if (strcmp(image_type,'o ') || strcmp(image_type,'0 '))
clear centresfilename_sub centres_sub new_file im...

im_background counter names points new_centres im_sub... 
zooming col columns coords filter_corners global_x_bar_sub... 
global_y_bar_sub gray_sum_sub intensity_map_sub pixRGB... 
pixRGB_sub pix_comp pix_count_sub pix_darkest_sub row;
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else
clear centresfilename_sub centres_sub new_file im...

im background counter names points new_centres im_sub;
end

end
end
clear;

D.2 DISTORTION CORRECTION POINTS.M

%
%
%
%
%
%
%

Program: 
Description :

Written by: 
Date written: 
Last modified:

distortion_correction_points.m
Formats the coordinates of points digitized
distortion grid and their known locations
Angela Kedgley
January 27, 2008
February 5, 2008

from the

% Obtain the location of the file with the points to be corrected for 
% distortion from the user
data_f older = input ('Enter the name of the folder with the digitized... 

points: ' , ' s ' ) ;
data_dir = ['drive\directory\folder/' data_folder '\ ;
dist_f ile = input ('Enter the name of the file which contains the...

distortion device points: ','s'); 
dist_filename = strcat(dist_file, '.xls');

% Two dimensional coordinates of the distortion device points (x,y) 
distpoints = xlsread([data_dir,dist_filename] , 1) ; 
dist_points = dist_points(:,2:3);

% The actual coordinates of the distortion device points 
correction_data_dir = ['drive\directory\folder/']; 
correction_points_file = 'Distortion correction NEW.xls'; 
correction_points =
xlsread([correction_data_dir,correction_points_file], 1) ; 
correction_points = correction_points(:, 6:7) ;

% Match the collected distortion points to the actual locations 
for i = 1:131

grid_x(i,:) = [dist_points (i, 1) dist_points (i, 2)... 
correction_points(i,1)];

grid_y(i,:) = [dist_points (i, 1) dist_point s (i, 2)... 
correction_points(i,2)];

end

% Make points not visible on calibration frame equal zero 
total_beads = 131; 
for i = 1:131

if grid_x(i,l) == 5555
total_beads = total_beads - 1;

end
end
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for j = 1:2
for i = 1 :total_beads

if grid_x(i,l) == 5555 
grid_x(i,:) = []; 
grid_y(i,:) = [];

end
end

end

grids_filename = strcat(dist_file, '_grid'); 
xlswrite([data_dir,grids_filename],grid_x, 1 ) ; 
xlswrite([data_dir,grids_filename],grid_y, 2) ;

D.3 DISTORTION CORRECTION.M

% Program:
% Description:
%
% Written by:
% Date written: 
% Last modified 
%--------------

distortion_correction.m
Corrects the coordinates of digitized points using a
global polynomial-based approach
Angela Kedgley
January 27, 2008
April 3, 2008

% Obtain the location of the file with the points to be corrected for 
% distortion from the user
data_f older = input ('Enter the name of the folder with the digitized... 

points: ', 's') ;
data_dir = ['drive\directory\folder/' data_folder *\' ] ;

% Obtain the location of the coefficients from the user 
map file = input ('Enter the name of the file which contains the ... 

mappings: ','s');
map_filename = strcat(map_file, '.xls');

x_mapping_coefficients = xlsread([data_dir,map_filename], 1, 'G2:G26'); 
y mapping_coefficients = xlsread([data_dir,map_filename],2,'G2:G26');

% Obtain information about a range of files if required 
num_files = input('Enter the number of files to be corrected: '); 
start_file = input ('Enter the value of the first file in the... 

series: ');
data_f ilel = input ('Enter the start of the name of the file which... 

contains the object data: ','s');

for z = start_file:(start_file + num_files - 1) 
if z < 10

file_num = int2str(z);
points_filename = strcat (data_filel, '-000', file_num,...

'_points.xls ' ) ; 
elseif (z >= 10 && z < 100) 

file_num = int2str(z);
points_filename = strcat (data_filel, '-00', file_num,...

'_points.xls');



elseif (z >= 100 && z < 1000) 
file_num = int2str(z);
points_f ilename = strcat (data_f ilei, '-O', file_num,...

'_points.xls');
else

file_num = int2str(z);
points_filename = strcat (data_filei, file_num,...

'_points.xls');
end

output_filename = strrep(points_filename, 'points', 'corrected') 
output_write = fullfile(data_dir, output_filename);

% Two dimensional coordinates of the points in the image (x,y) 
points2correct = xlsread([data_dir,points_filename],1); 
numPoints = size(points2correct, 1) ; 
points_corrected = zeros(numPoints, 3) ; 
points2correct = points2correct(: , 2 : 3) ;

% Correct all points with nth order polynomial in x and y 
for j = 1:numPoints

x_in = points2correct(j , 1) ; 
y_in = points2correct(j , 2) ;

temp_x = 
temp_x = 
temp_x = 
temp_x = 
temp_x = 
temp_x = 
temp x = 
temp_x = 
temp_x = 

(y_i: 
temp_x = 

(y_i; 
temp_x =

( y_i:
temp_x = 
temp_x = 

y_in 
temp_x = 

(y_i; 
temp_x = 

(y_i; 
temp_x =

( y_i:
temp_x = 
temp_x = 

y_in 
temp_x = 

(y_i 
temp_x = 

(y_i: 
temp_x =

(y_i

0;
temp_x + 
temp_x + 
t emp_x + 
temp_x + 
temp_x + 
temp_x + 
temp_x + 
temp_x + 
A 2.0);  

temp_x + 
A 3.0); 

temp_x + 
A 4.0);  

temp_x + 
temp_x +

temp_x + 
A 2.0);  

temp_x + 
A 3.0); 

temp_x + 
A 4.0); 

temp_x + 
temp_x +

temp_x + 
. A 2.0);  
temp_x + 
. A 3.0);  
temp_x + 
. A 4.0);

x_mapping_ccefficients(1); 
x_mapping_ccefficients(2) 
x_mapping_ccefficients(3) 
x_mapping_ccefficients(4) 
x_mapping_ccefficients(5) 
x_mapping_coefficients(6) 
x_mapping_coefficients(7) 
x_mapping_coefficients(8)

x_mapping_coefficients(9)

x_mapping_coefficients(10)

x_mapping_coefficients(11) 
x_mapping_coefficients(12)

x_mapping_coefficients(13)

x_mapping_coefficients(14)

x_mapping_coefficients(15)

x_mapping_coefficients(16) 
x_mapping_coefficients(17)

x_mapping_coefficients(18)

x_mapping_coefficients(19)

x_mapping_coefficients(20)

* y_in;
* (y_in A 2.0);
* (y_in A 3.0);
* (y_in A 4.0);
* x_in;
* x_in * y_in;

X in *...

X in *...
★ x in * . . .

★ (x in A 2.0) ;
★ (x in A 2.0)
★ (x in A 2.0)
★ (x in A 2.0)

★ (x in A 2.0)
★ (x in A 3.0);
★ (x in A 3.0)
★ (x in A 3.0)
★ (x in A 3.0)
★ (x in A 3.0)
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temp x = temp x + x mapping coefficients(21) k (x in o<

temp x = temp_x + x mapping coefficients(22) ★ (x in o<

★

y_in;
temp x = temp x 

(y in A 2.0)
+
/
x mapping coefficients(23) k (x in A 4.0) ★

temp x = temp x + x mapping coefficients(24) * (x_in 
(y_in A 3.0);

coordinate x = temp x + x mapping coefficients (25) *... 
(x in A 4.0) * (y_in A 4.0);

A 4.0) ★

temp y = 0;
temp y = temp y 
temp y = temp_y

+
+

y mapping coefficients(1); 
y mapping coefficients(2) k y_in;

temp y = temp_y + y mapping coefficients(3) ★ ( y in A 2.0) ;
temp y = temp_y + y mapping coefficients(4) * ( y in A 3.0) ;
temp y = temp y 
temp y = temp_y

+
+

y mapping coefficients(5) 
y mapping coefficients(6)

k

★
(y in A 
x in;

4.0);

temp y = temp_y + y mapping coefficients(7) k x in * y_in;
temp y = temp y f y mapping coefficients(8) k x in *..., (y_in A

oCM

temp y = temp_y y mapping coefficients(9) ★ x in *..., (y_in A

3.0);
temp y = temp_y + y mapping coefficients(10) ★ x in *... (y in A

4.0) ;
temp y = temp_y + y mapping coefficients(11) ★ (x in oCM<

temp y = temp_y + y mapping coefficients(12) ■k (x in oCM< ■k

y_in;
temp y = temp y 

(y in A 2.0)
+ 
i ;

y mapping coefficients(13) k (x in oCM< ★

temp y = temp y 
(y_in A 3.0)

+ 
i ;

y mapping coefficients(14) ★ (x in oCM< ★

temp y = temp y 
(y in A 4.0)

♦
i ;

y mapping_coefficients(15) ★ (x in A 2.0) ★

temp y = temp y + y mapping coefficients(16) k (x in A  3 . 0 ) ;

temp y =  temp_y + y mapping coefficients ( 17 ) k (x in A 3.0) :k

y_in;
temp y =  temp_y 

( y_in A 2.0)
+  

i ;

y mapping coefficients ( 18 )
k (x in >

u
> o ★

temp y =  temp y 
( y in A 3.0)

+  

i ;

y mapping coefficients ( 19) •k (x in A 3.0) ★

temp y =  temp y 
( y in A 4.0)

+  

i ;

y mapping coefficients(20) k (x in >

u
> o k

temp y =  temp y + y mapping coefficients(21) ★ (x in o<

temp y =  temp y + y mapping coefficients ( 2 2 )
★ (x in o<

k

y_in;
temp y =  temp y 

(y_in A 2.0)
+

i ;

y mapping coefficients(23) ★ (x in o<

k

temp y =  temp y + y mapping coefficients (24)
k (x in o<

k

(y_in A 3.0);
coordinate_y = temp_y + y_mapping_coefficients (25) *...

(x_in A 4.0) * (y_in A 4.0); 

points_corrected ( j , :) = [ j  coordinate_x coordinate_y];

end
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for i = lrnumPoints
if points_corrected(i,2) > 1000 

points_corrected(i, 2 ) = 5555; 
points_corrected(i,3) = 5555; 

elseif points_corrected(i,2) < -1000 
points_corrected(i,2) = 5555; 
points_corrected(i, 3) = 5555;

end
end

xlswrite(output_write, points_corrected, 1);
end

D.4 RSA.M
% Program:
% Description:
%
% Written by:
% Date written: 
% Last modified 
%--------------

RSA.m
Determines the three dimensional-position 
from their two dimensional images 
Angela Kedgley 
November 17, 2005 
April 22, 2009

% Initialize 
i = 0;
Fl_counter = 
F2_counter = 
Fl_invisible 
F2_invisible 
Cl_counter = 
C2_counter = 
Cl_invisible 
C2 invisible

variables

0 ;
0 ;
= [03; 
= [0]; 
0;
0;
= [0]; 
= [0];

% The location of the file with the three-dimensional posi 
% points on the calibration frame 
Frame_points_dir = ['drive\directory\folder/'] ;

% The name of the calibration file 
Frame_points_file = 'small frame';
Frame_points_filename = strcat(Frame_points_file, '.xls');

% Obtain the location of the data files from the user 
data_folder = input('Enter the name of the folder with the 

1 , ' s ' ) ;
data_dir = ['drive\directory\folder/' data_folder '\'3;

Fl_file = input('Enter the name of the file which contains 
calibration image points: ','s');

Fl_filename = strcat(Fl_file, '.xls');
F2_file = input('Enter the name of the file which contains 

calibration image points: ','s');
F2 filename = strcat(F2 file, '.xls');

of markers

ions of the

data :...

the FI /Cl... 

the F2/C2...



num files = input ('Enter the number of sets of files to be ... 
reconstructed: ');

start_f ile = input ('Enter the value of the first file in the series:..
' ) ;

data_f ilel = input ('Enter the start of the name of the file which ...
contains the object data for 1: ','s');

data_f ile2 = input ('Enter the start of the name of the file which ...
contains the object data for 2: ','s');

reconstruction_method = input('Reconstruct with best permutation (p) 
or ...with data "as is" (a): ','s');

Fl_counter = 0;
F2_counter = 0;
Cl_counter = 0;
C2_counter = 0; 
z = 0 ;

% Three dimensional positions of the points on the calibration frame 
% Fiducial points
fiducial_pointsl = xlsread( [Frame_points_dir, Frame_points_file],1); 
fiducial_points2 = xlsread([Frame_points_dir,Frame_points_file],2);
% Control points
control_pointsl = xlsread ( [Frame_points_dir,Frame_points_file],3); 
control_points2 = xlsread([Frame_points_dir, Frame_points_file] , 4);

% Two dimensional coordinates of the fiducial marks in the first 
% image (x,y)
FI = xlsread([data_dir,Fl_filename] , 1) ;
% Two dimensional coordinates of the fiducial marks in the second 
% image (x,y)
F2 = xlsread([data_dir,F2_filename],1) ;

% Find fiducial markers that are not visible 
for i = 1:45;

if FI(i,2)== 5555
Fl_counter = Fl_counter + 1;
Fl_invisible(Fl_counter) = i;

end
if F2(i,2) == 5555

F2_counter = F2_counter + 1;
F2_invisible(F2_counter) = i;

end
end

Fl_invisible = fliplr(Fl_invisible);
F2_invisible = fliplr(F2_invisible);

% Filter out fiducial markers that are not visible 
for i = 1:Fl_counter;

Fl_index = Fl_invisible(i);
FI(Fl_index,:) = [];
fiducial_pointsl(Fl_index, :) = [];

end

for i 1:F2 counter;
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F2_index = F2_invisible(i ) ;
F2(F2_index, :) = []; 
fiducial_points2(F2_index, : ) = [];

end

% Part 1: Projective transformations 
% Determine the parameters in the transformation functions by the least 
% squares approach
[parametersl] = least_squares(fiducial_pointsl/ FI, 1) ;
[parameters2] = least_squares(fiducial_points2, F2, 2);

% Part 2: Computation of foci coordinates
% Determine the positions of the foci of the x-ray apparatus 
% Section A: Find the projections of the control markers on the 
% fiducial planes

% Arrays containing the two dimensional coordinates of the control 
% points
% In the first image (x, y, z = z(x,y))
Cl = xlsread([data_dir,Fl_filename] , 2) ;
% In the second image (x = x(y,z), y, z)
C2 = xlsread([data_dir,F2_filename] , 2) ;

% Filter out control points that are not visible 
for i = 1:45;

if Cl(i,2)== 5555
Cl_counter = Cl_counter + 1;
Cl_invisible(Cl_counter) = i;

end
if C2(i,2) == 5555

C2_counter = C2_counter + 1;
C2_invisible(C2_counter) = i;

end
end

Cl_invisible = fliplr(Cl_invisible) ;
C2_invisible = fliplr(C2_invisible) ;

for i = 1 :Cl_counter;
Cl_index = Cl_invisible(i) ;
Cl(Cl_index,:) = []; 
control_pointsl(Cl_index, : ) = [];

end

for i = 1 :C2_counter;
C2_index = C2_invisible(i) ;
C2(C2_index, :) = []; 
control_points2(C2_index, : ) = [];

end

% Count how many control points are visible 
C_dimsl = size(Cl);
C dims2 = size(C2); 1

for i 1 :C dimsl(1);
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% Find x and y coordinates
[projected_pointsl (i, : ) ] = project_v2 (Cl (i, 2 : 3) , parameters]., 1,... 
Frame_points_file) ;

end

for i = 1:C_dims2(1);
% Find y and z coordinates
[projected_points2 (i, : ) ] = project_v2 (C2 (i, 2 : 3) , parameters2, 2,... 
Frame_points_file) ;

end

% Section B: Calculate the foci
[focus1] = calculate_focus_v2(control_pointsl, projected_pointsl, 1);
[focus2] = calculate_focus_v2(control_points2, projected_points2, 2);

% Part 3: Object coordinates
% Determine the coordinates of the markers on the object of interest in
% three-space
all_residuals = 0;
largest_residual = 0;
smallest residual = 1000;

for z = start file:(start_file + num_files - 
if z < 10

file num = int2str(z);

1)

data filenamel = strcat(data_filel, 
' corrected.xls');

'-000 ', file num,

data filename2 = strcat(data_file2, 
' corrected.xls'); 

elseif (z >= 10 && z < 100) 
file num = int2str(z);

'-000' , file num,

data filenamel = strcat(data_filel, 
' corrected.xls');

0 o1 , file num,..

data filename2 = strcat(data_file2, 
' corrected.xls'); 

elseif (z >= 100 && z < 1000) 
file num = int2str(z);

o01 , file num,..

data filenamel = strcat(data_filel, 
' corrected.xls');

'-O', file num,...

data filename2 = strcat(data_file2, 
' corrected.xls');

else
file num = int2str(z);

’-O’, file num,...

data filenamel = strcat(data_filel, 
' corrected.xls');

• _ I
t file num,...

data filename2 = strcat(data_file2, 1 _ 1/ file num,...
'_corrected.xls');

end

marker_arrayl = xlsread([data_dir,data_filenamel] , 1) ; 
marker_array2 = xlsread([data_dir,data_filename2],1);

marker_array_dims = size(marker_arrayl) ; 
markers = marker_array_dims(1); 
marker coordinates = [ 0 0  0];
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data_filename = strrep(data_filenamel, 'corrected', 'output'); 
data_write = fullfile(data_dir, data_filename);

if reconstruction_method == 'p'
% Reconstructs the three dimensional positions of the markers
% with the permutation of the image two data with the smallest
% sum of the relative residuals from all the markers
all_combinations = perms(1:markers) ;
permutations = size(all_combinations);
least_residual = 1000;
second_least_residual = 1000;
perm_used = 0;

for i = 1:permutations(1) ;
trial_marker_coordinates = [ 0 0  0]; 
total_residual = 0; 
for j = l:markers;

Mil = [marker_arrayl(j , 2) marker_arrayl(j , 3) ] ;
Mi2 = [marker_array2 (all_combinations (i, j ) , 2)...

marker_array2(all_combinations(i,j),3)]; 
[marker_projectedl] = project_v2 (Mil, parametersl, 1,... 
Frame_points_file);

[marker_projected2] = project_v2 (Mi2, parameters2, 2,... 
Frame_points_file);

[marker_threeD, residual] = calculate_3D_v2...
(marker_projectedl, marker_projected2, focusl,... 
focus2);

total_residual = total_residual + abs(residual); 
trial_marker_coordinates(j , :) = marker_threeD;

end
if total_residual < least_residual

second_least_residual = least_residual; 
least_residual = total_residual;
difference = second_least_residual - least_residual; 
relative_difference = least_residual / difference; 
marker_coordinates = trial_marker_coordinates; 
perm_used = all_combinations(i, : ) ;

end
end

xlswrite(data_write, marker_coordinates, 2); 
xlswrite(data_write, least_residual, 2, 'El');
xlswrite(data_write, relative_difference, 2, 'E2');
perm_used = perm_used';
perm_used = reshape(perm_used, markers, 1); 
xlswrite(data_write, perm_used, 2, 'FI');

end

if reconstruction_method == 'a'
% Reconstructs the three dimensional positions of the markers 
% with the data in the order given in the file - investigator 
% must manually match up the markers in images 1 and 2 
total_residual = 0; 
for i = lrmarkers;
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Mil = [marker_arrayl(i, 2) marker_arrayl(i,3)];
Mi2 = [marker_array2(i, 2) marker_array2(i,3)]; 
[marker_projectedl] = project_v2 (Mil, parametersl, 1,... 

Frame_points_file) ;
[marker_projected2] = project_v2 (Mi2, parameters2, 2,... 

Frame_points_file) ;
[marker_threeD, residual] = calculate_3D_v2...

(marker_projectedl, marker_projected2, focusl,... 
focus2);

total_residual = total_residual + abs(residual); 
marker_coordinates(i,:) = marker_threeD;

end

xlswrite(data_write, marker_coordinates, 1);
xlswrite(data_write, total_residual, 1, 'El');

end
end

D .5 SYNCHING.M

%
%
%
%
%
%
%
%
%

Program: 
Description :

Written by: 
Date written: 
Last modified:

synching.m
Calculates the coordinates of a metal reflective 
marker in a coordinate system that is common to both 
RSA and EvaRT systems for the purposes of synching the 
systems
Angela Kedgley 
April 20, 2009 
April 24, 2009

endline = [0 0 0 1];

% Obtain information about the data to be analyzed from the user 
data_folder = input ('Enter the name of the folder with the points from... 

RSA and EvaRT: ','s');
data_dir = ['drive\directory\folder/' data_folder '\* ] ;
RSA_coord_f ilename = input ('Enter the name of the RSA coordinate... 

system file: ' ,'s')/
RSA_coord_filename = strcat(RSA_coord_filename, '.xls'); 
data_f ile = input ('Enter the start of the names of the RSA point... 

files: ','s');
num_files = input('Enter the number of RSA files to be examined: '); 
start_file = input('Enter the value of the first RSA file: ');
EvaRT coord_filename = input('Enter the name of the EvaRT coordinate- 

system file: ','s');
trial_name = input('Enter the name of the EvaRT data file: ', 's');

% Create synching coordinate system for RSA
RSA_coord_points = xlsread([data_dir,RSA_coord_filename],1); 
RSA_coord_points = RSA_coord_points(:, 1:3) ;
M1_RSA = RSA_coord_points(1, :) ;
M2_RSA = RSA_coord_points(2,:);
M3_RSA = RSA_coord_points(3,:);
X_RSA = M3_RSA - M1_RSA;
XRS A  length = norm(X_RSA);
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X_RSA = X_RSA / X_RSA_length;
M2_M1_RSA = M2_RSA - M1_RSA;
Y_RSA = cross(X_RSA, M2_M1_RSA); 
Y_RSA_length = norm(Y_RSA);
Y_RSA = Y_RSA / Y_RSA_length;
Z_RSA = cross(X_RSA, Y_RSA);
Z_RSA_length = norm(Z_RSA);
Z_RSA = Z_RSA / Z_RSA_length; 
origin_RSA = M1_RSA;
T_RSA = [X_RSA' Y_RSA' Z_RSA' origin_RSA']; 
T_RSA = cat(l, T_RSA, endline);
T RSA = inv(T RSA);

% Put RSA points into synching coordinate system 
counter = 1;
for z = start_file : (start_file + num_files - 1) 

if z < 10
file num = int2str(z);
data filename = strcat(data file, 

elseif (z >= 10 && z < 100) 
file num = int2str(z);

’-000’1 , file num, ' out.xls

data filename = strcat(data file, 
elseif (z >= 100 && z < 1000) 

file num = int2str(z);

oo1 file num, ' out.xls'

data filename = strcat(data file, 
else

'-O', file num, ' out.xls')

file_num = int2str(z);
data_filename = strcat(data_file, ' file_num, '_out.xls');

end
bead_array = xlsread([data_dir,data_filename],1); 
bead = ([bead_array(1,1:3) 1])';
bead_RSA_synching = T_RSA * bead;
moving_bead_RSA(counter,:) = [z bead_RSA_synching(1:3) ' ] ; 
moving_bead_RSA(counter + 1,:) = [z bead_RSA_synching(1:3)']; 
counter = counter + 2;

end

% Create synching coordinate system for MA
MA_coord_points = dlmread ( [data_dir, EvaRT_coord_f ilename,... 

'.tre'],'\t',6,0);
M1_MA = [MA_coord_points ( :, 3 ) MA_coord_points ( : , 4 )... 

MA_coord_points(:,5) ] ;
M2_MA = [MA_coord_points ( : , 6) MA_coord_points ( : , 7 )... 

MA_coord_points( : , 8 ) ] ;
M3_MA = [MA_coord_points ( : , 9) MA_coord_points ( :, 10 ) ...

MA_coord_points( :,11)];
M1_MA = mean(Ml_MA);
M2_MA = mean(M2_MA);
M3_MA = mean(M3_MA);
X_MA = M3_MA - M1_MA;
X_MA_length = norm(X_MA);
X_MA = X_MA / X_MA_length;
M2_Mi_MA = M2_MA - M1_MA;
Y_MA = cross(X_MA, M2_M1_MA);
Y_MA_length = norm(Y_MA);
Y MA = Y MA / Y MA length;



Z_MA = cross(X_MA, Y_MA);
Z_MA_length = norm(Z_MA);
Z MA = Z_MA / Z_MA_length; 
origin_MA = M1_MA;
T_MA = [X_MA' Y_MA' Z_MA' origin_MA']/‘
T_MA = cat(l, T_MA, endline);
T_MA = inv(T_MA);

% Put MA points into synching coordinate system
marker_array = dlmread([data_dir,trial_name, '.trc'], '\t' ,6,0);
markers = [marker_array(:,1) marker_array(:,12) marker_array(:,13).

marker_array(:,14)]; 
marker_dims = size(markers); 
zero_counter = 0; 
for z = 1:marker_dims(1)

if markers(z,2:4) == [0 0 0]
zero counter = zero_counter + 1; 
zero_array(zero_counter) = z;

end
end
if zero_counter ~= 0

zero_array = fliplr(zero_array) ; 
for i = 1:zero_counter;

zero_index = zero_array(i); 
markers(zero_index,:) = [];

end
end
marker_dims = size(markers); 
for z = 1:marker_dims(1)

marker = ([markers(z, 2:4) 1])'; 
marker_synching = T_MA * marker;
moving_marker_MA(z, :) = [markers(z, 1) marker_synching(1:3) '];

end

% Match data from RSA to data from MA
RSA_array_dims = size(moving_bead_RSA) ;
marker_dims = size(moving_marker_MA);
last_index = marker_dims(1) - RSA_array_dims(1) + 1;
index_min_sum = 0;
min_sum_differences = 5000;
for y = 1:last_index

sum_differences = 0;
for x = 1:RSA_array_dims(1)

difference = abs (moving_bead_RSA (x, 2 : 4 ) ...
- moving_marker_MA((y+x-1) , 2:4 ) ) ; 

total_difference = norm(difference);
sum differences = sum_differences + total_difference;

end
if sum_differences < min_sum_differences 

min_sum_differences = sum_differences; 
index_min_sum = moving_marker_MA(y,1);

end
end

% Output data to Excel spreadsheet
write_filename = strcat('Synching data_', file_num);
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data_write = fullfile(data_dir, write_filename); 
xlswrite(data_write, moving_bead_RSA, 2); 
xlswrite(data_write, moving_marker_MA, 3); 
xlswrite(data_write, index_min_sum, 1, 'Al');
xlswrite(data write, min_sum_differences, 1, 'Cl');

D .6  S c a p u l o h u m e r a l  K i n e m a t i c s .m

%
%
%
%
%
%
%

Program: 
Description :

Written by: 
Date written: 
Last modified:

Scapulohumeral_Kinematics.m 
Calculates the scapulohumeral 
datapoints in conjuntion with 
Angela Kedgley 
March 26, 2009 
May 19, 2009

kinematics
anatomical

from beaded 
landmarks

endline = [0 0 0 1];

% Obtain information about the data to be analyzed from the user 
data_folder = input('Enter the name of the points' folder: ','s'); 
data_dir = ['drive\directory\folder\' data_folder '\']; 
arm = input('Is this a right(r) or a left (1) arm? ','s'); 
num_files = input('Enter the number of files to be analyzed: '); 
start_file = input('Enter the value of the first file: ');

% Obtain the CT data from the user 
anat_landmarks_dir = 'drive\directory\folder\' ;
anat_landmarks_f ile = input ('Enter the name of the file with the...

anatomical landmarks from CT: ','s');
anat_landmarks_filename = strcat(anat_landmarks_file, '.xls'); 
anat_landmarks=xlsread ( [anat_landmarks_dir,anat_landmarks_filename],1); 
beads_mimics = anat_landmarks(10:23,1:3) ; 
anat_landmarks = anat_landmarks(1:6,1:3) ;

% Scapular Bead Coordinate System in Mimics 
Sim = beads_mimics(10, :) ;
S3m = beads_mimics(12, : ) ;
S5m = beads_mimics(14 , : ) ;
S5Sl_m = S5m - Sim;
S3Sl_m = S3m - Sim;
Xscap_m = cross(S5Sl_m, S3Sl_m);
Xscap_m_length = norm(Xscap_m);
Xscap_m = Xscap_m / Xscap_m_length;
Zscap_m = cross(S5Sl_m, Xscap_m);
Zscap_m_length = norm(Zscap_m);
Zscap_m = Zscap_m / Zscap_m_length;
Yscap_m = cross(Zscap_m, Xscap_m);
Yscap_m_length = norm(Yscap_m);
Yscap_m = Yscap_m / Yscap_m_length; 
origin_scap_m = Sim;
Tbead_scap2mimics = [Xscap_m' Yscap_m' Zscap_m' origin_scap_m'];
Tbead scap2mimics = cat(l, Tbead_scap2mimics, endline);

% Scapular Anatomical Coordinate System in Mimics
% Landmarks: IA=inferior angle, AA=acromial angle, TS=trigonum spinae



AA = anat_landmarks(3,:);
TS = anat_landmarks(1,:);
IA = anat_landmarks(2,:);
Zscap = AA - TS;
Zscap_length = norm(Zscap);
Zscap = Zscap / Zscap_length;
AA_IA = IA - AA;
Xscap = cross(AA_IA, -Zscap);
Xscap__length = norm (Xscap);
Xscap = Xscap / Xscap_length;
Yscap = cross(Zscap, Xscap);
Yscap_length = norm(Yscap);
Yscap = Yscap / Yscap_length; 
origin_scap = AA;
Tscap2mimics = [Xscap' Yscap' Zscap' origin_scap']; 
Tscap2mimics = cat(l, Tscap2mimics, endline);
Tmimics2scap = inv(Tscap2mimics);

% Relation between beads and anatomie landmarks in the scapula 
Tbeads2scap = Tmimics2scap * Tbead_scap2mimics;
Tscap2beads = inv(Tbeads2scap);

% Humeral Bead Coordinate System in Mimics 
H2m = beads_mimics(6, : ) ;
H3m = beads_mimics(7, :) ;
H4m = beads_mimics(8,:);
Yhum_m = H2m - H4m;
Yhum_m_length = norm(Yhum_m);
Yhum_m = Yhum_m / Yhum_m_length;
H3H4_m = H3m - H4m;
Xhum_m = cross(H3H4_m, Yhum_m);
Xhum_m_length = norm(Xhum_m);
Xhum_m = Xhum_m / Xhum_m_length;
Zhum_m = cross(Xhum_m, Yhum_m);
Zhum_m_length = norm(Zhum_m);
Zhum_m = Zhum_m / Zhum_m_length; 
origin_hum_m = H2m;
Tbead_hum2mimics = [Xhum_m' Yhum_m' Zhum_m' origin_hum_m']; 
Tbead_hum2mimics = cat(l, Tbead_hum2mimics, endline);

% Humeral Anatomical Coordinate System in Mimics 
% Landmarks: LE = lateral epicondyle, ME = medical epicondyle, 
% centre of humeral head 
LE = anat_landmarks(5,:);
ME = anat_landmarks(4,:);
HC = anat_landmarks(6,:); 
midEpi = (LE + ME)/2;
Yhum = HC - midEpi;
Yhum_length = norm(Yhum);
Yhum = Yhum / Yhum_length;
LE_ME = ME - LE;
Xhum = cross(LE_ME, Yhum);
Xhum_length = norm(Xhum);
Xhum = Xhum / Xhum_length;
Zhum = cross(Xhum, Yhum);
Zhum length = norm(Zhum);
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Zhum = Zhum / Zhum_length; 
origin_hum = HC;
Thum2mimics = [Xhum' Yhum' Zhum' origin_hum'];
Thum2mimics = cat(l, Thum2mimics, endline);
Tmimics2hum = inv(Thum2mimics);

% Relation between beads and anatomic landmarks in the humerus 
Tbeads2hum = Tmimics2hum * Tbead_hum2mimics;
Thum2beads = inv(Tbeads2hum);

for z = start_file:(start_file + num_files - 1) 
file_num = int2str(z); 
if z < 10

data_filename = strcat('Fluoro-000', file_num, '_output.xls'); 
elseif (z >= 10 && z < 100)

data_filename = strcat('Fluoro-00' , file_num, '_output.xls'); 
elseif (z >= 100 && z < 1000)

data_filename = strcat('Fluoro-0' , file_num, '_output.xls');
else

data_filename = strcat('Fluoro-' , file_num, '_output.xls');
end
bead_array = xlsread([data_dir,data_filename],1);

% Scapular Bead Coordinate System in Lab 
Sll = bead_array(1,1:3);
S31 = bead_array(3,1:3);
S51 = bead_array(5,1:3);
S5S1_1 = S51 - Sll;
S3S1_1 = S31 - Sll;
Xscap_l = cross(S5S1_1, S3S1_1);
Xscap_l_length = norm(Xscap_l) ;
Xscap_l = Xscap_l / Xscap_l_length;
Zscap_l = cross(S5S1_1, Xscap_l) ;
Zscap_l_length = norm(Zscap_l) ;
Zscap_l = Zscap_l / Zscap_l_length;
Yscap_l = cross(Zscap_l, Xscap_l) ;
Yscap_l_length = norm(Yscap_l) ;
Yscap_l = Yscap_l / Yscap_l_length; 
origin_scap_l = Sll;
Tbead_scap21ab = [Xscap_l' Yscap_l' Zscap_l' origin_scap_l']; 
Tbead_scap21ab = cat(l, Tbead_scap21ab, endline);
Tscap21ab = Tbead_scap21ab * Tscap2beads;
Tlab2scap = inv(Tscap21ab) ;

% Humeral Bead Coordinate System in Lab 
H21 = bead_array(11,1:3);
H31 = bead_array(12,1:3);
H41 = bead_array(13,1:3);
Yhum_l = H21 - H41;
Yhum_l_length = norm(Yhum_l) ;
Yhum_l = Yhum_l / Yhum_l_length;
H3H4_1 = H31 - H41;
Xhum_l = cross(H3H4_1, Yhum_l);
Xhum_l_length = norm(Xhum_l);
Xhum_l = Xhum_l / Xhum_l_length;
Zhum 1 = cross(Xhum 1, Yhum 1);



Zhum_l_length = norm(Zhum_l);
Zhum_l = Zhum_l / Zhum_l_length; 
origin_hum_l = H21;
Tbead_hum21ab = [Xhum_l' Yhum_l' Zhum_l' origin_hum_l' ] ; 
Tbead_hum21ab = cat(l, Tbead_hum21ab, endline);
Thum21ab = Tbead_hum21ab * Thum2beads;
Thum2scap = Tlab2scap * Thum21ab;

% Euler Angle Analysis
alpha = atan2 (-sqrt (Thum2scap ( 1,2)A2 + Thum2scap (3, 2 ) A2 ) ,.. 

Thum2scap(2,2));
beta = atan2 ( (Thum2scap (1,2)/sin (alpha) ) ,...

(Thum2scap(3,2)/sin(alpha))); 
gamma = atan2 ( (Thum2scap (2, 1 )/sin (alpha) ) ,...

(-Thum2scap(2,3)/sin(alpha)));

alpha = alpha * 180/pi; 
beta = beta * 180/pi; 
gamma = gamma * 180/pi;

if arm == 'r '
alpha = -alpha; 
gamma = -gamma;

else
alpha = -alpha; 
beta = -beta;

end

names = ['Plane - beta '; 'Angle - alpha '; 'I/E Rot - 
'T-hum wrt scap ']; 

cellnames = cellstr(names);
data_filename = strrep(data_filename, 'output', 'angles')
data_write = fullfile(data_dir, data_filename);
xlswrite(data_write, cellnames);
xlswrite(data_write, beta, 1, 'B1');
xlswrite(data_write, alpha, 1, 'B2');
xlswrite(data_write, gamma, 1, 'B3' ) ;
xlswrite(data write, Thum2scap, 1, 'B4');

gamma'
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A p p e n d i x  E -  S c h e m a t i c  D r a w i n g s

D r a w i n g s  o f  t h e  d i s t o r t i o n  g r i d ,  c a l i b r a t i o n  f r a m e ,  f l u o r o s c o p i c  s y n c h i n g  

d e v i c e ,  d e v i c e  t o  s y n c h r o n i z e  d a t a  f r o m  t h e  o p t i c a l  m o t i o n  a n a l y s i s  s y s t e m  

a n d  b e a d  i n s e r t e r  w e r e  c r e a t e d  in  S o l i d W o r k s  ( D a s s a u l t  S y s t è m e s  

S o l i d W o r k s  C o r p o r a t i o n ,  C o n c o r d ,  M A ,  U S A ) .  A l l  d e v i c e s  w e r e  

m a n u f a c t u r e d  b y  U n i v e r s i t y  M a c h i n e  S e r v i c e s  a t  t h e  U n i v e r s i t y  o f  W e s t e r n  

O n t a r i o .

E .l D i s t o r t i o n  G r i d

F igure E .l  Sch em atic  draw ing o f  the distortion  grid and m ounting bracket
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Figure E.3 Schem
atic drawing of the fiducial plane
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Figure £.4 Schem
atic drawing of the control plane
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F igure E.6 D im ensions o f  the top and bottom  plate -  ad justab le  fram e
A ll  d im ensions in m illim e te rs .
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F igure E.7 Schem atic  draw ing o f  the top and bottom  plate -  sm all fram e
All dimensions in millimeters.
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E.3 Fluoroscopic Synching Device

Ct

Figure E.8 Assembly and exploded view of the fluoroscopic synching device
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F igure E.9 Sch em atic  draw ing o f  the main body o f  the fluoroscopic  
syn ch in g  device
All dimensions in millimeters.
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F igure E .10 Schem atic draw ing o f the drum  o f  the fluoroscopic synching  
device
All dimensions in millimeters.
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Figure E .l 1 Schem atic  draw ing o f  the bracket o f  the fluoroscopic synching  
device
All dimensions in millimeters.
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F igure E.12 Schem atic draw ing o f  the arm  o f  the fluoroscopic synching  
device
All dimensions in millimeters.

S
C

A
LE

 1
.5

:1
 W

EI
G

H
T:

 C
U0

43
 

SH
EE

T 
1 

O
F 

1



E.4 Synching Device for the Optical Motion Analysis 
System

236

Figure E.13 Schem atic draw ing o f  the synching device for the optical 
m otion analysis system
All dimensions in millimeters.



E.5 Simplified Bead Inserter

Figure E .14 Schem atic draw ing o f  the sim plified bead inserter
All dimensions in millimeters.
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Appendix F -  Digitization of the Distortion Grid

T h i s  a p p e n d i x  d e s c r i b e s  t h e  p r o c e s s  u s e d  t o  p r e c i s e l y  l o c a t e  t h e  p o s i t i o n s  

o f  t h e  b e a d s  o n  t h e  d i s t o r t i o n  g r i d  t h a t  w a s  d e s c r i b e d  i n  C h a p t e r  2 .

F.l CMM Machine Details

T h e  D E A  s w i f t  c o o r d in a t e  m e a s u r in g  m a c h in e  ( C M M ;  H e x a g o n  M e t r o l o g y  

S e r v ic e s  L t d . . ,  L o n d o n ,  U K ;  F ig u r e  F . l )  is  a  m a n u a l l y  o p e r a t e d ,  v e r t i c a l  b r id g e - t y p e  

m a c h in e  t h a t  c a n  m a k e  m e a s u r e m e n t s  in  t h r e e  a x e s .  T h e  p a r a m e t e r s  o f  t h is  m a c h in e  a r e  

l is t e d  in  T a b l e  F . l .  T h e  e le c t r o n ic  t o u c h  p r o b e  is  m o u n t e d  f r o m  t h e  c r o s s - h e a d  a n d  

e x t e n d s  in  t h e  d i r e c t i o n  o f  t h e  Z - a x i s .  I t  is  m a n u a l l y  g u id e d  b y  a  j o y s t i c k  m e c h a n is m .

F.2 Digitization Process

I n s p e c t i o n  o f  a  s p h e r e  w a s  s p e c i f i e d  w i t h i n  t h e  D E A  T u t o r  s o f t w a r e  p a c k a g e .  

E a c h  b e a d  w a s  t o u c h e d  9  t im e s  b y  t h e  d i g i t i z i n g  p r o b e  in  a p p r o x i m a t e l y  th e  

c o n f ig u r a t i o n  s h o w n  in  F ig u r e  F .2 .  T h e  c o o r d in a t e s  o f  t h e  s p h e r e ’ s c e n t r e  a n d  th e  

d ia m e t e r  o f  t h e  s p h e r e  w e r e  c a lc u la t e d  a n d  d is p la y e d  b y  t h e  T u t o r  s o f t w a r e  p a c k a g e .  T h e  

a v e r a g e  d ia m e t e r  o f  t h e  2 2 1  s p h e r e s  o n  th e  d is t o r t io n  g r id  w a s  f o u n d  to  b e  2 . 0 9  m m  ( ±

0 . 1 3  m m ) .  T h e  p o s i t io n s  o f  t h e  1 2 1  p o in t s  t h a t  a r e  u s e d  in  d is t o r t io n  c o r r e c t io n ,  r e la t iv e  

t o  t h e i r  t h e o r e t i c a l  l o c a t io n s ,  c a n  b e  s e e n  in  F ig u r e  F .3 .
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Figure F .l D igitization  o f  the distortion  grid using the C M M
All dimensions in millimeters.

T able F .l Param eters o f  the DEA Sw ift coordinate m easuring m achine

Work piece capacity 46 cm L x 61 cm W x 38 cm H
Travel capacity X-axis -  36 cm

Y-axis -  41 cm
Z-axis -30 cm

Machine performance
Linear Accuracy 0.0064 mm
Repeatability 0.0041 mm
Resolution 0.0010 mm

1

Figure F.2 C onfiguration  o f  points for digitization o f  a sphere
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Appendix G -  Usage of The Device to Synchronize the
Fluoroscopes

T h i s  a p p e n d i x  d e s c r i b e s  h o w  t o  o p e r a t e  t h e  d e v i c e  f o r  s y n c h r o n i z i n g  t h e  

f l u o r o s c o p e s  t h a t  w a s  d e s c r i b e d  in  C h a p t e r  2 .

1. A t t a c h  t h e  t w o  d r u m s  t o  t h e  im a g e  in t e n s i f ie r s .  B e  c a r e f u l  n o t  to  t ig h t e n  th e  s tr a p s  

t o o  m u c h  -  n o  lo a d  w i l l  b e  a p p l i e d  to  th e  d r u m s  s o  t h e  s t r a p s  s h o u ld  b e  j u s t  t ig h t  

e n o u g h  t o  s to p  t h e  d r u m s  f r o m  s l ip p in g .  N o t e  t h a t  t h is  m u s t  b e  d o n e  p r i o r  to  

c a l i b r a t in g  t h e  s y s t e m  f o r  R S A ,  a s  a f t e r  c a l i b r a t io n  im a g e s  a r e  t a k e n  t h e  f lu o r o s c o p e s  

c a n n o t  b e  t o u c h e d .

2 .  A l w a y s  e n s u r e  t h a t  t h e  p o w e r  b u t t o n  o n  th e  c o n t r o l  c o n s o le  ( F i g u r e  G .  1 )  is  in  th e  

‘ o f f  p o s i t i o n  b e f o r e  p l u g g i n g  in  o r  u n p lu g g in g  t h e  p o w e r  c o r d .  T h i s  c a n  b e  t r i c k y  a s  

t h e r e  is  n o  v i s i b l e  s ig n  a s  to  w h e t h e r  th e  u n i t  is  o n  o r  o f f .  T h e  p o w e r  b u t t o n  h a s  le s s  

g iv e  w h e n  in  t h e  ‘ o f f  p o s i t i o n .

3 .  O n c e  t h e  u n i t  is  p lu g g e d  in ,  t u r n  t h e  p o w e r  o n  b y  p r e s s in g  t h e  p o w e r  b u t t o n .  T h e  

g r e e n  t r i g g e r  b u t t o n  w i l l  b e g in  to  f la s h .

4 .  P re s s  t h e  g r e e n  t r i g g e r  b u t t o n  to  b e g in  t h e  t i m i n g  s e q u e n c e .  I f  t h e  d r u m s  d o  n o t  b e g in  

to  r o t a t e  w i t h i n  t h e  f i r s t  f i v e  s e c o n d s ,  p r e s s  th e  t r i g g e r  a g a in  a n d  s w i t c h  th e  r o t a t io n  

s p e e d  to  b e  l o w e r .  T h e  d r u m s  n e e d  to  b e  r o t a t in g  a t  2 H z  to  e f f e c t i v e l y  s y n c h r o n iz e  

th e  f lu o r o s c o p e s ,  b u t  t h is  s p e e d  o f t e n  n e e d s  to  b e  a t t a in e d  in  s ta g e s .  P re s s  t h e  t r ig g e r  

a g a in  to  s ta r t  t h e  d r u m s .  O n c e  t h e  t w o  d r u m s  a r e  in  t i m e ,  t h e  g r e e n  t r i g g e r  b u t t o n  

s to p s  f l a s h i n g  a n d  s ta y s  o n  c o n t in u o u s ly .

5 .  I f  t h e  d r u m s  a r e  n o t  r o t a t i n g  a t  2 H z ,  s to p  t h e m  w i t h  t h e  t r i g g e r  a n d  in c r e a s e  th e  s p e e d
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Figure G.l T he device to synchronize the fluoroscopes
(A) Drum 1 mounted to one of the image intensifiers, (B) the control console, (C) 
the power supply, (D) the trigger, (E) drum 2.
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to  2 H z .  T h e  d r u m s  s h o u ld  b e  a b le  to  a c h ie v e  2 H z  o n c e  t h e y  h a v e  b e e n  s ta r te d  a t  a  

l o w e r  s p e e d .

6 .  I f  f o r  a n y  r e a s o n  t h e  d r u m s  lo s e  s y n c h r o n ic i t y ,  t h e  t i m i n g  s e q u e n c e  w i l l  b e g in  a g a in  

a n d  t h e  t r i g g e r  w i l l  b e g in  f l a s h in g  a g a in .  I t  w i l l  s to p  o n c e  s y n c h r o n i c i t y  is  a g a in  

a c h ie v e d .

N otes:

* * *  D o  n o t  r u n  t h e  t i m i n g  u n i t s  c o n t in u o u s ly  i f  a v o i d a b le ,  a s  t h e  m o t o r s  d o  h e a t  u p .  T h e  

u n i t  w a s  r u n  c o n t in u o u s l y  b y  U n i v e r s i t y  M a c h i n e  S e r v ic e s  f o r  t w o  h o u r s ,  b u t  t h is  is  n o t  

r e c o m m e n d e d .

* * *  O n  o c c a s io n ,  t h e  s y n c h r o n ic i t y  o f  th e  d r u m s  s h o u ld  b e  c h e c k e d  b y  a f f i x i n g  b o t h  

d r u m s  to  o n e  i m a g e  i n t e n s i f i e r  ( s e e  A p p e n d i x  H ) .  A t  a n y  p o i n t  i n  t i m e  t h e  d r u m s  s h o u ld  

b e  a t  t h e  s a m e  p h a s e  o f  r o t a t io n .  I f  t h e y  a r e  n o t ,  th e  t i m i n g  o f  t h e  d r u m s  m a y  b e  a l t e r e d  

b y  lo o s e n in g  t h e  t w o  s c r e w s  o n  th e  p r o x i m i t y  s w i t c h  b r a c k e t s  a n d  a d ju s t in g  th e  p o s i t io n  

o f  th e  p r o x i m i t y  s w i t c h  u n t i l  t h e  t w o  d r u m s  a r e  in  t i m e .
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T h i s  a p p e n d i x  d e s c r i b e s  h o w  t h e  d e v i c e  f o r  s y n c h r o n i z i n g  t h e  f l u o r o s c o p e s  

w a s  v a l i d a t e d  a n d  i n c l u d e s  d e t a i l s  r e g a r d i n g  v e r i f y i n g  t h e  s y n c h r o n i c i t y  o f  

t h e  d r u m s .

H.l Ensuring Synchronicity of the Drums

T h e  f i r s t  s te p  in  t h e  v a l i d a t i o n  o f  th e  f lu o r o s c o p ic  s y n c h in g  d e v ic e  w a s  to  e n s u r e  

t h a t  th e  t w o  d r u m s  w e r e  r o t a t i n g  s y n c h r o n o u s ly .  T o  d o  t h is ,  b o t h  d r u m s  w e r e  m o u n t e d  to  

o n e  o f  t h e  i m a g e  in t e n s i f i e r s .  V i d e o s  w e r e  c a p t u r e d  o f  t h e  u n i t s  m o v i n g  t o g e t h e r  ( F ig u r e  

H . l ) .  O n e  d r u m  w a s  s l i g h t l y  a h e a d  o f  th e  o t h e r  s o  th e  d r u m s  w e r e  s t o p p e d  a n d  th e  t w o  

s c r e w s  o n  t h e  p r o x i m i t y  s w i t c h  b r a c k e t s  ( F ig u r e  H . 2 )  w e r e  lo o s e n e d  to  a l t e r  th e  s w i t c h e s ’ 

p o s i t io n s .  T h e  d r u m s  w e r e  t h e n  r e s t a r t e d  a n d  s y n c h r o n i c i t y  w a s  a g a in  c h e c k e d .  T h e  

p r o x i m i t y  s w i t c h e s  w e r e  a d ju s t e d  u n t i l  th e  t w o  d r u m s  w e r e  in  t i m e .

H.2 Method of Validation

T h e  t w o  f lu o r o s c o p e s  w e r e  a l ig n e d  s u c h  t h a t  t h e  i m a g e  i n t e n s i f i e r s  w e r e  a t  9 0 °  to  

o n e  a n o t h e r  a n d  a t  a p p r o x i m a t e l y  e q u a l  v e r t i c a l  h e ig h t  ( F i g u r e  H . 3 ) .  T h e  d r u m s  o f  th e  

f l u o r o s c o p ic  s y n c h i n g  d e v i c e  w e r e  a t t a c h e d  to  e a c h  im a g e  in t e n s i f i e r .  A  s lo p in g  t u b e  

w a s  p o s i t io n e d  s u c h  t h a t  i t  w a s  a p p r o x i m a t e l y  e q u id is t a n t  to  t h e  c e n t r e  o f  e a c h  

f l u o r o s c o p y  u n i t  a n d  p a s s e d  t h r o u g h  th e  m i d d l e  o f  e a c h  f i e l d  o f  v i e w .  I t  w a s  s e c u r e d  in  

t h is  l o c a t io n .  T h r e e  o p e r a t o r s  ( o n e  v e r y  e x p e r ie n c e d ,  o n e  e x p e r i e n c e d ,  a n d  o n e  n o v ic e )  

w e r e  a s k e d  t o  b e g in  i m a g i n g  w i t h  b o t h  f lu o r o s c o p y  u n i t s  b y  d e p r e s s in g  b o t h  f o o t  p e d a ls  

a t  th e  s a m e  t i m e .  T h e y  w e r e  t h e n  a s k e d  to  p la c e  a  5 / 1 6 ”  d ia m e t e r  b ra s s  b a l l  in t o  th e  tu b e

A p p e n d i x  H  -  V a l i d a t i o n  o f  t h e  D e v i c e  t o  S y n c h r o n i z e  t h e

F l u o r o s c o p e s



F igure H .l Im age o f  the two drum s m ounted on one im age in tensifier

F igure H.2 T he proxim ity sw itch bracket
Indicated by the oval.
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a n d  r e c o r d  i t s  p a s s a g e  p a s t  th e  im a g e  in t e n s i f i e r s .  T h e  p a s s a g e  o f  t h e  b a l l  t e s te d  th e  

p o t e n t i a l  f o r  a n y  a l i a s in g  t h a t  c o u ld  o c c u r  d u e  to  th e  c y c l i c  n a t u r e  o f  th e  s y n c h in g  d e v ic e .  

A s  th e  d r u m s  r o t a t e  a t  2 H z ,  h a l f  a  s e c o n d  c a n  e la p s e  b e f o r e  a l i a s in g  o c c u r s .  E a c h  

o p e r a t o r  r e p e a t e d  t h is  p r o c e s s  2 0  t im e s .

T h e  p o s i t i o n  o f  e a c h  d r u m  a t  th e  b e g in n in g  o f  e a c h  f lu o r o s c o p ic  s e q u e n c e  w a s  

r e c o r d e d .  T h i s  d e f i n e d  h o w  c lo s e ly  a n  o p e r a t o r  o f  v a r i a b l e  e x p e r i e n c e  c o u ld  c o m e  to  

a c t iv a t i n g  b o t h  f l u o r o s c o p y  u n i t s  s im u l t a n e o u s ly .  T h e  p o s i t io n  o f  e a c h  d r u m  a t  th e  

e n t r a n c e  o f  t h e  b a l l  i n t o  t h e  f i e l d  o f  v i e w  w a s  a ls o  n o t e d .  I n  a d d i t i o n ,  th e  n u m b e r  o f  

f r a m e s  b e t w e e n  t h e  b e g in n in g  o f  e a c h  f lu o r o s c o p y  s e q u e n c e  a n d  t h e  e n t r a n c e  o f  th e  b a l l  

i n t o  t h e  f i e l d  o f  v i e w  w a s  c o u n t e d .  D i f f e r e n c e s  in  t h e  p o s i t io n s  o f  t h e  d r u m s  a t  e a c h  t i m e  

p o i n t  a n d  in  t h e  n u m b e r  o f  f r a m e s  u n t i l  th e  b a l l  w a s  v i s i b l e  w e r e  c a lc u la t e d .  A n y  la r g e  

d i f f e r e n c e s  in  t h e  l a t t e r  c o u ld  in d ic a t e  th e  p o t e n t ia l  f o r  a l i a s in g .

H.3 Results

H i s t o g r a m s  o f  t h e  r e l a t i v e  p o s i t io n s  o f  t h e  d r u m s  a t  t h e  b e g in n in g  o f  e a c h  

f l u o r o s c o p y  s e q u e n c e  a r e  s h o w n  in  F ig u r e  H . 4  f o r  th e  t h r e e  o p e r a t o r s  o v e r  2 0  t r i a l s  e a c h  

a n d  in  F ig u r e  H . 5  f o r  a l l  o p e r a t o r s  o v e r  6 0  t r ia ls .  G i v e n  t h a t  e a c h  “ t i c k ”  o n  th e  s c a le  

c o r r e s p o n d s  t o  o n e  f r a m e ,  t h e  e x p e r ie n c e d  o p e r a t o r  t r ig g e r e d  t h e  f lu o r o s c o p e s  w i t h  a n  

a b s o lu t e  d i f f e r e n c e  o f  1 .1 5  ±  1 .2 0  f r a m e s .  T h e  m o d e r a t e l y  e x p e r ie n c e d  o p e r a t o r  a n d  th e  

i n e x p e r ie n c e d  o p e r a t o r  t r ig g e r e d  t h e  f lu o r o s c o p e s  w i t h  a n  a b s o lu t e  d i f f e r e n c e  o f  0 . 7 0  ±

0 . 4 4  f r a m e s  a n d  1 .2 3  ±  1 .0 7  f r a m e s  r e s p e c t iv e ly .

T h e  p a s s a g e  o f  t h e  b ra s s  b a l l  p a s t  th e  im a g e  i n t e n s i f i e r s  c o u ld  b e  c l e a r l y  s e e n  in  

t h e  f r a m e - b y - f r a m e  a n a ly s is  o f  th e  v id e o s  ( F ig u r e  H . 6 ) .  A s  t h e  im a g e  i n t e n s i f i e r s  w e r e  

lo c a t e d  a t  a p p r o x i m a t e l y  t h e  s a m e  v e r t i c a l  p o s i t io n ,  t h e  b a l l  e n t e r e d  b o t h  f i e ld s  o f  v i e w  a t
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(A)

(B)

(C)

Difference in Timer Position

Difference in Timer Position

Difference in Timer Position

F igure H .4 H istogram s o f  the d ifference in tim er position  betw een the two  
flu oroscop es at the tim e the two fluoroscopes are triggered
2 0  t r ia ls  e a c h  f o r  ( A )  a n  e x p e r ie n c e d  o p e ra to r ,  (B) a  m o d e r a te ly  e x p e r ie n c e d  
o p e r a to r ,  a n d  ( C )  a n  in e x p e r ie n c e d  o p e ra to r .



18

Difference in Timer Position

Figure H .5 D ifference in tim er position for all operators
T o t a l  o f  6 0  t r ia ls .
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F igure H .6 Fram es show ing the passage o f the brass ball past one o f  the  
fluoroscopes



a p p r o x i m a t e l y  t h e  s a m e  t i m e .  O v e r  a l l  6 0  t r ia ls  th e  d i f f e r e n c e  in  th e  p o s i t io n s  o f  th e  

d r u m s  a t  t h e  t i m e  t h e  b a l l  e n t e r e d  t h e  f i e l d  o f  v i e w  w a s  0 . 2 2  ±  0 . 5 6  “ t i c k s ” . T h e  

d i f f e r e n c e  in  t h e  n u m b e r  o f  f r a m e s  b e t w e e n  th e  t r i g g e r i n g  o f  t h e  f lu o r o s c o p y  u n i t s  a n d  

t h e  a p p e a r a n c e  o f  t h e  b a l l  in  t h e  f i e l d  o f  v i e w  w a s  1 .1 8  ±  1 .0 2  f r a m e s .  T h e  d i f f e r e n c e  

b e t w e e n  t h e  d i f f e r e n c e s  in  th e  t r i g g e r i n g  o f  th e  f lu o r o s c o p e s  a n d  th e  t i m e  u n t i l  th e  b a l l  

e n t e r e d  t h e  i m a g e  f r a m e  a r e  d e p ic t e d  in  F ig u r e  H . 7 .  T h e  a v e r a g e  o v e r  6 0  t r i a l s  w a s  0 . 5 3  

±  0 . 6 5  f r a m e s .

H.4 Discussion

T h e  s m a l l  d i f f e r e n c e  in  th e  n u m b e r  o f  f r a m e s  b e t w e e n  t h e  t r i g g e r i n g  o f  th e  

f lu o r o s c o p e s  a n d  t h e  a p p e a r a n c e  o f  th e  b a l l  in  t h e  f i e l d  o f  v i e w  s u g g e s ts  t h a t  n o  a l ia s in g  

o c c u r s .  T h e r e f o r e ,  t h e  f lu o r o s c o p ic  im a g e s  c a n  b e  m a t c h e d  u s in g  t h e  c lo s e s t  m a t c h in g  

d r u m  p o s i t io n s .  T h e  m a x i m u m  d i f f e r e n c e  in  s ta r t  t im e s  in  6 0  t r i a l s  w a s  f o u r  f r a m e s ,  

w h i c h  w a s  le s s  t h a n  h a l f  t h e  n u m b e r  o f  “ t i c k s ”  o n  t h e  s c a le ,  i n d i c a t i n g  t h a t  th e  c lo s e s t  

m a t c h  w i l l  a l w a y s  b e  c o r r e c t .  O n c e  t h e  s y n c h in g  d e v ic e  w a s  u s e d ,  th e  d i f f e r e n c e  in  th e  

m a t c h in g  o f  t h e  f l u o r o s c o p i c  im a g e s  a v e r a g e d  le s s  t h a n  o n e  f r a m e .  T h i s  s m a l l  e r r o r  

c o u ld  b e  a t t r ib u t e d  t o  t h e  f a c t  t h a t  t h e  f lu o r o s c o p e s  w e r e  n o t  p la c e d  e x a c t l y  a t  th e  s a m e  

v e r t i c a l  h e i g h t  a n d  t h e  t u b e  d id  n o t  p a s s  p r e c is e ly  t h r o u g h  t h e  s a m e  l in e  in  e a c h  

f l u o r o s c o p e ’ s f i e l d  o f  v i e w .  T h e r e f o r e ,  i t  c a n  b e  c o n c lu d e d  t h a t  t h e  s y n c h in g  d e v ic e  

o f f e r s  a  r e l i a b l e  w a y  in  w h i c h  to  v i s u a l l y  v e r i f y  th e  m a t c h in g  o f  t w o  f lu o r o s c o p y  im a g e s  

in  t i m e  f o r  t h e  p u r p o s e s  o f  R S A .
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Difference Between Frame and Drum

F igure H .7 D ifference betw een the difference in the start position o f  the 
fluoroscopy units and the num ber o f  fram es until the ball appeared in the 
field o f  v iew
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T h i s  a p p e n d i x  c o n t a i n s  i n s t r u c t i o n s  f o r  s y n c h r o n i z i n g  d a t a  o b t a i n e d  f r o m  

t h e  R S A  a n d  o p t i c a l  m o t i o n  a n a l y s i s  s y s t e m s .

1. W a r m  u p  a n d  c a l i b r a t e  t h e  o p t i c a l  m o t io n  a n a ly s is  s y s t e m .

2 .  P o s i t io n  t h e  f lu o r o s c o p e s  in  t h e i r  d e s ir e d  lo c a t io n s .

3 .  P la c e  t h e  c a l i b r a t i o n  f r a m e  in  th e  f i e l d  o f  v i e w  o f  b o t h  f lu o r o s c o p e s ,  e n s u r in g  i t  

c a n  a ls o  b e  ‘ s e e n ’ b y  t h e  o p t i c a l  m o t io n  a n a ly s is  s y s t e m .

4 .  C a p t u r e  t h e  p o s i t i o n  o f  t h e  c a l i b r a t io n  f r a m e  u s in g  b o t h  t h e  f lu o r o s c o p e s  a n d  th e  

o p t i c a l  s y s t e m .

5 .  A f f i x  t h e  b r a s s  o p t i c a l  m a r k e r  to  th e  s u b je c t  a lo n g  w i t h  t h e  o t h e r  r e q u i r e d  o p t ic a l  

m a r k e r s .  N o t e  t h a t  t h e  b r a s s  m a r k e r  m u s t  b e  v i s i b l e  w i t h i n  t h e  f lu o r o s c o p e s ’ f i e ld  

o f  v i e w  s o  i t  is  b e s t  u s e d  a r o u n d  th e  j o i n t  t h a t  is  b e i n g  e x a m in e d .

6 .  C o l l e c t  b o t h  f l u o r o s c o p i c  a n d  o p t i c a l  m o t i o n  a n a ly s is  d a t a  o f  th e  m o t io n s  o f  

in t e r e s t .

7 .  D i g i t i z e  t h e  p o s i t io n s  o f  th e  c a l i b r a t io n  f r a m e  m a r k e r s  a n d  th e  b ra s s  o p t ic a l  

m a r k e r  in  t h e  f lu o r o s c o p i c  im a g e s  a n d  c o r r e c t  t h e s e  f o r  d is t o r t io n .  D e t e r m i n e  th e  

p o s i t io n s  o f  t h e s e  m a r k e r s  in  th e  f lu o r o s c o p ic  l a b o r a t o r y  c o o r d in a t e  s y s te m .

8 .  T r a c k  t h e  m o t i o n  a n a ly s is  d a t a  o f  a l l  m a r k e r s .

9 .  R u n  t h e  c o m p a r is o n  p r o g r a m  ( s y n c h i n g . m ) .

a .  T h i s  c r e a t e s  a  c o o r d in a t e  s y s te m  u s in g  t h e  c a l i b r a t io n  f r a m e  m a r k e r s  in  b o th  

t h e  f l u o r o s c o p i c  a n d  o p t i c a l  l a b o r a t o r y  c o o r d in a t e  s y s te m s .

A p p e n d i x  I -  U s a g e  o f  t h e  D e v i c e  t o  M a t c h  D a t a  f r o m  t h e

O p t i c a l  M o t i o n  A n a l y s i s  S y s t e m
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b . I t  t h e n  t r a n s f o r m s  th e  p o s i t io n  o f  t h e  b r a s s  o p t i c a l  m a r k e r  in  t h e  t w o  

l a b o r a t o r y  c o o r d in a t e  s y s te m s  in t o  th e  r e s p e c t iv e  f r a m e s .

1 0 . T h e  f r a m e s  a t  w h i c h  t h e  p o s i t io n  o f  t h e  m a r k e r  is  t h e  m o s t  s i m i l a r  w i l l  b e  

o u t p u t t e d  i n t o  t h e  E x c e l  f i l e .
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Appendix J -  Validation of Device to Match Data from the 
Optical Motion Analysis System

T h e  t e r t i a r y  c o o r d i n a t e  s y s t e m  f o r  s y n c h r o n i z i n g  d a t a  o b t a i n e d  f r o m  t h e  

R S A  a n d  o p t i c a l  m o t i o n  a n a l y s i s  s y s t e m s  w a s  v a l i d a t e d  a s  d e s c r i b e d  in  

t h i s  a p p e n d i x .

J.l Method of Validation

T h e  o p t i c a l  m o t i o n  a n a ly s is  s y s t e m  w a s  c a l i b r a t e d .  T h e  f lu o r o s c o p e s  w e r e  

p o s i t io n e d  s u c h  t h a t  t h e  im a g e  in t e n s i f i e r s  w e r e  a p p r o x i m a t e l y  o r t h o g o n a l .  T h e  s m a l l  

c a l i b r a t io n  f r a m e  w a s  u s e d  t o  d e f i n e  th e  R S A  la b o r a t o r y  c o o r d in a t e  s y s t e m .  A  r e f l e c t i v e  

m a r k e r  m a d e  o f  b r a s s  w a s  m o u n t e d  to  th e  m o v e a b le  t a b l e t o p  o f  a  p r e c is io n  c r o s s - s l id e  

t a b le  ( M o d e l  V C T 5 1 4 ,  S o w a  T o o l  a n d  M a c h i n e  C o .  L t d . ,  K i t c h e n e r ,  O n t a r i o ,  C a n a d a ) ,  

w h i c h  w a s  p la c e d  s u c h  t h a t  i t  w a s  a n g le d  a t  a p p r o x i m a t e l y  4 5 °  w i t h  r e s p e c t  to  b o t h  

f lu o r o s c o p e s  ( F i g u r e  J . l ) .  T h e  lo c a t io n  o f  th e  r e f l e c t i v e  m a r k e r  w a s  t r a c k e d  in  t h r e e -  

d im e n s i o n a l  s p a c e  u s in g  a  f o u r - c a m e r a  r e a l - t im e  o p t i c a l  m o t i o n  a n a ly s is  s y s te m  ( H a w k  

c a m e r a s ,  E v a R T  s y s t e m ,  M o t i o n  A n a l y s i s  C o r p . ,  S a n t a  R o s a ,  C a l i f o r n i a ,  U S A )  a n d  a ls o  

b y  th e  f lu o r o s c o p i c  R S A  s y s t e m .  T h e  p o s i t io n  o f  th e  c r o s s - s l id e  t a b le  w a s  a l t e r e d  in  

in c r e m e n t s  o f  a p p r o x i m a t e l y  4  m m  a lo n g  a  t o t a l  l e n g t h  o f  a p p r o x i m a t e l y  8 0  m m .  T h e  

b ra s s  r e f l e c t i v e  m a r k e r  w a s  t h e n  p la c e d  o n  th e  e n d  o f  a  c a r b o n  f i b r e  r o d  a n d  m o v e d  

t h r o u g h  t h e  R S A  c a p t u r e  v o l u m e .

T h e  s y n c h in g  d e v i c e  f o r  th e  o p t i c a l  m o t i o n  a n a ly s is  s y s t e m  w a s  u s e d  to  c r e a t e  a  

t e r t i a r y  c o o r d in a t e  s y s t e m  in  b o t h  th e  o p t i c a l  a n d  R S A  c o o r d in a t e  s y s t e m s ,  c r e a t in g  a  

c o m m o n  r e f e r e n c e  f r a m e  f o r  b o t h .  T h e  p o s i t io n  o f  t h e  b r a s s  r e f l e c t i v e  m a r k e r  w a s  

d e t e r m in e d  in  t h e  c o m m o n  r e f e r e n c e  f r a m e  a n d  th e  b e s t  m a t c h  b e t w e e n  t h e  o p t i c a l  a n d
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Figure J . l  A pparatus for the validation  o f  the m ethod to m atch data from  
the optical m otion analysis system  w ith that obtained using RSA
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R S A  d a t a  w a s  f o u n d  u s in g  t h e  p r o g r a m  “ s y n c h i n g . m ”  (s e e  A p p e n d i x  D )  f o r  b o t h  s te p ­

w is e  a n d  c o n t in u o u s  te s t  c o n d i t io n s .  I n  t h e  c a s e  o f  t h e  s t e p - w is e  d is p la c e m e n t s  a  c o r r e c t  

m a t c h  o f  t h e  f r a m e s  c o u ld  b e  e v a lu a t e d  n u m e r i c a l l y .  I n  t h e  c a s e  o f  th e  c o n t in u o u s  

m o t i o n  a  g r a p h ic a l  e v a l u a t i o n  w a s  c o n d u c t e d  w i t h  t h e  c o m p l e t e  d a t a  s e t  o b t a in e d  f r o m  

th e  o p t i c a l  t r a c k i n g  s y s t e m  a n d  f o u r  s m a l l  s e c t io n s  o f  d a t a  f r o m  t h e  R S A  s y s te m .

T h e  p r o g r a m  “ s y n c h i n g . m ”  s e q u e n t i a l l y  m a t c h e s  t h e  a v a i l a b l e  R S A  d a t a  w i t h  th e  

a v a i l a b le  o p t i c a l  m o t i o n  a n a ly s is  d a t a  a n d  c a lc u la t e s  t h e  d i f f e r e n c e  b e t w e e n  th e  p o s it io n s  

o f  th e  b r a s s  r e f l e c t i v e  m a r k e r  in  th e  t e r t i a r y  c o o r d in a t e  s y s t e m  a s  a  r e s u l t  o f  R S A  a n d  

o p t ic a l  m o t i o n  t r a c k in g .  S in c e  th e  o p t i c a l  t r a c k in g  s y s t e m  h a s  a  s a m p le  r a t e  o f  6 0  H z  a n d  

t h e  R S A  s y s t e m  h a s  a  s a m p le  r a t e  o f  3 0  H z ,  e a c h  R S A  d a t a  p o i n t  is  r e c o r d e d  t w ic e  in  th e  

l i s t  o f  a v a i l a b l e  d a t a  p o in t s .  T h i s  in f l a t e s  th e  n u m e r ic a l  v a lu e  o f  t h e  s u m  o f  th e  e r r o r s  in  

t h e  p o s i t io n s ;  h o w e v e r  t h e  a c t u a l  n u m b e r  is  n o t  o f  im p o r t a n c e .  T h e  f r a m e  a t  w h i c h  th e  

m i n i m u m  v a lu e  o c c u r s  is  t h e  v a lu e  to  n o te .  T h e  a l t e r n a t i v e  w o u l d  b e  to  r e m o v e  h a l f  o f  

th e  o p t i c a l  m o t i o n  a n a ly s is  s y s t e m  d a t a  p o in t s ;  h o w e v e r ,  t h a t  c o u ld  r e s u l t  in  a  s u b o p t im a l  

m a t c h  b e t w e e n  t h e  t w o  s y s t e m s .  T h e  o p t i c a l  m o t i o n  a n a ly s is  f r a m e  w i t h  w h i c h  th e  f i r s t  

R S A  d a t a  p o i n t  s h o u ld  b e  m a t c h e d  is  o u t p u t t e d  b y  th e  p r o g r a m .

J.2 Results

T h e  a b s o lu t e  p o s i t io n  o f  th e  r e f l e c t i v e  b ra s s  m a r k e r  w i t h i n  t h e  f r a m e  o f  th e  o p t ic a l  

s y n c h in g  d e v i c e  w a s  n o t  th e  s a m e  w h e n  c a lc u la t e d  b y  R S A  a n d  o p t i c a l  m o t i o n  a n a ly s is .  

I t  w a s  c o n s is t e n t l y  d i f f e r e n t  b y  a p p r o x i m a t e l y  2  m m .

T h e  p r o g r a m  “ s y n c h i n g . m ”  c o r r e c t ly  m a t c h e d  t h e  f r a m e s  o f  t h e  s t e p - w is e  

d is p la c e m e n t s .  T h e  p r o g r a m  “ s y n c h i n g . m ”  a ls o  c o r r e c t ly  m a t c h e d  th e  f r a m e s  o f  th e  

c o n t in u o u s  te s ts ,  a s  m a y  b e  s e e n  in  F ig u r e  J .2  a n d  T a b l e  J . l  f o r  o n e  s a m p le  o f  11 R S A



Z 
(m

m
)



259

T able J . l  Sum  o f  the errors in m atching the data from  the optical m otion  
analysis system  w ith  that obtained using RSA
Sum for 11 data points obtained using RSA. Matched to correct location in 1112 
data points obtained using the optical motion analysis system. The first point in 
the RSA data should be aligned with the 558th frame in the optical motion 
analysis data.

O p t i c a l  M o t i o n  A n a l y s i s  
F r a m e  N u m b e r S u m  o f  E r r o r s  ( m m )

5 4 9 8 8 0 . 2
5 5 0 7 9 1 . 6
5 5 1 7 0 3 . 1
5 5 2 6 1 4 . 4
5 5 3 5 2 5 . 2
5 5 4 4 3 5 . 5
5 5 5 3 4 6 . 6
5 5 6 2 6 1 . 9
5 5 7 1 8 9 .8
5 5 8 1 4 8 . 0
5 5 9 1 6 0 . 0
5 6 0 2 2 2 . 0
5 6 1 3 0 7 .1
5 6 2 4 0 2 . 2
5 6 3 5 0 5 . 5
5 6 4 6 1 6 . 9
5 6 5 7 2 8 . 7
5 6 6 8 3 5 . 4
5 6 7 9 3 5 . 7
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d a t a  p o in t s  c o m p a r e d  w i t h  t h e  d a t a  o b t a in e d  in  1 8 .5  s w i t h  t h e  o p t i c a l  m o t i o n  a n a ly s is  

s y s te m .

J.3 D i s c u s s i o n

W h i l e  t h e  p o s i t i o n  o f  th e  b ra s s  m a r k e r  w a s  n o t  t h e  s a m e  in  R S A  a n d  o p t ic a l  

m o t i o n  a n a ly s is  s y s t e m s ,  i t  w a s  c o n s is t e n t ly  o f f s e t ,  a l l o w i n g  t h e  p r o g r a m  to  c o r r e c t ly  

m a t c h  t h e  d a t a  p o in t s  t a k e n  w i t h  e a c h  s y s te m .  B o t h  s t e p - w is e  a n d  c o n t in u o u s  t r i a l s  w e r e  

m a t c h e d  c o r r e c t l y .

T h e  m o s t  d i f f i c u l t  p a r t  a b o u t  u s in g  t h is  s y s t e m  o f  s y n c h r o n i z a t i o n  is  m a in t a i n in g  

v i s i b i l i t y  o f  t h e  s y n c h r o n i z in g  m a r k e r  in  b o t h  o p t ic a l  m o t i o n  a n a ly s is  a n d  R S A  s y s te m s .  

I t  d o e s  n o t  n e e d  to  b e  s im u l t a n e o u s l y  v i s i b le  a t  a l l  t im e s ,  j u s t  e n o u g h  to  a l l o w  m a t c h in g  

to  t a k e  p la c e ,  w h i c h  a s  s h o w n  in  th e  e x a m p le ,  m a y  b e  d o n e  r e l i a b l y  w i t h  o n l y  e le v e n

f r a m e s .
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A p p e n d i x  K -  S t e p s  t o  F o l l o w  f o r  u s e  o f  t h e  WOQIL
L a b o r a t o r y

T h i s  a p p e n d i x  o u t l i n e s  t h e  s t e p s  t h a t  s h o u l d  h e  f o l l o w e d  t o  o b t a i n  d a t a  

f r o m  t h e  R S A  s y s t e m  in  t h e  W O Q I L  l a b o r a t o r y .

1 . C a l i b r a t e  t h e  o p t i c a l  t r a c k in g  s y s te m  w h i l e  th e  f lu o r o s c o p e s  a r e  to  th e  s id e ,  i f  i t  is  to  

b e  u s e d  -  t h is  a l l o w s  f o r  t h e  b e s t  c a l i b r a t io n  p o s s ib le .

2 .  P la c e  t h e  f lu o r o s c o p e s  in  t h e i r  d e s i r e d  lo c a t io n s .

3 .  I f  t h e  o p t i c a l  t r a c k i n g  s y s t e m  is  to  b e  u s e d ,  e n s u r e  t h a t  i t  c a n  s t i l l  “ s e e ”  th e  d e s ir e d  

c a p t u r e  v o l u m e .

4 .  A f f i x  t h e  s y n c h i n g  d e v ic e s  f o r  th e  f lu o r o s c o p e s  to  t h e  im a g e  in t e n s i f i e r s .

5 .  C a l i b r a t e  t h e  p o s i t io n s  o f  t h e  f lu o r o s c o p e s  e i t h e r  b e f o r e  o r  a f t e r  th e  d a t a  is  c o l le c t e d ,  

b u t  to  b e  s a f e s t  c a l i b r a t e  b e f o r e  s o  t h a t  t h e r e  is  t h e  o p t i o n  o f  r e - c a l i b r a t i n g  i f  th e  

f lu o r o s c o p e s  g e t  b u m p e d .

a . B e  s u r e  t o  p la c e  t h e  c a l i b r a t io n  f r a m e  s u c h  t h a t  t h e  t w o  f i d u c i a l  p la n e s  a r e  

a d ja c e n t  to  t h e  t w o  I I s .

b . E n s u r e  t h a t  t h e  f i d u c i a l  a n d  c o n t r o l  p o in t s  c a n  b e  i d e n t i f i e d  in  th e  im a g e s  b y  u s in g  

t h e  m a r k e r s .  R e c o r d  th e  lo c a t io n s  o f  th e  m a r k e r s  in  e a c h  im a g e .

c . N o t e  t h e  o r i e n t a t i o n  o f  th e  c a l i b r a t io n  f r a m e .  R e c o r d  w h i c h  f lu o r o s c o p e  ‘ s e e s ’ 

F / C l  a n d  F / C 2 .

6 .  C o l l e c t  o p t i c a l  a n d  f lu o r o s c o p ic  d a t a  b e in g  s u r e  to  t u r n  o n  t h e  s y n c h in g  d e v ic e s  p r i o r  

to  r e c o r d in g  a n y  d y n a m i c  t r ia ls .
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7. Following the collection of data, place the small calibration frame for synching the 

data from RSA and the optical motion tracking system such that it can be located by 

both systems. Capture its position.

8. Image the distortion grid on each of the fluoroscopes in turn.

9. Run “pickpoints.m”. (Remember to move the mouse between clicking for points that 

are not visible.)

a. Digitize the calibration frame images.

b. Digitize the distortion grid images.

c. Digitize the images of the device for synching the optical motion analysis system.

d. Digitize the images of any objects to be located with RSA.

10. Run “distortion_correction_points.m” for the file containing the coordinates of the 

points on the distortion grid.

11. Obtain the coefficients of the polynomials for distortion correction from the website 

www.zunzun.com.

12. Put the coefficients into the files that contain the coordinates of the points on the 

distortion grid.

13. Run “distortioncorection.m” for the files containing the fiducial, control, optical 

motion analysis synching device, and object points.

14. Run “RSA.m” for the optical motion analysis synching device and all other objects to 

be located.

15. Rim “synching.m” to match the data from RSA and the optical motion tracking

system.

http://www.zunzun.com
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16. Perform any kinematic analysis required using the three-dimensional positions of the

points obtained using RSA.
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APPENDIX M -  Additional Coordinate System Data From
Chapter 6

A second coordinate system was considered as an alternative to that 

recommended by the ISB. The results o f its definition as well as the 

proposed alternative definition are compared through the kinematic 

angles that were presented in summary form in Chapter 6.

A graphical representation of the axes of the three scapular coordinate systems is 

shown in Figure M.l. The results of the kinematic analysis of the fifteen different 

relative orientations of the scapula and humerus models are provided in Tables M.l 

through M .l7. From these data it was concluded that the second alternative coordinate 

system was not a viable option to replace the ISB standard.



------► ISB Standard (AA, TS and IA)
------> Proposed Alternative (AA, TS and PC)
------*> Second Alternative (AA, SN and PC)

Figure M .l C om parison  o f  the ISB recom m ended axes and tw o alternative
axes
ISB axes are based on AA, TS and IA, proposed alternative axes are based on 
A A, TS and PC, and second alternative axes are based on A A, SN and PC. The 
z-axis of the proposed alternative axes is the same as the z-axis of the ISB axes. 
(Image of a model created from a clinical CT scan.)



272

Table M.1 Coordinate system comparison -  position 1

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 31.61 20.38 1.09
Angle of Elevation -  a 14.33 12.99 27.64
Internal/External Rotation - y 23.54 11.99 10.76

Table M.2 Coordinate system comparison -  position 2

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  p 21.58 14.96 -2.03
Angle of Elevation -  a 24.01 23.05 37.69
Internal/External Rotation - y 15.08 7.86 9.17

Table M.3 Coordinate system comparison -  position 3

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 15.80 11.34 -5.01
Angle of Elevation -  a 33.88 33.17 47.75
Internal/External Rotation - y 11.07 5.73 8.04

Table M.4 Coordinate system comparison -  position 4

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 11.80 8.48 -7.71
Angle of Elevation -  a 42.27 41.74 56.23
Internal/External Rotation - y 8.66 4.19 7.11

Table M.5 Coordinate system comparison -  position 5

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  p 6.19 3.81 -12.26
Angle of Elevation -  a 51.98 51.71 65.98
Internal/External Rotation - y 2.60 -1.25 2.68
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Table M.6 Coordinate system comparison -  position 6

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 6.71 5.16 -11.80
Angle of Elevation -  a 62.90 62.58 76.90
Internal/External Rotation - y 6.71 3.31 6.66

Table M.7 Coordinate system comparison -  position 7

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 4.89 3.87 -13.53
Angle of Elevation -  a 71.40 71.17 85.40
Internal/External Rotation - y 7.52 4.32 7.91

Table M.8 Coordinate system comparison -  position 8

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 3.21 2.68 -15.25
Angle of Elevation -  a 80.18 80.02 94.16
Internal/External Rotation - y 6.95 3.87 7.74

Table M.9 Coordinate system comparison -  position 9

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 0.88 0.84 -17.76
Angle of Elevation -  a 89.18 89.14 103.12
Internal/External Rotation - y 8.56 5.52 9.95

Table M.10 Coordinate system comparison -  position 10

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 9.23 7.05 -9.06
Angle of Elevation -  a 54.24 53.81 68.23
Internal/External Rotation - y 39.28 35.57 38.56
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Table M.11 Coordinate system comparison -  position 11

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 9.45 7.20 -9.43
Angle of Elevation -  a 53.39 52.95 67.38
Internal/External Rotation - y -27.16 -30.92 -27.94

Table M.12 Coordinate system comparison -  position 12

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  P 24.11 18.11 -0.01
Angle of Elevation -  a 25.83 24.73 39.38
Internal/External Rotation - y -6.99 -13.62 -13.61

Table M.13 Coordinate system comparison -  position 13

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  p 23.81 18.34 0.14
Angle of Elevation -  a 27.92 26.83 41.49
Internal/External Rotation - y 60.28 54.12 54.04

Table M.14 Coordinate system comparison -  position 14

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  p 74.53 72.28 32.53
Angle of Elevation -  a 22.69 19.78 30.65
Internal/External Rotation - y 93.47 91.06 67.33

Table M.15 Coordinate system comparison -  position 15

Coordinate System

Kinematic Angle (°) ISB Standard Proposed
Alternative

Second
Alternative

Plane of Elevation -  p 89.03 88.94 51.54
Angle of Elevation -  a 33.39 30.35 37.54
Internal/External Rotation - y 114.83 114.72 91.63
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Table M.16 Coordinate system comparison -  average difference between 
the ISB and alternative coordinate systems 
Over all 15 positions.

Coordinate System
Kinematic Angle (°) Proposed Alternative Second Alternative
Plane of Elevation -  P -3.29 -23.46
Angle of Elevation -  a -0.90 12.80
Internal/External Rotation - y -4.53 -5.62

Table M.17 Coordinate system comparison -  standard deviation in the 
difference between the ISB and alternative coordinate systems 
Over all 15 positions.

Coordinate System
Kinematic Angle (°) Proposed Alternative Second Alternative
Plane of Elevation -  P 3.03 7.46
Angle of Elevation -  a 0.92 2.84
Internal/External Rotation - y 2.64 8.63
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APPENDIX N -  E t h ic s  P e r m is s io n s

The following are the ethics approvals that were obtained in order to 

conduct the clinical study described in Chapter 7.

Office of Research Ethics
The University of Western Ontario
Room 4180 Support Services Building, London, ON, Canada N6A SC1 
Telephone: (519) 661-3036 Fax. (519) 850-2466 Email: ethics@uwo ca 
Website: www.uwo.ca/researeh/ethics

Use of Human Subjects - Ethics Approval Notice

Principal Investigator Dr T.R. Jenkyn 
Review Number: 15278

Review Date: April 30,2009
Revision Number: 1

Review Level: Expedited
Protocol Title: Detenninalion of normal and pathological glenohumeral joint morion using bi-planar x-ray 

fluoroscopy
Department and Institution: Mechanical & Materials Engineering, University of Western Ontario 

Sponsor:
Ethics Approval Date: June 9,2009 Expiry Date: June 30,2009

Documents Reviewed and Approved: Revised co-investigators, revised study methodology, revised risks, and revised Letter of
Information and Consent Form dated May 22,2009.

Documents Received for Information:

This is to notify you that The University of Western Ontario Research Ethics Board for Health Sciences Research Involving Human 
Subjects (HSREB) which is organized and operates according to the Tri-Council Policy Statement: Ethical Conduct of Research 
involving Humans and the Health Canada/ICH Good Clinical Practice Practices: Consolidated Guidelines; and the applicable laws 
and regulations o f Ontario has reviewed and granted approval to the above referenced revision(s) or amendment(s) on the approval 
date noted above. The membership of this REB also complies with the membership requirements for REB's as defined in Division 5 
o f the Food and Drug Regulations.
The ethics approval for this study shall remain valid until the expiry date noted above assuming timely and acceptable responses to the 
HSREB's periodic requests for surveillance and monitoring information. If you require an updated approval notice prior to that time 
you must request it using the UWO Updated Approval Request Form.

During the course of the research, no deviations from, or changes to, the protocol or consent form may be initiated without prior 
written approval from the HSREB except when necessary to eliminate immediate hazards to the subject or when the changejs) involve 
only logistical or administrative aspects of the study (e.g, change of monitor, telephone number). Expedited review of minor 
change(s) in ongoing studies will be considered. Subjects must receive a copy of the signed mformation/consent documentation.

Investigators must promptly also report to the HSREB:
a) changes increasing the risk to the participant^) and/or affecting significantly the conduct of the study:
b) all adverse and unexpected experiences or events that are both serious and unexpected;
c) new information that may adversely affect the safety o f die subjects or the conduct o f the study.

If these changes/adverse events require a change to the infotmation/consent documentation, and/or recruitment advertisement, the 
newly revised intbrmmion/eonsent documentation, and/or advertisement, must be submitted to this office for approval.

Members of the HSREB who are named as investigators ip research studies, or declare a conflict o f interest, do not participate in 
discussion related to, nor vote on, such studies when they are presented to the HSREB.

Chair of HSREB: Dr. Joseph Gilbert

E thics Officer to Contact for Further Information
i p  Janice Sulheiiand O-Elizabeth Wamboft □ Grace Kelly □ Denise Graton

This is an official document. Plaase retain the original in your files.
UWO HSREB Ethics Approval • Revision 
V.MOMTOr frpMppTOveiVoiiOHSflee.RgV) 15278 Page 1 of 1

http://www.uwo.ca/researeh/ethics
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LAWSON HEALTH RESEARCH INSTITUTE 

CLINICAL RESEARCH IMPACT COMMITTEE

RESEARCH OFFICE REVIEW NO.: R-08-490

PROJECT TITLE: Determination of normal and pathological glenohumeral joint
motion using bi-planar x-ray fluoroscopy

PRINCIPAL INVESTIGATOR: Dr. T Jenkyn

DATE OF REVIEW BY CRIC: February 12, 2009

Health Sciences REB#: 15278

Please be advised that the above project was reviewed by the Clinical Research Impact 
Committee and the project:

Was Approved

PLEASE INFORM THE APPROPRIATE NURSING UNITS, LABORATORIES, 
ETC. BEFORE STARTING THIS PROTOCOL. THE RESEARCH OFFICE 
NUMBER MUST BE USED WHEN COMMUNICATING WITH THESE AREAS.

Dr. David Hill 
V.P. Research
Lawson Health Research Institute

All future correspondence concerning this study should include the Research Office 
Review Number and should be directed to Sherry Paiva, CRIC Liaison, LHSC, Rm. C210, 
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