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ABSTRACT 

Shoulder impingement syndrome, the compression of the supraspinatus tendon 

between the acromion and the humeral head, is a common injury afflicting both able-

bodied and paraplegic populations. Currently, techniques for accurately quantifying joint 

space changes are extremely limited. This study proposes a new methodology for 

quantifying the shoulder joint space change during a functional loading task, using three-

dimensional magnetic resonance imaging (MRI). Loaded and unloaded joint surfaces 

were digitized and modeled with a numerical technique known as thin-plate spline. The 

most reliable and precise measure of shoulder joint space was determined to be change in 

median proximity. A modified version of this methodology using three different upper 

extremity postures was applied to a group of healthy and injured subjects to determine i f 

there were significant differences between the two groups. Upper extremity abduction 

caused significant differences in the acromiohumeral joint space change when comparing 

healthy and injured subjects. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Shoulder joint injuries represent one of the most common injuries that afflict both 

able-bodied and paraplegic populations. The most frequent, impingement syndrome, is a 

common condition in which the supraspinatus tendon becomes compressed in the 

subacromial space in the shoulder joint. Numerous researchers have reported between 30-

50% prevalence of chronic shoulder problems in paraplegics, most involving 

impingement or injury to the rotator cuff (Bayley et al., 1987; Gellman et al., 1988; 

Powers et al., 1994; Silfverskiold and Waters, 1991). Some authors suggest that in able-

bodied populations approximately 75% of all patients exhibiting rotator cuff tendonitis 

are believed to have underlying impingement syndrome (Morrison et al., 2000). 

In the healthy, non-injured population, the joint space between the humeral head 

and the underside of the acromion is approximately 6-7 mm, and the thickness of the 

supraspinatus tendon is approximately 5-6 mm (Morrison et al., 2000). While passive 

structures provide gross stability to the shoulder, fine stabilization and stability during 

movement is achieved by active stabilization through the use of the shoulder and rotator 

cuff muscles. Normal rotator cuff musculature has sufficient strength to maintain the 

clearance or provides very minimal contact, thereby minimizing swelling or other 

irritations to the tendons and ligaments (Bayley et al., 1987; Morrison et al., 2000). 

Shoulder joint instability can result from inadequate rotator cuff function or defective 

passive stabilizing structures, and a significant decrease in the subacromial joint space 

can occur. The treatment for impingement syndrome includes physiotherapy for the 
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weakened rotator cuff muscles, corticosteroid injections, and in 15-28% of cases (of able-

bodied individuals) (Bartolozzi et al., 1994) surgical intervention will be needed. 

Currently, there are several methods by which clinicians and researchers can 

evaluate shoulder function and diagnose pathological conditions such as impingement. 

Clinical assessments by orthopedic specialists are used in conjunction with various 

available imaging modalities such as X-ray, CT and M R imaging to diagnose pathologies 

of the shoulder joint. The clinical laxity tests that are performed do possess several 

limitations. Generally, these tests are not representative of functional tasks (although a 

few do exist), and these tests have been shown to be very subjective in the interpretation 

of the test results (Ellenbecker et al., 2000). Additionally, the reliability of the imaging 

tests that are administered in conjunction with the laxity tests, such as stress radiography, 

have been shown to have only moderate reliability. Researchers have also utilized some 

unique methods to help better understand the shoulder joint. These methods include 

electromyography, (in-vitro) cadaveric simulation, stereophotogrammetry, optical 3-D 

motion capture, as well using CT and M R imaging (Maffet et al., 1997, Pink et al., 1991; 

Flatow et al., 1994; Otis et al., 1994; Hogfors et al., 1991; Ellenbecker et al., 2000; Davis 

et al., 1998; Veeger et al., 1989; Kwak et al., 1998; Zanetti et al., 1998). 

M R imaging provides researchers with detailed information about the structures 

and any visible pathologies such as edemas, inflammations, and muscular tears as well as 

the hard tissues. Traditional imaging techniques, however, do not allow for the joints to 

be observed during functional tasks. Recently, Ronsky et al. (1998) described and tested a 

methodology for the knee joint that compared and analyzed the loaded and unloaded M R 

images of the knee in various positions, while the subjects were completing a functional 
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task. Rhoad et al. (1998) and Graichen et al. (1998-2000) have made attempts to 

complete similar studies on the shoulder joint, however, neither group has been able to 

image the shoulder joint while the subjects were completing a truly functional task, such 

as a wheelchair push. Therefore, it was the purpose of this study to design a methodology 

and equipment by which imaging of the shoulder joint during the completion of a 

functional task could occur, and to be able to test the efficacy of this methodology in 

differentiating groups of subjects who may or may not have impingement syndrome. 

1.2 Overview of Thesis 

Chapter two of this thesis reviews the relevant literature in order to help provide a 

framework for the current study, in addition to outlining the current state of clinical and 

research tools and techniques. 

In chapter three of this thesis, the creation of the methodology and the required 

testing of the equipment occurs. The objective of this portion of the study is to construct a 

methodology in which the shoulder joint can be examined in-vivo while the subject 

performs a pushing task, in order to determine the amount of humeral translation, both 

with respect to the acromiohumeral complex and the glenohumeral cavity, by applying 

specific 3D imaging and post-processing techniques. Specifically, chapter three answers 

the following questions: (1) Can humeral head translation during a simulated wheelchair 

push task be measured using M R imaging? (2) How precisely can this be measured? (3) 

How reproducible are the results of this methodology? The methodology used is 

presented in detail, and the results of the evaluation of the methodology are then reported 

and a discussion follows. 
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Chapter four of this thesis outlines the application of the methodology on a group 

of able-bodied, healthy subjects and a group of injured subjects. The objective of this 

portion of the current study was to accurately quantify the amount of superior/inferior 

movement of the humeral head in relation to the acromion, in three upper extremity 

postures for a set of ten healthy subjects and two injured subjects. Specifically chapter 

four answers the following questions. (1) How much humeral head translation would be 

seen in a group of normal subjects? (2) Was there an effect of upper extremity position on 

the amount of migration of the humeral head, during a simulated wheelchair push? (3) 

Was it possible to observe differences in the translation patterns of individual patients 

with impingement syndrome, when compared to a group of normal subjects? The 

methodology used is outlined in detail, and the results of this experiment are then 

reported and a discussion follows. 

Chapter five provides an in-depth discussion of the results and general 

conclusions that can be drawn from both chapters three and four. This chapter also 

discusses some of the problems that were found, and potential future work that is needed. 
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CHAPTER 2: REVIEW OF LITERATURE 

2.1 Incidence and Prevalence of Shoulder Injuries 

Shoulder injuries represent one of the most common injuries that afflict the general 

population. Typically, a diagnosis of 'shoulder instability' is provided; however, this term covers 

a wide range of pathological conditions, such as dislocation, subluxation and muscle tears (Wilk 

et al., 1997). Instability has been defined as a clinical condition in which unwanted translation of 

the humeral head on the glenoid fossa compromises the comfort and function of the shoulder 

(Matsen et al., 1991). Injuries to the shoulder joint may provide temporary discomfort and 

disability to the general population, however in spinal cord injured populations (para- and 

quadriplegic), such injuries occur more frequently as a result of overuse and possibly muscle 

weakness. Such injuries may become debilitating to populations whose mobility depends on the 

use of the upper body, such as paraplegics and quadriplegics (Silfverskiold and Waters, 1991). 

Approximately 1.2 million Americans use a wheelchair as their primary means of locomotion 

(Bayley et al., 1987, Nichols et al., 1979, Gellman et al., 1988). Epidemiological studies have 

shown a high prevalence of shoulder complaints in para- and quadriplegics (Sie et al., 1992). 

Numerous researchers have reported between 30-50% prevalence of chronic shoulder problems 

in paraplegics, most involving impingement or injury to the rotator cuff (Bayley et al., 1987; 

Gellman et al., 1988; Powers et al., 1994; Silfverskiold and Waters, 1991). Not restricted to 

Spinal Cord Injury (SCI) populations, some authors suggest that in able-bodied populations 

approximately 75% of all patients with rotator cuff tendonitis are believed to have underlying 

impingement syndrome (Morrison et al., 2000). This makes shoulder impingement syndrome one 

of the most common chronic overuse injuries affecting this population (Powers et al., 1994, 

Reyes et al, 1995). 

Chronic Shoulder Impingement Syndrome (CSIS) occurs when the supraspinatus tendon 
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becomes compressed within the subacromial space of the shoulder joint (Bayley et al., 1987, 

Powers et al., 1994). In the normal population, the joint space between the humeral head and the 

underside of the acromion is approximately 6-7 mm, and the thickness of the supraspinatus 

tendon is approximately 5-6 mm (Morrison et al., 2000). The rotator cuff musculature is strong 

enough to maintain clearance or minimal contact, thus minimizing swelling or other irritations 

(Morrison et al., 2000). With joint instability resulting from inadequate rotator cuff function or 

other factors like the development of bony protuberances on the subacromial surface, joint space 

decreases and impingement occurs. The impingement of the tendon results in swelling, pain, 

and/or lesions on the surface of the tendon (Bayley et al., 1987). The healing process for this 

affliction in paraplegic populations consists primarily of resting the joint, or in more severe cases, 

surgical intervention is required to increase the joint space. In able-bodied populations, the 

treatment for impingement syndrome includes physiotherapy for the weakened rotator cuff 

muscles, corticosteroid injections, and in 15-28% of cases (Bartolozzi et al., 1994) surgical 

intervention will be needed. The consequences to the paraplegic patient include a change in the 

manner of locomotion that they can use, such as requiring the use of a motorized wheelchair, or 

having someone push them. Subsequently, the individuals will lose the physiological benefits 

from the exercise this provides, as well as self-reliance. While joint stability is maintained by a 

combination of different passive and dynamic structures and tissues, the most prevalent cause of 

impingement is thought to be muscular imbalance (Burnham et al., 1993; Flatow et al., 1994, 

Gibb et a l , 1991, Reyes et al.; 1995; Wilk et al., 1997). 4500 people are rendered paraplegic each 

year in the US, which promotes the need for an in-depth understanding of shoulder impingement 

syndrome (Bayley et al., 1987). In addition, it has been estimated that the cumulative incidence of 

shoulder injuries is 11.2/1000 patients/year, most being diagnosed with shoulder impingement 

syndrome or rotator cuff tendonitis (van der Windt et al., 1995). 
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Figure 2-1: Clavicle (Adapted from van de Graaff, 1995) 

Figure 2-2: Scapula (Adapted from van de Graaff, 1995) 
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Figure 2-3. Humerus (Adapted from van de Graaff, 1995) 

Posterior sternoclavicular 
Anterior iigamenl 

Figure 2-4. Sternoclavicular attachment (Adapted from van de Graaff, 1995) 



9 

2.2 Functional Anatomy of the Shoulder Joint 

2.2.1 Osteology/Articulations 

The skeletal structure of the pectoral (shoulder) girdle includes the clavicle and the 

scapula. The only attachment of shoulder girdle to the axial skeleton is at the sternum (van de 

Graaff, 1995). The medial sternal extremity of the clavicle connects to the sternum, and this is 

referred to as the sternoclavicular joint (Figure 2-1, 2-4(a-b)) (van de Graaff, 1995). The lateral 

acromial extremity of the clavicle articulates with the acromial process of the scapula to form the 

acromioclavicular joint (Figure 2-2) (van de Graaff, 1995). The humerus articulates with the 

shallow, pear-shaped glenoid fossa underneath the acromial process of the scapula, forming the 

glenohumeral joint (Figure 2-3) (van de Graaff, 1995; Wilk et al., 1997; Hadler et a l , 2000). 

2.2.2 Passive Mechanisms of Joint Stability (Labrum and Ligaments) 

In order to provide a better understanding of the anatomy and the functional significance 

of the soft tissue structures, their description will be based on the stabilizing role that each of the 

structures play. The stability in the shoulder joint refers to the ability of the constraint 

mechanisms to keep the joint from excessive translation and rotation. The glenoid fossa of the 

scapula is surrounded by the glenoid labrum (Figure 2-5(a-d)) (van de Graaff, 1995; Hadler et al., 

2000). The glenoid labrum provides additional stability to an otherwise shallow glenoid fossa, 

which is designed to allow for a large range of motion. The glenohumeral joint has six degrees of 

freedom, which allows for many possible trajectories for the glenohumeral joint to pass through 

as the arm is moved through a range of motion (Happee and van der Helm, 1995; Lippet and 

Matsen, 1993; Pearl et al., 1992). There are several passive constraints on the joint, however, that 

do limit the range of motion of the upper limb. These constraints include the labrum, which is 

thicker at the superior-inferior margins thereby providing a deeper concavity, and thus, greater 

stability. The force required to cause instability in the superior-inferior direction is nearly double 
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the force required to cause instability in the anterior-posterior direction (Lippet and Matsen, 

1993). This manner of stabilization is commonly known as concavity compression, which may be 

defined as the stability that a convex object has when pressed into a concave surface (Lippet and 

Matsen, 1993). Thus, the deeper the concave compression of the glenoid fossa and labrum, the 

greater the stability. The stability is also at least partially dependent upon the scapulohumeral 

balance of the humeral head in the glenoid fossa (Codman, 1934). The scapulohumeral balance 

suggests that the greatest stability occurs when the net forces exerted by the humeral head during 

movement are centered within the fossa (Codman, 1934; Lippit and Matsen, 1993). This task 

requires that the rotator cuff muscles adjust the position of the scapula, so that the head of the 

humerus stays centered within the glenoid fossa (Codman, 1934). When the arm is elevated, the 

contact area shifts from the inferior edge of the glenoid fossa towards the posterior-superior 

region (Flatow et al., 1994). As a result of dynamic stabilization, the direction and magnitude of 

these forces are constantly changing as the arm goes through a range of motion (Wilk et al., 

1997). 

The fibrous glenohumeral (articular) capsule surrounding the glenohumeral interface is 

attached to the glenoid labrum providing an airtight, capsular constraint around the joint (Figure 

2-4c) (Gibb et al., 1991, Lippet and Matsen, 1993; van de Graaff, 1995; Hadler et al., 2000). This 

passive capsular constraint stabilizes the glenohumeral joint during the middle of the range of 

motion, as do the antagonistic actions of the rotator cuff muscles against the shearing action of 

the deltoid muscles (Ruwe et al., 1994; Wuelker et al., 1995; Hadler et al., 2000). The spiral 

orientation of the collagen fibres within the structure of the capsule is designed so that rotational 

forces producing tension on the capsule causes it to compress the two joint surfaces together, 

thereby centering the joint in the shallow glenoid fossa (Harryman et al., 1992; Wilk et al., 1997). 

Additionally, the effect of the rotational tension on the joint capsule also causes the negative 
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intraarticular pressure to increase, which helps resist superior humeral head translation as a 

result of the increased vacuum pressure (Gibb et al., 1991). The magnitude of this stabilizing 

pressure is between 20-30 pounds, which is relatively small, but it still contributes to functional 

stability during the middle range of motion (Gibb et al., 1991). Venting of the capsule reduced 

the force necessary to translate the humeral head anteriorly by 55% (Gibb et al., 1991). Muscular 

imbalance, especially in the deltoid-rotator cuff force-couple may easily exceed the stabilizing 

pressure, causing damage to the capsule (Kronberg et al., 1997). Generally, any structural 

disruption of the capsule results in an average loss of 50% of the stability in all directions based 

on experiments conducted by several authors (Bayley et al., 1987; Gibb et al., 1991; Kronberg et 

al., 1997). 

The glenoid labrum also provides an anchor point for the glenohumeral (GH) ligaments 

(Figure 2-4a) (van de Graaff, 1995). A number of glenohumeral ligaments surround the capsule, 

providing additional strength to the structure. These reinforce the joint capsule during the 

extremes of motion, as well as assisting in maintaining joint congruity (Frank and Shrive, 1994; 

Wilk et al., 1997). The relative position of the ligaments causes the role of each to change, since 

each of the ligaments stabilizes the joint in a particular direction. The glenohumeral joint is 

stabilized anteriorly by three sets of ligaments (van de Graaff, 1995). These include the superior 

and middle glenohumeral ligaments and the inferior glenohumeral complex (van de Graaff, 1995; 

Hadler et al., 2000). The middle glenohumeral ligaments are the primary passive stabilizers when 

the arm is passing through the middle of a range of motion (Wilk et al., 1997; Hadler et al., 

2000). Posterior translation is prevented primarily by the inferior glenohumeral complex, which 

includes the anterior and posterior bands and an axillary pouch (Ruwe et al., 1994). 

Glenohumeral joint stability is the result of the combination of numerous different stabilizing 

mechanisms (Gibb et al., 1991, Payne et a l , 1997, Wilk et al., 1997). 



Figures 2-4 (a-d): Passive stabilizing structures of the shoulder. (Adapted from van de Graaff, 
1995) 
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2.2.3 Active Mechanisms of Joint Stability (Superficial and Deep Muscles) 

The actions of the muscles of the shoulder girdle are summarized in the Table 2-1 below. 

Those muscles that are referred to as the rotator cuff muscles are located in the first subset of the 

table, which, in addition to the muscles in the second subset of the table, are considered to be the 

primary active stabilizers of the shoulder joint (Figures 2-6, 2-7, & 2-8). (Payne et al., 1997; van 

de Graaff, 1995; Wilk et al., 1997). Secondary stabilization musculature is represented by the 

muscles in the third subset in Table 2-1 below (Figures 2-6 & 2-7) (van de Graaff, 1995). While 

the biceps and triceps muscles do cross the shoulder joint, their primary action is involved in 

moving of the forearm (van de Graaff, 1995). It has been suggested that the function of the biceps 

is a stabilizer of the shoulder, acting as a humeral head depressor (Hadler et al., 2000; Pagnani et 

al., 1996). Any force produced by these two sets of muscles across the shoulder joint may be 

considered negligible (van de Graaff, 1995). Muscular action can be defined in terms of "force 

couples" which are a group of muscles counterbalancing the force that is generated by another set 

of muscles, through a specific range of motion (Inman et al., 1944; Hadler et al., 2000). In order 

for joint stability to be maintained, the muscular activity levels must remain balanced throughout 

a range of motion (Inman et al., 1944). 

In the non-athletic paraplegic population, there is evidence that indicates that the external 

rotator muscles, such as the infraspinatus are considerably weaker (65% of normal) than other 

rotator cuff muscles, and that this may act as one of the contributing risk factors to impingement 

(Powers et al., 1994). These authors tested three groups of subjects using an isokinetic 

dynamometer to determine peak isometric torque levels during internal and external rotation. The 

groups included a group (n=10) of able-bodied individuals who served as controls. The other two 

groups included a group (n=19) of paraplegic subjects, and a group (n=14) of quadriplegic 

subjects. It should be noted that the shoulder musculature of non-athletic (active) paraplegic 
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individuals is comparable to the musculature of athletic able-bodied individuals (Powers et al., 

1994). Evidence indicates that wheelchair athletes have a much stronger musculature than the 

able-bodied population. The infraspinatus weakness seen in the non-athletic paraplegic 

population is not present in the athletic paraplegic population (Powers et al., 1994). The primary 

cause of shoulder impingement syndrome in paraplegic athletes is speculated to be a result of the 

greater forces exerted by the deltoid muscles, thereby causing an increase in the amount of 

compressive stress on the shoulder joint (Burnham et al., 1993). The relative weakness of the 

shoulder adductors, as well as the internal and external rotators, fail to counteract the 

compressive forces exerted by the deltoid muscles, thereby allowing superior translation of the 

humeral head (Powers et al., 1994; Burnham et al., 1993). 

In able-bodied individuals, in particular, athletes who participate in sports requiring 

frequent overhead activity, laxity of the passive stabilizers, in addition to inadequate recruitment 

of the active stabilizers results in translation of the humeral head. Specifically, these individuals 

are defined as having secondary impingement as a result of weakened internal rotators, and 

fatigued shoulder abductors and external rotators (Warner et al., 1990). 
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M U S C L E N A M E A C T I O N O F T H E M U S C L E 

Supraspinatus Abducts and laterally (externally) rotates humerus at the shoulder joint 

Infraspinatus Laterally (externally) rotates humerus at the shoulder joint 

Teres minor Laterally (externally) rotates humerus at the shoulder joint 
Subscapularis Medially (internally) rotates humerus at the shoulder joint 

Coracobrachialis Flexes and adducts humerus at shoulder joint 
Deltoid Abducts arm and extends or flexes humerus at the shoulder joint 

Pectoralis major Flexes, adducts and rotates the humerus medially (externally) at the 
shoulder joint 

Latissimus Dorsi Extends, adducts, and rotates the humerus medially (externally) at the 
shoulder joint 

Teres major Extends humerus, or adducts and rotates humerus medially (externally) 
at the shoulder joint 

Table 2-1: Muscles and their actions (Adapted from van de Graaff, 1995); The rotator cuff 

muscles are the first four muscles listed in the table, which, in addition to the two 

subsequent muscles are the primary active stabilizers of the shoulder joint. The 

last three muscles represent secondary stabilization musculature. 
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Supraspinatus 
Omohyoid 

Levator 
scapulae 

Rhomboideus 
minor 

Infraspinatus 

Rhomboideus 
major 

Trapezius 

Medial head of triceps 

Flexor carpi ulnaris 

Triceps brachii 

Deltoid 

Supraspinatus 

Infraspinatus 

Teres minor 

Long head 
of triceps brachii 
Lateral head 
of triceps brachii 

Deltoid 

Brachials 

Brachioradialis 

Extensor carpi 
radiaiis iongus 

Extensor carpi 
<r radiaiis brevis 

Extensor digitorum 
Extensor carpi 
ulnaris 

Anconeus 

Figure 2-6: Origins and insertions of the shoulder girdle musculature 
(Adapted from van de Graaff, 1995) 



Figure 2-7: Anterior view of the shoulder girdle musculature (looking from the front to the 
back of the body) (Adapted from van de Graaff, 1995) 
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Figure 2-8: Posterior aspect of the shoulder girdle musculature (looking from the back to the 
front) (Adapted from van de Graaff, 1995) 
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2.2.4 (Chronic) Shoulder Impingement Syndrome: General Description 

Shoulder Impingement Syndrome occurs when the humeral head translates superiorily, 

towards the acromioclavicular shelf (Bayley et al., 1987). When this happens, the supraspinatus 

tendon occupying the subacromial space becomes compressed (Figure 2-4b) between the humeral 

head and the acromioclavicular shelf (Bayley et al., 1987). The result of this chronic 

impingement is swelling, pain, and/or lesions on the surface of the tendon (Bayley et al., 1987). 

In general, the cause of the impingement is a lack of stability within the shoulder joint, which 

allows for translation of the humeral head. Impingement, however, does occur in several different 

forms, which will be discussed in greater detail, in Section 2.2.6. There are wide individual 

differences in the amount of translation that occurs in different subjects (Wuelker et al., 1994). It 

has been hypothesized that the lack of stability is due to weakness in the scapular muscles and 

rotator cuff muscles (Burnham et al., 1993; Burnham and Steadward, 1994; Flatow et al., 1994; 

Powers et al., 1994). In the paraplegic population, the dynamics of the movements required for 

wheelchair propulsion repetitively places the arms and glenohumeral joints into a load bearing 

and biomechanically unstable position (Bayley et al., 1987, Burnham and Steadward, 1994; 

Silfverskiold and Waters, 1991). If a gross comparison of the structure of a joint such as the hip 

with the shoulder joint is done, it becomes clear that the shoulder joint design allows for a large 

range of motion, whereas the hip is designed to bear repetitive loads without incurring damage. 

Structurally, the hip joint is a ball and socket joint, wherein there is inherent stability in the joint 

design. In the shoulder joint, a ball and dish structure is more evident and greater reliance upon 

soft tissue stabilizing structures is seen. In able-bodied events such as throwing sports, large 

ranges of movements occur. When the throwing motion starts, the movement pattern is from 

external horizontal abduction to a position of internal rotation and horizontal adduction (Meister, 

2000). It is in the deceleration phase of the throw that large inferior forces and adduction torques 
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are produced, and where, i f an individual cannot counteract those forces using the active and 

passive stabilizing mechanisms, impingement can result. 

2.2.5 Conditions Leading to Sub-acromial Contact 

A muscular imbalance of the dynamic stabilizers, such as the agonist/antagonist 

relationship between the infraspinatus/teres minor complex and the supraspinatus results in 

increased internal rotation of the humerus (Ruwe et al., 1994). This lessens the joint congruity 

and results in superior translation towards the acromial shelf. The least distance between the 

acromioclavicular shelf and the tendon occurs when the arm is elevated between 60 and 120 

degrees, and in this range the decrease in joint space occurs (Flatow et al., 1994; Soslowsky et al., 

1992; Wilk et al., 1997; Graichen et al., 2000). Increased subacromial contact on the tendon has 

been correlated with an increase in the degree of curvature of the acromion, and based on this 

theory, acromial shapes have been classified into three different categories, these being Type 1 

(flat), Type II (curved), and Type III (hooked) (Flatow et al., 1994; Neer, 1983). It is found that 

in older individuals in a general population that present with shoulder impingement syndrome, 

70-80% of them possess a Type III acromion (Flatow et al., 1994). 

2.2.6 Types of Impingement Syndrome 

There are different types of impingement syndrome. Boenish et al. (2000) indicates that 

the term impingement covers a wide variety of shoulder pathologies as well as their various 

underlying causes. The authors suggest three different types of impingement: Primary Extrinsic 

Impingement, Secondary Extrinsic Impingement, and Intrinsic Impingement. 

According to Boenisch et al. (2000) and other authors, the underlying causes for the 

decrease in joint space common in Primary Extrinsic Impingement includes the following: (1) 

Degeneration of the acromioclavicular joint resulting in inferiorly protruding osteophytes 

(Prescher 2000). (2) Acromial shape: Differences in the curve of the acromion from Type I: flat, 
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Type II: curved, and Type III: hooked, where Type III acromions are associated with decreases in 

joint space. (Bigilani, 1986) (3) Os Acromiale: where the acromion is not fused to the rest of the 

scapular spine. The acromiale is often hypermobile and anteriorly tilted and is often associated 

with decreased joint space (Bigilani, 1983). (4) Humerus and coracoid: Post traumatic malunion 

of the greater tuberosity following total shoulder arthroplasty. (5) Subacromial bursal thickening: 

resulting from inflammation due to conditions such as infection or chronic microtrauma. (6) 

Rotator cuff pathology: post-operative scarring or thickening of the rotator cuff at its insertion 

point on the greater tuberosity can lead to the impingement. (7) Subcoracoid impingement: a term 

describing impingement along the medial aspect of the coracoacromial arch. The authors 

(Boenisch et al. 2000) note that this may not actually be a cause of primary extrinsic 

impingement but that it is included since it requires a different treatment and diagnosis. (8) 

Posterosuperior impingement: often found in athletes that engage in repetitive overhead activities 

typically throwing. In this case, the rotator cuff and the supraspinatus tendon in particular are 

impinged on the posteriosuperior edge of the glenoid. 

Secondary extrinsic impingement is commonly defined as the superior/proximal migration 

of the humeral head towards the acromioclavicular joint (Boenisch et al., 2000). The typical 

causes for this include: (1) Glenohumeral instability: Typically found in young athletes, 

glenohumeral subluxation causes an adjustment in the mechanics of the motion and results in the 

secondary impingement. (2) Neurological pathology: occurs when the suprascapular nerve is 

trapped resulting in weakness of the rotator cuff musculature, thereby allowing superior/proximal 

movement of the humeral head. (3) Adhesive capsulitis: where the flexion movements of the 

shoulder are restricted by stiffness and adhesions of the posterior capsule. 

Intrinsic impingement, as the name suggests, occurs within the actual stabilizing 

structures themselves, thereby allowing for superior/proximal movement. The causes for intrinsic 
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impingement include: (1) Degenerative tendinopathy: is primarily seen in partial tears of the 

rotator cuff, which can lead to full thickness tears and allow for superior/proximal migration of 

the humeral head. (2) Muscle weakness: Pathological changes in the supraspinatus tendon occurs 

as a result of tension overload likely due to repeated overhead activity or fatigue (Wickiewicz, 

1994). (3) Overuse of the shoulder: Codman (1927) proposed that hypovascularity causes bursal 

partial tears of the rotator cuff, thus leading to impingement. 

2.2.7 Techniques for Examining the Mechanics of the Shoulder Joint 

In an effort to better understand the mechanics of shoulder motion and the contributing 

factors to shoulder impingement syndrome, researchers have utilized a variety of different 

experimental methods. These methods include electromyography, cadaveric simulations, various 

in-vivo imaging techniques, as well as optical 3-d motion capture techniques. Among the most 

common of these techniques, is the in-vivo assessment of the electrical activity of the muscles 

through the use of electromyography (EMG) (Enoka, 1988; Happee and Van der Helm, 1995; 

Maffet et al., 1997; Pink et al., 1991). 

2.2.7.1 Electromyography 

The relative contributions of the muscles have been determined by E M G analysis, during 

movement through set planes of motion (Inman et al, 1944; Reyes et al., 1995), sport specific 

movements (Maffet et al., 1997; Pink et al., 1991, Ruwe et al., 1994), and in selected aspects of 

wheelchair motion (Reyes et al., 1995). These studies have provided vital information regarding 

the co-ordination patterns of the muscles, and the duration of the activity of the muscles (Inman 

et al, 1944; Maffet et al., 1997; Pearl et a l , 1992; Pink et al., 1991; Ruwe et al.; 1994). Many of 

the studies approached the problem of variable paths of motion, by restricting the motion to either 

the transverse or coronal planes (Inman et al, 1944; Reyes et al., 1995). Only one group has 

attempted to quantify muscular activity during a more complex, non-sport specific, curved 
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movement pattern (Pearl et al., 1992). Pearl et al. recorded and compared the E M G of the 

shoulder through the cones (non-planar movement, with the arm moving in a circular motion 

creating a cone) and planes of motion (Pearl et al., 1992). This group found that the muscular 

recruitment patterns of nonplanar motion were much more complex, compared to the uniplanar 

movements. They suggested that muscular recruitment is based upon "a muscle's optimal plane 

of contraction," which thereby contradicts the classical theory proposed by Inman that has muscle 

function defined by its E M G activity during either transverse or coronal planes of motion (Inman 

et al., 1944; Pearl et al., 1992). This becomes important in that most movements conducted by 

individuals propelling themselves in a wheelchair do not use uniplanar movements. The 

complexity of the muscle recruitment patterns in multiplanar movements potentially plays a 

significant role in shoulder joint stability. 

The greatest of limitation of E M G is that it cannot be used, on its own, to explain the 

mechanical function of the shoulder (Happee and van der Helm, 1995). Typically, this technique 

is paired with 3-D kinematic measurements, so that muscular activity levels may be correlated 

with specific movements and force production activities (Maffet et al., 1997; Pink et al., 1991). 

The recording of E M G signals runs into considerable barriers when the deep or small muscles are 

targeted. These muscles must be accessed through the use of fine wire electrodes (Enoka, 1988; 

Kronberg et al., 1997). In addition to the difficulty in proper placement of these electrodes in 

smaller muscles, this type of electrode gives a very localized reading of muscle activity (Enoka, 

1988). Placement too far from an active muscle fibre may generate a very diffuse signal (Enoka, 

1988). A surface electrode gets a more global reading of muscular activity, but as the name 

suggests, it is restricted to the muscles that are closer to the skin surface (Enoka, 1988; Happee 

and van der Helm, 1995). 

E M G is a useful tool to help determine where muscular dysfunction exists in paraplegic 
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athletes, or in those able-bodied individuals that suffer from shoulder impingement syndrome. If 

applied to the paraplegic population (or any other population), it has the potential to increase 

accuracy and the understanding of how muscular recruitment patterns during complex 

movements affect stability, or the lack thereof. 

2.2.7.2 In-vitro Joint Analysis: Cadaveric Simulation 

Another technique for examining the mechanical function of the shoulder is in cadaveric 

simulations, where controlled amounts of simulated force are exerted and the resultant effects are 

observed on the tissues and bone structure (Basset et al., 1990; Flatow et al, 1994; Itoi et al., 

1994; Otis et al., 1994; Payne et al., 1997). Cadaveric models have the ability to simulate the 

muscular (active stabilizing) forces that are present, and that could be exerted on the passive 

stabilizing structures of the shoulder joint, in controlled conditions (Basset et al., 1990; Flatow et 

al, 1994; Itoi et al., 1994; Otis et al., 1994; Payne et al., 1997; Poppen and Walker, 1976). These 

models serve as useful tools to observe the gross movements of the respective anatomical 

structures, through a variety of different methods (Basset et al., 1990; Flatow et al, 1994). After 

excision of the soft tissue, muscular force can be reproduced by pneumatically controlled wires 

that correspond to a single line of force (Otis et al., 1994; Poppen and Walker, 1976). One of the 

most accurate cadaveric models that illustrates the prevalent cause for shoulder impingement 

syndrome, humeral head translation, was the model by Flatow et al. (1994). Through the use of 

stereophotogammetry in addition to radiography, this group managed to determine the 3-D map 

of the acromiohumeral relationship, statically, when the model was placed in the positions that 

typically elicit impingement in clinical settings such as arm abduction (Flatow et al., 1994). 

Several limitations are present in the suggested model. The most severe is that the Flatow 

et al. model has only been used to map the 3-D positions in a static, in-vitro manner, in addition 

to the excision of some of the passive stabilizing structures (Flatow et al., 1994). Several groups 
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(Payne et al., 1997; Wuelker et al., 1995) have constructed models that mimic the dynamic 

movement of the shoulder; however, in contrast to the Flatow et al. model, these do not look at 

the three dimensional position of the glenohumeral joint (Flatow et al., 1994). Instead, they 

attempted to quantify the physiological forces that the muscles would be required to exert to 

cause impingement (Payne et al., 1997; Wuelker et al., 1995). In all of the described models, a 

single wire representing the line of force for each muscle was used, which may represent an 

oversimplification of muscular function. Muscles such as the infraspinatus/teres minor complex 

have broad insertion points on the scapula that cannot be accurately represented by a single line 

of force (Happee and van der Helm, 1995). 

2.2.7.3 Movement Analysis in Relation to Shoulder Injury 

With the vast number of parameters that are required for the quantification of the shoulder 

joint three-dimensionally, several groups have completed experiments that examine various 

aspects of wheelchair propulsion. Rodgers et al., (1994) examined the 3-D kinematics of 

wheelchair propulsion during fatigue. These authors suggested that the fatigue that came with 

extended periods of use led to overuse injuries of the joint. These authors saw that as the subjects 

became fatigued, their elbows began to flare out (moved away from the midline of the body). 

This is important since the internal and external rotation of the humerus is known to be one of the 

primary causes of instability in the shoulder joint (Wilk et al., 1997). As the humeral head is not 

perfectly spherical, when it rotates internally or externally, the glenoid surface is presented with a 

smaller humeral head surface area. The shallowness of the glenoid cavity, even with the 

associated labrum allows for greater translation of the humeral head as the role of the passive 

stabilizing structures has been reduced. This is supported in part by the work of Veeger et al. 

(1989). Veeger et al. (1989) showed that as a subject progressed through the push phase of 

wheelchair propulsion, the activity of some shoulder muscles caused the elbows to be forced 
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outward as a result of the anteflexion and endorotating torque applied by those muscles. An 

extension of these ideas would therefore be to examine the effect that a change in technique such 

as elbow abduction (flare) would have on the stability of the shoulder joint. 

Davis et al. (1998) examined the differences in propulsive movements between different 

types of wheelchairs, in an effort to determine what, if any effect, the design of wheelchairs had 

on the subjects. While this may appear to be an insignificant issue, several researchers have 

examined various aspects of wheelchair design, and how the changes in design impact the 

wheelchair user (Davis et al., 1998; Veeger et al., 1989). While Veeger et al. (1989) did not find 

any significant differences indicating that cambering (tilting of wheels) the wheels had a 

beneficial effect on the propulsion technique, there were several flaws in the experimental 

methodology that can account for these results. Their basic premise that cambering of the wheels 

increases the efficiency of the propulsion technique is supported by literature. It has been 

suggested that the cambering of the wheels provides more effective force application and lowers 

losses as a result of less arm abduction and improved stability. 

2.2.7.4 In-vivo Joint Analysis: X-rays and Computerized Tomography 

Several groups have examined the observed changes in the anatomical alignment of the 

shoulder, through the use of radiographs (radiographs), in in-vivo settings (Bassett et al., 1990; 

Flatow et al., 1994; Poppen and Walker, 1976; Ellenbecker et al., 2000). The advantage of this 

technique is that it is comparatively inexpensive, fast, and is a very common procedure. 

Difficulties with this technique involve the interpretation of radiographs, where the exact center 

of the humeral head or associated landmarks can be hard to determine with any repeatability 

(Ellenbecker et al., 2000). An extension of this technique is CT (computerized tomography) 

scanning, which allows for the precise alignment and three-dimensional reconstruction of 

radiograph images from several different angles. Some groups (Hogfors et al., 1991) have 
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attempted to improve on the precision of this technique. They implanted tantalum beads into the 

subject, followed by subsequent roentgen stereophotogrammetry. It should be noted that they had 

difficulty in getting sufficient resolution since there was a lack of sufficient marker positions in 

the frames (Hdgfors et al., 1991). In addition to the invasiveness of the implantation procedure, 

the subjects are repeatedly exposed to low doses of radiation, making this procedure potentially 

harmful to the subjects. However, like standard radiographs, without radio-opaque dyes, this 

technique can only look at the skeletal structures of the body without accounting for the soft 

tissue contact that occurs. In recent years, M R imaging (magnetic resonance imaging) has 

become more common in clinical and medical settings. While this is an expensive procedure in 

comparison to a CT scan or standard radiographs, the clarity of the bony structures, as well as the 

soft tissues of the body may justify the expense. 

2.2.7.5 In-vivo Joint Analysis: Magnetic Resonance Imaging 

Several groups (Bergman, 1997; Gold et al., 1993; Kwak et al., 1998; Oxner, 1997; 

Shibuta et al., 1998; Tsao et al., 1997; Zanetti et al., 1998) have successfully utilized M R imaging 

of the shoulder joint to describe various aspects of rotator cuff pathology, impingement, and joint 

mechanics. This becomes important since it is one of the only non-invasive in-vivo methods 

available for detailed examination of the shoulder joint. With MRI it is possible to determine the 

extent of soft tissue damage or inflammation, fluid volume and joint space changes, as well as 

skeletal abnormalities or injuries (Bergman , 1997; Gold et al., 1993; Kwak et al., 1998; Oxner, 

1997; Shibuta et al., 1998; Tsao et al., 1997; Zanetti et al., 1998). The major drawbacks to M R 

imaging are that it restricts the subject to static and supine positions, as well as being a relatively 

lengthy procedure. While cine-MRI and upright MRI facilities do exist, clinical use is very rare. 

In experimental settings, errors in imaging can occur when slightly ferric materials are introduced 

into the M R environment that could potentially effect the alignment of the image. Other potential 
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drawbacks to M R imaging include motion artifacts, chemical shift artifacts (where fat protons are 

mismapped relative to water protons), susceptibility artifacts (at interfaces of structures with 

different magnetic susceptibilities), radiofrequency interference, magic angle phenomenon, and 

spurious signal introduced as a result of very short echo times (Peh & Chan, 2001). It should be 

noted that there is no "gold standard" for quantifying the accuracy of measurements from in-vivo 

human specimens. 

Magnetic resonance imaging of the shoulder offers a tool to researchers that allow them to 

examine the joint non-invasively, from multiple planes, and most importantly, to image the soft 

tissue (Oxner, 1997). In addition to the ability of M R to image the soft tissue injuries, it can also 

provide researchers with information about possible impingement sites in the shoulder (Oxner, 

1997) . The shoulder joint relies upon the interaction of the active and passive stabilizing 

mechanisms, and M R imaging, with its ability to observe both hard and soft tissue 

simultaneously, offers a valuable tool to help understand what occurs in the joint. 

Several groups have examined the shoulder to determine what is occurring in the joints of 

normal healthy individuals, as well as those suffering from chronic shoulder impingement 

syndrome (CSIS) (Bergman, 1997; Friedman et al., 1998; Kwak et al., 1998; Shibuta et al., 

1998) . A l l of these authors acknowledge the differing causes of shoulder impingement in relation 

to age. In older individuals, repetitive overhead activities lead to the formation of osteophytes on 

the undersurface of the acromion (Oxner, 1997). This narrows the subacromial space, causing 

impingement of the supraspinatus tendon. In the younger patient, in particular, an athletic 

individual, the presentation of symptoms of impingement is a result of repetitive microtrauma to 

the labrocapuslar structures, which leads to mild instability (Oxner, 1997). Rotator cuff 

musculature can compensate for the instability, but after period of time, the ability to compensate 

decreases and the instability returns as a result of chronic overuse (Oxner, 1997). Scapulohumeral 
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motion increases and as a result secondary impingement of the supraspinatus tendon, passing 

through the subacromial space, occurs. Many of the authors (Bergman, 1997; Kwak et al., 1998; 

Shibuta et al., 1998), required the subjects to be imaged at various angles of ad/abduction, or as 

in the study by Friedman et al. (1998), had the subjects move their arms through a range of 

rotations along one plane, while a series of M R images were taken. The results of the studies 

show that as the arm is abducted, the acromiohumeral joint space decreases thus increasing the 

chance for subacromial impingement to occur. 

2.2.7.6 Advances in MR Joint Imaging 

The problems with these studies are that the images are typically interpreted in a two-

dimensional (2-D) slice mode. As well, they do not replicate what happens to the joint when it is 

placed in a loaded condition, or the positions that the joints are placed in during typical 

locomotory patterns. Many authors acknowledge that one of the limitations of their studies 

includes the lack of positioning the subject in a realistic manner (supine vs. sitting/standing). To 

date, only one author has addressed this question and has described a method where it is possible 

to position the joint repeatedly, in realistic positions. Udupa et al., (1998) has addressed this 

problem in M R imaging of the ankle by designing a positioning apparatus that can repeatably 

place the ankle in a precisely determined position, through a range of motions. The benefit of this 

methodology is that it offers an accurate tool with which the 3-D joint kinematics may be studied 

(Udupa, 1998). An extension of this work as applied to the shoulder is seen in the study by Rhoad 

et al. (1998). The drawback of their method is that it eliminates the load on the joint, is not well 

controlled and as such cannot be used to examine joint contact. 

In the case of joint contact determination from M R images, the conclusions that are drawn 

are based on the premise that what is seen in the unloaded conditions can be generalized to a 

loaded state. This premise/assumption has occurred in the study of many joints, including the 
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knee. Until recently, this assumption was never tested. Only one investigator (Ronsky et al., 

1998), has examined the differences between the loaded and unloaded state on the joint contact 

patterns of the knee. Utilizing a loading jig while conducting MRI scans of the knee, it was 

shown that the joint contact patterns change significantly when a load is applied (Ronsky et al., 

1998). In the shoulder, which has less translational stability than the knee, loading is even more 

important, however, studies have not been conducted where the shoulder joint is loaded in a 

manner similar to the Ronsky study (1998). Graichen et al. (1998-2000) have undertaken studies, 

whereby the joint is moved through a range of motion (abduction of the arm from the midline of 

the body), while muscular activation of the rotator cuff muscles occurs. These researchers found 

that the least amount of joint space occurred as the arm went through 60-120° of abduction. 

While their methodology provides a precise measure of the joint space, it does not examine the 

difference between loaded and unloaded conditions, rather the change in joint space through a set 

range of motion. 

As can be seen from the available literature, the lack of precise measurement of the 

shoulder joint during loaded and unloaded conditions, as well as the lack of positioning of the 

joint in a physiologically relevant position, is hampering the understanding of what is occurring. 

The shoulder joint has so much instability that it is not possible to get the bones in the same 

position as during locomotion, repeatably, unless a method similar to the one outlined by Rhoad 

et al. (1998) is used. In addition, it is important to reproduce the external and the muscle forces 

that occur on/in the shoulder joint, since there are definite changes that occur in the joint during 

loading. Only then can the MRI be used as a tool to obtain insight into the injury mechanisms and 

evaluate the efficacy of treatments (i.e. rehabilitation, change in technique, change in wheelchair 

design). 
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Chapter 3: Development and Evaluation of Methodology for In-vivo Quantification 

of Joint Space Changes in the Shoulder 

3.1 Introduction 

3.1.1 Background 

Shoulder stability requires coordination between several passive and active 

stabilizing mechanisms (Wilk et al., 1997). Pathologies of the shoulder can cause, or be 

the result of, uncharacteristic translation of the joint relative to the acromioclavicular 

complex and to the glenohumeral cavity. There have been several different approaches to 

the study of shoulder motion. Three-dimensional movement analysis is a non-intrusive 

way of measuring the translation and rotation of body segments. In the case of the 

shoulder joint, researchers have found several problems when trying to utilize this 

method. The greatest problem is that the skin markers need to be placed on bony 

projections to eliminate the effect of soft tissue motion/deformation. In the shoulder joint, 

the scapula floats on the musculature of the upper torso, as well as moving over a large 

surface area. The result is that i f the researcher is trying to move the shoulder through a 

large range of motion, the skin markers will not accurately reflect the movement of 

segments of interest, but will only reflect the movement of the skin/muscle surface as the 

scapula passes underneath it. The use of bone pin markers, such as was utilized by Koh et 

al., (1998) is not suitable for clinical applications. 

3.1.2 Limitations of Current Methodologies of Examining the Shoulder Joint 

In an effort to work around this restriction to conventional motion analysis, 

several researchers have attempted to quantify these changes using cadaveric shoulders 

and computer models (Harryman et al., 1990; Wulker et al., 1995; Hogfors et al., 1991), 
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as well as with imaging techniques, such as radiography, high field MRI and CT (Poppen 

and Walker, 1976; Flatow et al, 1994; Itoi et al., 1994; Otis et al., 1994; Payne et al., 

1997). Cadaver and computer simulation of shoulder motion are restricted by the 

precision by which the joint motion can be reproduced. Often, passive and active 

stabilizing structures are either removed, especially in cadaver studies, or inaccurately 

modelled, such as using a single line of force to represent a multipennate origin/insertion 

of a muscle. 

Imaging techniques provide more applicable information than the various models 

mentioned above, since it is collected in-vivo, however, these methods are still limited as 

a result of the basic assumptions that were made. Radiographical assessment of shoulder 

dysfunction becomes limited as a result of its two dimensional nature, as well as the 

projection artifacts that are present (Hdgfors et al., 1991; Bassett et al., 1990; Flatow et 

al., 1994). As noted by several researchers, standard high field (closed) M R and CT are 

restrictive in that the arm cannot be imaged in clinically relevant positions. Open M R 

systems are being used by researchers to image the shoulder in clinically relevant 

positions (Graichen et al., 2000). 

It should be noted, however, that until recently, the effect that muscle activation 

had on joint kinematics was not considered. Several researchers, such as Graichen et al. 

(1998, 1999, 2000) and Rhoad et al. (1998), have recently examined the effect of muscle 

activity and joint positioning on the overall kinematics of the shoulder. Rhoad et al. 

(1998) found that during 'active motion' (a series of static positions) the shoulder joint 

translated 2.1 mm in the anterior/posterior direction and 1.7 mm in the superior/inferior 

direction. The active motion took place by having the subjects rotate a handle at 10° 
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increments of internal and external rotation, and were ratcheted at each 10° step. In 

effect, this study only examined the effect of positioning on the shoulder joint kinematics. 

Graichen et al., (1998, 2000) have done several studies, examining both how positioning 

and muscle activity effect the shoulder joint. Similar to Rhoad et al. (1998) they 

attempted to show that muscular activity serves to decrease the joint space thereby 

centering the humeral head in relation to the glenohumeral face. These findings were 

statistically significant. Also of note, these researchers observed systematic differences in 

relation to joint space change with change in arm position. In addition, Graichen et al. 

observed that the normal subjects had between 6-10 mm space in the acromiohumeral 

space at 30° of abduction, and that this space decreased as the abduction increased. While 

these studies provide useful measures for diagnosing/quantifying shoulder function, there 

is still a lack of understanding of how the shoulder joint works while completing realistic 

functional tasks. 

To date, no researchers have the addressed the issue of how the shoulder joint 

responds to active functional activities, such as would be seen when propelling a 

wheelchair. Chronic shoulder impingement syndrome is a common ailment in wheelchair 

users, as well as affecting able-bodied individuals (Powers et al., 1994; Reyes et al., 

1995). Very few researchers (Graichen et al., 1998) have addressed the issue of how the 

humeral head moves with respect to the acromioclavicular (AC) complex. This 

information is important when examining pathological conditions such as chronic 

shoulder impingement syndrome, where the humeral head translates towards the A C 

complex, compressing the supraspinatus tendon. 
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3.1.3 Purpose 

The objective of this study was to construct a methodology in which the shoulder 

joint could be examined in-vivo while the subject performs a pushing task, in order to 

determine the amount of humeral translation, both with respect to the A C complex and 

the glenohumeral cavity, by applying specific 3D imaging and post-processing 

techniques. 

The specific questions to be answered here were: (1) Can humeral head 

translation during a simulated wheelchair push task be measured using M R imaging? (2) 

How precisely could these results be measured? (3) How reproducible were these results? 

3.2 Materials and Methods 

3.2.1 Equipment 

An 0.2 T open MRI scanner (Magnetom Open, Siemens, Erlagen, Germany) was 

used and a Tl-weighted, Flash 3D Volume Gradient Echo sequence (TR = 34 ms, TE = 

12 ms, F A = 40°) at a spatial resolution of 1.04 x 0.78 x 1.56 mm 3 (FOV = 200 mm 2, 

acquisition time of 3 minutes 58 seconds) was applied. This MRI sequence was chosen as 

it provided the best picture quality for a reasonable length of time. Scan durations in 

excess of four minutes were very difficult for subjects to maintain. A specialized gantry 

and handle for measuring applied load and providing force feedback information was 

built (in-house) and placed inside the M R scanner (Figure 3-1). The gantry design kept 

the subject stationary while the scan was completed. The instrumented handle, similar in 

dimension to a wheelchair handrim, was placed at the hip level, approximating where the 

actual handrim would be. This handrim device was positioned to reflect a 0° cambered 

position. Camber may be defined as the amount of inclination away from a vertical zero 
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point. This handrim object was attached to a three-dimensional force/torque transducer, 

which was connected to a computer that collected the force data during the scan. Force 

feedback to the subjects was given via a display consisting of a 9 x 9 grid of LEDs, so 

that they could maintain a constant sub-maximal force level during the imaging process. 

Of note, the LED display was located outside of the M R scanner room, and was visible 

through a window. A detailed description and diagrams of the set up may be found in 

Appendix A. 



Figure 3-1: Schematic representation of custom M R set up. 
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3.2.2 Subjects 

Subject one (age: 27 years, height: 205 cm, weight: 105 kg) completed the 

imaging protocol described below, repeating it four times for both sets of images, in order 

to assess the variability and reproducibility of the technique between trials. 

Subject two (age: 30 years; height: 183 cm; weight 88 kg) was also required to 

complete the task as described above for subject one. Only three trials were completed 

since subject two became fatigued at the elbow and could not maintain the target force at 

a stable level for a fourth trial. 

Both subjects were questioned as to medical history in regards to the shoulder. 

Neither subject had any history of shoulder injuries, nor were they currently experiencing 

any shoulder pathologies. Both subjects gave informed consent before engaging in the 

experiment. A copy of the informed consent form, approved by the Cleveland Clinic 

Foundation Institutional Review Board and by the University of Calgary is attached in 

Appendix B. 

3.2.3 Loading Protocol 

For all trials, the subjects had their lower limbs placed on a raised pad to simulate 

a seated position, as well as to reduce the muscular activity resulting from strain on the 

upper torso and back. The gantry design allowed for different subjects to placed in the 

same positions, and measurements were taken to insure correct arm placements. For this 

set of trials, each subject was required to complete the following: (1) Place their arms on 

the loading apparatus in the position that reflects the point of peak force application 

(PFA), during a normal propulsive cycle with proper propulsive technique. A normal 

proper propulsive cycle was determined from kinematic and force measurements that 
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were available from literature (Rodgers et al., 1998). Illustrated in Figure 3-2 were the 

target force levels of 45 N inferiorly and 15 N anteriorly. The handrim object was set up 

to reflect a 0° cambered position. (2) With the upper body braced (Figure 3-1), a four 

minute M R scan was completed, while the subject was instructed to push at the target 

force level. (3) Immediately following, the subject was instructed to remain relaxed in the 

same position as another four minute M R scan was completed. 

Each subject was given adequate time to rest between trials (5-10 minutes) to 

prevent fatigue effects from influencing the results. Subjects were allowed to move in-

between trials. Subject positions were kept as similar as possible when the subjects were 

repositioned within the M R scanner between trials. This repositioning required that the 

shoulder joint be retargeted and MRI scout images taken to obtain the correct area of 

interest within the joint. 

3.2.4 Pre-processing & Data Reduction of Image Data 

The series of 3-D image sets were transferred to a computer (SGI Octane, Silicon 

Graphics Inc., Mountain View, CA), where the bones of interest were segmented out of 

the images using a manual tracing program developed in-house (Image Processing 

Group, Dept. of Biomedical Engineering, Cleveland Clinic Foundation, Cleveland, OH). 

This tracing program output the voxel coordinates (x, y, z per slice) of the traced line, to a 

text fde. Automatic segmentation of the bones from the M R images was not possible due 

to the amount of noise present in the images. The bone-cartilage interface was used to 

define the surfaces of interest, as this was easily found in all images. The bone side of the 

interface was where the surface was traced. The surfaces of interest in this experiment 

were the superior and medial surface of the humeral head, the inferior surface of the 
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acromial process, and the lateral aspect of the glenohumeral face of the scapula (Figure 3-

3). The output of this program provided coordinate information for each voxel that had 

been traced, per slice (32 slices total). This produced three output files with a total of 

approximately 7000-9000 voxel coordinates. Utilizing a C++ program, the voxel 

coordinates were transformed into Cartesian coordinates and sent to several output text 

fdes. The conversion program is a simple scaling based on the voxel's size in three 

dimensions, without correction for distortion. These output fdes were then processed by a 

Matlab (The Mathworks Inc., Natick, M A ) program that reduced the data to several 

smaller output fdes, each reflecting a particular bone surface of interest. 



Figure 3-3: Three bone surfaces of interest (humeral head, 
inferior surface of the acromion, glenoid fossa) 
outlined by tracing program developed in-house at 
the Cleveland Clinic Foundation. 
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Data reduction was required since the sheer volume of coordinate data would 

make subsequent mathematical manipulation of this data extremely unwieldy. This 

process of data reduction was constructed so as to remove data points outside of the 

surface areas of interest, such as the lateral aspect of the humeral head. It also reduced the 

total number of voxels used to represent the surface. Figure 3-4 below represents the 

steps that the Matlab (The Mathworks Inc., Natick, M A ) program went through in order 

to reduce the data to manageable amounts. The figure represents one traced surface, 

however, in the actual reduction two surfaces underwent this process. Regions of interest 

were restricted to those on a slope of less than 60° relative to the sagittal plane, in the 

case of the glenohumeral joint, or the transverse plane for the acromiohumeral joint. 
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Original object from manual segmentation (tracing) 
program. Each square represents one voxel. 

Step 1: Average all adjacent voxels within each column. 

Step 2: Select the relevant side of the bone by keeping 
only the voxels with the lowest (or highest) vertical 
coordinate within each column. 

Step 3: Remove voxels where the slope is larger than 60 
degrees. 

Figure 3-4: Visual representation of the data reduction steps that occur in the 
Matlab program. 
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3.2.5 Data Analysis 

A thin plate spline (TPS) method (Boyd et al., 1999) was applied to the cloud of 

data points derived from the MPJ. Due to the limited resolution of the digitized MRJ 

data, it was necessary to smooth the data. To do this, the interpolation conditions were 

replaced by a least squares criterion. This resulted in a smooth spline surface. The 

equation for this was: 

minimize / ( / ) = E{f) + Afj[f, (*,., yt) - z, f (1) 

Where E is the bending energy, / is the Thin Plate Spline, Xj, v,-, z, are the coordinates of 

the data points, and n is the number of surface data points. When X is large, insufficient 

smoothing of the data takes place, leading to a noisy surface (Boyd et al., 1999). When 

the X is small, there is little regard for the data z,-, and the minimization focuses on the 

bending energy term, which results in an almost planar surface (Boyd et al., 1999). The 

smoothing parameter X was chosen such that the root mean square (RMS) fit error 

between spline surface and data points was 1 mm, which corresponds to the resolution of 

the MRI data. Mathematically, X was found by solving: 

^ X [ / i ( w , ) - * J = l mm (2) 

Choosing of the optimal A, was done utilizing an iterative process using a Matlab 

program. By choosing a desired RMS fit error, it is possible to automatically control the 

amount of smoothing of the data points. The modeled surfaces were resampled with a 

grid spacing of 0.5mm (Figure 3-5). 
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Humeral Head/Acromioclavicular Interface: Loaded Joint (Grid Resolution=5x5 mm) 

{ 

Y(mm) 0 5 0
 x (mm) 

Figure 3-5: Surface normal projections perpendicular to the humeral head TPS 
grid intersection. Those projections that intersect the 
Acromioclavicular TPS are measured to calculate the proximity 
map of the two bony surfaces. A 5x5 mm grid was used for the 
illustration. 
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Proximity measures between the bone surfaces were calculated as follows on a 

0.5 x 0.5 mm 2 grid. Utilizing a Matlab (The Mathworks Inc, Natick, Ma) program written 

by Boyd et al., (1999), the proximity was calculated as the distance along the normal, K, 

projected from a resampled point on the humeral head TPS surface to its intersection with 

the second TPS bone surface (either the acromion or the glenohumeral surface). The 

distance at which the normal vector from the bone intersects with the second bone surface 

is a direct measure of the proximity at one point on the surface (Boyd et al., 1999). The 

entire set of such measures taken together created a proximity map of the distances 

between the two bone surfaces (Figure 3-6). The mathematical equations required to do 

this are discussed in detail in the paper by Boyd et al., (1999). 

For each loaded and unloaded scan, proximity maps were derived utilizing the 

TPS method described above. For the acromiohumeral joint, the closest 1200 data points 

(300 mm2) represented the region of closest proximity (RCP), and in the glenohumeral 

joint, the nearest 1800 data points (450 mm2) represented the RCP for this aspect of the 

shoulder joint. 

In addition to projecting the normals from the humeral head to the closest bone 

surface, the projection of the normal vectors from either bone surface, the acromion or 

the glenoid face, onto the humeral head also took place. Except for the change in the 

origin of the normal vectors, the subsequent steps described above would remain the 

same. Statistical comparisons between the proximity maps with different normal origins 

were then conducted to test whether the curvature of the humeral head may have 

influenced the distribution and orientation of the normal vectors, thereby rendering a less 

precise proximity map. 
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From any of these proximity maps the mean, median and minimum proximity 

were calculated. The changes in these variables, when going from an unloaded to a 

loaded state, were taken to represent the change in joint space. These changes in 

proximities were then used to examine the reproducability and precision of the 

methodology. Precision may be defined as the standard deviation from repeated analysis 

of the same trial. Reproducibility was defined as the extent to which and experiment, test 

or measuring procedure yields the same results on repeated trials. It should be noted that 

the normal vectors for examining the reproducibility and variability were always 

projected from the humeral head. 

3.2.6 Statistical Analysis 

Intra- observer reproducibility and precision measurements were completed on 

the data. The within trial variability was measured by repeating the digitization process 

four times on one set of trials (loaded and unloaded trial). The within subject variability 

was measured by digitizing all four trials a single time per trial. The Student T-test was 

used to test for significant differences between the results of subject 1 and 2. A p-value of 

less than 0.05 indicates a statistically significant result. 



Proximity Plot Repeatability Trial: HH/AC interface ( m m ) 

Figure 3-6: Proximity Map of the distances between the two surfaces. 
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3.3 Results 

3.3.1 Reproducibility and Precision 

Changes in median and mean proximities due to joint loading were more 

reproducible than changes in minimum proximity (Tables 3-1 & 3-2). Examining the 

variability due to digitization, the median proximity results (Table 3-1), indicated a 

decrease of 0.21 ± 0.21 mm in the acromiohumeral space, during the simulated 

wheelchair push task. In the glenohumeral space a decrease in joint space of 0.10 ± 0.11 

mm occurred. If the mean and minimum proximities were examined, the same general 

trend was noted (Table 3-1). Examining the reproducibility between the individual trials, 

the results for the median values also showed a decrease in the acromiohumeral space of 

0.25 ± 0.25 mm, and a decrease of 0.01 ± 0.34 mm in the glenohumeral space (Table 3-

2). As in Table 3-1, a similar trend was noticed for the mean and minimum values. 

Decrease in joint 
space during push 

task is indicated by 
a negative value 

Change in median 
proximity (mm) 

Change in mean 
proximity (mm) 

Change in 
minimum 

proximity (mm) 

HH-AC (n=4) -0.21 ±0.21 -0.19 ±0.21 -0.24 ± 0.20 
HH-GH (n=4) -0.10 ± 0.11 -0.17 ±0.18 -0.73 ± 0.45 

Table 3-1: Precision of the measures. Tested by examining the variability due 
to multiple digitisations of a single trial. 

Decrease in joint 
space during push 

task is indicated by 
a negative value 

Change in median 
proximity (mm) 

Change in mean 
proximity (mm) 

Change in 
minimum 

proximity (mm) 

HH-AC (n=4) -0.25 ± 0.25 -0.20 ±0.25 -0.32 ± 0.22 
HH-GH (n=4) -0.01 ±0.34 -0.03 ± 0.26 -0.16 ±0.48 

Table 3-2: Reproducibility of the measures. The reproducibility was tested by 
digitizing multiple trials of the same subject. 
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3.3.2 The Effect of a Different Origin on the Precision and Reproducibility 

In Table 3-3, the normal vectors projected from the humeral head towards the 

acromion showed a median decrease in joint space of 0.25 ± 0.25 mm. Normal vectors 

projected from the acromion towards humeral head showed a decrease in joint space of 

0.27 ± 0.21 mm. The variability of the normal vectors projected from the acromion was 

less than from the normals projected from the humeral head. This trend held true for the 

glenohumeral joint as well, where the variability of the normals projected from the 

humeral head were larger than those projected from the glenoid face. 

Decrease in joint space 
during push task is 

indicated by a negative 
value 

Normals from Humeral 
Head (HH) 

Normals from Acromion 
(AC) or Glenohumeral 

Face (GH) 

HH-AC (n=4 trials) -0.25 ± 0.25 -0.27 ±0.21 
HH-GH (n=4 trials) -0.01 ± 0.34 -0.09 ±0.30 

Table 3-3: Origin of the normal vectors. Examination of the results for the 
origin of the normal vectors, which showed the greatest precision 
and reproducibility. 

3.3.3 Differences Between Subjects 

Examining the differences between subjects, the median proximities in Table 3-4, 

showed a decrease in the acromiohumeral space of 0.27 ± 0.21 mm for subject 1 and an 

increase in acromiohumeral space of 0.82 ± 0.50 mm for subject 2. This difference 

between the two subjects was statistically significant with a p = 0.01. P-values less than 

0.05 are an indication of statistical significance. The glenohumeral joint space for each 

subject showed non-significant 0.09 ± 0.30 mm and a 0.04 ± 0.15 mm decreases, 

respectively. 
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Decrease in joint space 
during push task is 

indicated by a negative 
value 

Subject 1 (N= 4 trials) 
(mm) 

Subject 2 (N=3 trials) 
(mm) 

HH-AC -0.27 ±0.21 0.82 ± 0.50* 
HH-GH -0.09 ± 0.30 -0.04 ±0.15 

Table 3-4: Examining the differences between the two subjects. For the 
change in acromiohumeral joint space there was a statistically 
significant difference (*) between subjects (p = 0.01). 

3.4 Discussion 

3.4.1 Objectives 

The objective of this study was to construct a methodology in which the shoulder 

joint could be examined in-vivo while the subject performs a pushing task, in order to 

determine the amount of humeral translation, both with respect to the acromioclavicular 

(AC) complex and the glenohumeral cavity, by applying specific 3D imaging and post

processing techniques. 

The specific questions to be answered here were: (1) Can humeral head 

translation during a simulated wheelchair push task be measured using M R imaging? (2) 

How precisely could these results be measured? (3) How reproducible were these results? 

3.4.2 Issues Concerning Pre-processing of the Image Data 

One of the difficulties with analyzing the joint space was the excessive amount of 

data that had to be analyzed. In order to ease the computational load, as well as the 

visualization process, certain steps were taken. Regions of interest were restricted to 

those on a slope of less than 60° relative to the sagittal plane7 in the case of the 

glenohumeral joint, or the transverse plane for the acromiohumeral joint. Some of the 

surface data sets extended onto a 90° slope relative to that plane, which is not acceptable 
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for this application of the TPS technique in a Cartesian co-ordinate system. This is due to 

the possibility that the surface may cross the same axis twice, which creates a non-unique 

solution for the surfaces at that point. To remedy this, an automatic method of discarding 

resampled points was used. Alternative solutions to this problem, including using 

cylindrical and spherical coordinate systems have been suggested (Boyd et al., 1999). 

The variable shape of the three surfaces of interest (one flat, one spherical, and one 

concave surface), however, necessitated the use of the following method. By examining 

two surfaces at a time, either the superior aspect of the humeral head and the acromial 

surface, or the medial aspect of the humeral head and the glenohumeral surface, it was 

possible to utilize the standard Cartesian coordinate system. In the Cartesian coordinate 

system with respect to the midline of the body, the x-axis represents the lateral-medial 

direction, the y-axis represents the anterior-posterior direction and the z-axis represents 

the superior-inferior direction. Utilizing this method it was possible to precisely measure 

the joint space in any direction, the results of which are discussed in further detail below. 

3.4.3 Precision and Reproducibility 

From Tables 3-1 and 3-2, it can be seen that the median values showed less 

variability than the mean and minimum. This decision was based on the observation of 

the lowest proximity changes in both the acromiohumeral and glenohumeral joint space. 

For the acromiohumeral joint, the precision of the median value was calculated to be 0.21 

± 0.21 mm over multiple digitizations, and the reproducibility was calculated to be 0.25 ± 

0.25 mm over multiple trials. It was observed that the images for the glenohumeral joint 

were not as well defined as those for the acromiohumeral joint. In part this was a result of 

the occasional lack of a highly visible chemical shift line along the bone-cartilage 
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interface close to the surface of the glenoid. Due to the difficulty of repeatedly defining 

the glenoid surface, the glenohumeral joint showed more variability in the results, and it 

was determined that this methodology may not be the most efficient manner of 

characterizing that region. Data suggested that the variability, therefore, stemmed from 

the digitization process, which indicates that possible improvement on the technique 

would include improving the digitizing software, or using a higher strength magnetic 

resonance scanner. The median value was therefore used as the measure of interest when 

examining the differences in the origin of the normal vectors (Table 3-3) and differences 

between two subjects (Table 3-4). 

3.4.4 Comparison of the Acromiohumeral Joint Space Change Between the 
Subjects With Recent Literature 

The results also showed a change in acromiohumeral joint space that was 

dramatically different between the subjects. In subject 1 a 0.27 mm decrease in joint 

space occurred during the push task, while subject 2 had a 0.82 mm increase in joint 

space. These changes in acromiohumeral joint space are within the range of what has 

been reported in literature for a similar MRI experiment (Graichen et al., 2000), where a 

translation of up to 1 mm was seen during muscle activation. Another study, using X -

rays, showed a 2-3 mm change in joint space, which is significantly more than what was 

found in this study (Poppen and Walker, 1976). The imaging modality (x-rays) those 

researchers used may have introduced projection artifacts into the analysis. Both of these 

studies looked at the shoulder moving through approximately 0-180° of ab/adduction, 

with the Graichen et al. study also utilizing a small (1 kg) mass. The current study used a 

functional task, in this case, static simulation of wheelchair propulsion, in which the 

humeral angle with respect to the midline of the body rarely exceeded 30°. Additionally, 
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the current study also used a joint load of 45 N inferiorly, and a 15 N load anteriorly, 

significantly larger than the load seen in the Graichen et al. (2000) study. 

The assumption was made that by using a high load, such as what may be found 

in activities paraplegic individuals, the joint would show more change in joint space. The 

apparent lack of large changes could be attributed to several factors. First these normal 

subjects and their musculature may have adequately stabilized the joint, and kept the joint 

movement to a minimum. Subject 2, who fatigued under the repeated loading, fatigued 

not in the shoulder muscles but at the elbow, indicating the possibility of high fatigue 

resistance of the shoulder muscles. Also, the subjects never abducted their arms to 60-

120°, which is the range of positions where the greatest joint movement and impingement 

typically occurs (Flatow et al., 1994; Soslowsky et al., 1992; Wilk et al,. 1997; Graichen 

et al., 2000). 

3.5 General Conclusions 

From the discussion above three general conclusions can be made regarding the 

outcome of this experiment: 

(1) The proposed methodology is functional, as well as being precise and 

reproducible. The precision and reproducibility were quantified using repeated 

digitization of the same images, and conducting multiple digitizations of the 

same subject over multiple trials, respectively. A difference of two standard 

deviations between a pair of tests corresponds to only a 5% probability that 

this difference was due to the variability between trials. Thus it can be said 

that this methodology can detect changes in translational joint motion i f they 

are greater than 0.5 mm (2 x 0.25 mm). 
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(2) In the current study, the statistical significance of the difference in joint spaces 

between subjects, indicated that this method has the potential to detect 

differences between the active stabilizing mechanisms in different subjects. 

(3) This methodology was not the most feasible manner in which to quantify 

glenohumeral joint space. 

3.5 Future Work 

This methodology should be tested on a larger group of subjects to more precisely 

determine between subject variability. Additionally, this methodology should be 

attempted in different positions, as this position may not represent a relevant joint task. 

For the glenohumeral joint, we speculate that the change in joint congruity has greater 

relevance than the overall glenohumeral joint space change. Congruity could be 

quantified as the standard deviation of the proximities with the RCP. Recent 

methodologies proposed by Ronsky et al., (2000) could be applied to this data. 



55 

Chapter 4: In-vivo Quantification of Shoulder Joint Space Change Using MRI 

During a Functional Task 

4.1 Introduction: 

4.1.1 Background 

Epidemiological studies have shown a high prevalence of shoulder complaints in 

para- and quadriplegics (Sie et al., 1992). Numerous researchers have reported between 

30-50% prevalence of chronic shoulder problems in paraplegics, most involving 

impingement or injury to the rotator cuff (Bayley et al., 1987; Gellman et al., 1988; 

Powers et al., 1994; Silfverskiold and Waters, 1991). This makes shoulder impingement 

syndrome one of the most common chronic overuse injuries affecting this population 

(Powers et al., 1994; Reyes et al, 1995). Chronic shoulder impingement syndrome is a 

common injury in wheelchair users, as well as affecting able-bodied individuals (Powers 

et al., 1994; Reyes et al, 1995). Occurring in non-paraplegic populations, impingement is 

a common ailment of young athletes, especially in those involved with overhand 

throwing sports such as baseball, or in sports where repetitive overhead motion occurs, 

such as swimming (Ruwe et al., 1994). 

Shoulder impingement syndrome is generally defined as the supraspinatus tendon 

becoming impinged within the acromiohumeral joint (Bayley et al., 1987; Powers et al., 

1994). The impingement of the tendon can result in swelling, pain, and/or lesions on the 

surface of the tendon (Bayley et al., 1987). 

Speculation as to the origin or cause of impingement syndrome has long been 

thought to be a result of abnormal translation within the shoulder joint. It has been 

suggested that the impingement factors are age-related, although the underlying causes 
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are not mutually exclusive. In many cases, primary impingement tends to occur in older 

patients and tends to be a result of chronic overuse injuries and the degeneration of 

supraspinatus tendon. Secondary impingement tends to occur in younger patients and is 

usually accompanied by glenohumeral instability. The instability tends to be in the 

scapular stabilizer muscles, and repeated motions such as throwing motions, lead to the 

fatigue of the rotator cuff muscles, and the superior migration of the humeral head. 

(Woodward and Best, 2000). 

4.1.2 Types of Impingement 

There are different types of impingement syndrome. Boenish et al. (2000) 

indicates that the term impingement covers a wide variety of shoulder pathologies as well 

as their various underlying causes. The authors suggest three different types of 

impingement: Primary Extrinsic Impingement, Secondary Extrinsic Impingement, and 

Intrinsic Impingement. 

Described in greater detail in the literature review (Section 2.2.6), the underlying 

cause for the decrease in joint space common in Primary Extrinsic Impingement is 

primarily due to morphological changes in the structures and tissues involved within the 

shoulder joint. Secondary extrinsic impingement and intrinsic impingement are very 

similar in definition and occur when there is superior/proximal migration of the humeral 

head towards the acromioclavicular joint as a result of stabilizing tissue failure, but no 

morphological changes within the stabilizing structures (Boenisch et al., 2000). The 

difficulty in defining secondary extrinsic and intrinsic impingement, indicates a need for 

a more accurate method of quantifying and diagnosing these conditions. This study 
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examines the current methods available, and suggests a novel methodology for 

quantifying secondary extrinsic or intrinsic impingement syndrome. 

4.1.3 Limitations of Current Methods of Examining Shoulder Joint 

Currently, to diagnose secondary extrinsic or intrinsic impingement, clinicians 

move the upper extremity through a range of motions and positions, and examine joint 

translation, range of motion restrictions, and pain levels, and rate these on subjective 

scales which have been shown to have very poor correlation with diagnostic tools 

(Ellenbecker et al., 2000). Clinical diagnostic tools, such as x-rays, have been limited by 

their ability to only look at static images, often in a single position, and then, only at 

morphological changes in the structure of the shoulder joint. 

Very few researchers (Graichen et al., 1998) have addressed the issue of how the 

humeral head moves with respect to the acromioclavicular (AC) complex, focusing 

instead on the glenohumeral translations. In addition, researchers have started studying 

the effects of ad/abduction on the upper extremity and its effect on the amount of joint 

space in the shoulder (Graichen et al., 1999-2000; Rhoad et al., 1998). Among their 

findings was that the range of motion where the greatest chance of impingement occurred 

at was 60-120° abduction (away from the midline of the body). (Graichen et al., 2000) 

This was a radically different position from the standard position used during normal 

clinical imaging of the shoulder. Their positioning protocol also did not reflect a typical 

functional task, which is known to be associated with a higher incidence of shoulder 

impingement syndrome, such as wheelchair propulsion. 
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4.1.4. Purpose 

The differences in opinion of various authors and the variability in the causes of 

secondary extrinsic and intrinsic impingement make it difficult to accurately qualify the 

impingement type. The objective of this study was to accurately quantify the amount of 

superior/proximal movement of the humeral head in relation to the acromion, utilizing a 

modified version of the methodology defined in chapter three, during a simulated 

wheelchair push task, for a group of healthy subjects and a group of injured subjects. 

The specific questions to be answered here were: (1) How much humeral head 

translation was seen in a group of normal subjects? (2) Were there differences in the 

migration patterns of the humeral between three possible upper extremity positions 

during the simulated wheelchair push? (3) Were there differences in the translation 

patterns of individual patients with impingement syndrome, when compared to a group of 

normal subjects? 

4.2 Materials and Methods 

4.2.1 General Assumptions 

The basic methodology for testing for the superior migration of the humeral head 

was outlined in detail in Chapter 3. Among the two subjects in that study, the 

methodology provided reproducible quantification of the shoulder joint space change to a 

precision of 0.5 mm. Measured translations greater than this should be considered to be 

real changes in joint space. For the current study, an adapted version of this methodology 

will be used, utilizing three joint positions instead of just one position. The assumption 

was made that the precision calculated in chapter 3 could be applied to all three positions. 
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As only the position was changing and the methodology was the same, this was 

considered to be a reasonable assumption. 

4.2.2 Equipment 

A 0.2 T open MRI scanner (Magnetom Open, Siemens, Erlagen, Germany) was 

used and a Tl-weighted, Flash 3D Volume Gradient Echo sequence (TR = 34 ms, TE = 

12 ms, F A = 40°) at a spatial resolution of 1.04 x 0.78 x 1.56 mm 3 (FOV = 200 mm 2, 

acquisition time of 3 minutes 58 seconds) was applied. A specialized gantry and handle 

for measuring applied load and providing force feedback information was built (in-house) 

and placed inside the M R scanner (see Figure 3-1, Chapter 3). The gantry design kept the 

subject stationary while the scan was completed. The instrumented handle, similar in 

dimensions to a wheelchair handrim, was placed at the hip level, approximating where 

the actual handrim would be. This handrim object was attached to a three-dimensional 

force/torque transducer (see Appendix A), which was connected to a computer that 

collected the force data during the scan. Force feedback to the all of the subjects was 

given via a LED display so that they could maintain a constant sub-maximal force level 

during the imaging process. 

4.2.3 Subject Information 

Exclusion criteria for subject selection included: pacemakers, aneurysm clips or 

artificial joints, as well as i f subjects worked as welders. A l l subjects in both groups gave 

written informed consent. These consent forms were approved by the Cleveland Clinic 

Foundation Institutional Review Board as well as the University of Calgary. A sample of 

the informed consent form can be found in Appendix B. 
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The ten male subjects in the able-bodied healthy group had a mean age of 28 ± 4 

yrs, a mean height of 180 ± 11 cm, and a mean weight of 80 ± 12 kg. A l l subjects 

reported no prior history of shoulder injury and none were currently experiencing any 

pain. 

The two subjects in the shoulder impingement group were both clinically 

diagnosed with shoulder impingement syndrome. Subject one was a male (age: 31, 

height: 175 cm, weight 90 kg) who had a clinical diagnosis of glenohumeral instability in 

the anterior direction resulting from a glenoid labrum tear. At the time of this experiment, 

the subject was not currently experiencing pain, but did experience shoulder pain on a 

regular basis. This was a pre-operative subject who was scheduled for surgical 

intervention to correct the pathology. Subject two was an older male (age: 44, height: 178 

cm, weight: 86 kg), who was currently experiencing no pain, but had a history of 

shoulder injury/impingement. Of note, this subject was four years post-operative from 

successful shoulder impingement correction surgery. The subject was clinically 

diagnosed with shoulder impingement syndrome secondary to a partial stiff shoulder 

syndrome likely related to ankylosing spondylitis. 

4.2.4 Specific Loading Protocols 

For all trials, the subjects had their lower limbs placed on a raised pad to simulate 

a seated position, as well as to reduce the muscular activity resulting from strain on the 

upper torso and back. Measurements were made to insure that different subjects were all 

placed in similar positions. For the first set of trials, each subject was required to 

complete the following: (1) Place their upper extremities on the loading apparatus in the 

position that reflects the point of peak force application (PFA), during a normal 
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propulsive cycle with proper propulsive technique. A normal proper propulsive cycle was 

determined from kinematic and force measurements that were available from literature 

(Rodgers et al., 1998). The target force levels of 45 N inferiorly and 15 N anteriorly were 

illustrated in Figure 3-2 (Chapter 3). The handrim object was set up to reflect a 0° 

cambered position, which represents a common position that the shoulder joint would be 

placed in. Cambering refers to degree of inclination from vertical. (2) With the upper 

body braced, the subject was instructed to push at the target force level, while a M R scan 

was completed. (3) Immediately following, the subject was instructed to remain relaxed 

in the same position as another M R scan was completed. For the second set of trials, each 

subject was required to do the following: (1) Place their upper extremities on the loading 

apparatus in the position that reflects the PFA, during a normal propulsive cycle with 

improper technique. While there are several variables that may be considered as 

indicative of bad propulsive technique, the most easily controlled was the abduction of 

the elbow from the midline of the body, which may be described as elbow flaring. The 

elbow flare was achieved by positioning the subjects' upper extremity on foam padding 

in the MRI. This height of the foam padding was not measured, due to variable amounts 

of compression when active force production occurred. The target force level was the 

same as in Trial 1. For this trial the handrim object remained set up at a 0° cambered 

position. (2) With the upper body braced, a M R scan, while the subject was instructed to 

push at the target force level, was completed. (3) Immediately following, the subject was 

instructed to remain relaxed in the same position as another M R scan was completed. 

For the third set of trials, each subject was required to do the following: (1) Place 

their upper extremities on the loading apparatus in the position that reflects the PFA. The 
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handrim object was adjusted to approximately 30° of cambering. The variable of interest 

in this task was the direction of force. Approximation of this camber angle was required 

since there were mechanical limitations as to how much the handle positions could be 

adjusted to reflect the subject size. Measurement of the camber angle was completed 

using a goniometer. (2) With the upper body braced, a M R scan while, the subject was 

instructed to push at the target force level, was completed. (3) Immediately following, the 

subject was instructed to remain relaxed in the same position as another M R scan was 

completed. An illustration of the three positions can be seen in Figure 4-1. The 

illustration portrays only the positions, not the order of positions in which the subjects 

were tested. 



Neutral Position: Cambered Position: No Elbow Flare 
No elbow flare, no elbow flare, upper Position: elbow 
upper extremity extremity abduction from flared out, no upper 
abduction midline of body ~30° extremity abduction 

Figure 4-1: Illustrations of the 3 positions that the subjects will be placed 
in as the M R scan takes place. The order in which they are 
illustrated is not indicative of the order in which they were 
tested. 
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4.2.5 General Information on Testing Procedure 

A l l of the subjects from both the healthy and unhealthy group completed the 

three experimental conditions in the order described above. For each of the three push 

conditions described above, a target force level of 45 N inferiorly and 15 N anteriorly, 

simulating one instant of time of a wheelchair push movement, was given to the subjects. 

On average the experiment took two hours for each subject to complete, including initial 

targeting practice for the force feedback display and the subsequent rest periods. The 

order of positions for the testing was defined after careful consideration. Given the task 

of targeting a specific force value for an extended period of time, each subject required a 

period of practice for holding and maintaining the target. It was found in preliminary 

testing that subjects who started in a non-neutral position, required considerably longer to 

achieve stable force levels. Each subject was given adequate time to rest between trials 

(5-10 minutes) to prevent fatigue effects from influencing the results. Subject positions 

were kept as similar as possible when the subjects were repositioned within the M R 

scanner between trials. This repositioning required that the shoulder joint be retargeted 

and M R scout images taken to obtain the correct area of interest within the joint. 

4.2.6 Pre-processing of Image Data 

Following the process outlined in Section 3.2.4, the series of image sets for each 

of the 12 subjects was transferred to a computer (SGI Octane, Silicon Graphics Inc., 

Mountain View, CA), where the bones of interest were segmented out of the images 

using a manual tracing program developed in-house (Image Processing Group, Dept. of 

Biomedical Engineering, Cleveland Clinic Foundation, Cleveland, OH). As in the 

experiment outlined in chapter three, the bone surfaces of interest in this experiment were 
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the superior and medial surface of the humeral head, the inferior surface of the acromial 

process, and the lateral aspect of the glenohumeral face of the scapula. Utilizing the Thin 

Plate Spline method (Boyd et al. 1999), proximity measures between the bone surfaces 

were calculated, and paired proximity maps for each of the 12 subjects in each of the 

three loaded and unloaded conditions were derived. Again as described in Chapter 3, for 

the acromiohumeral joint, the closest 1200 data points represented a 300 mm 2 region of 

closest proximity (RCP), and in the glenohumeral joint, the nearest 1800 data points 

represented a 450 mm 2 RCP for this aspect of the shoulder joint. 

4.2.7 Data Analysis 

The proximity map generated during the push phase of the imaging process was 

compared to the corresponding proximity map generated during the relaxed phase of 

imaging process. From this, the change in median proximity was calculated for each of 

the subjects in each of the three positions. It should be noted that in this analysis the 

normal vectors were projected from the acromion onto the humeral head to determine the 

acromiohumeral joint space change, and the normal vectors were projected from the 

glenoid fossa onto the humeral head to determine the glenohumeral joint space change. 

4.2.8 Statistical Analysis 

Using the information generated above, it was possible to conduct analyses of the 

between subject differences for the same positions, as well as within subject differences 

between the three upper extremity positions. P-values of 0.05 were selected, representing 

a 5% probability that this result was due to random variability between trials. For the 

healthy, non-injured subjects one-way analyses of variances (ANOVA's) were 

completed, to test for a significant effect of upper extremity position on handrim force 
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and on the acromiohumeral and glenohumeral translation. Correlation between force and 

translational components were also completed. A Wilcoxon Rank Sum test was 

performed to test for differences between the healthy and injured subjects (Pagano & 

Gavareau, 1993). This test compared humeral head translation at each position, as well as 

the differences in translation between positions. The Wilcoxon Signed Rank test was also 

used to assess i f subjects' displacements in each of the positions tended to be in a certain 

direction. A p-value of less than 0.05 was considered to represent a statistically 

significant result. 

4.3 Results 

4.3.1 Effect of Upper Extremity Position 

As may be seen in Table 4-1, an analysis of variance (ANOVA), showed no 

statistically significant effect of upper extremity position on the anterior (up, away from 

the chest) and inferior (towards the feet) components of handle force in the normal 

subjects. This confirmed that the subjects were able to maintain the required force levels, 

as per the instructions, equally in all of the upper extremity positions. A second A N O V A 

showed no statistically significant effect of upper extremity position on the amount of 

displacement in either the acromiohumeral (ACHH) or glenohumeral (GHHH) directions 

(Table 4-1). As is illustrated in Table 4-1, there was considerable variability in the 

amount of translation in both the acromiohumeral and glenohumeral directions for the 

normal, uninjured subjects. 
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One Way ANOVA 

Position 

Position 1: 
(n=10) 

Position 2: 
(n=10) 

Position 3: 
(n=10) 

Mean ± St. Dev Mean ± St. Dev Mean ± St. Dev 

Force Inferior (N) 74 ± 15 78 ± 18 70 ± 15 

Force Anterior (N) 35 ± 12 47 ± 2 0 40 ± 2 4 

Displacement 
A C H H (mm) -0.41 ± 0.79 -0.08 ± 0.86 -0.21 ± 1.11 

Displacement 
GHHH (mm) -0.05 ±0.54 0.00 ±0.61 -0.23 ± 0.39 

Table 4-1: One-way A N O V A results (no statistically significant results at 
a cutoff level of p=0.05) for the effects of upper extremity 
position on the force components and the direction of 
displacement. Position 1: Neutral; No elbow flare, No upper 
extremity abduction. Position 2: Upper extremity abduction, 
No elbow flare. Position 3: No upper extremity abduction, 
Elbow flare. 

4.3.2 Results of Positional Changes Comparison Across the Two Groups 

As shown in Table 4-2, through the use of a Wilcoxon Rank Sum test, statistically 

significant differences (p = 0.03) were found in the amount of acromiohumeral 

displacement from the upper extremity abduction, no elbow flare position (Position 2), to 

the no upper extremity abduction, elbow flare position (Position 3), when comparing the 

injured versus non-injured group of subjects. Also, no statistically significant differences 

(p = 0.06), were found with the change from the neutral, no flare, no abduction position 

(Position 1) to the upper extremity abduction only position (Position 2). This was 

illustrated in Figure 4-2. No other statistically significant differences were observed for 
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the remaining position comparison (position 1 to position 3). No statistically significant 

differences were seen for the glenohumeral joint space (Figure 4-3). A l l mean values 

reported in Tables 4-1 and 4-2 were not statistically significantly different than zero, as 

assessed by the Wilcoxon Signed Rank test. 

Position 1 Position 2 Position 3 

Healthy (n=10) -0.41 (± 0.79) mm -0.08 (± 0.86) mm -0.21 (± 1.11) mm 

Injured (n=2) -1.11 (± 0.60) mm 1.68 (± 1.39) mm -0.46 (± 1.20) mm 

(p = 0.06) (p = 0.03) 

Table 4-2: Between group comparison of the effect of upper extremity 
posture on the acromiohumeral displacement. Using a 
Wilcoxon Rank Sum test it was determined that there was a 
statistically significant difference (p = 0.03) in the median 
displacement value between the groups when the subjects 
moved from position 2 to position 3. When the subjects moved 
from position 1 to position 2 the median displacement value 
between the groups was not significantly different (p = 0.06). 
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Average Change in Median Acromiohumeral Proximity for Each Group 
of Subjects 

•2 ? 

.s 
4) S 

u 

Position 1: N F N A 
Position 2: NF A 
Position 3: F N A 

• Average Change in 
Acromiohumeral 
Proximity (Injury 
Group) 

Average Change in 
Acromiohumeral 
Proximity (Healthy 
Group) 

Figure 4-2: Average change in the median acromiohumeral proximity as 
the groups of subjects went through the three different upper 
extremity postures. Position 1 was considered to be a neutral 
trial, with no elbow flaring and no upper extremity abduction 
(NFNA). Position 2 was no elbow flaring, upper extremity 
abduction (NFA). Postion 3 was elbow flaring, no upper 
extremity abduction. 

Average Change in Median Glenohumeral Proximity for Each Group of 
Subjects 

Position 1: NFNA 
Position 2:NFA 
Position 3:FNA 

• Average Change in 
Glenohumeral 
Proximity (Injury 
Group) 
Average Change in 
Glenohumeral 
Proximity (Healthy 
Group) 

Figure 4-3: Average change in the median acromiohumeral proximity as 
the groups of subjects went through the three different upper 
extremity postures. Position 1 was considered to be a neutral 
trial, with no elbow flaring and no upper extremity abduction 
(NFNA). Position 2 was no elbow flaring, upper extremity 
abduction (NFA). Postion 3 was elbow flaring, no upper 
extremity abduction. 
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4.4 Discussion 

4.4.1 Objectives 

The primary objective of this study was to accurately quantify the amount of 

superior/proximal movement of the humeral head in relation to the acromion, in three 

unique upper extremity positions for a set of 10 healthy subjects. In particular three 

questions were asked. First, how much humeral head translation would be seen in a group 

of normal subjects? Second, were there statistically significant differences in the amount 

of migration of the humeral head in the three different upper extremity positions, during a 

simulated wheelchair push? Finally, was it possible to observe differences in the 

translation patterns of individual patients with impingement syndrome, when compared 

to a group of normal subjects? 

4.4.2 Precision and Reproducibility 

The primary objective of this study was to provide a precise manner of 

quantifying the shoulder joint space change, while controlling as many variables as 

possible. The imaging protocol for position one and the analysis were examined in the 

previous chapter, and were found to be reproducible with a precision of 0.5 mm. In the 

current study a Wilcoxon Signed Rank test was used to analyze the possibility of the 

group of subjects, in each of the positions, being significantly different than zero. Within 

each of the positions, no statistically significant trends in direction of displacement were 

noted. Based on a comparison of the amount of variability between the three positions, it 

was unlikely that the source of variability in positions two and three would be any 

different than that of position one. Thus, it was feasible to assume that the second and 

third positions had a similar accuracy to position one. 
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4.4.3 Issues Affecting Precision and Reproducibility 

Of concern in the current study design was the ability to maintain a constant force 

level for the duration of the scan, across the three positions. A constant static force 

exertion was necessary to allow for good M R imaging. Variable force levels would have 

blurred the structures of interest and rendered this methodology useless. Examining Table 

4-1, a one-way A N O V A was completed comparing force levels across the three different 

upper extremity positions. No significant differences were seen between the force levels 

in the three different positions and as such, it was concluded that this methodology was 

successful in maintaining constant force levels. 

Large variability of the anterior force component was noted. This was due, in part, 

to the problems associated with getting sensitive electronic equipment to work where a 

strong magnetic field is present. Described in greater detail in Appendix A , the ability of 

the subject to maintain the target value was hampered by the electrical noise induced in 

the force feedback device, which was a 9 x 9 LED grid. The MRI induced noise can be 

seen illustrated in Figure 4-4. The force feedback device illuminated LED's along the 

horizontal axis to represent the inferior component of the force, and along the vertical 

axis to represent the anterior component of the force. The MRI induced electrical noise 

caused multiple LED's on the vertical axis of the 9 x 9 grid to illuminate, thereby making 

it more difficult for the subjects to accurately maintain the target force level. 

It should also be noted that the magnitude of the forces exerted was higher than 

the target force levels. Inferior force levels, averaging 74 N , were approximately 60% 

higher than the target force level of 45 N . The anterior force levels, averaging 40 N , were 

approximately twice the target force level (15 N) for all three positions. The reason for 
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the high force levels was thought to have stemmed from equipment issues. While the 

exact nature of what the problem was not entirely known, there were several plausible 

explanations. Among the most evident, and readily solvable was the possibility that the 

initial offset scale was set up incorrectly. There was also the possibility that there was a 

zero drift that was not evident during the initial testing of the device. Appendix A 

provides a thorough description of these problems and suggestions on what could be done 

to fix them. 

It should be noted that these problems did not detract from the overall 

methodological soundness of the study. As seen earlier, all of the subjects were able to 

maintain the target force level at a relatively constant level across the three positions, 

albeit at a force level higher than initially was intended. A suggestion for future studies 

would be to test this methodology at a variety of force levels as physiological loading 

takes place at a variety of different forces. 
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Figure 4-4: Electrical noise induced in force signal (as seen in the raw force 
data). The force feedback device ( 9 x 9 LED grid) reflected this 
noise by activating more than one LED at a time, increasing the 
difficulty of accurately targeting the desired force level. 
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4.4.4 Within-Group Variability 

The results showed that for each of the positions there was considerable 

variability in joint space change between subjects within the group of normals. As shown 

in Table 4-1, the standard deviation of the displacement at each position was at least 

double the measured amount. A general trend to note was that for all three positions, the 

group of normal individuals showed an overall decrease in the amount of 

acromiohumeral joint space. The glenohumeral joint showed small amounts of positive 

(for position 2) and negative (positions 1 and 3) displacement, however the magnitude of 

the variability in these measures rendered such small, calculated measurements 

questionable. 

The low mean to standard deviation ratio indicates that the translation was so 

small that it could not be quantified reproducibly. That standard deviation, however, was 

also relatively small, so as long as the translations were greater than two standard 

deviations, they could be detected. The reason for the great variability in the 

displacement measures was possibly due to the differences in the muscle activation 

patterns of each of the individuals, but may also be attributed to fatigue or slight 

differences in upper extremity position. As mentioned in Chapter 2, Pearl et al. (1992), 

found that the muscular recruitment patterns of the upper extremity were extremely 

complex when engaged in non-planar movements. While not directly tested in this 

experiment, tests have been conducted on subjects doing closed chain tasks, such as 

bicycling (Neptune and Herzog, 2000). In that study, the authors found that even though 

subjects were engaging in the same task, different subjects utilized their muscles 

differently to achieve the same end goal. It is likely that in wheelchair propulsion, a 
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similar effect in response to a closed chain task occurs. While this task was not a 

dynamic, cyclical movement, the muscles were actively stabilizing the shoulder joint for 

the duration of the scan. The variability in the force levels did not contribute to the 

variability in the translations as correlation calculations were completed for the four 

possible combinations of force components and translation direction (n =0.17; r2= -0.03; 

r 3 = -0.06; r 4 = -0.02). 

4.4.5 Comparison of Non-injured vs. Injured Groups 

Evidence showed that it was theoretically possible to compare a group of normal, 

healthy subjects to a group of injury subjects, as was seen in the results of the Wilcoxon 

Rank Sum test. This is a common statistical test used to compare samples drawn from 

independent populations (Pagano and Gavareau, 1993). This test compared the change in 

median displacement values of the two groups of individuals against the change in 

position of the upper extremity. Statistically significant differences in the change in the 

median displacement values (p=0.03) were found for the change from the upper 

extremity abduction, no elbow flare position (Position 2), to the no upper extremity 

abduction, elbow flare position (Position 3), between the two groups of subjects. Also 

observed were non-significant differences in the change in median displacement values 

(p=0.06), with the change from the neutral, no flare, no abduction position (Position 1) to 

the upper extremity abduction only position (Position 2). Those results indicated that the 

movement of the upper extremity away from the midline of the body acted to decrease 

the joint space in the acromiohumeral direction, and that the injured subjects would show 

a more pronounced decrease. No significant results were seen for the glenohumeral joint. 
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The injured subjects were expected to show a decrease in joint space as the 

functional task of simulated wheelchair propulsion was completed. Unexpected, however, 

was the result that the change in position of the functional task could act as an indicator 

of past or present shoulder dysfunction. The results of this test should be tempered with 

the knowledge that the injury subject group was very small (n=2), and that further testing 

on a large group of individuals would be required to confirm the results. It should be 

noted that through the use of the Wilcoxon Rank Sum test, much less reliance on 

distribution of the data is required. This test assigns ranks to these data points, adds them 

up, and compares them to the expected rank rum that a null hypothesis would generate. 

The probability of the experimental data points resulting naturally can then be calculated 

to provide a p-value. The test may be considered powerful, since in order to get a low p-

value, the separation would have to be more extreme, and thus visible in small groups of 

subjects. 

4.4.6 Comparison of Current Study Results to Other Recent Work 

Graichen et al. (2000) utilized an open MRI system, nearly identical to the one 

used in this study, however, the task required of the subjects was significantly different, 

as this study examined the functional task of simulated wheelchair propulsion. In the 

Graichen et al. study, the subjects were required to abduct their upper extremities through 

a series of static positions parallel to the anterior-posterior plane, from 30-150°, first 

passively, and then while holding a 1 kg mass. 

While Graichen et al.'s overall methodology did differ from the current study, 

there were parallels to the current study. In this study, the 10 subjects showed a decrease 

in joint space of 0.21 ±1.11 mm when 30° of abduction occurred. Graichen et al. (2000) 
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saw significant changes in the shoulder joint during muscular activation, particularly at 

90 and 120° of abduction. They reported the values of inferior translation were 0.8 ± 1.5 

mm and 1.0 ± 1.4 mm, respectively, which indicated an increase in joint space. The 

Graichen et al. group did not report joint space measures for 30° of abduction. The 

disparity in measurements seen above likely stemmed from several factors, including the 

differences in task, the amount of force exerted, the position of the upper extremity, and 

the variability of the subjects. 

4.5 General Conclusions: 

From the discussion above, three general conclusions can be made regarding the 

outcome of this experiment. 

1. Different subjects show variable amounts of acromiohumeral translation 

while performing the same task. 

2. The group of normal subjects shows no significant effect of the upper 

extremity positions while performing the same tasks. 

3. Data suggests that injured subjects would potentially show different 

translational patterns when compared with the results of the three upper 

extremity positions of a group of normal subjects. 

4.6 Future Work 

Future studies should focus on understanding the muscle activation patterns of the 

three positioning tasks described by this experiment. By doing this, and correlating those 

results with the results in this set of experiments, it may be possible to better understand 

how the shoulder joint functions and how it would the stabilization occurs during a 

functional task. 
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Additionally, the acromiohumeral joint space should be focused on when 

addressing the question of impingement. While seemingly self-evident, it was only 

recently that researchers began devoting time and addressed this aspect of the shoulder 

joint. 

The distinct lack of any usable glenohumeral measures produced by this 

methodology, suggested that the change in glenohumeral joint space was not the measure 

of importance for this aspect of the joint. In light of this, experiments examining the 

change in the glenoid fossa and humeral head congruity patterns may provide researchers 

with a better understanding of that aspect of the joint. Examination of the joint congruity 

could be completed using the analysis methods proposed by Ronsky et al. (2000), and the 

data generated using the current methodology. 
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Chapter 5: Summary of Experiments, General Conclusions, and Future Work 

5.1 Background 

In the shoulder joint, it is inherently difficult to quantify joint motion, as there are 

6 relevant degrees of freedom, which makes it difficult to diagnose shoulder injuries and 

evaluate treatments. Typical clinical assessments of the shoulder joint include joint laxity 

tests, whereby a clinician physically manipulates the shoulder, and shoulder function is 

evaluated on a subjective scale, based on the clinician's experience. Changes in joint 

space lead to injuries such as impingement, where the supraspinatus tendon becomes 

compressed between the acromion and the humeral head. It was the purpose of this study 

to provide a methodology by which a functional evaluation of the shoulder joint could be 

completed, and be used to help differentiate between healthy and non-healthy shoulder 

joints. This method uses elements from previous work done by Ronsky et al. (1998) and 

Boyd et al., (1999), where joint contact patterns of the knee under load were examined 

utilizing M R imaging. 

The examination of all 6 degrees of freedom, as well as observing the joint while 

completing a functional task, would give clinicians and researchers a valuable tool in 

understanding how the joint responds and reacts to the stresses of normal use. Typically, 

optical motion capture techniques are used to study joint motion. Motion in the shoulder 

joint, however, is inherently difficult to quantify using these techniques since the scapula 

floats under the skin, which makes it impossible to use skin mounted markers to quantify 

joint motion. Imaging modalities such as CT and MRI are used to examine in-vivo joint 

structures, however, few attempts have been made to use imaging techniques to observe 
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the shoulder joint in-vivo during a functional task. Therefore, the current study defined a 

functional task in which the three rotational degrees of freedom were controlled, while 

the three translational degrees of freedom were measured from 3-D image data while the 

joint was under functional loading. The functional task was based on wheelchair 

locomotion. This methodological design was tested for precision and reproducibility and 

was applied to a group of normal and a group of injured subjects in order to test the 

efficacy of this methodology in defining normal and non-normal shoulder joint space 

changes. 

5.2 Development of Methodology 

5.2.1 Objective 

The objective of this portion of the study was to construct a methodology in 

which the in-vivo joint mechanics of the shoulder joint could be examined while the 

subject was performing a functional task simulating wheelchair propulsion. The specific 

questions were: (1) Can humeral head translation during a simulated wheelchair push task 

be measured using M R imaging? (2) How precisely could these results be measured? (3) 

How reliable were these results? 

5.2.2 Materials and Methods 

M R scans were taken of the glenoid, the humeral head and the acromion. The 

joint loading task was based on literature, which reported the force levels while 

propelling a wheelchair (Rodgers et al., 1994). Thirty-two slices, with no spacing, 

encompassed all of the aforementioned structures, and the voxel dimensions were 1.04 x 

0.78 x 1.56 mm . Manual digitization along the bone surface border, using a tracing 
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computer program was completed, separately digitizing each bone of interest. Pre

processing of the coordinate data was performed to reduce the number of data points and 

separate the data into bone surfaces defining the acromiohumeral and glenohumeral joint 

spaces, respectively. Matlab programs were written to reduce the number of data points 

by eliminating data outside of the areas of interest and data that would interfere with the 

subsequent surface modelling. Voxel coordinates creating a slope in excess of 60 degrees 

with respect to the anatomical plane of interest, were removed. Smooth bone surfaces 

were constructed using the Thin Plate Spline technique (Boyd et al., 1999). Using normal 

vectors, distances between the two opposing spline surfaces were measured, which 

generated proximity maps for the two joint spaces. From these proximity maps, 

comparison between the loaded and unloaded conditions was possible, which allowed for 

the translations to be quantified. Using this method it was possible to examine the change 

in the mean, median and minimum proximity for both the glenohumeral and the 

acromiohumeral joint spaces. Negative values were indicative of a decrease in joint 

space, and positive values indicated an increase in joint space. Under the assumption that 

impingement results from a decrease in the acromiohumeral joint space, negative changes 

in joint space would indicate that the joint was moving into a position where 

impingement would be more likely to occur. 

5.2.3 Results and Discussion 

Among the primary purposes of the methodological development was to examine 

the precision and reproducibility of the results. The precision was measured by digitizing 

a single trial of one subject multiple times. The reproducibility was measured by 

digitizing multiple trials of the same subject. By doing this, it was found that the most 
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precise and reliable measure was the change in median proximity. The median precision 

for the acromiohumeral space was -0.21 ± 0.21 mm and for the glenohumeral space was 

-0.10 ± 0.11 mm. The reproducibility for the acromiohumeral space was -0.25 ± 0.25 

mm and for the glenohumeral space was -0.01 ± 0.34 mm. Therefore, it can be concluded 

that by using this method it was possible to reproduce measures with a precision of 0.5 

mm. 

The comparison of the change in acromiohumeral joint space showed a dramatic 

and statistically significant difference between the two pilot study subjects. While one 

subject showed a decrease in joint space (-0.27 mm) during the loading task, and the 

other subject showed an increase in the joint space (+0.82 mm). The magnitude of the 

change agrees with what has been found in recent literature where translation of up to 1 

mm was seen during muscle activation (Graichen et al., 2000). Other older studies 

(Poppen and Walker, 1976) show a larger magnitude of joint space change (2-3 mm), 

however, that may be attributed to the imaging modality used at the time, x-ray 

photogrammetry, which is inherently inaccurate due to the poor definition of the bone 

surfaces as well as the 2 dimensional nature of the images. It should also be noted that 

both of the previous studies utilized a different task (upper extremity abduction only), as 

well as using different methods to quantify the translation. 

5.3 Testing the Methodology on Healthy and Injured Subjects 

5.3.1 Objectives 

The objective of this portion of the current study was to accurately quantify the 

superior/inferior movement of the humeral head in relation to the acromion, in three 
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unique upper extremity positions for a set of 10 healthy subjects and two injured subjects. In 

particular three questions were asked. First, how much humeral head translation would be 

seen in a group of normal subjects? Second, was there an effect of upper extremity position 

on the amount of migration of the humeral head, during a simulated wheelchair push? 

Finally, was it possible to observe differences in the translation patterns of individual 

patients with impingement syndrome, when compared to a group of normal subjects? 

5.3.2 Materials and Methodology 

Using a methodology similar to what was described earlier, testing of a large 

group of non-injured subjects (n=10) and a small group of injured subjects (n=2) took 

place. The methodology used was identical to the one described in section 5.2, except for 

the positioning of the upper extremities, as two more distinct positions were added. 

Position 1 had each subject maintain their hands close to the hips and without the 

pronounced flaring of the elbow. Position 2 had the subjects flare their elbows away from 

the body, while keeping the hands in the same place as in position 1. Position 3 had the 

elbows flared out as in position 2, in addition to having the hands a distance away from 

the body. The hand position caused the upper extremity to be angled away from the 

midline of the body by approximately 30 degrees. By conducting an analysis of variance 

(ANOVA), it was possible to examine the variability between subjects in the same group 

and the variability between the two groups of subjects. Using the Wilcoxon Rank Sum 

test the displacements of the two groups of individuals were compared against the change 

in position of the upper extremity. 

5.3.3 Results and Discussion 
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The results showed that the change in acromiohumeral space was dramatically 

different between the subjects within the group of normals. In position 1 the mean change 

in translation was -0.41 +/- 0.79 mm, for position 2: -0.08 +/- 0.86 mm and for position 

3: -0.21 ±1 .11 mm. Statistical analysis showed that these values were not significantly 

different from each other. These motions were generally larger than the errors associated 

with our method of measurement. The glenohumeral joint showed small amounts of 

positive and negative medio-lateral displacement, however the magnitude of the 

variability renders such small, calculated measurements questionable. No statistically 

significant differences between the three positions in the group of normal subjects were 

seen. The reason for the great inter-subject variability in the displacement measures was 

likely due to the differences in the muscle activation patterns, however, future work 

would be needed to verify this. Work by Pearl et al. (1992) showed that multiplanar 

movements of the upper extremity had complex muscle activation patterns. The 

multiplanar nature of the push task would thus suggests that the task, while static in 

nature, needed complex muscular activation patterns to maintain the constant force levels 

for the duration of the M R scan. In closed chain tasks like wheelchair propulsion, 

different muscle activation patterns can occur (Neptune & Herzog, 2000). While this task 

was not dynamic movement in the strictest sense, the muscles were actively stabilizing 

the shoulder joint for the duration of the scan time. An argument can therefore be made 

that muscle activation pattern could very possible have differed between the subjects, and 

it is known that the muscle activity is important for shoulder stability (An & Friedman, 

2000; Hadler et al., 2000; Wilk et al., 1997; Payne et al., 1997; Burnham et al., 1993). 
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Statistically significant differences (p=0.03) were found for the change from an 

upper extremity abduction, no elbow flare position (Position 2), to a no upper extremity 

abduction, elbow flare position (Position 3), between the two groups of subjects. As seen 

in Table 4-2, the non-injured group the change was from -0.08 ± 0.86 mm in position 2 to 

-0.21 ±1.11 mm in position 3. In the injury group the change was from ±1.68 ± 1.39 mm 

in position 2, to -0.46 ± 1.20 mm in position 3. Also, non-significant changes (p=0.06), 

were found with the change from the neutral (no flare, no abduction) position to the 

abduction only position. In the non-injured group the change was from -0.41 ± 0.79 mm 

in position 1 to -0.08 ± 0.86 mm in position 2. In the injury group the change was from -

1.11 ± 0.60 mm in position 1, to ±1.68 ± 1.39 mm in position 2. From this it could be 

observed that the movement of the hand/upper extremity away from the midline of the 

body acted to decrease the joint space in the acromiohumeral complex more in the injured 

subjects. The results of this test should be tempered with the knowledge that the injury 

subject group was very small (n=2), and that further testing on a large group of 

individuals would be required to confirm the results. The test has a potential application 

i f the results can be confirmed in a larger population. There is good agreement with the 

results mentioned earlier to the results seen by Graichen et al., (2000), although those 

authors did not measure joint space changes at less than 60° of upper extremity 

abduction. While the within-group variability in the current study was comparable to 

literature values, there were several disparities in the measurements. These disparities 

were likely due to the differences in task, the amount of force exerted, and the position of 

the upper extremity, in addition to the different muscle activation patterns of the subjects. 
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5.4 General Conclusions 

From the results of the current experiment it is possible to draw the following 

conclusions: 

1. The proposed methodology is functional as well as being precise and reliable. 

The precision and reproducibility were quantified using repeated digitization 

of the same images, and conducting multiple digitizations of the same subject 

over multiple trials, respectively. Thus it can be said that this methodology 

can detect changes in translational joint motion i f they are greater than 0.5 

mm. 

2. Different subjects show different shoulder joint translation while performing 

the same tasks, likely resulting from different muscle activation patterns used 

to stabilize the shoulder joint. 

3. The group of normal subjects shows no significant effect of the upper 

extremity positions while performing the same tasks. 

4. Data suggests that injured subjects will show different translational patterns 

when comparing results from the three upper extremity positions to a group of 

normal subjects. 

5.5 Future Work 

The current project was ambitious in its attempt to describe the translational 

motion in the shoulder joint, using imaging while completing a functional task. The 

purpose of the experiment was to attempt to create a functional research tool, as well as a 
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methodology that could be applied during clinical examinations. Future work is needed to 

fully achieve these goals. 

An argument may be made for the use of a different imaging modality, other than 

M R imaging. In order to utilize the methods as described herein, the only other possible 

modality that could be used would be Computerized Tomography (CT). While the use of 

CT would eliminate the problems associated with getting electronics to work properly 

inside high strength magnetic fields, in addition to increasing the resolution of the bone 

surface data, the subjects would be exposed to radiation. Additionally, without the use of 

contrasting agents or other invasive procedures, the tendon, ligaments and other soft 

tissue in the shoulder joint cannot be imaged. Refinement in the length of time required 

by the described methodology, or advances in the imaging techniques used in CT may 

make it a viable alternative in the future, however. 

While the task for this experiment was designed to mimic wheelchair propulsion, 

the choice of the task limits the scope in which the methodology can be used in clinical 

settings. We suspect that the chosen closed chain task allowed considerable variability 

between subjects in rotator cuff muscle activation patterns. Future studies should focus 

on understanding the muscle activation patterns of the three positioning tasks outlined in 

this experiment, possibly using surface and indwelling electromyographic techniques 

(EMG) inside the MRI (Andersen et al., 1998). This would give insight into how the 

muscles act to stabilize the shoulder joint, how the shoulder joint space increases or 

decreases as a result, and into the etiology of impingement syndrome. Future studies 

involving additional functional tasks, such as lifting or pulling may prove to be better 

indicators of pathological joint space change. 
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For the current study there were several technical hurdles in getting the push force 

measuring equipment to work inside a high strength magnetic field without affecting the 

quality of the M R image Figure 4-5, Chapter 4. The extreme sensitivity of both the M R 

imaging equipment as well as the force feedback and recording systems to electrical 

noise was unanticipated at the start of this project. For greater details in regards to the 

problems encountered, and the solutions that were implemented, please refer to Appendix 

A. Also in Appendix A , a mechanical/structural design issue was brought to attention 

post study, upon detailed examination the structural design and function of the handrim 

device. (Please reference Appendix A for the structural drawing of the handrim device.) 

While this was an issue that needed to be resolved i f this equipment were to be used 

extensively for further studies, it should be noted that during the experiment the force 

levels remained at constant levels across the three positions, albeit at a level higher than 

was initially intended, for the duration of the entire testing and data collection period (12 

months). 

Future studies may improve on the current technique through the use of a higher 

strength magnetic resonance scanner so that the measurements are more precise and less 

affected by the signal to noise ration. At the time of the current experiment, the open M R 

scanner had a field strength of 0.2 T, and was the strongest open M R scanner available. 

Future open M R scanners with a field strength over 1 T are known to be in production, 

but were not currently in use at the facilities used for these experiments. 

Testing this methodology at variable force levels is also one of the additional 

future directions that should be conducted. Although, this is, to the author's knowledge, 

the first study that attempts to quantify the in-vivo shoulder joint space change that 
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occurs under normal physiological loading conditions, many everyday tasks produce 

larger forces in the shoulder joint. With the present methodology and equipment, the 

largest restriction on the experiment, is the length of time that the subject must maintain a 

loaded condition (~4 minutes). At longer times or multiple repetitions, subjects start to 

suffer from fatigue, indicating a need for faster scan times, faster equipment, or an 

improved methodology. 
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APPENDIX A: EQUIPMENT DESCRIPTION AND PROBLEMS 

A.1 Description of Force Feedback Handrim Device: 

In order to work in a high magnetic field, the instrumented handrim was 

constructed of aluminum tubing, milled aluminum block, and copper (wiring). The 

backboard was made out of non-magnetic materials (wood, brass, plexiglass and nylon) 

(See Figure A - l ) . Additionally, materials such as copper tubing, and copper tape were 

utilized to help shield the electronics from the influence of the magnetic field. The 

handrim design allowed for the measurement of forces in two directions simultaneously. 

The design of this device incorporates a traditional S-beam force transducer, as well as a 

hollow tube force transducer. A detailed view of it can be seen in figure (A-2 & A-3). 

The S-beam had a 2 pairs of strain gauges (1 pair of compression, 1 pair of tension) 

mounted on the two vertical sections of the S-beam. The hollow tube had 4 strain gauges 

mounted on the bottom half of the shaft, in two tension/compression pairs. By mounting 

the two pairs of strain gauges this way it was possible to measure the resultant force. This 

setup also allowed for the point of force application on the upper half of the handle to be 

spread out across the length of the shaft. The gauged S-beam was mounted inside of the 

hollow tube, and the mount plug (milled from the same block as the S-beam itself) was 

secured by 2 headless screws. The headless screws were required so as not to exert 

compressive force on the wall of the tube, which would distort the signal from the strain 

gauges on the lower shaft. On the top section of the S-beam a threaded length (also 

milled from the same aluminum block) allowed for the addition of a threaded flat ring. 

Surrounding the upper portion of the handle shaft, was a plastic sheath that was milled to 

within 171000th of an inch tolerance, preventing any single point of contact along the 
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length of the shaft. The plastic sheath moves freely along the length of the shaft, and 

when gripped and pushed exerts the force on the flat ring above it. For the purposes of 

this experiment, calibration was limited static loading tests by hanging weights on the 

handrim device in both the directions of force. 

A.2 Technical Hurdles 

There were several technical hurdles to get the push force measuring equipment to 

work inside a high strength magnetic field without affecting the quality of the M R image. 

Two problems coexisted, and each affected the other. First, the instrumentation, including 

the circuitry in the handle and the cabling, were placed inside of a high strength magnetic 

field. This caused a current to be produced in the cabling, which in turn fed back into the 

force recording system. An image of the noise in the data before being filtered can be 

seen in chapter 4 (Figure 4-5). The second problem involved the need to keep the data 

recording and feedback devices outside of the M R scanner room. This allowed for the 

induction of external electrical noise from various sources (monitors, copy machines, 

lights, etc.) into the scanner room. The receiving coil on the M R unit was sufficiently 

sensitive to pick up this external noise, which created interference in the image. As a 

result, the instrumented handrim required large amounts of shielding, which included 

shielding the cables leading from the handrim to the force data collection system inside of 

a six-foot length of extruded aluminum tubing. Additionally, the data collection devices 

had to be equipped with hardware mounted high pass filters to remove the electrical noise 

that the M R generated in the force feedback system, and a second set of filters were 

required to remove external electrical noise that the force feedback device sent into the 
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M R scanner room. A full set of electronic schematics can be seen in Figure A-3, A-4 & 

A-5. 

A mechanical issue was brought to the author's attention post study, after 

examination of the structural design of the handrim device. The mechanical issue was the 

tube attachment point to the base plug. The tube was attached to the base utilized a single 

screw that held it in place. This required the drilling of a hole through the tube wall, 

thereby causing an unresolved hysterisis at the zero point once loading occurred. This 

unresolved hysterisis caused a variable offset error that needed to be corrected 

mechanically. One way in which to do this would be to mill the tube and base out of one 

solid block of aluminum. 

A.3 General Observations 

After the completion of the data collection, it should be noted that the magnitude 

of the forces exerted was higher than the target force levels. Forward force levels, 

averaging 74 N , were approximately 60% higher than the target force level of 45 N . The 

upward force levels, averaging 40 N , were approximately twice the target force level (15 

N) for all three positions. The reason for the higher force levels was believed to have 

stemmed from equipment issues. While the exact nature of the problem was not known, 

there were a couple of possible explanations. Among the most evident, and readily 

solvable was the possibility that the initial offset scale was setup incorrectly. There was 

also the possibility that there was a zero drift that was not evident during the initial 

testing of the device. Both of these issues could be resolved with the development of a 

more robust method of calibrations. 
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8.00" 

12.00" 

21.00-26.00" 

46.00-51.00" 

Headrest area 

Shoulder rests to restrict 
body movement while 
pushing. Adjustable width 

Shoulder rests are bent 
plexiglass (90 degrees). 
Nylon screws, washers, 
and nut (4) secure 
shoulder rests to 
backboard. 

Adjustable bar where 
handrim attaches to. 
Moved up according to 
the hip height of the 
subject. 

Adjustable handrim 
placement, depending 

1 if cambered or non-
cambered position is 
desired. Attached with 
brass screws (4). 

Hip bar is 3/8" thick 
aluminum. Holes are 
drilled and non threaded. 
Brass screws secure it to 
backboard (4). 

Plywood is 3/4" thick 
laminate. 

Holes in board are 
drilled with brass 
thread inserts. 

gure A - l : Backboard / gantry schematic 
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Handle rim providing 
a surface on which 
the anterior force may 
be exerted evenly by 
sliding handle shaft 
sheath (not shown). 
Handle rim screws 
down nearly f lush with 
top of tube but does 
not compress the tube. 

2 Pairs of Compression/ 
Tension force transducers 
mounted on S-beam to 
measure force in the 
anterior-superior direction 

S-beam mounted inside the 
a luminumtube (with screw) 
providing added sheilding 

S-beamforce transducers 
are aligned perpendicular 
to the force transducers on 
the shaft of the handle. 

2 Pairs of Compression/ 
Tension force transducers 
mounted on the front and 
back of the external surface 
of the tube to measure force 
in the inferior-posterior 
direction 

Figure A-2: Schematic of the handrim object (handle) with exact dimensions, 
and mounting points for the force transducers. Handrim is not 
drawn to scale. 
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Figure A-3: Electronic wiring of handrim device. This device was shielded inside a 
copper tube and also was wrapped with metal shielding tape. Device was 
directly in magnetic field, and was connected by shielded cabling. 
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Figure A-4: Electronic wiring of data recording device. This device was shielded 
inside a metal case, and also had high-pass filters installed to strip off the 
electrical noise caused by the high strength magnetic field. Device 
remained visible outside of the M R scanner room, and was fed by shielded 
cabling. 
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Figure A-5: Electronic wiring of force feedback device. This device was a 9 x 9 LED 
grid inside a metal case. The device remained outside of the M R scanner 
room, and was fed by shielded cabling. 
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APPENDIX B: SAMPLE CONSENT FORM 

SUBJECT CONSENT FORM 

RESEARCH PROJECT: Magnetic Resonance Imaging of Glenohumeral Translation 
and Force Measurements of the Shoulder Joint in a Supine, Static Position Representing a 
Single Position and Time-point During Wheelchair Propulsion 
INVESTIGATORS: Daniel Magnusson and Dr. Ton van den Bogert, Department of 
Biomedical Engineering; and Dr. John J. Brems, Department of Orthopaedics. 

1. STATEMENT OF RESEARCH 
This consent form, a copy of which has been given to you, is only part of the process of 
informed consent. It should give you the basic idea of what the research is about and 
what your participation will involve. If you would like more detail about something 
mentioned here, or information not included here, please ask. Please take the time to read 
this carefully and to understand any accompanying information. 

It is a principle of medical practice that a subject who is to participate in the research 
investigation of a new medical treatment, device, or procedure must give his or her 
informed consent to such participation. This consent must be based on the understanding 
of the nature and the risks of the treatment, device, or procedure. This document provides 
information important for this understanding. If you have any questions, please ask. 

2. INFORMATION ON THE RESEARCH 
This is a pilot research project to determine i f this research design can generate useful 
data. As a result, information from this study will not be generalized to the population (of 
paraplegics). For this reason the study will include only subjects of one gender. Subject 
recruitment requires two groups of 5 adult males with complete paraplegia (T10-L3) from 
spinal cord injury. One of these groups has no history of shoulder problems, while the 
other group has a history of clinically diagnosed chronic shoulder impingement, (not 
resulting from rotator cuff tears, ligamentous or meniscal injury, or bursitis), but is 
currently free of pain. 

You will be required to undergo a physical examination of the shoulder joint by a 
medical doctor. As no data, (collected from live subjects) about the function of the 
passive and active stabilizing structures of the shoulder joint exists, this study will 
contribute to the understanding of how these structures act. It also provides insight into 
the causes of chronic overuse injuries, such as shoulder impingement syndrome in the 
shoulder joint, by examining how the joint responds to a loading and unloading 
condition. Based on the doctors assessment, subjects will be divided into two groups, one 
group, which will hereafter be referred to as the control group, will be composed of 
healthy individuals who have no history of medically diagnosed shoulder problems. A 
second group, hereafter referred to the experimental group, will be composed of 
individuals who have a history of medically diagnosed chronic shoulder impingement 
syndrome (CSIS). Chronic Impingement Syndrome, is an injury resulting from repetitive 
overuse of the shoulder joint. In this injury, a tendon found inside of the shoulder joint 
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becomes compressed between two bony structures, resulting in pain, swelling, and 
restricted movement. 

The purpose of this research project is to examine the glenohumeral translation (change 
in the joint space in three dimensions) during a simulated wheelchair push movement in 
paraplegic individuals. This is done using an imaging technique known as Magnetic 
Resonance Imaging (MRI). The M R scanner uses a strong magnetic field (0.23 Tesla) to 
image the area of interest in the body. Unlike x-rays, this technique allows for the soft 
tissues such as muscles and the harder tissues like bone to be imaged together. 

You will be asked to lie on your back on a custom designed platform located inside the 
MRI machine. This platform is a piece of plywood, with shoulder braces/rests located at 
the head end, and handles located at the middle of the board. (See attached picture.) One 
of the handles is instrumented to detect the pressure at which you push on it. The handle 
is connected to a computer that will record and provide feedback to you, allowing you to 
see how hard you are pushing. You will be required to position your arms in the same 
manner that produces the highest force during typical propulsive movements. You will be 
restrained by shoulder brackets to prevent movement of the body during the experiment. 
You will be required to exert a push force of 10 lbs (50 Newtons) on the handle. You will 
be given a visual feedback device that will allow you to maintain a target force level for 
the duration of the imaging process. The forces exerted, as well as the change in joint 
space, will be recorded over a period of approximately 5 minutes. This length of time is 
required to properly image the shoulder in the MRI scanner. After having exerted a force 
for the required period, you will be asked to relax while remaining in exactly the same 
position. These steps will be repeated 3 more times with the arms in various positions. 
The whole procedure will take approximately 2-3 hours to complete. 

3. RISKS AND DISCOMFORTS 
There should be little or no i l l effects from these tests. Unlike X-ray imaging, MRI does 
not utilize potentially harmful radiation. Short-term exposure to strong magnetic fields 
has no known detrimental effects on your health. These magnetic fields do, however, 
effect any metallic objects that you may have present in your body. If you have any 
metallic implants, such as artificial joints, pacemakers, aneurysm clips, or similar, please 
inform the researchers! In addition, i f you have at worked as welder, please let the 
researchers know. You will be required to lay on your back inside the MRI scanner for a 
period of approximately 2-3 hours. For some people anxiety over being enclosed in small 
places occurs. This is known as Claustrophobia. If you have ever had claustrophobic 
episode(s) in the past, please inform the researchers. If you feel at all uncomfortable in 
the MRI scanner, at any time during the test, inform the researchers immediately, and the 
test will cease, and you will be brought out of the scanner as quick as possible. Only 
when you feel comfortable will the test continue. If you feel unable to continue, then you 
may withdraw from the experiment at any time. There may be some risk of aggravating 
prior shoulder injuries (in the subject group that has had chronic impingement syndrome). 
For the subject group that has had prior shoulder injuries, this activity has the potential to 
aggravate old injuries. For the uninjured shoulder group, this activity has a small 
potential to cause a new injury. 
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4. BENEFITS 
You will be paid $50 for your completed participation in the study. The potential benefits 
of this research to you as the subject include a comprehensive assessment of your 
shoulder(s) using the very latest techniques and methods available. This may help to 
identify potentially weak or problem areas that may affect you later in your life. As you 
will be part of a small group of individuals that have had their shoulders imaged in this 
manner, your contribution to the research and medical community is invaluable. 

5. ALTERNATIVES PROCEDURES OF TREATMENT 
This study is designed as a data-collecting study, and as such no medical treatments will 
be administered. 

6. CONFIDENTIALITY 
Confidentiality of your records will be maintained; however, the Food and Drug 
Administration and the Cleveland Clinic Foundation may inspect the research records i f 
needed. You will be assigned an identification code (ie. Subject A l ) , in order to protect 
your identity. Published material based on this research will in no way identify you. 

7. RESEARCH-RELATED INJURIES 
If physical injury occurs due to your involvement with this research, medical treatment is 
available, but you or your insurance company must pay the cost of treatment. 
Compensation for lost wages and/or direct or indirect losses are not available. The 
Cleveland Clinic Foundation shall not provide compensation for medical expenses or any 
other compensation for research-related injuries. Further information about research-
related injuries is available from the Office of the Institutional Review Board (216/444-
2924). 

8. QUESTIONS ABOUT RESEARCH 
If you have any questions about the research or develop a research-related problem, you 
should contact the researchers listed below. During non-business hours you should 
contact the researchers listed below and leave a voice-mail with the Dr. A.J . van den 
Bogert. If you have questions about your rights as a research subject, you should contact 
the Institutional Review Board (216/444-2924). 

You are free to withdraw from the study at any time. Your continued participation should 
be as informed as your initial consent, so you should feel free to ask for clarification or 
new information throughout your participation. If you have further questions concerning 
matters related to this research, please contact: 

Daniel Magnusson, B.Sc. 
Department of Biomedical Engineering 
Cleveland Clinic Foundation 
9620 Carnegie Avenue (ND-20) 
Cleveland, OH 44195, USA 
Phone/Fax: (216) 445-0747/9198 

A.J . (Ton) van den Bogert, PhD 
Department of Biomedical Engineering 
Cleveland Clinic Foundation 
9620 Carnegie Avenue (ND-20) 
Cleveland, OH 44195, U S A 
Phone/Fax: (216) 444-5566/445-9198 
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If you have concerns about the project itself, please contact the researcher(s). 

9. VOLUNTARY PARTICIPATION 
Your participation in this study is voluntary. Your refusal to participate will not prejudice 
your future treatment or benefits, here at the Cleveland Clinic. You are free to 
discontinue participation in the study at any time without fear of penalty or loss of 
medical care. As noted in the risks and discomforts section i f you feel unable to continue 
the experiment as a result of a claustrophobia related incident you may withdraw at any 
time. 

10. COSTS 
There will be not costs to you for your participation in this study. The Cleveland Clinic 
will not pay for the costs of procedures, tests, visits, and hospitalizations in connection 
with this research. Any such costs will be the responsibility of the research subject or the 
research subject's insurance company. However, the Cleveland Clinic will pay for the 
cost of parking at the Clinics parking lots. 

Participant Date 

Witness Date 

A copy of this consent form has been given to you to keep for your records and reference. 




