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Abstract 

The shoulder is the most mobile joint in the human body, with the glenohumeral joint 

specifically allowing a wide range of motion and a high incidence of instability due to its ability 

to translate, as well as rotate in its socket. However, the extent of translation in a healthy 

glenohumeral joint is not well-established. Additionally, it is unclear if subluxation correction 

after anatomic total shoulder arthroplasty (TSA) with posterior augmented glenoid (PAG) 

implants remains consistent throughout active motion. This thesis aimed to evaluate healthy 

glenohumeral arthrokinematics to benchmark normal joint proximity and translation, and to 

assess if a TSA with PAG implants correct subluxation and maintain joint mechanics 

throughout motion post-surgery. Using four-dimensional computed tomography, 3D Slicer, 

and ICP registration, the study found that healthy glenohumeral proximity and translation were 

mostly consistent across ages and that a TSA with PAG implants effectively restored and 

maintained corrected joint mechanics throughout active motion. 
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Summary for Lay Audience 

The shoulder joint, also known as the glenohumeral joint (articulation between the humeral 

head and glenoid) is the most mobile joint in the human body and enables people to move their 

arms freely in many directions. Due to the unique makeup of the shoulder joint, it can slide 

(translate) in addition to rotate in its socket. This makes the joint prone to instability, which 

can eventually lead to a greater chance of needing a shoulder replacement. Currently, it is not 

well-established how much translation occurs in the healthy glenohumeral joint and how that 

changes overtime as people age. Additionally, it is unknown if shoulder stability, corrected by 

a specific type of shoulder replacement surgery (anatomic total shoulder arthroplasty) using 

special implants (posterior augmented glenoid implants), stays consistent during activities of 

daily living. 

This thesis aimed to understand how a healthy shoulder joint moves throughout different 

motions and to determine if these special implants can correct shoulder displacement and keep 

the joint stable during movement after surgery. Advanced imaging techniques, such as four-

dimensional computed tomography (4DCT), were used to observe these movements in detail. 

Three-dimensional bone models were made from these scans and were used in the analyses to 

see how the glenohumeral joint moves within different people. 

In the first study, the research findings highlighted the importance of translation within the 

joint during movements of daily living, which can then be used in the design and optimization 

of shoulder implants. In the second study, patients who received the shoulder replacement, due 

to conditions like osteoarthritis (where the shoulder joint erodes and becomes unstable), found 

the implants to be effective. These implants corrected the dislocation and kept the shoulder 

stable throughout movement. 

Overall, the findings in this thesis showcased how important translation is within the healthy 

glenohumeral joint to achieve good functional movement. As well, this work demonstrated 

that the special shoulder implants are effective at restoring and maintaining proper shoulder 

alignment during daily movements. These results allow for better-informed clinical decisions, 

improved patient care, and enhanced outcomes in treatment of shoulder instability. 
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Chapter 1  

1 Introduction 

The shoulder is an incredibly complex and mobile joint, that when subjected to everyday 

use, often leads to lingering shoulder issues over time. Many people endure shoulder pain 

for far too long, and even after receiving a shoulder replacement, they often do not regain 

their full range of motion. This chapter introduces the main topic of this thesis: the 

shoulder. It starts with outlining shoulder anatomy, exploring how the shoulder joint moves 

and then compares how different imaging modalities have been used to assess the shoulder. 

It then delves into various shoulder pathologies, how they cause pain, and how they affect 

shoulder range of motion during different movements. Additionally, this chapter examines 

the role of shoulder replacements in addressing these issues. Finally, a summary of the 

thesis motivation, objectives, and hypotheses are outlined. 

1.1 Shoulder Anatomy 

The shoulder is the most mobile joint in the human body and is considered part of the 

shoulder girdle within the appendicular skeleton.1 The shoulder girdle serves as the primary 

connection between the upper limbs of the appendicular skeleton and the thoracic cage of 

the axial skeleton. It consists of three bones: the humerus (upper arm bone), scapula 

(shoulder blade), and clavicle (collar bone) (Figure 1-1). These bones interact to form four 

main joints/articulations of the shoulder: the glenohumeral (GH) joint, acromioclavicular 

(AC) joint, sternoclavicular (SC) joint, and scapulothoracic (SC) joint.2 The subsequent 

sections will delve into the anatomy of these shoulder bones, joints, and their associated 

muscles, ligaments, and tendons.* 

 

_____________________ 

*All anatomical terms and definitions were referenced using the same resources.3–5 
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Figure 1-1: Shoulder Bones and Joints 

Anterior view of the shoulder joint. Note that the glenohumeral joint is outlined by the 

red line and that the sternoclavicular joint is not shown on the figure. 

1.1.1 Osteology  

The following section will highlight the three shoulder bones associated with the shoulder 

complex. These three bones (i.e., humerus, scapula and clavicle) all play an important role 

in providing the shoulder with the movement and range of motion that it exhibits.  



3 

 

1.1.1.1 Humerus 

The humerus, otherwise known as the upper arm bone, is a long bone that plays a very 

important role in the shoulder joint.  

The proximal end of the humerus contains many significant bony landmarks. On the medial 

side sits one of the most remarkable bony landmarks, the humeral head, which is a spherical 

shaped bone that sits into the glenoid cavity of the scapula (Figure 1-2). The articulation 

between these two bones creates the glenohumeral joint, which is the main focus of this 

thesis. The more lateral side of the humeral head is used as the attachment point for all four 

rotator cuff muscles, in addition to three other upper extremity muscles, and contains two 

main distinguishing points, the greater and lesser tubercules.  

The greater tubercule, a large bony protrusion located posteriorly on the head, is imperative 

to the shoulder joint because three of the four rotator cuff muscles, for example, the 

supraspinatus, infraspinatus, and teres minor, insert into the superior, middle, and inferior 

facet of the greater tubercule, respectively. The lesser tubercule, located anteriorly on the 

head, is a smaller version of the greater tubercule and is the insertion of the fourth rotator 

cuff muscle, the subscapularis. Within the middle of these two tubercules is the 

intertubercular sulcus (i.e., bicipital groove), which is a valley that the deltoid muscle 

extends through. Superior to these tubercules sits the anatomical neck, and inferior to these 

tubercules sits the surgical neck, which is where the tubercules merge distally into the 

starting point of the long, cylindrical shaft of the humerus.  

On the shaft of the humerus, about one-third of the way to the elbow, is a roughened portion 

of the shaft called the deltoid tuberosity, which serves as the attachment point for the 

deltoid muscle. Finally, at the distal end of the humerus are the articulations between the 

humerus and the radius and ulna, creating the elbow joint.  
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Figure 1-2: Bony Anatomy of the Humerus 

Anterior (left) and posterior (right) view of the proximal humerus.   
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1.1.1.2 Scapula 

The scapula, colloquially known as the shoulder blade, is a strong, flat, triangular bone that 

connects the clavicle to the humerus and contains three of the four shoulder articulations 

including, the glenohumeral, acromioclavicular and scapulothoracic joints (Figure 1-3). 

Overall, the scapula consists of two surfaces (e.g., anterior/costal, and posterior), three 

borders (e.g., superior, lateral and medial), three angles (e.g., superior, inferior, and lateral), 

three processes (e.g., coracoid, spinous, and acromion) and four fossas (e.g., supraspinous 

fossa, infraspinous fossa, subscapular fossa, and glenoid fossa). The scapula is vital to the 

function of the shoulder, since it acts as the attachment bone for various important muscles, 

including the rotator cuff muscles. These 17 different muscle attachments stabilize the 

scapula, causing minimal chance of fracture of this bone.6  

Due to the scapula’s unique triangular shape, it consists of three borders and three angles. 

The lateral border is the thickest and strongest of the three borders and includes the glenoid 

cavity, which articulates with the humeral head, forming the glenohumeral joint. Following 

the lateral border inferiorly is the inferior angle, which connects the lateral border and 

medial border. The medial border is a thin border that runs parallel to the spine. Following 

the medial border superiorly is the superior angle, which connects the medial border to the 

superior border. The superior border is the thinnest and shortest border. Following it 

laterally, the scapular notch can be found at the beginning of the lateral angle. The lateral 

angle connects the superior border back to the lateral border. The entirety of the body of 

the scapula articulates with the thorax to create the scapulothoracic (ST) joint.  

The body of the scapula includes a posterior side and anterior/costal side of the scapula. 

The posterior side of the scapula is concave, and its most prominent feature is the spinous 

process, which is more commonly known as the spine of the scapula. The spine is a 

triangular bony protrusion that spans transversely across the posterior side of the scapula, 

dividing it into two fossae, and eventually turns into the acromion. Superior to the spine is 

the supraspinous fossa, which is a smooth, convex surface that is larger at its lateral end, 

and is the origin for one of the four rotator cuff muscles, the supraspinatus. Inferior to the 

spine is the infraspinous fossa, which is the larger of the two fossae but not as convex, and 

is the origin for two rotator cuff muscles, the infraspinatus, and teres minor. The entire 
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anterior or costal side of the scapula is a concave, smooth surface called the subscapular 

fossa, which is the origin of the large subscapularis muscle.  

The lateral end of the scapula also includes some of the most important bony landmarks 

including, the glenoid fossa or glenoid cavity, coracoid process, and acromion. The most 

important to this thesis is the glenoid fossa, which is a smooth shallow, concave, pear- 

shaped surface that articulates with the humeral head, forming the glenohumeral (GH) 

joint.7 The glenoid is considered pear-shaped due to it having a larger anterior-posterior 

diameter inferiorly than superiorly. Its concave surface is also very shallow, allowing it to 

articulate with 25% of the humeral head,6 which gives rise to an unstable articulation 

causing translations in the joint and making it unable to act like a true ball and socket 

joint.8–10 Superior to the glenoid is the supraglenoid tubercle, and inferior to the glenoid 

fossa is the infraglenoid tubercle, which are important attachment points for the bicep and 

tricep muscles, respectively. Extending from the superior-anterior part of the lateral edge 

of the scapula is the acromion process, which is a hook-like bony protrusion that points 

laterally forward. The acromion is an important attachment point for muscles and ligaments 

of the shoulder, especially between the scapula and clavicle. The acromion extends from 

the spine of the scapula on the posterior side and arches anteriorly towards the glenoid. The 

acromion articulates with the clavicle to form the acromioclavicular (AC) joint.  
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Figure 1-3: Bony Anatomy of the Scapula  

Anterior (left) and posterior (right) views of the scapula including all important bony 

landmarks.  
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1.1.1.3 Clavicle 

The clavicle, also known as the collar bone, is one of the three bones that exist in the 

shoulder. The clavicle is an ‘S’ or crank-shaped bone (as viewed from above or below) that 

connects the manubrium of the sternum to the acromion of the scapula, being a prime 

component in supporting the forces that act from the upper limbs into the thorax (Figure 

1-4). Due to this, it is also one of the most frequently broken bones in the human body. 

The sternal or medial end is thicker, more cylindrical, and contains the sternal facet which 

is the articulation of the scapulothoracic (SC) joint. On the inferior side of the sternal end 

is a rough, oval impression for the costoclavicular ligament attachment. The shaft of the 

clavicle is an important attachment point for numerous muscles contributing to shoulder 

function.  

The acromial or lateral end is more flattened and contains an acromial facet, which is the 

articulation of the acromioclavicular (AC) joint. On the inferior side of the acromial end 

is the conoid tubercle, which is the attachment point for the conoid ligament.  

 

Figure 1-4: Bony Anatomy of the Clavicle 

Superior view of the clavicle. Note the conoid tubercule is highlighted in red.  
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1.1.2 Articulations 

The three shoulder bones described in detail in Section 1.1.1 make up the four unique 

shoulder articulations: the glenohumeral (GH) joint, acromioclavicular (AC) joint, 

sternoclavicular (SC) joint, and scapulothoracic (ST) joint. These joints all play a vital role 

in shoulder movement, but the focus of this thesis is the glenohumeral joint.  

1.1.2.1 Glenohumeral Joint 

The glenohumeral joint, which is the centre of movement at the shoulder complex, is 

considered a synovial, ball-and-socket joint.11 A ball-and-socket joint is the type of joint in 

the body that allows for the largest range of motion (ROM) due to the ability to rotate (3 

degrees of freedom (DOF)) in its socket. The humeral head of the humerus sits into the 

scapula through a socket, known as the glenoid cavity. The glenoid cavity is very shallow 

in comparison to the humeral head curvature, meaning only a portion of the humeral head 

is in contact with the glenoid cavity at any given time. This allows the glenohumeral joint 

to have a wide range of motion due to the ability to not only rotate, but also translate in its 

socket. Besides the shoulder, the hip is the only other ball-and-socket joint in the human 

body. Synovial joints are the most common type of joint in the human body and allow for 

the smooth gliding of the bones over one another.12 They consist of smooth articular 

cartilage that lines the bones on either side of the articulation and synovial fluid within the 

joint cavity, encapsuled by a synovial membrane. Overall, the glenohumeral joint is a 

complex joint that employs multiple unique mechanisms to achieve full functionality.  

1.1.2.2 Acromioclavicular, Scapulothoracic, and Sternoclavicular 
Joints 

The acromioclavicular (AC) joint functions as a plane synovial joint and connects the 

acromion of the scapula to the clavicle. Various ligaments including the coracoclavicular 

ligament, superior and inferior acromioclavicular ligaments all act as important stabilizers 

for this joint. 

The scapulothoracic (ST) joint, although not technically classified as a true joint, acts as 

one as the anterior part of the scapula glides over the posterior thoracic cage. 
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The sternoclavicular (SC) joint is a synovial saddle joint. It is the only joint that attaches 

the upper limb to the axial skeleton by connecting the clavicle to the sternum. 

1.1.3 Passive Soft Tissue 

Due to the shoulder being a complex joint, there are many specific shoulder muscles, 

ligaments, and tendons that work together to provide this joint with its extensive range of 

motion, as well as, to help stabilize the joint.  

1.1.3.1 Ligaments 

Ligaments, otherwise known as passive soft tissue, are fibrous connective tissues that 

connect a bone to another bone. They are so important within the joint to keep it stabilized 

so that it does not twist too much or move too far apart and become dislocated, which is a 

big issue at the glenohumeral joint. The joint capsule, glenoid labrum and associated 

ligaments are all important soft tissue structures that provide stability to the joint (Figure 

1-5).  

The shoulder joint capsule is a watertight sack that surrounds the glenohumeral joint and 

is considered the main source of stability at the shoulder. It is moderately loose throughout 

normal motion to allow for a wide ROM, but becomes tensioned near the extremes of 

motion to stabilize the joint and permit large translations of the humeral head.13 The capsule 

is thin and connects the rim of the glenoid to the anatomical neck of the humerus. It is 

formed by an outer fibrous membrane and an inner synovial membrane. Located on the 

anterior part of the joint sack are three of the glenohumeral ligaments: superior 

glenohumeral ligament, middle glenohumeral ligament, and inferior glenohumeral 

ligament. Although not well-defined ligaments, these ‘pleated folds’ of the capsule help 

hold the shoulder in place and stop it from dislocating.  

There are two other important ligaments surrounding the glenohumeral joint: the transverse 

humeral ligament, which originates at the lesser tubercule and inserts at the greater 

tubercule, and the coracohumeral ligament, which originates from the coracoid process and 

inserts on the humeral head near the lesser and greater tubercules. The coracohumeral 

ligament supports the upper part of the joint capsule.  
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Other important ligaments that stabilize the joint include the coracoacromial ligament and 

the coracoclavicular ligament. The coracoacromial ligament connects the coracoid process 

to the acromial process and forms a ‘roof’ over the humeral head to provide support when 

an upward facing force is applied to the humerus. The coracoclavicular ligament is made 

up of two smaller ligaments, the trapezoid ligament and the conoid ligament, that connect 

the coracoid process to the clavicle. These ligaments are strong vertical stabilizers of the 

AC joint, preventing against superior dislocation of the AC joint and excessive rotation of 

the scapula and clavicle.  

Another structure that contributes to the stability of the shoulder joint is the glenoid labrum.  

It is a fibrocartilaginous ring that fully surrounds the edge of the glenoid, deepening the 

socket to better accommodate the humeral head, since the glenoid socket is quite shallow 

in nature. This provides added stability and securement for humeral head movement.  

1.1.3.2 Tendons 

Tendons are sturdy bands of connective tissue that connect muscle to bone. Comprised of 

collagen, much like ligaments, they have the capacity to withstand heightened tension. 

Tendons play a pivotal role in enabling muscle contraction to move the bones within the 

body. Important tendons that exist in the shoulder complex include the long head of biceps 

tendon (which connects directly to the glenoid labrum) and the four rotator cuff tendons: 

subscapularis tendon, infraspinatus tendon, teres minor tendon, and subscapularis tendon. 
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Figure 1-5: Lateral View of the Glenohumeral Joint and Associated Soft Tissue 

Structures 

Important soft tissue structures to note in this illustration are the glenoid labrum that 

borders the glenoid, the joint capsule that encompasses the entire joint, the three 

glenohumeral ligaments (superior, middle and inferior glenohumeral ligaments), the 

biceps tendon, as well as the four rotator cuff tendons (supraspinatous tendon, 

infraspinatus tendon, teres minor tendon, and subscapularis tendon). 
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1.1.4 Muscles 

Muscles, otherwise known as active soft tissue, are present in the shoulder for numerous 

reasons including, holding the joint in place, assisting in a variety of movements (e.g., 

raising and rotating the arm), and providing structural support and stability to the joint. Due 

to the passive soft tissues (ligaments and tendons) not being able to actively guide motion 

in the shoulder, the muscles in the shoulder are required to aid in the dynamic stability of 

the glenohumeral joint. There are many muscles in the shoulder that assist with shoulder 

range of motion, but for the purpose of this work, only the ones that contribute mostly to 

glenohumeral movement will be discussed (Figure 1-6). 

 

 
 

Figure 1-6: Scapulohumeral Shoulder Muscles  

Anterior (left) and posterior (right) view of the scapulohumeral shoulder muscles. Note: 

the four rotator cuff muscles (subscapularis, infraspinatus, teres minor, and 

subscapularis) are underlined and the arrows indicate the direction of pull of the 

latissimus dorsi and pectoralis major muscles that are not shown. 
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1.1.4.1 Rotator Cuff Muscles  

Some of the most important muscles in the shoulder joint are the four rotator cuff muscles: 

supraspinatus, infraspinatus, teres minor and subscapularis. The rotator cuff muscles are 

known for providing the shoulder with its motion and add stability. The supraspinatus, 

infraspinatus, and teres minor muscles are located on the posterior side of the scapula, and 

the subscapularis muscle is located on the anterior side of the scapula. 

The supraspinatus is located superior to the spine of the scapula. It originates from the 

supraspinous fossa, wrapping superiorly over the humeral head and inserting on the 

superior facet of the greater tuberosity of the humerus. The supraspinatus is responsible 

mainly for abduction of the shoulder and gets protection from the subacromial bursa to 

avoid impingement with the acromion. 

The infraspinatus muscle is located below the spine of the scapula. It originates from the 

infraspinatus fossa, wraps around the posterosuperior part of the humeral head and inserts 

into the middle facet of the greater tuberosity of the humerus. The infraspinatus is 

responsible mainly for external rotation of the shoulder and aids in providing support to 

the posterior side of the joint capsule, while ensuring no posterior dislocation occurs.   

The teres minor is located inferior to the infraspinatus. It originates from the lateral scapula 

border and inserts into the inferior facet of the greater tuberosity of the humerus. In addition 

to the infraspinatus, the teres minor also assists in external rotation of the shoulder while 

providing support to avoid posterior dislocation.  

The subscapularis is located and originates on the subscapular fossa, wrapping anteriorly 

around the humeral head and inserts into the lesser tuberosity of the humerus. This muscle 

is the largest and strongest rotator cuff muscle, equaling around 50% of rotator cuff strength 

output. The subscapularis is responsible mainly for internal rotation of the shoulder.  
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1.1.4.2 Deltoid 

Other than the rotator cuff muscles, one other important muscle that aids in glenohumeral 

stability and movement is the deltoid. The deltoid is a superficial muscle that is triangular 

in shape and covers the shoulder on three sides, giving the shoulder its rounded shape. The 

deltoid muscle has the largest moment of all shoulder muscles during elevation, is the 

largest in cross section and is the primary elevator of the shoulder. Due to the large cross 

section, the deltoid is separated into three separate parts (or heads): anterior, middle, and 

posterior deltoid muscles. These three parts of the deltoid have various locations of origin 

including, the outer third of the clavicle (anterior), lateral side of the acromion process 

(middle), and spine of the scapula (posterior), but all insert into one common location, the 

deltoid tuberosity. All three parts of the deltoid are effective in aiding the joint in abduction, 

however, due to its vertical line of pull being lateral to the joint axis, the middle deltoid 

contributes the most to this movement. 

The pectoralis major and latissimus dorsi are two other muscles that contribute largely to 

the abduction of the shoulder. They both originate on the torso and insert on the humerus. 

The pectorals major muscle along with the anterior deltoid muscle contribute mostly to 

forward elevation and internal rotation, whereas the latissimus dorsi muscle along with the 

posterior deltoid contribute mostly to extension and internal rotation.  
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1.2 Shoulder Kinematics 

1.2.1 Shoulder Movements 

Due to the unique make-up of the shoulder, including the osseous and soft tissue structures, 

the shoulder joint can achieve a wide range of motion, which enables people to move their 

arms freely in many directions12: flexion (forward), extension (backward), abduction (out), 

adduction (in), internal rotation (in or down), external rotation (out or up) and even 

circumduction (a combination of flexion, extension, abduction, and adduction) (Figure 

1-7). 

 

Figure 1-7: Basic Shoulder Movements 

An illustration of all the basic shoulder movements that allow people to move their arms. 

The humerus position relative to the scapula can be described by different sequences of 

motion including, planes of elevation, elevation angles and axial rotation angles (Figure 

1-8). Planes of elevations refers to the various planes that occur when the shoulder is 

elevated. Looking at Figure 1-8, 0° shows flexion, 180° shows extension, and 90° shows 

abduction in the frontal plane. Elevation angles are various angles that occur when the arm 

moves away (abduction) or towards (adduction) the body. Axial rotation angles are how 

much the humeral head is rotated about its long axis, also referring to internal and external 

rotation. 
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Figure 1-8: Shoulder Positions in Different Planes of Motion  

The top illustrates the planes of elevation, the middle illustrates elevation angles 

(abduction and adduction), and the bottom illustrates axial rotation angles (internal and 

external humeral rotation).  
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1.2.2 Glenohumeral Rotation and Translation 

Humeral head rotation and translation are crucial for providing the glenohumeral joint with 

its extensive range of motion and fluidity, facilitating smooth and coordinated shoulder 

movements. The articular surface of the humeral head is greater than that of the glenoid 

fossa, having a surface area ratio of around a 3:1, and giving the joint an appearance similar 

to a golf ball on a tee.14 If the glenohumeral joint only allowed for rotation of the humeral 

head, it would run out of room to rotate quickly after starting abduction and the deltoid 

would pull the head of the humerus into the acromion causing impingement. However, the 

glenohumeral joint rotates along the glenoid, while also sliding inferiorly, so that it remains 

in contact with the glenoid throughout the entire motion. Another point to note is that 

complete abduction of the shoulder can only occur when the humeral head is laterally 

rotated.15 When the humeral head is medially rotated, the greater tuberosity runs into the 

acromion process, inhibiting full range of motion. However, when the humeral head is 

laterally rotated, the greater tuberosity is being rotated from under the acromion process to 

allow for that full range of motion.15 This showcases the complexity of glenohumeral joint 

motion and how translation and rotation are vital in allowing a person to achieve full range 

of motion of their shoulder.  

Currently, it has not been well-established in literature how much translation is essential to 

providing a healthy range of motion in the shoulder, especially for specific populations of 

people. Previously, there has been research done to study glenohumeral translations, but 

there are several limitations within the research that currently exist. Many of the studies 

have been mainly focused on patients who have already acquired pathologies (i.e., 

osteoarthritis (OA) or instability) or who have already undergone shoulder surgeries,16–21 

not on healthy patients. The studies that have focused on healthy glenohumeral joint 

movement have primarily used cadaveric specimens,19,22–24 however, the in vitro loading 

environment may not fully stimulate the in vivo physiological state.25–27 As well, the 

majority of these studies have assessed the shoulder using static imaging modalities and 

have not yet been able to see dynamically what is happening at the joint. Additionally, the 

majority of these studies have used the centre of the humeral head to track translation 

within the shoulder, and not the actual joint surfaces. All of these limitations within this 
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area of research have led to a specific knowledge gap surrounding glenohumeral 

arthrokinematics (translation) during active motion for various ages of people. The second 

chapter of this thesis tackles this gap in knowledge by completing an in-depth analysis of 

the healthy glenohumeral joint during active motion for various age groups.   

Understanding healthy glenohumeral translation is important because it establishes a 

benchmark for normal range of motion, enabling surgeons and clinicians to assess whether 

full functional and anatomical restoration of the joint has been achieved following 

reparative or reconstructive surgeries (arthroplasty). Arthroplasty is the surgical 

reconstruction or replacement of a joint. As discussed in more detail in Section 1.5, there 

are three main arthroplasty options for glenohumeral OA: anatomic total shoulder 

arthroplasty (TSA), reverse total shoulder arthroplasty (RTSA), and hemiarthroplasty. TSA 

is when the implant components match the normal anatomy of the shoulder,28 RTSA is 

when the implant components of the glenohumeral joint are the opposite of human 

anatomy, and hemiarthroplasty is when the humeral articular surface of the native joint is 

replaced with a stemmed humeral component and the native glenoid is mainly left 

untouched. Following a TSA, some patients may experience unpredictable outcomes in 

regaining full range of motion in the shoulder. The variability in these outcomes may be 

related to incomplete restoration of translation at the glenohumeral joint. At present, 

glenohumeral implants account for translation in the glenohumeral joint by designing for 

a mismatch in radius of curvature between the glenoid and humeral head components.29 

Understanding the normal translation that occurs in the healthy shoulder may allow implant 

manufacturers to design implants with an idealized mismatch to allow for more normalized 

glenohumeral translations. Unlike the lower extremity gait cycle, movements in the upper 

extremity tend to be more variable and less cyclic, which has caused most past research to 

study the glenohumeral joint during more planar movements, such as abduction and 

adduction.30 However, this simplification may not fully represent the complete range of 

functional shoulder movements. Internal rotation to the back, in particular, which is an 

extremely important movement in daily living, has unpredictable range of motion 

outcomes after total shoulder arthroplasty and has been under-researched within shoulder 

kinematics studies.31 This indicates the importance of  analyses of more complex activities 

of daily living.  
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Moreover, RTSAs limit translation at the glenohumeral joint and are known for inhibiting 

internal rotation.32 Studying internal rotation to the back is important to understand more 

about why this occurs and how inhibiting this motion can also be prevented in anatomic 

total shoulder arthroplasties. Internal rotation to the back is also a movement that is highly 

relevant to routine activities of daily living, such as showering/bathing, dressing, and 

toileting.33 Reaching overhead is another movement that is sometimes inhibited after 

receiving a TSA and is also important in routine activities of daily living such as 

brushing/combing hair, and placing/retrieving items from high cupboards or shelves. Due 

to the importance of these movements in activities of daily living, internal rotation to the 

back (IR) and forward elevation (FE) were chosen as the movements to be examined in 

this thesis.  

 

1.2.2.1 Scapulohumeral Rhythm 

An important concept to understand in shoulder range of motion is the fact the 

glenohumeral joint is not solely responsible for the motion of the humerus during 

movements such as abduction or flexion. There is a relationship that exists between the 

humerus and the scapula that allows the shoulder to hold such large upper extremity 

motion, and it is called scapulohumeral rhythm (Figure 1-9). It is best described by the 

movement coordination between the shoulder girdle and the glenohumeral joint. During 

the initial 30° of shoulder joint motion, movement is solely within the glenohumeral joint. 

Beyond this point, for every 2° of shoulder flexion or abduction, there is a corresponding 

1° of upward rotation of the scapula. This proportional relationship maintains a 2:1 ratio 

(glenohumeral joint rotation : scapulothoracic joint rotation).34 
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Figure 1-9: Scapulohumeral Rhythm 

This image illustrates that the scapula and humerus rotate together as the arm elevates. 

Note that the dark shading indicates the arm by the side, and the light shade indicates the 

humerus (arm) elevated around 90°. 
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1.2.3 Glenohumeral Joint Proximity 

Research on joint function typically encompasses the study of kinematics, which refers to 

the relative motion between two consecutive segments of the human body. For example, 

glenohumeral kinematics is the study of how the humerus is moving relative to the scapula. 

However, arthrokinematics, which is the study of the movement of joint surfaces, is equally 

as important because it provides detailed insights into how bones and cartilage engage with 

each other during motion. This level of detail is crucial for understanding joint stability, 

cartilage wear, and how implants affect the joint, which cannot be fully captured by 

examining kinematics alone. Historically, glenohumeral joint analysis has involved using 

the centre of the humeral head and locating how that moves relative to the glenoid, 8,18,19,35–

41 however, this is not as ideal as taking into account exactly how the joint surfaces 

(humeral head articular surface and glenoid articular surface) are moving relative to one 

another. In Chapter 2 of this thesis, a true arthrokinematic analysis will be employed to 

study joint proximity during various movements, which will provide a much more accurate 

representation of what is happening at the joint surfaces. Joint proximity in this thesis refers 

to the spatial relationship between the articular surfaces of the glenohumeral joint, 

specifically how close or far apart the glenoid and the humeral head are from each other 

during movement. Tracking how the actual joint surfaces are moving relative to one 

another is more accurate than tracking the centre of the humeral head and how that moves 

with respect to the humeral head because it directly captures what is happening at the 

articulation, providing a true representation of joint behaviour and movement. This method 

also offers better insight into joint stability by reflecting how the joint surfaces maintain 

contact during motion. Assessing joint proximity of the shoulder joint is important because 

it influences movement patterns,42 load distribution,43,44 and joint stability,45–47 which are 

important for joint health and performance. It can help clinicians identify potential risk 

factors and implement preventative measures accordingly. Abnormal joint proximity can 

predispose the glenohumeral joint to subluxation/dislocation,48,49 and impingement 

syndromes.50,51  

Most joint proximity analyses include a display of joint proximity maps, which are made 

so that it can be seen where on the glenoid the humeral head contacts the glenoid the 
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most (anterior, posterior, superior or inferior), and how that changes throughout a specific 

movement. Joint proximity maps can also be used in the study of erosion patterns of the 

shoulder, as well as aid in the testing of glenohumeral joint implants, since it will allow 

implant designers to confirm that the joint surface proximity is within a normal, healthy 

range.   

 

1.3 Imaging Modalities Used to Track Joint Motion 

Imaging, which is a representation or reproduction of an object’s form, is a popular and 

powerful tool used to view the human body in order to diagnose, monitor or treat medical 

conditions.52 There are various imaging modalities that exist, each with advantages and 

disadvantages of their own. For the use of shoulder biomechanic analysis (kinematics and 

arthrokinematics), the most widely used imaging modalities include, radiography (X-ray), 

fluoroscopy, computed tomography, and most recently, four-dimensional computed 

tomography (4DCT). The following section will highlight a brief history of each imaging 

modality including an explanation of how the imaging modality works and how it has been 

used in shoulder research. 

1.3.1 Radiography (X-ray) 

Radiography, otherwise known as X-ray, is an imaging modality which uses high energy 

photons that are capable of passing through most objects in the body.53 Bones readily 

absorb X-rays (due to being dense and containing mostly calcium, which has a high atomic 

number), and produce high contrast on the X-ray detector, which make them appear mainly 

white on the image. X-rays travel more easily through fat, muscle, and lungs (due to being 

less dense), which make them appear as shadows (dark) on the radiograph.54 X-ray imaging 

resulted in the birth of modern medical imaging in 1895 when the first image was acquired 

and it is essentially a 2D map of the path integral of the attenuation coefficient. It is often 

used as a first line investigation for most musculoskeletal diseases (e.g. trauma, 

fractures).55 Some advantages include being cost-effective, easy to obtain, excellent 

contrast for bone/lung applications, and easily implemented in emergency situations. 

However, some disadvantages include, poor soft-tissue contrast (e.g., cartilage, muscle), 
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difficulty in interpreting areas of complex anatomy (overlying structures obscure detail), 

and increased risk of developing cancer from exposure to ionizing radiation. X-rays are 

mainly used for the shoulder to diagnose conditions like broken bones, arthritis, and 

dislocation.56 Within research, X-rays have primarily been used to investigate the 

pathologic shoulder including, osteoarthritis, subluxation/dislocation, malalignment, and 

rotator cuff tears. 

1.3.2 Fluoroscopy 

Fluoroscopy is an imaging modality that displays a continuous X-ray image on a monitor, 

essentially like an X-ray video.57 The X-rays continuously pass through the body, which 

allow for real time images of a body part, instrument, or contrast again (i.e., X-ray dye) to 

be seen on a monitor. Fluoroscopy is widely used in examinations and procedures to 

diagnose or treat patients.58 Many past studies have employed this imaging modality to 

assess shoulder kinematics and arthrokinematics because it allows for a dynamic 

assessment to be made, instead of analyzing a joint purely statically.8,9,17,59–64 However, 

this imaging technique has a limited field of view, which is a challenge for larger joints 

with a wide range of motion, such as the shoulder. It is also limited by only assessing joints 

in 2D. These limitations make it more difficult to assess complex musculoskeletal 

movements and pathologies. 

1.3.3 Computed Tomography (CT) 

Computed Tomography, otherwise known as CT or 3DCT, is a diagnostic imaging 

procedure that uses a combination of X-rays and computer technology to produce images 

of the inside of the body.65 CT scans can essentially be described as 3D X-rays and were 

developed in the early 1970s, well after conventional X-rays were invented.66 In contrast 

to conventional X-rays, which just pass X-rays straight through the body in one-direction, 

CT scans pass X-rays around the patient via a gantry (i.e., a giant ring that rotates).67 This 

technique allows for new technology and software to turn these 2D slices into 3D images 

of inside the body. Being able to look internally at anatomy in 3D has revolutionized the 

medical imaging sector and advantages of CT scans include, 3D imaging and cross-

sectional anatomy avoids complication of overlying structures, provides accurate 
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geometrical data, obtains better soft tissue anatomy than projection radiography, is fast, 

and can gather quantitative image data as scans include bone density. In research, computed 

tomography is the most used imaging technique. The majority of past studies that examine 

shoulder subluxation have used CT.68 CT is also the main imaging used in preoperative 

planning for shoulder arthroplasty. However, some disadvantages include, significant risk 

due to ionizing radiation, soft tissue contrast is inferior to MRI, and CT is a static imaging 

technique and cannot dynamically assess joints.  

1.3.4 Four-Dimensional Computed Tomography (4DCT) 

The human body has been engineered for motion, yet most imaging techniques (e.g., X-

rays, computed tomography, etc.) capture us at rest. However, a newer imaging modality, 

four-dimensional computed tomography (4DCT), otherwise known as dynamic CT or 

kinematic CT, consists of capturing volume sequences (3DCT) over time to create a 

dynamic volume set that depicts real-time motion.69 Recent developments in acquisition 

technology, which have helped reduce the radiation dose, have led this imaging modality 

(that is able to capture real time joint motion) to be a more safe and feasible option. In the 

musculoskeletal field, although 4DCT has been primarily used to examine wrist motion, it 

has also been used more recently within other joints including the ankle, knee, hip, elbow, 

and shoulder. 4DCT has been used to assess shoulder joint kinematics, instability and 

impingement, but primarily for the sternoclavicular,70 acromioclavicular,71 and 

scapulothoracic joints72. In these studies, 4DCT was used to assess the sternoclavicular 

joint and acromioclavicular joint to measure range of motion and quantify translation 

during various movements for the pathologic shoulder.70 Clinicians have used 4DCT to 

investigate snapping scapula syndrome in the scapulothoracic joint, allowing clinicians to 

pin-point the precise point of impingement and ensure the pathologic joint is addressed 

correctly.72 Another previous study has used 4DCT to visualize movement patterns of the 

acromioclavicular (AC) joint during abduction, discovering that posterior and superior 

translation are the main movements of the AC joint.73 Since this imaging modality has been 

gaining more recognition, a recent 2022 study has used 4DCT to analyze glenohumeral 

contact area, centre of glenohumeral contact area, and centre of humeral head during 

simulated pitching motion in collegiate baseball pitchers.10  
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Although 4DCT has allowed for a more complete analysis of joints throughout movement, 

this imaging modality does not come without its shortcomings. One limitation of using 

4DCT is that the movements performed while using the 4DCT must fit within the gantry 

of the scanner, which limits the range of motion that is able to be performed during the 

scan.74 Another limitation of using 4DCT is that the patient is not able to stand up while 

performing the motion. This can introduce error into the analysis due to the fact that 

gravity, weight, and other forces would be acting in a different direction than normal.74 

However, an upright 4DCT scanner has recently been developed to mitigate this limitation 

and has been showing comparable results to conventional 4DCT scanners.75  

1.4 Shoulder Pathologies 

The shoulder's extensive range of motion (ROM) inherently compromises its stability, 

contributing to a higher incidence of shoulder pathologies, often resulting in the need for 

shoulder replacements.  

1.4.1 Osteoarthritis (OA) 

Osteoarthritis (OA) is not only the most common form of arthritis, but is also the most 

common joint disease.76 As of 2021, it affects approximately 4 million Canadians (1 in 7 

adults), which is roughly 15% of people over the age of 20 years old.77 It is known to most 

people as degenerative joint disease, or simply, “wear and tear” arthritis.76 Osteoarthritis 

causes symptoms like pain, aching, stiffness, swelling and limited range of motion. This is 

due to cartilage degeneration, bone deformation, osteophyte growth and inflammation 

within the joint capsule. There are many risk factors for OA including, joint injury/trauma 

or overuse, joint malalignment, obesity, genetics, age, sex, and race.76 Although the 

prevalence of OA increases with age, it is important to note that it is not an “old person 

disease”, as more than half of adults who live with OA are under the age of 65 years old 

and one third of those people are diagnosed before age 45.77 OA most commonly affects 

load/weight bearing joints in the hands, knees, hips and spine. Although studied most often 

in these joints, OA can damage any joint in the body, including the shoulder.78 



27 

 

1.4.1.1 Shoulder Osteoarthritis 

Shoulder osteoarthritis (OA), although not as prevalent as hip and knee OA, is said to be 

equally as debilitating,79 and comparable to some chronic medical conditions including, 

diabetes, acute myocardial infraction, and congestive heart failure.80 Focusing in on 

glenohumeral OA more specifically, loss of cartilage and other joint tissues begin around 

the humeral head and glenoid, taking away the ability for the two bones to glide smoothly 

over one another. This increased friction between the two bone surfaces causes pain to 

increase, thereby inhibiting movement, which further develops into stiffness in the joint. 

Due to this severe pain and stiffness in the joint, people start to experience difficulty in 

performing simple activities of daily living. Shoulder OA can be classified into two 

categories: primary OA or secondary OA.81 Primary OA is diagnosed when there is no 

specific cause, but can be due to age, sex, race, or genetics. Secondary OA, however, is 

diagnosed when there is a known cause including, traumatic shoulder injury, 

dislocation/instability, surgery, or massive rotator cuff tears.82,83  

1.4.1.2 Glenohumeral Osteoarthritis  

Shoulder OA can occur in the acromioclavicular joint and/or the glenohumeral joint,84 but 

for the purpose of this thesis, only glenohumeral OA will be highlighted. The number one 

cause of total shoulder replacements is glenohumeral OA. During the progression of 

glenohumeral OA, various changes to the joint occur: degenerative changes of the rotator 

cuff, joint cartilage, or long biceps tendon, which results in abnormal load distribution, 

adaptive changes to the subchondral bone (bony sclerosis), joint space narrowing, as well 

as osteophyte formation.85,86 In addition, humeral flattening and glenoid erosion are 

common changes that end up limiting shoulder range of motion. The posterior glenoid and 

central aspect of the humeral head are the first two areas to be affected.87 

1.4.2 Glenohumeral OA Classification: Morphological Features 

Glenohumeral OA does not develop the same way in everyone. Neer stated in 1982 that 

posterior humeral head subluxation and posterior glenoid wear commonly occurs in 

primary glenohumeral OA, but there was no distinct classification system that described 

the various morphological features that appear.88 In 1999, Walch et al. developed a 
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classification system for primary glenohumeral OA to describe various glenohumeral 

interactions.89 This was made to aid in preop planning for surgeons, and glenoid reaming 

during the surgery.90 Walch classifications are made based on 2D axial cuts of CT scans 

and are split into 3 main groups, Type A, Type B and Type C, with various sub-groups 

(Figure 1-10). These groups are based on three parameters: the presence and location of 

glenoid erosion, the degree of glenoid retroversion, and the amount of subluxation of the 

humeral head in relation to the glenoid fossa.68 

Type A, which accounts for 52% of all cases, is described best by a centred humeral head 

and a balanced distribution of load against the glenoid fossa with symmetric erosion due 

to the absence of subluxation.89 Type A1 is described as minor wear of the glenoid, versus 

Type A2, which is severe or major central erosion of the glenoid.90 Type B, which accounts 

for 32% of all cases, can be noted by the apparent posterior subluxation, which occurs due 

to the asymmetric loads against the glenoid fossa.89 Type B1 displays posterior humeral 

head subluxation with joint space narrowing and retroversion, versus Type B2, which 

shows posterior glenoid erosion due to the posterior humeral head subluxation with a 

biconcave appearance.91 Type B2 has worse outcomes with shoulder arthroplasties 

(reoccurrence of instability and early glenoid loosening). For Type B2 cases, it is 

recommended to place an augmented glenoid component or if very severe to suggest a 

reverse total shoulder arthroplasty.92 Type C, which accounts for the remaining 16% of all 

cases, is described as a dysplastic glenoid with retroversion > 25°.89 

Preoperative characterization of these morphological features of the glenoid can impact 

implant selection. It can also have an influence on shoulder implant survivorship/lifetime, 

as well as poor patient reported outcomes. Due to the severity of the asymmetric loading 

on the posterior part of the glenoid in Type B cases, it is possible that the patient may 

experience glenoid loosening through the rocking horse effect if the augmented implant is 

not put in properly.68,93 It is imperative for surgeons to carefully examine preop 

glenohumeral morphology to determine the correct implant and to ensure that 

glenohumeral subluxation is eliminated completely after surgery.  
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Figure 1-10: Walch Classification Types for the Osteoarthritic Glenohumeral Joint 

The five distinct types of osteoarthritic glenohumeral morphology types: Type A1-centred 

humeral head with minor central wear of glenoid; Type A2-centred humeral head with 

severe or major central wear of glenoid; Type B1-posterior humeral head subluxation 

with joint space narrowing and retroversion; Type B2-posterior humeral head 

subluxation with major posterior glenoid erosion and a biconcave appearance; and Type 

C-glenoid retroversion >25° with no glenoid erosion. 

 

1.4.3 Age-Related Differences in the Shoulder Joint 

Currently, there is a limited amount of knowledge regarding how glenohumeral joint 

motion changes with age. When people age, there are many physiological changes that 

occur that can alter the musculoskeletal system, which can ultimately affect muscle mass 

and strength,94 joint mechanics,95 and range of motion.94  

One of the most common conditions that affects the glenohumeral joint as people age is 

osteoarthritis (OA), which leads to a breakdown in cartilage causing pain, stiffness and 

decreased range of motion.86 An in-depth description of OA and how it leads to many 

individuals needing shoulder arthroplasties is described in Section 1.4.1. In addition to OA, 

tendons of the shoulder (especially the rotator cuff tendons) undergo degenerative changes 

and can potentially tear, which can affect the movement, function, and stability of the 

shoulder. One recent study that looked at shoulder instability in an aging population found 

that acute high-grade or full-thickness rotator cuff tears are seen with higher frequency in 

older populations after anterior glenohumeral dislocation, which showcases that changes 

in tendons are occurring in older populations.96 As well, another study found that no 

participants younger than 60 years old had macroscopic degeneration of the rotator cuff, 

joint cartilages or long biceps tendon. However, after the age of 60 years old, degenerative 

changes of these structures became more common.85 
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Additionally, reduced muscle mass and strength can also come with age and can affect 

shoulder stability, movement and function.94 As people get older, a loss of muscle mass 

can occur (sarcopenia), which can decrease the muscle strength of important shoulder 

stabilizers such as the deltoid and rotator cuff muscles. One study found that shoulder 

strength significantly decreased with age (older individuals had significantly less shoulder 

strength than younger individuals), with abduction and external rotation showing the 

strongest negative correlations.94 As well, although age did not have a significant effect on 

range of motion, abduction, forward elevation and internal rotation were all still found to 

decrease over time. Since muscles like the deltoid and rotator cuffs are so crucial in 

achieving proper function of the shoulder, glenohumeral joint range of motion can be 

severely affected. In a study that looked at individuals over the age of 60 years old, 36% 

of all individuals reported having difficulty in performing daily tasks.97 This was attributed 

mainly to a decrease in internal rotation of the shoulder, which had negative effects on 

quality of life. Internal rotation is one of the main movements studied in this thesis. 

Other changes to the glenohumeral joint that can occur with age are that the joint capsule 

can become tighter and less flexible and the ligaments and other connective tissues can 

lose elasticity.98 This can lead to more stiffness within the joint, which can increase joint 

proximity and decrease joint translation, which can both alter healthy joint mechanics. 

Most past studies have looked at the aging shoulder in terms of degenerative changes and 

how that affects overall range of motion,94,95,99 flexibility and function of the 

shoulder,100,101 but not many have looked at the healthy shoulder and how age affects joint 

surface contact (joint proximity) and joint surface movement (arthrokinematics). This is an 

extremely important area of research to study, which has not yet been well-established 

within literature. However, it is important to note that recruiting participants with healthy 

shoulders over 45 years old is challenging due to the increased prevalence of prior shoulder 

injuries and pathologies.102,103 Consequently, the age of 45 has been used in studies to 

represent the older population. 
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1.4.4 Subluxation 

One fundamental aspect of a functional shoulder is its stability, which is partly 

characterized by the humeral head maintaining its position centred within the glenoid.104,105 

When the shoulder joint loses its centred position, the joint can experience subluxation, 

which is partial separation/displacement (dislocation) of the bones within the joint. In the 

extreme case, if the bones fully separate/displace from one another, complete dislocation 

can occur. Shoulder instability (e.g., posterior subluxation) can occur due to a variety of 

reasons, including trauma, repetitive overhead movement, laxity of the shoulder ligaments, 

degenerative joint disease (e.g., Osteoarthritis), muscle weakness/imbalance, anatomical 

factors, or underlying conditions like connective tissue disorders.104 For the purpose of this 

work, glenohumeral subluxation due to degenerative joint disease (e.g., Osteoarthritis) will 

be the focus. When the humeral head shifts off-centre (subluxates), this causes an increase 

in mechanical stress on the joint surfaces. When the humeral head subluxates posteriorly 

out of its centred position within the glenoid fossa, it can cause asymmetric loading on the 

posterior part of the glenoid, which can cause posterior glenoid wear.106 This is also 

classified as an osteoarthritic shoulder with a Walch Type B2 glenoid. According to the 

Walch classification of glenoid morphology, a subluxation between 45% and 55% 

represents a centred humeral head.89 A subluxation of more than 55% represents posterior 

subluxation with 100% being posterior dislocation, and less than 45% represents anterior 

subluxation with 0% being anterior dislocation. In the past, posterior subluxation was 

always measured using 2D measurements, but these have been shown to be less accurate 

and statistically different than 3D measurements due to positional errors,107–110 which is 

why in this thesis 3D measurements were made to determine subluxation. 

Currently there is no cure for osteoarthritis, and end stage treatment is total shoulder 

arthroplasty (TSA), which has long-term survival and satisfaction rates up to 95%.111 To 

correct subluxation with a TSA, posterior augmented glenoid (PAG) implants are used to 

improve posterior subluxation of the humeral head in B2 glenoids.112 However, if the 

humeral head is not well aligned with the glenoid following a TSA, the continued 

subluxation can cause asymmetric loading on the posterior part of the glenoid component, 

which can then cause glenoid loosening (a common complication of a TSA occurring in 
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6% of all patients) through the rocking horse effect.93 With glenoid loosening accounting 

for nearly 32% of all complications,113 it is imperative to determine if subluxation can be 

corrected and maintained throughout movement to avoid this increasing burden of revision 

surgeries. Additionally, most studies on the B2 glenoid, whether preoperative or post TSA, 

assess subluxation statically. It is presently unknown if subluxation recurs after a TSA with 

a PAG or if it varies dynamically throughout active motion.  

In the past, subluxation was first described as the displacement of the humeral head in 

relation to the glenoid articular surface, however, more recently subluxation has been 

referred to as the displacement of the humeral head with respect to the plane of the 

scapula.68 When the glenoid is severely eroded it can be misaligned with the scapula and 

muscle action lines, which is why Walch more recently proposed using the scapula as a 

reference to measure subluxation.110,114 Overall, it is apparent that surgically reducing the 

subluxation of the humeral head on the glenoid does improve postoperative shoulder 

function and lowers the risk of glenoid component failure attributed to eccentric loading.68 

Thus, having the capability to assess the positioning of the humeral head in relation to the 

glenoid/scapula makes it possible for surgeons to evaluate the effectiveness of shoulder 

arthroplasties that they perform.  

 

1.5 Shoulder Replacements 

Osteoarthritis of the glenohumeral joint can progress at different rates into different 

severities, at which point various treatments for glenohumeral OA would need to be 

considered. The first option for treating glenohumeral OA would be nonoperative 

treatment: physical therapy, activity modification, anti-inflammatory drugs (NSAIDs), and 

intra-articular injections.115 If none of these are successful, the next step is to consider the 

various surgical treatments of glenohumeral OA: arthroscopic treatment or arthroplasty 

treatment.116 The most effective treatment for severe OA is arthroplasty treatment. 

Arthroplasty is the surgical reconstruction or replacement of a joint, in this case the 

glenohumeral joint. It includes either restoration/resurfacing of the bones or replacing the 

damaged/worn-out bone and cartilage with an artificial joint  (i.e., prosthetic implant), 

typically made out of metal, plastic, or ceramic. Currently, there are three main arthroplasty 
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options for glenohumeral OA: anatomic total shoulder arthroplasty (TSA), reverse total 

shoulder arthroplasty (RTSA), and hemiarthroplasty (Figure 1-11). For the purpose of the 

work in this thesis, anatomic total shoulder arthroplasty will be the main focus.   

 

Figure 1-11: Various Shoulder Arthroplasties Compared to the Native Joint 

(A) Native Glenohumeral Joint (B) Hemiarthroplasty (C) Anatomic Total Shoulder 

Arthroplasty (D) Reverse Total Shoulder Arthroplasty 
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1.5.1 Anatomic Shoulder Arthroplasty (TSA) 

Anatomic total shoulder arthroplasty (TSA), is when the implant components match the 

normal anatomy of the shoulder.28 The native humeral head is replaced with a metal 

humeral head component and the native glenoid is replaced with a shallow polyethylene 

glenoid component.117 TSA is the gold standard shoulder arthroplasty for patients with an 

intact rotator cuff and sufficient glenoid bone because it offers reliable pain relief, high 

patient satisfaction, improved quality of life, predictable improvement to shoulder range of 

motion, excellent implant longevity, and a low incidence of complications.99,118 In 

comparison to other options including hemiarthroplasty, which is when the humeral 

articular surface of the native joint is replaced with a humeral component and the native 

glenoid is left untouched, TSA has better functional results, and significantly greater pain 

relief and range of motion.80,116,119 As well, long-term survival and satisfaction rates are up 

to 95% for people who receive a TSA.120  

The primary reason to consider receiving a TSA for glenohumeral osteoarthritis is if a 

significant amount of pain and discomfort still exists, even after nonsurgical measures are 

pursued. The secondary indication for TSA is typically to regain shoulder function and 

range of motion to be able to get back to everyday activities. Restoration of shoulder range 

of motion following surgery is less predictably achieved than pain relief.121 However, if a 

TSA is successful, normal or near normal restoration of function, in addition to complete 

pain relief, can be achieved.122  

Although pain is the primary reason for obtaining a TSA, it is expected that by receiving a 

TSA, better range of motion will be restored to the shoulder, which is the main focus in 

this thesis.121 There have been many studies that have analyzed range of motion before and 

after TSA, all of which have reported improvement. One recent study that analyzed 34 OA 

shoulders before and after TSA, found a 47° increase in active elevation and 34° increase 

in external rotation.123 In another study, it was found that range of motion significantly 

improved with a TSA after 6 months: flexion 104° to 147° (43° improvement), abduction 

86° to 145° (59° improvement), internal rotation 43° to 54° (11° improvement) and external 

rotation 25° to 50° (25° improvement).124 Another study showed similar improvement after 

TSA: flexion, 98° to 142° (44° improvement), abduction 69° to 101° (32° improvement), 
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internal rotation (40% improvement), external rotation 18° to 50° (32° improvement).99 

This study also found that preoperative range of motion was the most predictive of postop 

range of motion in patients. Barrett et al. (1987) found that the average range of active 

forward elevation in all of the shoulders improved from 71° to 100°, with both external and 

internal rotation improving as well.125 This study also found improvement from 14% to 

78% in a patient’s ability to perform five specific activities of daily living. A more long-

term study (12-year follow up) reported satisfactory pain relief in 83% of shoulders, with 

a 40% improvement in active abduction.123 It is clear from all of these previous studies that 

a TSA is successful in restoring ROM to patients.  

However, the benefits of TSA do not come without its associated risks. Some common 

risks of TSA include infection, glenoid and humeral component loosening, rotator cuff tear, 

periprosthetic fracture, and neurologic injury.126 Glenoid loosening is the most common 

complication of TSA due to posterior instability (subluxation), and occurs in 6% of all 

patients.93 Some of the most common factors that contribute to glenoid loosening are 

rotator cuff deficiency, glenoid morphology, and osteolysis.126 Glenoid loosening is also 

greater when glenoid reaming occurs due to the fact that it weakens the glenoid surface, 

losing the support from the subchondral bone and then exposes the components to 

excessive compressive forces.127 Mechanically, all of these factors contribute to eccentric 

forces/loading, which eventually can lead to the rocking horse effect mentioned in Section 

1.4.2. Management of glenoid loosening includes either placement of a new glenoid 

component or removal of the glenoid component and bone grafting, with 91% and 78% 

success rates at 5 years, respectively.128 Overall, it is important to note that a TSA has 

shown to improve pain and range of motion effectively, but complications such as glenoid 

loosening are still prevalent.  

1.5.2 Reverse Total Shoulder Arthroplasty (RTSA) 

Reverse Total Shoulder Arthroplasty (RTSA) is when the implant components of the 

glenohumeral joint are the opposite of human anatomy. Possible reasons for getting RTSA 

include, rotator cuff arthropathy, failed TSA, massive irreparable rotator cuff tears, and 

proximal humerus fractures.117 During RTSA, the glenoid is replaced with a metal (i.e., 

cobalt chromium or titanium) sphere, and the humeral head is replaced with a polyethylene 
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cup.32 The metal sphere and polyethylene cup create a true ball and socket joint. This new 

ball and socket joint changes the joint centre of rotation and constrains the joint so that 

minimal translation is allowed, only rotation. In the native joint, the centre of rotation is 

the centre of the humeral head, but by reversing the anatomy and having the centre of 

rotation now as the centre of the metal sphere, it shifts the joint centre medially. This 

increases the length of the deltoid moment arm, which decreases the force required by the 

deltoid to raise the arm.117 Overall, this allows the shoulder joint to maintain stability and 

movement even without a fully intact rotator cuff. However, due to the reversal of 

glenohumeral components, a major problem in RTSA is the loss of internal rotation 

movement. This inhibits people from performing many activities of daily living.33 Many 

researchers are currently studying specific factors that influence the loss of this internal 

rotation movement,129 but research suggests that the restriction from translation within the 

glenohumeral joint is one of the main reasons for the loss of this movement.32 

1.5.3 Hemiarthroplasty 

Hemiarthroplasty, as mentioned above in Section 1.5.1, is when the humeral articular 

surface of the native joint is replaced with a humeral component and the native glenoid is 

left untouched. It is a commonly performed procedure for shoulder disorders, including 

glenohumeral arthritis, avascular necrosis, capsulorrhaphy arthropathy, and proximal 

humeral fractures.130 Originally, the aim of the hemiarthroplasty was to keep the native 

joint intact as much as possible, but has now been known to have a high rate of patient 

dissatisfaction and revision surgeries, especially in younger individuals.131,132 To avoid 

revision surgeries, the condition of the glenoid is critical in whether hemiarthroplasty will 

be successful. In particular, patients with concentric glenoid wear and primary OA seem to 

have better outcomes than those with eccentric glenoid wear and secondary OA.133 

Additional reasons for revision surgery after hemiarthroplasty include, pain and stiffness, 

rotator cuff or tuberosity failure, weakness, component loosening, instability, or erosion of 

the bony glenoid surface. Due to all of these reasons, it is important to take a complete 

assessment of the shoulder to ensure hemiarthroplasty will be successful in restoring 

comfort and function to the shoulder.  
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1.6 Thesis Rationale/Motivation 

The shoulder is the most mobile joint in the human body, allowing people to move their 

arms in a wide range of motion.1 However, after undergoing total shoulder arthroplasty, 

some individuals still experience inhibited range of motion during various movements.126 

This restriction in mobility can be attributed to various factors, including the complexity 

of the joint, postoperative complications, and limitations in the design and functionality of 

current implants. The failure to restore all degrees of freedom in rotation, and particularly 

translation, is believed to inhibit specific shoulder movements, such as internal rotation to 

the back, which is an important movement in everyday activities such as 

showering/bathing, dressing (e.g., tucking in shirts and/or putting on a bra), or even 

managing toileting.33 Notably, research and advancements surrounding shoulder joint 

implants are well behind those for other weight bearing joints such as the hip and knee. 

This disparity has led to significant knowledge gaps regarding shoulder implants, 

highlighting the need for enhanced research efforts to improve outcomes for individuals 

undergoing total shoulder arthroplasty. 

To advance shoulder implant research, it is essential first to understand the functionality of 

the healthy glenohumeral joint, in vivo and throughout active motion, to establish a 

benchmark for the joint's normal range of motion. It is hypothesized that the limitation of 

translation within the glenohumeral joint constrains the shoulder's full range of motion. 

Using 4DCT, we will quantify the translation occurring at the glenohumeral joint during 

various movements, enabling implant designers, such as Stryker, to ensure these implants 

accurately mimic the native healthy joint and test them under more realistic conditions. 

Historically, the centre of the humeral head has been used to track glenohumeral joint 

arthrokinematics.8,18,19,35–41 However, this method is less accurate than using the exact 

contact point between joint surfaces, which will be employed in this study. Furthermore, 

determining the proximity of the glenohumeral joint surfaces will allow us to identify when 

the joint surfaces are in closer contact (i.e., experience higher contact pressure), facilitating 

future studies on erosion patterns. Additionally, examining age-related differences will 

help determine if age affects translation. Overall, understanding glenohumeral joint 
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proximity and translation will enhance our knowledge of global shoulder motion, aiding in 

the development of in vitro experiments, simulators, and shoulder implants. 

In patients with osteoarthritis (OA), anatomic total shoulder arthroplasty (TSA) is 

considered the gold standard for shoulder replacement. However, some OA patients, 

specifically those classified as Type B2, experience posterior humeral head subluxation 

and posterior glenoid erosion. This can lead to glenoid loosening, and in severe cases, 

implant failure and the need for revision surgery post-TSA.91 Glenoid loosening occurs 

when subluxation is not fully corrected, resulting in an imbalance of forces acting on the 

glenoid implant component.93 Notably, glenoid loosening accounts for 32% of all TSA 

complications.113 Given the prevalence of this complication, it is crucial to determine if 

subluxation is adequately corrected during TSA and if this correction is maintained 

throughout movement to reduce the need for revision surgeries. The implications of 

uncorrected subluxation on shoulder range of motion remain uncertain, although it is 

suspected that loss of internal rotation may occur due to the subluxation hindering joint 

translation. To date, subluxation has not been dynamically assessed during active motion. 

However, with the arrival of 4DCT technology, it is now possible to observe how 

subluxation changes throughout active motion, providing critical insights into improving 

TSA outcomes. 

Overall, the aim of this thesis is to advance research in shoulder biomechanics with special 

interest in motion at the articulation, by utilizing 4DCT technology to investigate healthy 

glenohumeral arthrokinematics and anatomic implant subluxation during active motion. 
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1.7 Objectives and Hypotheses 

The objectives of this thesis were distributed across two studies and are outlined in Chapter 

2 and Chapter 3. 

Chapter 2 

Primary Objective: To measure and quantify glenohumeral joint proximity and 

glenohumeral joint surface tracking (translation) in healthy participants throughout 

forward elevation and internal rotation using 4DCT.  

Secondary Objective: To determine if there were age (young versus old), position 

(beginning versus middle versus end of movement), or direction (superior/inferior versus 

anterior/posterior) related differences in the healthy glenohumeral joint throughout forward 

elevation and internal rotation. 

Secondary Hypothesis: Glenohumeral joint proximity will increase with age, and 

glenohumeral joint surface tracking (translation) will decrease with age due to the closer 

joint proximity.  

Chapter 3 

Primary Objective: To determine if Walch type B2 patients managed with a TSA and a 

PAG implant would maintain correction of subluxation when examined statically and when 

stressed with active motion. 

Primary Hypothesis: Subluxation will be corrected postoperatively and will maintain a 

centred joint alignment throughout active movement. 

Secondary Objective: To analyze if a patient’s range of motion (good or limited), 

magnitude of B2, or PAG implant size (15° or 25°) affect postoperative correction of 

subluxation. 

Secondary Hypothesis: There will be no difference in subluxation postoperatively 

between various PAG implants sizes and magnitudes of B2 erosions, and patients with 

better postoperative range of motion will have greater subluxation postoperatively. 



40 

 

1.8 Thesis Overview 

Chapter 2 describes glenohumeral joint proximity and glenohumeral joint surface tracking 

(translation) in healthy patients throughout forward elevation and internal rotation. This 

chapter also investigates if there are any age, position, or direction related differences in 

the healthy glenohumeral joint. 

Chapter 3 examines subluxation of the glenohumeral joint before and after an anatomic 

total shoulder arthroplasty (TSA). Subluxation throughout active motion has never been 

studied before, so this chapter aims to assess subluxation postoperatively throughout active 

motion. An additional analysis includes evaluating if a patient’s range of motion (good or 

limited), magnitude of B2 erosion, or PAG implant size (15° or 25°) affect subluxation.  

Chapter 4 includes a summary and discusses the strengths and limitations of the work 

presented in this thesis. Possible future work is also outlined. 
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Chapter 2  

2 Healthy Glenohumeral Arthrokinematics Using Four-
Dimensional Computed Tomography Throughout 
Internal Rotation and Forward Elevation  

Glenohumeral arthrokinematics studies that have used a diseased or healthy cadaveric 

shoulder, may not fully characterize the in vivo physiological state. Currently, 

glenohumeral joint translation throughout active motion is not well-established in 

literature, especially for more complex motions of daily living including, internal rotation 

to the back. Historically, glenohumeral joint tracking employed the humeral head centre 

instead of the actual contact point between the two surfaces, which is more accurate as it 

considers exactly how the joint surfaces are moving relative to one another. This chapter 

explores glenohumeral arthrokinematics, including glenohumeral joint proximity and joint 

translation, for more complex motions of daily living by using 4DCT to accurately track 

the glenohumeral surfaces within an in vivo environment. Additionally, this chapter 

analyzes differences in age, position of movement, and direction of translation for the 

glenohumeral joint.  

A version of this work has been accepted to be published in the Journal of Shoulder and 

Elbow Surgery (JSES) International. 
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2.1 Introduction 

As discussed in Chapter 1, the shoulder is the most mobile joint in the human body, 

enabling people to move their arms freely in many directions.1 Due to the relatively large 

size of the humeral head in comparison to the glenoid, which is very shallow in nature (3:1 

surface area ratio), there is a high incidence of instability at the glenohumeral (GH) joint.2 

It is unknown how the healthy humeral head tracks relative to the glenoid, and how that 

changes over time as people age. Previous research has focused on patients who have 

already acquired pathologies (i.e., OA or instability) or who have already undergone 

shoulder surgeries,3–8 not on healthy people. The studies that have focused on healthy GH 

joint movement have primarily used cadaveric specimens,6,9–11 however, the in vitro 

loading environment may not fully simulate the in vivo physiological state.12–14 

In recent years, imaging techniques have been used to measure shoulder motion. These 

have included, magnetic resonance imaging (MRI),15,16 X-ray/radiography,8,17,18 and 

fluoroscopy.19 Some advantages for MRI and X-ray/radiography include that MRI emits 

no ionizing radiation20 and X-rays/radiographs are cost-effective.21 However, one 

disadvantage is that X-ray/radiography does not have the capability to assess active 

motion.22 On the other hand, fluoroscopy is capable of dynamic imaging, but has a limited 

field of view and is 2D in nature,3,4,23 which is especially challenging for the analysis of 

larger joints, such as the shoulder. Four-dimensional computed tomography (4DCT) is a 

newer imaging modality that consists of capturing volume sequences (3DCT) over time to 

create a dynamic volume set, allowing for a more complete analysis of the shoulder joint 

over an entire movement.24 4DCT has been previously used to assess the shoulder, but 

primarily for the sternoclavicular,25 acromioclavicular,26 and scapulothoracic joints.27 In 

these studies, 4DCT was used to assess joint instability and detect and locate pathologic 

motion, but has not yet been used to assess normal GH motion, particularly parameters 

such as joint proximity and joint surface tracking (translation).  

Assessing joint proximity of the shoulder joint is important because it influences movement 

patterns,28 load distribution,29,30 and joint stability,31–33 which are important for joint health 

and performance. Abnormal joint proximity can predispose the glenohumeral joint to 

subluxation/dislocation,34,35 and impingement syndromes.36,37 In respect to joint surface 
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tracking (translation), many previous studies have used the centre of the humeral head to 

track the translation at the glenohumeral joint,5,6,9,15,17,18,38–41 but this study will use the 

actual contact point between humeral head and the glenoid, which will provide a more 

insightful and accurate representation of what is happening at the joint surfaces because it 

directly captures what is happening at the articulation and provides a truer representation 

of joint behavior, stability and movement. It is important to characterize how the healthy 

GH joint moves. Currently, there is a limited amount of knowledge regarding how much 

the humeral head rotates and translates on the glenoid during various movements for 

individuals of various ages. As people age, there are many physiological changes that occur 

that can alter the musculoskeletal system, which can ultimately affect muscle mass and 

strength,42 joint mechanics,43 and range of motion.42 Understanding not only how much 

rotation, but how much translation is happening in healthy glenohumeral joints is important 

so that implant designers can capture the true sense of surface motion (i.e., rotation and 

translation) in shoulder implants accurately. Overall, determining the amount of GH joint 

translation and rotation, while also analyzing the variances in different ages, will allow for 

a better understanding of global shoulder motion to assist with in vitro experiments, 

simulator and shoulder implant development.   

Although previous studies have evaluated GH joint movement in various ways, none have 

done it specifically for healthy people using dynamic imaging (4DCT) for simple 

movements such as forward elevation (FE) and more complex movements such as internal 

rotation to the back (IR). IR is a movement that is typically restricted after reverse total 

shoulder arthroplasties (RTSAs). One reason this is the case is due to the inversion of the 

anatomical concavities, which creates a fixed fulcrum that can only rotate.44 This is a major 

issue due to IR being important in activities of daily living such as, showering/bathing, 

dressing (e.g., tucking in shirts and/or putting on a bra), or even managing toileting.45 FE 

(i.e., reaching overhead) is another movement that is sometimes inhibited after receiving a 

total shoulder arthroplasty and is also important in routine activities of daily living such as 

brushing/combing hair and placing/retrieving items from high cupboards or shelves. To 

allow people to regain this important range of motion, it is vital to determine the amount 

of translation that is occurring in the healthy joint, so that it can be implemented into the 

testing and the design of shoulder implants.  
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The primary objective of this study was to measure and quantify GH joint proximity and 

GH joint surface tracking (translation) in healthy participants throughout FE and IR using 

4DCT. The secondary objective of the study was to determine if there were age (young 

versus old), position (beginning versus middle versus end of movement), or direction 

(superior/inferior (S/I) versus anterior/posterior (A/P)) related differences in the healthy 

GH joint throughout FE and IR. It was hypothesized that the GH joint proximity will 

increase with age, and that the GH surface tracking (translation) will decrease with age due 

to the closer joint proximity. 

2.2 Materials and Methods 

2.2.1 Study Protocol 

2.2.1.1 Participants 

Thirty-one (31) participants (between 18 and 86 years old with an average age of 45 years 

old) were recruited for this study and were split into two cohorts depending on age: young 

(≤ 37 years old) and old (≥45 years old). These age groups were based on a previous study 

used to assess age-related differences in shoulder kinematics.43 Recruitment of participants 

with healthy shoulders over the age of 45 years old is challenging due to increased 

occurrence of prior shoulder injuries and pathologies.46,47 Therefore, numerous studies 

have utilized healthy control groups under the age of 37 for comparison with clinical 

populations over 45 years old.48,49 Inclusion criteria included males over the age of 18 with 

no previous history of any major shoulder injury. Due to higher breast tissue sensitivity 

and risk of cancer in females compared to males, females were excluded from this study as 

per Investigational Research Board recommendations. The 4DCT scans of the participants 

were reviewed by an orthopaedic surgeon to ensure no erosion or pathologies were present. 

After obtaining consent, participants were assessed to ensure they could reach their 

dominant hand over their head and behind their back in order to complete the two 

movements (e.g., IR and FE) that would be performed during the scan. Please note, 

STROBE guidelines were used to inform the reporting of this observational study.50 
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2.2.1.2 Scanning 

A total of three scans (one static and two dynamic) were taken of each participant’s 

dominant shoulder using a CT scanner (Revolution CT Scanner, GE Healthcare, 

Waukesha, Wisconsin, USA). Prior to the static and dynamic scans, a localizer scan was 

taken to frame the correct field of view of the participant’s shoulder. For the static scan, 

the participant was placed on their back (i.e., in the supine position) with their arm by their 

side to ensure that a completely neutral position was obtained. The participant was 

instructed to  remain still during the static scan so that it was clear, accurate and free of any 

artifact that would affect the bone model making process. The static scan followed a 

standard static imaging protocol (120kV, 211mA, 1.0s rotation time, 512x512 matrix, 

axial) and produced 192 1.25mm thick slices for a volume of size 250x250x240mm3. For 

the first dynamic scan, the participant was placed on their back, with their elbow at 90° and 

their hand resting over their abdomen. The participant was then asked to perform FE, which 

required the participant to lift their hand from their belly up until it was stretched past their 

head as far as they could go comfortably and then back down to the starting position. The 

first half of this FE movement is shown in Figure 2-1. For the second dynamic scan, the 

participant was placed on their non-dominant side, with their dominant shoulder up. The 

participant was asked to perform IR, which started with the participant pressing the palm 

of their hand into their belly for a few seconds, then reaching their hand around their side, 

behind their back as far up the back as possible, and then back to the starting position. The 

first half of this IR movement is shown in Figure 2-2. For each dynamic scan, the 

participant was instructed by a technologist on how to perform the entire movement within 

the scan time and practised it until they were comfortable to perform it by themselves. 

During the actual scan, verbal cues were provided to guide the participant through the 

motion to ensure consistency of motion within the allotted time of 18-21 seconds.   

The dynamic scans followed a standard dynamic imaging protocol (80kV, 130mA, 0.35s 

rotation time, 512x512 matrix, axial) producing 64 2.50mm thick slices with each volume 

of size 450x450x160mm3. The IR scan lasted for 21 seconds, generating 60 volumes and 

the FE scan lasted for 18 seconds, generating 50 volumes. As per radiation dose of the 

entire process, each localizer scan had a dose-length product (DLP) of 8 mGy*cm, the 
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static scan had a DLP of 281 mGy*cm, the IR dynamic scan had a DLP of 428 mGy*cm, 

and the FE dynamic scan had a DLP of 357 mGy*cm. Therefore, using the effective dose 

conversion factor for a typical chest CT (0.014 mSv*mGy-1*cm-1),51 the effective dose of 

the entire procedure was estimated at 15.3mSv. 

 

Figure 2-1: Participant lying with back flat against the scanner bed performing FE. 

(A) Beginning (B) Middle and (C) End of the first half of the movement (anterior 

view) 

 

Figure 2-2: Participant lying on side with dominant shoulder facing up performing 

IR. (A) Beginning (B) Middle and (C) End of the first half of the movement 

(posterior view) 
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2.2.2 Image Analysis & Registration 

The completed scans for each participant were then uploaded to 3D Slicer, an open-source 

segmentation, modelling, and registration software (www.slicer.org, Version 4.11). A 

semi-automated reconstruction process was used to build exact patient-specific bone 

models of the humerus and scapula (Figure 2-3). Features, including, threshold, scissors, 

paint, erase, and smoothing were used to obtain high quality bone models. After 

segmentation and modelling, one static model and numerus dynamic models of the scapula 

and humerus were completed for each subject.  

 

Figure 2-3: 4DCT scan (left) used for segmentation of shoulder bones (middle) to 

make models of humerus and scapula (right) 

Next, using an iterative closest point (ICP) algorithm52 in 3D Slicer and the 

CMFregistration extension (cmf.slicer.org), the static model was registered to the position 

of the dynamic models for each participant in both movements (Figure 2-4). This allowed 

a transformation matrix to be obtained describing the position of the static model in each 

dynamic frame. 

 

Figure 2-4:  Static model (blue) being registered to the dynamic model (red) through 

ICP in 3D Slicer 
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2.2.3 Glenohumeral Arthrokinematics 

2.2.3.1 Joint Proximity 

Proximity maps of the GH joint, displaying the distance between the glenoid and the 

humeral head projected on the glenoid fossa, were created. This process involved using the 

transformed models from registration and then employing a previously developed inter-

bone distance algorithm.53 This algorithm displayed the bones in Paraview version 4.4.0 

(Kitware, Inc., New York, New York, www.paraview.org). The proximity maps for each 

participant and for both movements (IR and FE) were used to visualize GH joint proximity 

changes throughout the motions assessed.   

The reliability of the patient-specific bone models was tested by remaking 3D bone models 

of the humerus and scapula for one participant in 3D Slicer. These models were then 

inputted into a previously developed inter-bone distance algorithm53 to determine the 

distances between the surfaces for both trials. By averaging the inter-bone distances 

between surfaces for both trials, the error was discovered to be 0.06mm for the humerus 

and 0.26mm for the glenoid.54 

The same transformed models that were used to establish the proximity maps were then 

used to determine the joint proximity of the GH joint. The following steps were completed 

for every other frame of movement, for each participant and for both movements. First, 

using the ‘Integrate Variables’ feature on Paraview, a threshold of 0mm to 4mm was 

applied to the model, which displayed the area of the glenoid that was within 4mm of the 

humeral head (mm2). A threshold of 4mm was chosen based on mean articular cartilage 

thickness of the humeral head and glenoid cavity.55 From this threshold data, the centroids 

of all points within 4mm were then averaged to determine the overall centroid point that 

was later used to determine the GH translation. The full glenoid surface area (mm2) was 

calculated using SolidWorks via Mesh Prep Wizard, by reducing the mesh to ~40,000 and 

using ‘Spline on Surface’ to sketch/trace the glenoid area. Finally, the overall GH joint 

proximity was found by dividing the area of the glenoid within 4mm of the humeral head 

(mm2) by the full glenoid surface area (mm2), which was then expressed as a percentage. 

This GH joint proximity (%) was then used to look at differences in age over the entire 
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movements, as well as more closely during different time points throughout the movements 

(i.e., beginning, middle, and end).56 The beginning of the movement is comprised of two 

frames: the starting position frame and the one just after the participant begins moving their 

arm out of the starting position. The middle of the movement is when the participant is 

halfway through the movement (50% of the motion time). The end of the movement also 

is comprised of two frames: the terminal position frame and the one just before the 

participant begins moving their arm into the terminal position.  

2.2.3.2 Joint Surface Tracking (Translation) 

From the data obtained through the initial joint proximity analysis, the GH joint surface 

tracking (translation) was determined by utilizing coordinate systems to track the centroids 

in space using the previously validated single vertebra image based (SVIB) technique.57 

Specific landmarks on the glenoid and humeral head from the static scans were chosen and 

used to a create a local coordinate system. A transformation was then used to describe the 

overall centroid points for each frame of movement (found from Paraview) in the newly 

defined local coordinate system. Note: This local coordinate system is different for each 

frame of movement. From this, the translation at the GH joint was found by taking the 

difference between the maximum and the minimum values in both the S/I and A/P 

direction. For example, translation in the S/I direction was the difference between the max 

and min y-plane values, and the translation in the A/P direction was the difference between 

the max and min z-plane values.  

To test the reliability of the joint surface tracking (translation), a statistical analysis for 

intra-observer reliability was performed using SPSS and an intraclass correlation 

coefficient (ICC) (two-way random model with consistency) was used to measure intra-

observer reliability of the arthrokinematics for one participant between two trials.  The ICC 

value of the two trials was 0.0951 (95% coefficient, 0.877-0.981), which reported excellent 

agreement (>0.9) between the two trials for measuring translation.54  
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2.2.4 Statistical Analysis 

All statistical analyses were completed using SPSS (SPSS Statistics v26; IBM, 350, 

Armonk, NJ). A two-way ANOVA was used to assess the effect of age (young and old) 

and position of movement (beginning, middle, and end) on the joint proximity in the GH 

joint. Similarly, a two-way ANOVA was used to assess the effect of age (young and old) 

and direction (S/I and A/P) on translation in the GH joint. A Bonferroni correction was 

used to correct for the multiple statistical analyses performed, with the significance value 

set as p<0.05.  

2.3 Results 

2.3.1 Participants 

The participant data for each age group is summarized in Table 1. One participant was 

excluded from the IR motion and six were excluded from the FE motion due to either 

motion blurring or bones moving out of the field of view. 

Table 2-1: Participant Data 

 Internal Rotation (IR) Forward Elevation (FE) 

Young  

(≤37 years old) 

n = 15 

26 ± 6 (18-37) 

n = 12 

26 ± 6 (18-37) 

Old  

(≥45 years old) 

n = 15 

63 ± 12 (45-86) 

n = 13 

62 ± 12 (45-84) 

 

2.3.2 Joint Proximity 

Proximity maps, which are visual representations of the GH joint proximity, are shown for 

FE (Figure 2-5) and IR (Figure 2-6), for one representative participant. The proximity maps 

for all participants throughout FE and IR can be found in Appendix A. The proximity maps 

visually show how the GH joint proximity varies throughout each movement, starting from 

the beginning of the motion (Frame 0) and displaying every other frame until the end of 

the motion. Note: The end frame for each participant varied depending on timing of the 

participant’s motion. A scale from 0mm to 6mm was chosen for these joint proximity maps 
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because it provided the most effective visual representation of joint proximity within the 

glenohumeral joint. A full data set of all proximity maps can be found in the supplementary 

data. 

 

Figure 2-5: Proximity map for a representative participant throughout FE at 

different reference frames. Starting position shown in top left (Frame 0) and 

movement progresses to the right ending with terminal position shown in bottom 

right (Frame 26) 

Note: 0mm (red) shows close proximity and 6mm (dark blue) shows far proximity. 

 

Figure 2-6: Proximity map for a representative participant throughout IR at 

different reference frames. Starting position shown in top left (Frame 0) and 

movement progresses to the right ending with terminal position shown in bottom 

right (Frame 26)  

Note: 0mm (red) shows close proximity and 6mm (dark blue) shows far proximity. 
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2.3.2.1 Forward Elevation 

The average GH joint proximity for FE at the beginning, middle, and end of the movement 

is shown in Figure 2-7. A higher joint proximity value corresponds to a closer GH joint 

proximity, whereas a lower joint proximity value indicates further GH joint proximity. 

There were no significant differences in joint proximity for any of the three different stages 

of the movement for the younger group when compared to the older group.  

 

Figure 2-7: FE average GH joint proximity for the younger and older cohorts at the 

beginning, middle, and end of the movement 
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2.3.2.2 Internal Rotation 

For IR, the average GH joint proximity for IR at the beginning, middle, and end of the 

movement is shown in Figure 2-8. The older cohort experienced higher joint proximity 

(63% of glenoid surface was within 4mm of humeral head) during the middle of the 

movement than the younger cohort (52% of glenoid surface within 4mm of humeral head) 

(p=0.039, 11.0% difference). No other significant differences were found when comparing 

age-based cohorts (young versus old) and different stages of movement (beginning versus 

middle versus end). 

 

Figure 2-8: IR average GH joint proximity for the younger and older cohorts at the 

beginning, middle, and end of the movement 
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2.3.3 Joint Surface Tracking (Translation) 

Glenohumeral translations were determined for both S/I and A/P directions (Figure 2-9).  

 

Figure 2-9: The glenohumeral representation of the distance the humeral head 

translated (%) in the superior/inferior direction (left) and anterior/posterior 

direction (right) used for the analysis of FE and IR joint surface tracking 

(translation) 

Each yellow point represents the centroid of the joint surface contact for each frame of 

movement for one representative participant. This showcases where the humeral head 

translates on the glenoid throughout an entire movement. 

2.3.3.1 Forward Elevation 

Throughout FE for all individuals 6 ± 2mm (15 ± 6%) of translation occurred in the S/I 

direction and 5 ± 3mm  (16 ± 8%) of translation occurred in the A/P direction (Figure 

2-10A and Figure 2-10C. Overall, there were no age or direction significant differences 

between the younger and older cohorts. 

2.3.3.2 Internal Rotation 

Throughout IR for all individuals, 6 ± 3mm (15 ± 6%) of translation occurred in the S/I 

direction and 3 ± 2mm (11 ± 5%) of translation occurred in the A/P direction (Figure 2-10B 

and Figure 2-10D). There were no age-related significant differences between the S/I and 

A/P directions during this movement. However, there were direction-related differences in 

translation for IR, most notably the younger cohort experienced more translation in the S/I 
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direction than A/P direction over the entire movement when compared to the older cohort 

(6% difference, p=0.016). 

 

Figure 2-10: Total translation of GH joint for the younger and older cohorts for FE 

and IR (A) FE (mm); (B) IR (mm); (C) FE (%); (D) IR (%) 

2.4 Discussion 

Quantifying healthy GH joint proximity and joint surface tracking (translation) is important 

in understanding how the joint functions, how it may become pathologic, and how it can 

be replicated with an in vitro simulator for use of more accurate joint movement in cadaver 

testing.  

Understanding joint arthrokinematics enables designers to create implants that closely 

replicate normal joint movements. Additionally, documenting surface tracking patterns in 

healthy individuals establishes a benchmark for normal ROM, helping clinicians assess 

arthrokinematic restoration after reparative or reconstructive surgeries. Overall, for the 

entire study, no significant results were found for FE, but there were some significant 

results found for the more complex movement, IR. It was found that older participants had 
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closer joint proximity during the middle of the IR movement, and that younger participants 

had more translation in the S/I direction than A/P direction, also for IR. Additionally, it 

was found that the younger cohort had more translation in the S/I direction than the A/P 

direction for IR. 

The complexity of the shoulder has made it a difficult joint to study over the years. Most 

previous studies on GH joint mechanics have examined simple planar movements, such as 

abduction.8,15–19,33,40,41 In this study, the use of 4DCT allowed the assessment of complex 

movements, such as IR, which are important in routine activities of daily living, such as 

showering/bathing, dressing, and toileting.  

In total, there were two statistically significant results in the analysis of GH joint proximity 

and joint tracking (translation). Firstly, when examining GH joint proximity, older 

participants displayed closer joint proximity during the middle of the movement compared 

to the younger participants (11.0% difference, p=0.039) for IR. Secondly, also for IR, the 

translation that occurred in the GH joint differed between the S/I and A/P directions. The 

younger participants had more translation in the S/I direction (16%) compared to the A/P 

direction (10%) in IR (6% difference total, p=0.016). Over the entire study, for FE, no 

significant differences were found when examining the effects of age and position on joint 

proximity and age and direction on translation. Overall, despite some of the small 

differences seen in translation between different ages, positions, and directions, it was 

apparent that translation in the GH joint was important when performing these different 

movements, since translation ranged from 9% to 16% in the A/P direction (width of 

glenoid) and from 13% to 16% in the S/I direction (height of glenoid). 

The GH joint proximity maps visually showed which areas (i.e., superior, inferior, posterior 

or anterior) of the glenoid were in the closest proximity and which were in the farthest 

proximity to the humeral head. These maps also showed where in the movement the joint 

proximity decreased and where it increased through each movement. This made it possible 

to explicitly note where within these movements there was close joint proximity, which 

could possibly lead to high points of stress and contact in the joint. In agreement with Bey 

et al. (2009), these maps allow for a visualization and a measure of joint function that is 



69 

 

not fully captured in normal GH kinematic analyses, and it is important in restoring GH 

joint articular mechanics that may be altered in many shoulder pathologies.   

Investigating GH joint proximity (%) allowed joint articular contact patterns to be mapped 

throughout the various movements examined. It was hypothesized that joint proximity 

would increase with age, therefore having closer humeral head to glenoid proximity in 

older individuals. For IR, this hypothesis held true during the middle of the movement, due 

to the fact that the older cohort experienced 11% closer joint proximity than the younger 

cohort (p=0.039). This proximity could be due to the slight loss of articular cartilage in the 

older cohort, or due to overall increased age-related joint stiffness that did not allow the 

GH joint to open up fully when individuals moved their arms around their torsos and in 

terminal positions. For FE, very similar joint proximity was seen between the younger and 

older cohorts during the beginning, middle, and end of the movements, making all 

differences statistically non-significant and disagreeing with the original hypothesis for this 

movement specifically.  

In terms of GH joint surface tracking (translation), the hypothesis was that the older cohort 

would have less translation due to joint space narrowing, causing less movement and more 

stiffness in the joint. The results of this study disagreed with the hypothesis due to the fact 

that there were no significant differences found in glenohumeral translation between the 

younger and older cohorts, meaning that despite age, a similar amount of translation 

occurred in all participants throughout both movements. However, one result that was 

significant was that the younger cohort had more translation in the S/I direction than the 

A/P direction (6% difference, p=0.016). Bey et al. (2009) studied GH joint mechanics in 

coronal-plane abduction for repaired (rotator cuff) and contralateral shoulders. In the Bey 

et al. study, it was found that joint contact centre position translated mainly in the S/I 

direction (8mm) compared to the A/P direction (4mm) during shoulder abduction in both 

the repaired and contralateral shoulders. Similarly to Bey et al. (2009), Massimini (2014) 

studied GH joint mechanics, but with scapular plane abduction-adduction motion with 

external humeral rotation. It was also found in the Massimini study that the majority of 

translation happened in the S/I direction (18.3mm) compared to the A/P direction (4.5mm). 

Furthermore, a more recent study from Matsumura et al. (2019) studied GH translation 
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during active external rotation with the shoulder abducted. This study used 4DCT 

technology and found that the humeral head translated more in the A/P direction (3.4mm) 

compared to the S/I (1.7mm) direction. These papers all studied different shoulder 

movements, and all had slightly varying results when comparing S/I and A/P translations 

for individuals of all ages. Comparing these previous studies to the current study shows 

how the GH joint surface tracking can vary with the imaging technique, sample size, 

sample age, and shoulder movements studied. Despite these slight differences in translation 

direction, these studies demonstrate that translational movement at the GH joint are 

important in achieving full healthy ROM.  

Humeral head translation on the glenoid seems to be important for obtaining maximal 

ROM. This natural design feature of the glenohumeral joint may also apply to anatomic 

shoulder arthroplasty implants. At present, several implant manufacturers have a radius of 

curvature mismatch between the humeral head replacement and the glenoid polyethylene. 

Understanding the normal translation that occurs in the healthy shoulder may allow implant 

manufacturers to design implants with an idealized mismatch to allow for more normalized 

glenohumeral translations.   

2.5 Conclusion 

This study utilized 4DCT to quantify GH joint proximity and GH joint translation 

throughout various shoulder motions in healthy participants to determine if there were any 

age, position, or direction related differences. It was found that there were only significant 

differences in the more complex IR motion. Quantifying the total translation in the healthy 

GH joint showed just how important translational movement is in completing these 

different shoulder motions, which will aid implant manufacturers in designing implants 

that will allow for more normalized glenohumeral translations. In the future, it is hoped 

that the same analysis will be conducted on unhealthy/diseased and implanted shoulders, 

enabling a comparative study to determine the differences in glenohumeral translation 

between different patient groups. In conclusion, it is anticipated that these findings will 

allow biomedical technology companies to implement the information regarding GH joint 

proximity and translation into implant design and testing to ultimately optimize shoulder 

implants in the future.  
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Chapter 3  

3 Posterior Augmented Polyethylene Glenoid Implants 
Correct Posterior Subluxation and Maintain Joint 
Reduction Throughout Active Motion 

Anatomic total shoulder arthroplasty (TSA) with posterior augmented glenoid (PAG) 

implants is a common procedure for people with symptomatic glenohumeral osteoarthritis 

who have Walch Type B2 glenoids (posterior humeral head subluxation and posterior 

glenoid wear). However, there is a limited amount of literature surrounding the outcome 

and success of these implants and their ability to correct and maintain subluxation 

throughout active motion. This chapter aims to explore if PAG implants are successful at 

correcting and maintaining subluxation throughout active motion after TSA. This chapter 

also seeks to explore if  a patient’s range of motion (good or limited), magnitude of B2, or 

PAG implant size (15° or 25°) affect postoperative correction of subluxation.  

A version of this work is in the process of being submitted to the Journal of Shoulder and 

Elbow Surgery (JSES). 
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3.1 Introduction 

As discussed in Chapter 1, osteoarthritis (OA) is the most common joint disease in the 

world.1 More specifically, glenohumeral OA is reported to be equally as debilitating as hip 

and knee arthritis,2 and comparable to some chronic medical conditions including, diabetes, 

acute myocardial infarction, and congestive heart failure.3 Glenohumeral OA can cause 

pain, stiffness, dysfunction, and bony erosion.4,5 Anatomic total shoulder arthroplasty 

(TSA) is one treatment option for patients with symptomatic glenohumeral OA and has 

long-term survival and satisfaction rates up to 95%.6 However, TSA is known for having 

worse outcomes (e.g., higher complication and failure rates due to reoccurrence of 

instability and early glenoid aseptic loosening)7 if the preoperative glenohumeral joint 

exhibits posterior humeral head subluxation and posterior glenoid wear.8 If the humeral 

head is not well aligned with the glenoid following a TSA, the continued subluxation can 

cause asymmetric loading on the posterior part of the glenoid component, which can then 

cause glenoid loosening through the rocking horse effect.8 With glenoid loosening 

accounting for nearly 32% of all complications,9 it is imperative to determine if subluxation 

can be corrected and maintained throughout movement to reduce the burden of revision 

surgeries. 

To address subluxation in Walch type B2 glenoids, posterior augmented glenoid (PAG) 

implants have been developed to realign the glenohumeral joint, to maintain the humeral 

head centred within the glenoid.10  However, there is limited literature on the outcomes of 

PAG implants, and their ability to restore glenohumeral alignment. Additionally, 

glenohumeral subluxation after TSA has only been assessed statically with axillary 

radiographs or axial CT images. Furthermore, it is established that the glenohumeral joint 

undergoes translations and rotations, and that subluxation can occur statically and 

dynamically.10–12 Four-dimensional computed tomography (4DCT) is a recent 

development, which captures three-dimensional (3D) images and allows a dynamic 

assessment of the glenohumeral joint throughout active motion. Additionally, 4DCT allows 

for 3D measurements to be used to determine subluxation, which have been shown to be 

more accurate than previously used two-dimensional (2D) measurements.13–16 
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The primary objective of this study was to determine if Walch type B2 patients managed 

with a TSA and a PAG implant would maintain correction of subluxation when examined 

statically and when stressed with active motion. This was accomplished by comparing 

preoperative glenohumeral joint subluxation to postoperative subluxation using 4DCT 

during an active motion protocol. The secondary objective was to analyze if a patient’s 

range of motion (good or limited), magnitude of B2, or PAG implant size (15° or 25°) 

affect postoperative correction of subluxation. It was hypothesized that subluxation would 

be corrected postoperatively and would maintain a centred joint alignment throughout 

active movement. It was also hypothesized that there would be no difference in subluxation 

postoperatively between various PAG implant sizes and magnitudes of B2 erosions, and 

that patients with better postoperative range of motion would have greater subluxation 

postoperatively. 

3.2 Materials and Methods 

3.2.1 Study Protocol 

3.2.1.1 Participants (Patients) 

Participants (patients) from a single fellowship-trained shoulder surgeon at a tertiary 

orthopaedic centre were retrospectively identified for prospective enrolment in this 

imaging study. The inclusion criteria was comprised of participants who have undergone a 

stemless TSA for OA with a Walch type B2 glenoid, undergone 3D preoperative software 

planning with a planned retroversion correction to less than 5, utilized a 15 or 25 half-

wedge posteriorly augmented cemented glenoid implant (Perform Plus, Stryker, USA), and 

had a minimum follow-up period of at least two years. Preoperatively, it is the surgeon’s 

routine protocol to conduct preoperative planning utilizing software (Blueprint, Stryker, 

Bloomington, MN, USA). If software planning allowed correction of retroversion to 5 

with either a 15 or 25 half-wedge implant, the participant was considered to have met the 

inclusion criteria of this study. 

Once consent was obtained, a participant's range of motion was assessed by completing the 

following movement: reaching the implanted arm behind the back and as far up as possible. 

This specific movement was chosen to assess the participant’s active range of motion in 
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internal rotation (IR).  Internal rotation was chosen for two reasons: First, activation of the 

subscapularis has been shown to increase posterior humeral head translation,17 which 

would be an active provocative test to assess for active or dynamic posterior subluxation. 

Second, active IR is a motion that can be conducted within the gantry of a 4DCT scan. 

Additionally, each participant's IR was documented to the highest vertebral level.18 Based 

on the participant’s active range of motion throughout IR, each participant was grouped 

into two cohorts: good ROM and limited ROM. The good ROM patients included those 

who had ROM in the T1-T12 range. The limited ROM patients included those that had 

ROM in the Greater Trochanter-L1 range (Figure 3-1).  

 

Figure 3-1: Internal Rotation Range of Motion Group 

3.2.1.2 Patient Reported Outcomes 

Each patient completed the American Shoulder and Elbow Surgeons (ASES) Score. The 

ASES score is a 100-point scale that evaluates two dimensions of shoulder function: Pain 

(50 points), and performance in activities of daily living (ADL) (50 points). Patients also 

completed a pain visual analog scale (VAS) that is represented within the pain score. A 

score of 0 indicates the worse pain and function loss, and a score of 50 indicates no pain 

and excellent function.19 
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3.2.1.3 Scanning 

Two CT scans (one static preoperative and one dynamic postoperative) were taken of each 

patient’s affected shoulder. The static preoperative scan was captured as a part of the 

patient’s standard of care for use in the preoperative surgical planning software program. 

The dynamic postoperative CT scan (Revolution CT Scanner, GE Healthcare, Waukesha, 

Wisconsin, USA) was taken of the patient’s implanted shoulder as a part of this study. As 

well, prior to the dynamic scan, a localizer scan was taken to frame the correct field of view 

of the patient’s shoulder. For the dynamic scan, patients performed active IR, which 

required the patients to lie on their non-implanted side in the CT scanner, with their 

implanted shoulder up. The active motion started with the patient’s hand resting on their 

abdomen (Figure 3-2A). Next, the patient lifted their hand and forearm off their abdomen, 

around their side (Figure 3-2B), as far up the back as possible (Figure 3-2C), and then back 

to the starting position. The first half of this IR movement is shown in Figure 3-2. For the 

dynamic scan, the patient was instructed by a technologist on how to perform the entire 

movement within the scan time and practised it until they were comfortable to perform it 

by themselves. During the actual scan, verbal cues were provided to guide the patient 

through the motion to ensure consistency of motion within the allotted time. For the 

radiation dose of the procedure, the localizer scan and the dynamic scan had a total dose-

length product (DLP) of 1050.07mGy*cm. Therefore, using the effective dose conversion 

factor for a typical chest CT (0.014mSv*mGy-1*cm-1),20 the dose of the entire process was 

estimated at 14.70mSv. 

 

Figure 3-2: Patient lying on their side with the TSA shoulder facing up, performing 

active internal rotation. (A) Beginning (B) Middle and (C) End of the first half of the 

movement (posterior view) 
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3.2.2 Image Analysis 

The static preoperative and dynamic postoperative scans were used for image analysis 

within 3D Slicer, an open-source segmentation, modelling, and registration software 

(www.slicer.org, Version 4.11). After uploading the scans, a semi-automated 

reconstruction process was used to build exact patient-specific bone/implant models of the 

humerus and scapula. Features including, threshold, scissors, islands, paint, erase, and 

smoothing were used to obtain high quality bone and implant models. The dynamic 

humerus models that were created used a threshold of 226HU to capture the humeral head 

implant component, in addition to humeral bone (Figure 3-3). After segmentation, 

thresholding, and modelling, one static and numerous dynamic models of the scapula and 

humerus at every other frame of the movement were created for each patient. Using an 

iterative closest point (ICP) algorithm21 in 3D Slicer and the CMFregistration extension 

(cmf.slicer.org), the preoperative static models were registered to the dynamic models.   

 

Figure 3-3: 3D Slicer segmentation of humeral head implant component and 

humerus bone using 4DCT scan  

4DCT scan (left), segmentation of humeral head implant component and humerus bone 

(middle), and patient-specific model showing each associated slicing plane (right)  
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3.2.3 Landmark Selection and Coordinate System Creation 

3.2.3.1 Scapular Coordinate System 

Terrier et al. (2014) described a method to define a scapular coordinate system based on 

bony landmarks located away from the eroded zones of an osteoarthritic shoulder.22 This 

newly defined way to develop a scapular coordinate system was built by using five 

landmarks along the supraspinatus fossa, five landmarks along the axillary border, and one 

point at the spinoglenoid notch (Figure 3-4). The landmarks along the supraspinatus fossa 

and axillary border were used to define the scapular plane (Figure 3-5). The spinoglenoid 

notch landmark was used to mark the origin of the scapular coordinate system (Figure 3-6). 

The z-axis was aligned with the plane of the scapula (+lateral), the x-axis was perpendicular 

to the scapular plane (+anterior), and the y-axis was perpendicular to the x-z plane 

(+superior). 

 

Figure 3-4: Scapular Landmark Selection 
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Figure 3-5: Scapular Plane (Blue) and Subluxation Plane (Red) 

3.2.3.2 Humeral Coordinate System 

The humeral coordinate system was based on using a sphere of best fit, which was derived 

from selected points on the articular surface of the humeral head. The centroid of the sphere 

of best fit was the origin of the coordinate system (Figure 3-6). The humerus used a 

modified International Society of Biomechanics (ISB) coordinate system, where the axes 

are mathematically aligned to the scapular coordinate system: z-axis (+lateral), x-axis 

(+anterior), and y-axis (+superior).23 
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Figure 3-6: Scapular and Humeral Coordinate Systems 

3.2.4 Subluxation 

A custom MATLAB code was used to calculate the subluxation of each patient 

preoperatively (static), and postoperatively (throughout the active IR movement). The 

custom MATLAB code determined subluxation (mm) of the patients by finding the 

distance (mm) from the origin of the humeral coordinate system to the origin of the scapular 

coordinate system along the x-axis (anterior/posterior). Positive values note movement of 

the humeral head in the anterior direction and negative values note movement of the 

humeral head in the posterior direction (Figure 3-5). For the preoperative scans, the 

diameter of the preoperative humeral head (mm) in the A/P direction was measured using 

Blueprint and for the postoperative scans, the diameter of the humeral head metal implant 

(mm) was documented based on humeral head implant measurements. The overall 

subluxation (%) was found by taking the radius of the humeral head (HH), minus the 

subluxation (mm) found along the x-axis, divided by the diameter of the humeral head. 
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Below is an example displaying how the overall subluxation (%) was calculated for one 

frame of movement postoperatively of a patient with a 50mm humeral head implant.  

Overall Subluxation (%) =
Radius of HH (mm)-Subluxation along x-axis (mm)

Diameter of the HH
 

Overall Subluxation (%) =
(

50
2 ) -(-0.4774)

50
= 0.5095*100 = 51% 

According to the Walch classification of glenoid morphology, a subluxation between 45% 

and 55% represents a centred humeral head.24 A subluxation of more than 55% represents 

posterior subluxation with 100% being posterior dislocation, and less than 45% represents 

anterior subluxation with 0% being anterior dislocation. The subluxation example above 

shows a patient with a centred humeral head postoperatively.  

3.2.5 Statistical Analysis 

All statistical analyses were completed using SPSS (SPSS Statistics v26; IBM, 350, 

Armonk, NJ). A paired t-test was used to compare preoperative subluxation versus 

postoperative subluxation. Additionally, a two-way ANOVA was used to compare the 

mean differences between preoperative and postoperative subluxation for various cohorts 

of range of motion (good and limited) and glenoid augment (15° and 25°). A Bonferroni 

correction was used to correct for the multiple statistical analyses performed, with the 

significance value set as p<0.05.  

3.3 Results 

3.3.1 Patient Recruitment 

 Seventy-six (76) patients that had undergone a stemless TSA with a posteriorly augmented 

glenoid implant and had greater than 2 years follow-up were eligible to participate in this 

study. All female patients (22) were excluded from this study as per Investigational 

Research Board recommendations because of higher breast tissue sensitivity and risk of 

cancer in females when exposed to CT radiation. The remaining 54 patients were phone 

called and sent recruitment letters requesting participation in the study. Twenty-eight (28) 
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patients were excluded due to the following reasons: lived too far away (n=8), phone 

number not in service (n=6), left voicemail at least twice with no reply (n=4), did not show 

up at appointment (n=3), did not want to participate (n=6), and died (n=1). The remaining 

26 patients were then recruited and scanned in the hospital. After completion of scanning, 

two more patients were excluded due to parts of the humerus and/or scapula moving out of 

the field of view during the scan, and four patients were excluded due to being reclassified 

as having type A1 glenoid morphology. The final 20 type B2 patients (mean age 68, range 

54 to 83 years) were included in the study. A flowchart outlining patient recruitment and 

reasons for excluding specific patients from the study is shown in Figure 3-7. 

 

Figure 3-7: Patient Recruitment Flowchart 
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3.3.2 Patient Reported Outcomes 

For this study, all 20 patients completed the ASES score. The mean postoperative ASES 

score for all the patients was 85 (range 53 to 100), with a mean pain score of 41 (range 20 

to 50) and mean ADL score of 43 (range 27 to 50). The mean VAS score for all patients 

was 2 (range 0 to 6).  

3.3.3 Subluxation Preoperative versus Postoperative 

The mean subluxation postoperatively (54%) was a significant (p<0.001) improvement 

from the mean subluxation (66%) preoperatively (Figure 3-8 and Figure 3-9). 

Preoperatively, only three patients (15%) fell within the 45% to 55% definition of having 

a centred humeral head (patients 11, 17, and 18). However, postoperatively, nine patients 

had a centred humeral head (patients 1, 2, 5, 6, 7, 9, 11, 16, and 19), with 16 out of the 20 

patients (80%) having subluxation between 40% and 60% (all but patients 2, 3, 12, and 

15).  

 

Figure 3-8: Subluxation (%) preoperatively (static) versus postoperatively 

(dynamic) per patient 

The mean preoperative subluxation (66%) is indicated by the blue dashed line and mean 

postoperative subluxation (54%) is indicated by the orange dashed line. 
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Figure 3-9: Mean subluxation (%) preoperatively (static) versus postoperatively 

(dynamic) for all patients 

3.3.4 Subluxation During Active Internal Rotation Motion 

On average for all patients postoperatively, subluxation ranged from 54% to 55% 

throughout active IR, indicating that a minimal change in subluxation was present 

throughout the entire movement (Figure 3-10).  
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Figure 3-10: Subluxation During Active Internal Rotation 

Standard deviations are shown by the lines at each time point throughout the cycle. 

3.3.5 Subluxation for Range of Motion Groups 

Based on the range of motion (ROM) that was documented for each patient when they 

performed IR during the postoperative scan, the patients were grouped into two cohorts, 

good ROM and limited ROM based on a previously established IR vertebral range (Figure 

3-1).18 The good ROM cohort included 12 patients (n=12), and the limited ROM cohort 

included eight patients (n=8). The mean ASES score was 86 for the good ROM cohort, and 

82 for the limited ROM cohort (p=0.604). The subluxation preoperatively and 

postoperatively for patients in both the good ROM and limited ROM cohorts can be seen 

below in Figure 3-11. The good ROM cohort were subluxated 66% preoperatively, and 

55% postoperatively (11% subluxation correction). The limited ROM cohort were 

subluxated 66% preoperatively, and 53% postoperatively (13% subluxation correction). 

Both cohorts were able to be corrected on average from being posteriorly subluxated 

(66%), to having centred humeral heads (55% for good ROM and 53% for limited ROM 

patients). The subluxation correction was found to be statistically significant (p<0.001), 

meaning that patients who received a TSA, with either good ROM or limited ROM, had 

corrected subluxation. Alternatively, there were no significant differences between 

preoperative subluxation for good ROM patients versus limited ROM patients, as well as 

no significant differences between postoperative subluxation for good ROM patients and 

limited ROM patients (p=0.632). 
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Figure 3-11: Subluxation for patients with good ROM (n=12) versus limited ROM (n=8) 

3.3.6 Subluxation for 15° versus 25° Augments 

Based on the size of the PAG implant utilized, patients were grouped into two cohorts: 15° 

augment and 25° augment. The 15° augment cohort included 10 patients (n=10), and the 

25° augment cohort included 10 patients (n=10).  The mean ASES score was 91 for the 15° 

cohort, and 79 for the 25° cohort (p=0.133). The subluxation preoperatively and 

postoperatively for patients in both the 15° augment and 25° augment cohorts are presented 

in Figure 3-12. Patients in the 15° augment cohort had a mean preoperative retroversion of 

15°, and patients in the 25° augment cohort had a mean preoperative retroversion of 22°. 

The 15° augment cohort was subluxated 62% preoperatively, and 53% postoperatively (9% 

subluxation correction). The 25° augment cohort was subluxated 69% preoperatively, and 

57% postoperatively (12% subluxation correction). Both the 15° and 25° augments 

significantly corrected subluxation from preoperative to postoperative (p=<0.001). 

Additionally, there were no significant differences between preoperative subluxation for 

15° versus 25° augment patients, as well as no significant differences between 

postoperative subluxation for 15° versus 25° augment patients (p=0.070). 
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Figure 3-12: Subluxation for patients with 15° (n=10) versus 25° (n=10) glenoid 

augments 

3.4 Discussion 

Currently, it remains unclear whether TSAs with posterior augmented implants are 

successful in correcting subluxation in the long term, as well as maintaining a reduced 

glenohumeral joint during active motions. Additionally, it is unknown if a patient’s range 

of motion, or the size of an augment has an effect on postoperative residual subluxation. 

Overall, the results of this study demonstrate that a TSA with a posterior augmented 

glenoid for a Walch type B2 glenoid was successful in correcting subluxation and 

maintaining subluxation throughout a provocative active internal rotation protocol. As 

well, there was no significant effect of patient postoperative range of motion (good or 

limited), or augment size used (15° or 25°) on postoperative subluxation. Both 15° and 25°  

augments were able to successfully correct subluxation in mild and moderate B2 

deformities. 

The primary objective of this study was to determine if Walch type B2 patients managed 

with a TSA and a PAG implant would maintain correction of subluxation when examined 
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statically and when stressed with active motion. The results agreed with this hypothesis as 

a statistically significant subluxation correction occurred (p<0.001), implying that the 

humeral head was centred postoperatively. It is conceivable that during static postoperative 

axillary radiographs the joint may be aligned, however,  during active motion, the humeral 

head implant may subluxate posteriorly. The results of this active motion study 

demonstrated that the glenohumeral joint remains reduced throughout an active internal 

rotation motion, after retroversion correction with a posteriorly augmented implant. 

Interestingly, joint subluxation varied on average by 1% (range 54% to 55%) during active 

internal rotation. This is reassuring as large variations in posterior subluxation could cause 

asymmetric loading on the posterior part of the glenoid, which could lead to glenoid 

loosening and possible implant failure. Additionally, it has anecdotally been stated that in 

Walch type B2 patients after TSA, the humeral head may re-subluxate back to its 

preoperative location, as this has been its historic pathoanatomical position. The results of 

the study demonstrate that with correction of retroversion with a posteriorly augmented 

glenoid implant at a mean of 4 years, glenohumeral alignment is maintained and re-

subluxation does not occur statically or actively 

It was investigated whether various levels of range of motion would affect postoperative 

subluxation. Overall, whether patients had good or limited range of motion, significant 

subluxation correction (p<0.001) was seen for all patients and was not significantly 

different amongst cohorts (p=0.632). This means that subluxation was able to be corrected 

in patients despite having good ROM or limited ROM. Therefore, range of motion is 

independent of subluxation. This finding was contrary to the hypothesis as it was believed 

that patients with better/good ROM would have had greater glenohumeral translation and 

therefore, greater subluxation postoperatively. Additionally, the 15° and 25° augment 

patients were compared. In the 15° augment cohort, the mean preoperative retroversion 

was 15° and subluxation was 63%, and this cohort was described subjectively as a mild 

B2.  The 25° implant group had a mean preoperative retroversion of 22° and subluxation 

of 69%, and this cohort was described subjectively as a moderate B2 deformity. 

Postoperatively, both groups had significant (p<0.001) improvements in subluxation, with 

no significant differences between groups (p=0.070). These results indicate that in the short 

term (mean 4 years postoperatively), both mild and moderate B2 deformities can be 
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managed successfully with posterior augmented implants, as subluxation did not recur. 

This agreed with the hypothesis that both 15° and  25° glenoid augments would 

successfully maintain joint reduction at follow-up. 

Previous clinical studies have reported successful outcomes with a TSA and posteriorly 

augmented glenoid implants. Terrier et al. (2020) reported that posterior augments can 

successfully reduce subluxation in patients with B2 and B3 glenoid morphologies,10 with 

Kohan et al. (2022) also confirming these findings.25 Rice et al. (2008) and Garrigues et al. 

(2022) have also reported that posterior augmented implants can correct subluxation and 

also result in improved shoulder function.26,27 Likewise, Ma et al. (2020) demonstrated that 

even with an augment >15°, there was no impact to clinical outcomes.28 The results of this 

study are complementary to the available literature,11,25–28 and add to it by assessing 

dynamic implant and joint alignment during active motion. To the authors' knowledge, 

dynamic 4DCT assessment of B2 patients managed with a TSA with a posteriorly 

augmented glenoid implant has not been reported. This new 4D motion capture technology 

provides definitive evidence that mild to moderate B2 patients managed with posterior 

augments maintain joint alignment without recurrent subluxation at a mean of 4 years 

postoperatively. Additionally, this technology allowed the assessment of subluxation 

throughout the full active motion of internal rotation and found minimal variability.  

The present study used three-dimensional (3D) measurements to calculate subluxation 

instead of two-dimensional (2D) measurements, which have been used in past studies.11,28 

Two-dimensional measurements have been reported as less accurate due to positional 

errors.13–16 As well, 2D and 3D subluxation have been shown to be statistically different 

and moderately correlated in arthritic shoulders,16,29 with 2D subluxation being 

underestimated in 89% of cases30 when compared to 3D subluxation for type B2 

glenoids.16,29 
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3.5 Conclusion 

At short-term follow-up (i.e., average 4 years postoperative), a TSA with an all-

polyethylene posterior augmented glenoid implant to manage a Walch type B2 glenoid was 

successful at correcting posterior subluxation and maintaining glenohumeral alignment 

throughout a provocative active motion protocol. In patients with corrected retroversion 

with a half-wedge posteriorly augmented all-polyethylene cemented implant, subluxation 

did not recur statically or dynamically. Thus, TSA with a posteriorly augmented glenoid 

implant is an acceptable option for patients with mild or moderate B2 glenoids. 
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Chapter 4  

4 General Discussion and Conclusions 

This chapter summarizes the objectives and hypotheses of Chapters 2 and 3, as well as 

reviews the work done to achieve the outlined objectives. The strengths and limitations of 

the work completed in this thesis are also discussed. The chapter concludes with 

suggestions of future directions stemming from this research. 

 

4.1 Summary 

The shoulder is the most mobile joint in the human body, with the glenohumeral joint 

specifically allowing a wide range of motion and a high incidence of instability, due to its 

ability to translate, in addition to rotate in its socket.1 However, the examination of how 

the humeral head tracks relative to the glenoid, and the extent of translation (subluxation) 

in a healthy glenohumeral joint and in a Walch type B2 glenoid (posterior glenoid 

subluxation and erosion) after receiving an anatomic total shoulder arthroplasty (TSA), has 

not yet been well-established in literature. Glenohumeral joint research so far has mainly 

focused on patients who have already acquired pathologies (i.e., OA or instability), who 

have already undergone shoulder surgeries 2–7, or who have used cadaveric specimens,5,8–

10 which may not fully simulate the in vivo physiological state.11–13 For the osteoarthritic 

glenohumeral joint, when the joint becomes diseased, and subluxation and erosion start to 

occur, people classified with having Walch Type B2 glenoid often go through a TSA with 

a posterior augmented glenoid (PAG) implant.14 After receiving a TSA with a PAG 

implant, it remains largely unknown if a joint that previously exhibited severe subluxation 

and erosion can be corrected to having a centralized humeral head that maintains its 

position throughout active motion.15,16 Therefore, this thesis aimed to evaluate healthy 

glenohumeral arthrokinematics to benchmark normal joint proximity and translation, and 

to assess if a TSA with PAG implants can correct subluxation and maintain joint mechanics 

throughout active motion post-surgery.  
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In Chapter 2, our goal was to measure and quantify glenohumeral joint proximity and joint 

surface tracking (translation) in healthy participants during active motions, such as forward 

elevation (FE) and internal rotation to the back (IR), which are important in activities of 

daily living. This chapter sought to determine if there were any age (young versus old), 

position (beginning versus middle versus end), or direction (superior/inferior or 

anterior/posterior) related differences in the healthy glenohumeral joint throughout FE and 

IR. It was hypothesized that glenohumeral joint proximity will increase with age, and that 

glenohumeral joint surface tracking (translation) will decrease with age due to the closer 

joint proximity. To seek the answers to these objectives, 31 participants were recruited for 

this study and were divided into two cohorts depending on age: young (≤ 37 years old) and 

old (≥45 years old). Four-dimensional computed tomography (4DCT) scans were taken as 

these participants completed two movements of everyday life (e.g., FE and IR). 3D bone 

models of the humerus and scapula were created using 3D Slicer for all participants. Using 

these 3D bone models, an inter-bone distance algorithm17 was used to determine 

glenohumeral joint proximity, and an iterative closest point (ICP) algorithm18 was used to 

then determine glenohumeral joint surface tracking (translation). This study found that 

when examining healthy glenohumeral joint proximity, older participants displayed 

significantly closer joint proximity (63% of glenoid surface was within 4mm of humeral 

head) during the middle of the internal rotation to the back movement, compared to the 

younger participants (52% of glenoid surface within 4mm of humeral head). Also, for 

internal rotation to the back, when examining joint tracking (translation), younger 

participants had significantly more translation in the superior/inferior direction (16% of 

glenoid height) compared to the anterior/posterior direction (10% of glenoid width). 

Overall, this study demonstrated the significance of translational movements between the 

humeral head and the glenoid during different shoulder motions, which will aid implant 

manufacturers in designing implants that will allow for more normalized glenohumeral 

translations. 

In Chapter 3, the goal was to determine if Walch type B2 patients managed with a total 

shoulder arthroplasty (TSA) and a posterior augmented glenoid (PAG) implant, could 

maintain correction of subluxation when examined statically and when stressed with active 

motion. It was hypothesized that subluxation would be corrected postoperatively and 
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would maintain a centred joint alignment throughout active movement. This chapter also 

analyzed if a patient’s range of motion (good or limited), magnitude of B2, or PAG implant 

size (15° or 25°) affected postoperative correction of subluxation. It was hypothesized that 

there would be no difference in subluxation postoperatively between various PAG implant 

sizes and magnitudes of B2 erosions, and that patients with better postoperative range of 

motion would have greater subluxation postoperatively. To achieve these objectives, 20 

Walch type B2 patients (mean age 68 years, range 54 to 83) underwent stemless TSA with 

a 15° or 25° PAG and were assessed at a minimum 2-year follow-up. All patients 

underwent dynamic 4DCT scanning to actively track glenohumeral implant alignment and 

subluxation during a provocative active internal rotation motion protocol. Bone and 

implant 3D models of the humerus and scapula for each 4DCT scan were created using 3D 

Slicer. Landmarks were selected on the models away from the osteoarthritic region of the 

shoulder19 to create coordinate systems that were then used in conjunction with a custom 

program (MATLAB) to determine subluxation preoperatively (statically), and 

postoperatively (dynamically). It was found that posterior humeral head subluxation was 

significantly corrected (p<0.001) from an average of 66% (range 51%-98%) preoperatively 

to 54% (range 41%-77%) postoperatively. Concentric TSA joint alignment was maintained 

throughout an active motion protocol, as subluxation percentage only varied by 1% 

throughout IR movement (range 54% to 55%). Neither patient range of motion (good or 

limited) nor size of PAG (15° or 25°) had a significant effect (p>0.05) on subluxation 

postoperatively. In conclusion, at short-term follow-up, TSA with an all-polyethylene 

posterior augmented glenoid was successful at restoring and maintaining glenohumeral 

alignment with correction of subluxation throughout a provocative active motion protocol. 

As such, recurrence of subluxation does not occur statically or actively in patients who 

have undergone glenoid reconstruction with correction of posteroinferior erosion with a 

half-wedge posteriorly augmented all-polyethylene cemented implant. Thus, TSA with a 

posteriorly augmented glenoid implant is an acceptable option for patients with mild or 

moderate B2 glenoids.  

Overall, this thesis showcased the importance of establishing glenohumeral joint 

translations within a healthy population for various ages, as well as for people that have 

undergone a TSA with PAG implants. Quantifying the amount of healthy glenohumeral 
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joint translation, while also analyzing the variances in different ages, allowed for a better 

understanding of global shoulder motion to assist in the future with in vitro experiments, 

simulator and shoulder implant development. Determining the amount of subluxation that 

occurs in patients post-TSA during active motion, established that PAG implants are 

successful in correcting glenohumeral subluxation, and they should be considered an 

acceptable option for patients with a mild or moderate B2 glenoid. This work also 

demonstrated that 4DCT can be used to assess glenohumeral translation and subluxation, 

for patients with and without total shoulder implants, during active motion, which to the 

authors’ knowledge has not been previously reported. 

4.2 Strengths and Limitations 

The greatest strength of this study was the use of four-dimensional computed tomography 

(4DCT) to quantify glenohumeral arthrokinematics and kinematics. In Chapter 2, 4DCT 

provided a detailed view of the glenohumeral joint surfaces during activities of daily 

living, such as IR and FE, allowing for accurate quantification of joint proximity and 

translation at the glenohumeral joint. In Chapter 3, the use of 4DCT also permitted the 

quantification of subluxation postoperatively throughout active motion (IR). This is a 

major strength because subluxation has been mainly studied statically in past work, and it 

has been unknown if dynamic subluxation occurs during specific shoulder positions or 

motions.14,15,20–29 Quantifying glenohumeral joint parameters dynamically in vivo also 

allowed the study of movements that are not as commonly found in literature. The 

majority of previous research has focused on examining basic arm movements, such as 

abduction.7,30–36 However, the biomechanics of the glenohumeral joint during more 

complex multi-planar motions (IR), which is integral to numerous activities of daily 

living (e.g., showering/bathing, dressing, and toileting) remains inadequately understood. 

If simple movements, such as abduction, were the only movements analyzed, it would not 

have been possible to confidently quantify the actual glenohumeral joint mechanics, since 

some of the most important movements in everyday life are complex composite motions. 

Utilizing 4DCT to observe the glenohumeral joint during complex, daily movements 

provides an improved understanding of its mechanics and function. Employing 4DCT 

also offers us the ability to calculate parameters such as joint proximity, joint translation, 
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and subluxation in 3D space. In the past, measurement of these parameters was done 

using 2D measurements, but it has been confirmed in literature that 3D measurements are 

more accurate than the previously used 2D measuremnts.4,11,16 

While this study offered the capability to execute and analyze work that has never been 

done before, it is important to acknowledge the limitations. One limitation was that only 

male participants were recruited for analyses within this thesis. This was because the 

research ethics committee only permitted males to participate due to the higher breast tissue 

sensitivity and risk of cancer in females from the ionizing radiation from the scans. As 

such, the results can only be applied to males. However, it is anticipated that in the near 

future optimization of a low dose 4DCT scan will enable the inclusion of females in 

subsequent analyses. Another limitation was that there was some variability in the 

movements performed amongst participants. Although instructed and guided verbally by a 

technologist, each participant moved along a slightly different path and at a slightly 

different rate. This unconstrained motion resulted in a higher inter-patient variability as 

they performed various movements. In addition, this made it difficult to analyze the data 

for each movement on a one-to-one frame basis to directly compare results, but this was 

counteracted by grouping and scaling various movements, which made it possible to 

compare patients’ results. One challenge in this thesis was that the patient-specific bone 

models that were used in analyses were made manually through the use of the 4DCT scans 

in 3D Slicer. This is an extremely time-consuming process, especially when performing 

analyses throughout an entire movement. Due to the long hours it takes to model the 

humerus and scapula bones, only the forward half of the motion and every other frame was 

used within the analyses. One limitation specific to Chapter 3 is that only the active motion 

of internal rotation was assessed. It is conceivable that other motions such as forward 

flexion or abduction may also result in dynamic joint subluxation. Furthermore, the patient 

cohort only consisted of mild and moderate B2 patients with a mean retroversion of 19°, 

and therefore, these results cannot be applied to patients with severe B2 deformities 

managed with augmented implants. Moreover, it is the senior surgeon’s (GSA) clinical 

practice to correct all B2 patients to <5° of residual retroversion with the use of a 15° or 

25° PAG implant; in cases where this degree of correction cannot be attained, patients are 

converted to a reverse shoulder arthroplasty. As such, these results are only applicable 
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when a <5° retroversion correction is obtained with a PAG implant. The final limitation, 

also specific to the work completed in Chapter 3, was that a sphere of best fit was used on 

the preoperative humeral head to determine subluxation preoperatively. Due to these 

patients having OA, the articular surface of the humeral head in some patients was oddly 

shaped, and unevenly worn out, which may have given a less accurate preoperative 

subluxation measurement.  

4.3 Future Directions 

By reflecting upon the strengths and limitations of the work in this thesis, future directions 

that would further enhance this work were established. 

As previously mentioned, female participants were excluded from this study due to the 

elevated radiation dose associated with increased breast tissue. Consequently, the study 

was conducted solely on male subjects, which constrained the scope of our conclusions. 

Given that females constitute 50% of the population and possess different genetic makeup 

and bone structure compared to males,37 it is evident that analyzing this demographic is 

crucial. Future advancements in CT technology that reduce radiation dosage will enable 

similar analyses on female subjects. This would allow benchmarks to be established for the 

normal range of motion in healthy females and determine if there are differences in implant 

function/movement between sexes. 

Additionally, due to concerns regarding radiation dosage, the study presented in Chapter 3 

was limited to the analysis of a single active motion, specifically internal rotation. In the 

future, it is hoped to extend this subluxation analysis to include other daily activities, such 

as forward elevation, which is integral to tasks like brushing/combing hair and 

placing/retrieving items from high cupboards or shelves. This would allow other 

movements in daily living, which contribute to shoulder subluxation or dislocation post-

TSA, to be determined. 

Furthermore, the research conducted in Chapter 3 diverged from the original plan. The 

initial goal was to replicate the analysis performed in Chapter 2 on healthy patients, but 

with those who had undergone total shoulder arthroplasty (TSA). However, the artifacts 
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present in the 4DCT scans, caused by the metal humeral head component, obscured the 

glenoid surface, preventing the intended joint proximity analysis. It is hoped that in future 

studies a similar analysis on patients who have undergone reverse total shoulder 

arthroplasty (RTSA) will be conducted. Given that both sides of the RTSA contain metal, 

it will be possible to clearly segment the implanted components. This will allow for a 

thorough joint proximity analysis, as well as quantification of post-RTSA retroversion, 

inclination, and subluxation, leading to more robust conclusions. 

Due to the extensive time required to construct the bone models for this analysis, only the 

forward half of each motion and every other frame were utilized, resulting in some 

remaining data available for further analyses. It is anticipated that in the future, the 

utilization of AI, in conjunction with other tools, will optimize the model-creation process, 

enabling the modeling of every frame of motion to enhance the accuracy of this analysis. 

In the meantime, it is intended to leverage the data from these 4DCT scans to explore other 

joints within the shoulder. This could involve conducting a similar analysis on different 

shoulder joints or investigating other aspects of the same glenohumeral joint. Currently, 

our laboratory has already commenced a joint proximity and joint mechanics analysis of 

the acromioclavicular joint using the same 4DCT data collected during this study. 

The data collected for this study included 4DCT scans of four Walch type A1 glenoids. 

During the initial recruitment phase described in Chapter 3, patients classified as either A1 

or B2 were targeted, resulting in a total of 20 B2 patients and only four A1 patients. Future 

studies should aim to recruit more Walch type A1 patients to facilitate a comparative 

analysis between different glenoid morphological types. Future research could also extend 

this analysis to other types of glenoid morphology. 

  



105 

 

4.4 Significance 

Quantifying translation in the glenohumeral joint and establishing if correction of 

subluxation is possible with a TSA and PAG implants, are essential in advancing 

shoulder implants, surgical treatments, and overall patient care. This work demonstrates 

the importance of how precise measurement of glenohumeral joint proximity and 

translation is critical for improvement in the design and testing of shoulder implants, 

studying erosion patterns, diagnosing instability (including subluxation and dislocation), 

and evaluating treatment efficacy. Investigating correction of subluxation in Walch type 

B2 glenoids after TSA with PAG implants throughout active motion is crucial for 

determining if it is a successful treatment for patients with posterior glenoid subluxation 

and erosion. Overall, this thesis contributes to a deeper understanding of dynamic 

shoulder biomechanics in both healthy individuals and patients with anatomic shoulder 

implants, ultimately improving shoulder implants, surgical techniques, and enhancing 

patient health and well-being. 
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Appendices 

Appendix A: Additional Joint Proximity Maps 

 

A.1 Results  

Chapter 2 of this thesis contained joint proximity maps for one sample participant 

throughout forward elevation (FE) and internal rotation to the back (IR). This appendix 

contains the proximity maps for all participants throughout FE (Figure A-1) and IR (Figure 

A-2). The starting position is shown in the top left and the movement progresses to the 

right, ending with the terminal position shown in the bottom right. Note: 0mm (red) shows 

close proximity and 6mm (dark blue) shows far proximity. 

 

Figure A-1: Forward Elevation (FE) Proximity Maps 

 

Proximity map for participant Young-1 throughout FE at different reference frames 
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Proximity map for participant Young-2 throughout FE at different reference frames 

 

Proximity map for participant Young-3 throughout FE at different reference frames 

 

Proximity map for participant Young-4 throughout FE at different reference frames 
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Proximity map for participant Young-5 throughout FE at different reference frames 

 

Proximity map for participant Young-6 throughout FE at different reference frames 

 

Proximity map for participant Young-7 throughout FE at different reference frames 
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Proximity map for participant Young-8 throughout FE at different reference frames 

 

Proximity map for participant Young-9 throughout FE at different reference frames

 

Proximity map for participant Young-10 throughout FE at different reference 

frames 
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Proximity map for participant Young-11 throughout FE at different reference 

frames 

 

Proximity map for participant Young-12 throughout FE at different reference 

frames 
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Proximity map for participant Old-1 throughout FE at different reference frames 

 

Proximity map for participant Old-2 throughout FE at different reference frames 

 

Proximity map for participant Old-3 throughout FE at different reference frames 
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Proximity map for participant Old-4 throughout FE at different reference frames 

 

Proximity map for participant Old-5 throughout FE at different reference frames 
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Proximity map for participant Old-6 throughout FE at different reference frames

 

Proximity map for participant Old-7 throughout FE at different reference frames 
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Proximity map for participant Old-8 throughout FE at different reference frames 

Proximity map for participant Old-9 throughout FE at different reference frames 

 

Proximity map for participant Old-10 throughout FE at different reference frames 
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Proximity map for participant Old-11 throughout FE at different reference frames 

 

Proximity map for participant Old-12 throughout FE at different reference frames 

 

Proximity map for participant Old-13 throughout FE at different reference frames 
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Figure A-2: Internal Rotation to the Back (IR) Proximity Maps 

 

Proximity map for participant Young-1 throughout IR at different reference frames 

 

Proximity map for participant Young-2 throughout IR at different reference frames 
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Proximity map for participant Young-3 throughout IR at different reference frames 

 

Proximity map for participant Young-4 throughout IR at different reference frames 

 

Proximity map for participant Young-5 throughout IR at different reference frames 
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Proximity map for participant Young-6 throughout IR at different reference frames 

 

Proximity map for participant Young-7 throughout IR at different reference frames 

 

Proximity map for participant Young-8 throughout IR at different reference frames 
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Proximity map for participant Young-9 throughout IR at different reference frames 

 

Proximity map for participant Young-10 throughout IR at different reference 

frames 

 

Proximity map for participant Young-11 throughout IR at different reference 

frames 
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Proximity map for participant Young-12 throughout IR at different reference 

frames 

 

Proximity map for participant Young-13 throughout IR at different reference 

frames 
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Proximity map for participant Young-14 throughout IR at different reference 

frames 

 

Proximity map for participant Young-15 throughout IR at different reference 

frames 
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Proximity map for participant Old-1 throughout IR at different reference frames 

Proximity map for participant Old-2 throughout IR at different reference frames 

 

Proximity map for participant Old-3 throughout IR at different reference frames 
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Proximity map for participant Old-4 throughout IR at different reference frames 

 

Proximity map for participant Old-5 throughout IR at different reference frames 
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Proximity map for participant Old-6 throughout IR at different reference frames 

 

Proximity map for participant Old-7 throughout IR at different reference frames 
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Proximity map for participant Old-8 throughout IR at different reference frames 

 

Proximity map for participant Old-9 throughout IR at different reference frames 
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Proximity map for participant Old-10 throughout IR at different reference frames 

 

Proximity map for participant Old-11 throughout IR at different reference frames 
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Proximity map for participant Old-12 throughout IR at different reference frames 

 

Proximity map for participant Old-13 throughout IR at different reference frames 
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Proximity map for participant Old-14 throughout IR at different reference frames 

Proximity map for participant Old-15 throughout IR at different reference frames 
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Appendix B: Glenohumeral Joint Tracking (Translation) Using Surface Contact 

Point Versus Humeral Head Centre Point 

 

B.1 Introduction  

As previously mentioned in Chapter 2 of this thesis, historically, most studies have used 

the centre of the humeral head to track the translation at the glenohumeral joint.1–10 

However, in Chapter 2 of this thesis, the actual surface contact point between the humeral 

head and the glenoid was used to track glenohumeral translation. This is thought to provide 

a much more accurate representation of what is happening at the joint surfaces because it 

is taking into account exactly how the joint surfaces are moving relative to one another.  

Therefore, the objective of this appendix was to determine if there was a correlation 

between using the surface contact point (that was used in Chapter 2 of this thesis) and the 

humeral head centre point (historically used) for quantifying glenohumeral translation. The 

hypothesis was that there would be a weak correlation between the two points. Thus, 

implying that the centre of the humeral head is not the most accurate way to measure 

glenohumeral translation at the joint.  

B.2 Methods 

The same methods that were described in Chapter 2 of this thesis were used to find the 

surface contact point between the humeral head and the glenoid. To find the humeral head 

centre point, a sphere of best fit was fitted onto the humeral head and the centre of the 

sphere was recorded. The surface contact point and the humeral head centre point were 

then compared by graphing the surface contact point versus the humeral head centre point 

for both the y-coordinate (S/I direction) and z-coordinate (A/P direction) of the point. A 

line of best fit was added to the graph and the R2  value was found to determine the 

correlation between the two points in space. R2 value meanings are as follows: 0.00-0.19 

is considered a very weak correlation, 0.20-0.39 is considered a weak correlation, 0.40-

0.59 is considered a moderate correlation, 0.60-0.79 is considered a strong correlation, 

0.80-1.00 is considered a very strong correlation. 
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Additionally, the actual translation at the glenohumeral joint for both methods were found 

by taking the difference between the maximum and the minimum values in both the S/I 

and A/P direction. For example, translation in the S/I direction was the difference between 

the max and min y-plane values, and the translation in the A/P direction was the difference 

between the max and min z-plane values. The translation differences between the two 

different methods were found by subtracting the translation (mm) found using the humeral 

head centre point from the translation (mm) found using the surface contact point. 

 

B.3 Results 

A sample graph for one healthy participant can be seen in Figure B-1 and Figure B-2. 

Figure B-1 (blue) shows the y-coordinate (S/I direction) of the surface contact points 

throughout each frame of movement compared to the y-coordinate (S/I direction) of the 

centre of the humeral head points throughout each frame of movement. Figure B-2 (orange) 

shows the z-coordinate (A/P direction) of the surface contact points throughout each frame 

of movement compared to the z-coordinate (A/P direction) of the centre of the humeral 

head points throughout each frame of movement. An ideal plot would show a linear line 

because that would indicate that the y and z coordinates of the surface contact points would 

be aligned with each y and z coordinates of humeral head centre points. In the figures below 

you can see that R2 = 0.15 for the S/I direction, and R2 = 0.06 for the A/P direction. 

 

Figure B-1: Y-coordinate (S/I) of surface contact point versus humeral head centre 

point for all frames of IR motion 
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Figure B-2: Z-coordinate (A/P) of surface contact point versus humeral head centre 

point for all frames of IR motion 

These graphs were made for all healthy participants that completed the IR movement 

(Young: n=15, and Old: n=15). Once all the graphs were made, the average R2 values were 

found for each participant in both directions (S/I and A/P). The mean R2 values for both 

cohorts in each direction were found. Figure B-3 is a summary of the findings.  For the 

younger cohort, a moderate correlation was found for translation in S/I direction (R2 = 0.46) 

and a strong correlation for translation in A/P direction (R2 = 0.63). For the older cohort, a 

weak correlation was found for translation in the S/I direction (R2 = 0.28) and a moderate 

correlation for translation in A/P direction (R2 = 0.45).  Overall, a stronger correlation was 

seen in the A/P direction for both younger and older cohorts. As well, a stronger correlation 

was seen overall for the young participants. 

 Y - S/I Z - A/P 

R2 – Young 0.46 0.63 

R2 – Old 0.28 0.45 

Figure B-3: Summary of R2 values for the younger and older cohorts in S/I and A/P 

direction 
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The difference in translation using both methods was found, and a summary of the average 

glenohumeral translation difference for both the younger and older cohorts for the S/I and 

A/P direction can be seen in Figure B-4. 

  Translation Difference 

  Y - S/I (mm) Z - A/P (mm) 

Young 2.2 -0.4 

Old 2.0 1.3 

Figure B-4: Translation difference using the surface contact point versus the 

humeral head centre point 

Note that a positive value means that the surface contact point translation is greater than 

the humeral head centre point translation, and a negative value means the surface contact 

point translation is less than humeral head centre point translation. For the younger cohort, 

the mean glenohumeral translations were found to be 2.2mm greater (S/I direction) and 

0.4mm less (A/P direction) when using the surface contact point than when using the 

humeral head centre point. For the older cohort, the mean glenohumeral translations were 

found to be 2.0mm greater (S/I direction) and 1.3mm greater (A/P direction) when using 

the surface contact point than when using the humeral head centre point.   
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Appendix C: Validation of Proximity Maps 

 

C.1 Introduction 

To validate the method utilized in Chapter 2 of this thesis for determining the joint 

proximity of the glenohumeral joint, a cadaveric shoulder in conjunction with a jig and a 

Tekscan pressure sensor was employed to compare the joint proximity and contact area in 

both cases. The Tekscan system is an effective instrument for precisely measuring and 

analyzing interface pressure between two surfaces, using a thin and flexible sensor, which 

can be seen in Figure C-1. It has been used in numerous past studies to investigate joint 

contact and pressure throughout various positions, however, it is also known to introduce 

a lot of error into the system if not set up and calibrated correctly.  

Therefore, the objective of this appendix was to validate the patient-specific bone models 

and the inter-bone distance algorithm that were used to determine glenohumeral joint 

proximity in Chapter 2 of this thesis, by using a cadaveric shoulder with a jig and a Tekscan 

pressure sensor. 

 

C.2 Methods 

 

Cadaver Prep 

The use of one fresh-frozen shoulder cadaver specimen was used for this analysis. The 

dissection of the humerus and scapula from the shoulder specimen was completed by an 

orthopaedic resident in training. The removal of all soft tissues was completed so that the 

humeral head and glenoid fossa could be separated from one another. Articular cartilage 

on the bone surfaces remained. The humerus and glenoid were then potted into PVC 

piping using dental cement. Once this was complete, the humerus and glenoid were then 

placed back into the freezer. 

 

3D Printing 

Custom fit jig components were designed on SolidWorks and then printed using a 3D 

printer. Two components were made for the jig, one for the top and one for the bottom. 
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The bottom component was printed on the desired angle (either 0° or 10°) and placed 

within the columns to hold the potted glenoid in place within the jig. The top component 

was printed to hold the potted humeral head in place within the jig. 

 

CT scan 

The specimen was taken out of the freezer around 2 hours prior to the CT scans. The 

glenoid and humeral head were fit snug into the jig via the 3D-printed components, first 

setting the shoulder into the jig via the 0° component. Next, the correct force was applied 

to the jig (20N), which in this case was just the weight of the jig. The entire jig, including 

the glenoid and humeral head components, was then placed into the CT scanner. The same 

was repeated for the 10° position (Figure C-2) 

A total of two CT scans of the shoulder (one at 0° and one at 10°) were obtained after the 

scanning was complete. These two CT scans were then used to make patient-specific 

models of the glenoid and humeral head. The same methods as described in Chapter 2 were 

used to make these bone models. After the 3D bone models were made, the same method 

employed in Chapter 2 was used to make the joint proximity maps of the shoulder in each 

position. A summary of these results can be seen in Figure C-5. 

Tekscan  

The same setup that was used for the CT scan was repeated for this analysis, but Tekscan 

was used for the tracking of the contact area and pressure. First, the pressure sensor was 

set up while the jig was in the 0° position (Figure C-3). Next, the acquisition parameteres 

were defined: Moving Frames = 5, Frequency = 1, Period =1, Duration = 5 sec. The correct 

force was applied to the jig (20N), which in this case was just the weight of the jig. A 

Tekscan recording was taken to obtain outcomes including centroid, contact area, and 

pressure. The same steps were repeated but with the jig in the 10° position (Figure C-4). 

Measurements were repeated again in the same positions so two trials could be obtained. 

Lastly, reprosil was used as the experimental cast material. In each position (0° and 10°) 

with the 20N weight of the jig, the reprosil was placed on the glenoid face and the jig was 

dropped into place. Around 6 minutes later, once the cast was solidified it was removed 

from the jig.  
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Figure C-1: Tekscan Overlayed on Glenoid Surface 

 

  

Figure C-2: Jig setup of cemeted glenoid and humeral head for 0° (left) and 10° 

(right) for CT scan 
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Figure C-3: Jig setup of cemeted glenoid and humeral head for 0° with Tekscan 

Note: Closeup view of the joint surfaces in jig (left) and entire jig setup (right). 

 

 

Figure C-4: Jig setup of cemeted glenoid and humeral head for 10° with Tekscan 

Note: Closeup view of the joint surfaces in jig (left) and entire jig setup (right). 
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C.3 Results: 

The proximity maps found for the 0° and 10° CT scans can be seen in Figure C-5. Note 

that 0mm (red) shows close proximity and 6mm (dark blue) shows far proximity.  

The experimental casting that was placed between the cadaver joint surfaces during the 

Tekscan testing for 0° and 10° can also be seen in Figure C-5. Note that 0mm (see-through 

cast) shows close proximity and 2.5mm (dark orange) shows far proximity.  

 

Figure C-5: Comparison of proximity maps (top) versus experimental casting 

(bottom) for 0° (left) and 10° (right) 

A summary of the contact area found for both the CT scan and the Tekscan can be seen in 

Figure C-6. The total contact area (mm2) for the 0° CT scan was found to be 796mm2 and 

for the 10° CT scan was found to be 736mm2. The total contact area (mm2) for the 0° 

Tekscan was found to be 530mm2 and for the 10° CT scan was found to be 442mm2. The 

percent errors were found to be 33% and 40% for the 0° and 10° setup, respectively.   
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 Contact Area (mm2)  

 CT scan Tekscan % Error 

0° 796 530 33% 

10° 736 442 40% 

Figure C-6: Contact Area Found Using CT Scan and Tekscan 

C.4 Limitations 

This biggest limitation to the work done in this appendix is that the CT scan and Tekscan 

were completed on different days. Although the 3D-printed components were printed to 

ensure the bones would be aligned exactly the same during both scans, due to the fact that 

the bones were taken out of the jig and placed back in the jig on a different day, introduces 

a lot of error in the exact positioning of the bones. This difference in bone positioning can 

be seen in Figure C-5 through the differences seen in contact on the proximity maps versus 

the experimental casting (which was taken the day of Tekscan). 

Additionally, during the Tekscan testing, it appeared that the Tekscan pressure sensor did 

not fully cover the width of the glenoid. This could explain why the contact area found 

through Tekscan was a lot lower than the contact area found through the CT scans. As well, 

the Tekscan pressure sensor creased when the pressure of the bones was applied in the jig, 

distorting the contact that was picked up through the sensor. Both of these reasons may 

have caused the pressure sensor to not accurately capture the contact area, which could 

explain the high percent error seen between the CT scan and Tekscan.  
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Appendix D: Walch Type A1 Subluxation 

 

D.1 Methods 

In Chapter 3 of this thesis, an analysis was conducted on 20 Type B2 patients. Additionally, 

data from four Type A1 patients was also collected. However, this data was excluded from 

the final analysis due to the insufficient number of Type A1 patients recruited, which 

prohibited drawing robust conclusions about this cohort. The results for these four Type 

A1 patients will be highlighted in this appendix.  

The same methods that were described in Chapter 3 of this thesis were used to complete 

the analysis on these four Type A1 patients (n=4). 

D.2 Results 

The mean subluxation postoperatively (51.3%) was similar to the mean subluxation 

preoperatively (50.5%) (Figure D-1 and Figure D-2). 

 

Figure D-1: Subluxation (%) preoperatively (static) versus postoperatively 

(dynamic) per patient 

The mean preoperative subluxation (50.5%) is indicated by the blue dashed line and 

mean postoperative subluxation (51.3%) is indicated by the orange dashed line. 
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Figure D-2: Mean subluxation (%) preoperatively (static) versus postoperatively 

(dynamic) for all Walch type A1 patients 

 

On average for all patients postoperatively, subluxation ranged from 50% to 54% 

throughout active IR, indicating that a minimal change in subluxation was present 

throughout the entire movement (Figure D-3). 

 

 

Figure D-3: Subluxation during active internal rotation for all Walch type A1 

patients 

Standard deviations are shown by the lines at each time point throughout the cycle. 
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Below is a look at a summary of all 24 patients that were analyzed. This includes the four 

Type A1 patients in addition to the 20 Type B2 patients (n=24). The mean subluxation 

postoperatively (54%) was an improvement to the mean subluxation preoperatively (63%) 

(Figure D-4 and Figure D-5). 

 

Figure D-4: Subluxation (%) preoperatively (static) versus postoperatively 

(dynamic) per patient.   

The mean preoperative subluxation (63%) is indicated by the blue dashed line and mean 

postoperative subluxation (54%) is indicated by the orange dashed line. 

 

 

Figure D-5: Mean subluxation (%) preoperatively (statically) versus postoperatively 

for all patients (Type A1 and Type B2) 
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On average for all patients postoperatively, subluxation ranged from 53% to 55% 

throughout active IR, indicating that a minimal change in subluxation was present 

throughout the entire movement (Figure D-6). 

 

 

Figure D-6: Subluxation during active internal rotation for all patients (Type A1 

and Type B2) 

Standard deviations are shown by the lines at each time point throughout the cycle. 

 

As stated before in Chapter 2 of this thesis, the range of motion (ROM) was documented 

for each patient when they performed IR during the preoperative scan and grouped into 

two cohorts based on a previously established IR vertebral range11: good ROM and limited 

ROM. The good ROM cohort included thirteen patients (n=13), and the limited ROM 

cohort included 11 patients (n=11). The subluxation preoperatively and postoperatively for 

patients in both the good ROM and limited ROM cohorts can be seen below in Figure D-

7. The good ROM cohort were subluxated 66% preoperatively, and 56% postoperatively 

(10% subluxation correction). The limited ROM cohort were subluxated 60% 

preoperatively, and 52% postoperatively (8% subluxation correction). Both cohorts were 

able to be corrected on average from being posteriorly subluxated (66% for good ROM 

and 60% for limited ROM patients), to having nearly centred humeral heads (56% for good 

ROM and 52% for limited ROM patients). 
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Figure D-7: Subluxation for patients with good ROM (n=13) versus limited ROM 

(n=11) 

  



   148 

 

Appendix E: Glenohumeral Implant Mismatch 

 

E.1 Introduction 

When patients undergo a total shoulder arthroplasty (TSA), they are required to take a 

preoperative CT scan as a part of the preoperative planning protocol for the surgery. From 

this scan, the surgeon decides on a specific glenoid size and humeral head size based on 

the shape and size of the patient’s anatomy. Stryker’s Aequalis™ Perform™ + glenoid has 

been designed to be compatible with the Simpliciti™, Aequalis™, Affiniti™ and 

Ascend™ humeral head systems in certain combinations. Each combination has a specific 

diametrical mismatch that is recorded in millimeters. 

E.2 Methods 

All 24 patient (Type A1 and Type B2) mismatches were found by finding the difference in 

the radius of curvature between the humeral head implant component and the glenoid 

implant component. This mismatch (mm) was then used to compare to subluxation (%) to 

see if there was any correlation between the amount of subluxation postoperatively 

(throughout IR) and the implant mismatch the patient received. A plot of the mean 

subluxation postoperatively (throughout IR) versus glenohumeral implant mismatch (mm) 

was made and a line of best fit was added (Figure E-1). 

E.3 Results 

From the line of best fit, an R2 = 0.04 was found. This displays that there is a very weak 

correlation between the implant mismatch received and subluxation, which implies that the 

type of implant mismatch did not affect the subluxation seen within the glenohumeral joint 

for the patients analyzed. 
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Figure E-1: Subluxation (%) postoperatively (throughout IR) versus implant 

mismatch (mm) 
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Appendix F: ASES Shoulder Score Survey 

 

Figure F-1: ASES Shoulder Score Survey 
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